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CHAPTER

ONE

GENERAL

1.1 Introduction

QuantumATK packages a powerful set of tools for calculating properties of nano-scale systems. These atomic-scale
calculators are based on density functional theory, semi-empirical tight binding, and classical potentials. The non-
equilibrium Green’s function method is a unique feature of QuantumATK; it allows simulations on nano-scale devices
and interfaces, including support for non-zero bias between the electrode leads and device components such as elec-
trostatic gates and dielectrics. More information may be found at the QuantumATK website.

Fig. 1.1: Typical device systems; a high-k metal gate stack (top) and a field-effect transistor made of 2D materials
(bottom), both with left and right semi-infinite electrode leads. One unique capability of QuantumATK is to simulate
the electron transport through such two-probe systems. Gate electrodes may be included as non-current-carrying elec-
trostatic gates (bright regions in the 2D-FET above), and regions of a particular dielectric constant may also be defined
(pink regions in the 2D-FET above). One-probe systems with only a single electrode are also supported.

ATK is controlled using ATK-Python, which is an extension to the well-established Python scripting language. Setting
up and executing QuantumATK calculations is therefore done in an ATK-Python script or directly from the command
line in an interactive Python shell.

The main purpose of this manual is to document all QuantumATK functionality. The QuantumATK Reference Manual
therefore gives a detailed summary of all input and output parameters, as well as notes on relevant theory and usage
examples.

We also provide a thorough exposition of the theoretical background for the atomic-scale simulators implemented in
QuantumATK (see Atomic-Scale Calculators), and a detailed introduction to Python scripting and using ATK-Python
to control QuantumATK (see Python in QuantumATK).

For tutorials on how to use QuantumATK we refer to the Tutorials website.
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1.2 New in QuantumATK V-2023.12

The V-2023.12 release of QuantumATK introduces a range of new features and performance improvements and an
overview is given here: Release Overview. For a comprehensive list, see the full release notes, which can be found on
the SolvNet portal.

Tip: For the full list of changes, see the release notes for the feature release, i.e. V-2023.12. The release notes for a
service pack release will only list the changes relative to the feature release.

1.3 Installing and running the software

The QuantumATK binary installer is available for registered users at the SolvNet software portal. Access to a valid
QuantumATK license is also needed. Detailed instructions are given in the Installation Guide. Note that a license is
required and if your institution does not already have a license, you can request an evaluation license via the Synopsys
Eval Portal.

When QuantumATK has been installed on your machine you can run it from the command line using the atkpython
executable and a QuantumATK Python script. The executable should be in your PATH and is available here: .../
QuantumATK-VERSION/bin/atkpython.

For more information on using the software, see the getting_started category in the tutorials section.

Parallel execution

ATK supports multi-level parallelism, using the Message Passing Interface (MPI) available on most supercomputing
clusters for distributed memory parallelism, and OpenMP for shared memory parallelism. QuantumATK ships with
Intel MPI, which you can find here: .../QuantumATK-VERSION/mpi/bin/mpiexec.hydra

1.4 How to read this manual

This manual is typeset using in-line references to QuantumATK Python objects and functions, and contains several
script examples. The following style conventions are used:

• All QuantumATK objects and functions appear as links, e.g. MoleculeConfiguration. The link will take
you to the relevant section of the QuantumATK Reference Manual, where a detailed description of the object
“MoleculeConfiguration” is provided.

• References to particular chapters and sections are also links. For example, the links For-loops and Tuples direct
you to specific sections in the chapter Python in QuantumATK .

• Boldface letters are used to highlight specific words, e.g. atkpython, while in-line names of Python variables,
functions, parameters, and methods are in general typeset using a monospace serif, e.g. list_of_atoms for a
Python variable and cartesianCoordinates() for a method of the MoleculeConfiguration object.

• In-line names of files and directories are also typeset using a monospace serif, e.g. file.txt and $HOME/
QuantumATK/.

• Python structures are visually enclosed in a box and typeset using a monospaced serif:
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# This is a comment

for i in range(3):
print(i)

Scripts can often be downloaded by following a link, e.g. example_code.py.

• Instructions for using the command line are indicated by the $ prefix:

$ atkpython script.py

while instructions for using an interactive Python session is indicated by the >>> prefix:

>>> myList = [1, 2, 3, 4, 5]
>>> print(myList)
[1, 2, 3, 4, 5]
>>> print(len(myList))
5

1.4. How to read this manual 5
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CHAPTER

TWO

ATOMIC-SCALE CALCULATORS

2.1 DFT: LCAO

2.1.1 Introduction

QuantumATK can model the electronic properties of closed and open quantum systems within the framework of density
functional theory (DFT) using numerical LCAO basis sets (linear combination of atomic orbitals). For periodic
systems, QuantumATK can also use the plane-wave basis set for DFT calculations, as discussed in DFT: Plane Wave.

The key parameter in the self-consistent calculation of the Kohn–Sham equations is the density matrix, which de-
fines the electron density. For open systems, the density matrix is calculated using non-equilibrium Green’s functions
(NEGFs), see NEGF: Device Calculators, while for closed or periodic systems it is calculated by diagonalization of the
Kohn–Sham Hamiltonian, as described in the present chapter. The electron density then sets up an effective potential,
which is given by the Hartree, exchange-correlation, and external potentials. Knowing the effective potential allows us
to obtain the Kohn–Sham Hamiltonian.

The next section describes the mathematical formalism behind the DFT-LCAO model.

2.1.2 Background information

The LCAOCalculator provides a description of electronic structure using DFT and norm-conserving pseudopotentials.
The method is based on an expansion of the single-particle wave functions in a basis of numerical atomic orbitals with
compact support. In this section, we describe the mathematical formalism of the DFT-LCAO calculator, which closely
follows the work of Soler et al.1.

Kohn–Sham Hamiltonian

Within density functional theory, the many-body electronic structure of the system is described in terms of the one-
electron Kohn–Sham Hamiltonian:

�̂�1el = − ~2

2𝑚
∇2 + 𝑉 eff [𝑛](r).

In this equation, the first term is the kinetic energy of the electron, while the second term (the effective potential) is
the potential energy of the electron moving in the mean field created by the other electrons as well as in any external
potential field, e.g. the electrostatic potential of ions or any other external field. The electrons are described in terms
of the total electron density, 𝑛 = 𝑛(r).

The electron density is discussed in detail in the section Electron density, and the effective potential in the section
Effective potential.

1 J. M. Soler, E. Artacho, J. D. Gale, A. García, J. Junquera, P. Ordejón, and D. Sánchez-Portal. The SIESTA method for ab initio order-N
materials simulation. J. Phys.: Condensed Matter, 14(11):2745, 2002. URL: http://stacks.iop.org/0953-8984/14/i=11/a=302.

7

http://stacks.iop.org/0953-8984/14/i=11/a=302


QuantumATK V-2023.12 Documentation

Solving the Kohn–Sham equations by means of a basis set expansion

We calculate the one-electron eigenfunctions of the Kohn–Sham Hamiltonian, 𝜓𝛼, by solving the one-electron
Schrödinger equation,

�̂�1el𝜓𝛼(r) = 𝜀𝛼𝜓𝛼(r).

This differential equation is called the Kohn–Sham equation within DFT. To solve it, we expand the eigenfunctions
𝜓𝛼(r) in a set of basis functions, 𝜑𝑖:

𝜓𝛼(r) =
∑︁
𝑖

𝑐𝛼𝑖𝜑𝑖(r).

This allows us to represent the differential equation as a matrix equation for determining the expansion coefficients,
𝑐𝛼𝑖: ∑︁

𝑗

𝐻𝑖𝑗𝑐𝛼𝑗 = 𝜀𝛼
∑︁
𝑗

𝑆𝑖𝑗𝑐𝛼𝑗 ,

where the Hamiltonian matrix, 𝐻𝑖𝑗 = ⟨𝜑𝑖|�̂�1el|𝜑𝑗⟩, and overlap matrix 𝑆𝑖𝑗 = ⟨𝜑𝑖|𝜑𝑗⟩ are given by the multiple
integrals with respect to the electron coordinates.

Electron density

The electron density of the many-electron system is given by the occupied eigenstates of the Kohn–Sham Hamiltonian:

𝑛(r) =
∑︁
𝛼

𝑓𝛼|𝜓𝛼(r)|2,

where 𝑓𝛼 is the occupation of the level denoted by 𝛼. For finite temperature calculation the occupations are determined
by the Fermi-Dirac distribution 𝑓𝛼 = 1

1+𝑒(𝜖𝛼−𝜖𝐹 )/𝑘𝑇 but other smooth distributions may be introduced in order to help
speed convergence (see Occupation Methods).

The electron density can then be expressed in terms of the density matrix:

𝑛(r) =
∑︁
𝑖𝑗

𝐷𝑖𝑗𝜑𝑖(r)𝜑𝑗(r),

where the density matrix is given by the basis set expansion coefficients 𝑐𝛼𝑖:

𝐷𝑖𝑗 =
∑︁
𝛼

𝑓𝛼𝑐
*
𝛼𝑖𝑐𝛼𝑗 .

Note: For open systems (DeviceConfiguration), the density matrix is calculated using non-equilibrium Green’s func-
tions, see NEGF: Device Calculators.

Electron difference density

It is often convenient to compare the electron density of the many-body system to a superposition of individual atom-
based electron densities, 𝑛atom(r−R𝜇), where R𝜇 is the position of atom 𝜇 in the many-body system:

∆𝑛(r) = 𝑛(r) −
∑︁
𝜇

𝑛atom(r−R𝜇).

∆𝑛 is called the electron difference density, and it is calculated using the ElectronDifferenceDensity analysis object.

8 Chapter 2. Atomic-Scale Calculators
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Effective potential

The effective potential, 𝑉 eff [𝑛], has three contributions:

𝑉 eff [𝑛] = 𝑉 𝐻 [𝑛] + 𝑉 xc[𝑛] + 𝑉 ext.

The first two terms are due to electron–electron interactions, which depend on the electron density. The first term,
𝑉 𝐻 [𝑛], is the Hartree potential due to the mean-field electrostatic interaction between the electrons, while the second
term, 𝑉 xc[𝑛], is the exchange-correlation potential, which arises from the quantum mechanical nature of the electrons.

The potential 𝑉 ext represents any other electrostatic fields in the system. It can be separated into two contributions;
the electrostatic potential of ions (given by norm-conserving pseudopotentials) and external electrostatic fields (given
by one or more external sources).

External potential

The external potential is given by the pseudopotentials and an external electrostatic field. Such a field may arise from
the inclusion of metallic gates:

𝑉 ext =
∑︁
𝜇

𝑉 pseudo
𝜇 + 𝑉 gate.

The pseudopotential has two contributions:

𝑉 pseudo = 𝑉 local +
∑︁
𝑛,𝑛′

|𝜒𝑛⟩𝐵𝑛,𝑛′⟨𝜒𝑛′ |,

where the first and second terms correspond to the local and nonlocal part of the pseudopotential, respectively.

The term 𝑉 gate is the electrostatic potential due to external gates, calculated with zero electron den-
sity. This term will be returned by the Analysis object ExternalPotential and is calculated using the
MultigridSolver, DirectSolver and ParallelConjugateGradientSolver Poisson solvers. The Analysis ob-
ject ElectrostaticDifferencePotential also includes this term, among others.

Hartree potential

Using the electron density, we can calculate the classical electrostatic potential, the so-called Hartree potential. The
actual calculation of the Hartree potential is described in detail in the section Poisson solvers.

Exchange-correlation potential

In the DFT method, the quantum mechanical part of the electron–electron interaction is approximated by the exchange-
correlation term, and a large number of different approximate exchange-correlation density functionals exist. ATK
supports many of these, see the section Exchange-correlation energy.

The exchange-correlation potential is defined as the functional derivative of the exchange-correlation energy with re-
spect to the electron density, which corresponds to a mean-field quantum mechanical interaction potential between the
electrons:

𝑉 xc[𝑛](r) =
𝛿𝐸XC

𝛿𝑛
(r).

2.1. DFT: LCAO 9
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Total energy and forces

The DFT total energy of a many-electron system is a functional of the electron density, 𝑛:

𝐸[𝑛] = 𝑇 [𝑛] + 𝐸xc[𝑛] + 𝐸𝐻 [𝑛] + 𝐸ext[𝑛],

where 𝑇 [𝑛] is the kinetic energy of a non-interacting electron gas with density 𝑛, 𝐸xc[𝑛] the exchange-correlation
energy, 𝐸𝐻 [𝑛] the Hartree potential energy, and𝐸ext[𝑛] the interaction energy of the electrons in the electrostatic field
created by ions and other external sources.

The electron kinetic energy may be defined as

𝑇 [𝑛] =
∑︁
𝛼

𝑓𝛼⟨𝜓𝛼|
−~2

2𝑚
∇2|𝜓𝛼⟩.

The total energy is calculated using TotalEnergy.

First-principles forces are calculated by differentiating the total energy with respect to the ionic coordinates of atom 𝑖
at position R𝑖:

F𝑖 = −𝑑𝐸[𝑛]

𝑑R𝑖
.

Pseudopotentials

QuantumATK uses norm-conserving pseudopotentials and PAW potentials, and is shipped with a database for the entire
periodic table. See the full list here: Pseudopotentials. This database is reviewed and updated on a regular basis to
provide increasingly accurate and general-purpose pseudopotentials and PAW potentials.

QuantumATK uses the unified pseudopotential format (upf) defined by the Quantum ESPRESSO consortium. From
their website, one may download tools to convert several different pseudopotential formats into a upf file.

LCAO basis set

The eigenfunctions of the Kohn–Sham Hamiltonian can be expanded in a Linear Combination of Atomic Orbitals
(LCAO’s):

𝜑𝑛𝑙𝑚(r) = 𝑅𝑛𝑙(𝑟)𝑌𝑙𝑚(r̂),

where 𝑌𝑙𝑚 are spherical harmonics, and 𝑅𝑛𝑙 are radial functions with compact support, being exactly zero outside a
confinement radius.

Note: The basis set functions have a finite range, but the interaction range of the Hamiltonian is larger than that of the
basis set. Theoretically, the Hamiltonian interaction range may exceed twice the basis set range, but is usually smaller
in practice.

The basis orbitals have a number of parameters that determine the shape of the orbitals. It is possible to assemble the
basis orbitals into your own basis set through the use of the BasisSet keyword.

QuantumATK comes with a number of pre-built basis sets for each chemical element and for each type of pseudopo-
tential. See the full list here: LCAO basis sets

10 Chapter 2. Atomic-Scale Calculators
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Exchange-correlation energy

The QuantumATK package use the libxc library for providing a large suite of exchange-correlation functionals. For
each functional it is possible to add a Hubbard correction, as described in the section XC+U mean-field Hubbard term.

The main families of exchange-correlation functionals supported in QuantumATK are the Local-density approxima-
tion (LDA), the Generalized-gradient approximation (GGA), and the Meta-GGA. Each functional comes in four spin
variants:

• non-polarized,

• spin-polarized (collinear),

• noncollinear,

• noncollinear with spin-orbit coupling.

Important: The choice of spin variant for the exchange-correlation functional determines the spin type used in all of
the DFT-LCAO calculation.

Furthermore, a Hubbard correction can be added to all exchange-correlation variants, regardless of spin type, see XC+U
mean-field Hubbard term. Several standard GGA functionals can also be extended with the DFT-D2 and DFT-D3
dispersion corrections by Grimme and co-workers.

Initial spin

Both collinear and noncollinear calculations may have local minima of the total energy that correspond to different
spin configurations. It is therefore important to prepare the system in the correct initial spin configuration, such that
the DFT self-consistent calculation will end up in the lowest energy spin configuration. This is done through the use
of the methods InitialSpin and RandomSpin. The initial spin direction on each atom is specified in physical spherical
coordinates (𝑟, 𝜃, 𝜑), where 𝜃 is the angle with the z-axis, and 𝜑 the polar angle in the x-y plane relative to the x-axis.
The collinear case is 𝜃 = 0 Radians or 𝜃 = 𝜋 Radians.

Local-density approximation (LDA)

In the LDA approximation, the exchange-correlation energy is taken as a functional of the local electron density,

𝐸LDA[𝑛] =

∫︁
𝑛(r)𝜀LDA(𝑛(r))𝑑r,

where 𝜀LDA(𝑛(r)) is the exchange-correlation energy density of a homogeneous electron gas with density 𝑛(r).

It is possible to derive an exact, analytical expression for the exchange energy of the homogeneous electron gas, the so-
called Dirac–Bloch exchange energy, which is used for all the LDA functionals. The correlation energy of the electron
gas cannot be calculated exactly, so a number of different approximations have been proposed over the years. Most
of them give almost identical results; the most commonly used variant is the parametrization by Perdew and Zunger,
which is also the default LDA functional in DFT: LCAO.

For a list of the parametrizations for the LDA correlation functional implemented in QuantumATK, see the documen-
tation of the ExchangeCorrelation class. In particular, the section Abbreviations explains how to select a particular
exchange-correlation functional. See also Table 4.3, Table 4.6, and Table 4.7.
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Generalized-gradient approximation (GGA)

The GGA functionals is a large family of semi-local approximations for the exchange-correlation energy, where the
functional depends on both the local value and the local gradient of the electron density,

𝐸GGA[𝑛] =

∫︁
𝑛(r)𝜀GGA(𝑛(r),∇𝑛(r))𝑑r.

For a list of the GGA exchange-correlation functionals available in QuantumATK, see the documentation of the
ExchangeCorrelation class. In particular, the section Abbreviations explains how to select a particular exchange-
correlation functional. See also Table 4.4, Table 4.6, and Table 4.7.

Meta-GGA

The meta-GGA (MGGA) family of functionals extend the GGA approximation by additionally depending on one or
both of the following quantities: the Laplacian of the density

∇2𝑛(r)

and the so-called kinetic energy density

1

2

∑︁
𝛼

𝑓𝛼 |∇𝜓𝛼(r)|2 .

For a list of the MGGA exchange-correlation functionals available in QuantumATK, see the documentation of the
ExchangeCorrelation class. In particular, the section Abbreviations explains how to select a particular exchange-
correlation functional. See also Table 4.5, Table 4.6, and Table 4.7.

Different formulations of the MGGA can produce functionals with different uses. The SCAN functional has been found
to give improved energetics over the LDA and GGA in several cases; however, band gaps are similar.

Conversely, the TB09 functional can provide a much more accurate description of band gaps than ordinary LDA and
GGA. In fact, the accuracy of semiconductor band gaps obtained with TB09 are often comparable to those from calcu-
lations using GW or hybrid functionals, which have a significantly higher computational cost. It is even possible to tune
the TB09 method such that it works optimally on both sides of an interface (see ExchangeCorrelation). Alternatively,
one can use the Hubbard U model within the LDA or GGA with the U parameters for the semiconductor elements fitted
against TB09 results.

However, TB09 is not meant for energetics, and, hence, geometry optimizations are disabled with this functional. For
this, the GGA or other MGGA functionals should be used.

XC+U mean-field Hubbard term

The local approximations to the exchange-correlation energy have a number of shortcomings. Two of these are of
particular interest:

• Self-interaction: The electron is formally allowed to interact with itself. This can prevent electrons from local-
izing properly.

• Excited states: The LDA and GGA description of conduction-band energy levels is often poor, so band gaps are
often too low.

The mean field Hubbard correction by Dudarev et al.2 and Cococcioni et al.3, often denoted XC+U, DFT+U, LDA+U,
2 S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, and A. P. Sutton. Electron-energy-loss spectra and the structural stability of

nickel oxide: an LSDA+U study. Phys. Rev. B, 57:1505–1509, Jan 1998. doi:10.1103/PhysRevB.57.1505.
3 M. Cococcioni and S. de Gironcoli. Linear response approach to the calculation of the effective interaction parameters in the LDA+U method.

Phys. Rev. B, 71:035105, Jan 2005. doi:10.1103/PhysRevB.71.035105.
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or GGA+U, is a semi-empirical correction which attempts to improve on these deficiencies of the local exchange-
correlation functionals by adding an extra term to the exchange-correlation functional:

𝐸𝑈 =
1

2

∑︁
𝜇

𝑈𝜇(𝑛𝜇 − 𝑛2𝜇).

In this equation, 𝑛𝜇 is the projection onto an atomic shell and 𝑈𝜇 is the Hubbard U for that shell. The𝐸𝑈 energy term
is zero for a fully occupied or unoccupied shell, while positive for a fractionally occupied shell.

The energy is thereby lowered if states become fully occupied or empty. This may happen if the energy levels move
away from the Fermi Level, increasing the band gap, or if the broadening of the states is decreased, the electrons
are then more localized. Thus, the Hubbard U method improves on the deficiencies of the local exchange-correlation
functionals listed above.

The value of 𝑈 is often used as an empirical parameter, which is varied in order to improve the comparison between
DFT and experimental data. However, it has also been suggested that the value of U may be obtained by minimizing
the total energy of the systemPage 12, 3.

Some caution must be taken when using the XC+U correction, since for large U values the electron density may have
several local minima where some of them are unphysical, and it is often necessary to select an anisotropic initial electron
state to reach the correct local minimum.

XC+U implementations in QuantumATK

The XC+U implementation in QuantumATK comes in four main variants; a standard local-orbital formulation, so-
called Onsite representation, and the Dual representation introduced by Han et al.4. The difference between the two
implementations is in the definition of the local occupation matrix. The occupations may be summed over a single
orbital or over an entire angular momentum shell, the latter corresponds to the OnsiteShell and DualShell representa-
tions.

Onsite representation

In the onsite representation, the local occupation matrix is given by

𝑛𝜎𝜇,𝑚𝑚′ = 𝐷𝜎
𝜇𝑚,𝜇𝑚′ ,

where 𝐷 is the density matrix, 𝜇 a basis orbital index, and 𝜎 a spin index.

OnsiteShell representation

In the onsite shell representation, the occupation is obtained by summing together all the basis functions in each angular
momentum shell, 𝑙:

𝑛𝜎𝑙,𝑚𝑚′ =
∑︁
𝜇∈𝑙

𝑛𝜎𝜇,𝑚𝑚′ .

4 M. J. Han, T. Ozaki, and J. Yu. O(N) LDA+U electronic structure calculation method based on the nonorthogonal pseudoatomic orbital basis.
Phys. Rev. B, 73:045110, Jan 2006. doi:10.1103/PhysRevB.73.045110.
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Dual representation

In the dual representation, the local occupation matrix is given by

𝑛𝜎𝜇,𝑚𝑚′ =
∑︁
𝑖,𝑛

[︀
𝑆𝜇𝑚,𝑖𝑛𝐷

𝜎
𝑖𝑛,𝜇𝑚′ +𝐷𝜎

𝜇𝑚,𝑖𝑛𝑆𝑖𝑛,𝜇𝑚′
]︀
,

where 𝑆 is the overlap matrix.

DualShell representation

Similar to the onsite shell representation, the dual shell occupation is obtained by summing up all dual occupations in
each angular momentum shell, 𝑙:

𝑛𝜎𝑙,𝑚𝑚′ =
∑︁
𝜇∈𝑙

𝑛𝜎𝜇,𝑚𝑚′ .

Which model to use?

The onsite representation corresponds to projecting into a local orbital, and since the local orbitals are non-orthogonal,
there are no sum rules for the occupation matrix and it is not guaranteed that a fully occupied shell has occupation 1.

In the dual representation, the occupation matrix has the form of a Mulliken population, and this form has the advantage
that sum rules apply, i.e. the trace of the occupation matrix sums up to the total number of electrons.

The dual representation corresponds to projecting into orthogonalized orbitals. Such orbitals may have non-zero
weights also on neighboring centers, and our experience shows that this kind of non-locality can result in non-physical
results in some cases. The default in QuantumATK is therefore to use the onsite representation.

The onsite shell and dual shell representations often give a better description with multiple-zeta basis sets compared to
the onsite and dual representation, where the occupation is obtained by projecting into single basis functions.

Input format for XC+U

The Hubbard U approximation in the onsite representation may be selected through keywords of the types LDAU.
XCTYPE, LSDAU.XCTYPE, GGAU.XCTYP, and SGGAU.XCTYPE.

The keyword LSDAU.PZ gives the default LSDA functional with the default Hubbard U method. The specification

exchange_correlation = LSDAU.PZ

is therefore identical to

exchange_correlation = ExchangeCorrelation(
exchange=DiracBloch,
correlation=PerdewZunger,
hubbard_term=Onsite,
number_of_spins=2,
)

Use this form with the option hubbard_term=Dual to select the dual representation.

The value of the U term is specified through the basis set:
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basis_set = [LDABasis.Nickel_SingleZeta(hubbard_u=[4.6, 0.0]*eV,
filling_method=Anisotropic)]

which will give a single-zeta basis set for nickel, consisting of a 3d and a 4s orbital, where the 3d orbital has U=4.6
eV. The 3d orbitals are filled anisotropically, i.e, there is 1 electron in in orbitals with m=-2,-1,0,1, leaving m=2 empty.
The alternative is filling_method=SphericalSymmetric, which puts 4/5 electron in each orbital.

DFT-1/2 method

The DFT-1/2 method (often also denoted LDA-1/2 or GGA-1/2) is a semi-empirical approach to correct the self-
interaction error in local and semi-local exchange-correlation functionals for extended systems. As such, it can be
viewed as an alternative to the XC+U mean-field Hubbard term with broadly the same aims: to improve the description
of conduction-band energy levels and band gaps.

This method, introduced by Ferreira et al.5, is based on the much older Slater half-occupation scheme for molecules6

(also known as the transition state method). Slater’s original method consists in carrying out a self-consistent calculation
with half an electron removed from the system, and taking the eigenvalue of the half-filled state as an estimate for the
ionization energy. This approach was later formalized in the theorem by Janak7:

𝜕𝐸

𝜕𝑓𝛼
= 𝜀𝛼 (𝑓𝛼) ,

where 𝐸 is the total energy of the system, 𝑓𝛼 is the occupation of state 𝛼 (between 0 and 1), and 𝜀𝛼 is the eigenvalue of
the state. The success of the half-occupation scheme is based on the fact that 𝜀𝛼 (𝑓𝛼) is known to be almost precisely
linear for many cases, which makes the relationship with the ionization energy exact.

The DFT-1/2 method makes use of the theoretical insights from the half-occupation scheme and to tackle the funda-
mental problem of the self-interaction error for the case of extended systems with a band gap. The method attempts
to correct for this by defining an atomic self-energy potential which cancels the electron-hole self-interaction energy.
This potential is calculated for atomic sites in the system, and is defined as the difference between the potential of the
neutral atom and that of a charged ion resulting from the removal of a fraction of its charge, between 0 and 1 electrons.
The total self-energy potential is the sum of these atomic potentials.

The addition of the DFT-1/2 self-energy potential to the DFT Hamiltonian has been found to greatly improve band gaps
for a wide range of semiconducting and insulating systems8.

It is important to note that the method is not entirely free of empirical parameters. Much like the value of 𝑈 for the
Hubbard U method, there are two values which much be fixed for every species in the system: the fractional charge 𝑓𝛼
removed from the neutral atom, and a cutoff radius 𝑟cut beyond which to trim the atomic self-energy potential. The
latter is needed to avoid excessive overlap of the potentials from different sites in the crystal.

The original authors of the method suggest to fix 𝑟cut variationally, by choosing the value which maximizes the band
gapPage 15, 58.

The choice of 𝑓𝛼 is less well-defined: although a value of 0.5 is standard (hence the name of the method), this is
known not to be the optimal choice for various materials (e.g., silicon). It may therefore be appropriate to treat it as an
empirical parameter, to be varied by comparison with experiment.

It is also important to note that not all species in the system necessarily require the DFT-1/2 correction; it is generally
advisable only to add this to the anionic species, and leave the cationic species as normal58.

5 Luiz G. Ferreira, Marcelo Marques, and Lara K. Teles. Approximation to density functional theory for the calculation of band gaps of semi-
conductors. Phys. Rev. B, 78:125116, Sep 2008. doi:10.1103/PhysRevB.78.125116.

6 J. C. Slater and K. H. Johnson. Self-consistent-field $X \alpha \,$ cluster method for polyatomic molecules and solids. Phys. Rev. B, 5:844–853,
Feb 1972. doi:10.1103/PhysRevB.5.844.

7 J. F. Janak. Proof that $\partial E / \partial n_i = \varepsilon \,$ in density-functional theory. Phys. Rev. B, 18:7165–7168, Dec 1978.
doi:10.1103/PhysRevB.18.7165.

8 Luiz G. Ferreira, Marcelo Marques, and Lara K. Teles. Slater half-occupation technique revisited: the LDA-1/2 and GGA-1/2 approaches for
atomic ionization energies and band gaps in semiconductors. AIP Adv., 1(3):032119, 2011. doi:10.1063/1.3624562.
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Shell-DFT-1/2

Following the paper by Xue et al.9 QuantumATK also supports calculations with the slightly modified shell-DFT-1/2
method. The difference between normal DFT-1/2 and shell-DFT-1/2 is that in the latter, the self-energy potential is
added in a shell around the atom, and not in a sphere as in normal DFT-1/2. The shell is specified by an additional
inner radius parameter in addition to the cutoff radius 𝑟cut.

Input format for DFT-1/2

The DFT-1/2 method may be selected by specifying one of the pre-defined exchange-correlation functionals: LDAHalf,
LSDAHalf, NCLDAHalf, SOLDAHalf, GGAHalf, SGGAHalf, NCGGAHalf, SOGGAHalf.

The keyword LDAHalf.PZ gives the default LDA functional with the DFT-1/2 correction. The specification

exchange_correlation = LDAHalf.PZ

is therefore identical to

exchange_correlation = ExchangeCorrelation(
exchange=DiracBloch,
correlation=PerdewZunger,
dft_half_enabled=True
)

In general, the keyword dft_half_enabled=True can be specified for any user-defined exchange-correlation func-
tional.

The value of the DFT-1/2 parameters are specified through the basis set:

dft_half_parameters = DFTHalfParameters(
element=Arsenic,
fractional_charge=[0.3, 0.0],
cutoff_radius=4.0*Bohr,
inner_radius=0.0*Bohr)

basis_set = [
LDABasis.Arsenic_DoubleZetaPolarized(

dft_half_parameters=dft_half_parameters),
LDABasis.Gallium_DoubleZetaPolarized(

dft_half_parameters=Disabled)
]

The above example shows a typical case for gallium arsenide, in which the anion (As) is given a DFT-1/2 self-energy
potential calculated with 𝑓𝛼 = 0.3 and 𝑟cut = 4 𝑎0, while the cation (Ga) has its DFT-1/2 correction turned off with
the keyword Disabled.

If dft_half_parameters is not specified for a species, the default Automatic is used. This will set the DFT-1/2
default parameters from the table of optimized values given below.

9 Kan-Hao Xue, Jun-Hui Yuan, Leonardo R.C. Fonseca, and Xiang-Shui Miao. Improved lda-1/2 method for band structure calculations
in covalent semiconductors. Computational Materials Science, 153:493–505, 2018. URL: https://www.sciencedirect.com/science/article/pii/
S0927025618304166, doi:https://doi.org/10.1016/j.commatsci.2018.06.036.
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Warning: When the DFT-1/2 method is enabled, the self-energy potential is included in the calculation of the
total energy, forces and stress. However, the method is only intended as a scheme for calculating band structures,
not for structural relaxations. We recommend that structural properties be calculated before applying the DFT-1/2
correction.

DFT-1/2 default parameters

The default DFT-1/2 parameters used by the Automatic keyword have been optimized against a wide range of materi-
als, and should improve upon the standard DFT band gap in most cases. The complete list is given in the table below.
As explained above, we only include elements which tend to have anionic character in compounds of interest.

Currently, only Ge (GGA) has an inner_radius different from zero, meaning that this is the only element using the
shell-DFT-1/2 method as default.

Important: All elements not present in the table default to Disabled, i.e., no DFT-1/2 correction.

Important: For meta-GGA exchange-correlation functionals, all elements default to Disabled.

Table 2.1: Optimized DFT-1/2 parameters.

Ele-
ment

LDA functionals GGA functionals
fractional_chargecutoff_radius |

inner_radius
fractional_chargecutoff_radiusinner_radius

C 0.3 2.5 Bohr 0.0 Bohr 0.4 2.5 Bohr 0.0 Bohr
N 0.4 3.0 Bohr 0.0 Bohr 0.4 3.0 Bohr 0.0 Bohr
O 0.5 2.5 Bohr 0.0 Bohr 0.4 3.0 Bohr 0.0 Bohr
F 0.7 3.0 Bohr 0.0 Bohr 0.6 2.5 Bohr 0.0 Bohr
Si 0.2 4.0 Bohr 0.0 Bohr 0.2 4.0 Bohr 0.0 Bohr
P 0.3 4.0 Bohr 0.0 Bohr 0.3 3.5 Bohr 0.0 Bohr
S 0.6 3.5 Bohr 0.0 Bohr 0.4 3.5 Bohr 0.0 Bohr
Cl 0.7 3.5 Bohr 0.0 Bohr 0.7 3.5 Bohr 0.0 Bohr
Zn 0.5 2.0 Bohr 0.0 Bohr 0.5 2.0 Bohr 0.0 Bohr
Ge 0.5 4.0 Bohr 0.0 Bohr 0.25 3.4 Bohr 2.35 Bohr
As 0.3 4.0 Bohr 0.0 Bohr 0.3 4.0 Bohr 0.0 Bohr
Se 0.5 3.5 Bohr 0.0 Bohr 0.5 3.5 Bohr 0.0 Bohr
Br 0.7 4.0 Bohr 0.0 Bohr 0.7 4.0 Bohr 0.0 Bohr
Sn 0.7 5.0 Bohr 0.0 Bohr 0.9 4.5 Bohr 0.0 Bohr
Sb 0.3 4.5 Bohr 0.0 Bohr 0.3 4.5 Bohr 0.0 Bohr
Te 0.4 4.0 Bohr 0.0 Bohr 0.4 4.0 Bohr 0.0 Bohr
I 0.6 4.5 Bohr 0.0 Bohr 0.6 4.0 Bohr 0.0 Bohr
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Spin-orbit coupling (SOC)

Background

The spin-orbit coupling can lead to energy level splits of bandstructures and molecular energy spectra. As a rule of
thumb, the magnitude of SOC scales as 𝑍4/𝑛3𝑙2, where 𝑍, 𝑛, and 𝑙 are the atomic charge, principle, and angular
quantum number of the considered energy level, respectively. The SOC is fundamentally a relativistic effect, and can
be described by a second-order expansion of the relativistic Hamiltonian in terms of the fine structure constant 𝛼10.

In DFT: LCAO, the SOC is taken into account via the NormConservingPseudoPotential. For example, the SG15
pseudopotentials, shipped with QuantumATK as of the 2016 release, come in two versions for each element; a standard
scalar-relativistic pseudopotential (denoted “SG15”), and one that is generated by mapping the solution to the Dirac
equation, which naturally includes the SOC, to a scalar-relativistic pseudopotential (denoted “SG15-SO”):

𝑉𝑝𝑠 = 𝑉𝐿 + 𝑉
+1/2
𝑁𝐿 + 𝑉

−1/2
𝑁𝐿 ,

with a local contribution 𝑉𝐿 and non-local contributions from total angular momenta 𝑗 = 𝑙 + 1/2 and 𝑗 = 𝑙 − 1/2.

Each non-local term is expanded in spin-orbit projector functions 𝑃 𝑙±1/2,𝜉
𝛼𝛽 ,

𝑉
±1/2
𝑁𝐿 =

∑︁
𝑙,𝜉,𝛼,𝛽

𝜈𝑙±1/2,𝜉𝑃
𝑙±1/2,𝜉
𝛼𝛽 ,

where 𝜈𝑙±1/2,𝜉 are normalization constants. The indices 𝛼, 𝛽 denote the possible spin orientations (up, down). Each
nonlocal pseudopotential term requires four projector functions per expansion order 𝜉.

Tip: Use SG15-SO or OpenMX pseudopotentials for DFT: LCAO calculations with spin-orbit.

Usage

The SOC terms are enabled by choosing a pseudopotential containing spin-orbit terms (SG15-SO or OpenMX), and
appropriate settings for the ExchangeCorrelation keyword. For example, an QuantumATK Python script for silicon
with SOC could contain the following specification for the calculator:

#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

BasisGGASG15SO.Silicon_Medium,
]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = SOGGA.PBE
#----------------------------------------
# Calculator
#----------------------------------------
k_point_sampling = MonkhorstPackGrid(na=9,nb=9,nc=9)
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=k_point_sampling,
(continues on next page)

10 L. Fernández-Seivane, M. A. Oliveira, S. Sanvito, and J. Ferrer. On-site approximation for spin–orbit coupling in linear combination of atomic
orbitals density functional methods. J. Phys.: Condensed Matter, 18(34):7999, 2006. URL: http://stacks.iop.org/0953-8984/18/i=34/a=012.
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(continued from previous page)

density_mesh_cutoff=100.0*Hartree,
)

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

Note the setting exchange_correlation=SOGGA.PBE, which switches on the SOC terms in the pseudopotential.
Omitting this keyword or setting it to a non-SOC method, e.g. NCGGA.PBE, would still result in a calculation with the
SG15-SO pseudopotential, but the SOC terms would be disregarded.

Hybrid functionals in the LCAO framework

Hybrid functionals are DFT functionals where part (or all) of the exchange in the exchange correlation functional is
replaced by the exact exchange contribution. The exact exchange contribution in an LCAO basis set is defined as:

𝑋𝑖𝑗 =
∑︁
𝑘𝑙

𝑉𝑖𝑘;𝑗𝑙𝐷𝑘𝑙 ,

in which 𝐷 is the density matrix, and 𝑉 are the 4-index coulomb integrals:

𝑉𝑖𝑘;𝑗𝑙 =

∫︁ ∫︁
𝜑*𝑖 (r)𝜑𝑘(r)𝜑*𝑙 (r

′)𝜑𝑗(r
′)

|r− r′|
𝑑r𝑑r′ .

In our LCAO implementation we use numerical orbitals, which makes the above integral very complicated to evaluate.
To improve performance of the integral evaluations we introduce the resolution of identity (RI) approach11 which writes
a product of two orbitals as:

𝜑*𝑖 (r)𝜑𝑘(r) =
∑︁
𝜇

𝐶𝜇𝑖𝑘𝑃𝜇(r)

where we have defined the auxiliary basis functions 𝑃𝜇 and the auxiliary basis coefficients 𝐶𝜇𝑖𝑘. In the general RI
approximation, the function 𝑃𝜇 in the above expansion can be located around any of the other atoms in the system. We
will limit ourselves to the case where 𝜇 lies either on the atom 𝐼 or 𝐾 of the original orbitals. This approximation is
called the PARI approximation12, and is the reason for the linear computational scaling with system size.

The accuracy of the numerical evaluation of the integrals can be set by the user using the parameter class
ExactExchangeParameters.

Dielectric dependent Hybrid functionals.

In HSE06 we mix 0.75 of screened PBE exchange with 0.25 of screened Fock exact exchange. The value of this optimal
exchange fraction to use can be shown to be inversely proportionate to the dielectric constant, 𝜖, in the material. This
makes sense if we look at the two limiting cases. If we have a metal we have perfect screening and an infinite 𝜖, so the
exchange interaction is screened away fully and you don’t want to use Fock exchange. In the vacuum, 𝜖 = 1, there is
no screening and the correct exchange fraction is 1. The factor of 0.25 was chosen to work well for semi-conductors
such as Silicon or Germanium, but is not optimal for materials with comparatively large and small band gaps.

11 Xinguo Ren, Patrick Rinke, Volker Blum, Jürgen Wieferink, Alexandre Tkatchenko, Andrea Sanfilippo, Karsten Reuter, and Matthias Scheffler.
Resolution-of-identity approach to hartree–fock, hybrid density functionals, RPA, MP2 andGWwith numeric atom-centered orbital basis functions.
New Journal of Physics, 14(5):053020, may 2012. URL: https://doi.org/10.1088/1367-2630/14/5/053020, doi:10.1088/1367-2630/14/5/053020.

12 Sergey V. Levchenko, Xinguo Ren, Jürgen Wieferink, Rainer Johanni, Patrick Rinke, Volker Blum, and Matthias Scheffler. Hybrid functionals
for large periodic systems in an all-electron, numeric atom-centered basis framework. Computer Physics Communications, 192:60–69, 2015. URL:
https://www.sciencedirect.com/science/article/pii/S001046551500079X, doi:https://doi.org/10.1016/j.cpc.2015.02.021.
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To improve on this, various dielectric dependent hybrid functionals (DDH) have been invented. We have chosen to
follow the approach suggested in13. In this approach they suggest to calculate an estimator for the dielectric constant:

𝑔 =
1

𝑉

∫︁
𝑑r

√︃
∇𝜌(r)

𝜌(r)
.

It is then assumed that the exchange fraction depends on this property through a fourth order polynomial:

𝛼 = 𝑎0 + 𝑎1𝑔 + 𝑎2𝑔
2 + 𝑎3𝑔

3 + 𝑎4𝑔
4 .

We have fitted these parameters so they give the best possible match to the experimental band gap for a number of
semi-conducting and insulating materials. You can choose this functional by setting the exchange correlation:

exchange_correlation = HybridGGA.HSE06DDH

If you want to choose a custom parameterization, fitted to a specific set you are interested in, you can do that by manually
assigning the fitting parameters:

hse06_ddh_parameters = (0.16957336, 0.0, 0.0, 0.0, 0.08940146)
exchange_correlation = HybridGGA.HSE06DDH(ddh_parameters=ddh_parameters)

This functional assumes that the whole system has the same exchange fraction, so it is meaningful only when used for
homogeneous bulk systems.

For interface system consisting of two or more different materials with different properties, a different approach is
needed. To this end the Local DDH functional has been invented14. In this approach a local estimator is defined:

𝑔(r, 𝜎) =
1

(2𝜋𝜎)
3
2

∫︁
𝑑r′

√︃
∇𝜌(r′)

𝜌(r′)
exp

(︂
−|r− r′|2

2𝜎

)︂
,

from which an exchange fraction field is defined as:

𝑎(r, 𝜎) = 𝑎0 + 𝑎1𝑔(r, 𝜎) + 𝑎2𝑔(r, 𝜎)2 + 𝑎3𝑔(r, 𝜎)3 + 𝑎4𝑔(r, 𝜎)4.

This is then used to modify the 4-center coulomb integrals:

𝑉𝑖𝑘;𝑗𝑙 =

∫︁ ∫︁
𝛼(r, r′;𝜎)

𝜑*𝑖 (r)𝜑𝑘(r)𝜑*𝑙 (r
′)𝜑𝑗(r

′)

|r− r′|
𝑑r𝑑r′ ,

with

𝛼(r, r′;𝜎) =
√︀
𝑎(r, 𝜎)𝑎(r′, 𝜎) .

Using this functional we can get the best results for the local density of states for interfaces, where in a Si − SiO2

interface a 0.25 exchange fraction will be found for the Si part and a 0.35 for the SiO2 part.

To use this functional you have to set the exchange correlation:

exchange_correlation = HybridGGA.HSE06LocalDDH

and once again you can set a custom parameterization by:

13 Jonathan H. Skone, Marco Govoni, and Giulia Galli. Nonempirical range-separated hybrid functionals for solids and molecules. Phys. Rev. B,
93:235106, Jun 2016. URL: https://link.aps.org/doi/10.1103/PhysRevB.93.235106, doi:10.1103/PhysRevB.93.235106.

14 Pedro Borlido, Miguel A. L. Marques, and Silvana Botti. Local hybrid density functional for interfaces. Journal of Chemical Theory and Com-
putation, 14(2):939–947, 2018. PMID: 29227686. URL: https://doi.org/10.1021/acs.jctc.7b00853, arXiv:https://doi.org/10.1021/acs.jctc.7b00853,
doi:10.1021/acs.jctc.7b00853.
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hse06_ddh_parameters = (0.16957336, 0.0, 0.0, 0.0, 0.08940146)
exchange_correlation = HybridGGA.HSE06LocalDDH(ddh_parameters=ddh_parameters)

A caveat for this method is that in the presence of vacuum the estimator blows up, and this has a negative influence on
the convergence of the method. So we would recommend only using this functional for 3D systems.

The estimator also has difficulties with metallic systems, for which it should set the exchange fraction to zero. To im-
prove on this we have implemented our own metallic estimator, which identifies metallic regions and sets the exchange
fractions to zero in them. To use it just set the exchange correlation to:

exchange_correlation = HybridGGA.HSE06MetallicLocalDDH

When using this in a metal-semiconductor interface, it is as if you are using PBE for the metallic part and
HSE06LocalDDH for the semi-conducting part.

The Auxiliary Density Matrix Method (ADMM)

Using the PARI approximation, the calculation of the exchange matrix scales linearly with system size. There is one
problem, however, and that is that the scaling with basis set size is polynomial with 𝒪(𝑛6). This means that if we need
large basis sets to describe a system, the exchange calculation will become prohibitively expensive.

To overcome this issue the auxiliary density matrix method (ADMM) was developed15, in which you run a DFT cal-
culation with a large basis set, and use a smaller subset to compute the exchange properties.

The idea is simple, we project the density matrix of the system with the big basis set𝐷 down to a smaller basis set, and
obtain the ADMM density matrix 𝑑. It is then postulated that a good approximation to the exchange matrix is:

𝑋𝑖𝑗(𝐷) ≈ 𝑥𝑖𝑗(𝑑) + ⟨𝜑𝑖|𝑉𝑥(𝐷)|𝜑𝑗⟩ − ⟨𝜑𝑖|𝑉𝑥(𝑑)|𝜑𝑗⟩ ,

in which the latter two terms are the exchange potentials generated by the full density and the ADMM density.

Up and down projections to and from the ADMM basis are done during the diagonalization procedure. This leads
to some overhead in the diagonalization procedure. In return we get a significant speedup in the exchange matrix
calculation.

The accuracy of the results depends on the ADMM basis set you choose. For the PseudoDojo basis sets we have con-
structed custom made ADMM basis sets, which are tuned to give accurate results for band gaps and structural properties
(∆-value) for a wide range of semi-conductors and insulators. In particular the PseudoDojo ADMM basis sets have
been fitted to work best in combination with PseudoDojo Medium as main basis set, while for larger PseudoDojo basis
sets we suggest to follow the hierarchy. For the FHI basis sets, you have a natural hierarchy you can choose from. For
the other basis sets we don’t recommend using ADMM.

To use it, you need to set:

exact_exchange_parameters = ExactExchangeParameters(
use_admm=True,
basis_set_admm=BasisGGAPseudoDojo.ADMM)

numerical_accuracy_parameters = NumericalAccuracyParameters(
exact_exchange_parameters=exact_exchange_parameters
)

(continues on next page)

15 Manuel Guidon, Jürg Hutter, and Joost VandeVondele. Auxiliary density matrix methods for hartreefock exchange calculations.
Journal of Chemical Theory and Computation, 6(8):2348–2364, 2010. PMID: 26613491. URL: https://doi.org/10.1021/ct1002225,
arXiv:https://doi.org/10.1021/ct1002225, doi:10.1021/ct1002225.
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(continued from previous page)

lcao_calculator = LCAOCalculator(
exchange_correlation=HybridGGA.HSE06,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

2.2 DFT: Plane Wave

2.2.1 Introduction

QuantumATK can model the electronic properties of periodic quantum systems within the framework of density func-
tional theory (DFT) using a plane-wave (PW) basis set. For closed and open systems, QuantumATK can also use the
DFT-LCAO calculator, as discussed in DFT: LCAO. The DFT: Plane Wave calculator is not suitable for open systems,
because it assumes periodic boundary conditions when solving the Kohn–Sham equations.

The key parameter in the self-consistent DFT-PW calculation of the Kohn–Sham equations is the electron density. The
electron density then sets up an effective potential, which is given by the Hartree, exchange-correlation, and external
potential. Knowing the effective potential allows us to obtain the Kohn–Sham Hamiltonian.

The next section describes the similarities and differences of the PlaneWaveCalculator and LCAOCalculator.

2.2.2 Background information

The PlaneWaveCalculator provides a description of electronic structure using DFT in combination with norm-
conserving pseudopotentials or PAW potentials1. This method is based on an expansion of the single-particle wave
functions in a basis of plane-wave functions to solve the Kohn–Sham equations, instead of the LCAO basis set. The
description for the mathematical formalism of the DFT-PW calculator and PAW potentials can be found in the Quan-
tumATK reference paper by Smidstrup et al.2 and the work by BlöchlPage 22, 1, respectively.

Similarly to the DFT: LCAO calculator, the DFT: Plane Wave calculator allows for calculating basic physical quantities:

• Electron density

• Effective potential

• Hartree potential

• Exchange-correlation potentials

• Pseudopotentials

• Total energy, forces and stress

• Exchange-correlation energy

• Spin-orbit coupling (SOC)
1 P. E. Blöchl. Projector augmented-wave method. Phys. Rev. B, 50:17953–17979, Dec 1994. URL: https://link.aps.org/doi/10.1103/PhysRevB.

50.17953, doi:10.1103/PhysRevB.50.17953.
2 S. Smidstrup, T. Markussen, P. Vancraeyveld, J. Wellendorff, J. Schneider, T. Gunst, B. Verstichel, D. Stradi, P. A. Khomyakov, U. G. Vej-

Hansen, M.-E. Lee, S. T. Chill, F. Rasmussen, G. Penazzi, F. Corsetti, A. Ojanperä, K. Jensen, M. L. N. Palsgaard, U. Martinez, A. Blom, M. Brand-
byge, and K. Stokbro. Quantumatk: an integrated platform of electronic and atomic-scale modelling tools. Journal of Physics: Condensed Matter,
32(1):015901, Oct 2019. URL: https://doi.org/10.1088/1361-648X/ab4007 (visited on 2019-10-10), doi:10.1088/1361-648x/ab4007.
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Unlike the DFT: LCAO calculator, the DFT: Plane Wave calculator does not support the XC+U mean-field Hubbard
term and DFT-1/2 method yet, as well as some of QuantumATK analysis objects, which are available for the DFT-LCAO
calculator.

In addition to norm-conserving Pseudopotentials, the DFT: Plane Wave calculator supports PAW potentials.

2.3 Semi Empirical

2.3.1 Introduction

SemiEmpirical (SE) calculator can model the electronic properties of molecules, crystals and devices using both self-
consistent and non-self-consistent tight-binding models. In this chapter, the implemented tight-binding models based
on the Slater–Koster model and the extended Hückel model are presented.

The Slater–Koster tight-binding model follows closely the DFTB formalism described in1, and it is recommended
that this paper, and2, are cited in publications using the SemiEmpiricalCalculator and DeviceSemiEmpiricalCalculator
with the SlaterKosterHamiltonianParametrization in QuantumATK.

The extended Hückel model in SE is described inPage 23, 2, and it is recommended that this paper is cited in publications
using the SemiEmpiricalCalculator and DeviceSemiEmpiricalCalculator with the HuckelHamiltonianParametrization
in QuantumATK.

In SE, the non-self-consistent part of the tight-binding Hamiltonian is parametrized using a two-center approximation,
i.e. the matrix elements only depend on the distance between two atoms and is independent of the position of the other
atoms. In the extended Hückel model, the matrix elements are described in terms of overlaps between Slater orbitals
on each site. In this way, the matrix elements can be defined by very few parameters. In the Slater–Koster model,
the distance-dependence of the matrix elements is given as a numerical function; this gives higher flexibility but also
makes the fitting procedure more difficult.

The self-consistent part of the calculation is identical for both SE models. The density matrix is calculated from
the Hamiltonian using non-equilibrium Green’s functions for device systems, while for molecules and crystals it is
calculated by diagonalization. The density matrix defines the real-space electron density and consequently the Hartree
potential can be obtained by solving the Poisson equation. The following describes the details of the mathematical
formalism behind the implementation.

For a list of the built-in parameter sets in SE, see Built-in parameter sets in ATK-SE. In addition to these, it is possible
to directly use parameter sets downloaded from the DFTB website or define your own Slater–Koster table or extended
Hückel basis set in the QuantumATK input scripts.

2.3.2 Background information

Non-self-consistent Hamiltonian

The Hamiltonian is expanded in a basis of local atomic orbitals (an LCAO expansion),

𝜑𝑛𝑙𝑚(r) = 𝑅𝑛𝑙(𝑟)𝑌𝑙𝑚(r̂),

where 𝑌𝑙𝑚 is a spherical harmonic and 𝑅𝑛𝑙 is a radial function. Typically, the atomic orbitals used in the LCAO
expansion have a close resemblance to the atomic eigenfunctions.

1 M. Elstner, D. Porezag, G. Jungnickel, J. Elsner, M. Haugk, Th. Frauenheim, S. Suhai, and G. Seifert. Self-consistent-charge density-functional
tight-binding method for simulations of complex materials properties. Phys. Rev. B, 58:7260–7268, Sep 1998. doi:10.1103/PhysRevB.58.7260.

2 K. Stokbro, D. E. Petersen, S. Smidstrup, A. Blom, M. Ipsen, and K. Kaasbjerg. Semiempirical model for nanoscale device simulations. Phys.
Rev. B, 82:075420, Aug 2010. doi:10.1103/PhysRevB.82.075420.
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Onsite terms

With this form of the basis set, the onsite elements are given by

𝑆onsite
𝑖𝑗 = 𝛿𝑖𝑗 ,

𝐻onsite
𝑖𝑗 = 𝐸𝑖𝛿𝑖𝑗 ,

where 𝐸𝑖 is an adjustable parameter that is often close to the atomic eigenenergy.

Offsite terms in the extended Hückel model

The central object in the extended Hückel model is the overlap matrix:

𝑆𝑖𝑗 =

∫︁
𝑉

𝜑𝑖(r−R𝑖)𝜑𝑗(r−R𝑗) dr.

To calculate this integral, the form of the basis functions must be specified. In the extended Hückel model, the basis
functions are parametrized by Slater orbitals,

𝑅𝑛𝑙(𝑟) =
𝑟𝑛−1√︀
(2𝑛)!

[︁
𝐶1(2𝜂1)𝑛+

1
2 𝑒−𝜂1𝑟 + 𝐶2(2𝜂2)𝑛+

1
2 𝑒−𝜂2𝑟

]︁
.

The LCAO basis is described by the adjustable parameters 𝜂1, 𝜂2, 𝐶1, and 𝐶2. These parameters must be defined for
each angular shell of valence orbitals for each element.

The overlap matrix defines the Hamiltonian,

𝐻𝑖𝑗 =
1

4
(𝛽𝑖 + 𝛽𝑗)(𝐸𝑖 + 𝐸𝑗)𝑆𝑖𝑗 ,

where 𝐸𝑖 is the onsite orbital energy and 𝛽𝑖 is a Hückel fitting parameter (often chosen to be 1.75).

Weighting schemes

The are two variants of the weighting schemes for the orbital energies of the offsite Hamiltonian. The scheme used
above,

1

2
𝛽(𝐸𝑖 + 𝐸𝑗)𝑆𝑖𝑗 ,

where 𝛽 = 1
2 (𝛽𝑖 + 𝛽𝑗) is used by Wolfsberg3, while Hoffmann (4 and5) uses

1

2
(𝛽 + 𝛼2 + (1 − 𝛽)𝛼4)(𝐸𝑖 + 𝐸𝑗),

where 𝛼 = (𝐸𝑖 − 𝐸𝑗)/(𝐸𝑖 + 𝐸𝑗).

Both variants are available in Semi Empirical through the parameters WolfsbergWeighting and
HoffmannWeighting, which can be given to the HuckelHamiltonianParametrization class.

3 M. Wolfsberg and L. Helmholz. The Spectra and Electronic Structure of the Tetrahedral Ions MnO4, CrO4, and ClO4. J. Chem. Phys., 1952.
doi:10.1063/1.1700580.

4 M.-H. Whangbo and R. Hoffmann. Counterintuitive orbital mixing. J. Chem. Phys., 1978. doi:10.1063/1.435677.
5 J. H. Ammeter, H. B. Buergi, J. C. Thibeault, and R. Hoffmann. Counterintuitive orbital mixing in semiempirical and ab initio molecular orbital

calculations. J. Am. Chem. Soc., 100(12):3686–3692, 1978. doi:10.1021/ja00480a005.
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Offsite Hamiltonian in the Slater–Koster model

The overlap matrix is given by pairwise integrals between the different basis functions. These integrals can be pre-
calculated for all relevant distances and different orbital combinations, and stored in so-called Slater–Koster tables.
The Slater–Koster table stores the distance-dependent parameters 𝑠(𝑑, 𝑍1, 𝑍2, 𝑙1, 𝑙2,𝑚), where 𝑑 is the distance, 𝑍1,
𝑍2 the element types, 𝑙1, 𝑙2 the angular momentum of the two orbitals, and the index 𝑚 ≤ min(𝑙1, 𝑙2).

From the Slater–Koster tables, the overlap matrix elements are given by

𝑆𝑖𝑗 =
∑︁

𝑚≤min(𝑙𝑖,𝑙𝑗)

𝛼𝑙𝑖,𝑚𝑖,𝑙𝑗 ,𝑚𝑗 ,𝑚(�̂�𝑖𝑗)𝑠(𝑑𝑖𝑗 , 𝑍𝑖, 𝑍𝑗 , 𝑙𝑖, 𝑙𝑗 ,𝑚),

where 𝛼 are the Slater–Koster expansion coefficients.

In the Slater–Koster, model it is assumed that also the Hamiltonian has a pairwise form and a Slater–Koster table
is generated for the Hamiltonian matrix elements. This table may be generated by calculating Hamiltonian matrix
elements for a set of dimer distances or by simply fitting matrix elements to the band structure for different lattice
constants.

In Semi Empirical, the Slater–Koster table is constructed either by providing the path to a directory containing com-
patible Slater–Koster files (see DFTBDirectory and HotbitDirectory), or directly using the SlaterKosterTable class.

Note that the extended Hückel model is a Slater–Koster model too, but with a special fitting procedure for the Hamil-
tonian matrix elements.

Self-consistent Hamiltonian

In the self-consistent semi-empirical models in QuantumATK, the electron density is computed using the tight-binding
model as described above. The density gives rise to a Hartree potential 𝑉𝐻 . The calculation of the Hartree potential is
described in detail in the section on Poisson solvers.

The Hartree potential is included through an additional term in the Hamiltonian:

𝐻SCF
𝑖𝑗 =

1

2
(𝑉𝐻(R𝑖) + 𝑉𝐻(R𝑗))𝑆𝑖𝑗 .

Electron density

The electron density is given by the occupied eigenfunctions,

𝑛(r) =
∑︁
𝛼

𝑓𝛼|𝜓𝛼(r)|2,

where 𝑓𝛼 is the occupation of the level denoted by 𝛼. For finite temperature calculation the occupations are determined
by the Fermi-Dirac distribution 𝑓𝛼 = 1

1+𝑒(𝜖𝛼−𝜖𝐹 )/𝑘𝑇 with 𝜖𝛼 being the energy of the eigenstate 𝜓𝛼, 𝜖𝐹 the Fermi
level and 𝑇 the electron temperature. However, other smooth distributions may be introduced in order to help speed
convergence (see Occupation Methods).

The eigenstates in the Slater orbital basis can be written as

𝜓𝛼 =
∑︁
𝑖

𝑐𝛼𝑖𝜑𝑖,

where the total number of electrons, 𝑁 =
∫︀
𝑉
𝑛(r) dr, is given by

𝑁 =
∑︁
𝑖𝑗

𝐷𝑖𝑗𝑆𝑖𝑗 ,

where 𝐷𝑖𝑗 =
∑︀
𝛼 𝑓𝛼𝑐

*
𝛼𝑖𝑐𝛼𝑗 is the density matrix.
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An approximate atom-based electron density

In practice, a simple approximation is used for the electron density. To this end, we introduce the Mulliken population,

𝑚𝑙 =
∑︁
𝑖∈𝑙

∑︁
𝑗

𝐷𝑖𝑗𝑆𝑖𝑗 ,

for shell 𝑙 of atom number 𝜇, and write the total number of electrons as a sum of atomic contributions, 𝑁 =∑︀
𝜇

∑︀
𝑙∈𝜇𝑚𝑙. The radial dependence of each atomic-like density is represented by a Gaussian function, and the total

induced charge in the system is approximated by

𝛿𝑛(r) =
∑︁
𝜇

∑︁
𝑙∈𝜇

𝛿𝑚𝑙

(︁𝛼𝑙
𝜋

)︁ 3
2

𝑒−𝛼𝑙|r−R𝜇|2 ,

where 𝛿𝑚𝑙 = 𝑚𝑙 − 𝑍𝜇 is the total charge for shell 𝑙 of atom 𝜇, i.e. the sum of the valence electron charge 𝑚𝑙 and the
ionic charge −𝑍𝜇.

To see the significance of the width𝛼𝑙 of the Gaussian orbital, consider the electrostatic potential from a single Gaussian
density at position R𝜇:

𝑉𝐻(r) = (𝑚𝑙 − 𝑍𝜇)
erf(√𝛼𝑙|r−R𝜇|)

|r−R𝜇|
.

The onsite value of the Hartree potential is 𝑉𝐻(R𝜇) = (𝑚𝑙−𝑍𝜇)𝑈𝑙, where 𝑈𝑙 = 2
√︀

𝛼𝑙

𝜋 is the onsite Hartree shift. In
Semi Empirical, it is the specified value of 𝑈𝑙 that is used to determine the width 𝛼𝑙 of the Gaussian using the above
relation.

Onsite Hartree shift parameters

The shell-dependent onsite Hartree shift 𝑈𝑙 can be obtained from an atomic calculation. 𝑈𝑙 is related to the linear shift
of the eigenenergy 𝜀𝑙 of shell 𝑙 as function of the shell occupation 𝑞𝑙:

𝑈𝑙 =
𝑑𝜀𝑙
𝑑𝑞𝑙

.

Thus, 𝑈𝑙 can be obtained by performing atomic calculations with different values of 𝑞𝑙.

In QuantumATK, it is recommended to use the same onsite Hartree shift parameter for the s- and p-shells of each atom.

ATK provides a database for 𝑈𝑙 calculated using DFT and the PBE functional (see Generalized-gradient ap-
proximation (GGA)). Access to the data is through the function ATK_U. Due to backwards compatibility, the
HoffmanHückelParameters and MullerHückelParameters do not use the ATK_U database, but use special values
of the electrostatic parameter 𝑈 , see Element data.

Spin polarization

The inclusion of spin in the tight-binding Hamiltonian follows the scheme in6. The following spin dependent term is
added to the Hamiltonian:

𝐻𝜎
𝑖𝑗 = ±1

2
𝑆𝑖𝑗
(︀
𝑑𝐸𝑙𝑖 + 𝑑𝐸𝑙𝑗

)︀
,

where the sign in the equation depends on the spin.

The spin splitting 𝑑𝐸𝑙 of shell 𝑙 is calculated from the spin-dependent Mulliken populations 𝜇𝑙 of each shell at the local
site:

𝑑𝐸𝑙 =
∑︁
𝑙′∈𝜇𝑙

𝑊𝑙𝑙′ (𝑚𝑙′↑ −𝑚𝑙′↓).

6 C. Köhler, T. Frauenheim, B. Hourahine, G. Seifert, and M. Sternberg. Treatment of Collinear and Noncollinear Electron Spin within an
Approximate Density Functional Based Method. J. Phys. Chem. A, 111(26):5622–5629, 2007. doi:10.1021/jp068802p.
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Onsite spin-split parameters

The shell-dependent spin splitting strength 𝑊𝑙𝑙′ can be obtained from a spin-polarized atomic calculationPage 26, 6:

𝑊𝑙𝑙′ =
1

2

(︂
𝑑𝜀𝑙↑
𝑑𝑚𝑙′↑

− 𝑑𝜀𝑙↑
𝑑𝑚𝑙′↓

)︂
.

Since 𝑊𝑙𝑙′ enters symmetrically in the Hamiltonian, it is convenient to symmetrize it:

�̄�𝑙𝑙′ =
1

2
(𝑊𝑙𝑙′ +𝑊𝑙′𝑙).

ATK provides a database for �̄�𝑙𝑙′ . Access to the data is through the function ATK_W .

Tight-binding total energy

The calculation of the total energy follows7 andPage 23, 1. The total energy has five terms:

𝐸 = 𝐸H0 + 𝐸𝛿H + 𝐸ext + 𝐸spin + 𝐸pp.

• 𝐸H0 is the one-electron energy of the non-self-consistent Hamiltonian, given by

𝐸H0 =
∑︁
𝑖𝑗

𝐷𝑖𝑗𝐻
0
𝑖𝑗 .

• 𝐸𝛿H is the electrostatic difference energy,

𝐸𝛿H =
1

2

∫︁
𝑉 𝐻0 (r)𝛿𝑛(r)𝑑r.

• 𝐸ext is the electrostatic interaction between the electrons and an external field,

𝐸ext =

∫︁
𝑉 ext(r)𝛿𝑛(r)𝑑r.

• 𝐸spin is the spin polarization energyPage 26, 6,

𝐸spin = −1

2

∑︁
𝜇

∑︁
𝑙∈𝜇

∑︁
𝑙′∈𝜇

𝑊 (𝑍𝜇, 𝑙, 𝑙
′)𝑚𝑙𝑚𝑙′ .

• 𝐸pp is the repulsive energy from a pair-potential between each atom pair, 𝑉 pp(𝑍𝜇, 𝑍𝜇′ , 𝑅𝜇,𝜇′),

𝐸pp =
∑︁
𝜇<𝜇′

𝑉 pp(𝑍𝜇, 𝑍𝜇′ , 𝑅𝜇,𝜇′).

It is optional to add this term to the tight-binding model; it does not affect the electronic structure. The tight-
binding model will, however, not give sensible geometries without a repulsive pair-potential.

Important: In the current version of QuantumATK, only the DFTB and Hotbit parameter sets contain a repulsive
pair potential term, and only these methods can be used for geometry optimizations.

7 K. Kaasbjerg and K. Flensberg. Strong Polarization-Induced Reduction of Addition Energies in Single-Molecule Nanojunctions. Nano Letters,
8(11):3809–3814, 2008. doi:10.1021/nl8021708.
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2.3.3 Parameters

Parameters for the Slater–Koster method

The Slater–Koster parameters can be provided either through the SlaterKosterTable class or through various 3rd-party
formats. The supported 3rd-party formats are the DFTB Slater–Koster files from the DFTB consortium, and the Hotbit
Slater–Koster files from the Hotbit consortium.

To use parameters in the DFTB or Hotbit format, put the parameter files in a single directory, and setup the basis set
and pair potentials using the functions DFTBDirectory or HotbitDirectory.

Tables showing which elements are covered by the parameters are given here: Slater–Koster basis sets.

Shipped DFTB and Hotbit parameters

The current version of SE is shipped with a number of DFTB style parameters from the CP2K and Hotbit consortia.
We recommended that these resources are cited if the parameters are used in publications. It is most easy to setup these
basis sets using the QuantumATK interface.

Shipped Slater–Koster Table parameters

A number of orthogonal tight-binding parameters are provided. The parameters are from Vogl et al.8 and Jancu et
al.9, and it is recommended that these papers are cited if the parameters are used for publications. These basis sets can
easily be set up using QuantumATK.

Parameters for the extended Hückel method

The parameters 𝜂1, 𝜂2, 𝐶1, 𝐶2, and 𝐸 must be defined for each valence orbital, while 𝛽 and 𝑈 only depend on the
element type. Different parameter sets are provided with Semi Empirical, but it is also possible to provide user-defined
parameters in the input file using the HuckelBasisParameters class.

The tables below provide a mapping between the symbols in the equations and the corresponding keywords.

Table 2.2: HuckelBasisParameters.

Symbol HuckelBasisParameters
𝐸𝑖 ionization_potential
𝛽 wolfsberg_helmholtz_constant
𝑈 onsite_hartree_shift
𝑊 onsite_spin_split
𝐸VAC vacuum_level

8 P. Vogl, Harold P. Hjalmarson, and J. D. Dow. A Semi-empirical tight-binding theory of the electronic structure of semiconductors†. J. Phys.
Chem. Solids, 44(5):365–378, jan 1983. URL: http://www.sciencedirect.com/science/article/pii/0022369783900641.

9 J.-M. Jancu, R. Scholz, F. Beltram, and F. Bassani. Empirical spds* tight-binding calculation for cubic semiconductors: general method and
material parameters. Phys. Rev. B, 57:6493–6507, Mar 1998. doi:10.1103/PhysRevB.57.6493.
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Table 2.3: SlaterOrbital parameters.

Symbol SlaterOrbital parameters
𝑛 principal_quantum_number
𝑙 angular_momentum
𝜂 slater_coefficients
𝐶 weights

The current version of QuantumATK comes with built-in Hoffmann and Müller parameter sets, which are appropriate
for organic molecules. For crystalline structures, both metals and organic materials like graphene, parameters from J.
Cerda are provided. When using these parameters,10 should be referenced. Tables with the available parameter sets
can be found here: Extended Hückel basis sets.

To combine parameters from different sources, it is important to make sure they use the same energy zero level, in order
to obtain correct charge transfers. This can be obtained by ensuring that the crystals have the correct work function
and molecules the correct ionisation energies. For this purpose, an additional parameter 𝐸VAC is introduced, which
shifts the energy of the vacuum level: If a calculation with 𝐸VAC = 0 eV has a work function of 6.5 eV, then by setting
𝐸VAC = −1.5 eV all bands shift rigidly upwards by 1.5 eV, and the work function becomes 5.0 eV.

Note: The Hückel parameters have been fitted for non-self-consistent calculations. To use the parameters in self-
consistent calculations, the self-consistent onsite shifts must be compensated by a reverse shift of the vacuum_levels.

2.4 Force Field

Table of Contents

• Introduction

• TremoloX

• TremoloX potential classes

• TremoloX potential parameter sets

• Pretrained moment tensor potential (MTP) parameter sets

• ASAP potential parameter sets

10 J. Cerdá and F. Soria. Accurate and transferable extended hückel-type tight-binding parameters. Phys. Rev. B, 61:7965–7971, Mar 2000.
doi:10.1103/PhysRevB.61.7965.
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2.4.1 Introduction

The ForceField module provides calculators for empirical force fields1. It includes the following calculators:

• TremoloXCalculator

• BrennerCalculator

• EMTCalculator_c

Note: For QuantumATK-version 2018, this module is present under the name ATK-ForceField.

2.4.2 TremoloX

The TremoloXCalculator, which provides most of the potential classes and parameters sets in the ForceField module,
is developed by the Fraunhofer Institute for Algorithms and Scientific Computing (SCAI). For details about TremoloX,
see also www.tremolo-x.com.

TremoloX uses highly efficient state of the art algorithms for the treatment of short- and long-range potentials.
TremoloX provides a large database of pre-defined TremoloX potential parameter sets, for modeling of systems in
material science and nanotechnology. It also allows the user to set up custom potentials by combining the available
TremoloX potential classes.

2.4.3 TremoloX potential classes

• TremoloXCalculator

• Angle1Potential

• AngleCorrection6Potential

• BuckinghamPotential

• COMB3FieldCorrection

• COMB3PairPotential

• COMB3Particle

• COMBCoulombOption

• COMBMixitPotential

• COMBOptimizationOption

• COMBOverCoordinationCorrection

• COMBPairPotential

• COMBSMCoulomb

• COMBSelfEnergyCorrection

• COMBSelfEnergyCorrectionShan

• COMBTriplePotential

• ConstantPotential
1 J. Schneider, J. Hamaekers, S.T. Chill, S. Smidstrup, J. Bulin, R. Thesen, A. Blom, and K. Stokbro. Atk-classical: a new generation molecular

dynamics software package. arXiv, pages 1701.02495, 2017. URL: https://arxiv.org/abs/1701.02495.
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• CoreShellHarmonicPotential

• CoreShellMorsePotential

• CoreShellOptimizationOption

• CosineAnglePotential

• CosinePowerTorsionPotential

• CosineTorsionPotential

• CoulombDSF

• CoulombDebye

• CoulombERFCPotential

• CoulombErf

• CoulombErfDSF

• CoulombEwald

• CoulombN2

• CoulombN2Spline

• CoulombOption

• CoulombQTaperPotential

• CoulombReaxFF

• CoulombSPME

• CoulombScale14Option

• CoulombSolver

• D3Potential

• D4Potential

• DampedDispersionPotential

• DreidingAnglePotential

• EAMfssetflPotential

• EAMsetflPotential

• EEMOption

• EEMSinglePotential

• EmtPotential

• FENEBondPotential

• FourierAnglePotential

• FourierImproperPotential

• FourierTorsionPotential

• GaussPotential

• GaussianAnglePotential

• General1Potential
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• General2Potential

• General3Potential

• GeneralStiwe2Potential

• HarmonicAnglePotential

• HarmonicBondPotential

• HarmonicCosineAnglePotential

• HarmonicUreyBradleyAnglePotential

• ImproperCosineTorsionPotential

• ImproperTorsionPotential

• LennardJonesMNPotential

• LennardJonesPotential

• LennardJonesShiftPotential

• LennardJonesSpline2Potential

• LennardJonesSplinePotential

• MTPPotential

• MaddenDispersivePotential

• MaddenEwaldOption

• MaddenOptimizationOption

• MaddenParticle

• MaddenPolarizationDampingPotential

• MaddenRepulsivePotential

• MeamElementPotential

• MeamGlobalOption

• MeamPairPotential

• MeamScreeningPotential

• ModifiedStiwe2Potential

• ModifiedStiwe3Potential

• MolierePotential

• MorseBondPotential

• MorsePotential

• ParticleIdentifier

• ParticleType

• RSL2Potential

• ReaxFFBlock

• ReaxFFParameterContainer

• ReaxFFPotential

32 Chapter 2. Atomic-Scale Calculators



QuantumATK V-2023.12 Documentation

• Repulsive12Potential

• Stiwe2Potential

• Stiwe3Potential

• SuttonChenPotential

• TabulatedBondPotential

• TaperedAnglePotential

• TersoffBrennerBOPairPotential

• TersoffBrennerCorrectionPotential

• TersoffBrennerCorrectionPotential2

• TersoffBrennerMolierePotential

• TersoffBrennerPairPotential

• TersoffBrennerPairPotential2

• TersoffBrennerPairPotential3

• TersoffBrennerSplinePotential

• TersoffBrennerTorsionCorrectionPotential

• TersoffBrennerTriplePotential

• TersoffBrennerTriplePotential2

• TersoffBrennerTriplePotential3

• TersoffBrennerTriplePotential4

• TersoffBrennerTriplePotential5

• TersoffDiag2Potential

• TersoffDiagPotential

• TersoffMixitPotential

• TersoffSingleTypePotential

• TersoffTriplePotential

• TersoffZBLPotential

• TosiFumiPotential

• UserDefinedTabulatedPotential

• VFFBondBendingPotential

• VFFBondBendingStretchingPotential

• VFFBondStretchingPotential

• VFFCoplanarBondBendingPotential

• VFFCrossBondStretchingPotential

• VFFModifiedBondBendingPotential1

• VFFModifiedBondBendingStretchingPotential1

• VFFModifiedCoplanarBondBendingPotential1
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• VFFModifiedCrossBondStretchingPotential1

• VessalPotential

• ZBLPotential

• ZBLStiwePotential

2.4.4 TremoloX potential parameter sets

Aldermann_TaO_2018 (Ta, O)

O. L. Alderman, C. Benmore, J. Neuefeind, E. Coillet, A. Mermet, V. Martinez, A. Tamalonis, and R. Weber,
Amorphous tantala and its relationship with the molten state, Physical Review Materials, 2, p. 043602,
2018

Anwar_NaCl_2003 (Na, Cl)

J. Anwar, D. Frenkel, and M. G. Noro, Calculation of the melting point of NaCl by molecular simulation, The
Journal of Chemical Physics, 118, pp. 728-735, 2003 link

Billeter_HNOSi_2006 (Si, N, O, H)

S. R. Billeter, A. Curioni, D. Fischer, and W. Andreoni, Ab initio derived augmented Tersoff potential for silicon
oxynitride compounds and their interfaces with silicon, Phys. Rev. B, 73, p. 155329, 2006 link

Brenner_CH_1990 (H, C)

D. W. Brenner, Empirical potential for hydrocarbons for use in simulating the chemical vapor deposition of dia-
mond films, Phys. Rev. B, 42, pp. 9458-9471, 1990

Brenner_CH_2002 (H, C)

D. W. Brenner, O. A. Shenderova, J. A. Harrison, S. J. Stuart, B. Ni, and S. B. Sinnott, A second-generation
reactive empirical bond order (REBO) potential energy expression for hydrocarbons, J, Phys.: Condens.
Matter, pp. 783-802, 2002

Broglia_HfOSi_2014 (Hf, O, Si)

G. Broglia, G. Ori, L. Larcher, and M. Montorsi, Molecular dynamics simulation of amorphous HfO2 for resistive
RAM applications, Modelling and Simulation in Materials Science and Engineering, 22, p. 065006, 2014 link
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COMB_NTi_2014 (N, Ti)

Y. Cheng, T. Liang, J. A. Martinez, S. R. Phillpot, and S. B. Sinnott, A charge optimized many-body potential for
titanium nitride (TiN), Journal of Physics: Condensed Matter, 26, p. 265004, 2014 link

COMB_OSi_2007 (Si, O)

J. Yu, S. B. Sinnott, and S. R. Phillpot, Charge optimized many-body potential for the Si/SiO2 system, Phys. Rev.
B, 75, p. 085311, 2007 link

COMB_OSi_2010 (Si, O)

T. Shan, B. D. Devine, J. M. Hawkins, A. Asthagiri, S. R. Phillpot, and S. B. Sinnott, Second-generation charge-
optimized many-body potential for Si/SiO2 and amorphous silica, Phys. Rev. B, 82, p. 235302, 2010 link

CoulombD4EEQ (B, Al, Pd, Ru, Au, In, Cs, Er, Os, Se, Rh, Tc, Xe, Ne, F, Pt, He, Nb, Y, Nd, Tm, I, Mg,
Cu, Ir, H, Pm, Ce, Li, Ga, Ge, Hg, Be, Cl, Sn, Ba, Tl, Cr, C, Sb, Sc, V, Si, Lu, Mn, Eu, Ni, Hf, Rb, La, Sm,
Mo, Zr, S, Cd, Br, Ho, Bi, O, Te, Kr, As, Pb, Ca, Rn, K, Sr, Zn, Co, Ar, Ti, N, Re, Gd, Ta, At, Yb, Pr, Po,
Ag, Na, Dy, Fe, W, Tb, P)

E. Caldeweyher, C. Bannwarth, and S. Grimme, Extension of the D3 dispersion coefficient model, The Journal of
chemical physics, 147, p. 034112, 2017

E. Caldeweyher, J. Mewes, S. Ehlert, and S. Grimme, Extension and evaluation of the D4 London-dispersion model
for periodic systems, Physical Chemistry Chemical Physics, 22, pp. 8499–8512, 2020

S. A. Ghasemi, A. Hofstetter, S. Saha, and S. Goedecker, Interatomic potentials for ionic systems with density
functional accuracy based on charge densities obtained by a neural network, Physical review B, 92, p.
045131, 2015

E. Caldeweyher, S. Ehlert, A. Hansen, H. Neugebauer, S. Spicher, C. Bannwarth, and S. Grimme, A generally
applicable atomic-charge dependent London dispersion correction, The Journal of chemical physics, 150, p.
154122, 2019

CoulombD4EEQDSF (B, Al, Pd, Ru, Au, In, Cs, Er, Os, Se, Rh, Tc, Xe, Ne, F, Pt, He, Nb, Y, Nd, Tm, I,
Mg, Cu, Ir, H, Pm, Ce, Li, Ga, Ge, Hg, Be, Cl, Sn, Ba, Tl, Cr, C, Sb, Sc, V, Si, Lu, Mn, Eu, Ni, Hf, Rb, La,
Sm, Mo, Zr, S, Cd, Br, Ho, Bi, O, Te, Kr, As, Pb, Ca, Rn, K, Sr, Zn, Co, Ar, Ti, N, Re, Gd, Ta, At, Yb, Pr,
Po, Ag, Na, Dy, Fe, W, Tb, P)

E. Caldeweyher, J. Mewes, S. Ehlert, and S. Grimme, Extension and evaluation of the D4 London-dispersion model
for periodic systems, Physical Chemistry Chemical Physics, 22, pp. 8499–8512, 2020

C. J. Fennell and J. D. Gezelter, Is the Ewald summation still necessary? Pairwise alternatives to the accepted
standard for long-range electrostatics, The Journal of chemical physics, 124, p. 234104, 2006

S. A. Ghasemi, A. Hofstetter, S. Saha, and S. Goedecker, Interatomic potentials for ionic systems with density
functional accuracy based on charge densities obtained by a neural network, Physical review B, 92, p.
045131, 2015

E. Caldeweyher, C. Bannwarth, and S. Grimme, Extension of the D3 dispersion coefficient model, The Journal of
chemical physics, 147, p. 034112, 2017

E. Caldeweyher, S. Ehlert, A. Hansen, H. Neugebauer, S. Spicher, C. Bannwarth, and S. Grimme, A generally
applicable atomic-charge dependent London dispersion correction, The Journal of chemical physics, 150, p.
154122, 2019
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DispersionD3BJ (B, Al, Pd, Ru, Au, In, Cs, Er, Os, Se, Rh, Tc, Xe, Ne, F, Pt, He, Nb, Y, Ra, Nd, Tm, I,
Mg, Cu, Ir, H, Pm, Ce, Li, Ga, Ge, Hg, Be, Cl, Sn, Ba, Tl, Cr, C, Sb, Sc, V, Si, Fr, Lu, Mn, Eu, Ni, Hf, Rb,
La, Sm, Mo, Ac, Zr, S, Cd, Pa, Br, Ho, Bi, O, Te, Kr, As, Pb, Pu, Ca, Rn, K, Sr, Zn, Co, Ar, Ti, N, Re, Gd,
Ta, At, Yb, Pr, Th, Po, Np, Ag, Na, Dy, Fe, W, Tb, U, P)

S. Grimme, S. Ehrlich, and L. Goerigk, Effect of the damping function in dispersion corrected density functional
theory, Journal of computational chemistry, 32, pp. 1456–1465, 2011

S. Grimme, J. Antony, S. Ehrlich, and H. Krieg, A consistent and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94 elements H-Pu, The Journal of chemical physics, 132, p.
154104, 2010

DispersionD3Z (B, Al, Pd, Ru, Au, In, Cs, Er, Os, Se, Rh, Tc, Xe, Ne, F, Pt, He, Nb, Y, Ra, Nd, Tm, I, Mg,
Cu, Ir, H, Pm, Ce, Li, Ga, Ge, Hg, Be, Cl, Sn, Ba, Tl, Cr, C, Sb, Sc, V, Si, Fr, Lu, Mn, Eu, Ni, Hf, Rb, La,
Sm, Mo, Ac, Zr, S, Cd, Pa, Br, Ho, Bi, O, Te, Kr, As, Pb, Pu, Ca, Rn, K, Sr, Zn, Co, Ar, Ti, N, Re, Gd, Ta,
At, Yb, Pr, Th, Po, Np, Ag, Na, Dy, Fe, W, Tb, U, P)

S. Grimme, J. Antony, S. Ehrlich, and H. Krieg, A consistent and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94 elements H-Pu, The Journal of chemical physics, 132, p.
154104, 2010

Dyson_CHSi_1999 (Si, H, C)

A. J. Dyson and P. V. Smith, Improved empirical interatomic potential for C—Si—H systems, Molecular Physics,
96, pp. 1491-1507, 1999 link

EAMFS_Ag_1987 (Ag)

G. Ackland, G. Tichy, V. Vitek, and M. Finnis, Simple N-body potentials for the noble metals and nickel, Philosoph-
ical Magazine A, 56, pp. 735–756, 1987

EAMFS_AlFe_2005 (Al, Fe)

M. I. Mendelev, D. J. Srolovitz, G. J. Ackland, and S. Han, Effect of Fe segregation on the migration of a non-
symmetric Sigma 5 tilt grain boundary in Al, J. Mater. Res., 20, pp. 208-218, 2005

EAMFS_AlMg_2009 (Mg, Al)

M. Mendelev, M. Asta, M. Rahman, and J. Hoyt, Development of interatomic potentials appropriate for simulation
of solid–liquid interface properties in Al–Mg alloys, Philosophical Magazine, 89, pp. 3269–3285, 2009
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EAMFS_AlSm_2015 (Al, Sm)

M. Mendelev, F. Zhang, Z. Ye, Y. Sun, M. Nguyen, S. Wilson, C. Wang, and K. Ho, Development of interatomic
potentials appropriate for simulation of devitrification of Al90Sm10 alloy, Modelling and Simulation in Materials
Science and Engineering, 23, p. 045013, 2015

EAMFS_Al_2000 (Al)

J. B. Sturgeon and B. B. Laird, Adjusting the melting point of a model system via Gibbs-Duhem integration:
Application to a model of aluminum, Physical Review B, 62, p. 14720, 2000

EAMFS_Al_2008 (Al)

M. Mendelev, M. Kramer, C. Becker, and M. Asta, Analysis of semi-empirical interatomic potentials appropriate
for simulation of crystalline and liquid Al and Cu, Philosophical Magazine, 88, pp. 1723–1750, 2008

EAMFS_Au_1987 (Au)

G. Ackland, G. Tichy, V. Vitek, and M. Finnis, Simple N-body potentials for the noble metals and nickel, Philosoph-
ical Magazine A, 56, pp. 735–756, 1987

EAMFS_CFe_2008 (C, Fe)

D. J. Hepburn and G. J. Ackland, Metallic-covalent interatomic potential for carbon in iron, Physical Review B,
78, p. 165115, 2008

EAMFS_CuZr_2007 (Zr, Cu)

M. Mendelev, D. Sordelet, and M. Kramer, Using atomistic computer simulations to analyze x-ray diffraction data
from metallic glasses, Journal of Applied Physics, 102, pp. 043501–043501, 2007

EAMFS_CuZr_2009 (Zr, Cu)

M. Mendelev, M. Kramer, R. Ott, D. Sordelet, D. Yagodin, and P. Popel, Development of suitable interatomic po-
tentials for simulation of liquid and amorphous Cu–Zr alloys, Philosophical Magazine, 89, pp. 967–987, 2009

EAMFS_CuZr_2016 (Zr, Cu)

V. Borovikov, M. I. Mendelev, and A. H. King, Effects of stable and unstable stacking fault energy on dislocation
nucleation in nano-crystalline metals, Modelling and Simulation in Materials Science and Engineering, 24, p.
085017, 2016
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EAMFS_Cu_1987 (Cu)

G. Ackland, G. Tichy, V. Vitek, and M. Finnis, Simple N-body potentials for the noble metals and nickel, Philosoph-
ical Magazine A, 56, pp. 735–756, 1987

EAMFS_Cu_1990 (Cu)

G. J. Ackland and V. Vitek, Many-body potentials and atomic-scale relaxations in noble-metal alloys, Physical
review B, 41, p. 10324, 1990

EAMFS_Cu_2008 (Cu)

M. Mendelev, M. Kramer, C. Becker, and M. Asta, Analysis of semi-empirical interatomic potentials appropriate
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Physics, 122, p. 144305, 2017

StillingerWeber_SiGe_1995 (Si, Ge)

M. Laradji, D. Landau, and B. Dünweg, Structural properties of Si 1-x Ge x alloys: A Monte Carlo simulation with
the Stillinger-Weber potential, Physical Review B, 51, p. 4894, 1995

StillingerWeber_SiGe_2008 (Si, Ge)

A. Gabriel, Atomistic simulation of solid-phase epitaxial regrowth of amorphous Germanium, 2008

StillingerWeber_SiOCF_2005 (Si, O, F, C)

V. Smirnov, A. Stengach, K. Gaynullin, V. Pavlovsky, S. Rauf, P. Stout, and P. Ventzek, Molecular-dynamics model
of energetic fluorocarbon-ion bombardment on SiO 2 I. Basic model and CF 2+-ion etch characterization, Journal
of applied physics, 97, p. 093302, 2005

StillingerWeber_Si_1985 (Si)

F. H. Stillinger and T. A. Weber, Computer simulation of local order in condensed phases of silicon, Phys. Rev.
B, 31, pp. 5262–5271, 1985
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SuttonChen_Classical_1998 (Pt, Pd, Cu, Au, Ir, Rh, Ag, Ni)

Y. Kimura, Y. Qi, T. Cagin, and W. Goddard, The quantum Sutton–Chen many-body potential for properties of fcc
metals, Phys. Rev., to be submitted, 1998

SuttonChen_Fe_2000 (Fe)

A. B. Belonoshko, R. Ahuja, and B. Johansson, Quasi–Ab initio molecular dynamic study of Fe melting, Physical
Review Letters, 84, p. 3638, 2000

SuttonChen_NiAl_2008 (Al, Ni)

S. Kazanc and C. Tatar, Investigation of the effect of pressure on some physical parameters and thermoelastic phase
transformation of NiAl alloy, International Journal of Solids and Structures, 45, pp. 3282–3289, 2008

SuttonChen_NiCuAgAuPtRh_1999 (Pt, Cu, Au, Rh, Ag, Ni)

T. Cagin, G. Dereli, M. Uludoğan, and M. Tomak, Thermal and mechanical properties of some fcc transition metals,
Physical Review B, 59, p. 3468, 1999

SuttonChen_Original_1991 (Pb, Pt, Al, Pd, Cu, Au, Ir, Rh, Ag, Ni)

H. Rafii-Tabar and A. Sulton, Long-range Finnis-Sinclair potentials for fcc metallic alloys, Philosophical Magazine
Letters, 63, pp. 217–224, 1991

SuttonChen_Original_1998 (Pt, Pd, Cu, Au, Ir, Rh, Ag, Ni)

Y. Kimura, Y. Qi, T. Cagin, and W. Goddard, The quantum Sutton–Chen many-body potential for properties of fcc
metals, Phys. Rev., to be submitted, 1998

SuttonChen_Quantum_1998 (Pt, Pd, Cu, Au, Ir, Rh, Ag, Ni)

Y. Kimura, Y. Qi, T. Cagin, and W. Goddard, The quantum Sutton–Chen many-body potential for properties of fcc
metals, Phys. Rev., to be submitted, 1998

Tangney_AlO_2013 (Al, O)

J. Sarsam, M. W. Finnis, and P. Tangney, Atomistic force field for alumina fit to density functional theory, The
Journal of Chemical Physics, 139, p. 204704, 2013
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Tangney_OSi_2002 (Si, O)

P. Tangney and S. Scandolo, An ab initio parametrized interatomic force field for silica, The Journal of chemical
physics, 117, pp. 8898–8904, 2002

Tangney_OTi_2010 (O, Ti)

X. J. Han, L. Bergqvist, P. H. Dederichs, H. Müller-Krumbhaar, J. K. Christie, S. Scandolo, and P. Tangney,
Polarizable interatomic force field for TiO2 parametrized using density functional theory, Phys. Rev. B,
81, p. 134108, 2010 link

TersoffBrenner_CSiF_1999 (F, Si, C)

C. F. Abrams and D. B. Graves, Molecular dynamics simulations of Si etching by energetic CF 3+, Journal of
applied physics, 86, pp. 5938–5948, 1999

TersoffBrenner_ClFSi_2003 (Si, F, Cl)

D. Humbird and D. B. Graves, Improved interatomic potentials for silicon–fluorine and silicon–chlorine, The Jour-
nal of Chemical Physics, 120, pp. 2405-2412, 2004 link

TersoffBrenner_SiF_1999 (Si, F)

C. F. Abrams and D. B. Graves, Molecular dynamics simulations of Si etching by energetic CF 3+, Journal of
applied physics, 86, pp. 5938–5948, 1999

TersoffBrenner_SiF_1999_RepulsionCorrection (Si, F)

C. F. Abrams and D. B. Graves, Molecular dynamics simulations of Si etching by energetic CF 3+, Journal of
applied physics, 86, pp. 5938–5948, 1999

Tersoff_AlGaAs_2000 (Al, Ga, As)

K. Nordlund, J. Nord, J. Frantz, and J. Keinonen, Strain-induced Kirkendall mixing at semiconductor interfaces,
Computational materials science, 18, pp. 283–294, 2000

Tersoff_AlNO_2009 (Al, N, O)

O. U. Okeke and J. Lowther, Molecular dynamics of binary metal nitrides and ternary oxynitrides, Physica B:
Condensed Matter, 404, pp. 3577–3581, 2009
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Tersoff_AlNO_2009b (Al, N, O)

O. U. Okeke and J. Lowther, Molecular dynamics of binary metal nitrides and ternary oxynitrides, Physica B:
Condensed Matter, 404, pp. 3577–3581, 2009

Tersoff_Au_2012 (Au)

M. Backman, N. Juslin, and K. Nordlund, Bond order potential for gold, The European Physical Journal B, 85, pp.
1–5, 2012

Tersoff_BNC_2000 (N, C, B)

K. Matsunaga, C. Fisher, and H. Matsubara, Tersoff potential parameters for simulating cubic boron carbonitrides,
JAPANESE JOURNAL OF APPLIED PHYSICS PART 2 LETTERS, 39, pp. L48–L51, 2000

Tersoff_BNO_2009 (N, O, B)

O. U. Okeke and J. Lowther, Molecular dynamics of binary metal nitrides and ternary oxynitrides, Physica B:
Condensed Matter, 404, pp. 3577–3581, 2009

Tersoff_BNO_2009b (N, O, B)

O. U. Okeke and J. Lowther, Molecular dynamics of binary metal nitrides and ternary oxynitrides, Physica B:
Condensed Matter, 404, pp. 3577–3581, 2009

Tersoff_BN_2003 (N, B)

W. H. Moon, M. S. Son, and H. J. Hwang, Molecular-dynamics simulation of structural properties of cubic boron
nitride, Physica B: Condensed Matter, 336, pp. 329–334, 2003

Tersoff_BeCH_2009 (H, C, Be)

C. Björkas, N. Juslin, H. Timko, K. Vörtler, K. Nordlund, K. Henriksson, and P. Erhart, Interatomic potentials for
the Be-C-H system, Journal of Physics: Condensed Matter, 21, p. 445002, 2009

Tersoff_BeH_2009 (H, Be)

C. Björkas, N. Juslin, H. Timko, K. Vörtler, K. Nordlund, K. Henriksson, and P. Erhart, Interatomic potentials for
the Be-C-H system, Journal of Physics: Condensed Matter, 21, p. 445002, 2009

2.4. Force Field 87



QuantumATK V-2023.12 Documentation

Tersoff_BeW_2010 (W, Be)

C. Björkas, K. Henriksson, M. Probst, and K. Nordlund, A Be–W interatomic potential, Journal of Physics: Con-
densed Matter, 22, p. 352206, 2010

Tersoff_CH_2005 (H, C)

N. Juslin, P. Erhart, P. Traskelin, J. Nord, K. O. Henriksson, K. Nordlund, E. Salonen, and K. Albe, Analytical
interatomic potential for modeling nonequilibrium processes in the W–C–H system, Journal of applied physics,
98, pp. 123520–123520, 2005

Tersoff_CH_2010 (H, C)

L. Lindsay and D. Broido, Optimized Tersoff and Brenner empirical potential parameters for lattice dynamics and
phonon thermal transport in carbon nanotubes and graphene, Physical Review B, 81, p. 205441, 2010

N. Juslin, P. Erhart, P. Traskelin, J. Nord, K. O. Henriksson, K. Nordlund, E. Salonen, and K. Albe, Analytical
interatomic potential for modeling nonequilibrium processes in the W–C–H system, Journal of applied physics,
98, pp. 123520–123520, 2005

Tersoff_C_1989 (C)

J. Tersoff, Modeling solid-state chemistry: Interatomic potentials for multicomponent systems, Phys. Rev. B, 39,
pp. 5566–5568, 1989

Tersoff_C_1994 (C)

J. Tersoff, Chemical order in amorphous silicon carbide, Physical Review B, 49, p. 16349, 1994

Tersoff_C_2005 (C)

P. Erhart and K. Albe, Analytical potential for atomistic simulations of silicon, carbon, and silicon carbide, Physical
Review B, 71, p. 035211, 2005

Tersoff_C_2010 (C)

L. Lindsay and D. Broido, Optimized Tersoff and Brenner empirical potential parameters for lattice dynamics and
phonon thermal transport in carbon nanotubes and graphene, Physical Review B, 81, p. 205441, 2010

Tersoff_C_2012 (C)

E. P. Bellido and J. M. Seminario, Molecular Dynamics Simulations of Ion-Bombarded Graphene, The Journal
of Physical Chemistry C, 116, pp. 4044-4049, 2012
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Tersoff_ErH_2011 (Er, H)

S. Peng, L. Yang, X. Long, H. Shen, Q. Sun, X. Zu, and F. Gao, Bond-Order Potential for Erbium-Hydride System,
The Journal of Physical Chemistry C, 115, pp. 25097–25104, 2011

Tersoff_FeC_2009 (C, Fe)

K. O. Henriksson and K. Nordlund, Simulations of cementite: An analytical potential for the Fe-C system, Phys-
ical Review B, 79, p. 144107, 2009

Tersoff_FeCu_2012 (Fe, Cu)

H. Y. Hou, R. S. Wang, J. T. Wang, X. B. Liu, G. Chen, and P. Huang, An analytic bond-order potential for the
Fe–Cu system, Modelling and Simulation in Materials Science and Engineering, 20, p. 045016, 2012

Tersoff_FePt_2007 (Pt, Fe)

M. Müller, P. E. K., and Albe, Thermodynamics of L1_ 0 ordering in FePt nanoparticles studied by Monte Carlo
simulations based on an analytic bond-order potential, Physical Review B, 76, p. 155412, 2007

Tersoff_Fe_2007 (Fe)

M. Müller, P. Erhart, and K. Albe, Analytic bond-order potential for bcc and fcc iron—comparison with established
embedded-atom method potentials, Journal of Physics: Condensed Matter, 19, p. 326220, 2007

Tersoff_GaAs_2002 (Ga, As)

K. Albe, K. Nordlund, J. Nord, and A. Kuronen, Modeling of compound semiconductors: Analytical bond-order
potential for Ga, As, and GaAs, Physical Review B, 66, p. 035205, 2002

Tersoff_GaAs_2008 (Ga, As)

T. Hammerschmidt, P. Kratzer, and M. Scheffler, Analytic many-body potential for InAs/GaAs surfaces and nanos-
tructures: Formation energy of InAs quantum dots, Physical Review B, 77, p. 235303, 2008

Tersoff_GaAs_2011 (Ga, As)

K. A. Fichthorn, Y. Tiwary, T. Hammerschmidt, P. Kratzer, and M. Scheffler, Analytic many-body potential for
GaAs (001) homoepitaxy: Bulk and surface properties, Physical Review B, 83, p. 195328, 2011
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Tersoff_GaNO_2009 (N, O, Ga)

O. U. Okeke and J. Lowther, Molecular dynamics of binary metal nitrides and ternary oxynitrides, Physica B:
Condensed Matter, 404, pp. 3577–3581, 2009

Tersoff_GaNO_2009b (N, O, Ga)

O. U. Okeke and J. Lowther, Molecular dynamics of binary metal nitrides and ternary oxynitrides, Physica B:
Condensed Matter, 404, pp. 3577–3581, 2009

Tersoff_GaN_2003 (N, Ga)

J. Nord, K. Albe, P. Erhart, and K. Nordlund, Modelling of compound semiconductors: analytical bond-order
potential for gallium, nitrogen and gallium nitride, Journal of Physics: Condensed Matter, 15, p. 5649, 2003

Tersoff_InAs_2008 (As, In)

T. Hammerschmidt, P. Kratzer, and M. Scheffler, Analytic many-body potential for InAs/GaAs surfaces and nanos-
tructures: Formation energy of InAs quantum dots, Physical Review B, 77, p. 235303, 2008

Tersoff_InGaAs_2000 (Ga, As, In)

K. Nordlund, J. Nord, J. Frantz, and J. Keinonen, Strain-induced Kirkendall mixing at semiconductor interfaces,
Computational materials science, 18, pp. 283–294, 2000

Tersoff_InNO_2009 (N, O, In)

O. U. Okeke and J. Lowther, Molecular dynamics of binary metal nitrides and ternary oxynitrides, Physica B:
Condensed Matter, 404, pp. 3577–3581, 2009

Tersoff_InNO_2009b (N, O, In)

O. U. Okeke and J. Lowther, Molecular dynamics of binary metal nitrides and ternary oxynitrides, Physica B:
Condensed Matter, 404, pp. 3577–3581, 2009

Tersoff_O_2006 (O)

P. Erhart, N. Juslin, O. Goy, K. Nordlund, R. Müller, and K. Albe, Analytic bond-order potential for atomistic
simulations of zinc oxide, Journal of Physics: Condensed Matter, 18, p. 6585, 2006
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Tersoff_Powell_2007 (Al, Ga, In, N, P, As, Sb)

D. Powell, M. Migliorato, and A. Cullis, Optimized Tersoff potential parameters for tetrahedrally bonded III-V
semiconductors, Physical Review B, 75, p. 115202, 2007

Tersoff_PtC_2002 (C, Pt)

K. Albe, K. Nordlund, and R. S. Averback, Modeling the metal-semiconductor interaction: Analytical bond-order
potential for platinum-carbon, Physical Review B, 65, p. 195124, 2002

Tersoff_Pt_2002 (Pt)

K. Albe, K. Nordlund, and R. S. Averback, Modeling the metal-semiconductor interaction: Analytical bond-order
potential for platinum-carbon, Physical Review B, 65, p. 195124, 2002

Tersoff_SiBN_2001 (Si, N, B)

K. Matsunaga and Y. Iwamoto, Molecular dynamics study of atomic structure and diffusion behavior in amorphous
silicon nitride containing boron, Journal of the American Ceramic Society, 84, pp. 2213–2219, 2001

Tersoff_SiC_1989 (Si, C)

J. Tersoff, Modeling solid-state chemistry: Interatomic potentials for multicomponent systems, Phys. Rev. B, 39,
pp. 5566–5568, 1989

J. Tersoff, Erratum: Modeling solid-state chemistry: Interatomic potentials for multicomponent systems, Physical
Review B, 41, pp. 3248–3248, 1990

Tersoff_SiC_1994 (Si, C)

J. Tersoff, Chemical order in amorphous silicon carbide, Physical Review B, 49, p. 16349, 1994

Tersoff_SiC_1998 (Si, C)

R. Devanathan, T. Diaz de la Rubia, and W. Weber, Displacement threshold energies in -SiC, Journal of nuclear
materials, 253, pp. 47–52, 1998

Tersoff_SiC_2005 (Si, C)

P. Erhart and K. Albe, Analytical potential for atomistic simulations of silicon, carbon, and silicon carbide, Physical
Review B, 71, p. 035211, 2005
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Tersoff_SiGeO_2013 (Si, O, Ge)

C. Y. Chuang, Q. Li, D. Leonhardt, S. M. Han, and T. Sinno, Atomistic analysis of Ge on amorphous SiO2 using
an empirical interatomic potential, Surface Science, 609, pp. 221–229, 2013

Tersoff_SiGeO_LT_2013 (Si, O, Ge)

C. Y. Chuang, Q. Li, D. Leonhardt, S. M. Han, and T. Sinno, Atomistic analysis of Ge on amorphous SiO2 using
an empirical interatomic potential, Surface Science, 609, pp. 221–229, 2013

Tersoff_SiGe_1989 (Si, Ge)

J. Tersoff, Modeling solid-state chemistry: Interatomic potentials for multicomponent systems, Phys. Rev. B, 39,
pp. 5566–5568, 1989

J. Tersoff, Erratum: Modeling solid-state chemistry: Interatomic potentials for multicomponent systems, Physical
Review B, 41, pp. 3248–3248, 1990

Tersoff_SiNH_1999 (N, H, Si)

F. de Brito Mota, J. Justo, and A. Fazzio, Hydrogen role on the properties of amorphous silicon nitride, Journal of
applied physics, 86, pp. 1843–1847, 1999

Tersoff_SiO_2007 (Si, O)

S. Munetoh, T. Motooka, K. Moriguchi, and A. Shintani, Interatomic potential for Si–O systems using Tersoff
parameterization, Computational materials science, 39, pp. 334–339, 2007

Tersoff_Si_1988 (Si)

J. Tersoff, Empirical interatomic potential for silicon with improved elastic properties, Physical Review B, 38, pp.
9902–9905, 1988

J. Tersoff, New empirical approach for the structure and energy of covalent systems, Physical Review B, 37, p.
6991, 1988

Tersoff_Si_1988b (Si)

J. Tersoff, Empirical interatomic potential for silicon with improved elastic properties, Physical Review B, 38, pp.
9902–9905, 1988
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Tersoff_Si_2005 (Si)

P. Erhart and K. Albe, Analytical potential for atomistic simulations of silicon, carbon, and silicon carbide, Physical
Review B, 71, p. 035211, 2005

Tersoff_WCH_2005 (H, C, W)

N. Juslin, P. Erhart, P. Traskelin, J. Nord, K. O. Henriksson, K. Nordlund, E. Salonen, and K. Albe, Analytical
interatomic potential for modeling nonequilibrium processes in the W–C–H system, Journal of applied physics,
98, pp. 123520–123520, 2005

P. Erhart and K. Albe, Analytical potential for atomistic simulations of silicon, carbon, and silicon carbide, Physical
Review B, 71, p. 035211, 2005

Tersoff_WCH_2005b (H, C, W)

N. Juslin, P. Erhart, P. Traskelin, J. Nord, K. O. Henriksson, K. Nordlund, E. Salonen, and K. Albe, Analytical
interatomic potential for modeling nonequilibrium processes in the W–C–H system, Journal of applied physics,
98, pp. 123520–123520, 2005

P. Erhart and K. Albe, Analytical potential for atomistic simulations of silicon, carbon, and silicon carbide, Physical
Review B, 71, p. 035211, 2005

Tersoff_WH_2011 (H, W)

X. Li, X. Shu, Y. Liu, F. Gao, and G. Lu, Modified analytical interatomic potential for a W–H system with defects,
Journal of Nuclear Materials, 408, pp. 12–17, 2011

Tersoff_ZnO_2006 (Zn, O)

P. Erhart, N. Juslin, O. Goy, K. Nordlund, R. Müller, and K. Albe, Analytic bond-order potential for atomistic
simulations of zinc oxide, Journal of Physics: Condensed Matter, 18, p. 6585, 2006

Tersoff_Zn_2006 (Zn)

P. Erhart, N. Juslin, O. Goy, K. Nordlund, R. Müller, and K. Albe, Analytic bond-order potential for atomistic
simulations of zinc oxide, Journal of Physics: Condensed Matter, 18, p. 6585, 2006

Trinastic_HfOSiTaTi_2013 (Si, O, Ta, Hf, Ti)

J. Trinastic, R. Hamdan, Y. Wu, L. Zhang, and H. Cheng, Unified interatomic potential and energy barrier distri-
butions for amorphous oxides, The Journal of chemical physics, 139, p. 154506, 2013
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VFF_Keating_CGeSi_1966 (Si, C, Ge)

P. N. Keating, Effect of Invariance Requirements on the Elastic Strain Energy of Crystals with Application to the
Diamond Structure, Phys. Rev., 145, pp. 637–645, 1966 link

VFF_Martin_CGeSi_1970 (Si, C, Ge)

R. M. Martin, Elastic Properties of ZnS Structure Semiconductors, Phys. Rev. B, 1, pp. 4005–4011, 1970 link

VanBeest_SiOAlP_1990 (Al, Si, P, O)

B. Van Beest, G. Kramer, and R. Van Santen, Force fields for silicas and aluminophosphates based on ab initio
calculations, Physical Review Letters, 64, p. 1955, 1990

Voth_HO_2006 (O, H)

Y. Wu, H. L. Tepper, and G. A. Voth, Flexible simple point-charge water model with improved liquid-state proper-
ties, The Journal of Chemical Physics, 124, p. 024503, 2006

WalshRichardCatlow_InO_2009 (O, In)

A. Walsh, C. R. A. Catlow, A. A. Sokol, and S. M. Woodley, Physical properties, intrinsic defects, and phase
stability of indium sesquioxide, Chemistry of Materials, 21, pp. 4962–4969, 2009

Wang_BCaNaOSi_2018 (Na, B, Si, O, Ca)

M. Wang, N. A. Krishnan, B. Wang, M. M. Smedskjaer, J. C. Mauro, and M. Bauchy, A new transferable interatomic
potential for molecular dynamics simulations of borosilicate glasses, Journal of Non-Crystalline Solids, 498, pp.
294 - 304, 2018 link

Wang_HfOZr_2012 (Zr, Hf, O)

Y. Wang, F. Zahid, J. Wang, and H. Guo, Structure and dielectric properties of amorphous high- oxides: HfO2,
ZrO2, and their alloys, Phys. Rev. B, 85, p. 224110, 2012 link

Yasukawa_HOSi_1996 (Si, O, H)

A. Yasukawa, Using An Extended Tersoff Interatomic Potential to Analyze The Static-Fatigue Strength of SiO2 under
Atmospheric Influence, JSME international journal. Ser. A, Mechanics and material engineering, 39, pp. 313-
320, 1996 link
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Yasukawa_OSi_2003 (Si, O)

A. Yasukawa, An Interatomic Potential for Strength Analysis under Atomospheric Influence, Ibaraki district confer-
ence, 2003, pp. 71-72, 2003 link

2.4.5 Pretrained moment tensor potential (MTP) parameter sets

Listed below are the defined pre-trained MTP parameter sets developed by Synopsys QuantumATK. These parameter
sets require the QuantumATK-ML-Elite license.

QuantumATK_MTP_Ag_SiO2_2022 (Si, O, Ag)

Synopsys pretrained MTP parameters for c-Ag / SiO2 interfaces. Trained using DFT-LCAO PBE with PseudoDojo-
medium as reference calculator and 2000 MTP basis functions., Synopsys QuantumATK, T-2022.03

QuantumATK_MTP_CoSi_2022_12 (Si, Co)

Synopsys pretrained MTP parameters for cobalt silicide and Si / Co interfaces. Trained using DFT-LCAO PBE
PseudoDojo-medium as reference calculator and 400 MTP basis functions., Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_FeCo_Alloy_2022 (Co, Fe)

Synopsys pretrained MTP parameters for bulk FexCo(1-x) alloy configuration, where x=0.5-1. Trained using DFT-
LCAO PBE and spin polarization with PseudoDojo-medium as reference calculator and PredefinedSmall MTP basis.,
Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_FeCo_MgO_2022 (Mg, Co, O, Fe)

Synopsys pretrained MTP parameters for bulk Fe, FexCo(1-x) alloy, MgO and their interfaces, where x=0.5-1. Trained
using DFT-LCAO PBE and spin polarization with PseudoDojo-medium as reference calculator and PredefinedSmall
MTP basis., Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_FeCo_Ta_2022 (Ta, Co, Fe)

Synopsys pretrained MTP parameters for bulk Fe, FexCo(1-x) alloy, Ta and their interfaces, where x=0.5-1. Trained
using DFT-LCAO PBE and spin polarization with PseudoDojo-medium as reference calculator and PredefinedSmall
MTP basis., Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_FeCo_W_2022 (Co, W, Fe)

Synopsys pretrained MTP parameters for bulk Fe, FexCo(1-x) alloy, W and their interfaces, where x=0.5-1. Trained
using DFT-LCAO PBE and spin polarization with PseudoDojo-medium as reference calculator and PredefinedSmall
MTP basis., Synopsys QuantumATK, U-2022.12
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QuantumATK_MTP_GST_2022_12 (Te, Sb, Ge)

Synopsys pretrained MTP parameters for bulk crystal and amorphous Ge2Sb2Te5 systems. Trained using DFT-LCAO
PBE PseudoDojo-medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK, U-
2022.12

QuantumATK_MTP_HfO2_2022 (Hf, O)

Synopsys pretrained MTP parameters for bulk crystal and amorphous HfO2. Trained to monoclinic, orthorhombic,
cubic, and low- and high-temperature am. HfO2, using DFT-LCAO PBE with PseudoDojo-medium as reference cal-
culator and PredefinedSmall MTP basis., Synopsys QuantumATK, T-2022.03

QuantumATK_MTP_HfO2_2022_12 (Hf, O)

Synopsys pretrained MTP parameters for bulk crystal and amorphous HfO2. Trained to monoclinic, orthorhombic,
cubic, and low- and high-temperature am. HfO2, using DFT-LCAO PBE with PseudoDojo-medium as reference calcu-
lator and PredefinedSmall MTP basis. Retrained version with improved accuracy., Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_HfO2_HfCl4_2022 (Hf, O, Cl)

Synopsys pretrained MTP parameters for HfCl4 deposition on HfO2 surfaces. Trained using DFT-LCAO PBE with
PseudoDojo-medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK, T-2022.03

QuantumATK_MTP_HfO2_Ru_2022 (Hf, O, Ru)

Synopsys pretrained MTP parameters for HfO2 / Ru interfaces. Trained using DFT-LCAO PBE PseudoDojo-medium
as reference calculator and 5000 MTP basis functions., Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_HfO2_Sc_2022 (Hf, O, Sc)

Synopsys pretrained MTP parameters for HfO2 / Sc interfaces. Trained using DFT-LCAO PBE PseudoDojo-medium
as reference calculator and 5000 MTP basis functions., Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_HfO2_SiO2_2022 (Si, O, Hf)

Synopsys pretrained MTP parameters for SiO2 / HfO2 interfaces. Trained using DFT-LCAO PBE with PseudoDojo-
medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK, T-2022.03

QuantumATK_MTP_HfO2_SiO2_2022_12 (Si, O, Hf)

Synopsys pretrained MTP parameters for SiO2 / HfO2 interfaces. Trained using DFT-LCAO PBE with PseudoDojo-
medium as reference calculator and PredefinedSmall MTP basis. Retrained version with improved accuracy., Synopsys
QuantumATK, U-2022.12
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QuantumATK_MTP_HfO2_TiN_2022 (Hf, N, O, Ti)

Synopsys pretrained MTP parameters for HfO2 / TiN interfaces. Trained using DFT-LCAO PBE with PseudoDojo-
medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK, T-2022.03

QuantumATK_MTP_HfO2_TiN_2022_12 (Hf, N, O, Ti)

Synopsys pretrained MTP parameters for HfO2 / TiN interfaces. Trained using DFT-LCAO PBE with PseudoDojo-
medium as reference calculator and PredefinedSmall MTP basis. Retrained version with improved accuracy., Synopsys
QuantumATK, U-2022.12

QuantumATK_MTP_HfTiNAlO_2023_09 (Al, O, Hf, Ti, N)

Synopsys pretrained MTP parameters for bulk crystal and amorphous HfTiNAlO systems and interfaces. Trained using
DFT-LCAO PBE with PseudoDojo-medium as reference calculator and 800 MTP basis functions., Synopsys Quantu-
mATK., V-2023.09

QuantumATK_MTP_InGaZnOH_2023_09 (O, Ga, In, Zn, H)

Synopsys pretrained MTP parameters for crystal amorphous InGaZnO (IGZO) with Hydrogen. Trained using DFT-
LCAO PBE PseudoDojo-medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK,
U-2023.09

QuantumATK_MTP_InGaZnO_2022_12 (Zn, O, Ga, In)

Synopsys pretrained MTP parameters for crystal amorphous InGaZnO (IGZO). Trained using DFT-LCAO PBE
PseudoDojo-medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_MgO_FeCo_W_Ta_2022_12 (Mg, O, Fe, Ta, W, Co)

Synopsys pretrained MTP parameters for MgO / FeCo / W or MgO / FeCo / Ta interfaces in an MRAM stack. Trained
using DFT-LCAO PBE PseudoDojo-medium as reference calculator and PredefinedSmall MTP basis., Synopsys Quan-
tumATK, U-2022.12

QuantumATK_MTP_Ru_2022 (Ru)

Synopsys pretrained MTP parameters for bulk crystal and amorphous Ru. Trained using DFT-LCAO PBE with
PseudoDojo-medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_Sc_2022 (Sc)

Synopsys pretrained MTP parameters for bulk crystal and amorphous Sc. Trained using DFT-LCAO PBE with
PseudoDojo-medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK, U-2022.12
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QuantumATK_MTP_SiC_Defects_2023 (Si, C)

Synopsys pre-trained MTP parameters for 4H and 6H bulk hexagonal SiC. Included defects are Si/C vacancies, Si/C
anti-sites (native substitutionals), and various Si/C interstitials. DFT-LCAO PBE PseudoDojo-medium as reference
calculator and 3000 MTP basis., Synopsys QuantumATK, V-2023.09

QuantumATK_MTP_SiO2_2022 (Si, O)

Synopsys pretrained MTP parameters for bulk crystal and amorphous SiO2. Trained to quartz, cristobalite, and low-
and high-temperature am. SiO2, using DFT-LCAO PBE with PseudoDojo-medium as reference calculator and Prede-
finedSmall MTP basis., Synopsys QuantumATK, T-2022.03

QuantumATK_MTP_SiO2_2022_12 (Si, O)

Synopsys pretrained MTP parameters for bulk crystal and amorphous SiO2. Trained to quartz, cristobalite, and low-
and high-temperature am. SiO2, using DFT-LCAO PBE with PseudoDojo-medium as reference calculator and Prede-
finedSmall MTP basis. Retrained version with improved accuracy., Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_Si_SiO2_2022 (Si, O)

Synopsys pretrained MTP parameters for Si / SiO2 interfaces. Trained using DFT-LCAO PBE with PseudoDojo-
medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK, T-2022.03

QuantumATK_MTP_Si_SiO2_2022_12 (Si, O)

Synopsys pretrained MTP parameters for Si / SiO2 interfaces. Trained using DFT-LCAO PBE with PseudoDojo-
medium as reference calculator and PredefinedSmall MTP basis. Retrained version with improved accuracy., Synopsys
QuantumATK, T-2022.03

QuantumATK_MTP_Si_SiO2_HfO2_TiN_2022_12 (Si, O, Hf, Ti, N)

Synopsys pretrained MTP parameters for Si / SiO2 / HfO2 / TiN interfaces in an HKMG stack. Trained using DFT-LCAO
PBE with PseudoDojo-medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK, U-
2022.12

QuantumATK_MTP_Si_Ti_TiSi_2022 (Si, Ti)

Synopsys pretrained MTP parameters for Si / Ti / TiSi interfaces. Trained to TiSi, C49- and C54-TiSi2, low- and high-
temperature am. TiSi, a well as interfaces with crystalline Si and Ti, using DFT-LCAO PBE with PseudoDojo-medium
as reference calculator and 300 MTP basis functions., Synopsys QuantumATK, T-2022.03
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QuantumATK_MTP_Si_Ti_TiSi_2023_09 (Si, Ti)

Synopsys pretrained MTP parameters for Si / Ti / TiSi interfaces. Trained to TiSi, C49- and C54-TiSi2, low- and high-
temperature am. TiSi, a well as interfaces with crystalline Si and Ti, using DFT-LCAO PBE with PseudoDojo-medium
as reference calculator and 300 MTP basis functions., Synopsys QuantumATK, V-2023.09

QuantumATK_MTP_TiNAlO_2022 (Al, N, O, Ti)

Synopsys pretrained MTP parameters for bulk crystal and amorphous TiNAlO systems and interfaces. Trained using
DFT-LCAO PBE with PseudoDojo-medium as reference calculator and 734 MTP basis functions., Synopsys Quantu-
mATK, T-2022.03

QuantumATK_MTP_TiNAlO_2022_12 (Al, N, O, Ti)

Synopsys pretrained MTP parameters for bulk crystal and amorphous TiNAlO systems and interfaces. Trained using
DFT-LCAO PBE with PseudoDojo-medium as reference calculator and 734 MTP basis functions., Synopsys Quantu-
mATK. Retrained version with improved accuracy., U-2022.12

QuantumATK_MTP_TiNAlO_2023_09 (Al, N, O, Ti)

Synopsys pretrained MTP parameters for bulk crystal and amorphous TiNAlO systems and interfaces. Trained using
DFT-LCAO PBE with PseudoDojo-medium as reference calculator and 800 MTP basis functions., Synopsys Quantu-
mATK. Retrained version with improved accuracy., V-2023.09

QuantumATK_MTP_TiN_2022 (N, Ti)

Synopsys pretrained MTP parameters for bulk crystal and amorphous TiN. Trained using DFT-LCAO PBE with
PseudoDojo-medium as reference calculator and PredefinedSmall MTP basis., Synopsys QuantumATK, T-2022.03

QuantumATK_MTP_TiN_2022_12 (N, Ti)

Synopsys pretrained MTP parameters for bulk crystal and amorphous TiN. Trained using DFT-LCAO PBE with
PseudoDojo-medium as reference calculator and 734 MTP basis functions. Retrained version with improved accu-
racy., Synopsys QuantumATK, U-2022.12

QuantumATK_MTP_TiSi_2022 (Si, Ti)

Synopsys pretrained MTP parameters for bulk crystal and amorphous TiSi. Trained to TiSi, C49- and C54-TiSi2, low-
and high-temperature am. TiSi, using DFT-LCAO PBE with PseudoDojo-medium as reference calculator and 300
MTP basis functions., Synopsys QuantumATK, T-2022.03
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2.4.6 ASAP potential parameter sets

The ASAP package, which provides the Brenner and the effective-medium-theory (EMT) calculators, has been de-
veloped by the Department of Physics at Technical University of Danmark (DTU). For details about ASAP, see also
https://wiki.fysik.dtu.dk/asap.

BrennerCalculator (H, C, Si, Ge)

D. W. Brenner, O. A. Shenderova, J. A. Harrison, S. J. Stuart, B. Ni, and S. B. Sinnott, A second-generation
reactive empirical bond order (REBO) potential energy expression for hydrocarbons, J, Phys.: Condens.
Matter, pp. 783-802, 2002

2.5 NEGF: Device Calculators

2.5.1 Introduction

This section describes the most important aspects of the formalism in QuantumATK for simulating device systems
using the non-equilibrium Green’s function (NEGF) method. For a more detailed description of the theory you may
consult some of the many research papers on the subject1,2,3,4.

In QuantumATK, the NEGF formalism is implemented in combination with DFT: LCAO and Semi Empirical in the
DeviceLCAOCalculator and the DeviceSemiEmpiricalCalculator, respectively.

2.5.2 Device configuration

A typical device configuration is illustrated in Fig. 2.1.

The system can be divided into three regions: left, central, right. The implementation relies on the so-called screening
approximation, which assumes that the properties of the left and right regions, the electrodes, can be described by
solving a bulk problem for the fully periodic electrode cell. The screening approximation will formally be fulfilled
when the current through the system is sufficiently small that the electrode regions can be described by an equilibrium
electron distribution.

Fig. 2.1 illustrates how the electrode regions must be extended into the central region, in order to screen out the per-
turbations from the scatterer (in this case the benzene molecule) inside the device. For metallic electrodes it is usually
sufficient to extend the electrodes 5-10 Å into the central region.

1 M. Brandbyge, J.-L. Mozos, P. Ordejón, J. Taylor, and K. Stokbro. Density-functional method for nonequilibrium electron transport. Phys.
Rev. B, 65:165401, Mar 2002. doi:10.1103/PhysRevB.65.165401.

2 K. Stokbro, J. Taylor, M. Brandbyge, and H. Guo. Ab-initio based Non-equilibrium Green’s Function Formalism for Calculating Electron
Transport in Molecular Devices, pages 117–151. Springer, 2005.

3 H. Haug and A.-P. Jauho. Quantum Kinetics in Transport and Optics of Semiconductors. Volume 123. Springer-Verlag Berlin Heidelberg, 2
edition, 2008. Springer Series in Solid-State Sciences. doi:10.1007/978-3-540-73564-9.

4 S. Datta. Electronic Transport in Mesoscopic Systems. Cambridge University Press, 1997. ISBN 0521599431. Cambridge Studies in Semi-
conductor Physics and Microelectronic Engineering.
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Fig. 2.1: Geometry of a device configuration with two electrodes (two-probe configuration). In the left and right
electrode regions the system is periodic in the transport direction (the C direction). The central region seamlessly
connects the left and right electrode regions, and the part of the central region where the atom positions follow the
periodic arrangement of the electrodes is called the left and right electrode extension. The background color symbolizes
the perturbation of the electrode effective potential relative to the electrode self-consistent value. A sufficient fraction
of the electrodes must be included in the central region to screen out the perturbation of the scattering region, such that
the outermost part of the central region attains an effective potential similar to the bulk potential of the electrodes. The
matching between these potentials forms the boundary condition for the electrostatic problem.

2.5.3 Non-equilibrium electron distribution

The left and right regions are equilibrium systems with periodic boundary conditions, and the properties of these
systems are obtained using a conventional electronic structure calculation. The challenge in calculating the properties
of a device system lies in the calculation of the non-equilibrium electron distribution in the central region.

The assumption is that the system is in a steady state such that the electron density of the central region is constant in
time. The electron density is given by the occupied eigenstates of the system. Since the chemical potential is different
in the two electrodes, the contribution from each electrode to the total electron density in the central region must be
calculated independently:

𝑛(r) = 𝑛𝐿(r) + 𝑛𝑅(r).

The contribution from the left (𝑛𝐿) and right (𝑛𝑅) electrodes can be obtained by calculating the scattering states,
which are the eigenstates of the system when scattering boundary conditions are used. Fig. 2.2 illustrates a left moving
scattering state with origin in the right electrode.

The left and right density are now calculated by summing up the occupied scattering states,

𝑛𝐿(r) =
∑︁
𝛼

|𝜓𝛼(r)|2𝑓
(︂
𝜀𝛼 − 𝜇𝐿
𝑘𝑇

)︂
,

𝑛𝑅(r) =
∑︁
𝛼

|𝜓𝛼(r)|2𝑓
(︂
𝜀𝛼 − 𝜇𝑅
𝑘𝑇

)︂
.

The scattering states of the system are calculated by first calculating the Bloch states in the electrodes and subsequently
solving the Schrödinger equation of the central region using the Bloch states as matching boundary conditions.
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Fig. 2.2: The electron distribution in a device configuration. The left and right regions have an equilibrium electron
distribution with chemical potentials 𝜇𝐿 and 𝜇𝑅, related through the applied sample bias, 𝜇𝑅 − 𝜇𝐿 = 𝑒𝑉𝑏 . The
electrons with energies in the bias window 𝜇𝐿 ≤ 𝜀 ≤ 𝜇𝑅 , give rise to a steady state electrical current. The figure
illustrates a left moving scattering state with origin in the right electrode.

The non-equilibrium Green’s function (NEGF) method

Instead of using the scattering states to calculate the non-equilibrium electron density, QuantumATK uses the non-
equilibrium Green’s function (NEGF) method; the two approaches are formally equivalent and give identical re-
sultsPage 100, 1.

The electron density is given in terms of the electron density matrix, as described in section Electron density. We
divide the density matrix into left and right contributions,

𝐷 = 𝐷𝐿 +𝐷𝑅.

The left density matrix contribution is calculated using the NEGF method asPage 100, 1

𝐷𝐿 =

∫︁
𝜌𝐿(𝜀)𝑓

(︂
𝜀− 𝜇𝐿
𝑘𝐵𝑇𝐿

)︂
𝑑𝜀,

where

𝜌𝐿(𝜀) ≡ 1

2𝜋
𝐺(𝜀)Γ𝐿(𝜀)𝐺†(𝜀)

is the spectral density matrix. Note that while there is a non-equilibrium electron distribution in the central region, the
electron distribution in the electrode is described by a Fermi function 𝑓 with an electron temperature 𝑇𝐿 .

In this equation, 𝐺 is the retarded Green’s function, and

Γ𝐿 =
1

𝑖
(Σ𝐿 − (Σ𝐿)†)

is the broadening function of the left electrode, given in terms of the left electrode self energy, Σ𝐿 . A similar equation
exists for the right density matrix contribution.

The following section describes the calculation of 𝐺 and Σ in more detail.
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Retarded Green’s function

The key quantity to calculate is the retarded Green’s function matrix,

𝐺(𝜀) =
1

(𝜀+ 𝑖 𝛿+)𝑆 −𝐻
,

where 𝛿+ is an infinitesimal positive number. 𝑆 and 𝐻 are the overlap and Hamiltonian matrices, respectively, of the
entire system.

The Green’s function is only required for the central region and can be calculated from the Hamiltonian of the central
region by adding the electrode self energies:

𝐺(𝜀) = [(𝜀+ 𝑖𝛿+)𝑆 −𝐻 − Σ𝐿(𝜀) − Σ𝑅(𝜀)]−1.

Therefore, the calculation of the Green’s function of the central region at a specific energy requires the inversion of the
Hamiltonian matrix of the central region. In QuantumATK this matrix is stored in a sparse format, and the inversion
is done using an 𝒪(𝑁) algorithm5.

Self energy

The self energy describe the effect of the electrode states on the electronic structure of the central region. The self
energy can be calculated from the electrode Hamiltonian. QuantumATK provides 4 different methods for calculating
the self energy:

• DirectSelfEnergy uses an exact diagonalization of the Hamiltonian for calculating the self energy6.

• RecursionSelfEnergy uses an iterative scheme for calculating the self energy7, which gives essentially the same
results as the direct method but is faster for some systems.

• SparseRecursionSelfEnergy uses the same iterative scheme as RecursionSelfEnergy, but exploits inherent spar-
sity. This provides a smaller memory footprint, as well as increased performance for all but the smallest systems.

• KrylovSelfEnergy is an approximate method which is an order of magnitude faster that the other methods, but
may in rare cases give inaccurate results8,9 .

Complex contour integration

The energy integral needed to obtain the density matrix within the NEGF framework is evaluated through a complex
contour integration. It is divided into two parts; an integral over equilibrium states and an integral over non-equilibrium
states.

The integral over the equilibrium states can be done using two different methods:

• SemiCircleContour: Defines a semi-circular complex contour that gives high computational efficiencyPage 100, 1.
5 D. E. Petersen, H. H. B. Sørensen, P. C. Hansen, S. Skelboe, and K. Stokbro. Block tridiagonal matrix inversion and fast transmission calcula-

tions. J. Comput. Phys., 227(6):3174–3190, 2008. doi:10.1016/j.jcp.2007.11.035.
6 S. Sanvito, C. J. Lambert, J. H. Jefferson, and A. M. Bratkovsky. General green’s-function formalism for transport calculations with

spd hamiltonians and giant magnetoresistance in co- and ni-based magnetic multilayers. Phys. Rev. B, 59:11936–11948, May 1999.
doi:10.1103/PhysRevB.59.11936.

7 M. P. Lopez Sancho, J. M. Lopez Sancho, and J. Rubio. Highly convergent schemes for the calculation of bulk and surface Green functions. J.
Phys. F: Metal Physics, 15(4):851, 1985. URL: http://stacks.iop.org/0305-4608/15/i=4/a=009.

8 H. H. B. Sørensen, P. C. Hansen, D. E. Petersen, S. Skelboe, and K. Stokbro. Krylov subspace method for evaluating the self-energy matrices
in electron transport calculations. Phys. Rev. B, 77:155301, Apr 2008. doi:10.1103/PhysRevB.77.155301.

9 H. H. B. Sørensen, P. C. Hansen, D. E. Petersen, S. Skelboe, and K. Stokbro. Efficient wave-function matching approach for quantum transport
calculations. Phys. Rev. B, 79:205322, May 2009. doi:10.1103/PhysRevB.79.205322.
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• OzakiContour: Evaluation of the complex contour integral is based on the residue theorem and a continued-
fraction representation of the Fermi–Dirac districution1011. This is a highly stable method, but is also less efficient
than SemiCircleContour.

The integral over the non-equilibrium states must be performed along the real axis, and uses the RealAxisContour
method. Note that for large biases, this is often the most demanding part of the calculation.

Lastly, one of two different contour methods must be chosen (usually just left at the default value):

• SingleContour uses a single contour for the calculation. This is appropriate for small biases, and is the fastest
method.

• DoubleContour uses a double contour for the calculation. This gives best stability and must be used for high
biases. The method can also handle if there are bound states inside the bias window.

See also ContourParameters.

Spill-in terms

In terms of the density matrix, 𝐷 , the electron density of the central region is given by

𝑛(r) =
∑︁
𝑖𝑗

𝐷𝑖𝑗𝜑𝑖(r)𝜑𝑗(r).

The Green’s function of the central region gives the density matrix of the central region, 𝐷𝐶𝐶 , however, to calculate
the density correctly close to the central cell boundaries the terms involving, 𝐷𝐿𝐿, 𝐷𝐿𝐶 , 𝐷𝐶𝑅, 𝐷𝑅𝑅 are also needed.
These terms are denoted spill-in terms12.

ATK includes all the spill-in terms, both for calculating the electron density 𝑛(r) and the Hamiltonian integral. This
gives additional stability and well-behaved convergence in the device algorithmPage 104, 12.

2.5.4 Effective potential

Once the non-equilibrium density is obtained the next step in the self-consistent calculation is the calculation of the
effective potential as the sum of the exchange-correlation and electrostatic Hartree potentials. The calculation of the
exchange-correlation potential is straightforward since it is a local or semi-local function of the density. However,
the calculation of the electrostatic Hartree potential requires some additional consideration for a device system. The
following describes the calculation of the Hartree potential in more detail.

The starting point is the calculation of the self-consistent Hartree potential in the left and right electrodes. The Hartree
potential of a bulk system is defined up to an arbitrary constant. However, in a device setup the Hartree potentials of
the two electrodes are aligned through their chemical potentials (i.e. their Fermi levels), since these are related by the
applied bias:

𝜇𝑅 − 𝜇𝐿 = 𝑒𝑉𝑏.

The Hartree potential of the central region is obtained by solving the Poisson equation, using the bulk-like Hartree
potentials of the electrodes as boundary conditions at the interfaces between the electrodes and the central region. An
overview of the available Poisson solvers and how boundary conditions are applied for NEGF calculations is given in
Boundary conditions.

10 Taisuke Ozaki. Continued fraction representation of the fermi-dirac function for large-scale electronic structure calculations. Phys. Rev. B,
75:035123, 2007. doi:10.1103/PhysRevB.75.035123.

11 T. Ozaki, K. Nishio, and H. Kino. Efficient implementation of the nonequilibrium green function method for electronic transport calculations.
Phys. Rev. B, 81:035116, 2010. doi:10.1103/PhysRevB.81.035116.

12 D. Stradi, U. Martinez, A. Blom, M. Brandbyge, and K. Stokbro. General atomistic approach for modeling metal-semiconductor interfaces
using density functional theory and nonequilibrium green’s function. Phys. Rev. B, 93:155302, Apr 2016. doi:10.1103/PhysRevB.93.155302.
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2.5.5 Total energy and forces

A device system is an open system where charge can flow in and out of the central region from the left and right
reservoirs. Since the particle number is not conserved it is necessary to use a grand canonical potential to describe the
energetics of the system13:

Ω[𝑛] = 𝜀[𝑛] − 𝑒𝑁𝐿 𝜇𝐿 − 𝑒𝑁𝑅 𝜇𝑅,

where 𝑁𝐿/𝑅 is the number of electrons contributed to the central region from the left/right electrode.

Due to the screening approximation, the central region will be charge neutral, and therefore𝑁𝐿 +𝑁𝑅 = 𝑁 , where𝑁
is the ionic charge in the central region. Thus, at no applied bias, we ahve 𝜇𝐿 = 𝜇𝑅 and the particle terms in Ω will
be constant when atoms are moved in the central region. However, at finite bias, 𝜇𝐿 ̸= 𝜇𝑅, and the particle terms in Ω
will be important.

The forces are given by

F𝑖 = −𝜕Ω[𝑛]

𝜕Ri
.

It can be shown that the calculation of this force is identical to the calculation of the equilibrium force, as described in
Total energy and forces. In the non-equilibrium case it is however required that the density and energy density matrix
is calculated with the NEGF frameworkPage 100, 1,13,14.

See also TotalEnergy.

2.5.6 Transmission coefficient

When the self-consistent non-equilibrium density matrix has been obtained, it is possible to calculate various transport
properties of the system. One of the most notable is the TransmissionSpectrum from which you can obtain the current
and differential conductance.

By the transmission amplitude 𝑡𝑘 we define the fraction of a scattering state 𝑘 which propagates through a device. The
transmission coefficient at energy 𝜀 is obtained by summing up the transmission amplitude from all the states at this
energy,

𝑇 (𝜀) =
∑︁
𝑘

𝑡†𝑘𝑡𝑘𝛿(𝜀− 𝜀𝑘).

The transmission coefficient may also be obtained from the retarded Green’s function using

𝑇 (𝜀) = 𝐺(𝜀)Γ𝐿(𝜀)𝐺†(𝜀)Γ𝑅(𝜀),

and this is how it is calculated in QuantumATK. The transmission amplitude of individual scattering states may be
obtained through the TransmissionEigenvalues.

13 T. N. Todorov. Local heating in ballistic atomic-scale contacts. Philosophical Magazine Part B, 77(4):965–973, 1998.
doi:10.1080/13642819808206398.

14 R. Zhang, I. Rungger, S. Sanvito, and S. Hou. Current-induced energy barrier suppression for electromigration from first principles. Phys. Rev.
B, 84:085445, Aug 2011. doi:10.1103/PhysRevB.84.085445.
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2.5.7 Electrical current

To calculate the current you must first calculate a TransmissionSpectrum, and then from this extract the electrical current
using the current() method on the object. This approach has the advantage that once the TransmissionSpectrum is
calculated, it is fast to calculate the current for different electrode temperaturesPage 104, 12.

See TransmissionSpectrum for more details.

2.5.8 References
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All calculations in QuantumATK are controlled via ATK-Python, which is an extension to the well-known Python
scripting language. All QuantumATK Python scripts are executed using the atkpython executable, which is installed
with QuantumATK.

If you have an QuantumATK Python script named script.py, it is easy to run it from command line:

$ atkpython script.py

You can also simply execute atkpython without an argument to invoke an interactive session that allows you to
execute ATK-Python commands one after another (hit Enter to execute a line):

$ atkpython
# ---------------------------------------------------------------- #
# QuantumATK license information. #
# ---------------------------------------------------------------- #
QuantumATK 2016.0

In [1]: a=1.0

In [2]: b=2.0

In [3]: c=a+b

In [4]: print("a+b = c =", c)
a+b = c = 3.0

In [5]: bulk_configuration = BulkConfiguration(
...: bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),

(continues on next page)
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(continued from previous page)

...: elements=[Silicon, Silicon],

...: fractional_coordinates=[[0.,0.,0.],[0.25,0.25,0.25]])

In [6]: nlprint(bulk_configuration)
+----------------------------------------------------------+
| Bulk Bravais lattice |
+----------------------------------------------------------+
Type:
FaceCenteredCubic

Lattice constants:
a = 5.430600 Ang
b = 5.430600 Ang
c = 5.430600 Ang

Lattice angles:
alpha = 90.000000 deg
beta = 90.000000 deg
gamma = 90.000000 deg

Primitive vectors:
u_1 = 0.000000 2.715300 2.715300 Ang
u_2 = 2.715300 0.000000 2.715300 Ang
u_3 = 2.715300 2.715300 0.000000 Ang

+----------------------------------------------------------+
| Bulk: Cartesian (Angstrom) / fractional |
+----------------------------------------------------------+
2
Bulk
Si 0.000000e+00 0.000000e+00 0.000000e+00 0.00000 0.00000 0.00000
Si 1.357650e+00 1.357650e+00 1.357650e+00 0.25000 0.25000 0.25000

Input lines 1–4 in the example above are standard Python commands. However, input line 5 creates the primitive silicon
bulk using the BulkConfiguration class from ATK-Python, while input line 6 uses the nlprint functionality to print the
main contents of the parameters defining the silicon bulk.

All the standard functionality of Python is available when you invoke QuantumATK. However, the main purpose of
this chapter is to introduce the ATK-Python module. If you have no prior experience with Python, we encourage you
to first go through the section Python basics.

3.1 ATK-Python

ATK-Python extends the standard Python environment with concepts and objects relevant for computational nano-
scale physics and chemistry. This enables a simple, flexible, and intuitive way to operate QuantumATK: Use Python
scripting to define nano-structures, atomic-scale simulators, and post-SCF analyses to be performed. Simply write the
QuantumATK Python script and execute it.

For example, ATK-Python contains a periodic table of the elements, units such as Rydberg and Angstrom, methods for
calculating the one-electron spectrum of a molecule, band structure of solids, and transmission spectra of nano-scale
devices, as well of constructors for creating molecules, Bravais lattices, and devices.

The DFT: LCAO calculator may be largely implemented in highly efficient C++ routines, but setting up and executing
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DFT calculations is done using Python and ATK-Python commands. The same applies to setting up and executing
analysis tools, as well as reading and writing of computational data. Moreover, the graphical user interface NanoLab
uses ATK-Python to read data produced by QuantumATK. ATK-Python is therefore the scripting language that binds
all QuantumATK products together, and is a platform on which other developers and companies can build applications
and extend the functionality of QuantumATK products.

Important: All QuantumATK functionality available through ATK-Python is documented in the QuantumATK Ref-
erence Manual.

3.1.1 Python packages in QuantumATK

The QuantumATK distribution comes with all the standard Python packages, plus the non-standard packages listed in
the table below. Additional packages can be installed in the same manner as in any other regular Python environment.

Table 3.1: Pre-installed non-standard packages available with the
atkpython executable.

Package Load Command Description
NumPy import numpy Linear algebra and numerical routines.
SciPy import scipy Scientific computing and algorithms.
mpi4py import mpi4py MPI functionality for parallel computing.
matplotlib import pylab Advanced plotting of data.
ASE import ase Support for external atomic-scale calculators.
cclib import cclib Interface to computational chemistry packages.
pymatgen import pymatgen Advanced materials analysis.
scikit-learn import sklearn Machine Learning in Python.
pandas import pandas Python Data Analysis Library

3.1.2 Using NumPy with QuantumATK

NumPy is the fundamental package for scientific computing with Python, since it can be used to perform advanced
mathematical operations much faster than using ordinary Python lists. The NumPy module is therefore used throughout
ATK-Python to store and manipulate values from analysis functions. NumPy objects resemble ordinary lists, but contain
a lot more functionality, and QuantumATK ships with built-in NumPy support to easily facilitate its usage.

A few major differences between ordinary lists and NumPy arrays can be seen from this short example:

>>> from numpy import array
>>> a = array([1,2]) # a NumPy array
>>> a = a+[3,4]
>>> print(a)
[4, 6]
>>> b = [1,2] # an ordinary Python list
>>> b = b+[3,4]
>>> print(b)
[1, 2, 3, 4]

As seen in the example above, NumPy arrays can in many ways be regarded as matrices. The following example
underlines this:
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>>> a = array([1,2],[3,4]])
>>> a = a *[3,4]
>>> print(a)
[[ 3 8]
[ 9 16]]
>>> print(a.trace())
19
>>> a.transpose()
>>> print(a)
[[ 3 9]
[ 8 16]]
>>> print(a.trace())
19

Note in the above that the values 8 and 9 changed place in the matrix after applying the transpose() operation.
However, as expected, the trace of the matrix remains the same.

NumPy arrays may also be converted into lists:

>>> a = array([1,2],[3,4]])
>>> print(a.tolist())
[[1, 2], [3, 4]]

There are many more possibilities using arrays from the NumPy module, and it is usually faster than iterating through
for-loops or using ordinary lists!

More information can be found at the NumPy website, or by using the dir() command on a NumPy array object.
Details on how NumPy can be used for improved performance can be found at the online resource Python Performance
Tips.

3.1.3 Cloning of QuantumATK Python objects

It is possible to get a copy of an QuantumATK object using a method called cloning. This is done by adding a closed
parenthesis after the object:

parameter_object = IterationControlParameters(tolerance=1.e-5)
parameter_object_clone = parameter_object()

Very imporatntly, it is possible to modify the parameters of the clone by specifying the new parameters during cloning:

parameter_object = IterationControlParameters(tolerance=1.e-5)
parameter_object_clone = parameter_object(max_steps=50, damping_factor=0.2)

3.1.4 Plotting using pylab

The following script uses the NumPy and matplotlib modules for creating a 2D plot:

import pylab
x = numpy.linspace(-1,5,10)
y = numpy.exp(x)
pylab.figure()
pylab.plot(x,y)
pylab.show()
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Note that the NumPy package is automatically loaded with the ATK-Python module, so the import numpy statement
is not really needed when running atkpython.

Note that QuantumATK also has an advanced plotting module for plotting publication quality 2D plots. The Plot
module is automatically included in the ATK-Python module, and plots can be created, modified and shown both from
scripts and through the NanoLab GUI. Read more in the NanoLab Plot Reference Manual.

3.2 Physical quantities and units

Units are a key concept in QuantumATK. All parameters that correspond to physical quantities, such as lengths, ener-
gies, voltages, etc., should be specified with an explicit unit. Similarly, all physical results returned from QuantumATK
calculations also contain an explicit unit. PhysicalQuantity objects are created by multiplying the scalar, list, or array,
containing the quantity’s value(s), with the desired unit:

>>> a = [[1.0, 2.0], [3.0, 4.0]]*Angstrom
>>> t = 0.5*femtoSecond**-1

See below sections for physical units available in QuantumATK .

All PhysicalQuantity objects have two query methods:

• inUnitsOf(Unit): Returns the numerical value in the specified unit as a numpy-array, respectively numpy-float
object for scalar values.

• convertTo(Unit): Returns the value of the PhysicalQuantity as a new PhysicalQuantity object in the specified
unit.

Moreover, since the PhysicalQuantity class derives from numpy.array, PhysicalQuantity objects can be used, in most
respects, as a numpy array. This means that many class methods of numpy arrays, such as sum(), max(), or reshape()
can be used with PhysicalQuantity objects.

Element-wise operations between two PhysicalQuantity objects work as in numpy, e.g.:

>>> a = [[1.0, 2.0], [3.0, 4.0]]*Ang
>>> b = [[2.0, 2.0], [4.0, 4.0]]*nanoMeter
>>> c = a + b
>>> print(c)
[[ 21. 22.]
[ 43. 44.]] Ang

Note, that addition and multiplication require compatible units for all operands.

Most numpy universal functions, as well as the two numpy functions numpy.dot and numpy.cross, work for Physi-
calQuantity objects, in the same way as for numpy arrays.

Note, however, that most other numpy and python functions, e.g. numpy.arange, are not supported for PhysicalQuantity.
In order to use them, the units have to be removed, via inUnitsOf() before the function is invoked:

>>> a = 5.0*Ang
>>> b = 1.0*nanoMeter
>>> delta = 0.5*Ang
>>> distances = numpy.arange(a.inUnitsOf(Ang), b.inUnitsOf(Ang), delta.inUnitsOf(Ang))

If the result of a PhysicalQuantity-operation is unitless, e.g:
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>>> a = [[1.0, 2.0], [3.0, 4.0]]*Ang
>>> b = [[2.0, 2.0], [4.0, 4.0]]*Ang**-1
>>> c = a*b
>>> print(c)
[[ 21. 22.]
[ 43. 44.]]

the result is directly returned as a numpy array, respectively as numpy float for scalar values.

3.2.1 Usage Examples

Getting a float value:

>>> a = 5*Angstrom
>>> print(a.inUnitsOf(nanoMeter))
0.5

Getting a PhysicalQuantity object:

>>> print(a.convertTo(nanoMeter))
0.5 nm

Physical quantities can be transformed with an exponent:

>>> a = 2. * Meter * Second**-2
>>> v = (2 * a * (1*Meter))**0.5
>>> print(v)
2.0 m/s

Inverse units are specified by using the exponent operator **:

>>> f = 2.2/Second
>>> print(f.inUnitsOf(Second**-1))
2.2

Units are attached to values by multiplication. Thus, to specify a length of 5 Bohr:

>>> a = 5*Bohr

By printing the value of the variable a, the unit will automatically be displayed:

>>> print(a)
5.0 Bohr

Units can also be composite. The unit for force is Newton, which is Joule per Meter. This is a rather awkward unit for
nano-scale calculations, where something like electron volt per nm makes more sense. Any energy divided by a length
is, however, a valid force unit, so to specify a force, write:

>>> F = 5*eV/Bohr

Next, multiply this by a length again and the result will be an energy:
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>>> b = F*5*Bohr
>>> print(b)
25*eV

Some unit abbreviations are only available with the Units prefix:

>>> b = 5.1*Units.Ry
>>> print(b)
5.1 Rydberg

Units that by default are specified without a prefix, can also be given with a prefix:

>>> b = 5.1*Rydberg
>>> c = 5.1*Units.Rydberg

3.2.2 Units available in QuantumATK

The following units are made available when importing QuantumATK :

Table 3.2: Units available in QuantumATK. More units are available us-
ing the Units prefix.

Unit type Name
Length units nm

nanoMeter
Ang
Angstrom
Bohr
Meter

Energy units Rydberg
eV
meV
electronVolt
Hartree
J
Joule
Calorie
kiloCaloriePerMol
kiloJoulePerMol

Force units Newton
nanoNewton

Mass unit kiloGram
Temperature unit Kelvin
Time units fs

femtoSecond
femtosecond
ps
picoSecond
picosecond
ns
nanoSecond
nanosecond

continues on next page
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Table 3.2 – continued from previous page
microSecond
microsecond
milliSecond
millisecond
Second
Minute
Hour
Day

Conductivity related units Ampere
Volt
Siemens
G0
Coulomb

Pressure units bar
Pa
GPa

Spin unit hbar
Number unit Mol

mol
Angle units Radians

Degrees
Physical constants boltzmann_constant

planck_constant
avogadro_number
speed_of_light
atomic_mass_unit
hbar
electron_mass
elementary_charge
vacuum_permitivity

3.3 Read and Write Support

Read and write functionality in QuantumATK is provided by two functions: nlread and nlsave. Storage of several
objects per file is supported. Each object in native ATK files is associated with a unique identifier – the object_id.
If a new entry is saved without specifying an object_id, the entry is appended to the file with an auto-generated
object_id. If an object_id is specified which already is present in the file, the old entry is automatically deleted.

ATK natively supports the HDF5 file format (from QuantumATK version ≥ 2017). It is platform independent, i.e.
the files can, for instance, be written on a Linux platform and later be read on a Windows platform. The internal data
structure is performance-optimized.
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3.3.1 HDF5 (Default File Format)

specification HDF5 format
object_id (default) classname_x with x being an increasing integer

HDF5 is the default file format for QuantumATK version ≥ 2017. The file format supports Metatext, and deleting
objects – see nldelete. Due to the performance-optimized storage, the file size is not automatically reduced if objects
have been deleted / overwritten. The free space can be reclaimed with nlrepack. The stored data can easily be accessed
by hdf-view or by any program based on libhdf5.

3.4 Metatext

Most of the objects available in QuantumATK have support for Metatext. This feature allows the user to store additional
text on an object. All Configuration and Analysis objects support this feature. The information is automatically written
to / read from HDF5 files. Access to the Metatext of an object obj is provided by two functions:

obj.setMetatext(metatext) Sets the metatext on obj. metatext has to be of type str.
obj.metatext() Returns the metatext of obj.

Moreover, with the utility functions readMetatext one can access the Metatext of an object stored in a file.

3.5 Spin

Spin is a flag. As such it cannot be constructed; Spin() is an invalid command. Instead, Spin provides derived classes
(flags) to represent spin components and projections:

Spin.Up The ‘up’ component of a spinor (up-up component of a spin matrix).
Spin.Down The ‘down’ component of a spinor (down-down component of a spin matrix).
Spin.RealUpDown The real part of the ‘up-down’ component of a spinor (spin matrix.)
Spin.ImagUpDown The imaginary part of the ‘up-down’ component of a spinor (spin matrix).
Spin.All All spin components.
Spin.Sum The sum ‘Spin.Up + Spin.Down’
Spin.X The spin projection along ‘x’ (Spin.X = 2*Spin.RealUpDown).
Spin.Y The spin projection along ‘y’ (Spin.Y = -2*Spin.ImagUpDown).
Spin.Z The spin projection along ‘z’ (Spin.Z = Spin.Up - Spin.Down).
Spin.Unknown Unknown spin.
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3.5.1 Usage Example

Calculate the electron density for all spin and evaluate some components:

# Calculate the electron density for a given configuration.
ed_up = ElectronDensity(configuration, spin=Spin.All)

# Take some spin projections.
x = ed.spinProjection(spin=Spin.X)
y = ed.spinProjection(spin=Spin.Y)
z = ed.spinProjection(spin=Spin.Z)
s = ed.spinProjection(spin=Spin.Sum)
r = ed.spinProjection(spin=Spin.RealUpDown)
i = ed.spinProjection(spin=Spin.ImagUpDown)
u = ed.spinProjection(spin=Spin.Up)
d = ed.spinProjection(spin=Spin.Down)

# Evaluate for Spin.X at the origin.
data = ed.evaluate(0.0*Bohr, 0.0*Bohr, 0.0*Bohr, spin=Spin.X)

3.5.2 Note about Spin.All

Precisely which spin components are returned when calling an objects query method with spin = Spin.All depends
on the queried object. E.g. ElectronDensity.evaluate(x, y, z, spin=Spin.All) returns a list of four elec-
tron density values at the grid point (x, y, z) corresponding to Spin.Sum, Spin.X, Spin.Y, and Spin.Z. In other cases
(e.g. ExchangeCorrelationPotential), the returned array contains the values corresponding to the spinor components
Spin.Up, Spin.Down, Spin.RealUpDown, and Spin.ImagUpDown. Refer to the object’s documentation for details.

3.5.3 Note on Spin in low level interface functions

In all low level interface functions such as calculateHamiltonianAndOverlap, calculateDensityMatrix, calculateSelfEn-
ergy etc., the following rules for the spin parameter apply:

• UNPOLARIZED: Valid spin parameters are Spin.Up and Spin.All, which both yield the same result in this case,
as there is no designated spin direction in UNPOLARIZED calculations.

• POLARIZED: Valid spin parameters are Spin.All, Spin.Up, and Spin.Down. The default is Spin.All, in which
case the function returns a pair of matrices, one for the Spin.Up and one for the Spin.Down component. For
Spin.Up or Spin.Down, only the respective spin component is returned.

• NONCOLLINEAR / SPINORBIT: In noncollinear calculations, only Spin.All is an accepted parameter. The
returned matrix contains the spin components Spin.Up, Spin.Down, Spin.UpDown, and Spin.DownUp in an
interleaved fashion, see below for an example.

Examples

# Calculate the density matrix for a polarized system.
D = calculateDensityMatrix(polarized_configuration, spin=Spin.All)
# Extract the Spin.Up component.
D_uu = D[0]
# Extract the Spin.Down component.
D_dd = D[1]

(continues on next page)
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(continued from previous page)

# Calculate the density matrix for a noncollinear system.
D = calculateDensityMatrix(noncollinear_configuration, spin=Spin.All)
# Get all up-up entries:
D_ud = D[::2,::2]
# Get all down-down entries:
D_du = D[1::2,1::2]
# Get all up-down entries:
D_ud = D[1::2,::2]
# Get all down-up entries:
D_du = D[::2,1::2]

3.6 Python basics

This section introduces the basics of Python, which is a mature and modern object-oriented programming language
with a powerful syntax that is surprisingly easy to learn. If you are not familiar with Python at all, there are many good
resources available on the web, e.g.

• The Python Tutorial (covers basic Python concepts);

• Dive into Python (a more advanced guide for beginners);

• Wikipedia (contains a large number of links for further reading).

The spectrum of features offered by Python is enormous, and a lot of them will not be needed in your QuantumATK
scripts. The minimum set of Python structures you really should know about is the following:

• Code indentation

• Comments

• Modules

• Lists

• Tuples

• Dictionaries

• For-loops

• Objects

• Functions and arguments

The next sections will discuss the basic usage of the above Python concepts and some general Python features.

3.6.1 Indentation

One important point you must know before you embark on writing your first ATK-Python script, is that Python relies
on indentation when interpreting your script. If your code is not correctly indented, Python will stop executing the
provided script and return an error. Exactly when and how you should indent code in your scripts will become apparent
through the examples in this manual; a brief example, however, illustrates the point:

def myNewMethod():
print('Hello World')
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The colon efter the fist code line and the indentation of the second code line tells the Python interpreter that the print
statement is a part of the myNewMethod() function. The indentation thereby determines if the code belongs to the
defined function or to any remaining code.

Important: Please note that using both spaces and tabulation when indenting code sections or statements could mean
trouble. The reason for this is that tabulation might not be interpreted the same way in different editors. This could
become an issue if you work on the same script using different operating systems or collaborate with others on writing
them. Some editors allow you to specify the number of spaces that should be inserted when pressing the TAB key,
and we recommend that you use this option when available, or simply use the SPACE key for indentation to increase
interoperability.

This will do for now, but keep in mind that Python code must be properly indented and never to use both types of
indentation in the same script. For a more complete discussion of the indentation rules used in Python, see this online
resource: Indenting Code.

3.6.2 Comments

A comment line in Python starts with the character #:

# This is a comment line in Python
print('Only this line will be executed')

The first line is ignored when interpreting the Python script. The second line will print the string to the screen:

Only this line will be executed

Longer (multi-line) comments can be made using triple quotes:

a = 2
"""
A value was just assigned to a.
We will now assign a value to b.
Are you ready?
"""
b = 3
print("a x b = ", b*a)

The lines between the triple quotes are ignored by the Python interpreter, so the result printed by the above would be

a x b = 6

In Python, it does not matter whether you use single quotes (') or double quotes (") for declaring a triple-quoted region.
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3.6.3 Importing modules

A Python module is a file containing a collection of functions, classes, and many other tools that initially are not
available when Python is invoked. In some sense, you may think of a Python module as a library. You load a Python
module by using the import statement. Modules are typically imported in three different ways:

• By importing the entire module:

import math
# Entire math module is now available
x = 3.14
y = math.cos(x)
z = math.sin(x)

• By importing specific elements from the module:

from math import cos
# Only cos() has been loaded from the math module
x = 3.14
y = cos(x)

• By importing all methods from a module:

from math import *
# All methods available in the math module have been loaded
x = 3.14
y = cos(x)
z = sin(x)

As mentioned above, a # denotes a comment in Python. Everything past this character, but still on the same line, will
not be interpreted.

For more details on modules, consult the Modules entry in the official Python tutorial. An overview of the mathmodule
is provided here: math module.

Two modules, which are not part of standard Python, are automatically imported by when running QuantumATK
Python:

• QuantumATK

• NumPy

3.6.4 Lists

A list is a Python object used to collect elements. Lists are easily created:

numbers = [1, 2, 3, 4, 5, 6, 7, 8, 9]
romans = ['a', 'b', 'c', 'd']
elements = ['Hydrogen', 'Helium']

The last example above creates a list containing two strings and saves the list in the variable elements. Lists can
contain several different data types at the same time (integers, floats, strings, etc.), which makes it a very flexible data
structure.

Elements in a list are numbered starting from zero, so the first element in the list elements (Hydrogen) is accessed by
index 0:
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>>> print(elements)
['Hydrogen', 'Helium']
>>> print(elements[0])
Hydrogen

It is also possible to store different data types within the same list structure:

elements = [1, 'Hydrogen', 2, 'Helium']

and then extend the list with additional elements:

>>> elements.extend([7,'Nitrogen'])
>>> print(elements)
[1, 'Hydrogen', 2, 'Helium', 7, 'Nitrogen']

In the above we extended elements from another list to the list elements. If we instead apply the list method append()
the result is different:

>>> elements.append([8,'Nitrogen'])
>>> print(elements)
[1, 'Hydrogen', 2, 'Helium', 7, 'Nitrogen', [8, 'Nitrogen']]

In this case, the actual list (and not the elements in it) is added to the elements list. Another (and shorter) way of
adding elements to a list is by using the + operator:

>>> a = [1,2]
>>> a = a + [3,4]
>>> print(a)
[1, 2, 3, 4]

Additional information on lists can be found in the Lists entry in the official Python tutorial.

3.6.5 Tuples

A tuple is constructed very similar to a list, but by using parentheses instead of square brackets:

mytuple = ('uno','duo') # Note the curved parentheses
myothertuple = ('uno', ) # Note the comma just after 'uno'

An important detail in the above example is that a trailing comma is needed when the tuple only contains a single
element; otherwise, it could not be distinguished from an ordinary parentheses construction. For example:

t = ('uno',) # t is a tuple
s = ('uno') # s is 'just' a string

Contrary to a list, a tuple is immutable, meaning that once it is defined, its values can not be changed. For example:

>>> mytuple = ('uno','duo')
>>> mytuple[1] = 'quattro'

results in the error Traceback (most recent call last): File "<stdin>", line 1, in ? because the as-
signment is illegal. The error raised by Python, indicates that the error is related to the type of a variable. Python also
informs us that the error occurred on input line 1. This is the kind of message you would get when using Python
interactively. Had we used it in a script, the line number would refer to the actual line in the script.
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Combinations of tuples and lists are allowed. To set up a collection of vectors to describe atomic coordinates, we may
use a combination of lists and tuples:

>>> atom_coordinate_1 = (0.1, 0.2, 0.3)
>>> atom_coordinate_2 = (0.4, 0.5, 0.6)
>>> atom_coordinate_3 = (0.7, 0.8, 0.9)

>>> collection_of_atoms = [
>>> atom_coordinate_1,
>>> atom_coordinate_2,
>>> atom_coordinate_3]

>>> print(collection_of_atoms)
[(0.1, 0.2, 0.3), (0.4, 0.5, 0.6), (0.7, 0.8, 0.9)]

For more details on tuples, consult the Tuples and Sequences entry in the official Python tutorial.

3.6.6 Dictionaries

It can often be useful to assign keys to different values in order distinguish among these (a sort of tagging). This can
be accomplished by using dictionaries. In Python, a dictionary is called a dict. A dict is created using curly braces and
key–value assignments by a colon:

>>> myDict = {'username' : 'henry', 'password' : 'secret'}
>>> print(myDict['username'])
henry

In this example, username and henry is a key–value pair. So is password and secret. Note how the dict is created
using curly braces {} (tuples use parentheses () and lists use square brackets []).

There is no internal ordering in a dict, i.e. keys and values are not stored in the same order as they are entered into the
dict. Values in the dict are accessed via their key. A value can be associated with several keys, whereas a key may be
associated with a single value only.

Two frequently used methods associated with a dict are keys() and values(). The method keys() returns a list
containing the keys of the dict, while values() returns the list of values:

>>> myDict = {'username':'henry', 'password':'secret'}
>>> print(myDict.keys())
['username', 'password']
>>> print(myDict.values())
['henry', 'secret']

It is also possible to query a dict regarding its length using the standard method len():

>>> myDict = {'username':'henry','password':'secret'}
>>> print('myDict has length', len(myDict))
myDict has length 2

The return value of len() corresponds to the number of key–value pairs in the dict.

For more details on dicts, consult the Dictionaries entry in the official Python tutorial.
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3.6.7 For-loops

Once we have created a list, it would be nice if we had an automatic way of addressing its individual elements. Python
offers this functionality by using a for-loop construction:

>>> numbers = [1, 2, 3, 4, 5]
>>> for x in numbers:
>>> print(x)
1 2 3 4 5

For-loops are very useful for constructing iterative loops in numerical algorithms. Here is a simple example using
Newton–Raphson iteration for determining the value of

√
2:

x = 20.0
for i in range(8):

x = x - (x*x - 2.0)/(2.0*x)
print(x)

which converges quadratically to
√

2:

10.05
5.12450248756
2.75739213842
1.74135758045
1.44494338196
1.41454033013
1.41421360012
1.41421356237

The range() function used above returns a list containing all positive integers less than the argument (including zero),
which was passed to the function. The for-loop now iterates over all the elements generated by the range(8) call,
performing a Newton update of the variable x for each iteration step of the loop. The value of the first element in a list
and the increments between neighboring elements can be controlled by calling range() with more than one argument:

>>> for i in range(9,21,3):
>>> print(i)
9
12
15
18

The range() function is one of the built-in functions in Python. There are a lot of these, all adding to the flexibility
of Python. The function len() is another built-in function. It makes it possible to find the length of a list or a tuple.
This can neatly be combined with a for-loop to iterate over a list:

>>> m = range(6)
>>> for i in range(len(m)):
>>> print(m[i])
0 1 2 3 4 5

In the above, len(m) returns the length of the list m, i.e. the number of elements in the list. This is then used to create
a new list (using the range() function) over which the for-loop iterates. The comma at the end of the print statement
instructs Python to suppress printing a new line character. Otherwise, all numbers would have been printed on separate
lines.

122 Chapter 3. Python in QuantumATK

https://www.python.org/
https://www.python.org/
https://www.python.org/
https://www.python.org/


QuantumATK V-2023.12 Documentation

Consult the More Control Flow Statements entry in the official Python tutorial for additional information about the if,
for, and while statements, and built-in functions like len(), range() and enumerate().

3.6.8 Objects

Many of the structures you work with in both QuantumATK and Python are so-called objects. An object is a structure
that contains a lot of handy functions for accessing and manipulating the data assigned to the object. These special
functions are called methods. Let us see how we work with these in practice. If we define a list like thid:

numbers = [1, 5, 3, 6, 2, 8, 7, 9, 4]

the variable numbers in fact refers to a list object holding the numbers [1,5,3,6,2,8,7,9,4]. A list object contains
several helpful methods, one of them being reverse(), which you call like this:

>>> numbers.reverse()
>>> print(numbers)
[4, 9, 7, 8, 2, 6, 3, 5, 1]

Note that the returned list is now in reverse order.

Another list method is sort(), which sorts the elements of a list:

>>> numbers.sort()
>>> print(numbers)
[1, 2, 3, 4, 5, 6, 7, 8, 9]

You can always use the built-in Python function dir() to display information about the functionality provided by a
given object. For example,

print(dir(list))

returns the following methods for the list type

['append', 'count', 'extend', 'index',
'insert', 'pop', 'remove', 'reverse', sort']

For instructions about their specific usage, e.g. for reverse(), you can apply Python’s built-in help system using the
function help(). So, to get more information on the list method method reverse(), invoke help() like this:

>>> help(list.reverse)
Help on method_descriptor:
reverse(...)

L.reverse() -- reverse *IN PLACE*
(END)

For more details on objects, consult the Classes entry in the official Python tutorial.
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3.6.9 Functions and arguments

You will often find that you keep copying and repeating almost identical segments of Python code. A common approach
to avoid this redundancy is to encapsulate these structures in a function. This way, you keep your code readable and
reusable, as well as concise and clear. You also avoid “reinventing the wheel” every time you start on a new problem.
Instead, you simply use the function you already made in a previous script.

We will use the Newton iteration scheme introduced in section on For-loops as an example. To encapsulate this in a
function, we could use the def statement to declare the definition of a function named newton():

def newton():
x = 20.0
for i in range(10):

x = x - (x*x - 2.0)/(2.0*x)
print(x)

All indented lines following the colon belongs to the function definition. Indention is very important: All lines belong-
ing to the function must be indented by the same number of spaces within the region that defines the function. It is now
simple to call the function to execute it:

>>> newton()
10.05
5.12450248756
2.75739213842
1.74135758045
1.44494338196
1.41454033013
1.41421360012
1.41421356237
1.41421356237
1.41421356237

Even though this already makes life easier, the function newton() still has certain shortcomings. For example, it would
be nice, if we could

1. supply the initial guess (currently x = 20 is always used);

2. set the maximum number of iterations steps.

In Python, we do this by passing arguments to the function. Here is an implementation that fulfills the wish list given
above by allowing you to pass the arguments n and x to the function:

>>> def newton(n,x):
>>> for i in range(n):
>>> x = x - (x*x - 2.0)/(2.0*x)
>>> print(x)
>>> newton(8,4.0)
2.25
1.56944444444
1.42189036382
1.41423428594
1.41421356252
1.41421356237
1.41421356237
1.41421356237
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Still, however, this is somewhat useless: Suppose that we actually wanted to use the result of the calculation (the
numerical value of

√︀
(2)) in some subsequent parts of our script. We solve this problem by letting the function return

the result of the calculation, which we then “grab” and store in a new variable:

>>> def newton(n,x):
>>> for i in range(n):
>>> x = x - (x*x - 2.0)/(2.0*x)
>>> return x
>>> x = newton(8,4.0)
>>> print('sqrt(2) = ', x)
sqrt(2) = 1.41421356237

This is more satisfactory, but there are still some handy features regarding function definitions that can make life even
easier for us. Often we might be completely satisfied with using x=2.0 and n=8 when we call the newton() function.
To avoid supplying this redundant information, we can define default values for the function arguments:

def newton(n=10, x=2.0):
for i in range(n):

x = x - (x*x - 2.0)/(2.0*x)
return x

If we are happy about the default settings, we may invoke the function by calling it as newton(). On the contrary, should
the default settings be changed, we may also invoke the function by calling newton(8,2.0). When the variables for
a Python function are specified like above, they are called optional variables, as opposed to required variables, which
have no default value.

This is certainly handy, but what if we often wanted to change the initial guess for x while keeping the value of n at
the default setting? It is possible to override the default value by explicitly naming the variable:

newton(x=3.0)

which overrides the default value of x while keeping the default value of the argument n. This way of assigning values
to variables makes it possible to specify the variables of the function in whichever order you prefer. The following
function calls are therefore completely equivalent:

newton(n=30, x=2.0)
newton(x=2.0, n=30)

You may include both optional and required variables when calling a function. In this case, however, the order is
important! Once you have specified your first variable by name, no more variables may be specified according to order.

If you want to know more about specifying Python functions and their arguments, please see the Defining Functions
entry in the official Python tutorial or the online resource Using Optional and Named Arguments.
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QUANTUMATK REFERENCE MANUAL

4.1 Geometry

• MoleculeConfiguration

• BulkConfiguration

• SurfaceConfiguration

• DeviceConfiguration

• NanoSheet

• NanoTube

• NanoRibbon

• NudgedElasticBand

• AlloyConfiguration

• AlloySite

• BoxRegion

• SphereRegion

• TubeRegion

• AtomicShift

• AtomicCompensationCharge

4.1.1 Lattices

• bravaislattices

• SimpleCubic

• BodyCenteredCubic

• FaceCenteredCubic

• Rhombohedral

• Hexagonal

• SimpleTetragonal

• BodyCenteredTetragonal
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• SimpleOrthorhombic

• BodyCenteredOrthorhombic

• FaceCenteredOrthorhombic

• BaseCenteredOrthorhombic

• SimpleMonoclinic

• BaseCenteredMonoclinic

• Triclinic

• UnitCell

4.2 Calculators

4.2.1 Common Parameters

• IterationControlParameters

• AndersonMixer

• PulayMixer

• NumericalAccuracyParameters

• SingleContourIntegralParameters

• DoubleContourIntegralParameters

• DynamicalMatrix

• SlaterOrbital

• InitialSpin

• RandomSpin

• CheckpointHandler

• ExchangeCorrelation

• poissonsolvers

• SelfEnergyCalculators

• preconditioners

• CosmoSolvationParameters

4.2.2 DFT Calculators

• LCAOCalculator

• PlaneWaveCalculator

• DeviceLCAOCalculator

• FragmentCalculator

• BasisSet

• optimizeBasisSet

128 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

• ConfinedOrbital

• AnalyticalSplit

• PolarizationOrbital

• NumericalOrbital

• NormConservingPseudoPotential

• GrimmeDFTD2

• GrimmeDFTD3

4.2.3 MBPT Calculators

• GWCalculator

4.2.4 Semi-Empirical Calculator

Common parameters

• SemiEmpiricalCalculator

• DeviceSemiEmpiricalCalculator

• PairPotential

• ATK_U

• ATK_W

Slater-Koster parameters

• SlaterKosterCalculator

• DeviceSlaterKosterCalculator

• SlaterKosterOnsiteParameters

• SlaterKosterTable

• HotbitDirectory

• DFTBDirectory

• SlaterKosterHamiltonianParametrization

• NRLHamiltonianParametrization
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Huckel parameters

• HuckelCalculator

• DeviceHuckelCalculator

• HuckelBasisParameters

• HuckelHamiltonianParametrization

4.2.5 Counterpoise Correction

• counterpoiseCorrected

4.2.6 Low level entities

• calculateHamiltonianAndOverlap

• calculateElectrodeHamiltonianAndOverlap

• calculateSelfEnergy

• calculateDensityMatrix

• orbitalInfo

• calculateRetardedGreenFunction

• calculateGreenFunctionComponent

• calculateDynamicalMatrixAndOverlap

• calculatePhononSelfEnergy

• calculatePhononRetardedGreenFunction

• calculatePhononGreenFunctionComponent

• calculateVelocity

• calculateTB09C

4.3 Analysis

4.3.1 Common Analysis

• AllElectronDensity

• BaderCharges

• CosmoRS

• ElectronDensity

• ElectronLocalizationFunction

• ExchangeCorrelationPotential

• ElectronDifferenceDensity

• ElectrostaticDifferencePotential
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• EffectivePotential

• ExternalPotential

• ChemicalPotential

• GridData

• GridValues

• gridValues

• HTSTEvent

• MolecularEnergySpectrum

• TotalEnergy

• Forces

• Stress

• Eigenstate

• Eigenvalues

• MullikenPopulation

• SolvationEnergy

• SolventSurface

• SpecialThermalDisplacement

• PartialCharges

• Projection

• ProjectionList

• MakeTrajectory

• VibrationalMode

• IdealGasThermoChemistry

4.3.2 Bulk Analysis

• Bandstructure

• BornEffectiveCharge

• EffectiveBandstructure

• ComplexBandstructure

• FatBandstructure

• PhononBandstructure

• PhononDensityOfStates

• BlochState

• DensityOfStates

• DielectricTensor

• ProjectedDensityOfStates
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• EffectiveMass

• GilbertDamping

• LocalBandstructure

• LocalDensityOfStates

• Mobility

• DeformationPotential

• HeisenbergExchange

• ElectroOpticalTensor

• ElectronPhononCoupling

• OpticalSpectrum

• OrbitalMoment

• PartialElectronDensity

• Polarization

• PiezoelectricTensor

• ElasticConstants

• LocalStress

• LocalStructure

• RamanSpectrum

• SecondHarmonicsGenerationSusceptibility

• ElectricFieldGradients

• ShieldingTensors

• STM

• ElectronicInverseParticipationRatio

• VibrationalInverseParticipationRatio

• CrystalThermoChemistry

4.3.3 Device Analysis

• IVCurve

• TransmissionSpectrum

• InelasticTransmissionSpectrum

• PhononTransmissionSpectrum

• TransmissionPathways

• TransmissionEigenvalues

• TransmissionEigenstate

• DeviceDensityOfStates

• LocalDeviceDensityOfStates
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• CurrentDensity

• SpinTransferTorque

• SurfaceBandstructure

• ProjectedLocalDensityOfStates

• Photocurrent

• OneShotSelfConsistentBornApproximation

4.4 Study

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

• DynamicalMatrix

• HamiltonianDerivatives

• IVCharacteristics

• InelasticIVCharacteristics

• MagneticAnisotropyEnergy

• OptimizeDeviceConfiguration

• SusceptibilityDerivatives

• SurfaceProcessSimulation

• MomentTensorPotentialTraining

• ShockleyReadHallRecombination

• PointDefectLuminescence

4.5 Dynamics and Optimization

4.5.1 Optimization

• OptimizeGeometry

• OptimizeNudgedElasticBand

• CrystalStructurePrediction

• EvolutionarySQS

• Trajectory

• Optimization Algorithms

– LBFGS

– FIRE
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4.5.2 Molecular Dynamics

• MolecularDynamics

• MaxwellBoltzmannDistribution

• ZeroVelocities

• ConfigurationVelocities

• PlumedMetadynamics

• MDTrajectory

• Molecular Dynamics Methods

– Langevin

– NVEVelocityVerlet

– NVTBerendsen

– NPTBerendsen

– NVTBussiDonadioParrinello

– NVTNoseHoover

– NPTMartynaTobiasKlein

– NonEquilibriumHeatExchange

– NonEquilibriumMomentumExchange

4.5.3 Surface Process Simulation

• SurfaceProcessSimulation

• Hook Functions

– CleanVacuumRegion

– RemoveElementFromSubstrate

– ThermalizeSubstrate

4.5.4 Moment Tensor Potential

• ActiveLearningSimulation

• ConfigurationDataContainer

• MomentTensorPotentialTraining

– MolecularDynamicsSnapshotsParameters

– MomentTensorPotentialFittingParameters

– NonLinearCoefficientsParameters

– scanOverNonLinearCoefficients

– CrystalInterfaceTrainingParameters

– AlloyTrainingParameters
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– RandomDisplacementsParameters

– MolecularConfigurationsParameters

– TrainingSet

– crystalTrainingRandomDisplacements

– readTrainingData

4.5.5 Monte Carlo

• AdaptiveKineticMonteCarlo

• ForceBiasMonteCarlo

• ForceBiasMonteCarloNPTBerendsen

• TimeStampedForceBiasMonteCarlo

4.5.6 Constraints

• FixAtomConstraints

• RigidBody

• FixCenterOfMass

• BravaisLatticeConstraint

• SpaceGroupConstraint

• FixStrain

• BondConstraint

• ElectricFieldConstraint

4.5.7 MD Analysis

• AngularDistribution

• ChemicalCompositionProfile

• CoordinationNumber

• DensityProfile

• InfraredSpectrum

• IonicConductivity

• KineticEnergyDistribution

• MeanSquareDisplacement

• NearestNeighbor

• NeutronScattering

• PartialStructureFactor

• QNumbers
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• RadialDistribution

• SelfDiffusion

• SpecificHeatCapacity

• TemperatureProfile

• VelocityAutocorrelation

• VelocityDistribution

• VibrationalDensityOfStates

• VoidsizeDistribution

• XRayScattering

4.5.8 Image Interpolation Algorithms (NEB)

• LinearInterpolation

• HalgrenLipscomb

• ImageDependentPairPotential

4.6 Defects

4.6.1 Characterization

• NamedPointDefect

• BaseDefectGenerator

• VacancyGenerator

• SubstitutionalGenerator

• InterstitialGenerator

• SplitInterstitialGenerator

• DefectPairGenerator

• Defects

• generateDefectsConfigurations

• BaseChemicalPotential

• ReferenceChemicalPotential

• CalculatedChemicalPotential

• PristineConfiguration

• IsotropicFiniteSizeCorrectionParameters

• ChargedPointDefectConfiguration
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4.6.2 Migration

• DefectMigrationPaths

• DefectDiffusionRates

• DefectDiffusivity

• generateRingConfigurations

4.7 COSMO-RS

4.7.1 Material Descriptions

• CosmoRealSpecies

• CosmoRealSolvent

• CosmoRealGas

• CosmoRealSolid

• CosmoRSMixture

4.7.2 Properties

• CosmoRSParameters

• Acidity

• GasSolubility

• LiquidEquilibrium

• PartitionCoefficient

• SolidSolubility

• VaporPressure

4.7.3 Stored Data

• CosmoRSSpeciesDatabase

• CosmoRSParameterSets

4.8 Polymers

4.8.1 Builders And Equilibration

• PolymerSequence

• PolymerMonteCarloBuilder

• CrosslinkReaction

• CrosslinkConnector
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• CrosslinkBuilder

• ReactionTemplate

• ForceCappedEquilibration

• PolymerEquilibration

• CoarseGrainMapper

4.8.2 Potentials

• OPLSPotentialBuilder

• OPLSMinPotentialBuilder

• DreidingPotentialBuilder

• UFFPotentialBuilder

• QEqAtomicCharges

• ReaxFFAtomicCharges

• RepeatESPPartialCharges

4.8.3 Analysis

• tagPolymerMolecules

• RadiusOfGyration

• EndToEndDistances

• FreeVolume

• PolymerSegmentAnalyzer

• CohesiveEnergyDensity

• MolecularOrderParameter

4.9 Input and Output

• nlread

• nlsave

• nlprint

• setVerbosity

• showVerbosityRegions

• saveVerbositySettings
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4.10 Periodic Table

• PeriodicTableElement

• allElements

4.11 Utilities

• SplineInterpolation1D

• MonkhorstPackGrid

• RegularKpointGrid

• AdaptiveGrid

• processIsMaster

• ParallelMapConfigurations

• ParallelEnergyAndForces

• randomSeed

4.12 Plot

Main reference: NanoLab Plot Reference Manual.

4.12.1 NanoLab Plot Reference Manual

The Plot module is built with the aim of making it easy to create publication quality scientific plots.

All plots can be saved using Plot.save and loaded using nlread. Specific plot items can be found using the Plot.Plot
find method. An interactive plot window can be launched with the Plot.show function.

The NanoLab Plot framework helps you to edit, show and save plots created by the Analyzers in NanoLab. The Plot
framework also makes it straight-forward to construct simple or complex plots from scratch, and to mix and match
those plots with the plots created in NanoLab.

Note: All parts of the Plot framework are contained within the Plot module, meaning that all relevant classes and
functions must be called with the Plot prefix.

Modifying Plots

Any plot constructed through the NanoLab GUI can be saved to an HDF5 file in the save dialog. The plots will show
up in the NanoLab and can be opened again by the PlotViewer Plugin.

In a script the saved plot can be loaded by using the standard nlread function:

>>> plot = nlread('saved_plot.hdf5')[0]

The plot can then be shown using the special Plot.show function:
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>>> Plot.show(plot, size=(600, 400))

This will show the plot in an interactive plot window with the full editing capability of NanoLab. The modified plot
can then again be saved in the plot window; or it can be saved through scripting by using the special Plot.save function.

The plot can also be modified in a script. The easiest way to find the relevant plot items is through the Plot.Plot.find
method:

>>> oxygen_lines = plot.find(types=Plot.Line, label='Oxygen')

Building Plots

All plots are constructed from a Plot.PlotModel.

>>> model = Plot.PlotModel()

The plots are then built from plot items, such as Plot.Line, Plot.Scatter, Plot.HorizontalFill, Plot.Arrow, Plot.Measure,
etc.:

>>> model.addItem(
>>> Line([0, 1, 2, 3, 4], [1, 2.2, 3.4, 6.7, 8.9])
>>>)

Multiple PlotModels can then be embedded in a Plot.GridLayout or Plot.OverlayLayout in order to build complex
plots.

When a plot has been constructed it can be shown using the Plot.show function and saved using the Plot.save function.

Let us try to sketch a complete example that shows how to plot a dashed red Plot.Line with star markers on a log-plot.
We also add a Plot.CurveFit to the line data.

# PlotModel with custom units.
model = Plot.PlotModel(x_unit=Angstrom, y_unit=eV)

# Change title
model.framing().setTitle('My plot')

# Set axis label and scale
model.xAxis().setLabel('Length')
model.yAxis().setLabel('Energy')
model.yAxis().setScale(Plot.SCALES.LOG)

# Show legend.
model.legend().setVisible(True)

#Line.
line = Plot.Line([1, 2, 3, 4, 4] * nm, [1, 2.2, 3, 2.2, 1] * eV)
line.setLabel('My red line')
line.setColor('red')
line.setLineStyle(Plot.LINE_STYLES.DASHED)
line.setMarkerStyle(Plot.MARKER_STYLES.STAR)
line.setMarkerSize(8)

# Add fit.
(continues on next page)
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(continued from previous page)

fit = Plot.CurveFit('a * (x - x0)**2 + b')
line.addItem(fit)

# Add line.
model.addItem(line)

# Auto-adjust axis limits.
model.setLimits()

# Show plot and save afterwards to file and as raster.
Plot.show(model)
Plot.save(model, 'my_plot.hdf5')
Plot.save(model, 'my_plot.png')

Later, the plot can be loaded, and the line color can be changed to e.g. blue before it is saved again.

Framework

These are the core parts of the framework.

• Plot.PlotModel

• Plot.show

• Plot.save

• Plot.Plot

Plot Items

These are all the different items that can be added to or edited in a PlotModel.

• Plot.Arrow

• Plot.AttributesLabel

• Plot.Average

• Plot.Axis

• Plot.Contour

• Plot.CurveFit

• Plot.Density

• Plot.Framing

• Plot.Group

• Plot.HorizontalBar

• Plot.HorizontalFill

• Plot.HorizontalLine

• Plot.HorizontalStackedFill

• Plot.Label

• Plot.Line
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• Plot.LineGroup

• Plot.Measure

• Plot.PolynomialFit

• Plot.RollingAverage

• Plot.Scatter

• Plot.TransformedLine

• Plot.VerticalBar

• Plot.VerticalFill

• Plot.VerticalLine

• Plot.VerticalStackedFill

• Plot.WeightedLine

Plot Layouts

These are the classes used for laying out plots in complex layouts.

• Plot.GridLayout

• Plot.OverlayLayout

• Plot.PlotFrame

Plot Constants

Some of the plot options must be supplied as special constants. All constants enumerations are uppercase, and their
options are accessed using the usual dot notation, e.g. Plot.COLOR_MODES.COLOR or Plot.SCALES.LOG.
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Enum Constants
Plot.ALIGNMENTS

• TOP
• CENTER
• BOTTOM
• LEFT
• RIGHT

Plot.ARROW_STYLES
• FILLED
• UNFILLED
• NONE

Plot.BOUNDARY_CONDITIONS
• EXCLUDE
• PERIODIC
• MIRROR
• REFLECT

Plot.COLOR_MODES
• COLOR
• COLORS
• MANY_COLORS
• COLOR_MAP

Plot.DETAIL_LEVELS
• BASIC
• MEDIUM
• FULL

Plot.EDGES
• LEFT
• RIGHT
• TOP
• BOTTOM
• CENTER

Plot.KERNELS
• AVERAGE
• GAUSSIAN

Plot.LAYOUT_MODES
• NORMAL
• SHARE_X
• SHARE_Y
• SHARE_BOTH

Plot.LEGEND_LOCATIONS
• BEST
• UPPER_LEFT
• UPPER_CENTER
• UPPER_RIGHT
• CENTER_LEFT
• CENTER
• CENTER_RIGHT
• LOWER_LEFT
• LOWER_CENTER
• LOWER_RIGHT
• RIGHT

Plot.LINE_STYLES
• SOLID
• DASHED
• DASHDOT
• DOTTED
• NONE

Plot.MARKER_STYLES
• NONE
• POINT
• PIXEL
• CIRCLE
• TRIANGLE_DOWN
• TRIANGLE_UP
• TRIANGLE_LEFT
• TRIANGLE_RIGHT
• TRISTAR_DOWN
• TRISTAR_UP
• TRISTAR_LEFT
• TRISTAR_RIGHT
• OCTAGON
• SQUARE
• PENTAGON
• PLUS
• STAR
• HEXAGON1
• HEXAGON2
• CROSS
• DIAMOND
• THIN_DIAMOND
• VERTICAL_LINE
• HORIZONTAL_LINE

Plot.OWNERS
• MODEL
• VIEW

Plot.MEASURE_LABEL_POSITIONS
• INSIDE
• OUTSIDE

Plot.PROJECTIONS
• RECTILINEAR
• POLAR

Plot.SCALES
• LINEAR
• LOG
• SYMLOG
• SQUARE

Plot.TICK_DIRECTIONS
• OUT
• IN
• BOTH
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Full Plot module

All the plot classes and functions in alphabetical order:

Plot

Classes

Plot.Arrow

class Arrow(tail_x, tail_y, head_x, head_y)
An arrow pointing from tail to head and with custom color, line width and arrow head size.

Parameters

• tail_x (PhysicalQuantity) – The tail x coordinate.

• tail_y (PhysicalQuantity) – The tail y coordinate.

• head_x (PhysicalQuantity) – The head x coordinate.

• head_y (PhysicalQuantity) – The head x coordinate.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

arrowScale()

Returns
The arrow scale.

Return type
float
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color()

Returns
The label color.

Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

headStyle()

Returns
The arrow head style.

Return type
ARROW_STYLES eum

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool
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isHovered()

Returns
True, if the item is hovered.

Return type
bool

isMovable()

Returns
True, if the label is movable.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items
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lineStyle()

Returns
The arrow line style.

Return type
LINE_STYLES enum

lineWidth()

Returns
The arrow line width.

Return type
float

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

positions()

Returns
The postions of the arrow ends in the format (x1, y1, x2, y2).

Return type
None | 4-tuple of PhysicalQuantity

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.
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• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setArrowScale(arrow_scale)
Set the arrow scale.

Parameters
arrow_scale (float) – The arrow scale.

setColor(color)
Set the color.

Parameters
color (str) – A matplotlib formatted color.

setHeadPosition(x, y, emit=True)
Set the position.

Parameters

• x (PhysicalQuantity) – The x position.

• y (PhysicalQuantity) – The y position.

• emit (bool) – True, if signal should be emitted.

setHeadStyle(head_style)
Set the style of the arrow head.

Parameters
head_style (ARROW_STYLES enum) – The head style.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.
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setLineStyle(line_style)
Set the line style.

Parameters
line_style (LINE_STYLES enum) – The line style.

setLineWidth(line_width)
Set the line width.

Parameters
line_width (float) – The arorw line width.

setMovable(movable)
Set the movable property.

Parameters
movable (bool) – True, if the label should be movable.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setTailPosition(x, y, emit=True)
The tail position.

Parameters

• x (PhysicalQuantity) – The tail x position.

• y (PhysicalQuantity) – The tail y position.

• emit (bool) – True, if signal should be emitted.

setTailStyle(tail_style)
Set the style of the arrow tail.

Parameters
tail_style (ARROW_STYLES enum) – The tail style.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.
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styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

tailStyle()

Returns
The arrow tail style.

Return type
ARROW_STYLES enum

Plot.AttributesLabel

class AttributesLabel(x, y)
A Label that displays the attributes of a parent object in the plot.

Parameters

• x (PhysicalQuantity) – The x-coordinate of the label.

• y (PhysicalQuantity) – The y-coordinate of the label.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.
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alignment()

Returns
The vertical and horizontal alignment.

Return type
2-tuple of str

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

color()

Returns
The label color in hex format.

Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

detailLevel()

Returns
The detail level of the attributes.

Return type
enum

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

fontSize()

Returns
The font size in points.

Return type
float

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.
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Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isBoxOn()

Returns
True, if the label has a box.

Return type
bool

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isMovable()

Returns
True, if the label is movable.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool
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classmethod isValidParent(item)

Check if an item is a valid parent.

Parameters
item (PlotItem based) – The item to check.

Returns
True, if the item can be derived.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None
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owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

position()

Returns
The label postion.

Return type
None | 2-tuple of PhysicalQuantity

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlignment(vertical, horizontal)
Set the label alignment with respect to the position.

Parameters

• vertical (str) – The vertical alignment (‘top’, ‘center’, ‘bottom’).

• horizontal (str) – The horizontal alignment (‘left’, ‘center’, ‘right’).

setBoxOn(box_on)
Set whether a box should be drawn around the label text.

Parameters
box_on (bool) – True, if the label should have a box.
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setColor(color)
Set the color.

Parameters
color (str) – The label color in hex format.

setDetailLevel(level)
Set the detail level.

Parameters
level (enum) – A level from the DETAIL_LEVELS enum.

setFontSize(fontsize)
Set the font size.

Parameters
fontsize (float) – The font size in points.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setMovable(movable)
Set whether the label should be movable.

Parameters
movable (bool) – True, if the label should be movable.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setPosition(x, y)
Set the label position.

Parameters

• x (PhysicalQuantity) – The x-position.

• y (PhysicalQuantity) – The y-position.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.
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setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setText(text)
Set the text.

Parameters
text (str) – The label text.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

text()

Returns
The label text.

Return type
str

update(data=None)
Internal method.
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Plot.Average

class Average

An Average can be added to a Line or a Scatter, and will then calculate the average value of its parent data.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity for the line.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

attributes(latex=False, detail_level='full')
The current line attributes.

Parameters

• latex (bool) – If True, return the attributes in Latex format.

• detail_level (DETAIL_LEVELS enum) – The level of detail of the attributes (unused).

Returns
The current line attributes.

Return type
dict

bounds()

Returns
The bounds.
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Return type
tuple of physicalQuantity

color()

Returns
The line color.

Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

evaluate(x_data)
Evaluate the average for the given x_data.

Parameters
x_data (PhysicalQuantity) – The x-data.

Returns
The evaluated x data and y data.

Return type
2-tuple of PhysicalQuantity

extent(axis_name, padding=0.0)
Get the data limits.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
Sequence | PhysicalQuantity

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.
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Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isAxisSpanned()

Returns
True if the fit line should span the x-axis range of the plot.

Return type
bool

isBoundsVisible()

Returns
True, if fit bounds are shown in the plot.

Return type
bool

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isInteractive()

Returns
Whether the user can interact with this line.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.
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Return type
bool

classmethod isValidParent(item)

Check if an item is derivable.

Parameters
item (PlotItem based) – The item to check.

Returns
True, if the item can be derived.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The line label.

Return type
str

lineStyle()

Returns
The line style.

Return type
str | None
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lineWidth()

Returns
The line width.

Return type
float

markerEdgeColor()

Returns
The edge color of the marker in hex format.

Return type
str

markerEvery()

Returns
The number of points between every marker.

Return type
int

markerFaceColor()

Returns
The face color of the marker in hex format.

Return type
str

markerSize()

Returns
The marker size.

Return type
float

markerStyle()

. :returns: The marker style. :rtype: str | None

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None
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owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity for the line.

Parameters
alpha (float) – The opacity.

setBounds(lower, upper, update=True)
Set the derived line bounds.

Parameters

• lower (float | PhysicalQuantity) – The lower bound.

• upper (float | PhysicalQuantity) – The upper bound.

• update (bool) – True, if we should call update.

setBoundsVisible(visible)
Set whether to indicate the fit bounds in the plot.

Parameters
visible (bool) – If True, fit bounds will be shown in the plot.
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setColor(color)
Set the line color.

Parameters
color (str) – The line color in hex format.

setData(x=None, y=None)
Overload since derived lines should not expose data setting.

Parameters

• x (iterable) – The x values.

• y (iterable) – They values.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setInteractive(interactive)
Set whether the user can interact with this line.

Parameters
interactive (bool) – The desired state.

setLabel(label)
Set the label.

Parameters
label (str) – The line label.

setLineStyle(line_style)
Set the line style.

Parameters
line_style (str | None) – The line style.

setLineWidth(line_width)
Set the line width.

Parameters
line_width (float) – The line width.

setMarkerColor(color)
Set color of the marker. Remember to also set a valid marker style.

Parameters
color (valid color) – The color to set.
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setMarkerEdgeColor(color)
Set the marker edge color. Remember to also set a valid marker style.

Parameters
color (str) – The edge color of the marker.

setMarkerEvery(every)
Set the number of points between each marker. Remember to also set a valid marker style.

Parameters
every (int) – The number of points between every marker.

setMarkerFaceColor(color)
Set the marker face-color. Remember to also set a valid marker style.

Parameters
color (str) – The face color of the marker.

setMarkerSize(size)
Set the marker size. Remember to also set a valid marker style.

Parameters
size (float) – The marker size.

setMarkerStyle(marker)
Set the marker style.

Parameters
marker (str | None) – The marker style.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setSpanAxis(span_axis)
Set whether the fit line should span the x-axis range of the plot.

Parameters
span_axis (bool) – If True, the fit line should span the x-axis range of the plot.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.
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sourceData()

Checks if the source data is valid, and if yes, return the valid source data on the form: (xs, ys, x_min,
x_max, x_unit, y_unit) Else returns None

Returns
The validated and clipped source data.

Return type
tuple | None

style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

update(data=None)
Perform the update.

Parameters
data (tuple | NoneType) – The source data to use.

validSourceCoordinates(xs, ys)
True if the provided data coordinates are valid.

Parameters

• xs (ndarray) – The source x coordinates.

• ys (ndarray) – The source y coordinates.

Returns
True, if the coordinates are valid.

Return type
bool

xData()

Returns
The x-data.
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Return type
PhysicalQuantity

yData()

Returns
The y-data.

Return type
PhysicalQuantity

Plot.Axis

class Axis(unit=<NL.CommonConcepts.PhysicalQuantity.Unit object>)
An Axis defines the x- or y-axis in a plot. The axis specifies limits, scale, label, fonts, ticks and grids.

Parameters
unit (Unit) – The unit of the axis.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

autoscalePadding()

. :returns: The padding used when autoscaling. :rtype: 2-tuple of float

checkAutoScaleIncludeZero()

Utility to check if including zero is possible and if the option is selected.

Returns
True, if we can and should include zero.
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Return type
bool

color()

The color of the axis and the axis label.

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isAutoScaleZeroIncluded()

Returns
True, if the value zero should be explicitly included/shown on this axis.

Return type
bool

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

4.12. Plot 167



QuantumATK V-2023.12 Documentation

Return type
bool

isLocked()

Returns
True if the axis scroll is locked.

Return type
bool

isMajorGridOn()

Returns
True if major grid is shown.

Return type
bool

isMinorGridOn()

Returns
True if the minor grid is shown.

Return type
bool

isMirrored()

Returns
True, if ticks and label are mirrored.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

isZeroLineOn()

Returns
True if zero line is shown.
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Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The label of the axis.

Return type
str

labelFontSize()

Returns
The axis font size in points.

Return type
float

limits()

Returns
The limits of the axis.

Return type
2-tuple of float

majorDivisions()

Returns
The number of major ticks.

Return type
Automatic | int

model()

Returns
The model that this item belongs to.
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Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

scale()

Returns
Axis scale (‘linear’ | ‘log’).

Return type
str

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAutoScaleIncludeZero(include_zero)

Parameters
include_zero (bool) – True, if the value zero should be explicitly included/shown on this
axis.
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setAutoscalePadding(padding_lower, padding_upper)
Set autoscale padding. Do not emit changes.

Parameters

• padding_lower (float) – The lower padding.

• padding_upper (float) – The upper padding.

setColor(color)
Set the color of the axis and the axis label.

Parameters
color (str) – The color to set in hex format.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label, font_size=None)
Set the label.

Parameters

• label (str) – The label.

• font_size (float) – The absolute font size in points.

setLabelFontSize(font_size)

Parameters
font_size (float) – The label font size in points.

setLimits(lower_limit=None, upper_limit=None)
Set axis limits.

Parameters

• lower_limit (float) – The lower limit.

• upper_limit (float) – The upper limit.

setLocked(state)
Set the locked state of the axis.

Parameters
state (bool) – True if the axis should be locked.
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setMajorDivisions(major_divisions)
Set the number of major divisions of the axis.

Parameters
major_divisions (Automatic | int) – The number of divisions.

setMajorGridOn(grid_on)

Parameters
grid_on (bool) – Set major grid lines on/off.

setMinorGridOn(grid_on)

Parameters
grid_on (bool) – Set minor grid lines on/off.

setMirrored(mirrored)
Set ticks and labels mirrored..

Parameters
mirrored (bool) – True, if ticks should show up on the opposite site.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setScale(scale)
Set scale.

Parameters
scale (str) – The scale (‘linear’ or ‘log’).

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setTickFontSize(font_size)
Set the tick font size.

Parameters
font_size (float) – The absolute font size in points.

setTicks(positions=None, labels=None, font_size=None, major_divisions=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>, length=None, direction=None)

Set tick positions and labels for the axis.

Setting positions=None resets the ticks to use default locators and formatters.

Parameters
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• positions (list) – List of tick float positions.

• labels (list) – List of tick label strings.

• font_size (float) – The absolute font size in points.

• major_divisions ([type]) – [description].

• length (float) – The length of ticks in points.

• direction (enum) – The direction of ticks.

setUnit(unit)
Set the axis unit.

Parameters
unit (Unit) – The unit.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

setZeroLineOn(line_on)

Parameters
line_on (bool) – True, if zero-line should be shown.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

tickDirection()

Returns
The direction of ticks.

Return type
enum

tickFontSize()

Returns
The tick font size in points.

Return type
float
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tickLabels()

Returns
The list of tick labels.

Return type
list

tickLength()

Returns
The length of ticks in points.

Return type
float

ticks()

Returns
The a list of the tick positions as floats.

Return type
list

unit()

Returns
The unit of the axis.

Return type
Unit

Plot.Colors

class Colors

classmethod applyToItems(items, offset=0)
Color each plot item in a list with a distinct color.

Parameters

• items (list of PlotItems) – The items to color.

• offset (int) – The offset to start from.

classmethod list(number=None, offset=0)
Get colors in a list.

Parameters

• number (int) – The number of colors to get.

• offset (int) – The (optional) offset to start at.

Returns
List of colors.

Return type
list of str | str
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Plot.Contour

class Contour(x_data, y_data, z_data)
A Contour displays three-dimensional data in a number of discrete levels, colored accordingly, and with an
additional color bar.

The x, y data are 1D arrays spanning the regular z mesh. The z data is a 2D array mesh with values of the (x, y)
points.

Parameters

• x_data (PhysicalQuantity | ndarray) – The one-dimensional x data.

• y_data (PhysicalQuantity | ndarray) – The one-dimensional y data.

• z_data (PhysicalQuantity | ndarray) – The two-dimensional z data.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity for the contour.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

color()

Returns
The contour face color in HEX format.

Return type
str
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colorMap()

Returns
The contour color map.

Return type
str | None

colorMode()

Returns
The current color mode.

Return type
str

colors()

Returns
The currnetly set list colors.

Return type
List of colors | None

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis_name, padding=0.0)
Get the x-data or y-data limits.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
2-tuple of PhysicalQuantity

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.
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Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isColorBarVisible()

Returns
True, if colorbar is visible.

Return type
bool

isFilled()

Returns
True, if contour should be filled.

Return type
bool

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isLabelsVisible()

Returns
True, if contour labels should be visible.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.
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Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The label of the z-axis.

Return type
str

labelFontSize()

Returns
The label font size.

Return type
int

labelsFontSize()

Returns
The contour labels font size.

Return type
int

levels()

Returns
The number of contour levels.
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Return type
int

limits()

Returns
The limits of the z-axis.

Return type
List of PhysicalQuantity

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

scale()

Returns
The z-axis scale (‘linear’ | ‘log’).
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Return type
str

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the contour opacity as a float between zero and one.

Parameters
alpha (float) – The opacity.

setColor(color)
Set the uniform color of entire contour.

Note that this color is only used if the color mode has been set to ‘color’.

Parameters
color (Any matplotlib supported color definition) – The contour face color.

setColorBarVisible(visible)
Set colobar visibility.

Parameters
visible (bool.) – True, if colorbar should be shown.

setColorMap(color_map)
Set the contour color map.

Note that this color map is only used if the color mode has been set to ‘color_map’.

Parameters
color_map (str) – The color map.

setColorMode(mode)
Set the color mode.

Parameters
mode (COLOR_MODES enum | str) – The mode to set (‘color’, ‘colors’, ‘color_map’).

setColors(colors)
Set the color sof the different contour levels.

Note that these colors are only used if the color mode has been set to ‘colors’.

Parameters
colors (List of colors | None) – The colors to set.

setData(x_data, y_data, z_data)
Set the data used in the contour.

Parameters

• x_data (PhysicalQuantity | ndarray) – The one-dimensional x data.

• y_data (PhysicalQuantity | ndarray) – The one-dimensional y data.

• z_data (PhysicalQuantity | ndarray) – The two-dimensional z data.
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setFilled(filled)
Set whether the contour should be filled with colors.

Parameters
filled (bool) – True, if contour should be filled.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the z-axis label.

Parameters
label (str) – Set z-axis label.

setLabelFontSize(font_size)
Set label font size.

Parameters
font_size (int) – The label font size.

setLabelsFontSize(font_size)
Set contour labels font size.

Parameters
font_size (int) – The font size.

setLabelsVisible(visible)
True, if contour labels should be visible.

Only applies to unfilled contours.

Parameters
visible (bool) – True, if visible.

setLevels(levels)
Set number of contour levels.

Parameters
levels (int) – The number of different contour levels.

setLimits(lower_limit=None, upper_limit=None)
Set the z-axis limits.

Parameters

• lower_limit (float) – The lower z-axis limit.

• upper_limit (float) – The upper z-axis limit.
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setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setScale(scale)
Set the z-axis scale to either linear or log.

Parameters
scale (str) – The z-axis scale (‘linear’ | ‘log’).

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setTickFontSize(font_size)
Set the color bar tick font size.

Parameters
font_size (int) – The font size.

setUnit(unit)
Set the unit of the z-scale.

Parameters
unit (Unit) – The z-axis unit.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

setZData(z_data)
Set z data.

Parameters
z_data (PhysicalQuantity | ndarray) – The two-dimensional z data.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None
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tags()

Returns
The set of tags.

Return type
set

tickFontSize()

Returns
The color bar tick font size.

Return type
int

unit()

Returns
The unit of the z-axis.

Return type
Unit

xData()

Returns
The one-dimensional x data.

Return type
PhysicalQuantity

yData()

Returns
The one-dimensional y data.

Return type
PhysicalQuantity

zData()

Returns
The two-dimensional z data.

Return type
PhysicalQuantity

Plot.CurveFit

class CurveFit(expression=None)
A CurveFit can be added to a Line or Scatter, and will then fit the supplied expression to the parent data.

Parameters
expression (str) – The expression for the fit function.
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addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity for the line.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

attributes(latex=False, detail_level='full')
A description of the fit attributes.

Parameters

• latex (bool) – If True, return the attributes in Latex format.

• detail_level (DETAIL_LEVELS enum) – The level of detail of the attributes.

Returns
A description of the fit attributes.

Return type
collections.OrderedDict

bounds()

Returns
The bounds.

Return type
tuple of physicalQuantity
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color()

Returns
The line color.

Return type
str

conditions()

Returns
The fit conditions.

Return type
collections.OrderedDict

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

determination()

Returns
The fit coefficient of determination.

Return type
float | NoneType

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

evaluate(x_data)
Evaluate the curve fit for the given x_data.

Parameters
x_data (PhysicalQuantity) – The x-data.

Returns
The evaluated x data and y data.

Return type
2-tuple of PhysicalQuantity

expression()

Returns
The fit expression.

Return type
str

extent(axis_name, padding=0.0)
Get the data limits.

Parameters

• axis_name (str) – ‘x’ or ‘y’.
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• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
Sequence | PhysicalQuantity

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isAxisSpanned()

Returns
True if the fit line should span the x-axis range of the plot.

Return type
bool

isBoundsVisible()

Returns
True, if fit bounds are shown in the plot.

Return type
bool

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool
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isInteractive()

Returns
Whether the user can interact with this line.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

classmethod isValidParent(item)

Check if an item is derivable.

Parameters
item (PlotItem based) – The item to check.

Returns
True, if the item can be derived.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.
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Return type
items

label()

Returns
The line label.

Return type
str

lineStyle()

Returns
The line style.

Return type
str | None

lineWidth()

Returns
The line width.

Return type
float

markerEdgeColor()

Returns
The edge color of the marker in hex format.

Return type
str

markerEvery()

Returns
The number of points between every marker.

Return type
int

markerFaceColor()

Returns
The face color of the marker in hex format.

Return type
str

markerSize()

Returns
The marker size.

Return type
float

markerStyle()

. :returns: The marker style. :rtype: str | None
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model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parameters()

Returns
The polynomial coefficients.

Return type
numpy.ndarray

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

safeSetExpression(expression, update=True)
Safe setting of expression. Fails silently without changing anything.

Parameters

• expression (str) – The expression.

• update (bool) – True if the fit should be updated.
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selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity for the line.

Parameters
alpha (float) – The opacity.

setBounds(lower, upper, update=True)
Set the derived line bounds.

Parameters

• lower (float | PhysicalQuantity) – The lower bound.

• upper (float | PhysicalQuantity) – The upper bound.

• update (bool) – True, if we should call update.

setBoundsVisible(visible)
Set whether to indicate the fit bounds in the plot.

Parameters
visible (bool) – If True, fit bounds will be shown in the plot.

setColor(color)
Set the line color.

Parameters
color (str) – The line color in hex format.

setConditions(conditions, update=True)
Set conditions.

Parameters

• conditions (dict or list of floats) – The conditions to set.

• update (bool) – True, if the fit should be updated.

setData(x=None, y=None)
Overload since derived lines should not expose data setting.

Parameters

• x (iterable) – The x values.

• y (iterable) – They values.

setExpression(expression, update=True)
Set the fit expression.

Parameters

• expression (str) – The fit expression to set.

• update (bool) – True, if the fit should be updated.
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setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setInteractive(interactive)
Set whether the user can interact with this line.

Parameters
interactive (bool) – The desired state.

setLabel(label)
Set the label.

Parameters
label (str) – The line label.

setLineStyle(line_style)
Set the line style.

Parameters
line_style (str | None) – The line style.

setLineWidth(line_width)
Set the line width.

Parameters
line_width (float) – The line width.

setMarkerColor(color)
Set color of the marker. Remember to also set a valid marker style.

Parameters
color (valid color) – The color to set.

setMarkerEdgeColor(color)
Set the marker edge color. Remember to also set a valid marker style.

Parameters
color (str) – The edge color of the marker.

setMarkerEvery(every)
Set the number of points between each marker. Remember to also set a valid marker style.

Parameters
every (int) – The number of points between every marker.
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setMarkerFaceColor(color)
Set the marker face-color. Remember to also set a valid marker style.

Parameters
color (str) – The face color of the marker.

setMarkerSize(size)
Set the marker size. Remember to also set a valid marker style.

Parameters
size (float) – The marker size.

setMarkerStyle(marker)
Set the marker style.

Parameters
marker (str | None) – The marker style.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setSpanAxis(span_axis)
Set whether the fit line should span the x-axis range of the plot.

Parameters
span_axis (bool) – If True, the fit line should span the x-axis range of the plot.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

sourceData()

Checks if the source data is valid, and if yes, return the valid source data on the form: (xs, ys, x_min,
x_max, x_unit, y_unit) Else returns None

Returns
The validated and clipped source data.

Return type
tuple | None
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style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

update(data=None)
Perform the update.

Parameters
data (tuple | NoneType) – The source data to use.

validSourceCoordinates(xs, ys)
Check valid source coordinates.

Parameters

• xs (numpy.ndarray) – The x data values.

• ys (numpy.ndarray) – The y data values.

Returns
True, if the source coordinates are valid input for the fit algorithm.

Return type
bool

xData()

Returns
The x-data.

Return type
PhysicalQuantity

yData()

Returns
The y-data.

Return type
PhysicalQuantity
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Usage Examples

Let us first construct a line object containing the data that we wish to fit.:

line = Plot.Line([0, 1, 2, 3, 4, 5], [1.3, 2.3, 4.2, 4.6, 2.6, 1.1])

Fitting to a parabola, can e.g. be done like this:

fit = Plot.CurveFit('curvature * (x - x0)**2 + offset')
line.addItem(fit)
print(fit.parameters())
print('R2=', fit.determination())

This will output the following values for curvature, x0 and offset:

{
'curvature': -0.5017857159048791,
'x0': 2.50854092811564,
'offset': 4.14691159949586

}
R2=0.8912692142744284

Of course something similar could have been achieved using a Plot.PolynomialFit. However, CurveFit can also fit to
e.g. a gaussian curve:

fit = Plot.CurveFit('a * gaussian(x - b, c)')
line.addItem(fit)
print(fit.parameters())
print('R2=', fit.determination())

And in this case it produces a slightly better fit as evidenced by the R2 value:

{
'a': 16.505234582600096,
'b': 2.5597234857461135,
'c': 1.6884506777324249

}
R2= 0.9739999352271602

Notes

CurveFit can fit to any expression y = f(x). The expression can be composed of all valid python algebraic components
like numbers, operators +, -, /, *`, the power operator **, the imaginary unit 1j and many more.

In addition a number of special functions can be used.

Table 4.1: Special functions available in NanoLab expressions.

Function Notes
abs Absolute value
real Real part
imag Imaginary part
sin Sine (radians)

continues on next page
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Table 4.1 – continued from previous page
Function Notes
cos Cosine (radians)
tan Tangent (radians)
asin Inverse sine
acos Inverse cosine
atan Inverse tangent
atan2(a, b) Inverse tangent of a/b in correct quadrant.
exp Exponential
expm1 exp(a) - 1
sinh Hyperbolic sine
cosh Hyperbolic cosine
tanh Hyperbolic tangent
asinh Inverse sinh
acosh Inverse cosh
atanh Inverse tanh
log Natural logarithm
log10 Logarithm base 10
log2 Logarithm base 2
sqrt Square root
erf Error function
erfc 1 - erf
gamma Euler gamma function
ceil Ceiling function
floor Floor function
theta Heaviside theta function, theta(a) = 0 for a < 0 and 1 for a > 0.
step Heaviside theta function
sign Sign function
sum Sum
cumsum Cumulative sum
cumtrapz Cumulative trapezoidal sum |
gradient 1D gradient
wofz Faddeeva function
lorentzian(x,
g)

Lorentzian function, where g is the full width at half maximum (FWHM).

gaussian(x,
a)

Gaussian function, wheere a is the full width at half maximum (FWHM).

voigt(x, a,
g)

Voigt profile. Convolution of gaussian and lorentzian function. Here, a is the gaussian FWHM,
and g is the lorentzian FWHM.

arange(a, b,
step=1)

Range of values from a to b with custom step.

4.12. Plot 195



QuantumATK V-2023.12 Documentation

Plot.Density

class Density(x=None, y=None, weights=None)
A density plot item to effeciently show the density of (very many) points.

Parameters

• x (PhysicalQauntity | ndarray) – The x coordinates.

• y (PhysicalQauntity | ndarray) – The y coordinates.

• weights (PhysicalQauntity | ndarray) – The optional weights.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

broadening()

Returns
The broadening.

Return type
float

color()

Returns
The color in hex format.
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Return type
str

colorMap()

The color map to use..

Returns
The color map.

Return type
str

colorMode()

The current color mode.

When set to COLOR_MODES.COLOR, the density is colored using the current color. When set to
COLOR_MODES.COLOR_MAP colors the density using the current color_map.

Returns
The color mode (colormap or color)

Return type
COLOR_MODES enum

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

dpi()

Returns
The resolution in dots per inch.

Return type
int

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis_name, padding=0.0)
Get the data limits.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
2-tuple of PhysicalQauntity
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classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool
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items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The density label.

Return type
str

limits()

Returns
The limits of the color axis.

Return type
2-tuple of float

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum
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parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

resampler()

Returns
The resampler.

Return type
PlotStorable with resample method | NoneType

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity.

Parameters
alpha (float) – The opacity.

setBroadening(broadening)
Set the broadening.

Parameters
broadening (float) – The broadening.

setColor(color)
Set the color.

Parameters
color (str | QColor) – The color to set.

setColorMap(color_map)
Set the color map.

Parameters
color_map (str) – The color map.
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setColorMode(mode)
Set the color mode.

Parameters
mode (COLOR_MODES enum) – The mode to set.

setData(x_data, y_data, weights=None)
Set data.

Parameters

• x_data (PhysicalQauntity | ndarray) – The one-dimensional x data.

• y_data (PhysicalQauntity | ndarray) – The one-dimensional y data.

• weights (ndarray | None) – The optional weights.

setDpi(dpi)
Set the resolution in dots per inch.

Parameters
dpi (int) – The resolution in dots per inch.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the density label.

Parameters
label (str) – The label.

setLimits(lower_limit, upper_limit)
Set the color axis limit.

Parameters

• lower_limit (float | NoneType) – The lower limit.

• upper_limit (float | NoneType) – The upper limit.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.
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setResampler(resampler)
Set the resampler used to dynamically upsample or downsample the data.

Parameters
resampler (Any PlotStorable with a resample method | None) – The resampler.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

setWeights(weights)
Set the weights.

Parameters
weights (PhysicalQauntity | ndarray) – The weights.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

weights()

Returns
The weights if any.

Return type
ndarray | None
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xData()

The 1D x-data.

Returns
The x data.

Return type
PhysicalQauntity | ndarray

yData()

The 1D y-data.

Returns
The y data.

Return type
PhysicalQauntity | ndarray

Plot.Framing

class Framing(title='', font_size=16.0, show_title=True)
The Framing specifies properties of the visual frame of the plot model (not to be confused with Plot.PlotFrame).
This includes properties such as the plot title, the border line width and the background color.

Parameters

• title (str) – The title text.

• font_size (float) – The title font size.

• show_title (bool) – If True, the title is visible.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.
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• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

backgroundColor()

Returns
The background color of the plot in hex format.

Return type
str

borderLineWidth()

Returns
The border line width in points.

Return type
float

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

fontSize()

Returns
The font size.

Return type
float

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None
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isBottomBorderVisible()

Returns
Whether or not the border is visible.

Return type
bool

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isLeftBorderVisible()

Returns
Whether or not the border is visible.

Return type
bool

isRightBorderVisible()

Returns
Whether or not the border is visible.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isTitleVisible()

Returns
Whether or not the title is visible.

Return type
bool
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isTopBorderVisible()

Returns
Whether or not the border is visible.

Return type
bool

isVisible()

Not implemented for Framing.

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

206 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setBackgroundColor(color)
Set the background color of the plot.

Parameters
color (str) – The color to set in hex format.

setBorders(line_width=None, show_left_border=None, show_right_border=None, show_top_border=None,
show_bottom_border=None)

Set border properties.

Parameters

• line_width (int) – The border line width.

• show_left_border (bool) – If True, the left(polar) border is visible for rectilinear(polar)
projections.

• show_right_border (bool) – If True, the right(inner) border is visible for rectilin-
ear(polar) projections.

• show_top_border (bool) – If True, the top border(end) is visible for rectilinear(polar)
projections.

• show_bottom_border (bool) – If True, the bottom(start) border is visible for rectilin-
ear(polar) projections.

setFontSize(font_size)
Set the font size for the plot title.

Parameters
font_size (float) – The absolute font size in points.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.
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Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setText(title)
Set the title text.

Parameters
text (str) – The title text.

setTitle(title)
Set the title text.

Parameters
text (str) – The title text.

setTitleVisible(visible)
Set the title visibility.

Parameters
visible (bool) – If True, the title is visible.

setVisible()

Not implemented for Framing.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.
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Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

text()

Returns
The title text.

Return type
str

title()

Returns
The title text.

Return type
str

Plot.GridLayout

class GridLayout(rows=1, columns=1)
Grid layout that sets up a grid where frames can be placed.

Items are placed at a row, column position and has a size, that is a multiple of rows or columns.

The grid can optionally sync the x- or y-axis of all immediately contained frames.

Parameters

• rows (int) – The number of rows.

• columns (int) – The number of columns.

addItem(item, row=None, column=None, height=1, width=1)
Add item to grid layout.

Parameters

• item (LayoutItem based) – The item to add.

• row (int) – The row to insert at.

• column (int) – The column to insert at.

• height (int) – The height (row span).

• width (int) – The width (column span).

addModel(model, row=None, column=None)
Convenience method for easily adding a plot model to the layout.

Parameters
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• model (PlotModel) – The plot model to add.

• row (int) – The row where to add it.

• column (int) – The column where to add it.

Returns
The added plot frame.

Return type
PlotFrame

copy()

Returns
A copy of the layout.

Return type
BaseLayout

dimensions()

Returns
The dimensions (rows, columns).

Return type
2-tuple of int

find(*, types=None, function=None, **kwargs)
Find plot items within this layout filtered on types and properties.

Find all lines with e.g. the label “Result”, by writing:

layout.find(types=Line, label='Result')

Or find all Scatter plots with an outline:

layout.find(types=Scatter, outline=True).

Or all lines which has a label that starts with the characters ‘band’,:

def labelStartWithBand(item):
return item.label().lower().startswith('band')

layout.find(
types=Line,
function=labelStartsWithBand

).

Parameters

• types (None | PlotItem type) – An optional type or multiple types, e.g. Line or Scat-
ter.

• function (None | function) – An optional filter function taking the plot item as the
only input.

• **kwargs (dict) – Optional properties which should be matched exactly for the items.

Returns
A list of the items matching the query.
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Return type
list of PlotItem

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

isCompatible(item)

Check compatibility of item.

Parameters
item (LayoutItem based) – The item.

Returns
True, if compatible.

Return type
bool

itemAt(row, column)
Return the frame at the provided position.

Parameters

• row (int) – The row where the frame is.

• column (int) – The column where the frame is.

items()

Returns
The items in the layout.

Return type
list of LayoutItems.

mode()

Returns
The layout mode.

Return type
enumerator | int

models(plotter=None)
Get all models in the layout for a given plotter.

Parameters
plotter (Plotter based | NoneType) – The plotter or None for all plotters.

Returns
The models.
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Return type
list

plotters()

Returns
The plotters in the layout.

Return type
set of Plotters

removeItem(item)

Remove item from layout.

Parameters
item (PlotFrame | BaseLayout) – The item to remove from the layout.

Returns
True, if removal succeeded. Otherwise False.

Return type
bool

replaceItem(old_item, new_item)

Replace an existing item.

Parameters

• old_item (LayoutItem based) – The old item to replace.

• new_item (LayoutItem based) – The new item the replaces the old item.

setDimensions(rows, columns)
Set layout dimensions.

Parameters

• rows (int) – Number of rows.

• columns (int) – Number of columns.

setMode(mode)
Set the layout’s mode, i.e. if axes should be shared.

Parameters
mode (enumerator | int) – The layout type.

setSpacing(spacing)
Set spacing between layout items. This is given as a fraction of the average axis width and height.

Parameters
spacing (float) – The spacing.

spacing()

Returns
The spacing between layout items as a fraction sof the average axis width or height.

Return type
float
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Usage Examples

A GridLayout arranges Plot.PlotFrame in a grid. A GridLayout can be constructed in the NanoLab GUI by dropping
one plot next to another. See Plot_guide_merge for further details.

Below we show how to achieve the same functionality in a script. As an example we construct two PlotModels, the first
showing density as a function of distance, the other showing energy as a function of distance. We build a GridLayout
showing one model above the other and with their x-axis’es shared.

# Model showing the density as a function of distance.
density_model = Plot.PlotModel(Angstrom, Angstrom**-3)
density_model.addItem(Plot.Line([0, 1, 2] * Angstrom, [0.1, 0.2, 0.3] * Angstrom**-3))

# Frame the model.
density_frame = PlotFrame()
density_frame.addModel(density_model)

# Model showing an energy potential as a function of distance.
potential_model = Plot.PlotModel(Angstrom, eV)
potential_model.addItem(Plot.Line([0, 1, 2] * Angstrom, [2, 3, 4] * eV))

# Frame the model. Position y-axis to the right.
potential_frame = PlotFrame()
potential_frame.addModel(density_model)
potential_frame.title().setVisible(False)

# Construct the GridLayout and add the two models such that they share the x-axis.
# Here we make sure that the bottom frame is twice as high as the first.
layout = Plot.GridLayout(rows=3, columns=1)
layout.setMode(Plot.LAYOUT_MODES.SHARE_X)
layout.addItem(density_frame, row=0, column=0, width=1, height=1)
layout.addItem(potential_frame, row=1, column=0, width=1, height=2)

# Show the plot.
Plot.show(layout)

Plot.Group

class Group(label=None)
A Group can contain any number of plot items.

Parameters
label (str) – The group label.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.
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addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis_name, padding=0)
Propagate the limits of all children.

Parameters

• axis_name (str) – The axis name (‘x’ or ‘y’).

• padding (float) – The padding.

Returns
The limits.

Return type
NoneType | tuple of PhysicalQuantity

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.
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Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters
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• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The group label.

Return type
str

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.
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Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the group label.

Parameters
label (str) – The label.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.
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styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

Plot.HorizontalBar

class HorizontalBar(bins, data)
A bar plot showing data as horizontal filled bins.

The shape of the bins is determined in the following way: - If the number of bins equals the number of data
values, the bins parameter is interpreted as the bin centers and bin widths are uniformly set to the match minimum
distance between the bin centers. - If the number of bins is one larger than the number of data values, the bins
parameter is interpreted as the edges of the bins. - If the number of bins is double the number of data values, the
bins are instead interpreted as the left and right edge of each of the bins.

Parameters

• bins (Sequence of PhysicalQuantity) – The bins.

• data (Sequence of PhysicalQuantity) – The data values.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.
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alpha()

Returns
The opacity of the bar plot.

Return type
int

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

binCenters()

Returns
The center of each bin.

Return type
Sequence of PhysicalQuantity

binEdges()

. :returns: The left edges of each bin. :rtype: PhysicalQuantity

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

edgeColor()

Returns
The edge color of the bar plot.

Return type
str

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis_name, padding=0.0)
The limits around the bar plot.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Optional padding.

Returns
The min/max data values for the requested axis.

Return type
2-tuple of PhysicalQuantity
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faceColor()

Returns
The face color of the bar plot.

Return type
str

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

histogram()

Returns
The bin counts for each bin.

Return type
Sequence of PhysicalQuantity

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool
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isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The label.

Return type
str

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None
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owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
. :param alpha: The opacity of the bar plot. :type alpha: float

setColor(color)
Set the same color for both the bar face and the bar edge.

Parameters
color (str) – The color to set in hex format.

setData(bins, data, emit=True)
Set bins and histogram data.

The shape of the bins is determined in the following way: - If the number of bins equals the number of data
values, the bins parameter is interpreted as the bin centers and bin widths are uniformly set to the match
minimum distance between the bin centers. - If the number of bins is one larger than the number of data
values, the bins parameter is interpreted as the edges of the bins. - If the number of bins is double the
number of data values, the bins are instead interpreted as the left and right edge of each of the bins.

Parameters

• bins (Sequence of PhysicalQuantity) – The bins.

• data (Sequence of PhysicalQuantity) – The data values.

• emit (bool) – True, if the data should be emitted.
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setEdgeColor(color)
Set the bar plot edge color.

Parameters
color (str) – The edge color of the bar plot.

setFaceColor(color)
. :param color: The face color of the bar plot. :type color: str

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the label.

Parameters
label (str) – The label of the bar plot.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.
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Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

xData()

Returns
The bin counts for each bin.

Return type
Sequence of PhysicalQuantity

yData()

Returns
The center of each bin.

Return type
Sequence of PhysicalQuantity

Plot.HorizontalFill

class HorizontalFill(x, y_lower, y_upper)
A HorizontalFill for filling an area between two lines

Parameters

• x (Sequence of PhysicalQuantity) – The x-values of the data.

• y_lower (Sequence of PhysicalQuantity) – The lower y-values in the fill.

• y_upper (Sequence of PhysicalQuantity) – The upper y-values in the fill.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.
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addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity of the fill.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

edgeColor()

Returns
The edge color of the fill in hex format.

Return type
str

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis_name, padding=0.0)
The data extent.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data.

Returns
The minimum and maximum data values for the requested axis.

Return type
2-tuple of PhysicalQuantity
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faceColor()

Returns
The edge color of the fill in hex format.

Return type
str

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool
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isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The current label.

Return type
str

lower()

Returns
The lower values in the fill.

Return type
float

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None
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owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity.

Parameters
alpha (float) – The opacity of the fill.

setColor(color)
Set the same color for both the face and the edge.

Parameters
color (str) – Set the color of the fill in hex format.

setEdgeColor(color)
Set the edge color of the fill.

Parameters
color (str) – The edge color of the fill in hex-format.

setFaceColor(color)
Set the face color of the fill.

Parameters
color (str) – The face color of the fill.in hex format.

228 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the label.

Parameters
label (str) – The label of the line.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None
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tags()

Returns
The set of tags.

Return type
set

upper()

Returns
The upper values in the fill.

Return type
float

values()

Returns
The values in the fill.

Return type
float

Plot.HorizontalLine

class HorizontalLine(y)
A HorizontalLine shows a straight horizontal line.

Parameters
y (PhysicalQuantity | float) – The y-value of the line.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity for the line.

Return type
float
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applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

color()

Returns
The line color.

Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool
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isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The line label.

Return type
str

232 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

lineStyle()

Returns
The line style.

Return type
str | None

lineWidth()

Returns
The line width.

Return type
float

markerEdgeColor()

Returns
The edge color of the marker in hex format.

Return type
str

markerEvery()

Returns
The number of points between every marker.

Return type
int

markerFaceColor()

Returns
The face color of the marker in hex format.

Return type
str

markerSize()

Returns
The marker size.

Return type
float

markerStyle()

. :returns: The marker style. :rtype: str | None

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.
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Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity for the line.

Parameters
alpha (float) – The opacity.

setColor(color)
Set the line color.

Parameters
color (str) – The line color in hex format.

setData(y)
Set y-data.

Parameters
y (PhysicalQuantity) – The y-data.
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setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the label.

Parameters
label (str) – The line label.

setLineStyle(line_style)
Set the line style.

Parameters
line_style (str | None) – The line style.

setLineWidth(line_width)
Set the line width.

Parameters
line_width (float) – The line width.

setMarkerColor(color)
Set color of the marker. Remember to also set a valid marker style.

Parameters
color (valid color) – The color to set.

setMarkerEdgeColor(color)
Set the marker edge color. Remember to also set a valid marker style.

Parameters
color (str) – The edge color of the marker.

setMarkerEvery(every)
Set the number of points between each marker. Remember to also set a valid marker style.

Parameters
every (int) – The number of points between every marker.

setMarkerFaceColor(color)
Set the marker face-color. Remember to also set a valid marker style.

Parameters
color (str) – The face color of the marker.
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setMarkerSize(size)
Set the marker size. Remember to also set a valid marker style.

Parameters
size (float) – The marker size.

setMarkerStyle(marker)
Set the marker style.

Parameters
marker (str | None) – The marker style.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.
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Return type
set

xData()

Returns
The x-data.

Return type
PhysicalQuantity

yData()

Returns
The y-data.

Return type
PhysicalQuantity

Plot.HorizontalStackedFill

class HorizontalStackedFill(y_values, values)
A HorizontalStackedFill shows multiple fills laid out next to each other.

Parameters

• y_values (Sequence of PhysicalQuantity) – The y-values of the data.

• values (2D PhysicalQuantity) – The values to plot in the stack.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alphas()

Returns
The opacities of the fills.

Return type
list
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applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

edgeColors()

[summary].

Returns
The edge colors of the fills.

Return type
list

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

faceColors()

[summary].

Returns
The face colors of the fills.

Return type
list

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None
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isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items
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labels()

Returns
The labels of the fills.

Return type
list

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

240 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

setAlphas(alphas)
Set the alphas for all fills in the stack.

Parameters
alphas (list) – The opacities of the fills.

setColors(colors)
Set the same color for both the face and the edge for all filss in the stack.

Parameters
colors (list) – The colors of the fills.

setEdgeColors(colors)
Set the edge colors for all fills in the stack.

Parameters
colors (list) – The edge colors of the fills.

setFaceColors(colors)
Set the face colors for all fills in the stack.

Parameters
colors (list) – The face colors of the fills.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabels(labels)
Set the labels for all fills in the stack.

Parameters
labels (list) – The labels of the fills.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.
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setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

values()

Returns
The values of the data.

Return type
2D PhysicalQuantity

Plot.Label

class Label(x, y, text='')
A Label displays text in a plot.

Parameters

• x (PhysicalQuantity) – The x-coordinate of the label.

• y (PhysicalQuantity) – The y-coordinate of the label.

• text (str) – The label text.

addItem(item, emit=True)
Add item as child of this item.

Parameters
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• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alignment()

Returns
The vertical and horizontal alignment.

Return type
2-tuple of str

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

color()

Returns
The label color in hex format.

Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

fontSize()

Returns
The font size in points.

Return type
float
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classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isBoxOn()

Returns
True, if the label has a box.

Return type
bool

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isMovable()

Returns
True, if the label is movable.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool
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isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum
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parent()

Returns
The parent.

Return type
PlotItem based | None

position()

Returns
The label postion.

Return type
None | 2-tuple of PhysicalQuantity

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlignment(vertical, horizontal)
Set the label alignment with respect to the position.

Parameters

• vertical (str) – The vertical alignment (‘top’, ‘center’, ‘bottom’).

• horizontal (str) – The horizontal alignment (‘left’, ‘center’, ‘right’).

setBoxOn(box_on)
Set whether a box should be drawn around the label text.

Parameters
box_on (bool) – True, if the label should have a box.

setColor(color)
Set the color.

Parameters
color (str) – The label color in hex format.

setFontSize(fontsize)
Set the font size.
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Parameters
fontsize (float) – The font size in points.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setMovable(movable)
Set whether the label should be movable.

Parameters
movable (bool) – True, if the label should be movable.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setPosition(x, y)
Set the label position.

Parameters

• x (PhysicalQuantity) – The x-position.

• y (PhysicalQuantity) – The y-position.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setText(text)
Set the text.

Parameters
text (str) – The label text.
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setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

text()

Returns
The label text.

Return type
str

Plot.Line

class Line(x, y, tooltips=None, selectable=True)
A line display a line in a plot.

Parameters

• x (Sequence | PhysicalQuantity | ndarray) – The x-data of the line.

• y (Sequence | PhysicalQuantity | ndarray) – The y-data of the line.

• tooltips (list | list of str) – The line tooltips.

• selectable (bool) – True, if the line is selectable.
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addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity for the line.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

color()

Returns
The line color.

Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.
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extent(axis_name, padding=0.0)
Get the data extent.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
PhysicalQuantity

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool
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isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The line label.

Return type
str

lineStyle()

Returns
The line style.

Return type
str | None

lineWidth()

Returns
The line width.

Return type
float
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markerEdgeColor()

Returns
The edge color of the marker in hex format.

Return type
str

markerEvery()

Returns
The number of points between every marker.

Return type
int

markerFaceColor()

Returns
The face color of the marker in hex format.

Return type
str

markerSize()

Returns
The marker size.

Return type
float

markerStyle()

. :returns: The marker style. :rtype: str | None

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum
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parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity for the line.

Parameters
alpha (float) – The opacity.

setColor(color)
Set the line color.

Parameters
color (str) – The line color in hex format.

setData(x=None, y=None, tooltips=None)
Set data.

Parameters

• x (Sequence | PhysicalQuantity | ndarray) – The x values.

• y (Sequence | PhysicalQuantity | ndarray) – The y values.

• tooltips (list of str | str) – Tooltips for each entry.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.
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setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the label.

Parameters
label (str) – The line label.

setLineStyle(line_style)
Set the line style.

Parameters
line_style (str | None) – The line style.

setLineWidth(line_width)
Set the line width.

Parameters
line_width (float) – The line width.

setMarkerColor(color)
Set color of the marker. Remember to also set a valid marker style.

Parameters
color (valid color) – The color to set.

setMarkerEdgeColor(color)
Set the marker edge color. Remember to also set a valid marker style.

Parameters
color (str) – The edge color of the marker.

setMarkerEvery(every)
Set the number of points between each marker. Remember to also set a valid marker style.

Parameters
every (int) – The number of points between every marker.

setMarkerFaceColor(color)
Set the marker face-color. Remember to also set a valid marker style.

Parameters
color (str) – The face color of the marker.

setMarkerSize(size)
Set the marker size. Remember to also set a valid marker style.

Parameters
size (float) – The marker size.

setMarkerStyle(marker)
Set the marker style.
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Parameters
marker (str | None) – The marker style.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

tooltips()

Returns
The tooltips.
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Return type
list of str | NoneType

xData()

Returns
The x-data.

Return type
PhysicalQuantity

yData()

Returns
The y-data.

Return type
PhysicalQuantity

Plot.LineGroup

class LineGroup(items=None)
Group containing multiple lines.

The group makes it easy to handle many lines.

It also has better performance when drawing lines, but unfortunately only supports a subset of the normal line
properties. This means that e.g. markers cannot be drawn, and that visibility is only controlled for all line in the
line group.

The line group also shows up in the legend as a single item.

Parameters
items (list) – List of Line instances.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity for the group.
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Return type
float | None

applyStyle(style_scheme=None, style_properties=None)
Override PlotItem.applyStyle.

Apply the style of the LineGroup to the lines.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style.

colors()

Returns
The colors.

Return type
list

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis_name, padding=0.0)
Set extent.

Parameters

• axis_name (str) – The axss name (‘x’ or ‘y’).

• padding (float) – The extra padding.

Returns
The extent.

Return type
Sequence of PhysicalQuantity

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.
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Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters
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• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The current label.

Return type
str

lineStyles()

Returns
A list of line style for each item.

Return type
list

lineWidths()

Returns
A list of line widths for each item.

Return type
list

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.
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Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the alpha/opacity, for all items.

Parameters
alpha (float) – The opacity.

setColor(color)
Set the line color for all items.

Parameters
color (Any matplotlib supported color definition) – The color.

setColors(colors)
Set the line color for all items.

Parameters
color (Any matplotlib supported color definition) – The color.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.
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setItems(items)
Set items.

Parameters
items (items.) – The items to set.

setLabel(label)
Set the label.

Parameters
label (str) – The label of the linegroup.

setLineStyle(line_style)
Set the line style, for all items.

Parameters
line_style (str | None) – The line style.

setLineStyles(line_styles)
Set the line style, for all items.

Parameters
line_style (list) – The line style list.

setLineWidth(line_width)
Set the line width, for all items.

Parameters
line_width (float) – The line width.

setLineWidths(line_widths)
Set the line width, for all items. return list(self._properties[‘items’])

Parameters
line_width (list) – The line width list.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, information=None)
Set the selected property. Overloads the base class method.

Parameters

• selected (bool) – True, if item given by index should be selected.

• information (dict) – information of the pick event.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.
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style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

Plot.Measure

class Measure(tail_x, tail_y, head_x, head_y)
A Measure shows the distance between its tail-point and head-point along the x- and y-axis.

A Measure can be interactively moved with the mouse and can snap to nearby points on e.g. a Line.

Parameters

• tail_x (scalar PhysicalQuantity) – The tail x coordinate.

• tail_y (scalar PhysicalQuantity) – The tail y coordinate.

• head_x (scalar PhysicalQuantity) – The head x coordinate.

• head_y (scalar PhysicalQuantity) – The head x coordinate.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.
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addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

color()

Returns
The measure color.

Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

fontSize()

Returns
The measure label font size.

Return type
float

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable
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hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isMovable()

Returns
True, if the label is movable.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isSnapping()

Returns
True, if snapping is active.

Return type
bool

isVerticalLabelFlipped()

Returns
True, if the label displaying measurement along the vertical axis is flipped.

Return type
bool

264 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

isVisible()

Returns
True, if the item is visible.

Return type
bool

isXShown()

Returns
True, if the x-measurement is shown.

Return type
bool

isYShown()

[summary].

Returns
True, if the y-measurement should be shown.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

labelPosition()

Returns
The label position in terms of whether they are inside or outside of the arrows.

Return type
enum

lineWidth()

Returns
The measure line width.

Return type
float
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model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

positions()

Returns
The postions of the arrow ends in the format (x1, y1, x2, y2).

Return type
None | 4-tuple of PhysicalQuantity

precision()

Returns
The number of significant digits shown the in measurement labels.

Return type
int

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.
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selectionDetails()

Returns
The current selection details.

Return type
dict | None

setColor(color)
Set the color of the measure.

Parameters
color (str) – A matplotlib compatible color.

setFontSize(fontsize)
Set the font size of the measure labels.

Parameters
fontsize (float) – The font size.

setHeadPosition(x, y, emit=True)
Set the position.

Parameters

• x (PhysicalQuantity) – The x position.

• y (PhysicalQuantity) – The y position.

• emit (bool) – True, if signal should be emitted.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabelPosition(position)
Set the label position to be either inside or outside of the arrows.

Parameters
position (enum) – The position choice.

setLineWidth(line_width)
Set the line width.

Parameters
line_width (float) – The measure line width.
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setMovable(movable)
Set the movable property.

Parameters
movable (bool) – True, if the label should be movable.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setPrecision(digits)
Set the number of significant digits to show in the measurement labels.

Parameters
digits (int) – The number of significant digits.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setSnapping(snap)
Set whether the measurement should snap to points on Line, Scatter or LineGroup.

Parameters
snap (bool) – True, if the measurement should snap.

setTailPosition(x, y, emit=True)
The tail position.

Parameters

• x (PhysicalQuantity) – The tail x position.

• y (PhysicalQuantity) – The tail y position.

• emit (bool) – True, if signal should be emitted.

setVerticalLabelFlipped(flipped)
Set whether the label displaying measurement along the vertical axis is rotated 90 degrees.

Parameters
flipped (bool) – True, if the label displaying measurement along the vertical axis is flipped.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.
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setXShown(x_measure_shown)
Set whether to show the x-meaurement.

Parameters
x_measure_shown (bool) – True, if x-measurement should be shown.

setYShown(y_measure_shown)
Set whether to show the y-meaurement.

Parameters
y_measure_shown – if y-measurement should be shown.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

Plot.MultiLineResampler

class MultiLineResampler(sampling=None)
A resampler for resampling data in a Plot-Density item. Works really well for data representing multiple
intersecting lines.

This resampler is essential if the size of the saved plot should not explode.

Provide 1D x-data and an array of multiple line data e.g. 2D y-data, and perhaps some extra weights data in the
same shape as the y-data.

The resampler then upsamples the data using sampling number of linear spaced points in the x-data.

Parameters
sampling (int | NoneType) – The number of sampling points to use.

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.
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Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

resample(x_data, y_data, weights=None)
Resample the data.

Parameters

• x_data (PhysicalQauntity | ndarray) – The 1D x-data.

• y_data (PhysicalQauntity | ndarray) – The 1D or 2D y-data.

• weights (ndarray) – Optional weirhts

Returns
The upsampled data.

Return type
2 or 3-tuple of ndarrays

sampling()

Returns
The sampling.

Return type
int

setSampling(sampling)
Set the sampling.

Parameters
sampling (int) – The sampling.

Plot.OverlayLayout

class OverlayLayout

An overlaying plot layout that can contain exactly two frames, shown as an overlay on the same plot.

The two frames can share either the x-axis or the y-axis. The actual mode can take values of either SHARE_X
or SHARE_Y.

addItem(item)

Add a frame to the layout.

Raise an error if more than two frames are added.

Parameters
item (PlotFrame) – The frame.
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copy()

Returns
A copy of the layout.

Return type
BaseLayout

find(*, types=None, function=None, **kwargs)
Find plot items within this layout filtered on types and properties.

Find all lines with e.g. the label “Result”, by writing:

layout.find(types=Line, label='Result')

Or find all Scatter plots with an outline:

layout.find(types=Scatter, outline=True).

Or all lines which has a label that starts with the characters ‘band’,:

def labelStartWithBand(item):
return item.label().lower().startswith('band')

layout.find(
types=Line,
function=labelStartsWithBand

).

Parameters

• types (None | PlotItem type) – An optional type or multiple types, e.g. Line or Scat-
ter.

• function (None | function) – An optional filter function taking the plot item as the
only input.

• **kwargs (dict) – Optional properties which should be matched exactly for the items.

Returns
A list of the items matching the query.

Return type
list of PlotItem

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable
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items()

Returns
The items in the layout.

Return type
list of LayoutItems.

mode()

Returns
The overlay mode.

Return type
enumerator | int

models(plotter=None)
Get all models in the layout for a given plotter.

Parameters
plotter (Plotter based | NoneType) – The plotter or None for all plotters.

Returns
The models.

Return type
list

plotters()

Returns
The plotters in the layout.

Return type
set of Plotters

removeItem(item)

Remove a frame from the layout.

Parameters
item (PlotFrame) – The frame to remove.

replaceItem(old_item, new_item)

Replace an existing item.

Parameters

• old_item (LayoutItem based) – The old item to replace.

• new_item (LayoutItem based) – The new item the replaces the old item.

setMode(mode)
Set the overlay mode.

Note that this layout does not have a “LAYOUT_MODES.NORMAL” layout mode, but only supports
“LAYOUT_MODES.SHARE_X” or “LAYOUT_MODES.SHARE_Y”.

Parameters
mode (enumerator | int) – The overlay layout mode.
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Usage Examples

An OverlayLayout lays two Plot.PlotFrame over one another. Each PlotFrame has its own axises. The most common
usage is to show two PlotFrames together which only share a single axis.

An OverlayLayout can be constructed in the NanoLab GUI by dropping one plot on top of another. See the
Plot_guide_merge part of the Plotting guide for further details.

Below we show how to achieve the same functionality in a script. As an example we construct two PlotModels, the
first showing density as a function of distance, the other showing energy as a function of distance. They are overlaid
on top of each other with a shared x-axis.

# Model showing the density as a function of distance.
density_model = Plot.PlotModel(Angstrom, Angstrom**-3)
density_model.addItem(Plot.Line([0, 1, 2] * Angstrom, [0.1, 0.2, 0.3] * Angstrom**-3))

# Frame the model.
density_frame = PlotFrame()
density_frame.addModel(density_model)

# Model showing an energy potential as a function of distance.
potential_model = Plot.PlotModel(Angstrom, eV)
potential_model.addItem(Plot.Line([0, 1, 2] * Angstrom, [2, 3, 4] * eV))

# Frame the model. Position y-axis to the right.
potential_frame = PlotFrame()
potential_frame.addModel(density_model)
potential_frame.yAxis().setMirrored(True)
potential_frame.title().setVisible(False)

# Construct the OverlayLayout and add the two models such that they share the x-axis.
overlay = Plot.OverlayLayout()
overlay.setMode(Plot.LAYOUT_MODES.SHARE_X)
overlay.addItem(density_frame)
overlay.addItem(potential_frame)

# Show the plot.
Plot.show(overlay)

Plot.Plot

class Plot(layout, size)
A Plot wraps a plot layout such that it can be saved to and loaded from an HDF5 file.

Parameters

• layout (BaseLayout based) – The plot layout to wrap.

• size (2-tuple of floats) – The pixel size of the layout.

find(*, types=None, function=None, **kwargs)
Find plot items within this plot filtered on type and properties.

Find all lines with e.g. the label “Result”, by writing:

4.12. Plot 273



QuantumATK V-2023.12 Documentation

layout.find(types=Line, label='Result')

Or find all Scatter plots with an outline:

layout.find(types=Scatter, outline=True).

Or all lines which has a label that starts with the characters ‘band’,:

def labelStartWithBand(item):
return item.label().lower().startswith('band')

layout.find(
types=Line,
function=labelStartsWithBand

).

Parameters

• types (None | PlotItem type) – An optional type or types, e.g. Line or Scatter.

• function (None | function) – An optional filter function taking the plot item as the
only input.

• **kwargs (dict) – Optional properties which should be matched exactly for the items.

Returns
A list of the items matching the query.

Return type
list of PlotItem

layout()

Returns
The wrapped plot layout.

Return type
BaseLayout based

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

size()

Returns
The layout pixel size.
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Return type
2-tuple of floats

uniqueString()

Return a unique string representing the state of the object.

Plot.PlotFrame

class PlotFrame(use_frame_model=True)
A plot frame lives inside a layout, and contains one or more plot models.

In the matplotlib front end, a frame is plotted as exactly one main matplotlib Axes object. However, the frame
may control multiple auxiliary axes like e.g. colorbars.

The plot frame plots all the items contained in the plot models. Special care must be taken with the title, legend,
axis’es and user annotations. Each model contains their own intances of these items, and it can be unclear how,
for example, the x-axis of one plot model should be reconciled with another.

Instead, the frame uses only a single x-axis, y-axis etc. There are two implementations:

1. The frame uses a frame model, and ignores all the model titles, legends etc. This is the implementation for
plots that are saved. This also means that plugin developers should not rely on changing axis, title or legends as
part of their controls, since these features can easily be lost when the plot has been saved and loaded anew.

2. The frame instead uses the first model. This is the default solution for embedded plot views where frames are
added using the GridLayout.addModel() method. It ensures maximum control for embedded PlotViews, but you
should not rely too heavily on the freedom it allows, as all the saved plots use a private view model (see 1.).

Parameters
use_frame_model (bool) – True, if the frame should use a separate view model..

addModel(model, flipped=False)
Add a model to the plot frame.

Note that the frame will explicitly not listen to model changes.

Syncronization between frame and model must happen in the view implementation.

Parameters

• model (PlotModel) – The model to add.

• flipped (bool) – True, if the model axes are flipped.

autoscaleLimits()

Update the autoscaled axis limits.

axis(name)
The axis with a given name.

Parameters
name (str) – The name (x or y).

Returns
The axis.

Return type
class:~.Plot.Axis
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copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

flip()

Flip the x- and y-axis.

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

isFlipped()

Returns
The frame model.

Return type
Plot Model

isModelFlipped(model)
Check if a given model is flipped in this frame.

Parameters
model (PlotModel) – The model to check.

Returns
True, if the model is flipped.

Return type
bool

model()

Returns
The frame model.

Return type
PlotModel

models(plotter=None)
Return all models, perhaps filtered by a plotter.

Parameters
plotter (None | Plotter based) – The plotter to filter on.

Returns
The added models.

Return type
list of class:~.Plot.PlotModel
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plotters()

Returns
The plotter referenced in the frame.

Return type
list of Plotter based

projection()

Returns
The projection.

Return type
str | NoneType

setFlipped(flipped)
Set flipped property.

Parameters
flipped (bool) – True, if the frame is flipped.

setProjection(projection)
Set the projection.

Parameters
projection (str) – The projection.

usesFrameModel()

. :returns: True, if the frame has a separate frame model. :rtype: bool

Usage Examples

A PlotFrame makes it possible to embed a Plot.PlotModel into a layout – just like a beautiful painting must be framed
before it can be hung on the wall togehter with other paintings.

However, the PlotFrame is much more versatile than a standard picture frame. The PlotFrame can contain multiple
PlotModels:

>>> frame = Plot.PlotFrame()
>>> frame.addModel(Plot.PlotModel())

And the frame can easily exchange the x- and y-axises:

>>> frame.flip()

Note: The PlotFrame must contain contain at least one PlotModel before it can be embedded in e.g. a Plot.GridLayout
or a Plot.OverlayLayout.

Multiple PlotModels can also be embedded in a common PlotFrame, and complex plots can be built by combining
multiple PlotFrames in a layout like the Plot.GridLayout or the Plot.OverlayLayout. A more complex usage example
is given below.

# Build one plot model.
frame1.addModel(model1)
frame1.addModel(model2, flipped=True)

(continues on next page)
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(continued from previous page)

# Add the second model to its own frame.
frame2 = Plot.PlotFrame()
frame2.addmodel(model1)

# Add frames to grid layout.
layout = Plot.GridLayout(2, 1)
layout.addItem(frame1)
layout.addItem(frame2)

# Show the plot.
Plot.show(layout)

Plot.PlotModel

class PlotModel(x_unit=<NL.CommonConcepts.PhysicalQuantity.Unit object>,
y_unit=<NL.CommonConcepts.PhysicalQuantity.Unit object>, projection='rectilinear')

A plot model contains plot items.

The items contain data objects like lines, bars etc. and can be named for easy retrieval.:

>>> model = PlotModel(x_unit, y_unit)
>>> model.setItem('line', Line([0, 1], [1, 2]))

>>> line = model.item('line').

The plot model also contains the special items: xAxis, yAxis, legend and title. These items are special in the
sense that they are only applied when the frame containing the model is reset. So for most purposes they only
serve as initial values.

Parameters

• x_unit (Unit) – The unit of the x axis of the plot model data.

• y_unit (Unit) – The unit of the y axis of the plot model data.

• projection (str) – The projection.

addItem(item)

Add a plot item to the model.

Parameters
item (PlotItem based) – The item to add.

addItems(items)
Add multiple items to the model.

Parameters
items (list of PlotItem) – The items.

axis(name)

Parameters
name (str) – The name of the axis to get, ‘x’ or ‘y’.
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Returns
The x- or y-axis for the sub-plot.

Return type
Axis

clearItems(plot_item_type=None)
Clear all items from the model.

Parameters
plot_item_type (tuple of class) – Optional tuple of item types to clear.

copy(items=True)
Create a copy of the model (sometimes without items).

Parameters
items (bool) – True, if items should be copied.

Returns
The copied model.

Return type
PlotModel

deleteKey(key, emit=True)
Delete the item stored at specific key.

Parameters

• key (str) – The key to delete.

• emit (bool) – True, if the change should be emitted.

findItems(types=None, function=None, **kwargs)
Find all (possibly nested) items by querying the item properties. Mutliple arguments can be supplied and
applies in an exclusive way,:

model.findItems(
types=Line,
function=lambda item: 'line' in item.label(),
line_width=2

)

It is always faster and safer to find the item directly by traversing the object hierarchy, e.g.:

item = model.item('my_key')

or for nested items:

item = model.item('my_key').items()[1]

If searching for top level items only, the items method can be very useful.

Parameters

• types (NoneType | PlotItem class) – An optional type filter specifying the plot
items to find e.g. Line or Scatter.

• function (NoneType | function) – An optional filter function taking the plot item as
its only input.

• **kwargs (dict) – Optional query properties.
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Returns
The items matching the query.

Return type
dict

framing()

Returns
The model framing.

Return type
Framing

classmethod fromProperties(properties)
Convert properties into plot model.

Parameters
properties (dict) – The properties.

Returns
The created PlotModel.

Return type
PlotModel

item(key)
Get the item stored on a specific key in the model. Simply returns None if if no item exist at the given key.

Parameters
key (str) – The key to get.

Returns
The item

Return type
object

itemKey(item)

Get the key for the given item.

Parameters
item (PlotItem) – The given item.

Returns
The key.

Return type
str

itemKeys()

All currently set item keys.

Returns
All item keys.

Return type
iterable of str

items(tag=None, plot_item_type=None)
Get plot items of specific type.

Parameters
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• tag (str) – Filter items on an optional tag.

• plot_item_type (class | tuple of class) – Filter items on an optional item type.

Returns
Returns the items of either plot item type.

Return type
view | list

legend()

Returns
The model legend.

Return type
Legend

limits(name)
Get limits for one axis.

Parameters
name (str) – The axis name.

Returns
Limits.

Return type
tuple of float

plotter()

Returns
The plotter this model belongs to.

Return type
Plotter | None

projection()

Returns
The model projection (‘rectilinear’ or ‘polar’).

Return type
str

removeItem(item)

Remove an item from the model.

Parameters
item (PlotItem based) – The item to remove.

selectedItems()

Returns
The selected plot items.

Return type
list of PlotItems

setItem(key, item, overwrite=True, emit=True)
Add a plot item to the model and assign it to a specific.

Parameters
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• key (str) – The key to set.

• item (PlotItem based) – The item to add.

• overwrite (bool) – True, if any existing item at that key should be silently overwritten.

• emit (bool) – True, if the addition should be emitted.

setLimits(name=None, lower_limit=None, upper_limit=None, item_filter=None)
Set model data limits. Passing no limits will autoscale the current plot limits.

Parameters

• name (str) – The name of the axis (‘x’ or ‘y’).

• lower_limit (None | float) – The lower limit.

• upper_limit (None | float) – The upper limit.

• item_filter (function) – An additional item filter used when automatically setting
limits.

setProjection(projection)
Set the model projection.

Parameters
projection (str) – The projection (‘rectilinear’ or ‘polar’).

title()

Returns
The model framing, which contains the title.

Return type
Framing

static transferUniformProperties(templates, items, exclude_data=True)
Determine which properties that are the same for all of the provided templates, and transfer those properties
to the provided items.

Parameters

• templates (list of PlotItem) – The list of plot items to use as templates.

• items (list of PlotItem) – The items to transfer properties to.

• exclude_data (bool) – True, if we do not wish to transfer the item data.

Returns
True, if the transfer succeeded.

Return type
bool

xAxis()

Returns
The x-axis for the-plot.

Return type
Axis
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yAxis()

Returns
The y-axis for the-plot.

Return type
Axis

Usage Examples

The PlotModel is a container for PlotItems like Line, Scatter, Label etc. The most basic PlotModel is constructed
without units on the axises:

>>> model = Plot.PlotModel()
>>> model.addItem(Plot.Line([0, 1, 2, 3, 4], [1, 2, 3, 4, 5]))

Set up a PlotModel with Angstrom on the x-axis and eV on the y-axis.

>>> model = PlotModel(x_unit=Angstrom, y_unit=eV)
>>> model.addItem(Line([0, 1, 2, 3, 4] * nm, [1, 2, 3, 4, 5] * eV))

PlotModels can be shown and saved using the Plot.show and Plot.save functions.

>>> Plot.show(model)
>>> Plot.save(model, 'export.hdf5')

Notes

Multiple PlotModels can also be embedded in a common Plot.PlotFrame, and complex plots can be built by combining
multiple PlotFrames in a layout like the Plot.GridLayout or the Plot.OverlayLayout.

Plot.PolynomialFit

class PolynomialFit(order=1)
A PolynomialFit can be added to a Line or Scatter. A PolynomialFit then fits a polynomial of the given order
to the parent data. The fit will update every time the parent data changes.

Parameters
order (int) – The polynomial order.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.
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Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity for the line.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

attributes(latex=False, detail_level='full')
A description of the fit properties.

Parameters

• latex (bool) – If True, return the attributes in Latex format.

• detail_level (DETAIL_LEVELS enum) – The level of detail of the attributes.

Returns
A description of the fit properties.

Return type
dict

bounds()

Returns
The bounds.

Return type
tuple of physicalQuantity

coefficients()

Returns
The polynomal coefficients.

Return type
numpy.ndarray

color()

Returns
The line color.
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Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

determination()

Returns
The fit coefficient of determination.

Return type
float | NoneType

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

evaluate(x_data)
Evaluate the polynomial between minimum and maximum bounds.

Parameters
x_data (PhysicalQuantity) – The x-data.

Returns
The evaluated x data and y data.

Return type
2-tuple of PhysicalQuantity

extent(axis_name, padding=0.0)
Get the data limits.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
Sequence | PhysicalQuantity

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.
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Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isAxisSpanned()

Returns
True if the fit line should span the x-axis range of the plot.

Return type
bool

isBoundsVisible()

Returns
True, if fit bounds are shown in the plot.

Return type
bool

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isInteractive()

Returns
Whether the user can interact with this line.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.
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Return type
bool

classmethod isValidParent(item)

Check if an item is derivable.

Parameters
item (PlotItem based) – The item to check.

Returns
True, if the item can be derived.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The line label.

Return type
str

lineStyle()

Returns
The line style.

Return type
str | None
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lineWidth()

Returns
The line width.

Return type
float

markerEdgeColor()

Returns
The edge color of the marker in hex format.

Return type
str

markerEvery()

Returns
The number of points between every marker.

Return type
int

markerFaceColor()

Returns
The face color of the marker in hex format.

Return type
str

markerSize()

Returns
The marker size.

Return type
float

markerStyle()

. :returns: The marker style. :rtype: str | None

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
The order of the fitted polynomial.

Return type
int

owner()

Returns
The owner type.
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Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity for the line.

Parameters
alpha (float) – The opacity.

setBounds(lower, upper, update=True)
Set the derived line bounds.

Parameters

• lower (float | PhysicalQuantity) – The lower bound.

• upper (float | PhysicalQuantity) – The upper bound.

• update (bool) – True, if we should call update.

setBoundsVisible(visible)
Set whether to indicate the fit bounds in the plot.

Parameters
visible (bool) – If True, fit bounds will be shown in the plot.

setColor(color)
Set the line color.

Parameters
color (str) – The line color in hex format.
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setData(x=None, y=None)
Overload since derived lines should not expose data setting.

Parameters

• x (iterable) – The x values.

• y (iterable) – They values.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setInteractive(interactive)
Set whether the user can interact with this line.

Parameters
interactive (bool) – The desired state.

setLabel(label)
Set the label.

Parameters
label (str) – The line label.

setLineStyle(line_style)
Set the line style.

Parameters
line_style (str | None) – The line style.

setLineWidth(line_width)
Set the line width.

Parameters
line_width (float) – The line width.

setMarkerColor(color)
Set color of the marker. Remember to also set a valid marker style.

Parameters
color (valid color) – The color to set.

setMarkerEdgeColor(color)
Set the marker edge color. Remember to also set a valid marker style.

Parameters
color (str) – The edge color of the marker.
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setMarkerEvery(every)
Set the number of points between each marker. Remember to also set a valid marker style.

Parameters
every (int) – The number of points between every marker.

setMarkerFaceColor(color)
Set the marker face-color. Remember to also set a valid marker style.

Parameters
color (str) – The face color of the marker.

setMarkerSize(size)
Set the marker size. Remember to also set a valid marker style.

Parameters
size (float) – The marker size.

setMarkerStyle(marker)
Set the marker style.

Parameters
marker (str | None) – The marker style.

setOrder(order, update=True)
Set the order of the fitted polynomial.

Parameters

• order (int) – The polynomial order.

• update (bool) – True if the fit should be updated.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setSpanAxis(span_axis)
Set whether the fit line should span the x-axis range of the plot.

Parameters
span_axis (bool) – If True, the fit line should span the x-axis range of the plot.
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setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

sourceData()

Checks if the source data is valid, and if yes, return the valid source data on the form: (xs, ys, x_min,
x_max, x_unit, y_unit) Else returns None

Returns
The validated and clipped source data.

Return type
tuple | None

style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

update(data=None)
Perform the update.

Parameters
data (tuple | NoneType) – The source data to use.

validSourceCoordinates(xs, ys)
True if the data coordinates are valid.

Parameters

• xs (ndarray) – The source x-coordinates.

• ys (ndarray) – The source y-coordinates.

Returns
True, if the coordinates are valid.
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Return type
bool

xData()

Returns
The x-data.

Return type
PhysicalQuantity

yData()

Returns
The y-data.

Return type
PhysicalQuantity

Plot.RollingAverage

class RollingAverage(window=5)
A RollingAverage can be added to a Line or Scatter, and will then calculate the rolling average using the
supplied window size.

Parameters
window (int) – The number of close points to average over.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity for the line.

Return type
float
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applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

attributes(latex=False, detail_level=None)
A description of the fit properties.

Parameters

• latex (bool) – If True, return the attributes in Latex format.

• detail_level (DETAIL_LEVELS enum) – The level of detail of the attributes (unused).

Returns
A description of the fit properties.

Return type
dict

boundaryCondition()

Returns
The current boundary condition.

Return type
BOUNDARY_CONDICTIONS enum

bounds()

Returns
The bounds.

Return type
tuple of physicalQuantity

color()

Returns
The line color.

Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.
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extent(axis_name, padding=0.0)
Get the data limits.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
Sequence | PhysicalQuantity

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isInteractive()

Returns
Whether the user can interact with this line.

Return type
bool
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isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

classmethod isValidParent(item)

Check if an item is derivable.

Parameters
item (PlotItem based) – The item to check.

Returns
True, if the item can be derived.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

kernel()

Returns
The current averaging kernelS.
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Return type
KERNELS enum

label()

Returns
The line label.

Return type
str

lineStyle()

Returns
The line style.

Return type
str | None

lineWidth()

Returns
The line width.

Return type
float

markerEdgeColor()

Returns
The edge color of the marker in hex format.

Return type
str

markerEvery()

Returns
The number of points between every marker.

Return type
int

markerFaceColor()

Returns
The face color of the marker in hex format.

Return type
str

markerSize()

Returns
The marker size.

Return type
float

markerStyle()

. :returns: The marker style. :rtype: str | None
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model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity for the line.

Parameters
alpha (float) – The opacity.
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setBoundaryCondition(boundary_condition, update=True)
Set the boundary condition.

Parameters

• boundary_condition (BOUNDARY_CONDICTIONS enum) – The boundary condition

• update (bool) – True, if the average should be updated.

setBounds(lower, upper, update=True)
Set the derived line bounds.

Parameters

• lower (float | PhysicalQuantity) – The lower bound.

• upper (float | PhysicalQuantity) – The upper bound.

• update (bool) – True, if we should call update.

setColor(color)
Set the line color.

Parameters
color (str) – The line color in hex format.

setData(x=None, y=None)
Overload since derived lines should not expose data setting.

Parameters

• x (iterable) – The x values.

• y (iterable) – They values.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setInteractive(interactive)
Set whether the user can interact with this line.

Parameters
interactive (bool) – The desired state.

setKernel(kernel, update=True)
Set the rolling average kernel.

The KERNELS.AVERAGE kernel is simply flat across the window length. A KERNELS.GAUSSIAN
kernel is a gaussian with a variance given by the window length.

Parameters
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• kernel (KERNELS enum) – The kernel to use.

• update (bool) – True, if the average should be updated.

setLabel(label)
Set the label.

Parameters
label (str) – The line label.

setLineStyle(line_style)
Set the line style.

Parameters
line_style (str | None) – The line style.

setLineWidth(line_width)
Set the line width.

Parameters
line_width (float) – The line width.

setMarkerColor(color)
Set color of the marker. Remember to also set a valid marker style.

Parameters
color (valid color) – The color to set.

setMarkerEdgeColor(color)
Set the marker edge color. Remember to also set a valid marker style.

Parameters
color (str) – The edge color of the marker.

setMarkerEvery(every)
Set the number of points between each marker. Remember to also set a valid marker style.

Parameters
every (int) – The number of points between every marker.

setMarkerFaceColor(color)
Set the marker face-color. Remember to also set a valid marker style.

Parameters
color (str) – The face color of the marker.

setMarkerSize(size)
Set the marker size. Remember to also set a valid marker style.

Parameters
size (float) – The marker size.

setMarkerStyle(marker)
Set the marker style.

Parameters
marker (str | None) – The marker style.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).
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Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

setWindow(window, update=True)
Set the window size for the rolling average.

Parameters

• window (int) – The window size to set.

• update (bool) – True, if the fit should be updated.

sourceData()

Checks if the source data is valid, and if yes, return the valid source data on the form: (xs, ys, x_min,
x_max, x_unit, y_unit) Else returns None

Returns
The validated and clipped source data.

Return type
tuple | None

style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None
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tags()

Returns
The set of tags.

Return type
set

update(data=None)
Perform the update.

Parameters
data (tuple | NoneType) – The source data to use.

validSourceCoordinates(xs, ys)
True if the data coordinates are valid.

Parameters

• xs (numpy.ndarray) – The source x coordinates.

• ys (numpy.ndarray) – The source y coordinates.

Returns
True, if the coordinates are valid.

Return type
bool

window()

Returns
The window size to use for the rolling average.

Return type
int

xData()

Returns
The x-data.

Return type
PhysicalQuantity

yData()

Returns
The y-data.

Return type
PhysicalQuantity
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Plot.Scatter

class Scatter(x=None, y=None, values=None)
A Scatter displays x- and y-data as a scatter plot.

Parameters

• x (Sequence | PhysicalQuantity | None) – The x-values of the data.

• y (Sequence | PhysicalQuantity | None) – The y-values of the data.

• values (Sequence | None) – The values of the data. Used for coloring or resizing the
data points.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity of the points.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

color()

Returns
The face color in hex format.

Return type
str

colorMap()

. :returns: The color map. :rtype: str
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colorMode()

Returns
The color mode.

Return type
COLOR_MODES enum

colors()

Returns
The colors.

Return type
None | list of str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis_name, padding=0.0)
Get the data extent.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
PhysicalQuantity

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.
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Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

4.12. Plot 305



QuantumATK V-2023.12 Documentation

label()

Returns
The current scatter label.

Return type
str

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

outline()

Returns
True, if the scatter circles should be outlined.

Return type
bool

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.
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scaling()

Returns
The scaling parameters.

Return type
tuple

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)

Parameters
alpha (float) – The opacity of the points.

setColor(color)
Set the uniform color.

Note that this color is only used when color mode is set to COLOR.

Parameters
color (str) – The face color.

setColorMap(color_map)
The color map.

Note that the color map is only used when the color mode is set to COLOR_MAP.

Parameters
color_map (None | str) – The color map to use.

setColorMode(mode)
Set the color mode. One of either COLOR_MODES.COLOR, COLOR_MODES.COLORS,
COLOR_MODES.COLOR_MAP.

Parameters
mode (COLOR_MODES enum) – The mode to set.

setColors(colors)
Set the colors.

Note that the colors are only used when the color mode is set to COLORS

Parameters
colors (None | list of str) – The colors in hex format.

setData(x=None, y=None, tooltips=None)
Set the scatter data.

Parameters

• x (list | ndarray | PhysicalQuantity) – The x-data.

• y (list | ndarray | PhysicalQuantity) – The y-data.

• tooltips (list | str | NoneType) – The corresponding tool tips.
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setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the scatter label.

Parameters
label (str) – The label of the scatter.

setOutline(outline)
Set the outline property.

Parameters
outline (bool) – True, if the scatter circles should be outlined.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setScaling(lower, upper, use_absolute_values=False)
Scale points based on their values. Requires values to be specified to have any effect.

Parameters

• lower (float) – The size of the smallest value.

• upper (float) – The size of the largest value.

• use_absolute_values (bool) – Use absolute values when scaling the points.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.
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setValues(values)
Set the weights of the data.

Parameters
values (Sequence | None) – The values of the data. Used for coloring or resizing the data
points.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

style()

Returns
The current scatter style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

tooltips()

Returns
The tool tips.

Return type
list of str | str | NoneType

values()

Returns
The weights of the data. Used for coloring or setting line widths.

Return type
Sequence | None

xData()

Returns
The x-data.
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Return type
PhysicalQuantity

yData()

Returns
The y-data.

Return type
PhysicalQuantity

Plot.TransformedLine

class TransformedLine(x_expression='x', y_expression='y')
A TransformedLine can be added to a Line or Scatter, and will then calculate a transformed line using the
supplied x- and y-expression.

Parameters

• x_expression (str) – The expression to apply to the source x-data.

• y_expression (str) – The expression to apply to the source y-data.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity for the line.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.
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• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

attributes(latex=False, detail_level='full')
The attributes of the Transformed line.

Parameters

• latex (bool) – If True, return the attributes in Latex format.

• detail_level (DETAIL_LEVELS enum) – The level of detail of the attributes (unused).

Returns
Either an OK message, or an error message if any of the expressions did not evaluate properly.

Return type
collections.OrderedDict

bounds()

Returns
The bounds.

Return type
tuple of physicalQuantity

color()

Returns
The line color.

Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis_name, padding=0.0)
Get the data limits.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
Sequence | PhysicalQuantity
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classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isInteractive()

Returns
Whether the user can interact with this line.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool
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classmethod isValidParent(item)

Check if an item is derivable.

Parameters
item (PlotItem based) – The item to check.

Returns
True, if the item can be derived.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The line label.

Return type
str

lineStyle()

Returns
The line style.

Return type
str | None

lineWidth()

Returns
The line width.
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Return type
float

markerEdgeColor()

Returns
The edge color of the marker in hex format.

Return type
str

markerEvery()

Returns
The number of points between every marker.

Return type
int

markerFaceColor()

Returns
The face color of the marker in hex format.

Return type
str

markerSize()

Returns
The marker size.

Return type
float

markerStyle()

. :returns: The marker style. :rtype: str | None

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum
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parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

safeSetXExpression(expression, update=True)
Safe setting of expression. Fails silently without changing anything.

Parameters

• expression (str) – The expression.

• update (bool) – True if the fit should be updated.

safeSetYExpression(expression, update=True)
Safe setting of expression. Fails silently without changing anything.

Parameters

• expression (str) – The expression.

• update (bool) – True if the fit should be updated.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity for the line.

Parameters
alpha (float) – The opacity.

setBounds(lower, upper, update=True)
Set the derived line bounds.

Parameters

• lower (float | PhysicalQuantity) – The lower bound.

• upper (float | PhysicalQuantity) – The upper bound.

• update (bool) – True, if we should call update.
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setColor(color)
Set the line color.

Parameters
color (str) – The line color in hex format.

setData(x=None, y=None)
Overload since derived lines should not expose data setting.

Parameters

• x (iterable) – The x values.

• y (iterable) – They values.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setInteractive(interactive)
Set whether the user can interact with this line.

Parameters
interactive (bool) – The desired state.

setLabel(label)
Set the label.

Parameters
label (str) – The line label.

setLineStyle(line_style)
Set the line style.

Parameters
line_style (str | None) – The line style.

setLineWidth(line_width)
Set the line width.

Parameters
line_width (float) – The line width.

setMarkerColor(color)
Set color of the marker. Remember to also set a valid marker style.

Parameters
color (valid color) – The color to set.
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setMarkerEdgeColor(color)
Set the marker edge color. Remember to also set a valid marker style.

Parameters
color (str) – The edge color of the marker.

setMarkerEvery(every)
Set the number of points between each marker. Remember to also set a valid marker style.

Parameters
every (int) – The number of points between every marker.

setMarkerFaceColor(color)
Set the marker face-color. Remember to also set a valid marker style.

Parameters
color (str) – The face color of the marker.

setMarkerSize(size)
Set the marker size. Remember to also set a valid marker style.

Parameters
size (float) – The marker size.

setMarkerStyle(marker)
Set the marker style.

Parameters
marker (str | None) – The marker style.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

setXExpression(expression, update=True)
Set the expression for x-data.

Parameters

• expression (str) – The x-expression to set.
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• update (bool) – True, if the fit should be updated.

setYExpression(expression, update=True)
Set the expression for y-data.

Parameters

• expression (str) – The y-expression to set.

• update (bool) – True, if the fit should be updated.

sourceData()

Checks if the source data is valid, and if yes, return the valid source data on the form: (xs, ys, x_min,
x_max, x_unit, y_unit) Else returns None

Returns
The validated and clipped source data.

Return type
tuple | None

style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

tooltip()

Returns
The tool tip.

Return type
str

update(data=None)
Perform the update.

Parameters
data (tuple | NoneType) – The source data to use.
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validSourceCoordinates(xs, ys)
Re-implement for custom validation of the source. See e.g. PolynomialFit.

Parameters

• xs (PhysicalQuantity) – The source x data.

• ys (PhysicalQuantity) – The source y data.

Returns
True, if valid.

Return type
bool

xData()

Returns
The x-data.

Return type
PhysicalQuantity

xExpression()

Return the expression for x-data.

Returns
The expression.

Return type
str

yData()

Returns
The y-data.

Return type
PhysicalQuantity

yExpression()

Return the expression for y-data.

Returns
The expression.

Return type
str

Plot.VerticalBar

class VerticalBar(bins, data)
A bar plot showing data as vertical filled bins.

The shape of the bins is determined in the following way: - If the number of bins equals the number of data
values, the bins parameter is interpreted as the bin centers and bin widths are uniformly set to the match minimum
distance between the bin centers. - If the number of bins is one larger than the number of data values, the bins
parameter is interpreted as the edges of the bins. - If the number of bins is double the number of data values, the
bins are instead interpreted as the left and right edge of each of the bins.
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Parameters

• bins (Sequence of PhysicalQuantity) – The bins.

• data (Sequence of PhysicalQuantity) – The data values.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity of the bar plot.

Return type
int

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

binCenters()

Returns
The center of each bin.

Return type
Sequence of PhysicalQuantity

binEdges()

. :returns: The left edges of each bin. :rtype: PhysicalQuantity

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.
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edgeColor()

Returns
The edge color of the bar plot.

Return type
str

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis_name, padding=0.0)
The limits around the bar plot.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Optional padding.

Returns
The min/max data values for the requested axis.

Return type
2-tuple of PhysicalQuantity

faceColor()

Returns
The face color of the bar plot.

Return type
str

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

histogram()

Returns
The bin counts for each bin.

Return type
Sequence of PhysicalQuantity
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hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.
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Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The label.

Return type
str

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.
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selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
. :param alpha: The opacity of the bar plot. :type alpha: float

setColor(color)
Set the same color for both the bar face and the bar edge.

Parameters
color (str) – The color to set in hex format.

setData(bins, data, emit=True)
Set bins and histogram data.

The shape of the bins is determined in the following way: - If the number of bins equals the number of data
values, the bins parameter is interpreted as the bin centers and bin widths are uniformly set to the match
minimum distance between the bin centers. - If the number of bins is one larger than the number of data
values, the bins parameter is interpreted as the edges of the bins. - If the number of bins is double the
number of data values, the bins are instead interpreted as the left and right edge of each of the bins.

Parameters

• bins (Sequence of PhysicalQuantity) – The bins.

• data (Sequence of PhysicalQuantity) – The data values.

• emit (bool) – True, if the data should be emitted.

setEdgeColor(color)
Set the bar plot edge color.

Parameters
color (str) – The edge color of the bar plot.

setFaceColor(color)
. :param color: The face color of the bar plot. :type color: str

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.
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setLabel(label)
Set the label.

Parameters
label (str) – The label of the bar plot.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

xData()

Returns
The center of each bin.

Return type
Sequence of PhysicalQuantity
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yData()

Returns
The bin counts for each bin.

Return type
Sequence of PhysicalQuantity

Plot.VerticalFill

class VerticalFill(y, x_lower, x_upper)
A VerticalFill display a filled area between two lines.

Parameters

• y (Sequence of PhysicalQuantity) – The y-values of the data.

• x_lower (SSequence of PhysicalQuantity) – The lower x-values in the fill.

• x_upper (Sequence of PhysicalQuantity) – The upper x-values in the fill.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity of the fill.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.
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copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

edgeColor()

Returns
The edge color of the fill in hex format.

Return type
str

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis, padding=0.0)
The data extent.

Parameters

• axis (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
2-tuple PhysicalQuantity

faceColor()

Returns
The edge color of the fill in hex format.

Return type
str

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

4.12. Plot 327



QuantumATK V-2023.12 Documentation

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items
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label()

Returns
The current label.

Return type
str

lower()

Returns
The lower values in the fill.

Return type
float

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.
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selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity.

Parameters
alpha (float) – The opacity of the fill.

setColor(color)
Set the same color for both the face and the edge.

Parameters
color (str) – Set the color of the fill in hex format.

setEdgeColor(color)
Set the edge color of the fill.

Parameters
color (str) – The edge color of the fill in hex-format.

setFaceColor(color)
Set the face color of the fill.

Parameters
color (str) – The face color of the fill.in hex format.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the label.

Parameters
label (str) – The label of the line.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.
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setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

upper()

Returns
The upper values in the fill.

Return type
float

values()

Returns
The values in the fill.

Return type
float
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Plot.VerticalLine

class VerticalLine(x)
A VerticalLine shows a straight vertical line.

Parameters
x (PhysicalQuantity) – The x-value of the line.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity for the line.

Return type
float

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

color()

Returns
The line color.

Return type
str

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

332 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool
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isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The line label.

Return type
str

lineStyle()

Returns
The line style.

Return type
str | None

lineWidth()

Returns
The line width.

Return type
float

markerEdgeColor()

Returns
The edge color of the marker in hex format.

Return type
str
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markerEvery()

Returns
The number of points between every marker.

Return type
int

markerFaceColor()

Returns
The face color of the marker in hex format.

Return type
str

markerSize()

Returns
The marker size.

Return type
float

markerStyle()

. :returns: The marker style. :rtype: str | None

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None
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removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
Set the opacity for the line.

Parameters
alpha (float) – The opacity.

setColor(color)
Set the line color.

Parameters
color (str) – The line color in hex format.

setData(x)
Set x data.

Parameters
x (PhysicalQuantity) – The x-data.

setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the label.

Parameters
label (str) – The line label.
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setLineStyle(line_style)
Set the line style.

Parameters
line_style (str | None) – The line style.

setLineWidth(line_width)
Set the line width.

Parameters
line_width (float) – The line width.

setMarkerColor(color)
Set color of the marker. Remember to also set a valid marker style.

Parameters
color (valid color) – The color to set.

setMarkerEdgeColor(color)
Set the marker edge color. Remember to also set a valid marker style.

Parameters
color (str) – The edge color of the marker.

setMarkerEvery(every)
Set the number of points between each marker. Remember to also set a valid marker style.

Parameters
every (int) – The number of points between every marker.

setMarkerFaceColor(color)
Set the marker face-color. Remember to also set a valid marker style.

Parameters
color (str) – The face color of the marker.

setMarkerSize(size)
Set the marker size. Remember to also set a valid marker style.

Parameters
size (float) – The marker size.

setMarkerStyle(marker)
Set the marker style.

Parameters
marker (str | None) – The marker style.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.
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setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

style()

Returns
All the current style properties.

Return type
dict

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

xData()

Returns
The x-data.

Return type
PhysicalQuantity

yData()

Returns
The y-data.

Return type
PhysicalQuantity
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Plot.VerticalStackedFill

class VerticalStackedFill(x_values, values)
A VerticalStackedFill shows multiple fills laid on top of each other.

Parameters

• x_values (Sequence of PhysicalQuantity) – The x-values of the data.

• values (2D PhysicalQuantity) – The values to plot in the stack.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alphas()

Returns
The opacities of the fills.

Return type
list

applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

edgeColors()

[summary].

Returns
The edge colors of the fills.

Return type
list
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emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

faceColors()

[summary].

Returns
The face colors of the fills.

Return type
list

classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool
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isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

labels()

Returns
The labels of the fills.

Return type
list

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None
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owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None

removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlphas(alphas)
Set the alphas for all fills in the stack.

Parameters
alphas (list) – The opacities of the fills.

setColors(colors)
Set the same color for both the face and the edge for all filss in the stack.

Parameters
colors (list) – The colors of the fills.

setEdgeColors(colors)
Set the edge colors for all fills in the stack.

Parameters
colors (list) – The edge colors of the fills.

setFaceColors(colors)
Set the face colors for all fills in the stack.

Parameters
colors (list) – The face colors of the fills.
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setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabels(labels)
Set the labels for all fills in the stack.

Parameters
labels (list) – The labels of the fills.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None
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tags()

Returns
The set of tags.

Return type
set

values()

Returns
The values of the data.

Return type
2D PhysicalQuantity

Plot.WeightedLine

class WeightedLine(x=None, y=None, weights=None)
A WeightedLine plots a line where the line width changes along the line.

Parameters

• x (Sequence | PhysicalQuantity | None) – The x-values of the data.

• y (Sequence | PhysicalQuantity | None) – The y-values of the data.

• weights (Sequence | None) – The weights of the data. Used for coloring or setting line
widths.

addItem(item, emit=True)
Add item as child of this item.

Parameters

• item (PlotItem based) – The item.

• emit (bool) – True, if change should be emitted.

addSubscriber(subscriber)
Add a subscriber. Each subscriber is called once every time the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

addTag(*args)
Add tag. Used for grouping plot items.

Parameters
*args (tuple of str) – The tags to add.

alpha()

Returns
The opacity of the line.

Return type
float
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applyStyle(style_scheme=None, style_properties=None)
Apply style properties from a style scheme.

Parameters

• style_scheme (dict) – The style scheme.

• style_properties (dict | None) – A specific set of style properties to apply. If None,
the style properties are retrieved from the plot model using the given style scheme.

color()

Returns
The line color in hex format

Return type
str

colorMap()

Returns
The current color map.

Return type
str

colorMode()

The current color mode.

Returns
The color mode.

Return type
COLOR_MODES enum

copy()

Make a copy of the plot storable by using the serialize/deserialize functionality.

This creates a new instance with a new id, but all other properties copied.

emit(key, value=None)
Emit a single key and value change to all subscribers.

Parameters

• key (str) – The key to emit.

• value (object) – The value to emit.

extent(axis_name, padding=0.0)
Get the data extent.

Parameters

• axis_name (str) – ‘x’ or ‘y’.

• padding (float) – Padding around the data. Default: 0.0.

Returns
The min/max data values for the requested axis.

Return type
Sequence | PhysicalQuantity
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classmethod fromProperties(properties)
Create a plot storable from a dict of properties.

Used when deserializing a PlotStorable.

Parameters
properties (dict) – The properties which are used to populate the properties dict of the
newly created plot storable.

Returns
The newly created PlotStorable.

Return type
PlotStorable

hoverDetails()

Returns
The current hover details.

Return type
dict | None

isHoverable()

Returns
True, if hoverable.

Return type
bool

isHovered()

Returns
True, if the item is hovered.

Return type
bool

isSelectable()

Returns
True, if the item is selectable.

Return type
bool

isSelected()

Returns
True, if the item is selected.

Return type
bool

isVisible()

Returns
True, if the item is visible.

Return type
bool

346 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

items(selected=None, tag=None)
Return the requested items.

The optional selected key word filter selected and deselected lines, with the options:

• True : Only selected items

• False : Only unselected items

• None : All items.

Parameters

• selected (None | bool) – True, if only selected items should be returned.

• tag (str) – The tag to filter on.

Returns
The child items with the selected filtering.

Return type
items

label()

Returns
The current label.

Return type
str

model()

Returns
The model that this item belongs to.

Return type
PlotModel | None

order()

Returns
A number describing the current order of the item within the PlotModel. Can be used for
sorting.

Return type
int | None

owner()

Returns
The owner type.

Return type
int | enum

parent()

Returns
The parent.

Return type
PlotItem based | None
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removeItem(item, emit=True)
Remove item from the child items.

Parameters

• item (PlotItem based) – The item to remove.

• emit (bool) – True, if removal should be emitted.

removeSubscriber(subscriber)
Remove a subscriber method from the plot item updates.

Parameters
subscriber (bound method) – The subscriber. Must be callable.

scaling()

Returns
The scaling of the weights.

Return type
float

selectionDetails()

Returns
The current selection details.

Return type
dict | None

setAlpha(alpha)
. :param alpha: The opacity of the line. :type alpha: float

setColor(color)
Set the line color.

Note that the color map is only used when the color mode is COLOR.

Parameters
color (str) – The color in hex format.

setColorMap(color_map)
Set a color map.

Note that the color map is only used when the color mode is COLOR_MAP.

Parameters
color_map (str) – A color map.

setColorMode(mode)
Set the color mode (whether to use color map or color for drawing).

Parameters
mode (COLOR_MODES enum) – The mode.

setData(x=None, y=None)
Set data.

Parameters

• x (list | ndarray | PhysicalQuantity) – The x-data.

• y (list | ndarray | PhysicalQuantity) – The y-data.
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setHoverable(hoverable)
Enable or disable hover evetn. When enabled the line will be set to hovered, once the mouse hovers over
the item.

Parameters
hoverable (bool) – True, if the item should be sensitive to hover events.

setHovered(hovered, details=None)
Set hovered with some details. This is called once the mouse hovers over the item. Should only be called
once hoverable has been enabled.

Parameters

• hovered (bool) – True, if the item was hovered.

• details (dict | NoneType) – The hover details.

setLabel(label)
Set the label.

Parameters
label (str) – The label of the line.

setOwner(owner)
Set the owner of the item (either OWNERS.MODEL or OWNERS.VIEW).

Parameters
owner (int | enum) – The owner type.

setScaling(scaling)
Set the scaling.

Parameters
scaling (float) – The scaling of the weights. Requires weights to be specified to have any
effect.

setSelectable(selectable)
Set whether this item is selectable.

Parameters
selectable (bool) – True, if the item should be selectable.

setSelected(selected, details=None)
Set the item as selected or unselected.

Parameters

• selected (bool) – True, if item should be selected.

• details (dict | NoneType) – The selection details.

setVisible(visible)
Set visible.

Parameters
visible (bool) – True, if the item should be visible.

setWeights(weights)
Set the weights of the data.

Parameters
weights (Sequence | None) – The weights of the data. Used for coloring and setting line
widths.
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styleProperties(style_scheme)
Check if the given style scheme has a style for this item.

Parameters
style_scheme (dict) – The style scheme.

Returns
The style, if any.

Return type
dict | None

tags()

Returns
The set of tags.

Return type
set

weights()

Returns
The weights of the data. Used for coloring and setting line widths.

Return type
Sequence | None

xData()

Returns
The x-data.

Return type
PhysicalQuantity

yData()

Returns
The y-data.

Return type
PhysicalQuantity

Functions

Plot.save

save(plot, filename, size=None, **kwargs)
Save a plot to a file.

Save can save the full, interactive plot. This is done by supplying a filename with the HDF5 file extension. The
plot can then later be loaded by using the standard nlread function.

Save also supports rendering of the plot to SVG, PNG, JPEG or PDF. Simply pass in a filename with the appro-
priate file extension. Note that this requires full graphical support for the NanoLab GUI. This support can be
lacking on clusters or computing nodes. When generating plots on a computing node, they must then be saved in
HDF5 files. The plots can then be rendered to SVG, PNG, JPEG or PDF on a machine with the proper graphical
support.
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Parameters

• plot (BaseLayout based | PlotModel) – The plot to save.

• filename (str) – The filename.

• size (NoneType | 2-tuple of ints) – The plot size in pixels.

• **kwargs (dict) – Additional arguments passed on to matplotlib when saving a figure.

Plot.show

show(plot, size=None)
Show an interactive plot.

Note that this function requires full graphical support for the NanoLab GUI. This support can be lacking on
clusters or computing nodes. When generating plots on a computing node, they must then be saved in HDF5
files. The plots can then be shown on a machine with the proper graphical support.

Parameters

• plot (Plot | BaseLayout based | PlotModel) – The plot to show.

• size (NoneType | 2-tuple of ints) – The plot size in pixels.

Returns
The final layout and size.

Return type
2-tuple of GridLayout and size tuple

The NanoLab Plot module makes it possible to create and manipulate publication quality plots. Read more in the
dedicated NanoLab Plot Reference Manual.

4.13 Full QuantumATK package

4.13.1 QuantumATK

Modules

Classes

Acidity

class Acidity(reactant_species, product_species, solvent_components, temperature=None, parameters=None)
Calculate the pKa of a hydrogen transfer reaction taking into account solvation effects.

Parameters

• reactant_species (Sequence of CosmoRealSpecies) – The neutral reactants in the in
the proton transfer reaction
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• product_species (Sequence of CosmoRealSpecies) – The ionized products in the in the
proton transfer reaction

• solvent_components (CosmoRealSolvent | MoleculeConfiguration |
CosmoRSMixture) – The solvent in which the proton transfer occurs

• temperature (PhysicalQuantity of type temperature) – The solvent temperature. Default:
298 * Kelvin

• parameters (CosmoRSParameters) – The COSMO-RS parameters

acidity()

Returns
The pKa of the reaction, defined as the negative base-10 logarithm of the equilibrium constant.

Return type
float

parameters()

Returns
The COSMO-RS parameters

Return type
CosmoRSParameters

productSpecies()

Returns
The ionized products in the proton transfer reaction.

Return type
Sequence of CosmoRealSpecies

reactantSpecies()

Returns
The neutral reactants in the in the proton transfer reaction.

Return type
Sequence of CosmoRealSpecies

solventComponents()

Returns
The components of the solvent.

Return type
CosmoRSMixture

temperature()

Returns
The solvent temperature.

Return type
PhysicalQuantity of type temperature

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate the pKa of acetic acid in water.

# Create the species for acetate
cosmo_rs = CosmoRS(

configuration=optimized_configuration,
solvation_energy=solvation_energy

)
acetate = cosmo_rs.evaluate()

# Calculate the pKa of acetic acid
acetic_acid_pka = Acidity(

reactant_species=[acetic_acid, water],
product_species=[acetate, hydronium],
solvent_components=water,
temperature=298*Kelvin,
parameters=CosmoRSParameters()

)
pka = acetic_acid_pka.acidity()
nlprint(f'The calculated pKa of acetic acid is {pka}')

acetic_acid_example.py

Notes

The Acidity object calculates the pKa of a compound. It does this by calculating the acid/base equilibrium of the
form:

𝐴𝐻 +𝐵 � 𝐴− +𝐵𝐻+

Here 𝐴 acts as an acid transferring its proton to molecule 𝐵 which acts as a base, forming two charged species. The
molecule 𝐵 can either be a solvent molecule or some other. In cases where water is a component of the solvent, 𝐵 will
often be water, forming a hydronium ion on the right hand side of the equation.

In COSMO-RS, pKa is calculated based on the solvated energies of each molecule as well as each molecules interaction
with solvent. The pKa can be simply given as:

𝑝𝐾𝑎 =
𝐸𝐴

−+𝐵𝐻+

𝐶𝑂𝑆𝑀𝑂 − 𝐸𝐴𝐻+𝐵
𝐶𝑂𝑆𝑀𝑂 + 𝜇𝐴

−+𝐵𝐻+

𝑆 − 𝜇𝐴𝐻+𝐵
𝑆

ln(10)𝑅𝑇

Here𝐸𝐶𝑂𝑆𝑀𝑂 represents the COSMO internal energy of each pair of molecules and 𝜇𝑆 represents the solvated chem-
ical potential of each molecular species.

Due to systematic errors in calculating both the internal energy and the solvated chemical potential, it is possible to use
a linear correction to estimate the observed pKa

1. Given the pKa calculated by the COSMO-RS method as 𝑝𝐾𝑟𝑎𝑤
𝑎 , the

corrected pKa can be given as:

𝑝𝐾𝑎 = 𝐴× 𝑝𝐾𝑟𝑎𝑤
𝑎 +𝐵

Here 𝐴 and 𝐵 are simply the slope and the intercept of the linear correction. They are both parameters contained in
the CosmoRSParameters object.

1 Andreas Klamt, Frank Eckert, Michael Diedenhofen, and Michael E. Beck. First principles calculations of aqueous pka values for organic and in-
organic acids using cosmo-rs reveal an inconsistency in the slope of the pka scale. J. Phys. Chem. A., 107:9380–9386, 2003. doi:10.1021/jp034688o.
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It should also be noted that, with the exception of hydronium, all molecules in the COSMO-RS molecule database are
neutral molecules. For pKa calculations it will then be necessary to perform a DFT calculation on the deprotonated
molecule. In this case, since it is a charged molecule, Multipole boundary conditions should be used. While slower
than used Periodic FFT boundary conditions, Multipole boundary conditions ensure that the molecule is treated as a
single, charged molecule without periodicity.

AcousticDeformationPotentialSelfEnergy

class AcousticDeformationPotentialSelfEnergy(coupling=None)
A class which represents a deformation potential model for acoustic phonon modes.

Parameters
coupling (PhysicalQuantity of type energy) – The electron-phonon coupling strength of the
acoustic modes. The coupling strength can be given as a single value, or a 1D array specifying
the value for each atom (in units of energy). Default: 0 * eV

coupling()

Returns
The electron-phonon coupling strength of the acoustic modes.

Return type
PhysicalQuantity with unit eV**2

uniqueString()

Return a unique string representing the state of the object.

ActiveLearningSimulation

class ActiveLearningSimulation(fitting_parameters, initial_training_data, mtp_study_filename,
mtp_study_object_id, reference_calculator, correction_calculator=None,
candidate_threshold=None, retrain_threshold=None, check_interval=None,
limit_candidates=None, max_forces_check=None, use_stress=None,
candidate_trajectory_filename=None, max_iterations=None,
processes_per_calculation=None,
extrapolation_selection_parameters=None,
use_linearized_coefficient_matrix=None,
minimum_bond_length_percent=None, log_filename_prefix=None,
restart_simulation=None)

Set up an object that can be used to run active learning simulations using the Moment Tensor Potential.

Parameters

• fitting_parameters (MomentTensorPotentialFittingParameters) – The parame-
ters for MTP fitting.

• initial_training_data (TrainingSet | Trajectory |
ConfigurationDataContainer | MDTrajectory | MomentTensorPotentialTraining
| sequence of [ TrainingSet | Trajectory | ConfigurationDataContainer |
MDTrajectory | MomentTensorPotentialTraining ] | Table) – The initial training data.
All configurations in the initial training data must have precalculated reference data (energy,
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forces, and possibly stress), otherwise the configuration is not included in the active learning
training.

• mtp_study_filename (str) – The file name of file that contains the MTP study object
used for training the moment tensor potential.

• mtp_study_object_id (str) – The object_id of the MTP study object used to train the
moment tensor potential.

• reference_calculator (Calculator) – The reference calculator.

• correction_calculator (Calculator) – Calculator used to correct reference values. The
MTP is fit to the reference calculator minus the contribution of the correction calculator.

• candidate_threshold (float) – The threshold above which configurations will be added
as candidates for the next training iteration. Default: 1

• retrain_threshold (float) – The extrapolation threshold at which the simulation is
stopped and trained again. Default: 3

• check_interval (int) – The interval at which the extrapolation grade is calculated and
checked in MD simulations. In active learning optimization the extrapolation grade is always
checked at every step. Default: 10

• limit_candidates (int) – Upper limit for the number of candidates collected each itera-
tion that trigger retraining. This can be used to limit the number of reference calculator calls
when many configurations fall between the candidate and retrain thresholds. Default: No
limit

• max_forces_check (PhysicalQuantity of type energy / length) – If the max. force on an
atom exceeds this value the extrapolation grade is always checked. Only available with MD
active learning; has no effect in other cases. Default: 10*eV / Angstrom

• use_stress (bool) – Whether or not stress is used in training the MTP potential. Default:
True

• candidate_trajectory_filename (str) – The filename for the trajectory to store the
candidate configurations that have been added to the training set.

• max_iterations (int) – The max number of retraining iterations. Default: 20

• processes_per_calculation (int | None) – The number of processes used for each cal-
culation with the reference calculator. Default: All processes corresponding to None.

• extrapolation_selection_parameters (ExtrapolationSelectionParameters) –
The parameters that specify the details of the extrapolation grade calculation and candidate
selection.

• use_linearized_coefficient_matrix (bool) – Deprecated:
Use extrapolation_grad_algorithm=MaxvolLinearized in
ExtrapolationSelectionParameters instead.

• minimum_bond_length_percent (float) – The minimum percentage of bond length as
fraction of the covalent radii that is allowed in a training configuration. If any bond is less
than that value then the configuration will be discarded from the training data. Default: 0.35

• log_filename_prefix (str | LogToStdOut | None) – The prefix used in the log file
names generated by the training data calculation and fitting parts of the simulation.

• restart_simulation (bool) – Restart the simulation with any configurations added dur-
ing previous active learning. simulations Default: False
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additionalTrainingData()

Returns
The training dataset that has been added during the active learning simulation.

Return type
Trajectory

additionalTrainingSet()

Returns
The training dataset that has been added during the active learning simulation or None if no
training data has been added.

Return type
TrainingSet | None

candidateThreshold()

Returns
The candidate threshold.

Return type
float

candidateTrajectoryFilename()

Returns
The filename to which the candidate trajectory is written.

Return type
str

checkInterval()

Returns
The check interval for the extrapolation grade.

Return type
int

committeeSize()

Returns
The number of committee members when the query-by-committee method is used for the
extrapolation grade.

Return type
int

correctionCalculator()

Returns
The correction calculator, if defined.

Return type
Calculator

extrapolationGradeAlgorithm()

Returns
Which extrapolation grade algorithm should be used.
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Return type
MaxvolStandard | MaxvolLinearized | MaxForce | QueryByCommitteeForces | QueryBy-
CommitteeEnergy

fittingParameters()

Returns
The MTP fitting parameters.

Return type
MomentTensorPotentialFittingParameters

forcesCap()

Returns
The forces cap.

Return type
PhysicalQuantity of type energy / length.

initialTrainingData()

Returns
The initial training dataset.

Return type
Trajectory

initialTrainingSet()

Returns
The initial training dataset for this active learning simulation.

Return type
TrainingSet

limitCandidates()

Returns
Upper limit for the number of candidates that are collected each iteration before retraining.

Return type
int

logFilenamePrefix()

Returns
The prefix used in MTP training log files. The flag LogToStdOut causes log output to be
written to standard out.

Return type
str

maxForcesCheck()

Returns
The max. forces value at which a check of the extrapolation grade is enforced.

Return type
PhysicalQuantity of type energy / length.
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maxIterations()

Returns
The maximum number of retraining iterations.

Return type
int

minBondLengthPercent()

Returns
The minimum bond length as fraction of the covalent radii.

Return type
float

processesPerCalculation()

Returns
The number of processes that is used for a configuration when calculating the reference data.

Return type
int

referenceCalculator()

Returns
The reference calculator

Return type
Calculator

restartSimulation()

Returns
Whether or not the simulation and training are restarted from a previous run.

Return type
bool

retrainThreshold()

Returns
The retrain threshold.

Return type
float

runMolecularDynamics(configuration, constraints=None, trajectory_filename=None, steps=None,
log_interval=None, method=None, xyz_filename=None, pre_step_hook=None,
post_step_hook=None, write_velocities=None, write_forces=True,
write_stresses=None, domain_decomposition_pattern=None,
trajectory_interval=None, measurement_hook=None, trajectory_object_id=None,
number_of_independent_runners=None, log_filename_prefix=None)

Run an active learning MD simulation.

Parameters

• configuration (BulkConfiguration | sequence of type BulkConfiguration) – The
initial configuration. When using multiple independent runners this can be given as a list
with a different item for each runner.
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• constraints (list of ints | list of BaseConstraint) – The list of atomic indices, denoting
fixed atoms, or constraint objects, such as RigidBody. Default: [].

• trajectory_filename (str | sequence of str | None) – The filename of the file
to be used for storing the trajectory, or None if no trajectory should be written. A trajectory
filename should not be given if configuration is a trajectory. When using multiple
independent runners this can be given as a list with a different item for each runner. Default:
None.

• steps (int) – The number of time-steps to take in the simulation. Default: 50.

• log_interval (int) – The interval at which information, such as time, energy, tempera-
ture, etc. is written to the log output. Default: 1.

• method (BaseMDmethod) – The molecular dynamics method used for the simulation.
When using multiple independent runners this can be given as a list with a different item
for each runner. Default: NVEVelocityVerlet.

• xyz_filename (str) – The name of the file to be used for storing the xyz trajectory, or
None if no xyz-trajectory should be written. Default: None.

• pre_step_hook (function | list of functions | None) – An optional user-
defined function or a list of functions which will be called just before the forces evaluation.
The signature of the function requires the arguments (step, time, configuration). The return
status is ignored. Unhandled exceptions will terminate the Molecular Dynamics evaluation.
If a list is given the functions will be called in the given order. Default: None.

• post_step_hook (function | list of functions | None) – An optional user-
defined function or a list of functions which will be called just after the forces evaluation.
The signature of the function requires the arguments (step, time, configuration). Optional
arguments include, forces, local_forces (for distributed MD), stress, trajectory (the MD tra-
jectory), temperature, pressure, potential_energy, and/or kinetic_energy. The return status
is ignored. Unhandled exceptions will terminate the Molecular Dynamics evaluation. If a
list is given the functions will be called in the given order. Default: None.

• write_velocities (bool) – Write the velocities to the trajectory file every
log_interval steps.

If configuration is a trajectory (i.e. this is a restart MD calculation) this parameter will
be the same value as it was in the previous trajectory. Default: True.

• write_forces (bool) – Write the forces to the trajectory file every log_interval steps.

If configuration is a trajectory (i.e. this is a restart MD calculation) this parameter will
be the same value as it was in the previous trajectory. Default: True.

• write_stresses (bool) – Write the stress to the trajectory file every log_interval
steps. A value of None means that write_stresses is True by default for NPT methods
and False otherwise. This is to avoid the additional work of calculating the stress when it
is not needed.

If configuration is a trajectory (i.e. this is a restart MD calculation) this parameter will
be the same value as it was in the previous trajectory. Default: None.

• domain_decomposition_pattern (list of type int | Automatic | None) – The pattern
how the domains should be arranged in a parallel simulations. E.g. [1, 2, 4] means 1
domain in A-, 2 in B-, and 4 in C-direction. If Automatic domain decomposition is used,
then the simulation cell will be divided into domains whose edges are as close together in
length as possible. If None is given then domain decomposition will be disabled. Default:
Automatic.
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• trajectory_interval (int) – The resolution used in saving steps to a trajectory file. A
value of 1 results in all steps being saved; a value of 2 results in every second step being
saved; etc. If configuration is a trajectory (i.e. this is a restart MD simulation) this
parameter will use the same value as was used in the previous trajectory. Default: The
same value as log_interval.

• measurement_hook (function | list of functions | None) – An optional user-
defined function or a list of functions which will be called at the end of each MD step
after all constraints have been applied. The signature of the function requires the ar-
guments (step, time, configuration). Optional arguments include, forces, local_forces
(for distributed MD), stress, trajectory (the MD trajectory), temperature, pressure, po-
tential_energy, and/or kinetic_energy. The return value should be a dictionary that maps
string keys to values. The values may be numbers, numpy arrays, or PhysicalQuantities.
These values are stored on the MDTrajectory and may be accessed using the measurement
method. Unhandled exceptions will terminate the Molecular Dynamics evaluation. If a list
is given the functions will be called in the given order. Default: None.

• trajectory_object_id (str | None) – The object id of the trajectory written to
trajectory_filename. If a value of None is given, then an object id will be chosen
automatically. Default: None.

• number_of_independent_runners (int) – The number of independent MD simula-
tions that should be run. If greater than 1, each runner will run in an independent process
group and at the end of each iteration, the candidates of all runners will be gathered, se-
lected, and added to the training data. The simulation completes if all runners complete
without exceeding the retraining threshold. Default: Length of configuration.

• log_filename_prefix (str | None) – The prefix used in log files containing details
of the molecular dynamics simulation.

Returns
The final molecular dynamics trajectory or, in case of multiple runners, a list containing the
MD trajectories of all runners. In case the active learning MD simulation does not complete
within the max. number of iterations, None is returned.

Return type
MDTrajectory | list | None

runOptimizeGeometry(configuration, max_forces=None, max_stress=None, max_steps=None,
max_step_length=None, constraints=None, trajectory_filename=None,
trajectory_object_id=None, optimize_cell=None, disable_stress=None,
optimizer_method=None, target_stress=None, constrain_bravais_lattice=None,
trajectory_interval=None, remove_drift=None,
enable_optimization_stop_file=None, restart_strategy=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.NoRestart'>,
number_of_independent_runners=None, log_filename_prefix=None,
continue_on_non_convergence=None)

Run an active learning geometry optimization.

Parameters

• configuration (BulkConfiguration | sequence of type BulkConfiguration) – The
configuration to be optimized. When using multiple independent runners this can be given
as a list with a different item for each runner.

• max_forces (PhysicalQuantity of type force) – The convergence criterion for the atomic
forces. Default: 0.05*eV/Angstrom.
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• max_stress (PhysicalQuantity of type pressure) – The convergence criterion for the max-
imum difference between the internal stress and the target stress. Default: 0.1*GPa.

• max_steps (int) – The maximum number of optimization steps. Default: 200.

• max_step_length (PhysicalQuantity of type length) – The maximum step length the op-
timizer may take. Default: 0.2*Ang.

• constraints (list of integers and Constraints objects) – A list of indices
of the atom with fixed positions and Constraints objects. Default: [].

• trajectory_filename (str | sequence of str | None) – The filename used to
store the trajectory. If the value is None then no trajectory file will be written. When using
multiple independent runners this can be given as a list with a different item for each runner.
Default: None.

• trajectory_object_id (str | None) – The object id of the trajectory written to
trajectory_filename. If a value of None is given, then an object id will be chosen
automatically. Default: None.

• optimize_cell (bool) – The lattice vectors for bulk configuration will change during
the optimization. Enabling the stress calculation for bulk configurations. Default: True
for BulkConfigurations otherwise False.

• disable_stress (bool) – Deprecated: from v2022.03, use optimize_cell parameter
instead.

• optimizer_method (FIRE | LBFGS) – The optimization algorithm to use. Default:
LBFGS.

• target_stress (PhysicalQuantity of type pressure|PHYSICALQUANTITY| of type
pressure) – The target internal stress (tensor) of the system. Can be given as a single value
in case of isotropic pressure, or as an internal stress vector in Voigt notation or as a 3x3-
matrix. Default: 0*GPa.

• constrain_bravais_lattice (bool) – Enable preserving the Bravais lattice symme-
try of the configuration. Default: True if the target_stress is commensurate with the
lattice symmetries.

• trajectory_interval (int | PhysicalQuantity of type time) – The resolution used in
saving steps to a trajectory file. This can either be given as an integer (a value of 1 results
in all steps being saved; a value of 2 results in every second step being saved; etc.) or as a
time interval. Default: 1.

• remove_drift (bool) – In ab-initio calculations, the sum of the forces along each Carte-
sian direction does not necessarily sum to zero due to numerical inaccuracies. This option
controls if the “drift” in the forces should be removed by subtracting the average force along
each Cartesian direction from all atoms. Default: True.

• enable_optimization_stop_file (bool) – Determines whether to enable a file for
stopping the geometry optimization. If True, creation of the stop file will stop the opti-
mization at the next step. The name of the stop file will be shown in the log output; it will be
stop-geometry-optimization-uniqueID, where uniqueID is a randomly generated
identifier for this optimization. The file must be created in the current working directory.
Default: True.

• restart_strategy (NoRestart) – The restart mechanism has to be set to NoRestart
for ActiveLearningSimulation Default: NoRestart.

• number_of_independent_runners (int) – The number of independent geometry op-
timizations that should be run. If greater than 1, each runner will run in an independent

4.13. Full QuantumATK package 361



QuantumATK V-2023.12 Documentation

process group and at the end of each iteration, the candidates of all runners will be gathered,
selected, and added to the training data. The simulation completes if all runners complete
without exceeding the retraining threshold. Default: Length of configuration.

• log_filename_prefix (str | None) – The prefix used in log files containing details
of the geometry optimization.

• continue_on_non_convergence (bool) – Continue with the converged configurations
when using multiple runners and only some optimizations converge in the given number
of active learning cycles. If False is given the calculation will raise an exception if any
optimization does not converge. Default: False

runOptimizeNudgedElasticBand(neb, max_forces=None, max_stress=None, max_steps=None,
max_step_length=None, constraints=None, trajectory_filename=None,
spring_constant=None, climbing_image=None, preoptimization=None,
optimizer_method=None, log_filename_prefix=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>,
optimize_cell=None, target_stress=None, trajectory_interval=None,
restart_strategy=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.NoRestart'>)

Run an active learning nudged elastic band optimization.

Parameters

• neb (NudgedElasticBand) – The nudged elastic band configuration to optimize.

• max_forces (PhysicalQuantity of type force) – The convergence criterion for the atomic
forces. Default: 0.05*eV/Angstrom.

• max_stress (PhysicalQuantity of type pressure) – The convergence criterion for the max-
imum difference between the internal stress and the target stress. Default: 0.1*GPa.

• max_steps (int) – The maximum number of optimization steps. Default: 200.

• max_step_length (PhysicalQuantity of type length) – The maximum step length the op-
timizer may take. Default: 0.2*Ang.

• constraints (list of ints) – List of atom indices that are kept fixed during optimiza-
tion. Default: [].

• trajectory_filename (str | sequence of str | None) – The filename used to
store the trajectory. If the value is None then no trajectory file will be written. Default:
None.

• spring_constant (PhysicalQuantity of type eV/Ang**2) – The spring constant used for
the NEB relaxation. Default: 5.0*(eV/Ang**2).

• climbing_image (bool) – Flag indicating if the climbing image algorithm should be used
to find a transition state. Default: False.

• preoptimization (bool) – Flag indicating if the endpoints should be optimized before
the NEB optimization. Default: False.

• optimizer_method (FIRE | LBFGS) – The optimizer to use for optimizing the structure.
Default: LBFGS.

• log_filename_prefix (Automatic | str | None) – The logging output from each image
will be written to filenames starting with this value. If it is set to Automatic then the prefix
will be the name of the calling python script. If it is set to None, then all output will be
written to stdout. Default: Automatic.
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• optimize_cell (bool) – If it is None, it will be set automatically according to the
NEB configuration. If the NEB configuration is composed of configurations of the type
BulkConfiguration and the lattice vectors of the configurations are different, it is set to
True; otherwise it is False. Default: None.

• target_stress (PhysicalQuantity of type pressure) – The target internal stress (tensor)
of the system. Can be given as a single value in case of isotropic pressure, or as an internal
stress vector in Voigt notation or as a 3x3-matrix. Default: 0*GPa.

• trajectory_interval (int | PhysicalQuantity of type time) – The resolution used in
saving steps to a trajectory file. This can either be given as an integer (a value of 1 results
in all steps being saved; a value of 2 results in every second step being saved; etc.) or as a
time interval. Default: 1.

• restart_strategy (NoRestart) – The restart mechanism has to be set to NoRestart
for ActiveLearningSimulation Default: NoRestart.

Returns
The optimized NEB. In case the active learning MD simulation does not complete within the
max. number of iterations, None is returned.

Return type
NudgedElasticBand | None

static supportedConfigurationTypes()

Returns
Supported configuration types for initial training data.

Return type
tuple

trainingSetTable()

Returns
A table containing the initial and additional training data for this active learning simulation.

Return type
Table

uniqueString()

Return a unique string representing the state of the object.

useLinearizedCoefficientMatrix()

Returns
Whether the matrix used to calculate the extrapolation grade should include only the linear
coefficients or additionally the linearized version of the non-linear coefficients.

Return type
bool

static validatorType()

Returns
The validator type.

Return type
Validator
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writeAtomicErrorEstimates()

Returns
True if the per-atom error estimates should be written to the trajectory.

Return type
bool

Usage Examples

Run a molecular dynamics ActiveLearningSimulation for amorphous HfO2 using an initial training data set that is
read from file. The method runMolecularDynamics takes the same arguments as the normal MolecularDynamics
function. The extrapolation process is done by query-by-committee method.

# Load the training data. This can be one or several TrainingSet,␣
→˓MomentTensorPotentialTraining or
# Trajectory objects, which contain energy, forces, stress calculated with the reference
# calculator.
initial_training_data = [nlread('HfO2_crystal_training.hdf5', TrainingSet)[0]]

# Use the predefined small MTP basis.
mtp_basis = PredefinedBasisSmall

# Optimize the non-linear coefficients on the energy only.
nl_parameters = NonLinearCoefficientsParameters(

perform_optimization=True,
energy_only=True,

)

fitting_parameters = MomentTensorPotentialFittingParameters(
basis_size=mtp_basis,
outer_cutoff_radii=4.5*Ang,
mtp_filename='HfO2_active_learning.mtp',
non_linear_coefficients_parameters=nl_parameters,
use_element_specific_coefficients=True,

)

active_learning = ActiveLearningSimulation(
fitting_parameters=fitting_parameters,
initial_training_data=initial_training_data,
mtp_study_filename='HfO2_mtp_study',
mtp_study_object_id='HfO2',
reference_calculator=reference_calculator,
candidate_threshold=1.0,
retrain_threshold=3.0,
check_interval=20,
max_forces_check=10.0*eV/Ang,
use_stress=True,
candidate_trajectory_filename='HfO2_am_active_learning_candidates.hdf5',
restart_simulation=True,
extrapolation_selection_parameters=ExtrapolationSelectionParameters(

extrapolation_grade_algorithm=QueryByCommitteeForces,
descriptor_cutoff=0.1,

(continues on next page)

364 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

(continued from previous page)

),
)

# Set up a high-temperature MD at 3000 K.
initial_velocity = MaxwellBoltzmannDistribution(

temperature=3000.0*Kelvin,
remove_center_of_mass_momentum=True,
random_seed=None,
enforce_temperature=True,

)

method = Langevin(
time_step=1*femtoSecond,
reservoir_temperature=3000*Kelvin,
friction=0.01*femtoSecond**-1,
initial_velocity=initial_velocity,

)

constraints = [FixCenterOfMass()]

# Run the MD simulation through the active learning object.
md_trajectory = active_learning.runMolecularDynamics(

bulk_configuration,
constraints=constraints,
trajectory_filename='HfO2_am_active_learning_3000K.hdf5',
steps=100000,
log_interval=100,
method=method,
domain_decomposition_pattern=[1, 1, 1],

)

# Extract the additional training data that has been added during active learning as a␣
→˓TrainingSet
# object, and save it to a file.
additional_training_data = active_learning.additionalTrainingSet()
nlsave('HfO2_active_learning_additional_training_data.hdf5', additional_training_data)

active_learning_md_query_by_committee.py

Run a molecular dynamics ActiveLearningSimulation for amorphous HfO2 using an initial training data set that is
read from file. The method runMolecularDynamics takes the same arguments as the normal MolecularDynamics
function. The extrapolation process is done with the maxvol method.

# Load the training data. This can be one or several TrainingSet,␣
→˓MomentTensorPotentialTraining or
# Trajectory objects, which contain energy, forces, stress calculated with the reference
# calculator.
initial_training_data = [nlread('HfO2_crystal_training.hdf5', TrainingSet)[0]]

# Use 300 MTP basis functions.
n_basis = 300

# Optimize the non-linear coefficients on the energy only.
(continues on next page)
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nl_parameters = NonLinearCoefficientsParameters(
perform_optimization=True,
energy_only=True,

)

fitting_parameters = MomentTensorPotentialFittingParameters(
basis_size=n_basis,
outer_cutoff_radii=4.5*Ang,
mtp_filename='HfO2_active_learning.mtp',
non_linear_coefficients_parameters=nl_parameters

)

active_learning = ActiveLearningSimulation(
fitting_parameters=fitting_parameters,
initial_training_data=initial_training_data,
mtp_study_filename='HfO2_mtp_study',
mtp_study_object_id='HfO2',
reference_calculator=reference_calculator,
candidate_threshold=1.0,
retrain_threshold=3.0,
check_interval=20,
max_forces_check=10.0*eV/Ang,
use_stress=True,
candidate_trajectory_filename='HfO2_am_active_learning_candidates.hdf5',
restart_simulation=True,

)

# Set up a high-temperature MD at 3000 K.
initial_velocity = MaxwellBoltzmannDistribution(

temperature=3000.0*Kelvin,
remove_center_of_mass_momentum=True,
random_seed=None,
enforce_temperature=True,

)

method = Langevin(
time_step=1*femtoSecond,
reservoir_temperature=3000*Kelvin,
friction=0.01*femtoSecond**-1,
initial_velocity=initial_velocity,

)

constraints = [FixCenterOfMass()]

# Run the MD simulation through the active learning object.
md_trajectory = active_learning.runMolecularDynamics(

bulk_configuration,
constraints=constraints,
trajectory_filename='HfO2_am_active_learning_3000K.hdf5',
steps=100000,
log_interval=100,
method=method,

(continues on next page)
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domain_decomposition_pattern=[1, 1, 1],
)

active_learning_md.py

The following example shows how to set up active learning simulations with multiple runners. In this type of simulation,
the MD is run with multiple different initial configurations, which are trained to simultaneously.

active_learning = ActiveLearningSimulation(
fitting_parameters=fitting_parameters,
initial_training_data=initial_training_data,
mtp_study_filename='HfO2_mtp_study',
mtp_study_object_id='HfO2',
reference_calculator=reference_calculator,
candidate_threshold=1.0,
retrain_threshold=3.0,
check_interval=20,
max_forces_check=10.0*eV/Ang,
use_stress=True,
candidate_trajectory_filename='HfO2_am_active_learning_candidates.hdf5',
restart_simulation=True,
extrapolation_selection_parameters=ExtrapolationSelectionParameters(

extrapolation_grade_algorithm=QueryByCommitteeForces,
descriptor_cutoff=0.1,

),
)

# Set up a high-temperature MD at 3000 K.
initial_velocity = MaxwellBoltzmannDistribution(

temperature=3000.0*Kelvin,
)

method = Langevin(
time_step=1*femtoSecond,
reservoir_temperature=3000*Kelvin,
friction=0.01*femtoSecond**-1,
initial_velocity=initial_velocity,

)

constraints = [FixCenterOfMass()]

# Use 8 different initial configurations which are loaded from file and collected in a␣
→˓list. The
# trajectory filenames are also set up here, so that each MD trajectory is written to a␣
→˓different
# file.
number_of_initial_configurations = 8
initial_configuration_list = []
trajectory_filename_list = []
for i in range(number_of_initial_configurations):

configuration = nlread(f'initial_configuration_{i}.hdf5', BulkConfiguration)[0]
initial_configuration_list.append(configuration)
trajectory_filename_list.append(f'HfO2_am_active_learning_3000K_{i}.hdf5')

(continues on next page)
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# Run the MD simulation through the active learning object.
md_trajectory = active_learning.runMolecularDynamics(

initial_configuration_list,
constraints=constraints,
trajectory_filename=trajectory_filename_list,
steps=100000,
log_interval=1000,
method=method,
domain_decomposition_pattern=[1, 1, 1],

)

# Extract the additional training data that has been added during active learning, as␣
→˓TrainingSet
# object.
additional_training_data = active_learning.additionalTrainingSet()

active_learning_md_multiple_runners.py

When starting an active learning simulation from scratch it is recommended to scan over randomly generated initial
non-linear coefficients and select the best fit for further training.

# This function replaces the setup of NonLinearCoefficientsParameters and
# MomentTensorPotentialFittingParameters without the need of a loop.
fitting_parameters_list = scanOverNonLinearCoefficients(

number_of_initial_guesses=30,
basis_size=n_basis,
outer_cutoff_radii=4.5*Ang,
mtp_filename_suffix='MTP_fit.mtp',
use_element_specific_coefficients=True,
random_seed=42,

)

# Perform an initial MTP training using a list of fitting parameters.
mtp_training = MomentTensorPotentialTraining(

filename='pre_training.hdf5',
object_id='mtp_training',
training_sets=initial_training_data,
calculator=reference_calculator,
calculate_stress=True,
fitting_parameters_list=fitting_parameters_list,
train_test_split=0.9,
random_seed=13345,
log_filename_prefix='pre_training',

)
mtp_training.update()

# Determine the best fit.
best_fit_index = mtp_training.rankFits(

data_tags=None,
weights=[[1, 1, 1], [1, 1, 1]],
statistical_measure=R2Score

)[0][0]
(continues on next page)
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# Get the parameters of the best fit which can be passed to the fitting_parameters␣
→˓keyword of
# ActiveLearningSimulation.
best_fitting_parameters = mtp_training.fittingParametersList()[best_fit_index]

# Set up the active ActiveLearningSimulation as usual.
active_learning = ActiveLearningSimulation(

fitting_parameters=best_fitting_parameters,
initial_training_data=initial_training_data,
mtp_study_filename='HfO2_mtp_study',
mtp_study_object_id='HfO2',
reference_calculator=reference_calculator,
candidate_threshold=1.0,
retrain_threshold=3.0,
check_interval=20,
max_forces_check=10.0*eV/Ang,
use_stress=True,
candidate_trajectory_filename='HfO2_am_active_learning_candidates.hdf5',
restart_simulation=True,

)

active_learning_md_with_scan.py

Run an ActiveLearningSimulation geometry optimization.

# Set up non-linear coefficients.
non_linear_coefficients_parameters = NonLinearCoefficientsParameters(

perform_optimization=True,
energy_only=True,

)

# Set up parameters to use in the MTP fitting.
fitting_parameters = MomentTensorPotentialFittingParameters(

basis_size=300,
outer_cutoff_radii=4.5*Angstrom,
mtp_filename='active_learning_mtp.mtp',
non_linear_coefficients_parameters=non_linear_coefficients_parameters,

)

active_learning = ActiveLearningSimulation(
fitting_parameters=fitting_parameters,
initial_training_data=initial_training_data,
mtp_study_filename='mtp_study',
mtp_study_object_id='mtp',
reference_calculator=reference_calculator,
candidate_threshold=0.1,
retrain_threshold=1.0,
check_interval=1,
use_stress=True,
candidate_trajectory_filename='active_learning_candidates.hdf5',
restart_simulation=True,
extrapolation_selection_parameters=ExtrapolationSelectionParameters(

(continues on next page)
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extrapolation_grade_algorithm=QueryByCommitteeForces,
descriptor_cutoff=0.1,

),
)

constraints = [FixStrain(x=True, y=True, z=True)]

# Run the geometry optimization through the active learning object.
optimzation_configuration = active_learning.runOptimizeGeometry(

bulk_configuration,
max_steps=1000,
constraints=constraints,
trajectory_filename='active_learning_optimization_trajectory.hdf5',
optimize_cell=False,
trajectory_interval=1,

)

# Extract the additional training data that has been added during active learning, as␣
→˓TrainingSet
# object.
additional_training_data = active_learning.additionalTrainingSet()

active_learning_optimization.py

Run an ActiveLearningSimulation nudged elastic band optimization.

# Set up non-linear coefficients.
non_linear_coefficients_parameters = NonLinearCoefficientsParameters(

perform_optimization=True,
energy_only=True,

)

# Set up parameters to use in the MTP fitting.
fitting_parameters = MomentTensorPotentialFittingParameters(

basis_size=300,
outer_cutoff_radii=4.5*Angstrom,
mtp_filename='active_learning_mtp.mtp',
non_linear_coefficients_parameters=non_linear_coefficients_parameters,
use_element_specific_coefficients=True,

)

active_learning = ActiveLearningSimulation(
fitting_parameters=fitting_parameters,
initial_training_data=initial_training_data,
mtp_study_filename='mtp_study',
mtp_study_object_id='mtp',
reference_calculator=reference_calculator,
candidate_threshold=0.1,
retrain_threshold=1.0,
check_interval=1,
use_stress=True,
candidate_trajectory_filename='active_learning_candidates.hdf5',
restart_simulation=True,

(continues on next page)
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)

# Run the NEB optimization through the active learning object.
optimzation_configuration = active_learning.runOptimizeNudgedElasticBand(

neb,
max_steps=1000,
trajectory_filename='active_learning_optimization_trajectory.hdf5',
optimize_cell=False,
trajectory_interval=1,

)

active_learning_optimization_neb.py

Run an active learning MD and extract the training set table for a final fit to test different MTP basis sizes.

# Run the MD simulation through the active learning object.
md_trajectory = active_learning.runMolecularDynamics(

bulk_configuration,
constraints=constraints,
trajectory_filename='HfO2_am_active_learning_3000K.hdf5',
steps=100000,
log_interval=100,
method=method,
domain_decomposition_pattern=[1, 1, 1],

)

# Extract the additional training data that has been added during active learning as a␣
→˓TrainingSet
# object, and save it to a file.
additional_training_data = active_learning.additionalTrainingSet()
nlsave('HfO2_active_learning_additional_training_data.hdf5', additional_training_data)

# Extract a table with the initial and additional training data that has been added
# during active learning. This table can be used as input to a final MTP fit.
training_set_table = active_learning.trainingSetTable()

# Test different basis sizes.
fitting_parameters_list = []
for mtp_basis in [PredefinedBasisSmall, 400, 800]:

# Optimize the non-linear coefficients on the energy only.
nl_parameters = NonLinearCoefficientsParameters(

perform_optimization=True,
energy_only=True,

)

fitting_parameters = MomentTensorPotentialFittingParameters(
basis_size=mtp_basis,
outer_cutoff_radii=4.5*Ang,
mtp_filename=f'HfO2_active_learning_{mtp_basis}.mtp', # RJL: Not technically␣

→˓active learning. Maybe rename.
non_linear_coefficients_parameters=nl_parameters,
use_element_specific_coefficients=True,

)
(continues on next page)
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fitting_parameters_list.append(fitting_parameters)

# Perform an MTP training using the list of fitting parameters.
mtp_training = MomentTensorPotentialTraining(

filename='Final_MTP_training_basis_size_scan.hdf5',
object_id='mtp_training',
training_sets=training_set_table,
calculator=reference_calculator,
calculate_stress=True,
fitting_parameters_list=fitting_parameters_list,
train_test_split=0.9,
random_seed=13345,
log_filename_prefix='mtp_basis_size_scan',

)
mtp_training.update()
nlprint(mtp_training)

active_learning_md_query_by_committee.py

Notes

MTP Active Learning

The ActiveLearningSimulation class can be used to continuously extend the training data for a machine-learned Moment
Tensor Potential (MTP) during a molecular dynamics simulation, as described in1 and2.

A typical active learning simulation is started from an initial training data set, which can be generated us-
ing the MomentTensorPotentialTraining framework. By calling a method such as runMolecularDynamics or
runOptimizeGeometry, an active learning simulation is initiated. From the initial training data set a starting MTP
is trained which is used to run the MD simulation. During the simulation the extrapolation grade is calculated at reg-
ular intervals for the current configuration, as described inPage 372, 1 and2. A value above zero means that the current
configuration extrapolates the potential, i.e. is outside the space of configurations covered by the training data. If
the extrapolation grade exceeds the first threshold candidate_threshold, a copy of the configuration is stored as a
candidate to add to the extended training data set. If the extrapolation grade exceeds the retrain_threshold, the
simulation is stopped. The most relevant configurations are selected from the collected candidates using the maxvol
criterion1. Energy, forces, and stress are calculated for these configurations using the reference calculator, and added
to the training data set. A new MTP is trained on this extended data set and the simulation is started from the beginning
with the new MTP.

This cycle is repeated until the simulation completes without extrapolating significantly, i.e. without exceeding the
retrain threshold, or the maximum number of iterations as specified by max_iterations is reached.

All additional configurations, which are added to the original training data set during an active learning simulation,
are stored with their calculated reference energy, forces, and stress to a ConfigurationDataContainer object which is
saved to candidate_trajectory_filename. The additional training data can also be be accessed via the method
additionalTrainingData(). The method additionalTrainingSet() returns the additional training data as

1 Evgeny V. Podryabinkin and Alexander V. Shapeev. Active learning of linearly parametrized interatomic potentials.
Comput. Mater. Sci., 140:171–180, 2017. URL: https://www.sciencedirect.com/science/article/pii/S0927025617304536,
doi:https://doi.org/10.1016/j.commatsci.2017.08.031.

2 Konstantin Gubaev, Evgeny V. Podryabinkin, Gus L.W. Hart, and Alexander V. Shapeev. Accelerating high-throughput searches for new alloys
with active learning of interatomic potentials. Comput. Mater. Sci., 156:148–156, 2019. URL: https://www.sciencedirect.com/science/article/pii/
S0927025618306372, doi:https://doi.org/10.1016/j.commatsci.2018.09.031.
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TrainingSet object. Furthermore, ActiveLearningSimulation provides a method trainingSetTable(), which re-
turns a Table that contains both the initial training set as well as the additional training set. This table can directly be
used as input to a MomentTensorPotentialTraining object to perform a final MTP fitting run and optimize the MTP
hyperparameters.

Query-by-committee

Query-by-committee is an alternative to the maxvol algorithm to calculate the extrapolation grade for multi-element
systems. In this case, an ensemble of different MTP models is trained on the same training data (default is 6 different
models), each with different initial guesses. The ensemble standard deviation of the forces prediction is used as a
measure of extrapolation, which can be interpreted as a prediction of the forces error in the configuration3. The query-
by-committee algorithm typically provides a numerically more stable way to calculate the extrapolation grade and does
not require reduced MTP accuracy settings. In particular it can be used with any MTP basis size and it is therefore the
recommended algorithm.

The query-by-committee method can be activated by setting extrapolation_grade_algorithm=QueryByCommitteeForces
in ExtrapolationSelectionParameters. Unlike maxvol, query-by-committee does not provide a native algorithm for
selecting the most different candidate configurations out of all extrapolating candidates. Instead, a dedicated separate
selection algorithms is used (MTP-structural-descriptor). The parameters for this method can be selected through the
extrapolation_selection_parameters, which takes an ExtrapolationSelectionParameters object.

Multiple runners

Using multiple runners in active learning MD or optimization is an extension to the standard way of running active
learning to increase the exploration of different new configurations. Here, the simulation is split up and run on multiple
different initial configurations simultaneously, collecting candidates from all simulations. When all simulations have
stopped due to exceeding the retraining threshold, all the candidates are gathered, selected, and collectively included
in the training before the next iteration is started. This allows to include, e.g. various stoichiometric compositions, or
interface representations in the same active learning simulation, instead of running multiple simulations sequentially.

Multiple runners can be set up by passing a list of initial configurations as configuration parameter in
runMolecularDynamics() or runOptimizeGeometry(). For running this type of simulation efficiently, one should
ideally allocate at least as many MPI processes as number of initial configurations.

Practical guide

Although it can also be used in production simulations, the ActiveLearningSimulation class is primarily designed to
efficiently extend existing training data via MD simulations without having to run computationally expensive ab-initio
MD simulations for amorphous or high-temperature systems. Apart from the automatically added training data in the
candidate trajectory file, it can also be useful to take snapshots from the final MD trajectory, recalculate energy, forces,
and stress with the reference calculators (e.g. by passing it as TrainingSet to MomentTensorPotentialTraining) to obtain
additional training configurations that can be added to a larger training data set.

For consistency with the input of MomentTensorPotentialTraining it is recommended to use a list or Table of
TrainingSet objects to pass the initial training data.

When using the default maxvol algorithm, it is recommended to reduce the MTP accuracy settings, e.g. MTP basis,
outer cutoff radius, and to include only the most relevant training data in the initial training data set to be run in a robust
and efficient way. One can occasionally encounter the error message “No new candidates found in active learning”,
often accompanied by very large extrapolation grade values. This is typically caused by an MTP basis set being too
large for the given training data, which leads to numerical inaccuracies when calculating the extrapolation grade and

3 Christoph Schran, Krystof Brezina, and Ondrej Marsalek. Committee neural network potentials control generalization errors and enable active
learning. The Journal of Chemical Physics, 153(10):104105, 2020.
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selecting the candidates to add to the next training iteration. In this case it often helps to reduce the MTP basis size in
the MomentTensorPotentialFittingParameters until the problem disappears. Alternatively, one can try to include more
diverse configurations to the initial training data, for example by running DFT-MD.

Choosing the query-by-committee algorithm instead, can often avoid this problem from the start and provide a more
stable simulation.

When starting an active learning simulation from scratch it is recommended to scan over randomly generated initial
non-linear coefficients and select the best fit for further training, as shown in the example section. If an active learning
simulation is continued, then it is best to use the non-linear coefficients from the previous run to keep he training con-
sistent. This can be done by passing the MTP filename from the previous run as initial_coefficients parameter
in the NonLinearCoefficientsParameters.

In order to run an active learning MD simulation more efficiently one can increase the check_interval parameter,
to reduce the frequency at which the extrapolation grade is calculated. As a fallback the extrapolation grade is always
checked, whenever the largest force on an atom exceeds the value max_forces_check, which is typically a sign of
extrapolation. This is only supported for MD, whereas in optimization simulations the extrapolation grade is always
checked at every step.

Note, that the initial training data must have pre-calculated reference data (e.g. DFT energy, forces, stress). That means
e.g. TrainingSet objects must be set up with recalculate_training_data=False ActiveLearningSimulation
does not support calculating the reference data for the initial training data that is given.

# RJL This sentence seems to be cut off. The training data generated during an active learning run can be accessed via

Active Learning MD

A typical workflow for training via active learning MD could be to use displaced bulk crystal or interface configurations
generated via RandomDisplacementsParameters or CrystalInterfaceTrainingParameters respectively, as initial training
data. Simulating the crystal at high temperature using active learning MD to melt it can then be used to include liquid
and amorphous configurations to the training data. Typical values for candidate and retrain threshold are 1.0 and 3.0,
respectively. The larger these values are, the more extrapolation is allowed.

MD with active learning can be combined with hook functions. This can be used to include non-equilibrium simulations
in the training.

Active Learning geometry optimization

This type of optimization can supplement molecular dynamics simulations by bridging e.g. amorphous and crys-
talline phases. Since optimization trajectories tend to be shorter than MD trajectories, and configurations can change
more significantly between optimization steps, it is recommended to set the check_interval parameter to 1 and
lower the candidate- and retrain thresholds to add sufficiently many new structures to the training set. Note that
restart_strategy and hook functions available in OptimizeGeometry are not supported in ActiveLearningSimu-
lation. This method is used when crystal structure prediction is run with an ActiveLearningSimulation object (see also
the CrystalStructurePrediction reference manual).
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Active Learning nudged elastic band optimization

This type of active learning optimization can be used to train potentials for reaction paths and transition states. Simi-
larly to OptimizeGeometry, hook functions and restart_strategy arguments are not available when running Opti-
mizeNudgedElasticBand through active learning. Every image in the NudgedElasticBand is checked individually for
its extrapolation grade, potentially adding multiple candidate structures each optimization iteration. However, it is still
recommended to set the check_interval parameter to 1. A preoptimization of the endpoints can be performed. In
that case the initial MTP should be able to perform the optimization without unphysical results, as they are not part of
the learning process. Note that multiple independent runners are not supported.

AdaptiveGrid

class AdaptiveGrid(kA_range=None, kB_range=None, tolerance=None, error_measure=None,
number_of_initial_levels=None, maximum_number_of_levels=None, kpoints=None,
intervals=None, triangles=None, function_values=None, integral_value=None)

Parameters

• kA_range (list(2) of float | float) – Interval for k-points in the kA-direction given
in fractional coordinates. If a single number is given there will be no k-points in this direction.
Default: [-0.5, 0.5]

• kB_range (list(2) of float | float) – Interval for k-points in the kA-direction given
in fractional coordinates. If a single number is given there will be no k-points in this direction.
Default: [-0.5, 0.5]

• tolerance (Positive float) – Tolerance for integration. Default: 1e-3

• error_measure (Absolute | Relative) – Method to calculate error. Either Absolute (ab-
solute error) or Relative (relative error). Default: Absolute

• number_of_initial_levels (Non-negative int) – Minimum number of refinement
steps in the adaptive grid. Default: 3

• maximum_number_of_levels (Non-negative int) – Maximum number of refinement
steps in the adaptive grid. Default: 20

• kpoints – List of initial k-point, e.g. [[0.0, 0.0], [0.1, 0.0]]. Mutually exclusive
with kA_range and kB_range. Can be used for restarting from a previous calculation. De-
fault: None

• intervals (list(n_intervals) of list(2) of int) – List of intervals represented
two integers, e.g. [(0, 1), (1, 2), (2, 3)]. The integers correspond to the indices of
the k-points that are the end points of each interval. Mutually exclusive with kA_range and
kB_range. Can be used for restarting from a previous calculation. Default: None

• triangles (list(n_triangles) of list(3) of int) – List of triangles represented
three integers, e.g. [(0, 1, 2), (0, 2, 3)]. The integers correspond to the indices of
the k-points that are the corner points of each triangle. Mutually exclusive with kA_range
and kB_range. Can be used for restarting from a previous calculation. Default: None

• function_values (list(n_kpoints) of float) – List of function values correspond-
ing to each k-point. Mutually exclusive with kA_range and kB_range. Can be used for
restarting from a previous calculation. Default: None
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dimension()

Returns
The dimension of the k-point integration. Can be either 1 or 2.

Return type
int

errorMeasure()

Returns
The error_measure used for this AdaptiveGrid.

Return type
Absolute or Relative

functionValues()

Returns
The values of the integrated function in all the k-points.

Return type
ndarray(n) where n is the number of k-points.

initialIntervals()

Returns
A list of the initial intervals.

Return type
list(n) of Intervals where n is the number of intervals.

initialKpoints()

Returns
The list of initial k-points.

Return type
ndarray(n, m) of floats where n is the number of k-points and m is the dimension.

initialTriangles()

Returns
A list of the initial triangles.

Return type
list(n) of Triangles where n is the number of triangles.

integralValue()

Returns
The value of the integrated function.

Return type
float

intervals()

Returns
A list of the intervals once the integration is finished.

Return type
list(n) of Intervals where n is the number of intervals.
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kARange()

Returns
The range of k-points in the kA-direction.

Return type
list(2) of float.

kBRange()

Returns
The range of k-points in the kB-direction.

Return type
list(2) of float.

kpoints()

Returns
All of the k-points used in the integration.

Return type
list(n) of k-points where n is the number of k-points.

kpointsWeights()

Returns
The weight of all the k-points used in the integration.

Return type
list(n) of float where n is the number of k-points.

maximumNumberOfLevels()

Returns
The number of maximum levels allowed in the adaptive integration.

Return type
int

numberOfInitialLevels()

Returns
The number of initial levels used in the adaptive integration.

Return type
int

tolerance()

Returns
The tolerance at which the adaptive integration should stop.

Return type
float

triangles()

Returns
A list of the triangles once the integration is finished.

Return type
list(n) of Triangles where n is the number of triangles.
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uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define an adaptive grid:

# Setup adaptive grid object.
adaptive_grid = AdaptiveGrid(

kA_range=[-0.5, 0.5],
kB_range=[-0.5, 0.5],
tolerance=1e-2,
error_measure=Absolute,
number_of_initial_levels=2,
maximum_number_of_levels=7)

# Use adaptive grid instead of kpoints in transmission spectrum.
transmission_spectrum = TransmissionSpectrum(device_configuration,

kpoints=adaptive_grid)

# Use adaptive grid instead of kpoints in spin transfer torque.
spin_transfer_torque = SpinTransferTorque(device_configuration,

contributions=Left,
kpoints=adaptive_grid)

adaptive_grid.py

Notes

When using adaptive grids for integration, the integration domain is divided into triangles, as illustrated in Fig. 4.1.
The integral over each triangle area is estimated as

𝐼0 = 𝐴0(𝐹1 + 𝐹2 + 𝐹3)/3,

where 𝐴0 is the area of the triangle, and 𝐹1, 𝐹2, 𝐹3 are the function values at the triangle corner points. In order to
estimate whether the integral, 𝐼0, (left inset in Fig. 4.1) is converged or not, each triangle is divided into four smaller
triangles with integral values 𝐼1, 𝐼2, 𝐼3, 𝐼4 (right inset in Fig. 4.1). The integral error, 𝐸𝐼0 , for triangle integral 𝐼0 is
computed as

𝐸𝑎𝑏𝑠𝐼0 =
|𝐼0 − (𝐼1 + 𝐼2 + 𝐼3 + 𝐼4)|

𝐴0
,

if the error_measure is Absolute and as

𝐸𝑟𝑒𝑙𝐼0 =
|𝐼0 − (𝐼1 + 𝐼2 + 𝐼3 + 𝐼4)|

𝐼𝑡𝑜𝑡
,

if the error_measure is Relative, where 𝐼𝑡𝑜𝑡 is the total integral over the entire integration domain at the present
level of refinement.

It depends on the actual problem, if one should use the error_measure=Absolute or error_measure=Relative
option. If one has some knowledge about the function values, e.g., the transmission spectrum, the use of Absolutemay
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Fig. 4.1: The integration domain is divided into triangle areas. In order to estimate whether the integral, 𝐼0, (left inset)
is converged or not, each triangle is divided into four smaller triangles with integral values 𝐼1, 𝐼2, 𝐼3, 𝐼4 (right inset).

be more advantageous. On the other hand, if there is no information available on the function values, using Relative
is a better option. This is also the case if spin.Up and spin.Down have rather different transmission spectra.

Fig. 4.2 illustrates schematically the data flow in the adaptive algorithm.

The AdaptiveGrid can be used as the kpoint keyword in the following analysis objects:

• TransmissionSpectrum

• SpinTransferTorque

AdaptiveHistoryRestart

class AdaptiveHistoryRestart(effective_rank_fraction=None, rank_tolerance=None)
Class for constructing an adaptive history restart option for the PulayMixer. A restart of the mixer history is
triggered when the rank of the Gram matrix of the residual vectors is lower than a given fraction of the history
size.

A restart can be beneficial to mitigate error stagnation, which can be sometimes been observed in the SCF
convergence. The rank of the Gram matrix is used as decision criteria, since it can be seen as a measure of
quality of the previous SCF history steps in determining the next guess.

Parameters

• effective_rank_fraction (float of range [0; 1]) – A tolerance level which de-
termines when an SCF history should be reset/restarted. In the default case, if the effective
rank is 50% less than the number of history steps then restart. A value of 0 implies higher
chance of restart, and a value of 1 is equivalent to selecting no restart. Default: 0.5
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Fig. 4.2: Schematic drawing of the adaptive algorithm. If the error is larger than the tolerance, 𝜖, the triangle is divided
into four smaller triangles.
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• rank_tolerance (float) – The tolerance used to determine whether two vectors are lin-
early dependent. It must be non-negative. Default: 1e-6

effectiveRankFraction()

Returns
The effective rank fraction.

Return type
float

rankTolerance()

Returns
The rank tolerance.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

AdaptiveKineticMonteCarlo

class AdaptiveKineticMonteCarlo(markov_chain, kmc_temperature, md_temperature, calculator, constraints,
kmc=None, superbasin_threshold=None,
saddle_search_parameters=None, htst_parameters=None,
confidence=None, filename_prefix=None, write_log=None,
write_searches=None, write_markov_chain=None, write_kmc=None,
lkmc_parameters=None)

Class for representing AdaptiveKineticMonteCarlo simulations.

Parameters

• markov_chain (MarkovChain) – The Markov chain.

• kmc_temperature (PhysicalQuantity of type temperature) – The temperature of the kinetic
Monte Carlo simulation.

• md_temperature (PhysicalQuantity of type temperature) – The reservoir temperature for
the molecular dynamics search.

• calculator (Calculator) – The calculator object that should be attached to the configu-
ration.

• constraints (list of type int) – The atoms that should be constrained during opti-
mization. At least one atom must be constrained.

• kmc (KineticMonteCarlo) – Optional, existing kinetic Monte Carlo simulation, useful for
resuming a calculation. Default: None.

• superbasin_threshold (int) – The number of steps between two states before they are
merged together and treated with the coarse graining algorithm. A value of None disables
coarse graining. Default: None.

• saddle_search_parameters (SaddleSearchParameters) – The parameters for the sad-
dle search.
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• htst_parameters (HTSTParameters) – The parameters used when calculating the reac-
tion rate based on harmonic transition-state-theory (HTST). By default the prefactors will be
approximated by only including atoms that move more than 0.05 Angstrom and the force con-
stants will be calculated using a central finite difference scheme. A fixed prefactor can instead
be assumed for all reactions: HTSTParameters(assumed_prefactor=1e12/Second) Default:
None.

• confidence (float) – The confidence in the kinetic Monte Carlo rate table for each state
in the simulation. This confidence is the probability that the “correct” kinetic Monte Carlo
step was taken. The confidence should be in the range (0, 1). Default: 0.99.

• filename_prefix (str) – The filename prefix for saved files. Default: ‘akmc’.

• write_log (bool) – Whether or not the log that records the outcome for each search should
be written. Default: True.

• write_searches (bool) – Whether or not the objects for each search (e.g. saddle point,
NEB, or MD) should be written. Default: True.

• write_markov_chain (bool) – Whether or not the MarkovChain object should be written.
Default: True.

• write_kmc (bool) – Whether or not the KineticMonteCarlo object should be written. De-
fault: True.

• lkmc_parameters (LKMCParameters | None) – The localized AKMC parameters or
None if the global AKMC should be used. Default: None.

kmc()

Returns
The KineticMonteCarlo object.

Return type
KineticMonteCarlo

log()

Returns
The AKMC log object.

Return type
AKMCLog

markovChain()

Returns
The Markov chain object

Return type
MarkovChain

run(max_searches, max_kmc_steps=None)
Run the adaptive kinetic Monte Carlo simulation.

Parameters

• max_searches (int) – The AKMC simulation will terminate after this many saddle
searches.

• max_kmc_steps (int) – The AKMC simulation will terminate after this many kinetic
Monte Carlo steps. Default: 10000
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state()

Returns
The current state id.

Return type
int

Usage Examples

Model the dynamics of two adatoms on a Pt(100) surface.

# -------------------------------------------------------------
# Adaptive Kinetic Monte Carlo
# -------------------------------------------------------------

htst_parameters = HTSTParameters(
assumed_prefactor=1e14/Second,
)

# If the the markov chain already exists, read it from file,
# otherwise create a new object.
if os.path.isfile('akmc_markov_chain.nc'):

markov_chain = nlread('akmc_markov_chain.nc')[0]
else:

markov_chain = MarkovChain(
configuration=bulk_configuration,
configuration_energy=TotalEnergy(bulk_configuration).evaluate(),
)

# If the the kinetic Monte Carlo already exists, read it from file to resume it,
# otherwise create a new kinetic Monte Carlo object.
if os.path.isfile('akmc_kmc.nc'):

kmc = nlread('akmc_kmc.nc')[0]
else:

kmc = None

constraints = [ 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,
26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38,
39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51,
52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64,
65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77,
78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90,
91, 92, 93, 94, 95, 96, 97]

akmc = AdaptiveKineticMonteCarlo(
markov_chain=markov_chain,
kmc_temperature=300.0*Kelvin,
md_temperature=1000.0*Kelvin,
calculator=bulk_configuration.calculator(),
kmc=kmc,
constraints=constraints,

(continues on next page)

4.13. Full QuantumATK package 383



QuantumATK V-2023.12 Documentation

(continued from previous page)

confidence=0.99,
htst_parameters=htst_parameters,
filename_prefix='akmc',
)

akmc.run(max_searches=50, max_kmc_steps=10000)

akmc.py

Notes

In solid state systems, atoms reside near their equilibrium positions and reactions are rare events. MD simulations are
typically limited to nanosecond timescale while room temperature solid-state reactions of interest may occur on the
millisecond timescale or longer.

Adaptive kinetic Monte Carlo (AKMC) is a tool for simulating the dynamics of solid-state systems.12 The goal to is
automatically construct a kinetic Monte Carlo (KMC) simulation without prior knowledge of the reaction rates. Unlike
lattice KMC, the atomic positions are not limited to lattice sites. Instead the geometries are the stable minima of the
potential energy surface obtained from geometry optimization.

The reaction rates are calculated using harmonic transition state theory (HTST). See the HTSTEvent notes for more
details. HTST calculates the reaction rate between stable states (minima) if the saddle point between them is known.
Thus in AKMC the main goal (and computational expense) is to locate new stable states and the saddle points between
then.

Algorithm Details

Saddle points are located using high temperature (controlled by the md_temperature parameter) molecular dynamics
(MD) simulations, starting from a geometry-optimized configuration. These trajectories are periodically minimized to
determine if a reaction has occurred. A reaction has occurred if the minimized structure is different from the initial
configuration.

If a previously discovered minimum is found the saddle search can terminate early, otherwise, the saddle point between
the two geometries must be located. This is done in two steps. The first is a NudgedElasticBand (NEB) optimization
is run. The converged NEB calculation is then used to make an initial guess at the location of the saddle point. This
initial guess is then optimized using minimum-mode following saddle optimization algorithm.

Once a saddle point has been found a check is made to ensure that the saddle point is connected to the initial state.
It is possible that the saddle point that was found does not describe a reaction for the initial minima. Two geometry
optimization starting from the saddle point (displaced in the position and negative directions of the unstable direction)
are performed. If one of the minima is the initial state then the saddle is connected. If neither minima is the starting
minima then the saddle is disconnected and the saddle search ends.

Once a connected saddle point is located for the first time, the HTST prefactor must be calculated for the forward and
reverse reactions. The prefactor can either be set to a fixed value for all reactions or it can be estimated. The prefactor
calculation is controlled by the htst_parameters argument.

The prefactor involves calculating the dynamical matrix at both minima and the saddle point. This is a computationally
expensive calculation and for many systems it is unnecessary, because there is a typical value for the prefactor that does

1 Graeme Henkelman and Hannes Jónsson. Long time scale kinetic monte carlo simulations without lattice approximation and predefined event
table. The Journal of Chemical Physics, 115(21):9657–9666, 2001. doi:10.1063/1.1415500.

2 Samuel T. Chill and Graeme Henkelman. Molecular dynamics saddle search adaptive kinetic monte carlo. The Journal of Chemical Physics,
140:214110, 2014. doi:10.1063/1.4880721.
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not vary much between reactions. This value can be determined by calculating the prefactor for some reactions in the
system.

When numerically calculating the prefactor, not all atoms need to be included in the dynamical matrix to get a good
result. Instead, only the atoms that move significantly along the reaction pathway (and their nearest neighbors) need to
be considered. The minimium_displacement parameter stored in the HTSTParameters object allows you to specify
how much an atom needs to move by to be included in the dynamical matrix.

Parallel Saddle Searches

AKMC simulations are highly parallelizable since each saddle search is an independent calculation. Thus, many saddle
searches can be run in parallel. When multiple MPI processes are used to run an AKMC calculation, QuantumATK
automatically determines how many saddle searches can be run in parallel. It is important to note that one process is
always used as a “master” that coordinates the work of the parallel saddle searches. This makes calculating the total
number of MPI processes to use a little trickier than normal.

The number of saddle searches that will be run simultaneously is given by:

𝑁p − 1

𝑁s

where 𝑁p is the total number of MPI Processes and 𝑁s is the number of processes to use per saddle search (this is
defined by the ParallelParameters object attached to the calculator that is being used).

Resuming Previous Calculations

The Python script that is generated by the QuantumATK Scripter supports resuming the AKMC simulation. The typical
way to run the calculation would be to set the max_searches parameter to a value small enough that the script will
finishing running in a reasonable period of time (perhaps a day or so for DFT calculators) and then re-running the script
as needed to model the dynamics of interest.

When each saddle search is completed all of the files on disk are updated impenitently. This means that it is possible
to monitor the progress of the simulation as it progresses.

AdsorbedSurfaceGenerator

class AdsorbedSurfaceGenerator(substrate=None, search_depth=None, distance=None,
grouping_precision=None)

A data structure for keeping track of the input needed to create an adsorbed surface.

Parameters

• substrate (BulkConfiguration | SurfaceConfiguration) – Optionally provide a sub-
strate.

• search_depth (PhysicalQuantity of type length) – The depth below the surface (defined
from the highest atom in the configuration) at which atoms are included in defining adsorp-
tion sites.

• distance (PhysicalQuantity of type length) – The distance above the surface at which to
place the adsorption sites.

• grouping_precision (float) – The precision of grouping unique adsorption sites.
Higher values result in more adsorption sites. The allowed range is [0, 2].
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addAnchorAtom(molecule_key, atom_index, site_type=None, site_index=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Random'>)

Add an anchor atom to the molecule type referenced by molecule_key.

Parameters

• molecule_key (str) – A unique key specifying a molecule type.

• atom_index (int) – The atom index of the anchor atom.

• site_type (str) – The site type that the anchor atom should occupy.

• site_index (Random | int) – A site_index from the given site type that this anchor
atom should occupy.

addMolecule(molecule_key, molecule, site_type=None, distribution=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Random'>, count=0, occupancy=0.0,
height=PhysicalQuantity(2.0, Ang), orientation=0, anchor_atom_index=0,
gridcell_repetitions=(1, 1), gridcell_center=False)

Add a molecule type to the surface.

Parameters

• molecule_key (str) – A unique key specifying a molecule type.

• molecule (MoleculeConfiguration) – A molecule to be added to the surface.

• site_type (str) – The site type that the molecule’s main anchor atom should occupy.

• distribution (int | Random | Quasirandom | SurfaceGrid) – The distribution
for the molecule, which is also the distribution of the main anchor atom. Should be a site
index for the given site_type or a flag.

• count (int) – The number of molecules of this type.

• occupancy (float) – The occupancy of this molecule type on the
main_anchor_atom_site_type. The allowed range is from 0.0 (a clean surface) to
1.0 (maximum site occupation).

• height (PhysicalQuantity of type length) – The height of the molecules of this type.

• orientation (ORIENTATION | ORIENTATIONS) – The orientation for this molecule
type.

• anchor_atom_index (int) – The atom index for the main anchor atom.

• gridcell_repetitions (tuple of two integers) – If distributing to SurfaceGrid,
the repetitions of the grid.

• gridcell_center (bool) – If distributing to SurfaceGrid, whether to use the center of
grid cells.

adsorptionSiteParameters()

Returns
The parameters used to find the current adsorption sites as a tuple of the search_depth, dis-
tance and grouping_precision, in that order.

Return type
tuple
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adsorptionSiteTypes()

Returns
The names of all available adsorption site types.

Return type
tuple

changeAnchorAtom(molecule_key, index, atom_index=None, site_type=None, site_index=None)
Change an anchor atom in the molecule type referenced by molecule_key.

Parameters

• molecule_key (str) – A unique key specifying a molecule type.

• index (int) – The index of the anchor atom to change.

• atom_index (int) – The atom index of the anchor atom.

• site_type (str) – The site type that the anchor atom should occupy.

• site_index (Random | SurfaceGrid | Quasirandom | int) – A distribution flag
or a site_index from the given site type that this anchor atom should occupy.

changeMolecule(molecule_key, new_molecule_key=None, molecule=None, site_type=None,
distribution=None, count=None, occupancy=None, height=None, orientation=None,
anchor_atom_index=None, gridcell_repetitions=None, gridcell_center=None)

Change a molecule type.

Parameters
molecule_key (str) – A unique key specifying a molecule type.

:param new_molecule_key:A new molecule key. :type new_molecule_key:str

Parameters

• molecule (MoleculeConfiguration) – The molecule being changed.

• site_type (str) – The site type that the molecule’s main anchor atom should occupy.

• distribution (int | Random | Quasirandom | SurfaceGrid) – The distribution
for the molecule, which is also the distribution of the main anchor atom. This should be a
site index for the given site_type or a flag.

• count (int) – The number of molecules of this type.

• occupancy (float) – The occupancy of this molecule type on the
main_anchor_atom_site_type. Range: [0.0, 1.0].

• height (PhysicalQuantity of type length) – The height of the molecules of this type.

• orientation (ORIENTATION | ORIENTATIONS) – The orientation for this molecule
type.

• anchor_atom_index (int) – The atom index for the main anchor atom.

• gridcell_repetitions (tuple of two integers) – If distributing to SurfaceGrid,
the repetitions of the grid.

• gridcell_center (bool) – If distributing to SurfaceGrid, whether to use the center of
grid cells.
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copyMoleculeTypes(other, molecule_key=None)
Copy molecule types from another instance of AdsorbedSurfaceGenerator into this instance. If
molecule_key is given, a copy of a single molecule type corresponding to the molecule_key is made, else
all molecule types are copied. Note that this does not copy the site_type and distribution for any anchor
atoms, as they may not match the adsorption sites in this instance, and should be set explicitly after copying.

Parameters

• other (AdsorbedSurfaceGenerator) – The AdsorbedSurfaceGenerator to copy from.

• molecule_key (str) – A specific molecule_key.

findAdsorptionSites(search_depth=PhysicalQuantity(0.9, Ang), distance=PhysicalQuantity(2.0, Ang),
grouping_precision=1.0)

Find adsorption sites by defining a volume with the dimensions cell vector A, cell vector B and
‘search_depth’. All atoms within this volume are assumed to constitute the substrate surface and will be
used to generate adsorption sites. These sites are then placed at the distance from the substrate surface
specified by the distance argument.

Parameters

• search_depth (PhysicalQuantity of type length) – The depth below the surface (defined
from the highest atom in the configuration) at which atoms are included in defining adsorp-
tion sites.

• distance (PhysicalQuantity of type length) – The distance above the surface at which to
place the adsorption sites.

• grouping_precision (float) – The precision of grouping unique adsorption sites.
Higher values result in more adsorption sites. The allowed range is [0, 2].

Returns
The adsorption sites.

Return type
dict

generateAdsorbedSurface()

Create a configuration consisting of a substrate with adsorbed molecules.

Returns
A configuration consisting of the substrate with adsorbed molecules.

Return type
BulkConfiguration

moleculeKeys()

Returns
The keys of all molecule types added.

Return type
tuple

numberOfAnchorAtoms(molecule_key)
Get the number of anchor atoms on the molecule type referenced by molecule_key.

Parameters
molecule_key (str) – The key of the molecule of interest.

Returns
The number of anchor atoms.
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Return type
int

static overlappingMolecules(configuration, tolerance=PhysicalQuantity(1.0, Ang))
Find overlapping molecules. The premise of this method is as follows:

1. Find all pairs of overlapping atoms. These pairs are unique and do not contain mirrored copies, i.e.,
only one of [0, 1] and [1, 0] will be in the list.

2. Collect molecule tags for relevant overlaps by extracting the tags for each pair of overlapping atoms.

a. Ignore any that involve the substrate.

b. Ignore tags that are were not added by AdsorbedSurfaceGenerator by using the prefix ‘adsmol’.

c. Intramolecular ‘overlaps’ are false positives, so we ignore these as well. These will have the same
molecular tag on both atoms.

3. By default, only take the second molecule tag in a pair of overlapping molecules, since only one of
them needs to be moved to fix the overlap. If take_both=True, then both tags are taken (This is useful
if we need to check if a particular molecule is overlapping any other).

Parameters

• configuration (BulkConfiguration) – The adsorbed surface configuration.

• tolerance (PhysicalQuantity of type distance) – The intermolecule distance toler-
ance. Default: 1 * Angstrom.

Returns
The set of unique tags for overlapping molecules.

Return type
list

raiseDistributionError(message)
Reset the site distribution and raise NLValueError.

Parameters
message (str) – The error message.

redistributeOverlappingMolecules(configuration, tolerance=PhysicalQuantity(1.0, Ang))
Try to redistribute overlapping molecules to remove the overlaps.

Note! This only applies to molecules distributed with the Random distribution.

The premise of this method is as follows:

1. Find molecules that need to be moved due to atomic overlaps with other molecules. The substrate is
ignored since there are better ways to avoid molecules cutting into the surface.

2. If any, then loop over the found molecules and for each of them: a. Loop over all free sites for the
molecule’s site type b. Place the molecule and check if it overlaps anything. c. If yes, then check the next
free site. d. If not, then accept the position and move on to the next molecule.

3. If all free sites were checked and none of them satisfied the distance criteria, the molecule remains at it’s
original adsorption site. —.

Parameters

• configuration (BulkConfiguration) – The adsorbed surface configuration.

• tolerance (PhysicalQuantity of type distance) – The intermolecule distance toler-
ance. Default: 1 * Angstrom.
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Returns
The adjusted configuration.

Return type
BulkConfiguration

removeAnchorAtom(molecule_key, index)
Remove an anchor atom in the molecule given by molecule_key.

Parameters

• molecule_key (str) – A unique key specifying a molecule type.

• index (int) – The index of the anchor atom to remove.

removeMolecule(molecule_key, redistribute=False)
Remove a molecule type.

Parameters
molecule_key (str) – A unique key specifying a molecule type.

setSubstrate(substrate)
Set a substrate if the current substrate is None. SurfaceConfigurations will be converted into BulkConfig-
uration. If the given configuration has insufficient vacuum at its surface, vacuum will be added such that
the total amount of vacuum becomes 10 Angstrom.

Parameters
substrate (BulkConfiguration | SurfaceConfiguration) – The substrate.

substrate()

Returns
The configuration used as the substrate, which is a surface slab with vacuum.

Return type
BulkConfiguration

Usage Examples

Example 1. Adsorb water molecules onto the ontop sites of a Pt(100) surface at 50% coverage, anchored by their
oxygen atoms and oriented vertically.

from example_configurations import substrate, water

# -------------------------------------------------------------
# Create surface with adsorbed molecules.
# -------------------------------------------------------------
# Instantiate the AdsorbedSurfaceGenerator with the substrate and find adsorption sites.
generator = AdsorbedSurfaceGenerator(

substrate=substrate,
search_depth=0.9 * Angstrom,
distance=1.0 * Angstrom,
grouping_precision=1.0

)

# Add molecules.
generator.addMolecule(

(continues on next page)
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(continued from previous page)

molecule_key='Water',
molecule=water,
count=9,
orientation=ORIENTATIONS.VERTICAL,
anchor_atom_index=1,
site_type='ontop_Platinum',
distribution=Random

)

# Generate a configuration with the molecules adsorbed to the substrate surface.
configuration = generator.generateAdsorbedSurface()

adsorbed_surface_example1.py example_configurations.py

Fig. 4.3: Resulting configuration from Example 1. a) Side view. b) Top view.

Example 2. Adsorb water
molecules onto the ontop sites
of a Pt(100) surface at 50% cov-
erage, anchored by both of their
hydrogen atoms and oriented with
the second anchor atom on bridge
sites.

from␣
→˓example_configurations␣
→˓import substrate, water

# -----------
→˓-------------------------
→˓-------------------------
# Create surface with␣
→˓adsorbed molecules.
# -------------------------
→˓-------------------------
→˓-----------
# Instantiate the␣
→˓AdsorbedSurfaceGenerator␣
→˓with the substrate and␣
→˓find adsorption sites.
generator =␣
→˓AdsorbedSurfaceGenerator(

substrate=substrate,
search_depth=0.9 *␣

→˓Angstrom,
distance=1.0 *␣

→˓Angstrom,
grouping_precision=1.0

)

# Add molecules.
generator.addMolecule(

molecule_key='Water',
molecule=water,
count=9,

(continues on next page)
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(continued from previous page)

␣
→˓orientation=ORIENTATIONS.
→˓ANCHORED,

anchor_atom_index=0,
site_type='ontop_

→˓Platinum',
distribution=Random

)
generator.addAnchorAtom(

molecule_key='Water',
atom_index=2,
site_type='bridge',
distribution=Random

)

# Generate a configuration␣
→˓with the molecules␣
→˓adsorbed to the␣
→˓substrate surface.
configuration = generator.
→˓generateAdsorbedSurface()

adsorbed_surface_example2.py example_configurations.py

Fig. 4.4: Resulting configuration from Example 2. a) Side view. b) Top view.

General

The
AdsorbedSurfaceGenerator
class is designed to collect the nec-
essary components for creating a
surface with adsorbed molecules, as
well as to modify these components
and generate the final configuration.
The basic steps of using the class
are:

1. Add a substrate.

2. Calculate adsorption sites for
the substrate.

3. Add molecule types and de-
fine how they should be dis-

tributed onto the substrate.

4. Optionally add additional an-
chor atoms.

5. Call
generateAdsorbedSurface
to create the final configura-
tion.
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The class can be instantiated with a substrate configuration and parameters for finding adsorption sites as optional input
arguments. This allows for a quick start-up by setting the substrate and calculating the adsorption sites in one go.

Substrate and adsorption sites

The substrate can be set using the setSubstrate method. Note that each instance of AdsorbedSurfaceGenerator
can only set a substrate once. This is to avoid a mismatch between the substrate and adsorption sites, as well as
the substrate and anchor atom site types and distributions. If a new substrate should be used, a new instance of
AdsorbedSurfaceGenerator needs to be created. If the same molecules are to be used on the new substrate, use the
copyMoleculeTypes method to copy any molecule types from the old instance to the new instance, i.e.

new_instance.copyMoleculeTypes(old_instance)

to copy all molecule types or

new_instance.copyMoleculeTypes(old_instance, 'water')

to copy only the molecule type ‘water’.

Note that this method does not copy the site_type or distribution from any anchor atoms, so these must be set in the new
instance after copying to ensure that they match the new substrate and its adsorption sites. Similarly, if the parameters
used to calculate adsorption sites in the old instance can be used again in the new instance, these can be retrieved using
the adsorptionSiteParameters method, i.e.

new_instance.findAdsorptionSites(*old_instance.adsorptionSiteParameters())

Adsorption sites can be found using the findAdsorptionSites method. A list of basic adsorption site types can be
found in Table 1.

The volume defined by the search_depth parameter should not contain atoms that are repeated in multiple layers, i.e.
atoms should not have the same in-plane coordinates in multiple layers. Otherwise, undesired adsorption sites may be
generated inside the substrate. See the figure below for clarification. The option to set the search_depth to an arbitrary
value within the substrate thickness is useful for more complex crystal structures where adsorption sites are not all at
the same height above the surface. This is especially useful for amorphous substrates, in which the surface volume is
arbitrarily defined.

Fig. 4.5: Examples of the volume defined by surface_depth, a) with and b) without
repeating atoms in multiple layers. In b), some of the red atoms are repeated in all
three layers. Since the volume includes both the first and second layers, adsorption
sites can be seen between these layers, inside the substrate.

The grouping_precision pa-
rameter can be used to further
sort the basic adsorption
site types by unique local
environments. For instance,
the short and long bridge
sites on an elemental crystal
FCC(110) surface can be
sorted into ‘bridge_0’ and
‘bridge_1’. Similarly, for
multi-element substrates,
bridge sites between unique
pairs of elements can also
be sorted into ‘bridge_0’,
‘bridge_1’, etc.

Table 1. Basic adsorption
site types. Additional sort-
ing among each basic site type

may be indicated by a trailing underscore and integer.
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Site
type

Description

‘on-
top_element’

A surface site that is 1-fold coordinated. element is the name of the element that the site is on top of,
e.g., ‘ontop_Oxygen’.

‘bridge’ A surface site that is 2-fold coordinated.
‘hol-
low_3fold’

A surface site that is 3-fold coordinated.

‘hol-
low_4fold’

A surface site that is 4-fold coordinated. Requires at least two layers of atoms in the substrate, otherwise
these are labeled as bridge sites.

‘hcp’ A 3-fold coordinated site that corresponds to hexagonal-close-packed stacking. Requires at least three
layers of atoms in the substrate to be identified, otherwise these are labeled as ‘hollow_3fold’ sites.

‘fcc’ A 3-fold coordinated site that corresponds to face-centered-cubic stacking. Requires at least three layers
of atoms in the substrate to be identified, otherwise these are labeled as ‘hollow_3fold’ sites.

Molecules and alignment

Molecule types can be added, modified and removed using the addMolecule, changeMolecule and
removeMolecule methods, respectively.

Each molecule type will have one anchor atom by default, which cannot be removed. It is used to define how a molecule
type should be distributed onto the substrate surface. Each anchor atom specifies the index of an atom in the molecule,
the site type that that atom (equivalently, the molecule type) should occupy and how the molecule should be distributed
on these sites.

• For a single molecule (i.e. count=1), the distribution may be Random or a specific site.

• For multiple molecules, the distribution options are Random or Quasirandom.

• The Quasirandom distribution will attempt to space out the molecules among the sites, and approaches a uniform
distribution for sufficiently large numbers of molecules.

The number of molecules of each molecule type can be set either as a coverage or a count. The coverage is calculated
in terms of the number of sites that should be occupied for the chosen site type. If both count and coverage are given,
the coverage will be used.

The molecule orientation can be given as an option from ORIENTATIONS; the available options are summarize in Table
2. The orientation can also be given as a set of custom rotation angles, by using the named tuple for which descriptions
of the different angles are given in Table 3. Example:

ORIENTATION(surface_rotation_angle, surface_tilt_angle, molecule_rotation_angle)

If ORIENTATIONS.ANCHORED is used, it is expected that more than one anchor atom has been added. Additional anchor
atoms can be added, modified and removed using the addAnchorAtom, changeAnchorAtom and removeAnchorAtom
methods, respectively. If, however, additional anchor atoms have not been given but the orientation is set to
ORIENTATIONS.ANCHORED, the generator will use the ORIENTATIONS.VERTICAL orientation. For additional anchor
atoms beyond the first, the site type and distribution of each anchor atom should be set.

• Similar to the first anchor atom, the distribution of additional anchor atoms can be set to a specific site of the
chosen site type for a single molecule.

• For both single and multiple molecules, the distribution of additional anchor atoms can also be set to Random. In
this case, this means the generator will find the site of the chosen site type that comes closest to the that anchor
atom.
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The same type of molecule can be added more than once. This can be useful when more precise control of the placement
of each molecule of a single type is needed. To achieve this, add each molecule with a count of one and distribute it to
a specific site type and site.

Table 2. Orientation options.

Orienta-
tion

Description

ORIENTATIONS.
VERTICAL

Orient the molecule such that it appears to stand vertically on the substrate. This is the default ori-
entation and corresponds to when all rotation angles are equal to zero. Often, this orientation also
coincides with the ORIENTAITONS.ALIGN_I3 orientation.

ORIENTATIONS.
FLAT

Orient the molecule such that it appears to lay flat on the substrate. This corresponds to setting the tilt
angle to 90 degrees.

ORIENTATIONS.
ALIGN_I1

Orient the molecule such that the first (smallest) principle moment axis of inertia is aligned to the
substrate surface normal.

ORIENTATIONS.
ALIGN_I2

Orient the molecule such that the second principle moment axis of inertia is aligned to the substrate
surface normal.

ORIENTATIONS.
ALIGN_I3

Orient the molecule such that the third (largest) principle moment axis of inertia is aligned to the
substrate surface normal.

ORIENTATIONS.
ANCHORED

Orient the molecule by designating multiple anchor atoms.

Table 3. Custom orientation angles. All angles are given in degrees.

Angle Range Description
surface_rotation_angle0 -

360
The angle of the molecule around the substrate surface normal.

surface_tilt_angle -90 -
+90

The angle of the molecule towards the substrate surface, in the direction or the
surface_rotation_angle.

molecule_rotation_angle0 -
360

The angle of the molecule around the axis defined by the
surface_rotation_angle and surface_tilt_angle.

AlgorithmParameters

class AlgorithmParameters(density_matrix_method=None, store_grids=None, store_basis_on_grid=None,
store_energy_density_matrix=None, scf_restart_step_length=None,
use_symmetries=None, reciprocal_space_paw_quantities=None)

Class for representing the parameters for setting solver parameters.

Some parameter defaults are specific for each calculator, see HuckelCalculator, SlaterKosterCalculator,
LCAOCalculator, or PlaneWaveCalculator.

Parameters

• density_matrix_method (DiagonalizationSolver | FeastSolver |
ChebyshevExpansionSolver | PEXSISolver | PlaneWaveResidualMinimizer
| GeneralizedDavidsonSolver | PPCGSolver) – The method used for ob-
taining the density matrix. Default: PPCGSolver for PlaneWaveCalculator.
DiagonalizationSolver for the other calculators.
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• store_grids (bool) – Enable or disable the storage of grids that can be reused in the SCF
process. True will increase the memory usage, but reduce the computation time. Default:
True

• store_basis_on_grid (Automatic | True | False) – Control the storage of the basis
functions on a real space grid. When enabled, increases the memory usage but reduces the
computation time. Default: Automatic

• store_energy_density_matrix (bool | Automatic) – Enable or disable the computation
and storage of the energy density matrix while the density matrix is calculated. When en-
abled, can slow down the SCF loop but speeds up subsequent evaluations of forces and/or
stress. Default: Disabled unless forces and/or stress will be evaluated immediately after the
self-consistent calculation (Automatic).

• scf_restart_step_length (PhysicalQuantity of type length) – The maximum distance
by which an atom can move so that the calculation can be restarted from the previous initial
state. Default: 0.1 * Ang

• use_symmetries (Automatic | True | False) – Whether the symmetries of the configura-
tion should be used to reduce the number of k-points. If set to Automatic the symmetries
are disabled for a single k-point and enabled for multiple k-points. Default: True

• reciprocal_space_paw_quantities (bool) – If this flag is set to true, the paw quantities
will be calculated in reciprocal space, this can only be done when we use periodic boundary
conditions. Default: True

densityMatrixMethod()

Returns
The advanced solver.

Return type
DiagonalizationSolver | FeastSolver | ChebyshevExpansionSolver |
PEXSISolver | PlaneWaveResidualMinimizer | GeneralizedDavidsonSolver |
PPCGSolver

static enableSymmetries(is_paw, spin_type)
Plane-wave PAW spin-orbit does not yet support the use of symmetries. Enable or disable the option.

WARNING: This emulate the behavior of PlaneWaveCalculator._useSymmetries()
Thus this should change if that change.

Parameters

• is_paw (bool) – True, the PlaneWave-PAW is used.

• spin_type (enum) – The spin type.

Returns
Truem the use symmetries.

Return type
bool

static noSCFDensityMatrixMethod()

Returns
The solver to use for LCAO when no SCF iterations are done.

Return type
DiagonalizationSolver
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scfRestartStepLength()

Returns
The SCF restart step length of this calculator.

Return type
PhysicalQuantity of type length

storeBasisOnGrid()

Returns
True if the storage of the basis functions on a real space grids is enabled

Return type
bool

storeEnergyDensityMatrix()

Returns
True if the simultaneous computation and storage of the energy density matrix during the
calculation of the density matrix is enabled.

Return type
bool | Automatic

storeGrids()

Returns
True if the storage of grids is enabled

Return type
bool

uniqueString()

Return a unique string representing the state of the object.

useSymmetries()

Returns
Whether the symmetries of the configuration should be used to reduce the number of k-points.

Return type
bool

Usage Examples

Setup a calculation that uses the Diagonalization Solver.

density_matrix_method = DiagonalizationSolver()
algorithm_parameters = AlgorithmParameters(density_matrix_method)
calculator = LCAOCalculator(algorithm_parameters=algorithm_parameters)

Setup a calculation that uses the Feast Solver.

density_matrix_method = FeastSolver(lambda_min=-10*Hartree, lambda_max=10*Hartree,␣
→˓number_of_eigenvalues=10)
algorithm_parameters = AlgorithmParameters(density_matrix_method)
calculator = LCAOCalculator(algorithm_parameters=algorithm_parameters)
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AllElectronDensity

class AllElectronDensity(configuration, grid_sampling=None)
A class for calculating the all electron density for a configuration.

Parameters

• configuration (BulkConfiguration.) – The configuration for which the density should
be calculated.

• grid_sampling (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The density grid sampling. The sampling must be
a positive energy or a GridSampling object. Default: Specific for each calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other axes.

– ’line’ for the value along a line parallel to the axis and through a point specified by the
projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.RealUpDown
| Spin.ImagUpDown) – Which spin component to project on. Default: Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they are
first divided by the length of the respective primitive vectors [A, B, C], and then interpreted
as fractional coordinates. Unitless coordinates are immidiately interpreted as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis values
should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm of the axis
primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Cartesian
coordinate type the grid offset is added to the axis values.

Return type
tuple.
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classmethod defaultDensityMeshCutoff(max_atomic_number)
The default density mesh cutoff.

These cutoffs have been obtained by performing calculations on bulk systems like He, Li, Be, C, O, N, O,
F, Ne, .. and integrating the all eletron density to give the integrated number of electrons.

The cutoff is the cutoff that gives an error in the integrated number of electron below 0.01

Parameters
max_atomic_number (int) – The maximum atomic number.

Returns
The default density mesh cutoff.

Return type
PhysicalQuantity of type energy

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type length-4

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.
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• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type length-3

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the electron density is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

classmethod supportedAtomicNumber(atomic_number)
Return true, if the atomic number is supported.

Atomic numbers larger than 20 is not supported because the accumulation of electron density near the
atomic position can not easily be described with a cartesian grid.

Parameters
atomic_number (int) – The maximum atomic number.

Returns
True, then atomic number supported.

Return type
bool

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.
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unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

Calculate the all-electron density and save it to a file:

# -*- coding: utf-8 -*-
# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(4.348*Angstrom)

# Define elements
elements = [Silicon, Carbon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# PAW Data Set
#----------------------------------------
basis_set = [

PAWPBESuggested.Carbon,
PAWPBESuggested.Silicon,
]

k_point_sampling = KpointDensity(
(continues on next page)

402 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

(continued from previous page)

density_a=4.0*Angstrom,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=k_point_sampling,
)

iteration_control_parameters = IterationControlParameters(
damping_factor=0.2,
number_of_history_steps=5,
)

calculator = PlaneWaveCalculator(
basis_set=basis_set,
numerical_accuracy_parameters=numerical_accuracy_parameters,
iteration_control_parameters=iteration_control_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave('SiC_all_electron_density.hdf5', bulk_configuration)

# -------------------------------------------------------------
# All Electron Density
# -------------------------------------------------------------
all_electron_density = AllElectronDensity(

configuration=bulk_configuration,
grid_sampling=5000*Hartree,
)

nlsave('SiC_all_electron_density.hdf5', all_electron_density)

SiC_all_electron_density.py

Notes

• This class inherits from the GridValues class.

• Returns the all-electron density 𝑛𝑎𝑒(r)

AlloyConfiguration

class AlloyConfiguration(bravais_lattice, sites, cartesian_coordinates=None, fractional_coordinates=None)
The Cartesian coordinates and fractional coordinates cannot be given at the same time. The list arguments
containing the sites and coordinates must have the same length.

Parameters

• bravais_lattice (BravaisLattice) – A lattice of the bulk configuration.

• sites (list of type AlloySite) – A sequence containing the site information of the alloy.
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• cartesian_coordinates (PhysicalQuantity of type length | None) – A sequence con-
taining a sequence of atomic coordinates for each site in the configuration. Has the di-
mensionality nx3. Default: None

• fractional_coordinates (array(n, 3) | None) – A sequence containing se-
quences of fractional coordinates for each site in the configuration. Default: None

bravaisLattice()

Returns
The Bravais lattice

Return type
BravaisLattice

cartesianCoordinates()

Returns
The Cartesian coordinates of the sites.

Return type
PhysicalQuantity of type length

fractionalCoordinates()

Returns
The fractional coordinates of the bulk configuration as a nx3 array.

Return type
array of floats

repeat(na=1, nb=1, nc=1)
Repeat the AlloyConfiguration with the integer values na, nb, and nc along the three primitive unit cell
vectors.

Parameters

• na (int) – The repetition along the a-axis. Default: 1

• nb (int) – The repetition along the b-axis. Default: 1

• nc (int) – The repetition along the c-axis. Default: 1

Returns
The repeated bulk system.

Return type
AlloyConfiguration

sample(rng=None)
Returns a random realization of the alloy as a bulk configuration.

Parameters
rng (numpy.random.RandomState | None) – The random number generator to use. If
“None” then the global rng is used.

Returns
A BulkConfiguration with the elements randomly sampled from the AlloySite specifica-
tions.

Return type
BulkConfiguration
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sites()

Returns
The list of all sites.

Return type
list of type AlloySite

uniqueSites()

Returns
A list of the unique sites.

Return type
list of type AlloySite

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define an alloy configuration for a 64 atom InGaAs:sub:2 alloy. The sites containing As will not be optimized.

# Set up lattice
vector_a = [11.3074, 0.0, 0.0]*Angstrom
vector_b = [0.0, 11.3074, 0.0]*Angstrom
vector_c = [0.0, 0.0, 11.3074]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define site types
# Site type with fixed occupancy, sites of these type will NOT be optimized.
site_a = AlloySite(Arsenic=1.0)

# Site type with fractional occupancy, site of these type will be optimized.
site_b = AlloySite(Gallium=0.5, Indium=0.5)

# Define sites
sites = [

site_b, site_b, site_b, site_b, site_b, site_b, site_b, site_b,
site_a, site_a, site_a, site_a, site_a, site_a, site_a, site_a,
site_b, site_b, site_b, site_b, site_b, site_b, site_b, site_b,
site_a, site_a, site_a, site_a, site_a, site_a, site_a, site_a,
site_b, site_b, site_b, site_b, site_b, site_b, site_b, site_b,
site_a, site_a, site_a, site_a, site_a, site_a, site_a, site_a,
site_b, site_b, site_b, site_b, site_b, site_b, site_b, site_b,
site_a, site_a, site_a, site_a, site_a, site_a, site_a, site_a,

]

# Define coordinates
cartesian_coordinates = [[ 0. , 0. , 0. ],

[ 0. , 0. , 5.6537 ],
[ 0. , 5.6537 , 0. ],
[ 0. , 5.6537 , 5.6537 ],
[ 5.6537 , 0. , 0. ],
[ 5.6537 , 0. , 5.6537 ],

(continues on next page)
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(continued from previous page)

[ 5.6537 , 5.6537 , 0. ],
[ 5.6537 , 5.6537 , 5.6537 ],
[ 1.413425, 1.413425, 1.413425],
[ 1.413425, 1.413425, 7.067125],
[ 1.413425, 7.067125, 1.413425],
[ 1.413425, 7.067125, 7.067125],
[ 7.067125, 1.413425, 1.413425],
[ 7.067125, 1.413425, 7.067125],
[ 7.067125, 7.067125, 1.413425],
[ 7.067125, 7.067125, 7.067125],
[ 2.82685 , 2.82685 , 0. ],
[ 2.82685 , 2.82685 , 5.6537 ],
[ 2.82685 , 8.48055 , 0. ],
[ 2.82685 , 8.48055 , 5.6537 ],
[ 8.48055 , 2.82685 , 0. ],
[ 8.48055 , 2.82685 , 5.6537 ],
[ 8.48055 , 8.48055 , 0. ],
[ 8.48055 , 8.48055 , 5.6537 ],
[ 4.240275, 4.240275, 1.413425],
[ 4.240275, 4.240275, 7.067125],
[ 4.240275, 9.893975, 1.413425],
[ 4.240275, 9.893975, 7.067125],
[ 9.893975, 4.240275, 1.413425],
[ 9.893975, 4.240275, 7.067125],
[ 9.893975, 9.893975, 1.413425],
[ 9.893975, 9.893975, 7.067125],
[ 2.82685 , 0. , 2.82685 ],
[ 2.82685 , 0. , 8.48055 ],
[ 2.82685 , 5.6537 , 2.82685 ],
[ 2.82685 , 5.6537 , 8.48055 ],
[ 8.48055 , 0. , 2.82685 ],
[ 8.48055 , 0. , 8.48055 ],
[ 8.48055 , 5.6537 , 2.82685 ],
[ 8.48055 , 5.6537 , 8.48055 ],
[ 4.240275, 1.413425, 4.240275],
[ 4.240275, 1.413425, 9.893975],
[ 4.240275, 7.067125, 4.240275],
[ 4.240275, 7.067125, 9.893975],
[ 9.893975, 1.413425, 4.240275],
[ 9.893975, 1.413425, 9.893975],
[ 9.893975, 7.067125, 4.240275],
[ 9.893975, 7.067125, 9.893975],
[ 0. , 2.82685 , 2.82685 ],
[ 0. , 2.82685 , 8.48055 ],
[ 0. , 8.48055 , 2.82685 ],
[ 0. , 8.48055 , 8.48055 ],
[ 5.6537 , 2.82685 , 2.82685 ],
[ 5.6537 , 2.82685 , 8.48055 ],
[ 5.6537 , 8.48055 , 2.82685 ],
[ 5.6537 , 8.48055 , 8.48055 ],
[ 1.413425, 4.240275, 4.240275],
[ 1.413425, 4.240275, 9.893975],

(continues on next page)
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[ 1.413425, 9.893975, 4.240275],
[ 1.413425, 9.893975, 9.893975],
[ 7.067125, 4.240275, 4.240275],
[ 7.067125, 4.240275, 9.893975],
[ 7.067125, 9.893975, 4.240275],
[ 7.067125, 9.893975, 9.893975]]*Angstrom

# Set up configuration
alloy_configuration = AlloyConfiguration(

bravais_lattice=lattice,
sites=sites,
cartesian_coordinates=cartesian_coordinates,

)

ingaas_alloy.py

Notes

This configuration type can be used with EvolutionarySQS to generate an optimized random alloy, based on the special
quasi-random structure (SQS) method1. To set up an alloy configuration, you need to specify the Bravais lattice and
either the fractional or Cartesian coordinates. This is similar to constructing a BulkConfiguration, however, instead of
the list of elements, you need to give a list of AlloySite objects.

If a lattice site has an AlloySite containing only one element with an occupancy of 1, the element will remain fixed
during the SQS optimization, whereas for AlloySite objects with fractional occupancies (i.e. more than one element
and occupancies < 1) the occupation of this site will be optimized according the element ratio specified in the AlloySite
object. Currently only a single type of alloy site with fractional occupancies is supported and an alloy site can only
have binary composition, i.e. at maximum be composed of two elements, or one element and one vacancy.

Note that AlloyConfiguration cannot be used in actual calculations. Instead, the BulkConfiguration produced by Evo-
lutionarySQS should be used.

AlloySite

class AlloySite(**site_info)
Represents a type of site in an alloy. It is an equivalent to the role PeriodicTableElement plays in configurations.

Parameters
site_info (dict) – A dictionary that maps element symbols or name strings to fractional
occupancies.

elements()

Returns
The elements that belongs to this site.

Return type
list of type PeriodicTableElement | Vacancy

1 A. van de Walle, P. Tiwary, M. de Jong, D.L. Olmsted, M. Asta, A. Dick, D. Shin, Y. Wang, L.-Q. Chen, and Z.-K. Liu. Efficient stochastic gener-
ation of special quasirandom structures. Calphad, 42:13 – 18, 2013. URL: http://www.sciencedirect.com/science/article/pii/S0364591613000540.
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fractionalOccupancy(element)

Parameters
element (PeriodicTableElement | Vacancy) – The element to find the fractional oc-
cupancy of.

Returns
The fractional occupation for a given element.

Return type
float

rgbColor()

Returns
The average color of the elements (equal weighting).

Type
numpy array

sample(num_atoms, rng=None)
For a given total number of atoms return a random permutation of the elements in this site.

Parameters

• num_atoms (int) – The total number of elements that will be returned.

• rng (numpy.random.RandomState | None) – The random number generator to
use. If “None” then the global rng is used.

Returns
A randomly permuted list of elements of length num_atoms.

Return type
list of type PeriodicTableElement | Vacancy

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define an alloy sites with a single element, two elements with fractional occupancies, and an element and a vacancy.

# Site type with fixed occupancy, sites of these type will NOT be optimized
# in EvolutionarySQS.
site_a = AlloySite(Arsenic=1.0)

# Site type with fractional occupancy, site of these type will be optimized
# in EvolutionarySQS.
site_b = AlloySite(Gallium=0.5, Indium=0.5)

# Site type with an element and a vacancy.
site_c = AlloySite(Silicon=0.8, Vacancy=0.2)

alloy_site.py
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Notes

AlloySite types can be used instead of elements to specify sites with fractional occupancies in alloys. These sites can be
passed to an AlloyConfiguration which can be used in EvolutionarySQS to generate an optimized random alloy, based
on the special quasi-random structure (SQS) method1.

The occupancies of an alloy site are specified by passing the element names as an argument names and the fractional
occupancies as argument values to the constructor of the AlloySite object. In addition to elements, vacancies can be
given to the constructor, as well, using Vacancy as argument name.

If a lattice site has an AlloySite containing only one element with an occupancy of 1, the element will remain fixed
during the SQS optimization, whereas for AlloySite objects with fractional occupancies (i.e. more than one elements
and occupancies < 1) this occupation of this site will be optimized according the element ratio specified in the AlloySite
object. Currently only a single type of alloy site with fractional is supported and an alloy site can only have binary
composition, i.e. at maximum be composed of two elements, or one element and one vacancy.

AlloyTrainingParameters

class AlloyTrainingParameters(reference_configurations, percentages=None, new_element=<class
'NL.CommonConcepts.PeriodicTable.Hydrogen'>, algorithm=None,
supercell_repetition=None, rattle=None, atomic_rattling_amplitudes=None,
sample_size=None, random_seed=None, optimize=None,
optimize_geometry_parameters=None, log_filename_prefix=None,
data_tag=None)

Class for storing parameters for generating a set of alloy training configurations.

Parameters

• reference_configurations (BulkConfiguration | sequence of
[BulkConfiguration]) – One or more bulk reference configurations to be used
to generate the training set. This is the unit cell from which a supercell can be defined
and additional strain can be applied.

• percentages (float or sequence of floats) – The percentages the atoms that
should be substituted. Default: 25.

• new_element (PeriodicTableElement or None (vacancy)) – The element to change
to. Default: Hydrogen.

• algorithm (FixedFraction | NormalDistribution | None) – The algorithm to
randomly change a percentage of the atoms. NormalDistribution means you assign a num-
ber [0,1] from a normal distribution across all atoms and only pick those that have a value
below the given percentage. FixedFraction means if you set 25%, you get 25% of the total
number of atoms changed. The size of the random sample are the percentage of atoms
provided, rounded to nearest integer. Default: FixedFraction.

• supercell_repetition (sequence (size 3) of int) – The supercell to construct
for each configuration, given as the number of repetitions of the bulk unit cell along the
(a, b, c) directions.

• rattle (bool) – Switch to turn on rattling of the cell to generate more configurations.
Default: False.

1 A. van de Walle, P. Tiwary, M. de Jong, D.L. Olmsted, M. Asta, A. Dick, D. Shin, Y. Wang, L.-Q. Chen, and Z.-K. Liu. Efficient stochastic gener-
ation of special quasirandom structures. Calphad, 42:13 – 18, 2013. URL: http://www.sciencedirect.com/science/article/pii/S0364591613000540.
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• atomic_rattling_amplitudes (sequence (size 3) of PhysicalQuantity of type length)
– List of three random displacements (small, medium, large) of the atomic positions. De-
fault: [0.15, 0.275, 0.4] * Angstrom.

• sample_size (int) – The number of training configurations to generate. The actual
number of returned samples can differ slightly due to rounding. When rattle is not set, the
returned number of samples will likely be smaller since duplicates are removed. Default:
200.

• random_seed (int) – The random seed used for generating the displacements. Default:
Generated automatically.

• optimize (bool | Calculator) – Switch to turn on optimization of ref-
erence configurations using a fast LCAO calculator with SingleZeta ba-
sis, KpointDensity(density_a=1.0*Angstrom) and NumericalAccuracyParame-
ters(density_mesh_cutoff=60.0*Hartree). Alternatively a calculator object might
be supplied to replace the default one. Default: False.

• optimize_geometry_parameters (OptimizeGeometryParameters or None) – Pa-
rameters to be passed to a OptimizeGeometry object. Default: None.

• log_filename_prefix (str) – Filename prefix for the logging output of the tasks as-
sociated with this set. Default: Defined by the MomentTensorPotentialTraining
object.

• data_tag (str) – Label for this training set to enable selection of different data in MTP
fitting.

algorithm()

Returns
The algorithm to randomly change a percentage of the atoms.

Return type
FixedFraction | NormalDistribution

atomicRattlingAmplitudes()

Returns
Maximum rattling intensities.

Return type
PhysicalQuantity of type length | None

configurations()

Returns
The list of configurations to be used to generate the training set.

Return type
configuration: BulkConfiguration

dataTag()

Returns
The selection tag added to the data in the training set.

Return type
str
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logFilenameIdentifier()

Returns
Filename identifier for the logging output of the tasks associated with this set, or None if
it hasn’t been set yet.

Return type
str | None

logFilenamePrefix()

Returns
Filename prefix for the logging output of the tasks associated with this set, or None if it is
to be defined by the MomentTensorPotentialTraining object.

Return type
str | LogToStdOut | None

newElement()

Returns
The element to change to.

Return type
PeriodicTable.Element or None (vacancy)

optimize()

Returns
Switch to turn on optimization of interface configurations using the LCAO calculator.

Return type
bool

optimizeGeometryParameters()

Returns
The optimize geometry parameters.

Return type
OptimizeGeometryParameters

percentages()

Returns
The percentages of the atoms that should be changed.

Return type
float or sequence of floats

randomSeed()

Returns
The random seed used for generating the displacements, or None if it should be generated
automatically.

Return type
int | None

rattle()

Returns
Switch to turn on rattling of the interfaces to generate more configurations.
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Return type
bool | None

referenceConfigurations()

Returns
The list of reference configurations containing the new element.

Return type
list of [BulkConfiguration]

sampleSize()

Returns
The number of training configurations for each combination of list parameters.

Return type
int

supercellRepetition()

Returns
The supercell to construct for each configuration, given as the number of repetitions of the
bulk unit cell along the (a, b, c) directions.

Return type
tuple (size 3) of int

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Setup of a training set for a copper/silver alloy using AlloyTrainingParameters.

Note: The particular force-field used for optimization in below script is only for demonstration purposes and should
be replaced by a higher quality method in actual training.

# Set up lattice
lattice = FaceCenteredCubic(3.61496*Angstrom)

# Define elements
elements = [Copper]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
bulk_configuration_copper = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Define the substituting element
(continues on next page)
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(continued from previous page)

substitute = Silver

# Define calculator for pre-optimization calculations.
potentialSet = EAM_AgCu_2009()
calculator_ff = TremoloXCalculator(parameters=potentialSet)

optimize_geometry_parameters = OptimizeGeometryParameters(
max_forces=0.1*eV/Ang,
max_step_length=0.2*Ang,
trajectory_interval=1,
optimize_cell=True,
optimizer_method=FIRE(),
enable_optimization_stop_file=True,
restart_strategy=NoRestart,

)

training_set = AlloyTrainingParameters(
reference_configurations=bulk_configuration_copper,
percentages=[10, 20, 30],
new_element=substitute,
algorithm=FixedFraction,
supercell_repetition=(3, 3, 3),
rattle=True,
atomic_rattling_amplitudes=[0.275, 0.4, 0.15] * Angstrom,
sample_size=60,
random_seed=667,
optimize=calculator_ff,
optimize_geometry_parameters=optimize_geometry_parameters,

)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
k_point_sampling = KpointDensity(

density_a=5.0*Angstrom,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=100.0*Hartree,
k_point_sampling=k_point_sampling,
occupation_method=MethfesselPaxton(0.2*eV, 1),
)

iteration_control_parameters = IterationControlParameters(
tolerance=5e-05,
damping_factor=0.3,
number_of_history_steps=12,
max_steps=1000,
non_convergence_behavior=StopCalculation(),
)

checkpoint_handler = CheckpointHandler(
time_interval=1000000.0*Hour,

(continues on next page)
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(continued from previous page)

)
algorithm_parameters = AlgorithmParameters(

scf_restart_step_length=0.3*Angstrom,
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
iteration_control_parameters=iteration_control_parameters,
checkpoint_handler=checkpoint_handler,
algorithm_parameters=algorithm_parameters,
)

# Set up non-linear coefficients with optimization.
non_linear_coefficients_parameters = NonLinearCoefficientsParameters(

perform_optimization=True,
energy_only=False,

)

# Set up parameters to use in the MTP fitting.
fitting_parameters = MomentTensorPotentialFittingParameters(

basis_size=1000,
outer_cutoff_radii=4.5*Angstrom,
mtp_filename='mtp_Cu-Ge_alloy.mtp',
non_linear_coefficients_parameters=non_linear_coefficients_parameters,

)

# Set up MTP training.
moment_tensor_potential_training = MomentTensorPotentialTraining(

filename='mtp_study',
object_id='training',
training_sets=training_set,
calculator=calculator,
calculate_stress=True,
fitting_parameters_list=fitting_parameters,
train_test_split=0.8,
random_seed=13345,
number_of_processes_per_task=8,
log_filename_prefix='fit_mtp_Cu-Ge_alloy',

)
moment_tensor_potential_training.update()

alloy-training-sets.py
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Notes

The AlloyTrainingParameters class can be used to generate training configurations by generating random alloys from
a crystalline host materials and a replacement element using the substitutionalAlloy API.

The sample_size parameter (approximately) determines the total number of generated configurations.

It is recommended to pre-optimize the automatically generated alloy configurations by specifying a fast calculator. The
optimization parameters can be adjusted by passing an OptimizeGeometryParameters object. By default the LCAO
method with a single zeta basis set is used.

To achieve a more broadly applicable training set, the generated alloy configurations can be randomly rattled. A set
of three displacement amplitudes has to be provided which will be ordered smallest to largest. In addition to the
positions, also the cell shape and volume are rattled simultaneously using the smallest atomic displacement. The
unrattled configurations are always part of the final set of configurations.

Alternatively the crystalTrainingRandomDisplacements protocol can be used with the trajectory of optimized alloy
configurations.

For the actual training data generation, a AlloyTrainingParameters object needs to be passed into a MomentTensorPo-
tentialTraining object.

AnalyticalSplit

class AnalyticalSplit(base_orbital=None, split_norm=None, base_orbitial=None)
Class for representing the analytical split of a confined or polarization orbital,

Parameters

• base_orbital (ConfinedOrbital | PolarizationOrbital) – The basis orbital from
which this orbital should be split.

• split_norm (float between 0 and 1) – The input orbital will be split at the radius
where the input orbital has this given norm (1 - split_norm).

• base_orbitial –

angularMomentum()

Returns
The angular momentum.

Return type
int

baseOrbital()

Returns
The base orbital used for generating this split orbital.

Return type
ConfinedOrbital | PolarizationOrbital

baseOrbitial()

Returns
The base orbital used for generating this split orbital.
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Return type
ConfinedOrbital | PolarizationOrbital

splitNorm()

Returns
The split norm.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define a BasisSet for Hydrogen:

hydrogen_1s = ConfinedOrbital(
principal_quantum_number=1,
angular_momentum=0,
radial_cutoff_radius=5.28603678847*Bohr,
confinement_start_radius=0.8 * 5.28603678847*Bohr,
additional_charge=0.0,
confinement_strength=20.000*Hartree*Bohr,
radial_step_size=0.001*Bohr,
)

hydrogen_1s_split = AnalyticalSplit(hydrogen_1s, split_norm=0.40)

my_hydrogen_basis = BasisSet(
element=Hydrogen,
orbitals=[Hydrogen_1s, hydrogen_1s_split],
occupations=[0.7 , 0.3],
pseudopotential=NormConservingPseudoPotential('normconserving/H.LDAPZ.zip'),
)

Notes

The AnalyticalSplit orbital (𝜑split
𝑙 ) is obtained by constructing an analytical orbital that matches the base_orbital

(𝜑base
𝑙 ) smoothly at the radius 𝑟split. The functional form used for the AnalyticalSplit orbital is

𝜑split
𝑙 (𝑟) =

{︃
𝑟𝑙(𝑎𝑙 − 𝑏𝑙𝑟

2) if 𝑟 < 𝑟split

𝜑base
𝑙 (𝑟) if 𝑟 ≥ 𝑟split

The radius 𝑟split is determined by specifying the split_norm (∆𝑁 ) of the base_orbital, which is defined by

∆𝑁 =

∫︁ 𝑟𝑐

𝑟split
𝑟2|𝜑base

𝑙 (𝑟)|2𝑑𝑟

Further information about the basis functions can be found in LCAO basis set.
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AndersonMixer

class AndersonMixer(mixing_fraction=None, regularization_parameter=None)
Class representing a mixer following the Anderson mixing scheme1.

Parameters

• mixing_fraction (float) – The mixing fraction. Default: Automatically determined
in the first step.

• regularization_parameter (float) – Regularization parameter for numerical stabil-
ity. Default: 0.01

mixingFraction()

Returns
The fraction of the output to be mixed in with the next input.

Return type
float

regularizationParameter()

Returns
The stabilization factor to be added to the diagonal of the linear system.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Set up an Anderson mixer which automatically sets the mixing fraction optimally:

# Iteration control parameters with the default Anderson mixer.
mixer=AndersonMixer()
iteration_control_parameters=IterationControlParameters(algorithm=mixer)

Set up an Anderson mixer with a user defined mixing fraction.

# Iteration control parameters with a custom Anderson mixer.
mixer=AndersonMixer(mixing_fraction=0.2)
iteration_control_parameters=IterationControlParameters(algorithm=mixer)

1 V. Eyert. A comparative study on methods for convergence acceleration of iterative vector sequences. Journal of Computational Physics,
124(2):271 – 285, 1996. doi:10.1006/jcph.1996.0059.
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Notes

AndersonMixer implements the Anderson methodPage 417, 1,2.

In the Anderson mixing scheme the best guess for the next input is given by

ℎin𝑛+1 = ℎ̄in𝑛 + 𝜂∆
(︀
ℎ̄in𝑛
)︀
,

where 𝜂 is the mixing fraction, ℎin𝑖 is the input value of the mixing_variable at iteration 𝑖, and ∆(ℎ𝑖) = ℎout𝑖 − ℎin𝑖
is the residual vector.

ℎ̄in𝑛 is determined using a linear combination of solutions from the previous number_of_history_steps:

ℎ̄in𝑛 = ℎin𝑛 +

𝑛hist∑︁
𝑗

𝜃𝑛𝑗
(︀
ℎin𝑛−𝑗 − ℎin𝑛

)︀
in which the variables 𝜃𝑖𝑛 are determined by minimizing the residual of ℎ̄in𝑛 .

Angle1Potential

class Angle1Potential(particleType1, particleType2, particleType3, k, theta0, rho1, rho2, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• k (PhysicalQuantity of type energy / angle**2) – Potential parameter.

• theta0 (PhysicalQuantity of type angle) – Potential parameter.

• rho1 (PhysicalQuantity of type length ) – Potential parameter.

• rho2 (PhysicalQuantity of type length ) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

2 Donald G. Anderson. Iterative procedures for nonlinear integral equations. J. ACM, 12(4):547–560, October 1965.
doi:10.1145/321296.321305.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

This potential specifies a three-body potential:

𝐸𝑖𝑗𝑘(𝜃𝑖𝑗𝑘, 𝑟𝑖𝑗 , 𝑟𝑗𝑘) =
1

2
𝑘(𝜃𝑖𝑗𝑘 − 𝜃0)2 exp[−(𝑟𝑖𝑗/𝜌1 + 𝑟𝑗𝑘/𝜌2)] ,

which is often used in core-shell potentials.

AngleCorrection6Potential

class AngleCorrection6Potential(particleType1, particleType2, particleType3, k0, k1, k2, k3, k4, k5, k6,
costheta0, r_i=None, r_cut=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type (central particle when calculating angles)

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• k0 (PhysicalQuantity of type energy) – Potential parameter.

• k1 (PhysicalQuantity of type energy) – Potential parameter.

• k2 (PhysicalQuantity of type energy) – Potential parameter.

• k3 (PhysicalQuantity of type energy) – Potential parameter.

• k4 (PhysicalQuantity of type energy) – Potential parameter.

• k5 (PhysicalQuantity of type energy) – Potential parameter.

• k6 (PhysicalQuantity of type energy) – Potential parameter.

• costheta0 (float) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius (distance where
the spline-smoothing starts).

• r_cut (PhysicalQuantity of type length ) – Cutoff radius
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classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

This potential calculates angle-correction terms of the following kind:

𝐸𝑖𝑗𝑘(𝜃𝑖𝑗𝑘, 𝑟𝑖𝑗 , 𝑟𝑗𝑘) =
1

2
𝑓𝐶(𝑟𝑖𝑗 , 𝑟𝑖𝑛𝑛𝑒𝑟, 𝑟𝑐𝑢𝑡)𝑓𝐶(𝑟𝑖𝑘, 𝑟𝑖𝑛𝑛𝑒𝑟, 𝑟𝑐𝑢𝑡)

6∑︁
𝑑=0

𝑘𝑑(𝜃𝑖𝑗𝑘 − 𝜃0)𝑑,

where 𝑓𝐶 is a cosine-like cutoff function, which smoothly switches the potential to zero over a range between 𝑟𝑖𝑛𝑛𝑒𝑟
and 𝑟𝑐𝑢𝑡.

AngularDistribution

class AngularDistribution(md_trajectory, cutoff_radius=None, start_time=None, end_time=None,
triplet_selection=None, time_resolution=None, info_panel=None)

Constructor for the AngularDistribution object.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration the angular-distribution should be calculated for.

• cutoff_radius (PhysicalQuantity of type length) – Cutoff radius to define the maximum
considered bond distance between the central atom and each of its two neighbors. Either
a single value for both neighbors or one value for each pair. Default: 2.5 * Angstrom

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time.) – The end time. Default: the last frame time

• triplet_selection (list of PeriodicTableElement | list of ints | list of str)
– Only consider angles between these atoms. The order must be (central_atom,
neighbor_1, neighbor_2). The selection can be given by a list of 3 elements i.e.
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PeriodicTableElement or a list of 3 atom indices i.e. ints or by a list of tags i.e. str.
Default: first element

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

angles()

Return the angles associated with the histogram.

data()

Return the angular distribution histogram.

Usage Examples

Load an MDTrajectory containing ethane molecules and calculate the angular distribution for C-C-H angles:

md_trajectory = nlread('ethane_md.nc')[-1]

angular_distribution = AngularDistribution(md_trajectory,
cutoff_radius=[2.3*Angstrom, 1.2*Angstrom],
triplet_selection=[Carbon, Carbon, Hydrogen])

# Get the histogram of the angle distribution and the associated angles.
histogram = angular_distribution.data()
angles = angular_distribution.angles().inUnitsOf(Degrees)

# Plot the data using pylab.
import pylab

pylab.bar(angles, histogram, label='C-C-H angles')
pylab.xlabel('angle (degrees)')
pylab.ylabel('Histogram')
pylab.legend()

pylab.show()

angular_distribution.py

Notes

Set the cutoff_radius parameter to the maximum bond length that should be considered. A good choice is typically
the end of the first peak in the RadialDistribution function of the respective elements. If only one value is given, this
value is used for both neighbor pairs. As shown in the usage example, you can also specify different cutoff radii for the
two neighbor pairs.

Instead of each of the three elements in the triplet_selection parameter, you can alternatively specify a list or a
tag to select the atoms between which the angular distribution is calculated.
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AtomicChemicalPotential

class AtomicChemicalPotential(element, reference_configuration=None, internal_energy=None,
entropy=None)

A class defining the chemical potential for an atomic species. Used as part of a ChargedPointDefect study.

Parameters

• element (PeriodicTableElement) – The element for which the atomic chemical po-
tential is defined.

• reference_configuration (BulkConfiguration | MoleculeConfiguration) –
The reference configuration from which the components of the atomic chemical poten-
tial (internal energy and entropy) will be calculated if they haven’t been specified. The
configuration is only allowed to consist of one type of atomic species corresponding to
element. If a MoleculeConfiguration is specified, it will be internally stored as a
BulkConfiguration. Default: Determined by the ChargedPointDefect study.

• internal_energy (PhysicalQuantity of type energy) – The internal energy component
of the atomic chemical potential. Default: To be calculated by the ChargedPointDefect
study using the reference_configuration.

• entropy (PhysicalQuantity of type entropy) – The entropy component of the atomic
chemical potential. Default: To be calculated by the ChargedPointDefect study us-
ing the reference_configuration.

element()

Returns
The element for which the atomic chemical potential is defined.

Return type
PeriodicTableElement

entropy()

Returns
The entropy component of the atomic chemical potential, or None if it will be calculated
automatically.

Return type
PhysicalQuantity of type entropy | None

internalEnergy()

Returns
The internal energy component of the atomic chemical potential, or None if it will be
calculated automatically.

Return type
PhysicalQuantity of type energy | None

referenceConfiguration()

Returns
The reference configuration from which the components of the atomic chemical potential
(internal energy and entropy) will be calculated. If None, either the configuration is not
needed because the components have been explicitly specified, or it has not yet been de-
termined by the ChargedPointDefect study. MoleculeConfiguration are automatically
returned as BulkConfiguration
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Return type
BulkConfiguration | None

uniqueString()

Return a unique string representing the state of the object.

Notes

See Atomic Chemical Potentials for a description of how to use this object as part of a ChargedPointDefect study.

AtomicChemicalPotentialList

class AtomicChemicalPotentialList(material_specifications, atomic_chemical_potential_list,
dynamical_matrix_processes_per_task=None)

Constructor for the AtomicChemicalPotentialList object. An AtomicChemicalPotentialList ensures that either
heat of formation conditions (when all elements present in the material specification pristine configuration are
specified) or rich conditions (when only some are specified) are satisfied. If non native elements are included its
atomic chemical potentials will be used directly without assuming either rich or heat of formation conditions for
non native elements.

Parameters

• material_specifications (MaterialSpecifications) – Material specifications
involved in the calculations. The atomic chemical potentials from this material specifi-
cations are ignored. Only the ones explicitly specified in the atomic_chemical_potentials
parameter of this constructor are used.

• atomic_chemical_potentials – A list of atomic chemical potential objects to work
with.

atomicChemicalPotentials()

Returns
The user provided list of chemical potentials

Return type
list of AtomicChemicalPotential

calculatedAtomicChemicalPotentials(temperature=None)
This function can only be called on updated objects.

Parameters
temperature (PhysicalQuantity of type temperature) – The temperature used for calcu-
lating entropies Default: 300.0 * Kelvin

Returns
List of atomic chemical potentials with their properties properly calculated. This list can
be directly assigned to a MaterialSpecification for further calculations.

Return type
list of AtomicChemicalPotential

dependentStudies()

Returns
The list of dependent studies.
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Return type
list of Study

dynamicalMatrixProcessesPerTask()

Returns
The number of processes that will be used to execute each task for DynamicalMatrix study
objects.

Return type
int

filename()

Returns
The filename where the study object is stored.

Return type
str

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

materialSpecifications()

Returns
The material specifications associated with the chemical potentials

Return type
MaterialSpecifications

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int
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objectId()

Returns
The name of the study object in the file.

Return type
str

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

tasksFinished()

Returns
how many tasks are finished out of how many

Return type
tuple of int, int

totalEnergyReference()

Function to be called on updated objects only.

Returns
The total energy for the unit cell in the material specifications.

Return type
PhysicalQuantity of type energy.

totalEntropyReference(temperature=None)
Function to be called on updated objects only

Parameters
temperature (PhysicalQuantity of type temperature) – Temperature for entropy calcula-
tion. Default: 300K

Returns
The total entropy for the unit cell in the material specifications at the specified temperature.
None if not needed (assumed entropies specified).

Return type
PhysicalQuantity of type energy / boltmann_constant | None

uniqueString()

Return a unique string representing the state of the object.

update()

Performs the calculations for the AtomicChemicalPotentialList,
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Example

A simple example for a TiN system where Ti-rich conditions are desired is:

Ti_rich = AtomicChemicalPotentialList(TiN,[AtomicChemicalPotential(Titanium)])
Ti_rich.update()
nlprint(Ti_rich)

# update reference material with updated chemical potential - Ti rich condition
TiN_rich = TiN(atomic_chemical_potentials=Ti_rich.calculatedAtomicChemicalPotentials())

AtomicCompensationCharge

class AtomicCompensationCharge(atomic_shifts=None)
Represents a change in the ion charge of individual atoms, resulting in a different ion electrostatic potential.

Parameters
atomic_shifts (array of tuples) – The charge shifts that should be applied to any given
atom and/or element. Each charge shift entry should be a tuple with tags and corresponding
charge shifts, or a tuple with element and charge shift value. Mixing tuple types is allowed.
Default: no charge shift for any atom

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Simulate a p-doped silicon crystal and add a compensation charge to the silicon atoms:

# Set up configuration.
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
fractional_coordinates=[[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]
)

# Set a negative compensation charge on each atom to compensate for p-doping.
compensation_charge = AtomicCompensationCharge([[Silicon, -0.0005]])
bulk_configuration.setExternalPotential(compensation_charge)

# Calculator
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(5, 5, 5),
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

(continues on next page)
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(continued from previous page)

bulk_configuration.setCalculator(calculator)

bandstructure = Bandstructure(
configuration=bulk_configuration,
route=['G', 'X', 'W', 'L', 'G', 'K', 'X', 'U', 'W', 'K', 'L'],
points_per_segment=20,
bands_above_fermi_level=All
)

nlsave('si_pdoped.nc', bandstructure)

si_pdoped.py

Notes

The atomic compensation charge controls the charge of the neutral atomic densities used to construct the initial guess
for the total density. It is typically used to apply a doping to the system. The total charge of the system is set in the
calculator, see for instance the keyword charge of the LCAOCalculator.

For SurfaceConfiguration and DeviceConfiguration, the atomic compensation charge of the central region
atoms equivalent to the electrode atoms should be similar to the compensation charge of the electrode atoms. For the
rest of the atoms, there are no requirements. The atomic compensation charge could for instance be used to model a
certain doping distribution of the device.

An atomic compensation charge can be applied to a MoleculeConfiguration, BulkConfiguration,
SurfaceConfiguration, and DeviceConfiguration via the setExternalPotential method.

AtomicShift

class AtomicShift(atomic_shifts=None)
Class to represent a potential shift of the orbitals on individual atoms.

Parameters
atomic_shifts (list of tuple (size 2) with elements: int | PeriodicTableElement, Physi-
calQuantity of type energy) – A list of potential shifts to be applied to different atoms/elements.
Each entry should be a tuple giving the atoms for which the shift is applied (either by index or
by element) and the value of the potential shift. Mixing tuple types is allowed. Default: no
potential shift for any atom

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Add a periodic external potential to silicon and calculate the band structure:

# Define a periodic potential along z
def potentialShift(f, shift):

"""
:param f: Position in fractional coordinates
:type f: array of floats

:param shift: Amplitude of the shift with unit energy
:type shift: float

:returns: The external potential at fractional coordinate position.
:rtype: float
"""
return shift*numpy.cos(2.*numpy.pi*f[2])

# Set up a silicon lattice
configuration = BulkConfiguration(

SimpleCubic(5.4306*Angstrom),
[Silicon,]*8,
fractional_coordinates = [[0.0, 0.0, 0.0], [0.25, 0.25, 0.25],

[0.5, 0.5, 0.0], [0.75, 0.75, 0.25],
[0.5, 0.0, 0.5], [0.75, 0.25, 0.75],
[0.0, 0.5, 0.5], [0.25, 0.75, 0.75]])

# Repeat the structure along z
configuration = configuration.repeat(1,1,3)

# Define a selfconsistent Huckel calculator
calculator = HuckelCalculator(

basis_set=CerdaHuckelParameters.Silicon_GW_diamond_Basis,
numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=(4, 4, 2)),
iteration_control_parameters = IterationControlParameters()
)

# Set a calculator on the configuration
configuration.setCalculator(calculator())

# Perform a loop with 4 different shifts
for shift in [0.0, 1.0, 5.0, 10.0]*eV:

fractional = configuration.fractionalCoordinates()
atom_potentials = [(i,potentialShift(f, shift)) for i,f in enumerate(fractional)]

configuration.setExternalPotential(AtomicShift(atom_potentials))

# Calculate the bandstructure
bandstructure = Bandstructure(

(continues on next page)
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configuration=configuration,
route=['G', 'Z'],
)

nlsave('atomic_shift.nc', bandstructure)

atomic_shift.py

Notes

The atomic shift adds a term to the tight-binding Hamiltonian of the form

∆𝐻𝑖𝑗 =
1

2
(𝑉𝑖 + 𝑉𝑗)𝑆𝑖𝑗 ,

where 𝑆𝑖𝑗 is the overlap matrix and 𝑉𝑖 is the atomic shift of orbital 𝑖.

An atomic shift can be applied to a MoleculeConfiguration, BulkConfiguration, SurfaceConfiguration,
and DeviceConfiguration through the setExternalPotential method.

BaderCharges

class BaderCharges(configuration, electron_density, electron_density_reference=None)
Class for performing a Bader charge analysis.

Parameters

• configuration (AtomicConfiguration) – The configuration to perform the charge
analysis on.

• electron_density (AllElectronDensity) – The electron density of the configura-
tion.

• electron_density_reference (ElectronDensity) – If electron_density is actually
a valence electron density, then the all electron density can optionally be provided.

class BaderChargesMaximum(coordinates, charge, atom, distance)
Create new instance of BaderChargesMaximum(coordinates, charge, atom, distance)

atom

Alias for field number 2

charge

Alias for field number 1

coordinates

Alias for field number 0

count(value, /)
Return number of occurrences of value.

distance

Alias for field number 3
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index(value, start=0, stop=9223372036854775807, /)
Return first index of value.

Raises ValueError if the value is not present.

atomicCharges()

Return the calculated atomic charges.

Returns
The number of valence electrons for each atom.

Return type
numpy.array

maxima()

Return the calculated bader charge maxima.

Returns
An list of tuples that each contain the coordinates of a charge density maximum as a Phys-
icalQuantity of type length, the charge contained in the Bader volume as a float, the index
of atom that the maxima was mapped to, and the distance to that atom as PhysicalQuantity
of type length.

Return type
list of type tuple

maximaCoordinates()

Return the coordinates of the calculated bader charge maxima.

Returns
The coordinates of each maxima in an array of shape (n, 3) where n is the number of
maxima.

Return type
PhysicalQuantity of type length

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

This module requies an all-electron density, which can be obtain from the PlaneWave PAW all-electron density object
AllElectronDensity

# -*- coding: utf-8 -*-
# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(4.348*Angstrom)

# Define elements
elements = [Silicon, Carbon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# PAW Data Set
#----------------------------------------
basis_set = [

PAWPBESuggested.Carbon,
PAWPBESuggested.Silicon,
]

k_point_sampling = KpointDensity(
density_a=4.0*Angstrom,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=k_point_sampling,
)

iteration_control_parameters = IterationControlParameters(
damping_factor=0.2,
number_of_history_steps=5,
)

calculator = PlaneWaveCalculator(
basis_set=basis_set,
numerical_accuracy_parameters=numerical_accuracy_parameters,

(continues on next page)
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iteration_control_parameters=iteration_control_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave('SiC_bader.hdf5', bulk_configuration)

# -------------------------------------------------------------
# All Electron Density
# -------------------------------------------------------------
all_electron_density = AllElectronDensity(

configuration=bulk_configuration,
grid_sampling=5000*Hartree,
)

nlsave('SiC_bader.hdf5', all_electron_density)

# -------------------------------------------------------------
# Bader Charges
# -------------------------------------------------------------
bader = BaderCharges(

configuration=bulk_configuration,
electron_density=all_electron_density,
)

nlsave('SiC_bader.hdf5', bader)

# Print Bader object
nlprint(bader)

SiC_bader.py

A similar calculation can be performed using the LCAO-version of the PAW calculator: SiC_bader_pawlcao.py

In order for the Bader analysis to be accurate, the all-electron density needs to be sampled on a fine grid due to the
rapid variations close to the nuclei. Therefore the all-electron density is constructed with a grid_sampling argument.
Heavy elements with high atomic numbers require, in general, a finer grid sampling than lighter elements.

A Bader charge object can also be constructed though the Bader Analysis plugin on the LabFloor. In order to enable
the plugin, select a configuration and an all-electron density. Optionally, when used to analyze VASP output files, the
electron density files named AECCAR0 and AECCAR2 should also be selected. See the notes below for more information.

Notes

This class currently implements the “on-grid” Bader analysis algorithm developed by Henkelman, et al.1.

Bader charge analysis can only work properly when an all-electron density is available. This is because the analysis
assumes that the charge density maxima correspond to the coordinates of the atomic nuclei, however, pseudo-potential
methods remove charge near the nuclei. This means that this type of analysis is currently only useful with the PAW
(PlaneWave or LCAO) all-electron density object and VASP (because it supports writing an all-electron density) cal-
culators in QuantumATK.

1 G. Henkelman, A. Arnaldsson, and H. Jónsson. A fast and robust algorithm for Bader decomposition of charge density. Comput. Mat. Sci.,
36(3):354–360, 2006. doi:10.1016/j.commatsci.2005.04.010.
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If you want to perform a Bader charge analysis using VASP, it is important to be aware that the CHGCAR files only
contain the valence electron density. In order to write out the extra information that is needed, you must add LAECHG=.
TRUE. to the INCAR file. This will cause the atomic core electron density to be written to the file AECCAR0 and the
non-pseudoized valence electron density (i.e. the density that can be added to the core electron density) is written to
the file AECCAR2.

Bader calculations should be converged with respect the the electron density grid spacing. This means that, in VASP,
you should increase the values of NEGXF, NEGYF, and NEGYZ in order to increase the number of grid points in the
CHGCAR and AECCAR files.

Bandstructure

class Bandstructure(configuration, route=None, points_per_segment=None, kpoints=None,
bands_above_fermi_level=None, projection_list=None, processes_per_kpoint=None,
method=None, interpolation_method=None, diagonalization_method=None)

Analysis class for calculating the bandstructure for a bulk configuration.

Parameters

• configuration (BulkConfiguration) – The bulk configuration with an attached cal-
culator for which to calculate the bandstructure.

• route (list of str) – The route to take through the Brillouin-zone as a list of sym-
metry points of the unit cell, e.g. ['G', 'X', 'G']. This option is mutually exclusive
to kpoints. Default: Unit-cell dependent route.

• points_per_segment (Positive int) – The number of points per segment of the
route. This option is mutually exclusive to kpoints. Default: 20.

• kpoints (list of lists of floats) – A list of 3-dimensional fractional k-points at
which to calculate the energies of the bands e.g. [[0.0, 0.0, 0.0], [0.0, 0.0, 0.
1], ...]. The shape is (K, 3) where K is the number of k-points. This option is mutually
exclusive to route, and points_per_segment. Default: Unit-cell dependent route.

• bands_above_fermi_level – Deprecated: from v2023.09, see
diagonalization_method and FullDiagonalizationSolver instead.

• projection_list (ProjectionList) – A projection list object defining a projection.
Default: If no projection list is specified all orbitals will be used.

• processes_per_kpoint (int | None) – The number of processes to use per kpoint. De-
fault: For PlaneWaveCalculator, the default is the same number of processes per k-
point as used in the SCF calculation. Otherwise, the default is 1.

• method – Deprecated: from v2023.09, use interpolation_method parameter instead.

• interpolation_method (None | Full | KDotPExpansion1D | KDotPExpansion3D) –
The method used for the bandstructure calculation.

Default is to perform an exact eigenvalue solution for each k-point.

Alternatively, the k.p expansion method can be use to interpolate the eigenvalues at the
requested k-points using the exact eigensolution computed for a small subset of the k-
points. There are two modes for the k.p method. 1) Using KDotPExpansion1D, for
each bandstructure path segment, a few exact eigensolution are calculated and the eigen-
values of the remaining k-points are interpolated using a 1D correction term. 2) Using
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KDotPExpansion3D, the eigenvalues for the requested k-points are interpolated from ex-
act solution on a 3D grid. The bands, grid and wave functions of a previous ground state
computation can be used in this approach.

Default: Full meaning that all k-points will be calculated exactly.

• diagonalization_method – Method used for diagonalizing the hamiltonian.

This parameter allows to choose between a full diagonalization solver and an iterative
subspace solver. The full diagonalization solver evaluates all bands from the lowest energy
one to a given number of bands above fermi level. The iterative subspace solver allows to
evaluate a given number of bands around fermi level, or around an energy of choice.

The full diagonalization solver is more robust, but can be proibitively expensive for very
large systems.

The iterative solver can deal with very large systems (tens of thousands atoms and beyond)
and greatly outperforms when calculating a small number of eigenvalues, but it is also
inherently less robust.

Note: the exact method used when selecting FullDiagonalizationSolver is defined
by the calculator (see AlgorithmParameters). IterativeDiagonalizationSolver
is not supported for PlaneWaveCalculator

Default: FullDiagonalizationSolver

Type
FullDiagonalizationSolver | IterativeDiagonalizationSolver

conductionBandEdge()

Calculate the conduction band edge.

Returns
The conduction band edge.

Return type
PhysicalQuantity of type energy

directBandGap()

Calculate the direct band gap.

Returns
The direct band gap.

Return type
PhysicalQuantity of type energy

energyZero()

The energy zero is equal to the Fermi level. For fixed spin moment calculations it is the average of the
Fermi level for spin up and spin down.

Returns
The energy zero.

Return type
PhysicalQuantity of type energy

evaluate(spin=None)
Return the bandstructure for a given spin.

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the bandstructure should be returned
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for. Must be either Spin.Up or Spin.Down, or for noncollinear calculations Spin.All.
Default: Spin.All

Returns
The eigenvalues for the specified spin. The shape is (K, B) or (S, K, B) where S is the
number of spins, K is the number of k-points, and B is the number of bands.

Return type
PhysicalQuantity of type energy | list of PhysicalQuantity of type energy

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
All

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

fermiTemperature()

Returns
The Fermi temperature used in this bandstructure.

Return type
PhysicalQuantity of type temperature

indirectBandGap()

Calculate the indirect band gap.

Returns
The indirect band gap.

Return type
PhysicalQuantity of type energy

interpolationMethod()

Returns
The method used for the bandstructure calculation.

Return type
None | Full | KDotPExpansion1D | KDotPExpansion3D

kpoints()

Returns
The list of 3-dimensional fractional k-points at which the energies of the bands are calcu-
lated. The shape is (K, 3) where K is the number of k-points.

Return type
list of lists of floats

metatext()

Returns
The metatext of the object or None if no metatext is present.
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Return type
str | None

method()

Returns
The method used for the bandstructure calculation.

Return type
None | Full | KDotPExpansion1D | KDotPExpansion3D

Deprecated: Use interpolationMethod() instead.

nlinfo()

Returns
Structured information about the Bandstructure.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

processesPerKPoint()

Deprecated: from v2019

Returns
The number of processes per k-point used in the calculation.

Return type
int > 0

route()

Returns
The route through the Brillouin-zone as a list of symmetry points of the unit cell.

Return type
list of str

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

valenceBandEdge()

Calculate the valence band edge.

Returns
The valence band edge.

Return type
PhysicalQuantity of type energy
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Usage Examples

Calculate the bandstructure of silicon and save it to a file:

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------
lattice = FaceCenteredCubic(5.4306*Angstrom)
elements = [Silicon, Silicon]
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
basis_set = [CerdaHuckelParameters.Silicon_GW_diamond_Basis]
hamiltonian_parametrization = HuckelHamiltonianParametrization(

basis_set=basis_set)
k_point_sampling = MonkhorstPackGrid(9,9,9)
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=k_point_sampling,
density_mesh_cutoff=10.0*Hartree,
)

calculator = SemiEmpiricalCalculator(
hamiltonian_parametrization=hamiltonian_parametrization,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# -------------------------------------------------------------
# Bandstructure
# -------------------------------------------------------------
bandstructure = Bandstructure(

configuration=bulk_configuration,
route=['G', 'X'],
points_per_segment=40,
bands_above_fermi_level=4
)

# Read the valence and conduction band edges wrt. the Fermi level
edge_valence = bandstructure.valenceBandEdge()
edge_conduction = bandstructure.conductionBandEdge()
print(edge_valence)
# Read the direct and indirect band gaps
gap_direct = bandstructure.directBandGap()
gap_indirect = bandstructure.indirectBandGap()
print(gap_indirect)

(continues on next page)
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# Print out results
print('Valence band maximum = %.2f eV' % edge_valence.inUnitsOf(eV))
print('Conduction band minimum = %.2f eV' % edge_conduction.inUnitsOf(eV))
print('Direct band gap = %.2f eV' % gap_direct.inUnitsOf(eV))
print('Indirect band gap = %.2f eV' % gap_indirect.inUnitsOf(eV))

si_band.py

Notes

To export the data of a Bandstructure, use the method nlprint.

Note that the k-points are given in units of the reciprocal vectors k𝐴 , k𝐵 , and k𝐶 . E.g. the symmetry point 𝑋 have
the fractional k-point coordinates ( 1

2 , 0,
1
2 ) since it is described by 𝑋 = 1

2k𝐴 + 1
2k𝐶 .

A query method for the symmetry points of the Brillouin zone can be found in BravaisLattices_common methods of
the BravaisLattices class.

For bands_above_fermi_level set to a valid integer𝑁ba, the total number of bands above the Fermi level will be𝑁ba
for the spin type unpolarized and 2𝑁ba for polarized and noncollinear. This is because there is one spin channel in the
former case and two spin channels in the latter two cases. Spin-orbit calculations are categorized as non-collinear cal-
culations and therefore follow the same band selection as noncollinear. The case where bands_above_fermi_level
is 1 is illustrated in Fig. 4.6. Note, that all bands below the Fermi level are always selected.

BaseChemicalPotential

class BaseChemicalPotential(element=None, reference_temperature=None)
Create the base class for the chemical potential.

Parameters

• element (PeriodicTableElement) – The element for which the base class is calculated.

• reference_temperature (PhysicalQuantity of type temperature) – The temperature for
the given reference data.

chemicalPotential(temperature=None)
Calculate the chemical potential.

Returns
The chemical potential of the atom calculated from the internal energy and entropy per
atom of the specified element in some reference configuration.

Return type
PhysicalQuantity of type energy | None

element()

Returns
The element for which the atomic chemical potential is defined.

Return type
PeriodicTableElement
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Fig. 4.6: The total number of bands selected (blue lines) by specifying 1 band above the Fermi level for (a) an unpo-
larized, (b) a polarized, and (c) a non-collinear calculation. The Fermi level 𝐸F is shown as a horizontal dashed gray
line. The vertical separation line in (b) signifies that the bands can be categorized according to spin up or down since
there is no coupling. The structure of the Hamiltonian for each of the 3 spin types is shown at the bottom.
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referenceTemperature()

Returns
The reference temperature for the chemical potential.

Return type
PhysicalQuantity of type temperature.

uniqueString()

Return a unique string representing the state of the object.

Notes

The BaseChemicalPotential class is the base class for all of the chemical potential classes. These are classes that define
the atomic reference states for elements, and enable the calculation of formation energies and concentrations of defects.
The chemical potential definition should reflect the source of the elements in the defect being modeled. This can take
into account the surrounding environment of the defect, and whether that environment has appropriate reservoirs for
the element. The chemical potential also includes the internal energy of the atom according to the reference calculation
method. In density functional theory calculations, this includes the energy required to remove the electrons from the
atom.

There are two specific objects that can be used to create a chemical potential. These are:

• CalculatedChemicalPotential. In this object the atomic chemical potential is directly calculated from an reference
atomic configuration.

• ReferenceChemicalPotential. In this object the atomic chemical potential is directly given as input.

The BaseChemicalPotential object should not be instantiated. This class is used to refer to any type of atomic chemical
potential. As an example, in a Table, the BaseChemicalPotential type can be specified for a column type, so that the
column can contain both kinds of atomic chemical potentials.

BaseDefectGenerator

class BaseDefectGenerator(host_configuration, symmetry_tolerance=None)
The base class for an object which describes the possible defects for a given host material.

Parameters

• host_configuration (BulkConfiguration) – The host configuration.

• symmetry_tolerance (PhysicalQuantity of type length) – The tolerance to be used when
determining the symmetries. Default: 0.1 * Angstrom.

filterByDefectGenerators(defect_generators)
Method for filtering a defect generator by keeping the defects that are in one or more other defect generators.

Parameters
defect_generators (list of BaseDefectGenerator) – The list of defect generators
containing the defects to keep after filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator
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filterByDistinctConfigurations(top_n_configurations)
Method for selecting a number of distinct unique defects using the MTP structural descriptor.

Parameters
top_n_configurations (int) – Number of most distinct configurations.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByLatticeSpecies(element_list)
Method for selecting unique defects by element. Valid only for defect types that are associated with a
lattice site, e. g. Vacancies, but not Interstitials.

Parameters
element_list (PeriodicTableElement | list of PeriodicTableElement) – List of
elements to keep after filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | SplitInterstitialGenerator

filterByPointDefect(point_defects, keep_defects=True)
Method for filtering the generator of unique point defects by selecting a specific defects.

Parameters

• point_defects (Sequence of BasePointDefect) – The sequence of point de-
fects to filter.

• keep_defects (bool) – Whether or not the given defects are to be kept and all other
removed (True) or removed from the generator and all other defect kept (False). De-
fault: True

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterBySymmetryIndex(symmetry_indices)
Method for filtering the list of unique point defects by selecting specific symmetry indices.

Parameters
symmetry_indices (int | list of int) – The list of symmetry indices to keep after
filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator
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filterByZPositionInterval(start=None, end=None)
Method for selecting unique defects by their position in an interval of the z axis. Note: The

Parameters

• start (PhysicalQuantity of type length) – The start of the position interval. Default:
0 * Angstrom.

• end (PhysicalQuantity of type length) – The end of the position interval. Default:
length of the cell in z direction.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

hostConfiguration()

Returns
The host configuration.

Return type
BulkConfiguration

indices()

Returns
The defect indices for the current defect generator.

Return type
list of int

pointDefects()

Returns
The list of unique point defects.

Return type
Vacancy | Substitutional | Interstitial | DefectCluster | SplitInterstitial

symmetryTolerance()

Returns
The symmetry tolerance.

Return type
PhysicalQuantity of type length

uniqueDefects()

Returns
The list of symmetrically unique point defects with their names and symmetry indices,
ordered by increasing index.

Return type
list of NamedPointDefect

uniqueString()

Return a unique string representing the state of the object.
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Notes

The BaseDefectGenerator class is the base class for all of the defect generators. These are the classes that generate the
symmetrically unique defects of different kinds for a given pristine material. Currently the kinds of defects that can be
specified are:

• Vacancy defects, where an atom is removed from the lattice. These can be generated with the VacancyGenerator
object.

• Substitutional defects, where an atom is exchanged for another. These can be generated with the Substitutional
object.

• Interstitial defects, where an atom is inserted into a space in the lattice. Interstitial defects at likely lattice positions
can be generated using the InterstitialGenerator object. This uses Voronoi analysis to find likely positions for
interstitial defects.

• Split interstitial defects can be generated using the SplitInterstitial object. This defect can be understood as an
interstitial defect combined with a displaced lattice atom. The center of the atom pair is positioned at the original
lattice cite with the atoms moved in opposite directions along a given axis.

• Pair defects combine a site defect with another point defect. Using pair defects it is possible to create vacancy-
interstitial, vacancy-substitution or double substitution defects. These can be generated using the a DefectPair-
Generator.

The BaseDefectGenerator object should not be instantiated. This class is used to refer to any type of defect generator.
As an example, in a Table, the BaseDefectGenerator type can be specified for a column type, so that the column can
contain different types of defect generators.

BasisSet

class BasisSet(element, orbitals, occupations, hubbard_u=None, projector_shift=None, filling_method=None,
pseudopotential=None, onsite_spin_orbit_split=None, filter_mesh_cutoff=None,
dft_half_parameters=None, gram_schmidt_orthonormalization=True)

Class for representing the basis set for given element in DFT.

Parameters

• element (PeriodicTableElement) – The element associated with this basis set.

• orbitals (list) – The set of orbitals that forms this basis set. Each ele-
ment in the list should be an instance of ConfinedOrbital, AnalyticalSplit,
PolarizationOrbital, NumericalOrbital, or HydrogenOrbital.

• occupations (list of non-negative float) – The initial occupation of each basis
orbital.

• hubbard_u (PhysicalQuantity type energy) – The Hubbard U energy for each orbital shell

• projector_shift (PseudoPotentialProjectorShift) – Pseudopotential projector
shift for each angular momentum.

• filling_method (SphericalSymmetric | Anisotropic) – The method used for set-
ting up the initial occupation. Default: SphericalSymmetric.

• pseudopotential (NormConservingPseudoPotential) – The pseudopotential to be
used for generating this basis set. Default: None.
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• onsite_spin_orbit_split (PhysicalQuantity of type energy) – Spin-orbit splits for
each orbital. Default: numpy.zeros(n_orbitals) * eV where n_orbitals is the
number of orbitals.

• filter_mesh_cutoff (PhysicalQuantity of type energy) – A cutoff for filtering the basis
functions. Must not be negative. Default: 0.0 * eV.

• dft_half_parameters (DFTHalfParameters | Automatic | Disabled) – The DTF-
1/2 parameters used for this basis set in the LCAO calculation. When set to Automatic the
DFT-1/2 parameters will be populated from a table of optimized parameters. By setting it
to Disabled DFT-1/2 will not be active for this basis set. This is used to disable DFT-1/2
for some elements or atomic sites while DFT-1/2 may be active for other atoms in the
configuration. Default: Automatic

• gram_schmidt_orthonormalization (bool) – Whether or not the basis orbitals
should be transformed to an orthonormal basis using the Gram-Schmidt process. Default:
True

angularMomenta()

Return the angular momenta of the basis set.

Returns
The angular momentum (azimuthal quantum number) for each orbital.

Return type
list

dftHalfParameters()

The DFT-1/2 parameters.

Returns
The DFT-1/2 parameters.

Return type
DFTHalfParameters | Automatic | Disabled

element()

The element for this basis set.

Returns
The atomic element.

Return type
PeriodicTableElement

fillingMethod()

The method using for filling the orbitals.

Returns
The method for filling the orbitals.

Return type
SphericalSymmetric | Anisotropic

filterMeshCutoff()

The cutoff for the filter function.

Returns
The cutoff.

Return type
PhysicalQuantity of type energy
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gramSchmidtOrthonormalization()

Whether the basis set has been orthonormalized.

Returns
True if the basis set is orthonormal.

Return type
bool

hubbardU()

The Hubbard U associated with the orbitals.

Returns
The Hubbard U energies either as a PhysicalQuantity with one element for each orbital.

Return type
PhysicalQuantity of type energy.

numberOfValenceElectrons()

Function to get the number of electrons in total.

Returns
The total number of valence electrons.

Return type
int

occupations()

The occupations associated with the orbitals.

Returns
The occupations of the orbitals given as a list of non-negative floats.

Return type
list

onsiteSpinOrbitSplit()

List of spin-orbit splits per orbital.

Returns
Spin-orbit splittings with one element for each orbital.

Return type
PhysicalQuantity of type energy

orbitals()

The orbitals that forms this basis set.

Returns
A list of orbital objects.

Return type
list

projectorShift()

A query method for the pseudopotential projector shift.

Returns
The projector shift energies specified for each angular momentum.

Return type
PseudoPotentialProjectorShift
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pseudopotential()

The pseudopotential used in generating the basis set.

Returns
The pseudopotential.

Return type
NormConservingPseudoPotential

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Use a SingleZeta basis set for Hydrogen and the (default) DoubleZetaPolarized basis set for Oxygen:

basis_set = [
LDABasis.Hydrogen_SingleZeta,
LDABasis.Oxygen_DoubleZetaPolarized

]
calculator = LCAOCalculator(basis_set=basis_set)

Define a BasisSet for Hydrogen:

hydrogen_1s = ConfinedOrbital(
principal_quantum_number=1,
angular_momentum=0,
radial_cutoff_radius=5.28603678847*Bohr,
confinement_start_radius=0.8 * 5.28603678847*Bohr,
additional_charge=0.0,
confinement_strength=20.000*Hartree*Bohr,
radial_step_size=0.001*Bohr,
)

hydrogen_1s_split = AnalyticalSplit(hydrogen_1s, split_norm = 0.40)

my_hydrogen_basis = BasisSet(
element=Hydrogen,
orbitals=[hydrogen_1s, hydrogen_1s_split],
occupations=[0.7 , 0.3],
pseudopotential=NormConservingPseudoPotential('normconserving/H.LDAPZ.zip'),
)

calculator = LCAOCalculator(basis_set=my_hydrogen_basis)

Define a BasisSet for Hafnium with a hubbard U term for the 5d orbital, and using anisotropic filling:

basis_set = [
GGABasis.Hafnium_SingleZetaPolarized(

hubbard_u=[5.8,0.0,0.0]*eV,
filling_method = Anisotropic)

]
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Notes

• For further info on the different types of basis orbitals, see LCAO basis set.

• With the SphericalSymmetric filling method, the orbitals in a shell have the same occupation, while with the
Anisotropic filling method, the low-𝑚 values are fully occupied and the high-𝑚 values are empty. See also
XC+U mean-field Hubbard term.

• To see the default parameters for a basis set it is convenient to use the Script Generator tool in QuantumATK and
set the script detail to Show default.

• For an example of defining a BasisSet with a set of custom DFTHalfParameters, see Usage Examples. More
information on the Automatic DFT-1/2 parameters and the DFT-1/2 method in general is given in DFT-1/2
method.

BasisSetInitialization

class BasisSetInitialization(basis_set=None)
The plane-wave basis set initialization method class.

Parameters
basis_set (BasisSet) – The basis set to use for the initialization method. Note that this
feature is not enabled for PAW calculations, in which case the argument should be left default.
Default: An automatically generated minimal basis set.

basisSet()

Returns
The basis set.

Return type
list

BinaryNNTBTable

class BinaryNNTBTable(onsite=None, nn_distance=None, cut_off=None, offsite=None)
Class for representing the Slater Koster table of a binary (two element) nearest neighbor tight binding model.

Parameters

• onsite (list of SlaterKosterOnsiteParameters) – The onsite parameters describing
the two elements. This should be a list with two SlaterKosterOnsiteParameters.

• nn_distance (PhysicalQuantity of type length) – The nearest-neighbor distance.

• cut_off (PhysicalQuantity of type length) – The cut-off distance, outside which matrix
elements are zero.

• offsite (dict) – A dict, where the keys are allowed angular momentum labels for
SK models, specified for element1 and element2, e.g. "gallium_arsenic_sss",
"arsenic_gallium_s1ds", etc. and the values the corresponding matrix elements as
PhysicalQuantity objects of type energy.
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offsiteParameters()

Returns
The offsite parameters.

Return type
dict

onsiteParameters()

Returns
The onsite parameters.

Return type
dict

BlochState

class BlochState(configuration=None, quantum_number=None, spin=None, k_point=None,
density_mesh_cutoff=None)

A class for calculating the wave function of a Bloch state.

Parameters

• configuration (BulkConfiguration) – The configuration for which the Bloch state
should be calculated.

• quantum_number (int) – The quantum number of the desired Bloch state. Default: 0

• spin (Spin.Up | Spin.Down | Spin.All) – The spin to calculate the Bloch state for.
Default: Spin.All

• k_point (list(3) of floats) – The k-point in fractional coordinates that the Bloch
state should be calculated for. Default: [0.0, 0.0, 0.0]

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
grid sampling. The mesh cutoff must be a positive energy or a GridSampling object.
Default: Specific for each calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.
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– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative of the wave function in the point (x, y, z).

Parameters

• x (PhysicalQuantity of type length) – The Cartesian x coordinate.

• y (PhysicalQuantity of type length) – The Cartesian y coordinate.

• z (PhysicalQuantity of type length) – The Cartesian z coordinate.

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component to project on. De-
fault: The spin of this Bloch state object.

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Up, Spin.Down) components is returned if the calculation is not unpolarized.

Return type
PhysicalQuantity of type energy-3/2 × length-1

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.
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• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

eigenvalue()

Returns the eigenvalue associated with the calculated eigenstate (as absolute energy).

Returns
The eigenvalue associated with the calculated eigenstate (as absolute energy). For a polar-
ized calculation with Spin.All, both Spin.Up and Spin.Down values are returned

Return type
PhysicalQuantity of type energy | list of PhysicalQuantity of type energy.

evaluate(x, y, z, spin=None)
Evaluate the wave function in the point (x, y, z).

Parameters

• x (PhysicalQuantity of type length) – The Cartesian x coordinate.

• y (PhysicalQuantity of type length) – The Cartesian y coordinate.

• z (PhysicalQuantity of type length) – The Cartesian z coordinate.

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component to project on. De-
fault: The spin of this Bloch state object.

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Up,
Spin.Down) components is returned if the calculation is not unpolarized.

Return type
PhysicalQuantity of type energy-3/2

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

kPoint()

Returns
The k-point to calculate the Bloch state for.

Return type
list(3) of floats
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metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

quantumNumber()

Returns
The quantum number of the desired eigenstate.

Return type
int

quantumNumberReference()

Returns
Whether the quantum number is counted starting from the lowest available state
(Absolute), or from the first occupied state (Lumo).

Return type
Absolute``|``Lumo

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the Bloch state is calculated for.

Return type
Spin.Up | Spin.Down | Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – The spin component to project on. Default: The
spin the object was created with. If the spin was Spin.All, Spin.Sum will be used for
the projection.

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.
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Return type
PhysicalQuantity of type length.

Usage Examples

Calculate and save a Bloch state for a gold FCC crystal:

# Define lattice
lattice = FaceCenteredCubic(4.08*Angstrom)

# Define elements
elements = [Gold]

# Define coordinates
coordinates = [[2.0, 2.0, 2.0]]*Angstrom

# Set up configuration
bulk_configuration = BulkConfiguration(

lattice,
elements,
coordinates
)

# Define a a calculator
bulk_configuration.setCalculator(LCAOCalculator())

# Calculate and save the Bloch state with quantum number 5
bloch_state = BlochState(bulk_configuration, quantum_number=5,

k_point=[0.0, 0.5, 0.5])
nlsave('bloch_state.nc', bloch_state)

blochstate.py

For examples on working with 3D grids, see HartreePotential and ElectronDensity.

Note: For more advanced options and calculating multiple BlochState objects calculateBlochStates() is ad-
visable.

BondConstraint

class BondConstraint(fixed_bonds=None, fixed_angles=None, inversion_order=4, rotation_order=1)
This constraint fixes the bond lengths of the system in a MolecularDynamics() simulation or
OptimizeGeometry() calculation based on the LINCS method.

Parameters

• fixed_bonds (list) – The bonds to constrain. These are specified as a list of pairs.
If the pair contains two integers, these are taken as the indices of the bond. If the pair
contains two strings, these are taken as tags describing two sets of atoms between which
the bonds are to be constrained. If the pair contains two elements, these are taken as the
elements between which all bonds are to be constrained.
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• fixed_angles (list) – The angles to constrain. These are specified as a list of triples.
The angle is constrained by constraining the two bonds and the distance between the end
atoms in the angle. In this way small molecules such as water can be constrained to be
rigid. If the triple contains to integers, these are taken as the indices of the angle. If the
triple contains two strings, these are taken as tags describing three sets of atoms between
which the angles are to be constrained. If the triple contains three elements, these are
taken as the elements between which all angles are to be constrained.

• inversion_order (int) – The number of terms used to approximate the matrix inver-
sion in the LINCS equations. Default: 4

• rotation_order (int) – The number of cycles used in the correction for rotational bond
lengthening. Default: 1

bondIndices()

Returns
List of indices of the bonds that are constrained

Return type
ndarray

bondLengths()

Returns
List of the constrained bond lengths

Return type
PhysicalQuantity of type length

frozenDegreesOfFreedom(local_atoms=None)
The number of constrained degrees of freedom.

Parameters
local_atoms (list of int | None) – The group of atoms from which the frozen de-
grees of freedom should be calculated, e.g. a thermalized group of atoms. Default: All
atoms.

Returns
The number of degrees of freedom that are frozen by this constraint object.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Run a molecular dynamics calculation on a PVC polymer with constrained bonds for all hydrogen atoms. This allows
using a longer time-step of 2 femtoseconds.

method = NVTNoseHoover(
time_step=2*femtoSecond,
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
chain_length=3,

(continues on next page)
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(continued from previous page)

initial_velocity=initial_velocity,
)

# Set bond constraint to constrain all C-H bonds
bond_constraint = BondConstraint([[Carbon, Hydrogen]])
com_constraint = FixCenterOfMass()

# With 2fs time steps 5,000 MD steps corresponds to 10ps of simulation time.
md_trajectory = MolecularDynamics(

bulk_configuration,
constraints=[bond_constraint, com_constraint],
trajectory_filename='PVC_Bond_Constraint.hdf5',
steps=5000,
log_interval=500,
method=method

)

PVC_Bond_Constraint.py PVC_Input.hdf5

Notes

The BondConstraint class implements the LINCS bond constraint1 for both molecular dynamics and geometry op-
timization simulations. In the LINCS algorithm bonds are held rigid by introducing bond distance constraints 𝑔:

𝑔𝑖(r𝑛) = |r𝑖1 − r𝑖2 | − 𝑑𝑖 = 0 𝑖 = 1, .....𝐾

These are then included in the equations of motion using Lagrange multipliers 𝜆𝑖(𝑡) such that:

−M
𝑑2r

𝑑𝑡2
=

𝜕

𝜕r
(V − 𝜆 · g)

These equations of motion are solved at each step of the simulation, allowing the changes in the selected bond lengths
to be projected out of the atomic coordinates. Bond length changes are also projected out of the velocities, forces and
stresses calculated during the simulation.

These bond constraints can be used with atoms at relative distances to each other during a simulation. This can aid in
locating transition states or other intermediate configurations. The bond constraints can also be used to remove high
frequency motion during molecular dynamics. In these kinds of simulations, the necessary time step of the simulation
is often determined by the high frequency bond vibrations. This is especially true for bonds containing light elements
such as hydrogen. By constraining these bonds it can be possible to increase the time step used for the molecular
dynamics simulation, as those high frequency modes no longer have to be represented in the dynamics.

In BondConstraint, the bonds to be constrained are specified in the argument fixed_bonds. This takes a list of pairs
of either elements, tags or atom indices as integers. For elements and tags, all static bonds between those elements or
pairs will be constrained. If atom indices are given, the distance between these atoms will be constrained whether or
not they are bonded. The constrained bond length will be taken from the starting configuration in the simulation.

It is also possible to constrain bond angles using the argument fixed_angles. This argument takes a list of triples of
elements, tags or bond indices. The atoms specified in this triple are then constrained in a rigid triangle, approximating
a rigid angle. Regardless of the type in input used, a distance constraint is added between the two end atoms whether
or not they are bonded. This type of constraint can be used to create rigid small molecules, such as rigid water.

1 Berk Hess, Henk Bekker, Herman J. C. Berendsen, and Johannes G. E. M. Fraaije. Lincs: a linear constraint solver for molecular simulations.
J. Comput. Chem., 18:1463, Feb 1997. URL: https://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291096-987X%28199709%2918%3A12%
3C1463%3A%3AAID-JCC4%3E3.0.CO%3B2-H, doi:10.1002/(SICI)1096-987X(199709)18:12<1463::AID-JCC4>3.0.CO;2-H.
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Warning: The solution to the constraint equations is performed using an approximate matrix inverse. Including
angle constraints makes this approximation less valid, and increases the number of terms that need to be included to
get a good solution. If angle constraints are included the parameter inversion_ordermay need to be significantly
increased to account for this.

In the LINCS algorithm there are two iterative parts to the solution of the constraint equation. The first is the solution of
a matrix inverse, which is approximated as a series. The number of terms in this series is modified using the argument
inversion_order. Secondly the LINCS algorithm corrects changes in bond length due to rotation using an iterative
solution. The number of iterations is modified using the argument rotation_order. By default these have values of
4 and 1 respectively. This is suitable for most calculations with just constrained bonds. Including constrained angles
or large number of bonds may require increasing these values to obtain stable constraints.

BornEffectiveCharge

class BornEffectiveCharge(configuration, kpoints_a=None, kpoints_b=None, kpoints_c=None,
atomic_displacement=None, use_symmetry=None,
non_selfconsistent_update=None, polarization_cartesian_directions=None,
atom_indices=None, processes_per_displacement=None)

Class for calculating the Born effective charge of a configuration.

Parameters

• configuration (BulkConfiguration) – The configuration with attached calculator
that supports Berry-phase polarization calculations.

• kpoints_a (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) –
The k-point sampling to use for integrating along the first direction. Default:
MonkhorstPackGrid(n_aa, n_ab, n_ac), where n_aa, n_ab, and n_ac are deter-
mined from the sampling (na, nb, nc) used for the self consistent calculation as fol-
lows: n_aa = 2 * na + 1, n_ab = nb, n_ac = nc.

• kpoints_b (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) –
The k-point sampling to use for integrating along the second direction. Default:
MonkhorstPackGrid(n_ba, n_bb, n_bc), where n_ba, n_bb, and n_bc are deter-
mined from the sampling (na, nb, nc) used for the self consistent calculation as fol-
lows: n_ba = na, n_bb = 2 * nb + 1, n_bc = nc.

• kpoints_c (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) –
The k-point sampling to use for integrating along the third direction. Default:
MonkhorstPackGrid(n_ca, n_cb, n_cc), where n_ca, n_cb, and n_cc are deter-
mined from the sampling (na, nb, nc) used for the self consistent calculation as fol-
lows: n_ca = na, n_cb = nb, n_cc = 2 * nc + 1.

• atomic_displacement (PhysicalQuantity of type length) – The distance the atoms are
displaced in the finite difference method. Default: 0.01*Angstrom

• use_symmetry (bool) – If enabled, only the symmetrically unique atoms are displaced
and the remaining born effective charges are calculated using symmetry. Default: True

• non_selfconsistent_update (bool) – If True, the displaced configurations are up-
dated non-self-consistently. This leads to a computational speed-up, but the results should
be carefully checked against self-consistent calculations. Default: False
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• polarization_cartesian_directions (list of CartesianDirection.{X,Y,Z}) –
Restrict the evaluation of the Polarization to specific Cartesian directions. For exam-
ple, if [CartesianDirection.X] is specified, only the xx, xy, xz components of
the born effective charge tensor are calculated. This option can be used to speed up the
calculation if only such components are required. Default: [CartesianDirection.X,
CartesianDirection.Y, CartesianDirection.Z]

• atom_indices (All | list of ints.) – The atom indices for which to calculate the Born
effective charges. If not All, the use of symmetries will be disabled. Default: All i.e.
all atoms in the configuration.

• processes_per_displacement (Automatic | int) – The number of processes to use
per atomic displacement. When set to Automatic the number will be determined auto-
matically maximizing the number of displacements calculated in parallel and minimizing
the number of idle processes. One may set this number manually in order to reduce the
memory requirements for each process. Default: Automatic

atomIndices()

Returns
The atom indices.

Return type
list of int.

atomicDisplacement()

Returns
The distance the atoms are displaced in the finite difference method.

Return type
PhysicalQuantity of type length

evaluate(charge_sum_rule_method=None)
The Born effective charge𝑍𝛼,𝑖𝑗 for the ion𝛼 displaced in direction j leading to the Polarization in direction
i.

Parameters
charge_sum_rule_method (None | DistributeEvenly | DistributeRelative.) –
Keyword specifying if a charge sum-rule should be applied to the Born effective charges.
Can be None for no sum-rule application. Alternatively the charge error is either distributed
evenly (DistributeEvenly) or relative (DistributeRelative) to the Born effective
charges on the atoms. Default: None

Returns
The Born effective charge as an array of shape (n, 3, 3), where n is the number of atoms.
The second last entry is the Cartesian direction of polarization and the last is the direction
in which the ion is displaced.

Return type
PhysicalQuantity of type charge

kpointsA()

Returns
The k-point sampling used for integrating along the first direction.

Return type
MonkhorstPackGrid
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kpointsB()

Returns
The k-point sampling used for integrating along the second direction.

Return type
MonkhorstPackGrid

kpointsC()

Returns
The k-point sampling used for integrating along the third direction.

Return type
MonkhorstPackGrid

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

nonSelfconsistentUpdate()

Returns
True if the displaced configurations are updated non-selfconsistently.

Return type
bool

polarizationCartesianDirections()

Returns
The Cartesian components for which the polarization is evaluated.

Return type
list of CartesianDirection.{X,Y,Z}

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

useSymmetry()

Returns
True if the use of crystal symmetry to reduce the number of displacements is enabled.
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Return type
bool

Usage Examples

Calculate the born effective charge of GaAs:

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.6537*Angstrom)

# Define elements
elements = [Gallium, Arsenic]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = LDA.PZ

k_point_sampling = MonkhorstPackGrid(
na=14,
nb=14,
nc=14,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=30.0*Hartree,
k_point_sampling=k_point_sampling,
occupation_method=FermiDirac(100.0*Kelvin*boltzmann_constant),
)

calculator = LCAOCalculator(
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

(continues on next page)
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(continued from previous page)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave('GaAs.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Born Effective Charge
# -------------------------------------------------------------
born_effective_charge = BornEffectiveCharge(

configuration=bulk_configuration,
kpoints_a=MonkhorstPackGrid(21, 5, 5),
kpoints_b=MonkhorstPackGrid(5, 21, 5),
kpoints_c=MonkhorstPackGrid(5, 5, 21),
atomic_displacement=0.01*Angstrom,
)

nlsave('GaAs.hdf5', born_effective_charge)

born_effective_charge.py

The output from the calculation is:

+------------------------------------------------------------------------------+
| Born Effective Charge Report |
+------------------------------------------------------------------------------+
| |
| 0 Ga: |
| |
| [[ 2.08384046e+00 2.01655410e-16 -2.01655418e-16] |
| [ 2.01655410e-16 2.08384046e+00 -2.01655418e-16] |
| [ 0.00000000e+00 0.00000000e+00 2.08384046e+00]] e |
| |
+------------------------------------------------------------------------------+
| |
| 1 As: |
| |
| [[-2.08597738e+00 -2.01862227e-16 2.01862227e-16] |
| [-2.01862228e-16 -2.08597738e+00 2.01862228e-16] |
| [ 0.00000000e+00 0.00000000e+00 -2.08597738e+00]] e |
| |
+------------------------------------------------------------------------------+

The calculated Born effective charge tensors are diagonal with a diagonal value of around ±2.1 for Ga and As, respec-
tively, in agreement with experiments and previous calculations1.

1 R. D. King-Smith and D. Vanderbilt. Theory of polarization of crystalline solids. Phys. Rev. B, 47:1651–1654, Jan 1993.
doi:10.1103/PhysRevB.47.1651.
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Notes

The Born effective charge tensor is defined as the derivative of the polarization with respect to the atomic coordinate

𝑍*
𝜇,𝑖𝑗 = Ω0

𝜕P𝑖

𝜕r𝜇,𝑗
,

where Ω0 is the unit cell volume, P𝑖 is the i’th Cartesian component of the Polarization and r𝜇,𝑗 is the j’th Cartesian
component of the position of atom 𝜇.

When calculating the Born effective charge notice the following

• Perform the calculation with a low electronic broadening (e.g. 100 K). The default of 1000 K can lead to wrong
results for small band gap materials.

• Carefully check the results agaist the parameter atomic_displacement. Ususally the default value of
0.01*Angstrom is a good choice but you might need to either increase or decrease it.

BornEffectiveChargeParameters

class BornEffectiveChargeParameters(kpoints_a=None, kpoints_b=None, kpoints_c=None,
atomic_displacement=None, use_symmetry=None,
non_selfconsistent_update=None,
polarization_cartesian_directions=None, atom_indices=None,
processes_per_displacement=None)

Class for parameters used to evaluate BornEffectiveCharge analysis.

Parameters

• kpoints_a (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) –
The k-point sampling to use for integrating along the first direction. Default:
MonkhorstPackGrid(n_aa, n_ab, n_ac), where n_aa, n_ab, and n_ac are deter-
mined from the sampling (na, nb, nc) used for the self consistent calculation as fol-
lows: n_aa = 2 * na + 1, n_ab = nb, n_ac = nc.

• kpoints_b (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) –
The k-point sampling to use for integrating along the second direction. Default:
MonkhorstPackGrid(n_ba, n_bb, n_bc), where n_ba, n_bb, and n_bc are deter-
mined from the sampling (na, nb, nc) used for the self consistent calculation as fol-
lows: n_ba = na, n_bb = 2 * nb + 1, n_bc = nc.

• kpoints_c (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) –
The k-point sampling to use for integrating along the third direction. Default:
MonkhorstPackGrid(n_ca, n_cb, n_cc), where n_ca, n_cb, and n_cc are deter-
mined from the sampling (na, nb, nc) used for the self consistent calculation as fol-
lows: n_ca = na, n_cb = nb, n_cc = 2 * nc + 1.

• atomic_displacement (PhysicalQuantity of type length) – The distance the atoms are
displaced in the finite difference method. Default: 0.01*Angstrom

• use_symmetry (bool) – If enabled, only the symmetrically unique atoms are displaced
and the remaining born effective charges are calculated using symmetry. Default: True

• non_selfconsistent_update (bool) – If True, the displaced configurations are up-
dated non-self-consistently. This leads to a computational speed-up, but the results should
be carefully checked against self-consistent calculations. Default: False

4.13. Full QuantumATK package 461



QuantumATK V-2023.12 Documentation

• polarization_cartesian_directions (List of list of CartesianDirection.{X,
Y,Z}) – Restrict the evaluation of the Polarization to specific cartesian directions. For
example, if [CartesianDirection.X] is specified, only the xx, xy, xz components
of the born effective charge tensor are calculated. This option can be used to speed up the
calculation if only such components are required. Default: [CartesianDirection.X,
CartesianDirection.Y, CartesianDirection.Z]

• processes_per_displacement (Automatic | int) – The number of processes to use
per atomic displacement. When set to Automatic the number will be determined auto-
matically maximizing the number of displacements calculated in parallel and minimizing
the number of idle processes. One may set this number manually in order to reduce the
memory requirements for each process. Default: Automatic

asDict()

Returns
The input parameters as keyword, value dictionary.

Return type
dict

atomIndices()

Returns
The atom indices.

Return type
list of int | All

atomicDisplacement()

Returns
The distance the atoms are displaced in the finite difference method.

Return type
PhysicalQuantity of type length

kpointsA()

Returns
The k-point sampling used for integrating along the first direction.

Return type
MonkhorstPackGrid

kpointsB()

Returns
The k-point sampling used for integrating along the second direction.

Return type
MonkhorstPackGrid

kpointsC()

Returns
The k-point sampling used for integrating along the third direction.

Return type
MonkhorstPackGrid
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nonSelfconsistentUpdate()

Returns
True if the displaced configurations are updated non-selfconsistently.

Return type
bool

polarizationCartesianDirections()

Returns
The Cartesian components for which the tensor is evaluated.

Return type
List of list of CartesianDirection.{X,Y,Z}

processesPerDisplacement()

Returns
The number of processes per displacement.

Return type
Automatic | int

uniqueString()

Return a unique string representing the state of the object.

useSymmetry()

Returns
True if the use of crystal symmetry to reduce the number of displacements is enabled.

Return type
bool

BoxRegion

class BoxRegion(value, xmin, xmax, ymin, ymax, zmin, zmax)
Class for representing an orthorhombic region, i.e. a rectangular box of metallic or dielectric material.

Parameters

• value (float | PhysicalQuantity compatible with Volt) – The value that should be assigned
to the box. Either the voltage or the dielectric constant of the region.

• xmin (PhysicalQuantity of type length) – The lower boundary of the box along the x-axis.

• xmax (PhysicalQuantity of type length) – The upper boundary of the box along the x-axis.

• ymin (PhysicalQuantity of type length) – The lower boundary of the box along the y-axis.

• ymax (PhysicalQuantity of type length) – The upper boundary of the box along the y-axis.

• zmin (PhysicalQuantity of type length) – The lower boundary of the box along the z-axis.

• zmax (PhysicalQuantity of type length) – The upper boundary of the box along the z-axis.
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nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>, header=True)
Print a string containing an ASCII description of the SpatialRegion.

Parameters

• stream (Stream based object) – The io to write to.

• header (bool) – Option to emphasize the description as a header or not.

uniqueString()

Return a unique string representing the state of the object.

value()

Function for asking for the value of the box region.

Returns
The value of the box region.

Return type
float | PhysicalQuantity compatible with Volt

xmax()

Returns
The maximum x-value of the box.

Return type
PhysicalQuantity of type length

xmin()

Returns
The minimum x-value of the box.

Return type
PhysicalQuantity of type length

ymax()

Returns
The maximum y-value of the box.

Return type
PhysicalQuantity of type length

ymin()

Returns
The minimum y-value of the box.

Return type
PhysicalQuantity of type length

zmax()

Returns
The maximum z-value of the box.

Return type
PhysicalQuantity of type length
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zmin()

Returns
The minimum z-value of the box.

Return type
PhysicalQuantity of type length

Usage Examples

Define a dielectric region with dielectric constant 4𝜀0:

dielectric_region = BoxRegion(
4.0,
xmin=0*Angstrom, xmax=41.439*Angstrom,
ymin=0.5*Angstrom, ymax=3.57914*Angstrom,
zmin=5*Angstrom, zmax=50.4135*Angstrom
)

dielectric_boxregion.py

Define two metallic regions where the second metallic region is constructed by cloning the first:

metallic_region1 = BoxRegion(
1*Volt,
xmin=0*Angstrom, xmax=41.439*Angstrom,
ymin=0*Angstrom, ymax=0.5*Angstrom,
zmin=5*Angstrom, zmax=15.*Angstrom
)

metallic_region2 = metallic_region1(
value=-1*Volt,
ymin=10*Angstrom, ymax=12*Angstrom
)

metal_boxregion.py

Notes

The following spatial regions are available:

• BoxRegion

• SphereRegion

• TubeRegion
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BravaisLatticeConstraint

class BravaisLatticeConstraint

This constraint preserves the bravais lattice in constant stress simulations or optimization.

frozenDegreesOfFreedom(local_atoms=None)

Parameters
local_atoms (list of int | None) – The group of atoms from which the frozen de-
grees of freedom should be calculated, e.g. a thermalized group of atoms. Default: All
atoms.

Returns
The number of degrees of freedom that are frozen by this constraint object.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Run a geometry optimization of a rutile crystal with the Bravais lattice type fixed.

constraints = [BravaisLatticeConstraint()]

bulk_configuration = OptimizeGeometry(
bulk_configuration,
max_forces=0.05*eV/Ang,
max_stress=0.1*GPa,
max_steps=200,
max_step_length=0.2*Ang,
constraints=constraints,
trajectory_filename=None,
optimizer_method=LBFGS(),

)

bravais_lattice_constraint.py

Notes

• BravaisLatticeConstraint can be used in OptimizeGeometry to constrain the Bravais lattice type. This means that
the stress is symmetrized according to the lattice type. The lattice vectors will still be optimized, but the lattice
type will not change.
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BrennerCalculator

class BrennerCalculator(dynamical_matrix_parameters=None)
Class for representing a Brenner Potential 2002 calculator.

Parameters
dynamical_matrix_parameters (not used) – Deprecated: from v2015, see the
DynamicalMatrix analysis object.

dynamicalMatrixParameters()

This method is deprecated.

Returns
None always.

Return type
None

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

supportedElements()

This function queries the calculator for the elements it supports.

Returns
A list of chemical symbols for each element supported.

Return type
list of str

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Method to upgrade the current calculator based on the given configuration.

Parameters
configuration (AtomicConfiguration sub-class) – The configuration the calculator
will be used for.
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Usage Examples

Define a Brenner calculator:

calculator = BrennerCalculator()

Notes

The calculator uses the classical Brenner potential version 20021 and is limited to the elements: Hydrogen, Carbon,
Silicon, and Germanium.

The implementation uses the ASE-ASAP code.

BuckinghamPotential

class BuckinghamPotential(particleType1, particleType2, A, rho, r_i=None, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• rho (PhysicalQuantity of type length ) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the
smoothing of the potential starts. r_i must be smaller than r_cut.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

1 D. W. Brenner, O. Shenderova, J. Harrison, S. J. Stuart, B. Ni, and S. B Sinnott. A second-generation reactive empirical bond order (REBO) po-
tential energy expression for hydrocarbons. J. Phys.: Condensed Matter, 14(4):783–802, 2002. arXiv:S0953-8984(02)31186-X, doi:10.1088/0953-
8984/14/4/312.
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setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='VanBeest_SiOAlP_1990')

# Add the paricle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
charge=2.4))

potentialSet.addParticleType(ParticleType(symbol='O',
(continues on next page)
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(continued from previous page)

mass=15.9994*atomic_mass_unit,
charge=-1.2))

# Add the Buckingham potentials to the potential set
potentialSet.addPotential(BuckinghamPotential('O', 'O',

A=1388.773*eV,
rho=0.36231884*Angstrom,
r_i=5.0*Angstrom,
r_cut=5.5*Angstrom))

potentialSet.addPotential(BuckinghamPotential('Si', 'O',
A=18003.7572*eV,
rho=0.20520481*Angstrom,
r_i=5.0*Angstrom,
r_cut=5.5*Angstrom))

# Add the 6th-power dispersion term to the potential set
potentialSet.addPotential(LennardJonesMNPotential('O', 'O',

r_cut=9.0*Angstrom,
A=0.0*eV*Angstrom,
B=175.0*eV*Angstrom**6.0,
m=1.000000,
n=6.000000))

potentialSet.addPotential(LennardJonesMNPotential('Si', 'O',
r_cut=9.0*Angstrom,
A=0.0*eV*Angstrom,
B=133.5381*eV*Angstrom**6.0,
m=1.000000,
n=6.000000))

# Add the Coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombDSF(r_cut=9.0*Angstrom))
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

The BuckinghamPotential defines a pair potential of the form

𝑉𝑖𝑗(𝑟) = 𝐴𝑒−𝑟/𝜌 .

Note that this potential form uses a repulsive term only. In general, Buckingham potentials often also include an
attractive dispersion term of the form −𝐶/𝑟6 .

We have not included such a term in the TremoloX BuckinghamPotential implementation, as this can easily be achieved
by adding a LennardJonesMNPotential, for example, as shown in the example above.

This permits combinations of the BuckinghamPotential with all kinds of attractive terms avaliable in the TremoloXPo-
tentialSet, providing extended flexibility.
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At long distances this potential is brought smoothly to zero between the inner cutoff r_i and the outer cutoff r_cut,
using a 5th order spline function. This ensures that there are no discontinuites in the forces as atoms are brought closer
together, and that the energy is properly conserved. The applied potential 𝑈(𝑟) is given as:

𝑈(𝑟) = 𝑉𝑖𝑗(𝑟) × 𝑆(𝑟)

where 𝑉𝑖𝑗(𝑟) is the pair potential and 𝑆(𝑟) is the spline function. The values of the spline function are:

• 1 when 𝑟 ≤ 𝑟𝑖

• In the range [0, 1] when 𝑟𝑖 < 𝑟 < 𝑟𝑐𝑢𝑡

• 0 when 𝑟 ≥ 𝑟𝑐𝑢𝑡

BulkConfiguration

class BulkConfiguration(bravais_lattice, elements, cartesian_coordinates=None,
fractional_coordinates=None, ghost_atoms=None, velocities=None, tag_data=None,
fast_init=False, bonds=None, dielectric_regions=None, metallic_regions=None,
partial_charges=None, improper_dihedral_indices=None)

Class for representing a periodic structure, i.e bulk configuration.

Construction of a bulk configuration from a BravaisLattice object. The additional arguments are the elements,
the Cartesian coordinates or fractional coordinates. The Cartesian coordinates and fractional coordinates cannot
be given at the same time. The list arguments containing the elements and coordinates must have the same length.

Parameters

• bravais_lattice (BravaisLattice) – A lattice of the bulk configuration.

• elements (PeriodicTableElement) – A sequence containing the elements of the con-
figuration.

• cartesian_coordinates (PhysicalQuantity of type length | None) – A sequence con-
taining a sequence of atomic coordinates for each element in the configuration. Has the
dimensionality nx3. Default: None

• fractional_coordinates (array(n, 3) | None) – A sequence containing se-
quences of fractional coordinates for each element in the configuration. Default: None

• ghost_atoms (int(n)) – A list of atom indices to treat as ghost atoms. Default: None

• velocities (PhysicalQuantity of type length/time | None) – The velocities of the atoms.
Has the dimensionality nx3. Default: None

• tag_data (dict) – A dict of tag data, linking tags to a list of atom indices. Default:
None

• fast_init (bool) – Skip checking types and do not copy the arguments (i.e. only store
references to them. This is an advanced option that should only be used internally. De-
fault: False

• bonds (array with shape (n,2) or (n,5) | None) – An array with two atom in-
dices for each bond along with the vector which periodic images this bond connects to.

• dielectric_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list
of dielectric regions to set.

• metallic_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
metallic regions to set.
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• partial_charges (PhysicalQuantity of type charge | None) – A Physi-
calQuantity array of the atomic partial charge for each atom.

• improper_dihedral_indices (list or array with shape (m, 4) | None) –
The list of the 4 indices defining the connectivity for each improper dihedral or None
to delete the current dihedral connectivity.

addBonds(bond_list)
Add bonds.

Parameters
bond_list (numpy.ndarray) – The list of bonds to add.

addTags(tags, indices=None)
Add a set of tags to atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms.

• indices (list | int | None) – The list of indices to match atoms against. De-
fault: All indices.

atomicMasses()

Returns
The masses of the atoms in the configuration.

Return type
PhysicalQuantity of type mass

atomicNumbers()

Returns
The list of atomic numbers associated with the elements.

Return type
list of ints

bonds()

Get the list of bond connections that can be used for bonded potentials in ATK-ForceField.

The connectivity indices refer to the wrapped configuration.

Returns
An array with the the two atom indices for each bond along with the vector which periodic
images this bond connects.

Return type
array

bravaisLattice()

Returns
The bravais lattice of the configuration.

Return type
BravaisLattice

calculator()

Returns
The calculator attached to the configuration, i.e. the calculator that will be used for both
simulation and analysis.
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Return type
Calculator

cartesianCoordinates()

Returns
The Cartesian coordinates of the atoms as an nx3 array.

Return type
PhysicalQuantity of type length

center(x_axis=True, y_axis=True, z_axis=True)
Create a new BulkConfiguration by centering the atoms and the vacuum around the system.

The centered system is constructed with a cell of the type UnitCell.

Parameters

• x_axis (bool) – Boolean indicating if the system should be centered along the x-axis.
Default: True.

• y_axis (bool) – Boolean indicating if the system should be centered along the y-axis.
Default: True.

• z_axis (bool) – Boolean indicating if the system should be centered along the z-axis.
Default: True.

Returns
The centered bulk system.

Return type
BulkConfiguration

cleave(h=1, k=0, l=0, max_perpendicular_repeats=100, outer_atom_index=0,
surface_transformation=None, layers=None, top_vacuum=None, bottom_vacuum=None,
outer_atom_placement=None)

Method to cleave the bulk system along the plane given by the Miller indices h, k, and l. Per the usual
convention, the Miller indices defined a plane in the conventional unit cell.

Parameters

• h (int) – The first Miller index. Default: 1.

• k (int) – The second Miller index. Default: 0.

• l (int) – The third Miller index. Default: 0.

• max_perpendicular_repeats (int) – The maximum number of times the crystal
lattice should be repeated in order to become perpendicular to the surfaces plane. Will
throw an exception if it is not possible. These repetitions are only used when layers is
None. Default: 100

• outer_atom_index (int) – The index of the configuration which should be the outer
atom in the surface. This is the atom which intersects the cleave plane. Default: 0

• surface_transformation (array of type float) – A 2x2 array that trans-
forms the lattice vectors perpendicular to the surface normal (i.e. the surface vectors).
This defaults to the identity matrix, which leaves them unchanged. If the values are
non integral, this will result in a strained surface. Default: [[1, 0], [0, 1]]

• layers (float) – The number of atomic layers in the repeated structure. By default
the smallest number of layers that yields perpendicular unit cell (c-axis purely along
the z-axis) is used. Default: None
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• top_vacuum (PhysicalQuantity of type length) – The vacuum padding to add to the
top of the cell. Default: 0.0*Angstrom

• bottom_vacuum (PhysicalQuantity of type length) – The vacuum padding to add to
the bottom of the cell. Default: 0.0*Angstrom

• outer_atom_placement (float) – The fractional c-coordinate of the outer atom.
By default the location of this atom will be at c=1.0 if no top or bottom vacuum is
used. If vacuum is used, then the atom will be located at the correct place in the unit
cell to accommodate the vacuum settings. Default: None

Returns
The cleaved bulk configuration.

Return type
BulkConfiguration

coarseGrainDescriptors()

Returns
The list of either elements or coarse grain particles for each element. Isotopes are returned
as just their base element, UnitedAtoms and Particle are given as their specific type.

Return type
list of type ParticleDescriptor or PeriodicTableElement

copy()

Returns
A copy of the current configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndDeleteAtoms(indices)
Create a new configuration by deleting some atoms from this configuration.

Parameters
indices (list of int) – The indices of the atoms to delete.

Returns
The configuration with some atoms deleted.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndMerge(other)
Create a new configuration by merging this configuration with another configuration.

Parameters
other (MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration) – The other configuration.

Returns
The merged configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration
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copyAndShiftAtoms(displacement, indices=None)
Create a new configuration with some atoms translated.

Parameters

• displacement (PhysicalQuantity of type length) – The displacement that should be
applied to the atom positions.

• indices (list of int) – The indices to shift. Default: All.

Returns
The configuration with the translation applied.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

deleteAtoms(indices)
Delete atoms from the configuration by specifying their indices.

Parameters
indices (array of int) – The indices to delete.

deleteBonds(bond_list=None, pair_selection=None)
Delete bonds connected to atomic indices.

Parameters

• bond_list (A two-dimensional sequence) – The pairs of bonds indices.

• pair_selection (list | None) – Specifies two groups between which bonds are
delete. Selectable groups are elements, index lists, tag names, or None (all atoms).

dielectricRegions()

Returns
The dielectric regions in the configuration.

Return type
list of BoxRegion | SphereRegion | TubeRegion

elements()

Returns
The elements in configuration.

Return type
list of PeriodicTableElement

externalPotential()

Returns
The external potential present on the configuration.

Return type
AtomicShift | AtomicCompensationCharge | None

findBonds(fuzz_factor=1.1, pair_selection=None, periodic_boundaries=None)
Find bonds in the configuration according to the combined covalent radii of the element pairs, multiplied
with a fuzz factor. Optionally, find bonds only between two specified sub-groups of atoms. The bonds are
primarily used in to set the topology of bonded potentials in the TremoloX-calculator.

Parameters
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• fuzz_factor (float) – The factor by which the covalent radii are multiplied to de-
termine the cutoff distance for a bond.

• pair_selection (list(2) of type PeriodicTableElement, list of int, or str) – Specifies
two groups between which bonds are detected. Selectable groups are elements, in-
dex lists, tag names, or None (all atoms). By default bonds between all atoms in the
configuration are taken into account.

• periodic_boundaries (3-tuple of bool) – The periodic boundaries Default:
The periodic boundaries for the configuration.

fixedSpinDirections()

Returns
The fixed spin directions for the configuration.

Return type
FixedSpin | None

fractionalCoordinates()

Returns
The fractional coordinates of the bulk configuration as a nx3 array.

Return type
array of floats

generateShifts()

Method for generating a list of origin shifts along all 3 lattice directions.

It will create a list of 27 shifts of the supercell origin (-1 to 1) in the three periodic directions.

Returns
The array of shifts

Return type
PhysicalQuantity of type length

ghostAtoms()

Returns
The list of ghost atoms.

Return type
list of ints

improperDihedralIndices()

Returns
The list of atom indices for each improper dihedral or None if no improper dihedrals are
defined. Improper dihedrals are mainly used in bonded force fields.

Return type
numpy array | None

indicesFromIsotopes(isotopes)

Parameters
isotopes (list of type PeriodicTableElement or Isotope) – The isotopes to
select.

Returns
The indices of the selected isotopes.
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Return type
list of type int

indicesFromTags(tags=None)
List the indices associated with a given collection of tags.

Parameters
tags (list | str) – A list of tags for which all matching indices should be extracted.

Returns
The list of indices corresponding to the specified tag name(s).

Return type
list of ints

magneticMoments()

Returns
The magnetic moments of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type Bohr magneton.

massDensity()

Returns
The mass density.

Return type
PhysicalQuantity of type mass per volume

merge(other)
Merge configuration with another configuration.

Parameters
other (MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration) – A different configuration.

metallicRegions()

Returns
The metallic regions for the configuration.

Return type
list of BoxRegion | SphereRegion | TubeRegion

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The configuration information.

Return type
dict
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nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AtomicConfiguration object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger().

numberOfAtoms()

Returns
The total number of atoms in the configuration.

Return type
int

partialCharges(indices=None)
Get the list of partial atomic charges that can be used for representing electrostatic interactions in ATK-
ForceField.

Parameters
indices (list | int | None) – The indices for which to return the partial charges.
Default: All indices.

Returns
A PhysicalQuantity array of the atomic partial charge for each atom.

Return type
PhysicalQuantity of type charge | None

particleDescriptors()

Returns
The list of particle descriptors for each atom. This should return the exact same list as was
given in the constructor argument “elements”.

Return type
list of type ParticleDescriptor or PeriodicTableElement

static periodicBoundaries()

Returns
The periodic boundary conditions of the configuration.

Return type
list

primitiveVectors()

Returns
The primitive lattice vectors.

Return type
PhysicalQuantity of type length

reduce(na=1, nb=1, nc=1, stack_systems=True)
Reduce the BulkConfiguration with the integer values na, nb, and nc along the three primitive unit cell
vectors. The reduced system is constructed with a cell of the type UnitCell.

Parameters

• na (int) – The repetition along the a-axis. Default: 1.

• nb (int) – The repetition along the b-axis. Default: 1.
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• nc (int) – The repetition along the c-axis. Default: 1.

• stack_systems (bool) – If True the basis atoms are reduced as a unit, i.e. a0 and b0
are reduced as: a0,b0,a1,b1, . . . If False the basis atom are reduced individually, i.e.
a0 and b0 are reduced as: a0,a1,. . . , b0,b1,. . . Default: True.

Returns
The reduced bulk system.

Return type
BulkConfiguration

removeTags(tags=None, indices=None, purge=False)
Remove a set of tags from atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms. Default: All tags.

• indices (list | int) – The list of indices to match atoms against. Default: All
indices.

• purge (bool) – When removing tags from the configuration, delete the tag completely
when not associated with any atoms anymore. Default: False.

repeat(na=1, nb=1, nc=1, stack_systems=True, transfer_density_matrix=True)
Repeat the BulkConfiguration with the integer values na, nb, and nc along the three primitive unit cell
vectors. The repeated system is constructed with a cell of the type UnitCell.

Parameters

• na (int) – The repetition along the a-axis. Default: 1.

• nb (int) – The repetition along the b-axis. Default: 1.

• nc (int) – The repetition along the c-axis. Default: 1.

• stack_systems (bool) – If True the basis atoms are repeated as a unit, i.e. a0 and
b0 are repeated as: a0,b0,a1,b1, . . . If False the basis atom are repeated individually,
i.e. a0 and b0 are repeated as: a0,a1,. . . , b0,b1,. . . Default: True.

• transfer_density_matrix (bool) – If True, the density matrix (or rather the
schroedinger container) of the non-repeated system is used to set up the density matrix
of the repeated system. Default: True.

Returns
The repeated bulk system.

Return type
BulkConfiguration

scalePartialCharges(scale_factor, indices=None)
Scale the partial charges with a given scale factor. These partial charges are used with Forcefield calcula-
tors.

Parameters

• scale_factor (float) – The factor for scaling charges.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.
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scalePrimitiveVectors(scale_a=None, scale_b=None, scale_c=None)
Scale the length of each lattice vector. The fractional coordinates of the atoms and the Bravais lattice type
will be remain unchanged if possible.

Parameters

• scale_a (float) – The scaling factor for the a-axis to apply. Default: 1.0.

• scale_b (float) – The scaling factor for the b-axis to apply. Default: 1.0.

• scale_c (float) – The scaling factor for the c-axis to apply. Default: 1.0.

scaleVolume(scaling_factor)
Scale the volume of the crystal by an isotropic expansion of the lattice vectors. The fractional coordinates
of the atoms and the Bravais lattice type will be unchanged.

Parameters
scaling_factor (float) – The scaling factor to apply. A value of 1.01 leads to a 1%
increase in the volume.

setBonds(bond_list, skip_checks=False)
Set the bonds on the configuration. The bonds are primarily used in to set the topology of bonded potentials
in the TremoloX-calculator.

Parameters

• bond_list (list(n, 2) | list(n, 5) | None) – A list which contains for each
bond the indices of the two connected atoms. Optionally, three more integers can be
specified for each bond, which must be between -1 and 1, and which denote to which
neighboring image cell the bond is connected. Without these additional indices, the
minimum image convention is obeyed.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setBravaisLattice(bravais_lattice, conserve_coordinates=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Cartesian'>, skip_checks=False)

Change the bravais lattice.

Parameters

• bravais_lattice (BravaisLattice) – The new lattice.

• conserve_coordinates (Cartesian | Fractional) – The type of coordinates to
conserve.. Default: Cartesian.

• skip_checks (bool) – If True, ignores bond connectivity and input argument checks.
Default: False.

setCalculator(calculator, initial_state=None, initial_spin=None)
Attach a Calculator to the configuration which will be used in calculations involving the configuration.

Parameters

• calculator (Calculator | None) – The calculator object that should be attached to the
configuration.

• initial_state (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration with a calculator | None)
– The initial state to be used for this configuration. Default: No initial state.
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• initial_spin (InitialSpin | None) – The initial InitialSpin object to be
used for this configuration. Default: InitialSpin(), except when used
with a calculator of type HuckelCalculator, SlaterKosterCalculator,
SemiEmpiricalCalculator, DeviceHuckelCalculator,
DeviceSlaterKosterCalculator, DeviceSemiEmpiricalCalculator. In
this case InitialSpin([0., 0., ...]) is used, i.e. the scaled spins for each atom
are set to 0.

setCartesianCoordinates(cartesian_coordinates, indices=None, skip_checks=False)
Set the Cartesian coordinates of the atoms.

Parameters

• cartesian_coordinates (PhysicalQuantity of type length) – The new coordinates
of the atoms in each image.

• indices (list) – The indices of the atoms to set the positions of. Default: All
indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setDielectricRegions(dielectric_regions)
Set the dielectric regions for the configuration.

Parameters
dielectric_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
dielectric regions to set.

setExternalPotential(external_potential)
Set an external potential on the configuration that will be used in calculations involving the configuration.

Parameters
external_potential (AtomicShift | AtomicCompensationCharge) – The external
potential to apply.

setFractionalCoordinates(fractional_coordinates, indices=None, skip_checks=False)
Set the Cartesian coordinates of the atoms.

Parameters

• fractional_coordinates (array of floats) – The new coordinates of the
atoms as a nx3 array.

• indices (array of ints | None) – The indices of the atoms to set the positions
of. Default: All indices.

• skip_checks (bool) – If True, ignores bond connectivity and input argument checks.
Default: False.

setImproperDihedralIndices(improper_dihedral_indices)
Set the list of atom indices for each improper dihedral in bonded force fields.

Parameters
improper_dihedral_indices (list or array with shape (m, 4) | None) –
The list of the 4 indices defining the connectivity for each improper dihedral or None to
delete the current dihedral connectivity.

setMagneticField(magnetic_field)
Set local magnetic field. The spins will be forced to point in the directions given by the magnetic_field
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object. The magnetic field can be defined for each atom. This only has an effect for Noncollinear or
Spinorbit calculations.

Parameters
magnetic_field (FixedSpin) – The magnetic field to be applied.

setMagneticMoments(magnetic_moments=None, skip_checks=False)
Function to set magnetic moments on the configuration.

Parameters

• magnetic_moments (PhysicalQuantity of type Bohr magneton.) – The mag-
netic_moments to set on the configuration. Has the dimensionality nx3. Default:
None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setMetallicRegions(metallic_regions)
Set the metallic regions for the configuration.

Parameters
metallic_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
metallic regions to set.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setPartialCharges(charge_list, indices=None, skip_checks=False, update_calculator=True)
Set the partial charges on the configuration. The partial charges are used primarily to model electrostatic
interactions in the TremoloX-calculator.

Parameters

• charge_list (PhysicalQuantity of type charge | None) – A list of atomic
partial charges which contains a charge for each atom.

• indices (list | int | None) – The indices for which to set the partial charges.
Default: All indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

• update_calculator (bool) – Whether or not to update and attached Forcefield cal-
culator with the new charges. Default: True.

setPrimitiveVectors(a, b, c, conserve_coordinates=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Cartesian'>, skip_checks=False)

Set the primitive lattice vectors for the configuration. This will change the BravaisLattice to a
UnitCell. By default the Cartesian coordinates are not changed, which means that the relative positions
of the atoms will change when the lattice vectors change.

Parameters

• a (PhysicalQuantity of type length) – The first lattice vector.

• b (PhysicalQuantity of type length) – The second lattice vector.

• c (PhysicalQuantity of type length) – The third lattice vector.
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• conserve_coordinates (Cartesian | Fractional) – The type of coordinates to
conserve. Default: Cartesian.

• skip_checks (bool) – If True, ignores bond connectivity and input argument checks.
Default: True.

setVelocities(velocities=None, skip_checks=False)
Function to set velocities on the configuration.

Parameters

• velocities (PhysicalQuantity of type velocity | None) – The velocities to set on the
configuration. Has the dimensionality nx3. Default: None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

shiftAtoms(displacement, indices=None, skip_checks=False)
Shift atoms by indices.

Parameters

• displacement (PhysicalQuantity of type length | array) – The displacement that
should be applied to the atom positions. Can be given as cartesian or fractional coor-
dinates.

• indices (NoneType | list of ints) – The indices to shift.

• skip_checks (bool) – True, if all consistency checks should be skipped.

shiftPartialCharges(total_charge, indices=None)
Shift the partial charges so that their sum is the given total charge value. These partial charges are used
with Forcefield calculators.

Parameters

• total_charge (PhysicalQuantity of type charge) – The new total charge.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

sortAlongC()

Method for sorting the atoms along C.

symbols()

Returns
The element symbols of the configuration.

Return type
list of str

tags(indices=None)
List the tags associated with a given collection of indices. The list returned is the set union of tags asso-
ciated with the given indices. If no collection of indices is provided, then all tags on the configuration are
returned.

Parameters
indices (list | int) – The indices to check. Default: All indices.

Returns
The set union of tags present on the provided indices.
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Return type
set

toMoleculeConfiguration()

Method for converting the BulkConfiguration to a MoleculeConfiguration.

Returns
The molecule configuration corresponding to the original bulk with the unitcell removed.

Return type
BulkConfiguration

uniqueElements(ordered=False)

Parameters
ordered (bool) – If the elements should be returned in ascending order by atomic number.

Returns
The unique elements contained in the configuration.

Return type
list of PeriodicTableElement

uniqueString()

Return a unique string representing the state of the object.

update(force_restart=False)
A self-consistent solution is generated, using the currently set calculator.

Parameters
force_restart (bool) – Force the self-consistent calculation to restart. Default: False.

velocities()

Returns
The velocities of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type velocity

Usage Examples

Define the geometry of a lithium BCC crystal:

lattice = BodyCenteredCubic( 3.509 * Ang)
li_bcc_bulk = BulkConfiguration(

lattice,
[Lithium],
[ ( 0.0, 0.0, 0.0 ) * Ang ]
)

li_bcc.py

Specify the geometry of a diamond crystal:

elements = [ Carbon ] * 2
coordinates = [

( 0.00, 0.00, 0.00 ),
(continues on next page)
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(continued from previous page)

( 0.25, 0.25, 0.25 )
]

diamond_lattice = FaceCenteredCubic( 3.567 * Ang )
diamond = BulkConfiguration(

diamond_lattice,
elements,
fractional_coordinates = coordinates
)

si_diamond.py

Notes

ATK recognizes four types of atomic geometries:

• Molecules (MoleculeConfiguration)

• Bulk (BulkConfiguration)

• One Probe (SurfaceConfiguration)

• Two Probe (DeviceConfiguration)

1D or 2D periodic geometries, such as nanotubes, slabs, and atomic chains must be represented as a BulkConfiguration
with sufficient vacuum to isolate the system in the non-periodic directions.

It is possible to specify vacuum basis sets (ghost atoms) by adding an additional atom and include the index of that
atom in the ghost_atom list. In this case the valence basis set of the atom is included in the orbital list, but there will
be no atomic potential at the site.

COMB3FieldCorrection

class COMB3FieldCorrection(particleType1, particleType2, Pchi, PJ, r_i=None, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• Pchi (PhysicalQuantity of length**2 * charge) – Potential parameter.

• PJ (PhysicalQuantity of length**4) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – Inner cutoff radius (distance where the
smoothing starts)

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.
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getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a COMB3 potential for a TiN rocksalt crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# Set up a Titanium-Nitride cell

vector_a = [4.235, 0.0, 0.0]*Angstrom
vector_b = [0.0, 4.235, 0.0]*Angstrom
vector_c = [0.0, 0.0, 4.235]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Titanium, Nitrogen, Titanium, Nitrogen, Titanium, Nitrogen,

Titanium, Nitrogen]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.5, 0.5, 0.5],
[ 0.5, 0.5, 0. ],
[ 0. , 0. , 0.5],
[ 0.5, 0. , 0.5],
[ 0. , 0.5, 0. ],
[ 0. , 0.5, 0.5],
[ 0.5, 0. , 0. ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
(continues on next page)
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# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name = 'COMB_NTi_2014')
potentialSet.addParticleType(ParticleType(

symbol='N',
mass=14.0067 * atomic_mass_unit,
atomicNumber=7

))
potentialSet.addParticleType(ParticleType(

symbol='Ti',
mass=47.867 * atomic_mass_unit,
atomicNumber=22

))

option = COMBCoulombOption(alpha = 0.2*1/Angstrom, r_cut = 11.0*Angstrom)
potentialSet.addOption(option)
potential = COMB3Particle(

particleType = 'Ti',
l = 2.136011*1/Angstrom,
mu = 1.178831*1/Angstrom,
m = 1,
n = 0.566048,
QL = -4.0*elementary_charge,
QU = 4.0*elementary_charge,
DL = 0.005*Angstrom,
DU = -0.5*Angstrom,
nB = 10,
J1 = 3.095768*eV/elementary_charge,
J2 = 4.23028*eV/elementary_charge**2,
J3 = -1.039759*eV/elementary_charge**3,
J4 = 0.357428*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
xi = 0.724352*1/Angstrom,
Z = 3.022932*elementary_charge,
P = 0.335*Angstrom**3,
uniformCharge = False

)
potentialSet.addPotential(potential)
potential = COMB3Particle(

particleType = 'N',
l = 5.218037*1/Angstrom,
mu = 3.738549*1/Angstrom,
m = 1,
n = 1.0,
QL = -2.0*elementary_charge,
QU = 6.0*elementary_charge,
DL = 0.007664*Angstrom,
DU = -1.213951*Angstrom,
nB = 10,
J1 = 6.59963*eV/elementary_charge,
J2 = 5.955097*eV/elementary_charge**2,

(continues on next page)
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J3 = 0.760433*eV/elementary_charge**3,
J4 = 0.009388*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
xi = 1.371794*1/Angstrom,
Z = -1.53917*elementary_charge,
P = 0.5167863369*Angstrom**3,
uniformCharge = False

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'Ti',
particleType2 = 'Ti',
A = 516.5873248*eV,
B0 = 117.0421345*eV,
B1 = 0.0*eV,
B2 = 0.0*eV,
l = 2.136011*1/Angstrom,
mu0 = 1.178831*1/Angstrom,
mu1 = 0.0*1/Angstrom,
mu2 = 0.0*1/Angstrom,
beta = 0.545629*1/Angstrom,
b0 = 0.077183,
b1 = 0.146606,
b2 = 0.226674,
b3 = 0.093054,
b4 = -0.130433,
b5 = -0.065549,
b6 = 0.5504,
c0 = -0.012318,
c1 = 0.175079,
c2 = 0.066085,
c3 = -0.076109,
N = 1.0,
r_i = 3.9*Angstrom,
r_cut = 4.1*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'N',
particleType2 = 'N',
A = 7654.972656*eV,
B0 = 2102.295654*eV,
B1 = 0.0*eV,
B2 = 0.0*eV,
l = 5.218037*1/Angstrom,
mu0 = 3.738549*1/Angstrom,
mu1 = 0.0*1/Angstrom,
mu2 = 0.0*1/Angstrom,
beta = 3.738549*1/Angstrom,
b0 = 1.691325,
b1 = 0.283832,
b2 = 0.698596,

(continues on next page)
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b3 = 1.724015,
b4 = 0.812665,
b5 = 0.0,
b6 = 0.0,
c0 = 0.0,
c1 = 0.0,
c2 = 0.0,
c3 = 0.0,
N = 1.0,
r_i = 2.0*Angstrom,
r_cut = 2.3*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'Ti',
particleType2 = 'N',
A = 1661.765935*eV,
B0 = 104.805547*eV,
B1 = 135.992262*eV,
B2 = 30.112007*eV,
l = 3.17815*1/Angstrom,
mu0 = 2.453223*1/Angstrom,
mu1 = 1.766886*1/Angstrom,
mu2 = 2.439896*1/Angstrom,
beta = 2.297286*1/Angstrom,
b0 = 0.225186,
b1 = 0.269113,
b2 = 0.261613,
b3 = 0.033596,
b4 = -0.113159,
b5 = 2.2e-05,
b6 = 3e-06,
c0 = -0.032039,
c1 = -0.082354,
c2 = 0.024479,
c3 = -0.073187,
N = 1.0,
r_i = 2.6*Angstrom,
r_cut = 3.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'N',
particleType2 = 'Ti',
A = 1661.765935*eV,
B0 = 104.805547*eV,
B1 = 135.992262*eV,
B2 = 30.112007*eV,
l = 3.17815*1/Angstrom,
mu0 = 2.453223*1/Angstrom,
mu1 = 1.766886*1/Angstrom,
mu2 = 2.439896*1/Angstrom,

(continues on next page)
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beta = 5.066036*1/Angstrom,
b0 = 0.024877,
b1 = -0.103268,
b2 = 0.263335,
b3 = 0.412664,
b4 = 0.017287,
b5 = 2.3e-05,
b6 = 0.0,
c0 = -0.056517,
c1 = -0.036331,
c2 = 0.007137,
c3 = 0.06462,
N = 1.0,
r_i = 2.6*Angstrom,
r_cut = 3.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'Ti',
particleType2 = 'Ti',
Pchi = 0.0253919125995*Angstrom**2*elementary_charge,
PJ = 0.0531158828648*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'Ti',
particleType2 = 'N',
Pchi = 0.0253919125995*Angstrom**2*elementary_charge,
PJ = 0.0531158828648*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'N',
particleType2 = 'Ti',
Pchi = 0.0728019460398*Angstrom**2*elementary_charge,
PJ = 0.271659870233*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'N',
particleType2 = 'N',
Pchi = 0.0728019460398*Angstrom**2*elementary_charge,
PJ = 0.271659870233*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)

(continues on next page)
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potentialSet.addPotential(potential)
potential = AngleCorrection6Potential(

particleType1 = 'Ti',
particleType2 = 'Ti',
particleType3 = 'Ti',
k0 = 0.0*eV,
k1 = 0.043561*eV,
k2 = 0.0*eV,
k3 = 0.049195*eV,
k4 = 0.0*eV,
k5 = 0.0*eV,
k6 = 0.0*eV,
costheta0 = 0.0,
r_i = 3.9*Angstrom,
r_cut = 4.1*Angstrom

)
potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setInternalOrdering("default")

bulk_configuration.setCalculator(calculator)

See also ref.comb3common.notes.

COMB3PairPotential

class COMB3PairPotential(particleType1, particleType2, A, B0, B1, B2, l, mu0, mu1, mu2, beta, b0, b1, b2, b3,
b4, b5, b6, c0, c1, c2, c3, N, r_i=None, r_cut=None)

Constructor of the potential.

Note: COMB3Particle must be added for BOTH particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B0 (PhysicalQuantity of type energy) – Potential parameter.

• B1 (PhysicalQuantity of type energy) – Potential parameter.

• B2 (PhysicalQuantity of type energy) – Potential parameter.

• l (PhysicalQuantity of type length**-1) – Potential parameter (lambda).

• mu0 (PhysicalQuantity of type length**-1) – Potential parameter.

• mu1 (PhysicalQuantity of type length**-1) – Potential parameter.

• mu2 (PhysicalQuantity of type length**-1) – Potential parameter.
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• beta (PhysicalQuantity of type length**-1) – Potential parameter.

• b0 (float) – Potential parameter.

• b1 (float) – Potential parameter.

• b2 (float) – Potential parameter.

• b3 (float) – Potential parameter.

• b4 (float) – Potential parameter.

• b5 (float) – Potential parameter.

• b6 (float) – Potential parameter.

• c0 (float) – Potential parameter.

• c1 (float) – Potential parameter.

• c2 (float) – Potential parameter.

• c3 (float) – Potential parameter.

• N (float) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius (distance where
the smoothing starts).

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Usage Examples

Define a COMB3 potential for a TiN rocksalt crystal by adding particle types and interaction functions to the
TremoloxPotentialSet.

# Set up a Titanium-Nitride cell

vector_a = [4.235, 0.0, 0.0]*Angstrom
vector_b = [0.0, 4.235, 0.0]*Angstrom
vector_c = [0.0, 0.0, 4.235]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Titanium, Nitrogen, Titanium, Nitrogen, Titanium, Nitrogen,

Titanium, Nitrogen]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.5, 0.5, 0.5],
[ 0.5, 0.5, 0. ],
[ 0. , 0. , 0.5],
[ 0.5, 0. , 0.5],
[ 0. , 0.5, 0. ],
[ 0. , 0.5, 0.5],
[ 0.5, 0. , 0. ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name = 'COMB_NTi_2014')
potentialSet.addParticleType(ParticleType(

symbol='N',
mass=14.0067 * atomic_mass_unit,
atomicNumber=7

))
potentialSet.addParticleType(ParticleType(

symbol='Ti',
mass=47.867 * atomic_mass_unit,
atomicNumber=22

))

option = COMBCoulombOption(alpha = 0.2*1/Angstrom, r_cut = 11.0*Angstrom)
potentialSet.addOption(option)
potential = COMB3Particle(

particleType = 'Ti',
(continues on next page)
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l = 2.136011*1/Angstrom,
mu = 1.178831*1/Angstrom,
m = 1,
n = 0.566048,
QL = -4.0*elementary_charge,
QU = 4.0*elementary_charge,
DL = 0.005*Angstrom,
DU = -0.5*Angstrom,
nB = 10,
J1 = 3.095768*eV/elementary_charge,
J2 = 4.23028*eV/elementary_charge**2,
J3 = -1.039759*eV/elementary_charge**3,
J4 = 0.357428*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
xi = 0.724352*1/Angstrom,
Z = 3.022932*elementary_charge,
P = 0.335*Angstrom**3,
uniformCharge = False

)
potentialSet.addPotential(potential)
potential = COMB3Particle(

particleType = 'N',
l = 5.218037*1/Angstrom,
mu = 3.738549*1/Angstrom,
m = 1,
n = 1.0,
QL = -2.0*elementary_charge,
QU = 6.0*elementary_charge,
DL = 0.007664*Angstrom,
DU = -1.213951*Angstrom,
nB = 10,
J1 = 6.59963*eV/elementary_charge,
J2 = 5.955097*eV/elementary_charge**2,
J3 = 0.760433*eV/elementary_charge**3,
J4 = 0.009388*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
xi = 1.371794*1/Angstrom,
Z = -1.53917*elementary_charge,
P = 0.5167863369*Angstrom**3,
uniformCharge = False

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'Ti',
particleType2 = 'Ti',
A = 516.5873248*eV,
B0 = 117.0421345*eV,
B1 = 0.0*eV,
B2 = 0.0*eV,
l = 2.136011*1/Angstrom,
mu0 = 1.178831*1/Angstrom,
mu1 = 0.0*1/Angstrom,

(continues on next page)
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mu2 = 0.0*1/Angstrom,
beta = 0.545629*1/Angstrom,
b0 = 0.077183,
b1 = 0.146606,
b2 = 0.226674,
b3 = 0.093054,
b4 = -0.130433,
b5 = -0.065549,
b6 = 0.5504,
c0 = -0.012318,
c1 = 0.175079,
c2 = 0.066085,
c3 = -0.076109,
N = 1.0,
r_i = 3.9*Angstrom,
r_cut = 4.1*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'N',
particleType2 = 'N',
A = 7654.972656*eV,
B0 = 2102.295654*eV,
B1 = 0.0*eV,
B2 = 0.0*eV,
l = 5.218037*1/Angstrom,
mu0 = 3.738549*1/Angstrom,
mu1 = 0.0*1/Angstrom,
mu2 = 0.0*1/Angstrom,
beta = 3.738549*1/Angstrom,
b0 = 1.691325,
b1 = 0.283832,
b2 = 0.698596,
b3 = 1.724015,
b4 = 0.812665,
b5 = 0.0,
b6 = 0.0,
c0 = 0.0,
c1 = 0.0,
c2 = 0.0,
c3 = 0.0,
N = 1.0,
r_i = 2.0*Angstrom,
r_cut = 2.3*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'Ti',
particleType2 = 'N',
A = 1661.765935*eV,
B0 = 104.805547*eV,
B1 = 135.992262*eV,

(continues on next page)
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B2 = 30.112007*eV,
l = 3.17815*1/Angstrom,
mu0 = 2.453223*1/Angstrom,
mu1 = 1.766886*1/Angstrom,
mu2 = 2.439896*1/Angstrom,
beta = 2.297286*1/Angstrom,
b0 = 0.225186,
b1 = 0.269113,
b2 = 0.261613,
b3 = 0.033596,
b4 = -0.113159,
b5 = 2.2e-05,
b6 = 3e-06,
c0 = -0.032039,
c1 = -0.082354,
c2 = 0.024479,
c3 = -0.073187,
N = 1.0,
r_i = 2.6*Angstrom,
r_cut = 3.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'N',
particleType2 = 'Ti',
A = 1661.765935*eV,
B0 = 104.805547*eV,
B1 = 135.992262*eV,
B2 = 30.112007*eV,
l = 3.17815*1/Angstrom,
mu0 = 2.453223*1/Angstrom,
mu1 = 1.766886*1/Angstrom,
mu2 = 2.439896*1/Angstrom,
beta = 5.066036*1/Angstrom,
b0 = 0.024877,
b1 = -0.103268,
b2 = 0.263335,
b3 = 0.412664,
b4 = 0.017287,
b5 = 2.3e-05,
b6 = 0.0,
c0 = -0.056517,
c1 = -0.036331,
c2 = 0.007137,
c3 = 0.06462,
N = 1.0,
r_i = 2.6*Angstrom,
r_cut = 3.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'Ti',

(continues on next page)
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particleType2 = 'Ti',
Pchi = 0.0253919125995*Angstrom**2*elementary_charge,
PJ = 0.0531158828648*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'Ti',
particleType2 = 'N',
Pchi = 0.0253919125995*Angstrom**2*elementary_charge,
PJ = 0.0531158828648*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'N',
particleType2 = 'Ti',
Pchi = 0.0728019460398*Angstrom**2*elementary_charge,
PJ = 0.271659870233*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'N',
particleType2 = 'N',
Pchi = 0.0728019460398*Angstrom**2*elementary_charge,
PJ = 0.271659870233*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = AngleCorrection6Potential(

particleType1 = 'Ti',
particleType2 = 'Ti',
particleType3 = 'Ti',
k0 = 0.0*eV,
k1 = 0.043561*eV,
k2 = 0.0*eV,
k3 = 0.049195*eV,
k4 = 0.0*eV,
k5 = 0.0*eV,
k6 = 0.0*eV,
costheta0 = 0.0,
r_i = 3.9*Angstrom,
r_cut = 4.1*Angstrom

)
potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setInternalOrdering("default")

(continues on next page)
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bulk_configuration.setCalculator(calculator)

See also ref.comb3common.notes.

COMB3Particle

class COMB3Particle(particleType, l, mu, m, n, QL, QU, DL, DU, nB, J1, J2, J3, J4, q0, xi, Z, P,
uniformCharge=False)

Constructor of the potential.

Parameters

• particleType (ParticleType or ParticleIdentifier) – Identifier of the particle
type

• l (PhysicalQuantity of type length**-1) – Potential parameter (lambda).

• mu (PhysicalQuantity of type length**-1) – Potential parameter.

• m (int) – Potential parameter.

• n (float) – Potential parameter.

• QL (PhysicalQuantity of type charge) – Potential parameter.

• QU (PhysicalQuantity of type charge) – Potential parameter.

• DL (PhysicalQuantity of type length ) – Potential parameter.

• DU (PhysicalQuantity of type length ) – Potential parameter.

• nB (even int) – Potential parameter.

• J1 (PhysicalQuantity of type energy / charge) – Potential parameter.

• J2 (PhysicalQuantity of type energy / charge**2) – Potential parameter.

• J3 (PhysicalQuantity of type energy / charge**3) – Potential parameter.

• J4 (PhysicalQuantity of type energy / charge**4) – Potential parameter.

• q0 (PhysicalQuantity of type charge) – Potential parameter.

• xi (PhysicalQuantity of type length**-1) – Potential parameter.

• Z (PhysicalQuantity of type charge) – Potential parameter.

• P (PhysicalQuantity of type length**3) – Potential parameter.

• uniformCharge (bool) – Specifies whether all particles of this type must have the same
charge.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.
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static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a COMB3 potential for a TiN rocksalt crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# Set up a Titanium-Nitride cell

vector_a = [4.235, 0.0, 0.0]*Angstrom
vector_b = [0.0, 4.235, 0.0]*Angstrom
vector_c = [0.0, 0.0, 4.235]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Titanium, Nitrogen, Titanium, Nitrogen, Titanium, Nitrogen,

Titanium, Nitrogen]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.5, 0.5, 0.5],
[ 0.5, 0.5, 0. ],
[ 0. , 0. , 0.5],
[ 0.5, 0. , 0.5],
[ 0. , 0.5, 0. ],
[ 0. , 0.5, 0.5],
[ 0.5, 0. , 0. ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name = 'COMB_NTi_2014')
(continues on next page)
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potentialSet.addParticleType(ParticleType(
symbol='N',
mass=14.0067 * atomic_mass_unit,
atomicNumber=7

))
potentialSet.addParticleType(ParticleType(

symbol='Ti',
mass=47.867 * atomic_mass_unit,
atomicNumber=22

))

option = COMBCoulombOption(alpha = 0.2*1/Angstrom, r_cut = 11.0*Angstrom)
potentialSet.addOption(option)
potential = COMB3Particle(

particleType = 'Ti',
l = 2.136011*1/Angstrom,
mu = 1.178831*1/Angstrom,
m = 1,
n = 0.566048,
QL = -4.0*elementary_charge,
QU = 4.0*elementary_charge,
DL = 0.005*Angstrom,
DU = -0.5*Angstrom,
nB = 10,
J1 = 3.095768*eV/elementary_charge,
J2 = 4.23028*eV/elementary_charge**2,
J3 = -1.039759*eV/elementary_charge**3,
J4 = 0.357428*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
xi = 0.724352*1/Angstrom,
Z = 3.022932*elementary_charge,
P = 0.335*Angstrom**3,
uniformCharge = False

)
potentialSet.addPotential(potential)
potential = COMB3Particle(

particleType = 'N',
l = 5.218037*1/Angstrom,
mu = 3.738549*1/Angstrom,
m = 1,
n = 1.0,
QL = -2.0*elementary_charge,
QU = 6.0*elementary_charge,
DL = 0.007664*Angstrom,
DU = -1.213951*Angstrom,
nB = 10,
J1 = 6.59963*eV/elementary_charge,
J2 = 5.955097*eV/elementary_charge**2,
J3 = 0.760433*eV/elementary_charge**3,
J4 = 0.009388*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
xi = 1.371794*1/Angstrom,

(continues on next page)
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Z = -1.53917*elementary_charge,
P = 0.5167863369*Angstrom**3,
uniformCharge = False

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'Ti',
particleType2 = 'Ti',
A = 516.5873248*eV,
B0 = 117.0421345*eV,
B1 = 0.0*eV,
B2 = 0.0*eV,
l = 2.136011*1/Angstrom,
mu0 = 1.178831*1/Angstrom,
mu1 = 0.0*1/Angstrom,
mu2 = 0.0*1/Angstrom,
beta = 0.545629*1/Angstrom,
b0 = 0.077183,
b1 = 0.146606,
b2 = 0.226674,
b3 = 0.093054,
b4 = -0.130433,
b5 = -0.065549,
b6 = 0.5504,
c0 = -0.012318,
c1 = 0.175079,
c2 = 0.066085,
c3 = -0.076109,
N = 1.0,
r_i = 3.9*Angstrom,
r_cut = 4.1*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'N',
particleType2 = 'N',
A = 7654.972656*eV,
B0 = 2102.295654*eV,
B1 = 0.0*eV,
B2 = 0.0*eV,
l = 5.218037*1/Angstrom,
mu0 = 3.738549*1/Angstrom,
mu1 = 0.0*1/Angstrom,
mu2 = 0.0*1/Angstrom,
beta = 3.738549*1/Angstrom,
b0 = 1.691325,
b1 = 0.283832,
b2 = 0.698596,
b3 = 1.724015,
b4 = 0.812665,
b5 = 0.0,
b6 = 0.0,

(continues on next page)
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c0 = 0.0,
c1 = 0.0,
c2 = 0.0,
c3 = 0.0,
N = 1.0,
r_i = 2.0*Angstrom,
r_cut = 2.3*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'Ti',
particleType2 = 'N',
A = 1661.765935*eV,
B0 = 104.805547*eV,
B1 = 135.992262*eV,
B2 = 30.112007*eV,
l = 3.17815*1/Angstrom,
mu0 = 2.453223*1/Angstrom,
mu1 = 1.766886*1/Angstrom,
mu2 = 2.439896*1/Angstrom,
beta = 2.297286*1/Angstrom,
b0 = 0.225186,
b1 = 0.269113,
b2 = 0.261613,
b3 = 0.033596,
b4 = -0.113159,
b5 = 2.2e-05,
b6 = 3e-06,
c0 = -0.032039,
c1 = -0.082354,
c2 = 0.024479,
c3 = -0.073187,
N = 1.0,
r_i = 2.6*Angstrom,
r_cut = 3.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3PairPotential(

particleType1 = 'N',
particleType2 = 'Ti',
A = 1661.765935*eV,
B0 = 104.805547*eV,
B1 = 135.992262*eV,
B2 = 30.112007*eV,
l = 3.17815*1/Angstrom,
mu0 = 2.453223*1/Angstrom,
mu1 = 1.766886*1/Angstrom,
mu2 = 2.439896*1/Angstrom,
beta = 5.066036*1/Angstrom,
b0 = 0.024877,
b1 = -0.103268,
b2 = 0.263335,

(continues on next page)
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b3 = 0.412664,
b4 = 0.017287,
b5 = 2.3e-05,
b6 = 0.0,
c0 = -0.056517,
c1 = -0.036331,
c2 = 0.007137,
c3 = 0.06462,
N = 1.0,
r_i = 2.6*Angstrom,
r_cut = 3.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'Ti',
particleType2 = 'Ti',
Pchi = 0.0253919125995*Angstrom**2*elementary_charge,
PJ = 0.0531158828648*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'Ti',
particleType2 = 'N',
Pchi = 0.0253919125995*Angstrom**2*elementary_charge,
PJ = 0.0531158828648*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'N',
particleType2 = 'Ti',
Pchi = 0.0728019460398*Angstrom**2*elementary_charge,
PJ = 0.271659870233*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = COMB3FieldCorrection(

particleType1 = 'N',
particleType2 = 'N',
Pchi = 0.0728019460398*Angstrom**2*elementary_charge,
PJ = 0.271659870233*Angstrom**4,
r_i = 10.0*Angstrom,
r_cut = 11.0*Angstrom

)
potentialSet.addPotential(potential)
potential = AngleCorrection6Potential(

particleType1 = 'Ti',
particleType2 = 'Ti',

(continues on next page)
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particleType3 = 'Ti',
k0 = 0.0*eV,
k1 = 0.043561*eV,
k2 = 0.0*eV,
k3 = 0.049195*eV,
k4 = 0.0*eV,
k5 = 0.0*eV,
k6 = 0.0*eV,
costheta0 = 0.0,
r_i = 3.9*Angstrom,
r_cut = 4.1*Angstrom

)
potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setInternalOrdering("default")

bulk_configuration.setCalculator(calculator)

See also ref.comb3common.notes.

COMBCoulombOption

class COMBCoulombOption(alpha, r_cut)
Constructor of the option.

Parameters

• alpha (PhysicalQuantity of type length**-1) – Splitting parameter for the Wolf
summation that is used internally to deal with long-range interactions.

• r_cut (PhysicalQuantity of type length ) – Cutoff for all electrostatic interac-
tions for which no explicit cutoff is given.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.
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• value – The new value that will be assigned to the parameter parameterName.

COMBMixitPotential

class COMBMixitPotential(particleType1, particleType2, K=None, r0=None)
Constructor of the potential.

Note: COMBParticle must be added for BOTH particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• K (float) – Potential parameter.

• r0 (PhysicalQuantity of type length ) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a COMB potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

(continues on next page)
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# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='COMB_SiO')

# Add particle types for Si and O.
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
atomicNumber=14))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
atomicNumber=8))

# Add COMB potential for Si.
potential = COMBSingleTypePotential(particleType='Si',

A = 1830.81*eV,
B = 471.17*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
beta = 1.0999e-06,
m = 3,
n = 0.78734,
c = 100390.0,
d = 16.218,
h = -0.59826,
QL = -4.0,

(continues on next page)
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QU = 4.0,
DL = 1.7982*Angstrom,
DU = -1.7094*Angstrom,
nB = 10,
J1 = -0.3*eV/elementary_charge,
J2 = -2.2*eV/elementary_charge**2,
J3 = -1.25*eV/elementary_charge**3,
J4 = 2.53*eV/elementary_charge**4,
q0 = 0.6112*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Add COMB potential for O.
potential = COMBSingleTypePotential(particleType = 'O',

A = 3326.7*eV,
B = 260.89*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 5.36*1/Angstrom,
mu = 2.68*1/Angstrom,
beta = 2.0,
m = 1,
n = 1.0,
c = 6.6,
d = 1,
h = -0.229,
QL = -1.8349,
QU = 5.5046,
DL = 0.00148*Angstrom,
DU = -0.00112*Angstrom,
nB = 10,
J1 = 12.006*eV/elementary_charge,
J2 = 10.5205*eV/elementary_charge**2,
J3 = 0.0*eV/elementary_charge**3,
J4 = 0.0*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Combination rules between Si and O.
potential = COMBMixitPotential(particleType1 = 'O',

particleType2 = 'Si',
K = 20.0,
r0 = 1.65*Angstrom)

potentialSet.addPotential(potential)

# Three-body-terms.
potential = COMBTriplePotential(particleType1 = 'Si',

particleType2 = 'O',
particleType3 = 'O',
cosTheta = -0.333313248,
K0 = 3.16666666667*eV,

(continues on next page)
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K1 = 0.0*eV,
K2 = 6.33333333333*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)
potential = COMBTriplePotential(particleType1 = 'O',

particleType2 = 'Si',
particleType3 = 'Si',
cosTheta = -0.806238149,
K0 = 1.5*eV,
K1 = 0.0*eV,
K2 = 3.0*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)

# Coulomb interactions.
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'Si',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.380689)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.2817839)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'O',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.20857489)

potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.combcommon.notes.
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COMBOptimizationOption

class COMBOptimizationOption(maxIterations=None, relFTol=None, gradTol=None, linEqTol=None,
disableOptimization=None)

Constructor of the option.

Parameters

• maxIterations (int) – The maximal number of iterations that are allowed during the
optimization of the COMB potential.

• relFTol (float) – Stop the optimization of the COMB potential if the relative change in
the objective function value is smaller than this value. If set to < 0, this stopping criterion
is disabled.

• gradTol (float) – Stop the optimization of the COMB potential if the 2-norm of the
gradient of the objective function is smaller than this value. If set to < 0, this stopping
criterion is disabled.

• linEqTol (float) – The tolerance that is passed to the linear equation solver that is called
when dipoles are calculated.

• disableOptimization (bool) – If set to True, the calculation of the dynamical charges
in the COMB potential is disabled. Instead, the charges of the corresponding particle
types are used.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Usage Examples

Set up a COMB potential and add an optimization option to stop the internal optimization of the dynamical charges
after 20 iterations.

# Set up a new COMB potential.
comb_potential = COMB_OSi_2007()

# Set up an optimization option to stop the optimization after 20 iterations.
comb_optimization_option = COMBOptimizationOption(

maxIterations=20,
)

# Add the option to the potential.
comb_potential.addOption(comb_optimization_option)

Notes

This option can be used to specify the details of the internal optimization of the dynamic charges in a COMB potential.
It can be added to a TremoloXPotentialSet via the addOption() method.

COMBOverCoordinationCorrection

class COMBOverCoordinationCorrection

Currently unsupported.

Usage Examples

Define a COMB potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],

(continues on next page)
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[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='COMB_SiO')

# Add particle types for Si and O.
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
atomicNumber=14))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
atomicNumber=8))

# Add COMB potential for Si.
potential = COMBSingleTypePotential(particleType='Si',

A = 1830.81*eV,
B = 471.17*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
beta = 1.0999e-06,
m = 3,
n = 0.78734,
c = 100390.0,
d = 16.218,
h = -0.59826,
QL = -4.0,
QU = 4.0,
DL = 1.7982*Angstrom,
DU = -1.7094*Angstrom,
nB = 10,
J1 = -0.3*eV/elementary_charge,
J2 = -2.2*eV/elementary_charge**2,
J3 = -1.25*eV/elementary_charge**3,
J4 = 2.53*eV/elementary_charge**4,
q0 = 0.6112*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

(continues on next page)
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# Add COMB potential for O.
potential = COMBSingleTypePotential(particleType = 'O',

A = 3326.7*eV,
B = 260.89*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 5.36*1/Angstrom,
mu = 2.68*1/Angstrom,
beta = 2.0,
m = 1,
n = 1.0,
c = 6.6,
d = 1,
h = -0.229,
QL = -1.8349,
QU = 5.5046,
DL = 0.00148*Angstrom,
DU = -0.00112*Angstrom,
nB = 10,
J1 = 12.006*eV/elementary_charge,
J2 = 10.5205*eV/elementary_charge**2,
J3 = 0.0*eV/elementary_charge**3,
J4 = 0.0*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Combination rules between Si and O.
potential = COMBMixitPotential(particleType1 = 'O',

particleType2 = 'Si',
K = 20.0,
r0 = 1.65*Angstrom)

potentialSet.addPotential(potential)

# Three-body-terms.
potential = COMBTriplePotential(particleType1 = 'Si',

particleType2 = 'O',
particleType3 = 'O',
cosTheta = -0.333313248,
K0 = 3.16666666667*eV,
K1 = 0.0*eV,
K2 = 6.33333333333*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)
potential = COMBTriplePotential(particleType1 = 'O',

particleType2 = 'Si',
particleType3 = 'Si',
cosTheta = -0.806238149,

(continues on next page)
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K0 = 1.5*eV,
K1 = 0.0*eV,
K2 = 3.0*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)

# Coulomb interactions.
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'Si',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.380689)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.2817839)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'O',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.20857489)

potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.combcommon.notes.

COMBPairPotential

class COMBPairPotential(particleType1, particleType2, A, B, R, S, l, mu, K=None, r0=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type energy) – Potential parameter.

• R (PhysicalQuantity of type length ) – Potential parameter.

• S (PhysicalQuantity of type length ) – Potential parameter.
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• l (PhysicalQuantity of type length**-1) – Potential parameter (lambda).

• mu (PhysicalQuantity of type length**-1) – Potential parameter.

• K (float) – Potential parameter.

• r0 (PhysicalQuantity of type length ) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a COMB potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

(continues on next page)
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# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='COMB_SiO')

# Add particle types for Si and O.
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
atomicNumber=14))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
atomicNumber=8))

# Add COMB potential for Si.
potential = COMBParticle(particleType='Si',

A = 1830.81*eV,
B = 471.17*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
beta = 1.0999e-06,
m = 3,
n = 0.78734,
c = 100390.0,
d = 16.218,
h = -0.59826,
QL = -4.0,
QU = 4.0,
DL = 1.7982*Angstrom,
DU = -1.7094*Angstrom,
nB = 10,
J1 = -0.3*eV/elementary_charge,
J2 = -2.2*eV/elementary_charge**2,
J3 = -1.25*eV/elementary_charge**3,
J4 = 2.53*eV/elementary_charge**4,
q0 = 0.6112*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Add COMB potential for O.
potential = COMBParticle(particleType = 'O',

A = 3326.7*eV,

(continues on next page)
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B = 260.89*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 5.36*1/Angstrom,
mu = 2.68*1/Angstrom,
beta = 2.0,
m = 1,
n = 1.0,
c = 6.6,
d = 1,
h = -0.229,
QL = -1.8349,
QU = 5.5046,
DL = 0.00148*Angstrom,
DU = -0.00112*Angstrom,
nB = 10,
J1 = 12.006*eV/elementary_charge,
J2 = 10.5205*eV/elementary_charge**2,
J3 = 0.0*eV/elementary_charge**3,
J4 = 0.0*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Combination rules between Si and O.
potential = COMBMixitPotential(particleType1 = 'O',

particleType2 = 'Si',
K = 20.0,
r0 = 1.65*Angstrom)

potentialSet.addPotential(potential)

# Three-body-terms.
potential = COMBTriplePotential(particleType1 = 'Si',

particleType2 = 'O',
particleType3 = 'O',
cosTheta = -0.333313248,
K0 = 3.16666666667*eV,
K1 = 0.0*eV,
K2 = 6.33333333333*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)
potential = COMBTriplePotential(particleType1 = 'O',

particleType2 = 'Si',
particleType3 = 'Si',
cosTheta = -0.806238149,
K0 = 1.5*eV,
K1 = 0.0*eV,
K2 = 3.0*eV,
K3 = 0.0*eV,

(continues on next page)
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K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)

# Coulomb interactions.
potential = COMBPointWiseCoulomb(particleType1 = 'Si',

particleType2 = 'Si',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.380689)

potentialSet.addPotential(potential)
potential = COMBPointWiseCoulomb(particleType1 = 'Si',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.2817839)

potentialSet.addPotential(potential)
potential = COMBPointWiseCoulomb(particleType1 = 'O',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.20857489)

potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.combcommon.notes.

COMBParticle

class COMBParticle(particleType, A, B, R, S, l, mu, beta, m, n, c, d, h, QL, QU, DL, DU, nB, J1, J2, J3, J4, q0,
uniformCharge=False)

Constructor of the potential.

Parameters

• particleType (ParticleType or ParticleIdentifier) – Identifier of the particle
type

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type energy) – Potential parameter.

• R (PhysicalQuantity of type length ) – Potential parameter.

• S (PhysicalQuantity of type length ) – Potential parameter.

• l (PhysicalQuantity of type length**-1) – Potential parameter (lambda).

• mu (PhysicalQuantity of type length**-1) – Potential parameter.

• beta (float) – Potential parameter.
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• m (int) – Potential parameter.

• n (float) – Potential parameter.

• c (float) – Potential parameter.

• d (float) – Potential parameter.

• h (float) – Potential parameter.

• QL (PhysicalQuantity of type charge) – Potential parameter.

• QU (PhysicalQuantity of type charge) – Potential parameter.

• DL (PhysicalQuantity of type length ) – Potential parameter.

• DU (PhysicalQuantity of type length ) – Potential parameter.

• nB (even int) – Potential parameter.

• J1 (PhysicalQuantity of type energy / charge) – Potential parameter.

• J2 (PhysicalQuantity of type energy / charge**2) – Potential parameter.

• J3 (PhysicalQuantity of type energy / charge**3) – Potential parameter.

• J4 (PhysicalQuantity of type energy / charge**4) – Potential parameter.

• q0 (PhysicalQuantity of type charge) – Potential parameter.

• uniformCharge (bool) – Specifies whether all particles of this type must have the same
charge.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Usage Examples

Define a COMB potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='COMB_SiO')

# Add particle types for Si and O.
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
atomicNumber=14))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
atomicNumber=8))

# Add COMB potential for Si.
potential = COMBSingleTypePotential(particleType='Si',

A = 1830.81*eV,
B = 471.17*eV,
R = 2.6*Angstrom,

(continues on next page)
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S = 3.0*Angstrom,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
beta = 1.0999e-06,
m = 3,
n = 0.78734,
c = 100390.0,
d = 16.218,
h = -0.59826,
QL = -4.0,
QU = 4.0,
DL = 1.7982*Angstrom,
DU = -1.7094*Angstrom,
nB = 10,
J1 = -0.3*eV/elementary_charge,
J2 = -2.2*eV/elementary_charge**2,
J3 = -1.25*eV/elementary_charge**3,
J4 = 2.53*eV/elementary_charge**4,
q0 = 0.6112*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Add COMB potential for O.
potential = COMBSingleTypePotential(particleType = 'O',

A = 3326.7*eV,
B = 260.89*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 5.36*1/Angstrom,
mu = 2.68*1/Angstrom,
beta = 2.0,
m = 1,
n = 1.0,
c = 6.6,
d = 1,
h = -0.229,
QL = -1.8349,
QU = 5.5046,
DL = 0.00148*Angstrom,
DU = -0.00112*Angstrom,
nB = 10,
J1 = 12.006*eV/elementary_charge,
J2 = 10.5205*eV/elementary_charge**2,
J3 = 0.0*eV/elementary_charge**3,
J4 = 0.0*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Combination rules between Si and O.
potential = COMBMixitPotential(particleType1 = 'O',

particleType2 = 'Si',

(continues on next page)
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K = 20.0,
r0 = 1.65*Angstrom)

potentialSet.addPotential(potential)

# Three-body-terms.
potential = COMBTriplePotential(particleType1 = 'Si',

particleType2 = 'O',
particleType3 = 'O',
cosTheta = -0.333313248,
K0 = 3.16666666667*eV,
K1 = 0.0*eV,
K2 = 6.33333333333*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)
potential = COMBTriplePotential(particleType1 = 'O',

particleType2 = 'Si',
particleType3 = 'Si',
cosTheta = -0.806238149,
K0 = 1.5*eV,
K1 = 0.0*eV,
K2 = 3.0*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)

# Coulomb interactions.
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'Si',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.380689)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.2817839)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'O',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.20857489)

potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
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See also ref.combcommon.notes.

COMBPointWiseCoulomb

class COMBPointWiseCoulomb(particleType1, particleType2, R, S, eta)
Constructor of the potential.

Note: COMBParticle must be added for BOTH particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• R (PhysicalQuantity of type length ) – Potential parameter.

• S (PhysicalQuantity of type length ) – Potential parameter.

• eta (float) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a COMB potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
(continues on next page)
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lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='COMB_SiO')

# Add particle types for Si and O.
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
atomicNumber=14))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
atomicNumber=8))

# Add COMB potential for Si.
potential = COMBSingleTypePotential(particleType='Si',

A = 1830.81*eV,
B = 471.17*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
beta = 1.0999e-06,
m = 3,
n = 0.78734,
c = 100390.0,
d = 16.218,
h = -0.59826,

(continues on next page)
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QL = -4.0,
QU = 4.0,
DL = 1.7982*Angstrom,
DU = -1.7094*Angstrom,
nB = 10,
J1 = -0.3*eV/elementary_charge,
J2 = -2.2*eV/elementary_charge**2,
J3 = -1.25*eV/elementary_charge**3,
J4 = 2.53*eV/elementary_charge**4,
q0 = 0.6112*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Add COMB potential for O.
potential = COMBSingleTypePotential(particleType = 'O',

A = 3326.7*eV,
B = 260.89*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 5.36*1/Angstrom,
mu = 2.68*1/Angstrom,
beta = 2.0,
m = 1,
n = 1.0,
c = 6.6,
d = 1,
h = -0.229,
QL = -1.8349,
QU = 5.5046,
DL = 0.00148*Angstrom,
DU = -0.00112*Angstrom,
nB = 10,
J1 = 12.006*eV/elementary_charge,
J2 = 10.5205*eV/elementary_charge**2,
J3 = 0.0*eV/elementary_charge**3,
J4 = 0.0*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Combination rules between Si and O.
potential = COMBMixitPotential(particleType1 = 'O',

particleType2 = 'Si',
K = 20.0,
r0 = 1.65*Angstrom)

potentialSet.addPotential(potential)

# Three-body-terms.
potential = COMBTriplePotential(particleType1 = 'Si',

particleType2 = 'O',
particleType3 = 'O',
cosTheta = -0.333313248,

(continues on next page)
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K0 = 3.16666666667*eV,
K1 = 0.0*eV,
K2 = 6.33333333333*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)
potential = COMBTriplePotential(particleType1 = 'O',

particleType2 = 'Si',
particleType3 = 'Si',
cosTheta = -0.806238149,
K0 = 1.5*eV,
K1 = 0.0*eV,
K2 = 3.0*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)

# Coulomb interactions.
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'Si',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.380689)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.2817839)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'O',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.20857489)

potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.combcommon.notes.

4.13. Full QuantumATK package 525



QuantumATK V-2023.12 Documentation

COMBSMCoulomb

class COMBSMCoulomb(particleType1, particleType2, xii, xij)
Constructor of the potential.

Note: COMBParticle must be added for BOTH particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• xii (PhysicalQuantity of type length**-1) – Potential parameter.

• xij (PhysicalQuantity of type length**-1) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a COMB potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

(continues on next page)
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# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='COMB_SiO')

# Add particle types for Si and O.
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
atomicNumber=14))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
atomicNumber=8))

# Add COMB potential for Si.
potential = COMBSingleTypePotential(particleType='Si',

A = 1830.81*eV,
B = 471.17*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
beta = 1.0999e-06,
m = 3,
n = 0.78734,
c = 100390.0,
d = 16.218,
h = -0.59826,
QL = -4.0,
QU = 4.0,
DL = 1.7982*Angstrom,
DU = -1.7094*Angstrom,
nB = 10,
J1 = -0.3*eV/elementary_charge,

(continues on next page)
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J2 = -2.2*eV/elementary_charge**2,
J3 = -1.25*eV/elementary_charge**3,
J4 = 2.53*eV/elementary_charge**4,
q0 = 0.6112*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Add COMB potential for O.
potential = COMBSingleTypePotential(particleType = 'O',

A = 3326.7*eV,
B = 260.89*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 5.36*1/Angstrom,
mu = 2.68*1/Angstrom,
beta = 2.0,
m = 1,
n = 1.0,
c = 6.6,
d = 1,
h = -0.229,
QL = -1.8349,
QU = 5.5046,
DL = 0.00148*Angstrom,
DU = -0.00112*Angstrom,
nB = 10,
J1 = 12.006*eV/elementary_charge,
J2 = 10.5205*eV/elementary_charge**2,
J3 = 0.0*eV/elementary_charge**3,
J4 = 0.0*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Combination rules between Si and O.
potential = COMBMixitPotential(particleType1 = 'O',

particleType2 = 'Si',
K = 20.0,
r0 = 1.65*Angstrom)

potentialSet.addPotential(potential)

# Three-body-terms.
potential = COMBTriplePotential(particleType1 = 'Si',

particleType2 = 'O',
particleType3 = 'O',
cosTheta = -0.333313248,
K0 = 3.16666666667*eV,
K1 = 0.0*eV,
K2 = 6.33333333333*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,

(continues on next page)
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K6 = 0.0*eV)
potentialSet.addPotential(potential)
potential = COMBTriplePotential(particleType1 = 'O',

particleType2 = 'Si',
particleType3 = 'Si',
cosTheta = -0.806238149,
K0 = 1.5*eV,
K1 = 0.0*eV,
K2 = 3.0*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)

# Coulomb interactions.
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'Si',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.380689)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.2817839)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'O',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.20857489)

potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.combcommon.notes.

COMBSelfEnergyCorrection

class COMBSelfEnergyCorrection(particleType1, particleType2, a, b, r_cut=None)
Constructor of the potential.

Note: COMBParticle must be added for BOTH particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.
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• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• a (PhysicalQuantity of length**2 / charge) – Potential parameter.

• b (PhysicalQuantity of type length**4 / charge**2) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a COMB potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],

(continues on next page)
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[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='COMB_SiO')

# Add particle types for Si and O.
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
atomicNumber=14))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
atomicNumber=8))

# Add COMB potential for Si.
potential = COMBSingleTypePotential(particleType='Si',

A = 1830.81*eV,
B = 471.17*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
beta = 1.0999e-06,
m = 3,
n = 0.78734,
c = 100390.0,
d = 16.218,
h = -0.59826,
QL = -4.0,
QU = 4.0,
DL = 1.7982*Angstrom,
DU = -1.7094*Angstrom,
nB = 10,
J1 = -0.3*eV/elementary_charge,
J2 = -2.2*eV/elementary_charge**2,
J3 = -1.25*eV/elementary_charge**3,
J4 = 2.53*eV/elementary_charge**4,
q0 = 0.6112*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Add COMB potential for O.
potential = COMBSingleTypePotential(particleType = 'O',

(continues on next page)
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A = 3326.7*eV,
B = 260.89*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 5.36*1/Angstrom,
mu = 2.68*1/Angstrom,
beta = 2.0,
m = 1,
n = 1.0,
c = 6.6,
d = 1,
h = -0.229,
QL = -1.8349,
QU = 5.5046,
DL = 0.00148*Angstrom,
DU = -0.00112*Angstrom,
nB = 10,
J1 = 12.006*eV/elementary_charge,
J2 = 10.5205*eV/elementary_charge**2,
J3 = 0.0*eV/elementary_charge**3,
J4 = 0.0*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Combination rules between Si and O.
potential = COMBMixitPotential(particleType1 = 'O',

particleType2 = 'Si',
K = 20.0,
r0 = 1.65*Angstrom)

potentialSet.addPotential(potential)

# Three-body-terms.
potential = COMBTriplePotential(particleType1 = 'Si',

particleType2 = 'O',
particleType3 = 'O',
cosTheta = -0.333313248,
K0 = 3.16666666667*eV,
K1 = 0.0*eV,
K2 = 6.33333333333*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)
potential = COMBTriplePotential(particleType1 = 'O',

particleType2 = 'Si',
particleType3 = 'Si',
cosTheta = -0.806238149,
K0 = 1.5*eV,
K1 = 0.0*eV,
K2 = 3.0*eV,

(continues on next page)
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K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)

# Coulomb interactions.
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'Si',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.380689)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.2817839)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'O',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.20857489)

potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.combcommon.notes.

COMBSelfEnergyCorrectionShan

class COMBSelfEnergyCorrectionShan(particleType1, particleType2, a, b, r_cut=None)
Constructor of the potential.

Note: COMBParticle must be added for BOTH particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• a (PhysicalQuantity of length**4 * charge) – Potential parameter.

• b (PhysicalQuantity of type length**4) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.
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getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a COMB potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

(continues on next page)
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# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='COMB_SiO')

# Add particle types for Si and O.
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
atomicNumber=14))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
atomicNumber=8))

# Add COMB potential for Si.
potential = COMBSingleTypePotential(particleType='Si',

A = 1830.81*eV,
B = 471.17*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
beta = 1.0999e-06,
m = 3,
n = 0.78734,
c = 100390.0,
d = 16.218,
h = -0.59826,
QL = -4.0,
QU = 4.0,
DL = 1.7982*Angstrom,
DU = -1.7094*Angstrom,
nB = 10,
J1 = -0.3*eV/elementary_charge,
J2 = -2.2*eV/elementary_charge**2,
J3 = -1.25*eV/elementary_charge**3,
J4 = 2.53*eV/elementary_charge**4,
q0 = 0.6112*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Add COMB potential for O.
potential = COMBSingleTypePotential(particleType = 'O',

A = 3326.7*eV,
B = 260.89*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 5.36*1/Angstrom,
mu = 2.68*1/Angstrom,
beta = 2.0,
m = 1,
n = 1.0,

(continues on next page)
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c = 6.6,
d = 1,
h = -0.229,
QL = -1.8349,
QU = 5.5046,
DL = 0.00148*Angstrom,
DU = -0.00112*Angstrom,
nB = 10,
J1 = 12.006*eV/elementary_charge,
J2 = 10.5205*eV/elementary_charge**2,
J3 = 0.0*eV/elementary_charge**3,
J4 = 0.0*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Combination rules between Si and O.
potential = COMBMixitPotential(particleType1 = 'O',

particleType2 = 'Si',
K = 20.0,
r0 = 1.65*Angstrom)

potentialSet.addPotential(potential)

# Three-body-terms.
potential = COMBTriplePotential(particleType1 = 'Si',

particleType2 = 'O',
particleType3 = 'O',
cosTheta = -0.333313248,
K0 = 3.16666666667*eV,
K1 = 0.0*eV,
K2 = 6.33333333333*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)
potential = COMBTriplePotential(particleType1 = 'O',

particleType2 = 'Si',
particleType3 = 'Si',
cosTheta = -0.806238149,
K0 = 1.5*eV,
K1 = 0.0*eV,
K2 = 3.0*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)

# Coulomb interactions.
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'Si',

(continues on next page)
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R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.380689)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.2817839)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'O',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.20857489)

potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.combcommon.notes.

COMBTriplePotential

class COMBTriplePotential(particleType1, particleType2, particleType3, cosTheta, K0=None, K1=None,
K2=None, K3=None, K4=None, K5=None, K6=None)

Constructor of the potential.

Note: COMBParticle must be added for ALL THREE particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type. This particle type corresponds to the central particle in the calculation of
the angle (the vertex).

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• cosTheta (float) – Potential parameter (cosine of the equilibrium angle).

• K0 (PhysicalQuantity of type energy) – Potential parameter.

• K1 (PhysicalQuantity of type energy) – Potential parameter.

• K2 (PhysicalQuantity of type energy) – Potential parameter.

• K3 (PhysicalQuantity of type energy) – Potential parameter.

• K4 (PhysicalQuantity of type energy) – Potential parameter.

• K5 (PhysicalQuantity of type energy) – Potential parameter.
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• K6 (PhysicalQuantity of type energy) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a COMB potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
(continues on next page)
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elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='COMB_SiO')

# Add particle types for Si and O.
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
atomicNumber=14))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
atomicNumber=8))

# Add COMB potential for Si.
potential = COMBSingleTypePotential(particleType='Si',

A = 1830.81*eV,
B = 471.17*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
beta = 1.0999e-06,
m = 3,
n = 0.78734,
c = 100390.0,
d = 16.218,
h = -0.59826,
QL = -4.0,
QU = 4.0,
DL = 1.7982*Angstrom,
DU = -1.7094*Angstrom,
nB = 10,
J1 = -0.3*eV/elementary_charge,
J2 = -2.2*eV/elementary_charge**2,
J3 = -1.25*eV/elementary_charge**3,
J4 = 2.53*eV/elementary_charge**4,
q0 = 0.6112*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Add COMB potential for O.
potential = COMBSingleTypePotential(particleType = 'O',

A = 3326.7*eV,
B = 260.89*eV,
R = 2.6*Angstrom,
S = 3.0*Angstrom,
l = 5.36*1/Angstrom,

(continues on next page)
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mu = 2.68*1/Angstrom,
beta = 2.0,
m = 1,
n = 1.0,
c = 6.6,
d = 1,
h = -0.229,
QL = -1.8349,
QU = 5.5046,
DL = 0.00148*Angstrom,
DU = -0.00112*Angstrom,
nB = 10,
J1 = 12.006*eV/elementary_charge,
J2 = 10.5205*eV/elementary_charge**2,
J3 = 0.0*eV/elementary_charge**3,
J4 = 0.0*eV/elementary_charge**4,
q0 = 0.0*elementary_charge,
uniformCharge = False)

potentialSet.addPotential(potential)

# Combination rules between Si and O.
potential = COMBMixitPotential(particleType1 = 'O',

particleType2 = 'Si',
K = 20.0,
r0 = 1.65*Angstrom)

potentialSet.addPotential(potential)

# Three-body-terms.
potential = COMBTriplePotential(particleType1 = 'Si',

particleType2 = 'O',
particleType3 = 'O',
cosTheta = -0.333313248,
K0 = 3.16666666667*eV,
K1 = 0.0*eV,
K2 = 6.33333333333*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)
potential = COMBTriplePotential(particleType1 = 'O',

particleType2 = 'Si',
particleType3 = 'Si',
cosTheta = -0.806238149,
K0 = 1.5*eV,
K1 = 0.0*eV,
K2 = 3.0*eV,
K3 = 0.0*eV,
K4 = 0.0*eV,
K5 = 0.0*eV,
K6 = 0.0*eV)

potentialSet.addPotential(potential)

(continues on next page)
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# Coulomb interactions.
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'Si',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.380689)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'Si',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.2817839)

potentialSet.addPotential(potential)
potential = COMBCoulomb(particleType1 = 'O',

particleType2 = 'O',
R = 1.1*Angstrom,
S = 5.45*Angstrom,
eta = 0.20857489)

potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.combcommon.notes.

CalculatedChemicalPotential

class CalculatedChemicalPotential(element, calculator, phonon_calculator=None, configuration=None,
k_points=None, include_vibrations=None, repetitions=None,
reference_temperature=None)

A class defining the chemical potential for an atomic species. Used as part of a ChargedPointDefect study.

Parameters

• element (PeriodicTableElement) – The element for which the atomic chemical po-
tential is defined.

• calculator (All calculators) – The calculator used to calculate the reference ther-
modynamics.

• phonon_calculator (All calculators | None) – The calculator used to calculate
the vibrational energies. If not specified the reference calculator is used. The argument
include_vibrations must also be True to include vibrational energies.

• configuration (BulkConfiguration) – The thermodynamic reference configuration
for the element.

• k_points (KpointDensity | MonkhorstPackGrid | None) – k-points used in the cal-
culator for calculator. This may need to be set in cases where the reference material is a
conductor, and therefore requires a higher number of k-points.
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• optimization_parameters (OptimizeGeometryParameters) – The parameters to
use to optimize the reference configuration.

• include_vibrations (bool) – Whether or not to include vibrational energies in the
atomic free energy. The configuration will be optimized with the phonon calculator before
calculating vibrations. Default: False.

• repetitions (list of ints | None) – The number of repetitions of the system in
the A, B, and C-directions used in determining the vibrational frequencies. If not given
repetitions are selected so that the cell is large enough to calculate the vibrations using a
finite difference method.

• reference_temperature (PhysicalQuantity of type temperature) – The temperature
used to calculate the free energy. Default: 300 Kelvin.

calculator()

Returns
The calculator used to calculate the chemical potential.

Return type
All calculators

chemicalPotential(temperature=None)
Calculate the chemical potential.

Returns
The chemical potential of the atom calculated from the internal energy and entropy per
atom of the specified element in some reference configuration.

Return type
PhysicalQuantity of type energy | None

electronicInternalEnergy()

Returns the electronic internal energy.

Returns
The electronic energy per atom of the specified element in some reference configuration,
or None if it has not been evaluated.

Return type
PhysicalQuantity of type energy | None

element()

Returns
The element for which the atomic chemical potential is defined.

Return type
PeriodicTableElement

entropy(temperature=None)
Returns the entropy from vibrational corrections, if included. If not included then the entropy is zero. If
the object has not been updated then None is returned.

Parameters
temperature (PhysicalQuantity of type temperature) – The temperature at which the vi-
brational corrections are calculated.

Returns
The entropy component of the atomic chemical potential or None if it has not been evalu-
ated.
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Return type
PhysicalQuantity of type energy per temperature | None

includeVibrations()

Returns
Whether or not vibrational terms are included in the chemical potential.

Return type
bool

phononCalculator()

Returns
The calculator used to calculate the chemical potential.

Return type
All calculators

referenceConfiguration()

Returns
The reference configuration from which the components of the atomic chemical potential
are calculated.

Return type
BulkConfiguration | None

referenceTemperature()

Returns
The reference temperature for the chemical potential.

Return type
PhysicalQuantity of type temperature.

repetitions()

Returns
The number of repetitions of the system in the A, B, and C-directions.

Return type
list of ints | None

uniqueString()

Return a unique string representing the state of the object.

update()

Perform the calculation to add data to the object.

vibrationalInternalEnergy(temperature=None)
Returns the internal energy from vibrations.

Parameters
temperature (PhysicalQuantity of type temperature) – The temperature at which the vi-
brational corrections are calculated.

Returns
The energy per atom of the specified element in some reference configuration, or None if
it has not been evaluated.

Return type
PhysicalQuantity of type energy | None
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Notes

The CalculatedChemicalPotential object defines an atomic chemical potential used in a ChargedPointDefectConfig-
uration calculation. The CalculatedChemicalPotential provides the reservoir energy for the element being added or
removed from the pristine material to form the defect. This energy is used in calculating the formation energy and
concentration of the defect. The value of the reservoir energy can depend on the nature of the environment around
the defect. The atomic chemical potential also depends on the reference calculator used in the calculation, as it also
includes the energy of the isolated atom according to the specific calculator.

The CalculatedChemicalPotential allows calculating the atomic chemical potential from an appropriate elemental refer-
ence configuration. The CalculatedChemicalPotential is created by supplying an element and the calculator to be used
for calculating the elemental energy. A reference configuration can also be given, using the argument configuration.
If a configuration is not given a standard reference structure is used. The k-points used in the energy calculation
can be expressly set using the k_points argument. This is useful in cases where a different k-point sampling is
required for the elemental reference material e.g. metals. Vibrational energies can be included by setting the ar-
gument include_vibrations to True. A specific calculator for the vibrations can be given with the argument
phonon_calculator, otherwise the energy calculator is also used for the vibrations. The repetitions used in the
vibration calculation can also be set with the repetitions argument.

ChargedPointDefect

class ChargedPointDefect(bulk_configuration, filename, object_id, formation_energy_calculator=None,
relaxation_calculator=None, band_gap_calculator=None, point_defect=None,
charge_states=None, atomic_chemical_potentials=None,
supercell_repetitions_list=None, relax_atomic_coordinates=None,
dielectric_constant=None, log_filename_prefix=None,
number_of_processes_per_task=None, elastic_correction_method=None,
optimize_geometry_parameters=None, model_charge_correction=None,
random_seed=None, resume=None, use_ghost=None,
calculate_defect_symmetry=None)

Constructor for the ChargedPointDefect object.

Parameters

• bulk_configuration (BulkConfiguration) – The reference bulk unit cell configu-
ration to be used to generate the supercell configurations.

• filename (str) – The full or relative filename path the Study object should be saved to.
See nlsave().

• object_id (str) – The name of the study that the Study object should be saved to within
the file. This needs to be a unique name in this file. See nlsave().

• formation_energy_calculator (Calculator) – The calculator used for calculating the
formation energy of the defect charge states. All total energies, band positions and
finite-size corrections are calculated using this calculator. The calculator must con-
tain a basis set for the elements in both the defect and pristine configurations. Note
that the calculator is taken as a reference corresponding to the bulk unit cell given in
bulk_configuration; the density_mesh_cutoff and k_point_sampling parame-
ters of the NumericalAccuracyParameters of the calculator will be scaled consistently
with the supercell size. The k_point_sampling will be scaled to maintain the k-point
density approximately equal to the reference. The k-point grid will always be shifted such
that the Gamma point is included, i.e., shift_to_gamma=True. Default: The calculator
given in relaxation_calculator. At least one of the two calculators must be provided.
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• relaxation_calculator (Calculator) – The calculator used for relaxing the atomic co-
ordinates of the defect supercells. The calculator must contain a basis set for the elements
in the defect configuration. Note that the calculator is taken as a reference correspond-
ing to the bulk unit cell given in bulk_configuration; the density_mesh_cutoff
and k_point_sampling parameters of the NumericalAccuracyParameters of the
calculator will be scaled consistently with the supercell size. The k_point_sampling
will be scaled to maintain the k-point density approximately equal to the ref-
erence. The k-point grid will always be shifted such that the Gamma point
is included, i.e., shift_to_gamma=True. Default: The calculator given in
formation_energy_calculator. At least one of the two calculators must be provided.

• band_gap_calculator – The calculator used for calculating the band gap in which the
transition levels will be placed. The calculator is only used for the pristine configura-
tion, so only needs to contain a basis set for the elements in this configuration. Note
that the calculator is taken as a reference corresponding to the bulk unit cell given in
bulk_configuration; the density_mesh_cutoff and k_point_sampling parame-
ters of the NumericalAccuracyParameters of the calculator will be scaled consistently
with the supercell size. The k_point_sampling will be scaled to maintain the k-point
density approximately equal to the reference. The k-point grid will always be shifted such
that the Gamma point is included, i.e., shift_to_gamma=True. Default: The calculator
given in formation_energy_calculator.

• point_defect (Vacancy | Substitutional | Interstitial | DefectCluster |
SplitInterstitial) – The point defect to embed in the host supercell. Default:
Vacancy()

• charge_states – The list of charge states of the defect, as a discrete multiple of elemen-
tary charge. A charge of -1 corresponds to one extra electron. Default: 0

• atomic_chemical_potentials (sequence of AtomicChemicalPotential) – The
chemical potentials for the atomic species involved in the creation of the defect (i.e., any
species for which the number of atoms changes between the pristine and defect supercell).
Default: All necessary atomic chemical potentials will be calculated using the pristine
configuration (when possible) or a default elemental reference configuration.

• supercell_repetitions_list (sequence (size 3) of int | sequence of
sequence (size 3) of int) – The list of supercells of the bulk unit cell to calculate,
each given as the number of repetitions of the bulk unit cell along the (a, b, c) directions.
Default: [(1, 1, 1)]

• relax_atomic_coordinates (bool) – Whether to relax the atomic coordinates of the
defect supercells. Default: True

• dielectric_constant (float) – The dielectric constant of the host material. Only
needed to calculate the finite-size correction terms. Default: 1.0

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output
of charged point defect calculations. If LogToStdOut, all logging will instead be sent to
standard output. Default: 'chargedpointdefect_'

• number_of_processes_per_task (int) – The number of processes that will be used
to execute each task. If this value is greater than or equal to the total number of available
processes, each single task will be executed collaboratively over all processes. Otherwise,
a delegator-worker scheme is used; in this case, one process will be set aside as the delega-
tor, and the remaining ones will be grouped into workers and execute tasks concurrently.
Default: All available processes execute each task collaboratively.

• elastic_correction_method (ImageStressCorrection) – Specify a finite size
elastic energy correction. If not specified, no finite size elastic energy correction will
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be applied. Default: None

• optimize_geometry_parameters (OptimizeGeometryParameters) – The parame-
ters to use for optimizing the geometry. Note that pre_step_hook and post_step_hook
must be left unset. Also note that max_stress, target_stress, restart_strategy
and enable_optimization_stop_file do not have any effect since stress is not opti-
mized, and the restart mechanism within OptimizeGeometry() is disabled. Only con-
straints of type FixAtomConstraints and RigidBody will be maintained, others will
be discarded. Default: OptimizeGeometryParameters()

• model_charge_correction (ModelChargeCorrection) – Specify a finite size model
charge correction. Default: ModelChargeCorrection()

• random_seed (int | None) – The random seed to rattle atomic coordinates. None for
the system to pick different ones for you. Default: None

• resume (bool) – Whether rerunning the simulation will resume non converged results.
Default: False

• use_ghost (bool) – Whether ghost atoms will be used (for LCAO calculators only).
Default: True

• calculate_defect_symmetry (bool) – Whether to calculate the symmetry of the de-
fect. Default: False

atomNumberDifferences()

Returns
The atom number differences for each element.

Return type
dict of type {PeriodicTableElement : int}

atomicChemicalPotentials()

Returns
The atomic chemical potential for all the required elements. If an element for which the
atomic chemical potential needs to be calculated is not present, it is calculated from the
pristine cell at each supercell size.

Return type
list of AtomicChemicalPotential

bandShift(supercell_repetitions, charge_state)
Retrieve the band shift for a given defect supercell with respect to the pristine supercell.

This result will only be available after the calculation ran successfully.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• defect_charge_state (int) – The charge state of the defect.

Returns
The band shift for the supercell. If not available, returns None.

Return type
PhysicalQuantity of type energy | None
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calculateDefectSymmetry()

Returns
Whether the defect symmetry is calculated.

Return type
bool

calculatedChargeStates(supercell_repetitions=None)
Retrieve the list of calculated charge states, either for the entire study or for a given supercell.

Parameters
supercell_repetitions (sequence (size 3) of int | ExtrapolationScheme) – The su-
percell given as the number of repetitions of the bulk unit cell along the (a, b, c) directions
for which to return the list of calculated charge states. For an extrapolation scheme, the
charge states for all supercells are returned. Default: All supercells.

Returns
The list of calculated charge states. The charge states are ordered from the most positive
to the most negative.

Return type
list of int

calculatedSupercells(charge_state=None)
Retrieve the list of calculated supercells, either for the entire study or for a given charge state.

Parameters
charge_state (int) – The charge state for which to return the list of calculated supercells.
Default: All charge states.

Returns
The list of calculated supercells, each given as the number of repetitions of the bulk unit
cell along the (a, b, c) directions. The supercells are ordered from the smallest to the largest
in terms of the number of atoms; if multiple supercells have the same number of atoms they
are ordered according to the repetitions in the (a, b, c) directions, in that order.

Return type
list of tuple (size 3) of int

chargeStates()

Returns
The list of all calculated and not calculated charge states. Any charge state which has not
yet been calculated will be calculated the next time the object is updated.

Return type
list of int

conductionBandMinimum(supercell_repetitions)
Retrieve the conduction band minimum of the pristine unit cell configuration associated with a given
supercell.

This result will only be available after the calculation ran successfully.

Parameters
supercell_repetitions (sequence (size 3) of int) – The number of repeti-
tions of the bulk unit cell along the (a, b, c) directions.

Returns
The conduction band minimum of the pristine unit cell configuration. If not available,
returns None.
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Return type
PhysicalQuantity of type energy | None

defectConfiguration(supercell_repetitions, charge_state, symmetry_index=None,
unit_cell_translation=None)

Retrieve the defect supercell configuration for a given supercell.

This result will only be available after the calculation ran successfully.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• defect_charge_state (int) – The charge state of the defect.

• symmetry_index (int) – The index of the symmetry operation for the pristine unit
cell to apply to the defect supercell configuration. Note that this can only be used if
the ‘calculate_defect_symmetry’ option has been enabled for the calculation. Default:
No transformation (i.e., the identity operation)

• unit_cell_translation (sequence (size 3) of int) – An additional trans-
lation to apply in terms of the unit cell vectors. Default: No translation

Returns
The defect supercell configuration. If not available, returns None.

Return type
BulkConfiguration | None

defectConfigurationCalculator(supercell_repetitions, charge_state)
Retrieve the calculator of the defect supercell configuration for a given supercell.

This result will only be available after the calculation ran successfully.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• defect_charge_state (int) – The charge state of the defect.

Returns
The calculator of the defect supercell configuration. If not available, returns None.

Return type
Calculator | None

defectSymmetry(supercell_repetitions, charge_state)
Calculate the symmetry information for the defect supercell.

This result will only be available after the calculation ran successfully.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• defect_charge_state (int) – The charge state of the defect.

Returns
The symmetry information for the defect supercell. If not available, returns None.

Return type
dict | None
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defectTotalEnergy(supercell_repetitions, charge_state)
Retrieve the total energy of the defect supercell configuration for a given supercell.

This result will only be available after the calculation ran successfully.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• defect_charge_state (int) – The charge state of the defect.

Returns
The total energy of the defect supercell configuration. If not available, returns None.

Return type
TotalEnergy | None

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

dielectricConstant()

Returns
The dielectric constant of the host material is updated.

Return type
float

elasticCorrectionEnergy(supercell_repetitions, charge_state)
Retrieve the value of the elastic energy correction for a given supercell. This result will only be available
after the calculation ran successfully. If no correction was applied, None is returned.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• defect_charge_state (int) – The charge state of the defect.

Returns
The image stress correction. If not available, returns None.

Return type
PhysicalQuantity of type energy | None

elasticCorrectionMethod()

Returns
The method used to evaluate the finite size elastic energy correction.

Return type
None | ImageStressCorrection

filename()

Returns
The filename where the study object is stored.
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Return type
str

formationEnergy(charge_state, electronic_chemical_potential=None,
electronic_chemical_potential_reference=None, defect_type=None,
supercell_repetitions=None, enable_finite_size_corrections=None)

The formation energy for a given charge state 𝑞 of the defect, defined as

𝐸𝑞𝑓 = 𝐸def,𝑞 − 𝐸bulk,𝑞 −
∑︀
𝑖 ∆𝑛𝑖𝜇𝑖 + 𝑞

(︀
𝜇ref
𝑒 + ∆𝜇𝑒

)︀
.

The first two terms are the total energy of the supercell with and without the defect, respectively. ∆𝑛𝑖 is the
difference in the number of atoms between the two supercells for species 𝑖, and 𝜇𝑖 is the atomic chemical
potential for that species. 𝜇ref

𝑒 is the absolute position of the reference level for the electronic chemical
potential (either the valence band maximum or the conduction band minimum), and ∆𝜇𝑒 is the electronic
chemical potential relative to it. Note that correction terms have not been included here (see Notes below
for details).

Parameters

• charge_state (int) – The charge state of the defect.

• electronic_chemical_potential (PhysicalQuantity of
type energy) – The electronic chemical potential relative to
electronic_chemical_potential_reference. Default: 0.0 * eV

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band
gap calculated with band_gap_calculator; see Notes below for details. Note
that this parameter only has an effect if band_gap_calculator is different from
formation_energy_calculator. Default: DeepLevelDefect

• supercell_repetitions (sequence (size 3) of int | ExtrapolationScheme) – The
number of repetitions of the bulk unit cell along the (a, b, c) directions. If Extrapola-
tionScheme, the extrapolation to the infinite supercell size limit is used. Default: The
largest calculated supercell.

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: True

Returns
The calculated formation energy.

Return type
PhysicalQuantity of type energy

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

modelChargeCorrection(supercell_repetitions, charge_state)
Retrieve the model charge correction parameters for the FNV correction for a given supercell and charge
state.

Parameters
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• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• charge_state (int) – The charge state of the defect.

Returns
The parameters used to define the model charge correction. If not available, returns None.

Return type
ModelChargeCorrection | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

optimizeGeometryParameters()

Returns
Parameters required to optimize the geometry.

Return type
OptimizeGeometryParameters

periodicChargeCorrection(supercell_repetitions, charge_state)
Retrieve the periodic charge correction for a given supercell.

This result will only be available after the calculation ran successfully.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• defect_charge_state (int) – The charge state of the defect.
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Returns
The periodic charge correction for the supercell. If not available, returns None.

Return type
PhysicalQuantity of type energy | None

pointDefect()

Returns
The point defect associated with the charged point defect study.

Return type
Vacancy | Substitutional | Interstitial | DefectCluster | SplitInterstitial

pristineConfiguration(supercell_repetitions)
Retrieve the pristine unit cell configuration associated with a given supercell.

This result will only be available after the calculation ran successfully.

Parameters
supercell_repetitions (sequence (size 3) of int) – The number of repeti-
tions of the bulk unit cell along the (a, b, c) directions.

Returns
The pristine unit cell configuration. If not available, returns None.

Return type
BulkConfiguration | None

pristineConfigurationCalculator(supercell_repetitions)
Retrieve the calculator of the pristine unit cell configuration associated with a given supercell.

This result will only be available after the calculation ran successfully.

Parameters
supercell_repetitions (sequence (size 3) of int) – The number of repeti-
tions of the bulk unit cell along the (a, b, c) directions.

Returns
The calculator of the pristine unit cell configuration. If not available, returns None.

Return type
Calculator | None

pristineFermiLevel(supercell_repetitions)
Retrieve the Fermi level of the pristine unit cell configuration associated with a given supercell.

This result will only be available after the calculation ran successfully.

Parameters
supercell_repetitions (sequence (size 3) of int) – The number of repeti-
tions of the bulk unit cell along the (a, b, c) directions.

Returns
The Fermi level of the pristine unit cell configuration. If not available, returns None.

Return type
PhysicalQuantity of type energy | None

pristineSymmetryData()

Retrieve the symmetry information for the pristine unit cell.

This result will only be available after the calculation ran successfully.
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Returns
The symmetry information for the pristine unit cell. If not available, returns None.

Return type
dict | None

pristineTotalEnergy(supercell_repetitions)
Retrieve the total energy of the pristine unit cell configuration associated with a given supercell.

This result will only be available after the calculation ran successfully.

Parameters
supercell_repetitions (sequence (size 3) of int) – The number of repeti-
tions of the bulk unit cell along the (a, b, c) directions.

Returns
The total energy of the pristine unit cell configuration. If not available, returns None.

Return type
TotalEnergy | None

randomSeed()

Returns
The random seed used for rattling coordinates

Return type
None | int

relaxAtomicCoordinates()

Returns
Whether the atomic coordinates of the defect supercells are relaxed.

Return type
bool

resume()

Returns
whether the resume option was specified

Return type
bool

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

setModelChargeCorrection(supercell_repetitions, charge_state, model_charge_correction=None)
Set the model charge correction parameters for the FNV correction for a given supercell and charge state.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• charge_state (int) – The charge state of the defect.
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• model_charge_correction (ModelChargeCorrection) – The parameters used to
define the model charge correction. Default: ModelChargeCorrection()

stableChargeState(electronic_chemical_potential, electronic_chemical_potential_reference=None,
defect_type=None, supercell_repetitions=None, enable_finite_size_corrections=None)

The stable charge state at a given electronic chemical potential.

Parameters

• electronic_chemical_potential (PhysicalQuantity of
type energy) – The electronic chemical potential relative to
electronic_chemical_potential_reference.

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band
gap calculated with band_gap_calculator; see Notes below for details. Note
that this parameter only has an effect if band_gap_calculator is different from
formation_energy_calculator. Default: DeepLevelDefect

• supercell_repetitions (sequence (size 3) of int | ExtrapolationScheme) – The
number of repetitions of the bulk unit cell along the (a, b, c) directions. If Extrapola-
tionScheme, the extrapolation to the infinite supercell size limit is used. Default: The
largest calculated supercell.

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: True

Returns
The calculated stable charge state.

Return type
int

stableTransitions(electronic_chemical_potential_reference=None, defect_type=None,
supercell_repetitions=None, enable_finite_size_corrections=None)

The list of transitions between stable charge states across the whole range of the electronic chemical po-
tential. The transition levels are given relative to electronic_chemical_potential_reference.

Parameters

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band
gap calculated with band_gap_calculator; see Notes below for details. Note
that this parameter only has an effect if band_gap_calculator is different from
formation_energy_calculator. Default: DeepLevelDefect

• supercell_repetitions (sequence (size 3) of int | ExtrapolationScheme) – The
number of repetitions of the bulk unit cell along the (a, b, c) directions. If Extrapola-
tionScheme, the extrapolation to the infinite supercell size limit is used. Default: The
largest calculated supercell.

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: True
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Returns
The list of transitions between stable charge states in order as the electronic chemical po-
tential is increased.

Return type
list of list (size 2) of int

supercellRepetitionsList()

Returns
The list of all calculated and not calculated supercells of the bulk unit cell, each given as
the number of repetitions of the bulk unit cell along the (a, b, c) directions. Any supercell
which has not yet been calculated will be calculated the next time the object is updated.

Return type
list of tuple (size 3) of int

supercellSymmetryData(repetitions)
Retrieve the symmetry information for the pristine unit cell.

This result will only be available after the calculation ran successfully.

Parameters
supercell_repetitions (sequence (size 3) of int | None) – The number of
repetitions of the bulk unit cell along the (a, b, c) directions. If None returns the symmetry
of the pristine unit cell.

Returns
The symmetry information for the pristine unit cell. If not available, returns None.

Return type
dict | None

symmetricDefect(supercell_repetitions, charge_state, symmetry_index=None, unit_cell_translation=None)
Retrieve the defect supercell configuration for a given supercell.

This result will only be available after the calculation ran successfully.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• defect_charge_state (int) – The charge state of the defect.

• symmetry_index (int) – The index of the symmetry operation for the pristine unit
cell to apply to the defect supercell configuration. Note that this can only be used if
the ‘calculate_defect_symmetry’ option has been enabled for the calculation. Default:
No transformation (i.e., the identity operation)

• unit_cell_translation (sequence (size 3) of int) – An additional trans-
lation to apply in terms of the unit cell vectors. Default: No translation

Returns
The defect supercell configuration. If not available, returns None.

Return type
BulkConfiguration | None

tasksFinished()

Returns
finished task, unfinished tasks
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Return type
tuple of list of str, list of str

transitionLevel(charge_states, electronic_chemical_potential_reference=None, defect_type=None,
supercell_repetitions=None, enable_finite_size_corrections=None)

The transition level between two calculated charge states 𝑚 and 𝑛, defined as

𝐸 (𝑚/𝑛) =
𝐸𝑛

𝑓 (Δ𝜇𝑒=0)−𝐸𝑚
𝑓 (Δ𝜇𝑒=0)

𝑚−𝑛 .

The transition level is given relative to electronic_chemical_potential_reference.

Parameters

• charge_states (sequence (size 2) of int) – The two charge states to calcu-
late the transition level for.

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band
gap calculated with band_gap_calculator; see Notes below for details. Note
that this parameter only has an effect if band_gap_calculator is different from
formation_energy_calculator. Default: DeepLevelDefect

• supercell_repetitions (sequence (size 3) of int | ExtrapolationScheme) – The
number of repetitions of the bulk unit cell along the (a, b, c) directions. If Extrapola-
tionScheme, the extrapolation to the infinite supercell size limit is used. Default: The
largest calculated supercell.

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: True

Returns
The calculated transition level.

Return type
PhysicalQuantity of type energy

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.

useGhost()

Returns
Whether ghost atoms are used (for LCAO calculations involving vacancies)

Return type
bool

valenceBandMaximum(supercell_repetitions)
Retrieve the valence band maximum of the pristine unit cell configuration associated with a given supercell.

This result will only be available after the calculation ran successfully.

Parameters
supercell_repetitions (sequence (size 3) of int) – The number of repeti-
tions of the bulk unit cell along the (a, b, c) directions.
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Returns
The valence band maximum of the pristine unit cell configuration. If not available, returns
None.

Return type
PhysicalQuantity of type energy | None

Notes

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

The ChargedPointDefect object can be used to perform a detailed study of a single point defect in bulk material in
its various charge states. The defect can be a simple vacancy, substitutional, or interstitial, or a more complex defect
cluster made from multiple simple defects.

The main results are the formation energy of the defect for different charge states as a function of the electronic chemical
potential, and the corresponding stable charge transition levels (sometimes referred to as the thermodynamic transition
levels, occupancy levels, or trap levels).

Performing accurate simulations of point defects, especially for non-neutral charge states, can be challenging. In partic-
ular, it is generally very important to ensure that the physical quantities of interest are properly converged with respect
to the size of the supercell of bulk crystal in which the point defect is placed (as periodic boundary conditions are used,
there will be spurious interactions between periodic replicas of the defect site). ChargedPointDefect aims to assist the
user in automatically simulating a range of supercell sizes and analyzing the convergence with size for each charge
state. It will also apply the correction by Freysoldt, Neugebauer and Van De Walle (FNV)1 to mitigate the effects of
these finite size interactions.

The object is initialized by specifying the primitive unit cell of the host crystal (without the defect) as a BulkConfigu-
ration, the list of supercells of this primitive cell to generate for the study, and the defect to study as an instance of the
desired defect class (Vacancy | Substitutional | Interstitial | DefectCluster | SplitInterstitial). The
defect will be inserted into each supercell of the bulk material. The list of charge states of the defect to simulate must
also be given.

The calculator which is used to calculate the formation energy is given by formation_energy_calculator.
The atomic coordinates of the defect supercells are relaxed by default (this is controlled with
relax_atomic_coordinates); it is possible to specify a separate calculator to perform the relaxations with
relaxation_calculator, as these usually represent the most computationally intensive part of the study. Both
calculators are automatically adjusted for each supercell to ensure a consistent level of accuracy.

One can optionally calculate an elastic strain correction to the formation energy by using a ImageStressCorrection
object as the elastic_correction_method. The correction is described is more detail in Section Finite-size scaling
and correction terms.

Finally, it is possible to specify a separate calculator to calculate the band gap of the host material with
band_gap_calculator, in order to overcome the underestimation of the band gap from standard DFT functionals.

Note: The calculators must contain a basis/pseudopotential for all species in both the pristine and defect supercells.

1 Christoph Freysoldt, Jörg Neugebauer, and Chris G. Van De Walle. Fully Ab Initio finite-size corrections for charged-defect supercell calcula-
tions. Phys. Rev. Lett., 102:016402, 2009. doi:10.1103/PhysRevLett.102.016402.
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Defining the point defect

This is specified by point_defect. The defect is defined in an abstract way, independently of the material it is
embedded in or the supercell size. The study will combine it with the reference unit cell of the pristine material
(bulk_configuration) and the various supercell sizes (supercell_repetitions_list) to create the defect su-
percells.

There are three simple point defect types: Vacancy, Substitutional, and Interstitial. The first two require a
site_index at which to create the defect; the index refers to the atom index of the list of atoms of the reference unit
cell. The third, instead, is not tied to a site but is defined by specifying a position in space (either in absolute coordinates
or as fractional coordinates of the reference unit cell).

More complex defects can also be specified by using a DefectCluster; this is defined by providing a list of simple
defects which will be combined together to form a composite defect. Examples of this include a divacancy (2 vacancies)
or a Frenkel pair (vacancy + interstitial). Larger clusters can also be defined.

Although a DefectCluster can still be considered a point defect (it is not periodic in any direction), it has a size
depending on the largest distance between any of the constituent defects. It is therefore possible for a cluster to be larger
than the reference unit cell. In order to define such clusters, one can make use of the unit_cell_index argument for
Vacancy and Substitutional, which allows for the constituent defects to be shifted to different unit cells. Similarly,
Interstitial defects can be defined by giving a position outside of the unit cell. When the study generates the actual
defect supercell configuration, the constituent defects are wrapped within the supercell. Therefore, all supercells used
in the study must be large enough to accommodate the cluster.

Atomic Chemical Potentials

The chemical potentials for the atomic species involved in the creation of the defect (i.e., any species for which the
number of atoms changes between the pristine and defect supercell) need to be determined in order to calculate the
formation energy. Note that the atomic chemical potentials are only used for the final post-processing calculation of
the formation energy; although the absolute value of the formation energy is affected, the differences between charge
states (and, hence, the transition levels) are not.

The study will automatically try to make a reasonable choice for the values of the atomic chemical potentials. The
default choice taken by the study for each element is as follows:

• If possible, the atomic chemical potential is calculated as the energy per atom of the pristine configuration at
each supercell size. This will be the case if (a) the element is present in the pristine configuration, and (b) all the
elements of the pristine configuration are either added or removed in their stoichiometric ratio in the creation of
the defect.

• Otherwise, the atomic chemical potential is calculated as the energy per atom of a default elemental reference
configuration. This default configuration is taken from the ∆-test2 suite of elemental crystals. Note that the
calculation is performed with the same calculator parameters as specified in formation_energy_calculator.

These automatic values can, however, be changed for one or more elements by providing an AtomicChemicalPotential
object for each element in atomic_chemical_potentials. This allows the user to provide either an explicit hard-
coded value of the energy per atom, or an alternative elemental reference configuration for the study to use in calculating

2 Kurt Lejaeghere, Gustav Bihlmayer, Torbjörn Björkman, Peter Blaha, Stefan Blügel, Volker Blum, Damien Caliste, Ivano E. Castelli, Stewart J.
Clark, Andrea Dal Corso, Stefano de Gironcoli, Thierry Deutsch, John Kay Dewhurst, Igor Di Marco, Claudia Draxl, Marcin Dułak, Olle Eriksson,
José A. Flores-Livas, Kevin F. Garrity, Luigi Genovese, Paolo Giannozzi, Matteo Giantomassi, Stefan Goedecker, Xavier Gonze, Oscar Grånäs,
E. K. U. Gross, Andris Gulans, François Gygi, D. R. Hamann, Phil J. Hasnip, N. A. W. Holzwarth, Diana Iuşan, Dominik B. Jochym, François
Jollet, Daniel Jones, Georg Kresse, Klaus Koepernik, Emine Küçükbenli, Yaroslav O. Kvashnin, Inka L. M. Locht, Sven Lubeck, Martijn Marsman,
Nicola Marzari, Ulrike Nitzsche, Lars Nordström, Taisuke Ozaki, Lorenzo Paulatto, Chris J. Pickard, Ward Poelmans, Matt I. J. Probert, Keith
Refson, Manuel Richter, Gian-Marco Rignanese, Santanu Saha, Matthias Scheffler, Martin Schlipf, Karlheinz Schwarz, Sangeeta Sharma, Francesca
Tavazza, Patrik Thunström, Alexandre Tkatchenko, Marc Torrent, David Vanderbilt, Michiel J. van Setten, Veronique Van Speybroeck, John M.
Wills, Jonathan R. Yates, Guo-Xu Zhang, and Stefaan Cottenier. Reproducibility in density functional theory calculations of solids. Science, 2016.
doi:10.1126/science.aad3000.
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the atomic chemical potential. In compound materials the class AtomicChemicalPotentialList can be used to compute
heat of formation or rich conditions.

For a detailed physical discussion on the choice of atomic chemical potentials, see Van de Walle and Neugebauer3.

Results

The study provides a number of methods for processing the available results and returning the physical quantities of
interest:

• formationEnergy: the formation energy for a given charge state as a function of the electronic chemical po-
tential. The mathematical definition is given in the method description above.

• stableChargeState: the stable charge state at a given electronic chemical potential.

• transitionLevel: the transition level between two charge states. The mathematical definition is given in the
method description above.

• stableTransitions: the list of transitions between stable charge states across the whole range of the electronic
chemical potential.

Finite-size scaling and correction terms

All the post-processing methods given above take two optional arguments, supercell_repetitions and
enable_finite_size_corrections. By default, the largest supercell is used and finite-size corrections are au-
tomatically included.

As previously mentioned, the FNV correction schemePage 557, 1 is used. This scheme introduces two additional terms
in the definition of the formation energy: a correction for the electrostatic interaction between periodic replicas of the
charged defect center, and a band shift correction to the defect supercell to align the bands to a common reference
with the neutral bulk. Moreover, we add an optional strain correction, which accounts for the elastic distortion of the
surrounding lattice due to the defect.

The first correction term is added to the total energy of the defect supercell𝐸def,𝑞 , while the second is substracted from
the absolute position of the reference level for the electronic chemical potential 𝜇ref

𝑒 . The complete definition of the
formation energy therefore becomes

𝐸𝑞𝑓 = 𝐸def,𝑞 + 𝐸FNV,𝑞
1 + 𝐸strain,𝑞 − 𝐸bulk,𝑞

−
∑︁
𝑖

∆𝑛𝑖𝜇𝑖 + 𝑞
(︁
𝜇ref
𝑒 − 𝐸FNV,𝑞

2 + ∆𝜇𝑒

)︁
,

where 𝐸FNV,𝑞
1,2 are the two FNV correction terms, which depend both on the charge state and the supercell. The term

𝐸strain,𝑞 is the optional strain energy correction, which is given by

𝐸strain,𝑞 = − 𝑉

2𝐾
(𝑃 def − 𝑃 bulk)2,

where 𝑉 is the volume of the supercell, 𝐾 is the bulk modulus of the host material, 𝑃 def is the external hydrostatic
pressure in the supercell with the defect, and 𝑃 bulk is the external hydrostatic pressure for the pristine system. See
equation 57 and related discussion in4 for a more detailed description of the elastic correction and the underlying
approximations.

3 Chris G. Van de Walle and Jörg Neugebauer. First-principles calculations for defects and impurities: Applications to III-nitrides. J. Appl. Phys.,
95:3851–3879, 2004. doi:10.1063/1.1682673.

4 Christoph Freysoldt, Blazej Grabowski, Tilmann Hickel, Jörg Neugebauer, Georg Kresse, Anderson Janotti, and Chris G. Van De Walle. First-
principles calculations for point defects in solids. Rev. Mod. Phys., 86(1):253–305, 2014. doi:10.1103/RevModPhys.86.253.
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Note: The elastic strain correction is only calculated if the parameter elastic_correction_method is explicitly
set. If the parameter is not specified, 𝐸strain,𝑞 is set to zero in the formation energy calculation.

Note: The FNV correction terms only apply to non-neutral charge states. The neutral charge state results will be
unaffected by the use of the correction.

The FNV correction works by approximating the additional charge on the defect site with a Gaussian distribution in
a dielectric background. The width of this distribution can be set manually with the setModelChargeCorrection
method; by default, it is fitted for each charge state and supercell size so as to best reproduce the long-range electrostatic
potential profile of the defect supercell far away from the defect.

Note: In some cases it is not possible to reproduce the calculated potential profile with a Gaussian charge; the fitting
procedure will then set an infinite width, effectively switching off the first correction term.

Extrapolating to infinite size

In addition to the finite-size corrections, it is possible to attempt an extrapolation of the formation energy to
the limit of infinite system size. This can be specified by providing an instance of ExtrapolationScheme as
supercell_repetitions in the post-processing methods. The extrapolation scheme will use the available results
at different supercell sizes to fit a polynomial.

The form of the extrapolating function is somewhat empirical; the rationale behind it and its reliability for some practical
test cases are discussed by Lany and Zunger5. Care should be taken when making use of the extrapolation results.

Band gap correction

Standard DFT functionals are known to severely underestimate band gaps; this can be a problem for interpreting defect
transition levels, which are typically measured relative to the band edges. One solution is to use the HSE functional,
which can predict band gaps very accurately; however, it has a much higher computational cost with respect to the
standard functionals, and this will be particularly noticeable when performing defect calculations in large supercells.

Alternatively, one can employ a band-gap correction scheme for ChargedPointDefect by specifying a separate
band_gap_calculator; this will perform an additional calculation of the band gap of the host material with this
calculator, and position the defect transition levels within it for all post-processing methods. The calculation of the
host band gap is computationally inexpensive as it is done only once per study and uses the primitive unit cell, not the
supercell needed for the defect. Therefore, we suggest using either HSE or other methods available in QuantumATK
for accurately calculating band gaps (DFT-1/2, PPS, TB09-MGGA or DFT+U).

When using band_gap_calculator there are three possibilities for how the transition levels will be aligned to the
corrected band gap; this is specified in all post-processing methods with the defect_type argument. For deep defects
(the default) the levels will be aligned to the Fermi level of the pristine host material, while for shallow defects they
will be aligned either to the valence band edge (for acceptors) or the conduction band edge (for donors). In particular,
the default option for deep defects has been shown to work remarkably well over a large range of defects and host

5 Stephan Lany and Alex Zunger. Assessment of correction methods for the band-gap problem and for finite-size effects in supercell defect
calculations: Case studies for ZnO and GaAs. Phys. Rev. B, 78:235104, 2008. doi:10.1103/PhysRevB.78.235104.
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materials678, reproducing the transition levels calculated with HSE at a small fraction of the computational cost.

Usage Example

This example script shows how to perform a simple study of the vacancy in bulk silicon and display a summary of
results:

from SMW import *

# Setup the reference bulk unit cell configuration.
lattice = FaceCenteredCubic(5.4306*Angstrom)

elements = [Silicon, Silicon]

fractional_coordinates = [[ 0. , 0. , 0. ],
[ 0.25, 0.25, 0.25]]

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates,

)

# Setup the calculator.
basis_set = getattr(LDABasis, 'Silicon_SingleZeta')
calculator = LCAOCalculator(

basis_set=basis_set,
exchange_correlation=LDA.PZ,
numerical_accuracy_parameters=NumericalAccuracyParameters(

k_point_sampling=MonkhorstPackGrid(1, 1, 1))
)

# Initialize the ChargedPointDefect object.
charged_point_defect = ChargedPointDefect(

bulk_configuration=bulk_configuration,
filename='chargedpointdefect.hdf5',
formation_energy_calculator=calculator,
object_id='Si_vacancy',
point_defect=Vacancy(0),
charge_states=[2, 1, 0, -1, -2],
supercell_repetitions_list=[(1, 1, 1), (2, 2, 2), (3, 3, 3), (4, 4, 4)],
relax_atomic_coordinates=False,
dielectric_constant=11.68,

)

# Run the calculation.
(continues on next page)

6 Audrius Alkauskas, Peter Broqvist, and Alfredo Pasquarello. Defect energy levels in density functional calculations: alignment
and band gap problem. Phys. Rev. Lett., 101:046405, Jul 2008. URL: https://link.aps.org/doi/10.1103/PhysRevLett.101.046405,
doi:10.1103/PhysRevLett.101.046405.

7 J. L. Lyons and C. G. Van de Walle. Computationally predicted energies and properties of defects in gan. npj Comput. Mater., 3:12, 2017.
URL: https://doi.org/10.1038/s41524-017-0014-2, doi:10.1038/s41524-017-0014-2.

8 Christopher Linderälv, Anders Lindman, and Paul Erhart. A unifying perspective on oxygen vacancies in wide band gap oxides. J. Phys. Chem.
Lett., 9(1):222–228, 2018. URL: https://doi.org/10.1021/acs.jpclett.7b03028, doi:10.1021/acs.jpclett.7b03028.
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(continued from previous page)

charged_point_defect.update()

# Print a summary of results.
nlprint(charged_point_defect)

charged_point_defect.py

No stress correction is used in this example. Here is the resulting output from the nlprint command:

+------------------------------------------------------------------------------+
| Charged Point Defect Report |
+------------------------------------------------------------------------------+
| Finite size scaling: |
| (Formation energies are given at zero electronic chemical potential and |
| including the correction terms. The band shift correction is given by the |
| band shift multiplied by the charge times minus one.) |
+------------------------------------------------------------------------------+
| Charge: +2 |
+------------------------------------------------------------------------------+
| Number Inverse length Formation Finite size |
| of atoms (1/Angstrom) energy (eV) correction (eV) |
| 2 2.92307e-01 -3.56904e+00 2.86730e+00 |
| 16 1.46153e-01 -1.52429e+00 7.57940e-02 |
| 54 9.74356e-02 1.94982e+00 5.62643e-01 |
| 128 7.30767e-02 3.16854e+00 4.35393e-01 |
| Inf 0.00000e+00 5.70826e+00 (corrected) |
| Inf 0.00000e+00 6.45299e+00 (uncorrected) |
| |
| Finite size correction contributions: |
| |
| Number Band Periodic charge Image stress |
| of atoms shift (eV) correction (eV) correction (eV) |
| 2 -4.01568e-01 2.06417e+00 - |
| 16 -3.78970e-02 0.00000e+00 - |
| 54 5.72778e-02 6.77198e-01 - |
| 128 5.13730e-03 4.45668e-01 - |
+------------------------------------------------------------------------------+
| Charge: +1 |
+------------------------------------------------------------------------------+
| Number Inverse length Formation Finite size |
| of atoms (1/Angstrom) energy (eV) correction (eV) |
| 2 2.92307e-01 -3.55135e+00 1.04229e+00 |
| 16 1.46153e-01 -6.72596e-01 -5.61343e-02 |
| 54 9.74356e-02 2.07451e+00 1.19878e-01 |
| 128 7.30767e-02 3.23208e+00 1.03283e-01 |
| Inf 0.00000e+00 6.23957e+00 (corrected) |
| Inf 0.00000e+00 6.41137e+00 (uncorrected) |
| |
| Finite size correction contributions: |
| |
| Number Band Periodic charge Image stress |
| of atoms shift (eV) correction (eV) correction (eV) |
| 2 -5.27329e-01 5.14962e-01 - |

(continues on next page)
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| 16 5.61343e-02 0.00000e+00 - |
| 54 5.00438e-02 1.69922e-01 - |
| 128 2.67978e-02 1.30081e-01 - |
+------------------------------------------------------------------------------+
| Charge: 0 |
+------------------------------------------------------------------------------+
| Number Inverse length Formation Finite size |
| of atoms (1/Angstrom) energy (eV) correction (eV) |
| 2 2.92307e-01 -2.13008e+00 0.00000e+00 |
| 16 1.46153e-01 7.62129e-01 0.00000e+00 |
| 54 9.74356e-02 2.87491e+00 0.00000e+00 |
| 128 7.30767e-02 3.87204e+00 0.00000e+00 |
| Inf 0.00000e+00 6.73582e+00 (corrected) |
| Inf 0.00000e+00 6.73582e+00 (uncorrected) |
| |
| Finite size correction contributions: |
| |
| Number Band Periodic charge Image stress |
| of atoms shift (eV) correction (eV) correction (eV) |
| 2 -6.41716e-01 0.00000e+00 - |
| 16 1.28916e-01 0.00000e+00 - |
| 54 4.77929e-02 0.00000e+00 - |
| 128 2.66264e-02 0.00000e+00 - |
+------------------------------------------------------------------------------+
| Charge: -1 |
+------------------------------------------------------------------------------+
| Number Inverse length Formation Finite size |
| of atoms (1/Angstrom) energy (eV) correction (eV) |
| 2 2.92307e-01 4.17083e-01 -6.04335e-01 |
| 16 1.46153e-01 2.65180e+00 3.14123e-01 |
| 54 9.74356e-02 4.14399e+00 7.96451e-02 |
| 128 7.30767e-02 5.13477e+00 1.57463e-01 |
| Inf 0.00000e+00 8.63413e+00 (corrected) |
| Inf 0.00000e+00 7.82309e+00 (uncorrected) |
| |
| Finite size correction contributions: |
| |
| Number Band Periodic charge Image stress |
| of atoms shift (eV) correction (eV) correction (eV) |
| 2 -6.04335e-01 0.00000e+00 - |
| 16 6.02071e-02 2.53916e-01 - |
| 54 7.96451e-02 0.00000e+00 - |
| 128 2.98200e-02 1.27643e-01 - |
+------------------------------------------------------------------------------+
| Charge: -2 |
+------------------------------------------------------------------------------+
| Number Inverse length Formation Finite size |
| of atoms (1/Angstrom) energy (eV) correction (eV) |
| 2 2.92307e-01 3.81898e+00 -1.11445e+00 |
| 16 1.46153e-01 4.95059e+00 9.49127e-01 |
| 54 9.74356e-02 6.01975e+00 6.15873e-01 |
| 128 7.30767e-02 6.92347e+00 5.41905e-01 |

(continues on next page)
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| Inf 0.00000e+00 1.04297e+01 (corrected) |
| Inf 0.00000e+00 9.91014e+00 (uncorrected) |
| |
| Finite size correction contributions: |
| |
| Number Band Periodic charge Image stress |
| of atoms shift (eV) correction (eV) correction (eV) |
| 2 -5.57226e-01 0.00000e+00 - |
| 16 -3.31693e-02 1.01547e+00 - |
| 54 7.41950e-02 4.67483e-01 - |
| 128 3.81477e-02 4.65610e-01 - |
+------------------------------------------------------------------------------+
| Transition levels between stable charge states: |
| (All values are calculated using the corrected formation energies.) |
+------------------------------------------------------------------------------+
| Supercell: 2 atoms (1x1x1 unit cells) |
+------------------------------------------------------------------------------+
| Transition Level (eV) |
| +2/+1 1.76875e-02 |
| +1/0 1.42127e+00 |
| 0/-1 2.54716e+00 |
| -1/-2 3.40190e+00 |
+------------------------------------------------------------------------------+
| Supercell: 16 atoms (2x2x2 unit cells) |
+------------------------------------------------------------------------------+
| Transition Level (eV) |
| +2/+1 8.51697e-01 |
| +1/0 1.43472e+00 |
| 0/-1 1.88967e+00 |
| -1/-2 2.29879e+00 |
+------------------------------------------------------------------------------+
| Supercell: 54 atoms (3x3x3 unit cells) |
+------------------------------------------------------------------------------+
| Transition Level (eV) |
| +2/+1 1.24691e-01 |
| +1/0 8.00392e-01 |
| 0/-1 1.26908e+00 |
| -1/-2 1.87577e+00 |
+------------------------------------------------------------------------------+
| Supercell: 128 atoms (4x4x4 unit cells) |
+------------------------------------------------------------------------------+
| Transition Level (eV) |
| +2/+1 6.35398e-02 |
| +1/0 6.39961e-01 |
| 0/-1 1.26272e+00 |
| -1/-2 1.78871e+00 |
+------------------------------------------------------------------------------+
| Extrapolation to infinite limit |
+------------------------------------------------------------------------------+
| Transition Level (eV) |
| +2/0 5.13780e-01 |
| 0/-2 1.84694e+00 |

(continues on next page)
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+------------------------------------------------------------------------------+

It is important to note that this example is only intended to give an overview of the capabilities of ChargedPointDefect;
it does not relax the atomic coordinates of the defect supercell, and makes use of a fast calculator.

ChargedPointDefectConfiguration

class ChargedPointDefectConfiguration(pristine_configuration, point_defect, atomic_chemical_potentials,
charge_states=None, pre_relaxation_calculator=None,
pre_relaxation_parameters=None,
relax_atomic_coordinates=None, relaxation_parameters=None,
fix_atom=None, rattle_atomic_coordinates=None,
random_seed=None, use_ghost_atoms=None)

Create a charge point defect based on a specific configuration.

Parameters

• pristine_configuration (PristineConfiguration) – The original material with-
out defects.

• point_defect (NamedPointDefect) – The named point defect used to generate the
defected structure.

• atomic_chemical_potentials (Sequence or table of
CalculatedChemicalPotential | ReferenceChemicalPotential) – List of
chemical potentials for the elements in the defect configuration.

• charge_states (Sequence of int) – The integer charge states to calculate.

• relax_atomic_coordinates (bool) – Whether or not to relax the atomic coordinates.
Default: True.

• pre_relaxation_calculator (All calculators | None) – The calculator used for
relaxing the atomic coordinates. If not specified and relaxation is enabled the reference
calculator is used.

• pre_relaxation_parameters (OptimizeGeometryParameters | None) – The pa-
rameters for the atomic pre-relaxation, if enabled. Only constraints of type
FixAtomConstraints and RigidBody will be maintained, others will be discarded.

• relaxation_parameters (OptimizeGeometryParameters | None) – The parameters
for the atomic relaxation, if enabled. The parameters will also be used when calculat-
ing the vibrations if a phonon calculator has been supplied. Only constraints of type
FixAtomConstraints and RigidBody will be maintained, others will be discarded.

• fix_atom (bool) – Whether or not to fix an atom during the atomic relaxation to stop
drift. Default: True

• rattle_atomic_coordinates (bool) – Whether or not to rattle the atomic coordinates
before relaxation to destroy symmetry. Default: False

• random_seed (int | None) – The random seed for the atomic rattling.

• use_ghost_atoms (bool) – Whether or not to use ghost atoms when generating single
vacancy defects. For other defect types ghost atoms are not supported. Default: False
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allConverged()

Returns
Whether or not all calculated SCF loops and geometry optimizations are converged.

Return type
bool

atomicChemicalPotentials(element=None)
Return one or all of the atomic chemical potentials used to define the zero of energy in the defect system.

Parameters
element (PeriodicTableElement | None) – The element for which the chemical poten-
tial is sought. If not given a list of all chemical potentials is returned.

Returns
The atomic chemical potentials used to define the zero energy in the configuration.

Return type
list | ReferenceChemcialPotential | CalculatedChemicalPotential

chargeStates()

Returns
The charge states, in integer electron charges, calculated for the defect.

Return type
tuple of int

concentration(charge_state=0, electronic_chemical_potential=None,
electronic_chemical_potential_reference=None, temperature=PhysicalQuantity(300.0, K),
equivalent_defects=None, internal_degrees_of_freedom=1)

Calculates the concentration of the defect in the given charge state and at the given temperature.

Parameters

• charge_state (int) – The charge state of the defect.

• electronic_chemical_potential (PhysicalQuantity of
type energy) – The electronic chemical potential relative to
electronic_chemical_potential_reference. Default: 0.0 * eV

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• temperature (PhysicalQuantity of type temperature) – The temperature at which the
concentration should be calculated. Default: 300K.

• equivalent_defects (int) – The number of equivalent sites for this defect in the
primitive host cell. Default: Automatically determined using symmetry.

• internal_degrees_of_freedom (int) – The internal degrees of freedom of the
defect. E.g. spin states or equivalent orientations (self-interstitials). Default: 1.

Returns
The concentration of the defect.

Return type
PhysicalQuantity of type inverse volume
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defectCenterConfiguration(charge_state=None, symmetry_group_index=0,
symmetry_operation_index=0, unit_cell_translation=None,
symmetry_type=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.DefectSuperCell'>)

Retrieve the calculated position of the defect center for a given supercell, in the form of a bulk configuration
(the configuration has a single hydrogen atom at the defect center).

This result will only be available after the calculation ran successfully.

Parameters

• charge_state (int) – The charge state of the defect. Default: 0

• symmetry_group_index (int) – The index of the group of symmetry operations that
give the same configuration.

• symmetry_operation_index (int) – The index of the operation within the group
to apply.

• unit_cell_translation (sequence (size 3) of int) – An additional trans-
lation to apply in terms of the unit cell vectors. Default: No translation.

• symmetry_type (DefectUnitCell | DefectSuperCell) – Whether the supercell
or unit cell symmetry is used to transform the defect position. Default: DefectSuper-
Cell.

Returns
The defect center configuration. If not available, returns None.

Return type
BulkConfiguration | None

defectConfiguration(charge_state=None)
The defect configuration associated with a given change state.

Parameters
charge_state (int) – The charge of the defect.

Returns
The configuration of the defect.

Return type
BulkConfiguration

defectSymmetryData(charge_state=None)
Return information about the symmetry of the optimized defect.

Parameters
charge_state (int) – The charge state of the defect. Default: 0

Returns
The symmetry information for the defect supercell. If not available, returns None.

Return type
dict | None

finiteSizeCorrection(charge_state=None)
The finite size correction for the defect.

Parameters
charge_state (int) – The charge of the defect.
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Returns
The band shift correction.

Return type
IsotropicFiniteSizeCorrection

fitConcentrationArrheniusParameters(charge_state=None, electronic_chemical_potential=None,
electronic_chemical_potential_reference=None,
temperatures=None, equivalent_defects=None,
internal_degrees_of_freedom=1)

Fit Arrhenius parameters describing concentration at a particular charge state or the intrinsic concentration.
The Arrhenius equation is given as:

𝐶 = 𝐴 exp(𝐵/𝑇 )

Parameters

• charge_state (int | None) – The charge state at which the parameters are calcu-
lated. If None is given parameters are calculated for the intrinsic concentration.

• electronic_chemical_potential (PhysicalQuantity of
type energy) – The electronic chemical potential relative to
electronic_chemical_potential_reference. Default: 0.0 * eV

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• temperatures (PhysicalQuantity of type temperature) – A list of temperatures at
which the concentration is calculated for fitting. Default: Temperature range of 300K
to 1500K in 100K increments.

• equivalent_defects (int) – The number of equivalent sites for this defect in the
primitive host cell. Default: Automatically determined using symmetry.

• internal_degrees_of_freedom (int) – The internal degrees of freedom of the
defect. E.g. spin states or equivalent orientations (self-interstitials).

Returns
Tuple of the Arrhenius pre-factor and barrier.

Return type
tuple of PhysicalQuantity of type inverse volume and PhysicalQuantity of type tempera-
ture.

fixAtom()

Returns
Whether or not an atom is fixed during coordinate relaxation to prevent drift.

Return type
bool

formationEnergyCalculator()

Returns
The calculator used to calculate the formation energy.

Return type
Calculator
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formationEntropy(charge_state=None, temperature=None)
Determines the formation entropy for a given defect, defined as

𝑆harmonic
𝑓 = 𝑆def

vib − 𝑆pr
vib −

∑︀
𝑖 ∆𝑛𝑖𝑠𝑖

where the first and second terms correspond to the defect and pristine entropies, respectively, and the third
term is the sum of the atomic partial entropies.

Parameters

• charge_state (int) – The charge of the defect.

• temperature (PhysicalQuantity of type temperature) – The temperature used for cal-
culating the formation entropy. Default: 300.0 * Kelvin

Returns
The calculated formation entropy.

Return type
PhysicalQuantity of type energy per temperature.

formationFreeEnergy(charge_state=None, electronic_chemical_potential=None,
electronic_chemical_potential_reference=None, defect_type=None,
enable_finite_size_corrections=None, temperature=None,
include_vibrations=None)

Return the Helmholtz formation free energy. This is calculated as:

𝐹𝑓 = 𝑈𝑓 − 𝑇𝑆𝑓

Parameters

• charge_state (int) – The charge of the defect.

• electronic_chemical_potential (PhysicalQuantity of
type energy) – The electronic chemical potential relative to
electronic_chemical_potential_reference. Default: 0.0 * eV

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band
gap calculated with band_gap_calculator; see Notes below for details. Note
that this parameter only has an effect if band_gap_calculator is different from
formation_energy_calculator. Default: DeepLevelDefect

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: True

• temperature (bool) – The temperature used for calculating vibrational energy De-
fault: 300K

• include_vibrations (bool) – Whether or not vibrational terms are included, if
available. Default: True

Returns
The calculated formation energy.

Return type
PhysicalQuantity of type energy
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formationInternalEnergy(charge_state, electronic_chemical_potential=None,
electronic_chemical_potential_reference=None, defect_type=None,
enable_finite_size_corrections=None, temperature=None,
include_vibrations=None)

The internal formation energy for a given charge state 𝑞 of the defect, defined as

𝑈𝑞𝑓 = 𝑈def,𝑞 − 𝑈bulk,𝑞 −
∑︀
𝑖 ∆𝑛𝑖 𝜇𝑖 + 𝑞

(︀
𝜇ref
𝑒 + ∆𝜇𝑒

)︀
.

The first two terms are the total internal energy of the supercell with and without the defect, respectively.
∆𝑛𝑖 is the difference in the number of atoms between the two supercells for species 𝑖, and 𝜇𝑖 is the atomic
chemical potential for that species. 𝜇ref

𝑒 is the absolute position of the reference level for the electronic
chemical potential (either the valence band maximum or the conduction band minimum), and ∆𝜇𝑒 is the
electronic chemical potential relative to it.

Parameters

• charge_state (int) – The charge state of the defect.

• electronic_chemical_potential (PhysicalQuantity of
type energy) – The electronic chemical potential relative to
electronic_chemical_potential_reference. Default: 0.0 * eV

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band gap
calculated with band_gap_calculator. Note that this parameter only has an effect
if band_gap_calculator is different from formation_energy_calculator. De-
fault: DeepLevelDefect

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: True

• temperature (bool) – The temperature used for calculating vibrational energy De-
fault: 300K

• include_vibrations (bool) – Whether or not vibrational terms are included, if
available. Default: True

Returns
The calculated formation energy.

Return type
PhysicalQuantity of type energy

geometryConverged(charge_state)
Return whether or not a specific geometry optimization converged.

Parameters
charge_state (int) – The charge of the defect.

Returns
Whether or not the geometry optimization converged for this defect.

Return type
bool

intrinsicConcentration(electronic_chemical_potential=None,
electronic_chemical_potential_reference=None,
temperature=PhysicalQuantity(300.0, K), equivalent_defects=None,
internal_degrees_of_freedom=1)
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The sum of concentrations of all available charge states.

Parameters

• electronic_chemical_potential (PhysicalQuantity of
type energy) – The electronic chemical potential relative to
electronic_chemical_potential_reference. Default: 0.0 * eV

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• temperature (PhysicalQuantity of type temperature) – The temperature at which the
concentration should be calculated.

• equivalent_defects (int) – The number of equivalent sites for this defect in the
primitive host cell. Default: Automatically determined using symmetry.

• internal_degrees_of_freedom (int) – The internal degrees of freedom of the
defect. E.g. spin states or equivalent orientations (self-interstitials).

isConverged(charge_state)
Return whether or not a specific SCF loop and geometry optimization are converged.

Parameters
charge_state (int) – The charge of the defect.

Returns
Whether or not the SCF loop converged for this defect.

Return type
bool

namedPointDefect()

Returns
The named point defect used to generate the defected configuration.

Return type
NamedPointDefect

nlinfo()

Returns
Information summarizing the defect calculation.

Return type
dict

nlprint(stream)

Print a string containing an ASCII table summarizing the available results for the defect.

Parameters
stream (file-like) – The stream to write to. This should be an object that supports
strings being written to it using a write method.

numberOfSymmetricDefects(charge_state=None, symmetry_type=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.DefectSuperCell'>)

Return the number of distinct but symmetrically equivalent defect configurations.

Parameters
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• charge_state (int) – The charge state of the defect.

• symmetry_type (DefectSuperCell | DefectUnitCell.) – Whether the nunber
of defects is according to the unit cell or supercell symmetry. Default: DefectSuper-
Cell

Returns
The total number of symmetrically equivalent defects.

Return type
int

numberOfSymmetryOperations(charge_state=None, symmetry_group_index=0, symmetry_type=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.DefectSuperCell'>)

Return the number of symmetry operations that produce identical defects.

Parameters

• charge_state (int) – The charge state of the defect.

• symmetry_group_index (int) – The index of the unique defect.

• symmetry_type (DefectSuperCell | DefectUnitCell) – Whether the nunber
of defects is according to the unit cell or supercell symmetry. Default: DefectSuper-
Cell.

Returns
The total number of symmetry operations that produce the same defect.

Return type
int

phononDensityOfStates(charge_state=None)
Phonon density of states of the defect.

Parameters
charge_state (int) – The charge of the defect.

Returns
The phonon DOS if vibrational corrections are enabled. None if not.

Return type
PhononDensityOfStates | None

pointDefect()

Returns
The point defect used to generate the defected configuration.

Return type
BasePointDefect

possibleTransition(other)
Check to see if there is a possible transition path between the current and another defect.

Parameters
other (ChargedPointDefectConfiguration) – The other defect to test.

Returns
Whether or not a transition is possible.

Return type
bool
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preRelaxationCalculator()

Returns
The calculator used to relax the atomic coordinates in the pre-optimization step.

Return type
Calculator

preRelaxationParameters()

Returns
The parameters of the optimization used to pre-relax the defect configuration.

Return type
OptimizeGeometryParameters

pristineConfiguration()

Returns
The reference pristine configuration from which the defect is formed.

Return type
PristineConfiguration

randomSeed()

Returns
Random seed used for generating random numbers.

Return type
int

rattleAtomicCoordinates()

Returns
Whether or not the atomic coordinates are rattled before optimization to break symmetry.

Return type
bool

relaxAtomicCoordinates()

Returns
Whether or not the atomic coordinates are relaxed using the formation energy calculator.

Return type
bool

relaxationParameters()

Returns
The parameters of the optimization used to relax the atomic coordinates.

Return type
OptimizeGeometryParameters

sameFormationEnergyCalculators(other)
Check that the same formation energy calculator was used in two different defects.

Parameters
other (ChargedPointDefectConfiguration) – The other defect to test for possible
transitions to.
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Returns
Whether the formation energy calculators are the same.

Return type
bool

scfConverged(charge_state)
Return whether or not a specific SCF loop converged.

Parameters
charge_state (int) – The charge of the defect.

Returns
Whether or not the SCF loop converged for this defect.

Return type
bool

stableChargeState(electronic_chemical_potential, electronic_chemical_potential_reference=None,
defect_type=None, enable_finite_size_corrections=None, temperature=None,
include_vibrations=None)

The stable charge state at a given electronic chemical potential.

Parameters

• electronic_chemical_potential (PhysicalQuantity of
type energy) – The electronic chemical potential relative to
electronic_chemical_potential_reference.

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band
gap calculated with band_gap_calculator; see Notes below for details. Note
that this parameter only has an effect if band_gap_calculator is different from
formation_energy_calculator. Default: DeepLevelDefect

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: True

• temperature (bool) – The temperature used for calculating vibrational energy De-
fault: 300K

• include_vibrations (bool) – Whether or not vibrational terms are included, if
available. Default: True

Returns
The calculated stable charge state.

Return type
int

stableTransitions(electronic_chemical_potential_reference=None, defect_type=None,
enable_finite_size_corrections=None, temperature=None, include_vibrations=None)

The list of transitions between stable charge states across the whole range of the electronic chemical po-
tential. The transition levels are given relative to electronic_chemical_potential_reference.

Parameters
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• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band
gap calculated with band_gap_calculator; see Notes below for details. Note
that this parameter only has an effect if band_gap_calculator is different from
formation_energy_calculator. Default: DeepLevelDefect

• supercell_repetitions (sequence (size 3) of int | ExtrapolationScheme) – The
number of repetitions of the bulk unit cell along the (a, b, c) directions. If Extrapola-
tionScheme, the extrapolation to the infinite supercell size limit is used. Default: The
largest calculated supercell.

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: True

• temperature (bool) – The temperature used for calculating vibrational energy De-
fault: 300K

• include_vibrations (bool) – Whether or not vibrational terms are included, if
available. Default: True

Returns
The list of transitions between stable charge states in order as the electronic chemical po-
tential is increased, and the values of the corresponding transition levels.

Return type
tuple of (list of list (size 2) of int, list of float)

symmetricDefect(charge_state=None, symmetry_group_index=0, symmetry_operation_index=0,
unit_cell_translation=None, symmetry_type=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.DefectSuperCell'>)

Generate a symmetrically equivalent defect configuration using the symmetry operations of the pristine
material.

Parameters

• charge_state (int) – The charge state of the defect. Default: 0

• symmetry_group_index (int) – The index of the group of symmetry operations that
give the same configuration.

• symmetry_operation_index (int) – The index of the operation within the group
to apply.

• unit_cell_translation (Sequence of int of size 3) – An additional trans-
lation to apply in terms of the unit cell vectors. This can be used move the defect within
the supercell.

• symmetry_type (DefectUnitCell | DefectSuperCell) – Whether the supercell
or unit cell symmetry is used to transform the defect position. Default: DefectSuper-
Cell.

Returns
The symmetrically equivalent defect.

Return type
BulkConfiguration
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symmetricDefectPosition(charge_state=0, symmetry_group_index=0, symmetry_operation_index=0,
unit_cell_translation=None, coordinate_type=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>,
symmetry_type=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.DefectSuperCell'>)

Get the symmetrically equivalent defect position using the symmetry operations of the pristine cell.

Parameters

• charge_state (int) – The charge state of the defect. Default: 0

• symmetry_group_index (int) – The index of the group of symmetry operations that
give the same configuration.

• symmetry_operation_index (int) – The index of the operation within the group
to apply.

• unit_cell_translation (Sequence of int of size 3) – An additional trans-
lation to apply in terms of the unit cell vectors. This can be used move the defect within
the supercell.

• coordinate_type (Fractional | Cartesian) – Whether the defect coordinates
are given in Cartesian or fractional coordinates. Fractional coordinates are given in
reference to the supercell translation vectors.

• symmetry_type (DefectUnitCell | DefectSuperCell) – Whether the supercell
or unit cell symmetry is used to transform the defect position. Default: DefectSuper-
Cell.

Returns
The symmetrically equivalent defect position.

Return type
PhysicalQuantity of type length | numpy.ndarray

totalEnergy(charge_state=None)
The defect total energy associated with a given charge state.

Parameters
charge_state (int) – The charge of the defect.

Returns
The total energy analysis of the defect.

Return type
TotalEnergy

transitionLevel(charge_states, electronic_chemical_potential_reference=None, defect_type=None,
enable_finite_size_corrections=None, temperature=None, include_vibrations=None)

The transition level between two calculated charge states 𝑚 and 𝑛, defined as

𝐸 (𝑚/𝑛) =
𝐸𝑛

𝑓 (Δ𝜇𝑒=0)−𝐸𝑚
𝑓 (Δ𝜇𝑒=0)

𝑚−𝑛 .

The transition level is given relative to electronic_chemical_potential_reference.

Parameters

• charge_states (sequence (size 2) of int) – The two charge states to calcu-
late the transition level for.
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• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band
gap calculated with band_gap_calculator; see Notes below for details. Note
that this parameter only has an effect if band_gap_calculator is different from
formation_energy_calculator. Default: DeepLevelDefect

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: True

• temperature (bool) – The temperature used for calculating vibrational energy De-
fault: 300K

• include_vibrations (bool) – Whether or not vibrational terms are included, if
available. Default: True

Returns
The calculated transition level.

Return type
PhysicalQuantity of type energy

uniqueString()

Return a unique string representing the state of the object.

update()

Perform the calculation.

useGhostAtoms()

Returns
Whether or not ghost atoms replace lattice atoms in vacancy defects.

Return type
bool

vibrations(charge_state=None)
Vibrational frequencies of the defect.

Parameters
charge_state (int) – The charge of the defect.

Returns
The vibrations if vibrational corrections are enabled. None if not.

Return type
PhysicalQuantity of type inverse time | None
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Usage Examples

In this example the vacancy and anti-site defects in silicon carbide are calculated using the ChargedPointDefectCon-
figuration object. Note that the DFT calculations can take several hours.

A workflow for the calculation can be downloaded here with a corresponding python script SiC_Defects_Example.
py.

Notes

The ChargedPointDefectConfiguration object calculates the properties of a defect at one or more charge states. The
defect configuration can be optimized for each charge state.

The ChargedPointDefectConfiguration is created by supplying a PristineConfiguration, a NamedPointDefect that de-
fines the defect and a BaseChemicalPotential for each element in the defect. Additional arguments set the optimization
procedure for the defects and also whether or not ghost atoms are used in vacancy defects. The calculation of the defects
is started by calling the update method.

Once the calculation is completed the ChargedPointDefectConfiguration object can be analyzed in the Charged Point
Defect Analyzer. Derived properties of the defects such as +formation energy, defect concentration and trap levels can
be queried individually using the +corresponding methods.

ChebyshevExpansionSolver

class ChebyshevExpansionSolver(maximum_order, tolerance, temperature=None)
Calculate the density matrix using the Chebyshev expansion method.

Parameters

• maximum_order (int > 0) – The highest order used in the Chebyshev expansion.

• tolerance (float) – The threshold to treat Chebyshev coefficients as zero.

• temperature (PhysicalQuantity of type temperature.) – The smearing of the Fermi dis-
tribution. Default: 300*Kelvin

maximumOrder()

Returns
The highest order used in the Chebyshev expansion.

Return type
int

temperature()

Returns
The smearing temperature of the Fermi distribution.

Return type
PhysicalQuantity of type temperature

tolerance()

Returns
The threshold where the Chebyshev coefficients are treated as zero.
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Return type
float

uniqueString()

Return a unique string representing the state of the object.

Notes

The implemented Chebyshev expansion method is based on the work of Baer et al., J.Chem.Phys.107(23),1997. The
method has a 𝑂(𝑁2) complexity.

The method decomposes the density matrix as a sum of Chebyshev polynomials

𝐷 =

𝑃−1∑︁
𝑛=0

𝑎𝑛(𝛽, 𝜀𝐹 )𝑇𝑛(𝐻)

with 𝑎𝑛 the Chebyshev coefficients as a function of the inverse temperature 𝛽 and Fermi energy 𝜀𝐹 . The Chebyshev
polynomials 𝑇𝑛 are evaluated as a function of the system’s Hamiltonian 𝐻 for each k-point.

In contrast to the method of Baer et al., the order of the Chebyshev expansion is dynamically changed to obtain density
matrix results within the requested accuracy. On construction the caller needs to be specify the maximum number of
terms in the Chebyshev expansion and the tolerance at which trailing Chebyshev coefficients are considered zero.

CheckpointHandler

class CheckpointHandler(file_name=None, time_interval=None)
Class for representing the parameters used for saving the configuration and calculator at regular intervals during
self- consistent iterations.

Parameters

• file_name (str) – The name of the checkpoint file. The file can be given as an absolute
path or a relative path interpreted relative to the current working directory. The path of the
checkpoint file is written in the output log of the calculator. The extension can be either
“nc” for a NetCDF file or “hdf5” for an HDF5 file. Default: File of the form: 'TEMP/
checkpointXXXXXXXX.hdf5', where TEMP is the temporary folder on the computer and
X is a random digit.

• time_interval (PhysicalQuantity of type time interval | Disabled) – The approximate
time between saving. The program will check if the time since last save exceeds the time
interval after each self-consistent iteration. Default: 0.5 * Hour.

fileName()

Returns
The name of the checkpoint file.

Return type
str

timeInterval()

Returns
The length of the time interval or Disabled if there’s no checkpoint handling.
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Return type
PhysicalQuantity of type time interval | Disabled

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Set the checkpoint file to “/home/checkpoint.nc” and tell the calculator to store itself every 20 minutes.

checkpoint_handler = CheckpointHandler('/home/checkpoint.nc', 20*Minute)
calculator = LCAOCalculator(checkpoint_handler=checkpoint_handler)

Turn off checkpoint handling for a calculator.

calculator = LCAOCalculator(checkpoint_handler=NoCheckpointHandler)

ChemicalCompositionProfile

class ChemicalCompositionProfile(md_trajectory, start_time=None, end_time=None, resolution=None,
atom_selection=None, direction_index=None, time_resolution=None,
info_panel=None)

Constructor for the ChemicalCompositionProfile object.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the density profile for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of the type time) – The end time. Default: the last time
frame.

• resolution (PhysicalQuantity of type length) – The bin size, which determines the res-
olution of the profile. Default: 2.0 * Angstrom

• direction_index (int) – The index of the cell vector along which the profile should
be calculated. Can only be an element of [0, 1, 2]. Default: 2

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

data()

Returns
A dictionary containing the composition profile of each element as a percentage of the total
composition

Return type
dict
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zValues()

Returns
The positions of the bins associated with the density profile.

Return type
PhysicalQuantity of type length

Usage Examples

Load an BulkConfiguration and calculate the chemical composition profile along the C-vector of the cell:

# Load the configuration for analysis
configuration = nlread('Si-Si3N4_interface.hdf5')[-1]

# Calculate the mass density profile along the C-vector of the cell.
composition_profile = ChemicalCompositionProfile(

configuration,
direction_index=2,
resolution=2.0 * Angstrom,
start_time=0.0 * fs

)

# Get the chemical composition and the positions of the bin centers.
chemical_composition = composition_profile.data()
bin_centers = composition_profile.zValues()

# Create the plot model
model = Plot.PlotModel(x_unit=Angstrom)
model.title().setText('Chemical composition')
model.xAxis().setLabel('C axis')
model.yAxis().setLabel('Element Percentage')
model.legend().setVisible(True)

# Add line for each element
for key in chemical_composition.keys():

line = Plot.Line(bin_centers, chemical_composition[key])
line.setLabel(f'Percentage of {key}')
model.addItem(line)

# Set different colors for each line
Plot.Colors.applyToItems(model.items(plot_item_type=Plot.Line))

# Set the ranges and show the plot
model.setLimits()
Plot.show(model)

composition_profile.py Si-Si3N4_interface.hdf5
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Notes

The fraction of each element within a bin is given as a percentage value with respect to the total number of atoms.

ChemicalPotential

class ChemicalPotential(configuration=None)
A class for representing the ChemicalPotential.

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for which
the chemical potential should be calculated.

evaluate(spin=None)
Get the chemical potential(s).

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin channel the chemical potential
should be returned for. Must be either Spin.Up, Spin.Down or Spin.All. The chemical
potential will only depend on spin when the calculation has been done with a fixed spin
moment. In that case if Spin.All is chosen a list of both chemical potentials is returned.
Default: Spin.All

Returns
The chemical potential. For a device the chemical potentials of the electrodes are returned.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The chemical potential information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.
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Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the chemical potential of a bulk system and print the result:

chemical_potential_object = ChemicalPotential(bulk_configuration)
fermi_level = chemical_potential_object.evaluate()[0]
print 'Fermi level = ', fermi_level.inUnitsOf(eV), ' eV'

Calculate the chemical potentials of a device system and print the results:

chemical_potential_object = ChemicalPotential(device_configuration)
left_chemical_potential = chemical_potential_object.evaluate()[0]
right_chemical_potential = chemical_potential_object.evaluate()[1]
print 'left chemical potential = ', left_chemical_potential.inUnitsOf(eV), ' eV'
print 'right chemical potential = ', right_chemical_potential.inUnitsOf(eV), ' eV'

CleanVacuumRegion

class CleanVacuumRegion(fuzz_factor=1.5, substrate_search_radius=PhysicalQuantity(2.0, Ang))
Removes any atoms that are not in the same bonding graph as the fixed atoms. Atoms whose distance is less than
the fuzz factor times the sum of covalent radii are considered bonded. So a larger fuzz factor is more conservative
when determining which atoms are removed.

Parameters

• fuzz_factor (float) – The factor by which the covalent radii are multiplied to deter-
mine the cutoff distance for a bond. Default: 1.5.

• substrate_search_radius (PhysicalQuantity of type distance | None) – Search
radius for finding substrate atoms that have become unbonded from the substrate structure.
Unbound atoms that have substrate atoms above them within a cylinder of the given radius
are considered to be part of the substrate structure and therefore not removed. Setting this
argument to None disables this additional check. Default: 2 Angstrom.

uniqueString()

Return a unique string representing the state of the object.

4.13. Full QuantumATK package 583



QuantumATK V-2023.12 Documentation

Usage Examples

Run an etching simulation of nitrogen on a silica surface using a ReaxFF potential, with an additional CleanVacuum-
Region hook function.

# Attach ReaxFF calculator.
potentialSet = ReaxFF_CHONSSi_2012(strict_bondpairs = None)
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(0.25*Angstrom)
bulk_configuration.setCalculator(calculator)

surface_process_simulation = SurfaceProcessSimulation(
substrate=bulk_configuration,
filename='sio2_n_etching.hdf5',
object_id='sps_0',
random_seed=7,
temperature=300.0*Kelvin,
fixed_thickness=4.0*Angstrom,
thermostat_thickness=8*Angstrom,
log_interval=10,

)

# Run 5 deposition events, each 20 ps long.
surface_process_simulation.addSequence(

molecule=Nitrogen,
number_of_events=5,
md_time=20*ps,
time_step=1.0*fs,
mean_kinetic_energy=25*eV,
std_kinetic_energy=0.3*eV,
mean_incident_angle=0*Degrees,
std_incident_angle=2*Degrees,
post_md_hooks=[CleanVacuumRegion()],

)

surface_process_simulation.update()

sio2_n_etching.py

The results from the simulation can be visualized using the Movie Tool on the QATK LabFloor.

See also ref.spshookscommon.notes.
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CoarseGrainMapper

class CoarseGrainMapper

Define a mapping object for converting an all-atom configuration to a coarse grain one. Rules need to be added
to define the mapping, and then configuration can be converted.

addMappingRule(template, bead_size, bead_indices, context_indices=None, martini_label=None)
Add a definition of a coarse grain bead.

Parameters

• template (MoleculeConfiguration | BulkConfiguration) – A configuration
that contains an example of the bead.

• bead_size (str | PhysicalQuantity of type length) – The size of the resulting bead.
This can be specified as a Martini bead size (R, S or T) or given explicitly as a bead
radius.

• bead_indices (list of int) – Indices of the atoms in the configuration that are
united in the bead.

• context_indices (list of int) – Additional atoms in the configuration that
helps define an instance of the bead.

• martini_label (str) – A label describing polarity of the bead according to the Mar-
tini typing scheme. This requires that the bead size is also specified with a Martini
label.

beadIndices(configuration, rule, use_precedence=True)
Return the indices of the atoms that are included in each bead.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration) – Configura-
tion for which the beads are being sought.

• rule (int) – The index of the rule for which the beads are sought.

• use_precedence (bool) – Whether or not precedence is used to exclude already
mapped atoms.

Returns
List of sets of the atoms that form each bead.

Return type
list of sets

coarseGrainConfiguration(atomic_configuration, bead_center=None, maintain_mass=False)
Use the mapping rules to create a coarse-grain configuration from a all-atom configuration.

Parameters

• atomic_configuration (MoleculeConfiguration | BulkConfiguration) –
The configuration to be converted.

• bead_center (CenterOfGeometry | CenterOfMass | None) – Whether the cen-
ter of geometry or the center of mass of the mapped atoms are used to place each
bead. The default None corresponds to using the center of geometry. Default:
CenterOfGeometry
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• maintain_mass (bool) – Whether or not exact bead masses are maintained for beads
of the same type. The default is to use the most frequent mass for all beads of a
particular type.

Returns
The configuration with mapped atoms converted to coarse grain beads.

Return type
MoleculeConfiguration | BulkConfiguration

coarseGrainForces(atomic_configuration, forces)
Use the mapping rules to create a coarse-grain forces from a all-atom forces.

Parameters

• atomic_configuration (MoleculeConfiguration | BulkConfiguration) –
The configuration whose forces are being converted.

• forces (PhysicalQuantity array of type energy per distance) – The all atom forces
being converted

Returns
The configuration with mapped atoms converted to coarse grain beads.

Return type
MoleculeConfiguration | BulkConfiguration

coarseGrainTrajectory(trajectory, bead_center=None, maintain_mass=False)
Use the mapping rules to create a coarse-grain trajectory from an all-atom trajectory. This method converts
both Trajectory and MDTrajectory objects.

Parameters

• atomic_configuration (Trajectory | MDTrajectory) – The trajectory to be con-
verted.

• bead_center (CenterOfGeometry | CenterOfMass | None) – Whether the
center of geometry or the center of mass of the mapped atoms are used to place each
bead. The default None corresponds to using the center of geometry Default: Cen-
terOfGeometry

• maintain_mass (bool) – Whether or not exact bead masses are maintained for beads
of the same type. The default is to use the most frequent mass for all beads of a
particular type.

Returns
The configuration with mapped atoms converted to coarse grain beads.

Return type
MoleculeConfiguration | BulkConfiguration

numberOfRules()

Returns
The number of rules added to the mapping object.

Return type
int

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Create a coarse-grain model of polystyrene from an existing all-atom configuration.

# Load the bulk all-atom configuration
aa_configuration = nlread('bulk_polystyrene.hdf5')[0]

# Load a template that helps to define the mapping
template = nlread('template.hdf5')[0]

# Create a mapping object and define mapping rules for the three different beads
# Each bead is set to the Martini Small (S) size.
mapper = CoarseGrainMapper()
mapper.addMappingRule(template, 'S', [0, 2, 3, 4, 15, 16, 17, 18])
mapper.addMappingRule(template, 'S', [1, 5, 7, 13, 14], context_indices=[0])
mapper.addMappingRule(template, 'S', [6, 8, 9, 10, 11, 12])

# Create the coarse-grain structure using the defined mapping rules
cg_configuration = mapper.coarseGrainConfiguration(aa_configuration)

# Save the configuration
nlsave('cg_polystyrene.hdf5', cg_configuration)

polystyrene_coarse_grain.py

The given script converts an all-atom configuration of bulk polystyrene into a coarse-grain one. The mapping follows
the scheme in the figure below. Each bead corresponds to one full heavy atom and two halves, which are shared with
neighboring beads. The backbone beads are centered on the carbons connected to the benzene ring. A second bead is
then centered on the carbon in the benzene ring that connects to the backbone. Finally, two of the same bead types are
used to map the remaining four carbon atoms in the benzene ring. All hydrogen atoms are included with their attached
carbon.

Once the mapping object is created, the mapping scheme is created by adding rules that define each bead. This is done
by giving a configuration, the size of the bead and the indices of the atoms in the configuration that define the bead.
When the all-atom configuration is mapped to a coarse-grain one, graph matching is used to convert all groups of atoms
whose bond graph matches the atoms given in the rule. Additional atoms can also be given that help to identify the
atoms being converted, without being included in the bead itself. This is done in the example above in defining the
second bead using the argument context_indices. Here the connecting carbon chain atom is also given so that the
bead is centered on the connection between the benzene ring and the carbon chain.

Once the mapping is defined the coarse-grain representation is simply created by giving a configuration and calling the
coarseGrainConfiguration method.

Notes

The CoarseGrainMapper class can be used to define a mapping between all-atom and coarse-grain structures that
can be then used to convert different configurations or trajectories. The mapping is constructed by adding rules that
define each bead. A bead is defined by giving an example of one or more atoms in a configuration that map to the bead.
The mapping algorithm can then use graph matching to find all the occurrences of this bond pattern and convert it into
a bead. For each rule a template configuration, a bead size and the indices in the configuration that define the bead
must be given. The size of the bead can be specified using the Martini formalism of R (regular) S (small) or T (tiny)
or by simply giving a particle radius. In cases where the same or similar bonding patterns are used for different beads,
additional atoms can be specified using the context_indices argument. These atoms are added to the graph pattern
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Fig. 4.7: Coarse-grain mapping of polystyrene. The numbers correspond to the indices of the carbon atoms in the
polystyrene template.
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but are not included in the bead definition. An optional label for each bead can be also added with the martini_label
argument.

Once the rules are defined a coarse-grain configuration or trajectory can be created from an all-atom one using the
coarseGrainConfiguration and coarseGrainTrajectory methods. In addition to the configuration these also
optionally take a definition of the bead center. New beads can either be placed at the center of mass of the mapped
atom, or simply at the average Cartesian coordinates ignoring mass weighting. These options are specified with the flags
CenterOfMass and CenterOfGeometry, respectively. Whether or not the the exact mass of the beads is maintained
can also be specified. When converting polymers or other chain structures, beads on the end will often have different
numbers of hydrogens or not have the same atom sharing as beads in the center. By default the most frequent mass of
each bead type is used. In the case of a simple polyethylene polymer, this results in the whole polymer being represented
by C2H4 beads. This ignores the additional hydrogens on each end. Setting the argument maintain_mass to True
creates additional beads types for the terminal beads, that map the correct C2H5 end group.

When the configuration is converted the rules are applied in order to convert the structure. The graph matching al-
gorithm is able to share atoms between different beads, to enable the creation of symmetric mappings. In the given
example, a symmetric mapping of polystyrene is generated by sharing atoms between beads, allowing beads be be
centered on the atoms that connect the carbon chain and the benzene ring.

Similar to configurations, all-atom forces can be mapped into coarse-grain forces. This is done assuming that the atoms
of the bead form a rigid unit, and so the total force on the bead is the vector sum of the forces acting on the atoms.

CohesiveEnergyDensity

class CohesiveEnergyDensity(md_trajectory, polymer_tags=None, start_time=None, end_time=None,
time_resolution=None, nonbond_cutoff=None, electrostatic_cutoff=None,
electrostatic_accuracy=None, use_coulomb_dsf=False, memory_cache=True,
calculate_interaction=False, gui_worker=None)

Create an analyzer to calculate the cohesive energy density of polymer chains.

Parameters

• md_trajectory (MDTrajectory | BulkConfiguration) – The MDTrajectory or
AtomicConfiguration that contains the polymers.

• polymer_tags (list of type str | None | Automatic) – A list of tags for the
polymers. If not specified default tags are used.

• start_time (PhysicalQuantity of the type time) – The start time. Default: 0.0 * fs.

• end_time (PhysicalQuantity of the type time) – The end time. Default: The last time
image.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• nonbond_cutoff (PhysicalQuantity of type length) – The cutoff used to calculate
Lennard-Jones interactions. Default: The existing Lennard-Jones cutoff

• electrostatic_cutoff (PhysicalQuantity of type length) – The cutoff used to calculate
DSF electrostatics, if selected. Default: The existing DSF cutoff

• electrostatic_accuracy (float) – The accuracy of the electrostatic summation
when using SPME. Default: The existing SPME accuracy

• use_coulomb_dsf (bool) – Whether or not to use DSF to evaluate electrostatic interac-
tions. Default: False

4.13. Full QuantumATK package 589



QuantumATK V-2023.12 Documentation

• memory_cache (bool) – Whether or not to cache the entire trajectory in memory. De-
fault: True

• calculate_interaction (bool) – Whether or not to calculate the individual interac-
tion energy of each molecule. This can take significant additional time to calculate. De-
fault: False

• gui_worker (PolymerAnalysisWorker) – Handle to the worker, for displaying the cal-
culation progress. Default: None.

averageCohesiveEnergy()

Returns
The average configuration cohesive energy in the selected images.

Return type
PhysicalQuantity of type energy

averageCohesiveEnergyDensity()

Returns
The average configuration cohesive energy density in the selected images.

Return type
PhysicalQuantity of type pressure

averageInteractionEnergy(molecule_tag)

Parameters
molecule_tag (str) – The tag of the molecule in the system used to identify it

Returns
The average interaction energy in the selected images of the selected molecule.

Return type
PhysicalQuantity of type energy

averageMoleculeEnergy(molecule_tag)

Parameters
molecule_tag (str) – The tag of the molecule in the system used to identify it

Returns
The average molecular energy in the selected images of the selected molecule.

Return type
PhysicalQuantity of type energy

averageNonMolecularEnergy()

Returns
The average energy of the non-molecular components in the selected images.

Return type
PhysicalQuantity of type energy

averageSolubility()

Returns
The average Hildebrand solubility in the selected images.

Return type
PhysicalQuantity of type pressure to the power of 1/2.
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averageTotalEnergy()

Returns
The average configuration total energy in the selected images.

Return type
PhysicalQuantity of type energy

averageVolume()

Returns
The average unit cell volume in the selected images.

Return type
PhysicalQuantity of type volume

cohesiveEnergies()

Returns
A 1-D array of the cohesive energies of each image in the trajectory.

Return type
PhysicalQuantity of type energy

cohesiveEnergyDensities()

Returns
A 1-D array of the cohesive energy density of each image in the trajectory.

Return type
PhysicalQuantity of type energy per volume

interactionEnergies(molecule_tag)
Return the interaction energy of a specific molecule with other molecules. Requires that the option calcu-
late_interaction is set to True

Parameters
molecule_tag – The tag of the molecule in the system used to identify it

Returns
A 1-D array of the interaction energy of the molecular in each image of the trajectory.

Return type
PhysicalQuantity of type energy

moleculeEnergies(molecule_tag)
Return the internal energy of a specific molecule.

Parameters
molecule_tag (str) – The tag of the molecule in the system used to identify it

Returns
A 1-D array of the energy of the molecule in each image of the trajectory.

Return type
PhysicalQuantity of type energy

nonMolecularEnergies()

Return the energy of the non-polymer component of the system.

Returns
A 1-D array of the surface energy in each image of the trajectory.
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Return type
PhysicalQuantity of type energy

polymerTags()

Return the polymer tags used for the analysis.

Returns
A list of the polymer tags.

Return type
list

solubilities()

Returns
A 1-D array of the Hildebrand solubility parameters of each image.

Return type
PhysicalQuantity of type pressure to the power of 1/2.

times()

Returns
Times for each image used in the analysis.

Return type
PhysicalQuantity of type time

totalEnergies()

Returns
A 1-D array of the total energy of each image in the trajectory.

Return type
PhysicalQuantity of type pressure to the power of 1/2.

volumes()

Returns
A 1-D array of the unit cell volumes used in the calculation of energy density.

Return type
PhysicalQuantity of type volume

Usage Examples

Calculate the Hildebrand solubility from the cohesive energy density of a PVC melt during a molecular dynamics
simulation starting from an equilibrated structure.

# -------------------------------------------------------------
# Initial Configuration
# -------------------------------------------------------------
bulk_configuration = nlread('PolyVinylChloride.hdf5')[-1]

# -------------------------------------------------------------
# OPLS-AA Calculator
# -------------------------------------------------------------
potential_builder = OPLSPotentialBuilder()

(continues on next page)
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(continued from previous page)

calculator = potential_builder.createCalculator(bulk_configuration)
bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------
initial_velocity = ConfigurationVelocities(

remove_center_of_mass_momentum=True
)

method = NPTMartynaTobiasKlein(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
reservoir_pressure=1*bar,
thermostat_timescale=100*femtoSecond,
barostat_timescale=500*femtoSecond,
initial_velocity=initial_velocity,
heating_rate=0*Kelvin/picoSecond,

)

constraints = [FixCenterOfMass()]

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='PVC_Trajectory.hdf5',
steps=10000,
log_interval=1000,
method=method

)

bulk_configuration = md_trajectory.lastImage()

# -------------------------------------------------------------
# Calculate the Hildebrand Solubility
# -------------------------------------------------------------
analyzer = CohesiveEnergyDensity(md_trajectory)

# -------------------------------------------------------------
# Plot The Results
# -------------------------------------------------------------
model = Plot.PlotModel(ps, Joule**0.5/cm**1.5)
model.axis('x').setLabel('Time')
model.axis('y').setLabel('Hildebrand Solubility')
model.legend().setVisible(False)

line = Plot.Line(analyzer.times(), analyzer.solubilities())
line.setColor('red')
model.addItem(line)

model.setLimits('x', 0*ps, 0.1*ps)
model.setLimits('y', 10*Joule**0.5/cm**1.5, 20*Joule**0.5/cm**1.5)

(continues on next page)

4.13. Full QuantumATK package 593



QuantumATK V-2023.12 Documentation

(continued from previous page)

Plot.save(model, 'CohesiveEnergyDensity_Plot.png')

CohesiveEnergyDensity_Example.py PolyVinylChloride.hdf5

The script will run a short molecular dynamics calculation from the given starting structure and then calculate the
Hildebrand solubility for the polymer system. This is shown in the two plot below.

Fig. 4.8: Calculated Hildebrand solubility of PVC.

Notes

This class enables the calculation of the cohesive energy density of a polymer system from either a MDTrajectory or
BulkConfiguration.

The cohesive energy of a polymer system is the energy required to completely separate all of the polymer chains from
each other. It therefore consists of the non-bonding interactions between polymer chains, and gives a measure of their
attractiveness to each other. In bulk systems this energy is normally expressed per unit of volume of the material, giving
the cohesive energy density. The relative differences in cohesive energy densities of different polymers indicates their
miscibility or immiscibility with each other. One important measure of the solubility of a polymer is the Hildebrand
solubility parameter, 𝛿ℎ. This is simply given as:

𝛿ℎ =

√︂
𝐸𝑐𝑜ℎ
𝑉

Here 𝐸𝑐𝑜ℎis the cohesive energy density of the unit cell and 𝑉 is the cell volume. Polymers with a difference in
solubility of less than 2MPa0.5 are generally expected to be miscible1.

A more precise measure of miscibility is given through the Flory-Huggins parameter𝜒2. For a binary mixture composed
1 Zhonglin Luo and Jianwen Jiang. Molecular dynamics and dissipative particle dynamics simulations for the miscibility of poly(ethylene

oxide)/poly(vinyl chloride) blends. Polymer, 51:291, 2010. URL: https://www.sciencedirect.com/science/article/abs/pii/S0032386109010040,
doi:10.1016/j.polymer.2009.11.024.

2 Paul J. Flory. Statistical thermodynamics of polymer solutions, pages 495–540. Cornell University Press, 1953.
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of polymers 𝐴 and 𝐵, the volume fraction of each polymer 𝜑 can be given as:

𝜑𝐴 =
𝑛𝐴𝑟𝐴

𝑛𝐴𝑟𝐴 + 𝑛𝐵𝑟𝐵

Here 𝑛 is the number of polymer chains and 𝑟 is the number of monomers per polymer chain. Given the volume fraction
of each polymer, the free energy of mixing ∆𝐺 can be approximated as:

∆𝐺 = 𝑅𝑇

(︂
𝜑𝐴
𝑟𝐴

ln𝜑𝐴 +
𝜑𝐵
𝑟𝐵

ln𝜑𝐵 + +𝜑𝐴𝜑𝐵𝜒𝐴𝐵

)︂
Here 𝜒𝐴𝐵 is the Flory-Huggins parameter for the polymer mixture. In this equation the first two terms specify the
entropy of mixing, while the last term approximates the enthalpy of mixing. The Flory-Huggins parameter is therefore
a measure of the enthalpy of mixing.

Using a mean-field approximation the Flory-Huggins parameter can be given as:

𝜒𝐴𝐵 =
𝑉𝑚𝑜𝑛𝑜
𝑅𝑇

[︂
𝜑𝐴

(︂
𝐸𝑐𝑜ℎ
𝑉

)︂
𝐴

+ 𝜑𝐵

(︂
𝐸𝑐𝑜ℎ
𝑉

)︂
𝐵

−
(︂
𝐸𝑐𝑜ℎ
𝑉

)︂
𝑚𝑖𝑥

]︂
Here 𝑉𝑚𝑜𝑛𝑜 is the average volume per monomer. In this approximation it is assumed that both monomers have similar
sizes, and so size difference does not need to be taken into account when calculating thermodynamics of mixing.
This definition also assumes that the two systems are in contact both with themselves and each other. This is not the
case in dilute solutions where one polymer chain may be completely surrounded by others. To calculate the Flory-
Huggins parameter the cohesive energy densities of both the pure polymers and the polymer blend is required. In
this way, specific interactions between polymers, such as hydrogen bonding, is taken into account in the estimation of
miscibility. It should also be noted that, unlike the Hildebrand solubility, the Flory-Huggins parameter is also explicitly
a function of temperature. Temperature changes in the system can also indirectly alter the amount of cohesive energy
in the system, as thermal motions push the configuration away from equilibrium. Polymer blends with a Flory-Huggins
parameter below the critical value are expected to be misciblePage 594, 1. The critical Flory-Huggins value 𝜒𝑐 can be
given as:

𝜒𝑐 =
1

2

(︂
1

√
𝑟𝐴

+
1

√
𝑟𝐵

)︂2

To calculate the cohesive energy density of a polymer system a CohesiveEnergyDensity object first needs to be
created. This takes a MDTrajectory or BulkConfiguration representing the polymer system. The specific images in
the MDTrajectory to analyzed can be selected using the start_time, end_time and time_resolution arguments.
The polymer chains analyzed in the configuration can be specified with the polymer_tags argument. This takes a list of
tags of polymer molecules in the configuration. By default polymers tagged with POLYMER_MOLECULE_# are analyzed,
where # is a numerical index. The flag Automatic can also be used to automatically identify polymer chains using the
bond graph in the configuration.

To calculate the interaction energy of the polymers, the existing forcefield calculator on the trajectory is used. The
accuracy of this calculator can be modified with some additional arguments. The argument nonbond_cutoff controls
the cutoff used to evaluate the non-bonding Lennard-Jones potentials. Likewise it is possible to change the electrostatic
summation method. By default the summation method defined in the calculator is used. If no electrostatic summation
method is set and no electrostatic summation arguments are given, then electrostatic interactions are not included in
the calculation of cohesive energy. SPME summation can be used by setting the accuracy of this summation with the
argument electrostatic_accuracy. Damped shifted-force electrostatic summation can also be used by setting the
argument use_coulomb_dsf to True and giving a cutoff using the electrostatic_cutoff argument. By default
the same methods in the attached calculator are used to calculate the cohesive energy. This is also generally the most
appropriate use as this is the potential that was used to construct the system.

In addition to the cohesive energy density of the whole system, it is also possible to calculate the interaction en-
ergy of each individual polymer chain with the remainder of the system. This is specified by setting the argument
calculate_interaction to True. Finally it is possible to set whether the MDTrajectory used to calculate the cohe-
sive energy is cached in memory or read from disk during the calculation. Caching in memory is faster, but for very
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large trajectories may exhaust available memory. By default trajectories are cached in memory. To force reading from
disk, set the argument memory_cache to False.

Once the object is created the properties of the polymer system can be returned using query methods. The unit cell
volumes of each selected image can be returned with the volumes methods. The cohesive energy and cohesive energy
density can be returned with the methods cohesiveEnergies and cohesiveEnergyDensities respectively. The
Hildebrand solubility can be returned with the method solubilities. The method totalEnergies returns the total
non-bonding energy of each image. The method nonMolecularEnergies returns the internal non-bonding energy of
the atoms in each image that are not associated with a polymer tag. For example, in the case where the system contains
a metal surface, nonMolecularEnergies returns the internal non-bonding energy of that surface. Finally the methods
moleculeEnergies and interactionEnergies return the internal non-bonding energy and the interaction energy
of each polymer molecule respectively. In these methods the polymer molecules are indexed using their tags. The
method interactionEnergies is also only available if the calculation of interaction energies was specified when the
CohesiveEnergyDensity object was created by setting the argument calculate_interaction to True.

ColdSmearing

class ColdSmearing(broadening)

Parameters
broadening (PhysicalQuantity of type energy or temperature) – The broadening of the dis-
tribution.

broadening()

Returns
The broadening of the distribution.

Return type
PhysicalQuantity of type energy

Usage Examples

Use the cold smearing occupation function with a broadening of 0.1 eV on an LCAOCalculator:

numerical_accuracy_parameters = NumericalAccuracyParameters(
occupation_method=ColdSmearing(0.1*eV))

calculator = LCAOCalculator(numerical_accuracy_parameters=numerical_accuracy_parameters)

Notes

Note: For comparison of different occupation methods and suggestions for which one to choose, see Occupation
Methods.

In the cold smearing scheme1 one replaces the delta function in the density of states by the function:

𝛿(𝑥) =
1√
𝜋
𝑒−(𝑥−1/

√
2)2(2 −

√
2𝑥),

1 Nicola Marzari, David Vanderbilt, Alessandro De Vita, and M. C. Payne. Thermal Contraction and Disordering of the Al(110) Surface. Phys.
Rev. Lett., 82(16):3296–3299, April 1999. doi:10.1103/PhysRevLett.82.3296.
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The integer occupation numbers are then replaced by fractional occupations determined by the distribution

𝑓(𝑥𝑖) =
1

2

[︃√︂
2

𝜋
𝑒−𝑥

2
𝑖−

√
2𝑥𝑖−1/2 + 1 − erf

(︂
𝑥𝑖 +

1√
2

)︂]︃
,

where 𝑥𝑖 = 𝜖𝑖−𝜇
𝜎 with 𝜎 the broadening. In this context the generalized entropy becomes

𝑆 =
1√
𝜋

∑︁
𝑖

𝑒−(𝑥𝑖+1/
√
2)2(1 +

√
2𝑥𝑖)

with 𝑥𝑖 = 𝜖𝑖−𝜇
𝜎 .

Like in the Methfessel-Paxton scheme (see MethfesselPaxton) the benefit of the cold smearing scheme is that contri-
butions to the free energy from the broadening, lower than second order, are eliminated. Therefore, the total energy and
forces are quite close to the real (zero temperature) value even for large values of the broadening parameter. Compared
to the Methfessel-Paxton scheme, cold smearing has the additional benefit that negative occupations can not occur.

It is possible to extrapolate the total energy to zero broadening by including the term

∆𝐸𝜎→0(𝜎) =
5

6
𝜎𝑆.

CombinedCalculator

class CombinedCalculator(calculators=None, weights=None)
Class for representing combinations of calculators for configurations of the type MoleculeConfiguration and
BulkConfiguration.

Parameters

• calculators (sequence of Calculator) – The input calculators.

• weights (sequence of float and/or int (same sequence length as the
number of input calculators).) – Weight for the calculators. Default: [1.0,
.. ,1.0]

calculators()

Returns
The input calculators.

Return type
Sequence of Calculator

isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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setCheckpointHandler(checkpoint_handler)
Set the checkpoint handler. Not applicable and will be passed on.

Parameters
checkpoint_handler (CheckpointHandler) – The checkpoint handler to use.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setWeights(weights)

Parameters
weights – The weights for calculators.

Rtype weights
list of float.

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Method for upgrading the configuration. The upgrade method is used when applying setCalculator for
each encapsulated calculator.

Private method for updating the calculator from the configuration, if it is possible. @private

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str

weights()

Returns
The weights for calculators

Return type
list of float

Usage Examples

The CombinedCalculator takes in as many calculators needed.

# Two arbitrary calculators are defined for the purpose of this example.
Icalculator = LCAOCalculator()

IIpotential_set = Tersoff_Si_1988()
IIcalculator = TremoloXCalculator(potential_set=IIpotential_set)

list_of_calculators = [Icalculator, IIcalculator]

(continues on next page)
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(continued from previous page)

# In case of specific weights, define them as well.
weights = [1, -0.5]

# Define CombinedCalculator with the two calculators and respective weights.
combined_calculator = CombinedCalculator(

calculators=list_of_calculators,
weights=weights,
)

Now the CombinedCalculator may be set on a configuration as usual and used in MD analysis, geometry optimization
etc.

Notes

The CombinedCalculator adds energy, forces, and stress of the given list of calculators with the given weights. It can
be used in simulations like MolecularDynamics, OptimizeGeometry, and can be used with analysis and study objects
that require only energy, forces, or stress, such as Forces, TotalEnergy, Stress, ElasticConstants, PhononBandStructre,
or PhononDensityOfStates. The CombinedCalculator does not support analysis objects that require the electronic
structure.

ComplexBandstructure

class ComplexBandstructure(configuration, energies=None, k_point=None, energy_zero_parameter=None)
Analysis class for calculating the complex bandstructure for a bulk configuration.

Parameters

• configuration (BulkConfiguration) – The bulk configuration with an attached cal-
culator for which to calculate the complex bandstructure.

• energies (PhysicalQuantity of type energy) – The energies for which to calculate
the complex bandstructure. Note: energies are relative to energy_zero_parameter.
Default: numpy.linspace(-2, 2, 101) * eV

• k_point (tuple of floats) – The 2-dimensional fractional k-point (in the kA-kB
plane) for which to calculate the complex bandstructure. The k-point is given as a tu-
ple of length 2. Default: (0, 0)

• energy_zero_parameter (FermiLevel | AbsoluteEnergy) – The choice for the en-
ergy zero. Note: This also affects the energies parameter. Default: FermiLevel

energies()

Returns
The energies for which the complex bandstructure is calculated.

Return type
PhysicalQuantity of type energy

energyZero()

Returns
The energy zero.
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Return type
PhysicalQuantity of type energy

evaluate(spin=None)
Method for obtaining the complex bandstructure for a specific spin. The complex bandstructure has two
components, propagating modes and decaying modes. Both types of modes can be characterized by a value
k. For propagating modes k is real, giving the Bloch phase factor in the reciprocal C-direction, whereas
decaying modes have a complex value of k.

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin to calculate for. Default: Spin.All

Returns
A tuple with two lists, the first corresponding to the propagating modes and the second
corresponding to the decaying modes. The lists are ordered according to energy and each
entry is a PhysicalQuantity with a (1/Angstrom) unit. The lists have different lengths
(and can have zero length) corresponding to the number of modes at this energy.

Return type
tuple of lists

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
All

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

fermiTemperature()

Returns
The Fermi temperature.

Return type
PhysicalQuantity of type temperature

kPoint()

Returns
The 2-dimensional fractional k-koint for which the complex bandstructure is calculated.

Return type
tuple of floats

layerSeparation()

Returns
The distance between layers of the crystal in the transport direction. The transport direction
is perpendicular to the AB-plane. This value is called ‘L’ in the GUI.

Return type
PhysicalQuantity of type length
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metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

repetition()

Deprecated

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

spins()

Returns
The available spin components.

Return type
tuple of Spin.Up | Spin.Down | Spin.All

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the complex bandstructure of silicon in the (100) direction, using a fast semi-empirical method, and save it
to a file:

# Set up a Si (100) minimal configuration
vector_a = [3.84001408591, 0.0, 0.0]*Angstrom
vector_b = [0.0, 3.84001408591, 0.0]*Angstrom
vector_c = [1.92000704296, 1.92000704296, 2.7153]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

elements = [Silicon, Silicon]

fractional_coordinates = [[ 2.50000000e-01, 7.50000000e-01, 5.00000000e-01],
[ 3.33066907e-16, 2.22044605e-16, 1.00000000e+00]]

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

(continues on next page)
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)

# Define calculator - fast Slater-Koster method
calculator = SlaterKosterCalculator(

basis_set=Vogl.Si_Basis,
numerical_accuracy_parameters=NumericalAccuracyParameters(

k_point_sampling=(4, 4, 2))
)

bulk_configuration.setCalculator(calculator)

# Calculate, save, and print the complex band structure
complex_bandstructure = ComplexBandstructure(

configuration=bulk_configuration,
energies=numpy.linspace(-2,5,501)*eV,
k_point=(0,0),
)

nlsave('si_100_cbs.hdf5', complex_bandstructure)
nlprint(complex_bandstructure)

si_complex_band.py

Notes

• The ComplexBandstructure is calculated for a specified energy, 𝐸, and k-point, 𝑘𝐴, 𝑘𝐵 , in the plane spanned by
the reciprocal A and B vectors. These are provided as input parameters for the calculation. The solutions are the
eigenstates, 𝜓𝑛k, of the Schrödinger equation

𝐻𝜓𝑛k = 𝐸𝜓𝑛k

with no boundary conditions imposed in the direction perpendicular to the plane spanned by the unit cell vectors
A and B. We may write these eigenstates as

𝜓𝑛k(r) = 𝑢k(r)𝑒−𝑖k𝐴𝐵r𝐴𝐵𝑒−𝑖𝑘𝐶𝑟𝐶 ,

where 𝑢k is a periodic function and 𝑘𝐶 , in general, is a complex number. The solutions with a purely real 𝑘𝐶
are the usual Bloch states and we thus obtain the normal band structure. The solutions with a complex 𝑘𝐶 form
the complex band structure.

• The solutions, 𝑘𝐶 , can be obtained after the calculation by using the method evaluate(). To print the data,
use the method nlprint. In the figure above, which is obtained by plotting the complex band structure in Quan-
tumATK, the k-values for the real band structure are normalized by 𝐿 , the layer separation perpendicular to the
AB-plane. The value of 𝐿 can be extracted by using the method layerSeparation().

• The ComplexBandstructure (and the real bands) is computed along the reciprocal C vector, which is perpendic-
ular to the A and B unit cell vectors. Thus, if the ComplexBandstructure is desired in a particular direction,
like (100) as in the example above, the unit cell should be set up such that this direction is perpendicular to the
AB-plane. This is most easily achieved by using the Surface tool in the Builder in QuantumATK and choosing
a “Periodic (bulk-like)” type of cell with a minimal number of layers.

• The implementation of the computation of the complex band structure in QuantumATK follows the method
described in Ref.1.

1 Y.-C. Chang and J. N. Schulman. Complex band structures of crystalline solids: an eigenvalue method. Phys. Rev. B, 25:3975–3986, Mar
1982. doi:10.1103/PhysRevB.25.3975.
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Fig. 4.9: Complex bandstructure for silicon along the (100) direction. The right-hand side of the plots illustrates the
real bands while the left-hand side of the plot shows the imaginary part of 𝑘𝐶 for the complex bands.
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ConfigurationDataContainer

class ConfigurationDataContainer(path=None, group_name=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>)

Constructor for the ConfigurationDataContainer that contains the different configurations.

Parameters

• path (str | None) – The path to the HDF5 file. If the path is None then all data will be
stored in memory and no file will be written. Default: None

• group_name (str | Automatic) – The name of the HDF5 group to store the data in. If
the value is Automatic then a new group will be automatically made. Default: Automatic

calculator()

Returns
The calculator if one is available, otherwise None.

Return type
Calculator | None

cell(idx)

Parameters
idx (int) – The index to return.

Returns
The cell vectors of images with index idx or None if the trajectory length is zero or the
configuration is a MoleculeConfiguration.

Return type
PhysicalQuantity of type length | None

coordinates(idx)

Parameters
idx (int) – The index to return.

Returns
The Cartesian coordinates of the images or None if the trajectory length is zero.

Return type
PhysicalQuantity of type length | None

elements(idx)

Parameters
idx (int) – The index to return.

Returns
The elements of the images as a list of length n or None if the trajectory length is zero.

Return type
list of type PeriodicTableElement

forces(idx=None)

Parameters
idx (int | None) – The index to return.
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Returns
The forces of the image. If the trajectory length is zero or the forces were not written then
None is returned.

Return type
PhysicalQuantity of type energy/length | list of PhysicalQuantity of type energy/length |
None

image(image_index, set_calculator=True, set_velocities=True)

Parameters

• image_index (int) – The index of the configuration that should be extracted.

• set_calculator (bool) – If True, the calculator is set on the returned image. This
can be disabled to increase the performance when iterating over images, because the
overhead of copying and setting up a new calculator can be large. Default: True

• set_velocities (bool) – If True, the velocities are set on the returned image. This
can be disabled to increase performance. Default: True

Returns
A copy of the configuration with the image_index.

Return type
BulkConfiguration | MoleculeConfiguration

imageEnergy(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The potential energies of the images or None the trajectory length is zero.

Return type
PhysicalQuantity of type energy | None

imageForces(idx=None)

Parameters
idx (int | None) – The index to return.

Returns
The forces of the image. If the trajectory length is zero or the forces were not written then
None is returned.

Return type
PhysicalQuantity of type energy/length | list of PhysicalQuantity of type energy/length |
None

imageStress(idx=None)

Parameters
idx (int | None) – The index to return.

Returns
The stresses of the image. If the trajectory length is zero or the stresses were not written
then None is returned. None is also returned if the configuration is a MoleculeConfigura-
tion.
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Return type
PhysicalQuantity of type energy/length | list of PhysicalQuantity of type energy/length |
None

images(set_calculator=True, set_velocities=True)

Parameters

• set_calculator (bool) – If True, the calculator is set on the returned image. This
can be disabled to increase the performance when iterating over images, because the
overhead of copying and setting up a new calculator can be large. Default: True.

• set_velocities (bool) – If True, the velocities are set on the returned image. This
can be disabled to increase performance. Default: True.

Returns
All the configurations in the trajectory.

Return type
list of MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

kineticEnergies(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The kinetic energies of the images or None the trajectory length is zero.

Return type
PhysicalQuantity of type energy | None

lastImage()

Returns
The last image in the trajectory with the calculator attached.

Return type
BulkConfiguration | MoleculeConfiguration

lastStep()

Returns
The step number of the last step.

Return type
int

lastTime()

Returns
The time associated with the last step.

Return type
PhysicalQuantity of type time

length()

Returns
The number of images in the trajectory.

Return type
int
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masses(idx)

Parameters
idx (int) – The index to return.

Returns
The masses of the atoms of image with index idx with shape (num_atoms,) or None if the
trajectory length is zero.

Return type
PhysicalQuantity of type mass

measurement(name, idx=Ellipsis)

Parameters

• name (str) – The name of the measurement.

• idx (int | slice) – The index or slice to return. Default: All indices

Returns
A 2-tuple of the time and the measurement.

Return type
tuple

measurementNames()

Returns
The names of the measurements.

Return type
list of type str

metatext()

Returns
The metatext of the object or None if no metatext is set.

Return type
str | None

nlinfo()

Returns
The trajectory information.

Return type
dict

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Write a text description of the trajectory to the stream.

Parameters
stream (file-like object) – The stream to write to. Default: sys.stdout

numberOfAtoms(idx)

Parameters
idx (int) – The index to return.

Returns
The number of atoms in the system.
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Return type
int

partialCharges(idx)

Parameters
idx (int) – The index to return.

Returns
The partial charges of the atoms with shape (num_atoms,) or None if the trajectory length
is zero.

Return type
PhysicalQuantity of type mass

potentialEnergies(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The potential energies of the images or None the trajectory length is zero.

Return type
PhysicalQuantity of type energy | None

pressure(idx)

Parameters
idx (int) – The index to return.

Returns
The pressure value of the image with index idx or None if the trajectory length is zero.

Return type
PhysicalQuantity of type pressure | None

pressureTensor(idx)

Parameters
idx (int) – The index to return.

Returns
The pressure tensor of the image as a vector with shape (1, 3, 3) or None if the trajectory
length is zero.

Return type
PhysicalQuantity of type pressure | None

pressures()

Returns
The pressure values of all images as a vector with shape (m) or None if the trajectory length
is zero.

Return type
PhysicalQuantity of type pressure | None

reservoirPressures(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices
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Returns
The reservoir pressure of the MD barostat. If the trajectory length is zero or this trajectory
was not generated from a NPT simulation then None is returned. NaN is returned for
indices for which no temperature data is available.

Return type
PhysicalQuantity of type temperature

reservoirTemperatures(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The reservoir temperature of the MD thermostat. If the trajectory length is zero or this
trajectory was generated from a NVE simulation then None is returned. NaN is returned
for indices for which no temperature data is available.

Return type
PhysicalQuantity of type temperature

setMetatext(text)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

steps(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The step numbers of the images or None if the trajectory length is zero.

Return type
array of type int | None

stresses(idx=None)

Parameters
idx (int | None) – The index to return.

Returns
The stresses of the image. If the trajectory length is zero or the stresses were not written
then None is returned. None is also returned if the configuration is a MoleculeConfigura-
tion.

Return type
PhysicalQuantity of type energy/length | list of PhysicalQuantity of type energy/length |
None

tagData(idx)

Parameters
idx (int) – The index to return.

Returns
The tag data of the image or None if the trajectory length is zero or the tags are not stored
in the trajectory.
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Return type
ndarray of type int | None

temperatures(idx=Ellipsis)

Parameters
idx (int | slice) – The index to return. Default: All indices

Returns
The instantaneous kinetic temperatures of the images. If the trajectory length is zero or the
temperatures were not written during the MolecularDynamics run then None is returned.
NaN is returned for indices for which no temperature data is available.

Return type
PhysicalQuantity of type temperature

timeInterval()

Returns
The time interval between two images.

Return type
PhysicalQuantity of type time

timeStep()

Returns
The time step of the simulation.

Return type
PhysicalQuantity of type time or None if times are not available.

times(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The simulation times of the images or None if the trajectory length is zero.

Return type
PhysicalQuantity of type time | None

trajectoryInterval()

Returns
The interval at which snapshots are saved.

Return type
int

uniqueElements(idx)

Parameters
idx (int) – The index to return.

Returns
The unique elements of the images or None if the trajectory length is zero.

Return type
list of type PeriodicTableElement
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velocities(idx)

Parameters
idx (int) – The index to return.

Returns
The velocities of the images. If the trajectory length is zero or the velocities were not
written during the MolecularDynamics run then None is returned.

Return type
PhysicalQuantity of type length/time

volume(idx)

Parameters
idx (int) – The index to return.

Returns
The volume of the unit cell of index idx. If this was a simulation of molecules, then None
will be returned.

Return type
PhysicalQuantity of type length**3 | None

volumes()

Returns
The volume of all unit cells. If this was a simulation of molecules, then None will be
returned.

Return type
PhysicalQuantity of type length**3 | None

Notes

The MDTrajectory format is very efficient but does not support storage of heterogeneous data such as configurations
with different numbers and types of atoms. The ConfigurationDataContainer format is designed to overcome this
limitation. However, it does so in a more efficient way than Trajectory which stores every configuration as an individual
image.

ConfigurationVelocities

class ConfigurationVelocities(remove_center_of_mass_momentum=None)
The ConfigurationVelocities object uses the velocities saved in the configuration as initial velocities in a
MolecularDynamics() simulation.

Parameters
remove_center_of_mass_momentum (bool) – If True, the center-of-mass momentum
should be removed, otherwise kept.

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Perform a molecular dynamics run of a silicon crystal, using the velocities defined in the bulk configuration as initial
velocities in the MD simulation.

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[-0.009580233862, 0.002314591627, 0.010466101485],

[ 0.259580233862, 0.247685408373, 0.239533898515]]

# Define velocities
velocities = [[ 0.00221094, 0.00024205, -0.00126377],

[-0.00221094, -0.00024205, 0.00126377]]*Angstrom/fs

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates,
velocities=velocities
)

potentialSet = Tersoff_Si_1988b()
calculator = TremoloXCalculator(parameters=potentialSet)
bulk_configuration.setCalculator(calculator)

# Use the exisiting velocities of the configuration as initial velocities.
initial_velocity = ConfigurationVelocities(remove_center_of_mass_momentum=True)

method = NVEVelocityVerlet(initial_velocity=initial_velocity)

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=500,
log_interval=100,
method=method

)

configuration_velocities.py
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Notes

Pass this object as initial_velocity parameter in the MD method (e.g. NVEVelocityVerlet), if you want to use
to velocities stored in the configuration (e.g from a previous MD run, or explicitly specified in the constructor of the
configuration, cf. BulkConfiguration) as initial velocities in an MD simulation.

If the configuration does not have any velocities, the initial velocities will be set to zero.

ConfinedOrbital

class ConfinedOrbital(principal_quantum_number=None, angular_momentum=None,
radial_cutoff_radius=None, confinement_start_radius=None, additional_charge=None,
confinement_strength=None, confinement_power=None, radial_step_size=None)

Class for representing a confined atomic orbital.

Parameters

• principal_quantum_number (int) – The all electron principal quantum number (n) of
the orbital.

• angular_momentum (int) – The angular momentum quantum Number (l) of the orbital.

• radial_cutoff_radius (PhysicalQuantity of type length) – The distance from the core
where the basis orbital is zero (compact support radius).

• confinement_start_radius (PhysicalQuantity of type length) – Radial distance to
where the confinement potential starts. The confinement_start_radius must be less
than or equal to the radial_cutoff_radius.

• additional_charge (float) – Charge of the atom when generating the basis function.
Default: 0.0

• confinement_strength (PhysicalQuantity of type energy) – The confinement strength
of the potential confining the atomic orbital. Default: 20 * Hartree

• confinement_power (int) – The confinement power for the potential. Default: 1

• radial_step_size (PhysicalQuantity of type length) – The radial step size determining
the distance between grid points on the linear radial grid. Default: 0.01 * Bohr

additionalCharge()

Returns
The additional charge used for generating this ConfinedOrbital instance.

Return type
float

angularMomentum()

Returns
The angular momentum.

Return type
int
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confinementPower()

Returns
The power of the confinement potential.

Return type
int

confinementStartRadius()

Returns
The radius where the confinement potential starts.

Return type
PhysicalQuantity of type length

confinementStrength()

Returns
The strength of the confinement potential.

Return type
PhysicalQuantity of type energy

principalQuantumNumber()

Returns
The principal quantum number.

Return type
int

radialCutoffRadius()

Returns
The radial cutoff radius.

Return type
PhysicalQuantity of type length

radialStepSize()

Returns
The radial grid spacing.

Return type
PhysicalQuantity of type length

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define a BasisSet for Hydrogen:

hydrogen_1s = ConfinedOrbital(
principal_quantum_number = 1,
angular_momentum = 0,
radial_cutoff_radius = 5.28603678847*Bohr,
confinement_start_radius = 0.8 * 5.28603678847*Bohr,

(continues on next page)
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(continued from previous page)

additional_charge = 0.0,
confinement_strength = 20.000*Hartree,
confinement_power = 1,
radial_step_size = 0.001*Bohr,
)

my_hydrogen_basis = BasisSet(
element = Hydrogen,
orbitals = [hydrogen_1s],
occupations = [1.0],
pseudopotential = NormConservingPseudoPotential('normconserving/H.LDAPZ.zip'),
)

Notes

The basis functions are found by solving the radial Schrödinger equation for the atom with a confinement potential
𝑉c(𝑟). The confinement potential is defined by the parameters confinement_strength (𝑉0), confinement_power
(𝑛), confinement_start_radius (𝑟𝑖), and radial_cutoff_radius (𝑟𝑐 ) through the equation

𝑉c(𝑟) =

⎧⎪⎪⎨⎪⎪⎩
0 if 𝑟 < 𝑟𝑖

𝑉0

(︁
𝑟𝑐−𝑟𝑖
𝑟𝑐−𝑟

)︁𝑛
exp[− 𝑟𝑐−𝑟𝑖

𝑟−𝑟𝑖 ] if 𝑟𝑖 < 𝑟 < 𝑟𝑐

∞ if 𝑟𝑐 < 𝑟

Fig. 4.10 shows the confinement potential and the corresponding basis functions used for constructing the LDA standard
basis set for hydrogen.

For backwards compatibility, if 𝑉0 is given in units of energy×length (as was the convention in QuantumATK 12.2 and
earlier, where a slightly different expression was used for the confinement potential), the rescaled value 𝑉0/(𝑟𝑐 − 𝑟𝑖)
is used for the confinement strength, to conform to the new formula given above. Further information about the basis
functions can be found in LCAO basis set.

ConstantPotential

class ConstantPotential(particleType, c)
Constructor of the potential.

Parameters

• particleType (ParticleType or ParticleIdentifier) – Identifier of the particle
type.

• c (PhysicalQuantity of type energy) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.
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Fig. 4.10: The lower part of the plot shows the ℓ = 0 effective potential for hydrogen (dashed) with the soft confinement
potential (solid). The upper part shows the lowest occupied eigenstate of the confined potential (solid line), and the
atomic s-wave function is indicated by the dashed curve (note that 𝑟 · 𝜓(𝑟) are plotted).The dotted curve shows the
radial wave function with energy 0.01 Ry above the atomic eigenenergy. The position of the first node of this solution
defines the position of 𝑟𝑐 .
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static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

Add a constant offset to the potential energy. This potential has no effect on the forces or stress.

ContinuousRandomNetwork

class ContinuousRandomNetwork(temperature=None, heating_rate=None, chain_length=None,
find_bonds=None, optimize_geometry_parameters=None,
random_seed=None)

Define a continuous random network (CRN) Monte Carlo method.

Parameters

• temperature (PhysicalQuantity of type temperature) – The initial temperature of the
Monte Carlo simulation. Default: 300.0 * Kelvin

• heating_rate (PhysicalQuantity of type temperature) – The change in temperature per
step. A negative temperature results in the simulation cooling at each step. Default: 0.0
* Kelvin

• chain_length (int) – The length of the chain between the two bonds to switch. Default:
1

• find_bonds (bool) – Whether the bonding network will be automatically determined
using the initial configuration; otherwise, the bonds to use must already be set on the
configuration. Default: True

• optimize_geometry_parameters (OptimizeGeometryParameters) – The param-
eters to use for relaxing configurations. Note that pre_step_hook and post_step_hook
must be left unset. Also note that only max_forces, max_steps, max_step_length, con-
straints and optimizer_method will be used; all other parameters will be ignored. Default:
OptimizeGeometryParameters()

• random_seed (int) – The random seed used for generating trial Monte Carlo steps. De-
fault: Generated automatically.

chainLength()

Returns
The length of the chain between the two bonds to switch.
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Return type
int

findBonds()

Returns
Whether the bonding network will be automatically determined using the initial configu-
ration.

Return type
bool

heatingRate()

Returns
The change in temperature per step, or None for no heating.

Return type
PhysicalQuantity of type temperature | None

monteCarloStep(configuration, energy)
Perform a bond switch Monte Carlo step and relax the configuration with the new bonding network.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The current configura-
tion.

• energy (PhysicalQuantity of type energy) – The current energy.

Returns
The new configuration and energy resulting from the trial step.

Return type
tuple (size 2) of (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration, PhysicalQuantity of type en-
ergy)

optimizeGeometryParameters()

Returns
Parameters required to optimize the geometry.

Return type
OptimizeGeometryParameters

randomSeed()

Returns
The random seed used for performing Monte Carlo steps.

Return type
int

temperature()

Returns
The initial temperature of the Monte Carlo simulation.

Return type
PhysicalQuantity of type temperature
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uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Perform a Metropolis Monte Carlo simulation of 100 steps using the ContinuousRandomNetwork model.

# Define the Monte Carlo method. Note here the temperature changes from the initial␣
→˓50500 to
# 500K
monte_carlo_method = ContinuousRandomNetwork(

temperature=50500.0*Kelvin,
heating_rate=-500.0*Kelvin,
chain_length=1

)

# Perform the Monte Carlo simulation
monte_carlo_trajectory = MetropolisMonteCarlo(

configuration=alpha_silicon,
trajectory_filename='Amorphous_Silicon.hdf5',
steps=100,
max_trial_moves=5000,
log_interval=1,
method=monte_carlo_method,
trajectory_object_id=None

)
last_image = monte_carlo_trajectory.lastImage()
nlsave('Amorphous_Silicon.hdf5', last_image)

continuous_random_network_example.py

In the above example the simulation starts with crystalline alpha-silicon. During the simulation changing the bonding
between silicon atoms generates an amorphous structure while still preserving the number of bonds at each silicon. Note
that in this simulation a high initial temperature is used so that the configuration is able to get out of the global energy
minimum. As the simulation progress the temperature is lowered as less energy is required to perform subsequent bond
swap moves. At low temperatures the selected can also lower the overall energy of the amorphous structure.

Notes

The ContinuousRandomNetwork class defines a Monte Carlo model that can be used in the
MetropolisMonteCarlo() method. This Monte Carlo model defines bond swap moves that can be used to
generate amorphous configurations. In each trial move, a pair of bonds that are separated by a set number of bonds
are exchanged. A relaxation is then performed with an added bond and angle potential on the swapped bonds to return
the new bonds back to equilibrium bond lengths and angles. The main advantage of generating trial configurations in
this way is that it helps to preserve the bonding geometry around each atom while also moving atoms away from their
lattice positions.

The number of bonds between swapped bonds is set by the argument chain_length. This can be set so that only like
bonds in the material are swapped. For single element materials, such as silicon, the default value of 1 is appropriate.
For binary materials, such as silica, a value of 2 should be used to ensure that only silicon-oxygen bonds are exchanged.
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ContourParameters

class ContourParameters(equilibrium_contour=None, non_equilibrium_contour=None, method=None)
Generic object representing the contour segments to use in a device calculation.

Parameters

• equilibrium_contour (OzakiContour | SemiCircleContour) – The equilibrium
contour to use.

• non_equilibrium_contour (RealAxisContour) – The non-equilibrium contour to
use.

• method (SingleContour | DoubleContour) – The contour method to use, either a single
contour or a double contour. Default: DoubleContour for finite bias, SingleContour
for zero bias.

equilibriumContour()

Returns
The equilibrium contour.

Return type
OzakiContour | SemiCircleContour

method()

Returns
The contour method used.

Return type
SingleContour | DoubleContour

nonEquilibriumContour()

Returns
The non-equilibrium contour.

Return type
RealAxisContour

uniqueString()

Return a unique string representing the state of the object.

Usage Example

The ContourParameters class sets the contours used to calculate the density matrix. Both the equilibrium and non-
equilibrium contour can be specified, e.g. to combine an OzakiContour with a RealAxisContour:

equilibrium_contour = OzakiContour(number_of_poles=128)

non_equilibrium_contour = RealAxisContour(
real_axis_point_density=0.002*Hartree,
real_axis_infinitesimal=0.003*Hartree,
real_axis_kbt_padding_factor=10.0)

contour_parameters = ContourParameters(
(continues on next page)
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(continued from previous page)

equilibrium_contour=equilibrium_contour,
non_equilibrium_contour=non_equilibrium_contour)

The keyword method is used to specify how to deal with the numerical inaccuracy which causes a discrepancy between
the left and right approach to obtain the density matrix, e.g.:

contour_parameters = ContourParameters(
method=SingleContour(direction=Left))

will only calculate the Left part (see SingleContour). If the DoubleContour option is specified:

contour_parameters = ContourParameters(method=DoubleContour())

the left and right parts are both calculated and added up with a special weighting to obtain the best result (See Double-
Contour).

Notes

The ContourParameters object specifies the contour points for integrating the density matrix in a DeviceConfiguration
with or without bias.

The equilibrium part of the density matrix is obtained by integrating up to the left (right) Fermi level 𝜇𝐿(𝑅):

𝐷𝐿 = ℑ
[︂
− 2

𝜋

∫︁ +∞

−∞
𝑑𝐸 𝑓(𝐸 − 𝜇𝐿) 𝐺(𝐸 + 𝑖0+)

]︂
,

𝐷𝑅 = ℑ
[︂
− 2

𝜋

∫︁ +∞

−∞
𝑑𝐸 𝑓(𝐸 − 𝜇𝑅) 𝐺(𝐸 + 𝑖0+)

]︂
,

in which 𝑓(𝐸 − 𝜇) is the Fermi-Dirac distribution. The equilibrium density matrix is calculated with an
EquilibriumContour method. At zero bias 𝐷𝐿 and 𝐷𝑅 yield identical results.

The non-equilibrium contribution to the density matrix is calculated using a NonEquilibriumContourmethod, which
integrates the spectral density matrix from states in the left (right) electrode between the two Fermi levels:

∆𝑅
𝜇𝜈 =

∫︁ +∞

−∞
𝑑𝜖 𝜌𝐿𝜇𝜈(𝜖) [𝑓(𝜖− 𝜇𝑅) − 𝑓(𝜖− 𝜇𝐿)] ,

∆𝐿
𝜇𝜈 =

∫︁ +∞

−∞
𝑑𝜖 𝜌𝑅𝜇𝜈(𝜖) [𝑓(𝜖− 𝜇𝐿) − 𝑓(𝜖− 𝜇𝑅)] ,

in which 𝜌𝐿(𝑅) is the left (right) spectral density matrix.

It follows there are two equivalent ways to calculate the total density matrix 𝐷:

𝐷 = 𝐷𝐿 + ∆𝑅 ,

𝐷 = 𝐷𝑅 + ∆𝐿 ,

When there is a finite bias in the system both expressions yield different estimates for the density matrix due to the
finite accuracy of the integration. The method parameter determines how the density matrix is obtained from both
expressions.
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CoordinationNumber

class CoordinationNumber(md_trajectory, cutoff_radius=None, start_time=None, end_time=None,
pair_selection=None, time_resolution=None, info_panel=None,
analysis_type=None, calculate_distribution=None)

Class for calculating the coordination number for an MD simulation.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the coordination number for.

• cutoff_radius (PhysicalQuantity of type length) – Cut off distance for nearest neigh-
bors (must be positive). Default: 2.5 * Angstrom.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs.

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame.

• pair_selection (sequence) – Only include contributions between this selection of
atoms. A sequence has to contain two of the following types: Element, tag name, list of
indices, or None. If None is given instead of a list then all atom pairs will be considered.
Default: None.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis. If time_resoultion is None
then it will be the same as the MD time step. Default: None.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel.

• analysis_type (Distribution | Profile | TimeEvolution | None) – The
type of coordination number analysis to perform. Default: None.

• calculate_distribution (bool) – A flag to determine whether the distribution of
coordination numbers or the time-dependent evolution of coordination numbers along
the trajectory should be calculated. DEPRECATED, use analysis_type instead. Default:
None.

coordinationNumbers()

Returns
The coordination numbers associated with the histogram.

Return type
numpy.array | PhysicalQuantity

data()

Returns
The coordination number distribution if calculate_distribution has been selected, The co-
ordination number profile if calculate_profile has been selected, otherwise an array with
the time-dependent evolution of the average coordination number.

Return type
numpy array

distances()

Returns
The distances associated with coordination number profile.
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Return type
numpy.array | PhysicalQuantity

times()

Returns
The MD-times in case the time-evolution has been calculated, None otherwise.

Return type
PhysicalQuantity of type time | None

Usage Examples

Load an MDTrajectory and calculate the coordination number distribution of the first atom with all surrounding hydro-
gen atoms:

md_trajectory = nlread('ethane_md.nc')[-1]

coordination_number = CoordinationNumber(md_trajectory,
cutoff_radius=1.2*Angstrom,
start_time=10000.0*fs,
end_time=50000.0*fs,
pair_selection=[[0], Hydrogen])

# Get the histogram and the associated the coordination numbers.
bin_edges = coordination_number.coordinationNumbers() - 0.4
histogram = coordination_number.data()

# Plot the data using pylab.
import pylab

pylab.bar(bin_edges, histogram, label='Coordination of the first atom', width=0.8)
pylab.xlabel('Coordination number')
pylab.ylabel('Histogram')
pylab.legend()

pylab.show()

coordination_number.py

Notes

Set the cutoff_radius parameter to the maximum bond length that should be considered. A good choice is typically
the end of the first peak in the RadialDistribution function of the respective elements.

Use the pair_selection parameter to select the atom interactions that are included in the calculation of the coordi-
nation number distribution. The first entry specifies the group of central atoms, while the second entry specifies which
of the surrounding atoms are considered. You can use elements, lists of indices, tags, or None (selecting all atoms) for
each entry.

This analysis has two modes, distribution and time evolution, which can be switched via the calculate
distribution argument. In the distribution analysis the histogram of the coordination numbers is plotted. In the
time evolution analysis, the change of the number of atoms associated with each coordination number is analyzed as
a function the simulation time. This analysis is performed each coordination number detected in the snapshots of the
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simulation, as shown in the second example, this yields𝐶𝑁𝑚𝑎𝑥+1 data sets, where𝐶𝑁𝑚𝑎𝑥 is the largest coordination
number found in the simulation.

CoreShellHarmonicPotential

class CoreShellHarmonicPotential(particleType1, particleType2, K, r0)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the core
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the shell
particle type.

• K (PhysicalQuantity of type energy * length**-2) – Potential parameter.

• r0 (PhysicalQuantity of type length ) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a core-shell potential for TiO2-rutile by adding particle types and interaction functions to the TremoloXPoten-
tialSet.

# Set up lattice
lattice = SimpleTetragonal(4.593*Angstrom, 2.959*Angstrom)

# Define elements
elements = [Titanium, Titanium, Oxygen, Oxygen, Oxygen, Oxygen]

# Define coordinates
(continues on next page)
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fractional_coordinates = [[-0.002453289082, -0.007907909466, 0.008991998629],
[ 0.486821568998, 0.505349605489, 0.498303421225],
[ 0.313234905089, 0.31385912058 , -0.002386305869],
[ 0.708385881142, 0.705329563593, 0.004823488804],
[ 0.801244040623, 0.185105024712, 0.48201997633 ],
[ 0.183768385074, 0.808268364353, 0.489566273637]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Adding the core-shell potential.
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name = 'TiO2_CoreShell')

# Add a particle for the oxygen-shell.
# The shell must have zero mass.
potentialSet.addParticleType(ParticleType(symbol='O_shell',

mass=0.0*atomic_mass_unit,
charge=-1.598,
atomicNumber=None))

# Add a particle for the oxygen-core.
potentialSet.addParticleType(ParticleType(symbol='O',

mass=15.9994*atomic_mass_unit,
charge=0.5,
atomicNumber=8))

# Add a particle for titanium.
# For Ti we do not the core-shell approach to model polarization.
potentialSet.addParticleType(ParticleType(symbol='Ti',

mass=47.867*atomic_mass_unit,
charge=2.196,
atomicNumber=22))

# Add the harmonic core-shell coupling for oxygen.
potential = CoreShellHarmonicPotential(particleType1 = 'O',

particleType2 = 'O_shell',
K = 44.3*eV/Angstrom**2,
r0 = 0.0*Angstrom)

potentialSet.addPotential(potential)

# Add the normal short-ranged potentials between titanium atoms.
potential = TosiFumiPotential(particleType1 = 'Ti',

particleType2 = 'Ti',
A = 31120.528*eV,
B = 6.49350649351*1/Angstrom,

(continues on next page)

4.13. Full QuantumATK package 625



QuantumATK V-2023.12 Documentation

(continued from previous page)

C = 5.25*eV*Angstrom**6,
D = 0.0*eV*Angstrom**8,
sigma = 0.0*Angstrom,
r_i = 5.0*Angstrom,
r_cut = 6.0*Angstrom)

potentialSet.addPotential(potential)

# Add short-ranged potentials between Ti and O-shells.
potential = TosiFumiPotential(particleType1 = 'Ti',

particleType2 = 'O_shell',
A = 16957.71*eV,
B = 5.15463917526*1/Angstrom,
C = 12.59*eV*Angstrom**6,
D = 0.0*eV*Angstrom**8,
sigma = 0.0*Angstrom,
r_i = 5.0*Angstrom,
r_cut = 6.0*Angstrom)

potentialSet.addPotential(potential)

# Add short-ranged potentials between O-shells.
potential = TosiFumiPotential(particleType1 = 'O_shell',

particleType2 = 'O_shell',
A = 11782.884*eV,
B = 4.2735042735*1/Angstrom,
C = 30.22*eV*Angstrom**6,
D = 0.0*eV*Angstrom**8,
sigma = 0.0*Angstrom,
r_i = 5.0*Angstrom,
r_cut = 6.0*Angstrom)

potentialSet.addPotential(potential)

# Set a Coulomb-solver for the electrostatic interactions.
potentialSet.setCoulombSolver(CoulombDSF(r_cut=9.0*Angstrom, alpha = 0.2))
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.coreshellcommon.notes.

CoreShellMorsePotential

class CoreShellMorsePotential(particleType1, particleType2, E0, k, r0)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the core
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the shell
particle type.

626 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

• E0 (PhysicalQuantity of type energy) – Potential parameter.

• k (PhysicalQuantity of type length**-1) – Potential parameter.

• r0 (PhysicalQuantity of type length ) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a core-shell potential for TiO2-rutile by adding particle types and interaction functions to the TremoloXPoten-
tialSet.

# Set up lattice
lattice = SimpleTetragonal(4.593*Angstrom, 2.959*Angstrom)

# Define elements
elements = [Titanium, Titanium, Oxygen, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[-0.002453289082, -0.007907909466, 0.008991998629],

[ 0.486821568998, 0.505349605489, 0.498303421225],
[ 0.313234905089, 0.31385912058 , -0.002386305869],
[ 0.708385881142, 0.705329563593, 0.004823488804],
[ 0.801244040623, 0.185105024712, 0.48201997633 ],
[ 0.183768385074, 0.808268364353, 0.489566273637]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
(continues on next page)
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# Adding the core-shell potential.
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name = 'TiO2_CoreShell')

# Add a particle for the oxygen-shell.
# The shell must have zero mass.
potentialSet.addParticleType(ParticleType(symbol='O_shell',

mass=0.0*atomic_mass_unit,
charge=-1.598,
atomicNumber=None))

# Add a particle for the oxygen-core.
potentialSet.addParticleType(ParticleType(symbol='O',

mass=15.9994*atomic_mass_unit,
charge=0.5,
atomicNumber=8))

# Add a particle for titanium.
# For Ti we do not the core-shell approach to model polarization.
potentialSet.addParticleType(ParticleType(symbol='Ti',

mass=47.867*atomic_mass_unit,
charge=2.196,
atomicNumber=22))

# Add the harmonic core-shell coupling for oxygen.
potential = CoreShellHarmonicPotential(particleType1 = 'O',

particleType2 = 'O_shell',
K = 44.3*eV/Angstrom**2,
r0 = 0.0*Angstrom)

potentialSet.addPotential(potential)

# Add the normal short-ranged potentials between titanium atoms.
potential = TosiFumiPotential(particleType1 = 'Ti',

particleType2 = 'Ti',
A = 31120.528*eV,
B = 6.49350649351*1/Angstrom,
C = 5.25*eV*Angstrom**6,
D = 0.0*eV*Angstrom**8,
sigma = 0.0*Angstrom,
r_i = 5.0*Angstrom,
r_cut = 6.0*Angstrom)

potentialSet.addPotential(potential)

# Add short-ranged potentials between Ti and O-shells.
potential = TosiFumiPotential(particleType1 = 'Ti',

particleType2 = 'O_shell',
A = 16957.71*eV,
B = 5.15463917526*1/Angstrom,
C = 12.59*eV*Angstrom**6,
D = 0.0*eV*Angstrom**8,
sigma = 0.0*Angstrom,

(continues on next page)
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r_i = 5.0*Angstrom,
r_cut = 6.0*Angstrom)

potentialSet.addPotential(potential)

# Add short-ranged potentials between O-shells.
potential = TosiFumiPotential(particleType1 = 'O_shell',

particleType2 = 'O_shell',
A = 11782.884*eV,
B = 4.2735042735*1/Angstrom,
C = 30.22*eV*Angstrom**6,
D = 0.0*eV*Angstrom**8,
sigma = 0.0*Angstrom,
r_i = 5.0*Angstrom,
r_cut = 6.0*Angstrom)

potentialSet.addPotential(potential)

# Set a Coulomb-solver for the electrostatic interactions.
potentialSet.setCoulombSolver(CoulombDSF(r_cut=9.0*Angstrom, alpha = 0.2))
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.coreshellcommon.notes.

CoreShellOptimizationOption

class CoreShellOptimizationOption(maxIterations=None, relFTol=None, gradTol=None)
Constructor of the option.

Parameters

• maxIterations (int) – The maximal number of iterations that are allowed during the
optimization of the core-shell potential.

• relFTol (float) – Stop the optimization of the core-shell potential if the relative change
in the objective function value is smaller than this value. If set to < 0, this stopping crite-
rion is disabled.

• gradTol (float) – Stop the optimization of the core-shell potential if the 2-norm of the
gradient of the objective function is smaller than this value. If set to < 0, this stopping
criterion is disabled.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a core-shell potential and add an optimization option to stop the internal optimization of the shell positions
charges after 20 iterations.

# Set up a new core-shell potential.
coreshell_potential = Pedone_AlCaNaOSi_2012()

# Set up an optimization option to stop the optimization of the shell positions
# after 20 iterations.
optimization_option = CoreShellOptimizationOption(

maxIterations=20,
)

# Add the option to the potential.
coreshell_potential.addOption(optimization_option)

Notes

This option can be used to specify the details of the internal optimization of the shell-positions in a Core-Shell potential.
It can be added to a TremoloXPotentialSet via the addOption() method.

CosineAnglePotential

class CosineAnglePotential(particleType1, particleType2, particleType3, k, n)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• k (PhysicalQuantity of type energy) – Potential parameter.

• n (int) – Potential parameter.

630 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• An angle potential is calculated for a triple (a,b,c) of atoms, which are connected by two adjacent bonds (a,b)
and (b,c). The potential acts on the angle 𝜃 formed by these two bonds:

𝑈𝑖𝑗𝑘 = 𝑘𝑖𝑗𝑘 cos(𝑛𝑖𝑗𝑘𝜃𝑖𝑗𝑘)

CosinePowerTorsionPotential

class CosinePowerTorsionPotential(particleType1, particleType2, particleType3, particleType4, c)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.
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• particleType4 (ParticleType or ParticleIdentifier) – Identifier of the fourth
particle type.

• c (Sequence of PhysicalQuantity of type energy or PhysicalQuantity
array of type energy.) – Potential parameter. The length of this list must not
exceed 10.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

CosineTorsionPotential

class CosineTorsionPotential(particleType1, particleType2, particleType3, particleType4, k, n, delta)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• particleType4 (ParticleType or ParticleIdentifier) – Identifier of the fourth
particle type.

• k (Sequence of PhysicalQuantity of type energy or PhysicalQuantity
array of type energy.) – Potential parameter. The length of this list must not
exceed 10.

• n (Sequence of int) – Potential parameter. Must be of the same length as k.

• delta (Sequence of PhysicalQuantity of type angle or
PhysicalQuantity array of type angle.) – Potential parameter. Must be
of the same length as k.

632 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a bonded potential with a CosineTorsionPotential for an ethane molecule.

# Set up a new TremoloXPotentialSet
potential_set = TremoloXPotentialSet(name='Ethane_bonded')

# Add particle types for Carbon and Hydrogen.
potential_set.addParticleType(

ParticleType.fromElement(Carbon, charge=-0.3*elementary_charge)
)
potential_set.addParticleType(

ParticleType.fromElement(Hydrogen, charge=0.1*elementary_charge)
)
# Set up a new torsion potential for H-C-C-H groups and add it to the potential set.
# This potential has a multiplicity of 1.
torsion_potential = CosineTorsionPotential(

particleType1='H',
particleType2='C',
particleType3='C',
particleType4='H',
k=[0.0067455*eV],
n=[3],
delta=[0.0]

)
potential_set.addPotential(torsion_potential)
# Create a new TremoloXCalculator with this potential.
calculator = TremoloXCalculator(parameters=potential_set)

Here, only the CosineTorsionPotential block of the script is shown. The full script can be found found in the file
ethane_bonded_potential.py.
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Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• Each torsion potential is calculated for a quadruple (a,b,c,d) of atoms, which are connected by three bonds (a,b)
, (b,c), and (c,d). The potential acts on the torsion angle 𝜑 around the central bond:

𝜑(r𝑎,𝑏, r𝑏,𝑐, r𝑐,𝑑) = arccos

(︂
(r𝑎,𝑏 × r𝑏,𝑐) · (r𝑏,𝑐 × r𝑐,𝑑)

|r𝑎,𝑏 × r𝑏,𝑐||r𝑏,𝑐 × r𝑐,𝑑|

)︂
where r𝑖,𝑗 , {𝑖, 𝑗} ⊂ {𝑎, 𝑏, 𝑐, 𝑑} is the distance vector from atom i to atom j.

The torsion potential is calculated as

𝑉 (𝜑) =

mult∑︁
𝑖=1

𝑘𝑖 (1 + cos(𝑛𝑖𝜑− 𝛿𝑖))

where mult < 6 is the multiplicity of the torsion potential for the given quadruple of atom types. Each of the
parameters k, n, and 𝛿 is given as a list of length mult.

CosmoRS

class CosmoRS(configuration, solvation_energy)
Class for creating a COSMO-RS species that contains the configuration information needed for the COSMO-RS
method. This can either be returned or added directly to the COSMO-RS species database.

Parameters
configuration (MoleculeConfiguration | SurfaceConfiguration |
BulkConfiguration) – Configuration with a calculator that supports COSMO-RS
calculations.

evaluate()

Returns
The COSMO Real Species that represents the configuration.

Return type
CosmoRealSpecies

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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nlinfo()

Returns
Information about the calculated COSMO real species object.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Create a CosmoRS object for carbon dioxide. When opened in the QuantumATK Data Tool, the CosmoRS analysis
object can be added to the COSMO-RS molecule database. Simply drag and drop the analysis object onto the Import
tab of the COSMO-RS database.

# Calculate the solvation energy
solvation_energy = SolvationEnergy(

configuration=optimized_configuration
)
nlsave('co2_cosmors_example.hdf5', solvation_energy)

# Create the CosmoRS analysis object
cosmo_rs = CosmoRS(

configuration=optimized_configuration,
solvation_energy=solvation_energy

)
nlsave('co2_cosmors_example.hdf5', cosmo_rs)

co2_cosmors_example.py
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Notes

The CosmoRS analysis class is designed to package the calculations necessary to create a CosmoRealSpecies object.
This is the representation of molecules used in all COSMO-RS calculations. Saving this information as a single analysis
object makes it simple to add molecules to the COSMO-RS molecule database. To add molecules to the database in
QuantumATK, open the molecule database in the COSMO-RS Analyzer. This is one of the Supplementary Tools
available in the Data Tool. In the COSMO-RS molecule database, select the Import tab. This has an area where you
can add molecules by dragging the CosmoRS analysis object from the Data Tool onto the Import tab.

To create a CosmoRS analysis object, both a configuration and a SolvationEnergy object are required. The config-
uration must also contain an updated COSMO calculation. Once the object is created, the evaluate method can be
used to return the stored CosmoRealSpecies object. If working entirely in scripting the CosmoRealSpecies object
can also be created directly without requiring a CosmoRS analysis.

CosmoRSMixture

class CosmoRSMixture(mixture_components=None)
Create a mixture to be used as input in COSMO-RS methods. This object takes a list of tuples of input. Each tuple
specifies first mixture component as either a CosmoRealSpecies or a MoleculeConfiguration. Secondly
the mole fraction of the component is given, as a float ranging from 0 to 1. The mole fractions must add to 1.

Parameters
mxiture_components (Sequence of tuples.) – The list of mixture components.

addMixtures(ratio, other)
Add two mixtures with a given ratio into a new mixture. Duplicates are added together into the one com-
ponent.

Parameters

• ratio (float) – The fraction of the current mixture in the final one. The ratios of the
two components should add to 1.

• other ([type]) – The other component to be added to the new mixture.

Returns
The new mixture created by adding the given two together. If both mixtures share a com-
mon component, these will be added together in the new mixture.

Return type
CosmoRSMixture

componentMoleFraction(index)
Return a specific component mole fraction.

Parameters
index (int) – The index of the mole fraction to return.

Returns
The requested mole fraction.

Return type
float

componentSpecies(index)
Return a specific component species.
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Parameters
index (int) – The index of the component to return.

Returns
The requested species.

Return type
CosmoRealSpecies

components()

Returns
The components in the mixture, given as tuples of species and mole fraction.

Return type
Sequence of tuples

density()

Returns
The molar mass weighted density of the mixture.

Return type
PhysicalQuantity of type mass per volume

molarMass()

The mole fraction weighted molar mass of the mixture.

Returns
The mole fraction weighted molar mass of the mixture.

Return type
PhysicalQuantity of type mass per mole.

molarVolume()

The mole fraction weighted molar volume of the mixture.

Returns
The mole fraction weighted molar mass of the mixture.

Return type
PhysicalQuantity of type mass per mole.

moleFractions()

Returns
The mole fractions of each component.

Return type
Sequence of float

numberOfComponents()

Returns
The number of components in the mixture.

Return type
int

species()

Returns
The species included in the mixture.
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Return type
Sequence of CosmoRealSpecies

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Create a CosmoRSMixture object.

# Create a mixture.
mixture = CosmoRSMixture([

(water, 0.6), (methanol, 0.4)
])

# Get the mixture density.
density = mixture.density()
nlprint(f'The density of the mixture is {density}')

# Get the molar volume.
molar_volume = mixture.molarVolume()
nlprint(f'The molar volume of the mixture is {molar_volume}')

# Get the molar mass.
molar_mass = mixture.molarMass()
nlprint(f'The molar mass of the mixture is {molar_mass}')

# Create another mixture.
another_mixture = CosmoRSMixture([

(methanol, 0.4), (acetonitrile, 0.6)
])

# Combine them to create a new mixture.
new_mixture = mixture.addMixtures(0.5, another_mixture)
for i, x in enumerate(new_mixture.moleFractions()):

nlprint(f'The mole fraction of component {i} is {x}')

mixture_example.py

Notes

The CosmoRSMixture object contains information about a mixture composition. The object can be passed on to any
other solvent related COSMO-RS object such as LiquidEquilibrium . The molar mass of the mixture is defined as
the weighted molar mass of the mixture, 𝑀 .

𝑀 =
∑︁
𝑖

𝑥𝑖𝑀𝑖

Here 𝑀 is the molar mass and 𝑥 the mole fraction of component species 𝑖.

It is also possible to calculate the weighted molar volume of a solvent mixture 𝑉𝑚. 𝑉𝑚 is defined as the volume occupied
by 1 mole of species. This property can be determined based on the individual component densities their respective
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mole fractions.

𝑉𝑚 =
∑︁
𝑖

𝑥𝑖𝑉𝑚,𝑖

If all of the component species are provided with densities, the molar volume is calculated as

𝑉𝑚,𝑖 =
𝑀𝑖

𝜌𝑖

Here 𝜌 is the density. If the density is not given for a species the molar volume is approximated from the COSMO
cavity volume.

𝑉𝑚,𝑖 = 𝑁𝐴𝑉
𝐶𝑂𝑆𝑀𝑂
𝑖

𝑁𝐴 is Avogadro constant.

The mixture density is then calculated based on the previous properties.

𝜌 =
𝑀

𝑉𝑚

Finally, CosmoRSMixture objects may be combined to form a new mixture. This is done using addMixtures method
where a mixture ratio is also needed. If the mixtures have a component species in common this will be added together
to form a single component of the new mixture.

CosmoRSParameterSets

class CosmoRSParameterSets

deleteParameterSet(name)
Delete the the given named entry from the available parameter sets. This can only be done for user added
entries.

Parameters
name (str) – The name of the parameter set to delete.

loadParameterSet(name)
Return the parameter set for the given named entry.

Parameters
name (str) – The name of the parameter set to return.

Returns
The parameter set.

Return type
CosmoRSParameters

parameterSets()

Returns
A list of the names of the available parameter sets.

Return type
list of str
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saveParameterSet(name, parameter_set, reference=None, description=None)
Save a parameter set into the set of available parameter sets.

Parameters

• name (str) – The name to be given to the parameter set.

• parameter_set (CosmoRSParameters) – The data for the parameter set.

• reference (str) – An optional reference for where the parameters were obtained.

• description (str) – An optional description of the parameter set.

Usage Examples

List the available parameter sets and load a parameter set to calculate the chemical potential of water.

# Load the parameters database
param_database = CosmoRSParameterSets()

# Print the names of the available parameter sets
parameter_names = param_database.parameterSets()
nlprint('Available parameter set names:')
for name in parameter_names:

nlprint(name)
nlprint('')

# Load a specific parameter set
parameters = param_database.loadParameterSet('klamt_1998')

# Calculate the chemical potential of water with the new parameter set
molecule_database = CosmoRSSpeciesDatabase()
water = molecule_database.exportSpecies('water')
solvent = CosmoRealSolvent(298*Kelvin, water, parameters)
chemical_potential = solvent.chemicalPotential(water)
nlprint(f'The estimated chemical potential of water is {chemical_potential}')

load_parameters_example.py

Save a parameter set into the database and then delete it again.

# Create the custom CosmoRSParameters object
parameters = CosmoRSParameters(

hydrogen_bond_donors=Hydrogen,
hydrogen_bond_acceptors=(Nitrogen, Oxygen, Fluorine),
r_average=0.334*Ang,
alpha_prime=1428.3*kiloCaloriePerMol*Ang**2/elementary_charge**2,
f_correlation=2.784,
c_hydrogen_bonding=8800*kiloCaloriePerMol*Ang**2/elementary_charge**2,
sigma_hydrogen_bonding=0.869*elementary_charge/nm**2,
hydrogen_bond_temperature=False,
a_effective=7.79*Ang**2,
lambda_comb=0.13,
omega_ring=-0.216*kiloCaloriePerMol,

(continues on next page)
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(continued from previous page)

eta_gas=-10.05,
lambda_reg=0.611,
lambda_ortho=0.820,
pka_scale=1.0,
pka_offset=0.0,
dispersion={

Hydrogen: -3.59*kiloCaloriePerMol/nm**2,
Carbon: -3.47*kiloCaloriePerMol/nm**2,
Nitrogen: -2.26*kiloCaloriePerMol/nm**2,
Oxygen: -3.17*kiloCaloriePerMol/nm**2,
Chlorine: -5.00*kiloCaloriePerMol/nm**2,

},
)

# Save the parameters to the database
database = CosmoRSParameterSets()
database.saveParameterSet(

'custom_parameter_set',
parameters,
reference='DOI: 10.1139/V09-008',
description=(

'Taken from "C. C. Pye, T. Zeigler, E. van Lenthe and J. L. Louwen. '
'Can. J. Chem., 87, 790-797 (2009).'

)
)

# Print the names of the available parameter sets
parameter_names = database.parameterSets()
nlprint('Available parameter set names:')
for name in parameter_names:

nlprint(name)
nlprint('')

# Remove the entry from the database again
database.deleteParameterSet('custom_parameter_set')

save_delete_parameters_example.py

Notes

The CosmoRSParameterSets object functions as an interface to a local database of COSMO-RS parameter sets. This
database can also be accessed by the COSMO-RS Parameters dialog in the COSMO-RS Analyzer. Parameter sets
added to the CosmoRSParameterSets object also become available in the COSMO-RS Analyzer.

Parameter sets can be stored or retrieved with a simple save and load interface. The method parameterSets lists the
available parameter sets. A parameter set is obtained from the database using the loadParameterSet method. This
returns a CosmoRSParameters object which can be used directly in COSMO-RS calculations. Likewise, a parameter
set can be saved using the saveParameterSet method, which takes along with it a a CosmoRSParameters object
that defines the parameter set. Optional text information about the parameter set can also be provided. Once saved, a
parameter set can be removed with the deleteParameterSet method. Only parameter sets added by the user can be
deleted.
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CosmoRSParameters

class CosmoRSParameters(alpha_prime=None, a_effective=None, f_correlation=None, lambda_ortho=None,
c_hydrogen_bonding=None, sigma_hydrogen_bonding=None,
hydrogen_bond_temperature=None, hydrogen_bond_donors=None,
hydrogen_bond_acceptors=None, r_average=None, lambda_comb=None,
lambda_reg=None, omega_ring=None, eta_gas=None, dispersion=None,
pka_scale=None, pka_offset=None, sigma_potential_tolerance=None,
sigma_potential_max_steps=None, bin_size=None)

Constructor for COSMO-RS parameters class. These parameters are used for calculating chemical potentials of
different states. The default parameters are the generally recommended ones.

Parameters

• alpha_prime (PhysicalQuantity of type energy per area) – Weak/misfit interaction co-
efficient.

• a_effective (PhysicalQuantity of type area) – The thermodynamically independent
contact area.

• f_correlation (float) – Amount of correlation charge density to include in the misfit
energy.

• lambda_ortho (float) – Amount of local charge density that contributes to the orthog-
onal charge density.

• c_hydrogen_bonding (PhysicalQuantity of type energy per area) – Hydrogen bonding
coefficient for strong electrostatic interactions.

• sigma_hydrogen_bonding (PhysicalQuantity of type charge per area) – The charge
density threshold above which the interaction is considered as including hydrogen bond-
ing.

• hydrogen_bond_temperature (bool) – Whether or not the strength of hydrogen bond-
ing is scaled according to the temperature.

• hydrogen_bond_donors (Sequence of PeriodicTableElement) – The elements that
can act as donors for hydrogen bonding.

• hydrogen_bond_acceptors (Sequence of PeriodicTableElement) – The elements
that can act as acceptors for hydrogen bonding.

• r_average (PhysicalQuantity of type length) – The sphere radius in which the surface
charges are averaged.

• lambda_comb (float) – Factor used in calculating the combinatoral chemical potential.

• lambda_reg (float) – Factor for the energy difference between the exact and sigma-
averaged screening charges.

• omega_ring (PhysicalQuantity of type energy) – Gas phase energy contribution for
atoms in rings.

• eta_gas (float) – Scaling of the gas phase chemical potential with temperature.

• dispersion (dict) – The dispersion energy densities for elements.

• pka_scale (float) – The gradient of the pKa linear correction.

• pka_offset (float) – The offset of the pKa linear correction.

• sigma_potential_tolerance (PhysicalQuantity of type charge per area) – The con-
vergence threshold for the sigma potential.

642 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

• sigma_potential_max_steps (int) – The maximum number of steps before the sigma
potential is evaluated as non-converged.

• bin_size (Sequence of PhysicalQuantity of type charge per area) – The bin size for the
sigma profile histogram.

aEffective()

Returns
The thermodynamically independent contact area.

Return type
PhysicalQuantity of type area

alphaPrime()

Returns
Weak/misfit interaction coefficient.

Return type
PhysicalQuantity of type energy per area

binSize()

Returns
The histogram bin size of the charge densities.

Return type
PhysicalQuantity of type charge per area

cHydrogenBonding()

Returns
Hydrogen bonding coefficient for strong electrostatic interactions.

Return type
PhysicalQuantity of type energy per area

createDatabaseEntry(file_path, name, reference=None, description=None)
Create a parameter database file.

Parameters

• file_path (str) – The location of where the database entry file is to be saved.

• name (str) – The name of the parameter database entry.

• reference (str | None) – The optional reference for the source of the data.

• description (str | None) – Optional description of the database entry.

defaultDispersion()

Returns
The average of the elemental dispersion parameters, used when the dispersion for the given
element is undefined.

Return type
PhysicalQuantity of type energy per area

dictionary()

Returns
A dictionary of the parameters that defines the model.
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Return type
dict

difference(other, rel_tol=0.0001)
Return a dictionary of all of the parameters in the object that differ by the given factor from the parameters
in another object.

dispersion()

Returns
The dispersion energy densities for elements.

Return type
dict

etaGas()

Returns
Scaling of the gas phase chemical potential with temperature.

Return type
float

fCorrelation()

Returns
Amount of correlation charge density to include in the misfit energy.

Return type
float

hydrogenBondAcceptors()

Returns
The elements that can act as acceptors of hydrogen bonding

Return type
Sequence of PeriodicTableElement

hydrogenBondDonors()

Returns
The elements that can act as donors of hydrogen bonding

Return type
Sequence of PeriodicTableElement

hydrogenBondTemperature()

Returns
Whether or not hydrogen bonding is scaled with temperature.

Return type
bool

lambdaComb()

Returns
Factor used in calculating the combinatoral chemical potential.

Return type
float
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lambdaOrtho()

Returns
Amount of local charge density that contributes to the orthogonal charge density.

Return type
float

lambdaReg()

Returns
Factor for the energy difference between the exact and averaged screening charges.

Return type
float

omegaRing()

Returns
Gas phase energy contribution for atoms in rings.

Return type
PhysicalQuantity of type energy

pkaOffset()

Returns
The intercept of the linear correction for the pKa.

Return type
float

pkaScale()

Returns
The gradient of the linear correction for the pKa

Return type
float

rAverage()

Returns
The sphere radius for which the surface charges are averaged.

Return type
PhysicalQuantity of type length

sigmaHydrogenBonding()

Returns
The charge density hydrogen bonding threshold.

Return type
PhysicalQuantity of type charge per area

sigmaPotentialMaxSteps()

Returns
The number of steps before the sigma potential is evaluated as non-converged.

Return type
int
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sigmaPotentialTolerance()

Returns
The threshold under which the sigma potential is evaluated as converged.

Return type
PhysicalQuantity of type charge per area

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Set some custom parameters for the COSMO-RS model and use them to calculate the vapor pressure of water at 300K.

# Load the water COSMO-RS species
database = CosmoRSSpeciesDatabase()
water = database.exportSpecies('water')

# Create the parameter set with custom parameters for the gas chemical potential
parameters = CosmoRSParameters(

r_average=0.5*Ang,
omega_ring=-0.21*kiloCaloriePerMol,
eta_gas=-9.15,
lambda_reg=0.8,
lambda_ortho=0.816,
dispersion={

Hydrogen: -4.10*kiloCaloriePerMol/nm**2,
Oxygen: -4.20*kiloCaloriePerMol/nm**2,

}
)

# Calculate the vapor pressure using the different parameters
liquid = CosmoRealSolvent(300*Kelvin, water, parameters)
gas = CosmoRealGas(300*Kelvin, parameters)
mu_liquid = liquid.chemicalPotential(water)
mu_gas = gas.chemicalPotential(water)
vapor_pressure = numpy.exp((mu_liquid - mu_gas) / (300 * Kelvin * boltzmann_constant)) *␣
→˓bar

nlprint(f'The calculated vapor pressure is {vapor_pressure}')

cosmors_parameters_example.py
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Notes

The CosmoRSParameters class is a container class for the parameters used in the COSMO-RS method. These param-
eters are used in the calculation of the chemical potential of molecules in different states. They are mostly empirical
parameters that are fitted to large sets of experimental data. The equations used in COSMO-RS are published in a num-
ber of places1234. Care must be taken when reading these sources however, as there are some mistakes and oversights
in the original literature.

A number of the parameters are used for calculating either the liquid or solvent chemical potentials. When taking surface
charges from a COSMO-DFT calculation the surface charge densities 𝜎* may fluctuate in an nonphysical manner. This
is due to the linear fitting algorithm used to calculate the charge densities. The charge densities used in the COSMO-RS
method are smoothed using a sigma averaging method. Here the smoothed charge densities 𝜎 are calculated as:

𝜎𝑖 =

∑︀
𝑗 𝜎

*
𝑗 𝐼𝑖𝑗∑︀

𝑗 𝐼𝑖𝑗

𝐼𝑖𝑗 =
𝑟2𝑗

𝑟2𝑗 + 𝑟2𝑎𝑣
exp

(︃
−
𝑑2𝑖𝑗
𝑟2𝑎𝑣

)︃
Here 𝑑𝑖𝑗 is the distance between two surface segments, 𝑟𝑗 is the average radius of the surface segment and 𝑟𝑎𝑣 is the
averaging radius. The averaging radius is one of the parameters in the COSMO-RS model, and can be set using the
argument r_average.

In addition to the sigma averaged charge densities 𝜎, COSMO-RS also uses orthogonal charges 𝜎⊥. These are created
by first creating a set of charge densities 𝜎∘ that averaged from the 𝜎* charge densities using double the averaging
radius. The orthogonal charges are then defined as:

𝜎⊥ = 𝜎∘ − 𝜆𝑜𝑟𝑡ℎ𝑜𝜎

Here 𝜆𝑜𝑟𝑡ℎ𝑜 is another COSMO-RS parameter. This can be set in the CosmoRSParameters object using the argument
lambda_ortho.

With these two charge densities, the 𝜎-potential �̄�(𝜎, 𝜎⊥) is then calculated by iteratively summing over all of the
surface segments of each component of the solvent. The equation for this can be given as:

�̄�(𝜎, 𝜎⊥) = − ln

[︃
1∑︀
𝑖 𝑥𝑖𝐴𝑖

∑︁
𝑖

𝑥𝑖
∑︁
𝜈∈𝑋𝑖

𝑠𝑣 exp
(︁
�̄�(𝜎𝜈 , 𝜎

⊥
𝜈 ) − 𝑎𝑒𝑓𝑓

𝑅𝑇
𝐸(𝜎, 𝜎⊥, 𝜎𝜈 , 𝜎

⊥
𝜈 )
)︁]︃

Here 𝑥𝑖 is the mole fraction of each solvent component, 𝐴𝑖 is the total molecule surface area, 𝐸(𝜎, 𝜎⊥, 𝜎𝜈 , 𝜎
⊥
𝜈 ) is

the surface segment interaction energy. The effective contact area 𝑎𝑒𝑓𝑓 is another free parameter in the COSMO-RS
method. This can be set using the a_effective argument. Note also that since the 𝜎-potential �̄� appears on both the
right and left side of the equation, the sigma potential for each surface segment is calculated iteratively.

The surface segment interaction energy is the sum of two additional terms, the misfit energy and the hydrogen bonding
energy. The misfit energy, 𝐸𝑚𝑖𝑠𝑓𝑖𝑡 which measures the energy of interaction between two surface segments can be
given as:

𝐸𝑚𝑖𝑠𝑓𝑖𝑡(𝜎𝑖, 𝜎𝑗 , 𝜎
⊥
𝑖 , 𝜎

⊥
𝑗 ) =

𝛼′

2
(𝜎𝑖 + 𝜎𝑗)[(𝜎𝑖 + 𝜎𝑗) + 𝑓𝑐𝑜𝑟𝑟(𝜎

⊥
𝑖 + 𝜎⊥

𝑗 )]

Here the charge densities are taken from two different surface elements 𝑖 and 𝑗. This equation also contains two
additional free parameters. 𝛼′ represents the strength of the misfit energy interaction, and can be set with the input

1 Andreas Klamt, Volker Jonas, Thorsten Bürger, and John C. W. Lohrenz. Refinement and parametrization of cosmo-rs. J. Phys. Chem. A.,
102:5074–5085, 1998. doi:10.1021/jp980017s.

2 Andreas Klamt. The basic COSMO-RS, pages 83–107. Elsevier, 2005.
3 Andreas Klamt. Refinements, parameterization, and the complete COSMO-RS, pages 109–125. Elsevier, 2005.
4 Cory C. Pye, Tom Ziegler, Erik van Lenthe, and Jaap N. Louwen. An implementation of the conductor-like screening model of solvation

withing the amsterdam density functional package - part ii. cosmo for real solvents. Can. J. Chem., 87:790–797, 2009. doi:10.1139/V09-008.
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argument alpha_prime. Likewise 𝑓𝑐𝑜𝑟𝑟 represents the strength of the correlation charge density interaction, and can
be set with the argument f_correlation.

The hydrogen bonding energy 𝐸ℎ𝑏 utilizes only the local charge densities 𝜎. This energy can be given as:

𝐸ℎ𝑏(𝜎𝑖, 𝜎𝑗) = 𝑐ℎ𝑏𝑓ℎ𝑏(𝑇 ) max(0,max[𝜎𝑖, 𝜎𝑗 ] − 𝜎ℎ𝑏) min(0,min[𝜎𝑖, 𝜎𝑗 ] + 𝜎ℎ𝑏)

In this equation 𝑐ℎ𝑏 represents the strength of the hydrogen bonding interaction, while 𝜎ℎ𝑏 represents the charge density
limit above which interactions are deemed to include hydrogen bonding. These are both free parameters, and can be
set with the c_hydrogen_bonding and sigma_hydrogen_bonding respectively. Scaling of the hydrogen bonding
interaction can also be included through the function 𝑓ℎ𝑏(𝑇 ). This can be given as:

𝑓ℎ𝑏(𝑇 ) =
𝑇 ln(1 + exp(�̄�/𝑅𝑇 )/200)

𝑇 ln(1 + exp(�̄�/𝑅𝑇 )/200)

Here �̄� is a reference energy, set to 20kJ/mol and 𝑇 is a reference temperature, set to 298.15K. This temperature scaling
lowers the hydrogen bonding energy at temperatures above 298.15K. As this scaling has no free parameters, it can only
be either enabled or disabled. This is done with the argument hydrogen_bond_temperature.

Since the 𝜎-potential is calculated by summing over specific surface elements, it is possible to also use the attached
atom of each surface segment to determine whether or not to include hydrogen bonding. This can be useful in cases,
such as when modeling metal cations, where molecules may have large charge densities from atoms that do not have
any hydrogen bonding character. The elements to include as hydrogen bonding donors or acceptors can be specified
with the arguments hydrogen_bond_donors and hydrogen_bond_acceptors, respectively. These both take a list
of elements or the flag All. The flag All indicates that hydrogen bonding is to be included for all surface segments
withing the hydrogen bonding range of charge density regardless of attached atom.

Once the 𝜎-potential is calculated, the residual chemical potential 𝜇𝑟𝑒𝑠𝑋 of a molecule 𝑋 can simply be calculated by
summing the interactions of the solute surface segments with those of the solvent. This is done through the equation:

𝜇𝑟𝑒𝑠𝑋 =
𝑅𝑇

𝑎𝑒𝑓𝑓

∑︁
𝑖∈𝑋

𝑠𝜈 �̄�(𝜎𝑖, 𝜎
⊥
𝑖 )

The total chemical potential of a solvated molecule is the sum of both the residual and combinatorial chemical potential.
This latter chemical potential includes cavitation and entropic terms. The combinatatorial chemical potential 𝜇𝑐𝑜𝑚𝑏𝑋

can be given as:

𝜇𝑐𝑜𝑚𝑏𝑋 = 𝜆𝑐𝑜𝑚𝑏𝑅𝑇

[︂
ln(𝑉 𝑋) +

(︂
1 − 𝑉 𝑋

𝑉𝑎𝑣
− ln(𝑉 𝑎𝑣)

)︂
+

(︂
1 − 𝐴𝑋

𝐴𝑎𝑣
− ln(𝐴𝑎𝑣)

)︂]︂
Here𝐴𝑋 and 𝑉 𝑋 are the surface area and volume of the solute species. Likewise𝐴𝑎𝑣 and 𝑉 𝑎𝑣 are the average surface
area and volume of the components of the solvent. All areas and volumes are also divided by the reference of 12 and
13, respectively, to render them dimensionless. The free parameter 𝜆𝑐𝑜𝑚𝑏 sets the relative size of the combinatorial
chemical potential. This can be specified with the argument lambda_comb.

A number of free parameters are also used in the estimation of the gas phase chemical potential. In COSMO-RS the
gas chemical potential of a substance is defined so that the vapor pressure 𝑝 can be given as:

𝑝 = 𝑝0 exp([𝜇𝑙𝑖𝑞 − 𝜇𝑔𝑎𝑠]/𝑅𝑇 )

Here 𝑝0 is a reference pressure, defined to be 1 bar. The overall equation of the gas phase chemical potential of a
molecule 𝜇𝑔𝑎𝑠𝑋 can be given as:

𝜇𝑔𝑎𝑠𝑋 = ∆𝑋 −
∑︁
𝑘

𝛾𝑘𝐴
𝑋
𝑘 − 𝜔𝑛𝑋𝑟𝑖𝑛𝑔 + 𝜂𝑅𝑇

This expression contains a number of terms. The first, ∆𝑋 represents the difference in solvation energy between the
gas and solvent states. This can be given as:

∆𝑋 = 𝐸𝑔𝑎𝑠 − 𝐸𝐶𝑂𝑆𝑀𝑂 +
𝜆𝑟𝑒𝑔

2

∑︁
𝑖

Φ𝑖𝑠𝜈(𝜎𝑖 − 𝜎*
𝑖 )
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Here 𝐸𝑔𝑎𝑠 and 𝐸𝐶𝑂𝑆𝑀𝑂 are the total energy of the molecule in the gas and COSMO solvent model, respectively.
The COSMO energy includes both the dielectric energy and the polarization of the molecule resulting from the charge
of the solvent cavity. The final sum is a consequence of the COSMO dielectric energy being calculated with the raw
charges. In COSMO-RS smoothed charges are always used, and so the final sum accounts for the energy associated
with smoothing the charge density distribution. Here Φ is the molecular electrostatic potential at each surface element.
The free parameter 𝜆𝑟𝑒𝑔 estimates how much the total COSMO energy is raised by the molecule being polarized by
the solvent cavity surface. This can be set with the argument lambda_reg.

Going back to the equation for the total gas chemical potential, the second term accounts for the loss of dispersion
interactions from the solvent in transferring the molecule to the gas phase. The dispersion energies are simply calculated
by scaling the total surface area associated with each element, 𝐴𝑋𝑘 with a scaling factor 𝛾𝑘. These scaling factors are
different for each element. Since the dispersion energy depends only on the solvent cavity, it is the same for any solvent.
For that reason it is not included in the solvent chemical potential, but rather in the gas chemical potential. The scaling
factors for each element can be set with the argument dispersion. This takes a dictionary, where the keys are each
element to be set and the value is the scaling factor.

The third term in the gas chemical potential is a special correction for molecules with rings. Here 𝑛𝑟𝑖𝑛𝑔 represents the
number of atoms in cyclic structures and 𝜂 is an energy scaling factor. This can be set with the argument omega_ring.
The final term in the gas chemical potential accounts for the temperature of the gas. Here 𝜂 is a dimensionless scaling
factor. This can be set with the argument eta_gas.

When calculating pKa values, a linear correction can be applied to the value calculated by COSMO-RS to give an
estimate of the actual pKa value5. This corrects for both systematic deficiencies in the underlying DFT calculation and
the COSMO-RS methodology. Using this linear correction the pKa can be given as:

𝑝𝐾𝑎 = 𝐴× 𝑝𝐾𝑟𝑎𝑤
𝑎 +𝐵

Here 𝑝𝐾𝑟𝑎𝑤
𝑎 is the pKa value directly calculated by COSMO-RS. The factors 𝐴 and 𝐵 can be set with the arguments

pka_scale and pka_offset, respectively.

The final parameters in the CosmoRSParameters object relate to numerical details in how the COSMO-RS calcu-
lation is performed. Since the 𝜎-potential is calculated iteratively, this is done until either the 𝜎-potential reaches a
set convergence limit or a maximum number of steps has been reached. The convergence limit can be set with the
argument sigma_potential_tolerance. Likewise the maximum number of steps can be set with the argument
sigma_potential_max_steps. In some cases, such as at low temperature, the 𝜎-potential may not converge using
the default settings. In these cases either the convergence limit can be raised or the number of steps increased until con-
vergence is reached. When calculating plots of either the 𝜎-profile or the 𝜎-potential the charge density is divided into
a number of steps or bins. The argument bin_size sets the spacing of these steps. Since the COSMO-RS calculations
are done by summing over surface segments, this argument is not used in calculating chemical potentials.

When creating a CosmoRSParameters object, any number or combination of parameters may be specified. The default
values for all parameters is taken from the quantumatk_u2022-12 parameter set. The values contained in this parameter
set can be shown using the COSMO-RS Parameters dialog in the COSMO-RS Analyzer.

Once a parameter set is created, it can be saved for further use in QuantumATK. Parameter sets can be added to
QuantumATK through the CosmoRSParameterSets class, which interfaces to a local database of parameter sets.
Parameter sets can also be added manually. The method createDatabaseEntry creates a representation of the pa-
rameter set in a file. The parameter set is then added to the database by placing it in the .quantumatk/databases/
cosmors_parameters/ in your home directory.

5 Andreas Klamt, Frank Eckert, Michael Diedenhofen, and Michael E. Beck. First principles calculations of aqueous pka values for organic and in-
organic acids using cosmo-rs reveal an inconsistency in the slope of the pka scale. J. Phys. Chem. A., 107:9380–9386, 2003. doi:10.1021/jp034688o.
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CosmoRSSpeciesDatabase

class CosmoRSSpeciesDatabase

categories()

Returns
A list of the chemical categories used in the database.

Return type
list of str

deleteSpecies(name)
Delete the the given named entry from the database. This can only be done for user-added entries.

Parameters
name (str) – The name of the species to delete.

exportSpecies(name)
Return the CosmoRealSpecies for the given named entry.

Parameters
name (str) – The name of the species to return.

findSpecies(category=None, formula=None, smiles=None)
Return the list of the names of the available species. Different selection criteria can be used to return
subsets of species names.

Parameters

• category (str) – Return only species that are in the given category.

• formula (str) – Return only species that have the given chemical formula.

• smiles (str) – Return only species whose bond graph matches the bond graph given
by the SMILES string. Note that this does not distinguish between cis/trans isomers
or stereoisomers.

Returns
A list names of species that match the given selection criteria.

Return type
list of str

importSpecies(name, cosmo_data, category=None, description=None, melting_point=None,
enthalpy_of_fusion=None, specific_heat_capacity_change=None, antoine_a=None,
antoine_b=None, antoine_c=None, boiling_point=None, flash_point=None, density=None)

Add a new configuration to the COSMO-RS database.

Parameters

• name (str) – The name of the data entry.

• cosmo_data (CosmoRS | CosmoRealSpecies) – The COSMO data including solvent
and gas phase DFT calculations.

• category (str) – The classification category of the configuration.

• description (str) – A text description of the database entry.

• melting_point (PhysicalQuantity of type temperature) – The melting point of
the pure substance.
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• enthalpy_of_fusion (PhysicalQuantity of type energy) – The enthalpy or heat
of fusion of the pure substance.

• specific_heat_capacity_change (PhysicalQuantity of type energy per tem-
perature) – The difference in the molar isobaric specific heat capacity between the
liquid and solid phase.

• antoine_a (PhysicalQuantity of type pressure) – The A parameter of the Antoine
equation. The units indicate the pressure units in the equation.

• antoine_b (PhysicalQuantity of type temperature) – The B parameter of the An-
toine equation.

• antoine_c (PhysicalQuantity of type temperature) – The C parameter of the An-
toine equation.

• boiling_point (PhysicalQuantity of type temperature) – The boiling point of
the pure substance.

• flash_point (PhysicalQuantity of type temperature) – Minimum temperature
required for the vaporized pure substance to be combustible in air.

• density (PhysicalQuantity of type density) – The liquid density of the pure sub-
stance.

Usage Examples

Find names of molecules in the COSMO-RS database by category, chemical formula and bond graph.

# Load the COSMO database
database = CosmoRSSpeciesDatabase()

# Find all species with the chemical formula C4H8O
species_names = database.findSpecies(formula='C4H8O')
nlprint(species_names)

# Find specifically the molecule tetrahydrofuran
species_names = database.findSpecies(formula='C4H8O', smiles='O1CCCC1')
nlprint(species_names)

find_species_example.py

Load water and SO2 molecules from the database and calculate the solubility of SO2 in water.

# Load the COSMO species
database = CosmoRSSpeciesDatabase()
water = database.exportSpecies('water')
sulfur_dioxide = database.exportSpecies('sulfur dioxide')

# Determine the gas solubility.
gas_solubility = GasSolubility(

sulfur_dioxide,
water,
solvent_density=1*kiloGram/liter,
temperature=298*Kelvin,
parameters=CosmoRSParameters(),

)
(continues on next page)

4.13. Full QuantumATK package 651



QuantumATK V-2023.12 Documentation

(continued from previous page)

# Retrieve the Henry constant.
h_cp = gas_solubility.henryConstantCP()[0].convertTo(molar/bar)
nlprint(f'The Henry constant of SO2 in water is {h_cp}')

# Retrieve the Henry volatility.
h_px = gas_solubility.henryVolatilityPX()[0].convertTo(bar)
nlprint(f'The Henry volatility of SO2 in water is {h_px}')

water_so2_example.py

Add and then remove an azide (ammonia) molecule.

# Create the COSMO-RS object
solvation_energy = SolvationEnergy(

configuration=azane
)
azane_cosmo_rs = CosmoRS(

configuration=azane,
solvation_energy=solvation_energy

)

# Load the database
database = CosmoRSSpeciesDatabase()

# Add the molecule to the database
database.importSpecies(

'azane',
azane_cosmo_rs,
category='Inorganic bases',
description='Added as example of COSMO-RS molecular database',
boiling_point=239.81*Kelvin,
melting_point=195.42*Kelvin,
density=0.682*kiloGram/liter,
antoine_a=4.86886*bar,
antoine_b=1113.928*Kelvin,
antoine_c=-10.409*Kelvin,

)

# Remove the species from the database
database.deleteSpecies('azane')

add_remove_example.py
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Notes

The CosmoRSSpeciesDatabase object provides a script interface to the molecule database in the Cosmo-
RS Analyzer. Through this class CosmoRealSpecies objects can be exported from the database using the
exportSpecies method. These CosmoRealSpecies objects can then be used directly in a COSMO-RS calculation.
CosmoRealSpecies or CosmoRS objects can also be saved into the database using the importSpecies method. As
well as the data object, the importSpecies method can optionally take a category label, a description or a range of ex-
perimental data that may be used in COSMO-RS calculations. These data can also be set when running the COSMO-RS
calculation. Configurations that have been added to the database can also be removed by the deleteSpecies method.
Configuration entries that are shipped with QuantumATK cannot be deleted.

In the database species have a name as a primary key. This is often the common name for the molecule, rather than the
systematic IUPAC name. Specific molecules can be searched for using a combination of classification class, chemical
formula and SMILES string in the findSpecies method. Classification class and chemical formula match all records
with the same data. SMILES strings use graph matching to match all records that have the same bond graph. Note that
this does not distinguish between cis and trans isomers. The findSpecies method returns the name of all records that
match the given criteria.

CosmoRealGas

class CosmoRealGas(temperature, parameters=None)
Constructor for COSMO-RS gas phase. This can be used to calculate gas interactions in the COSMO-RS model.

Parameters

• temperature (PhysicalQuantity of type temperature) – The gas temperature.

• parameters (CosmoRSParameters) – The COSMO real solvent parameters

chemicalPotential(species)
Calculate the gas phase chemical potential of the given species.

Parameters
species (CosmoRealSpecies) – The species for which the chemical potential is calcu-
lated.

Returns
The chemical potential.

Return type
PhysicalQuantity of type energy

parameters()

Returns
The parameters used for the COSMO-RS model.

Return type
CosmoRSParameters

temperature()

Returns
The temperature of the gas.

Return type
PhysicalQuantity of type temperature
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uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the gas-phase pseudochemical potential of water with respect to the ideal screened state.

# Load the COSMO species
database = CosmoRSSpeciesDatabase()
water = database.exportSpecies('water')

# Create the gas.
gas = CosmoRealGas(

298*Kelvin,
parameters=CosmoRSParameters(),

)

# Calculate chemical potential of a methanol molecule in solvent water.
chemical_potential = gas.chemicalPotential(water)
nlprint(f'The chemical potential of gas-phase water with respect to ideal screened state␣
→˓is {chemical_potential}')

water_gas_example.py

Notes

The CosmoRealGas object calculates the pseudochemical potential of a gaseous species with respect to the ideal
screened state surrounded by a perfect conductor. In COSMO-RS the gas phase chemical potenial is defined so that
the vapor pressure 𝑝 of a substance can be given as

𝑝 = 𝑝0 exp([𝜇𝑙𝑖𝑞 − 𝜇𝑔𝑎𝑠]/𝑅𝑇 )

Here 𝜇 is the chemical potential of the species and 𝑝0 is a reference pressure, defined to be 1 bar. For more informa-
tion on the COSMO-RS formalism, including how the gas phase chemical potential is approximated, please refer to
CosmoRSParameters. Note that the CosmoRealGas is instantiated only with a temperature and a parameter set. The
pseudochemical potential of a CosmoRealSpecies is then determined by calling the chemicalPotential method
which takes in the CosmoRealSpecies as an argument.

CosmoRealSolid

class CosmoRealSolid(temperature, parameters=None)
Constructor for COSMO-RS solid phase. This can be used to calculate solid interactions in the COSMO-RS
model.

Parameters

• temperature (PhysicalQuantity of type temperature) – The gas temperature.

• parameters (CosmoRSParameters) – The COSMO-RS parameters
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chemicalPotential(species)
Calculate the pseudo-chemical potential of the solid state, using the pure liquid state as reference.

Parameters
species (:class`~.CosmoRealSpecies`) – The species for which the pseudo-chemical
potential is calculated.

Returns
The pseudo-chemical potential.

Return type
PhysicalQuantity of type temperature

freeEnergyOfFusion(species)
Calculate the free energy of fusion of the given species.

Parameters
species (CosmoRealSpecies) – The species the free energy is calculated for.

Returns
The Gibbs free energy of fusion.

Return type
PhysicalQuantity of type energy

parameters()

Returns
The parameters used for the COSMO-RS model.

Return type
CosmoRSParameters

temperature()

Returns
The temperature of the solid.

Return type
PhysicalQuantity of type temperature

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Set up a water CosmoRealSolid . Example data available at Data link.

# Load the COSMO species
database = CosmoRSSpeciesDatabase()
water = database.exportSpecies('water')
water.setMeltingPoint(273.15 * Kelvin)
water.setEnthalpyOfFusion(6 * kiloJoulePerMol)
specific_heat_capacity_change = (4.187 - 2.108) * Joule / (gram*Kelvin)
specific_heat_capacity_change *= water.molarMass()
water.setSpecificHeatCapacityChange(specific_heat_capacity_change)

(continues on next page)
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(continued from previous page)

# Create the solid at 10K below the melting point.
solid = CosmoRealSolid(

263*Kelvin,
parameters=CosmoRSParameters(),

)

# Calculate Gibbs free energy of fusion of ice.
dG_fus = solid.freeEnergyOfFusion(water).convertTo(kiloJoulePerMol)
nlprint(f'The free energy of fusion of ice is {dG_fus}')

# Calculate chemical potential of ice.
chemical_potential = solid.chemicalPotential(water).convertTo(kiloJoulePerMol)
nlprint(f'The chemical potential of ice is {chemical_potential}')

water_solid_example.py

Notes

The CosmoRealSolid object allows calculation of the pseudochemical potential of a solid substance. The solid pseu-
dochemical potential is calculated with reference to the liquid pseudochemical potential such that:

𝜇𝑠𝑜𝑙 = 𝜇𝑙𝑖𝑞 − ∆𝐺𝑓𝑢𝑠

Here 𝜇𝑠𝑜𝑙 is the solid pseudochemical potential, 𝜇𝑙𝑖𝑞 is the corresponding liquid chemical potential and ∆𝐺𝑓𝑢𝑠 is
the free energy of fusion of the species. The free energy of fusion cannot be calculated directly by COSMO-RS, and
therefore must be approximated. This can be done in a number of ways. In general, the most accurate approximation
can be given as:

∆𝐺𝑓𝑢𝑠 = ∆𝐻𝑓𝑢𝑠

(︀
1 − 𝑇

𝑇𝑚

)︀
− ∆𝐶𝑝𝑓𝑢𝑠(𝑇𝑚 − 𝑇 ) + ∆𝐶𝑝𝑓𝑢𝑠𝑇 ln

𝑇𝑚
𝑇

Note several pure compound data are required. 𝑇𝑚 is the melting pont, ∆𝐻𝑓𝑢𝑠 the heat of fusion. Likewise, ∆𝐶𝑝𝑓𝑢𝑠
is the change in molar heat capacity upon melting which corresponds to the difference in molar heat capacity of a
compound in its pure liquid and solid state1. If ∆𝐶𝑝𝑓𝑢𝑠 is not available the two last terms may be neglected which
gives

∆𝐺𝑓𝑢𝑠 = ∆𝐻𝑓𝑢𝑠

(︀
1 − 𝑇

𝑇𝑚

)︀
If none of these data is provided the Gibbs free energy of fusion is predicted from a simple linear model fitted at 298K.

∆𝐺𝑖𝑓𝑢𝑠(298𝐾) = 12.2𝑉 𝐶𝑂𝑆𝑀𝑂 − 0.76𝑁𝑟𝑖𝑛𝑔 𝑎𝑡𝑜𝑚𝑠 + 0.54𝜇𝑤𝑎𝑡𝑒𝑟𝑖

The linear coefficients are purely empirical and determined by fitting to experimental data2. Note that here 𝜇𝑤𝑎𝑡𝑒𝑟𝑖

represents the chemical potential of the given molecule 𝑖 dissolved in water at 298K. This gives a measure of the
polarity of the molecule.

As with CosmoRealSolvent and CosmoRealGas the temperature of the substance is given as input when the object
is created. For meaningful results using CosmoRealSolid the given temperature should be below the melting point.

1 Zhen Song, Jingwen Wang, and Kai Sundmacher. Evaluation of cosmo-rs for solid–liquid equilibria prediction of binary eutectic solvent
systems. Green Energy & Environment, 6(3):371–379, 2020. doi:10.1016/j.gee.2020.11.020.

2 Andreas Klamt, Frank Eckert, Martin Hornig, Michael E. Beck, and Thorsten Bürger. Prediction of aqueous solubility of drugs and pesticides
with cosmo-rs. Journal of Computational Chemistry, 23(2):275–281, 2002. doi:10.1002/jcc.1168.
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CosmoRealSolvent

class CosmoRealSolvent(temperature, solvent_components, parameters=None)
Constructor for COSMO-RS solvent. This can be used to calculate solvent interactions in the COSMO-RS model.

Parameters

• temperature (PhysicalQuantity of type temperature) – The solvent temperature.

• solvent_components (MoleculeConfiguration | CosmoRealSpecies |
CosmoRSMixture) – The solvents chemical components. This can either be a
pure compound or a mixture.

• parameters (CosmoRSParameters) – The COSMO-RS parameters

chemicalPotential(species)
Calculate the total chemical potential of the species in the solvent.

Parameters
species (CosmoRealSpecies) – The species for which the chemical potential is calcu-
lated.

Returns
The chemical potential.

Return type
PhysicalQuantity of type energy

combinatorialChemicalPotential(species)
Calculate the combinatorial chemical potential of the species in the solvent.

Parameters
species (CosmoRealSpecies) – The species for which the chemical potential is calcu-
lated.

Returns
The chemical potential.

Return type
PhysicalQuantity of type energy

moleFractions()

Returns
The mole fraction of each solvent component.

Return type
Sequence of floats

parameters()

Returns
The COSMO-RS parameters

Return type
CosmoRSParameters

residualChemicalPotential(species)
Calculate the residual chemical potential of the species in the solvent.
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Parameters
species (CosmoRealSpecies) – The species for which the chemical potential is calcu-
lated.

Returns
The chemical potential.

Return type
PhysicalQuantity of type energy

sigmaPotential(min_charge_density=None, max_charge_density=None)
Calculate the sigma potential for the solvent based on the sigma profile. This assumes globally active
hydrogen bonding and no orthogonal charges.

Parameters

• min_charge_density (PhysicalQuantity of type energy per area) – The minimum
charge density considered.

• max_charge_density (PhysicalQuantity of type energy per area) – The maximum
charge density considered.

Returns
A tuple of the charge densities and the corresponding sigma potentials respectively.

Return type
tuple

sigmaPotentialPlot(min_charge_density=None, max_charge_density=None)
Method to calculate and plot the sigma potential.

Parameters

• min_charge_density (PhysicalQuantity of type energy per area) – The minimum
charge density considered.

• max_charge_density (PhysicalQuantity of type energy per area) – The maximum
charge density considered.

Returns
The PlotModel of the sigma potential.

Return type
PlotModel

sigmaPotentialProjection(charge_densities)
Project the surface sigma potential onto the given charge density assuming hydrogen bonding is globally
active and there are no orthogonal charges.

Parameters
charge_densities (PhysicalQuantity of type charge per area) – List of charge densities
to project the sigma potential onto.

Returns
The projected sigma potential.

Return type
PhysicalQuantity of type energy per area

solventComponents()

The molecular composition of the solvent.
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Returns
The molecular composition of the solvent.

Return type
CosmoRSMixture

solventSigmaProfile(min_charge_density=None, max_charge_density=None)
Calculate the combined solvent sigma profile.

Parameters

• min_charge_density (PhysicalQuantity of type energy per area) – The minimum
charge density considered.

• max_charge_density (PhysicalQuantity of type energy per area) – The maximum
charge density considered.

Returns
A tuple of the charge densities and the corresponding sigma profiles respectively.

Return type
tuple

solventSpecies()

Returns
The CosmoRealSpecies object for each solvent component.

Return type
Sequence of CosmoRealSpecies

surfaceSigmaPotential()

Returns the sigma potential for each of the surface points, including all hydrogen bond and orthogonal
charge effects. The corresponding charge densities are also returned. Note that these depend on the points
on the solvent surface, and are not evenly spaced

Returns
A tuple of the charge densities and the corresponding sigma potentials respectively.

Return type
tuple

temperature()

Returns
The solvent temperature.

Return type
PhysicalQuantity of type temperature

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate the chemical potential of methanol in water and the 𝜎-potential of solvent water.

# Load the COSMO species
database = CosmoRSSpeciesDatabase()
water = database.exportSpecies('water')
methanol = database.exportSpecies('methanol')

# Create the solvent.
solvent = CosmoRealSolvent(

298*Kelvin,
water,
parameters=CosmoRSParameters(),

)

# Calculate chemical potential of a methanol molecule in solvent water.
chemical_potential = solvent.chemicalPotential(methanol)
nlprint(f'The chemical potential of dissolving methanol in water is {chemical_potential}
→˓')

# Get the sigma potential of water.
charge_densities, sigma_potential = solvent.sigmaPotential()

# Get the sigma potential plot of water
plot = solvent.sigmaPotentialPlot()
Plot.show(plot)

methanol_water_example.py

Notes

The CosmoRealSolvent object allows to calculate a fundamental construct of the COSMO-RS theory, namely the
𝜎-potential of a pure liquid substance or mixture. For more information on the COSMO-RS formalism please refer
to CosmoRSParameters. The main properties one can obtain using the object are the combinatorial and residual
pseudochemical potential (𝜇𝑐𝑜𝑚𝑏𝑋 and𝜇𝑟𝑒𝑠𝑋 , respectively) which makes up the total pseudochemical potential of a species
𝑋 in solvent. It is also possible to calculate the solvent 𝜎-profile. This can be given as:

𝑝𝑆(𝜎) =

∑︀
𝑖 𝑥𝑖𝑝𝑖(𝜎)∑︀
𝑖 𝑥𝑖𝐴𝑖

Here 𝑖 represents a component of the solvent 𝑆 ensemble. 𝐴𝑖 is the total surface area, 𝑥𝑖 the given mole fraction and
𝑝 the 𝜎 profile1. Hence, 𝑝𝑆 represents a statistical distribution of surface charge densities of the ensemble.

The 𝜎-potential is also calculated by the CosmoRealSolvent. When the object is created the 𝜎-potential of each
surface segment is calculated. This is done using both the normal and orthogonal charge densities 𝜎 and 𝜎⊥. Hydrogen
bonding can also take into account the associated atom of each surface element, only adding hydrogen bonding when
surface elements are connected to appropriate donors and acceptors. These calculated surface sigma potentials are
then used to calculate the residual chemical potential of solutes in the solvent. While increasing the accuracy of the
calculation, the downside to this approach is that the 𝜎-potential is no longer simply a function of the charge density.
This makes displaying the 𝜎-potential difficult, due to its multivariate nature.

1 Andreas Klamt. The cosmo and cosmo-rs solvation models. WIREs Comput Mol Sci, 1(7):699, sep 2011. doi:10.1002/wcms.56.
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As a result the CosmoRealSolvent has three different methods for estimating the 𝜎-potential. The first method is to
simply calculate the 𝜎-potential assuming no orthogonal charges and every surface element is hydrogen bond active.
This is done in the sigmaPotential method. A second method is to calculate the 𝜎-potential at a range of charge
densities using the calculated surface 𝜎-potential. This takes into account the orthogonal charges and different hydro-
gen bonding abilities of each surface element, and then projects that onto a set of charge densities. This is done in
the sigmaPotentialProjection method. Lastly, it is possible to simply return the calculated 𝜎-potential at each
surface element along with the associated charge density. This takes into account the orthogonal charges and hydro-
gen bonding, but may not result in different potentials being given for the same charge density. This is done in the
surfaceSigmaPotential method.

CosmoRealSpecies

class CosmoRealSpecies(configuration, solvation_energy=None, melting_point=None,
enthalpy_of_fusion=None, specific_heat_capacity_change=None, antoine_a=None,
antoine_b=None, antoine_c=None, boiling_point=None, flash_point=None,
density=None)

The chemical species to be used in COSMO-RS calculations.

Parameters

• configuration (MoleculeConfiguration | SurfaceConfiguration) – The solute
with an attached COSMO DFT calculator.

• solvation_energy (SolvationEnergy | SolvationEnergyDatabaseContainer) –
The solvation energy analysis for the molecule.

• melting_point (PhysicalQuantity of type temperature) – The melting point of the
pure substance.

• enthalpy_of_fusion (PhysicalQuantity of type energy) – The enthalpy or heat of
fusion of the pure substance.

• specific_heat_capacity_change (PhysicalQuantity of type energy per temper-
ature) – The difference the molar isobaric specific heat capacity between the liquid and
solid phase.

• antoine_a (PhysicalQuantity of type pressure) – The A parameter of the Antoine
equation. Note that here the units indicate the units of pressure in the equation.

• antoine_b (PhysicalQuantity of type temperature) – The B parameter of the Antoine
equation.

• antoine_c (PhysicalQuantity of type temperature) – The C parameter of the Antoine
equation.

• boiling_point (PhysicalQuantity of type temperature) – The boiling point of the
pure substance.

• flash_point – Minimum temperature required for the vaporized pure substance to be
combustible in air.

• density (PhysicalQuantity of type density) – The liquid density of the pure com-
pound.

antoineA()

Returns
The A parameter of the Antoine equation. The units indicate the resulting unit of pressure.
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Return type
PhysicalQuantity of type pressure

antoineB()

Returns
The B parameter of the Antoine equation.

Return type
PhysicalQuantity of type temperature

antoineC()

Returns
The C parameter of the Antoine equation.

Return type
PhysicalQuantity of type temperature

antoinePressure(temperature)
Estimate the partial pressure based on the Antoine equation. If one or more parameters are not set None
is returned.

Parameters
temperature (PhysicalQuantity of type temperature) – The temperature at which the par-
tial pressure is evaluated.

Returns
The partial pressure.

Return type
PhysicalQuantity of type pressure

boilingPoint()

Returns
The boiling point of the pure substance, if defined, None if not.

Return type
PhysicalQuantity of type temperature

cavitySurfaceArea()

Returns
The cavity surface area.

Return type
PhysicalQuantity of type area

cavityVolume()

Returns
The cavity volume.

Return type
PhysicalQuantity of type volume

configuration()

Returns
The updated COSMO configuration.
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Return type
MoleculeConfiguration | SurfaceConfiguration | BulkConfiguration

density()

Returns
Liquid phase density.

Return type
PhysicalQuantity of type temperature

enthalpyOfFusion()

Returns
The enthalpy of fusion of the molecule, if defined, None if not

Return type
PhysicalQuantity of type energy.

flashPoint()

Returns
Minimum temperature required for the vaporized pure substance to be combustible in air,
if defined, None if not.

Return type
PhysicalQuantity of type temperature

gasEnergy()

Returns
The gas phase energy of the molecule

Return type
PhysicalQuantity of type energy

meltingPoint()

Returns
The melting point of the molecule, if defined, None if not

Return type
PhysicalQuantity of type temperature.

molarMass()

Returns
The molar mass of the species.

Return type
PhysicalQuantity of type mass.

setAntoineA(antoine_a)
Set the stored A parameter of the Antoine equation. The units indicate the vapor pressure units.

Parameters
enthalpy_of_vaporization (PhysicalQuantity of type pressure) – The Antoine A
parameter.

setAntoineB(antoine_b)
Set the stored B parameter of the Antoine equation.
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Parameters
enthalpy_of_vaporization (PhysicalQuantity of type temperature) – The Antoine
B parameter.

setAntoineC(antoine_c)
Set the stored C parameter of the Antoine equation.

Parameters
enthalpy_of_vaporization (PhysicalQuantity of type temperature) – The Antoine
C parameter.

setBoilingPoint(boiling_point)
Set the stored boiling point.

Parameters
boiling_point (PhysicalQuantity of type temperature) – The melting point.

setDensity(density)
Set the stored density.

Parameters
density (PhysicalQuantity of type mass per volume) – The density.

setEnthalpyOfFusion(enthalpy_of_fusion)
Set the stored enthalpy of fusion.

Parameters
enthalpy_of_fusion (PhysicalQuantity of type energy) – The enthalpy of fusion.

setFlashPoint(flash_point)
Set the stored flash point.

Parameters
flash_point (PhysicalQuantity of type temperature) – The flash point.

setMeltingPoint(melting_point)
Set the stored melting point.

Parameters
melting_point (PhysicalQuantity of type energy) – The melting point.

setSpecificHeatCapacityChange(specific_heat_capacity_change)
Set the stored difference in the liquid and solid isobaric molar specific heat capacity.

Parameters
specific_heat_capacity_change (PhysicalQuantity of type energy per tempera-
ture) – The specific heat capacity change.

sigmaProfile(r_average=None, bin_size=None, min_charge_density=None, max_charge_density=None,
normalize=False)

Method to compute the sigma profile.

Parameters

• r_average (PhysicalQuantity of type length) – The radius used for sigma averaging.

• bin_size (PhysicalQuantity of type charge per surface area) – The spacing in the
sigma profile.

• min_charge_density (PhysicalQuantity of type charge per surface area) – The min-
imum charge density range. If not given or greater than the minimum species surface
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charge density, the minimum species charge density is used. Default: Determined by
species surface charge density

• max_charge_density (PhysicalQuantity of type charge per surface area) – The max-
imum charge density range. If not given or less than the maximum species surface
charge density, the maximum species charge density is used. Default: Determined by
species surface charge density

• normalize (bool) – Whether or not the sigma profile is normalized. Default: False

Returns
Tuple of the charge densities and sigma profile for the species.

Return type
tuple

sigmaProfilePlot(r_average=None, bin_size=None, normalize=False)
Method to plot the smoothed sigma profile of the species.

Parameters

• r_average (PhysicalQuantity of type distance) – The averaging radius used to smooth
the charge densities.

• bin_size (PhysicalQuantity of type charge per surface area.) – The bin size for the
sigma profile histogram.

• normalize (bool) – Whether to normalize the profile or not. Default: False

Returns
The PlotModel of the sigma profile.

Return type
PlotModel

solventEnergy()

Returns
The solution phase energy of the molecule

Return type
PhysicalQuantity of type energy

specificHeatCapacityChange()

Returns
The difference the molar isobaric specific heat capacity between the liquid and solid phase,
if defined, None if not.

Return type
PhysicalQuantity of type energy per temperature

totalSolvationEnergy()

Returns
The difference between the gas and solution phases of the molecule

Return type
PhysicalQuantity of type energy

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Set up a water CosmoRealSpecies.

# Create the species.
water_species = CosmoRealSpecies(

water,
solvation_energy=solvation_energy,
melting_point=273.15*Kelvin,
density=1*gram*cm**-3,

)

# Add boiling point data.
water_species.setBoilingPoint(373.15*Kelvin)

# Retrieve sigma profile.
charge_densities, sigma_profile = water_species.sigmaProfile()

# Retrieve the sigma profile plot.
plot = water_species.sigmaProfilePlot()
Plot.show(plot)

water_species_example.py

Notes

The CosmoRealSpecies object constitutes one of the fundamental objects within the present COSMO-RS implemen-
tation. It holds all the DFT information to describe interactions with a solvent, as well as any additional experimental
data that may be used. Once the object is instantiated the additional experimental data can subsequently be modified
with further information by using the set-prefixed methods. With the stored information the CosmoRealSpecies
object is able to calculate the 𝜎 profile of the molecule. The 𝜎 profile, along with the corresponding charge densities,
can be returned using the sigmaProfile method. If the profile is normalized, the profile represents the probability
of finding the given charge density. Without normalization the profile represents the total surface area with the given
charge density.

Due to the linear equations used to fit charges to the COSMO surface, some unreasonably large charge densities might
occur on the COSMO cavity surface. This can be corrected by a charge smoothing process called 𝜎-averaging. This is
performed within the CosmoRealSpecies object according to the following equation1

𝜎𝑖 =

∑︀
𝑗

𝑞𝑗
𝑠𝑗+𝑠𝑎𝑣

exp
(︁
𝑑2𝑖𝑗
𝑟2𝑎𝑣

)︁
∑︀
𝑗

𝑠𝑗
𝑠𝑗+𝑠𝑎𝑣

exp
(︁
𝑑2𝑖𝑗
𝑟2𝑎𝑣

)︁
Here 𝑟𝑎𝑣 is the averaging radius which is one of the parameters in CosmoRSParameters. 𝑠𝑎𝑣 is directly related to 𝑟𝑎𝑣
as 𝑠𝑎𝑣 = 𝜋𝑟2𝑎𝑣 . 𝑠𝑗 and 𝑞𝑗 are the COSMO area and surface charge of the 𝑗‘𝑡ℎ𝑠𝑒𝑔𝑚𝑒𝑛𝑡, 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦. : 𝑚𝑎𝑡ℎ : ‘𝑑𝑖𝑗 is
the Cartesian distance between the segments 𝑖 and 𝑗 where 𝜎𝑖 is the charge density being smoothed. This smoothing
is done whenever the sigma profile is calculated.

1 Andreas Klamt. Refinements, parameterization, and the complete COSMO-RS, pages 109–125. Elsevier, 2005.
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CosmoSolvationParameters

class CosmoSolvationParameters(solvent_dielectric_constant=None, solvent_surface_tension=None,
grid_spacing=None, atomic_radii=None, atom_grid_density=None,
hydrogen_grid_density=None, minimum_grid_point_area=None,
shifted_force_cutoff=None, shifted_force_damping=None)

Container class for the parameters used in COSMO solvent model calculations.

Parameters

• solvent_dielectric_constant (float | Conductor) – The dielectric constant of
the solvent. The flag Conductor assumes the solvent is a perfect conductor and gives an
infinite dielectric constant Default: Conductor.

• solvent_surface_tension (PhysicalQuantity of type force per distance) – The sur-
face tension of the surrounding solvent. Used to calculate the cavitation energy.

• grid_spacing (PhysicalQuantity of type length) – The spacing of the grid used to
map the curvature of the cavity. Default: 0.3 Angstrom

• atomic_radii (dict) – A dictionary with custom atomic radii to use for different ele-
ments. Keys and values are PeriodicTableElements and PhysicalQuantity respec-
tively.

• atom_grid_density (int) – The density of points used to generate the COSMO surface
segments for non-hydrogen atoms. The total number of grid points is given as 10𝑛2 + 2.
Default: 4, which corresponds to 162 grid points.

• hydrogen_grid_density (int) – The density of points used to generate the COSMO
surface segments for hydrogen atoms. The total number of grid points is given as 10𝑛2+2.
Default: 3, which corresponds to 92 grid points.

• minimum_grid_point_area (PhysicalQuantity of type area.) – The minimum allowed
area associated with each grid point. Grid points with areas less than this limit are merged
into surrounding grid points. Default: 0.1 Angstrom**2

• shifted_force_cutoff (PhysicalQuantity of type distance) – The cutoff used for es-
timating electrostatic interactions with the shifted-force potential. This is only used in
surfaces in which shifted-force potentials are used. Default: 10 Angstrom.

• shifted_force_damping (PhysicalQuantity of type inverse distance) – The damp-
ing used for estimating electrostatic interactions with the shifted-force potential. This
is only used in surfaces in which shifted-force potentials are used. Default: 0.1
Angstrom**-1.

atomGridDensity()

Returns
The density of points used to generate the COSMO surface segments for non-hydrogen
atoms.

Return type
int

atomicRadii()

Returns
A dictionary with custom atomic radii to use for different elements.

Return type
dict | None
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gridSpacing()

Returns
The grid spacing of the tesserae grid.

Return type
PhysicalQuantity of type length

hydrogenGridDensity()

Returns
The density of points used to generate the COSMO surface segments for hydrogen atoms.

Return type
int

minimumGridPointArea()

Returns
The minimum allowed grid point area.

Return type
PhysicalQuantity of type area

shiftedForceCutoff()

Returns
The cutoff used in shifted-force surface electrostatic interactions.

Return type
PhysicalQuantity of type length

shiftedForceDamping()

Returns
The damping used in shifted-force surface electrostatic interactions.

Return type
PhysicalQuantity of type length

solventDielectricConstant()

Returns
The dielectric constant of the solvent.

Return type
float

solventSurfaceTension()

Returns
The surface tension of the solvent.

Return type
float

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate the optimized geometry and energy of a glycine zwitter ion in water.

# Create LCAOCalculator
solvation_parameters = CosmoSolvationParameters(

solvent_dielectric_constant=78.3553,
solvent_surface_tension=72.8*dyne/cm

)
calculator = LCAOCalculator(

solvation_parameters=solvation_parameters
)

# Set Calculator
configuration.setCalculator(calculator)
configuration.update()
nlsave('glycine_zwitter_ion.hdf5', configuration)

# Optimize the geometry
optimized_configuration = OptimizeGeometry(

configuration=configuration,
trajectory_filename='glycine_zwitter_ion.hdf5'

)
nlsave('glycine_zwitter_ion.hdf5', optimized_configuration)

glycine_zwitter_ion.py

Notes

This object contains the parameters used in a COnductor-like Screening MOdel (COSMO) calculation12. COSMO is a
continuum solvation method that can be added to an LCAO-DFT calculation to model the effect of a solvent surrounding
the molecule or interacting with a surface. This is done by creating a discretized surface mesh around the molecule
or surface. This mesh is then polarized according to the electrostatic potential from the molecule and the dielectric
constant of the solvent. During the SCF optimization of the electron density, the potential from the cavity mesh is
included. Similarly, in each SCF step the new electron density is also used to update the mesh charges. In this way the
molecule and surrounding solvent are mutually polarized to a self consistent solution.

Mathematically, the total COSMO dielectric energy is given as:

𝐸 =
1

2
q𝐴q + 𝑓(𝜖) (z𝐵q + cq)

Here the vector q represents the charges on the cavity mesh. The matrix𝐴 is the Coulomb matrix giving the interaction
energy between the mesh charges. Likewise 𝐵 is a Coulomb matrix giving the interaction energy between the atomic
nuclear charges and the mesh charges. The vector c completes the electrostatic interactions giving the interaction
between the electron density within the cavity and the mesh charges. This is given as:

𝑐𝑖 =

∫︁
𝑉

𝜌(r)

|r𝑖 − r|
𝑑𝑟

Finally 𝑓(𝜖) is a scaling function of the dielectric constant 𝜖. This is given as:

𝑓(𝜖) =
𝜖− 1

𝜖+ 0.5
1 A. Klamt and G. Schüürmann. Cosmo: a new approach to dielectric screening in solvents with explicit expressions for the screening energy

and its gradient. J. Chem. Soc., Perkin Trans. 2, 99(7):799–805, feb 1993. doi:10.1039/P29930000799.
2 Andreas Klamt. The cosmo and cosmo-rs solvation models. WIREs Comput Mol Sci, 1(7):699, sep 2011. doi:10.1002/wcms.56.
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This allows the mesh charges can be calculated by minimizing the dielectric energy. This gives the equation for the
charges

q = 𝑓(𝜖)𝐴−1 (z𝐵 + c)

An additional correction is added to the charges to account for the electron density outside the solvent cavity. The
correction assumes that the total charge of the cavity surface is the negative of the system charge multiplied by the
scaling function. This is implemented by adding a Lagrange multiplier to solving the surface charges that constrains
the total charge.

Analytic atomic forces for COSMO are also available. These are calculated by taking the derivatives of the dielectric
energy. This enables COSMO to be included in geometry optimizations which can have a significant effect in highly
charged configurations, such as molecular zwitter ions. Here the inclusion of the COSMO can stabilize the zwitter ion
form, making this more energetically favorable then the neutral molecule.

In the CosmoSolvationParameters the dielectric constant 𝜖 is given using the solvent_dielectric_constant
argument. This controls the strength of the polarization of the solvent around the molecule, and can be used to approx-
imate different solvents. In the COSMO-RS model, the surrounding solvent is assumed to be a perfect conductor. This
can be specified with the flag Conductor, which gives an infinite dielectric constant for the solvent corresponding to
𝑓(𝜖) = 1.

In addition to the dielectric energy, an estimate of the non-electrostatic energy of solvation, including the cavitation and
dispersion-repulsion energies can be included. This is done with a linear regression model that includes the solvent
cavity surface area and surface tension as parameters. The solvent surface tension is specified with the argument
solvent_surface_tension. If a solvent surface tension is not given, the non-electrostatic energy is not calculated,
and simply given as zero. This is appropriate when performing calculations the the COSMO-RS model.

One of the important parts of the COSMO method is the solvent cavity construction. In QuantumATK the cavity is
constructed by first calculating an pseudo-density isosurface around the solvent facing atoms3. This gives a smooth
surface that approximates the solvent-accessible surface. Grid points from each atom are then projected out to this
pseudo-density isosurface to form the mesh used to solve the COSMO surface charges. Surface area is also assigned
to each grid point based on their position on the isosurface.

The construction of COSMO solvent cavity can be modified in a number of ways. The spacing of the grid used to
calculate the initial pseudo-density is given with the argument grid_spacing. Lowering the distance between grid
points places the calculated isodensity surface closer to the true isosurface, at the cost of more computation time and
memory. The default value is sufficient for most COSMO calculations. The atomic radii, which determines the size of
the COSMO cavity, can also be specified with the atomic_radii argument. This takes a dictionary of elements and
corresponding atomic radii for the elements whose radii are to be modified. Here again the default radii are optimized
for the COSMO method and are suitable for most calculations4.

Once the pseudo-density surface is created, the COSMO grid points are created by projecting points from each atom
out to the surface. The number of these projected points can be set, altering their density on the surface. Different
densities are allowed for hydrogen and non-hydrogen atoms, as hydrogen is significantly smaller than other atoms. The
arguments to set the number of points are hydrogen_grid_density and atom_grid_density. These each take an
integer that specifies how many times the atomic grid is divided. For a given number 𝑛, the number of grid points is
10𝑛2+2. For hydrogen and non-hydrogen atoms the defaults are 3 and 4 respectively, which corresponds to 92 and 162
points. Increasing the grid density increases the accuracy of the surface charge distribution at the cost of more memory
and computational time. As with the other parameters, the defaults here should be sufficient for most calculations.
When the points are projected from the atoms, they are assigned a surface area based on the segments of the pseudo-
density surface that are closest to the point. Points with a surface area below a set limit are removed, and their surface
area is assigned to surrounding grid points. This limit can be set with the argument minimum_grid_point_araea.
By default this is set to 0.12 . Lowering this limit can cause numerical problems with large surface charges resulting
in the COSMO calculation.

3 Andreas Klamt and Michael Diedenhofen. A refined cavity construction algorithm for the conductor-like screening model. J. Comp. Chem.,
39(21):1648–1655, 2018. doi:10.1002/jcc.25342.

4 Andreas Klamt. Refinements, parameterization, and the complete COSMO-RS, pages 109–125. Elsevier, 2005.
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For surfaces, to account for the 2D periodicity of the structure a damped shifted-force potential is used in place of the
normal Coulomb potential5. The equation for this potential is:

𝑒𝑟𝑓𝑐𝑉 (𝑟) = 𝑞𝑖𝑞𝑗

[︂
(𝛼𝑟)

𝑟
− (𝛼𝑅𝑐)

𝑅𝑐
+

(︂
(𝛼𝑅𝑐)

𝑅2
𝑐

+
2𝛼 exp(−𝛼2𝑅2

𝑐)√
𝜋𝑅𝑐

)︂
(𝑟 −𝑅𝑐)

]︂
Here 𝑟 is the distance between the points, 𝑅𝑐 is a cutoff, beyond which the potential is zero and 𝛼 is a
damping factor. The cutoff and damping factor can be set using the arguments shifted_force_cutoff and
shifted_force_damping, respectively.

When performing COSMO calculations the boundary conditions of the simulation can be important. For
neutral molecules it is generally accurate enough to use 3D-FFT boundary conditions. For charged
molecules it is recommended to use Multipole boundary conditions with the conjugate gradient Poisson solver
ParallelConjugateGradientSolver. These boundary conditions correctly model the overall charge of the
molecule.

In bulk slab systems, the surface needs to be orientated in the C direction of the unit cell. It is then assumed that the
system is only periodic in the A and B direcations. A COSMO surface is added only to the top layer of the surface,
as it is assumed that the lower face continues into the bulk material. It is recommended that the bulk slabs 2D-FFT
boundary conditions are used for A and B, and Dirichlet and Neumann are used for the bottom and top, respectively,
for the C direction. With these boundary conditions the slab should be in the middle of the cell, so that the potential
value and gradient have space to reach zero at each end of the cell. The same boundary conditions should also be used
with COSMO calculations using a SurfaceConfiguration.

CosmoSolventSurface

class CosmoSolventSurface(configuration, grid_spacing=None, atomic_radii=None, atom_grid_density=None,
hydrogen_grid_density=None, refine_cosmo_grid_points=None,
minimum_grid_point_area=None)

Create a surface suitable for a COSMO calculation.

Parameters

• configuration (MoleculeConfiguration | SurfaceConfiguration) – The config-
uration the grid is being created for.

• grid_spacing (PhysicalQuantity of type length) – The spacing of the grid used to
map the curvature of the cavity. Default: 0.3 Angstrom

• atomic_radii (dict) – A dictionary with custom atomic radii to use for different ele-
ments. Keys and values are PeriodicTableElements and PhysicalQuantity respec-
tively.

• atom_grid_density (int) – The density of points used to generate the COSMO surface
segments for non-hydrogen atoms. The total number of grid points is given as 10𝑛2 + 2.
Default: 4, which corresponds to 162 grid points.

• hydrogen_grid_density (int) – The density of points used to generate the COSMO
surface segments for hydrogen atoms. The total number of grid points is given as 10𝑛2+2.
Default: 3, which corresponds to 92 grid points.

• refine_cosmo_grid_points (bool) – Whether or not grid points are placed exactly
on the pseudo-isodensity surface. Default: False

5 C. J. Fennell and J. D. Gezelter. Is the Ewald summation still necessary? Pairwise alternatives to the accepted standard for long-range electro-
statics. J. Chem. Phys., 2006. doi:http://dx.doi.org/10.1063/1.2206581.
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• minimum_grid_point_area (PhysicalQuantity of type area) – The minimum al-
lowed area for a single cavity grid point. Points below this area are combined with other
points. Default: 0.001 Angstrom**2

cavitySurfaceArea()

Returns
The cavity surface area.

Return type
PhysicalQuantity of type area

cavityVolume()

Returns
The cavity volume.

Return type
PhysicalQuantity of type volume

constructSurface(fast_calc=True)
Construct the tessellated and COSMO surface grids based on the internal parameters.

Parameters
fast_calc (bool) – Whether or not fast approximate pseudo-density calculation is used.

cosmoGridAreas()

Returns
The surface area of each COSMO surface segment.

Return type
PhysicalQuantity of type square distance.

cosmoGridAtomMap()

Returns
The index of the atom that each COSMO grid point is associated with.

Return type
ndarray

cosmoGridCenters()

Returns
The points that define the center of each COSMO surface segment.

Return type
PhysicalQuantity of type distance.

cosmoGridChargeDensities()

Returns
The COSMO charge densities at each point on the surface.

Return type
PhysicalQuantity of type charge per area

cosmoGridCharges()

Returns
The COSMO charges at each point on the surface.
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Return type
PhysicalQuantity of type charge

cosmoGridNormals()

Returns
The normal vector pointing out of the cavity.

Return type
ndarray

cosmoGridPotentials()

Returns
The electrostatic potential from the molecule at the surface.

Return type
PhysicalQuantity of type energy per charge

elementalSurfaceArea()

Returns
Return a dictionary listing the surface area assigned to each atom

Return type
dict

minimumGridPointArea()

Returns
The minimum grid point area allowed in constructing the grid.

Return type
PhysicalQuantity of type area

numberOfCosmoPoints()

Returns
The number of COSMO grid points that maps the surface.

Return type
int

numberOfTesserae()

Returns
The number of tesserae that maps the surface.

Return type
int

tesserae()

Returns
The tesserae that define the surface as an N,3,3 array. N is the number of tesserae. The
array is indexed by tesserae, then point in the triangle, then Cartesian coordinate.

Return type
PhysicalQuantity of type distance.

tesseraeAreas()

Returns
The surface area of each tessera.
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Return type
PhysicalQuantity of type square distance.

tesseraeCenters()

Returns
The points that define the center of each tessera.

Return type
PhysicalQuantity of type distance.

tesseraeChargeDensities(corners=False)
The charge density assigned to the tessellated surface.

Parameters
corners (bool) – Whether to work with the corners of the tesserae or the center.

Returns
The charge densities of tesserae, based on the density at the closest grid point.

Return type
PhysicalQuantity of type charge per area

tesseraeNormals()

Returns
The unit normal of each tesserae in the cavity

Return type
ndarray

uniqueString()

Return a unique string representing the state of the object.

Notes

The CosmoSolventSurface object creates the grid of surface points used in the COSMO solvation model. The method
used to construct the surface follows the method outlined by Klamt and Diedenhofen1. In this method a pseudo-density
isosurface around the molecule is first created. The pseudo-density includes terms that smooths the surface between
atoms and avoids the cusps that are typically formed when just spheres are used. The isosurface is created by calculating
the pseudo-density on a grid around the molecule which is then used to create tessellations that define the surface. To
define the actual COSMO grid, a spherical grid of points centered on each atom is projected out to the atomic radius.
The tessellations of the pseudo-density grid are then used to assign surface area to each of these points. Each tesserae
is assigned to the closest COSMO grid point. Points that have no associated area, often because they are inside the
cavity, are removed from the grid. Each projected point is also moved to the center of the tesserae that are assigned to
it.

Solvent surfaces can also be created for bulk slabs in a BulkConfiguration or a surface in a
SurfaceConfiguration. In both cases the surface is assumed to be aligned with the C direction of the unit
cell. The same general algorithm can be used for surfaces, with the 2D periodicity of the structure also being taken
into account. In bulk slabs a solvent surface is only created on the top side of the surface. The bottom side is assumed
to be modelling the effect of the bulk material, and is therefore not solvated.

The construction of COSMO solvent cavity can be modified in a number of ways. The spacing of the grid used to
calculate the initial pseudo-density is given with the argument grid_spacing. Lowering the distance between grid
points places the calculated isodensity surface closer to the true isosurface, at the cost of more computation time and

1 Andreas Klamt and Michael Diedenhofen. A refined cavity construction algorithm for the conductor-like screening model. J. Comp. Chem.,
39(21):1648–1655, 2018. doi:10.1002/jcc.25342.
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memory. The default value is sufficient for most COSMO calculations. The atomic radii, which determines the size of
the COSMO cavity, can also be specified with the atomic_radii argument. This takes a dictionary of elements and
corresponding atomic radii for the elements whose radii are to be modified. Here again the default radii are optimized
for the COSMO method and are suitable for most calculations2.

The number of these projected points can be set, altering their density on the surface. Different densities are allowed
for hydrogen and non-hydrogen atoms, as hydrogen is significantly smaller than other atoms. The arguments to set the
number of points are hydrogen_grid_density and atom_grid_density. These each take an integer that specifies
how many times the atomic grid is divided. For a given number 𝑛, the number of grid points is 10𝑛2 +2. For hydrogen
and non-hydrogen atoms the defaults are 3 and 4 respectively, which corresponds to 92 and 162 points. Increasing the
grid density increases the accuracy of the surface charge distribution at the cost of more memory and computational
time. As with the other parameters, the defaults here should be sufficient for most calculations. When the points are
projected from the atoms, they are assigned a surface area based on the segments of the pseudo-density surface that
are closest to the point. Points with a surface area below a set limit are removed, and their surface area is assigned to
surrounding grid points. This limit can be set with the argument minimum_grid_point_araea.

To create a CosmoSolventSurface a molecule or surface must be included which defines the configuration that the
surface is created for. Building the surface geometry is done by calling the constructSurface method on the object.
This creates both the tessellated and COSMO grids, but does not add any information about surface charges. These
are added during a DFT calculation with the COSMO model. Once the surface is defined and DFT surface charge
information is added, the details of the surface can be queried using a number reader methods. These include details
such as grid positions, charges, surface areas, surface normals and atom assoiciated with each grid point.

The CosmoSolventSurface used in a COSMO DFT calculation can be obtained from an updated configuration using
the SolventSurface analysis object. This extracts and saves the surface used in the calculation. This surface includes
the DFT based information such as surface charges. The CosmoSolventSurface object can also be added to the
Viewer, allowing the visualization of the surface.

CoulombDSF

class CoulombDSF(r_cut=None, alpha=None, bonded_mode=None, doEEM=None)
Constructor of the Coulomb solver.

Parameters

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this Coulomb
solver.

• alpha (PhysicalQuantity of type length**-1) – Damping parameter in the DSF
method. It determines how fast the Coulomb interactions decay with the particle distance.

• bonded_mode – Either CoulombDSF.evaluateAll or CoulombDSF.evaluate4.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate4 is chosen, interactions between particles that are connected by a path of bonds
of length less than four are omitted.

• doEEM (bool) – Whether or not electronegativity equalization method (EEM) is used to
determine the charges. It is switched off by default.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

2 Andreas Klamt. Refinements, parameterization, and the complete COSMO-RS, pages 109–125. Elsevier, 2005.
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getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
(continues on next page)
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(continued from previous page)

# Calculator
# -------------------------------------------------------------

# Create the Pedone_2006Fe2 potential by hand, by adding the individual components

potentialSet = TremoloXPotentialSet(name='Pedone_2006Fe2')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
charge=2.4))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
charge=-1.2))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential('Si', 'O',

r_0=2.1*Angstrom,
k=2.0067*1/Ang,
E_0=0.340554*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(Repulsive12Potential('Si', 'O',
r_cut=7.5*Angstrom,
c=1.0*Ang**12*eV))

potentialSet.addPotential(MorsePotential('O', 'O',
r_0=3.618701*Angstrom,
k=1.379316*1/Ang,
E_0=0.042395*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(Repulsive12Potential('O', 'O',
r_cut=7.5*Angstrom,
c=22.0*Ang**12*eV))

# Add the coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()
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Notes

The damped shifted force (DSF) solver1 represents an efficient method to calculate the electrostatic interactions be-
tween particles with partial charges, as defined in ParticleType.

The Coulomb interactions between two particles 𝑖 and 𝑗 are approximated by the following expression for the potential
energy:

𝑉𝑖𝑗(𝑟) = 𝑞𝑖𝑞𝑗

[︂
erfc(𝛼𝑟)

𝑟
− erfc(𝛼𝑅𝑐)

𝑅𝑐
+

(︂
erfc(𝛼𝑅𝑐)

𝑅2
𝑐

+
2𝛼

𝜋1/2

exp(−𝛼2𝑅2
𝑐)

𝑅𝑐

)︂
(𝑟 −𝑅𝑐)

]︂
.

When using bonded force fields the bonded_mode parameter can be used to modify how this potential acts between
atoms that are connected by less than 4 bonds. If CoulombSolver.evaluateAll (or “mode_bondless”) is chosen, the
potential acts between all selected atoms independent of the bonds between them. If CoulombSolver.evaluate4 (or
“mode_14”) is chosen, the potential is switched off for all atoms that are connected via one, two, or three consecutive
bonds.

CoulombDebye

class CoulombDebye(r_cut=None, kappa=None, bonded_mode=None, doEEM=None)
Constructor of the Coulomb solver.

Parameters

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this Coulomb
solver.

• kappa (PhysicalQuantity of type length**-1) – Damping parameter in the De-
bye method. It determines how fast the Coulomb interactions decay with the particle
distance.

• bonded_mode – Either CoulombDebye.evaluateAll or CoulombDebye.evaluate4.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate4 is chosen, interactions between particles that are connected by a path of bonds
of length less than four are omitted.

• doEEM (bool) – Whether or not electronegativity equalization method (EEM) is used to
determine the charges. It is switched off by default.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

1 C. J. Fennell and J. D. Gezelter. Is the Ewald summation still necessary? Pairwise alternatives to the accepted standard for long-range electro-
statics. J. Chem. Phys., 2006. doi:http://dx.doi.org/10.1063/1.2206581.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create the Pedone_2006Fe2 potential by hand, by adding the individual components

potentialSet = TremoloXPotentialSet(name='Pedone_2006Fe2')

# Add the particle types to the potential set
(continues on next page)
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(continued from previous page)

potentialSet.addParticleType(ParticleType(symbol='Si', mass=28.0855*atomic_mass_unit,␣
→˓charge=2.4))
potentialSet.addParticleType(ParticleType(symbol='O', mass=15.9994*atomic_mass_unit,␣
→˓charge=-1.2))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential('Si', 'O', r_0=2.1*Angstrom, k=2.0067*1/Ang, E_
→˓0=0.340554*eV, r_i=6.0*Angstrom, r_cut=7.5*Angstrom))
potentialSet.addPotential(Repulsive12Potential('Si', 'O', r_cut=7.5*Angstrom, c=1.
→˓0*Ang**12*eV))
potentialSet.addPotential(MorsePotential('O', 'O', r_0=3.618701*Angstrom, k=1.379316*1/
→˓Ang, E_0=0.042395*eV, r_i=6.0*Angstrom, r_cut=7.5*Angstrom))
potentialSet.addPotential(Repulsive12Potential('O', 'O', r_cut=7.5*Angstrom, c=22.
→˓0*Ang**12*eV))

# Add the coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombDebye(r_cut=9.0*Angstrom, kappa=0.5))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

The CoulombDebye solver calculates the electrostatic interactions between particles with partial charges, as defined in
ParticleType.

The electrostatic interactions between two particles 𝑖 and 𝑗 are calculated as a screened Coulomb sum:

𝑉𝑖𝑗(𝑟) =
𝑞𝑖𝑞𝑗
𝑟

exp(−𝜅𝑟) .

When using bonded force fields the bonded_mode parameter can be used to modify how this potential acts between
atoms that are connected by less than 4 bonds. If CoulombSolver.evaluateAll (or “mode_bondless”) is chosen, the
potential acts between all selected atoms independent of the bonds between them. If CoulombSolver.evaluate4 (or
“mode_14”) is chosen, the potential is switched off for all atoms that are connected via one, two, or three consecutive
bonds.
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CoulombERFCPotential

class CoulombERFCPotential(particleType1, particleType2, beta, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• beta (PhysicalQuantity of type length ) – Potential Parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

(continues on next page)
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[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create the Pedone_2006Fe2 potential by hand, by adding the individual components

potentialSet = TremoloXPotentialSet(name='Pedone_CoulombERFC')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si', mass=28.0855*atomic_mass_unit,␣
→˓charge=2.4))
potentialSet.addParticleType(ParticleType(symbol='O', mass=15.9994*atomic_mass_unit,␣
→˓charge=-1.2))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential('Si', 'O', r_0=2.1*Angstrom, k=2.0067*1/Ang, E_
→˓0=0.340554*eV, r_i=6.0*Angstrom, r_cut=7.5*Angstrom))
potentialSet.addPotential(Repulsive12Potential('Si', 'O', r_cut=7.5*Angstrom, c=1.
→˓0*Ang**12*eV))
potentialSet.addPotential(MorsePotential('O', 'O', r_0=3.618701*Angstrom, k=1.379316*1/
→˓Ang, E_0=0.042395*eV, r_i=6.0*Angstrom, r_cut=7.5*Angstrom))
potentialSet.addPotential(Repulsive12Potential('O', 'O', r_cut=7.5*Angstrom, c=22.
→˓0*Ang**12*eV))

# Add the coulomb pair potentials to the potential set
potentialSet.addPotential(CoulombERFCPotential('Si', 'Si', beta=2.3*Angstrom, r_cut=9.
→˓0*Angstrom))
potentialSet.addPotential(CoulombERFCPotential('Si', 'O', beta=2.3*Angstrom, r_cut=9.
→˓0*Angstrom))
potentialSet.addPotential(CoulombERFCPotential( 'O', 'O', beta=2.3*Angstrom, r_cut=9.
→˓0*Angstrom))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

(continues on next page)
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bulk_configuration.update()

Notes

The CoulombERFCPotential potential can be used to approximately calculate pairwise electrostatic interactions be-
tween particles with partial charges, as defined in the ParticleType.

The Coulomb interactions between two particles 𝑖 and 𝑗 are screened by a complementary error function, similar to
the real-space part of the CoulombSPME method:

𝑉𝑖𝑗(𝑟) =
𝑞𝑖𝑞𝑗
𝑟

erfc(𝑟/𝛽𝑖𝑗) .

In contrast to the Coulomb solver classes, which calculate the interactions between all charged particles, this method
calculates only the interactions between the specified particle type pairs.

CoulombErf

class CoulombErf(r_cut=None, a=None, alpha=None, bonded_mode=None, doEEM=None)
Constructor of the Coulomb solver.

Parameters

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this Coulomb
solver.

• bonded_mode – Either CoulombErf.evaluateAll or CoulombErf.evaluate4.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate4 is chosen, interactions between particles that are connected by a path of bonds
of length less than four are omitted.

• doEEM (bool) – Whether or not electronegativity equilibration (EEQ) is used to determine
the charges. It is switched off by default.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters
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• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

CoulombErfDSF

class CoulombErfDSF(alpha=None, r_cut=None, bonded_mode=None, doEEM=None)
Constructor of the Coulomb solver.

Parameters

• alpha (PhysicalQuantity of type length**-1) – Damping parameter in the DSF
method. It determines how fast the Coulomb interactions decay with the particle distance.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this Coulomb
solver.

• bonded_mode – Either CoulombErfDSF.evaluateAll or CoulombErfDSF.evaluate4.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate4 is chosen, interactions between particles that are connected by a path of bonds
of length less than four are omitted.

• doEEM (bool) – Whether or not electronegativity equilibration (EEQ) is used to determine
the charges. It is switched off by default.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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CoulombEwald

class CoulombEwald(alpha=None, epsilon=None, bonded_mode=None)
Constructor of the Coulomb solver.

Parameters

• alpha (PhysicalQuantity of type length**-1) – Splitting parameter of the
Ewald summation.

• epsilon (float) – The accuracy of the Ewald-summation. It is used to determine the
cutoff radius for the short-range interactions such that erfc(alpha * r_cut) <= epsilon.

• bonded_mode – Either CoulombEwald.evaluateAll or CoulombEwald.evaluate4.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate4 is chosen, interactions between particles that are connected by a path of bonds
of length less than four are omitted.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]
(continues on next page)
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# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create the Pedone_2006Fe2 potential by hand, by adding the individual components
potentialSet = TremoloXPotentialSet(name='Pedone_2006Fe2')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(

symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=2.4

))
potentialSet.addParticleType(ParticleType(

symbol='O',
mass=15.9994*atomic_mass_unit,
charge=-1.2

))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential(

'Si',
'O',
r_0=2.1*Angstrom,
k=2.0067*1/Ang,
E_0=0.340554*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom

))
potentialSet.addPotential(Repulsive12Potential(

'Si',
'O',
r_cut=7.5*Angstrom,

(continues on next page)
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c=1.0*Ang**12*eV
))
potentialSet.addPotential(MorsePotential(

'O',
'O',
r_0=3.618701*Angstrom,
k=1.379316*1/Ang,
E_0=0.042395*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom

))
potentialSet.addPotential(Repulsive12Potential(

'O',
'O',
r_cut=7.5*Angstrom,
c=22.0*Ang**12*eV

))

# Add the coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombEwald(alpha=0.1*Angstrom**-1, epsilon=1.0e-10))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

This Coulomb solver provides an efficient method to calculate the long-range electrostatic interactions between particles
with partial charges, as defined in ParticleType.

The CoulombEwald solver works only for periodic systems, i.e. BulkConfiguration.

Similar to CoulombSPME, the method evaluates a screened, short-range part of the electrostatic interactions as a pair-
wise sum in real space, whereas the remaining long-range contributions are calculated in reciprocal space1.

When using bonded force fields the bonded_mode parameter can be used to modify how this potential acts between
atoms that are connected by less than 4 bonds. If CoulombSolver.evaluateAll (or “mode_bondless”) is chosen, the
potential acts between all selected atoms independent of the bonds between them. If CoulombSolver.evaluate4 (or
“mode_14”) is chosen, the potential is switched off for all atoms that are connected via one, two, or three consecutive
bonds.

1 P. P. Ewald. Die Berechnung optischer und elektrostatischer Gitterpotentiale. Annalen der Physik, 369(3):253–287, 1921.
doi:10.1002/andp.19213690304.
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CoulombN2

class CoulombN2(r_cut=None, bonded_mode=None, doEEM=None)
Constructor of the Coulomb solver.

Parameters

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this Coulomb
solver.

• bonded_mode – Either CoulombN2.evaluateAll or CoulombN2.evaluate4.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate4 is chosen, interactions between particles that are connected by a path of bonds
of length less than four are omitted.

• doEEM (bool) – Whether or not electronegativity equalization method (EEM) is used to
determine the charges. It is switched off by default.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]
(continues on next page)
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# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create the Pedone_2006Fe2 potential by hand, by adding the individual components

potentialSet = TremoloXPotentialSet(name='Pedone_2006Fe2')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si', mass=28.0855*atomic_mass_unit,␣
→˓charge=2.4))
potentialSet.addParticleType(ParticleType(symbol='O', mass=15.9994*atomic_mass_unit,␣
→˓charge=-1.2))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential('Si', 'O', r_0=2.1*Angstrom, k=2.0067*1/Ang, E_
→˓0=0.340554*eV, r_i=6.0*Angstrom, r_cut=7.5*Angstrom))
potentialSet.addPotential(Repulsive12Potential('Si', 'O', r_cut=7.5*Angstrom, c=1.
→˓0*Ang**12*eV))
potentialSet.addPotential(MorsePotential('O', 'O', r_0=3.618701*Angstrom, k=1.379316*1/
→˓Ang, E_0=0.042395*eV, r_i=6.0*Angstrom, r_cut=7.5*Angstrom))
potentialSet.addPotential(Repulsive12Potential('O', 'O', r_cut=7.5*Angstrom, c=22.
→˓0*Ang**12*eV))

# Add the coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombN2(r_cut=9.0*Angstrom))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

(continues on next page)
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Notes

This solver calculates the electrostatic interactions between particles with partial charges, as defined in ParticleType.

The CoulombN2 and the CoulombN2Spline solvers calculate the Coulomb sum between all particle pairs 𝑖 and 𝑗 directly:

𝑉𝑖𝑗(𝑟) =
𝑞𝑖𝑞𝑗
𝑟
.

The CoulombN2 solver uses a hard cutoff without any smoothing, whereas the CoulombN2Spline solver applies a
smoothing spline between the inner and the outer cutoff.

When using bonded force fields the bonded_mode parameter can be used to modify how this potential acts between
atoms that are connected by less than 4 bonds. If CoulombSolver.evaluateAll (or “mode_bondless”) is chosen, the
potential acts between all selected atoms independent of the bonds between them. If CoulombSolver.evaluate4 (or
“mode_14”) is chosen, the potential is switched off for all atoms that are connected via one, two, or three consecutive
bonds.

CoulombN2Spline

class CoulombN2Spline(r_cut=None, r_i=None, i_degree=None, bonded_mode=None, doEEM=None)
Constructor of the Coulomb solver.

Parameters

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this Coulomb
solver.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the spline
smoothing starts.

• i_degree (int) – Deprecated. This parameter is not used anymore.

• bonded_mode – Either CoulombN2Spline.evaluateAll or CoulombN2Spline.evaluate4.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate4 is chosen, interactions between particles that are connected by a path of bonds
of length less than four are omitted.

• doEEM (bool) – Whether or not electronegativity equalization method (EEM) is used to
determine the charges. It is switched off by default.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.
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static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create the Pedone_2006Fe2 potential by hand, by adding the individual components
(continues on next page)
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potentialSet = TremoloXPotentialSet(name='Pedone_2006Fe2')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si', mass=28.0855*atomic_mass_unit,␣
→˓charge=2.4))
potentialSet.addParticleType(ParticleType(symbol='O', mass=15.9994*atomic_mass_unit,␣
→˓charge=-1.2))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential('Si', 'O', r_0=2.1*Angstrom, k=2.0067*1/Ang, E_
→˓0=0.340554*eV, r_i=6.0*Angstrom, r_cut=7.5*Angstrom))
potentialSet.addPotential(Repulsive12Potential('Si', 'O', r_cut=7.5*Angstrom, c=1.
→˓0*Ang**12*eV))
potentialSet.addPotential(MorsePotential('O', 'O', r_0=3.618701*Angstrom, k=1.379316*1/
→˓Ang, E_0=0.042395*eV, r_i=6.0*Angstrom, r_cut=7.5*Angstrom))
potentialSet.addPotential(Repulsive12Potential('O', 'O', r_cut=7.5*Angstrom, c=22.
→˓0*Ang**12*eV))

# Add the coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombN2Spline(r_cut=9.0*Angstrom, r_i=7.0*Angstrom, i_
→˓degree=3))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

When using TremoloXCalculator, this solver calculates the electrostatic interactions between particles with partial
charges, as defined in ParticleType.

The CoulombN2 and the CoulombN2Spline solvers calculate the Coulomb sum between all particle pairs 𝑖 and 𝑗 directly:

𝑉𝑖𝑗(𝑟) =
𝑞𝑖𝑞𝑗
𝑟
.

The CoulombN2 solver uses a hard cutoff without any smoothing, whereas the CoulombN2Spline solver applies a
smoothing spline between the inner and the outer cutoff.

When using bonded force fields the bonded_mode parameter can be used to modify how this potential acts between
atoms that are connected by less than 4 bonds. If CoulombSolver.evaluateAll (or “mode_bondless”) is chosen, the
potential acts between all selected atoms independent of the bonds between them. If CoulombSolver.evaluate4 (or
“mode_14”) is chosen, the potential is switched off for all atoms that are connected via one, two, or three consecutive
bonds.
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CoulombOption

class CoulombOption(permittivity)
Constructor of the option.

Parameters
permittivity (PhysicalQuantity of energy * length / charge**2) – The
Coulomb constant 1 / (4 * pi * epsilon0).

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

CoulombQTaperPotential

class CoulombQTaperPotential(particleType1, particleType2, C, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• C (PhysicalQuantity of type energy) – Potential Parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.
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getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The CoulombQTaperPotential potential can be used to calculate approximate pairwise electrostatic interactions be-
tween particles with partial charges, as defined in the ParticleType.

The Coulomb interactions between two particles 𝑖 and 𝑗 are smoothed by a tapering function:

𝑉𝑖𝑗(𝑟) =
𝑞𝑖𝑞𝑗
𝑟
𝑓(𝑟) + 𝐶(1 + 𝑓(𝑟)) ,

with

𝑓(𝑟) = 6

(︂
𝑟

𝑟𝑐

)︂5

− 15

(︂
𝑟

𝑟𝑐

)︂4

+ 10

(︂
𝑟

𝑟𝑐

)︂3

.

In contrast to the Coulomb solver classes, which calculate the interactions between all charged particles, this method
calculates only the interactions between the specified particle type pairs.

CoulombReaxFF

class CoulombReaxFF(r_cut=None, r_i=None, bonded_mode=None, doEEM=None)
Constructor of the Coulomb solver.

Parameters

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this Coulomb
solver.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius of the tapere
function.

• bonded_mode – Either CoulombReaxFF.evaluateAll or CoulombReaxFF.evaluate4.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate4 is chosen, interactions between particles that are connected by a path of bonds
of length less than four are omitted.
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• doEEM (bool) – Whether or not electronegativity equilibration (EEQ) is used to determine
the charges. It is switched off by default.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

CoulombSPME

class CoulombSPME(r_cut=None, accuracy=None, g=None, cellratio=None, i_degree=None, interlaced=None,
bonded_mode=None)

Constructor of the Coulomb solver.

Parameters

• r_cut (PhysicalQuantity of type length ) – The cutoff radius for the real-space
interactions.

• accuracy (float) – The desired accuracy with respect to the energy. If this value is set
and is positive, the values for g, cellratio, i_degree and interlaced are set automatically.

• g (float) – The splitting coefficient G in the SPME method.

• cellratio (int) – The number of discretization points in each direction. Must be a
power of two.

• i_degree (int) – The order of the interpolation.

• interlaced (bool) – Flag to switch interlaced calculation on/off.

• bonded_mode – Either CoulombSPME.evaluateAll or CoulombSPME.evaluate4.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate4 is chosen, interactions between particles that are connected by a path of bonds
of length less than four are omitted.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.
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getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
(continues on next page)

696 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

(continued from previous page)

# Calculator
# -------------------------------------------------------------

# Create the Pedone_2006Fe2 potential by hand, by adding the individual components

potentialSet = TremoloXPotentialSet(name='Pedone_2006Fe2')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si', mass=28.0855*atomic_mass_unit,␣
→˓charge=2.4))
potentialSet.addParticleType(ParticleType(symbol='O', mass=15.9994*atomic_mass_unit,␣
→˓charge=-1.2))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential('Si', 'O', r_0=2.1*Angstrom, k=2.0067*1/Ang, E_
→˓0=0.340554*eV, r_i=6.0*Angstrom, r_cut=7.5*Angstrom))
potentialSet.addPotential(Repulsive12Potential('Si', 'O', r_cut=7.5*Angstrom, c=1.
→˓0*Ang**12*eV))
potentialSet.addPotential(MorsePotential('O', 'O', r_0=3.618701*Angstrom, k=1.379316*1/
→˓Ang, E_0=0.042395*eV, r_i=6.0*Angstrom, r_cut=7.5*Angstrom))
potentialSet.addPotential(Repulsive12Potential('O', 'O', r_cut=7.5*Angstrom, c=22.
→˓0*Ang**12*eV))

# Add the coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombSPME(r_cut=9.0*Angstrom, accuracy=1.0e-06))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

This smooth-particle-mesh-ewald (SPME) solver1 provides an efficient method to calculate the long-range electro-
static interactions between particles with partial charges, as defined in ParticleType.

The CoulombSPME solver works only for periodic systems, i.e. BulkConfiguration.

Essentially, the method evaluates a screened, short-range part of the electrostatic interactions as a pair-wise sum in real
space, whereas the remaining long-range contributions are calculated in reciprocal space.

When using bonded force fields the bonded_mode parameter can be used to modify how this potential acts between
atoms that are connected by less than 4 bonds. If CoulombSolver.evaluateAll (or “mode_bondless”) is chosen, the
potential acts between all selected atoms independent of the bonds between them. If CoulombSolver.evaluate4 (or
“mode_14”) is chosen, the potential is switched off for all atoms that are connected via one, two, or three consecutive
bonds.

1 U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee, and L. G. Pedersen. A smooth particle mesh Ewald method. J. Chem. Phys., 1995.
doi:10.1063/1.470117.
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CoulombScale14Option

class CoulombScale14Option(scale_14)
Constructor of the option.

Parameters
scale_14 (float) – The Coulomb scaling factor for bonded 1-4 interactions

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define an OPLS-like potential for a hydrocarbon by adding particle types and interaction functions to the TremoloX-
PotentialSet. This potential uses a 0.5 1-4 Coulomb scale factor.

_option = CoulombScale14Option(
scale_14=0.5,

)
potentialSet.addOption(_option)

Notes

In most bonded forcefields such as OPLS, non-bonding interactions between atoms separated by 3 bonds are treated
differently to other interactions. Some of the energy of these interactions may be captured by the torsion potential
included in the forcefield, and so a scaling from 0 to 1 may need to be applied so that the combination of non-bonding
interactions and torsion terms work together to best represent the internal energy of the molecule.

The CoulombScale14Option class sets the scaling for the electrostatic 1-4 terms used in the calculator. The above
script shows how to set the scaling to 0.5. By default Coulomb solvers use a scaling factor of 1, meaning that the entire
1-4 Coulomb term is included. In the OPLS forcefield a 1-4 Coulomb scaling of 0.5 is used for both electrostatic and
Lennard-Jones interactions. As well as setting the 1-4 scaling, the 1-2 and 1-3 terms are also commonly excluded. In
the Coulomb solvers this is done using the bonded_mode parameter. By setting it to CoulombSolver.evaluate4 or
“mode_14” the 1-2 and 1-3 Coulomb terms are excluded in the calculation.
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CoulombSolver

class CoulombSolver

Initialize a Tremolo-X Coulomb solver.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

CrosslinkBuilder

class CrosslinkBuilder(crosslink_connector, restart_trajectory=None, skip_initial_crosslink=None,
nvt_steps_per_crosslink=None, npt_steps_per_crosslink=None, temperature=None,
pressure=None, isotropic_pressure=None, cycles_per_md_step=None,
cycles_to_terminate=None, reaction_percentage=None,
bond_search_increment=None, max_bond_search_radii=None,
use_fbmc_relax=None, fbmc_steps_per_crosslink=None, h_passivate_types=None,
potential_builder=None, opls_type_list=None, **kwargs)

Creates a polymer crosslink builder object.

Parameters

• crosslink_connector (CrosslinkConnector) – The polymer cross-linker that de-
fines the possible reactions.

• restart_trajectory (Trajectory | None) – A trajectory from which to continue the
cross-linking reaction. Default: None.

• skip_initial_crosslink (bool) – Whether or not to skip the initial cross-linking step
when starting the simulation. Default: False.

• nvt_steps_per_crosslink (int) – The number of NVT molecular dynamics steps to
perform per cycle. Default: 10000.

• npt_steps_per_crosslink (int) – The number of NPT molecular dynamics steps to
perform per cycle. Default: 10000.
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• temperature (PhysicalQuantity of type temperature) – The temperature that the cross-
linking is performed at. Default: 300K.

• pressure (PhysicalQuantity of type pressure) – The pressure that the cross-linking is
performed at. Default: 1 bar.

• isotropic_pressure (bool) – Whether or not pressure is applied isotropically. De-
fault: True.

• cycles_per_md_step (int) – The number of cross-linking cycles performed between
NPT-MD cycles. Default: 1.

• cycles_to_terminate (int) – The number of cycles the simulation will continue with-
out any cross-linking reactions. None does not apply this termination condition. Default:
None.

• reaction_percentage (float) – The target reaction percentage at the completion of
the reaction. Default: 100.

• bond_search_increment (PhysicalQuantity of type length) – The increment to add to
the bond search radius when no reactions are found in a cross-linking step. Default: 0.25
Angstrom.

• max_bond_search_radii (PhysicalQuantity of type length) – The maximum bond
search radius to be reached during the cross-linking process. Default: 10 Angstrom.

• use_fbmc_relax (bool) – Whether or not to use force-bias Monte Carlo to relax the
system after cross-linking. By default NVT molecular dynamics with a gradual relaxation
of the reaction coordinates is used. Setting this variable to True changes the relaxation
step to a combination of force-bias Monte Carlo and NVT molecular dynamics. Default:
False.

• fbmc_steps_per_crosslink (int) – The number of force-bias Monte Carlo steps to
perform per cycle. This step is only performed if force-bias Monte Carlo relaxation is
selected with the input use_fbmc_relax. Default: 10000.

• h_passivate_types (str | list | None) – List of tags that specify atoms to be hy-
drogen passivated at the end of the cross-linking reaction. Default: None.

• potential_builder (DreidingPotentialBuilder | UFFPotentialBuilder |
OPLSPot entialBuilder) – The potential builder used to create the potential for the
cross-linking system. The default is to use the Dreiding potential without electrostatic
interactions.

• opls_type_list (list of str | None) – Optional list of all of the OPLS atom types
that can arise during cross-linking. Works only if the OPLSPotentialBuilder is used, and
can increase the performance in this case. Default: None.

runCrosslinking(trajectory_filename=None)
Run the cross-linking simulation.

Parameters
trajectory_filename (str | None) – The file where the result trajectory is written.

Returns
The trajectory of the system as it is being cross-linked.

Return type
Trajectory
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Usage Examples

Build a network polymer system based on an amine-epoxy reaction.

# Load the configuration to be reacted.
configuration = nlread('Amine_Epoxy_Crosslink.hdf5')[-1]

# Specify the reactions for primary amines with an epoxy using the two different␣
→˓hydrogens.
reaction_a = CrosslinkReaction(

add_bonds=[('REACT_A_C', 'REACT_B_N')],
remove_bonds=[('REACT_A_C', 'REACT_A_O')],
transfer_groups=[('REACT_B_H1', 'REACT_B_N', 'REACT_A_O')],
secondary_reaction_map={'REACT_B_N': 'REACT_C_N', 'REACT_B_H2': 'REACT_C_H', },
exclude_rings_below_size=0,
bond_cutoff=4*Angstrom

)
reaction_b = CrosslinkReaction(

add_bonds=[('REACT_A_C', 'REACT_B_N')],
remove_bonds=[('REACT_A_C', 'REACT_A_O')],
transfer_groups=[('REACT_B_H2', 'REACT_B_N', 'REACT_A_O')],
secondary_reaction_map={'REACT_B_N': 'REACT_C_N', 'REACT_B_H1': 'REACT_C_H', },
exclude_rings_below_size=0,
bond_cutoff=4*Angstrom

)

# Specify the reaction of a secondary amine with an epoxy.
reaction_c = CrosslinkReaction(

add_bonds=[('REACT_A_C', 'REACT_C_N')],
remove_bonds=[('REACT_A_C', 'REACT_A_O')],
transfer_groups=[('REACT_C_H', 'REACT_C_N', 'REACT_A_O')],
exclude_rings_below_size=0,
bond_cutoff=4*Angstrom

)

# Define the CrosslinkConnector, using the defined reactions and functional groups to␣
→˓find the
# reactive atom groups in the configuration.
crosslink_connector = CrosslinkConnector(

configuration,
reactions=[reaction_a, reaction_b, reaction_c],
functional_groups=[['REACT_A_C', 'REACT_A_O'], ['REACT_B_N', 'REACT_B_H1', 'REACT_B_

→˓H2']],
max_number_of_reactions=100

)

# Define the CrosslinkBuilder using the default Dreiding potential
polymer_builder = CrosslinkBuilder(

crosslink_connector,
cycles_to_terminate=None,
reaction_percentage=100,
nvt_steps_per_crosslink=1000,
npt_steps_per_crosslink=1000,

(continues on next page)
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(continued from previous page)

temperature=480*Kelvin,
pressure=1*bar,
bond_search_increment=0.5*Angstrom,
max_bond_search_radii=6*Angstrom

)

# Run the polymer building simulation.
polymer_builder.runCrosslinking(trajectory_filename='Amine_Epoxy_Thermoset.hdf5')

Amine_Epoxy_Crosslink.py Amine_Epoxy_Crosslink.hdf5

Build a system of linear polymers of poly(ethylene oxide).

# Load the configuration to be reacted.
configuration = nlread('PEO_Crosslink.hdf5')[-1]

# Specify the reactions of ethylene glycol using both possible atom arrangements.
reaction_a = CrosslinkReaction(

add_bonds=[('REACT_C_A', 'REACT_O_B')],
remove_atoms=['REACT_O_A', 'REACT_H_A', 'REACT_H_B'],
bond_cutoff=5*Angstrom

)
reaction_b = CrosslinkReaction(

add_bonds=[('REACT_O_A', 'REACT_C_B')],
remove_atoms=['REACT_O_B', 'REACT_H_A', 'REACT_H_B'],
bond_cutoff=5*Angstrom

)

# Explicitly define the reactive atom groups in the configuration.
reactive_atom_groups = [{'REACT_C_A': 0, 'REACT_O_A': 2, 'REACT_H_A': 8},

{'REACT_C_A': 1, 'REACT_O_A': 5, 'REACT_H_A': 9},
{'REACT_C_A': 10, 'REACT_O_A': 12, 'REACT_H_A': 18},
{'REACT_C_A': 11, 'REACT_O_A': 15, 'REACT_H_A': 19},
{'REACT_C_A': 20, 'REACT_O_A': 22, 'REACT_H_A': 28},
{'REACT_C_A': 21, 'REACT_O_A': 25, 'REACT_H_A': 29},
{'REACT_C_A': 30, 'REACT_O_A': 32, 'REACT_H_A': 38},
{'REACT_C_A': 31, 'REACT_O_A': 35, 'REACT_H_A': 39},
{'REACT_C_A': 40, 'REACT_O_A': 42, 'REACT_H_A': 48},
{'REACT_C_A': 41, 'REACT_O_A': 45, 'REACT_H_A': 49},
{'REACT_C_A': 50, 'REACT_O_A': 52, 'REACT_H_A': 58},
{'REACT_C_A': 51, 'REACT_O_A': 55, 'REACT_H_A': 59},
{'REACT_C_A': 60, 'REACT_O_A': 62, 'REACT_H_A': 68},
{'REACT_C_A': 61, 'REACT_O_A': 65, 'REACT_H_A': 69},
{'REACT_C_A': 70, 'REACT_O_A': 72, 'REACT_H_A': 78},
{'REACT_C_A': 71, 'REACT_O_A': 75, 'REACT_H_A': 79},
{'REACT_C_A': 80, 'REACT_O_A': 82, 'REACT_H_A': 88},
{'REACT_C_A': 81, 'REACT_O_A': 85, 'REACT_H_A': 89},
{'REACT_C_A': 90, 'REACT_O_A': 92, 'REACT_H_A': 98},
{'REACT_C_A': 91, 'REACT_O_A': 95, 'REACT_H_A': 99},
{'REACT_C_B': 0, 'REACT_O_B': 2, 'REACT_H_B': 8},
{'REACT_C_B': 1, 'REACT_O_B': 5, 'REACT_H_B': 9},
{'REACT_C_B': 10, 'REACT_O_B': 12, 'REACT_H_B': 18},
{'REACT_C_B': 11, 'REACT_O_B': 15, 'REACT_H_B': 19},

(continues on next page)
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(continued from previous page)

{'REACT_C_B': 20, 'REACT_O_B': 22, 'REACT_H_B': 28},
{'REACT_C_B': 21, 'REACT_O_B': 25, 'REACT_H_B': 29},
{'REACT_C_B': 30, 'REACT_O_B': 32, 'REACT_H_B': 38},
{'REACT_C_B': 31, 'REACT_O_B': 35, 'REACT_H_B': 39},
{'REACT_C_B': 40, 'REACT_O_B': 42, 'REACT_H_B': 48},
{'REACT_C_B': 41, 'REACT_O_B': 45, 'REACT_H_B': 49},
{'REACT_C_B': 50, 'REACT_O_B': 52, 'REACT_H_B': 58},
{'REACT_C_B': 51, 'REACT_O_B': 55, 'REACT_H_B': 59},
{'REACT_C_B': 60, 'REACT_O_B': 62, 'REACT_H_B': 68},
{'REACT_C_B': 61, 'REACT_O_B': 65, 'REACT_H_B': 69},
{'REACT_C_B': 70, 'REACT_O_B': 72, 'REACT_H_B': 78},
{'REACT_C_B': 71, 'REACT_O_B': 75, 'REACT_H_B': 79},
{'REACT_C_B': 80, 'REACT_O_B': 82, 'REACT_H_B': 88},
{'REACT_C_B': 81, 'REACT_O_B': 85, 'REACT_H_B': 89},
{'REACT_C_B': 90, 'REACT_O_B': 92, 'REACT_H_B': 98}]

# Define the CrosslinkConnector, using the defined reactions and reactive atom groups.
crosslink_connector = CrosslinkConnector(

configuration,
reactions=[reaction_a, reaction_b],
reactive_atom_groups=reactive_atom_groups,
max_number_of_reactions=5

)

# Define the CrosslinkBuilder object, using termination after 3 steps without reactions.
polymer_builder = CrosslinkBuilder(

crosslink_connector,
nvt_steps_per_crosslink=1000,
npt_steps_per_crosslink=1000,
temperature=350*Kelvin,
pressure=90*bar,
cycles_per_md_step=2,
cycles_to_terminate=3,
bond_search_increment=0.0*Angstrom,

)

# Run the polymer building simulation.
polymer_builder.runCrosslinking(trajectory_filename='PEO_Polymer.hdf5')

PEO_Crosslink.py PEO_Crosslink.hdf5

Note that in both these cases the examples have been created to be illustrative of the process of building the material.
For high-quality simulations it may be necessary to increase the number of molecular dynamics steps or, as in the case
of PEO, the size of the system.
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Notes

The CrosslinkBuilder class manages the building and cross-linking of polymer systems by iteratively performing
both cross-linking reactions and also controlling the motion of atoms between each cross-linking step12. In each cycle,
relaxation of both the atomic positions and simulation cell can be performed. There are two different relaxation pro-
tocols implemented. The default relaxation protocol is based on molecular dynamics. First the position of the transfer
atoms are relaxed with a constrained geometry optimization. After this the atomic positions are relaxed using NVT
molecular dynamics. To avoid large forces on the reacted atoms, the reaction coordinates are also gradually scaled
from reactant to product. The density of the system can then be further relaxed in an NPT molecular dynamics simu-
lation. Using molecular dynamics in both stages allows for the preservation of velocities between cross-linking steps.
An alternative relaxation method using Force-Bias Monte Carlo (FBMC) is also available. In this protocol, all atomic
positions are initially optimized with a geometry optimization before being relaxed in an FBMC step. Because FBMC
is not sensitive to large forces, no scaling of the reaction coordinates is necessary in this step. An NVT molecular dy-
namics step is then run before relaxing the density with NPT molecular dynamics. In this case, equilibrated velocities
are lost during the FBMC step, and so additional NVT is required before NPT molecular dynamics to first equilibrate
the velocities.

On initialization, the CrosslinkBuilder requires a CrosslinkConnector that contains the details of the possi-
ble reactions. There are also a number of optional arguments that control how the configuration is evolved between
cross-linking steps. The number of NVT and NPT steps in each molecular dynamics cycle is specified with the ar-
guments nvt_steps_per_crosslink and npt_steps_per_crosslink. If FMBC based relaxation is desired, this
can be accessed by setting the argument use_fbmc_relax to True. The number of FBMC steps can then be set with
fbmc_steps_per_crosslink. The temperature and pressure used in the dynamics simulations can be set with the
arguments temperature and pressure respectively. The argument isotropic_pressure also sets whether pres-
sure is applied isotropically, or independently for the three cell lengths. This can be useful in cases where the material
is anisotropic, such as in building thermoset materials at a solid surface. It is also possible to skip some NPT molecular
dynamics steps at each cycle. This is done with the argument cycles_per_md_step. This takes an integer that speci-
fies how many reaction and NVT molecular dynamics steps are done for every NPT molecular dynamics step. Skipping
NPT molecular dynamics steps can be appropriate in cases where the density of the system does not significantly change
with the progress of the reaction.

There are three separate termination criteria that can be set to determine when the cross-linking reaction process is com-
plete. First, the argument cycles_to_terminate specifies a number of steps in which the simulation will terminate
if no reactions are performed. If a reaction is performed at any step the counter is returned to zero. The default value of
None allows for the simulation to continue through any number of unreactive steps. Secondly, the simulation can also
terminate when a defined reaction extent is reached, which is specified through the argument reaction_percentage.
The default value allows for the reaction to go to completion. Finally the reaction can be terminated when a specific
bond search radius is reached. Using the argument bond_search_increment, an increase in the bond search radius
used to determine possible reactions can be added if no reactions are found during a reaction step. Increasing the bond
search radius during the simulation prioritizes reactions between closer reactive groups3. When the bond search radius
reaches the limit specified by max_bond_search_radii, the simulation terminates.

To set the potential used to determine the motion of the atoms during the simulation, a PotentialBuilder ob-
ject can be passed in that determines the forcefield used at each step. As the configuration is reacting, the object
used must be able to automatically assign atomic forcefield types for the configuration. By default, a Dreiding po-
tential ignoring electrostatic interactions is used. It should be noted that in both the UFFPotentialBuilder and
DreidingPotentialBuilder, electrostatic interactions are calculated in each cycle using the QEq method. This
may significantly slow down simulations in network materials which cannot be easily decomposed into a number of

1 Spyros V. Kallivokas, Aristotelis P. Sgouros, and Doros N. Theodorou. Molecular dynamics simulations of epon-862/detda epoxy networks:
structure, topology, elastic constants, and local dynamics. Soft Matter, 15:721, 2019. URL: https://pubs.rsc.org/en/content/articlelanding/2019/sm/
c8sm02071j#!divAbstract, doi:10.1039/c8sm02071j.

2 Chunyu Li and Alejandro Strachan. Molecular simulations of crosslinking process of thermosetting polymers. Polymer, 51:6058, 2010. URL:
https://www.sciencedirect.com/science/article/abs/pii/S0032386110009225, doi:10.1016/j.polymer.2010.10.033.

3 Vikas Varshney, Soumya S. Patnaik, Ajit K. Roy, and Barry L. Farmer. A molecular dynamics study of epoxy-based networks: cross-linking
procedure and prediction of molecular and material properties. Macromolecules, 41:6837–6842, 2008. URL: https://pubs.acs.org/doi/10.1021/
ma801153e, doi:10.1021/ma801153e.
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molecules. For the OPLS potential it is also possible to specify a list of types for the atoms in different stages of the
reaction. This is intended to limit the search range that the OPLSPotentialBuilder must use to determine the types
and speed up type assignment. If no list is given, the OPLSPotentialBuilder will search though all available types
to determine the best fits of types to the structure.

Partially complete simulations can be restarted using the argument restart_trajectory. This takes a Trajectory
from a previous calculation created by a CrosslinkBuilder. Restarting the calculation from the trajectory resets the
count of the extent of the reaction and the bond search radius. Note that if a restart trajectory is given, the last frame of
the trajectory should also be used to define the CrosslinkConnector object used to create the CrosslinkBuilder.
When restarting a calculation it is also possible to skip the initial cross-linking step. This is useful in cases where the
simulation terminated because of a problem with a reaction. Skipping the initial cross-linking step in the simulation
allows for more movement of the atoms and can resolve problems with the reaction. Skipping the initial cross-linking
step is done by setting the argument skip_initial_crosslink to True.

After the reaction is completed the final configuration can be passivated with hydrogen. The argument
h_passivate_types takes a list of tags of atoms that are to be passivated. This requires that the tags be present
in the final configuration. This is useful in cases such as in the reaction of acrylates, where radicals may be left at
the conclusion of the simulation. After hydrogen atoms are added, a geometry optimization is then performed on the
resulting configuration.

Once the CrosslinkBuilder object is defined, the actual cross-linking simulation is performed by calling the
runCrosslinking method. This returns a trajectory of the resulting configuration after every geometry relaxation
cycle, as well as the final structure after possible passivation. The argument trajectory_filename allows the spec-
ification of a file location where the trajectory can be written. If this is not given, the trajectory is stored in memory
before being returned.

CrosslinkConnector

class CrosslinkConnector(configuration, reactions, functional_groups=None, reactive_atom_groups=None,
max_number_of_reactions=None, random_seed=None)

Create a class for performing cross-linking in a polymer system.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration) – The configura-
tion that is to be reacted.

• reactions (CrosslinkReaction | list of CrosslinkReaction) – The CrosslinkRe-
action objects that define the possible reactions.

• functional_groups (list) – List of lists of atom tags that defines the functional groups
in the configuration that can react according to the defined reactions. Cannot be specified
together with reactive_atom_groups.

• reactive_atom_groups (list) – List of dictionaries that identify the atoms in the con-
figuration that react and their reaction tags. These are the same tags used to define atoms
in the reaction definitions. Cannot be specified together with functional_groups.

• max_number_of_reactions (int) – The maximum number of reactions done in a cycle.
None allows all available reactions. Default: None

• random_seed (int) – A seed for the random number generator used to select reactions
when unequal reaction probabilities are specified.

crosslink(configuration=None)
Perform cross-linking on the stored configuration.
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Parameters
configuration (MoleculeConfiguration | BulkConfiguration) – An optional
configuration used if the atomic positions of the atoms changes between cross-linking
steps. If not specified the current stored configuration is used.

Returns
Dictionary containing the number of reactions, lists of bonds formed and broken and atoms
transferred.

Return type
dict

initialConfiguration()

Return a copy of the initial configuration on which the reactive groups are initially set.

Returns
The initial supplied configuration.

Return type
MoleculeConfiguration | BulkConfiguration

maximumBondSearchRadius()

Find the maximum bond search radius in the defined reactions.

Returns
The maximum bond search radius from each reaction.

Return type
PhysicalQuantity of type length

numberOfPossibleReactions()

Return the number of possible reactions found during the previous cross-linking step. This can include
several reactions involving the same atoms, and so not all reactions may be able to be performed simulta-
neously.

Returns
Number of possible reactions.

Return type
int

ratioReacted()

Return the ratio of the current number of reactive groups to the initial number. This gives an indication of
overall progress of the reaction. Numbers returned are in the range 0 to 1.

Returns
Ratio of reacted groups.

Return type
int

reactedConfiguration()

Return the current reacted configuration that has resulted from the performed cross-linking steps. If no
cross-linking has been done the initial configuration is returned.

Returns
The reacted configuration.

Return type
MoleculeConfiguration | BulkConfiguration
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Usage Examples

Define a cross-linker for use in cross-linking an epoxy-amine system

# Load the configuration to be reacted.
configuration = nlread('Amine_Epoxy_Crosslink.hdf5')[-1]

# Specify the reactions for primary amines with an epoxy using the two different␣
→˓hydrogens.
reaction_a = CrosslinkReaction(

add_bonds=[('REACT_A_C', 'REACT_B_N')],
remove_bonds=[('REACT_A_C', 'REACT_A_O')],
transfer_groups=[('REACT_B_H1', 'REACT_B_N', 'REACT_A_O')],
secondary_reaction_map={'REACT_B_N': 'REACT_C_N', 'REACT_B_H2': 'REACT_C_H', },
exclude_rings_below_size=0,
bond_cutoff=4*Angstrom

)
reaction_b = CrosslinkReaction(

add_bonds=[('REACT_A_C', 'REACT_B_N')],
remove_bonds=[('REACT_A_C', 'REACT_A_O')],
transfer_groups=[('REACT_B_H2', 'REACT_B_N', 'REACT_A_O')],
secondary_reaction_map={'REACT_B_N': 'REACT_C_N', 'REACT_B_H1': 'REACT_C_H', },
exclude_rings_below_size=0,
bond_cutoff=4*Angstrom

)

# Specify the reaction of a secondary amine with an epoxy.
reaction_c = CrosslinkReaction(

add_bonds=[('REACT_A_C', 'REACT_C_N')],
remove_bonds=[('REACT_A_C', 'REACT_A_O')],
transfer_groups=[('REACT_C_H', 'REACT_C_N', 'REACT_A_O')],
exclude_rings_below_size=0,
bond_cutoff=4*Angstrom

)

# Define the CrosslinkConnector, using the defined reactions and functional groups to␣
→˓find the
# reactive atom groups in the configuration.
crosslink_connector = CrosslinkConnector(

configuration,
reactions=[reaction_a, reaction_b, reaction_c],
functional_groups=[['REACT_A_C', 'REACT_A_O'], ['REACT_B_N', 'REACT_B_H1', 'REACT_B_

→˓H2']],
max_number_of_reactions=100

)

Amine_Epoxy_Crosslink.py Amine_Epoxy_Crosslink.hdf5

Define a cross-linker for creating linear polymers of poly(ethylene oxide)

# Load the configuration to be reacted.
configuration = nlread('PEO_Crosslink.hdf5')[-1]

# Specify the reactions of ethylene glycol using both possible atom arrangements.
(continues on next page)
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(continued from previous page)

reaction_a = CrosslinkReaction(
add_bonds=[('REACT_C_A', 'REACT_O_B')],
remove_atoms=['REACT_O_A', 'REACT_H_A', 'REACT_H_B'],
bond_cutoff=5*Angstrom

)
reaction_b = CrosslinkReaction(

add_bonds=[('REACT_O_A', 'REACT_C_B')],
remove_atoms=['REACT_O_B', 'REACT_H_A', 'REACT_H_B'],
bond_cutoff=5*Angstrom

)

# Explicitly define the reactive atom groups in the configuration.
reactive_atom_groups = [{'REACT_C_A': 0, 'REACT_O_A': 2, 'REACT_H_A': 8},

{'REACT_C_A': 1, 'REACT_O_A': 5, 'REACT_H_A': 9},
{'REACT_C_A': 10, 'REACT_O_A': 12, 'REACT_H_A': 18},
{'REACT_C_A': 11, 'REACT_O_A': 15, 'REACT_H_A': 19},
{'REACT_C_A': 20, 'REACT_O_A': 22, 'REACT_H_A': 28},
{'REACT_C_A': 21, 'REACT_O_A': 25, 'REACT_H_A': 29},
{'REACT_C_A': 30, 'REACT_O_A': 32, 'REACT_H_A': 38},
{'REACT_C_A': 31, 'REACT_O_A': 35, 'REACT_H_A': 39},
{'REACT_C_A': 40, 'REACT_O_A': 42, 'REACT_H_A': 48},
{'REACT_C_A': 41, 'REACT_O_A': 45, 'REACT_H_A': 49},
{'REACT_C_A': 50, 'REACT_O_A': 52, 'REACT_H_A': 58},
{'REACT_C_A': 51, 'REACT_O_A': 55, 'REACT_H_A': 59},
{'REACT_C_A': 60, 'REACT_O_A': 62, 'REACT_H_A': 68},
{'REACT_C_A': 61, 'REACT_O_A': 65, 'REACT_H_A': 69},
{'REACT_C_A': 70, 'REACT_O_A': 72, 'REACT_H_A': 78},
{'REACT_C_A': 71, 'REACT_O_A': 75, 'REACT_H_A': 79},
{'REACT_C_A': 80, 'REACT_O_A': 82, 'REACT_H_A': 88},
{'REACT_C_A': 81, 'REACT_O_A': 85, 'REACT_H_A': 89},
{'REACT_C_A': 90, 'REACT_O_A': 92, 'REACT_H_A': 98},
{'REACT_C_A': 91, 'REACT_O_A': 95, 'REACT_H_A': 99},
{'REACT_C_B': 0, 'REACT_O_B': 2, 'REACT_H_B': 8},
{'REACT_C_B': 1, 'REACT_O_B': 5, 'REACT_H_B': 9},
{'REACT_C_B': 10, 'REACT_O_B': 12, 'REACT_H_B': 18},
{'REACT_C_B': 11, 'REACT_O_B': 15, 'REACT_H_B': 19},
{'REACT_C_B': 20, 'REACT_O_B': 22, 'REACT_H_B': 28},
{'REACT_C_B': 21, 'REACT_O_B': 25, 'REACT_H_B': 29},
{'REACT_C_B': 30, 'REACT_O_B': 32, 'REACT_H_B': 38},
{'REACT_C_B': 31, 'REACT_O_B': 35, 'REACT_H_B': 39},
{'REACT_C_B': 40, 'REACT_O_B': 42, 'REACT_H_B': 48},
{'REACT_C_B': 41, 'REACT_O_B': 45, 'REACT_H_B': 49},
{'REACT_C_B': 50, 'REACT_O_B': 52, 'REACT_H_B': 58},
{'REACT_C_B': 51, 'REACT_O_B': 55, 'REACT_H_B': 59},
{'REACT_C_B': 60, 'REACT_O_B': 62, 'REACT_H_B': 68},
{'REACT_C_B': 61, 'REACT_O_B': 65, 'REACT_H_B': 69},
{'REACT_C_B': 70, 'REACT_O_B': 72, 'REACT_H_B': 78},
{'REACT_C_B': 71, 'REACT_O_B': 75, 'REACT_H_B': 79},
{'REACT_C_B': 80, 'REACT_O_B': 82, 'REACT_H_B': 88},
{'REACT_C_B': 81, 'REACT_O_B': 85, 'REACT_H_B': 89},
{'REACT_C_B': 90, 'REACT_O_B': 92, 'REACT_H_B': 98}]

(continues on next page)
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# Define the CrosslinkConnector, using the defined reactions and reactive atom groups.
crosslink_connector = CrosslinkConnector(

configuration,
reactions=[reaction_a, reaction_b],
reactive_atom_groups=reactive_atom_groups,
max_number_of_reactions=5

)

PEO_Crosslink.py PEO_Crosslink.hdf5

Notes

The CrosslinkConnector class contains the necessary information to describe the possible reactions in a configura-
tion. The class also contains methods to detect which groups are able to react together and to carry out these reactions
by altering the bonding. This enables the creation of realistic amorphous structures that are formed through a chemical
process. For instance it allows building polymer systems from monomers in a range of geometries, or post-synthetic
cross-linking of linear polymer chains. This class can be used in a stand-alone manner to perform a discrete set of reac-
tions on a single configuration. It can also be used together with the CrosslinkBuilder class to model the progressive
changes in the configuration as reactions occur and the positions of the atoms evolve.

To create a CrosslinkConnector object 3 arguments are required. First the parameter configuration takes the con-
figuration in which reactions are being modeled. The reactions themselves are given as the argument reactions. The
takes a list of CrosslinkReaction objects that define all of the possible reactions in the given configuration. Lastly a
list of the atoms that are able to react and the reactions they are able to participate in is required. This can be specified
in one of two ways. One method is to use the parameter functional_groups. This argument takes a list of lists,
with each list containing atom tags of the atoms that together form a reactive functional group. As an example, in the
epoxy-amine system the epoxy and amine atoms create two different reactive functional groups. These groups are then
specified as a list of lists of the tags on the atoms that make up each group. On initialization the CrosslinkConnector
finds all the reactive groups of each type by finding the groups of atoms that are located closest to each other. There
can be any number of identical reactive groups in a configuration. The second way to specify the reactive atoms is to
explicitly define them. This is done using the argument reactive_atom_groups. This argument takes a list of dic-
tionaries, each dictionary representing one reactive group of atoms. The keys and values in the dictionary are the atom
tags used in the reaction definitions and the indices of the atoms respectively. As the reacting atom groups are given
explicitly, when reactive_atom_groups is set, tags for the reacting atoms do not need to be set on the configuration.

Note: The reactions and reactive atoms required by the arguments reactions and reactive_atom_groups respec-
tively can be generated from the input configuration using a ReactionTemplate object. See the documentation of
this object for more details.

The CrosslinkConnector also accepts two optional arguments on initialization. The first of these,
max_number_of_reactions, controls the maximum number of reactions that are performed at each cross-linking
step. This allows some control over the rate at which reactions are performed. This can be important at the start of a
reaction simulation, where often a large number of reactions are possible. Without limiting the number of reactions,
the initial structure may be locked into the configuration, as the performed reactions make the structure far more rigid.
By default all possible reactions are carried out at each step. A seed to the random number generator used to determine
whether or not low probability reactions are carried out can be given through the argument random_seed.

Performing a cross-linking step with the CrosslinkConnector is done through using the method crosslink. This
takes an optional configuration to be reacted as input, and returns the number of reactions that were performed, as
well as details of the bond changes as a result of the reactions. Supplying a configuration is useful in cases where the
atomic positions of the atoms change in between cross-linking steps. If no configuration is supplied, either the initial
configuration or the configuration produced by the last cross-linking step is used. Accessing the stored configurations is
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done through the methods initialConfiguration and reactedConfiguration. Information about the progress
of the reactions can also be obtained through two methods. The method ratioReacted gives the ratio of reactive
groups that have undergone a reaction compared to the total number of groups. In cases where the multi-step reactions
are being modeled, the newly formed reactive groups are taken into account. The total number of possible reactions
found after each reaction step can also be returned using the method numberOfPossibleReactions. The maximum
bond cutoff radius in the defined reactions can also be returned with the function maximumBondSearchRadius.

CrosslinkReaction

class CrosslinkReaction(add_bonds=None, remove_bonds=None, transfer_groups=None,
remove_atoms=None, secondary_reaction_map=None, bond_cutoff=None,
angle_exclusion=None, exclude_rings_below_size=None,
relative_reaction_probability=None)

Defines a cross-linking reaction between a group of atoms.

Parameters

• add_bonds (list | None) – List of tuples containing pairs of tags of atoms between
which bonds are added.

• remove_bonds (list | None) – List of tuples containing pairs of tags of atoms between
which bonds are removed.

• transfer_groups (list | None) – List of tuples containing triplets of atom tags of
atoms to transfer. Order of tuple is atom transferred, atom transferred from then atom
transferred to.

• remove_atoms (list) – A list of atom tags of atoms to be removed after the reaction.

• secondary_reaction_map (dict) – Map for how to change current types into new types
for a following reaction.

• bond_cutoff (PhysicalQuantity of type length) – The maximum distance between reac-
tive atoms. Default: 5*Angstrom

• angle_exclusion (PhysicalQuantity of type angle) – The minimum bond angle allowed
when forming a new bond. Default: 30*Degrees

• exclude_rings_below_size (int | All) – Prevent reactions that form rings below
a set size. The flag All excludes all reactions that form rings. The value 0 allows all ring
forming reactions. Default: All.

• relative_reaction_probability (float) – Relative probability that reaction is per-
formed. Default: 1

addBonds()

Returns
List of tuples containing atom tags of reactive atoms.

Return type
list

angleExclusion()

Returns
The minimum bond angle allowed when forming a new bond.
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Return type
PhysicalQuantity of type angle

bondCutoff()

Returns
The maximum distance between reactive atoms.

Return type
PhysicalQuantity of type length

excludeRingsBelowSize()

Returns
The ring exclusion size. The flag All prohibits all ring formation.

Return type
int | All

relativeReactionProbability()

Returns
Return the relative probability that the reaction is performed.

Return type
float

removeAtoms()

Returns
A list of atoms tags of atoms to be removed after the reaction.

Return type
list

removeBonds()

Returns
List of tuples containing atom tags of bonds to be removed.

Return type
list

secondaryReactionMap()

Return a dictionary mapping changes from current types into new types for a following reaction.

Returns
A dictionary showing the pairing of reactant and product types.

Return type
dict

totalReactionTags()

Return a set of all the tags used to define the reaction.

Returns
The set of the reaction tags.

Return type
set
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transferGroups()

Returns
Return a list of tuples containing atom tags of atoms to transfer. Order of tuple is atom
transferred, atom transferred from then atom transferred to.

Return type
list

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define reactions for use in cross-linking an epoxy-amine system

# Load the configuration to be reacted.
configuration = nlread('Amine_Epoxy_Crosslink.hdf5')[-1]

# Specify the reactions for primary amines with an epoxy using the two different␣
→˓hydrogens.
reaction_a = CrosslinkReaction(

add_bonds=[('REACT_A_C', 'REACT_B_N')],
remove_bonds=[('REACT_A_C', 'REACT_A_O')],
transfer_groups=[('REACT_B_H1', 'REACT_B_N', 'REACT_A_O')],
secondary_reaction_map={'REACT_B_N': 'REACT_C_N', 'REACT_B_H2': 'REACT_C_H', },
exclude_rings_below_size=0,
bond_cutoff=4*Angstrom

)
reaction_b = CrosslinkReaction(

add_bonds=[('REACT_A_C', 'REACT_B_N')],
remove_bonds=[('REACT_A_C', 'REACT_A_O')],
transfer_groups=[('REACT_B_H2', 'REACT_B_N', 'REACT_A_O')],
secondary_reaction_map={'REACT_B_N': 'REACT_C_N', 'REACT_B_H1': 'REACT_C_H', },
exclude_rings_below_size=0,
bond_cutoff=4*Angstrom

)

# Specify the reaction of a secondary amine with an epoxy.
reaction_c = CrosslinkReaction(

add_bonds=[('REACT_A_C', 'REACT_C_N')],
remove_bonds=[('REACT_A_C', 'REACT_A_O')],
transfer_groups=[('REACT_C_H', 'REACT_C_N', 'REACT_A_O')],
exclude_rings_below_size=0,
bond_cutoff=4*Angstrom

)

Amine_Epoxy_Crosslink.py Amine_Epoxy_Crosslink.hdf5

Define reactions for creating linear polymers of poly(ethylene oxide)

# Load the configuration to be reacted.
configuration = nlread('PEO_Crosslink.hdf5')[-1]

(continues on next page)
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# Specify the reactions of ethylene glycol using both possible atom arrangements.
reaction_a = CrosslinkReaction(

add_bonds=[('REACT_C_A', 'REACT_O_B')],
remove_atoms=['REACT_O_A', 'REACT_H_A', 'REACT_H_B'],
bond_cutoff=5*Angstrom

)
reaction_b = CrosslinkReaction(

add_bonds=[('REACT_O_A', 'REACT_C_B')],
remove_atoms=['REACT_O_B', 'REACT_H_A', 'REACT_H_B'],
bond_cutoff=5*Angstrom

)

PEO_Crosslink.py PEO_Crosslink.hdf5

The given examples above demonstrate how reactions between groups of atoms in a configuration can be defined.
The reaction definitions rely on atom tags that can be assigned to specific atoms. In the first case of the epoxy-amine
reaction, the reaction is a 2-step process. Here an epoxy can react with a primary amine to first form a secondary amine
and then another epoxy can react with the secondary amine to form a tertiary amine. To model these two stages requires
using a secondary reaction map to correctly label atoms for the second reaction. As the resulting structure is also a
network structure, all rings are allowed to be formed by reactions creating the three-dimensional network.

In the second example the reactions necessary for linking ethylene glycol into linear polymers of poly(ethylene oxide)
is shown. This proceeds through a condensation reaction where the two hydroxy groups react to form an ether and a
water molecule. This water molecule can be removed by setting remove_atoms argument.

Notes

The CrosslinkReaction class contains details of specific reactions that are performed by the CrosslinkConnector
and CrosslinkBuilder classes. In this class reactions are specified using atomic tags. Tags are associated atoms
according to the role that those atoms can play in specific reactions. Using these tags, reactions can be described
through defining how the bonding of these atoms changes during the reaction. It is possible to describe changes to any
number of atoms during a reaction, allowing for the description of complex reactions.

Reactions are defined when the object is initialized. The initialization function takes several arguments that define
the reaction. The necessary argument add_bonds describes the bonds that are created during the reaction, while the
optional argument remove_bonds describes bonds that are destroyed. Both these arguments require lists of tuples that
contain the two atom tags between which bonds are added or removed. In reactions where single atoms are removed
from one atom and added onto another, the motion of this atom can be described with the argument transfer_groups.
This argument takes a list of tuples, containing tags of the atom being transferred, the atom it is bonded to in the reactant
and then the atom it is bonded to in the product. This option is most commonly used for specifying proton transfer, as
in the epoxy-amine example above. In some cases the reactions that are being modeled generate additional unwanted
molecules, such as condensation reactions. In these cases the argument remove_atoms allows the specification of
atoms that are removed from the configuration once they have reacted. In cases where multi-step reactions are to be
modeled, atoms may change through a series of reactive types. One example of this is in epoxy-amine reactions, where
primary amines first form secondary amines and then tertiary amines. Multi-step reaction pathways can be created
with the secondary_reaction_map argument. This takes a dictionary which maps how the reactive type of the
atoms change after the specific reaction.

The CrosslinkReaction class initialization function also contains some arguments that control when the reaction can
happen1. The argument bond_cutoff sets a maximum bond length for newly formed bonds. Reactions that require
creation of bonds longer than this cutoff are excluded. Similarly the argument angle_exclusion defines the minimum

1 Lauren J. Abbott, Kyle E. Hart, and Coray M. Colina. Polymatic: a generalized simulated polymerization algorithm for amorphous polymers.
Theor. Chem. Acc., 132:1334, 2013. URL: https://link.springer.com/article/10.1007/s00214-013-1334-z, doi:10.1007/s00214-013-1334-z.
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allowed bond angle that can be created when a new bond is formed. The exclusion of rings and cyclic structures is con-
trolled through the parameter exclude_rings_below_size. In the case where two reacting groups are on the same
molecule, reacting these two groups will form a ring or a cyclic structure. The argument exclude_rings_below_size
defines the minimum size of any ring formed for the reaction to be accepted. The default value is All, which ex-
cludes any reaction that forms a cyclic structure. This value is appropriate in cases where molecules react to form
linear polymer chains. A value of 0 allows all reactions that form cyclic structures. A small or zero value of
exclude_rings_below_size is needed in cases where molecules react to form three dimensional network systems.
Finally the relative probability of the reaction can be specified using the relative_reaction_probability argu-
ment. This is useful in cases where multiple reactions with different kinetics are being modeled. Setting different
relative reactive probabilities allows slowing the rate of one reaction relative to another by passing over opportunities
to perform that reaction. By default all reactions have a relative probability of 1, meaning they are performed whenever
allowed.

CrystalInterfaceTrainingParameters

class CrystalInterfaceTrainingParameters(reference_configurations, rattle=None, sample_size=None,
atomic_rattling_amplitudes=None, random_seed=None,
optimize=None, optimize_geometry_parameters=None,
surface_termination_0=None, surface_termination_1=None,
plane_0=None, plane_1=None, buffer_zone=None,
vacuum=None, max_number_of_atoms=None,
displacement_vector=None, thickness_max=None,
strain_method=None, shortest_surface_lattice_vector=None,
longest_surface_lattice_vector=None,
minimum_surface_lattice_vector_angle=None,
max_surface_area=None, grid_density=None,
strain_max=None, angle_min=None, angle_max=None,
angle_delta=None, layer_tolerance0=None,
layer_tolerance1=None,
configurational_descriptor_cutoff_0=None,
configurational_descriptor_cutoff_1=None,
log_filename_prefix=None)

Class for storing parameters for generating a set of interface training configurations.

Parameters

• reference_configurations (Sequence of [BulkConfiguration]) – Two reference
configurations to be used to generate the training set.

• rattle (bool) – Switch to turn on rattling of the interfaces to generate more configura-
tions. Default: False.

• sample_size (int) – The number of training configurations to generate for each atomic
rattling amplitude. Default: 5.

• atomic_rattling_amplitudes (PhysicalQuantity of type length | sequence of Physi-
calQuantity of type length) – The list of maximum random displacements of the atomic
positions. Default: 0.1 * Angstrom.

• random_seed (int) – The random seed used for generating the displacements. Default:
Generated automatically.

• optimize (bool | Calculator) – Switch to turn on optimization of interface
configurations using a fast LCAO calculator with SingleZeta basis, KpointDen-
sity(density_a=1.0*Angstrom, density_c=0.0*Angstrom) and NumericalAccuracyPa-
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rameters(density_mesh_cutoff=60.0*Hartree). Alternatively a calculator object might be
supplied to replace the default one. Default: False.

• optimize_geometry_parameters (OptimizeGeometryParameters or None) – Pa-
rameters to be passed to a OptimizeGeometry object. Default: None.

• surface_termination_0 (list of PeriodicTableElement) – List of elements consid-
ered for terminations of the left interface. Default: all elements.

• surface_termination_1 (list of PeriodicTableElement) – List of elements consid-
ered for terminations of the left interface. Default: all elements.

• plane_0 (list of lists(3)) – Planes given by the Miller indices h, k, and l to cleave
the left bulk system. Default: all low index planes with maximum index 1.

• plane_1 (list of lists(3)) – Planes given by the Miller indices h, k, and l to cleave
the right bulk system. Default: all low index planes with maximum index 1.

• buffer_zone (PhysicalQuantity of type length) – Added spacing between interfaces. If
the structures are rattled, the buffer should include the rattling amplitude. Default: 0.0 *
Angstrom.

• vacuum (None | PhysicalQuantity of type length) – Vacuum to be added around the inter-
face. Default: 0.0 * Angstrom.

• max_number_of_atoms (int) – Maximum number of atoms allowed in one interface
configuration. Default: No restriction.

• displacement_vector (PhysicalQuantity of type fractional length | None) – This vector
is added to the coordinates of the second surface configuration. Default: [0.25, 0.25, 0.0].

• thickness_max (PhysicalQuantity of type length) – Maximum thickness of either mate-
rial in the final interface. This value is overwritten in case it is smaller than the thickness
of two layers. Default: 9.0 * Angstrom.

• strain_method (StrainFirst | StrainSecond | StrainBoth ) – Specifies
which layer should be strained. If StrainFirst is given, then the first layer will be strained
and the second layer will have no strain, while the opposite is true if StrainSecond is
chosen. If StrainBoth is given, then each layer is strained to an intermediate lattice.

• shortest_surface_lattice_vector (PhysicalQuantity of type length) – The mini-
mum length of either surface vector. Default: 0*Angstrom.

• longest_surface_lattice_vector (PhysicalQuantity of type length) – The maxi-
mum length of either surface vector. Default: 50*Angstrom.

• minimum_surface_lattice_vector_angle (PhysicalQuantity of type angle) – The
smallest allowed angle between the surface lattice vectors.

• max_surface_area (PhysicalQuantity of type length**2) – The maximum surface area.
Default: 200.0*Angstrom.

• grid_density (2-tuple of type int) – The number of times that the a and b lattice
vectors of the first configuration should be repeated during the lattice match search. Larger
values consider more possible repetitions.

• strain_max (float) – The largest engineering strain that will be considered a valid
match. The default value of 1 corresponds to a 100% deformation. Default: 1.0.

• angle_min (PhysicalQuantity of type angle) – The minimum rotational angle of the sec-
ond lattice with respect to the first. Default: 0.0 * Degrees.

4.13. Full QuantumATK package 715



QuantumATK V-2023.12 Documentation

• angle_max (PhysicalQuantity of type angle) – The maximum rotational angle of the sec-
ond lattice with respect to the first. Default: 180.0 * Degrees.

• angle_delta (PhysicalQuantity of type angle) – The resolution of the rotational angles
of the second lattice. Smaller values lead to a higher resolution search of rotational values.
Default: 4.0 * Degrees.

• layer_tolerance0 (int) – Layers are detected by grouping atoms by their z-
coordinates. Increase this tolerance to combine nearby off-lattice atoms into the same
layer. Range: [-10, 4]. Default: -10.

• layer_tolerance1 (int) – Layers are detected by grouping atoms by their z-
coordinates. Increase this tolerance to combine nearby off-lattice atoms into the same
layer. Range: [-10, 4]. Default: -10.

• configurational_descriptor_cutoff_0 (float) – Cut-off value of the Configura-
tionalDescriptorBased duplicate detection for material 0. For crystals a large number is
recommended to agressively filter duplicates. Range: (0, 1). Default: 0.9.

• configurational_descriptor_cutoff_1 (float) – Cut-off value of the Configura-
tionalDescriptorBased duplicate detection for material 1. For crystals a large number is
recommended to agressively filter duplicates. Range: (0, 1). Default: 0.9.

• log_filename_prefix (str) – Filename prefix for the logging output of the tasks as-
sociated with this set. Default: Defined by the MomentTensorPotentialTraining
object.

angleDelta()

Returns
The resolution of the rotational angles of the second lattice.

Return type
PhysicalQuantity of type angle

angleMax()

Returns
The maximum rotational angle of the second lattice with respect to the first.

Return type
PhysicalQuantity of type angle

angleMin()

Returns
The minimum rotational angle of the second lattice with respect to the first.

Return type
PhysicalQuantity of type angle

atomicRattlingAmplitudes()

Returns
Maximum rattling intensity.

Return type
PhysicalQuantity of type length | None

bufferZone()

Returns
Added spacing between interfaces.
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Return type
PhysicalQuantity of type length | None

cleavePlanes0()

Returns
Planes given by the Miller indices h, k, and l to cleave the left bulk system.

Return type
list of lists(3).

cleavePlanes1()

Returns
Planes given by the Miller indices h, k, and l to cleave the right bulk system.

Return type
list of lists(3).

configuration0()

Returns
A configuration for the left half of the interface.

Return type
configuration_0: BulkConfiguration

configuration1()

Returns
A configuration for the right half of the interface.

Return type
configuration_1: BulkConfiguration

configurationalDescriptorCutoff0()

Returns
ConfigurationalDescriptorBased cut-off value.

Return type
float

configurationalDescriptorCutoff1()

Returns
ConfigurationalDescriptorBased cut-off value.

Return type
float

dataTag()

Returns
The selection tag added to the data in the training set.

Return type
str

displacementVector()

Returns
This vector is added to the coordinates of the second surface configuration.
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Return type
PhysicalQuantity of type fractional length

extractConfigurations()

Function that extracts the configurations generated by CrystalInterfaceTrainingParameters. The configu-
rations can be inspected before being passed as TrainningSet to the MomentTensorPotentialTraining.

Returns
Generated configurations.

Return type
ConfigurationDataContainer

gridDensity()

Returns
The number of times that the a and b lattice vectors of the first configuration should be
repeated during the lattice match search.

Return type
2-tuple of type int

layerTolerance0()

Returns
Layers are detected by grouping atoms by their z-coordinates.

Return type
int

layerTolerance1()

Returns
Layers are detected by grouping atoms by their z-coordinates.

Return type
int

logFilenameIdentifier()

Returns
Filename identifier for the logging output of the tasks associated with this set, or None if
it hasn’t been set yet.

Return type
str | None

logFilenamePrefix()

Returns
Filename prefix for the logging output of the tasks associated with this set, or None if it is
to be defined by the MomentTensorPotentialTraining object.

Return type
str | LogToStdOut | None

longestSurfaceLatticeVector()

Returns
The maximum length of either surface vector.

Return type
PhysicalQuantity of type length
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maxNumberOfAtoms()

Returns
Maximum number of atoms allowed in one interface configuration.

Return type
int

maxSurfaceArea()

Returns
The maximum surface area.

Return type
PhysicalQuantity of type length**2

minimumSurfaceLatticeVectorAngle()

Returns
The smallest allowed angle between the surface lattice vectors.

Return type
PhysicalQuantity of type angle

optimize()

Returns
Switch to turn on optimization of interface configurations using the LCAO calculator.

Return type
bool

optimizeGeometryParameters()

Returns
The optimize geometry parameters.

Return type
OptimizeGeometryParameters

randomSeed()

Returns
The random seed used for generating the displacements, or None if it should be generated
automatically.

Return type
int | None

rattle()

Returns
Switch to turn on rattling of the interfaces to generate more configurations.

Return type
bool | None

referenceConfigurations()

Returns
The list of reference configurations to be used to generate the training set.

Return type
list(2) of [BulkConfiguration]
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sampleSize()

Returns
The number of training configurations for each combination of list parameters.

Return type
int

shortestSurfaceLatticeVector()

Returns
The minimum length of either surface vector.

Return type
PhysicalQuantity of type length

strainMax()

Returns
The largest engineering strain that will be considered a valid match.

Return type
float

strainMethod()

Returns
Specifies which layer should be strained.

Return type
StrainFirst | StrainSecond | StrainBoth

surfaceTerminations0()

Returns
List of elements considered for terminations of the left interface.

Return type
list of [PeriodicTableElement]

surfaceTerminations1()

Returns
List of elements considered for terminations of the right interface.

Return type
list of [PeriodicTableElement]

thicknessMax()

Returns
Maximum thickness of either material in the final interface.

Return type
PhysicalQuantity of type length

uniqueString()

Return a unique string representing the state of the object.

vacuum()

Returns
Vacuum to be added around the interface.
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Return type
PhysicalQuantity of type length | None

Usage Examples

Setup of a training set for a copper/iron interface using CrystalInterfaceTrainingParameters.

Note: The particular force-field used for optimization in below script is only for demonstration purposes and should
be replaced by a higher quality method in actual training.

# Set up lattice
lattice = FaceCenteredCubic(3.61496*Angstrom)

# Define elements
elements = [Copper]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
bulk_configuration_copper = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Set up lattice
lattice = BodyCenteredCubic(2.8665*Angstrom)

# Define elements
elements = [Iron]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
bulk_configuration_iron = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Define calculator for pre-optimization calculations.
potentialSet = EAM_CuFeNi_2009()
calculator_ff = TremoloXCalculator(parameters=potentialSet)

optimize_geometry_parameters = OptimizeGeometryParameters(
max_forces=0.1*eV/Ang,
max_steps=1000,
max_step_length=0.2*Ang,
constraints=[FixStrain(x=True, y=True, z=False)],

(continues on next page)
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(continued from previous page)

trajectory_interval=1,
optimizer_method=FIRE(),
enable_optimization_stop_file=True,
restart_strategy=NoRestart,
trajectory_filename='interface-optimization-trajectory.hdf5',

)

reference_configurations = [bulk_configuration_copper, bulk_configuration_iron]

training_set = CrystalInterfaceTrainingParameters(
reference_configurations,
optimize=calculator_ff,
optimize_geometry_parameters=optimize_geometry_parameters,
rattle=True,
sample_size=2,
atomic_rattling_amplitudes=[0.3] * Angstrom,
buffer_zone=0.3 * Angstrom,
surface_termination_0=Copper,
surface_termination_1=Iron,
plane_0=[[1, 1, 1], [0, 1, 1], [0, 0, 1]],
plane_1=[[0, 1, 1]],
vacuum=10 * Angstrom,
max_number_of_atoms=150,
thickness_max=9*Angstrom,
shortest_surface_lattice_vector=5 * Angstrom,
longest_surface_lattice_vector=12 * Angstrom,
minimum_surface_lattice_vector_angle=60 * Degrees,
strain_max=0.06,

)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
k_point_sampling = KpointDensity(

density_a=5.0*Angstrom,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=100.0*Hartree,
k_point_sampling=k_point_sampling,
occupation_method=MethfesselPaxton(0.2*eV, 1),
)

iteration_control_parameters = IterationControlParameters(
tolerance=5e-05,
damping_factor=0.3,
number_of_history_steps=12,
max_steps=200,
non_convergence_behavior=StopCalculation(),
)

algorithm_parameters = AlgorithmParameters(
scf_restart_step_length=0.3*Angstrom,

(continues on next page)
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)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
iteration_control_parameters=iteration_control_parameters,
algorithm_parameters=algorithm_parameters,
)

# Set up non-linear coefficients with optimization.
non_linear_coefficients_parameters = NonLinearCoefficientsParameters(

perform_optimization=True,
energy_only=False,

)

# Set up parameters to use in the MTP fitting.
fitting_parameters = MomentTensorPotentialFittingParameters(

basis_size=1000,
outer_cutoff_radii=4.5*Angstrom,
mtp_filename='mtp_Cu-Fe_interface.mtp',
non_linear_coefficients_parameters=non_linear_coefficients_parameters,

)

# Set up MTP training.
moment_tensor_potential_training = MomentTensorPotentialTraining(

filename='mtp_study',
object_id='training',
training_sets=training_set,
calculator=calculator,
calculate_stress=True,
fitting_parameters_list=fitting_parameters,
train_test_split=0.8,
random_seed=13345,
number_of_processes_per_task=8,
log_filename_prefix='fit_mtp_Cu-Fe_interface',

)
moment_tensor_potential_training.update()
nlprint(moment_tensor_potential_training)

# The MTP calculator can now be extracted from the MomentTensorPotentialTraining object.
mtp_calculator = moment_tensor_potential_training.momentTensorPotentialCalculators()[0]

interface-training-sets.py
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Notes

The CrystalInterfaceTrainingParameters class can be used to generate training configurations by building interfaces
from two crystalline bulk materials using the InterfaceBuilder. All parameters of the interface builder are available.
For a specific type of interface, cleave planes and surface terminations can be individually selected for each material.
Additionally, bulk configurations with two interfaces or slabs with just one interface can be created by adding vacuum.
The former approach effectively doubles the interfaces to train on.

For the actual training data generation, a CrystalInterfaceTrainingParameters object needs to be passed into a Moment-
TensorPotentialTraining object.

It is recommended to pre-optimize the automatically generated interface configurations by specifying a fast calculator
and a OptimizeGeometryParameters object. By default the LCAO method with a single zeta basis set is used.

To achieve a more broadly applicable training set, the generated interfaces can be randomly displaced to increase the
number of configurations. The original configuration is always part of the set, sample_size determines the number of
rattled configurations added. Alternatively the crystalTrainingRandomDisplacements protocol can be used with the
trajectory of optimized configurations.

In order to speed up the following DFT reference calculations, a maximum thickness and number of atoms can be
specified. This provides a very efficient way to generate training data for crystal materials without having to run long,
expensive ab-initio MD simulations.

CrystalPropertyValidation

class CrystalPropertyValidation(configuration, calculator, calculate_reference_data=True,
calculate_volume_energy_plot=True, calculate_elastic_constants=True,
calculate_phonon_bandstructure=True, calculate_delta_test=True,
optimize_geometry_parameters=None, log_filename_prefix=None,
dynamical_matrix_filename=None, dynamical_matrix_repetitions=(5, 5,
5))

Class for validating calculator accuracy based on properties of crystalline materials.

Parameters

• configuration (BulkConfiguration) – A bulk reference configuration with the ref-
erence calculator attached.

• calculator (Calculator) – The calculator that should be validated.

• calculate_reference_data (bool) – If the reference data should be calculated.

• calculate_volume_energy_plot (bool) – If the equation of state should be calculated
and compared.

• calculate_elastic_constants (bool) – If the elastic moduli should be calculated
and compared.

• calculate_phonon_bandstructure (bool) – If the phonon bandstructure should be
calculated and compared.

• calculate_delta_test (bool) – If the DeltaTest should be calculated. Can only be
done if the parameter calculate_reference_data is also True.

• optimize_geometry_parameters (OptimizeGeometryParameters | None) – Pa-
rameters to used to optimize the geometry.
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• log_filename_prefix (str) – Filename prefix for the logging output of the tasks as-
sociated with this analysis. Default: None.

• dynamical_matrix_filename – The full or relative path to save the results for the dy-
namical matrix calculation. A suffix is added for the reference calculator and the calculator
to be validated so that results can be saved to two separate files. See nlsave(). Default:
None.

• dynamical_matrix_repetitions (Automatic | list of ints) – The number of repeti-
tions of the system in the A, B, and C-directions given as a list of three positive integers,
e.g. [3, 3, 3], or Automatic. If use_wigner_seitz_scheme is set to True the only
values allowed for repetition are [1, 1, 1] or Automatic. Default: [5, 5, 5]

calculator()

Returns
The calculator to be validated.

Return type
Calculator

deltaTest()

Returns
The result of the delta test.

Return type
float

dynamicalMatrixRepetitions()

Returns
The number of repetitions of the system in the A, B, and C-directions given as a list of
three positive integers.

Return type
list of ints

elastic()

Returns
Elastic constant calculated by the test calculator.

Return type
ElasticConstants

energy()

Returns
List of energies calculated for different volumes by the test calculator.

Return type
list

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

optimizeGeometryParameters()

Returns
The optimize geometry parameters.

Return type
OptimizeGeometryParameters

phononBandstructure()

Returns
The phonon bandstructure obtained with the test calculator.

Return type
PhononBandstructure

plotEnergyvsVolume()

Show a plot of the equation of state (energy vs. volume) curve calculated with relative and reference
calculators.

referenceConfiguration()

Returns
The configuration used with the reference calculator.

Return type
BulkConfiguration

referenceElastic()

Returns
Elastic constant calculated by the reference calculator.

Return type
ElasticConstants

referenceEnergy()

Returns
List of energies calculated for different volumes by the reference calculator.

Return type
list

referencePhononBandstructure()

Returns
The phonon bandstructure obtained with the reference calculator.

Return type
PhononBandstructure

referenceVolume()

Returns
List of unit cell volumes included in the reference calculation.
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Return type
list

setCalculator(calculator)
Set the calculator that should be tested against the reference calculator and calculate the properties.

Parameters
calculator (Calculator) – The calculator that should be validated.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

testConfiguration()

Returns
The configuration used with the test calculator.

Return type
BulkConfiguration

uniqueString()

Return a unique string representing the state of the object.

volume()

Returns
List of unit cell volumes included in the validation calculation.

Return type
list

Usage Examples

Calculate different properties of crystalline silicon with a Tersoff potential and a Moment Tensor Potential, print the
results, and save the object to a hdf5 file:

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

(continues on next page)
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# Setting up the reference calculator.
# A cheap force-field calculator is used so that this example script
# does not take too long.
potentialSet = Tersoff_Si_1988()
reference_calculator = TremoloXCalculator(parameters=potentialSet)
bulk_configuration.setCalculator(reference_calculator)

# Setting up the calculator that should be validated against the reference calcultor.
potentialSet = MTP_Si_2019b()
calculator = TremoloXCalculator(parameters=potentialSet)

crystal_property_validation = CrystalPropertyValidation(
bulk_configuration,
calculator,
calculate_reference_data=True,
calculate_volume_energy_plot=True,
calculate_elastic_constants=True,
calculate_phonon_bandstructure=True,
calculate_delta_test=True,
optimize_geometry_parameters=None,
log_filename_prefix=None,
dynamical_matrix_filename='dynamical_matrix.hdf5',
dynamical_matrix_repetitions=(5, 5, 5),

)

nlsave('crystal_property_validation.hdf5', crystal_property_validation)
nlprint(crystal_property_validation)
crystal_property_validation.plotEnergyvsVolume()

si_crystal_property_validation.py

This example script shows how to read the output file. The script also shows how to use existing data to validate with
a number of different calculators.

crystal_property_validation = nlread('crystal_property_validation.hdf5')[0]

potentialSet = QuantumATK_MTP_Si_SiO2_2022()
calculator1 = TremoloXCalculator(parameters=potentialSet)

potentialSet = StillingerWeber_SiOCF_2005()
calculator2 = TremoloXCalculator(parameters=potentialSet)

for calculator in [calculator1, calculator2]:
crystal_property_validation.setCalculator(calculator)
nlsave('crystal_property_validation.hdf5', crystal_property_validation)

multiple_calculator_crystal_property_validation.py
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Notes

Crystal properties, such as lattice parameters and the bulk modulus can be calculated using a reference calculator and
compared to one or more other calculators that needed to be validated. To view these results use the nlprint method.

Before calculating the crystal properties of a given BulkConfiguration, the cell vectors are optimized using the Opti-
mizeGeometry function with the reference and relative calculators. The optimization parameter can be provided using
OptimizeGeometryParameters.

The PhononBandstructure can be visualized by selecting the output file in the Lab Floor of QuantumATK unpack
using Unpack and opening it using the Phonon Bandstructure Analyzer.

The equation of state can be plotted using the plotEnergyvsVolume method or by unpacking in the Lab Floor.

Note: This class is only intended for validating with bulk configurations. It can not be used with molecules or surfaces.

CrystalStructurePrediction

class CrystalStructurePrediction(initial_population, number_of_generations, selection_pressure=2.0,
number_of_elites=None, number_to_promote=1,
heredity_probability=0.6, permutation_probability=0.0,
mutation_probability=0.4, sigma_lattice=0.7,
max_forces=PhysicalQuantity(0.01, eV/Ang),
max_stress=PhysicalQuantity(0.1, GPa), max_steps=1000,
max_step_length=PhysicalQuantity(0.2, Ang), external_pressure=None,
rng=None, write_population=True, population_format=None,
log_filename_prefix='generation_', permutation_operator=<class
'NL.Dynamics.CrystalStructurePrediction.GeneticOperators.PermutationOperator'>,
heredity_operator=<class
'NL.Dynamics.CrystalStructurePrediction.GeneticOperators.HeredityOperator'>,
mutation_operator=<class
'NL.Dynamics.CrystalStructurePrediction.GeneticOperators.MutationOperator'>,
kpoint_density=None, fitness_function=None, fitness_tolerance=None,
active_learning=None)

Function to perform a crystal structure search by applying a genetic algorithm on a given initial population.

Parameters

• initial_population (list of BulkConfiguration objects | Population) – A list of
initial BulkConfigurations or a Population object.

• number_of_generations (int) – The number of times the population should be
evolved.

• selection_pressure (float) – The pressure applied during the selection of the parents
from the population. The higher the pressure the less likely it is to pick an individual with
lower fitness. Default: 2.0

• number_of_elites (int) – Only consider the number_of_elites fittest individuals
when making the selection. Default: Consider all individuals during selection.

• number_to_promote (int) – The number of most fittest individuals to promote to the
next generation. Default: 1

4.13. Full QuantumATK package 729



QuantumATK V-2023.12 Documentation

• heredity_probability (float) – The unnormalized probability of using the heredity
operator. Default: 0.6

• permutation_probability (float) – The unnormalized probability of using the per-
mutation operator. The permutation operator will only be used when there is more than
one type of an element in the system. Default: 0.0

• mutation_probability (float) – The probability of using the mutation operator. De-
fault: 0.4

• sigma_lattice (float) – The standard deviation of the random strain applied by the
mutation operator. Default: 0.7

• max_forces (PhysicalQuantity in units of force) – The maximum forces determining
when the optimization should stop. Default: 0.01*eV/Ang

• max_stress (PhysicalQuantity in units of pressure) – The maximum stress determining
when the optimization should stop. Default: 0.1*GPa

• max_steps (uint) – The maximum number of steps for local optimization. Default:
1000

• max_step_length (PhysicalQuantity in units of length) – The maximum step length the
local optimizer may take. Default: 0.2*Ang

• external_pressure (PhysicalQuantity in units of pressure) – The target external pres-
sure of the system. Default: 0*GPa

• rng (numpy.random.RandomState) – The random number generated used to generate
the random number stream. Default: A new random number generator (seeded from OS
entropy pool)

• write_population (bool) – Enables saving the configuration of each individual con-
figuration during the crystal structure prediction. Default: True

• population_format (str) – Sets the storage format for populations. Default: hdf5

• log_filename_prefix (str) – The filename prefix to use for logging the individual
optimizations. Default: generation_

• kpoint_density (PhysicalQuantity of type length | None) – The target k-point sampling
density. If None, a fixed k-point grid is used. Default: Fixed k-point grid

• fitness_function (callable) – By default, the fitness is defined as the negative
enthalpy of the system. This function allows for the fitness to be customized. The
fitness_function should accept two arguments, “configuration” and “enthalpy” , and
return the fitness (larger values are more fit). The fitness should be given as a floating point
number (without units). The configuration argument is the geometry optimized individual
to evaluate the fitness for.

• fitness_tolerance (float) – Configurations whose fitness values differ by more than
this amount are considered difference structures. This is used as part of the niching step,
which removes duplicate configurations from the population. Default: 0.02

• active_learning (ActiveLearningSimulation) – Can be used to specify an Active-
LearningSimulaiton object, which is then used to run the geometry optimization while
training an MTP. The calculator on the configuration is ignored in this case. Note, this
does not support restarting from file.

activeLearning()

Returns
The active learning object, if specified, otherwise None.
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Return type
ActiveLearningSimulation | None

evolvePopulation(number_of_generations)
Evolves the current population for number_of_generations generations.

Parameters
number_of_generations (int) – The number of times the genetic algorithm is applied
to the population.

fitnesses()

Returns
Return the fitnesses of the current population sorted by descending fitness.

Return type
list of type float

kpointDensity()

Returns
The k-point density.

Return type
PhysicalQuantity of type length | None

population()

Returns
Return all configurations in the population sorted by descending fitness.

Return type
Population

symmetries()

Return the international symbol for each individual of the current population sorted by descending fitness.

Returns
a list of international symbols

Return type
list of type str

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Determine the global minimum energy crystal structure for TiO2.

# -------------------------------------------------------------
# Initial Population
# -------------------------------------------------------------
population_size=10

initial_population = generateInitialPopulation(
elements=elements,
population_size=population_size,

(continues on next page)
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calculator=calculator,
volume=206.29*Angstrom**3,
max_forces=0.01*eV/Angstrom,
max_stress=0.1*GPa,
max_steps=1000,
max_step_length=0.2*Angstrom,
external_pressure=0.0*GPa,
log_filename_prefix="initial_population_",

)

# -------------------------------------------------------------
# Crystal Structure Prediction
# -------------------------------------------------------------

global_optimization = CrystalStructurePrediction(
initial_population,
number_of_generations=16,
heredity_probability=0.85,
mutation_probability=0.1,
permutation_probability=0.05,
number_to_promote=2,
number_of_elites=int(0.6*population_size),
selection_pressure=3.0,
max_forces=0.005 * eV/Angstrom,

)

csp_TiO2.py

Find the crystal structure that most closely matches a target band gap, that is also stable (low enthalpy).

# Define custom fitness function.
def fitnessFunction(configuration, enthalpy):

# Calculate the band gap.
band_gap = Bandstructure(

configuration=configuration,
route=['G','G'],
points_per_segment=3,

).indirectBandGap()

# Target band gap.
target_band_gap = 1.34 * eV

# High fitness is low enthalpy and a band gap near the target. A parameter
# alpha (ranged from zero to one) controls the relative importance of
# enthalpy vs band gap error.
alpha = 0.5
fitness = -alpha*enthalpy - (1 - alpha) * abs(band_gap - target_band_gap)

# The fitness should not have units.
return fitness.inUnitsOf(eV)

global_optimization = CrystalStructurePrediction(
(continues on next page)
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initial_population,
number_of_generations=16,
heredity_probability=0.85,
mutation_probability=0.1,
permutation_probability=0.05,
number_to_promote=2,
number_of_elites=int(0.6*len(initial_population)),
selection_pressure=3.0,
max_forces=0.01 * eV/Angstrom,
fitness_function=fitnessFunction,

)

Run a crystal structure prediction in active learning.

# Read the initial training dataset for the active learning simulation.
dataset = nlread('Initial_training_data.hdf5', MomentTensorPotentialTraining)[-1]
initial_training_data = [TrainingSet(dataset, recalculate_training_data=False)]

# Define the MTP fitting parameters.
nl_parameters = NonLinearCoefficientsParameters(

perform_optimization=False,
initial_coefficients=Random,

)

fitting_parameters = MomentTensorPotentialFittingParameters(
basis_size=800,
outer_cutoff_radii=4.5*Ang,
mtp_filename='MTP_CSP_AL.mtp',
non_linear_coefficients_parameters=nl_parameters,
forces_cap=500.0*eV/Ang,
use_element_specific_coefficients=True,

)

# Set up the active learning simulation.
al = ActiveLearningSimulation(

fitting_parameters=fitting_parameters,
initial_training_data=initial_training_data,
mtp_study_filename='MTP_training_CSP_AL.hdf5',
mtp_study_object_id='training',
reference_calculator=calculator,
candidate_threshold=1.0,
retrain_threshold=3.0,
check_interval=1,
max_forces_check=10.0*eV/Ang,
minimum_bond_length_percent=0.2,
candidate_trajectory_filename='MTP_training_CSP_AL_candidates.hdf5',
restart_simulation=False,
extrapolation_selection_parameters=ExtrapolationSelectionParameters(

extrapolation_grade_algorithm=QueryByCommittee,
committee_size=6,
descriptor_cutoff=0.2,
descriptor_basis_size=100,

(continues on next page)

4.13. Full QuantumATK package 733



QuantumATK V-2023.12 Documentation

(continued from previous page)

),
)

# Read the initial population from file.
initial_population = nlread('Initial_population.hdf5', Population)[0]

# Run the crystal structure predicition with active learning.
global_optimization = CrystalStructurePrediction(

initial_population,
number_of_generations=10,
selection_pressure=2.0,
number_of_elites=10,
number_to_promote=4,
heredity_probability=50.0,
permutation_probability=15.0,
mutation_probability=35.0,
sigma_lattice=0.7,
max_forces=0.01*eV/Angstrom,
max_stress=0.1*GPa,
max_steps=1000,
max_step_length=0.2*Angstrom,
external_pressure=0*GPa,
active_learning=al,
log_filename_prefix='csp_al',

)

csp_active_learning_example.py

Notes

The goal of crystal structure prediction is to explore the state space of a compound and locate the structure with the
maximum fitness for a given chemical composition. In QuantumATK, the default fitness function is set to the negative
enthalpy, i.e. the algorithm converges to the structure with the minimal enthalpy (or energy if no external pressure is
applied). The primary input to the calculation is the chemical formula, which determines the number of atoms in the
unit cell. It is important that enough atoms are present in the unit cell to represent the crystal structure. Just because
the correct stoichiometric ratio is used, does not ensure that it is possible to represent the minimum energy structure.

Custom Fitness Function

The default fitness function is the negative enthalpy. A custom fitness function may be provided using the
fitness_function argument. The function takes two arguments: the minimized configuration and the enthalpy.
It should return the fitness of the configuration (larger fitness means more favorable structure).

Custom fitness functions can be used to find structures that yield desired material properties or match known experi-
mental values. Care must be taken to ensure that the resulting structures are physically plausible. This means that the
enthalpy should be included in the fitness. Practically, this means that the fitness should be a weighted sum of the de-
sired physical properties and the enthalpy. Otherwise, the evolutionary algorithm will find very high energy structures
that are not stable or possible to synthesize.
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Algorithm Details

The crystal structure prediction algorithm in QuantumATK uses a genetic algorithm. The genetic algorithm begins
with an initial population of structures provided by the user. The initial population can be generated using the gener-
ateInitialPopulation function. Each step of the algorithm involves generating the next population of structures from the
previous one. This evolution process is done in the following manner:

(A) Promote the number_to_promote fittest individuals to the next generation.

(B) Loop until there are population_size individuals in the new generation:

1. Pick which genetic operation should be performed. Each operation is given a user defined probability of being
selected.

2. Select one (mutation and permutation operator) or two parent structures (heredity operator). The selection prob-
ability is weighted by the fitness of the parental structures.

3. Execute the genetic operation and create a new structure.

(C) Perform a local optimization of each individual of the population.

There are four types of genetic operators available:

• Promotion: this operation is always performed at the beginning of the evolution process to ensure that the best
number_to_promote individuals are kept.

• Mutation: perturb the lattice vectors and atomic positions of the chosen configuration randomly.

• Permutation: swap the position of atoms of differing elements.

• Heredity: combine two parental structures to a new one. A random cut plane is used to divide the atoms of the
two parent structures; all atoms below the plane in one structure are combined with the atoms above the plane in
the other structure to create a new “child” structure. Care is taken to ensure that the total number of each element
is not changed.

The algorithm stops after evolving the population number_of_generations times. Given the stochastic nature of
the algorithm, this stopping criterion does not ensure that one has found the global solution. The stability of the
search should be checked at least with respect to the chosen seed of the pseudo random number generator (rng), the
initial_population and number_of_generations.

After generating a new population, each individual of the population is away from a local minimum in enthalpy, hence
a geometry optimization must be performed to converge to a close local minimum. Since the global minimum is also
a local minimum, one is guaranteed to find it for sufficiently large numbers of number_of_generations. These
geometry (local) optimizations comprise nearly all of the computational work during crystal structure prediction.

Note: One key difference between a genetic algorithm and a random search is that the selection of the parent struc-
ture(s), on which the genetic operations are performed, is biased by the fitness of that structure. The higher the fitness
(i.e. the lower the calculated enthalpy in this implementation), the more likely it is to pick this structure. The skewness
of the probability distribution is altered by selection_pressure. A large value of selection_pressure makes it
less likely to select a configuration with a lower fitness.
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Restart support

A crystal structure prediction run can be restarted / resumed from a previous point in the following manner:

CSP = CrystalStructurePrediction(
...
)

# Save the current state of the CSP object.
nlsave('my_file.hdf5', CSP, object_id='my_run')

...

# Read back a stored CSP object. The last population is restored
# and all given properties / attributes are set up.
CSP = nlread('my_file.hdf5', object_id='my_run')

# Run 10 more iterations of the genetic algorithm.
CSP.evolvePopulation(10)

# Run 5 more iterations of the genetic algorithm.
CSP.evolvePopulation(5)

Note: At this time it is not possible to resume runs that use a custom fitness function.

Analyzing Results

If write_population is True then after each step of the genetic algorithm the current population will be written to
disk. The filename will start with log_filename_prefix and include the current generation number. For example,
the initial population will be saved as generation_0.hdf5 and after the first step a new file generation_1.hdf5
will be saved. The crystal structures contained in these files can be viewed in QuantumATK using the Viewer.

Crystal Structure Prediction with Active Learning

Active learning simulation can be activated in crystal structure prediction by passing an ActiveLearningSimulation
object via the parameter active_learning. This will use runOptimizeGeometry in the active learning simulation
to optimize the individuals. This type of optimization can smooth the MTP based potential energy surface and can
easily drag the system towards the local minimum.

Note that the calculator on the initial population is ignored in this case, and the trained MTP is used instead. Since
the MTP is evolving during the active learning simulation, it is recommended to re-run the crystal structure prediction
simulation multiple times, starting from the previous active learning state (using restart_simulation=True in Ac-
tiveLearningSimulation), until no more training configurations are added. Using multiple process groups for crystal
structure prediction is currently not supported when run with active learning.

Since optimization trajectories tend to be shorter and configurations can change significantly between optimization
steps, it is recommended to set the check_interval parameter to 1 and lower the candidate- and retrain thresholds to
add sufficiently many new structures to the training set.
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CrystalThermoChemistry

class CrystalThermoChemistry(configuration, dynamical_matrix=None, qpoints=None)
Thermo chemistry analysis of crystal configurations.

Parameters
configuration (BulkConfiguration) – The configuration.

:param dynamical_matrix:The dynamical matrix used to calculate the vibrational modes. :type dynami-
cal_matrix:DynamicalMatrix

Parameters
qpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid) – The q-points for which the phonon density of states should be
calculated. Default: The Monkhorst-Pack grid defined by the dynamical matrix repetitions.

energy()

Returns
The total energy.

Return type
PhysicalQuantity of type energy

entropy(temperature)
Calculate the entropy at the given temperature.

Parameters
temperature (PhysicalQuantity of type temperature) – The temperature to evaluate the
entropy at.

Returns
The entropy.

Return type
PhysicalQuantity with the unit meV / Kelvin

freeEnergy(temperature)
The Helmholtz free energy including all contributions.

Parameters
temperature (PhysicalQuantity of type temperature) – The temperature.

Returns
The free energy at the specified temperature.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.
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Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

qPointsGrid()

The q-points grid.

Returns
A grid object.

Return type
MonkhorstPackGrid | RegularKpointGrid

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

zeroPointEnergy()

The zero point energy.

Returns
The zero point energy.

Return type
PhysicalQuantity of type energy

CurrentDensity

class CurrentDensity(configuration=None, kpoints=None, energies=None, energy_weights=None, spin=None,
electrode_temperatures=None, self_energy_calculator=None,
energy_zero_parameter=None, infinitesimal=None)

Constructor for the CurrentDensity object.

Parameters

• configuration (DeviceConfiguration) – The device configuration to calculate the
current density for.

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The
kpoints to integrate over. Note that the k-points must be in the xy-plane. Default:
MonkhorstPackGrid(na, nb) where (na, nb) is the sampling used for the self-
consistent calculation.

• energies (list of PhysicalQuantity of type energy.) – The energies to integrate
over. Default: An energy range that covers the bias window as specified by the
DoubleContourIntegralParameters on the calculator attached to the configuration.

• energy_weights (Current | Left | Right | list of floats) – The weight of each energy
point. The keyword Current gives an energy dependent weight, 𝑓𝑅(𝐸)− 𝑓𝐿(𝐸), corre-
sponding to the current integral. Left/Right gives an energy independent weight of 1, for
current carrying states from Left/Right. Default: Current
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• spin (Spin.All | Spin.Up | Spin.Down | Spin.Sum | Spin.RealUpDown | Spin.
ImagUpDown | Spin.X | Spin.Y | Spin.Z) – The spin for which the current density should
be calculated. Default: Spin.Sum for UNPOLARIZED, else Spin.All

• electrode_temperatures (list of PhysicalQuantity of type temperature) – The elec-
trode temperatures to be used the current calculation. Must be given as 2 temperatures
- for example, [100, 200]*Kelvin. Default: The temperature used for the self-consistent
calculation.

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy
| SparseRecursionSelfEnergy | KrylovSelfEnergy) – The self
energy calculator to be used for the current density. Default:
RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy.) – Small positive energy, used to
move the self-energy calculation away from the real axis. This is only relevant for
recursion-style self-energy calculators. Default: 1.0e-6*eV.

electrodeFermiLevels()

Returns
The Fermi levels of the left and right electrodes in absolute energies.

Return type
PhysicalQuantity of type energy.

electrodeFermiTemperatures()

Returns
The Fermi temperature of the left and right electrodes.

Return type
PhysicalQuantity of type temperature.

energies()

Returns
The energies used in this current density

Return type
PhysicalQuantity of type energy

energyWeights()

Returns
The energy weights used in this current density

Return type
numpy.array

energyZero()

Returns
The energy zero used for the energy scale in this current density.

Return type
PhysicalQuantity of type energy.
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evaluate(x, y, z, spin=None)
Evaluate in the point x,y,z.

Parameters

• x (PhysicalQuantity with type length) – The cartesian x coordinate.

• y (PhysicalQuantity with type length) – The cartesian y coordinate.

• z (PhysicalQuantity with type length) – The cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to
project on. Default: The spin that the object was constructed with.

Returns
The vector grid value at the specified point for the given spin. For Spin.All, a tuple with
(Spin.Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity

gridCoordinate(i, j, k)
Return the grid coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coornate of the given grid index.

Return type
PhysicalQuantity of type length.

infinitesimal()

Returns
The infinitesimal used for calculating the current density.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

scale(scale)
Scale the field with a float.
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Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spins used in this current density.

Return type
tuple of spin component flags.

spinProjection(spin=None)
Query method to get a spin component of the VectorGridValue object.

Parameters
spin (Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z | Spin.
RealUpDown | Spin.ImagUpDown) – The spin component for which to return the Grid-
Values object. Default: Spin.Sum

Returns
A new VectorGridValues object for the specified spin.

Return type
VectorGridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array.

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.
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Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

Calculate the CurrentDensity for a DeviceConfiguration and plot it density along z, integrated over the x,y plane:

# Calculate the current density at the fermi level from right to left going states
cd = CurrentDensity(

configuration,
energies = [0.0]*eV,
energy_weights = Right,
kpoints=MonkhorstPackGrid(1,11),
)

# Calculate the volume element and x,y integration area
dX, dY, dZ = cd.volumeElement()
dAXY = numpy.linalg.norm( numpy.cross(dX,dY) )

# Calculate the current density along z integrated over x,y
shape = cd.shape()
# Take out spin up (index 0) z component (index 2) in every grid point.
cd_z = numpy.array( [ [ [ cd[i,j,k][0][2] for k in range(shape[2])] for j in␣
→˓range(shape[1])] for i in range(shape[0]) ] )

# Sum across x and y dimensions
cd_z_integrated = numpy.array([cd_z[:,:,k].sum() * dAXY for k in range(shape[2])])

# Plot the data
import pylab
pylab.figure()
dz = dZ.norm()
z = numpy.arange(shape[2])*dz.inUnitsOf(Bohr)
pylab.plot(z,cd_z_integrated)
pylab.show()

current_density1.py

Calculate the CurrentDensity from right to left going states at the Fermi level. Plot the current density in the x-z plane
as a contour plot:

from QuantumATK import *

# Calculate the current density at the fermi level from right to left going states
cd = CurrentDensity(

(continues on next page)
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(continued from previous page)

configuration,
energies = [0.0]*eV,
energy_weights = Right,
kpoints=MonkhorstPackGrid(1,11),
)

# Calculate the volume element
dX, dY, dZ = cd.volumeElement()
dx = dX.norm()
dy = dY.norm()
dz = dZ.norm()

# Calculate the current density along z integrated over x,y
shape = cd.shape()
# Take out spin up (index 0) z component (index 2) in every grid point.
cd_z = numpy.array( [ [ [ cd[i,j,k][0][2] for k in range(shape[2])] for j in␣
→˓range(shape[1])] for i in range(shape[0]) ] )

# Sum across y dimensions
cd_xz = numpy.array([ [cd_z[i,:,k].sum() * dy for k in range(shape[2])] for i in␣
→˓range(shape[0] )] )

# Make 2-d arrays for contour plot of the data
shape = cd.shape()
x = dx.inUnitsOf(Ang)*numpy.arange(shape[0])
z = dz.inUnitsOf(Ang)*numpy.arange(shape[2])
Z, X = numpy.meshgrid(z,x)
F = numpy.array(cd_xz).reshape(numpy.shape(Z))

#plot the current density in the (z,x) plane
import pylab
pylab.xlabel('z (Angstrom)',fontsize=12,family='sans-serif')
pylab.ylabel('x (Angstrom)',fontsize=12,family='sans-serif')
pylab.contourf(Z, X, F)
pylab.colorbar()
pylab.savefig('cd.png',dpi=100)
pylab.show()

current_density2.py

Notes

The current density is given by

J(𝑟) = − 𝑒~
4𝜋𝑚

∫︁
𝑑𝐸
∑︁
𝜇,𝜈

𝐷𝜇,𝜈(𝐸)𝜑𝜈(𝑟)∇𝜑𝜇(𝑟)(𝑓𝐿(𝐸) − 𝑓𝑅(𝐸)),

where 𝐷(𝐸) = 𝐺(𝐸) Γ𝐿/𝑅(𝐸)𝐺†(𝐸), 𝜑𝜈/𝜇(𝑟) are atomic basis orbitals, and 𝑓𝐿/𝑅(𝐸) are the left and right Fermi
functions. 𝐺 is the retarded Green function, Γ𝐿/𝑅 the broadening function from either left or right electrode1.

1 C. Li, L. Wan, Y. Wei, and J. Wang. Definition of current density in the presence of a non-local potential. Nanotechnology, 19(15):155401,
2008. URL: http://stacks.iop.org/0957-4484/19/i=15/a=155401.
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• The positive current direction is from left to right (corresponding to electron propagation from right to left).

• Through the energy_weights keyword, it is possible for the user to define the spectral weight𝑤(𝐸) = 𝑓𝑅(𝐸)−
𝑓𝐿(𝐸). This is particular useful when using the current density to analyze zero bias calculations. Setting the
energy weights to Right is a short cut for setting the energy_weights to 1 for all states Setting the energy
weights to Left is short cut for setting the energy_weights to -1 for all states. Note that a positive weight
corresponds to calculating right to left going modes (positive current) while a negative weight corresponds to
calculating left to right going modes (negative current).

• The current density does not include the non-local potential correctionPage 743, 1 and spill in contributions from the
electrodes. Thus, the area integrated current density is not constant along z but has a small fluctuating component
from the non-local potential and larger errors near the electrodes from spill in components.

CustomExchangeCorrelation

class CustomExchangeCorrelation(exchange_correlation_functional, hubbard_term=None,
number_of_spins=1, spin_orbit=None, dft_half_enabled=None)

The ExchangeCorrelation class is used to define the type of exchange-correlation used in the calculation, and
whether the calculation should be polarized or non-polarized.

Parameters

• exchange_correlation_functional (CustomExchangeCorrelationFunctional)
– The exchange correlation to be used.

• hubbard_term (Onsite | OnsiteShell | Dual | DualShell | None) – The Hubbard
term to add. Default: None

• number_of_spins (1 | 2 | 4) – The number of spins to be used in the calculation. Default:
1

• spin_orbit (bool) – If True spin-orbit coupling is considered. Default: False

• dft_half_enabled (bool) – Whether or not DFT-1/2 should be enabled. Default:
False

cParameter(grid_descriptor=None)
return the param C.

Parameters
grid_descriptor (NLEngine.GridDescriptor) – The grid descriptor.

cloneAsPolarized()

Create a new functional with all the same settings, but polarized spin.

cloneAsSpinOrbit()

Create a new functional with all the same settings, but with Spin-Orbit coupling included.

correlation()

Returns
The exchange functional class

Return type
CustomExchangeCorrelationFunctional
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densityCheckThreshold()

Returns
The density safe guard.

Return type
float

dftHalfEnabled()

Returns
Whether DFT-1/2 is enabled.

Type
bool

dielectricDependentHybridFunctional()

Returns
True, then a dielectric dependent hybrid functional is used.

Return type
bool

dielectricDependentHybridParameters()

Returns
The dielectric dependent hybrid hybrid parameters.

Return type
list

exchange()

Returns
The exchange functional class

Return type
CustomExchangeCorrelationFunctional

exchangeCorrelationFunctional()

Returns
The exchange functional class

Return type
CustomExchangeCorrelationFunctional

hubbardTerm()

Returns
The Hubbard term used.

Return type
Onsite | OnsiteShell | Dual | DualShell | None

maximumPotential()

Set maximum potential value allowed for the TB09. The value to use as the maximum allowed value for
the potential in points with density lower than threshold.

Returns
The density safe guard.
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Return type
float

minimumPotential()

Set minimum potential value allowed for the TB09. The value to use as the minimum allowed value for
the potential in points with density lower than threshold.

Returns
The density safe guard.

Return type
float

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print a string representation of the ExchangeCorrelation instance.

Parameters
stream (A stream that supports strings being written to using write.) – The stream the
exchange-correlation should be written to. Default: sys.stdout

numberOfSpins()

Returns
The number of spins.

Return type
1 | 2 | 4

params()

Get the parameters

spinOrbit()

Returns
Boolean determining if spin-orbit is enabled (True) or not (False).

Return type
bool.

spinType()

Returns
The spin type.

Return type
NLEngine.POLARIZED | NLEngine.NONCOLLINEAR | NLEngine.UNPOLARIZED

uniqueString()

Return a unique string representing the state of the object.

unscreenedExchange()

Whether the exchange functional in use is unscreened.
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D3Potential

class D3Potential(file=None, S6=None, a1=None, S8=None, a2=None, S6r=None, r_cut=None,
bond_rcut=None, triple_rcut=None, k3=None, taper_factor=None, ATM=None)

Constructor of the potential.

Parameters

• file (str) – The name of the file that contains the D3 parameters.

• S6 (float) – The dimensionless BJ/Z parameter S6

• a1 (float) – The dimensionless BJ parameter a1 By setting S6r = 0 and a1!=0 or a2!=0
one chooses BJ damping

• S8 (float) – The dimensionless BJ/Z parameter S8

• a2 (PhysicalQuantity of type length ) – The BJ parameter a2 By setting S6r = 0
and a1!=0 or a2!=0 one chooses BJ damping

• S6r (float) – The dimensionless Z parameter S6r By setting S6r != 0 and a1=a2=0 one
chooses Z damping

• r_cut (PhysicalQuantity of type length ) – The cutoff radius for the interactions

• bond_rcut (PhysicalQuantity of type length ) – The cutoff radius for the coor-
dination numbers

• triple_rcut (PhysicalQuantity of type length ) – The cutoff radius for the
ATM interaction

• k3 (float) – The dimensionless k3 smoothing parameter

• taper_factor (float) – The dimensionless taper_factor for bond_rcut and r_cut

• ATM (bool) – The parameter to switch on the Axilrod-Teller-Muto three-body terms

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Usage Examples

Define a D3 potential for a SiC/SiO2 interface to be used with an MTPPotential by adding particle types and interaction
functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
vector_a = [9.228, 0.0, 0.0]*Angstrom
vector_b = [4.613999999999999, -2.663894142040934, 0.0]*Angstrom
vector_c = [0.0, 0.0, 9.185292029012857]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Carbon, Carbon, Carbon, Silicon, Silicon,

Silicon, Carbon, Carbon, Carbon, Oxygen, Oxygen, Oxygen, Silicon,
Oxygen, Silicon]

# Define coordinates
fractional_coordinates = [[-0. , 0.666666666667, 0. ],

[ 0.333333333333, 0.666666666667, 0. ],
[ 0.666666666667, 0.666666666667, 0. ],
[-0. , 0.666666666667, 0.211586087177],
[ 0.333333333333, 0.666666666667, 0.211586087177],
[ 0.666666666667, 0.666666666667, 0.211586087177],
[ 0. , 0.333333333333, 0.274787126204],
[ 0.333333333333, 0.333333333333, 0.274787126204],
[ 0.666666666667, 0.333333333333, 0.274787126204],
[ 0. , 0.333333333333, 0.486373213382],
[ 0.333333333333, 0.333333333333, 0.486373213382],
[ 0.666666666667, 0.333333333333, 0.486373213382],
[ 0.833330938737, 0.333338122527, 0.676754885757],
[ 0.833330938737, 0.833338122527, 0.676754885757],
[ 0.333330938737, 0.833338122527, 0.676754885757],
[-0.000002394597, 0.333338122527, 0.733058104206],
[-0.000002394597, 0.333338122527, 0.901967759553],
[-0.000002394597, 0.333338122527, 1.0708774149 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new MTP potential set
mtp_potential_set = TremoloXPotentialSet('MTP')

(continues on next page)

748 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

(continued from previous page)

mtp_potential_set.addParticleType(ParticleType('Si'))
mtp_potential_set.addParticleType(ParticleType('O'))
mtp_potential_set.addParticleType(ParticleType('C'))

mtp_potential_set.addPotential(MTPPotential(
file = 'mtp-file.mtp',
suppress_intercept = False,

))

# Create a new D3 potential set
d3_potential_set = TremoloXPotentialSet('D3')
d3_potential_set.addParticleType(ParticleType('Si'))
d3_potential_set.addParticleType(ParticleType('O'))
d3_potential_set.addParticleType(ParticleType('C'))
# D3BJ parameters for PBE
d3_potential_set.addPotential(D3Potential(

S6=+1.0000000000e+00,
S8=+7.8750000000e-01,
a1=+4.2890000000e-01,
a2=+4.4407000000e+00*Bohr,

))

calculator = TremoloXCalculator(
parameters=[mtp_potential_set, d3_potential_set]

)

bulk_configuration.setCalculator(calculator)

Define a D3 potential for a SiC/SiO2 interface to be used in an LCAO-DFT CombinedCalculator by adding particle
types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
vector_a = [9.228, 0.0, 0.0]*Angstrom
vector_b = [4.613999999999999, -2.663894142040934, 0.0]*Angstrom
vector_c = [0.0, 0.0, 9.185292029012857]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Carbon, Carbon, Carbon, Silicon, Silicon,

Silicon, Carbon, Carbon, Carbon, Oxygen, Oxygen, Oxygen, Silicon,
Oxygen, Silicon]

# Define coordinates
fractional_coordinates = [[-0. , 0.666666666667, 0. ],

[ 0.333333333333, 0.666666666667, 0. ],
[ 0.666666666667, 0.666666666667, 0. ],
[-0. , 0.666666666667, 0.211586087177],
[ 0.333333333333, 0.666666666667, 0.211586087177],

(continues on next page)
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[ 0.666666666667, 0.666666666667, 0.211586087177],
[ 0. , 0.333333333333, 0.274787126204],
[ 0.333333333333, 0.333333333333, 0.274787126204],
[ 0.666666666667, 0.333333333333, 0.274787126204],
[ 0. , 0.333333333333, 0.486373213382],
[ 0.333333333333, 0.333333333333, 0.486373213382],
[ 0.666666666667, 0.333333333333, 0.486373213382],
[ 0.833330938737, 0.333338122527, 0.676754885757],
[ 0.833330938737, 0.833338122527, 0.676754885757],
[ 0.333330938737, 0.833338122527, 0.676754885757],
[-0.000002394597, 0.333338122527, 0.733058104206],
[-0.000002394597, 0.333338122527, 0.901967759553],
[-0.000002394597, 0.333338122527, 1.0708774149 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new D3 potential set
d3_potential_set = TremoloXPotentialSet('D3')
d3_potential_set.addParticleType(ParticleType('Si'))
d3_potential_set.addParticleType(ParticleType('O'))
d3_potential_set.addParticleType(ParticleType('C'))
# D3BJ parameters for PBE
d3_potential_set.addPotential(D3Potential(

S6=+1.0000000000e+00,
S8=+7.8750000000e-01,
a1=+4.2890000000e-01,
a2=+4.4407000000e+00*Bohr,

))

calculators = [
TremoloXCalculator(parameters=d3_potential_set),
LCAOCalculator()

]
calculator = CombinedCalculator(calculators)

bulk_configuration.setCalculator(calculator)
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Notes

For most use cases it is more convenient to replace the the definition of the D3 potential through the TremoloXPoten-
tialSet with a DispersionD3Z (zero damping)1 or DispersionD3BJ (Becke-Johnson damping)2 object which automat-
ically supply the correct parameters for the chosen exchange-correlation functional.

D4Potential

class D4Potential(file=None, fileD3=None, S6=None, a1=None, S8=None, a2=None, r_cut=None,
bond_rcut=None, triple_rcut=None, taper_factor=None, ATM=None, EEQ_rcut=None,
DSF_alpha=None, EEQ_only=None)

Constructor of the potential.

Parameters

• file (str) – The name of the file that contains the D4 parameters.

• fileD3 (str) – The name of the file that contains the involved D3 parameters.

• S6 (float) – The dimensionless BJ/Z parameter S6

• a1 (float) – The dimensionless BJ parameter a1 By setting S6r = 0 and a1!=0 or a2!=0
one chooses BJ damping

• S8 (float) – The dimensionless BJ/Z parameter S8

• a2 (PhysicalQuantity of type length ) – The BJ parameter a2 By setting S6r = 0
and a1!=0 or a2!=0 one chooses BJ damping

• r_cut (PhysicalQuantity of type length ) – The cutoff radius for the interactions

• bond_rcut (PhysicalQuantity of type length ) – The cutoff radius for the coor-
dination numbers

• triple_rcut (PhysicalQuantity of type length ) – The cutoff radius for the
ATM interaction

• taper_factor (float) – The dimensionless taper_factor for bond_rcut and r_cut

• ATM (bool) – The parameter to switch on the Axilrod-Teller-Muto three-body terms

• EEQ_rcut (PhysicalQuantity of type length ) – The cutoff radius for the EEQ
interactions

• DSF_alpha (PhysicalQuantity of type length**-1) – Damping parameter in the
DSF method. It determines how fast the Coulomb interactions decay with the particle
distance. For alpha >0 the DSF approach is used to approximate erf(g r)/r If alpha <= 0,
it’s just erf(g r)/r

• EEQ_only (bool) – The parameter to switch if just the EEQ term is applied (and not the
C6 Dispersion term)

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

1 S. Grimme, J. Antony, S. Ehrlich, and H. Krieg. A consistent and accurate ab initio parametrization of density functional dispersion correction
(DFT-D) for the 94 elements H-Pu. J. Chem. Phys., 2010. doi:10.1063/1.3382344.

2 Stefan Grimme, Stephan Ehrlich, and Lars Goerigk. Effect of the damping function in dispersion corrected density functional theory. Journal
of Computational Chemistry, 32(7):1456–1465, 2011.
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getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a D4 potential (1,2,3) for a Si/SiO2 interface to be used with an MTPPotential by adding particle types and
interaction functions to the TremoloXPotentialSet.

# -*- coding: utf-8 -*-
# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [4.440892098500626e-16, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 21.495928431319584]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon, Silicon, Silicon, Silicon, Silicon, Oxygen, Oxygen,
Oxygen, Silicon, Oxygen, Oxygen, Oxygen, Silicon]

# Define coordinates
fractional_coordinates = [[ 0.17467925 , 0.135152125 , 0.235604166294],

[ 0.67467925 , 0.635152125 , 0.235604166294],
[ 0.92467925 , 0.385152125 , 0.298762638576],
[ 0.42467925 , 0.885152125 , 0.298762638576],
[ 0.67467925 , 0.135152125 , 0.361921110858],
[ 0.17467925 , 0.635152125 , 0.361921110858],
[ 0.42467925 , 0.385152125 , 0.42507958314 ],
[ 0.92467925 , 0.885152125 , 0.42507958314 ],
[ 0.17467925 , 0.135152125 , 0.488238055421],
[ 0.67467925 , 0.635152125 , 0.488238055421],

(continues on next page)

1 Eike Caldeweyher, Christoph Bannwarth, and Stefan Grimme. Extension of the d3 dispersion coefficient model. The Journal of Chemical
Physics, 147(3):034112, 2017. URL: https://doi.org/10.1063/1.4993215, doi:10.1063/1.4993215.

2 Eike Caldeweyher, Sebastian Ehlert, Andreas Hansen, Hagen Neugebauer, Sebastian Spicher, Christoph Bannwarth, and Stefan Grimme. A
generally applicable atomic-charge dependent london dispersion correction. The Journal of Chemical Physics, 150(15):154122, 2019. URL: https:
//doi.org/10.1063/1.5090222, doi:10.1063/1.5090222.

3 Eike Caldeweyher, Jan-Michael Mewes, Sebastian Ehlert, and Stefan Grimme. Extension and evaluation of the d4 london-dispersion model for
periodic systems. Phys. Chem. Chem. Phys., 22:8499–8512, 2020. URL: http://dx.doi.org/10.1039/D0CP00502A, doi:10.1039/D0CP00502A.
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[ 0.05955 , 0.614847875 , 0.566340611359],
[ 0.392883333333, 0.114847875 , 0.578342757834],
[ 0.273783 , 0.819847875 , 0.589473461329],
[ 0.845317 , 0.599947875 , 0.618508356925],
[ 0.511983 , 0.220197875 , 0.642334400174],
[ 0.726216666667, 0.410297875 , 0.67136929577 ],
[ 0.94045 , 0.220197875 , 0.700404191366],
[ 0.607117 , 0.599947875 , 0.724230234614],
[ 0.17865 , 0.819847875 , 0.75326513021 ],
[ 0.05955 , 0.114847875 , 0.764395833706]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new MTP potential set
mtp_potential_set = TremoloXPotentialSet('MTP')
mtp_potential_set.addParticleType(ParticleType('Si'))
mtp_potential_set.addParticleType(ParticleType('O'))

mtp_potential_set.addPotential(MTPPotential(
file = 'MTP_Si_SiO2_interface_small.mtp',
suppress_intercept = False,

))

# Create a new D4 potential set
d4_potential_set = TremoloXPotentialSet('D4')
d4_potential_set.addParticleType(ParticleType('Si'))
d4_potential_set.addParticleType(ParticleType('O'))
# D4BJ parameters for PBE.
d4_potential_set.addPotential(D4Potential(

file=None,
S6=+1.00000000,
S8=+0.95948085,
a1=+0.38574991,
a2=+4.80688534*Bohr,
EEQ_only=True

))

calculator = TremoloXCalculator(
parameters=[mtp_potential_set, d4_potential_set]

)

bulk_configuration.setCalculator(calculator)
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Notes

Currently only the electronegativity equilibrium model (EEQ) part of the D4 potential is available as a standalone
model, which means it can only be used with EEQ_only=True.

DDHCustomExchangeCorrelation

class DDHCustomExchangeCorrelation(screening_length=PhysicalQuantity(0.11, 1 / Bohr),
exx_fraction=0.25, number_of_spins=1, spin_orbit=None,
ddh_parameters=None, local_ddh=None, ddh_variance=None,
vacuum_exx_fraction=None, metallic_correction=None)

Initialize the base object with the correct number of spins, and with the only Exchange and Correlation currently
allowed for this class, i.e. the HSE ones.

Parameters

• screening_length (PhysicalQuantity of type inverse length) – The screening length
defined for the coulomb kernel. Default: The HSE06 value of 0.11 * Bohr**-1.

• exx_fraction (float) – The fraction of exact exchange to be added in with the PBE
exchange Default: The HSE06 value of 0.25.

• number_of_spins (1 | 2) – The number of spins to be used in the calculation. Default:
1.

• spin_orbit (bool) – If True spin-orbit coupling is considered. Default: False.

• ddh_parameters (list) – The dielectric dependent hybrid functional parameters.

• local_ddh (bool) – If True the local algorithm is used. Default: False.

• ddh_variance (float) – The gaussian variance of the local dielectric estimator. De-
fault: 2.12.

• vacuum_exx_fraction (float) – The fraction of exact exchange to be used in vacuum
Default: The HSE06 value of 0.25.

cParameter(grid_descriptor=None)
return the param C.

Parameters
grid_descriptor (NLEngine.GridDescriptor) – The grid descriptor.

cloneAsPolarized()

Create a new functional with all the same settings, but polarized spin.

cloneAsSpinOrbit()

Create a new functional with all the same settings, but with Spin-Orbit coupling included.

correlation()

Returns
The correlation functional class

Return type
Correlation
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defaultDielectricDependentHybridFractionVariance()

Returns
The default gaussian variance of the local dielectric estimator.

Return type
float

defaultExactExchangeFraction()

Returns
The default exact exchange fraction that is mixed in with PBE exchange.

Return type
float

defaultScreeningLength()

Returns
The default screening length defined for the coulomb kernel.

Return type
PhysicalQuantity of type inverse length

densityCheckThreshold()

Returns
The density safe guard.

Return type
float

dftHalfEnabled()

Returns
Whether DFT-1/2 is enabled.

Type
bool

dielectricDependentHybridFraction(dielectric_estimator)
Determines the dielectric dependent hybrid functional fraction.

Parameters
dielectric_estimator (float) – The dielectric estimator.

Returns
The exact exchange fraction.

Return type
float

dielectricDependentHybridFractionVariance()

Returns
The gaussian variance of the local dielectric estimator.

Return type
float

dielectricDependentHybridFunctional()

Overwrite base class method.
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Returns
True, then a dielectric dependent hybrid functional is used.

Return type
dict

dielectricDependentHybridParameters()

Returns
The dielectric dependent hybrid hybrid parameters.

Return type
list

dielectricDependentHybridVacuumEstimator()

Returns
The estimator value corresponding to the vacuum exx fraction.

Return type
float

dielectricDependentHybridVacuumExactExchangeFraction()

Returns
The fraction of exact exchange to be used in vacuum.

Return type
float

exactExchangeFraction()

Returns
The part of exact exchange that is mixed in with PBE exchange.

Return type
float

exchange()

Returns
The exchange functional class

Return type
Exchange

hubbardTerm()

Returns
The Hubbard term used.

Return type
Onsite | OnsiteShell | Dual | DualShell | None

localDielectricDependentHybrid()

Returns
True, then local dielectric dependent hybrid functional algorihm.

Return type
bool
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maximumPotential()

Set maximum potential value allowed for the TB09. The value to use as the maximum allowed value for
the potential in points with density lower than threshold.

Returns
The density safe guard.

Return type
float

static metallicCorrection()

Returns
Always false, metallic corrections use a subclass.

Return type
bool

minimumPotential()

Set minimum potential value allowed for the TB09. The value to use as the minimum allowed value for
the potential in points with density lower than threshold.

Returns
The density safe guard.

Return type
float

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print a string representation of the ExchangeCorrelation instance.

Parameters
stream (A stream that supports strings being written to using write.) – The stream the
exchange-correlation should be written to. Default: sys.stdout

numberOfSpins()

Returns
The number of spins.

Return type
1 | 2 | 4

params()

Get the parameters

screeningLength()

Returns
The screening length defined for the coulomb kernel.

Return type
PhysicalQuantity of type inverse length

spinOrbit()

Returns
Boolean determining if spin-orbit is enabled (True) or not (False).

Return type
bool.
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spinType()

Returns
The spin type.

Return type
NLEngine.POLARIZED | NLEngine.NONCOLLINEAR | NLEngine.UNPOLARIZED

uniqueString()

Return a unique string representing the state of the object.

unscreenedExchange()

Whether the exchange functional in use is unscreened.

Usage Examples

Defining the original dielectric dependent hybrid functional defined in1:

exchange_correlation = DDHCustomExchangeCorrelation(
screening_length=0.11 * Bohr**-1,
exx_fraction=0.25,
number_of_spins=1,
ddh_parameters=(0.121983, 0.0, 0.0, 0.0, 0.130711)

)

where the exact exchange mixing parameter is obtained as

𝛼 = 0.121983 + 0.130711𝑔4,

Performing a calculation using the local spatial dependent dielectric dependent hybrid functional defined in2 specify:

exchange_correlation = DDHCustomExchangeCorrelation(
screening_length=0.11 * Bohr**-1,
exx_fraction=0.25,
number_of_spins=1,
ddh_parameters=(0.121983, 0.0, 0.0, 0.0, 0.130711)
local_ddh=True,
ddh_variance=2.12

)

1 Miguel A. L. Marques, Julien Vidal, Micael J. T. Oliveira, Lucia Reining, and Silvana Botti. Density-based mixing parameter for hybrid
functionals. Phys. Rev. B, 83:035119, Jan 2011.

2 Pedro Borlido, Miguel A. L. Marques, and Silvana Botti. Local hybrid density functional for interfaces. Journal of Chemical Theory and
Computation, 14(2):939–947, 2018.
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DFTBDirectory

class DFTBDirectory(path)
Class for representing a DFTB parameter file directory.

Parameters
path (str) – The path of the directory to read files from.

fillingMethod(element)

Parameters
element (PeriodicTableElement) – The element for which to query the filling method.

Returns
The method used for setting up the initial occupation for the given element.

Return type
SphericalSymmetric | Anisotropic

onsiteSpinOrbitSplit(element)
Query the onsite spin-orbit split energies for a given element.

Parameters
element (PeriodicTableElement) – The element for which to query the spin-orbit split
energies.

Returns
The onsite spin-orbit split for this element.

Return type
PhysicalQuantity of type energy

onsiteSpinSplit(element)
Query the onsite spin-split energies for a given element.

Parameters
element (PeriodicTableElement) – The element for which to query the spin splits.

Returns
The onsite spin-split energies for this element as a square matrix of size n where n is the
number of subshells of the given element.

Return type
PhysicalQuantity of type energy

pairPotentials(configuration)
Query function for getting the pair potentials.

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration defining
which elements to load.

Returns
The pair-potentials.

Return type
list of PairPotential
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setFillingMethod(element, filling_method)
Set the method used for setting up the initial occupation for the given element.

Parameters

• element (PeriodicTableElement) – The element for which to set the filling
method.

• filling_method (SphericalSymmetric | Anisotropic) – The method used for
setting up the initial occupation.

setOnsiteSpinOrbitSplit(element, split)
Set the onsite spin-orbit split energies for a given element in the configuration.

Parameters

• element (PeriodicTableElement) – The element for which to set the spin-orbit
splits.

• split (PhysicalQuantity of type energy) – The onsite spin-split energies for this el-
ement as a square matrix of size n where n is the number of subshells of the given
element.

setOnsiteSpinSplit(element, split)
Set the onsite spin split energies for a given element in the configuration.

Parameters

• element (PeriodicTableElement) – The element for which to set the spin splits.

• split (PhysicalQuantity of type energy) – The on-site spin-split energies for each
subshell pair of the element.

setVacuumLevel(element, vacuum_level)
Set the energy shift of the vacuum level for a given element.

Parameters

• element (PeriodicTableElement) – The element for which to set the energy shift
of the vacuum level.

• vacuum_level (PhysicalQuantity of type energy) – The energy shift of the vacuum
level.

table(configuration)
Query function for getting the SlaterKosterTable representation of the parameter files in the directory.

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration defining
which elements to load.

Returns
A SlaterKosterTable instance representing the parameter files in the directory.

Return type
SlaterKosterTable

vacuumLevel(element)

Parameters
element (PeriodicTableElement) – The element for which to query the energy shift
of the vacuum level.
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Returns
The energy shift of the vacuum level for the given element.

Return type
PhysicalQuantity of type energy

Usage Examples

Set up a self-consistent tight-binding calculation using parameters in the format developed by the DFTB consortium.

# Set up a graphene crystal
bulk_configuration = BulkConfiguration(

bravais_lattice=Hexagonal(2.4612*Angstrom, 6.709*Angstrom),
elements=[Carbon, Carbon],
cartesian_coordinates=[[ 0. , 0. , 0. ],

[ 1.2306 , 0.71050145, 0. ]]*Angstrom
)

# setup slater-koster calculator with dftb parameters

basis_set = DFTBDirectory("dftb")

pair_potentials = DFTBDirectory("/dftb")

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=(4, 4, 1) )

calculator = SlaterKosterCalculator(
basis_set=basis_set,
pair_potentials=pair_potentials,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)

initial_velocity = MaxwellBoltzmannDistribution(
temperature=1000.0*Kelvin

)

method = NVEVelocityVerlet(
time_step=1.0*femtoSecond,
initial_velocity=initial_velocity

)

molecular_dynamics = MolecularDynamics(
bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=50,
log_interval=1,
method=method

)
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Notes

• QuantumATK can auto detect parameters stored in the directory share/tightbinding/dftb in the Quantu-
mATK installation directory.

• Only some parameter sets include a spin-polarization splitting 𝑊 . If this information is missing you can use the
built-in database (see Spin polarization).

• The highest angular momentum per each element is officially not part of the DFTB Slater-Koster file format.
However, some codes use the convention to parse this information from the third integer (s=1, p=2, d=3) in the
first row of the onsite file. We follow the same convention. When the value is not present in the file, as a fall
back we determine it by inspecting non-zero interactions.

DFTHalfParameters

class DFTHalfParameters(element, half_shell_n=None, half_shell_l=None, fractional_charge=None,
cutoff_radius=None, inner_radius=None, all_electron=None)

Class for representing the DFT-1/2 parameters set for a given element in DFT.

Parameters

• element (PeriodicTableElement) – The element for which the DFT-1/2 parameters
are defined.

• half_shell_n (int) – Integer specifying from which n-shell to remove the fractional
charge. Default: The last occupied shell.

• half_shell_l (int) – Integer specifying from which l-shell to remove the fractional
charge. Default: The last occupied shell.

• fractional_charge (float | list of floats) – Either a float value between 0
and 1 specifying how much charge to remove from the atomic calculation, or a list of two
floats specifying how much charge to remove from up and down spin. Default: [0.5,
0]

• cutoff_radius (PhysicalQuantity of type length) – Radius specifying the radial cutoff.
Default: 2.0 * Bohr

• inner_radius – Radius specifying the inner radial cutoff, used in sh-LDA-1/2. A in-
ner_radius larger than 0.0 specifies that a sh-LDA-1/2 metod should be used. Default:
0.0 * Bohr

• all_electron (bool) – Boolean to determine whether to use an all-electron calculation
(True) or a pseudopotential calculation (False). Default: True

allElectron()

Return the all_electron value.

Returns
Boolean to determine whether to use an all-electron calculation (True) or a pseudopoten-
tial calculation (False).

Return type
bool

cutoffRadius()

Return the cutoff radius.
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Returns
The cutoff radius.

Return type
PhysicalQuantity of type length

element()

Return the element for which the DFT-1/2 parameters are defined.

Returns
The atomic element.

Return type
PeriodicTableElement

fractionalCharge()

Return the fractional_charge value.

Returns
The fractional charge to remove. It will either be a float or a list of two floats where the
latter case specifies the up and down spin fractional charges to remove.

Return type
float | list of floats

halfShellL()

Return the half_shell_l value.

Returns
The integer for the angular quantum number of the state to remove a fractional electron
from.

Return type
int

halfShellN()

Return the half_shell_n value.

Returns
The integer for the principal quantum number of the state to remove a fractional electron
from.

Return type
int

innerRadius()

Return the inner cutoff radius.

Returns
The inner cutoff radius used in shell-DFT-1/2.

Return type
PhysicalQuantity of type length

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Define a BasisSet for Silicon with a set of custom DFTHalfParameters:

dft_half_parameters = DFTHalfParameters(
element=Silicon,
fractional_charge=[0.2, 0.0],
cutoff_radius=4.0*Bohr)

basis_set = [
LDABasis.Silicon_DoubleZetaPolarized(

dft_half_parameters=dft_half_parameters)
]

Important: Adding a set of DFTHalfParameters to a BasisSet will only have an effect on the calculation if the
ExchangeCorrelation has been defined with dft_half_enabled = True.

Notes

• More information on the DFT-1/2 method is given in DFT-1/2 method.

DampedDispersionPotential

class DampedDispersionPotential(particleType1, particleType2, b, c, r_i=None, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• b (PhysicalQuantity of type length**-1) – Potential parameter.

• c (PhysicalQuantity of type length**6 * energy) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the
smoothing of the potential starts. r_i must be smaller than r_cut.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.
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static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The DampedDispersionPotential defines a potential of the form

𝑉𝑖𝑗(𝑟) = −𝐶

𝑟6
1(︁

1 − 𝑒−𝑏𝑟
∑︀6
𝑘=0

(𝑏𝑟)𝑘

𝑘!

)︁ .
At long distances this potential is brought smoothly to zero between the inner cutoff r_i and the outer cutoff r_cut,
using a 5th order spline function. This ensures that there are no discontinuites in the forces as atoms are brought closer
together, and that the energy is properly conserved. The applied potential 𝑈(𝑟) is given as:

𝑈(𝑟) = 𝑉𝑖𝑗(𝑟) × 𝑆(𝑟)

where 𝑉𝑖𝑗(𝑟) is the pair potential and 𝑆(𝑟) is the spline function. The values of the spline function are:

• 1 when 𝑟 ≤ 𝑟𝑖

• In the range [0, 1] when 𝑟𝑖 < 𝑟 < 𝑟𝑐𝑢𝑡

• 0 when 𝑟 ≥ 𝑟𝑐𝑢𝑡

DefectCluster

class DefectCluster(defect_list)
Defines a defect cluster. Used as part of a ChargedPointDefect study.

Parameters
defect_list (sequence of [Vacancy | Substitutional | Interstitial]) – The list of
basic defects which make up the cluster.

defectList()

Returns
The list of constituent defects.

Return type
list of [Vacancy | Substitutional | Interstitial]
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generateDefectConfiguration(reference_bulk_configuration, supercell_repetitions, use_ghost=None)
Generate the supercell with the embedded defect.

Parameters

• reference_bulk_configuration (BulkConfiguration) – The bulk unit cell
configuration.

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• use_ghost (bool) – Whether to use a ghost atom at the vacancy defect site (not
referenced for other types of defects).

Returns
The supercell configuration with the embedded defect.

Return type
BulkConfiguration

uniqueString()

Return a unique string representing the state of the object.

Notes

The DefectCluster object defines a defect cluster that consists of a number of point defects. These defects are given
as input when the object is created. A DefectCluster can contain any number of vacancy, substitution or interstitial
defects. The DefectCluster does not perform any symmetry analysis, and so is a definition of only a single possible
configuration of the defect cluster.

A DefectCluster can be added to a NamedPointDefect to define a defect for use in a ChargedPointDefectConfiguration
calculation.

See Defining the point defect for a description of how to use this object as part of a ChargedPointDefect study.

DefectDiffusionRates

class DefectDiffusionRates(defect_diffusion_table)
defect_diffusion_table, Usually Columns: initial defect (NamedPointDefect) final defect (NamedPointDefect)
best_final defect (NamedPointDefect) [not used] initial cpdc (ChargedPointDefectConfiguration) [not used] fi-
nal cpdc (ChargedPointDefectConfiguration) [not used] neb (single path from initial defect to final) diffusivity
(DefectDiffusivity) (optional).

Parameters
defect_diffusion_table (Table) – The defect diffusion table.

calculateDiffusivity(defect_diffusivity, parameters_store=None)
Calculate the macroscopic diffusivity of both defects forming the endpoints of the supplied NEB.

Parameters

• defect_diffusivity (DefectDiffusivity) – The defect diffusivity.

• temperature (PhysicalQuantity of type temperature) – The temperature at which the
diffusivity should be calculated. Default: 300 * Kelvin.
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Returns
The calculated diffusivities of the initial and final defect.

Return type
tuple of (initial diffusivity, final diffusivity)

connectionName(initial_defect_name, final_defect_name)
The name of the connection

Parameters

• initial_defect_name (str) – Name of initial defect.

• final_defect_name (str) – Name of final defect.

Returns
name of connection.

Return type
str

createMapping()

Create mapping from defect name to specific image of NEB with lowest forward barrier.

Returns
The mapping.

Return type
dict

graph()

Create the graph.

Returns
The network graph.

Return type
networkx.Graph

hasDiffusivity()

Returns
True, then the DefectDiffusionRates object has a table with DefectDiffusivity.

Return type
bool

nodeOrEdgeObject(name)
The image of the defect with the name.

Parameters
name (str) – Name of defect or the path between defects.

Returns
The requested configuration or the NudgedElasticBand of the connection.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration | NudgedElasticBand
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tableInfo(parameters_store=None)

Parameters
temperature (PhysicalQuantity of type temperature) – The temperature at which the dif-
fusivity should be calculated. Default: 300 * Kelvin.

Returns
The table info.

Return type
list of dict

uniqueString()

Return a unique string representing the state of the object.

Notes

The DefectDiffusionRates object calculates the final diffusion network and diffusivities resulting from a series of defect
diffusion calculations. The object is created by supplying a table of defects, defect configurations, NEB and optionally
the DefectDiffusivity object for each transition. These resulting object can then be visualized in the Defect Diffusion
Rates Analyzer.

DefectDiffusivity

class DefectDiffusivity(neb, initial_defect, final_defect, charge_state=None)
A class that stores thermodynamic data needed to calculate a defect’s diffusivity. It requires input from an updated
NudgedElasticBand configuration and ChargedPointDefectConfiguration of the NEB’s endpoints.

Parameters

• neb (NudgedElasticBand) – The updated nudged elastic band configuration.

• initial_defect (ChargedPointDefectConfiguration) – The initial defect.

• final_defect (ChargedPointDefectConfiguration) – The final defect.

• charge_state (int) – The charge state to calculate the diffusivity for.

calculateDiffusivity(temperature=None, migration_distance=None, diffusion_dimensionality=None,
coordination_number=None, correlation_factor=None, defect_type=None,
enable_finite_size_corrections=False, include_vibrations=False,
assumed_transition_prefactor=PhysicalQuantity(1e+13, 1 / s))

Calculate the macroscopic diffusivity of both defects forming the endpoints of the supplied NEB.

Parameters

• temperature (PhysicalQuantity of type temperature) – The temperature at which the
diffusivity should be calculated. Default: 300 * Kelvin.

• migration_distance (PhysicalQuantity of type distance) – The migration distance
of the defect. By default the initial and final defect configurations will be compared
to find the atom that moves most, which will then be used to calculate the distance.
Default: Automatic.

• diffusion_dimensionality (int) – The dimensionality of the diffusion. I.e 1, 2
or 3D. Default: 3.
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• coordination_number (int) – The coordination number of the defect. One value
that will be used for both the initial and final defect. With the automatic setting, the
coordination number is determined based on the bonded neighbors of the atom moving
the longest distance. Default: Automatic.

• correlation_factor (float) – The correlation factor of subsequent hops of the
defect. The correlation factor can take values between 0 and 1. A value of 1 means no
correlation. Default: 1.

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band gap
calculated with band_gap_calculator. Note that this parameter only has an effect
if band_gap_calculator is different from formation_energy_calculator. De-
fault: DeepLevelDefect.

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: False.

• include_vibrations (bool) – Whether or not vibrational terms are included, if
available. That includes the migration entropy, harmonic prefactor and vibrational
contribution to the internal energy. Default: False.

• assumed_transition_prefactor (PhysicalQuantity of type frequency) –
The assumed prefactor for this transition. This parameter is only used if
include_vibrations is False. Default: 10**13 * Second**(-1)

Returns
The calculated diffusivities of the initial and final defect.

Return type
tuple of (initial diffusivity, final diffusivity)

chargeState()

Returns
The charge state to calculate the diffusivity for.

Return type
int

finalDefect()

Returns
The final defect.

Return type
ChargedPointDefectConfiguration

finalFrequencies()

Returns
The final vibrational frequencies.

Return type
PhysicalQuantity of type inverse time | None

finalPhononDOS()

Returns
The final defect phonon DOS.

Return type
PhononDensityOfStates | None
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initialDefect()

Returns
The initial defect.

Return type
ChargedPointDefectConfiguration

initialFrequencies()

Returns
The initial vibrational frequencies.

Return type
PhysicalQuantity of type inverse time | None

initialPhononDOS()

Returns
The initial defect phonon DOS.

Return type
PhononDensityOfStates | None

migrationEnergies(temperature=None, defect_type=None, enable_finite_size_corrections=False,
include_vibrations=False)

Calculate the migration internal energies of both defects forming the endpoints of the supplied NEB.

Parameters

• temperature (PhysicalQuantity of type temperature) – The temperature at which the
diffusivity should be calculated. Default: 300 * Kelvin.

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The as-
sumption of the type of defect to use for aligning the transition levels in the band gap
calculated with band_gap_calculator. Note that this parameter only has an effect
if band_gap_calculator is different from formation_energy_calculator. De-
fault: DeepLevelDefect.

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: False.

• include_vibrations (bool) – Whether or not vibrational terms are included, if
available. That includes the migration entropy, harmonic prefactor and vibrational
contribution to the internal energy. Default: False.

Returns
The calculated migration internal energies of the initial and final defect.

Return type
tuple of (initial migration internal energy, final migration internal energy)

neb()

Returns
The nudged elastic band configuration.

Return type
NudgedElasticBand
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phononCalculator()

Returns
The calculator used for determining the phonon contributions.

Return type
Calculator

tsDefect()

Returns
The transition state defect.

Return type
ChargedPointDefectConfiguration | None

tsFrequencies()

Returns
The transition state vibrational frequencies.

Return type
PhysicalQuantity of type inverse time | None

tsIndex()

Returns
The transition state image index.

Return type
int

tsPhononDOS()

Returns
The transition state defect phonon DOS.

Return type
PhononDensityOfStates | None

uniqueString()

Return a unique string representing the state of the object.

Notes

The DefectDiffusivity object calculates the diffusivity of a defect diffusion path. This object is created by supplying a
NudgedElasticBand of the diffusion pathway, ChargedPointDefectConfiguration objects for the initial and final defects
and the charge state of the defect transition. The barrier of the diffusion path is obtained from the transition state
determined by the NEB. The defect diffusivity can then be calculated calling the calculateDiffusivity method
with various parameters such as temperature.
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DefectMigrationPaths

class DefectMigrationPaths(initial_defect, final_defect=None, charge_state=None,
minimum_migration_distance=None, maximum_migration_distance=None,
maximum_total_migration_distance=None)

Perform a defect migration between defect sites. The migration is a single hop between two stable defect sites,
calculated with the nudged elastic band methodology. The initial and final defect configurations are defined in
either a single ChargedPointDefectConfiguration object or two ChargedPointDefectConfiguration objects. If a
single ChargedPointDefectConfiguration is provided, it is used as both the initial and final configuration. In both
of these cases, DefectMigrationPaths will search over all symmetrically-equivalent sites for the final configuration
to find the ones which are closest to the site of the initial configuration.

Parameters

• initial_defect (ChargedPointDefectConfiguration) – The named point defect
providing the initial configuration for the migration. Must have a configuration stored on
itself.

• final_defect (ChargedPointDefectConfiguration) – The optional named point
defect providing the final configuration for the migration. Must have a configuration stored
on itself. Note that initial and final defect studies must use compatible defects (ones in
which the number of atoms added or removed for each species is the same). Default:
initial_defect is used for the final configuration as well

• charge_state (int) – The integer charge state. Default: 0

• minimum_migration_distance (PhysicalQuantity of type length) – The minimum dis-
tance for accepting a defect migration path, based on the atom which is displaced the most
during the reaction. Default: 0.1 * Angstrom

• maximum_migration_distance (PhysicalQuantity of type length) – The maximum dis-
tance for accepting a defect migration path, based on the atom which is displaced the most
during the reaction. Default: 3.5 * Angstrom

• maximum_total_migration_distance (PhysicalQuantity of type length) – The max-
imum distance for accepting a defect migration path, based on the total displacement of
all atoms during the reaction. Default: 30.0 * Angstrom

chargeState()

Returns
The charge state.

Return type
int

finalDefect()

Returns
The final ChargedPointDefectConfiguration.

Return type
ChargedPointDefectConfiguration

generateEndpoints()

Method that finds the most likely transitions paths between two defects based on distance criteria.

Returns
Migration endpoint configurations.
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Return type
list of lists (size 2) of BulkConfiguration

generateNEBs(neb_calculator=None, image_distance=None, generate_images=None,
number_of_intermediate_images=None, use_endpoint_data=None)

Method that sets up NEB calculations from a list of endpoint configurations using the image dependent
pair potential interpolation algorithm.

Parameters

• neb_calculator (Calculator) – The calculator to be used for the
NEB calculation. Default: The reference calculator of the initial
ChargedPointDefectConfiguration with the correct charge state, if appli-
cable.

• image_distance (PhysicalQuantity of type length) – Distance between the coordi-
nates of successive configurations in the series of configurations. Mutually exclusive
with number_of_intermediate_images. Default: 0.5*Angstrom.

• generate_images (bool | LinearInterpolation |
ImageDependentPairPotential) – Auto-generate intermediate images be-
tween specified configurations where necessary, such that no distance between
successive images is greater than the image_distance parameter. The constraints
are always automatically applied to be consistent with the initial defect. Default:
ImageDependentPairPotential

• number_of_intermediate_images (int) – The number of images between the
endpoints. Mutually exclusive with image_distance.

• use_endpoint_data (bool) – Whether to use endpoint energies, forces, stress to
speed up the NudgedElasticBand calculation. By default, the endpoint data will
be used if the supplied calculator is identical to the reference calculator on the
ChargedPointDefectConfiguration. If the calculators differ, the endpoint data
is invalid and can not be used. Default: Automatic

Returns
Unoptimized NEBs.

Return type
list of NudgedElasticBand

initialDefect()

Returns
The initial ChargedPointDefectConfiguration.

Return type
ChargedPointDefectConfiguration

maximumMigrationDistance()

Returns
The maximum distance for accepting a transition path reaction, based on the atom which
is displaced the most during the reaction.

Return type
PhysicalQuantity of type length

maximumTotalMigrationDistance()

4.13. Full QuantumATK package 773



QuantumATK V-2023.12 Documentation

Returns
The maximum distance for accepting a transition path reaction, based on the total displace-
ment of all atoms during the reaction.

Return type
PhysicalQuantity of type length

minimumMigrationDistance()

Returns
The minimum distance for accepting a transition path reaction, based on the atom which
is displaced the most during the reaction.

Return type
PhysicalQuantity of type length

uniqueString()

Return a unique string representing the state of the object.

Notes

The DefectMigrationPaths object calculates symmetrically unique diffusion pathways between two defects. In doing
so, it takes into account the symmetry of each defect, and the equivalent positions of the defect in the host material.
The object is created by supply an initial defect as a ChargedPointDefectConfiguration. If no final defect is supplied
self-diffusion is assumed, otherwise a second defect can be supplied with the argument final_defect. If paths for
a non-neutral defect are required, the charge state can be given with the charge_state argument. Criteria for the
minimum and maximum movement of the most displaced atom can be given, as well as the maximum total atomic
movement. These criteria can be used to filter out unrealistic transition paths.

Once the object is created the endpoints for each path can be generated using the method generate_endpoints.
Alternatively, an unoptimized NudgedElasticBand can be generated for each transition path using the method
generateNEBs. Here, additional information can be given as to how the NEB is constructed, allowing for setting
the calculator, the number of intermediate images and whether or not the calculated endpoint data, such as energies
and forces, is used.

DefectPairGenerator

class DefectPairGenerator(site_defect_generator, secondary_defect_generator, minimum_distance=None,
maximum_distance=None, supercell_repetitions=None,
symmetry_tolerance=None)

A class which describes the possible defect clusters formed by pairs of point defects at various distances. The
original two defects are placed together into the given host material supercell.

Parameters

• site_defect_generator (SubstitutionalGenerator | VacancyGenerator) –
Generator for site defects that will constitute the first defect in the pair.

• secondary_defect_generator (SubstitutionalGenerator | VacancyGenerator
| InterstitialGenerator) – Generator for vacancies or interstitials that will constitute
the second defect in the pair and will be responsible for paired diffusion.

• minimum_atom_distance (PhysicalQuantity of type length) – Minimum allowed dis-
tance from site defect to another. Default: 2.0 * Angstrom.
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• maximum_center_distance (PhysicalQuantity of type length) – Maximum allowed dis-
tance from site defect to another. Default: 3.0 * Angstrom.

• supercell_repetitions (sequence (size 3) of int) – The number of repeti-
tions of the bulk unit cell along the (a, b, c) directions.

• symmetry_tolerance (PhysicalQuantity of type length) – The tolerance to be used when
determining the symmetries. Default: 0.1 * Angstrom.

filterByDefectGenerators(defect_generators)
Method for filtering a defect generator by keeping the defects that are in one or more other defect generators.

Parameters
defect_generators (list of BaseDefectGenerator) – The list of defect generators
containing the defects to keep after filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByDistinctConfigurations(top_n_configurations, site_element, secondary_element=None)
Method for selecting a number of distinct unique defects using the MTP structural descriptor.

Parameters

• top_n_configurations (int) – Number of most distinct configurations.

• site_element (PeriodicTableElement) – Site element to keep after filtering.

• secondary_element (PeriodicTableElement) – Secondary element to keep after
filtering. Default: Same as site_element

Returns
A filtered defect list.

Return type
DefectPairGenerator

filterByLatticeSpecies(site_element_list=None, secondary_element_list=None)
Method for selecting unique defects by element. Valid only for defect types that are associated with a
lattice site, e. g. Vacancies, but not Interstitials.

Parameters

• site_element_list (PeriodicTableElement | list of PeriodicTableElement)
– List of elements to keep after filtering.

• secondary_element_list (PeriodicTableElement | list of
PeriodicTableElement) – List of elements to keep after filtering. Only used
if the secondary defect is associated with a lattice site.

Returns
A filtered defect list.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator
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filterByPointDefect(point_defects, keep_defects=True)
Method for filtering the generator of unique point defects by selecting a specific defects.

Parameters

• point_defects (Sequence of BasePointDefect) – The sequence of point de-
fects to filter.

• keep_defects (bool) – Whether or not the given defects are to be kept and all other
removed (True) or removed from the generator and all other defect kept (False). De-
fault: True

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterBySymmetryIndex(symmetry_indices)
Method for filtering the list of unique point defects by selecting specific symmetry indices.

Parameters
symmetry_indices (int | list of int) – The list of symmetry indices to keep after
filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByZPositionInterval(start=None, end=None)
Method for selecting unique defects by their position in an interval of the z axis. Note: The

Parameters

• start (PhysicalQuantity of type length) – The start of the position interval. Default:
0 * Angstrom.

• end (PhysicalQuantity of type length) – The end of the position interval. Default:
length of the cell in z direction.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

hostConfiguration()

Returns
The host configuration.

Return type
BulkConfiguration

indices()

Returns
The defect indices for the current defect generator.
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Return type
list of int

maximumDistance()

Returns
Maximum allowed distance from site defect to another.

Return type
PhysicalQuantity of type length.

minimumDistance()

Returns
Minimum allowed distance from site defect to another.

Return type
PhysicalQuantity of type length.

pointDefects()

Returns
The list of unique point defects.

Return type
Vacancy | Substitutional | Interstitial | DefectCluster | SplitInterstitial

secondaryDefectGenerator()

Returns
Generator for vacancies or interstitials.

Return type
SubstitutionalGenerator | VacancyGenerator | InterstitialGenerator

siteDefectGenerator()

Returns
Generator for site defects.

Return type
SubstitutionalGenerator | VacancyGenerator

supercellRepetitions()

Returns
The supercell repetitions.

Return type
tuple (size 3) of int

symmetryTolerance()

Returns
The symmetry tolerance.

Return type
PhysicalQuantity of type length

uniqueDefects()

Returns
The list of symmetrically unique point defects with their names and symmetry indices,
ordered by increasing index.
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Return type
list of NamedPointDefect

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

In this example a Defects object is created that contains vacancy and pair defects in 4H-SiC. The defect pairs consist of
a vacancy and anti-site substitution on two neighboring atoms. Together, these defects can be used to model diffusion
of a neighboring atom into a vacancy site. As the 4H polytype of silicon carbide has two different C and Si sites (h and
k) there are a total of 4 pair defects that are created in the example.

In the example, the defects are created and added to a Defects object in a Custom Block. The defect configurations are
then generated and are iterated over, calculating the phonon density of states of each defect.

A workflow for the calculation can be downloaded here with a corresponding python script
DefectPairGenerator_Example.py.

Notes

The DefectPairGenerator object generates defect pairs for a specific host material. It is possible to create defects pairs
that combine a site defect (vacancy or substitution) with either a vacancy, substitution or interstitial. Symmetry analysis
is able to reduce the number of defects to the minimum of unique defects pairs.

The site defect and secondary defect are passed to the DefectPairGenerator as generators themselves. Using the
minimum_distance and maximum_distance arguments the minimum and maximum distances between the defects
can also be set. A supercell repetition for the defect can also be given. This is useful in cases where a pair may be
desired that is not easily contained within the host unit cell. An example may be where the unit cell contains only one
atom. Once the generator is created the defects contained within the defect can be filtered down to a desired subset of
defects.

The unique defects can be returned with the uniqueDefects method as NamedPointDefect objects, which can be used
as input for a ChargedPointDefectConfiguration object. The defects and generators can also be given to a Defects object
to create the basic defect configurations.

Defects

class Defects(defects, defect_generators=None, defect_generator_map=None, name='Defects')
A class which describes the list of defects.

Parameters

• defects (list of NamedPointDefect) – The list of defects.

• defect_generators (dict of (key, value) type (str, BaseDefectGenerator)) – Dictio-
nary of defect defect_generators, used to construct the defects.

• defect_generator_map (dict of (key, value) type (NamedPointDefect, str)) – Map-
ping between the defects and the defect generators, used to construct them.

• name (str) – The name.

778 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

appendDefectPairsWithDefectConfigurations(defect_pairs_table, required_defects_table,
defect_configurations_table)

Append the defect_configurations from the defect_configurations_table into the defect_pairs_table, as two
new columns, one for initial and one for final.

Note that the required_defects_table is used as the defect_configurations_table is constructed from this
table, and the required_defects_table knows which defects in defect_pairs_table correspond to which de-
fect_configurations in defect_configurations_table.

Parameters

• defect_pairs_table (Table) – The defect migration pairs table.

• required_defects_table (Table) – The required defects table, that knows about
the placement.

• defect_configurations_table (Table) – The defect configurations table.

Returns
The modified defect migration pairs table.

Return type
Table

generateDefectMigrationPairs(host_configuration, supercell_repetitions=None,
maximum_distance=None)

Method to get the defect pairs table.

Parameters

• host_configuration (BulkConfiguration) – The host configuration.

• supercell_repetitions (3-tuple of int | None) – The supercell repetitions
used in the defect material.

• maximum_distance (PhysicalQuantity of type length) – Maximum allowed distance.

Returns
The defect pairs table.

Return type
Table

requiredDefects(defect_pairs_table)
Create a table with a single column consisting of all unique NamedPointDefects in the table, either initial
or final.

Parameters
defect_pairs_table (Table) – The defect pairs table (usually from generateDefectMi-
grationPairs).

Returns
The required defects table.

Return type
Table

totalDefects()

Create a table with just the input named point defects in it. This essentially just converts a Defects object
to a table.

Returns
Table with all the named point defects.
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Return type
Table

uniqueDefects()

Returns
The list of symmetrically unique point defects.

Return type
list of NamedPointDefect

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

In this example the total energies of some defects in hexagonal boron nitride defects are calculated. Vacancy, anti-
site substitutional and interstitial defects are defined in the Defects block. This is used to generate a table of defect
configurations within a supercell. In each table iteration an LCAOCalculator is set, the geometry optimized, and then
the total energy is calculated.

A workflow for the calculation can be downloaded here with a corresponding python script
Boron_nitride_defects.py.

Notes

The Defects object manages the use of multiple defects for defect formation and diffusion calculations. The object takes
at a minimum a sequence of defects in the form of NamedPointDefect. Optionally it also takes two dictionaries used
to define the defect generators and which defects are created by which generator. The argument defect_generators
takes a dictionary with the defect generators as the value. The argument defect_generator_map takes a second
dictionary where the individual defects are the keys, and the keys from the defect_generators dictionary are the
values.

The Defects object can create starting tables for different types of calculations. The method totalDefects returns
a table of all the defects provided to the object. This is useful in cases where all the defects are to be calculated. For
diffusion calculations the object can also generate a table of all of the possible transitions between defects using the
generateDefectMigrationPairs method. This takes the compatibility of different defects and the minimum dis-
tance between them into account. If the generators are also supplied different symmetrically equivalent representations
of the defects can be used to find the minimum distance between two defects. With this table, the minimal set of defects
required to model the diffusion can be returned using the method requiredDefects. This method filters out defects
that do not have any transition paths in the defect pair table.

DefectsParameters

class DefectsParameters(defect_type=None, defect_element=None, include_voronoi_faces=None,
include_voronoi_vertices=None, include_voronoi_ridges=None,
miller_indices=None, split_distance=None, fractional_position=None,
symmetry_tolerance=None, group_distance=None, filter_by_z_position=None,
z_start=None, z_end=None, filter_by_distinct_configurations=None,
top_n_configurations=None, filter_by_lattice_sites=None, filter_elements=None)

A class which describes the list of defects.
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Parameters

• defect_type (int) – The type of defect. Default: 0 (DefectType.SUBSTITUTIONAL)

• defect_element (PeriodicTableElement) – The element added as an interstitial or
substitutional defect.

• include_voronoi_faces (bool) – Generate defects using Voronoi faces.

• include_voronoi_vertices (bool) – Generate defects using Voronoi vertices.

• include_voronoi_ridges (bool) – Generate defects using Voronoi ridges.

• miller_indices (tuple) – The Miller indices that define the direction of split intersti-
tals.

• split_distance (PhysicalQuantity of type length) – The distance form the lattice posi-
tion of split interstitial atoms.

• fractional_position (sequence (size 3) of float) – The position at which to
insert the interstitial atom, given in fractional coordinates of the bulk unit cell.

• symmetry_tolerance (PhysicalQuantity of type length) – The tolerance to be used when
determining the symmetries. Default: 0.1 * Angstrom.

• group_distance (PhysicalQuantity of type length) – The tolerance to be used when
determining groups of defects. Default: 0.1 * Angstrom.

• filter_by_z_position (bool) – Activate the filtering by Z position.

• z_start (PhysicalQuantity of type length) – The start of the position interval.

• z_end (PhysicalQuantity of type length) – The end of the position interval.

• filter_by_distinct_configurations (bool) – Activate the filtering using the MTP
structural descriptor.

• top_n_configurations (int) – Number of most distinct configurations.

• filter_by_lattice_sites (bool) – Activate the filtering by lattice site elements.

• filter_elements (iterable) – The set of lattice elements that should be replaced.

defectGenerator(host_configuration)
The defect generator

Parameters
host_configuration (BulkConfiguration) – The host configuration.

Returns
Returns a generator of the defects stored in the collection.

Return type
BaseDefectGenerator based

uniqueDefects(host_configuration)
Return all symmetrically unique defects

Parameters
host_configuration (BulkConfiguration) – The host configuration.

Returns
Returns a list of the defects stored in the collection.

Return type
list of NamedPointDefect
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uniqueString()

Return a unique string representing the state of the object.

classmethod voronoiTypes(include_voronoi_vertices, include_voronoi_faces, include_voronoi_ridges)

Returns
A list of the types of Voronoi points to use to generate interstitial defects.

Return type
list of VoronoiVertices, VoronoiFaces and VoronoiRidges

Notes

The DefectsParameters object enables the creation of an abstract defect definition. While defect generators such as
VacancyGenerator or InterstitialGenerator require a specific pristine material, the DefectsParameters object only stores
the parameters required to define a kind of point defect. This can be useful when applying the same kinds of defects
across a number of configurations, such as when studying amorphous materials or materials with the same lattice.

The first required argument is the defect type. The type is represented by an integer as shown in the table below. Once the
parameters are defined, the defect generator for a specific configuration can be obtained using the defectGenerator
method. The unique defects for a given configuration can also be directly accessed using the uniqueDefects method.

Table 4.2: Generator types.

Argument Defect Type
0 SubstitutionalGenerator
1 VacancyGenerator
2 InterstitialGenerator
3 SplitInterstitialGenerator
4 CustomInterstitialGenerator

DeformationPotential

class DeformationPotential(configuration, hamiltonian_derivatives, dynamical_matrix,
symmetry_label=None, kpoint_cartesian=None, kpoint_fractional=None,
q_route=None, points_per_segment=None, q_path=None, electron_bands=None,
phonon_modes=None, max_interaction_range=None,
rotate_to_pure_spin_states=None)

Constructor for the DeformationPotential object.

Parameters

• configuration (BulkConfiguration) – The BulkConfiguration for which to calculate
the deformation potential.

• hamiltonian_derivatives (HamiltonianDerivatives) – The Hamiltonian deriva-
tives for the configuration.

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix for the configuration.

• symmetry_label (str) – The kpoint (as a symmetry point) for which to calculate the
deformation potential. This option is mutually exclusive to kpoint_cartesian and
kpoint_fractional. Default: ‘G’ (Gamma-point)

782 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

• kpoint_cartesian (PhysicalQuantity of type inverse length) – The kpoint (in Cartesian
coordinates) for which to calculate the deformation potential. This option is mutually
exclusive to symmetry_label and kpoint_fractional. Default: [0.0, 0.0, 0.0]
* Angstrom**-1 Gamma-point

• kpoint_fractional (list(3) of floats) – The kpoint (in fractional coordinates)
for which to calculate the deformation potential. This option is mutually exclusive
to kpoint_cartesian and symmetry_label. Default: [0.0, 0.0, 0.0] Gamma-
point

• q_route (list of symmetry points, e.g. ['G', 'X', 'G']) – The route to take through
the Brillouin-zone. This option is mutually exclusive to q_path. Default: None

• points_per_segment (int) – The number of points per segment of the route. This
option is mutually exclusive to q_path. Default: 20

• q_path (list of list of floats) – List of fractional q-points. This option is mu-
tually exclusive to q_route and points_per_segment. The shape of the list is (:,
3), e.g. [[0.0, 0.0, 0.0], [0.25, 0.0, 0.0], [0.5, 0.0, 0.0]]. Default:
None

• electron_bands (list of ints | All) – The band indices of the Bloch states to include.
Default: All Include all bands.

• phonon_modes (list of ints | All) – Phonon modes to include. Default: All Include all
phonon modes.

• maximum_interaction_range (PhysicalQuantity of type length) – Set the maximum
range of the interactions in the HamiltonianDerivatives. Default: None

• rotate_to_pure_spin_states (bool) – Whether the eigenstates should be rotated
to pure spin states or not. Default: True for Unpolarized, Polarized and Noncollinear,
False for SpinOrbit

calculateDegenerateBandsDeformationPotential(initial_bands_degenerate, final_bands_degenerate,
phonon_modes_degenerate, qpoint_indices=None,
spin=None)

Method for fitting the deformation potential for a particular phonon mode.

Parameters

• initial_bands_degenerate (list of ints) – Quantum number (band index) of
the degenerate initial Bloch states.

• final_bands_degenerate (list of ints) – Quantum number (band index) of
the degenerate initial Bloch states.

• phonon_modes_degenerate (list of ints) – Phonon mode indices that are de-
generate.

• qpoint_indices (list of ints) – Indices of the q-points where SVD is per-
formed. Default: All q-points.

• spin (Spin.Up | Spin.Down) – The spin flag. Default: Spin.Up.

Returns
The deformation potential singular value decomposition.

Return type
PhysicalQuantity array of type energy / length
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couplingMatrix()

Query method for the coupling matrix calculated in the Bloch basis.

Returns
Electron-phonon coupling matrix calculated with the ElectronPhononCoupling object.
The shape of the coupling matrix is (number_of_spins, number_of_phonon_modes, num-
ber_of_kpoints, number_of_qpoints, number_of_electron_bands).

Return type
PhysicalQuantity of type energy

eigenvaluesK()

Query method for the electron Bloch state energies as a function of k.

Returns
The electron Bloch state energies as a function of k. The shape of the array is (num-
ber_of_spins, number_of_kpoints, number_of_electron_bands).

Return type
PhysicalQuantity of type energy

eigenvaluesKMinusQ()

Query method for the electron Bloch state energies as a function of k-q.

Returns
The electron Bloch state energies as a function of k-q. The shape of the array is (num-
ber_of_spins, number_of_kpoints, number_of_qpoints, number_of_electron_bands).

Return type
PhysicalQuantity of type energy

eigenvaluesKPlusQ()

Query method for the electron Bloch state energies as a function of k+q.

Returns
The electron Bloch state energies as a function of k+q. The shape of the array is (num-
ber_of_spins, number_of_kpoints, number_of_qpoints, number_of_electron_bands).

Return type
PhysicalQuantity of type energy

electronBands()

Query method for the electron bands.

Returns
The list of electronic band indices used in the calculation.

Return type
list of int

evaluate(coupling_matrix=None)
Query method for the electron-phonon coupling matrix.

Returns
Electron-phonon coupling matrix (unscaled) calculated with the
ElectronPhononCoupling object. The shape of the coupling matrix is (n_spins,
n_modes, n_kpoints, n_qpoints, n_bloch_states, n_bloch_states).

Return type
PhysicalQuantity with the unit eV / Angstrom
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fitDeformationPotential(mode=None, initial_band=None, final_band=None, spin=None,
first_q_index=None, last_q_index=None, coupling_matrix=None,
include_phase_factor=None)

Method for fitting the deformation potential for a particular phonon mode.

Parameters

• mode (int) – Phonon mode index. Default: The first mode calculated

• initial_band (int) – Quantum number (band index) of the initial Bloch state. De-
fault: The first band calculated

• final_band (int) – Quantum number (band index) of the final Bloch state. Default:
The last band calculated

• spin (Spin.Up | Spin.Down) – The spin flag. Default: Spin.Up

• first_q_index (int) – Index of the first q-point to consider in the fit. Default: 0

• last_q_index (int) – Index of the last q-point to consider in the fit. Default: Last
index

• coupling_matrix ('scaled' | 'unscaled') – String indicating if the scaled or
unscaled coupling matrix should be plotted. Default: 'unscaled'

• include_phase_factor (bool) – Whether the phase factor is included or not. De-
fault: True

Returns
Fitted zeroth, first-order deformation potentials, model deviation and R squared.

Return type
PhysicalQuantity, PhysicalQuantity, PhysicalQuantity, numpy.array

inverseCharacteristicLength()

Query method for inverse characteristic length.

Returns
The inverse characteristic length. The shape of the array is (num-
ber_of_degrees_of_freedom, number_of_qpoints)

Return type
PhysicalQuantity of type inverse length.

kpoint()

Query method for the k-point.

Returns
The k-point the deformation potential is calculated for.

Return type
numpy.array

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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nlinfo()

Returns
Structured information about the DeformationPotential.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

phaseFactor()

Query method for phase factor.

Returns
The phase factor. list of length of number_of_spins. For each spin the shape of the coupling
matrix is (number_of_qpoints, number_of_electron_bands, number_of_electron_bands).

Return type
unitless array.

phononEnergies()

Query method for the phonon energies.

Returns
The phonon energies as a function of q. The shape of the array
is (number_of_degrees_of_freedom, number_of_qpoints), where num-
ber_of_degrees_of_freedom = 3*number_of_atoms.

Return type
PhysicalQuantity of type energy

phononModes()

Query method for the phonon modes.

Returns
The list of phonon mode indices used in the calculation.

Return type
list of int.

qRoute()

Query method for the q-route.

Returns
The route to taken through the Brillouin-zone in the calculation.

Return type
list of str

qpoints()

Query method for the q-points.

Returns
The list of fractional q-points used in the calculation.

Return type
list

786 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

unscaledCouplingMatrix()

Query method for the unscaled electron-phonon coupling matrix.

Returns
Electron-phonon coupling matrix calculated with the ElectronPhononCoupling object.
The shape of the coupling matrix is (number_of_spins, number_of_phonon_modes, num-
ber_of_kpoints, number_of_qpoints, number_of_electron_bands).

Return type
PhysicalQuantity with the unit eV / Angstrom

Usage Examples

Calculate the deformation potential in graphene for different wave-vector paths in reciprocal space, specified by sym-
metry points connected by linear segments or a series of fractional q-points:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------
lattice = Hexagonal(2.4612*Angstrom, 6.709*Angstrom)

elements = [Carbon, Carbon]

fractional_coordinates = [[0.0 , 0.0 , 0.5],
[0.333333333333, 0.666666666667, 0.5]]

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(5, 5, 1),
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
(continues on next page)
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(continued from previous page)

bulk_configuration.update()

# -------------------------------------------------------------
# Hamiltonian derivatives
# -------------------------------------------------------------
hamiltonian_derivatives = HamiltonianDerivatives(

bulk_configuration,
repetitions=(5, 5, 1),
)

# -------------------------------------------------------------
# Dynamical matrix
# -------------------------------------------------------------
dynamical_matrix = DynamicalMatrix(

bulk_configuration,
repetitions=(5, 5, 1),
max_interaction_range=10*Angstrom,
)

# -------------------------------------------------------------
# Deformation potential
# -------------------------------------------------------------
deformation_potential_1 = DeformationPotential(

bulk_configuration,
hamiltonian_derivatives,
dynamical_matrix,
symmetry_label='L',
q_route=['G', 'M', 'L', 'A', 'G', 'K', 'H', 'A'],
points_per_segment=30,
electron_bands=[0, 1, 2],
phonon_modes=[0, 1],
)

nlsave('graphene.nc', deformation_potential_1)

deformation_potential_2 = DeformationPotential(
bulk_configuration,
hamiltonian_derivatives,
dynamical_matrix,
kpoint_fractional=[0.0, 0.0, 0.5],
q_path=[[0.0, 0.0, 0.0], [0.2, 0.0, 0.0], [0.3, 0.0, 0.0], \

[0.4, 0.0, 0.0], [0.45, 0.0, 0.0], [0.5, 0.0, 0.0]],
electron_bands=[0, 1, 2],
phonon_modes=[0, 1],
)

nlsave('graphene.nc', deformation_potential_2)

deformation_potential.py
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DeltaTest

class DeltaTest(elements, calculator, initial_spin=None, eos_data=None)
Do a Delta test for a number of elements with a given calculator.

Parameters

• elements (Sequence) – Sequence of elements to be tested, e.g. [Silicon, Hydrogen,
Carbon].

• calculator (Calculator) – The calculator to be tested. Can be any QuantumATK
calculator that supports total energy calculation.

• initial_spin (InitialSpin) – The inital spin to set on the configuration.

calculateEquationOfState()

Method to calculate the total energy as function of volume and storing the data on the object as a dictionary.

calculator()

Query method for the calculator.

delta(element=None, reference=None)
Get the delta value of the Delta test for a given element or the average among all elements.

Parameters

• element (PeriodicTableElement) – Element for which to return the delta value.
If no element is specified the average value for all the elements will be returned.

• reference (str | DeltaTest) – The filename of the file that holds the reference data to
test against, or an other DeltaTest, which must include the specific element. Default:
WIEN2k data from https://molmod.ugent.be/deltacodesdft.

Returns
The delta value.

Return type
PhysicalQuantity of type energy.

deltaStatistics(reference=None)
Get statistics about the delta values of the Delta test.

Parameters
reference (str | DeltaTest) – The filename of the file that holds the reference data to
test against, or an other DeltaTest, which must include the specific element. Default:
WIEN2k data from https://molmod.ugent.be/deltacodesdft.

Returns
Dict with (element, delta), the minimum delta, element for the minimum, maximim delta,
element for the maximum, average delta, standard deviation of delta, and failed elements.

Return type
(Dict with PeriodicTableElement, PhysicalQuantity of type energy, PhysicalQuan-
tity of type energy, PeriodicTableElement, PhysicalQuantity of type energy,
PeriodicTableElement, PhysicalQuantity of type energy, PhysicalQuantity of type en-
ergy, list of PeriodicTableElement).

elements()

Query method for the elements.
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equationOfState(element)
Query method for the equation of state of a specific element.

equationOfStateParameters(element)
Query for the Birch-Murnaghan equation of state parameters for a specific element.

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>, reference=None)
Print a formatted report of the Delta test.

referenceEquationOfStateParameters(element, reference=None)
Query method for the reference eos parameters (Birch-Murnaghan parameters).

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Perform a DeltaTest for ATK-DFT vs. WIEN2k over Si and Ge.

# Perform a delta test for ATK-DFT over Si and Ge

# Setup calculator to use.
calculator = LCAOCalculator(

iteration_control_parameters=IterationControlParameters(tolerance=1.0e-6, max_
→˓steps=300),

numerical_accuracy_parameters=NumericalAccuracyParameters(
density_mesh_cutoff=GridSampling(60),
k_point_sampling=[9,9,9]),

exchange_correlation=GGA.PBE)

elements = [Silicon, Germanium]
# Construct the test.
delta_test = DeltaTest(elements=elements, calculator=calculator)

# Print the delta test report.
nlprint(delta_test)

# Get the delta value for Si.
Si_delta = delta_test.delta(Silicon)

# Get the equation of state parameters for Si.
Si_equilibrium_volume, Si_bulk_modulus, Si_bulk_modulus_derivative, Si_bulk_minimum_
→˓total_energy = delta_test.equationOfStateParameters(Silicon)

# Get the equation of state data E(V) for Ge.
Ge_volumes, Ge_total_energies = delta_test.equationOfState(Germanium)
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Run DeltaTest against 3rd party code

By default, the DeltaTest is carried out against the WIEN2k data. Any other code can be compared to by providing the
corresponding equation of state parameters in a file. This file must contain the reference equation of state parameters
for each element to test organized in four columns: element symbol, equilibrium volume in units of cubic Angstrom,
bulk modulus in units of GPa, and the normalized derivative of the bulk modulus which is unitless. The path to the
reference data file is then given as a parameter to the DeltaTest constructor, e.g.

delta_test = DeltaTest(elements=[Silicon, Germanium],
calculator=LCAOCalculator(),
reference=/path/to/reference_file.txt
)

Dense

class Dense

Cache self energies in dense matrix storage.

DensityOfStates

class DensityOfStates(configuration, kpoints=None, energy_zero_parameter=None,
bands_above_fermi_level=None, save_partial=None, enable_symmetry=None,
processes_per_kpoint=None, method=None)

Class for calculating the density of states for a configuration.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion with an attached calculator for which to calculate the density of states.

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid) – The k-points for which to calculate the density of states. De-
fault: The Monkhorst-Pack grid used for the self-consistent calculation.

• energy_zero_parameter (FermiLevel | AbsoluteEnergy) – Specifies the choice for
the energy zero. Default: FermiLevel

• bands_above_fermi_level (int | All) – The number of bands above the Fermi level
per principal spin channel. Must be a non-negative integer. Default: All (All bands are
included), except for calculators of type PlaneWaveCalculator; in this case the default
is equal to the number of bands above the Fermi level set by the calculator.

• save_partial (bool) – Save the partial contributions to the density of states. The
PlaneWaveCalculator does not support calculation of partial contributions. Default:
False for PlaneWaveCalculator and GWCalculator, True otherwise

• enable_symmetry (bool) – Enable or disable the use of symmetry Default: True

• processes_per_kpoint (int | None) – The number of processes to use per kpoint. If
None the same number of processes per k-point as used in the SCF calculation will be
used. The parameter is only used by the PlaneWaveCalculator. Default: None
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• method (None | Full | KDotPExpansion3D) – The method used for the eigenvalue com-
putation.

The default is to perform an exact diagonalization to determine the eigenvalues at each
requested k-point.

Alternatively, the k.p expansion method can be used to interpolate the eigenvalues at the
requested k-points using the exact eigenvalues and eigenfunctions calculated in the SCF
calculation.

NOTE: Only the PlaneWaveCalculator supports the k.p method at the moment.

calculateCarrierConcentration(contribution=None, fermi_shift=None, temperature=None)
Calculate the carrier concentration of the specified contribution.

Parameters

• contribution (Electron | Hole) – The contribution to the carrier contribution. De-
fault: Electron

• fermi_shift (PhysicalQuantity of type energy.) – The shift in Fermi level. Default:
0.0 * eV

• temperature (PhysicalQuantity of type temperature.) – The temperature to use for
the distribution. Default: 300 * Kelvin

Returns
The carrier concentration.

Return type
PhysicalQuantity of type inverse volume.

elements()

Query method for the elements in the configuration used for calculating the density of states.

Returns
A list of the elements.

Return type
list of PeriodicTableElement

energies()

Returns
The energies used for generating the last spectrum.

Return type
PhysicalQuantity of type energy.

energyMax()

Returns
The maximum energy eigenvalue.

Return type
PhysicalQuantity of type energy.

energyMin()

Returns
The minimum energy eigenvalue.

Return type
PhysicalQuantity of type energy.
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energyZero()

Returns
The energy zero.

Return type
PhysicalQuantity of type energy.

evaluate(spin=None, projection_list=None, normalization=None)
Return the default density of states spectrum

Parameters

• spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down |
Spin.RealUpDown | Spin.ImagUpDown) – The spin of the DOS. Default: Spin.All

• projection_list (ProjectionList) – ProjectionList with projections to in-
clude in the density of states. Default: Total density of states.

• normalization (False | NormalizeByVolume() | NormalizeByNumberOfAtoms()) –
Normalization scheme to use for the DOS. Default: False

Returns
The density of states spectrum.

Return type
PhysicalQuantity of type reciprocal energy

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
All

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

gaussianSpectrum(energies=None, spin=None, broadening=None, projection_list=None)
Return the Density of States Spectrum using Gaussian broadening.

Parameters

• energies (PhysicalQuantity of type energy) – List of energies for which the spectrum
should be calculated. Default: Spectrum from energyMin() to energyMax().

• spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down
| Spin.RealUpDown | Spin.ImagUpDown) – The spin of the DOS. Must be Spin.
All` for non-collinear and spin-orbit calculations. |DEFAULT|
``Spin.Up for unpolarized and polarized calculations.

• broadening (PhysicalQuantity of type energy) – Broadening of the Gaussian. De-
fault: The default value is automatically determined based on the energy spectrum
and k-point sampling. If the spectrum is calculated for a single k-point, the default
value is 0.1 * eV.

• projection_list (ProjectionList) – ProjectionList with projections to in-
clude in the density of states. Default: Total density of states.
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Returns
The density of states spectrum.

Return type
PhysicalQuantity of type inverse energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

method()

Returns
The eigenvalue generation method.

Return type
None | Full | KDotPExpansion3D

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

processesPerKPoint()

Deprecated: from v2019

Returns
The number of processes per k-point used in the calculation.

Return type
int > 0

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

spins()

Returns
The spins associated to this analysis object.

Return type
list of spin flags.

tetrahedronSpectrum(energies=None, spin=None, projection_list=None)
Return the Density of States Spectrum using the tetrahedron method.

Parameters

• energies (PhysicalQuantity of type energy) – List of energies for which the spectrum
should be calculated. Default: Spectrum from energyMin() to energyMax().
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• spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down
| Spin.RealUpDown | Spin.ImagUpDown) – The spin of the DOS. Must be Spin.
All` for non-collinear and spin-orbit calculations. |DEFAULT|
``UNPOLARIZED/POLARIZED: Spin.Up

• projection_list (ProjectionList) – ProjectionList with projections to include
in the density of states. Default: Total density of states.

Returns
The density of states spectrum.

Return type
PhysicalQuantity of type inverse energy

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the Density of states of a silicon crystal:

# Set up Si in the diamond structure
si_crystal = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
cartesian_coordinates=[[ 0. , 0. , 0. ],

[ 1.35765, 1.35765, 1.35765]]*Angstrom
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=
NumericalAccuracyParameters(k_point_sampling=(4, 4, 4))
)

si_crystal.setCalculator(calculator)

# Calculate the density of states
dos = DensityOfStates(si_crystal, kpoints = MonkhorstPackGrid(16,16,16))
# save the DOS to a file
nlsave('si_dos.nc', dos)

si_dos.py

Note: The spectrum can be shown by selecting the file si_dos.nc in the LabFloor of QuantumATK and using the
2D Plot. . . plugin.

Plot the Gaussian and tetrahedron spectrum within pylab:

# read DOS object from file
dos = nlread('si_dos.nc', DensityOfStates)[0]

# make list of energies
energies = numpy.arange(-14,5,0.01)*eV

(continues on next page)
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(continued from previous page)

# calculate the DOS spectrum with two different methods
dos_t = dos.tetrahedronSpectrum(energies)
dos_g = dos.gaussianSpectrum(energies, broadening = 0.2*eV)

#plot the spectra using pylab
import pylab
pylab.figure()
pylab.plot(energies.inUnitsOf(eV), dos_t.inUnitsOf(eV**-1))
pylab.plot(energies.inUnitsOf(eV), dos_g.inUnitsOf(eV**-1))
pylab.xlabel("Energy (eV)")
pylab.ylabel("DOS (1/eV)")
pylab.show()

si_dos_plot.py

Notes

• The routine utilizes the symmetries of the crystal to reduce the computational load.

• The default spectrum is a Gaussian spectrum for a MoleculeConfiguration and a BulkConfiguration with less
than 10 k-points. For a BulkConfiguration with more than 10 k-points, the tetrahedron method is used.

• The implementation of the tetrahedron method follows Ref.1.

• The behavior of bands_above_fermi_level with regard to the spin types unpolarized, polarized, and non-
collinear is described in Notes of the Bandstructure analysis object.

DensityProfile

class DensityProfile(md_trajectory, start_time=None, end_time=None, resolution=None,
atom_selection=None, direction_index=None, time_resolution=None, info_panel=None)

Constructor for the DensityProfile object.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the density profile for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of the type time) – The end time. Default: the last time
frame.

• resolution (PhysicalQuantity of type length) – The bin size, which determines the res-
olution of the profile. Default: 2.0 * Angstrom

• atom_selection (PeriodicTableElement | str | list of ints) – Only include con-
tributions from this atom selection. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: All elements are con-
sidered

1 P. E. Blöchl, O. Jepsen, and O. K. Andersen. Improved tetrahedron method for brillouin-zone integrations. Phys. Rev. B, 49:16223–16233,
Jun 1994. doi:10.1103/PhysRevB.49.16223.
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• direction_index (int) – The index of the cell vector along which the profile should
be calculated. Can only be an element of [0, 1, 2]. Default: 2

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

data()

Return the density profile.

zValues()

Return the positions of the bins associated with the density profile.

Usage Examples

Load an MDTrajectory and calculate the mass density profile along the A-vector of the cell:

md_trajectory = nlread('alumina_trajectory.nc')[-1]

# Calculate the mass density profile along the A-vector of the cell.
density_profile = DensityProfile(md_trajectory,

direction_index=0)

# Get the mass density in gram/ccm and the positions of the bin centers.
mass_density = density_profile.data().inUnitsOf(kiloGram/Meter**3)/1000.0
bin_centers = density_profile.zValues().inUnitsOf(Angstrom)

# Plot the data using pylab.
import pylab

pylab.plot(bin_centers, mass_density,
label='Mass density of alumina along A-vector')

pylab.xlabel('a (Angstrom)')
pylab.ylabel('d(a) (g/cm**3)')
pylab.legend()

pylab.show()

density_profile.py

DeviceAlgorithmParameters

class DeviceAlgorithmParameters(initial_density_type=None, electrode_constraint=None,
self_energy_calculator_real=None,
self_energy_calculator_complex=None, non_equilibrium_method=None,
equilibrium_method=None, store_grids=None,
store_basis_on_grid=None, scf_restart_step_length=None,
enforce_different_electrodes=None,
neumann_self_energy_update_strategy=None)

Class for representing algorithm parameters relevant for the device calculation.
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Parameters

• initial_density_type (EquivalentBulk | NeutralAtom | RepeatedElectrode)
– Select the method used for constructing the initial density. Default: NeutralAtom

• electrode_constraint (ElectrodeConstraint.Off | ElectrodeConstraint.
DensityMatrix) – Constrain system variables to the electrode bulk values (see
ElectrodeConstraint for the available options.) The default value differs if the class
is used in a DeviceConfiguration or in a SurfaceConfiguration. Default:

– DeviceConfiguration
ElectrodeConstraint.Off

– SurfaceConfiguration
ElectrodeConstraint.DensityMatrix(10.0 * Angstrom)

• self_energy_calculator_real (RecursionSelfEnergy | KrylovSelfEnergy |
DirectSelfEnergy | SparseRecursionSelfEnergy | FeastSelfEnergy) – The
SelfEnergyCalculator that should be used for calculating the real energies in the con-
tour integral. Default: A default RecursionSelfEnergy instance

• self_energy_calculator_complex (RecursionSelfEnergy |
SparseRecursionSelfEnergy) – The SelfEnergyCalculator that should be
used for calculating the complex energies in the contour integral. Default: A default
RecursionSelfEnergy instance

• non_equilibrium_method (GreensFunction | SparseGreensFunction |
ScatteringStates) – The density matrix method employed in the real part of
the contour integration. Default: A default GreensFunction instance

• equilibrium_method (GreensFunction | SparseGreensFunction) – The density
matrix method employed in the complex part of the contour integration. Default: A
default GreensFunction instance

• store_grids (bool) – Enable or disable the storage of grids that can be reused in the
SCF process. True will increase the memory usage, but reduce the computation time.
Default: True

• store_basis_on_grid (Automatic | True | False) – Control the storage of the basis
functions on a real space grid. When enabled, increases the memory usage but reduces
the computation time. Default: Automatic

• scf_restart_step_length (PhysicalQuantity of type length) – The maximum dis-
tance that an atom can move so that the calculation can be restarted from the previous
initial state. Default: 0.1 * Ang

• enforce_different_electrodes (bool) – Enforce separate calculations for the left
and right electrodes, when enabled. When disabled, electrodes are treated identical if
they differ by a constant translation. Default: False

• neumann_self_energy_update_strategy (SurfaceAverage | VolumeAverage) –
Defines how the self-energies are updated during a self-consistent loop. Only rele-
vant when Neumann boundary conditions in the transport direction are used. The self-
energies are shifted rigidly to ensure the electrode is aligned in energy with the corre-
sponding electrode repetition in the device, by inspection of the electrostatic potential. If
SurfaceAverage is selected, a surface average at the boundary between device and elec-
trode is used. If VolumeAverage is selected, a volume average on atoms in the minimal
electrode and in the device atoms corresponding to the minimal electrode is used. In both
cases, only regions within the atomic basis compact support are considered. Default:
SurfaceAverage
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electrodeConstraint()

Returns
The type of the electrode constraint.

Return type
ElectrodeConstraint.Off | DensityMatrix

enforceDifferentElectrodes()

Returns
If separate calculations for the left and right electrodes should be enforced.

Return type
bool

equilibriumMethod()

Returns
The equilibrium method for the complex contour integration.

Return type
GreensFunction | SparseGreensFunction

initialDensityType()

Returns
The initial density type.

Return type
EquivalentBulk | NeutralAtom

neumannSelfEnergyUpdateStrategy()

Returns
The strategy used to update self energy when using Neumann boundary conditions in the
transport direction.

Return type
SurfaceAverage | VolumeAverage

nonEquilibriumMethod()

Returns
The non-equilibrium method for the real contour integration.

Return type
GreensFunction | SparseGreensFunction | ScatteringStates

scfRestartStepLength()

Returns
The SCF restart step length of this calculator.

Return type
PhysicalQuantity of type length

selfEnergyCalculatorComplex()

Returns
The self energy calculator for the complex energies.

Return type
RecursionSelfEnergy | SparseRecursionSelfEnergy
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selfEnergyCalculatorReal()

Returns
The self energy calculator for the real energies.

Return type
RecursionSelfEnergy | KrylovSelfEnergy | DirectSelfEnergy |
SparseRecursionSelfEnergy | FeastSelfEnergy

storeBasisOnGrid()

Returns
If the storage of the basis functions on a real space grids is enabled or not

Return type
Automatic | True | False

storeGrids()

Returns
If the storage of grids is enabled or not

Return type
bool

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Setup a non-self-consistent calculation with an equivalent bulk initial density.

device_algorithm_parameters = DeviceAlgorithmParameters(
initial_density_type=EquivalentBulk(electrode_constraint_length=7.*Ang)
)

calculator = DeviceHuckelCalculator(
device_algorithm_parameters=device_algorithm_parameters,
iteration_control_parameters=NonSelfconsistent,
)

Use a RecursionSelfEnergy for the real axis contour integral

device_algorithm_parameters = DeviceAlgorithmParameters(
self_energy_calculator_real=RecursionSelfEnergy(storage_strategy=NoStorage())
)

calculator = DeviceHuckelCalculator(
device_algorithm_parameters=device_algorithm_parameters,
electrode_voltages=(-0.5,0.5)*Volt
)
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Notes

The initial_density_type is only used for setting up the starting guess for the self-consistent loop, while the
electrode_constraint will constrain the density matrix at each step during the self-consistent loop.

The self_energy_calculator_complex is used for evaluating the self energy at each point along the complex
contour. The self_energy_calculator_real is only used for calculating the real axis integral for finite bias calcu-
lations. Thus for zero bias calculations, the keyword self_energy_calculator_real has no effect.

DeviceConfiguration

class DeviceConfiguration(central_region, electrodes, equivalent_electrode_lengths=None,
transverse_electrode_repetitions=None)

A two-probe configuration consisting of a central region coupled to two electrodes.

Parameters

• central_region (BulkConfiguration) – The scattering region of the device.

• electrodes (sequence (size 2) of BulkConfiguration) – The semi-infinite regions on
either side of the device.

• equivalent_electrode_lengths (sequence (size 2) of PhysicalQuantity of type
length) – The lengths to use for the equivalent electrode regions in the central region.
Default: Length of the actual electrodes given.

• transverse_electrode_repetitions (sequence (size 2) of sequence
(size 2) of int) – Repetitions of the electrodes in the A and B directions, given as a
list of two integers for both electrodes. Default: [[1, 1], [1, 1]]

addBonds(bond_list)
Add bonds.

Parameters
bond_list (numpy.ndarray) – The list of bonds to add.

addTags(tags, indices=None)
Add a set of tags to atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms.

• indices (list | int | None) – The list of indices to match atoms against. De-
fault: All indices.

atomicMasses()

Returns
The masses of the atoms in the configuration.

Return type
PhysicalQuantity of type mass

atomicNumbers()

Returns
The list of atomic numbers associated with the elements.
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Return type
list of ints

bias()

Calculate the bias of the attached calculator If no calculator is attached return None.

Returns
The bias.

Return type
PhysicalQuantity with electric potential units | None

bonds()

Returns
An array with the the two atom indices for each bond in the central region along with the
vector which periodic images this bond connects.

Return type
array

bravaisLattice()

Returns
The bravais lattice of the central region.

Return type
BravaisLattice

calculator()

Returns
The calculator attached to the configuration, i.e. the calculator that will be used for both
simulation and analysis.

Return type
Calculator

cartesianCoordinates()

The Cartesian coordinates of the atoms in the the central region of the configuration.

Returns
The Cartesian coordinates.

Return type
PhysicalQuantity of type length

centralRegion()

The central region of the device.

Returns
The central region.

Return type
BulkConfiguration

coarseGrainDescriptors()

Returns
The list of either elements or coarse grain particles for each element. Isotopes are returned
as just their base element, UnitedAtoms and Particle are given as their specific type.
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Return type
list of type ParticleDescriptor or PeriodicTableElement

copy()

Returns
A copy of the current configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndDeleteAtoms(indices)
Create a new configuration by deleting some atoms from this configuration.

Parameters
indices (list of int) – The indices of the atoms to delete.

Returns
The configuration with some atoms deleted.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndMerge(other)
Create a new configuration by merging this configuration with another configuration.

Parameters
other (MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration) – The other configuration.

Returns
The merged configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndShiftAtoms(displacement, indices=None)
Create a new configuration with some atoms translated.

Parameters

• displacement (PhysicalQuantity of type length) – The displacement that should be
applied to the atom positions.

• indices (list of int) – The indices to shift. Default: All.

Returns
The configuration with the translation applied.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

crossSection()

Return the cross-sectional area of the central region.

Returns
The cross-sectional area.
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Return type
float

deleteAtoms(indices)
Delete the specified atoms.

Parameters
indices (array of int) – The indices to delete.

deleteBonds(bond_list=None, pair_selection=None)
Delete bonds connected to atomic indices.

Parameters

• bond_list (A two-dimensional sequence) – The pairs of bondes indices.

• pair_selection (list | None) – Specifies two groups between which bonds are
delete. Selectable groups are elements, index lists, tag names, or None (all atoms).

dielectricRegions()

Returns
The dielectric regions in the central region.

Return type
list of BoxRegion | SphereRegion | TubeRegion

electrodes()

The electrodes of the device.

Returns
The pair of electrodes belonging to this configuration.

Return type
list of BulkConfiguration

electrodesDisplacement()

The displacements of the BravaisLattice of the electrodes in the C-direction in order to match the
BravaisLattice of the central_region.

Returns
The electrode displacements.

Return type
PhysicalQuantity of type length

elements()

Returns
The elements in configuration.

Return type
list of PeriodicTableElement

externalPotential()

Returns
The external potential present in the central region.

Return type
AtomicShift | AtomicCompensationCharge

804 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

findBonds(fuzz_factor=1.1, pair_selection=None)
Find bonds in the configuration according to the combined covalent radii of the element pairs, multiplied
with a fuzz factor. Optionally, find bonds only between two specified sub-groups of atoms. The bonds are
primarily used in to set the topology of bonded potentials in the TremoloX-calculator.

Parameters

• fuzz_factor (float) – The factor by which the covalent radii are multiplied to de-
termine the cutoff distance for a bond.

• pair_selection (list(2) of type PeriodicTableElement, list of int, or str.) – Speci-
fies two groups between which bonds are detected. Selectable groups are elements,
index lists, tag names, or None (all atoms). By default bonds between all atoms in the
configuration are taken into account.

fixedSpinDirections()

Returns
The fixed spin directions for the configuration.

Return type
FixedSpin | None

fractionalCoordinates()

Returns
The fractional coordinates of the central region.

Return type
array of floats

generateShifts()

Method for generating a list of origin shifts along two lattice directions.

It will create a list of 9 shifts of the supercell origin (-1 to 1) in x and y periodic directions.

Returns
The array of shifts.

Return type
PhysicalQuantity of type length

ghostAtoms()

Returns
The list of ghost atoms of the central region.

Return type
list of ints

improperDihedralIndices()

Returns
The list of atom indices for each improper dihedral or None if no improper dihedrals are
defined. Improper dihedrals are mainly used in bonded force fields.

Return type
numpy array | None

indicesFromIsotopes(isotopes)

4.13. Full QuantumATK package 805



QuantumATK V-2023.12 Documentation

Parameters
isotopes (list of type PeriodicTableElement or Isotope) – The isotopes to
select.

Returns
The indices of the selected isotopes.

Return type
list of type int

indicesFromTags(tags=None)
List the indices associated with a given collection of tags.

Parameters
tags (list | str) – A list of tags for which all matching indices should be extracted.

Returns
The list of indices corresponding to the specified tag name(s).

Return type
list of ints

magneticMoments()

Returns
The magnetic moments of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type Bohr magneton.

merge(other)
Merge configuration with another configuration.

NOTE: For devices this method shifts the atoms of the other configuration to the center.

Parameters
other (AtomicConfiguration) – A different AtomicConfiguration.

metallicRegions()

Returns
The metallic regions in the central region.

Return type
list of BoxRegion | SphereRegion | TubeRegion

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The configuration information.

Return type
dict
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nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AtomicConfiguration object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger().

numberOfAtoms()

Returns
The total number of atoms in the configuration.

Return type
int

partialCharges(indices=None)
Get the list of partial atomic charges that can be used for representing electrostatic interactions in ATK-
ForceField.

Parameters
indices (list | int | None) – The indices for which to return the partial charges.
Default: All indices.

Returns
A PhysicalQuantity array of the atomic partial charge for each atom.

Return type
PhysicalQuantity of type charge | None

particleDescriptors()

Returns
The list of particle descriptors for each atom. This should return the exact same list as was
given in the constructor argument “elements”.

Return type
list of type ParticleDescriptor or PeriodicTableElement

static periodicBoundaries()

Returns
The periodic boundary conditions of the configuration.

Return type
list

primitiveVectors()

Returns
The primitive lattice vectors.

Return type
PhysicalQuantity of type length

removeTags(tags=None, indices=None, purge=False)
Remove a set of tags from atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms. Default: All tags.

• indices (list | int) – The list of indices to match atoms against. Default: All
indices.
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• purge (bool) – When removing tags from the configuration, delete the tag completely
when not associated with any atoms anymore. Default: False

repeat(na=1, nb=1, nc=1, stack_systems=False)
Repeat the derived class with the integer values na, nb, and nc along the three primitive unit cell vectors.
The repeated system is constructed with a cell of the type UnitCell.

Parameters

• na (int) – The repetition along the a-axis. Default: 1.

• nb (int) – The repetition along the b-axis. Default: 1.

• nc (int) – The repetition along the c-axis. Default: 1.

• stack_systems (bool) – If True the basis atoms are repeated as a unit, i.e. a0 and
b0 are repeated as: a0,b0,a1,b1, . . . If False the basis atom are repeated individually,
i.e. a0 and b0 are repeated as: a0,a1,. . . , b0,b1,. . . Default: True.

Returns
The repeated system.

Return type
DeviceConfiguration | SurfaceConfiguration

scalePartialCharges(scale_factor, indices=None)
Scale the partial charges with a given scale factor. These partial charges are used with Forcefield calcula-
tors.

Parameters

• scale_factor (float) – The factor for scaling charges.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

setBonds(bond_list, skip_checks=False)
Set the bonds on the configuration. The bonds are primarily used in to set the topology of bonded potentials
in the TremoloX-calculator.

Parameters

• bond_list (list(n, 2) | list(n, 5) | None) – A list which contains for each
bond the indices of the two connected atoms. Optionally, three more integers can be
specified for each bond, which must be between -1 and 1, and which denote to which
neighboring image cell the bond is connected. Without these additional indices, the
minimum image convention is obeyed.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.

setCalculator(calculator, initial_state=None, initial_spin=None)
Attach a Calculator to the configuration which will be used in calculations involving the configuration.

Parameters

• calculator (Calculator) – The calculator object that should be attached to the con-
figuration.

• initial_state (DeviceConfiguration with a calculator | None) – The initial state
to be used for this configuration. Default: No initial state.

• initial_spin (InitialSpin | None) – The initial InitialSpin object to be
used for this configuration. Default: InitialSpin(), except when used
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with a calculator of type HuckelCalculator, SlaterKosterCalculator,
SemiEmpiricalCalculator, DeviceHuckelCalculator,
DeviceSlaterKosterCalculator, DeviceSemiEmpiricalCalculator. In
this case InitialSpin([0., 0., ...]) is used, i.e. the scaled spins for each atom
are set to 0.

setCartesianCoordinates(cartesian_coordinates, indices=None, skip_checks=False)
Set the Cartesian coordinates of the atoms in the central region. Changes in the coordinates of the electrode
extension will be synchronized with the corresponding coordinates in the electrodes.

Parameters

• cartesian_coordinates (PhysicalQuantity of type length) – The new coordinates
of the atoms in each image.

• indices (list) – The indices of the atoms to set the positions of. Default: All
indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False

setDielectricRegions(dielectric_regions)
Set the dielectric regions for the central region.

Parameters
dielectric_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
dielectric regions to set.

setExternalPotential(external_potential)
Set an external potential on the configuration that will be used in calculations involving the configuration.

Parameters
external_potential (AtomicShift | AtomicCompensationCharge) – The external
potential to apply.

setImproperDihedralIndices(improper_dihedral_indices)
Set the list of atom indices for each improper dihedral in bonded force fields.

Parameters
improper_dihedral_indices (list or array with shape (m, 4) | None) –
The list of the 4 indices defining the connectivity for each improper dihedral or None to
delete the current dihedral connectivity.

setMagneticField(magnetic_field)
Set local magnetic field. The spins will be forced to point in the directions given by the magnetic_field
object. The magnetic field can be defined for each atom. This only has an effect for Noncollinear or
Spinorbit calculations.

Parameters
magnetic_field (FixedSpin) – The magnetic field to be applied.

setMagneticMoments(magnetic_moments=None, skip_checks=False)
Function to set magnetic moments on the configuration.

Parameters

• magnetic_moments (PhysicalQuantity of type Bohr magneton.) – The mag-
netic_moments to set on the configuration. Has the dimensionality nx3. Default:
None.
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• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setMetallicRegions(metallic_regions)
Set the metallic regions for the central region.

Parameters
metallic_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
metallic regions to set.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setPartialCharges(charge_list, indices=None, skip_checks=False, update_calculator=True)
Set the partial charges on the configuration. The partial charges are used primarily to model electrostatic
interactions in the TremoloX-calculator.

Parameters

• charge_list (PhysicalQuantity of type charge | None) – A list of atomic
partial charges which contains a charge for each atom.

• indices (list | int | None) – The indices for which to set the partial charges.
Default: All indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

• update_calculator (bool) – Whether or not to update and attached Forcefield cal-
culator with the new charges. Default: True.

setVelocities(velocities=None, skip_checks=False)
Function to set velocities on the configuration.

Parameters

• velocities (PhysicalQuantity of type velocity | None) – The velocities to set on the
configuration. Has the dimensionality nx3. Default: None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

shiftAtoms(displacement, indices=None, skip_checks=False)
Translate some atoms.

Parameters

• displacement (PhysicalQuantity of type length) – The displacement that should be
applied to the atom positions.

• indices (list of int) – The indices to shift. Default: All.

• skip_checks (bool) – True, if all consistency checks should be skipped.

shiftPartialCharges(total_charge, indices=None)
Shift the partial charges so that their sum is the given total charge value. These partial charges are used
with Forcefield calculators.

Parameters
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• total_charge (PhysicalQuantity of type charge) – The new total charge.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

symbols()

Returns
The element symbols of the configuration.

Return type
list of str

tags(indices=None)
List the tags associated with a given collection of indices. The list returned is the set union of tags asso-
ciated with the given indices. If no collection of indices is provided, then all tags on the configuration are
returned.

Parameters
indices (list | int) – The indices to check. Default: All indices.

Returns
The set union of tags present on the provided indices.

Return type
set

transverseElectrodeRepetitions()

Returns
The transverse electrode repetitions.

Return type
list (size 2) of list (size 2) of int

uniqueElements(ordered=False)

Parameters
ordered (bool) – If the elements should be returned in ascending order by atomic number.

Returns
The unique elements contained in the configuration.

Return type
list of PeriodicTableElement

uniqueString()

Return a unique string representing the state of the object.

update(force_restart=False)
A self-consistent solution is generated, using the currently set calculator.

Parameters
force_restart (bool) – Force the self-consistent calculation to restart. Default: False.

velocities()

Returns
The velocities of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type velocity
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Usage Examples

Construct a device system consisting of a hydrogen molecule connected with two chains of Lithium atoms:

# Define A,B directions of lattice
vector_a = [5.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.0, 0.0]*Angstrom

# setup electrode
electrode = BulkConfiguration(

bravais_lattice=UnitCell(vector_a, vector_b,
[0.0, 0.0, 9.0]*Angstrom),

elements=[Lithium, Lithium, Lithium],
cartesian_coordinates=[[ 2.5, 2.5, 1.5],

[ 2.5, 2.5, 4.5],
[ 2.5, 2.5, 7.5]]*Angstrom

)

# setup Central region
central_region = BulkConfiguration(

bravais_lattice= UnitCell(vector_a, vector_b,
[0.0, 0.0, 22.0]*Angstrom),

elements=[Lithium, Lithium, Lithium, Hydrogen, Hydrogen,
Lithium, Lithium, Lithium],

cartesian_coordinates=[[ 2.5, 2.5, 1.5],
[ 2.5, 2.5, 4.5],
[ 2.5, 2.5, 7.5],
[ 2.5, 2.5, 10.5],
[ 2.5, 2.5, 11.5],
[ 2.5, 2.5, 14.5],
[ 2.5, 2.5, 17.5],
[ 2.5, 2.5, 20.5]]*Angstrom

)

#setup Device configuration
device_configuration = DeviceConfiguration(

central_region,
[electrode, electrode]
)

li_h2_li.py

Construct a device system from bulk lithium with transverse electrode repetitions:

# Set up the left minimal electrode with 2 Li atoms.
left_electrode_lattice = Hexagonal(3.111*Angstrom, 5.093*Angstrom)
left_electrode_elements = [Lithium, Lithium]
left_electrode_coordinates = [[ 0.333333333333, 0.666666666667, 0.25 ],

[ 0.666666666667, 0.333333333333, 0.75 ]]

left_electrode = BulkConfiguration(
bravais_lattice=left_electrode_lattice,
elements=left_electrode_elements,
fractional_coordinates=left_electrode_coordinates,

(continues on next page)
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(continued from previous page)

)

# Use the same electrode as the right electrode.
right_electrode = left_electrode

# Define transverse electrode repetitions; 2 repetitions
# in A and 3 in B for both electrodes.
transverse_electrode_repetitions = [[2, 3], [2, 3]]

# Create the repeated electrode and repeat it 4 times along
# C to create the central region. In this manner, the atoms in the electrode
# extensions will match the repeated electrodes.
repeated_left_electrode = left_electrode.repeat(

transverse_electrode_repetitions[0][0],
transverse_electrode_repetitions[0][1],
1)

central_region = repeated_left_electrode.repeat(1, 1, 4)

# Change one of the atoms at the center of the central region to make a non-homogeneous␣
→˓device.
central_region_lattice = central_region.bravaisLattice()
central_region_elements = central_region.elements()
central_region_coordinates = central_region.fractionalCoordinates()

central_region_elements[24] = Hydrogen

central_region = BulkConfiguration(
bravais_lattice=central_region_lattice,
elements=central_region_elements,
fractional_coordinates=central_region_coordinates,
)

# Set up the device configuration with transverse repetitions.
device_configuration = DeviceConfiguration(

central_region=central_region,
electrodes=[left_electrode, right_electrode],
transverse_electrode_repetitions=transverse_electrode_repetitions,
)

device_transverse.py

Notes

ATK recognizes four types of atomic geometries:

• Molecules (MoleculeConfiguration)

• Bulk (BulkConfiguration)

• One Probe (SurfaceConfiguration)

• Two Probe (DeviceConfiguration)

A two-probe setup is created by attaching two bulk electrodes to the left and the right of a central region. The properties
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within the electrode regions are fixed at their bulk properties, whereas the central region is described self-consistently.
The device configuration must fulfill the following properties:

• The electrodes and the central BulkConfiguration objects must have the same cell vectors in the A and B direction.
If transverse_electrode_repetitions have been specified, the electrodes are assumed to be the minimal,
irreducible ones in the A and B directions. In this case, the electrode unit cell vectors in the A and B directions
multiplied by the transverse electrode repetitions must equal the central region’s lattice vectors.

• The C direction must be perpendicular to the A and B directions.

• The first atoms in the central region must be positioned identically to the atoms in the left electrode (repeated by
the correponding repetitions in A and B if transverse_electrode_repetitions have been specified) when
the central region AB faces are aligned with the AB faces of the electrodes. See Fig. 4.11 for an example.

• Similarly, the last atoms in the central region must be positioned identically to the atoms in the right (repeated)
electrode. See Fig. 4.11 for an example.

• The parameter equivalent_electrode_lengths can be used to control the number of electrode repeats along
the C direction in the electrode extensions of the central region. The sum of the left and right equivalent elec-
trode lenghts cannot exceed the lenght of the central region. Fig. 4.11 shows an example of two repeats of
both the left and right electrodes along C in the corresponding electrode extensions. If the left and right elec-
trode lengths are 5 and 7 Angstrom, respectively, this example corresponds to setting the parameter to the value
equivalent_electrode_lengths=[2 * 5.0, 2 * 7.0] * Angstrom.

If there is structural periodicity in the electrodes in the A and/or B directions, using the minimal, irreducible elec-
trodes and specifying the corresponding transverse_electrode_repetitions can speed up the device calculation
significantly and reduce memory usage.

Fig. 4.11: Example of the constituents of a device system with 2 electrodes. The constituents are the left electrode,
central region, and right electrode. The central region of the device is marked with a gray color, and the electrode
extension regions of the central region are also shown. In this case, the repeated left electrode consists of four repetitions
of the minimal electrode along the B direction, whereas the repeated right electrode consists of two repetitions along
B of the corresponding minimal electrode, i.e., transverse_electrode_repetitions=[[1, 4], [1, 2]] (note
that the A direction is not shown, and assumed not to have repetitions). Furthermore, the equivalent electrode lenghts
in the central region correspond to twice the length of the electrodes in the C direction.

Attention: If transverse_electrode_repetitions have been specified, the k_point_sampling of the
electrode_calculators in the device calculator (see DeviceLCAOCalculator and DeviceSemiEmpiricalCal-
culator) must be compatible with the k_point_sampling of the central region, i.e., the k-point density of the
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minimal electrodes along the A and B directions must be the same as the k-point density in the central region along
A and B.

Vacuum basis sets (ghost atoms) can be included in the DeviceConfiguration by specifying a ghost_atoms list for the
BulkConfiguration of the central and electrode regions.

DeviceDensityOfStates

class DeviceDensityOfStates(configuration, energies=None, kpoints=None, contributions=None,
self_energy_calculator=None, energy_zero_parameter=None,
infinitesimal=None)

Constructor for the Device Density of States object.

Parameters

• configuration (DeviceConfiguration) – The one or two-probe configuration with
attached calculator for which the density of states. should be calculated.

• energies (PhysicalQuantity of type energy.) – The energies for which the density of
states should be calculated. Default: numpy.linspace(-2., 2., 200)*eV

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid) – The k-points for which the density of states should be calculated.
Note that the k-points must be in the xy-plane. Default: MonkhorstPackGrid(na, nb)
where (na, nb) is the sampling used for the self-consistent calculation.

• contributions (Left | Right | All) – The density contributions to include in the density
of states. Default: All

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy
| SparseRecursionSelfEnergy | KrylovSelfEnergy) – The self
energy calculator to be used for the density of states. Default:
RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy.) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy.) – Small energy, used to move the
density of states calculation away from the real axis. This is only relevant for recursion-
style self-energy calculators. Default: 1.0e-6*eV

bias()

Returns
The applied bias.

Return type
PhysicalQuantity type voltage.

electrodeFermiLevels()

Returns
The Fermi levels of the left and right electrodes in absolute energies.

Return type
PhysicalQuantity of type energy.
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electrodeFermiTemperatures()

Returns
The Fermi temperature of the left and right electrodes used in this density of states.

Return type
PhysicalQuantity of type temperature.

electrodeVoltages()

Returns
The left and right electrode_voltages used in this density of states spectrum.

Return type
PhysicalQuantity of type voltage.

elements()

Returns
The elements in the configuration used for generating the density of states.

Return type
list of PeriodicTableElement

energies()

Returns
The energies used in this density of states.

Return type
PhysicalQuantity of type energy.

energyZero()

Returns
The energy zero used for the energy scale in this density of states.

Return type
PhysicalQuantity of type energy.

evaluate(spin=None, projection_list=None)
Evaluate the density of states.

Parameters

• spin (Spin) – The spin component. Default: Spin.Sum

• projection_list (ProjectionList) – ProjectionList with projections to in-
clude in the density of states. Default: ProjectionList(range(n_left,
n_central-n_right))

Returns
The density of states for the given spin component. For the spin Spin.All, a list containing
the density of states for Spin.Sum, Spin.X, Spin.Y and Spin.Z is returned.

Return type
PhysicalQuantity | list(4) of PhysicalQuantity

infinitesimal()

Returns
The infinitesimal used for calculating the density of states.
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Return type
PhysicalQuantity of type energy.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfElectrodeAtoms()

Returns
The number of atoms in each electrode in the configuration used for generating the density
of states.

Return type
tuple of int.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

spins()

Returns
The spins used in this density of states.

Return type
tuple of spin component flags.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the DeviceDensityOfStates (DDOS) of a Li-H2-Li system:

# setup Huckel calculation for Li-H2-Li device

electrode_lattice = UnitCell([8., 0., 0.]*Angstrom,
[0., 8., 0.]*Angstrom,
[0., 0., 8.7]*Angstrom)

electrode_elements = [Lithium, Lithium, Lithium]
electrode_coordinates = [ [ 4., 4., 1.45+i*2.9] for i in range(3)]*Angstrom

(continues on next page)
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(continued from previous page)

electrode = BulkConfiguration(
bravais_lattice=electrode_lattice,
elements=electrode_elements,
cartesian_coordinates=electrode_coordinates
)

lattice = UnitCell([8., 0., 0.]*Angstrom,
[0., 8., 0.]*Angstrom,
[0., 0., 37.376]*Angstrom)

elements = [Lithium,]*6 +[Hydrogen,]*2+[Lithium,]*6

coordinates = [ [ 4., 4., 1.45+i*2.9] for i in range(6)] + \
[ [ 4., 4., 18.286+i*0.8] for i in range(2)] + \
[ [ 4., 4., 21.426+i*2.9] for i in range(6)]

central_region = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
cartesian_coordinates=coordinates*Angstrom
)

device_configuration = DeviceConfiguration(
central_region,
[electrode, electrode]
)

calculator = DeviceHuckelCalculator(
iteration_control_parameters = NonSelfconsistent,
)

device_configuration.setCalculator(calculator)

device_configuration.update()
nlsave('device.nc', device_configuration)

#setup energies, and calculate DOS
energies = numpy.linspace(-2,3,100) * eV
dos = DeviceDensityOfStates(device_configuration, energies=energies)
nlsave('device.nc', dos)

device.py

Plot the projected density of states (PDOS) for the non-surface atoms of the central region:

# read the dos
dos = nlread('device.nc',DeviceDensityOfStates)[0]
conf = nlread('device.nc', DeviceConfiguration)[0]
energies = dos.energies()

# calculate projection on atoms in the central region
dos_projection = [dos.evaluate(projection_list = ProjectionList([i])) \

for i in range(3,11)]
(continues on next page)
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(continued from previous page)

# plot the projections
import pylab
pylab.figure()
for i in range(3,11):

label = conf.elements()[i].symbol()+'('+str(i)+')'
pylab.plot(energies.inUnitsOf(eV),dos_projection[i-3].inUnitsOf(eV**-1), \

label = label)
pylab.legend()
pylab.xlabel("Energy (eV)")
pylab.ylabel("dos (1/eV)")
pylab.show()

dos.py

Fig. 4.12: The density of states of the Li-H2-Li systems projected onto the atoms in the central region. Note that half
of the curves are not visible because they fall on top of the other curves due to symmetry.

Calculate the contribution to the density of states from scattering states originating in the left electrode:

conf = nlread('device.nc',DeviceConfiguration)[0]

(continues on next page)
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(continued from previous page)

#setup energies
energies = numpy.linspace(-2,3,100) * eV

#calculate the dos from the Left electrode
dos = DeviceDensityOfStates(conf, energies=energies, contributions=Left)

#calculate the projections on the atoms in the central region
dos_projection = [

dos.evaluate(projection_list = ProjectionList([i])) for i in range(3,11)
]

#plot the data
import pylab
pylab.figure()
for i in range(3,11):

label = conf.elements()[i].symbol()+'('+str(i)+')'
pylab.plot(

energies.inUnitsOf(eV),
dos_projection[i-3].inUnitsOf(eV**-1),
label=label
)

pylab.legend()
pylab.xlabel("Energy (eV)")
pylab.ylabel("dos (1/eV)")
pylab.show()

dos_left.py

Do the k-point average of the DOS:

dos = DeviceDensityOfStates(conf,
kpoints=MonkhorstPackGrid(4,4),
energies=energies,
contributions=Left)

Notes

The routine utilizes the symmetries of the configuration to reduce the computational load for k-point averaging.

The DeviceDensityOfStates (DDOS) 𝐷(𝐸) is computed via the spectral density matrix 𝜌(𝐸) = 𝜌𝐿(𝐸) + 𝜌𝑅(𝐸)
(cf. The non-equilibrium Green’s function (NEGF) method) where 𝐿/𝑅 denotes the contribution from the left/right
electrode (see the keyword contributions above).

The local density of states (LDOS) is defined as

𝐷(𝐸, r) =
∑︁
𝑖𝑗

𝜌𝑖𝑗(𝐸)𝜑𝑖(r)𝜑𝑗(r),

where we note that the basis set orbitals 𝜑𝑖(r) are real functions in QuantumATK through the use of solid harmonics.

The device density of states is then obtained by integrating the LDOS over all space:

𝐷(𝐸) =

∫︁
𝑑r𝐷(𝐸, r) =

∑︁
𝑖𝑗

𝜌𝑖𝑗(𝐸)𝑆𝑖𝑗 ,
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Fig. 4.13: The density of states from the left electrode of the Li-H2-Li systems projected onto the atoms in the central
region. Note how the density of states in the right lithium atoms is reduced due do damping of the propagation by the
hydrogen molecule.
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where 𝑆𝑖𝑗 =
∫︀
𝜑𝑖(r)𝜑𝑗(r)𝑑r is the overlap matrix. Introducing 𝑀𝑖(𝐸) =

∑︀
𝑗 𝜌𝑖𝑗(𝐸)𝑆𝑖𝑗 , we may write this as

𝐷(𝐸) =
∑︁
𝑖

𝑀𝑖(𝐸),

where thus𝑀𝑖(𝐸) can be seen as the contribution to the DDOS from orbital 𝑖. 𝑀𝑖(𝐸) is a spectral MullikenPopulation,
with

𝑀𝑖 =

∫︁
𝑀𝑖(𝐸)𝑓

(︂
𝐸 − 𝜇

𝑘𝐵𝑇

)︂
𝑑𝐸.

𝑀𝑖(𝐸) can be summed over orbitals of a particular angular momentum and/or over one or several atoms to give the
projected device density of states (PDDOS). This can also be plotted in QuantumATK. The projection is specified via
the projection_list keyword to the evaluate() method (see above).

DeviceHuckelCalculator

class DeviceHuckelCalculator(electrode_calculators=None, basis_set=None, pair_potentials=None,
numerical_accuracy_parameters=None, iteration_control_parameters=None,
device_algorithm_parameters=None, weighting_scheme=None,
poisson_solver=None, contour_parameters=None, electrode_voltages=None,
electrode_temperatures=None, checkpoint_handler=None,
spin_polarization=None, dynamical_matrix_parameters=None,
hamiltonian_derivatives_parameters=None, parallel_parameters=None)

Class for representing calculations using the extended Huckel Model for DeviceConfigurations.

Parameters

• electrode_calculators (tuple of HuckelCalculator) – A tuple of
HuckelCalculator objects containing a calculator for each electrode.

• basis_set (list of HuckelBasisParameters) – An object describing the basis set used
for the Extended-Huckel calculation. Default: HoffmannHuckelParameters.All

• pair_potentials (PairPotential) – The repulsive pair potentials used for total en-
ergy and force calculations. Default: No pair potential

• numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent Huckel calculation.
Default:

NumericalAccuracyParameters(
density_mesh_cutoff=10.0*Hartree,
k_point_sampling=MonkhorstPackGrid(1, 1, 100),
radial_step_size=0.01*Angstrom,
density_cutoff=1.0e-6,
interaction_max_range=10*Angstrom,
number_of_reciprocal_points=1024,
reciprocal_energy_cutoff=1250.0*Hartree,
occupation_method=FermiDirac(300.0*Kelvin))

• iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for the self- consistent Huckel calculation.
For non-self-consistent calculations set this parameter to NonSelfconsistent.
Default: NonSelfconsistent.
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• device_algorithm_parameters (DeviceAlgorithmParameters) – The
DeviceAlgorithmParameters used for the device simulation. Default:

DeviceAlgorithmParameters(
initial_density_type=NeutralAtom(

electrode_constraint_length=10.0*Angstrom),
electrode_constraint=ElectrodeConstraint.Off,
self_energy_calculator_real=RecursionSelfEnergy(

storage_strategy=SaveInMemory(),
tolerance=1.0e-13,
maximum_iteration=400),

self_energy_calculator_complex=RecursionSelfEnergy(
storage_strategy=SaveInMemory(),
tolerance=1.0e-13,
maximum_iteration=400),

non_equilibrium_method=GreensFunction(),
equilibrium_method=GreensFunction(),
store_grids=True,
store_basis_on_grid=Automatic,
scf_restart_step_length=0.1*Angstrom,
enforce_different_electrodes=False)

Note that the electrode constraint for a SurfaceConfiguration will be set to
ElectrodeConstraint.DensityMatrix(electrode_constraint_length=10.
0*Angstrom.

• weighting_scheme (HoffmannWeighting | WolfsbergWeighting) – The weighting
scheme used for calculating off-site matrix elements of the Huckel Hamiltonian. Default:
WolfsbergWeighting

• poisson_solver (DirectSolver | MultigridSolver | FastFourier2DSolver) –
The Poisson solver used to determine the electrostatic potential. Default: Configuration
dependent. FastFourier2DSolver for a DeviceConfiguration without any metallic
or dielectric SpatialRegion. For others: MultigridSolver. The default boundary
conditions are [PeriodicBoundaryCondition, PeriodicBoundaryCondition,
DirichletBoundaryCondition].

• contour_parameters (ContourParameters) – The parameters used for the complex
contour integration. Default:

ContourParameters(
equilibrium_contour=SemiCircleContour(

integral_lower_bound=1.5*Hartree,
circle_eccentricity=0.3,
logarithmic_bunching=0.3,
circle_points=30,
fermi_line_points=10,
fermi_function_poles=8),

non_equilibrium_contour=RealAxisContour(
real_axis_point_density=0.001*Hartree,
real_axis_infinitesimal=0.001*Hartree,
real_axis_kbt_padding_factor=5.0),

method=DoubleContour())

• electrode_voltages (PhysicalQuantity of type electrical potential) – The voltages ap-
plied to the two electrodes. Default: (0.0, 0.0) * Volt
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• electrode_temperatures (Sequence of PhysicalQuantity of type temperature) – The
temperatures used in the Fermi-Dirac distribution of the electrodes. They represent the
physical temperatures used for the integration of the transmission spectra. Default: (300,
300) * Kelvin

• checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
specifying the save-file and the time interval. between saving the calculation during the
scf-loop. Default: A default CheckpointHandler object.

• spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) –
Flag indicating if the calculation is spin-polarized or not. Default: Unpolarized

• dynamical_matrix_parameters (not used) – Deprecated: from v2015, see the
DynamicalMatrix analysis object.

• hamiltonian_derivatives_parameters (not used) – Deprecated: from v2015,
see the HamiltonianDerivatives analysis object.

• parallel_parameters (ParallelParameters) – The pa-
rameters used to control parallelization options. Default:
ParallelParameters(processes_per_saddle_search=1)

basisSet()

Returns
The basis set.

Return type
list of HuckelBasisParameters

checkpointHandler()

Returns
The CheckpointHandler used for specifying the save-file and the time interval. between
saving the calculation during the scf-loop.

Return type
CheckpointHandler

contourParameters()

Returns
The contour integral parameters.

deviceAlgorithmParameters()

Returns
The device algorithm parameters.

Return type
DeviceAlgorithmParameters

dynamicalMatrixParameters()

This method is deprecated.

electrodeCalculators()

Returns
The electrode calculator of each electrode.

Return type
list of SemiEmpiricalCalculator
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electrodeTemperatures()

Returns
The electrode temperatures.

Return type
Sequence of PhysicalQuantity of type temperature.

electrodeVoltages()

Returns
The electrode voltages as PhysicalQuantity of length 2.

Return type
PhysicalQuantity of type electrical potential

hamiltonianDerivativesParameters()

This method is deprecated.

hamiltonianParametrization()

Returns
The Hamiltonian parametrization associated with a semi-empirical calculator.

Return type
SemiEmpiricalHamiltonianParametrization

isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool

iterationControlParameters()

Returns
The IterationControlParameters used for a self-consistent calculation. For non-self-
consistent calculations this parameter is NonSelfconsistent.

Return type
IterationControlParameters

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

numberOfSpins()

Returns
The number of spins.

Return type
int
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numericalAccuracyParameters()

Returns
The NumericalAccuracyParameters used for the self-consistent Huckel calculation.

Return type
NumericalAccuracyParameters

pairPotentials()

Returns
The repulsive pair potentials used for total energy and force calculations.

Return type
PairPotential

parallelParameters()

Returns
The parameters used to control parallelization options.

Return type
ParallelParameters

poissonSolver()

Returns
The Poisson solver used to determine the electrostatic potential.

Return type
DirectSolver | MultigridSolver | FastFourierSolver | FastFourier2DSolver

setCheckpointHandler(checkpoint_handler)
Set the the checkpoint handler.

Parameters
checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
specifying the save-file and the time interval. between saving the calculation during the
scf-loop.

setHamiltonianParametrization(hamiltonian_parametrization)
Set and check the Hamiltonian parametrization.

Parameters
hamiltonian_parametrization (HamiltonianParametrization) – An object de-
scribing the Hamiltonian parametrization for the semi-empirical calculation.

setIterationControlParameters(iteration_control_parameters)
Set the iteration control parameters.

Parameters
iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for a self-consistent calculation. For non-
self-consistent calculations this parameter is NonSelfconsistent.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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setNumericalAccuracyParameters(numerical_accuracy_parameters)
Set the numerical accuracy parameters.

Parameters
numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent Huckel calculation.

setPairPotentials(pair_potentials)
Set the pair potentials.

Parameters
pair_potentials (PairPotential) – The repulsive pair potentials used for total energy
and force calculations.

setParallelParameters(parallel_parameters)
Set the parallel paramters.

Parameters
parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options.

setPoissonSolver(poisson_solver)
Set the poisson solver.

Parameters
poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver used to determine the electrostatic poten-
tial.

setSpinPolarization(spin_polarization)
Set the spin polarization.

Parameters
spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) – Flag
indicating if the calculation is spin-polarized or not.

spinPolarization()

Returns
Flag indicating if the calculation is spin-polarized or not.

Return type
Unpolarized | Polarized | Noncollinear | SpinOrbit

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Private method for updating the calculator from the configuration, if it is possible @private

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str
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weightingScheme()

Returns
The weighting scheme used for calculating off-site matrix elements of the Huckel Hamil-
tonian.

Return type
HoffmannWeighting | WolfsbergWeighting

Attention: The DeviceHuckelCalculator is being deprecated. Use the DeviceSemiEmpiricalCalculator with the
HuckelHamiltonianParametrization instead.

Usage Examples

Define a DeviceHuckelCalculator with user defined NumericalAccuracyParameters, MultigridSolver, and DoubleCon-
tourIntegralParameters

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=10.*Units.Hartree,
k_point_sampling=(3,2,100),
interaction_max_range=10.*Angstrom,
)

electrode_poisson_solver = MultigridSolver(
boundary_conditions=[PeriodicBoundaryCondition,

PeriodicBoundaryCondition,
PeriodicBoundaryCondition]

)

poisson_solver = MultigridSolver(
boundary_conditions=[PeriodicBoundaryCondition,

PeriodicBoundaryCondition,
DirichletBoundaryCondition]

)

electrode_calculator = HuckelCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
poisson_solver=electrode_poisson_solver
)

contour_parameters = DoubleContourIntegralParameters(
integral_lower_bound=5.0*Units.Hartree
)

device_calculator = DeviceHuckelCalculator(
electrode_calculators=[electrode_calculator,electrode_calculator],
contour_parameters=contour_parameters,
numerical_accuracy_parameters=numerical_accuracy_parameters,
poisson_solver=poisson_solver,
electrode_voltages=(0.2*Volt, -0.3*Volt)
)

Perform a voltage sweep, and calculate I-V characteristics
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calculator = DeviceHuckelCalculator()
device_configuration = DeviceConfiguration(...)

# Define voltages for voltage ramp, [0.0,0.1, ..., 1.0]*Volt
voltages = numpy.linspace(0.0,1.0,11)*Volt
for v in voltages:

# Set the calculator on the configuration using the old calculation as starting␣
→˓input.

device_configuration.setCalculator(
calculator(electrode_voltages=(0*Volt,v)),
initial_state=device_configuration,
)

# Calculate the transmission
t = TransmissionSpectrum(device_configuration)

# Calculate the current.
current = t.current()
print t.bias(), t.current()

Perform a gate bias scan

calculator = DeviceHuckelCalculator()
device_configuration = DeviceConfiguration(...)
metal_region = BoxRegion(...)

# Define gate_voltages for scan, [0.0,0.1, ..., 1.0]*Volt
gate_voltage=numpy.linspace(0.0,1.0,11)*Volt
for v in gate_voltage:

device_configuration.setMetallicRegions(
[metallic_region(value = gate_voltage)]
)

# Set the calculator on the configuration using the old calculation as starting␣
→˓input.

device_configuration.setCalculator(
calculator(),
initial_state=device_configuration,

)

# Calculate the transmission
t = TransmissionSpectrum(device_configuration)

# Calculate the conductance
print t.bias(), t.conductance()
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Notes

The parameters for the constructor of a DeviceHuckelCalculator object and the parameters of its electrode calculators
must fulfill the following conditions: In case the user does not set an electrode parameter, QuantumATK will generate
that parameter using the rules below.

• The NumericalAccuracyParameters must be the same for the electrodes and the device. The central region of the
device does not use k-points in the C-direction and this parameter is only used for the electrodes. The electrodes
need a very dense k-point sampling in the C direction.

• The poisson_solver must be set to either the FastFourier2DSolver (default, and normally recommended) or
the MultigridSolver or DirectSolver in case electrostatic gates and/or dielectric regions are included. The same
boundary conditions in the A and B directions must be used for the electrodes as for the device calculator. In
the C directions the user setting is ignored and the program always uses PeriodicBoundaryCondition for the
electrodes and DirichletBoundaryCondition for the device.

• The electrode_voltages give rise to a shift of the Fermi levels of the electrodes by −𝑒𝑉bias , where 𝑉bias is
the applied bias. Thus, a higher 𝑉bias on the right electrode than the left gives rise to an electron flow from left
to right, corresponding to an electrical current from right to left (the current will be negative in this case; see
TransmissionSpectrum).

For the details of the extended-Hückel model, see the chapter on Semi Empirical.

DeviceLCAOCalculator

class DeviceLCAOCalculator(electrode_calculators=None, basis_set=None, exchange_correlation=None,
numerical_accuracy_parameters=None, iteration_control_parameters=None,
device_algorithm_parameters=None, poisson_solver=None,
contour_parameters=None, electrode_voltages=None,
electrode_temperatures=None, checkpoint_handler=None,
dynamical_matrix_parameters=None, correction_extension=None,
hamiltonian_derivatives_parameters=None, parallel_parameters=None,
solvation_parameters=None)

The constructor for the DeviceLCAOCalculator.

Parameters

• electrode_calculators (list of LCAOCalculator) – Two calculators, one for each
electrode.

• basis_set (list | tuple | BasisSet) – An object describing the basis set used for the
LCAO calculation. This keyword can be given in three ways.

1. As a single BasisSet object.

2. As a tuple (string, BasisSet). The string must match a tag on the atom in order to be
applied.

3. As a sequence of entries matching either of the above formats

Default: BasisGGASG15.Medium

• exchange_correlation (ExchangeCorrelation) – The exchange correlation func-
tional for this calculation. Default: GGA.PBE

• numerical_accuracy_parameters (NumericalAccuracyParameters) – The nu-
merical accuracy parameters used for the DFT calculation. Default:
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NumericalAccuracyParameters(
density_mesh_cutoff=75*Hartree,
k_point_sampling=MonkhorstPackGrid(1, 1, 100),
radial_step_size=0.001*Bohr,
density_cutoff=1e-6,
interaction_max_range=20*Angstrom,
number_of_reciprocal_points=1024,
reciprocal_energy_cutoff=1250*Hartree,
occupation_method=FermiDirac(1000*Kelvin))

• iteration_control_parameters (IterationControlParameters |
NonSelfconsistent) – The iteration control parameters used for the DFT calcu-
lation. For non-self-consistent calculations set this parameter to NonSelfconsistent.
Default:

IterationControlParameters(
tolerance=1e-4,
max_steps=100,
algorithm=PulayMixer(),
damping_factor=0.1,
number_of_history_steps=20,
start_mixing_after_step=0,
mixing_variable=HamiltonianVariable,
linear_dependence_threshold=0.0,
preconditioner=Preconditioner.Off)

• device_algorithm_parameters (DeviceAlgorithmParameters) – The DeviceAl-
gorithmParameters used for the device simulation Default:

DeviceAlgorithmParameters(
initial_density_type=NeutralAtom(

electrode_constraint_length=10.0*Angstrom),
electrode_constraint=ElectrodeConstraint.Off,
self_energy_calculator_real=RecursionSelfEnergy(

storage_strategy=SaveInMemory(),
tolerance=1e-13,
maximum_iteration=400),

self_energy_calculator_complex=RecursionSelfEnergy(
storage_strategy=SaveInMemory(),
tolerance=1e-13,
maximum_iteration=400),

non_equilibrium_method=GreensFunction(),
equilibrium_method=GreensFunction(),
store_grids=True,
store_basis_on_grid=Automatic,
scf_restart_step_length=0.1*Angstrom,
enforce_different_electrodes=False)

Note that the electrode constraint for a SurfaceConfiguration will be set to
ElectrodeConstraint.DensityMatrix(electrode_constraint_length=10.
0*Angstrom.

• poisson_solver (DirectSolver | MultigridSolver | FastFourier2DSolver) –
The Poisson solver used to determine the electrostatic potential. Default: Configuration
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dependent. FastFourier2DSolver for a DeviceConfiguration without any metallic
or dielectric SpatialRegion. For others: MultigridSolver. The default boundary
conditions are [PeriodicBoundaryCondition, PeriodicBoundaryCondition,
DirichletBoundaryCondition].

• contour_parameters (ContourParameters) – The parameters used for the complex
contour integration. Default:

ContourParameters(
equilibrium_contour=SemiCircleContour(

integral_lower_bound=1.5*Hartree,
circle_eccentricity=0.3,
logarithmic_bunching=0.3,
circle_points=30,
fermi_line_points=10,
fermi_function_poles=8),

non_equilibrium_contour=RealAxisContour(
real_axis_point_density=0.001*Hartree,
real_axis_infinitesimal=0.001*Hartree,
real_axis_kbt_padding_factor=5.0),

method=DoubleContour())

• electrode_voltages (PhysicalQuantity of type electrical potential) – The voltages ap-
plied to the two electrodes. Default: (0.0, 0.0) * Volt.

• electrode_temperatures (Sequence of PhysicalQuantity of type temperature) – The
temperatures used in the Fermi-Dirac distribution of the electrodes. They represent the
physical temperatures used for the integration of the transmission spectra. Default: (300,
300) * Kelvin

• checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for spec-
ifying the save-file and the time interval between saving the calculation during the SCF-
loop. Default: A default CheckpointHandler object.

• dynamical_matrix_parameters (not used) – Deprecated: from v2015, see the
DynamicalMatrix analysis object.

• correction_extension (GrimmeDFTD2 | GrimmeDFTD3) – The correction extension to
used, when calculating energy, forces and stress. Default: None.

• hamiltonian_derivatives_parameters (not used) – Deprecated: from v2015,
see the HamiltonianDerivatives analysis object.

• parallel_parameters (ParallelParameters) – The pa-
rameters used to control parallelization options. Default:
ParallelParameters(processes_per_saddle_search=1)

• solvation_parameters (None | CosmoSolvationParameters) – Optional parame-
ters for a COSMO solvation model. If this is specified, the COSMO solvation model
contribution will be included in the SCF loop.

basisSet()

Returns
The basis set.

Return type
list
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checkpointHandler()

Returns
The checkpoint handler.

Return type
CheckpointHandler

contourParameters()

Returns
The contour parameters.

Return type
ContourParameters

correctionExtension()

Returns
The correction extension or None if not set.

Return type
GrimmeDFTD2 | GrimmeDFTD3 | None

deviceAlgorithmParameters()

Returns
The device algorithm parameters.

Return type
DeviceAlgorithmParameters

dynamicalMatrixParameters()

Return the DynamicalMatrixParameters. Deprecated.

Returns
None since the class DynamicalMatrixParameters is deprecated.

Return type
None

electrodeCalculators()

Returns
The electrode calculators.

Return type
list of LCAOCalculator

electrodeTemperatures()

Returns
The electrode temperatures.

Return type
Sequence of PhysicalQuantity of type temperature.

electrodeVoltages()

Returns
The electrode voltages.

Return type
PhysicalQuantity of type electrical potential
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exchangeCorrelation()

Returns
The exchange-correlation.

Return type
ExchangeCorrelation

hamiltonianDerivativesParameters()

Return the HamiltonianDerivativesParameters. Deprecated.

Returns
None since the class HamiltonianDerivativesParameters is deprecated.

Return type
None

isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool

iterationControlParameters()

Returns
The iteration control parameters.

Return type
IterationControlParameters

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

numericalAccuracyParameters()

Returns
The numerical accuracy parameters.

Return type
NumericalAccuracyParameters

parallelParameters()

Returns
The parallel parameters object.

Return type
ParallelParameters

poissonSolver()

Returns
The Poisson solver set on the calculator.

Return type
DirectSolver | MultigridSolver | FastFourierSolver | FastFourier2DSolver
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setBasisSet(basis_set)
Set the basis set.

Parameters
basis_set (list) – The basis set to use. The basis set is given as a sequence of BasisSet
objects for each element in the configuration.

setCheckpointHandler(checkpoint_handler)
Set the checkpoint handler.

Parameters
checkpoint_handler (CheckpointHandler) – The checkpoint handler to use.

setCorrectionExtension(correction_extension)
Set the iteration correction extension.

Parameters
correction_extension (GrimmeDFTD2 | GrimmeDFTD3 | None) – The correction exten-
sion to use.

setExchangeCorrelation(exchange_correlation)
Set the exchange-correlation.

Parameters
exchange_correlation (ExchangeCorrelation) – The exchange-correlation to use.

setIterationControlParameters(iteration_control_parameters)
Set the iteration control parameters.

Parameters
iteration_control_parameters (IterationControlParameters) – The iteration
control parameters to use.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setNumericalAccuracyParameters(numerical_accuracy_parameters)
Set the numerical accuracy parameters.

Parameters
numerical_accuracy_parameters (NumericalAccuracyParameters) – The numer-
ical accuracy parameters to use.

setParallelParameters(parallel_parameters)
Method for setting the parallel parameters.

Parameters
parallel_parameters (ParallelParameters | None) – The parallel parameters to set.
If None a default version of the parameters is used.

setPoissonSolver(poisson_solver)
Set the poisson solver.

Parameters
poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver to set on the calculator.
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setSolvationParameters(solvation_parameters)
Set the solvation parameters.

Parameters
solvation_parameters (CosmoSolvationParameters) – The solvent parameters to
use.

solvationParameters()

Returns
The solvation parameters.

Return type
CosmoSolvationParameters

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Private method for updating the calculator from the configuration, if it is possible @private

static validateExchangeCorrelation(exchange_correlation)
Validate the exchange-correlation.

Parameters
exchange_correlation (ExchangeCorrelation) – The exchange-correlation to use.

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str

Usage Examples

Define a DeviceLCAOCalculator with user defined NumericalAccuracyParameters, MultigridSolver, and DoubleCon-
tourIntegralParameters:

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=10.Hartree,
k_point_sampling=MonkhorstPackGrid(3,2,100),
interaction_max_range=10.*Angstrom,
)

electrode_poisson_solver = MultigridSolver(
boundary_conditions=[[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],

[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()]]

)

poisson_solver = MultigridSolver(
boundary_conditions=[[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],

[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],
[DirichletBoundaryCondition(),PeriodicBoundaryCondition()]]

(continues on next page)

836 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

(continued from previous page)

)

electrode_calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
poisson_solver=electrode_poisson_solver
)

contour_parameters = DoubleContourIntegralParameters(
integral_lower_bound=5.0*Hartree
)

device_calculator = DeviceLCAOCalculator(
electrode_calculators=[electrode_calculator,electrode_calculator],
contour_parameters=contour_parameters,
numerical_accuracy_parameters=numerical_accuracy_parameters,
poisson_solver=poisson_solver,
electrode_voltages=(0.2*Volt, -0.3*Volt)
)

Perform a voltage sweep and calculate I–V characteristics:

calculator = DeviceLCAOCalculator()
device_configuration = DeviceConfiguration(...)

# Define voltages for voltage ramp, [0.0,0.1, ..., 1.0]*Volt
voltages = numpy.linspace(0.0,1.0,11)*Volt
for v in voltages:

# Set the calculator on the configuration using the old calculation as starting␣
→˓input.

device_configuration.setCalculator(
calculator(electrode_voltages=(0*Volt,v)),
initial_state=device_configuration,
)

# Calculate the transmission
t = TransmissionSpectrum(device_configuration)

# Calculate the current.
current = t.current()
print t.bias(), t.current()

Perform a gate bias scan:

calculator = DeviceLCAOCalculator()
device_configuration = DeviceConfiguration(...)
metal_region = BoxRegion(...)

# Define gate_voltages for scan, [0.0,0.1, ..., 1.0]*Volt
gate_voltage=numpy.linspace(0.0,1.0,11)*Volt
for v in gate_voltage:

device_configuration.setMetallicRegions(
[metallic_region(value = gate_voltage)]

(continues on next page)
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(continued from previous page)

)

# Set the calculator on the configuration using the old calculation as starting␣
→˓input.

device_configuration.setCalculator(
calculator(),
initial_state=device_configuration,
)

# Calculate the transmission
t = TransmissionSpectrum(device_configuration)

# Calculate the conductance
print t.bias(), t.conductance()

Notes

The parameters for the constructor of a DeviceLCAOCalculator object and the parameters of its electrode calcula-
tors must fulfill the conditions given below. In case the user does not set an electrode parameter, QuantumATK will
automatically generate that parameter using these rules:

• The NumericalAccuracyParameters must be the same for the electrodes and the device. The central region of the
device does not use k-points in the C direction and this parameter is only used for the electrodes. The electrodes
need a very dense k-point sampling in the C direction. Note that if transverse_electrode_repetitions
have been specified for the DeviceConfiguration, the k-point density of the minimal electrodes along the A and
B directions must be the same as the k-point density in the central region along A and B.

• The poisson_solver parameter must be set to either the FastFourier2DSolver (default, and usually recom-
mended) or the MultigridSolver or DirectSolver in case electrostatic gates and/or dielectric regions are included.
The same boundary conditions in the A and B directions must be used for the electrodes as for the device calcu-
lator. In the C direction, the user setting is ignored and the program always uses PeriodicBoundaryCondition for
the electrodes and DirichletBoundaryCondition for the device.

• The electrode_voltages parameter gives rise to a shift of the Fermi levels of the electrodes by −𝑒 · 𝑉bias,
where 𝑉bias is the applied bias. Thus, a higher 𝑉bias on the right electrode than the left gives rise to an electron
flow from left to right, corresponding to an electrical current from right to left (the current will be negative in
this case; see TransmissionSpectrum).

DevicePerformanceProfile

class DevicePerformanceProfile(configuration, equilibrium_methods=None,
non_equilibrium_methods=None)

Class for performing timing and memory profiles of the different methods available for calculating the Green’s
function and lesser Green’s function.

Parameters

• configuration (DeviceConfiguration) – The device configuration with an attached
calculator to profile.
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• equilibrium_methods (GreensFunction | SparseGreensFunction | sequence of
(GreensFunction | SparseGreensFunction)) – The methods benchmarked for the
equilibrium calculation. If no methods should be benchmarked for the equilib-
rium calculation, an empty list can be specified. Default:: (GreensFunction,
SparseGreensFunction)

• non_equilibrium_methods – The methods benchmarked for the non-equilibrium cal-
culation. If no methods should be benchmarked for the non-equilibrium calculation, an
empty list can be specified. Default:: (GreensFunction, SparseGreensFunction)

equilibriumMethods()

Returns
The equilibrium methods profiled.

Return type
tuple of (GreensFunction | SparseGreensFunction)

memoryPeaks()

Get the peak memory usage across all processes for the different Green’s function methods. Every process
returns the same global peak memory usage.

Returns
The peak memory usages in MB.

Return type
dict

memoryPeaksSingleProcess()

Get the peak memory usage for the different Green’s function methods. Each process returns its own local
peak memory usage.

Returns
The peak memory usages in MB.

Return type
dict

memoryProfiles()

Get the memory usage over time for the different Green’s function methods. Each process returns its own
local memory usage.

Returns
The memory profiles in MB.

Return type
dict

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print out the profiling report.

Parameters
stream (file) – The stream to write to. This stream must support strings being written
to it using ‘write’. Default: sys.stdout

nonEquilibriumMethods()

Returns
The non-equilibrium methods profiled.

Return type
tuple of (GreensFunction | SparseGreensFunction)
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timings()

Get the timing results for the different Green’s function methods.

Returns
The timing results in seconds.

Return type
dict

uniqueString()

Return a unique string representing the state of the object.

Notes

This profiler helps to pick the optimal values for the arguments equilibrium_method and
non_equilibrium_method in DeviceAlgorithmParameters. These arguments select the algorithms used to
calculate the Green’s function and lesser Green’s function.

For both equilibrium and non-equilibrium contour points the following methods are profiled:

• GreensFunction

• SparseGreensFunction

For each method the elapsed time and memory usage are reported.

Note: The profile is generated by spawning a child process. Not all clusters support this.

Usage Example

Investigate the optimal methods to calculate the (lesser) Green’s function for a carbon chain with the following script.

# -------------------------------------------------------------
# Left electrode
# -------------------------------------------------------------
# Set up lattice
vector_a = [6.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 6.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.8]*Angstrom
left_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)
# Define elements
left_electrode_elements = [Carbon, Carbon]
# Define coordinates
left_electrode_coordinates = [[ 3. , 3. , 1.45],

[ 3. , 3. , 4.35]]*Angstrom
# Set up configuration
left_electrode = BulkConfiguration(

bravais_lattice=left_electrode_lattice,
elements=left_electrode_elements,
cartesian_coordinates=left_electrode_coordinates
)

# -------------------------------------------------------------
# Right electrode

(continues on next page)
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# -------------------------------------------------------------
# Set up lattice
vector_a = [6.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 6.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.8]*Angstrom
right_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)
# Define elements
right_electrode_elements = [Carbon, Carbon]
# Define coordinates
right_electrode_coordinates = [[ 3. , 3. , 1.45],

[ 3. , 3. , 4.35]]*Angstrom
# Set up configuration
right_electrode = BulkConfiguration(

bravais_lattice=right_electrode_lattice,
elements=right_electrode_elements,
cartesian_coordinates=right_electrode_coordinates
)

# -------------------------------------------------------------
# Central region
# -------------------------------------------------------------
# Set up lattice
vector_a = [6.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 6.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 71.5]*Angstrom
central_region_lattice = UnitCell(vector_a, vector_b, vector_c)
# Define elements
central_region_elements = [Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon,␣
→˓Carbon,

Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon,␣
→˓Carbon,

Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon,␣
→˓Carbon]
# Define coordinates
central_region_coordinates = [[ 3. , 3. , 1.45],

[ 3. , 3. , 4.35],
[ 3. , 3. , 7.25],
[ 3. , 3. , 10.15],
[ 3. , 3. , 13.05],
[ 3. , 3. , 15.95],
[ 3. , 3. , 18.85],
[ 3. , 3. , 21.75],
[ 3. , 3. , 24.65],
[ 3. , 3. , 27.55],
[ 3. , 3. , 30.45],
[ 3. , 3. , 33.35],
[ 3. , 3. , 38.15],
[ 3. , 3. , 41.05],
[ 3. , 3. , 43.95],
[ 3. , 3. , 46.85],
[ 3. , 3. , 49.75],
[ 3. , 3. , 52.65],
[ 3. , 3. , 55.55],

(continues on next page)
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[ 3. , 3. , 58.45],
[ 3. , 3. , 61.35],
[ 3. , 3. , 64.25],
[ 3. , 3. , 67.15],
[ 3. , 3. , 70.05]]*Angstrom

# Set up configuration
central_region = BulkConfiguration(

bravais_lattice=central_region_lattice,
elements=central_region_elements,
cartesian_coordinates=central_region_coordinates
)

device_configuration = DeviceConfiguration(
central_region,
[left_electrode, right_electrode]
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

LDABasis.Carbon_SingleZeta,
]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = NCLDA.PZ

#----------------------------------------
# Poisson Solver Settings
#----------------------------------------
left_electrode_poisson_solver = FastFourier2DSolver(

boundary_conditions=[[PeriodicBoundaryCondition,PeriodicBoundaryCondition],
[PeriodicBoundaryCondition,PeriodicBoundaryCondition],
[PeriodicBoundaryCondition,PeriodicBoundaryCondition]]

)
right_electrode_poisson_solver = FastFourier2DSolver(

boundary_conditions=[[PeriodicBoundaryCondition,PeriodicBoundaryCondition],
[PeriodicBoundaryCondition,PeriodicBoundaryCondition],
[PeriodicBoundaryCondition,PeriodicBoundaryCondition]]

)

# Use the special noncollinear mixing scheme
iteration_control_parameters = IterationControlParameters(

algorithm=PulayMixer(noncollinear_mixing=True)
)

#----------------------------------------
# Electrode Calculators
#----------------------------------------

(continues on next page)
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left_electrode_calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
poisson_solver=left_electrode_poisson_solver,
)

right_electrode_calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
poisson_solver=right_electrode_poisson_solver,
)

#----------------------------------------
# Device Calculator
#----------------------------------------
calculator = DeviceLCAOCalculator(

basis_set=basis_set,
exchange_correlation=exchange_correlation,
iteration_control_parameters = iteration_control_parameters,
electrode_calculators=

[left_electrode_calculator, right_electrode_calculator],
)

device_configuration.setCalculator(calculator)

# Create the performance profile and print a report.
device_performance_profile = DevicePerformanceProfile(device_configuration)
nlprint(device_performance_profile)

device_performance_profile.py

Here is an example of the output you might get by running with 2 MPI processes:

+------------------------------------------------------------------------------+
| Device Performance Profile (2 processes) |
+------------------------------------------------------------------------------+
| Contour point timing (s): |
| EQ NEQ |
| GreensFunction 0.01 0.01 |
| SparseGreensFunction 0.03 0.02 |
| |
| Fastest EQ method (by 5.1 times): GreensFunction |
| Fastest NEQ method (by 2.9 times): GreensFunction |
+------------------------------------------------------------------------------+
| Peak memory usage/process (MB): |
| EQ NEQ |
| GreensFunction 292.73 295.70 |
| SparseGreensFunction 295.27 301.52 |
| |
| Most memory-efficient EQ method (by 1.0 times): GreensFunction |
| Most memory-efficient NEQ method (by 1.0 times): GreensFunction |
+------------------------------------------------------------------------------+

We can see that, in this case, GreensFunction is faster for calculating both equilibrium and non-equilibrium contour
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points. In terms of memory efficienty, the two methods are almost identical.

It is important to note that the timings given are for a single contour point run in parallel across all MPI processes. In a
real device calculation many contour points are used, and the best performance is obtained when running with 1 process
per contour point. It is therefore appropriate to run DevicePerformanceProfile with the same number of processes that
will be specified in processes_per_contour_point.

DeviceSemiEmpiricalCalculator

class DeviceSemiEmpiricalCalculator(hamiltonian_parametrization=None, electrode_calculators=None,
pair_potentials=None, numerical_accuracy_parameters=None,
iteration_control_parameters=None,
device_algorithm_parameters=None, poisson_solver=None,
contour_parameters=None, electrode_voltages=None,
electrode_temperatures=None, checkpoint_handler=None,
spin_polarization=None, parallel_parameters=None)

Class for representing calculations using semi-empirical models for DeviceConfigurations.

Parameters

• hamiltonian_parametrization (HuckelHamiltonianParametrization |
SlaterKosterHamiltonianParametrization | NRLHamiltonianParametrization)
– An object describing the Hamiltonian parametrization for the semi-empirical calcula-
tion.

• electrode_calculators (tuple of SemiEmpiricalCalculator) – A tuple of
SemiEmpiricalCalculator objects containing a calculator for each electrode.

• pair_potentials (PairPotential) – The repulsive pair potentials used for total en-
ergy and force calculations. Default: No pair potential

• numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent semi-empirical calcula-
tion. Default:

NumericalAccuracyParameters(
density_mesh_cutoff=10.0*Hartree,
k_point_sampling=MonkhorstPackGrid(1, 1, 100),
radial_step_size=0.01*Angstrom,
density_cutoff=1.0e-6,
interaction_max_range=10*Angstrom,
number_of_reciprocal_points=1024,
reciprocal_energy_cutoff=1250.0*Hartree,
occupation_method=FermiDirac(300.0*Kelvin))

• iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for the self- consistent semi-empirical calcula-
tion. For non-self-consistent calculations set this parameter to NonSelfconsistent.
Default: NonSelfconsistent.

• device_algorithm_parameters (DeviceAlgorithmParameters) – The
DeviceAlgorithmParameters used for the device simulation. Default:
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DeviceAlgorithmParameters(
initial_density_type=NeutralAtom(

electrode_constraint_length=10.0*Angstrom),
electrode_constraint=ElectrodeConstraint.Off,
self_energy_calculator_real=RecursionSelfEnergy(

storage_strategy=SaveInMemory(),
tolerance=1.0e-13,
maximum_iteration=400),

self_energy_calculator_complex=RecursionSelfEnergy(
storage_strategy=SaveInMemory(),
tolerance=1.0e-13,
maximum_iteration=400),

non_equilibrium_method=GreensFunction(),
equilibrium_method=GreensFunction(),
store_grids=True,
store_basis_on_grid=Automatic,
scf_restart_step_length=0.1*Angstrom,
enforce_different_electrodes=False)

Note that the electrode constraint for a SurfaceConfiguration will be set to
ElectrodeConstraint.DensityMatrix(electrode_constraint_length=10.
0*Angstrom.

• poisson_solver (DirectSolver | MultigridSolver | FastFourier2DSolver) –
The Poisson solver used to determine the electrostatic potential. Default: Configuration
dependent. FastFourier2DSolver for a DeviceConfiguration without any metallic
or dielectric SpatialRegion. For others: MultigridSolver. The default boundary
conditions are [PeriodicBoundaryCondition, PeriodicBoundaryCondition,
DirichletBoundaryCondition].

• contour_parameters (ContourParameters) – The parameters used for the complex
contour integration. Default:

ContourParameters(
equilibrium_contour=SemiCircleContour(

integral_lower_bound=1.5*Hartree,
circle_eccentricity=0.3,
logarithmic_bunching=0.3,
circle_points=30,
fermi_line_points=10,
fermi_function_poles=8),

non_equilibrium_contour=RealAxisContour(
real_axis_point_density=0.001*Hartree,
real_axis_infinitesimal=0.001*Hartree,
real_axis_kbt_padding_factor=5.0),

method=DoubleContour())

• electrode_voltages (PhysicalQuantity of type electrical potential) – The voltages ap-
plied to the two electrodes. Default: (0.0, 0.0) * Volt

• electrode_temperatures (Sequence of PhysicalQuantity of type temperature) – The
temperatures used in the Fermi-Dirac distribution of the electrodes. They represent the
physical temperatures used for the integration of the transmission spectra. Default: (300,
300) * Kelvin

• checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
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specifying the save-file and the time interval. between saving the calculation during the
scf-loop. Default: A default CheckpointHandler object.

• spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) –
Flag indicating if the calculation is spin-polarized or not. Default: Unpolarized

• parallel_parameters (ParallelParameters) – The pa-
rameters used to control parallelization options. Default:
ParallelParameters(processes_per_saddle_search=1)

basisSet()

Returns
The basis set associated with the Hamiltonian parametrization.

Return type
BasisSet

checkpointHandler()

Returns
The CheckpointHandler used for specifying the save-file and the time interval. between
saving the calculation during the scf-loop.

Return type
CheckpointHandler

contourParameters()

Returns
The contour integral parameters.

deviceAlgorithmParameters()

Returns
The device algorithm parameters.

Return type
DeviceAlgorithmParameters

electrodeCalculators()

Returns
The electrode calculator of each electrode.

Return type
list of SemiEmpiricalCalculator

electrodeTemperatures()

Returns
The electrode temperatures.

Return type
Sequence of PhysicalQuantity of type temperature.

electrodeVoltages()

Returns
The electrode voltages as PhysicalQuantity of length 2.

Return type
PhysicalQuantity of type electrical potential

846 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

hamiltonianParametrization()

Returns
The Hamiltonian parametrization associated with a semi-empirical calculator.

Return type
SemiEmpiricalHamiltonianParametrization

isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool

iterationControlParameters()

Returns
The IterationControlParameters used for a self-consistent calculation. For non-self-
consistent calculations this parameter is NonSelfconsistent.

Return type
IterationControlParameters

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

numberOfSpins()

Returns
The number of spins.

Return type
int

numericalAccuracyParameters()

Returns
The NumericalAccuracyParameters used for the self-consistent Huckel calculation.

Return type
NumericalAccuracyParameters

pairPotentials()

Returns
The repulsive pair potentials used for total energy and force calculations.

Return type
PairPotential

parallelParameters()

Returns
The parameters used to control parallelization options.

Return type
ParallelParameters
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poissonSolver()

Returns
The Poisson solver used to determine the electrostatic potential.

Return type
DirectSolver | MultigridSolver | FastFourierSolver | FastFourier2DSolver

setCheckpointHandler(checkpoint_handler)
Set the the checkpoint handler.

Parameters
checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
specifying the save-file and the time interval. between saving the calculation during the
scf-loop.

setHamiltonianParametrization(hamiltonian_parametrization)
Set and check the Hamiltonian parametrization.

Parameters
hamiltonian_parametrization (HamiltonianParametrization) – An object de-
scribing the Hamiltonian parametrization for the semi-empirical calculation.

setIterationControlParameters(iteration_control_parameters)
Set the iteration control parameters.

Parameters
iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for a self-consistent calculation. For non-
self-consistent calculations this parameter is NonSelfconsistent.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setNumericalAccuracyParameters(numerical_accuracy_parameters)
Set the numerical accuracy parameters.

Parameters
numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent Huckel calculation.

setPairPotentials(pair_potentials)
Set the pair potentials.

Parameters
pair_potentials (PairPotential) – The repulsive pair potentials used for total energy
and force calculations.

setParallelParameters(parallel_parameters)
Set the parallel paramters.

Parameters
parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options.
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setPoissonSolver(poisson_solver)
Set the poisson solver.

Parameters
poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver used to determine the electrostatic poten-
tial.

setSpinPolarization(spin_polarization)
Set the spin polarization.

Parameters
spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) – Flag
indicating if the calculation is spin-polarized or not.

spinPolarization()

Returns
Flag indicating if the calculation is spin-polarized or not.

Return type
Unpolarized | Polarized | Noncollinear | SpinOrbit

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Private method for updating the calculator from the configuration, if it is possible @private

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str

Usage Examples

Define a DeviceSemiEmpiricalCalculator with user defined NumericalAccuracyParameters, MultigridSolver, Double-
ContourIntegralParameters, and a default HuckelHamiltonianParametrization.

# Define the numerical accuracy parameters and Poisson solvers.
numerical_accuracy_parameters = NumericalAccuracyParameters(

density_mesh_cutoff=10. * Hartree,
k_point_sampling=(3, 2, 100),
interaction_max_range=10. * Angstrom,
)

electrode_poisson_solver = MultigridSolver(
boundary_conditions=[PeriodicBoundaryCondition,

PeriodicBoundaryCondition,
PeriodicBoundaryCondition]

)

poisson_solver = MultigridSolver(
(continues on next page)
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boundary_conditions=[PeriodicBoundaryCondition,
PeriodicBoundaryCondition,
DirichletBoundaryCondition]

)

# Set up the default Huckel-type Hamiltonian parametrization
# and the electrode calculator.
hamiltonian_parametrization = HuckelHamiltonianParametrization()

electrode_calculator = SemiEmpiricalCalculator(
hamiltonian_parametrization=hamiltonian_parametrization,
numerical_accuracy_parameters=numerical_accuracy_parameters,
poisson_solver=electrode_poisson_solver
)

# Set up the contour parameters and the device calculator with
# non-zero electrode voltages.
contour_parameters = DoubleContourIntegralParameters(

integral_lower_bound=5.0 * Hartree
)

device_calculator = DeviceSemiEmpiricalCalculator(
hamiltonian_parametrization=hamiltonian_parametrization,
electrode_calculators=[electrode_calculator, electrode_calculator],
contour_parameters=contour_parameters,
numerical_accuracy_parameters=numerical_accuracy_parameters,
poisson_solver=poisson_solver,
electrode_voltages=(0.2 * Volt, -0.3 * Volt)
)

Notes

The parameters for the constructor of a DeviceSemiEmpiricalCalculator object and the parameters of its electrode
calculators must fulfill the following conditions: In case the user does not set an electrode parameter, QuantumATK
will generate that parameter using the rules below.

• The NumericalAccuracyParameters must be the same for the electrodes and the device. The central region of the
device does not use k-points in the C direction and this parameter is only used for the electrodes. The electrodes
need a very dense k-point sampling in the C direction. Note that if transverse_electrode_repetitions
have been specified for the DeviceConfiguration, the k-point density of the minimal electrodes along the A and
B directions must be the same as the k-point density in the central region along A and B.

• The poisson_solver must be set to either the FastFourier2DSolver (default, and normally recommended) or
the MultigridSolver or DirectSolver in case electrostatic gates and/or dielectric regions are included. The same
boundary conditions in the A and B directions must be used for the electrodes as for the device calculator. In
the C directions the user setting is ignored and the program always uses PeriodicBoundaryCondition for the
electrodes and DirichletBoundaryCondition for the device.

• The electrode_voltages give rise to a shift of the Fermi levels of the electrodes by −𝑒𝑉bias , where 𝑉bias is
the applied bias. Thus, a higher 𝑉bias on the right electrode than the left gives rise to an electron flow from left
to right, corresponding to an electrical current from right to left (the current will be negative in this case; see
TransmissionSpectrum).
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For the usage and details of the different Hamiltonian parametrizations, see HuckelHamiltonianParametrization,
SlaterKosterHamiltonianParametrization and NRLHamiltonianParametrization.

DeviceSlaterKosterCalculator

class DeviceSlaterKosterCalculator(electrode_calculators=None, basis_set=None, pair_potentials=None,
numerical_accuracy_parameters=None,
iteration_control_parameters=None,
device_algorithm_parameters=None, poisson_solver=None,
contour_parameters=None, electrode_voltages=None,
electrode_temperatures=None, checkpoint_handler=None,
spin_polarization=None, dynamical_matrix_parameters=None,
hamiltonian_derivatives_parameters=None,
parallel_parameters=None)

The constructor for the DeviceSlaterKosterCalculator.

Parameters

• electrode_calculators (list of SlaterKosterCalculator) – A list of
SlaterKosterCalculator objects containing a calculator for each electrode.

• basis_set (SlaterKosterTable | DFTBDirectory | HotbitDirectory) – An object
describing the basis set used for the SlaterKoster calculation.

• pair_potentials (DFTBDirectory | HotbitDirectory | list of PairPotential) –
The repulsive pair potentials used for total energy and force calculations Default: No pair
potential

• numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent SlaterKoster calculation.
Default:

NumericalAccuracyParameters(
density_mesh_cutoff=10*Hartree,
k_point_sampling=MonkhorstPackGrid(1, 1, 100),
radial_step_size=0.01*Angstrom,
density_cutoff=1e-6,
interaction_max_range=10*Angstrom,
number_of_reciprocal_points=1024,
reciprocal_energy_cutoff=1250*Hartree,
occupation_method=FermiDirac(300*Kelvin))

• iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for the self-consistent SlaterKoster calcula-
tion. For non-self-consistent calculations set this parameter to NonSelfconsistent.
Default: NonSelfconsistent

• device_algorithm_parameters (DeviceAlgorithmParameters) – The
DeviceAlgorithmParameters used for the device simulation Default:

DeviceAlgorithmParameters(
initial_density_type=NeutralAtom(

electrode_constraint_length=10.*Angstrom),
electrode_constraint=ElectrodeConstraint.Off,

(continues on next page)
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self_energy_calculator_real=RecursionSelfEnergy(
storage_strategy=SaveInMemory(),
tolerance=1e-13,
maximum_iteration=400),

self_energy_calculator_complex=RecursionSelfEnergy(
storage_strategy=SaveInMemory(),
tolerance=1e-13,
maximum_iteration=400),

non_equilibrium_method=GreensFunction(),
equilibrium_method=GreensFunction(),
store_grids=True,
store_basis_on_grid=Automatic,
scf_restart_step_length=0.1*Angstrom,
enforce_different_electrodes=False)

Note that the electrode constraint for a SurfaceConfiguration will be set to
ElectrodeConstraint.DensityMatrix(electrode_constraint_length=10.
0*Angstrom.

• poisson_solver (DirectSolver | MultigridSolver | FastFourier2DSolver) –
The Poisson solver used to determine the electrostatic potential. Default: Configuration
dependent. FastFourier2DSolver for a DeviceConfiguration without any metallic
or dielectric SpatialRegion. For others: MultigridSolver. The default boundary
conditions are [PeriodicBoundaryCondition, PeriodicBoundaryCondition,
DirichletBoundaryCondition].

• contour_parameters (ContourParameters) – The parameters used for the complex
contour integration. Default:

ContourParameters(
equilibrium_contour=SemiCircleContour(

integral_lower_bound=1.5*Hartree,
circle_eccentricity=0.3,
logarithmic_bunching=0.3,
circle_points=30,
fermi_line_points=10,
fermi_function_poles=8),

non_equilibrium_contour=RealAxisContour(
real_axis_point_density=0.001*Hartree,
real_axis_infinitesimal=0.001*Hartree,
real_axis_kbt_padding_factor=5.0),

method=DoubleContour())

• electrode_voltages (PhysicalQuantity of type electrical potential) – The voltages ap-
plied to the electrodes as a PhysicalQuantity of length 2. Default: (0.0, 0.0) * Volt

• electrode_temperatures (Sequence of PhysicalQuantity of type temperature) – The
temperatures used in the Fermi-Dirac distribution of the electrodes. They represent the
physical temperatures used for the integration of the transmission spectra. Default: (300,
300) * Kelvin

• checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
specifying the save-file and the time interval. between saving the calculation during the
scf-loop. Default: A default CheckpointHandler object.
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• spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) –
Flag indicating if the calculation is spin-polarized or not. Default: Unpolarized

• dynamical_matrix_parameters (not used) – Deprecated: from v2015, see the
DynamicalMatrix analysis object.

• hamiltonian_derivatives_parameters (not used) – Deprecated: from v2015,
see the HamiltonianDerivatives analysis object.

• parallel_parameters (ParallelParameters) – The pa-
rameters used to control parallelization options. Default:
ParallelParameters(processes_per_saddle_search=1)

basisSet()

Returns
The basis set associated with the Hamiltonian parametrization.

Return type
BasisSet

checkpointHandler()

Returns
The CheckpointHandler used for specifying the save-file and the time interval. between
saving the calculation during the scf-loop.

Return type
CheckpointHandler

contourParameters()

Returns
The contour integral parameters.

deviceAlgorithmParameters()

Returns
The device algorithm parameters.

Return type
DeviceAlgorithmParameters

dynamicalMatrixParameters()

This method is deprecated.

electrodeCalculators()

Returns
The electrode calculator of each electrode.

Return type
list of SemiEmpiricalCalculator

electrodeTemperatures()

Returns
The electrode temperatures.

Return type
Sequence of PhysicalQuantity of type temperature.
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electrodeVoltages()

Returns
The electrode voltages as PhysicalQuantity of length 2.

Return type
PhysicalQuantity of type electrical potential

hamiltonianDerivativesParameters()

This method is deprecated.

hamiltonianParametrization()

Returns
The Hamiltonian parametrization associated with a semi-empirical calculator.

Return type
SemiEmpiricalHamiltonianParametrization

isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool

iterationControlParameters()

Returns
The IterationControlParameters used for a self-consistent calculation. For non-self-
consistent calculations this parameter is NonSelfconsistent.

Return type
IterationControlParameters

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

numberOfSpins()

Returns
The number of spins.

Return type
int

numericalAccuracyParameters()

Returns
The NumericalAccuracyParameters used for the self-consistent Huckel calculation.

Return type
NumericalAccuracyParameters

854 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

pairPotentials()

Returns
The repulsive pair potentials used for total energy and force calculations.

Return type
PairPotential

parallelParameters()

Returns
The parameters used to control parallelization options.

Return type
ParallelParameters

poissonSolver()

Returns
The Poisson solver used to determine the electrostatic potential.

Return type
DirectSolver | MultigridSolver | FastFourierSolver | FastFourier2DSolver

setBasisSet(basis_set)
Set the basis set.

Parameters
basis_set (SlaterKosterTable | DFTBDirectory | HotbitDirectory) – An object
describing the basis set used for the calculation.

setCheckpointHandler(checkpoint_handler)
Set the the checkpoint handler.

Parameters
checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
specifying the save-file and the time interval. between saving the calculation during the
scf-loop.

setHamiltonianParametrization(hamiltonian_parametrization)
Set and check the Hamiltonian parametrization.

Parameters
hamiltonian_parametrization (HamiltonianParametrization) – An object de-
scribing the Hamiltonian parametrization for the semi-empirical calculation.

setIterationControlParameters(iteration_control_parameters)
Set the iteration control parameters.

Parameters
iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for a self-consistent calculation. For non-
self-consistent calculations this parameter is NonSelfconsistent.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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setNumericalAccuracyParameters(numerical_accuracy_parameters)
Set the numerical accuracy parameters.

Parameters
numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent Huckel calculation.

setPairPotentials(pair_potentials)
Set the pair potentials.

Parameters
pair_potentials (PairPotential) – The repulsive pair potentials used for total energy
and force calculations.

setParallelParameters(parallel_parameters)
Set the parallel paramters.

Parameters
parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options.

setPoissonSolver(poisson_solver)
Set the poisson solver.

Parameters
poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver used to determine the electrostatic poten-
tial.

setSpinPolarization(spin_polarization)
Set the spin polarization.

Parameters
spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) – Flag
indicating if the calculation is spin-polarized or not.

spinPolarization()

Returns
Flag indicating if the calculation is spin-polarized or not.

Return type
Unpolarized | Polarized | Noncollinear | SpinOrbit

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Private method for updating the calculator from the configuration, if it is possible @private

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str
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Attention: The DeviceSlaterKosterCalculator is being deprecated. Use the DeviceSemiEmpiricalCalculator with
the SlaterKosterHamiltonianParametrization instead.

Usage Examples

Define a DeviceSlaterKosterCalculator with a Vogl tight-binding basis (see also SlaterKosterTable)

calculator = Deviceslaterkostercalculator(
basis_set=Vogl.Silicon_Basis,
)

Restart a DeviceSlaterKosterCalculator calculation using the self-consistent state from a previous calculation

# Read in the DeviceConfiguration with the old SCF state
old_calculation=nlread("filename.nc", DeviceConfiguration)[0]

# Define the DeviceConfiguration with similar number of atoms
new_calculation=DeviceConfiguration(...)

# extract the old calculator
old_calculator = old_calculation.calculator()

# make a clone of the old calculator
new_calculator = old_calculator()

# Attach the calculator and use the old initial state
new_calculation.setCalculator(new_calculator, initial_state=old_calculation)

Notes

The parameters for the constructor of a DeviceSlaterKosterCalculator object and the parameters of its electrode calcu-
lators must fulfill the conditions below. If the user has not set an electrode parameter, QuantumATK will then generate
the parameter using the rules below:

• The NumericalAccuracyParameters must be the same for the electrodes and the device. The central region of the
device does not use k-points in the C-direction and this parameter is only used for the electrodes. The electrodes
need a very dense k-point sampling in the C direction.

• The poisson_solver must be set to the MultigridSolver or the DirectSolver with the same boundary conditions
in the A and B directions for the electrodes and device. In the C directions the user setting is ignored and the
program always uses PeriodicBoundaryCondition for the electrodes and DirichletBoundaryCondition
for the device.

• The electrode_voltages give rise to a shift of the Fermi levels of the electrodes by −𝑒𝑉bias, where 𝑉bias is
the applied bias. Thus, a positive 𝑉bias on the right electrode, gives rise to an electron flow from left to right,
corresponding to an electrical current from right to left.

For the details of the Slater-Koster model, see the chapter on Semi Empirical.
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DiagonalizationSolver

class DiagonalizationSolver(bands_above_fermi_level=None, processes_per_kpoint=None,
optimize_for_speed_over_memory=None)

Calculate the density matrix by direct diagonalization.

Parameters

• bands_above_fermi_level (int | Automatic | All) – The number of bands above the
Fermi level. Must be either a non-negative integer, All or Automatic. When set to All
the total number of bands will be equal to the total number of basis functions. When set to
Automatic an adaptive method will be used. For most systems, Automatic provides a
major speed-up as compared to All. If the number of states above the Fermi level changes
significantly from one diagonalization step to another, the adapative method may lead to
slowing down of the calculation. Default: Automatic

• processes_per_kpoint (int) – The number of processes to use per kpoint. Must be
a positive integer. Default: The number will be determined automatically from the to-
tal number of k-points and processes such as to keep the number as small as possible.
One may set this number manually in order to reduce the memory requirements for each
process.

• optimize_for_speed_over_memory (bool) – Whether to optimize the diagonalization
for speed over memory. If True, the solver will determine the most optimal algorithm in
terms of speed. Note that optimizing for speed can increase the memory usage by up to
30 %. Note also that this flag only has an effect if processes_per_kpoint=1, or the
automatic value for processes_per_kpoint=1 turns out to be 1. It is intended to be
used for medium-sized to large systems with many k-points. Default: False

bandsAboveFermiLevel()

Returns
The initial guess for the number of bands above the Fermi level.

Return type
int | All

optimizeForSpeedOverMemory()

Returns
Whether the diagonalization should be optimized for speed over memory.

Return type
bool

processesPerKpoint()

Returns
Number of processes per kpoint.

Return type
int

uniqueString()

Return a unique string representing the state of the object.
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Usage Example

Define a density matrix method that uses the DiagonalizationSolver:

algorithm_parameters = AlgorithmParameters(
density_matrix_method = DiagonalizationSolver())

Notes

Diagonalization algorithm

The library used for diagonalization of the LCAO Hamiltonian depends on the value of the parameter
processes_per_kpoint:

• LAPACK is used when a single processor is used for each k-point, i.e. processes_per_kpoint=1.

• ELPA1 is used when more than one processor is used for each k-point, e.g. processes_per_kpoint=2.

Number of bands included in the diagonalization

When the parameter bands_above_fermi_level is set to Automatic (default), the diagonalization solver uses an
adaptive method. The method determines the number of occupied bands to include when diagonalizing the Hamiltonian
after each diagonalization step. Then, it increases the number of occupied states by a large enough margin such that
the next diagonalization step is guaranteed to include all occupied bands.

Attention: If the number of bands above the Fermi level is too low such that not all occupied states are included, the
diagonalization is repeated with an increased number of bands. This can slow down the calculation, and therefore
setting bands_above_fermi_level manually is not recommended.

The behavior of bands_above_fermi_levelwith regard to the spin type UNPOLARIZED, POLARIZED, and NON-
COLLINEAR is described in Notes of the Bandstructure analysis object.

DielectricTensor

class DielectricTensor(configuration, dynamical_matrix, optical_spectrum, born_effective_charge,
phonon_modes=None, q_point=None, charge_sum_rule_method=None,
polarity_tolerance=None, broadening=None)

Constructor for the static dielectric tensor object.

Parameters

• configuration (BulkConfiguration) – The bulk configuration with an attached cal-
culator for which to calculate the dielectric tensor.

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix to calculate the
phonon modes from (incl. polar phonon splitting).

1 A. Marek, V. Blum, R. Johanni, V. Havu, B. Lang, T. Auckenthaler, A. Heinecke, H.-J. Bungartz, and H. Lederer. The elpa library: scalable
parallel eigenvalue solutions for electronic structure theory and computational science. Journal of Physics: Condensed Matter, 26(21):213201,
2014. doi:10.1088/0953-8984/26/21/213201.
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• optical_spectrum (OpticalSpectrum) – The optical spectrum object from which to
get the electronic contribution to the dielectric tensor.

• born_effective_charge (BornEffectiveCharge) – The born effective charge object
calculated by the user. This is used for the ionic contribution to the dielectric tensor.

• phonon_modes (list with positive ints | All) – The phonon modes to include. Default:
All (All phonon modes are included).

• q_point (list of 3 floats) – The fractional q-point to use for phonon modes and
polar correction. Default: [0.0, 0.0, 0.0]

• charge_sum_rule_method (None | DistributeEvenly | DistributeRelative.) –
Keyword specifying if a charge sum-rule should be applied to the Born effective charges.
Can be None for no sum-rule application. Alternatively the charge error is either dis-
tributed evenly (DistributeEvenly) or relative (DistributeRelative) to the Born
effective charges on the atoms. Default: None

• polarity_tolerance (float) – Unit-less tolerance used to control when modes should
be considered non-polar. This is helpful to avoid numerical errors for acoustic modes with
vanishing frequency. Default: 1e-6

• broadening (PhysicalQuantity of type energy) – The broadening parameter used for the
spectra. Default: 0.25 * meV (~2 cm1)

absorption(contribution=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Sum'>)

Parameters
contribution – NLFlag to determine the contributions to include. If Sum, the sum of
the electronic and ionic contribution is returned. If Electronic or Ionic, only the electronic
or ionic contributions are returned.

Returns
The absorption tensor for the contribution. If contribution is Sum or Electronic, the
dimension is (3, 3, N), where N is the number of energies. If contribution is Ionic,
the dimension is (M, 3, 3, N), where N is the number of energies and M is the number of
phonon modes.

Return type
ndarray.

broadening()

Returns
The broadening parameter used for the spectra.

Return type
PhysicalQuantity of type energy.

dielectricTensor(contribution=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Sum'>)

Parameters
contribution (Sum | Electronic | Ionic) – NLFlag to determine the contribu-
tions to include. If Sum, the sum of the electronic and ionic contribution is returned.
If Electronic or Ionic, only the electronic or ionic contributions are returned.

Returns
The real part of the dielectric constant tensor. If contribution is Sum or Electronic,
the dimension is (3, 3, N), where N is the number of energies. If contribution is Ionic,
the dimension is (M, 3, 3, N), where N is the number of energies and M is the number of
phonon modes.
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Return type
Dimensionless ndarray.

electronicDielectricTensor()

Returns
The electronic dielectric constant tensor - i.e. excluding the ionic contribution. Dimension
is (3, 3, N), where N is the number of energies.

Return type
Dimensionless ndarray.

energies()

Returns
The energies used for the spectrum.

Return type
PhysicalQuantity of type energy.

evaluate()

Returns
The static dielectric constant tensor - i.e. including the ionic contribution. Dimension is
(3, 3, N), where N is the number of energies.

Return type
Dimensionless ndarray.

evaluateImaginaryPolarizability()

Function for evaluating the imaginary part of the polarizability.

Returns
A list of imaginary parts of the polarizability tensors [electronic, static, ionic].

Return type
PhysicalQuantity with the unit Hartree**3 * vacuum_permitivity

evaluatePolarizability()

Function for evaluating the real part of the polarizability.

Returns
A list of real parts of the polarizability tensors [electronic, static, ionic].

Return type
PhysicalQuantity with the unit Hartree**3 * vacuum_permitivity

extinctionCoefficient(contribution=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Sum'>)

Parameters
contribution (Sum | Electronic | Ionic) – NLFlag to determine the contribu-
tions to include. If Sum, the sum of the electronic and ionic contribution is returned.
If Electronic or Ionic, only the electronic or ionic contributions are returned.

Returns
The extinction coefficient including the ionic contribution. If contribution is Sum
or Electronic, the dimension is (3, 3, N), where N is the number of energies. If
contribution is Ionic, the dimension is (M, 3, 3, N), where N is the number of en-
ergies and M is the number of phonon modes.

Return type
Dimensionless ndarray.
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imaginaryDielectricTensor(contribution=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Sum'>)

Parameters
contribution – NLFlag to determine the contributions to include. If Sum, the sum of
the electronic and ionic contribution is returned. If Electronic or Ionic, only the electronic
or ionic contributions are returned.

Returns
The imaginary part of the dielectric constant tensor. If contribution is Sum or
Electronic, the dimension is (3, 3, N), where N is the number of energies. If
contribution is Ionic, the dimension is (M, 3, 3, N), where N is the number of en-
ergies and M is the number of phonon modes.

Return type
Dimensionless ndarray.

imaginaryElectronicDielectricTensor()

Returns
The electronic dielectric constant tensor - i.e. excluding the ionic contribution. Dimension
is (3, 3, N), where N is the number of energies.

Return type
Dimensionless ndarray.

imaginaryIonicDielectricTensor()

Returns
The ionic part of the static dielectric constant tensor. Dimension is (M, 3, 3, N), where N
is the number of energies and M is the number of phonon modes.

Return type
Dimensionless ndarray.

imaginaryStaticDielectricTensor()

Returns
The static dielectric constant tensor - i.e. including the ionic contribution. Dimension is
(3, 3, N), where N is the number of energies.

Return type
Dimensionless ndarray.

imaginarySusceptibility(contribution=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Sum'>)

Parameters
contribution – NLFlag to determine the contributions to include. If Sum, the sum of
the electronic and ionic contribution is returned. If Electronic or Ionic, only the electronic
or ionic contributions are returned.

Returns
Imaginary part of the susceptibility for the contribution.

Return type
numpy.ndarray.

infraredOscillatorStrength()

Returns
The infrared oscillator strength tensor. Dimension is (M, 3, 3) where M is the number of
phonon modes.

862 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

Return type
Dimensionless complex ndarray.

ionicDielectricTensor()

Returns
The ionic part of the static dielectric constant tensor. Dimension is (M, 3, 3, N), where N
is the number of energies and M is the number of phonon modes.

Return type
Dimensionless ndarray.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

opticalConductivity(contribution=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Sum'>)

Parameters
contribution – NLFlag to determine the contributions to include. If Sum, the sum of
the electronic and ionic contribution is returned. If Electronic or Ionic, only the electronic
or ionic contributions are returned.

Returns
The optical conductivity tensor for the contribution. If contribution is Sum or
Electronic, the dimension is (3, 3, N), where N is the number of energies. If
contribution is Ionic, the dimension is (M, 3, 3, N), where N is the number of en-
ergies and M is the number of phonon modes.

Return type
ndarray.

phononEigenvectors()

Returns
The phonon eigenvectors.

Return type
numpy.ndarray.

phononEnergies()

Returns
The phonon eigenenergies.

Return type
PhysicalQuantity of type energy.

phononModes()

Query method for the phonon modes.

4.13. Full QuantumATK package 863



QuantumATK V-2023.12 Documentation

Returns
The list of phonon mode indices used in the calculation.

Return type
list of int.

phononWaveNumbers()

Returns
The phonon wave numbers calculated from the phonon frequencies.

Return type
PhysicalQuantity of type inverse length.

polarity()

Returns
The infrared polarity of the phonon modes. Dimension is (M, 3) where M is the number
of phonon modes.

Return type
PhysicalQuantity with the unit charge/(mass^0.5); specifically elementary_charge
/ electron_mass^(0.5).

qpoint()

Returns
The q-point for which the phonon modes and Raman signals are calculated.

Return type
ndarray with 3 floats.

realSusceptibility(contribution=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Sum'>)

Parameters
contribution – NLFlag to determine the contributions to include. If Sum, the sum of
the electronic and ionic contribution is returned. If Electronic or Ionic, only the electronic
or ionic contributions are returned.

Returns
Real part of the susceptibility for the contribution.

Return type
numpy.ndarray.

reflectivity(contribution=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Sum'>)

Parameters
contribution – NLFlag to determine the contributions to include. If Sum, the sum of
the electronic and ionic contribution is returned. If Electronic or Ionic, only the electronic
or ionic contributions are returned.

Returns
The reflectivity tensor for the contribution. If contribution is Sum or Electronic, the
dimension is (3, 3, N), where N is the number of energies. If contribution is Ionic,
the dimension is (M, 3, 3, N), where N is the number of energies and M is the number of
phonon modes.

Return type
Dimensionless ndarray.

864 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

refractiveIndex(contribution=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Sum'>)

Parameters
contribution (Sum | Electronic | Ionic) – NLFlag to determine the contribu-
tions to include. If Sum, the sum of the electronic and ionic contribution is returned.
If Electronic or Ionic, only the electronic or ionic contributions are returned.

Returns
The refractive index including the ionic contribution. If contribution is Sum or
Electronic, the dimension is (3, 3, N), where N is the number of energies. If
contribution is Ionic, the dimension is (M, 3, 3, N), where N is the number of en-
ergies and M is the number of phonon modes.

Return type
Dimensionless ndarray.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

staticDielectricTensor()

Returns
The static dielectric constant tensor - i.e. including the ionic contribution. Dimension is
(3, 3, N), where N is the number of energies.

Return type
Dimensionless ndarray.

uniqueString()

Return a unique string representing the state of the object.

vibrationalMode()

Returns
A VibrationalMode object for the calculated modes.

Return type
VibrationalMode

Usage Examples

Calculate the static DielectricTensor of a configuration including both ionic and electronic contributions.

dielectric_tensor = DielectricTensor(
configuration,
dynamical_matrix,
optical_spectrum,
born_effective_charge)

The dielectric tensor will be evaluated at the same energies as defined in the input optical spectrum object.
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Notes

The static (low frequency) dielectric response 𝜖(𝜔) = 𝜖0𝜖𝑟(𝜔) of polar materials consists of an electronic and a ionic
part:

𝜖𝑟,𝛼𝛽(𝜔) = 𝜖𝑒𝑙𝑒𝑐𝑟,𝛼𝛽(𝜔) + 𝜖𝑖𝑜𝑛𝑖𝑐𝑟,𝛼𝛽 (𝜔)

where 𝜖𝑟 is the unit-less relative permittivity and 𝛼, 𝛽 are Cartesian directions. The electronic part can be calculated
from the OpticalSpectrum while the ionic part is related to the BornEffectiveCharge and phonon modes. At high
frequency only the electrons can follow the optical field and the dynamic (high frequency) dielectric constant 𝜖∞𝑟,𝛼𝛽 =

𝜖𝑒𝑙𝑒𝑐𝑟,𝛼𝛽(0) is obtained by evaluating the electronic dielectric constant at zero frequency.

At low frequency the ions can also respond to an optical field. The ionic part is calculated as1

𝜖𝑖𝑜𝑛𝑖𝑐𝑟,𝛼𝛽 (𝜔) =
1

𝜖0Ω0

∑︁
𝜆

𝑆𝜆𝛼𝛽
𝜔2
𝜆 − 𝜔2 − 𝑖Γ𝜔

,

where we introduced a broadening Γ for each phonon mode Lorentz oscillator, Ω0 is the unit cell volume, 𝜖0 is the
vacuum permittivity and 𝑆𝜆𝛼𝛽 = 𝑝*𝜆𝛼 𝑝

𝜆
𝛽 is the mode oscillator strength which is related to the infrared mode polarity:

𝑝𝜆𝛼 =
∑︁
𝑖,𝛽

𝑍𝛼𝛽(𝑖)𝑒𝜆𝛽/
√
𝑚𝑖

𝑍𝛼𝛽(𝑖) is the Born effective charge tensor for atom 𝑖 with mass 𝑚𝑖 and 𝑒𝜆𝛽 is the eigendisplacement of phonon mode 𝜆
with frequency 𝜔𝜆.

Infrared spectrum

The refractive index, 𝑛 and extinction coefficient, 𝜅, are obtained from the real and imaginary parts of the square root
of the dielectric tensor (see also OpticalSpectrum):

𝑛+ 𝑖𝜅 =
√
𝜖𝑟 .

The reflectivity at the interface between a vacuum region and the material is given by

𝑅 =
(1 − 𝑛)2 + 𝜅2

(1 + 𝑛)2 + 𝜅2

The infrared spectrum is obtained by performing a dense energy sampling in the range of the vibrational frequency
range (typically up to 0.25 eV or correspondingly 2000 cm−1, depending on the material of interest).

The term infrared spectrum is used frequently for either the imaginary part of the dielectric tensor, Im(𝜖𝑟), the absorp-
tion coefficient 𝛼 = 2𝜔𝑐 𝜅 where 𝑐 is the speed of light, and the transmittance, 𝑇 = 1 − 𝑟 throughout literature.

When 𝛼(𝜔) = 0, with corresponding 𝑇 (𝜔) = 1, the material is transparent at that frequency.
1 Xavier Gonze and Changyol Lee. Dynamical matrices, Born effective charges, dielectric permittivity tensors, and interatomic force constants

from density-functional perturbation theory. Phys. Rev. B, 55(16):10355, April 1997. doi:10.1103/PhysRevB.55.10355.
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Usage Example

This example script illustrates the workflow of the DielectricTensor calculation, using a classical force field for the
phonons and DFT+1/2 for the electronic structure, to obtain the infrared spectrum of SiO2 (Quatz):

filename = 'Quartz.hdf5'

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------
# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697 , 0. , 0. ],

[ 0. , 0.4697 , 0.666666666667],
[ 0.5303 , 0.5303 , 0.333333333333],
[ 0.4135 , 0.2669 , 0.1191 ],
[ 0.2669 , 0.4135 , 0.547567 ],
[ 0.7331 , 0.1466 , 0.785767 ],
[ 0.5865 , 0.8534 , 0.214233 ],
[ 0.8534 , 0.5865 , 0.452433 ],
[ 0.1466 , 0.7331 , 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Optimize Geometry
# -------------------------------------------------------------
# Define a classical calculator
potentialSet = Tersoff_SiO_2007()
calculator_classical = TremoloXCalculator(parameters=potentialSet)
calculator_classical.setVerletListsDelta(0.25 * Angstrom)

bulk_configuration.setCalculator(calculator_classical)

constraints = [BravaisLatticeConstraint()]
bulk_configuration = OptimizeGeometry(

bulk_configuration,
max_forces=0.001 * eV / Angstrom,
max_stress=0.01 * GPa,
max_steps=500,
max_step_length=0.2 * Angstrom,
constraints=constraints,

(continues on next page)
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(continued from previous page)

trajectory_filename=None,
)
nlsave(filename, bulk_configuration, object_id='bulk_configuration_classical')

# -------------------------------------------------------------
# Dynamical Matrix
# -------------------------------------------------------------
nrep = 5
dynamical_matrix = DynamicalMatrix(

bulk_configuration,
filename=filename,
object_id='dynamical_matrix',
repetitions=(nrep, nrep, nrep),
atomic_displacement=0.01 * Angstrom,
acoustic_sum_rule=True,
force_tolerance=1e-08 * Hartree / Bohr**2,
processes_per_displacement=1,
log_filename_prefix=None,
)

dynamical_matrix.update()

# -------------------------------------------------------------
# Set relaxed configuration with DFT calculator
# -------------------------------------------------------------
exchange_correlation = GGAHalf.PBE

k_point_sampling = MonkhorstPackGrid(
na=6,
nb=6,
nc=5,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=125.0*Hartree,
k_point_sampling=k_point_sampling,
occupation_method=FermiDirac(100.0*Kelvin*boltzmann_constant),
)

basis_set = [
BasisGGAPseudoDojo.Oxygen_Medium,
BasisGGAPseudoDojo.Silicon_Medium,
]

calculator = LCAOCalculator(
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
basis_set=basis_set,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave(filename, bulk_configuration, object_id='bulk_configuration_GGAHalf')

(continues on next page)
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(continued from previous page)

# -------------------------------------------------------------
# Optical spectrum
# -------------------------------------------------------------
energies = numpy.linspace(0, 0.17358, 1001) * eV
optical_spectrum = OpticalSpectrum(

configuration=bulk_configuration,
kpoints=MonkhorstPackGrid(26, 26, 20),
energies=energies,
broadening=0.1 * eV,
bands_below_fermi_level=1000,
bands_above_fermi_level=1000,

)
nlsave(filename, optical_spectrum, object_id='optical_spectrum')

# -------------------------------------------------------------
# Born effective charges
# -------------------------------------------------------------
# Setup Born effective class object.
nk, nk_off = 7, 3
# Perform calculation.
born_effective_charge = BornEffectiveCharge(

configuration=bulk_configuration,
kpoints_a=MonkhorstPackGrid(nk, nk_off, nk_off),
kpoints_b=MonkhorstPackGrid(nk_off, nk, nk_off),
kpoints_c=MonkhorstPackGrid(nk_off, nk_off, nk),
atomic_displacement=0.01 * Angstrom)

nlsave(filename, born_effective_charge, object_id='born_effective_charge')

# -------------------------------------------------------------
# Dielectric tensor
# -------------------------------------------------------------
dielectric_tensor = DielectricTensor(

configuration=bulk_configuration,
optical_spectrum=optical_spectrum,
dynamical_matrix=dynamical_matrix,
born_effective_charge=born_effective_charge,
)

nlsave(filename, dielectric_tensor, object_id='dielectric_tensor')

dielectric_tensor_infrared_spectrum.py

Notice that the energies at interest are defined in the input to the OpticalSpectrum object.

It is important to note that this example is only intended to give an overview of the capabilities of DielectricTensor.
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DiffractionPeak

class DiffractionPeak(q_value, cutoff_radius=None, included_atoms=None)
Class to calculate the intensity of the isotropic diffraction peak at the given q-value.

Parameters

• q_value (PhysicalQuantity of type inverse length) – The q-value at which the diffraction
peak should be calculated.

• cutoff_radius (PhysicalQuantity of type length) – The cutoff radius for the atomic
distances that should be included in the scattering function. Default: 10.0 Ang.

• included_atoms (PeriodicTableElement | str | list) – If not None, this pa-
rameter specifies the atoms between which the scattering function should be calculated.
Can be specified as element, list of elements, or list of indices. Default: All atoms.

calculateCVAndDerivatives(configuration)
Calculate the value, derivative, and virial of the diffraction peak.

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration | DistributedConfiguration) –
The configuration for which the diffraction peak should be calculated.

Returns
A tuple containing the value of the diffraction intensity (float), the derivatives with respect
to atomic positions (PhysicalQuantity of type inverse length), and the derivatives with re-
spect to the cell components (virial) (PhysicalQuantity of type inverse volume).

Return type
tuple

classmethod diffractionPlotData(configuration, q_values, cutoff_radius=None,
included_atoms=None)

Helper method to create the X-ray diffraction data for a range of q-values, e.g. to create a plot.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for
which the scattering plot should be calculated.

• q_values (PhysicalQuantity of type inverse length) – The q-values at which the x-ray
diffraction should be calculated.

• cutoff_radius (PhysicalQuantity of type length) – The cutoff radius for the atomic
distances that should be included in the scattering function. Default: 10.0 Ang.

• included_atoms (PeriodicTableElement | str | list) – If not None, this
parameter specifies the atoms between which the scattering function should be cal-
culated. Can be specified as element, list of elements, or list of indices. Default: All
atoms.

Returns
The isotropic X-ray diffraction intensity at the given q-values.

Return type
numpy.ndarray
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Usage Examples

Use the DiffractionPeak as collective variable in a SteeredMolecularDynamics to accelerate the crystallization
in an amorphous cobalt silicide configuration using the MomentTensorPotential.

# Set up the diffraction peak intensity at q=2.1/Ang as collective variable.
# The diffraction intensity is only calculated for Cobalt atoms.
diffraction_peak = DiffractionPeak(

cutoff_radius=10.0*Ang,
q_value=2.1/Ang,
included_atoms=[Cobalt],

)

# Set up the Steered MD with the diffraction peak intensity as collective variable.
# The object will be used as post-step-hook in the MD simulation.
hook_function = SteeredMolecularDynamics(

collective_variable=diffraction_peak,
velocity=300/1000/ps,
spring_constant=0.5*eV,
measurement_interval=50,

)

method = NVTNoseHoover(
initial_velocity=MaxwellBoltzmannDistribution(

temperature=1500.0*Kelvin
),
reservoir_temperature=1500.0*Kelvin,
thermostat_timescale=500.0*fs,

)

md_trajectory = MolecularDynamics(
configuration=last_image_2,
constraints=[

FixCenterOfMass()
],
trajectory_filename='CoSi2_bulk_crystallization.hdf5',
steps=1200000,
post_step_hook=hook_function,
measurement_hook=hook_function.measurements,
log_interval=5000,
method=method

)

crystallization_example.py

Calculate and plot the diffraction intensities for a SiO2 cristobalite crystal.

# Set up the q-values at which the diffraction intensity should be plotted.
n_points = 100
q_values = numpy.linspace(1.0, 6.0, n_points) / Ang

xray_intensities = DiffractionPeak.diffractionPlotData(sio2_cristobalite, q_values,␣
→˓cutoff_radius=12.0*Ang)
plot_model = Plot.PlotModel(Ang**-1)

(continues on next page)
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(continued from previous page)

line = Plot.Line(q_values, xray_intensities)
plot_model.addItem(line)
plot_model.setLimits()

plot_model.xAxis().setLabel('q')
plot_model.yAxis().setLabel('Intensity')

Plot.show(plot_model)

plot_diffraction_sio2_cristobalite.py

Notes

The DiffractionPeak object calculates the intensity of the isotropic X-ray diffraction (XRD) peak at a given scat-
tering vector 𝑞. The intensity of selected XRD peaks can be used as collective variable to accelerate the crystallization
of bulk and interface materials in biased MD simulations1.

The diffraction intensity is calculated asPage 872, 1:

𝐼(𝑄) =
1

𝑁

𝑁∑︁
𝑖=1

𝑁∑︁
𝑗=1

𝑓𝑖(𝑄)𝑓𝑗(𝑄)
sin(𝑄�̇�𝑖𝑗)

𝑄�̇�𝑖𝑗
𝑊 (𝑅𝑖𝑗)

where 𝑄 is the magnitude of the scattering vector, 𝑁 is the number of included atoms, 𝑊 (𝑅𝑖𝑗) is defined as

𝑊 (𝑅) =
sin(𝜋𝑅/𝑅𝑐)

𝜋𝑅/𝑅𝑐

and 𝑓𝑖(𝑄) are the form factors which are calculated as described in2 and XRayScattering.

Currently, the class can be used as collective variable in the SteeredMolecularDynamics hook object.

Before running a crystallization simulation, one should calculate the scattering plot over a range of q-vectors for the
targeted crystal material (see second example above) to identify a characteristic peak for that material and use the
corresponding q-value for the accelerated simulation. During the accelerated simulations the bias potential will try to
change (e.g. increase) the value of the collective variable and thereby drive the configuration e.g. towards a larger value
of the diffraction intensity. This normally results in a more pronounced ordering of the the atoms, which facilitates
crystallization. Note that this collective variable does not introduce any bias with respect to the orientation of the
crystal, as it acts only isotropically. Via the keyword included_atoms the peak intensity calculation can be restricted
to a subset of atoms, e.g. only a specific element, or a group of atoms identified by their indices. This can e.g. be used
if the difference in scattering intensity between disordered and crystalline structure is more pronounced for a sublattice,
or if one wants to study crystallization in the presence of an interface, where the acceleration should only act on the
atoms on one side of the interface.

Note, that currently this class does not support MPI domain decomposition in MolecularDynamics(), which is why
the MD simulation should be run with OpenMP threading instead.

1 H. Niu, P.M. Piaggi, M. Invernizzi, and Parrinello M. Molecular dynamics simulations of liquid silica crystallization. Proc. Natl. Acad. Sci.,
115(21):5348–5352, 2018. doi:https://doi.org/10.1073/pnas.1803919115.

2 G. Gutiérrez and B. Johansson. Molecular dynamics study of structural properties of amorphous al2o3. Phys. Rev. B, 65:104202, Feb 2002.
doi:10.1103/PhysRevB.65.104202.
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DirectSelfEnergy

class DirectSelfEnergy(save_self_energies=None, lambda_min=None, sparse_threshold=None,
storage_strategy=None)

Self-energy calculator based on the direct method. The direct method uses direct diagonalization to get all the
electrode modes.

Parameters

• storage_strategy (SaveInMemory | StoreOnDisk | NoStorage) – The way self en-
ergies are stored between iterations. Default: SaveInMemory()

• sparse_threshold (float > 0) – Self energies (in Hartree) smaller than this value are
treated as 0 when storing as sparse matrix. Default: 1.e-12

• save_self_energies – Deprecated: from v2017.0, use storage_strategy instead.

• lambda_min – Deprecated: from v12.2

lambdaMin()

Deprecated: from v12.2

saveSelfEnergies()

Deprecated: from v2017.0

sparseThreshold()

Returns
Values treated as 0.

Return type
float

storageStrategy()

Returns
The way self energies are stored between iterations.

Return type
SaveInMemory | StoreOnDisk | NoStorage

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define that the self energy on the real contour is calculated with direct diagonalization.

device_algorithm_parameters = DeviceAlgorithmParameters(
self_energy_calculator_real=DirectSelfEnergy()

)

Examples on how to use the storage_strategy parameter can be found in the Usage Examples of RecursionSelfEn-
ergy.
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Notes

• DirectSelfEnergy uses a diagonalization scheme to find all propagating and decaying modes of the electrodes.
The self energy matrix is then determined from the modes1.

• The direct method implementation in QuantumATK is stable towards a sparse electrode Hamiltonian with null
spaces. The implementation uses projection operators which removes any null spaces which could be problem-
atic.

Reference

DirectSolver

class DirectSolver(boundary_conditions=None, solvent_dielectric_constant=None, workspace_path=None)
The direct Poisson solver.

The solver’s required virtual memory can be reduced by allocating workspace on disk. Usage of a disk workspace
has a small negative impact on the solver’s performance.

Parameters

• boundary_conditions (list of DirichletBoundaryCondition |
NeumannBoundaryCondition | PeriodicBoundaryCondition |
MultipoleBoundaryCondition) – A list of shape (3,2) specifying the boundary
conditions on the 6 surfaces of the unit cell for the configuration. Default:

– MoleculeConfiguration: [[MultipoleBoundaryCondition()] * 2] * 3

– BulkConfiguration: [[PeriodicBoundaryCondition()] * 2] * 3

– SurfaceConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[DirichletBoundaryCondition(), NeumannBoundaryCondition()]]

– DeviceConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[DirichletBoundaryCondition()] * 2]

• solvent_dielectric_constant (float) – The dielectric constant of the media sur-
rounding the configuration. Must be a number larger than 0. Default: 1.0

• workspace_path (str of maximum length 255) – Path to an existing directory us-
able as workspace. Default: Disk workspace disabled.

boundaryConditions()

Returns
The boundary conditions for the solver.

1 S. Sanvito, C. J. Lambert, J. H. Jefferson, and A. M. Bratkovsky. General green’s-function formalism for transport calculations with
spd hamiltonians and giant magnetoresistance in co- and ni-based magnetic multilayers. Phys. Rev. B, 59:11936–11948, May 1999.
doi:10.1103/PhysRevB.59.11936.
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Return type
list of DirichletBoundaryCondition | NeumannBoundaryCondition |
PeriodicBoundaryCondition | MultipoleBoundaryCondition

solventDielectricConstant()

Returns
The solvent dielectric constant.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

workspacePath()

Returns
The workspace path.

Return type
str

Usage Examples

Define a DirectSolver with specified boundary conditions on the 6 faces:

poisson_solver = DirectSolver(
boundary_conditions=[

[DirichletBoundaryCondition(), NeumannBoundaryCondition()],
[DirichletBoundaryCondition(), DirichletBoundaryCondition()],
[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()]

]
)

calculator = LCAOCalculator(
poisson_solver=poisson_solver

)

Define a DirectSolver with specified boundary conditions in the A, B, and C-direction, but similar boundary condi-
tions on opposite faces:

poisson_solver = DirectSolver(
boundary_conditions=[

[NeumannBoundaryCondition(), NeumannBoundaryCondition()],
[DirichletBoundaryCondition(), DirichletBoundaryCondition()],
[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()]

]
)

calculator = LCAOCalculator(
poisson_solver=poisson_solver

)
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Notes

• By setting the solvent_dielectric_constant it is possible to perform calculations of solvents. In this case
the volume of the configuration is defined by inscribing each atom in a sphere of size given by the van der Waals
radius of the element. Inside the volume of the configuration the dielectric constant is 1, outside the volume of
the configuration the dielectric constant is equal to the value of solvent_dielectric_constant.

• The direct solver requires a significant amount of memory. When called in an environment with multiple MPI
processes, the required memory will however be distributed over all available processes.

• See also Poisson solvers.

DirichletBoundaryCondition

class DirichletBoundaryCondition(value=None)
A Dirichlet type boundary condition.

Parameters
value (PhysicalQuantity of type energy | None) – The constraint value to fix the Hartree
difference potential to. Default: The potential of the electrode for device calculations, 0.0 *
eV otherwise.

value()

Returns
The constraint value.

Return type
PhysicalQuantity of type energy | None

DispersionD3BJ

class DispersionD3BJ(xc=None, S6=None, a1=None, S8=None, a2=None, r_cut=None, bond_rcut=None,
triple_rcut=None, k3=None, taper_factor=None, ATM=None, tags=None)

The D3BJ dispersion potential.

Parameters

• xc (str) – Exchange-correlation functional name

• S6 (float) – The dimensionless BJ/Z parameter S6

• a1 (float) – The dimensionless BJ parameter a1

• S8 (float) – The dimensionless BJ/Z parameter S8

• a2 (PhysicalQuantity of type length ) – The BJ parameter a2

• r_cut (PhysicalQuantity of type length ) – The cutoff radius for the interactions

• bond_rcut (PhysicalQuantity of type length ) – The cutoff radius for the coor-
dination numbers

• triple_rcut (PhysicalQuantity of type length ) – The cutoff radius for the
ATM interaction
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• k3 (float) – The dimensionless k3 smoothing parameter

• taper_factor (float) – The dimensionless taper_factor for bond_rcut and r_cut

• ATM (bool) – The parameter to switch on the Axilrod-Teller-Muto three-body terms

• tags (str | list of type str) – If tags is a string, the potential set acts only on
particles with the given tag, if tag is list of strings of length 2, the potential acts only on
particles with different tags.

actOnlyBetweenTaggedRegions(tag1, tag2)
If this potential set consists only of twobody interactions, calling this function makes all twobody interac-
tions act between particles of the two given, different tags. If this potential contains other interactions than
twobody interactions, calling this function will raise a RuntimeError. Particle types and potentials that are
added to this potential set after this function call are not affected. The Coulomb interactions are also not
affected.

Parameters

• tag1 (str) – The first tag.

• tag2 (str) – The second tag.

actOnlyOnTaggedRegion(tag)
Calling this function makes this potential set act only on particles that have the given tag. Particle types
and potentials that are added to this potential set after this function call are not affected. The Coulomb
interactions are also not affected.

Parameters
tag (str) – The tag on which this potential set should act.

addAnalyzer(analyzer)
Adds an analyzer to this potential set.

Parameters
analyzer (TremoloBaseAnalyzer) – The analyzer to should be added.

addOption(option)
Add an option to the potential.

Parameters
option (TremoloOption) – The option that will be added.

addParticleType(particle)
Add a particle type definition to the potential set.

Parameters
particle (ParticleType) – Instance of ParticleType.

addPotential(potential)
Add a potential to this potential set.

Parameters
potential (TremoloBasePotential) – The potential that will be added.

findPotentials(potentialType=None, particleTypes=None)
Return a list of potentials in this potential set, that fullfil certain conditions.

Parameters

• potentialType (TremoloBasePotential) – A potential class (e.g. Lennard-
JonesPotential).
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• particleTypes (str | ParticleType | ParticleIdentifier | sequence
of type str/ParticleType/ParticleIdentifier) – A string or a sequence of
strings that determine the particle types which the potential should act on.

Returns
The list of potentials that are of type potentialType and act on the particle types that are
given by particleTypes.

Return type
list of type TremoloBasePotential

getCoulombSolver()

Returns
The current Coulomb potential or None.

Return type
CoulombSolver

getOptions()

Return a list of all options that are stored in this potential set.

getParticleType(symbol)
Return the particle definition with the given symbol

Parameters
symbol (ParticleType, ParticleIdentifier or str (deprecated)) – The
identifier of the particle type.

Returns
The ParticleType that belongs to the given identifier or None if no such particle was found.

Return type
ParticleType | None

getParticleTypes()

Return a list of all particle types that are stored in this potential set.

getPotentials()

Return a list of all potentials that are stored in this potential set.

getUsedTags()

Returns
The tags this potential set acts on.

Return type
set of type str

merge(otherPotentialSet)
Merges the current potential set with another potential set.

Parameters
otherPotentialSet (PotentialSetBase) – The potential set, the current potential
should be merged with.

static mergePotentials(potentials)
Merges a list of potential sets and returns the merged potential set.

Parameters
potentials (list of type PotentialSetBase) – List of potential sets to be merged.
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Returns
The potential set that was created by merging all potentials in the list.

Return type
PotentialSetBase

removeParticleType(symbol)
Remove a given particle type from the potential set.

Parameters
symbol (ParticleType, ParticleIdentifier or str (deprecated)) – The
identifier of the particle type.

removePotential(potential)
Remove a potential from this potential set.

Parameters
potential (TremoloBasePotential) – The potential to be removed, this potential must
have been retrieved by the findPotentials method.

setCoulombSolver(coulomb)
Sets the coulomb potential. Previously set Coulomb solvers will be overwritten.

Parameters
coulomb (CoulombSolver | None) – The new Coulomb solver. Must either be None or
an object that was derived from the CoulombSolver class.

setPreferredUnitSystem(unitSystem)

Set the preferred unit system for this potential set. The choice here may be overridden if some potentials
require a specific unit system.

Parameters
unitSystem (TremoloUnitSystem) – The unit system, e.g. (eVolt, kCalPerMole, SI).

setTags(tags)
Makes this potential set act only on particles with a given tag Note: This operation can not be reverted
easily and will change the names of your particles. Use it only when you are finished building the potential
set!

Parameters
tags (str | list of type str) – If tags is a string, the potential set acts only on
particles with the given tag, if tag is list of strings of length 2, the potential acts only on
particles with different tags.

supportedElements()

Return the chemical elements that are supported by this potential set. The elements are returned as a list
that contains the element symbols.

Returns
The list of the symbols of the supported elements.

Return type
list of type str

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Create a potential set that implements the D3 dispersion correction with Becke-Johnson damping1. This can be com-
bined with a MTPPotential (MTP) fitted to Density Functional Theory (DFT) calculations in a TremoloXCalculator.
Doing so can correct for some systematic errors in DFT.

potentialSet = TremoloXPotentialSet(name = 'New Potential Set')
potentialSet.addParticleType(ParticleType('N'))
potentialSet.addParticleType(ParticleType('Au'))
potentialSet.addParticleType(ParticleType('B'))
_potential = MTPPotential(

file = 'MTP_parameters.mtp',
suppress_intercept = False,
group_name = '',

)
potentialSet.addPotential(_potential)

d3_potential_set = DispersionD3BJ(xc='PBE')

calculator = TremoloXCalculator(parameters=[potentialSet, d3_potential_set])

Notes

Parameters are available for the following functionals:

B97-D3, BP86, BOP, BLYP, mPWLYP, OLYP, PBE, PBEsol, revPBE, BPBE, OPBE, rPW86PBE, SSB,
revSSB, TPSS, oTPSS, M06-L, B3LYP, B3PW91, BHLYP, PBE0, revPBE0, PBE38, revPBE38, TPSSh,
TPSS0, PW6B95, MPW1B95, PWB6K, MPWB1K, B1B95, BMK, M05, M052X, M06, M062X, M06HF,
CAM-B3LYP,LC-wPBE, B2PLYP, B2GPPLYP, PWPB95, DSD-BLYPB2PLYP, B3LYP, B97D, BLYP,
BP86, DSDBLYP, PBE0, PBE, PW6B95, PWPB95, revPBE0, revPBE38, revPBE, rPW86PBE, TPSS0,
TPSS, B1B95, B2GPPLYP, B3PW91, BHLYP, BMK, BOP, BPBE, CAMB3LYP, LCwPBE, MPW1B95,
MPWB1K, mPWLYP, OLYP, OPBE, oTPSS, PBE38, PBEsol, PTPSS, PWB6K, revSSB, SSB, TPSSh,
HCTH120, PBEhPBE, RPBE, PW91, BPBE, OPBE, OLYP, XLYP, mPWLYP, mPWPW91, HCTH/407,
revTPSS, SCAN, tHCTH, MN12L, B3PW91, B3P86, BHLYP, B1P86, B1LYP, B1B95, MPW1B95,
MPWB1K, MPW1PW91, MPW1KCIS, MPWKCIS1K, PBEh1PBE, PBE1KCIS, X3LYP, O3LYP, B97-1,
B97-2, B98, HISS, HSE03, HSE06, TPSSh, revTPSSh, revTPSS0, TPSS1KCIS, BMK, tHCTHhyb, M11,
SOGGA11X, N12SX, MN12SX, MN15, LC-whPBE, B2PLYP, B2GPPLYP, MPW2PLYP, PWPB95,
DSD-BLYP, DSD-PBEP86, DSD-PBEB95

1 Stefan Grimme, Stephan Ehrlich, and Lars Goerigk. Effect of the damping function in dispersion corrected density functional theory. Journal
of Computational Chemistry, 32(7):1456–1465, 2011.
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DispersionD3Z

class DispersionD3Z(xc=None, S6=None, S6r=None, S8=None, r_cut=None, bond_rcut=None,
triple_rcut=None, k3=None, taper_factor=None, ATM=None, tags=None)

The D3Z dispersion potential.

Parameters

• xc (str) – Exchange-correlation functional name

• S6 (float) – The dimensionless BJ/Z parameter S6

• S6r (float) – The dimensionless Z parameter S6r

• S8 (float) – The dimensionless BJ/Z parameter S8

• r_cut (PhysicalQuantity of type length ) – The cutoff radius for the interactions

• bond_rcut (PhysicalQuantity of type length ) – The cutoff radius for the coor-
dination numbers

• triple_rcut (PhysicalQuantity of type length ) – The cutoff radius for the
ATM interaction

• k3 (float) – The dimensionless k3 smoothing parameter

• taper_factor (float) – The dimensionless taper_factor for bond_rcut and r_cut

• ATM (bool) – The parameter to switch on the Axilrod-Teller-Muto three-body terms

• tags (str | list of type str) – If tags is a string, the potential set acts only on
particles with the given tag, if tag is list of strings of length 2, the potential acts only on
particles with different tags.

actOnlyBetweenTaggedRegions(tag1, tag2)
If this potential set consists only of twobody interactions, calling this function makes all twobody interac-
tions act between particles of the two given, different tags. If this potential contains other interactions than
twobody interactions, calling this function will raise a RuntimeError. Particle types and potentials that are
added to this potential set after this function call are not affected. The Coulomb interactions are also not
affected.

Parameters

• tag1 (str) – The first tag.

• tag2 (str) – The second tag.

actOnlyOnTaggedRegion(tag)
Calling this function makes this potential set act only on particles that have the given tag. Particle types
and potentials that are added to this potential set after this function call are not affected. The Coulomb
interactions are also not affected.

Parameters
tag (str) – The tag on which this potential set should act.

addAnalyzer(analyzer)
Adds an analyzer to this potential set.

Parameters
analyzer (TremoloBaseAnalyzer) – The analyzer to should be added.
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addOption(option)
Add an option to the potential.

Parameters
option (TremoloOption) – The option that will be added.

addParticleType(particle)
Add a particle type definition to the potential set.

Parameters
particle (ParticleType) – Instance of ParticleType.

addPotential(potential)
Add a potential to this potential set.

Parameters
potential (TremoloBasePotential) – The potential that will be added.

findPotentials(potentialType=None, particleTypes=None)
Return a list of potentials in this potential set, that fullfil certain conditions.

Parameters

• potentialType (TremoloBasePotential) – A potential class (e.g. Lennard-
JonesPotential).

• particleTypes (str | ParticleType | ParticleIdentifier | sequence
of type str/ParticleType/ParticleIdentifier) – A string or a sequence of
strings that determine the particle types which the potential should act on.

Returns
The list of potentials that are of type potentialType and act on the particle types that are
given by particleTypes.

Return type
list of type TremoloBasePotential

getCoulombSolver()

Returns
The current Coulomb potential or None.

Return type
CoulombSolver

getOptions()

Return a list of all options that are stored in this potential set.

getParticleType(symbol)
Return the particle definition with the given symbol

Parameters
symbol (ParticleType, ParticleIdentifier or str (deprecated)) – The
identifier of the particle type.

Returns
The ParticleType that belongs to the given identifier or None if no such particle was found.

Return type
ParticleType | None
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getParticleTypes()

Return a list of all particle types that are stored in this potential set.

getPotentials()

Return a list of all potentials that are stored in this potential set.

getUsedTags()

Returns
The tags this potential set acts on.

Return type
set of type str

merge(otherPotentialSet)
Merges the current potential set with another potential set.

Parameters
otherPotentialSet (PotentialSetBase) – The potential set, the current potential
should be merged with.

static mergePotentials(potentials)
Merges a list of potential sets and returns the merged potential set.

Parameters
potentials (list of type PotentialSetBase) – List of potential sets to be merged.

Returns
The potential set that was created by merging all potentials in the list.

Return type
PotentialSetBase

removeParticleType(symbol)
Remove a given particle type from the potential set.

Parameters
symbol (ParticleType, ParticleIdentifier or str (deprecated)) – The
identifier of the particle type.

removePotential(potential)
Remove a potential from this potential set.

Parameters
potential (TremoloBasePotential) – The potential to be removed, this potential must
have been retrieved by the findPotentials method.

setCoulombSolver(coulomb)
Sets the coulomb potential. Previously set Coulomb solvers will be overwritten.

Parameters
coulomb (CoulombSolver | None) – The new Coulomb solver. Must either be None or
an object that was derived from the CoulombSolver class.

setPreferredUnitSystem(unitSystem)

Set the preferred unit system for this potential set. The choice here may be overridden if some potentials
require a specific unit system.

Parameters
unitSystem (TremoloUnitSystem) – The unit system, e.g. (eVolt, kCalPerMole, SI).
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setTags(tags)
Makes this potential set act only on particles with a given tag Note: This operation can not be reverted
easily and will change the names of your particles. Use it only when you are finished building the potential
set!

Parameters
tags (str | list of type str) – If tags is a string, the potential set acts only on
particles with the given tag, if tag is list of strings of length 2, the potential acts only on
particles with different tags.

supportedElements()

Return the chemical elements that are supported by this potential set. The elements are returned as a list
that contains the element symbols.

Returns
The list of the symbols of the supported elements.

Return type
list of type str

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Create a potential set that implements the D3 dispersion correction with zero damping1. This can be combined with a
MTPPotential (MTP) fitted to Density Functional Theory (DFT) calculations in a TremoloXCalculator. Doing so can
correct for some systematic errors in DFT.

potentialSet = TremoloXPotentialSet(name = 'New Potential Set')
potentialSet.addParticleType(ParticleType('N'))
potentialSet.addParticleType(ParticleType('Au'))
potentialSet.addParticleType(ParticleType('B'))
_potential = MTPPotential(

file = 'MTP_parameters.mtp',
suppress_intercept = False,
group_name = '',

)
potentialSet.addPotential(_potential)

d3_potential_set = DispersionD3Z(xc='PBE')

calculator = TremoloXCalculator(parameters=[potentialSet, d3_potential_set])

1 S. Grimme, J. Antony, S. Ehrlich, and H. Krieg. A consistent and accurate ab initio parametrization of density functional dispersion correction
(DFT-D) for the 94 elements H-Pu. J. Chem. Phys., 2010. doi:10.1063/1.3382344.
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Notes

Parameters are available for the following functionals:

B97-D3, BP86, BOP, BLYP, mPWLYP, OLYP, PBE, PBEsol, revPBE, BPBE, OPBE, rPW86PBE, SSB,
revSSB, TPSS, oTPSS, M06-L, B3LYP, B3PW91, BHLYP, PBE0, revPBE0, PBE38, revPBE38, TPSSh,
TPSS0, PW6B95, MPW1B95, PWB6K, MPWB1K, B1B95, BMK, M05, M052X, M06, M062X, M06HF,
CAM-B3LYP LC-wPBE, B2PLYP, B2GPPLYP, PWPB95, DSD-BLYP

DoubleContour

class DoubleContour

A simple flag-like class representing a double contour.

Usage Example

The DoubleContour class is passed on to the ContourParameters to specify a DoubleContour should be used to calculate
the density matrix.

contour_parameters = ContourParameters(method=DoubleContour())

Notes

When there is a finite bias in the system there are different equivalent ways to obtain the density matrix (see Contour-
Parameters). In principle the left and right estimates of the density matrix are equivalent:

𝐷 = 𝐷𝐿 + ∆𝑅 ,

𝐷 = 𝐷𝑅 + ∆𝐿 ,

where𝐷𝐿, (𝐷𝑅) is the equilibrium density matrix, calculated using one of the equilibrium methods, and ∆𝐿 (∆𝑅) the
non-equilibrium density matrix contribution.

Due to the finite accuracy of the integration along the real axis these results are not exactly the same. Therefore, if the
double contour option is specified both the left and right part are calculated and mixed together to obtain an accurate
and reliable calculation of the density matrix at finite bias.

Weighting Scheme

Calculate the non-equilibrium atom Mulliken populations

𝛼𝐿𝑖 = (∆𝐷𝐿𝑆)𝑖𝑖,

𝛼𝑅𝑖 = (∆𝐷𝑅𝑆)𝑖𝑖.

From the 𝛼 coefficients, calculate the weights

𝑤𝐿𝑖𝑗 =

√︁
𝛼𝐿𝑖 𝛼

𝐿
𝑗√︁

𝛼𝐿𝑖 𝛼
𝐿
𝑗 +

√︁
𝛼𝑅𝑖 𝛼

𝑅
𝑗

,
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𝑤𝑅𝑖𝑗 =

√︁
𝛼𝑅𝑖 𝛼

𝑅
𝑗√︁

𝛼𝐿𝑖 𝛼
𝐿
𝑗 +

√︁
𝛼𝑅𝑖 𝛼

𝑅
𝑗

.

The weighted estimate for the density matrix is then

𝐷𝑖𝑗 = 𝑤𝐿(𝐷𝐿 + ∆𝐷𝑅) + 𝑤𝑅(𝐷𝑅 + ∆𝐷𝐿)

This weighting scheme guarantees at each site that the equilibrium part of the density matrix is the largest contribution.
Since the equilibrium part of the density matrix is calculated from a complex contour it is usually much more accurate
than the non-equilibrium part.

Bound states in the bias window

Assume the right Fermi level is higher than the left Fermi level, then a bound state in the bias window will only be
included in 𝐷𝑅. The occupation of the bound state is then given by 𝑤𝑅, which favors occupation of bound states at
sites that are strongly connected with the right electrode.

DreidingAnglePotential

class DreidingAnglePotential(particleType1, particleType2, particleType3, A, B, r_cut)
Constructor of the potential.

This potential is not symmetric, i.e. activating particleType1-particleType2-particleType3 interactions will not
also activate particleType3-particleType2-particleType1 interactions.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the dona-
tor particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the hydro-
gen like particle type (central particle when calculating angles)

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of tehe ac-
ceptor particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type length ) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – Cutoff radius

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.
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setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a hydrogen-bond potential for the O-H–O hydrogen bond in water.

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
potentialSet = TremoloXPotentialSet(name='Dreiding_hbond_angle')
potentialSet.addParticleType(ParticleType.fromElement(Oxygen))
potentialSet.addParticleType(ParticleType.fromElement(Hydrogen))

_potential = DreidingAnglePotential(
particleType1=ParticleIdentifier('O', []),
particleType2=ParticleIdentifier('H', []),
particleType2=ParticleIdentifier('O', []),
A=7.0*kiloCaloriePerMol,
B=2.75*Angstrom,
r_cut=7.5*Angstrom,

)
potentialSet.addPotential(_potential)
calculator = TremoloXCalculator(parameters=potentialSet)

dreiding_angle.py

Notes

The Dreiding angle potential was originally introduced in1 to model hydrogen bonding interactions between hydrogen
bond donors and acceptors. It has the potential form

𝑈 =
∑︁
𝑖

∑︁
𝑗 ̸=𝑖

∑︁
𝑘>𝑖
𝑘 ̸=𝑗

𝑈𝑖𝑗𝑘

𝑈𝑖𝑗𝑘 = 𝐴𝑖𝑗𝑘

[︃
5

(︂
𝐵𝑖𝑗𝑘
𝑟𝑖𝑘

)︂12

− 6

(︂
𝐵𝑖𝑗𝑘
𝑟𝑖𝑘

)︂10
]︃

min(0, cos(𝜃𝑖𝑗𝑘))4.

The min(0, cos(𝜃𝑖𝑗𝑘)) part of this equation excludes all triple terms where the angle between the three particles is
smaller than 90 degrees (and thus cos(𝜃𝑖𝑗𝑘) > 0). This was the expression used in the original paper (Page 887, 1).

1 Stephen L. Mayo, Barry D. Olafson, and William A. Goddard. Dreiding: a generic force field for molecular simulations. J. Phys. Chem.,
94(26):8897–8909, 1990. doi:10.1021/j100389a010.
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DreidingPotentialBuilder

class DreidingPotentialBuilder(use_bonds=None, include_bond_stretching=None,
include_bond_angles=None, include_torsions=None,
include_inversions=None, include_h_bonds=None,
include_lennard_jones=None, include_electrostatic=None,
lennard_jones_cutoff=None, lennard_jones_smoothing_length=None,
h_bond_scale=None, h_bond_cutoff=None,
electrostatic_pairwise_cutoff=None, electrostatic_smoothing_length=None,
electrostatic_spme_cutoff=None, electrostatic_accuracy=None,
electrostatic_scale=None, use_electrostatic_direct_sum=None,
ignore_missing_types=None)

This object builds a DREIDING potential using TremoloX.

Parameters

• use_bonds – Controls if any bonding (stretching, angle, torsion and inversion) terms are
to be included. Default: True.

• include_bond_stretching (bool) – Controls if bonding stretching terms are included.
Default: use_bonds.

• include_bond_angles (bool) – Controls if angle bending terms are included. Default:
use_bonds.

• include_torsions (bool) – Controls if bond torsion terms are included. Default:
use_bonds.

• include_inversions (bool) – Controls if bond inversion torsion terms are included.
Default: use_bonds.

• include_h_bonds (bool) – Controls if hydrogen bonding terms are included. Default:
use_bonds.

• include_lennard_jones (bool) – Controls if Lennard-Jones terms are included. De-
fault: True.

• include_electrostatic (bool) – Controls if electrostatic terms are included. De-
fault: True.

• lennard_jones_cutoff (PhysicalQuantity of type distance) – Distance beyond which
the Lennard-Jones terms are truncated. Default: 10.0 * Angstrom.

• lennard_jones_smoothing_length (PhysicalQuantity of type distance) – Distance
over which the Lennard-Jones terms are brought to zero at the cutoff. Default: 2.0 *
Angstrom.

• h_bond_scale (float) – Scaling for the strength of the hydrogen bond term to allow for
setting atomic charges. Default: 1.0.

• h_bond_cutoff (PhysicalQuantity of type distance) – Distance beyond which the Hy-
drogen bond terms are truncated. Default: 7.5 * Angstrom.

• electrostatic_pairwise_cutoff (PhysicalQuantity of type distance) – Distance at
which the pairwise electrostatic terms are brought to zero in pairwise summation. De-
fault: 12 * Angstrom

• electrostatic_smoothing_length (PhysicalQuantity of type distance) – Distance
over which the electrostatic terms are brought to zero at the cutoff when using the direct
electrostatic sum. Default: 2.0 * Angstrom
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• electrostatic_spme_cutoff (PhysicalQuantity of type distance) – Distance at which
the pairwise electrostatic terms are brought to zero in SPME summation. Default: 7.5 *
Angstrom

• electrostatic_accuracy (float) – Sets the relative accuracy of the SPME summa-
tion. Default: 0.0001

• electrostatic_scale (float) – Set the relative strength of the electrostatic terms.
Default: 1.0

• use_electrostatic_direct_sum (bool) – Use the direct Coulomb sum to calculate
the electrostatic terms in MoleculeConfigurations. Default: False

• ignore_missing_types (bool) – Whether or not molecules missing Dreiding types are
ignored. Default: False

assignAtomTypes(configuration, overwrite=True)
Function that gets the atom types based on the bonding pattern.

Parameters

• configuration (AtomicConfiguration) – The configuration of the system that is
having types assigned. Default: True

• overwrite (bool) – Whether or not the existing Dreiding types are overwritten.

checkAtomTypes(configuration, add_missing_terms=False)
Function that tests that each atom has only one valid Dreiding type.

Parameters

• configuration (AtomicConfiguration) – The configuration whose types are be-
ing checked.

• add_missing_terms (bool) – Whether or not to add terms for missing Dreiding
types. Default: False

createCalculator(configuration, check_types=True, atomic_charges=None, charge_averaging=None)
Create and return a calculator with the Dreiding potential.

Parameters

• configuration (AtomicConfiguration) – The configuration the potential is to be
used with.

• check_types (bool) – Flag as to whether or not the correctness of the types are
checked. Default: True

• atomic_charges (PhysicalQuantity of type charge) – Custom atomic
charges to be used in the potential.

• charge_averaging (NLFlag | None) – The type of averaging of charges to be used,
if any. Accepted values are None, AtomConnectivity to average over atoms bonded to
the same elements and AtomTypes to average over atoms of the same forcefield type.
Default: None

Returns
The calculator containing the potential.

Return type
TremoloXCalculator
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dreidingType(index, configuration, add_missing_terms=False)
Gives the Dreiding type on an atom in a configuration, ignoring other tags.

Parameters

• index (int) – Index of the atom for which the type is sought.

• configuration (AtomicConfiguration) – The configuration containing the atom.

• add_missing_terms (bool) – Whether or not generic Dreiding types are considered.

Returns
The type of the atom.

Return type
str

electrostaticAccuracy()

Returns
The relative accuracy of the electrostatic summation for SPME.

Return type
float

electrostaticPairwiseCutoff()

Returns
The cutoff used in pairwise electrostatic summation.

Return type
PhysicalQuantity (length)

electrostaticScale()

Returns
Scaling factor for the electrostatic terms.

Return type
float

electrostaticSmoothingLength()

Returns
Distance at which electrostatic terms are splined when using direct summation.

Return type
PhysicalQuantity (length)

electrostaticSpmeCutoff()

Returns
The cutoff used in SPME electrostatic summation.

Return type
PhysicalQuantity (length)

hBondCutoff()

Returns
Distance at which hydrogen bond terms are ignored.

Return type
PhysicalQuantity (length)
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hBondScale()

Returns
Scaling of the hydrogen bond energy because of included charges.

Return type
float

ignoreMissingTypes()

Returns
Whether or not missing types are ignored on molecules.

Return type
bool

includeBondAngles()

Returns
Whether or not bond angle terms are included in the potential set.

Return type
bool

includeBondStretching()

Returns
Whether or not bond stretching terms are included in the potential set.

Return type
bool

includeElectrostatic()

Returns
Whether or not electrostatic terms are included in the potential set.

Return type
bool

includeHBonds()

Returns
Whether or not hydrogen-bond terms are included in the potential set.

Return type
bool

includeInversions()

Returns
Whether or not bond inversion terms are included in the potential set.

Return type
bool

includeLennardJones()

Returns
Whether or not Lennard Jones terms are included in the potential set.

Return type
bool
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includeTorsions()

Returns
Whether or not bond torsion terms are included in the potential set.

Return type
bool

isDreidingType(type_label)
Function that tests if a type is in the potential

Parameters
type_label (str) – The type being tested.

Returns
Whether or not the tag is defined in the potential.

Return type
bool

lennardJonesCutoff()

Returns
Distance at which Lennard Jones terms are ignored.

Return type
PhysicalQuantity (length)

lennardJonesSmoothingLength()

Returns
Distance at which Lennard Jones terms are splined.

Return type
PhysicalQuantity (length)

uniqueString()

Return a unique string representing the state of the object.

useBonds()

Returns
Whether or not bond terms are included in the potential set.

Return type
bool

useElectrostaticDirectSum()

Returns
Whether or not direct Coulomb sums are used for molecules.

Return type
bool
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Usage Examples

Investigate the diffusion of chloroform molecules in LTA zeolites using the DREIDING potential.

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------
bulk_configuration = nlread('LTA_Chloroform.hdf5')[-1]

# -------------------------------------------------------------
# DREIDING Calculator
# -------------------------------------------------------------
potential_builder = DreidingPotentialBuilder()
potential_builder.assignAtomTypes(bulk_configuration)
calculator = potential_builder.createCalculator(bulk_configuration)
bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------
initial_velocity = MaxwellBoltzmannDistribution(

temperature=300.0*Kelvin,
remove_center_of_mass_momentum=True

)

method = NVTNoseHoover(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
chain_length=3,
initial_velocity=initial_velocity,

)

constraints = [FixCenterOfMass()]

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='LTA_Chloroform_Trajectory.hdf5',
steps=100000,
log_interval=500,
method=method

)

bulk_configuration = md_trajectory.lastImage()

LTA_Chloroform.py LTA_Chloroform.hdf5
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Notes

The DreidingPotentialBuilder class enables the creation of a TremoloXCalculator that implements the DREIDING
potential of Mayo, Olafson and Goddard1. This is a bonded valence forcefield that represents the potential energy of a
molecule as a collection of simple functions based on bond lengths, bond angles, torsion angles, inversion angles and
inter-atomic distances. The overall mathematical form of the DREIDING potential can be given as:

𝐸(x) =

𝑏𝑜𝑛𝑑𝑠∑︁
𝑖

𝑘𝑖(𝑟𝑖 − 𝑟0)2 +

𝑎𝑛𝑔𝑙𝑒𝑠∑︁
𝑖

𝑘𝑖(𝜃𝑖 − 𝜃0)2 +

𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠∑︁
𝑖

3∑︁
𝑛=1

𝑘𝑖,𝑛(1 − cos(𝑛𝜑𝑖 − 𝛿𝑖,𝑛))

+

𝑖𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛∑︁
𝑖

𝑘𝑖(𝜒𝑖 − 𝜒0)2 +

𝐻−𝑏𝑜𝑛𝑑𝑠∑︁
𝑖

𝐴𝑖

[︃
5
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𝐵𝑖
𝑟𝑎𝑐

)︂12

− 6

(︂
𝐵𝑖
𝑟𝑎𝑐

)︂10
]︃

cos4(𝜃𝑎𝑏𝑐)

+

𝑎𝑡𝑜𝑚𝑠∑︁
𝑖𝑗

4𝜀𝑖𝑗

[︃(︂
𝜎𝑖𝑗
𝑟𝑖𝑗

)︂12

−
(︂
𝜎𝑖𝑗
𝑟𝑖𝑗

)︂6
]︃

+

𝑎𝑡𝑜𝑚𝑠∑︁
𝑖𝑗

𝑞𝑖𝑞𝑗
4𝜋𝜖0𝑟𝑖𝑗

Here 𝑟, 𝜃, 𝜑 and 𝜒 represent inter-atomic and bond distances, angles, torsions and inversions respectively in the con-
figuration.

To create a DREIDING calculator, an instance of the DreidingPotentialBuilder must first be created. The con-
structor for this class has a number of options that controls the way in which the calculator is built. Individual types of
interactions can be excluded by setting the include_ options to False. By default all possible terms are included. All
valence terms can also be excluded by setting the argument use_bonds to False. This is appropriate for configurations
consisting of single atoms that are not bonded to each other.

As the DreidingPotentialBuilder class uses the bonding in the configuration to determine appropriate poten-
tials, bonds should be set on the configuration. This can be done with the findBonds() method in either the
MoleculeConfiguration or BulkConfiguration class. This automatically assigns bonds between atoms that are
within the covalent radii of each other. Specific bonds can also be assigned with the setBonds(), which takes a list of
the indices of pairs of atoms that are to be considered bonded.

There are then a number of options that control the non-bonding interactions. For hydrogen bonding, the cutoff used
in calculating hydrogen bonding interactions can be set with the parameter h_bond_cutoff. The strength of the
hydrogen bonding interactions can also be scaled using the h_bond_scale parameter. In the original DREIDING
paper it was mentioned that it may be beneficial to scale down the strength of hydrogen bonding when combined with
atomic partial charges, as part of the hydrogen bonding effect may be replicated by the electrostatic interaction. By
default, the DREIDING potential builder adds unscaled hydrogen bonding potentials to the calculator. Lennard-Jones
interactions can be similarly controlled. The parameter lennard_jones_cutoff sets the distance beyond which
Lennard-Jones interactions are truncated. To avoid integration problems in molecular dynamics, Lennard-Jones in-
teractions are brought to zero at the cutoff using a spline function. The width of this spline can be set using the
lennard_jones_smoothing_length parameter.

Electrostatic interactions are a little more complicated. By default the DreidingPotentialBuilder adds a
CoulombSPME electrostatic solver for calculators to be used with a bulk configuration, and a CoulombDSF electro-
static solver to calculators to be used with a molecule configuration. When adding an CoulombSPME solver the cut-
off used for calculating the real-space interactions can be set using the electrostatic_spme_cutoff argument.
Likewise the accuracy of the smoothed particle mesh Ewald solver can be set using the electrostatic_accuracy
argument. In the case where a CoulombDSF solver is added to the potential, the cutoff used can be set using the
electrostatic_pairwise_cutoff argument. In cases where molecular electrostatics are to be compared with
values calculated in a bulk configuration, an explicit splined Coulomb potential can be used for molecules instead
of the damped shifted force potential. In this case a CoulombN2Spline electrostatic solver can be added by using
use_electrostatic_direct_sum argument. As with the damped shifted force potential the cutoff is controlled us-
ing the electrostatic_pairwise_cutoff argument, and like the Lennard-Jones potential is brought to zero with

1 Stephen L. Mayo, Barry D. Olafson, and William A. Goddard. Dreiding: a generic force field for molecular simulations. J. Phys. Chem.,
94(26):8897–8909, 1990. doi:10.1021/j100389a010.
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a spline whose length is defined by the electrostatic_smoothing_length argument. For all Coulomb solvers the
total electrostatic energies and forces can be scaled up or down using the electrostatic_scale argument.

Once the DreidingPotentialBuilder object is instantiated, a calculator is created using the createCalculator
function. This takes a configuration and returns the appropriate DREIDING calculator for that configuration. To use
electrostatic potentials in the calculator, atomic partial charges have to be assigned to each atom. As the DREIDING
forcefield does not define specific charges, by default charges are calculated with the QEqAtomicCharges class. This
implements the QEq charge equilibration method of Rappe and Goddard2. These charges are then added to the cal-
culator. It is also possible to add pre-calculated charges from different sources using the atomic_charges argument.
This argument takes a list of charges that have the same ordering as the atoms in the configuration. The partial atomic
charges can also be averaged according to a few different schemes. This is controlled by the charge_averaging pa-
rameter, which takes an NLFlag which indicates the type of averaging. The flag AtomConnectivity averages charges
on each atom based on the element and the other elements it is bonded to. The flag AtomType averages according to
the assigned DREIDING type.

When creating a DREIDING calculator for a configuration, the configuration must have the appropriate tags for each
atom type. Tags used by the DREIDING forcefield all begin with the prefix DREI_. The next two characters in the
tag are for the atomic symbol, followed by a possible character to indicate the hybridization of the atom. Tags can be
assigned manually, or they can be assigned automatically. Automatic typing can be done with the assignAtomTypes
function. This takes the configuration to have types added, as well as a possible flag to overwrite existing types. The
atom types are determined by the element and in some cases the bonding of the atom. The validity of the existing types
on a configuration can be checked by calling the checkAtomTypes function. This function raises a NLValueError if
a problem is found with the tags on the given configuration. The DREIDING type of a specific atom can also be found
using the dreidingType function.

DynamicalMatrix

class DynamicalMatrix(configuration, filename, object_id, calculator=None, repetitions=None,
atomic_displacement=None, acoustic_sum_rule=None, finite_difference_method=None,
constraints=None, constrain_electrodes=None, use_equivalent_bulk=None,
max_interaction_range=None, force_tolerance=None,
processes_per_displacement=None, log_filename_prefix=None,
use_wigner_seitz_scheme=None, use_symmetry=None,
polar_phonon_splitting_parameters=None, symmetrize=None)

Constructor for the DynamicalMatrix object.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration |
DeviceConfiguration) – The configuration for which to calculate the dynamical
matrix.

• calculator (Calculators) – The calculator to be used in the dynamical matrix calcu-
lations. Default: The calculator attached to the configuration.

• filename (str) – The full or relative path to save the results to. See nlsave().

• object_id (str) – The object id to use when saving. See nlsave().

• repetitions (Automatic | list of ints) – The number of repetitions of the system in
the A, B, and C-directions given as a list of three positive integers, e.g. [3, 3, 3], or
Automatic. Each repetition value must be odd. Default: Automatic

2 Anthony K. Rappe and Willian A. Goddard III. Charge equilibration for molecular dynamics simulations. J. Phys. Chem., 95:3358, April 1991.
URL: https://pubs.acs.org/doi/10.1021/j100161a070, doi:10.1021/j100161a070.

4.13. Full QuantumATK package 895

https://pubs.acs.org/doi/10.1021/j100161a070
https://doi.org/10.1021/j100161a070


QuantumATK V-2023.12 Documentation

• atomic_displacement (PhysicalQuantity of type length) – The distance the atoms are
displaced in the finite difference method. Default: 0.01 * Angstrom

• acoustic_sum_rule (bool) – Control if the acoustic sum rule should be invoked. De-
fault: True

• finite_difference_method (Forward | Central) – The finite difference scheme to
use. Default: Central

• constraints (list of type int) – List of atomic indices that will be constrained,
e.g. [0, 2, 10]. Default: None

• constrain_electrodes (bool) – Control if the electrodes and electrode extensions
should be constrained in case of a DeviceConfiguration. Default: False

• use_equivalent_bulk (bool) – Control if a DeviceConfiguration should be treated
as a BulkConfiguration. Default: True

• max_interaction_range (PhysicalQuantity of type length) – Set the maximum range
of the interactions. Default: All atoms are included

• force_tolerance (PhysicalQuantity of type energy per length squared) – All force con-
stants below this value will be truncated to zero. Default: 1e-8 * Hartree/Bohr**2

• processes_per_displacement (int | ProcessesPerNode) – The number of processes
assigned to calculating a single displacement. Default: 1 for force-field calculators,
ProcessesPerNode otherwise.

• log_filename_prefix (str or None) – Prefix for the filenames where the logging
output for every displacement calculation is stored. The filenames are formed by append-
ing a number and the file extension (“.log”). If a value of None is given then all logging
output is done to stdout. If a classical calculator is used, no per-displacment log files will
be generated. Default: "forces_displacement_"

• use_wigner_seitz_scheme (bool) – Control if the real space Dynami-
cal Matrix should be extended according to the Wigner Seitz construction.
use_wigner_seitz_scheme=True. Default: False for ForceField calculator,
True otherwise.

• use_symmetry (bool) – If enabled, only the symmetrically unique atoms are displaced
and the remaining force constants are calculated using symmetry. Default: True

• polar_phonon_splitting_parameters (PolarPhononSplittingParameters
| None) – If given polar phonon splitting will be included in the dynamical matrix.
An optical_spectrum and born_effective_charge tasks will be added to the work flow.
Default: None, i.e. polar phonon splitting is not included.

acousticSumRule()

Returns
Return if the acoustic sum rule is invoked.

Return type
bool

atomicDisplacement()

Returns
The distance the atoms are displaced in the finite difference method.

Return type
PhysicalQuantity with length unit
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constrainElectrodes()

Returns
Boolean determining if the electrodes and electrode extensions are constrained in case of
a DeviceConfiguration.

Return type
bool

constraints()

Returns
The list of constrained atoms.

Return type
list of int

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

enablePolarPhononSplitting()

Returns
Return true if the polar phonon splitting is enabled.

Return type
bool

filename()

Returns
The filename where the study object is stored.

Return type
str

finiteDifferenceMethod()

Returns
The finite difference scheme to use.

Return type
Central | Forward

forceTolerance()

Returns
The force tolerance

Return type
PhysicalQuantity with an energy per length squared unit e.g. Hartree/Bohr**2

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut
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maxInteractionRange()

Returns
The maximum interaction range.

Return type
PhysicalQuantity with length unit

nlinfo()

Returns
Structured information about the DynamicalMatrix.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

phononEigensystem(q_point=None, constrained_atoms=None, enable_polar_phonon_splitting=None,
D=None)

Calculate the eigenvalues and eigenvectors for the dynamical matrix at a specified q-point.

Parameters

• q_point (list of 3 floats) – The fractional q-point to use. Default: [0.0, 0.
0, 0.0]

• constrained_atoms (list of ints.) – List of atoms being constrained. The ma-
trix elements from these atoms will not be included in the calculation of the eigensys-
tem. Default: [] (empty list)
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• enable_polar_phonon_splitting (bool) – Boolean controling if polar optical
splitting should be included.

Returns
The eigenvalues and eigenvectors of the dynamical matrix.

Return type
2-tuple containing the eigenvalues and eigenvectors

polarPhononSplittingParameters()

Returns
The polar optical splitting parameters.

Return type
PolarOpticalSplittingParameters

processesPerDisplacement()

Returns
The number of processes per displacement.

Return type
int | ProcessesPerNode

realSpaceDynamicalMatrix()

Returns the real space dynamical matrix. The shape of the matrix is (N, M), where N is the number of
degrees of freedom (3 * number of atoms), and M = N * R, where R is the total number of repetitions.

Each subblock D[i*N:(i+1)*N, :] corresponds to the matrix elements between the center block (where the
atoms have been displaced) and a neighbouring cell translated from the central cell by translations[i] in
fractional coordinates.

Returns
The real-space dynamical matrix as a sparse matrix together with a list of translation vec-
tors in fractional coordinates. The real space dynamical matrix is given in units of (meV /
hbar)**2.

Return type
(scipy.sparse.csr_matrix, list of list(3) of integers)

reciprocalSpaceDynamicalMatrix(q_point=None)
Evaluate the reciprocal space dynamical matrix for a given q-point in reciprocal space.

Parameters
q_point (list of floats) – The fractional q-point to use. Default: [0.0, 0.0, 0.
0]

Returns
The dynamical matrix for q_point.

Return type
PhysicalQuantity of units (meV / hbar)**2

repetitions()

Returns
The number of repetitions in the A, B, and C-directions for the supercell that is used in the
finite displacement calculation.

Return type
list of three int.
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saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

symmetry()

Returns
True if the use of crystal symmetry to reduce the number of displacements is enabled.

Return type
bool

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the DynamicalMatrix study object.

useEquivalentBulk()

Returns
Boolean determining if a DeviceConfiguration is treated as a BulkConfiguration.

Return type
bool

wignerSeitzScheme()

Returns
Boolean to control if the real space Dynamical Matrix should be extended according to the
Wigner-Seitz construction.

Return type
bool

Usage Examples

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

Calculate the DynamicalMatrix for a system repeated five times in the B direction and three times in the C direction.

dynamical_matrix = DynamicalMatrix(
configuration,
filename='DynamicalMatrix.hdf5',
object_id='dynamical_matrix',
repetitions=(1,5,3)
)

dynamical_matrix.update()

When using repetitions=Automatic, the cell is repeated such that all atoms within a pre-defined, element-pair
dependent interaction range are included.
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dynamical_matrix = DynamicalMatrix(
configuration,
filename='DynamicalMatrix.hdf5',
object_id='dynamical_matrix',
repetitions=Automatic

)
dynamical_matrix.update()

The default number of repetitions i.e. repetitions=Automatic can be found before a calculation using the function
checkNumberOfRepetitions().

(nA, nB, nC) = checkNumberOfRepetitions(configuration)

The maximum interaction range between two atoms can be specified manually, by using the max_interaction_range
keyword.

dynamical_matrix = DynamicalMatrix(
configuration,
filename='DynamicalMatrix.hdf5',
object_id='dynamical_matrix',
repetitions=Automatic,
max_interaction_range=12.0*Ang,

)
dynamical_matrix.update()

Notes

The DynamicalMatrix is calculated using the finite difference method in a repeated cell, which is sometimes also
referred to as frozen- phonon or super-cell method.

In the following, we denote the atoms in the unit cell by 𝜇 and the atoms in the repeated cell by 𝑖. Furthermore, denote
the dynamical matrix elements, 𝐷𝜇𝛼,𝑖𝛽 , where 𝛼, 𝛽 are the Cartesian directions, i.e. 𝑥, 𝑦, 𝑧. A dynamical matrix
element is given by

𝐷𝜇𝛼,𝑖𝛽 =
1

√
𝑚𝜇𝑚𝑖

𝑑𝐹𝑖𝛽
𝑑𝑟𝜇𝛼

,

where 𝐹𝑖𝛽 is the force on atom 𝑖 in direction 𝛽 due to a displacement of atom 𝜇 in direction 𝛼.

The derivative is calculated by either forward or central finite differences, where in the following we will focus on
the latter. Atom 𝜇 is displaced by ∆𝑟𝛼 and −∆𝑟𝛼, and the changes in the force, ∆𝐹𝑖𝛽 are calculated to approximate
the dynamical matrix element

𝐷𝜇𝛼,𝑖𝛽 ≈ 1
√
𝑚𝜇𝑚𝑖

𝐹𝑖𝛽(∆𝑟𝛼) − 𝐹𝑖𝛽(−∆𝑟𝛼)

2∆𝑟𝛼
.

The default is to use repetitions=Automatic. In this case the cell is repeated such that all atoms within a pre-defined
element-dependent distance from the atoms in the unit cell are included in the repeated cell. The repetitions used is
written to the output file. These default interaction ranges are suitable for most systems.

However, if you are using long-ranged interactions, e.g. classical potentials with electrostatic interactions in
TremoloXCalculator, it might be necessary to increase the number of repetitions.

For a 1D or 2D system, the unit cell should not be repeated in the confined directions. This is only discovered by the
repetitions=Automatic, if there is enough vacuum in the unit cell in the directions that should not be repeated.
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That is typically 10-20 Å vacuum depending on the elements and their interaction ranges. Thus, for confined systems
it is recommended to check the repetitions used and possibly use manual instead of automatic repetition.

DynamicalMatrix calculations using DFT or Semi-Empirical calculators have functionality to fully resume partially
completed calculations by re-running the same script or reading the study object from file and calling update() on
it. The study object will automatically detect which displacement calculations have already been carried out and only
run the ones that are not yet completed. To ensure highest performance this functionality is not available for ATK-
ForceField calculations.

Notes for DFT

In ATK-DFT the number of repetitions of the unit cell in super cell must ensure that the change in the force on atoms
outside the super cell is zero for every atomic displacement in the center cell. An equivalent discussion of the number
of k-points of the super cell and the number of repetitions can be found for HamiltonianDerivatives in the section
Notes for DFT . Consider a system with e.g. 𝑥 and 𝑦 as confined directions and the k-point sampling of the unit cell
(1, 1, 𝑁C), see Fig. 4.20 (a). Assume that the number of repetitions in the C-direction is known for the change in the
force on atoms outside the super cell to be zero. Then the number of repetitions must be (1, 1, repetitions in C). Furthermore,
the k-point sampling of the super cell becomes (1, 1, 𝑁C

repetitions in C ).

Note: From QuantumATK-2019.03 onwards, the k-point sampling and density-mesh-cutoff will be automati-
cally adapted to the given number of repetitions when setting up the super cell inside DynamicalMatrix and
HamiltonianDerivatives. That means you can specify the calculator settings for the unit cell and use it with any
desired number of repetitions in dynamical matrix and hamiltonian derivatives calculations.

When calculating the DynamicalMatrix with ATK-DFT, accurate results may require a higher precision than usual
by increasing the density_mesh_cutoff in NumericalAccuracyParameters and decreasing the tolerance in
IterationControlParameters, e.g.

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=150.0*Hartree
)

iteration_control_parameters = IterationControlParameters(
tolerance=1e-6
)

902 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

Notes for the simplified supercell method (use_wigner_seitz_scheme=True)

The simplified supercell method is an approximation which allows to obtain the dispersion of vibrational eigenmodes
with a force calculation of the unit cell only, i.e. having repetitions=[1,1,1] (the poor man’s frozen phonon
calculation). It is valid if the unit cell is large enough, i.e. if it accommodates 200 atoms and more. The convergence
should be checked with respect to the number of atoms per unit cell or by a conventional frozen phonon calculation.

Idea of the simplified supercell method

In large unit cells, the force of atom i due to a displacement of atom j is small for distances of half the length of the unit
cell vectors. Due to the translational invariance, a displaced atom i contributes from two sides to the force on atom j,
which can be exactly decomposed if the distance between the atoms is large enough. As an example, we will look at a
1D chain with 6 atoms per unit cell (see Fig. 4.14).

Fig. 4.14: A 1D chain with 6 atoms per unit cell with atom 1 being displaced. The periodically-repeated atoms to the
left (𝑇 = −1) and to the right (𝑇 = 1) are indicated. The Wigner-Seitz cell centered at the undisplaced position of
atom 1 is drawn red / dashed.

All atoms are at their equilibrium positions, besides atom 1 which is displaced along the 𝑥 direction. The force on
atom 5, for example, can be regarded as “repulsive” due to the displacement of atom 1 in the unit cell with translation
𝑇 = 0 along the 𝑥-axis. However, there is also an “attractive” contribution from the image of the displaced atom 1 in
the unit cell with translation 𝑇 = 1. To decompose the two contributions we construct a Wigner-Seitz cell centered
at the undisplaced position of atom 1 and check the distance to the nearest neighbor representations of atom 5. The
representation of atom 5 inside the cell at 𝑇 = 0 is not part of the Wigner-Seitz cell, and thus this contribution is
neglected. In contrast, the representation of atom 5 at 𝑇 = −1 is inside the Wigner-Seitz cell and we keep this
contribution. If an atom is at the face (like atom 4), the edge or a vertex of the Wigner-Seitz cell, the force is included
weighted by the inverse multiplicity of this Wigner-Seitz grid point. This construction is repeated for all atoms inside
the unit cell. In this way it is possible to approximately calculate the entries of the DynamicalMatrix for all repetitions
of the cell from 𝑇 = −1 to 𝑇 = 1 and thereby get the dispersion, by only calculating the forces in a single unit cell.

Note: The Wigner-Seitz construction ensures that the phonon spectrum at the Γ-point is preserved. Hence, a separate
Γ-point calculation is not necessary.
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Notes for polar phonon splitting

In polar materials the covalency will change during ionic displacements since a macroscopic electric field is generated.
This gives rise to an extra force constant term in the dynamical matrix. The full dynamical matrix isD(q) = D𝐹𝐶(q)+
D𝑁𝐴(q). Here D𝐹𝐶(q) is the usual force constant dynamical matrix discussed above and the second term D𝑁𝐴(q)
is due to polar phonon interaction. The non-analytic (NA) contribution from the macroscopic field to the dynamical
matrix is:

D𝑁𝐴
𝑖𝜇𝑗𝜈(q) =

𝑒

𝜖0Ω
√︀
𝑀𝑖𝑀𝑗

[Z(𝑖) · q̂]𝜇[Z(𝑗) · q̂]𝜈
q̂𝜖∞q̂

.

Here Z(𝑖) is the Born effective charge tensor (a matrix for atom 𝑖), q̂ = q/|q| is a unit vector, 𝑀𝑖 is the mass
of atom 𝑖, Ω is the unit cell volume, 𝑒 is the electron charge and 𝜖0 is the vacuum permittivity. The term non-
analytical refers to the fact that it approaches different values from different q-space directions as 𝑞 → 0. It is ob-
tained from the BornEffectiveCharge calculation and the high-frequency dielectric tensor 𝜖∞ obtained from the
OpticalSpectrum .

The Dynamical Matrix study object will automatically include a calculation of the BornEffectiveCharges and Optical-
Spectrum or it can be given by the user from an existing calculation. To include polar phonon splitting in the dynamical
matrix study object one has to give PolarPhonon_splitting_parameters as input:

dynamical_matrix = DynamicalMatrix(
configuration,
filename='DynamicalMatrix.hdf5',
object_id='dynamical_matrix',
repetitions=(1,5,3),
polar_phonon_splitting_parameters=pps_parameters,

)
dynamical_matrix.update()

Here the polar polar_phonon_splitting_parameters is a container of polar phonon splitting parameters. It can either be
setup by defaults

pps_parameters = PolarPhononSplittingParameters()

Or it can be set with specific user-defined variables for optical spectrum and Born effective charges.

pps_parameters = PolarPhononSplittingParameters(
kpoints=MonkhorstPackGrid(25, 25, 25),
broadening=0.1 * eV,
bands_below_fermi_level=35,
bands_above_fermi_level=35,
kpoints_a=MonkhorstPackGrid(19, 9, 9),
kpoints_b=MonkhorstPackGrid(9, 19, 9),
kpoints_c=MonkhorstPackGrid(9, 9, 19),
atomic_displacement=0.01 * Ang,

)

Finally it can be defined from existing calculations of the OpticalSpectrum and BornEffectiveCharge:

pps_parameters = PolarPhononSplittingParameters(
optical_spectrum=optical_spectrum,
born_effective_charge=born_effective_charge,

)
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This last option enables the combination of force constants obtained from a classical calculator with polar phonon
splitting obtained from ATK-DFT.

EAMfssetflPotential

class EAMfssetflPotential(file, splineType=None, tags=None)
Constructor of the potential.

Parameters

• file (str) – The name of the file that contains the EAM parameters. The file must be in
the EAM/FS setfl format.

• splineType – The used spline type. Either EAMPotential.akima, EAMPoten-
tial.fivepoint, EAMPotential.bessel or EAMPotential.natural.

• tags (None or sequence of str) – A list of tags (or None) that will be used for all
particle types inside the EAM potential file.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define an EAM Finnis-Sinclair potential for HCP titanium by adding particle types and interaction functions to the
TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk configuration for HCP titanium
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(2.9506*Angstrom, 4.6835*Angstrom)

(continues on next page)
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(continued from previous page)

# Define elements
elements = [Titanium, Titanium]

# Define coordinates
fractional_coordinates = [[ 0.33333333, 0.66666667, 0.25],

[ 0.66666667, 0.33333333, 0.75]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='EAMFS_Ti_1992')

# Add the particle type to the potential set
potentialSet.addParticleType(ParticleType(symbol='Ti',

mass=47.867*atomic_mass_unit))

# Add the EAM potential to the potential set
potentialSet.addPotential(EAMfssetflPotential(file='Ti-Ackland-1992.eam.fs',

splineType='natural'))

# Create a TremoloX calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

Notes

The EAMfssetflPotential is a many-body potential implementing the embedded atom method (EAM) in the Finnis-
Sinclair (FS) variant. It is primarily designed for metals and alloys1, and it is similar to the EAMsetflPotential and the
SuttonChenPotential.

The potential energy is defined as

𝑉 =
∑︁
𝑖<𝑗

𝜑𝑖𝑗(𝑟𝑖𝑗) +
∑︁
𝑖

⎛⎝∑︁
𝑗 ̸=𝑖

𝜌𝑖𝑗(𝑟𝑖𝑗)

⎞⎠ ,

where 𝐹 is the embedding function, 𝜌 is a generalized density arising from the neighbor atoms, and 𝜑 is a repulsive
pair potential.

1 M. S. Daw and M. I. Baskes. Embedded-atom method: derivation and application to impurities, surfaces, and other defects in metals. Phys.
Rev. B, 29:6443–6453, Jun 1984. doi:10.1103/PhysRevB.29.6443.
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In contrast to the EAMsetflPotential, the density function 𝜌 does not depend on the neighbor type 𝑗 alone, but is pair-
dependent instead.

These functions are usually given in tabulated form and read from the file specified by the file argument.

EAMsetflPotential

class EAMsetflPotential(file, splineType=None, tags=None)
Constructor of the potential.

Parameters

• file (str) – The name of the file that contains the EAM parameters. The file must be in
the EAM/alloy setfl format.

• splineType – The used spline type. Either EAMPotential.akima, EAMPoten-
tial.fivepoint, EAMPotential.bessel or EAMPotential.natural.

• tags (None or sequence of str) – A list of tags (or None) that will be used for all
particle types inside the EAM potential file.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define an EAM potential for a copper by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk configuration for FCC copper
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(3.61496*Angstrom)

(continues on next page)
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(continued from previous page)

# Define elements
elements = [Copper]

# Define coordinates
fractional_coordinates = [[ 0.0, 0.0, 0.0]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='EAM_Cu_2001b')

# Add the particle type to the potential set
potentialSet.addParticleType(ParticleType(symbol='Cu',

mass=63.546*atomic_mass_unit))

# Add the EAM potential to the potential set
potentialSet.addPotential(EAMsetflPotential(file='Cu-Mishin-2001.eam.alloy',

splineType='natural'))

# Create a TremoloX calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

Notes

The EAMsetflPotential is a many-body potential implementing the embedded atom method (EAM). It is primarily
designed for metals and alloys1, and it is similar to the EAMfssetflPotential and the SuttonChenPotential.

The potential energy is defined as

𝑉 =
∑︁
𝑖<𝑗

𝜑𝑖𝑗(𝑟𝑖𝑗) +
∑︁
𝑖

⎛⎝∑︁
𝑗 ̸=𝑖

𝜌𝑗(𝑟𝑖𝑗)

⎞⎠ ,

where 𝐹 is the embedding function, 𝜌 is a generalized density arising from the neighbor atoms, and 𝜑 is a repulsive
pair potential.

These functions are usually given in tabulated form and read from the file specified by the file argument.

1 M. S. Daw and M. I. Baskes. Embedded-atom method: derivation and application to impurities, surfaces, and other defects in metals. Phys.
Rev. B, 29:6443–6453, Jun 1984. doi:10.1103/PhysRevB.29.6443.
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EEMOption

class EEMOption(chargeNeutrality=False)
Constructor of the option.

Parameters
chargeNeutrality (bool) – Whether or not charge neutrality should be enforced.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

EEMSinglePotential

class EEMSinglePotential(particleType, chi, J, a=PhysicalQuantity(0.0, Ang))
Constructor of the potential.

Parameters

• particleType (ParticleType or ParticleIdentifier) – Identifier of the particle
type.

• chi (PhysicalQuantity of type energy / charge) – Potential parameter.

• J (PhysicalQuantity of type 1 / length ) – Potential parameter.

• a (PhysicalQuantity of type length ) – Potential parameter.

static generateFromD4(particleType, Z, mCN, MaxCN=None)
Create an EEMSinglePotential based on Z and the modified coordination number mCN using the D4 pa-
rameters and formulae from J. Chem. Phys. 150, 154122 (2019); doi: 10.1063/1.5090222 where chi =
EN - kappa*sqrt(mCN) for MaxCN = None and otherwise chi = EN - kappa*sqrt(log(1+exp(MaxCN))-
log(1+exp(MaxCN-mCN))) according to Phys. Chem. Chem. Phys., 2020, 22, 8499-8512; DOI:
10.1039/D0CP00502A

Parameters

• Z (integer) – Atomic number
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• mCN (real) – Modified coordination number

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

ELPASolver

class ELPASolver(bands_above_fermi_level=None, processes_per_kpoint=None,
optimize_for_speed_over_memory=None)

Calculate the density matrix by direct diagonalization.

Parameters

• bands_above_fermi_level (int | Automatic | All) – The number of bands above the
Fermi level. Must be either a non-negative integer, All or Automatic. When set to All
the total number of bands will be equal to the total number of basis functions. When set to
Automatic an adaptive method will be used. For most systems, Automatic provides a
major speed-up as compared to All. If the number of states above the Fermi level changes
significantly from one diagonalization step to another, the adapative method may lead to
slowing down of the calculation. Default: Automatic

• processes_per_kpoint (int) – The number of processes to use per kpoint. Must be
a positive integer. Default: The number will be determined automatically from the to-
tal number of k-points and processes such as to keep the number as small as possible.
One may set this number manually in order to reduce the memory requirements for each
process.

• optimize_for_speed_over_memory (bool) – Whether to optimize the diagonalization
for speed over memory. If True, the solver will determine the most optimal algorithm in
terms of speed. Note that optimizing for speed can increase the memory usage by up to
30 %. Note also that this flag only has an effect if processes_per_kpoint=1, or the
automatic value for processes_per_kpoint=1 turns out to be 1. It is intended to be
used for medium-sized to large systems with many k-points. Default: False
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bandsAboveFermiLevel()

Returns
The initial guess for the number of bands above the Fermi level.

Return type
int | All

optimizeForSpeedOverMemory()

Returns
Whether the diagonalization should be optimized for speed over memory.

Return type
bool

processesPerKpoint()

Returns
Number of processes per kpoint.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

Notes

ELPASolver is an alias for DiagonalizationSolver.

EffectiveBandstructure

class EffectiveBandstructure(configuration, primitive_configuration, route=None,
points_per_segment=None, kpoints=None, energies=None,
bands_above_fermi_level=None, projections=None, symmetrize=None,
primitive_cell_matching_tolerance=None, processes_per_kpoint=None)

Analysis class for calculating the effective band structure of a bulk supercell configuration.

Parameters

• configuration (BulkConfiguration) – The configuration of the supercell with at-
tached calculator for which to calculate the effective band structure.

• primitive_configuration (BulkConfiguration) – The primitive cell configuration
of the underlying crystal for which the band structure should be calculated for.

• route (list of str) – The route to take through the Brillouin zone of the primitive cell
as a list of symmetry points identifiers, e.g. ['G', 'X', 'G']. This option is mutually
exclusive to kpoints. Default: Unit cell dependent route.

• points_per_segment (int) – The number of points per segment of the route. Default:
20.

• kpoints (list) – A list of fractional coordinates of 3-dimensional k-points at which to
calculate the effective band structure, e.g. [[0.0, 0.0, 0.0], [0.0, 0.0, 0.1],
...]. The shape should be (K, 3) where K is the number of k-points. This option is
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mutually exclusive to route, and points_per_segment. Default: Unit cell dependent
route.

• energies (PhysicalQuantity) – The energies where the spectral function should be be
evaluated. Default: A list of 501 regularly spaced energies from -10 eV to 10 eV.

• bands_above_fermi_level (int | All) – The number of bands above the Fermi level (of
the supercell configuration) to include in the effective band structure. If All the number
of bands will be taken as that used in the ground state calculation. Default: All

• projections (list of Projection | Projection | ProjectionGenerator |
NoProjection) – The projections used for calculating the weights. Default:
NoProjection.

• symmetrize (bool) – Whether to calculate the symmetrized effective band structure. If
True the effective band structure will be calculated for all symmetry equivalent k-points
and the end result will be averaged. The symmetries used are those of the primitive con-
figuration. If False the effective band structure will not be symmetrized and it may thus
depend on the specific k-point path chosen. Default: False

• primitive_cell_matching_tolerance (float) – Tolerance for the transformation
matrix between the primitive configuration and the supercell configuration. Default: 1e-
3

• processes_per_kpoint (int) – The number of processes to use per k-point. If None
the same number of processes per k-point as used for the ground state calculation will be
used. Default: None

allBandEnergies(spin=None)

Parameters
spin (Spin.All | Spin.Up | Spin.Down) – The spin the bandstructure should be returned
for. Default: Spin.All

Returns
The band energies of the (super cell) configuration for a given spin. The shape is (K, B)
where K is the number of k-points and B is the number of bands.

Return type
PhysicalQuantity of type energy

energies()

Returns
The energies at which the effective bandstructure is calculated.

Return type
PhysicalQuantity of type energy

energyZero()

The energy zero. It is set to the spin-averaged FermiLevel.

Returns
The energy zero.

Return type
PhysicalQuantity of type energy

evaluate(spin=None)
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Parameters
spin (Spin.All | Spin.Up | Spin.Down) – The spin the effective bandstructure should
be returned for. Default: Spin.All

Returns
The effective bandstructure as a band density for a given spin. The shape is (K, E) or (S,
K, E) where S is the number of spins, K is the number of k-points, and E is the number of
energies.

Return type
numpy.array

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
All

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

fermiTemperature()

Returns
The Fermi temperature used in the calculation of the effective bandstructure.

Return type
PhysicalQuantity of type temperature

kpoints()

Returns
The list of 3-dimensional fractional k-points at which the energies of the bands are calcu-
lated. The shape is (K, 3) where K is the number of k-points.

Return type
list of lists of floats

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveConfiguration()

Returns
The primitive configuration which defines the band path.
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Return type
BulkConfiguration

projectedEffectiveBandstructures(spin=None)

Parameters
spin (Spin.All | Spin.Up | Spin.Down | Spin.Sum) – The spin the effective bandstruc-
ture should be returned for. Default: Spin.All

Returns
The effective bandstructure as a band density for a given spin for each projection. The
shape is (P, K, E) or (P, S, K, E) where P is the number of projections, S is the number of
spins, K is the number of k-points, and E is the number of energies.

Return type
numpy.array

projections()

Returns
The projections.

Return type
list of Projection

route()

Returns
The route through the Brillouin-zone as a list of symmetry points of the unit cell.

Return type
list of str

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

superCellConfiguration()

Returns
The (super cell) configuration for which the effective bandstructure is calculated.

Return type
BulkConfiguration

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate the effective bandstructure of an InGaAs alloy.

from AddOns.AlloyPlugins.SubstitutionalAlloy.SubstitutionalAlloyWidget import␣
→˓substitutionalAlloy

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

#----------------------------------------
# Basis Set
#----------------------------------------

basis_set = [
LDABasis.Gallium_SingleZetaPolarized,
LDABasis.Arsenic_SingleZetaPolarized,
LDABasis.Indium_SingleZetaPolarized,
]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------

exchange_correlation = MGGA.TB09LDA(c=1.01)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=(3, 3, 3),
)

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

# Set up lattice with exp. lattice const. of In0.53Ga0.47As
lattice = FaceCenteredCubic(5.8687*Angstrom)

# Define elements
elements = [Indium, Arsenic]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
primitive_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

(continues on next page)
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(continued from previous page)

# Attach calculator to primitive bulk configuration
primitive_configuration.setCalculator(calculator)

# Repeat InAs
super_inas = primitive_configuration.repeat(3,3,3)

# List of indices corresponding to Indium atoms
indium_indices = []
symbols = super_inas.symbols()

for index,atom in enumerate(symbols):
if atom=='In':

indium_indices.append(index)

# Call the substitutional alloy generator.
super_ingaas = substitutionalAlloy(super_inas, indium_indices, 'fixed_fraction', 47,␣
→˓Gallium)

# Set calculator and update.
super_ingaas.setCalculator(calculator)
super_ingaas.update()
nlsave('InGaAs_3x3x3.nc', super_ingaas)

# -------------------------------------------------------------
# EffectiveBandstructure
# -------------------------------------------------------------
effective_bandstructure = EffectiveBandstructure(

super_ingaas,
primitive_configuration,
energies = numpy.linspace(-2,2.75,501)*eV,
route=['L','G','X'],
points_per_segment=101,
)

nlsave('InGaAs_3x3x3.nc', effective_bandstructure)

Notes

The implementation of effective band structure in QuantumATK follows the works by Popescu and Zunger1,2 and
Haverkort et al.3. From the bandstructure of a super cell containing many bands one can “unfold” the bandstructure to
only contain the bands corresponding to the primitive cell. In the unfolding procedure, one calculates a spectral weight
as |⟨𝑒𝑖k·r|𝜓𝑗,K⟩| , with |𝜓𝑗,K⟩ being an eigenstate of the super cell at k-point 𝐾 . If the super cell is simply a copy of
a simple unit cell (e.g. a super cell of InAs) the spectral weights will either be 0 or 1, and the band unfolding can be
done explicitly. However, in the case of a disordered alloy as e.g. In0.53Ga0.47As the band weights can be anywhere
in the interval [0;1].

1 V. Popescu and A. Zunger. Effective band structure of random alloys. Phys. Rev. Lett., 104:236403, Jun 2010.
doi:10.1103/PhysRevLett.104.236403.

2 V. Popescu and A. Zunger. Extracting e versus p k effective band structure from supercell calculations on alloys and impurities. Phys. Rev. B,
85:085201, Feb 2012. doi:10.1103/PhysRevB.85.085201.

3 M. W. Haverkort, I. S. Elfimov, and G. A. Sawatzky. Electronic structure and self energies of randomly substituted solids using density functional
theory and model calculations. arXiv, pages 1109.4036, 2011. URL: http://arxiv.org/abs/1109.4036.
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It is currently a requirement that the ‘configuration’ can be divided into an integer number of smaller unit cells with the
size given by the ‘primitive_configuraiton’. Each of these smaller cells must have the same number of basis functions.
It is currently thus not possible to e.g. replace some In atoms with Hydrogen atoms, both being described with e.g. a
DoubleZetaPolarized basis set, since these will have a different number of basis functions. It is, however, possible to
replace an Indium atom with a Gallium since they will have the same number of basis functions.

When calculating the effective band structure of a random alloy one should perform a sample average by calculating
the effective bandstructure for many different configurations and averaging the results. This procedure is described in
the tutorial effective_band_structure.

EffectiveMass

class EffectiveMass(configuration, symmetry_label=None, kpoint_cartesian=None, kpoint_fractional=None,
bands_below_fermi_level=None, bands_above_fermi_level=None, band_index=None,
stencil_order=None, delta=None, direction_cartesian=None, direction_fractional=None,
method=None)

Constructor for the effective mass object.

Parameters

• configuration (BulkConfiguration) – The bulk configuration with an attached cal-
culator for which to calculate the effective mass.

• symmetry_label (str) – The k-point (as a symmetry point) at which to calculate
the effective mass. This option is mutually exclusive to kpoint_cartesian and
kpoint_fractional. Default: 'G' (Gamma-point)

• kpoint_cartesian (PhysicalQuantity of type inverse length) – The k-point (in Carte-
sian coordinates) at which to calculate the effective mass. This option is mutually ex-
clusive to symmetry_label and kpoint_fractional. Default: [0.0, 0.0, 0.0]
* Angstrom**-1

• kpoint_fractional (list(3) of floats) – The k-point (in fractional coordi-
nates) at which to calculate the effective mass. This option is mutually exclusive to
kpoint_cartesian and symmetry_label. Default: [0.0, 0.0, 0.0]

• bands_below_fermi_level (int) – The number of bands below the Fermi level per
principal spin channel to include. This option is mutually exclusive to band_index. De-
fault: 1

• bands_above_fermi_level (int) – The number of bands above the Fermi level per
principal spin channel to include. This option is mutually exclusive to band_index. De-
fault: 1

• band_index (int) – The band index at which to calculate the effective
mass. This option is mutually exclusive to bands_below_fermi_level and
bands_above_fermi_level.

• stencil_order (int) – The number of points to use in the second order derivative sten-
cil. Default: 5

• delta (PhysicalQuantity of type inverse length) – The distance between neighboring
points in the stencil. Default: 0.001 * Angstrom**-1

• direction_cartesian (PhysicalQuantity of type inverse length) – Direction in Carte-
sian coordinates along which to calculate the effective mass. This option is mutually
exclusive to direction_fractional. Default: [1, 0, 0] * Angstrom**-1
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• direction_fractional (list(3) of floats) – Direction in fractional coordinates
along which to calculate the effective mass. This option is mutually exclusive to
direction_cartesian.

• method (Numerical | Analytical) – The method for calculating the effective mass. The
option Analytical is not supported by PlaneWaveCalculator. Default: Numerical

energies()

Returns
The band energies.

Return type
PhysicalQuantity of type energy

evaluate(spin=None, band=None)
Return the effective mass.

Parameters

• spin (Spin.Up | Spin.Down | Spin.All) – The spin for which to evaluate the ef-
fective mass. For non-collinear and spin-orbit calculations use Spin.All. Default:
Spin.All

• band (int) – The band for which to evaluate the effective mass. Default: All bands

Returns
The effective mass.

Return type
PhysicalQuantity with the unit electron_mass

kPoint()

Returns
The k-point for which the effective mass was calculated.

Return type
numpy.array

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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uniqueString()

Return a unique string representing the state of the object.

Usage Examples

The effective mass of electrons and holes is related to the local curvature of the electronic band energy, 𝐸(𝑘):

𝑚eff ∝ 1
𝜕2𝐸(𝑘)
𝜕𝑘2

.

A finite-difference (FD) representation of derivatives of 𝐸(𝑘) is used to compute the effective mass from band struc-
tures. The FD approximation for the local derivative of a function 𝑓(𝑥) is basically derived from a Taylor expansion of
𝑓(𝑥) around the central point, 𝑥. The n’th derivative is therefore approximated as a sum over function values multiplied
by a weight:

𝜕𝑛𝑓(𝑋0)

𝜕𝑋𝑛
= 𝑓 (0)(𝑋0) ≈

∑︁
𝑖

𝑤
(𝑛)
𝑖 𝑓(𝑥1)/ℎ2

The 5-point FD stencil uses function values in the five points 𝑥, 𝑥 ± ℎ, and 𝑥 ± 2ℎ to approximate the second-order
derivative, 𝑓 ′′(𝑥). This is exact up to and including 𝑂(ℎ4) contributions to the curvature (for ℎ < 1). Beyond that,
accuracy improves as the spacing, ℎ, gets smaller.

Fig. 4.15: Finite-difference stencils: Numerical approximations for local derivatives of continuous functions.

The FD method is in general much more accurate than a simple parabolic fit to band energies. The QuantumATK
default is the 5-point FD central stencil with a distance (delta) of 0.001 Å-1 between each point. This gives very
accurate results in most cases. The FD accuracy can in principle be improved by increasing stencil_order and
decreasing delta, but the latter should not be so small that numerical noise starts dominating the error. The figure
below shows the error on computed effective masses for some realistic combinations of stencil_order and delta.
For more information on 5-point stencils, see the relevant Wikipedia entry.

Calculate the effective mass in the silicon conduction band minimum:
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Fig. 4.16: Errors in the silicon effective mass as a function of the number of points in the FD stencil. Plotted for
different distances between the points.
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# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(5, 5, 5),
density_mesh_cutoff=25.0*Hartree,
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()

# -------------------------------------------------------------
# Effective mass
# -------------------------------------------------------------
effective_mass = EffectiveMass(

configuration=bulk_configuration,
kpoint_fractional=[0.425000, 0.000000, 0.425000],
bands_below_fermi_level=1,
bands_above_fermi_level=1,
stencil_order=5,
delta=0.001000*Angstrom**-1,
)

effective_mass.nlprint()

si_effective_mass.py

4.13. Full QuantumATK package 921



QuantumATK V-2023.12 Documentation

Notes

• Note that the k-points are given in units of the reciprocal vectors k𝐴, k𝐵 , and k𝐶 . E.g. the symmetry point 𝑋
has the fractional k-point coordinates ( 1

2 , 0,
1
2 ) since it is described by 𝑋 = 1

2k𝐴 + 1
2k𝐶 . The k-point used in

the calculations is thus close to the X-point, where the conduction band has its minimum.

• For each band index, three masses are written in the output. The three masses are the eigenvalues of the effective
mass tensor given by [𝑀−1]𝑖𝑗 = ~−2 𝜕

2𝐸(𝑘)
𝜕𝑘𝑖𝜕𝑘𝑗

.

• In the example above, the three masses of the lowest conduction band are 𝑚* = (0.19, 0.19, 0.9)𝑚𝑒, in good
agreement with experimental values.

• For bands_above_fermi_level set to a valid integer, 𝑁ba, the total number of bands above the Fermi level
will be 𝑁ba for the spin type unpolarized, and 2𝑁ba for polarized and noncollinear. This is because there is
only one spin channel in the former case and two spin channels in the latter two cases. Spin-orbit calculations
are categorized as non-collinear calculations and therefore follow the same band selection as noncollinear. The
same behavior applies for the relation between bands_below_fermi_level and the total number of bands
below the Fermi level. The case where bands_above_fermi_level is 2 and bands_below_fermi_level is
1, are illustrated in Fig. 4.17.

Fig. 4.17: The total number of bands selected (blue lines) by specifying 2 bands above the Fermi level and 1 band
below the Fermi level for (a) an unpolarized, (b) a polarized, and (c) a non-collinear calculation. The Fermi level 𝐸F
is shown as a horizontal dashed gray line. The vertical separation line in (b) signifies that the bands can be categorized
according to spin up or down since there is no coupling. The structure of the Hamiltonian for each of the 3 spin types
is shown at the bottom.
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EffectivePotential

class EffectivePotential(configuration, density_mesh_cutoff=None)
A class for calculating the effective potential for a configuration.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for which the
effective potential should be calculated.

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object. Default: Specific for each calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional
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Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy × length-1

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy
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gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.
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spin()

Returns
The spin the effective potential is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.
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Usage Examples

Calculate the effective potential and save it to a file:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Define the calculator
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the effective potential
effective_potential = EffectivePotential(molecule_configuration)
nlsave('results.nc', effective_potential)

nh3_effective_potential.py

For examples on working with 3D grids, see HartreePotential and ElectronDensity.

Notes

• This class inherits from the GridValues class.

• Returns the effective potential of a DFT calculation. It is the potential that causes the fictitious system of non-
interacting electrons to reproduce the electron density of the true system of interacting electrons. See Effective
potential for more information.

Eigensolutions

class Eigensolutions(spin_type, eigenvalues, eigenvectors, kpoint, fermi_level)
A container class to store eigensolutions for LCAO and semi-empirical calculations. This class is returned by
calculateEigensolutions().

Parameters

• spin_type (Unpolarized | Polarized | Noncollinear | SpinOrbit) – The spin po-
larization type of the configuration for which the eigensolutions were calculated.

• eigenvalues (PhysicalQuantity of type energy with shape (nspin, nstates) where nspin
is the number of spin components and nstates the number of eigensolutions.) – The eigen-
values per spin component.

• eigenvectors (numpy.ndarray with shape (nspin, norbs, nstates)
where nspin is the number of spin components, norbs the number of
orbitals and nstates the number of eigensolutions.) – The eigenvectors
per spin component.
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• kpoint (list(3) of floats) – The k-point (in fractional coordinates) for which the
eigensolutions were calculated.

• fermi_level (PhysicalQuantity of type energy.) – The fermi level of the configuration
for which the eigensolutions were calculated.

eigenvalues()

Returns
the eigenvalues as absolute energy.

Return type
PhysicalQuantity of type energy.

eigenvectors()

Returns
the eigenvectors.

Return type
numpy.ndarray.

fermiLevel()

Returns
the fermi level.

Return type
PhysicalQuantity of type energy.

kpoint()

Returns
the k-point.

Return type
list(3) of floats

spinType()

Parameters
spin_type (Unpolarized | Polarized | Noncollinear | SpinOrbit) – The spin po-
larization type of the configuration for which the eigensolutions were calculated.

uniqueString()

Return a unique string representing the state of the object.

Eigenstate

class Eigenstate(configuration=None, quantum_number=None, projection_list=None, spin=None,
density_mesh_cutoff=None)

A class for calculating the wave function of a particular orbital in a configuration.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for which the
eigenstate should be calculated.
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• quantum_number (int) – The quantum number of the desired eigenstate. Default: 0

• projection_list (ProjectionList) – Specifies the atoms and orbitals within the con-
figuration to include in the calculation. Default: ProjectionList(All)

• spin (Spin.Up | Spin.Down | Spin.All) – The spin to calculate the eigenstate for. De-
fault: Spin.All

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
grid sampling. The mesh cutoff must be a positive energy or a GridSampling object.
Default: Specific for each calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.
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Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity of type length) – The Cartesian x coordinate.

• y (PhysicalQuantity of type length) – The Cartesian y coordinate.

• z (PhysicalQuantity of type length) – The Cartesian z coordinate.

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component to project on. De-
fault: The spin the eigenstate was calculated for.

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Up, Spin.Down) components is returned if the calculation is not unpolarized.

Return type
PhysicalQuantity of type energy-3/2 × length-1

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate the wave function in the point (x, y, z).

Parameters

• x (PhysicalQuantity of type length) – The Cartesian x coordinate.

• y (PhysicalQuantity of type length) – The Cartesian y coordinate.

• z (PhysicalQuantity of type length) – The Cartesian z coordinate.

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component to project on. De-
fault: The spin the eigenstate was calculated for.

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Up,
Spin.Down) components is returned if the calculation is not unpolarized.

Return type
PhysicalQuantity of type energy-3/2

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters
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• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

quantumNumber()

Returns
The quantum number of the desired eigenstate.

Return type
int

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the eigenstate is calculated for.

Return type
Spin.Up | Spin.Down | Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – The spin component to project on. Default: The
spin the object was created with. If the spin was Spin.All, Spin.Sum will be used for
the projection.

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.
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Return type
PhysicalQuantity of type length.

Usage Examples

Calculate and save an eigenstate for water molecule:

# Define elements
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.0, 0.000000000000, 1.20198000e-01],

[ 0.0, 7.59572000e-01, -4.86714000e-01],
[ 0.0, -7.59606000e-01, -4.86721000e-01]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# define a a calculator
molecule_configuration.setCalculator(LCAOCalculator())

# calculate and save the eigenstate with quantum number 0
eigenstate = Eigenstate(molecule_configuration, 0)
nlsave('eigenstate.nc', eigenstate)

eigenstate.py

For examples on working with 3D grids, see HartreePotential and ElectronDensity.

Notes

Using a projection list means that only the part of the Hamiltonian involving the atoms in the projection list will be
used in the diagonalization to find the eigenstates.

Notice that the Eigenstate method neglects interactions across the unit cell boundaries. This makes sense physically for
a MoleculeConfiguration where the interactions are artifacts of the calculation. However, for a BulkConfiguration and
a DeviceConfiguration, the interactions across cell boundaries represent something real and care should be taken when
interpreting the results. For BulkConfiguration, see BlochState for an alternative analysis object. For DeviceConfigu-
ration, see TransmissionEigenstate for an alternative analysis object.

Note: For more advanced options and calculating multiple BlochState objects calculateBlochStates() is ad-
visable.
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Eigenvalues

class Eigenvalues(configuration, kpoints=None, energy_zero_parameter=None,
bands_above_fermi_level=None, enable_symmetry=None, processes_per_kpoint=None,
method=None, interpolation_method=None, diagonalization_method=None)

Class for calculating the eigenvalues for a configuration.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion with an attached calculator for which to calculate the eigenvalues.

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid | sequence of sequence (size 3) of float) – The k-points for which
to perform the calculation. This can either be given as a k-point grid or a list of frac-
tional k-points, e.g., [[0.0, 0.0, 0.0], [0.0, 0.0, 0.1], ...]. Default: The
Monkhorst-Pack grid used for the self-consistent calculation.

• energy_zero_parameter (FermiLevel | AbsoluteEnergy) – Specifies the choice for
the energy zero. Default: FermiLevel

• bands_above_fermi_level – Deprecated: from 2023.09, see
diagonalization_method and FullDiagonalizationSolver instead.

• enable_symmetry (bool) – Enable or disable the use of symmetry Default: True

• processes_per_kpoint (int | None) – The number of processes to use per kpoint.
The parameter is only used by the PlaneWaveCalculator, or if an iterative diago-
nalzation solver is used (see parameter diagonalization_method). Default: For
PlaneWaveCalculator, the default is the same number of processes per k-point as used
in the SCF calculation. Otherwise, the default is 1.

• method – Deprecated: from v2023.09, use interpolation_method parameter instead.

• interpolation_method (None | Full | KDotPExpansion1D | KDotPExpansion3D) –
The method used for the bandstructure calculation.

Default is to perform an exact eigenvalue solution for each k-point.

Alternatively, the k.p expansion method can be use to interpolate the eigenvalues at the
requested k-points using the exact eigensolution computed for a small subset of the k-
points. There are two modes for the k.p method. 1) Using KDotPExpansion1D, for
each bandstructure path segment, a few exact eigensolution are calculated and the eigen-
values of the remaining k-points are interpolated using a 1D correction term. 2) Using
KDotPExpansion3D, the eigenvalues for the requested k-points are interpolated from ex-
act solution on a 3D grid. The bands, grid and wave functions of a previous ground state
computation can be used in this approach.

Default: Full meaning that all k-points will be calculated exactly.

• diagonalization_method – Method used for diagonalizing the hamiltonian.

This parameter allows to choose between a full diagonalization solver and an iterative
subspace solver. The full diagonalization solver evaluates all bands from the lowest energy
one to a given number of bands above fermi level. The iterative subspace solver allows to
evaluate a given number of bands around fermi level, or around an energy of choice.

The full diagonalization solver is more robust, but can be proibitively expensive for very
large systems.
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The iterative solver can deal with very large systems (tens of thousands atoms and beyond)
and greatly outperforms when calculating a small number of eigenvalues, but it is also
inherently less robust.

Note: the exact method used when selecting FullDiagonalizationSolver is defined
by the calculator (see AlgorithmParameters). IterativeDiagonalizationSolver
is not supported for PlaneWaveCalculator

Default: FullDiagonalizationSolver

Type
FullDiagonalizationSolver | IterativeDiagonalizationSolver

densityOfStates()

Returns
A DensityOfStates object constructed from the calculated eigenvalues. This is only possi-
ble, if the kpoint used in this Eigenvalues object are of the type MonkhorstPackGrid or
RegularKpointGrid .

Return type
DensityOfStates

eigenvalues(spin=None)
Returns the calculated eigenvalues of the Hamiltonian.

Parameters
spin (Spin.All | Spin.Up | Spin.Down) – The spin of the eigenvalues. For Noncollinear
calculations, only Spin.All is valid. Default: Spin.All

Returns
The eigenvalues. If spin is Spin.All the shape of the array is (n-spins, n-kpoints, n-bands)
for Unpolarized and Polarized calculations, and (n-kpoints, n-bands) for Noncollinear cal-
culations. When spin is Spin.Up or Spin.Down the shape is (n-kpoints, n-bands).

Return type
PhysicalQuantity of type energy.

energyZero()

Returns
The energy zero.

Return type
PhysicalQuantity of type energy.

evaluate(spin=None)
Returns the irreducible kpoints and the corresponding eigenvalues of the Hamiltonian.

Parameters
spin (Spin.All | Spin.Up | Spin.Down) – The spin of the eigenvalues. For Noncollinear
caclulations, only Spin.All is valid. Default: Spin.All

Returns
The irriducible kpoints and the corresponding eigenvalues. When spin is Spin.All the
shape of the eigenvalues array is (n-spins, n-kpoints, n-bands) for Unpolarized and Polar-
ized calculations, and (n-kpoints, n-bands) for Noncollinear calculations. When spin is
Spin.Up or Spin.Down the shape is (n-kpoints, n-bands).

Return type
numpy.ndarray, PhysicalQuantity of type energy.
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fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
All

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

interpolationMethod()

Returns
The eigenvalue generation method.

Return type
None | Full | KDotPExpansion3D

irreducibleKpoints()

Returns
The irriducible kpoints for which the eigenvalues are calculated.

Return type
numpy.ndarray

irreducibleWeights()

Get the weights of the irreducible k-points for which the eigenvalues are calculated.

Returns
The weights.

Return type
numpy.ndarray

kpoints()

Returns
The kpoints given as input.

Return type
class:~.MonkhorstPackGrid | RegularKpointGrid | numpy.ndarray

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

method()

Deprecated: Use interpolationMethod() instead.

Returns
The method used for the bandstructure calculation.

Return type
None | Full | KDotPExpansion1D | KDotPExpansion3D
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nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

spins()

Returns
The spins associated to this analysis object.

Return type
list of spin flags.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate and save the eigenvalues for a bulk silicon configuration:

# Set up lattice
lattice = FaceCenteredCubic(5.4306 * Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates,
)

# k-point sampling
k_point_sampling = MonkhorstPackGrid(

na=3,
nb=3,
nc=3,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=k_point_sampling,

(continues on next page)
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(continued from previous page)

)

# LCAO calculator
calculator = LCAOCalculator(

numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Calculate and save the eigenvalues
eigenvalues = Eigenvalues(bulk_configuration)
nlprint(eigenvalues)
nlsave('eigenvalues.hdf5', eigenvalues)

eigenvalues.py

By default the eigenvalues will be calculated for the same kpoints as used in the Calculator. It is, however, possible to
calculate the eigenvalues at an arbitrary list of kpoints or MonkhorstPackGrid or RegularKpointGrid as:

# Calculate the eigenvalues at two selected k-points.
eigenvalues = Eigenvalues(

bulk_configuration,
kpoints=[[0.0, 0.0, 0.0], [0.1, 0.2, 0.3]])

# Calculate the eigenvalues using a MonkhorstPackGrid.
eigenvalues = Eigenvalues(

bulk_configuration,
kpoints=MonkhorstPackGrid(5, 5, 5))

# Calculate the eigenvalues using a RegularKpointGrid.
eigenvalues = Eigenvalues(

bulk_configuration,
kpoints=RegularKpointGrid(5, 5, 5))

If an Eigenvalues object has been calculated using either a MonkhorstPackGrid or RegularKpointGrid it is possible to
construct a DensityOfStates object using the already calculated eigenvalues as:

# Calculate the eigenvalues using a MonkhorstPackGrid.
eigenvalues = Eigenvalues(

bulk_configuration,
kpoints=MonkhorstPackGrid(5, 5, 5))

# Calculate a DensityOfStates object.
density_of_states = eigenvalues.densityOfStates()
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ElasticConstants

class ElasticConstants(configuration, optimizer=None, max_forces=None, max_steps=None,
max_step_length=None, eta_max=None, n_eta=None, enable_symmetry=None,
fit_order=None)

Class to calculate the elastic constants of a bulk material. Uses finite strain and calculates the elastic constants
from the linear stress response.

Parameters

• configuration (BulkConfiguration.) – The BulkConfiguration for which the
elastic constants should be calculated.

• optimizer (FIRE | LBFGS | NoOptimization) – The optimizer method used for opti-
mizing the internal coordinates after each strain. Set this to NoOptimization to disable
optimization of the strained cell. Default: LBFGS

• max_forces (PhysicalQuantity of type force) – The force threshold for the geometry
optimization. Default: 0.005 * eV / Ang

• max_steps (int) – The maximum number of steps used by the optimizer. Default: 200

• max_step_length (PhysicalQuantity of type length) – The maximum step length the
optimizer may take. Default: 0.2 * Ang

• eta_max (float) – The maximum strain that can be be applied to the cell. Must be
positive. Default: 0.005

• n_eta (int) – The total number of different strain magnitudes for each strain vector. Must
be larger than 1. Default: 3

• enable_symmetry (bool) – Flag to select if only the independent elastic constants are
calculated for each crystal system, or if all 21 constants are calculated. Default: True if
the configuration has standard orientation, False otherwise.

• fit_order (int) – The order of the polynomial fit of the stress-strain dependency. Must
be in the interval 1 to (n_eta - 1). Default: 1

bulkModulusHill()

Returns
The Hill type bulk modulus.

Return type
PhysicalQuantity of type pressure

bulkModulusReuss()

Returns
The Reuss type bulk modulus.

Return type
PhysicalQuantity of type pressure

bulkModulusVoigt()

Returns
The Voigt type bulk modulus.

Return type
PhysicalQuantity of type pressure
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enableSymmetry()

Returns
True if only the independent elastic constants are calculated for each crystal system, and
False if all 21 constants are calculated

Return type
bool

etaMax()

Returns
The maximum strain that can be be applied to the cell.

Return type
float

evaluate()

Returns
The elastic constants as a shape (6, 6) array.

Return type
PhysicalQuantity of type pressure

fitOrder()

Returns
The order of the polynomial fit of the stress-strain dependency.

Return type
int

maxForces()

Returns
The force threshold for the geometry optimization.

Return type
PhysicalQuantity of type force

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nEta()

Returns
The total number of different strain magnitudes for each strain vector.

Return type
int

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

940 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

poissonRatio()

Returns
The Poisson ratios in various directions as a shape (3, 3) array.

Return type
numpy.array

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shearModulusHill()

Returns
The Hill type shear modulus.

Return type
PhysicalQuantity of type pressure

shearModulusReuss()

Returns
The Reuss type shear modulus.

Return type
PhysicalQuantity of type pressure

shearModulusVoigt()

Returns
The Voigt type shear modulus.

Return type
PhysicalQuantity of type pressure

uniqueString()

Return a unique string representing the state of the object.

youngsModulus()

Returns
The Young’s moduli.

Return type
PhysicalQuantity of type pressure

Usage Examples

Calculate the elastic constants of bulk silicon using the Stillinger-Weber potential1, print the results, and save the object
to an nc file:

1 F. H. Stillinger and T. A. Weber. Computer simulation of local order in condensed phases of silicon. Phys. Rev. B, 31:5262–5271, Apr 1985.
doi:10.1103/PhysRevB.31.5262.
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# Set up bulk configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
fractional_coordinates=[[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]])

# Define the calculator
calculator = TremoloXCalculator(parameters=StillingerWeber_Si_1985())
bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Calculate the elastic constants
elastic = ElasticConstants(bulk_configuration,

optimizer=LBFGS(),
max_forces=0.001*eV/Angstrom,
eta_max=0.002,
n_eta=3,
enable_symmetry=True,
fit_order=1)

# Print the results
nlprint(elastic)
# Save the elastic constants analysis object
nlsave('elastic_constants.nc', elastic)

elastic_constants.py

Notes

• Set optimizer=None if the atoms in the strained cell should not be optimized before calculating the Stress. If
the cell only contians one atom, the optimization is automatically disabled.

• Other properties, such as bulk modulus, shear modulus, Young’s modulus, or Poisson ratios can be calculated
from the elastic constants. To view these results use the method nlprint.

• An ElasticConstants calcualtion can be performed using any calculator that supports the calculation of Stress.

• Before calculating the elastic constants of a given BulkConfiguration, the cell vectors should be optimized using
the OptimizeGeometry function.

ElectricFieldConstraint

class ElectricFieldConstraint(electric_field=None, born_effective_charge_parameters=None,
charge_sum_rule_method=None, polarization_parameters=None,
update_strategy=None, optimize_for_field_direction=None,
enable_stress_correction=None)

Add a response to an applied electic field to energy, forces and stress.

Parameters

• electric_field (PhysicalQuantity of type Volt / length) – A vector representing the
screened electric field inside the material. Default: [0.0, 0.0, 0.0] * Volt / Meter
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• born_effective_charge_parameters (BornEffectiveChargeParameters) – A
container with the parameters to be passed to BornEffectiveCharge when evaluating
the electric field correction. Default: BornEffectiveChargeParameters()

• charge_sum_rule_method (Disabled | DistributeEvenly |
DistributeRelative.) – Keyword specifying if a charge sum-rule should be ap-
plied to the Born effective charges. Can be Disabled for no sum-rule application.
Alternatively the charge error is either distributed evenly (DistributeEvenly) or
relative (DistributeRelative) to the Born effective charges on the atoms. Default:
Disabled

• polarization_parameters (PolarizationParameters) – A container with the pa-
rameters to be passed to Polarization when evaluating the electric field enthalpy. De-
fault: PolarizationParameters()

• update_strategy (FixElectricFieldCorrection() |
UpdateElectricFieldCorrection) – The strategy used to update Polariza-
tion and Born Effective Charge during the optimization or molecular dynam-
ics. FixElectricFieldCorrection() will calculate Polarization and
BornEffectiveCharge upfront based on the initial configuration and keep the
value fixed. UpdateElectricFieldCorrection will calculate Polarization and
BornEffectiveCharge at each step, unless the change in configuration coordinates is
below a given threshold. Default: FixElectricFieldCorrection()

• optimize_for_field_direction (bool) – For an electric field along a Cartesian di-
rection and orthorhombic cell, it is possible to speed up the calculation by evaluating only
Polarization components along the direction of the field. If True, this optimization is
enforced when possible. Default: True

• optimize_for_field_direction – For an electric field along a Cartesian direction
and orthorhombic cell, it is possible to speed up the calculation by evaluating only
Polarization components along the direction of the field. If True, this optimization is
enforced when possible. Default: True

• enable_stress_correction (bool) – Whether also the stress tensor should include
the electric field correction. Default: True

bornEffectiveChargeParameters()

Returns
The container with the BornEffectiveCharge parameters.

Return type
BornEffectiveChargeParameters

calculatedBornEffectiveCharge()

Retrieve the BornEffectiveCharge analysis available on this object, if any.

Returns
The born effective charge and the configuration for which it was evaluated. In the case of
NEB, a list is returned.

Return type
None | (AtomicConfiguration, BornEffectiveCharge) | list of
(AtomicConfiguration, BornEffectiveCharge)

calculatedPolarization()

Retrieve the last Polarization calculated to evaluate the correction, if any.
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Returns
The polarization and the configuration for which it was evaluated. In the case of NEB, a
list is returned.

Return type
None | (AtomicConfiguration, Polarization) | list of AtomicConfiguration, list
of Polarization

chargeSumRuleMethod()

Returns
Whether a charge sum-rule should be applied to the Born effective charges.

Type
Disabled | DistributeEvenly | DistributeRelative.

electricField()

Returns
A vector representing the screened electric field inside the material. Default: [0.0, 0.0,
0.0] * Volt / Meter

Return type
PhysicalQuantity of type Volt / length

enableStressCorrection()

Returns
Whether the stress tensor should include the electric field correction.

Type
bool

frozenDegreesOfFreedom(local_atoms=None)

Parameters
local_atoms (list of int | None) – The group of atoms from which the frozen de-
grees of freedom should be calculated, e.g. a thermalized group of atoms. Default: All
atoms.

Returns
The number of degrees of freedom that are frozen by this constraint object.

Return type
int

optimizeForFieldDirection()

Returns
Whether the optimization with respect to Polarization components is enabled or not.

Return type
bool

polarizationParameters()

Returns
The container with the Polarization parameters.

Return type
Polarization
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uniqueString()

Return a unique string representing the state of the object.

updateStrategy()

Returns
The strategy used to update Polarization and Born Effective Charges during the optimiza-
tion or molecular dynamics.

Return type
FixPolarizationToInitialValue | UpdatedPolarizationDuringTrajectory

Usage Examples

Optimize the geometry of a tetragonal BaTiO3 with an applied electric field opposite to the initial polarization:

# -*- coding: utf-8 -*-
setVerbosity(MinimalLog, ELECTRIC_FIELD_CONSTRAINT=True)

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleTetragonal(3.97816645571*Angstrom, 4.07906435409*Angstrom)

# Define elements
elements = [Barium, Titanium, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.00000000008 , 0.000000000035, -0.010189450414],

[ 0.500000000154, 0.500000000008, 0.465308176297],
[ 0.500000000067, 0.50000000004 , 1.011196206321],
[ 0.500000000058, 0.000000000049, 0.498397341501],
[ 0.000000000038, 0.500000000045, 0.498397341501]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

LDABasis.Oxygen_SingleZetaPolarized,
LDABasis.Titanium_SingleZetaPolarized,
LDABasis.Barium_SingleZetaPolarized,

(continues on next page)
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(continued from previous page)

]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = LDA.PZ

k_point_sampling = MonkhorstPackGrid(
na=2,
nb=2,
nc=2,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=80.0*Hartree,
k_point_sampling=k_point_sampling
)

iteration_control_parameters = IterationControlParameters(
tolerance=1e-02,
)

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
iteration_control_parameters=iteration_control_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave('bulk_configuration.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Optimize Geometry
# -------------------------------------------------------------

# Use default parameters for the Born effective charges and
# Polarization.
born_effective_charge_parameters = BornEffectiveChargeParameters()
polarization_parameters = PolarizationParameters()

# Setup an electric field constraint object.
efield = ElectricFieldConstraint(

[0.0, 0.0, 0.1] * Volt / Ang,
born_effective_charge_parameters=born_effective_charge_parameters,
polarization_parameters=polarization_parameters,
update_strategy=UpdateElectricFieldCorrection(max_displacement=0.*Angstrom))

constraints = [efield]

bulk_configuration = OptimizeGeometry(

(continues on next page)
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(continued from previous page)

bulk_configuration,
max_forces=0.05*eV/Ang,
max_steps=200,
max_step_length=0.2*Ang,
constraints=constraints,
trajectory_filename='optimize_bulk_configuration.hdf5',
trajectory_interval=1*Second,
restart_strategy=RestartFromTrajectory(),
optimize_cell=False,
enable_optimization_stop_file=True,
)

nlsave('optimize_bulk_configuration.hdf5', bulk_configuration)
nlprint(bulk_configuration)

efield_optimization.py

In the example above the parameter update_strategy=UpdateElectricFieldCorrection(max_displacement=0.
*Angstrom) implies that electric field derived force and stress terms (see section below) are recalculated at each
optimization step. The polarization and Born effective charges along the optimization trajectory are printed in the
output log, as long as the log region ELECTRIC_FIELD_CONSTRAINT is active (refer to setVerbosity documentation).

Note: The order of the constraint specified in input to OptimizeGeometry, OptimizeNudgedElasticBand and Molecu-
larDynamics matters. Constraint objects modify energies, forces or stress in the order they are specified. Constraints
which fix energy, forces or stress to a given value, like FixAtomConstraints, should always be specified after Electric-
FieldConstraint.

ElectricFieldConstraint can be used in the same way in OptimizeNudgedElasticBand and MolecularDynamics.

Notes

ElectricFieldConstraint is used to model the effect of an external electric field in DFT calculations with periodic
boundary conditions.

Within the DFT formalism, the electric enthalpy of an insulator under a uniform electric field is expressed as1:

𝐸𝜀[R, 𝜀] = 𝐸0[R] −P[R] · 𝜀

where 𝜀 represents the electric field, R the atomic coordinates,𝐸0 the Kohn-Sham energy functional and P the macro-
scopic polarization2.

Only the dominant first-order response to the field is taken into account, i.e. the field-induced polarization of the elec-
tronic wave-function, which introduces an explicit dependency of polarization and Kohn-Sham energy on the electric
field, is neglected.

The force on an atom 𝑖 is:

𝐹 𝜀𝑖 [R] = 𝐹 0
𝑖 + 𝑍*

𝑖 [R] · 𝜀

where the second term of the equation is a field-induced force dependent on the Born Effective Charge tensor 𝑍*
𝑖 .

1 Huaxiang Fu and L Bellaiche. First-principles determination of electromechanical responses of solids under finite electric fields. Physical
review letters, 91(5):057601, 2003.

2 R. D. King-Smith and D. Vanderbilt. Theory of polarization of crystalline solids. Phys. Rev. B, 47:1651–1654, Jan 1993.
doi:10.1103/PhysRevB.47.1651.
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Similarly, the field-induced stress is:

𝜎𝜀𝛼𝛽 = −
∑︁
𝑖

𝐹𝑖,𝛼𝑅𝑖,𝛽

The field-induced correction to energy, forces and stress can then be determined by calculating a Polarization and
BornEffectiveCharge analysis at a given atomic positions.

The ElectricFieldConstraint evaluates such corrections and can be used in all methods which accept constraint objects,
i.e. OptimizeGeometry, OptimizeNudgedElasticBand and MolecularDynamics.

Note: ElectricFieldConstraint adds a large overhead to calculation time, mainly due to the evaluation of BornEf-
fectiveCharge. The Born effective charges and the polarization must in principle be recalculated for any change in
atomic coordinates. However, ElectricFieldConstraint allows to limit the computational burden by performing such
calcualtions more sparsely via the update_strategy parameter. The validity of such approach will depend on the sys-
tem and the quantities under evaluation, and should be verified case by case. For reasonable static geometries, a single
evaluation of the Born effective charges may be sufficient.

ElectricFieldGradients

class ElectricFieldGradients(configuration, atom_indices=None)
Class for calculating and representing the electric field gradients at the atomic nuclei.

Parameters

• configuration (BulkConfiguration) – Configuration with a calculator that supports
EFG calculations.

• atom_indices (All | list of ints.) – The indices of the atoms for which to calculate the
electric field gradient. Default: All i.e. all atoms in the configuration.

atomIndices()

Returns
The atom indices.

Return type
list of int.

evaluate()

Get the electric field gradient tensors for each atom.

Returns
A list of electric field gradient tensors.

Return type
list

evaluatePrincipalAxis()

Determine the principel axis (eigenvectors and eigenvalues of the EFG tensor) for each atom.

Returns
The principel axis for each atom.

Return type
two ndarray
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evaluatePrincipelAxisComponents()

Determine the principel axis components for each atom.

Returns
The principel axis components and asymmetry parameter for each atom.

Return type
tuple of 2 lists

evaluateQuadrupoleCouplingConstants(quadrupole_moments=None)
Determine the quadrupole coupling constants for each atom.

Parameters
quadrupole_moments (list | None | Automatic) – List of quadrupole moments
for each atom in units of Barns. If Automatic, the quadrupole moment is taken from
Pekka Pyykkö (2018): Year-2017 nuclear quadrupole moments, Molecular Physics, DOI:
10.1080/00268976.2018.1426131 select non zero quadrupole moment for isotope of high-
est abbundance. Default: 1 Barn = 1.e-28*m^2

Returns
The quadrupole coupling constants and asymmetry parameter for each atom.

Return type
tuple of 2 lists

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

quadrupoleMoments(atom_index, quadrupole_moments=None)
Returns the quadrupole moment of the atom index in the configuration.

Parameters

• atom_index (int) – The atom index in the configuration.

• quadrupole_moments (None | Automatic) – If Automatic, the quadrupole mo-
ment is taken from Pekka Pyykkö (2018): Year-2017 nuclear quadrupole mo-
ments, Molecular Physics, DOI: 10.1080/00268976.2018.1426131 select non zero
quadrupole moment for isotope of highest abbundance. Default: 1 Barn = 1.e-
28*m^2.

Returns
The quadrupole moment of the atom index in the configuration.

Return type
PhysicalQuantity

setMetatext(metatext)
Set a given metatext string on the object.
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Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the electric field gradient of silicon, save it to a file, and print out the quadrupole coupling constant:

# Set up silicon crystal.
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306 * Angstrom),
elements=[Silicon, Silicon],
cartesian_coordinates=[[ 0. , 0. , 0.],

[ 1.35765, 1.35765, 1.35765]] * Angstrom
)

# Setup calculator.
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(6, 6, 6),
)

# Setup PAW data set.
basis_set = [

PAWPBEGPAW.Silicon,
]

# Setup plane wave calculator.
calculator = PlaneWaveCalculator(

basis_set=basis_set,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Electric Field Gradients.
efg_analysis = ElectricFieldGradients(

configuration=bulk_configuration,
atom_indices=All,
)

nlsave('si_efg.hdf5', efg_analysis)

# Print out the quadrupole coupling constant.
print('Quadrupole coupling constants')
print(efg_analysis.evaluateQuadrupoleCouplingConstants())

si_efg.py
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Notes

The quadrupole coupling constant is defined as

𝐶𝑞 =
𝑒𝑉𝑧𝑧𝑞

ℎ
,

where 𝑒 is the absolute value of the electron charge, ℎ the plank constant and 𝑞 is the nuclear quadrupolar momentum.

𝑉𝑧𝑧 is the largest eigenvalue of the diagonalized traceless electric field gradient tensor at the nucleus:

𝑉𝑖𝑗(r) =

∫︁
𝑑r′

𝜌(r′)

|r− r′|3

[︂
𝛿𝑖𝑗 − 3

(r𝑖 − r′𝑖)(r𝑗 − r′𝑗)

|r− r′|2

]︂
,

where 𝜌(r) is the charge neutral nuclear and all electron density. 𝑖, 𝑗 denote Cartesian coordinates

ElectroOpticalTensor

class ElectroOpticalTensor(configuration, dielectric_tensor, raman_spectrum,
second_harmonics_generation_susceptibility=None, phonon_modes=None,
use_principal_axes=None, apply_symmetries=None)

Constructor for the electro-optical (Pockels) tensor object.

Parameters

• configuration (BulkConfiguration) – The bulk configuration with an attached cal-
culator for which to calculate the electro-optical response.

• dielectric_tensor (DielectricTensor) – The dielectric_tensor object evaluated at
zero energy.

• raman_spectrum (RamanSpectrum) – The raman_spectrum object calculated by the
user.

• second_harmonics_generation_susceptibility (SecondHarmonicsGenerationSusceptibility)
– The second_harmonics_generation_susceptibility object evaluated at zero energy. If
None only the ionic terms are calculated. Default: None

• phonon_modes (list with positive ints | All) – The phonon modes to include. Default:
All (All phonon modes are included).

• use_principal_axes (bool) – Keyword flag specifying if the expression for coinciding
crystal and principal axes should be used. Default: False

• apply_symmetries (bool) – Keyword flag specifying if the symmetries should be en-
forced. Default: True

applySymmetries()

Returns
True if tensors are symmetrized.

Return type
bool

clampedElectronicElectroOpticalTensor()

Returns
The clamped electronic part of the electro-optical/Pockels tensor. Dimension is (3,3,3).
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Return type
PhysicalQuantity with the unit picoMeter / Volt.

clampedElectronicElectroOpticalVoigtTensor(contribution='Average')

Returns
The clamped ionic part of the electro-optical/Pockels tensor in Voigt notation. Dimension
is (6,3).

Return type
PhysicalQuantity with the unit picoMeter / Volt.

clampedIonicElectroOpticalTensor()

Returns
The clamped ionic part of the electro-optical/Pockels tensor. Dimension is (3,3,3).

Return type
PhysicalQuantity with the unit picoMeter / Volt.

clampedIonicElectroOpticalTensorModes()

Returns
The clamped ionic part of the electro-optical/Pockels tensor for individual modes. Dimen-
sion is (3,3,3,M) where M is the number of phonon modes.

Return type
PhysicalQuantity with the unit picoMeter / Volt.

clampedIonicElectroOpticalVoigtTensor(contribution='Average')

Returns
The clamped ionic part of the electro-optical/Pockels tensor in Voigt notation. Dimension
is (6,3).

Return type
PhysicalQuantity with the unit picoMeter / Volt.

clampedIonicElectroOpticalVoigtTensorModes(contribution='Average')

Returns
The clamped ionic part of the electro-optical/Pockels tensor in Voigt notation for individual
modes. Dimension is (6,3,M) where M is the number of phonon modes.

Return type
PhysicalQuantity with the unit picoMeter / Volt.

clampedTotalElectroOpticalTensor()

Returns
The sum of clamped electronic and ionic electro-optical/Pockels tensor. Dimension is
(3,3,3).

Return type
PhysicalQuantity with the unit picoMeter / Volt.

clampedTotalElectroOpticalVoigtTensor(contribution='Average')

Returns
The sum of clamped electronic and ionic electro-optical/Pockels tensor in Voigt notation.
Dimension is (6,3).
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Return type
PhysicalQuantity with the unit picoMeter / Volt.

dynamicDielectricTensor()

Returns
The dynamic dielectric constant tensor - i.e. excluding the ionic contribution. Dimension
is (3,3).

Return type
Dimensionless ndarray.

imaginaryRefractiveIndex()

Returns
The imaginary part of the refractive index including the ionic contribution. Dimension is
(3,3).

Return type
Dimensionless ndarray.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

phononEnergies()

Returns
The phonon eigenenergies.

Return type
PhysicalQuantity of type energy.

phononModes()

Query method for the phonon modes.

Returns
The list of phonon mode indices used in the calculation.

Return type
list of int.

phononWaveNumbers()

Returns
The phonon wave numbers calculated from the phonon frequencies.

Return type
PhysicalQuantity of type inverse length.
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realRefractiveIndex()

Returns
The real part of the refractive index including the ionic contribution. Dimension is (3,3).

Return type
Dimensionless ndarray.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

staticDielectricTensor()

Returns
The static dielectric constant tensor - i.e. including the ionic contribution. Dimension is
(3,3).

Return type
Dimensionless ndarray.

uniqueString()

Return a unique string representing the state of the object.

usePrincipalAxes()

Returns
True if expression for coinciding crystal and principal axes was used.

Return type
bool

Usage Examples

Calculate the static ElectroOpticalTensor of a configuration including both ionic and electronic contributions.

electro_optical_tensor = ElectroOpticalTensor(
configuration,
dielectric_tensor,
raman_spectrum,
second_harmonics_generation_susceptibility,
phonon_modes,
use_principal_axes,
apply_symmetries)

The clamped electro-optical (Pockels) tensor will be evaluated from the zero energy DielectricTensor and the
RamanSpectrum objects. The SecondHarmonicsGenerationSusceptibility is optional as input for addition of
the electronic contribution to the tensor.
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Notes

The change in the inverse static dielectric tensor, 𝜖−1
𝑟 , in the presence of an external electric field, 𝐸𝛼, is:

∆(𝜖−1
𝑟 )𝑖𝑗 =

3∑︁
𝛼=1

𝑟𝑖𝑗𝛼𝐸𝛼 + ...

where the rank 3 tensor, 𝑟𝑖𝑗𝑘, is the electro-optical (EO) tensor. The clamped EO tensor (neglecting piezoelectric
terms) has two contributions1: an electronic term related to the modification of the electronic structure for fixed ions
positions (displacements u = 0) and a ionic term related to field-induced ion displacements.

The inverse modification in the equation above can be related to the direct variation through the zero-field dielectric
tensor as

∆(𝜖−1
𝑟 )𝑖𝑗 =

−
3∑︁

𝑚,𝑛=1

(︁
(𝜖∞𝑟 )

−1
)︁
𝑖𝑚

∆𝜖𝑟,𝑚𝑛

(︁
(𝜖∞𝑟 )

−1
)︁
𝑛𝑗
,

∆𝜖𝑟,𝑚𝑛 =

∆𝜖𝑒𝑙𝑟,𝑚𝑛 + ∆𝜖𝑖𝑜𝑛𝑟,𝑚𝑛

The electronic and ionic change in the dielectric tensor refers to the partial derivatives 𝑑𝜖𝑟,𝑚𝑛

𝑑𝐸𝛾
=

𝜕𝜖𝑟,𝑖𝑗
𝜕𝐸𝛾

⃒⃒⃒
𝑢=0

+

𝜕𝜒
(1)
𝑟,𝑖𝑗

𝜕𝐸𝛾

⃒⃒⃒⃒
𝐸𝛾=0

. The optical carrier frequency is assumed high so that the dynamic (high frequency) dielectric tensor

𝜖∞𝑟 can be used in the projection2. The electronic part is related to the second harmonic generation susceptibility, 𝜒(2):

𝜕𝜖𝑟,𝑖𝑗
𝜕𝐸𝛾

⃒⃒⃒⃒
𝑢=0

= 2𝜒
(2)
𝑖𝑗𝛾

The ionic part is obtained from the Raman susceptibility, 𝛼𝜆𝑖𝑗 , and infrared mode polarity, 𝑝𝜆𝛼, of phonon 𝜆with angular
frequency 𝜔𝜆:

𝜕𝜒
(1)
𝑟,𝑖𝑗

𝜕𝐸𝛾

⃒⃒⃒⃒
⃒
𝐸𝛾=0

=
∑︁
𝜆

𝜕𝜒
(1)
𝑟,𝑖𝑗

𝜕𝑢𝜆

⃒⃒⃒⃒
⃒
𝐸𝛾=0

𝜕𝑢𝜆
𝜕𝐸𝛾

=
1

Ω0

∑︁
𝜆

𝛼𝜆𝑖𝑗𝑝
𝜆
𝛾

𝜔2
𝜆

where we defined the Raman tensor 𝛼𝜆𝑖𝑗 = Ω0 𝜕𝜒
(1)
𝑟,𝑖𝑗/𝜕𝑢𝜆

⃒⃒⃒
𝐸𝛾=0

, and used that 𝜕𝑢𝜆/𝜕𝐸𝛾 = 𝑝𝜆𝛾/𝜔
2
𝜆. Ω0 is the unit

cell volume. The infrared mode polarity is given by:

𝑝𝜆𝛼 =
∑︁
𝑖,𝛽

𝑍𝛼𝛽(𝑖)𝑒𝜆𝛽/
√
𝑚𝑖,

where 𝑍𝛼𝛽(𝑖) is the Born effective charge tensor for atom 𝑖 with mass 𝑚𝑖 and 𝑒𝜆𝛽 is the eigendisplacement of phonon
mode 𝜆 with frequency 𝜔𝜆.

These factors are obtained from the RamanSpectrum , and DielectricTensor analysis objects, respectively. From
1 M. Veithen, X. Gonze, and Ph. Ghosez. Nonlinear optical susceptibilities, Raman efficiencies, and electro-optic tensors from first-principles

density functional perturbation theory. Phys. Rev. B, 71(12):125107, March 2005. doi:10.1103/PhysRevB.71.125107.
2 W. D. Johnston. Nonlinear Optical Coefficients and the Raman Scattering Efficiency of LO and TO Phonons in Acentric Insulating Crystals.

Phys. Rev. B, 1(8):3494–3503, April 1970. doi:10.1103/PhysRevB.1.3494.
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these relations we can evaluate the clamped EO tensor. Inserting the partial derivatives we see that

𝑟𝑒𝑙𝑖𝑗𝛾 =

−
3∑︁

𝑚,𝑛=1

(︁
(𝜖∞𝑟 )

−1
)︁
𝑖𝑚

2𝜒(2)
𝑚𝑛𝛾

(︁
(𝜖∞𝑟 )

−1
)︁
𝑛𝑗
,

𝑟𝑖𝑜𝑛𝑖𝑗𝛾 =

−
3∑︁

𝑚,𝑛=1

(︁
(𝜖∞𝑟 )

−1
)︁
𝑖𝑚

1

Ω0

∑︁
𝜆

𝛼𝜆𝑚𝑛𝑝
𝜆
𝛾

𝜔2
𝜆

(︁
(𝜖∞𝑟 )

−1
)︁
𝑛𝑗

In Voigt notation we contract the first two indices into six-vector notation, 𝑟𝑖𝑗𝛼 → 𝑟𝑙𝛼, where 𝑙 = 1, ..., 6 for {𝑖𝑗} =
𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑦𝑧 = 𝑧𝑦, 𝑧𝑥 = 𝑥𝑧, 𝑥𝑦 = 𝑦𝑥.

Usage Example

This example script illustrates the full workflow of the ElectroOpticalTensor calculation and display a summary
of results:

filename = 'ElectroOpticalTensorWorkflow.hdf5'

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleTetragonal(4.070385412109747*Angstrom, 4.115226913895633*Angstrom)

# Define elements
elements = [Barium, Titanium, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.028650982641, -0.028665746616, 0.087957144726],

[ 0.544026489212, 0.455959167129, 0.605611994272],
[ 0.515281929165, 0.484708002041, 1.05622848206 ],
[ 0.514348270569, -0.004594374366, 0.570135591311],
[ 0.00458017807 , 0.48564221155 , 0.570135494531]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
k_point_sampling = MonkhorstPackGrid(

na=10,
nb=10,
nc=10,
)

(continues on next page)
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numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=105.0*Hartree,
k_point_sampling=k_point_sampling,
occupation_method=FermiDirac(100.0*Kelvin*boltzmann_constant),
)

iteration_control_parameters = IterationControlParameters(
tolerance=1e-05,
max_steps=1000,
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
iteration_control_parameters=iteration_control_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave(filename, bulk_configuration)

# -------------------------------------------------------------
# Optimize Geometry
# -------------------------------------------------------------
constraints = [SpaceGroupConstraint()]

bulk_configuration = OptimizeGeometry(
bulk_configuration,
max_forces=0.01*eV/Ang,
max_stress=0.05*GPa,
max_steps=2000,
max_step_length=0.2*Ang,
constraints=constraints,
trajectory_filename=None,
optimizer_method=LBFGS(),

)
nlsave(filename, bulk_configuration)
nlprint(bulk_configuration)

# -------------------------------------------------------------
# Optical Spectrum
# -------------------------------------------------------------
kpoint_grid = MonkhorstPackGrid(

na=25,
nb=25,
nc=25,
)

optical_spectrum = OpticalSpectrum(
configuration=bulk_configuration,
kpoints=kpoint_grid,
energies=numpy.linspace(0, 0, 1)*eV,

(continues on next page)
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broadening=0.1*eV,
bands_below_fermi_level=1000,
bands_above_fermi_level=1000,
)

nlsave(filename, optical_spectrum)

# -------------------------------------------------------------
# Born Effective Charge
# -------------------------------------------------------------
born_effective_charge = BornEffectiveCharge(

configuration=bulk_configuration,
kpoints_a=MonkhorstPackGrid(30, 10, 10),
kpoints_b=MonkhorstPackGrid(10, 30, 10),
kpoints_c=MonkhorstPackGrid(10, 10, 30),
atomic_displacement=0.01*Angstrom,
)

nlsave(filename, born_effective_charge)

# -------------------------------------------------------------
# Dynamical Matrix
# -------------------------------------------------------------
polar_phonon_splitting_parameters = PolarPhononSplittingParameters(

optical_spectrum=optical_spectrum, born_effective_charge=born_effective_charge)
dynamical_matrix = DynamicalMatrix(

bulk_configuration,
filename=filename,
object_id='dynamical_matrix',
repetitions=(5, 5, 5),
atomic_displacement=0.01*Angstrom,
acoustic_sum_rule=True,
finite_difference_method=Central,
force_tolerance=1e-08*Hartree/Bohr**2,
processes_per_displacement=1,
log_filename_prefix='forces_displacement_',
use_wigner_seitz_scheme=False,
polar_phonon_splitting_parameters=polar_phonon_splitting_parameters,
)

dynamical_matrix.update()

# -------------------------------------------------------------
# Dielectric Tensor
# -------------------------------------------------------------
dielectric_tensor = DielectricTensor(

configuration=bulk_configuration,
dynamical_matrix=dynamical_matrix,
optical_spectrum=optical_spectrum,
born_effective_charge=born_effective_charge,

)
nlsave(filename, dielectric_tensor)

# -------------------------------------------------------------
# Susceptibility Derivatives

(continues on next page)
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# -------------------------------------------------------------
susceptibility_derivatives = SusceptibilityDerivatives(

bulk_configuration,
filename=filename,
object_id='susceptibility_derivatives',
atomic_displacement=0.01*Angstrom,
finite_difference_method=Central,
broadening=0.1*eV,
bands_below_fermi_level=1000,
bands_above_fermi_level=1000,
processes_per_displacement=1,
log_filename_prefix='susceptibility_displacement_',

)
susceptibility_derivatives.update()

# -------------------------------------------------------------
# Raman Spectrum
# -------------------------------------------------------------
raman_spectrum = RamanSpectrum(

bulk_configuration,
dynamical_matrix,
susceptibility_derivatives,
qpoint=[0.0, 0.0, 0.0],
phonon_modes=None,
method=PolarizationDependent,
polarization_in=[1, 0, 0],
polarization_out=[1, 0, 0],
broadening=0.25 * meV,
)

nlsave(filename, raman_spectrum)

# -------------------------------------------------------------
# Electro Optical Tensor
# -------------------------------------------------------------
electro_optical_tensor = ElectroOpticalTensor(

configuration=bulk_configuration,
dielectric_tensor=dielectric_tensor,
raman_spectrum=raman_spectrum,
second_harmonics_generation_susceptibility=None,

)
nlsave(filename, electro_optical_tensor)
nlprint(electro_optical_tensor)

electro_optical_tensor.py

It is important to note that this example is only intended to give an overview of the capabilities of ElectroOpticalTensor;
A typical output from the nlprint command looks like this:

+------------------------------------------------------------------------------+
| |
| Dielectric Tensor Analysis |
| |
+------------------------------------------------------------------------------+

(continues on next page)
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+------------------------------------------------------------------------------+
| |
| Raman Spectrum Analysis |
| |
+------------------------------------------------------------------------------+
+------------------------------------------------------------------------------+
| |
| Electro-optical Tensor Analysis |
| |
+------------------------------------------------------------------------------+
+------------------------------------------------------------------------------+
| Electro-Optical Tensor Report |
| In units of [pm/V]: |
+------------------------------------------------------------------------------+
| |
| Total |
| x y z |
| xx 0.00000 0.00000 5.43361 |
| yy 0.00000 0.00000 5.43361 |
| zz 0.00000 0.00000 8.79489 |
| yz 0.00000 0.00000 0.00000 |
| xz 0.00000 0.00000 0.00000 |
| xy 0.00000 0.00000 0.00000 |
| |
| Electronic |
| x y z |
| xx 0.00000 0.00000 0.00000 |
| yy 0.00000 0.00000 0.00000 |
| zz 0.00000 0.00000 0.00000 |
| yz 0.00000 0.00000 0.00000 |
| xz 0.00000 0.00000 0.00000 |
| xy 0.00000 0.00000 0.00000 |
| |
| Ionic |
| x y z |
| xx 0.00000 0.00000 5.43361 |
| yy 0.00000 0.00000 5.43361 |
| zz 0.00000 0.00000 8.79489 |
| yz 0.00000 0.00000 0.00000 |
| xz 0.00000 0.00000 0.00000 |
| xy 0.00000 0.00000 0.00000 |
| |
+------------------------------------------------------------------------------+
| Ionic Electro-optical tensor in units of [pm/V]: |
| |
| Ionic part for mode 4, wavenumber: 165.0261 cm^-1 |
| x y z |
| xx 0.00000 0.00000 1.28989 |
| yy 0.00000 0.00000 1.28989 |
| zz 0.00000 0.00000 1.75727 |
| yz 0.00000 0.00000 0.00000 |
| xz 0.00000 0.00000 0.00000 |

(continues on next page)
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| xy 0.00000 0.00000 0.00000 |
| |
| Ionic part for mode 7, wavenumber: 252.5027 cm^-1 |
| x y z |
| xx 0.00000 0.00000 3.35205 |
| yy 0.00000 0.00000 3.35205 |
| zz 0.00000 0.00000 5.77609 |
| yz 0.00000 0.00000 0.00000 |
| xz 0.00000 0.00000 0.00000 |
| xy 0.00000 0.00000 0.00000 |
| |
| Ionic part for mode 14, wavenumber: 657.9398 cm^-1 |
| x y z |
| xx 0.00000 0.00000 0.79166 |
| yy 0.00000 0.00000 0.79166 |
| zz 0.00000 0.00000 1.26153 |
| yz 0.00000 0.00000 0.00000 |
| xz 0.00000 0.00000 0.00000 |
| xy 0.00000 0.00000 0.00000 |
+------------------------------------------------------------------------------+

It gives the total, electronic and ionic electro-optical tensors, and the ionic resolved in specified mode contributions, in
Voigt notation. It is important to check the mode contributions as acoustic modes can give spurious effects numerically.

Depending on the system one could have different calculators for the phonon and electronic properties - i.e. DFT+1/2
for a better band gap and optical properties. One should carefully examine the phonon displacements, band gap and
Born effective charges during the analysis.

Furthermore it is possible to also include the SecondHarmonicsGenerationSusceptibility in the Raman spec-
trum and EO tensor calculations which could be important in polar materials lacking inversion symmetry.

ElectrodeConstraint

This module is used to constrain variables in a device system to the bulk electrode values, up to a certain distance.
Electrode constraints are turned off with the keyword ElectrodeConstraint.Off. Alternatively, a constraint on the
density matrix can be defined by declaring an instance of ElectrodeConstraint.DensityMatrix.

class DensityMatrix(electrode_constraint_length=None)
Class for representing a Density Matrix Constraint for Device simulations. See ElectrodeConstraint docu-
mentation a usage example.

Parameters
electrode_constraint_length (PhysicalQuantity of type length) – The part of the density
matrix that is constraint by the electrode density matrix Default: 0.0 * Angstrom

electrodeConstraintLength()

Returns
The electrode constraint length.

Return type
PhysicalQuantity of type length
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Usage Examples

Setup a calculation with a constrained density matrix.

electrode_constraint = ElectrodeConstraint.DensityMatrix(
electrode_constraint_length=6.*Ang
)

device_algorithm_parameters = DeviceAlgorithmParameters(
electrode_constraint=electrode_constraint
)

calculator = DeviceHuckelCalculator(
device_algorithm_parameters = device_algorithm_parameters,
)

ElectronDensity

class ElectronDensity(configuration, density_mesh_cutoff=None)
A class for calculating the electron density for a configuration.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for which the
density should be calculated.

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object. Default: Specific for each calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.
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Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type length-4

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.
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evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type length-3

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.
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Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the electron density is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.
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Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

Calculate the electron density and save it to a file:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Define the calculator
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the electron density
electron_density = ElectronDensity(molecule_configuration)
nlsave('results.nc', electron_density)

nh3_density.py

Read in the electron density from a file and print
∫︀
𝑛(𝑥, 𝑦, 𝑧)𝑑𝑦𝑑𝑧𝑑𝑥 = 0:

# import an electron density
density = nlread('results.hdf5', ElectronDensity)[0]

# Get the shape of the data.
shape = density.shape()
# Find the volume elements.
dX, dY, dZ = density.volumeElement()
# Calculate the unit area in the y-z plane.
dAYZ = numpy.linalg.norm( numpy.cross(dY,dZ) )
# calculate density along x integrated over y,z
n_x = [ density[i,:,:].sum() * dAYZ for i in range(shape[0]) ]

#print out the result
dx = dX.norm()

sum = 0 * Units.Bohr**-2

for i in range(shape[0]):
(continues on next page)
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sum+=n_x[i]*dx
print(dx*i, n_x[i], sum)

print('Total electron density=', sum)

nh3_density_integral.py

Read in the electron density from a file and calculate multipoles of the density:

# import an electron density
density = nlread('results.hdf5', ElectronDensity)[0]

# Get the shape of the data.
ni, nj, nk = density.shape()
# Find the volume elements.
dX, dY, dZ = density.volumeElement()
length_unit = dX.unit()
# Calculate the volume of the volume element.
dV = numpy.dot(dX, numpy.cross(dY,dZ)) * length_unit**3
# Get a reference for the data of the density.
grid_data = density[:,:,:]*Units.e

# Calculate the absoute density sum.
density_abs_sum = abs(grid_data).sum()

# Calculate center of mass
Mi = sum([ i*abs(grid_data[i,:,:]).sum() for i in range(ni)])/density_abs_sum
Mj = sum([ j*abs(grid_data[:,j,:]).sum() for j in range(nj)])/density_abs_sum
Mk = sum([ k*abs(grid_data[:,:,k]).sum() for k in range(nk)])/density_abs_sum
center_of_mass = Mi*dX + Mj*dY+ Mk*dZ

# Calculate monopole
density_sum = grid_data.sum()
m0 = density_sum*dV

#calculate dipole
dens_i = sum([ (i-Mi)*grid_data[i,:,:].sum() for i in range(ni)])
dens_j = sum([ (j-Mj)*grid_data[:,j,:].sum() for j in range(nj)])
dens_k = sum([ (k-Mk)*grid_data[:,:,k].sum() for k in range(nk)])
m1 = (dX*dens_i + dY*dens_j + dZ*dens_k)*dV

# Calculate quadropoles (3 x_i *x_j-r*r delta_ij)*dens
dens_ii = sum([ (i-Mi)**2 * grid_data[i,:,:].sum() for i in range(ni)])
dens_jj = sum([ (j-Mj)**2 * grid_data[:,j,:].sum() for j in range(nj)])
dens_kk = sum([ (k-Mk)**2 * grid_data[:,:,k].sum() for k in range(nk)])
dens_ij = sum([ (i-Mi)*(j-Mj)*grid_data[i,j,:].sum()

for i in range(ni) for j in range(nj)])
dens_ik = sum([ (i-Mi)*(k-Mk)*grid_data[i,:,k].sum()

for i in range(ni) for k in range(nk)])
dens_jk = sum([ (j-Mj)*(k-Mk)*grid_data[:,j,k].sum()

for j in range(nj) for k in range(nk)])

m2 = (dX.outer(dX)*dens_ii + dY.outer(dY)*dens_jj + dZ.outer(dZ)*dens_kk\
(continues on next page)
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+ (dX.outer(dY)+dY.outer(dX))*dens_ij + (dX.outer(dZ)+dZ.outer(dX))*dens_ik\
+ (dY.outer(dZ)+dZ.outer(dY))*dens_jk) * dV

r2 = sum(m2)
m2 = 3*m2 - numpy.identity(3)*r2

print("center of mass (bohr) = ", center_of_mass)

print("monopole (e) = ", m0)
print("dipole (e*bohr) = ", m1)
print("quadropole (e*bohr**2) = ", m2)

nh3_density_multipoles.py

For more examples on working with 3D grids, see HartreePotential.

Notes

• This class inherits from the GridValues class.

• Returns the electron density 𝑛(r), as defined in The Hartree potential and the electrostatic potential.

• When PAW potentials are used, 𝑛(r) is the smooth pseudo valence density.

ElectronDifferenceDensity

class ElectronDifferenceDensity(configuration, density_mesh_cutoff=None)
A class for calculating the electron difference density for a configuration.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for which the
difference density should be calculated.

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object. Default: Specific for each calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

968 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type length-4

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.
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Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type length-3

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()
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primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the electron difference density is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.
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unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

Calculate the electron difference density and save it to a file:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Define the calculator
iteration_control_parameters = IterationControlParameters()

calculator = HuckelCalculator(
iteration_control_parameters=iteration_control_parameters,
)

molecule_configuration.setCalculator(calculator)

# Calculate and save the electron difference density
difference_density = ElectronDifferenceDensity(molecule_configuration)
nlsave('results.nc', difference_density)

nh3_difference_density.py

For examples on working with 3D grids, see HartreePotential and ElectronDensity.
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Notes

• This class inherits from the GridValues class.

• Returns the electron difference density 𝛿𝑛(r), as defined in The Hartree potential and the electrostatic potential.

ElectronLocalizationFunction

class ElectronLocalizationFunction(configuration, density_mesh_cutoff=None)
A class for calculating the electron localization function for a configuration.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for which the
electron localization function should be calculated.

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
grid sampling. The mesh cutoff must be a positive energy or a GridSampling object.
Default: Specific for each calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type=None, axis=None, spin=None, projection_point=None,
coordinate_type=None)

Project a 3D Grid onto one of the cartesian axes.

Parameters

• projection_type ('sum' | 'average' | 'avg' | 'line') – Which type of projec-
tion to perform. Default: 'sum'

• axis ('a' | 'b' | 'c') – Onto which axis to project the data. Default: 'c'

• spin (Spin.Up | Spin.Down | Spin.RealUpDown | Spin.ImagUpDown) – Which
spin component to project. Default: Spin.Up

• projection_point (numpy.array) – Coordinates of the point through which to take
a lineout. Default: numpy.array([0.0, 0.0, 0.0])

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data.

Return type
tuple of numpy arrays

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity of type length.) – The Cartesian x coordinate.
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• y (PhysicalQuantity of type length.) – The Cartesian y coordinate.

• z (PhysicalQuantity of type length.) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Up | Spin.Down | Spin.RealUpDown | Spin.ImagUpDown |
Spin.UpUp | Spin.DownDown) – The spin component to project on. Default: Spin.
All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Up, Spin.Down, Spin.RealUpDown, Spin.ImagUpDown) components is returned.

Return type
PhysicalQuantity of type unitless

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity of type length) – The Cartesian x coordinate.

• y (PhysicalQuantity of type length) – The Cartesian y coordinate.

• z (PhysicalQuantity of type length) – The Cartesian z coordinate.

• spin (Spin.Up | Spin.Down | Spin.RealUpDown | Spin.All | Spin.ImagUpDown
| Spin.UpUp | Spin.DownDown) – The spin component to project on. Default: The
spin this object was calculated for.

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Up,
Spin.Down, Spin.RealUpDown, Spin.ImagUpDown) components is returned.

Return type
PhysicalQuantity of type unitless

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.
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Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the electron localization function is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Query method to get a spin component of the ElectronLocalizationFunction object.

Parameters
spin (Spin.Up | Spin.Down | Spin.RealUpDown | Spin.ImagUpDown) – The spin com-
ponent for which to return the electron localization function object. Default: Spin.Up
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toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

Calculate the electron localization function and save it to a file:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 6.13508 , 5.790587, 2.75 ],

[ 6.13508 , 6.73176 , 2.336663],
[ 6.95016 , 5.32 , 2.336663],
[ 5.32 , 5.32 , 2.336663]]*Angstrom

)

# Define the calculator
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the effective potential
elf = ElectronLocalizationFunction(molecule_configuration)
nlsave('results.nc', molecule_configuration)
nlsave('results.nc', elf)
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nh3_elf.py

For examples on working with 3D grids, see HartreePotential and ElectronDensity.

Notes

• The electron localization function (ELF) is a 3D function with values between 0 and 1. The positions where the
electron is localized has a high ELF value. The function was originally defined by Becke for molecular systems1,
however, the QuantumATK implementation is also valid for bulk system.

• To export the grid data of an electron localization function use the method nlprint.

• Calculation of the electron localization function is only supported for the LCAOCalculator .

ElectronPhononCoupling

class ElectronPhononCoupling(configuration, hamiltonian_derivatives, dynamical_matrix,
kpoints_fractional=None, kpoints_cartesian=None, qpoints_fractional=None,
qpoints_cartesian=None, electron_bands=None, phonon_modes=None,
calculate_velocities=None, max_interaction_range=None,
rotate_to_pure_spin_states=None, energy_tolerance=None,
initial_state_energy_range=None, store_dense_coupling_matrices=None,
coupling_matrix_tolerance=None, use_kpoint_symmetry=None,
hamiltonian_derivatives_constraints=None)

Class for calculating the electron-phonon coupling matrix for a BulkConfiguration.

Parameters

• configuration (BulkConfiguration) – The BulkConfiguration for which to calculate
the electron-phonon coupling.

• hamiltonian_derivatives (HamiltonianDerivatives) – The HamiltonianDeriva-
tives for the configuration.

• dynamical_matrix (DynamicalMatrix) – The DynamicalMatrix for the configuration.

• kpoints_fractional (sequence (size 3) of int | MonkhorstPackGrid |
KpointDensity | RegularKpointGrid | sequence of sequence (size 3) of float)
– List of k-points. This can either be given as a k-point grid or a list of fractional k-
points, e.g., [[0.0, 0.0, 0.0], [0.0, 0.0, 0.1], ...]. This option is mutually
exclusive to kpoints_cartesian. Default: [[0.0, 0.0, 0.0]]

• kpoints_cartesian (sequence of sequence (size 3) of PhysicalQuantity of type inverse
length) – List of Cartesian k-points, e.g., [[0.0, 0.0, 0.0], [0.0, 0.0, 1.0], ..
.] * Angstrom**-1. This option is mutually exclusive to kpoints_fractional. De-
fault: kpoints_fractional is used.

• qpoints_fractional (sequence (size 3) of int | MonkhorstPackGrid |
KpointDensity | RegularKpointGrid | sequence of sequence (size 3) of float)
– List of q-points. This can either be given as a q-point grid or a list of fractional q-
points, e.g., [[0.0, 0.0, 0.0], [0.0, 0.0, 0.1], ...]. This option is mutually
exclusive to qpoints_cartesian. Default: [[0.0, 0.0, 0.0]]

1 A. D. Becke and K. E. Edgecombe. A simple measure of electron localization in atomic and molecular systems. J. Chem. Phys., 1990.
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• qpoints_cartesian (sequence of sequence (size 3) of PhysicalQuantity of type inverse
length) – List of Cartesian q-points, e.g., [[0.0, 0.0, 0.0], [0.0, 0.0, 1.0], ..
.] * Angstrom**-1. This option is mutually exclusive to qpoints_fractional. De-
fault: qpoints_fractional is used.

• electron_bands (list of int | All | Automatic) – The band indices of the Bloch states
to include. If Automatic the states within the initial_state_energy_range are selected.
Default: All if initial_state_energy_range is None. Otherwise Automatic.

• phonon_modes (list of int | All) – Phonon modes to include. Default: All

• calculate_velocities (bool) – Boolean to control if the velocities should be calcu-
lated or not. Default: True

• maximum_interaction_range (PhysicalQuantity of type length) – Set the maximum
range of the interactions. Default: No maximum interaction range.

• rotate_to_pure_spin_states (bool) – Boolean to control if the eigenstates should
be rotated to pure spin states or not. This is only relevant for non-collinear or spin-orbit
calculations. As default for non-collinear calculations the eigenstates are rotated to pure
spin states (True) and for spin-orbit no eigenstates are rotated (False).

• energy_tolerance (PhysicalQuantity of type energy) – Energy tolerance for calculating
matrix elements. The matrix elements are only calculated if (𝐸𝑓𝑖𝑛𝑎𝑙−𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙±𝐸𝑝ℎ𝑜𝑛𝑜𝑛)
is smaller in magnitude than the energy_tolerance, where 𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial state
energy with wavevector k, 𝐸𝑓𝑖𝑛𝑎𝑙 is the final state energy with wavevector k ± q, and
𝐸𝑝ℎ𝑜𝑛𝑜𝑛 is the phonon energy at phonon wavevector q. Default: 0.1 * eV

• initial_state_energy_range (PhysicalQuantity of type energy) – Energy range for
the initial state. Electron-phonon coupling elements are only calculated if the energy of
the initial state is within the initial state energy range. Default: [-100, 100] * eV (all
matrix elements are calculated included).

• store_dense_coupling_matrices (bool) – Boolean to control if the electron-phonon
coupling elements should be stored as dense matrices. This should only be set to True if
a large energy_tolerance ( > 0.1*eV) is used. Default: False

• coupling_matrix_tolerance (PhysicalQuantity of type energy) – Tolerance for stor-
ing the coupling matrix elements. The matrix element is only stored, if it is larger in
magnitude than the coupling_matrix_tolerance. This parameter is only used, if the
parameter store_dense_coupling_matrices is False. Default: 1e-9 * eV

• use_kpoint_symmetry (bool.) – Boolean to determine if symmetries are used to re-
duce k-point selection. Default: True for kpoints of type MonkhorstPackGrid or Regu-
larKpointGrid. False` for k-point list, which is a requirement in general.

• hamiltonian_derivatives_constraints – List of atomic indices, where the hamil-
tonian derivatives will be constrained, e.g. [0, 2, 10]. Default: Empty list []

couplingMatrixTolerance()

Query method for the coupling_matrix_tolerance.

Returns
The coupling_matrix_tolerance used in the calculation.

Return type
PhysicalQuantity of type energy.

couplingMatrixVsQ(spin_index=None, phonon_mode=None, k_index=None, initial_band=None,
final_band=None)
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Query method for the (scaled) coupling matrix vs. q at specified spin, phonon mode, k-index, initial band
and final band.

The scaled coupling matrix element is given by g𝜆𝑛𝑛
′

𝑘𝑞 = ⟨𝑛′𝑘+ 𝑞|∆𝐻𝑞𝜆|𝑛𝑘⟩, where ∆𝐻𝑞𝜆 is the pertur-
bation of the Hamiltonian due to a phonon with momentum q in phonon mode 𝜆, and |𝑛𝑘⟩ is a Bloch state
with momentum k and band index n.

Parameters

• spin_index (int) – The spin index.

• phonon_mode (int) – The phonon mode.

• k_index (int) – The k-point index.

• initial_band (int) – The initial band.

• final_band (int) – The final band.

Returns
The electron-phonon coupling matrix vs. q. The shape of the array is (num-
ber_of_qpoints).

Return type
PhysicalQuantity of type energy.

eigenvaluesK()

Query method for the electron Bloch state energies as a function of k.

Returns
The electron Bloch state energies as a function of k. The shape of the array is (num-
ber_of_spins, number_of_kpoints, number_of_electron_bands).

Return type
PhysicalQuantity of type energy.

eigenvaluesKMinusQ()

Query method for the electron Bloch state energies as a function of k-q.

Returns
The electron Bloch state energies as a function of k-q. The shape of the array is (num-
ber_of_spins, number_of_kpoints, number_of_qpoints, number_of_electron_bands).

Return type
PhysicalQuantity of type energy.

eigenvaluesKMinusQVsQ(spin_index=None, k_index=None, band=None)
Query method for the eigenvalues_k_minus_q vs. q at specified spin, k-index, band.

Parameters

• spin_index (int) – The spin index.

• k_index (int) – The k-point index.

• band (int) – The electron band.

Returns
The electron Bloch state energies at k-q as a function of q. The shape for the returned array
is (N, ), where N is the number of q-points.

Return type
PhysicalQuantity of type energy.
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eigenvaluesKPlusQ()

Query method for the electron Bloch state energies as a function of k+q.

Returns
The electron Bloch state energies as a function of k+q. The shape of the array is (num-
ber_of_spins, number_of_kpoints, number_of_qpoints, number_of_electron_bands).

Return type
PhysicalQuantity of type energy.

eigenvaluesKPlusQVsQ(spin_index=None, k_index=None, band=None)
Query method for the eigenvalues_k_plus_q vs. q at specified spin, k-index, band.

Parameters

• spin_index (int) – The spin index.

• k_index (int) – The k-point index.

• band (int) – The electron band.

Returns
The electron Bloch state energies at k+q as a function of q. The shape for the returned
array is (N, ), where N is the number of q-points.

Return type
PhysicalQuantity of type energy.

electronBands()

Query method for the electron bands.

Returns
The list of electronic band indices used in the calculation.

Return type
list of int.

energyDependentInverseLifeTime(energies, phonon_modes=None, electron_bands=None,
temperature=None, fermi_shift=None, integration_method=None,
energy_broadening=None)

Generator method for the inverse life time as a function of energy.

Parameters

• energies (PhysicalQuantity of type energy) – The energies to calculate the scat-
tering rate for, given as an energy list.

• phonon_modes (List of indices or NLFlag All.) – Phonon modes to in-
clude. Default: All.

• electron_bands (List of indices or NLFlag All.) – Electronic bands to in-
clude. Default: All (Include all the calculated electron bands).

• temperature (PhysicalQuantity of type temperature) – The temperature for the ther-
mal smearing of the Bose and Fermi distributions. Default: 300 * Kelvin

• fermi_shift (PhysicalQuantity of energy unit.) – Shift of the Fermi level. Default:
0.0 * eV

• integration_method (GaussianBroadening | TetrahedronMethod) – The
method to use for calculating the q-integrals. Default: TetrahedronMethod if a
MonkhorstPackGrid or RegularKpointGrid was used for the q-point sampling.
Otherwise GaussianBroadening(0.1*eV)
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• energy_broadening (PhysicalQuantity of type energy) – The energy broadening of
delta-functions. Default: 3.0e-2*eV

Returns
The inverse relaxation time. The length is len(energies).

Return type
PhysicalQuantity of type inverse length.

energyDependentInverseMeanFreePath(energies, phonon_modes=None, electron_bands=None,
temperature=None, fermi_shift=None,
integration_method=None, energy_broadening=None)

Generator method for the inverse mean free time as a function of energy.

param energies
The energies to calculate the scattering rate for, given as an energy list.

type energies
PhysicalQuantity of type energy

param phonon_modes
Phonon modes to include. Default: All.

type phonon_modes
List of indices or NLFlag All.

param electron_bands
Electronic bands to include. Default: All (Include all the calculated electron
bands).

type electron_bands
List of indices or NLFlag All.

param temperature
The temperature for the thermal smearing of the Bose and Fermi distributions.
Default: 300 * Kelvin

type temperature
PhysicalQuantity of type temperature

param fermi_shift
Shift of the Fermi level. Default: 0.0 * eV

type fermi_shift
PhysicalQuantity of energy unit.

param integration_method
The method to use for calculating the q-integrals. Default: TetrahedronMethod
if a MonkhorstPackGrid or RegularKpointGridwas used for the q-point sam-
pling. Otherwise GaussianBroadening(0.1*eV)

type integration_method
GaussianBroadening | TetrahedronMethod

param energy_broadening
The energy broadening of delta-functions. Default: 3.0e-2*eV

type energy_broadening
PhysicalQuantity of type energy

Returns
The energy dependent inverse mean free path in total and mode resolved, and the ‘raw’ data.
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The shapes are (n_energies), (n_modes, n_energie), and (n_spins, n_modes, n_kpoints,
n_bloch_states) where n_energies is the number of energy points and n_modes is the
number of phonon modes. The shape of the last array is (n_spins, n_modes, n_kpoints,
n_bands)

Return type
PhysicalQuantity of type inverse length, PhysicalQuantity of type inverse length, Physi-
calQuantity of type inverse length.

energyTolerance()

Query method for the energy_tolerance.

Returns
The energy_tolerance used in the calculation.

Return type
PhysicalQuantity of type energy.

evaluate(spin_index=None, phonon_mode=None, k_index=None, initial_band=None, final_band=None)
Return the electron-phonon coupling matrix vs. q at specified spin, phonon mode, k-index, initial band
and final band.

The scaled coupling matrix element is given by g𝜆𝑛𝑛
′

𝑘𝑞 = ⟨𝑛′𝑘+ 𝑞|∆𝐻𝑞𝜆|𝑛𝑘⟩, where ∆𝐻𝑞𝜆 is the pertur-
bation of the Hamiltonian due to a phonon with momentum q in phonon mode 𝜆, and |𝑛𝑘⟩ is a Bloch state
with momentum k and band index n.

Parameters

• spin_index (int) – The spin index.

• phonon_mode (int) – The phonon mode.

• k_index (int) – The k-point index.

• initial_band (int) – The initial band.

• final_band (int) – The final band.

Returns
The electron-phonon coupling matrix vs. q. The shape of the array is (num-
ber_of_qpoints).

Return type
PhysicalQuantity of type energy.

hamiltonianDerivativesConstraints()

Returns
List of atomic indicies, where the hamiltonian derivative are constrained.

Return type
list

initialStateEnergyRange()

Query method for the initial state energy range.

Returns
The initial_state_energy_range used in the calculation. This is a list of two energies [Emin,
Emax] defining the allowed energy range for the initial states.

Return type
PhysicalQuantity of type energy.
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inverseCharacteristicLength()

Query method for inverse characteristic length.

Returns
The inverse characteristic length. The shape of the array is (num-
ber_of_degrees_of_freedom, number_of_qpoints)

Return type
PhysicalQuantity of type inverse length.

inverseLifeTime(phonon_modes=None, electron_bands=None, temperature=None, fermi_shift=None,
integration_method=None, refinement=None)

Calculates the inverse life time due to electron-phonon coupling.

Parameters

• phonon_modes (List of indices or NLFlag All.) – Phonon modes to in-
clude. Default: All.

• electron_bands (List of indices or NLFlag All.) – Electronic bands to in-
clude. Default: All (Include all the calculated electron bands).

• temperature (PhysicalQuantity of type temperature) – The temperature for the ther-
mal smearing of the Bose and Fermi distributions. Default: 300 * Kelvin

• fermi_shift (PhysicalQuantity of energy unit.) – Shift of the Fermi level. Default:
0.0 * eV

• integration_method (GaussianBroadening | TetrahedronMethod) – The
method to use for calculating the q-integrals. Default: TetrahedronMethod if a
MonkhorstPackGrid or RegularKpointGrid was used for the q-point sampling.
Otherwise GaussianBroadening(0.1*eV)

• refinement (Positive int) – The number of times the q-grid is refined in each
direction. Default: 1 (no interpolation)

Returns
A phonon mode, k-point, and electron band resolved life time.

Return type
PhysicalQuantity of type inverse time of shape (phonon modes, k-points, electron bands).

inverseMeanFreePath(phonon_modes=None, electron_bands=None, temperature=None,
fermi_shift=None, integration_method=None, refinement=None)

Calculates the inverse mean free path due to electron-phonon coupling.

Parameters

• phonon_modes (List of indices or NLFlag All.) – Phonon modes to in-
clude. Default: All.

• electron_bands (List of indices or NLFlag All.) – Electronic bands to in-
clude. Default: All (Include all the calculated electron bands).

• temperature (PhysicalQuantity of type temperature) – The temperature for the ther-
mal smearing of the Bose and Fermi distributions. Default: 300 * Kelvin

• fermi_shift (PhysicalQuantity of energy unit.) – Shift of the Fermi level. Default:
0.0 * eV

• integration_method (GaussianBroadening | TetrahedronMethod) – The
method to use for calculating the q-integrals. Default: TetrahedronMethod if a
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MonkhorstPackGrid or RegularKpointGrid was used for the q-point sampling.
Otherwise GaussianBroadening(0.1*eV)

Returns
A phonon mode, k-point, and electron band resolved inverse mean free path.

Return type
PhysicalQuantity of type inverse time of shape (phonon modes, k-points, electron bands).

inverseSpinLifeTime(phonon_modes=None, electron_bands=None, temperature=None,
fermi_shift=None, integration_method=None, refinement=None)

Calculates the inverse spin life time due to electron-phonon coupling. This can only be done for spin-orbit
calculations.

Parameters

• phonon_modes (List of indices or NLFlag All.) – Phonon modes to in-
clude. Default: All.

• electron_bands (List of indices or NLFlag All.) – Electronic bands to in-
clude. Default: All (Include all the calculated electron bands).

• temperature (PhysicalQuantity of type temperature) – The temperature for the ther-
mal smearing of the Bose and Fermi distributions. Default: 300 * Kelvin

• fermi_shift (PhysicalQuantity of energy unit.) – Shift of the Fermi level. Default:
0.0 * eV

• integration_method (GaussianBroadening | TetrahedronMethod) – The
method to use for calculating the q-integral. Default: TetrahedronMethod

• refinement (Positive int) – The number of times the q-grid is refined in each
direction. Default: 1 (no interpolation)

Returns
An averaged inverse spin life time, and phonon mode, k-point, and electron band resolved
spin life time.

Return type
Two PhysicalQuantity of type inverse time of shape (1), and (phonon modes, k-points,
electron bands).

kpoints()

Query method for the k-points in fractional coordinates.

Returns
The list of fractional k-points used in the calculation.

Return type
list

kpointsCartesian()

Query method for the k-points in Cartesian coordinates.

Returns
The list of Cartesian k-points used in the calculation.

Return type
PhysicalQuantity of type inverse length.
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kpointsWeights()

Returns
The unreduced fractional k-points. The shape is (k-points).

Return type
list of lists of floats

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

phononEnergies()

Query method for the phonon energies.

Returns
The phonon energies as a function of q. The shape of the array
is (number_of_degrees_of_freedom, number_of_qpoints), where num-
ber_of_degrees_of_freedom = 3*number_of_atoms.

Return type
PhysicalQuantity of type energy.

phononModes()

Query method for the phonon modes.

Returns
The list of phonon mode indices used in the calculation.

Return type
list of int.

qpoints()

Query method for the q-points in fractional coordinates.

Returns
The list of fractional q-points used in the calculation.

Return type
list

qpointsCartesian()

Query method for the q-points in Cartesian coordinates.

Returns
The list of Cartesian q-points used in the calculation.

Return type
PhysicalQuantity of type inverse length.
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setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

storeDenseCouplingMatrices()

Query method for the store_dense_coupling_matrices Boolean.

Returns
The Boolean determining if the electron-phonon coupling matrix is stored in a dense format
(True) or in a sparse format (False).

Return type
bool.

uniqueString()

Return a unique string representing the state of the object.

unscaledCouplingMatrixVsQ(spin_index=None, phonon_mode=None, k_index=None, initial_band=None,
final_band=None)

Query method for the unscaled coupling matrix vs. q at specified spin, phonon mode, k-index, initial
band and final band. The unscaled coupling matrix is defined as M𝜆𝑛𝑛′

𝑘𝑞 = g𝜆𝑛𝑛
′

𝑘𝑞 /𝑙𝜆, where g𝜆𝑛𝑛
′

𝑘𝑞 =
⟨𝑛′𝑘 + 𝑞|∆𝐻𝑞𝜆|𝑛𝑘⟩ is the (scaled) coupling matrix. Here ∆𝐻𝑞𝜆 is the perturbation of the Hamiltonian
due to a phonon with momentum q in phonon mode 𝜆, and |𝑛𝑘⟩ is a Bloch state with momentum k and
band index n. The characteristic length of phonon mode 𝜆 is given by 𝑙𝜆 =

√︀
~/(2𝜔𝜆e𝜆 ·m · e𝜆), where

e𝜆 is the phonon eigenvector of mode 𝜆with corresponding eigenfrequency 𝜔𝜆 and m is a diagonal matrix
with the atomic masses.

Parameters

• spin_index (int) – The spin index.

• phonon_mode (int) – The phonon mode.

• k_index (int) – The k-point index.

• initial_band (int) – The initial band.

• final_band (int) – The final band.

Returns
The unscaled electron-phonon coupling matrix vs. q. The shape of the array is (num-
ber_of_qpoints).

Return type
PhysicalQuantity of type energy / length.

useKpointSymmetry()

Returns
Whether the used k-points should be reduced by symmetries.

Return type
bool

velocitiesK()

Query method for the velocities as function of k.
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Returns
The electron velocities as a function of k. The shape of the array is (number_of_spins,
number_of_kpoints, number_of_electron_bands, 3).

Return type
PhysicalQuantity of type Meter/Second.

velocitiesKMinusQ()

Query method for the velocities as function of k-q.

Returns
The electron velocities as a function of k-q. The shape of the array is (number_of_spins,
number_of_kpoints, number_of_qpoints, number_of_electron_bands, 3).

Return type
PhysicalQuantity of type Meter/Second

velocitiesKMinusQVsQ(spin_index=None, k_index=None, band=None)
Query method for the velocities_k_minus_q vs. q at specified spin, k-index, band.

Parameters

• spin_index (int) – The spin index.

• k_index (int) – The k-point index.

• band (int) – The electron band.

Returns
The electron Bloch state velocities at k-q as a function of q. The shape for the returned
array is (N, 3), where N is the number of q-points.

Return type
PhysicalQuantity of type velocity.

velocitiesKPlusQ()

Query method for the velocities as function of k+q.

Returns
The electron velocities as a function of k+q. The shape of the array is (number_of_spins,
number_of_kpoints, number_of_qpoints, number_of_electron_bands, 3).

Return type
PhysicalQuantity of type Meter/Second

velocitiesKPlusQVsQ(spin_index=None, k_index=None, band=None)
Query method for the velocities_k_plus_q vs. q at specified spin, k-index, band.

Parameters

• spin_index (int) – The spin index.

• k_index (int) – The k-point index.

• band (int) – The electron band.

Returns
The electron Bloch state velocities at k+q as a function of q. The shape for the returned
array is (N, 3), where N is the number of q-points.

Return type
PhysicalQuantity of type velocity.
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Usage Examples

Calculate the electron-phonon coupling in graphene for k-point around the K-point, which is (1/3, 1/3, 0) in fractional
coordinates, and for phonon q-point around the Γ point.

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------
lattice = Hexagonal(2.4612*Angstrom, 6.709*Angstrom)

elements = [Carbon, Carbon]

fractional_coordinates = [[0.0 , 0.0 , 0.5],
[0.333333333333, 0.666666666667, 0.5]]

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
# Use only Gamma-point for HamiltonianDerivatives and DynamicalMatrix
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(1, 1, 1),
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# -------------------------------------------------------------
# Hamiltonian derivatives
# -------------------------------------------------------------
hamiltonian_derivatives = HamiltonianDerivatives(

bulk_configuration,
repetitions=(5, 5, 1),
)

# -------------------------------------------------------------
# Dynamical matrix
# -------------------------------------------------------------
dynamical_matrix = DynamicalMatrix(

bulk_configuration,
repetitions=(5, 5, 1),
max_interaction_range=10*Angstrom,
)

(continues on next page)
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(continued from previous page)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
# Use k-point sampling for the ElectronPhononCoupling object.
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(5, 5, 1),
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# -------------------------------------------------------------
# Electron Phonon Coupling
# -------------------------------------------------------------
k_a = numpy.linspace(0.32333, 0.34333, 20)
k_b = numpy.linspace(0.32333, 0.34333, 20)
k_c = numpy.linspace(0, 0, 1)
kpoints = [[a, b, c] for a in k_a for b in k_b for c in k_c]

q_a = numpy.linspace(-0.02, 0.02, 20)
q_b = numpy.linspace(-0.02, 0.02, 20)
q_c = numpy.linspace(0, 0, 1)
qpoints = [[a, b, c] for a in q_a for b in q_b for c in q_c]

electron_phonon_coupling = ElectronPhononCoupling(
configuration=bulk_configuration,
dynamical_matrix=dynamical_matrix,
hamiltonian_derivatives=hamiltonian_derivatives,
kpoints_fractional=kpoints,
qpoints_fractional=qpoints,
electron_bands=All,
phonon_modes=All,
energy_tolerance=0.01*eV,
initial_state_energy_range=[-100,100]*eV,
store_dense_coupling_matrices=False,
)

nlsave('graphene.nc', electron_phonon_coupling)

By specifying the input parameter ‘energy_tolerance=0.01*eV’ as above, you will only be calculating a matrix el-
ement, if the initial- and final energies are separated by the phonon energy, within the specified energy tolerance.
When using a small ‘energy_tolerance’, it will also be advantagerous to use a sparse data structure. This is achieved
by setting ‘store_dense_coupling_matrices=False’, as above. These are the default options. If you will only use
the ElectronPhononCoupling object as input to a Mobility calculation, it is advantageous and faster to only cal-
culate the matric elements for those (k,q)-pairs which are relevant for the mobility calculation. In the equations
used for the mobility, the electron-phonon coupling matrix element always occurs together with delta-functions, like
𝛿(𝐸𝑖(𝑘) −𝐸𝑓 (𝑘+ 𝑞) + ~𝜔𝜆(𝑞)) or 𝛿(𝐸𝑖(𝑘) −𝐸𝑓 (𝑘+ 𝑞) − ~𝜔𝜆(𝑞)), where 𝐸𝑖(𝑘) and 𝐸𝑓 (𝑘+ 𝑞) are the energies of
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the initial- and final Bloch state, respectively, and ~𝜔𝜆(𝑞) is the phonon energy.

If you which to visually ananlyze the coupling matrix elements with the ElectronPhononCoupling analyzer, it is advan-
tagerous to calculate the matrix elements for all (k,q)-points. This is achieved by specifying a large energy tolerance,
‘energy_tolerance=100*eV’, like in the script below. In that case it will also be advantagerous to use a dense matrix
representation. This can be specified by setting ‘store_dense_coupling_matrices=True’.

electron_phonon_coupling = ElectronPhononCoupling(
configuration=bulk_configuration,
dynamical_matrix=dynamical_matrix,
hamiltonian_derivatives=hamiltonian_derivatives,
kpoints_fractional=kpoints,
qpoints_fractional=qpoints,
electron_bands=All,
phonon_modes=All,
energy_tolerance=100*eV,
initial_state_energy_range=[-100,100]*eV,
store_dense_coupling_matrices=True,
)

nlsave('graphene.nc', electron_phonon_coupling)

Often it will only be relevant to consider initial states close to the Fermi energy. For materials with complicated Fermi
surfaces, it is difficult to provide a list of k-point spanning only the Fermi surface. It is therefor possible to specify
‘initial_state_energy_range=[-0.1,0.1]*eV’, relative to the Fermi energy (see below). Only matrix elements, with inital
states with energies 𝐸𝑖(𝑘) in the specified range will be calculated.

electron_phonon_coupling = ElectronPhononCoupling(
configuration=bulk_configuration,
dynamical_matrix=dynamical_matrix,
hamiltonian_derivatives=hamiltonian_derivatives,
kpoints_fractional=kpoints,
qpoints_fractional=qpoints,
electron_bands=All,
phonon_modes=All,
energy_tolerance=0.01*eV,
initial_state_energy_range=[-0.1,0.1]*eV,
store_dense_coupling_matrices=False,
)

nlsave('graphene.nc', electron_phonon_coupling)
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Theoretical notes

The theoretical details of the electron-phonon coupling in QuantumATK is described in1.

In order to calculate the electron-phonon coupling three main ingredients are needed:

• An updated configuration in order to get the Hamiltonian of the system and the electronic Bloch states.

• A DynamicalMatrix object for calculating the phonon modes.

• A HamiltonianDerivatives object for calculating the electron-phonon coupling matrix.

The configuration used as input to the ElectronPhononCoupling constructor must be exactly the same as used for the
HamiltonianDerivatives and DynamicalMatrix objects.

From the dynamical matrix𝐷 we can obtain the phonon frequencies 𝜔𝜆,q and eigenvectors u𝜆,q for a particular phonon
band index 𝜆 and phonon wave number q :

𝐷(q)u𝜆,q = 𝜔2
𝜆,qu𝜆,q,

where the phonon mode vectors are normalized, i.e. u𝑇 · u = 1. We further define mass-scaled phonon mode vectors
according to

v𝜆,q(𝛼) = u𝜆,q(𝛼)

√︃
~

2𝑀𝛼𝜔𝜆,q
,

where𝑀𝛼 is the mass of the atom with index 𝛼. Let now 𝑗 = (𝛼, 𝜇) denote a combined index for atomic site ( 𝛼 ) and
orbital index ( 𝜇 ), and let an electronic Bloch state be expanded in the LCAO basis as:

|k⟩ =
∑︁
𝑗

𝑐k𝑗 |𝑗k⟩,

where

|𝑗k⟩ =
1

𝑁

∑︁
𝑛

𝑒2𝜋𝑖k·R𝑛 |𝑗R𝑛⟩,

and |𝑗R𝑛⟩ is an LCAO basis orbital in the n’th cell displaced by lattice vector R𝑛 from the central cell with index ‘0’.
The electron-phonon coupling matrix for a given phonon mode, {q, 𝜆} is then obtained as2,Page 991, 1:

𝑔𝜆𝑖𝑗(k,q) =
∑︁
𝑖𝑗

(𝑐k+q
𝑖 )*𝑐k𝑗

∑︁
𝑚𝑛

𝑒2𝜋(𝑖k·(R𝑛−R𝑚)−𝑖q·R𝑚)⟨𝑖R𝑚|vq,𝜆 · ∇𝐻0(𝑟)|𝑗R𝑛⟩,

where the (ij)-sum runs over combined atom site and orbital indices, and the (mn)-sum runs over repeated unit cells in
the HamiltonianDerivatives calculation. Specifically the derivative of the Hamiltonian ∇𝐻0(𝑟) is being calculated in
the HamiltonianDerivatives object, where the subscript 0 indicates that the derivatives are only calculated for atoms in
the unit cell with index ‘0’.

1 T. Gunst, T. Markussen, K. Stokbro, and M. Brandbyge. First-principles method for electron-phonon coupling and electron mobility: applica-
tions to two-dimensional materials. Phys. Rev. B, 93:035414, Jan 2016. doi:10.1103/PhysRevB.93.035414.

2 K. Kaasbjerg, K. S. Thygesen, and K. W. Jacobsen. Phonon-limited mobility in n-type single-layer mos2 from first principles. Phys. Rev. B,
85:115317, Mar 2012. doi:10.1103/PhysRevB.85.115317.
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Spin life time calculations

The spin life time is an important parameter for spintronics devices. At technologically relevant temperatures (> 100 K)
the spin life time will, in many materials, be limited by electron-phonon interactions. These are mediated by spin-orbit
coupling through the so-called Elliot-Yafet mechanism. The implementation in QuantumATK follows the theory in
Ref.3. The phonon-limited spin life time can be calculated from an ElectronPhononCoupling object, provided that the
calculator attached to the configuration, and used for the HamiltonianDerivatives object, has spin set to ‘Noncollinear
Spin Orbit’. The inverse spin life time is calculated as:

# Calculate inverse spin life time
average_inv_time, all_inv_times = electron_phonon_coupling.inverseSpinLifeTime(

phonon_modes=All,
electron_bands=All,
temperature=300*K,
fermi_shift=0.0*eV,
integration_method=TetrahedronMethod)

# Spin life time
T_1 = 1/average_inv_time

The function returns two physical quantities of unit inverse time. The first is a band-averaged inverse relaxation time
given by

⟨ 1

𝑇1
⟩ =

∑︀
𝑛

∫︀ 𝑘𝐹
0

[1/𝑇1(𝑛, 𝑘)𝜕𝑓𝜕𝜖 |𝜖=𝜖𝐹 ]𝑑3𝑘∑︀
𝑛

∫︀ 𝑘𝐹
0

[𝜕𝑓𝜕𝜖 |𝜖=𝜖𝐹 ]𝑑3𝑘

where 𝑓 = 𝑓(𝜖𝑘) is the Fermi-Dirac distribution function, and the band- and 𝑘-resolved inverse spin life times are
calculated as

1

𝑇1(𝑛, 𝑘)
=

2𝜋

~
∑︁
𝑞𝜆𝑛′

|𝑔𝑞𝜆𝑘+𝑞𝑛′↑,𝑘𝑛↓|
2{[𝑓(𝜖𝑘+𝑞,𝑛′) + 𝑛𝑞𝜆]𝛿(𝜖𝑘,𝑛 − 𝜖𝑘+𝑞,𝑛′ + ~𝜔𝑞𝜆)

+ [1 + 𝑛𝑞𝜆 − 𝑓(𝜖𝑘+𝑞,𝑛′)]𝛿(𝜖𝑘,𝑛 − 𝜖𝑘−𝑞,𝑛′ − ~𝜔𝑞𝜆)}

where ~𝜔𝑞𝜆 are the phonon energies for phonon mode 𝜆 and momentum 𝑞 with Bose-Einstein occupation factors 𝑛𝑞𝜆.
Notice that only matrix elements between spin up states (↑) and spin-down states (↓) are included.

The sum (integral) over 𝑞 can be performed in two different ways, determined by the input vari-
able integration_method which can either be TetrahedronMethod for a tetrahedron integration or
GaussianBroadening(0.01*eV) for a gaussian integration, where the 𝛿-functions are replaced by gaussians
with a certain broadening (in this case 0.01 eV). For three-dimensional sampling the TetrahedronMethod con-
verges significantly faster, thus reducing the required number of q-points. For one-dimensional sampling, however,
the GaussianBroadening is recomended.

3 O. D. Restrepo and W. Windl. Full first-principles theory of spin relaxation in group-iv materials. Phys. Rev. Lett., 109:166604, 2012.
doi:10.1103/PhysRevLett.109.166604.
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ElectronicInverseParticipationRatio

class ElectronicInverseParticipationRatio(configuration, kpoints=None, energy_zero_parameter=None)
Class for calculating the electronic inverse participation ratio.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion for which to calculate the electronic inverse participation ratio.

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid | sequence of sequence (size 3) of float) – The k-points on which to
calculate the electronic inverse participation ratio. Default: The Gamma point (0.0, 0.0,
0.0).

• energy_zero_parameter (FermiLevel | AbsoluteEnergy) – Specifies the choice for
the energy zero. Default: FermiLevel

energies(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the energies should be returned for.
Default: Spin.All

Returns
The energies for each orbital.

Return type
PhysicalQuantity of type energy

energyZero()

Returns
The energy reference in absolute energy.

Return type
PhysicalQuantity of type energy.

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Default: Spin.All

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

inverseParticipationRatio(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the inverse participation ratio should
be returned for. Default: Spin.All

Returns
The electronic inverse participation ratio for each orbital and k-point. The array has size
(n_spins, n_kpoints, n_orbitals)

Return type
ndarray
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kpoints()

Returns
The k-points on which to calculate the electronic inverse participation ratio.

Return type
ndarray

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

printTable(stream=None, energy_min=None, energy_max=None)
Print a string containing an ASCII table with the electronic inverse participation ratio data, restricted in an
energy window.

Parameters

• stream (A stream that supports strings being written to using
'write'.) – The stream to write to.

• energy_min (PhysicalQuantity of type energy) – Lower limit of the energy window
with respect to the energy reference. Default: -5 * eV

• energy_max (PhysicalQuantity of type energy) – Upper limit of the energy window
with respect to the energy reference. Default: +5 * eV

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the ElectronicInverseParticipationRatio at the Gamma point for silicon bulk with a vacancy defect and print
out information for the most localized state:

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

(continues on next page)
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(continued from previous page)

# Define coordinates
fractional_coordinates = [[0., 0., 0. ],

[0.25, 0.25, 0.25]]

# Set up configuration
unit_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

reps = 3
bulk_configuration = unit_configuration.repeat(reps, reps, reps)
bulk_configuration = bulk_configuration.copyAndDeleteAtoms(5)

# Setup the calculator.
calculator = LCAOCalculator(

exchange_correlation=GGA.PBE,
numerical_accuracy_parameters=NumericalAccuracyParameters(

k_point_sampling=MonkhorstPackGrid(1, 1, 1))
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Compute the electronic inverse participation ratio
electronic_ipr = ElectronicInverseParticipationRatio(

configuration=bulk_configuration
)

print('\nNumber of atoms N:', bulk_configuration.numberOfAtoms())
print(f'Expected IPR for delocalized states 1/N: {1 / bulk_configuration.
→˓numberOfAtoms():.3f}')

# Obtain results
energies = electronic_ipr.energies().inUnitsOf(eV)
ipr = electronic_ipr.inverseParticipationRatio()
idx = numpy.argmax(ipr)
print(f'State at energy {energies.ravel()[idx]:.2f} eV',

f'has the highest IPR: {ipr.ravel()[idx]:.3f}')

electronic_ipr.py
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Notes

The following definition is used to calculate the electronic inverse participation ratio for a system of 𝑁 atoms1

𝑝
(𝑛)
𝑖 =

𝑁∑︁
𝑖=1

|𝑞(𝑛)𝑖 |2,

𝑞
(𝑛)
𝑖 =

∑︁
𝜇∈𝑖,𝜈

Re[𝑆𝜇𝜈𝑐
*
𝜇𝑛𝑐𝜈𝑛]

where S is the overlap matrix and 𝑐𝜇𝑛 are the 𝑛-th wavefunction coefficients in the LCAO basis. The inverse partici-
pation ratio is 1/𝑁 for completely delocalized states and greater for localized states. The current definition does not
pose an upper limit to the value of the inverse participation ratio.

Note: The electronic inverse participation ratio can only be computed for configurations with
LCAOCalculator or SemiEmpiricalCalculator, since the current definition is based on a localized
basis orbital representation.

ElectrostaticDifferencePotential

class ElectrostaticDifferencePotential(configuration, density_mesh_cutoff=None)
A class for calculating the electrostatic difference potential for a configuration.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for which the
electrostatic difference potential should be calculated.

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object. Default: The density mesh cutoff set on the calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –
1 S. I. Simdyankin, S. R. Elliott, Z. Hajnal, T. A. Niehaus, and Th. Frauenheim. Simulation of physical properties of the chalcogenide glass

as2s3 using a density-functional-based tight-binding method. Physical Review B, Apr 2004. URL: http://dx.doi.org/10.1103/PhysRevB.69.144202,
doi:10.1103/physrevb.69.144202.
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The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy × charge-1 × length-1

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters
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• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy × charge-1

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()
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primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the electrostatic difference potential is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.
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unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

Calculate the electrostatic difference potential and save it to a file:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Define a calculator
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the electrostatic difference potential
potential = ElectrostaticDifferencePotential(molecule_configuration)
nlsave('electrostatic_difference_pot.nc', potential)

nh3_electrostatic_difference_potential.py

For examples on working with 3D grids, see HartreePotential and ElectronDensity.
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Notes

• This class inherits from the GridValues class.

• Returns the electrostatic difference potential 𝛿𝑉E(r), as defined in The Hartree potential and the electrostatic
potential.

ElectrostaticPotential

class ElectrostaticPotential(configuration, density_mesh_cutoff=None)
A class for calculating the electrostatic potential for a configuration.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion for which the electrostatic potential should be calculated.

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object. Default: The density mesh cutoff set on the calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All
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• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy × charge-1 × length-1

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

1002 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy × charge-1

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the electrostatic potential is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.
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Usage Examples

Calculate the electrostatic potential and save it to a file:

# Set up a configuration.
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Define a calculator.
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the electrostatic potential.
potential = ElectrostaticPotential(molecule_configuration)
nlsave('electrostatic_pot.nc', potential)

nh3_electrostatic_potential.py

For examples on working with 3D grids, see HartreePotential and ElectronDensity.

Notes

• This class inherits from the GridValues class.

• Returns the electrostatic potential 𝑉E(r), as defined in The Hartree potential and the electrostatic potential.

ElementNNTBTable

class ElementNNTBTable(onsite=None, nn_distance=None, cut_off=None, offsite=None)
Class for representing the slater koster table of a one element nearest neighbor tight binding model.

Parameters

• onsite (SlaterKosterOnsiteParameters) – The onsite parameters describing the
element.

• nn_distance (PhysicalQuantity of type length) – The nearest-neighbor distance.

• cut_off (PhysicalQuantity of type length) – The cut-off distance, outside which matrix
elements are zero.

• offsite (dict) – A dict, where the keys are allowed angular momentum labels for SK
models, e.g. "sss", "s1ds", etc. and the values the corresponding matrix elements as
PhysicalQuantity objects of type energy.

offsiteParameters()

Returns
The offsite parameters.
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Return type
dict

onsiteParameters()

Returns
The onsite parameters.

Return type
dict

EmtPotential

class EmtPotential(particleType, E0, s0, V0, eta2, kappa, l, nu0)
Constructor of the potential

Parameters

• particleType (string) – Identifier of the particle type.

• E0 (PhysicalQuantity of type energy) – Potential parameter.

• s0 (PhysicalQuantity of type length ) – Potential parameter.

• V0 (PhysicalQuantity of type energy) – Potential parameter.

• eta2 (PhysicalQuantity of type length**-1) – Potential parameter.

• kappa (PhysicalQuantity of type length**-1) – Potential parameter.

• l (PhysicalQuantity of type length**-1) – Potential parameter.

• nu0 (PhysicalQuantity of type length**-3) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameter of the current potential, returns a dictionary consisting of the parameter name
and default value.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Usage Examples

Set up a bonded potential with a EmtPotential for a copper crystal.

# Set up lattice
lattice = FaceCenteredCubic(3.61496*Angstrom)

# Define elements
elements = [Copper]

# Define coordinates
fractional_coordinates = [[0.0, 0.0, 0.0]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

potential_set = TremoloXPotentialSet(name='EMT_Potential')

potential_set.addParticleType(ParticleType(
symbol='Cu',
mass=63.546*atomic_mass_unit,
charge=None,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None,
atomicNumber=29,
tags=[]

))

# Define a new EMT potential and add it to the potential set.
emt_potential = EmtPotential(

ParticleIdentifier('Cu', []),
-3.51*eV,
2.67*Bohr,
2.476*eV,
1.652*1/Bohr,
2.74*1/Bohr,
1.906*1/Bohr,
0.0091*1/Bohr**3,

)
potential_set.addPotential(emt_potential)

# Set up a new TremoloXCalculator and attach it to the configuration.
calculator = TremoloXCalculator(potential_set)
bulk_configuration.setCalculator(calculator)
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Notes

This potential implements Effective Medium Theory (EMT)1. The basic idea of EMT is to calculate the energy of an
atom in an arbitrary environment by first calculating it in some properly chosen reference system, the effective medium,
and then estimate the energy difference between the real system and the reference system.

The energy function is given by

𝐸 =
∑︁
𝑖

𝐸𝑐,𝑖(𝑛𝑖) + ∆𝐸𝐴𝑆(𝑖)

where 𝐸𝑐 represents the cohesive energy and it is defined as

𝐸𝑐(𝑠𝑖) = 𝐸0𝑓 [𝜆(𝑠𝑖 − 𝑠0)]

with

𝑓(𝑥) =

(1 + 𝑥) exp(−𝑥)

𝑠𝑖 = 𝑠0 −
1

𝛽𝜂2
log
(︁𝜎1,𝑖

12

)︁
𝜎1,𝑖 =

1

𝛾1

∑︁
𝑗 ̸=𝑖

exp[−𝜂2(𝑟𝑖𝑗 − 𝛽𝑠0)]𝜒𝑖𝑗Θ(𝑟𝑖𝑗)

𝛽 =
(16𝜋/3)1/3√

2

Θ(𝑥) = (1 + exp(𝑎(𝑟 − 𝑟𝑐)))

∆𝐸𝐴𝑆 represents the atomic-sphere correction, and it is defined as

∆𝐸𝐴𝑆(𝑖) =
1

2

⎡⎣∑︁
𝑗 ̸=𝑖

𝜒𝑖𝑗𝑉𝑖𝑗(𝑟𝑖𝑗) − 12𝑉 (𝛽𝑠𝑖)

⎤⎦
with

𝑉 (𝑟𝑖𝑗) = −𝑉0
𝛾2

exp

[︂
−𝜅
𝛽

(𝑟𝑖𝑗 − 𝛽𝑠0)

]︂
Θ(𝑟𝑖𝑗)

The normalization constants 𝛾1 and 𝛾2 are chosen such that 𝐸𝑐 = 𝐸0 and ∆𝐸𝐴𝑆 = 0 in the equilibrium reference
system. The factor 𝜒𝑖𝑗 = 𝑛0,𝑖/𝑛0,𝑗 corrects for interactions between particles of different type. Last, the cutoff radius
𝑟𝑐 is chosen based on the largest 𝑠0 present in the simulation and the constant a defines the steepness of the cutoff. The
remaining parameters are given by the user.

EndToEndDistances

1 K. W. Jacobsen, P. Stoltze, and J. K. Nørskov. A semi-empirical effective medium theory for metals and alloys. Surf. Sci., 366(2):394–402, oct
1996. doi:10.1016/0039-6028(96)00816-3.

1008 Chapter 4. QuantumATK Reference Manual

https://doi.org/10.1016/0039-6028(96)00816-3


QuantumATK V-2023.12 Documentation

class EndToEndDistances(md_trajectory, polymer_tags=None, end_tags=None, start_time=None,
end_time=None, time_resolution=None, gui_worker=None)

Create an analyzer to calculate the end to end distance of polymer chains.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
AtomicConfiguration that contains the polymers.

• polymer_tags (list of type str | None | Automatic) – A list of tags for the
polymers. If not specified default tags are used. Tags can also be set automatically with
the flag Automatic

• end_tags (list of type str | None) – A list of tags for the ends of each polymer
chain. If not specified default tags are used.

• start_time (PhysicalQuantity of the type time) – The start time. Default: 0.0 * fs.

• end_time (PhysicalQuantity of the type time) – The end time. Default: The last time
image.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• gui_worker (PolymerAnalysisWorker) – Handle to the worker, for displaying the cal-
culation progress. Default: None.

autocorrelation()

Returns
The end to end vector autocorrelation function. This is returned as a 2D array indexed by
polymer chain and then lag time.

Return type
PhysicalQuantity of type length

distances()

Returns
The end to end distance for each polymer chain. This is returned as a 2D array indexed by
trajectory image then polymer chain.

Return type
PhysicalQuantity of type length

polymerTags()

Return the polymer tags used for the analysis.

Returns
A list of the polymer tags.

Return type
list

times()

Returns
Times for each image used in the analysis.

Return type
PhysicalQuantity of type time
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vectors()

Returns
The end to end vector for each polymer chain. This is returned as a 3D array indexed by
trajectory image, polymer chain then vector components.

Return type
PhysicalQuantity of type length

Usage Examples

Calculate the end-to-end distance and distance vector autocorrelation function of polystyrene chains during a molecular
dynamics simulation starting from a well equilibrated configuration.

# -------------------------------------------------------------
# Initial Configuration
# -------------------------------------------------------------
bulk_configuration = nlread('Polystyrene.hdf5')[-1]

# -------------------------------------------------------------
# OPLS-AA Calculator
# -------------------------------------------------------------
potential_builder = OPLSPotentialBuilder()
calculator = potential_builder.createCalculator(bulk_configuration)
bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------
initial_velocity = ConfigurationVelocities(

remove_center_of_mass_momentum=True
)

method = NPTMartynaTobiasKlein(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
reservoir_pressure=1*bar,
thermostat_timescale=100*femtoSecond,
barostat_timescale=500*femtoSecond,
initial_velocity=initial_velocity,
heating_rate=0*Kelvin/picoSecond,

)

constraints = [FixCenterOfMass()]

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='Polystyrene_Trajectory.hdf5',
steps=100000,
log_interval=10,
trajectory_interval=1000,

(continues on next page)
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(continued from previous page)

method=method
)

# -------------------------------------------------------------
# Calculate End to End Distance
# -------------------------------------------------------------
analyzer = EndToEndDistances(

md_trajectory,
start_time=0*ps,
end_time=100*ps,
end_tags=['HEAD_CONNECT', 'TAIL_CONNECT']

)
end_end_distance = analyzer.distances()
end_end_distance_average = end_end_distance.mean(axis=1)
end_end_correlation = analyzer.autocorrelation().mean(axis=0)
time = analyzer.times().convertTo(ps)

# -------------------------------------------------------------
# Plot The Results
# -------------------------------------------------------------
import pylab
pylab.figure()
pylab.plot(time, end_end_distance[:, 0], label='Polymer 1')
pylab.plot(time, end_end_distance[:, 5], label='Polymer 6')
pylab.plot(time, end_end_distance_average, label='Average')
pylab.xlabel('Time / ps')
pylab.ylabel('End to end distance / Angstrom')
pylab.legend()
pylab.savefig('End_To_End_Distances_Plot.png')

pylab.figure()
pylab.plot(time[:51], end_end_correlation[:51])
pylab.xlabel('Time / ps')
pylab.ylabel('End to end autocorrelation')
pylab.savefig('End_To_End_Autocorrelation_Plot.png')

EndToEndDistances_Example.py Polystyrene.hdf5

The script will run a short molecular dynamics calculation from the given starting structure and then calculate the
end to end distances of two individual polymers, as well as the average. The end to end vector autocorrelation is also
calculated. These are shown in the following two plots.
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Note that the high value of the end to end vector autocorrelation indicates that there is little overall movement in the
polymer chains, as the configuration is below the glass transition temperature.

Notes

This class enables the calculation of the end-to-end distances of different polymer chains, as well as their autocorrelation
functions from a MDTrajectory or BulkConfiguration.

The end-to-end distance is simply defined as the Cartesian distance between the two end backbone atoms in the polymer
chain. For this calculation, the polymer chain is unwrapped from the simulation cell and considered as one complete
molecule. Given that this distance is a vector quantity, an autocorrelation function can be calculated that measures the
evolution of the direction of this vector. The end-to-end autocorrelation function 𝑅𝑒𝑒(𝑡) can be defined as:

𝑅𝑒𝑒(𝑡) =

⟨
d0 · d𝑡
|d0||d𝑡|

⟩
To calculate each of these shape measures a EndToEndDistances object first needs to be created. This takes a
MDTrajectory or BulkConfiguration and calculates the end to end distances and autocorrelation function for the
specified configurations. The specific frames in the MDTrajectory to analyzed can be selected using the start_time,
end_time and time_resolution arguments. The polymer chains analyzed in the configuration can be specified with
the polymer_tags argument. This takes a list of tags of polymer molecules in the configuration. By default polymers
tagged with POLYMER_MOLECULE_# are analyzed, where # is a numerical index. Tags indicating the start and end of
each polymer chain also need to be added. The argument end_tags takes a list of strings that contain the tags for the end
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atoms. These tags can be specified in any order. By default the tags HEAD_CONNECT and TAIL_CONNECT are used. All
the default polymer and end tags are placed on polymer configurations built with the PolymerMonteCarloBuilder.

Once the EndToEndDistances object is created and the values of each of the descriptors has been calculated, the
values can be queried using the remaining methods. The method vectors() returns a list of the end-to-end vectors,
indexed by trajectory image, then polymer chain and finally vector components. Similarly the method distances()
returns a list of the scalar end-to-end distances, indexed by trajectory image and then polymer chain. The method
autocorrelation() returns a list of the autocorrelation functions, indexed first by polymer chain and then by lag
time.

EquilibriumContour

class EquilibriumContour(args)
Check the parameters given, and which of them are using the default value.

uniqueString()

Return a unique string representing the state of the object.

This class is the abstract base class for the different Contour types that are used to compute the equilibrium density
matrix.

At this point there are two different EquilibriumContours available: OzakiContour and SemiCircleContour.

EquivalentBulk

class EquivalentBulk(electrode_constraint_length=None, iteration_control_parameters=None,
algorithm_parameters=None)

Class for representing an Equivalent Bulk initial Density Matrix for Device simulations.

Parameters

• electrode_constraint_length (PhysicalQuantity of type length) – Length over
which the atoms in the electrode copy within the central region will be initialized with
a linear combination of the converged density matrix of the electrodes and the equivalent
bulk density matrix. The weight of the electrode density matrix is 1 at the boundary and
0 at the distance electrode_constraint_length from the boundary. Default: 10.0
* Angstrom

• iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for the equivalent bulk run. It is not allowed to
use NonSelfconsistent for EquivalentBulk .

• algorithm_parameters (AlgorithmParameters) – The AlgorithmParameters
used for the equivalent bulk.

algorithmParameters()

Returns
The algorithm parameters.

Return type
AlgorithmParameters

4.13. Full QuantumATK package 1013



QuantumATK V-2023.12 Documentation

electrodeConstraintLength()

Returns
The electrode constraint length.

Return type
PhysicalQuantity of type length

initializeCentralRegionDensityMatrix(device_builder, downgraded_calculator,
schroedinger_container)

Method for initializing the density matrix of the central region.

With this initial density type, the Hamiltonian is also initialized. This function carries out a self-consistent
calculation of the isolated central region of the device and copies over the final density matrix to the initial
density matrix used in the device calculation.

Parameters

• device_builder (DeviceLCAOBuilder | DeviceSemiEmpiricalBuilder) – The
device builder.

• downgraded_calculator (LCAOCalculator | HuckelCalculator |
SlaterKosterCalculator) – The calculator to use for the isolated central
region calculation.

• schroedinger_container (NLEngine.CompositeSchroedingerContainer) –
The device Schroedinger container, the Hamiltonian and density matrix of which will
be initialized.

iterationControlParameters()

Returns
The iteration control parameters.

Return type
IterationControlParameters

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Setup a self-consistent calculation where the initial density matrix is constructed by first performing a self-consistent
bulk calculation of the central region, i.e. a calculation with periodic boundary conditions in the C-direction.

The initial density matrix elements of atoms within a distance of 7 Angstrom from the electrodes are set to the electrode
density matrix elements.

device_algorithm_parameters = DeviceAlgorithmParameters(
initial_density_type=EquivalentBulk(electrode_constraint_length=7.*Ang))
calculator=DeviceHuckelCalculator(
device_algorithm_parameters=device_algorithm_parameters,
)
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Notes

• The EquivalentBulk initial density type often gives a very good initial guess for the density matrix. It can also
be used when the central region is not periodic.

• The EquivalentBulk density can also be used for obtaining the transmission spectrum, by setting the IterationCon-
trolParameters of the :ref:` DeviceLCAOCalculator_c` to NonSelfconsistent_c. This approach is usually
very accurate and fast for systems at zero bias.

• If the electrode_constraint_length is longer than the length of the electrode, still only the electrode copy
atoms within the central region will be affected. However, the weighting of the electrode density matrix will be
larger. For instance, if electrode_constraint_length is infinite, the initial density matrix of the electrode
copy atoms in the central region will be the electrode density matrix.

EvolutionarySQS

class EvolutionarySQS(alloy, cluster_max_diameters, repetitions=None, seed_configuration=None,
number_of_generations=None, population_size=None, number_to_promote=None,
heredity_probability=0.5, permutation_probability=0.5, n_best=10, rng=None)

Generate a special quasi-random structure (SQS) using genetic optimization.

Parameters

• alloy (AlloyConfiguration) – An alloy configuration.

• cluster_max_diameters (dict) – A dictionary that maps the cluster order to the max-
imum diameter for clusters of that order. They keys should be integers greater than equal
to two and the values are positive PhysicalQuantities with units of distance (typically at
least as large as the nearest neighbor distance).

• repetitions (list of type int) – The number of times to repeat the alloy config-
uration. Default: (1, 1, 1)

• seed_configuration (BulkConfiguration) – An initial guess of the SQS structure.

• number_of_generations (int) – The number of times the population should be
evolved.

• population_size (int) – The number of individuals which are part of a population.
The population size must be at least 5, but it is recommeded to use a large population size
(>= 20) to obtain higher quality results.

• number_to_promote (int) – The number of most fittest individuals to promote to the
next generation. Default: 2

• heredity_probability (float) – The unnormalized probabilty of using the heredity
operator. Default: 0.5

• permutation_probability (float) – The unnormalized probabilty of using the per-
mutation operator. The permutation operator will only be used when there is more than
one type of an element in the system. Default: 0.5

• n_best (int) – The n best structures the correlation functions of which are closest to the
truely random one.

• rng (numpy.random.RandomState) – The random number generated used to generate
the random number stream. Default: A new random number generator (seeded from OS
entropy pool)
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activeLearning()

Returns
The active learning object, if specified, otherwise None.

Return type
ActiveLearningSimulation | None

alloyConfiguration()

Returns
The alloy configuration. This is the same as the alloy configuration that was initially passed
in.

Return type
AlloyConfiguration

bestStructure()

Returns
The SQS structure that best matches the random correlation function.

Return type
BulkConfiguration

bestStructures()

Returns
A list of the configurations sorted in order of increasing error.

Return type
list of type BulkConfiguration

evolvePopulation(number_of_generations)
Evolves the current population for number_of_generations generations.

Parameters
number_of_generations (int) – The number of times the genetic algorithm is applied
to the population.

fitnesses()

Returns
Return the fitnesses of the current population sorted by descending fitness.

Return type
list of type float

kpointDensity()

Returns
The k-point density.

Return type
PhysicalQuantity of type length | None

objectiveFunction(configuration)
Evaluate the objective function for a configuration.

Parameters
configuration (BulkConfiguration) – The configuration to evaluate.
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Returns
The SQS objective function.

Return type
float

population()

Returns
Return all configurations in the population sorted by descending fitness.

Return type
Population

symmetries()

Return the international symbol for each individual of the current population sorted by descending fitness.

Returns
a list of international symbols

Return type
list of type str

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Set up an evolutionary SQS optimization for a 64 atom SiGe alloy.

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 21.7224]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define site types
site_a = AlloySite(Germanium=0.5, Silicon=0.5)

# Define sites
sites = [

site_a, site_a, site_a, site_a, site_a, site_a, site_a, site_a,
site_a, site_a, site_a, site_a, site_a, site_a, site_a, site_a,
site_a, site_a, site_a, site_a, site_a, site_a, site_a, site_a,
site_a, site_a, site_a, site_a, site_a, site_a, site_a, site_a,

]

# Define coordinates
cartesian_coordinates = [[ 0. , 0. , 0. ],

[ 0. , 0. , 5.4306 ],
[ 0. , 0. , 10.8612 ],
[ 0. , 0. , 16.2918 ],
[ 1.35765, 1.35765, 1.35765],
[ 1.35765, 1.35765, 6.78825],
[ 1.35765, 1.35765, 12.21885],
[ 1.35765, 1.35765, 17.64945],

(continues on next page)
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(continued from previous page)

[ 2.7153 , 2.7153 , 0. ],
[ 2.7153 , 2.7153 , 5.4306 ],
[ 2.7153 , 2.7153 , 10.8612 ],
[ 2.7153 , 2.7153 , 16.2918 ],
[ 4.07295, 4.07295, 1.35765],
[ 4.07295, 4.07295, 6.78825],
[ 4.07295, 4.07295, 12.21885],
[ 4.07295, 4.07295, 17.64945],
[ 2.7153 , 0. , 2.7153 ],
[ 2.7153 , 0. , 8.1459 ],
[ 2.7153 , 0. , 13.5765 ],
[ 2.7153 , 0. , 19.0071 ],
[ 4.07295, 1.35765, 4.07295],
[ 4.07295, 1.35765, 9.50355],
[ 4.07295, 1.35765, 14.93415],
[ 4.07295, 1.35765, 20.36475],
[ 0. , 2.7153 , 2.7153 ],
[ 0. , 2.7153 , 8.1459 ],
[ 0. , 2.7153 , 13.5765 ],
[ 0. , 2.7153 , 19.0071 ],
[ 1.35765, 4.07295, 4.07295],
[ 1.35765, 4.07295, 9.50355],
[ 1.35765, 4.07295, 14.93415],
[ 1.35765, 4.07295, 20.36475]]*Angstrom

# Define the maximum diameter of each cluster.
cluster_max_diameters = {

2: 4.9*Angstrom,
3: 4.4*Angstrom,
4: 2.5*Angstrom,

}

# Perform the SQS optimization.
sqs = EvolutionarySQS(

alloy_configuration,
cluster_max_diameters,
number_of_generations=200,
population_size=100,
number_to_promote=10,
heredity_probability=0.5,
permutation_probability=0.5,

)

# Extract and save the best SQS structure after the optimization
best_sqs_configuration = sqs.bestStructure()
nlsave('sqs_sige_optimized.hdf5', best_sqs_configuration)

sige_evolutionary_sqs.py
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Notes

EvolutionarySQS can be used to generate an optimized random alloy, based on the special quasi-random structure
(SQS) method1.

The desired composition and structure of an alloy can be set up via the AlloySite and AlloyConfiguration classes, which
are used as input to EvolutionarySQS.

QuantumATK uses a genetic algorithm (similar to CrystalStructurePrediction) to permute the positions of the atoms in
order to obtain correlation functions that match the correlation functions of an ideal random alloy configuration. The
objective function that is optimized is given by equation (3) inPage 1019, 1. For a given configuration the value of the ob-
jective function can be queried by the method objectiveFunction(). After the optimization, the bulk configuration
with the best correlation functions can be extracted via the bestStructure () method. This configuration can then
be used in further calculations.

ExactExchangeParameters

class ExactExchangeParameters(aux_basis_tolerance=None, number_of_waves=None,
maximum_wave_vector=None, integral_tolerance=None,
relative_screening_tolerance=None, use_admm=None,
basis_set_admm=None)

Class for representing the parameters for setting the numerical accuracy of an exact exchange calculation.

Parameters

• aux_basis_tolerance (dict of string to double, or just a single
double used for all element.) – The auxiliary basis is constructed by taking a
product basis of the regular basis and throwing away functions that are linearly dependent
up to this tolerance. Default: 1.0e-3

• number_of_waves (int) – Parameter for the radial FFT. Will determine accuracy of the
exchange integrals. Default: 1024

• maximum_wave_vector (double) – Parameter for the radial FFT. Will determine accu-
racy of the exchange integrals. Default: 50.0

• integral_tolerance (double) – The integral tolerance for throwing away integral con-
tributions to the exchange matrix Default: 1.0e-4

• relative_screening_tolerance – The tolerance used to throw away contributions to
the exchange matrix. Contributions that have an estimated contribution below this toler-
ance is not calculated. The tolerance is relative to the exchange_integral_tolerance, thus
the actual tolerance used is relative_screening_tolerance * exchange_integral_tolerance.
The screening tolerance is smaller than the exchange_integral_tolerance due to accumu-
lation of errors. Default: 1.0e-2

• use_admm (boolean) – If true, we use the admm approximation for exact exchange.

• basis_set_admm (BasisSet) – If we use ADMM, we have a second smaller basis set
for exchange, which is provided here.

auxBasisTolerance()

1 A. van de Walle, P. Tiwary, M. de Jong, D.L. Olmsted, M. Asta, A. Dick, D. Shin, Y. Wang, L.-Q. Chen, and Z.-K. Liu. Efficient stochastic gener-
ation of special quasirandom structures. Calphad, 42:13 – 18, 2013. URL: http://www.sciencedirect.com/science/article/pii/S0364591613000540.
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Returns
The auxiliary basis is constructed by taking a product basis of the regular basis and throw-
ing away functions that are linearly dependent up to this tolerance.

Return type
dict of string to double, or just a single double used for all element.

basisSetAdmm()

Returns
The auxiliary basis set used for the Auxiliary Density Matrix Method (ADMM).

Return type
list

integralTolerance()

Returns
The integral screening tolerance for throwing away integral contributions to the exchange
matrix

Return type
double

maximumWaveVector()

Returns
Parameter for the radial FFT. Will determine accuracy of the exchange integrals.

Return type
double

minAuxBasisTolerance()

Returns
The auxiliary basis is constructed by taking a product basis of the regular basis and throw-
ing away functions that are linearly dependent up to this tolerance.

Return type
double

numberOfWaves()

Returns
Parameter for the radial FFT. Will determine accuracy of the exchange integrals.

Return type
int

relativeScreeningTolerance()

Returns
The integral screening tolerance for throwing away integral contributions to the exchange
matrix

Return type
double

uniqueString()

Return a unique string representing the state of the object.
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useAdmm()

Returns
True, then the Auxiliary Density Matrix Method (ADMM) is used.

Return type
bool

ExchangeCorrelation

class ExchangeCorrelation(exchange, correlation, hubbard_term=None, number_of_spins=1,
spin_orbit=None, dft_half_enabled=None)

The ExchangeCorrelation class is used to define the type of exchange-correlation used in the calculation, and
whether the calculation should be polarized or non-polarized.

Parameters

• exchange (Exchange) – The exchange to be used.

• correlation (Correlation) – The correlation to be used.

• hubbard_term (Onsite | OnsiteShell | Dual | DualShell | None) – The Hubbard
term to add. Default: None.

• number_of_spins (1 | 2 | 4) – The number of spins to be used in the calculation. Default:
1.

• spin_orbit (bool) – If True spin-orbit coupling is considered. Default: False.

• dft_half_enabled (bool) – Whether or not DFT-1/2 should be enabled. Default:
False.

cParameter(grid_descriptor=None)
return the param C.

Parameters
grid_descriptor (NLEngine.GridDescriptor) – The grid descriptor.

cloneAsPolarized()

Create a new functional with all the same settings, but polarized spin.

cloneAsSpinOrbit()

Create a new functional with all the same settings, but with Spin-Orbit coupling included.

correlation()

Returns
The correlation functional class

Return type
Correlation

densityCheckThreshold()

Returns
The density safe guard.

Return type
float
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dftHalfEnabled()

Returns
Whether DFT-1/2 is enabled.

Type
bool

dielectricDependentHybridFunctional()

Returns
True, then a dielectric dependent hybrid functional is used.

Return type
bool

dielectricDependentHybridParameters()

Returns
The dielectric dependent hybrid hybrid parameters.

Return type
list

exchange()

Returns
The exchange functional class

Return type
Exchange

hubbardTerm()

Returns
The Hubbard term used.

Return type
Onsite | OnsiteShell | Dual | DualShell | None

maximumPotential()

Set maximum potential value allowed for the TB09. The value to use as the maximum allowed value for
the potential in points with density lower than threshold.

Returns
The density safe guard.

Return type
float

minimumPotential()

Set minimum potential value allowed for the TB09. The value to use as the minimum allowed value for
the potential in points with density lower than threshold.

Returns
The density safe guard.

Return type
float
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nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print a string representation of the ExchangeCorrelation instance.

Parameters
stream (A stream that supports strings being written to using write.) – The stream the
exchange-correlation should be written to. Default: sys.stdout

numberOfSpins()

Returns
The number of spins.

Return type
1 | 2 | 4

params()

Get the parameters

spinOrbit()

Returns
Boolean determining if spin-orbit is enabled (True) or not (False).

Return type
bool.

spinType()

Returns
The spin type.

Return type
NLEngine.POLARIZED | NLEngine.NONCOLLINEAR | NLEngine.UNPOLARIZED

uniqueString()

Return a unique string representing the state of the object.

unscreenedExchange()

Whether the exchange functional in use is unscreened.

Usage Examples

Define a spin-polarized LDA+U calculation for nickel with a Hubbard U of 4.6 eV on each nickel atom and using the
Dual representation for the Hubbard term (see also Dual representation):

exchange_correlation = ExchangeCorrelation(
exchange=DiracBloch,
correlation=PerdewZunger,
hubbard_term=Dual,
number_of_spins=2

)
basis_set = [LDABasis.Nickel_SingleZeta(hubbard_u=[4.6, 0.0]*eV)]
calculator = LCAOCalculator(

exchange_correlation=exchange_correlation,
basis_set=basis_set

)
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Below is a similar calculation as above, but using the DualShell representation for the Hubbard term. In the shellwise
Hubbard representation, occupations are summed over all basis set orbitals that have the same angular momentum and
the complete basis is orthogonalized (see also DualShell representation). The Hubbard U must be the same for all
orbitals that have equal angular momentum:

exchange_correlation = ExchangeCorrelation(
exchange=DiracBloch,
correlation=PerdewZunger,
hubbard_term=DualShell,
number_of_spins=2

)
basis_set = [LDABasis.Nickel_DoubleZetaPolarized(hubbard_u=[4.6, 0.0, 4.6, 0.0, 0.0]*eV)]
calculator = LCAOCalculator(

exchange_correlation=exchange_correlation,
basis_set=basis_set

)

Notes

A complete list of available keywords for the exchange and correlation parameters is available in the section
References.

Parameters for TB09-MGGA exchange-correlation

The ExchangeCorrelation class can take parameters. Currently, this is only relevant for the TB09 meta-GGA func-
tional, which takes a parameter c (cf. Meta-GGA).

If no value is specified, the value of c is automatically computed according to Eq. (3) in1. The calculated value can
then be recovered using the calculateTB09C function.

The following piece of code selects the TB09 functional with c=1.0 (recovering the Becke–Johnson potental2):

exchange_correlation = MGGA.TB09LDA(c=1.0)
calculator = LCAOCalculator(exchange_correlation=exchange_correlation)

Simulations of complex systems, e.g. interfaces or two-probe device systems with different materials in the electrodes
and the central region, may require setting the c parameter to different values in the various parts of the system, e.g.
one c for the left electrode, another c for the central region, and yet another c for the right electrode. In such cases,
the c parameter for TB09-MGGA exchange-correlation functionals can be defined as a sequence of BoxRegions (cf.
BoxRegion), as demonstrated in the following script. The configuration is a bulk configuration that consists of layers
of iron, magnesium-oxide, and again iron. Indeed, it is the central region of a magnetic tunneling junction device
configuration.

from QuantumATK import *

# Set up lattice
vector_a = [2.866, 0.0, 0.0]*Angstrom
vector_b = [0.0, 2.866, 0.0]*Angstrom
vector_c = [0.0, 0.0, 34.6764]*Angstrom

(continues on next page)

1 F. Tran and P. Blaha. Accurate band gaps of semiconductors and insulators with a semilocal exchange-correlation potential. Phys. Rev. Lett.,
102:226401, 2009. doi:10.1103/PhysRevLett.102.226401.

2 Axel D. Becke and Erin R. Johnson. A simple effective potential for exchange. J. Chemi. Phys., 2006. doi:http://dx.doi.org/10.1063/1.2213970.
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(continued from previous page)

lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Iron, Iron, Iron, Iron, Iron, Iron, Iron, Iron, Magnesium,

Oxygen, Oxygen, Magnesium, Magnesium, Oxygen, Oxygen, Magnesium,
Magnesium, Oxygen, Iron, Iron, Iron, Iron, Iron, Iron, Iron,
Iron]

# Define coordinates
fractional_coordinates = [[ 0.25 , 0.25 , 0.020662467846],

[ 0.75 , 0.75 , 0.061987403537],
[ 0.25 , 0.25 , 0.103312339228],
[ 0.75 , 0.75 , 0.144637274919],
[ 0.25 , 0.25 , 0.18596221061 ],
[ 0.75 , 0.75 , 0.227287146301],
[ 0.25 , 0.25 , 0.268612081992],
[ 0.75 , 0.75 , 0.309937017683],
[ 0.25 , 0.25 , 0.373380743099],
[ 0.75 , 0.75 , 0.373380743099],
[ 0.25 , 0.25 , 0.43669037155 ],
[ 0.75 , 0.75 , 0.43669037155 ],
[ 0.25 , 0.25 , 0.5 ],
[ 0.75 , 0.75 , 0.5 ],
[ 0.25 , 0.25 , 0.56330962845 ],
[ 0.75 , 0.75 , 0.56330962845 ],
[ 0.25 , 0.25 , 0.626619256901],
[ 0.75 , 0.75 , 0.626619256901],
[ 0.75 , 0.75 , 0.690062982317],
[ 0.25 , 0.25 , 0.731387918008],
[ 0.75 , 0.75 , 0.772712853699],
[ 0.25 , 0.25 , 0.81403778939 ],
[ 0.75 , 0.75 , 0.855362725081],
[ 0.25 , 0.25 , 0.896687660772],
[ 0.75 , 0.75 , 0.938012596463],
[ 0.25 , 0.25 , 0.979337532154]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
# c parameter regions.

c_region_0 = BoxRegion(
0.9,
xmin = 0.0*Angstrom, xmax = 2.866*Angstrom,
ymin = 0.0*Angstrom, ymax = 2.866*Angstrom,
zmin = 0.0*Angstrom, zmax = 12.13674*Angstrom,

(continues on next page)
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(continued from previous page)

)

c_region_1 = BoxRegion(
1.4,
xmin = 0.0*Angstrom, xmax = 2.866*Angstrom,
ymin = 0.0*Angstrom, ymax = 2.866*Angstrom,
zmin = 12.13674*Angstrom, zmax = 22.53966*Angstrom,

)

c_region_2 = BoxRegion(
0.9,
xmin = 0.0*Angstrom, xmax = 2.866*Angstrom,
ymin = 0.0*Angstrom, ymax = 2.866*Angstrom,
zmin = 22.53966*Angstrom, zmax = 34.6764*Angstrom,

)

c_regions = [c_region_0, c_region_1, c_region_2]

# Define the exchange correlation with the c regions.
exchange_correlation=MGGA.TB09LDA(c=c_regions)

# Define the calculator.
calculator = LCAOCalculator(

exchange_correlation=exchange_correlation,
)

# Attach the calculator on the configuration.
bulk_configuration.setCalculator(calculator)

# Calculate the exchange correlation potential.
exchange_correlation_potential = ExchangeCorrelationPotential(bulk_configuration)

# Save on file.
nlsave('Fe-MgO-Fe.nc', exchange_correlation_potential)

It is important that the regions defining the c parameter cover the entire simulation volume. The parameter is set to c
= 1.0 at all points that do not fall into any region. The difference in c between two adjacent regions should not be too
large, otherwise problems in the SCF convergence may occur. As a rule of thumb, the jump in the exchange-correlation
potential between adjacent regions should be of the same order as the fluctuations of the exchange-correlation potential
in a region of constant c.

Potential problems in spin polarized calculations

For molecular systems containing hydrogen, the default initial scaled spin values of 1.0 for a spin polarized calcula-
tion may cause the density of one of the spin components to be zero. For some of the GGA functionals, relying for
their implementation on the Libxc library, there is a known issue for such systems. This has been confirmed using
Becke88 exchange, but may also be present in other functionals. The zero-electron density causes numerical errors
in the exchange-correlation potential, resulting in ill-behaved convergence. The practical solution to this issue is to
explicitly set the initial scaled spin value to 0.999, or use a random initial spin.
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Hubbard U

Further details of the Hubbard U correction can be found in XC+U mean-field Hubbard term.

DFT-1/2

Further details of the DFT-1/2 correction can be found in DFT-1/2 method.

Abbreviations

Most common exchange-correlation functionals may be specified through abbreviations of the format
XCFAMILY[U|Half].XCTYPE, where XCFAMILY determines the class of approximation to use, e.g. LDA or
GGA, and also determines if the calculation should be spin polarized (collinear or non-collinear), and if it should
include spin-orbit coupling. The table below gives all possibilities for XCFAMILY without the Hubbard U or DFT-1/2
models.

Non-polarized Spin-polarized Non-collinear Spin-orbit
LDA LSDA NCLDA SOLDA
GGA SGGA NCGGA SOGGA
MGGA SMGGA NCMGGA SOMGGA

Note: Appending U or Half to XCFAMILY enables the use of the Hubbard U or DFT-1/2 model, respectively: e.g.,
SGGAU for spin-polarized GGA with Hubbard U parameters, LDAHalf for non-polarized LDA with DFT-1/2 parameters.
Half may only be appended to XCFAMILY in the first two rows of the table (LDA and GGA functionals).

Also note that calculations including spin-orbit coupling, e.g. SOGGA, are inherently done using a non-collinear repre-
sentation of electron spin, like with NCGGA, but add extra computational complexity.

The value of XCTYPE sets the specific parametrization of the functional type according to the abbreviations given in
tables below, e.g. GGA.PBE for the PBE variant of GGA. The abbreviations are shorthand notations for a full, predefined
ExchangeCorrelation class, creating well-known combinations of exchange and correlation functionals. Therefore,
setting

exchange_correlation=LSDA.PZ

is identical to specifying

exchange_correlation=ExchangeCorrelation(
exchange=DiracBloch,
correlation=PerdewZunger,
number_of_spins=2,

)
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Table 4.3: Available abbreviations for LDA functionals. The exchange
part is always DiracBloch.

XCTYPE Correlation
Wigner Parametrization
XA SlatersXAlpha_c
RPA RandomPhaseApproximation
HL HedinLundqvist
PZ PerdewZunger
PW PerdewWang

Table 4.4: Available abbreviations for GGA functionals.

XCTYPE Exchange Correlation
PBE PerdewBurkeErnzerhofExchange PerdewBurkeErnzerhofCorrelation
RPBE RevisedPerdewBurkeErnzerhofExchange PerdewBurkeErnzerhofCorrelation
PBES PerdewBurkeErnzerhofSolids PerdewBurkeErnzerhofCorrelationSolids
BLYP Becke88 LeeYangParr
XLYP XuGoddard LeeYangParr
PW91 PerdewWang91 PerdewWang91Correlation
BPW91 Becke88 PerdewWang91Correlation
BP86 Becke86 Perdew86

Table 4.5: Available abbreviations for MGGA functionals. Note that the
correlation is LDA-based for TB09.

XCTYPE Exchange Correlation
TB09LDA TB09Exchange PerdewZunger
SCAN SCANExchange SCANCorrelation

Table 4.6: Available exchange functionals.

Exchange Family
DiracBloch LDA
Exchange1D LDA
Exchange2D LDA
AdamoBarone GGA

continues on next page
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Table 4.6 – continued from previous page
Exchange Family
ArmientoKummel GGA
ArmientoMattsson GGA
Bayesian GGA
Becke86 GGA
Becke862D GGA
Becke86MGC2D GGA
Becke88 GGA
Becke882D GGA
Becke88DionVanDerWaals GGA
Becke88ProtonTransfer GGA
BerlandHyldgaard GGA
BPCCAC GGA
C09xForRutgersChalmersVdW GGA
ChiodoConstantinFabianoExchange GGA
ConstantinAiryGas GGA
ConstantinFabianoLaricchiaSalaExchange GGA
DelCampoGazquezTrickeyVela GGA
FabianoConstantinSalaExchange GGA
FilatovThiel97 GGA
Gill96 GGA
GradientModifiedBecke86 GGA
HaasTranBlahaSchwarz GGA
HammerHansenNorskov GGA
HandyCohen GGA
HJSB88 GGA
HJSB97X GGA
HJSPBE GGA
HJSPBESOL GGA
KealTozer1 GGA
KressDePristo GGA
LacksGordon93 GGA
LocalAiryGas GGA
Madsen GGA
MinisotaN12Exchange GGA
ModifiedAdamoBarone GGA
ModifiedFilatovThiel97 GGA
OuYangLevy2 GGA
PedrozaSilvaCapelleJSJR GGA
PerdewBurkeErnzerhof2D GGA
PerdewBurkeErnzerhofExchange GGA
PerdewBurkeErnzerhofRegularizedExchange GGA
PerdewBurkeErnzerhofSolids GGA
PerdewBurkeErnzerhofVanDerWaalsK1 GGA
PerdewBurkeErnzerhofVanDerWaalsOpt GGA
PerdewWang86 GGA
PerdewWang86Refitted GGA
PerdewWang91 GGA
RevisedBecke86 GGA
RevisedKressDePristo GGA
RevisedPerdewBurkeErnzerhofExchange GGA

continues on next page
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Table 4.6 – continued from previous page
Exchange Family
SecondOrderGGA GGA
SecondOrderGGA2011Exchange GGA
ShortRangeGGA GGA
ShortRangeGGASFAT GGA
ShortRangePBE GGA
SwartSolaBickelhauptDispersion GGA
SwartSolaBickelhauptExchange GGA
SwartSolaBickelhauptPBEExchange GGA
TognettiCortonaAdamoExchange GGA
VanLeeuwenBaerends GGA
VanLeeuwenBaerendsModified GGA
VelaMedelTrickey84GE GGA
VelaMedelTrickey84PBE GGA
VelaMedelTrickeyGE GGA
VelaMedelTrickeyPBE GGA
WuCohen GGA
XuGoddard GGA
BalancedLocalization MGGA
GVT4Exchange MGGA
LocalTauApproximation MGGA
M06Local MGGA
M11LExchange MGGA
ManbyKnowles MGGA
ManbyKnowlesB MGGA
MinisotaMN12LExchange MGGA
ModifiedTaoPerdewStaroverovScuseriaExchange MGGA
PerdewKurthZupanBlaha MGGA
SCANExchange MGGA
SunXiaoBulikScuseriaPerdewMS1 MGGA
SunXiaoBulikScuseriaPerdewMS2 MGGA
SunXiaoRuzsinszkyMS0 MGGA
TaoPerdewStaroverovScuseriaExchange MGGA
TaoPerdewStaroverovScuseriaRevisedExchange MGGA
TB09Exchange MGGA
TwoDimensionalPRHG MGGA
TwoDimensionalPRHGCorrected MGGA

Table 4.7: Available correlation functionals.

Correlation Family
Attacalite LDA
CasulaSorellaSenatore1D LDA
Gombas LDA
GunnarssonLundqvist LDA
HedinLundqvist LDA

continues on next page
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Table 4.7 – continued from previous page
Correlation Family
Loos1D LDA
ModifiedPerdewWang LDA
ModifiedPerdewZunger LDA
OrtizBallone LDA
OrtizBallonePerdewWang LDA
PerdewWang LDA
PerdewWangRPA LDA
PerdewZunger LDA
PittalisRasanenMarques LDA
ProynovSalahubModifiedLSD1 LDA
ProynovSalahubModifiedLSD2 LDA
RagotCortona LDA
RandomPhaseApproximation LDA
SlatersXAlpha LDA
VonBarthHedin LDA
VoskoWilkNussair LDA
VoskoWilkNussair1 LDA
VoskoWilkNussair2 LDA
VoskoWilkNussair3 LDA
VoskoWilkNussair4 LDA
VoskoWilkNussairRPA LDA
WignerParametrization LDA
ArmientoMattssonCorrelation GGA
ChiodoConstantinFabianoCorrelation GGA
CohenHandy GGA
ConstantinFabianoLaricchiaSalaCorrelation GGA
ConstantinFabianoSalaZPBEINT GGA
ConstantinFabianoSalaZPBESOL GGA
ExtendedXuGoddard GGA
FabianoConstantinSalaCorrelation GGA
FilatovThiel97Correlation GGA
LangrethMehl GGA
LeeYangParr GGA
MinisotaN12Correlation GGA
MinisotaN12SXCorrelation GGA
OneParameterB88 GGA
OneParameterG96 GGA
OneParameterPBE GGA
OneParameterXAlpha GGA
PedrozaSilvaCapelleJRGX GGA
Perdew86 GGA
PerdewBurkeErnzerhofCorrelation GGA
PerdewBurkeErnzerhofCorrelationSolids GGA
PerdewBurkeErnzerhofRegularizedCorrelation GGA
PerdewRuszinszkyCsonkaConstantin GGA
PerdewWang91Correlation GGA
SecondOrderGGA2011Correlation GGA
SwartSolaBickelhauptPBE GGA
TognettiCortonaAdamo GGA
TognettiCortonaAdamoRevised GGA

continues on next page
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Table 4.7 – continued from previous page
Correlation Family
WilsonIvanov GGA
WilsonIvanovInitial GGA
WilsonLevy GGA
BC95Correlation MGGA
CancioChou MGGA
ColleSalvetti MGGA
M06LocalCorrelation MGGA
M11LCorrelation MGGA
MinisotaMN12LCorrelation MGGA
PerdewKurthZupanBlahaCorrelation MGGA
SCANCorrelation MGGA
TaoPerdewStaroverovScuseriaCorrelation MGGA
TaoPerdewStaroverovScuseriaRevisedCorrelation MGGA
VSXCCorrelation MGGA

References

ATK uses the Libxc library for efficient implementations of exchange and correlation functionals. In the following
tables, we list the parameterization that are available in QuantumATK, along with the corresponding entity used in the
Libxc manual, and with references to the original articles.

Table 4.8: Available LDA exchange parametrizations in QuantumATK.

Keyword Libxc entity Description and references
DiracBloch XC_LDA_X Exchange. PAM Dirac, (Mathematical) Proceedings of the Cambridge

Philosophical Society 26, 376 (1930) F Bloch, Zeitschrift fuer Physik 57,
545 (1929)

Exchange1D XC_LDA_X_1D Exchange in 1D N. Helbig, J. I. Fuks, M. Casula, M. J. Verstraete, M. A. L.
Marques, I. V. Tokatly and A. Rubio, Phys. Rev. A 83, 032503 (2011)

Exchange2D XC_LDA_X_2D Exchange in 2D PAM Dirac, (Mathematical) Proceedings of the Cambridge
Philosophical Society 26, 376 (1930) F Bloch, Zeitschrift fuer Physik 57,
545 (1929)
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Table 4.9: Available LDA correlation parametrizations in QuantumATK.

Keyword Libxc entity Description and references
Attacalite XC_LDA_C_2D_AMGB

(was
XC_LDA_C_AMGB)

Attacalite et al., for 2D systems C Attacalite et al., Phys. Rev. Lett. 88,
256601 (2002) C Attacalite, PhD thesis

CasulaSorel-
laSenatore1D

XC_LDA_C_1D_CSC
(was
XC_LDA_C_AMGB)

Casula, Sorella, and Senatore 1D correlation M Casula, S Sorella, and G
Senatore, Phys. Rev. B 74, 245427 (2006)

Gombas XC_LDA_C_GOMBAS
(was
XC_LDA_C_AMGB)

Gombas parametrization P. Gombas, Pseudopotentiale (Springer-Verlag,
Wien, New York, 1967)

Gunnarsson-
Lundqvist

XC_LDA_C_GL Gunnarson & Lundqvist O Gunnarsson and BI Lundqvist, Phys. Rev. B 13,
4274 (1976)

HedinLundqvist XC_LDA_C_HL Hedin & Lundqvist L. Hedin and B.I. Lundqvist, , J. Phys. C 4, 2064 (1971)
Loos1D XC_LDA_C_1D_LOOSP-F Loos correlation LDA P-F Loos, arXiv:1207.6849v1 [cond-mat.str-el]

(2012)
Modified-
PerdewWang

XC_LDA_C_PW_MODPerdew & Wang (Modified) Added extra digits to some constants as in the
PBE routine (http://dft.uci.edu/pubs/PBE.asc) JP Perdew and Y Wang, Phys.
Rev. B 45, 13244 (1992)

Modified-
PerdewZunger

XC_LDA_C_PZ_MODPerdew & Zunger (Modified) Modified to improve the matching between the
low and high rs parts Perdew and Zunger, Phys. Rev. B 23, 5048 (1981)

OrtizBallone XC_LDA_C_OB_PZOrtiz & Ballone (PZ). G Ortiz and P Ballone, Phys. Rev. B 50, 1391 (1994) ,
G Ortiz and P Ballone, Phys. Rev. B 56, 9970(E) (1997) Perdew and Zunger,
Phys. Rev. B 23, 5048 (1981)

OrtizBal-
lonePerdewWang

XC_LDA_C_OB_PWOrtiz & Ballone (PW) G Ortiz and P Ballone, Phys. Rev. B 50, 1391 (1994)
G Ortiz and P Ballone, Phys. Rev. B 56, 9970(E) (1997) JP Perdew and Y
Wang, Phys. Rev. B 45, 13244 (1992)

PerdewWang XC_LDA_C_PW Perdew & Wang JP Perdew and Y Wang, Phys. Rev. B 45, 13244 (1992)
PerdewWan-
gRPA

XC_LDA_C_PW_RPAPerdew & Wang fit of the RPA JP Perdew and Y Wang, Phys. Rev. B 45,
13244 (1992)

PerdewZunger XC_LDA_C_PZ Perdew & Zunger Perdew and Zunger, Phys. Rev. B 23, 5048 (1981)
PittalisRasanen-
Marques

XC_LDA_C_2D_PRM
(was
XC_LDA_C_PRM08)

Pittalis, Rasanen & Marques correlation in 2D S Pittalis, E Rasanen, and
MAL Marques, Phys. Rev. B 78, 195322 (2008)

ProynovSalahub-
ModifiedLSD1

XC_LDA_C_ML1
(was
XC_LDA_C_PRM08)

Modified LSD (version 1) of Proynov and Salahub EI Proynov and D
Salahub, Phys. Rev. B 49, 7874 (1994)

ProynovSalahub-
ModifiedLSD2

XC_LDA_C_ML2
(was
XC_LDA_C_PRM08)

Modified LSD (version 2) of Proynov and Salahub EI Proynov and D
Salahub, Phys. Rev. B 49, 7874 (1994)

Random-
PhaseApproxi-
mation

XC_LDA_C_RPA Random Phase Approximation M Gell-Mann and KA Brueckner, Phys. Rev.
106, 364 (1957)

RagotCortona XC_LDA_C_RC04Ragot-Cortona S Ragot and P Cortona, J. Chem. Phys. 121, 7671 (2004)
SlatersXAlpha XC_LDA_C_XALPHASlater’s X-alpha JC Slater, Phys. Rev. 81, 385 (1951)
VonBarthHedin XC_LDA_C_vBH von Barth & Hedin U von Barth and L Hedin, J. Phys. C: Solid State Phys.

5, 1629 (1972)
VoskoWilkNus-
sair

XC_LDA_C_VWNVosko, Wilk, & Nussair SH Vosko, L Wilk, and M Nusair, Can. J. Phys. 58,
1200 (1980)

VoskoWilkNus-
sair1

XC_LDA_C_VWN_1Vosko, Wilk, & Nussair (1) SH Vosko, L Wilk, and M Nusair, Can. J. Phys.
58, 1200 (1980)

VoskoWilkNus-
sair2

XC_LDA_C_VWN_2Vosko, Wilk, & Nussair (2) SH Vosko, L Wilk, and M Nusair, Can. J. Phys.
58, 1200 (1980)

VoskoWilkNus-
sair3

XC_LDA_C_VWN_3Vosko, Wilk, & Nussair (3) SH Vosko, L Wilk, and M Nusair, Can. J. Phys.
58, 1200 (1980)

VoskoWilkNus-
sair4

XC_LDA_C_VWN_4Vosko, Wilk, & Nussair (4) SH Vosko, L Wilk, and M Nusair, Can. J. Phys.
58, 1200 (1980)

VoskoWilkNus-
sairRPA

XC_LDA_C_VWN_RPAVosko, Wilk, & Nussair (RPA) SH Vosko, L Wilk, and M Nusair, Can. J.
Phys. 58, 1200 (1980)

Wigner-
Parametrization

XC_LDA_C_WIGNERWigner parametrization EP Wigner, Trans. Faraday Soc. 34, 678 (1938)
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Table 4.10: Available GGA exchange parametrizations in QuantumATK.

Keyword Libxc entity Description and references
AdamoBarone XC_GGA_X_mPW91Modified form of PW91 by Adamo & Barone C Adamo and V Barone, J.

Chem. Phys. 108, 664 (1998)
ArmientoMatts-
son

XC_GGA_X_AM05Armiento & Mattsson 05 exchange R Armiento and AE Mattsson, Phys. Rev.
B 72, 085108 (2005) AE Mattsson, R Armiento, J Paier, G Kresse, JM Wills,
and TR Mattsson, J. Chem. Phys. 128, 084714 (2008)

Bayesian XC_GGA_X_BAYESIANBayesian best fit for the enhancement factor JJ Mortensen, K Kaasbjerg, SL
Frederiksen, JK Norskov, JP Sethna, and KW Jacobsen, Phys. Rev. Lett. 95,
216401 (2005)

Becke86 XC_GGA_X_B86 Becke 86 AD Becke, J. Chem. Phys 84, 4524 (1986)
Becke862D XC_GGA_X_2D_B86Becke 86 in 2D. G Vilhena and MAL Marques, unpublished AD Becke, J.

Chem. Phys 84, 4524 (1986)
Becke86MGC2D XC_GGA_X_2D_B86_MGCBecke 86 MGC for 2D systems S Pittalis, E Rasanen, JG Vilhena, and MAL

Marques, Phys. Rev. A 79, 012503 (2009) AD Becke, J. Chem. Phys 85,
7184 (1986)

Becke88 XC_GGA_X_B88 Becke 88 AD Becke, Phys. Rev. A 38, 3098 (1988)
Becke882D XC_GGA_X_2D_B88Becke 88 in 2D. G Vilhena, MAL Marques, unpublished AD Becke, Phys.

Rev. A 38, 3098 (1988)
Becke88DionVanDerWaalsXC_GGA_X_OPTB88_VDWBecke 88 reoptimized to be used with vdW functional of Dion et al J Klimes,

DR Bowler, and A Michaelides, J. Phys.: Condens. Matter 22, 022201
(2010)

Becke88ProtonTransferXC_GGA_X_MB88Modified Becke 88 for proton transfer V Tognetti and C Adamo, J. Phys.
Chem. A 113, 14415-14419 (2009)

BPCCAC XC_GGA_X_BPCCACBPCCAC (GRAC for the energy) E Bremond, D Pilard, I Ciofini, H Cher-
mette, C Adamo, and P Cortona, Theor Chem Acc 131, 1184 (2012)

C09xForRutgersChalmersVdWXC_GGA_X_C09XC09x to be used with the VdW of Rutgers-Chalmers VR Cooper, PRB 81,
161104(R) (2010)

ConstantinAiry-
Gas

XC_GGA_X_AIRYConstantin et al based on the Airy gas LA Constantin, A Ruzsinszky, and JP
Perdew, Phys. Rev. B 80, 035125 (2009)

FilatovThiel97 XC_GGA_X_FT97_AFilatov & Thiel 97 (version A) M Filatov and W Thiel, Mol. Phys. 91, 847
(1997)

Gill96 XC_GGA_X_G96 Gill 96 PMW Gill, Mol. Phys. 89, 433 (1996)
GradientModi-
fiedBecke86

XC_GGA_X_B86_MGCBecke 86 Xalfa,beta,gamma (with mod. grad. correction) AD Becke, J.
Chem. Phys 84, 4524 (1986) AD Becke, J. Chem. Phys 85, 7184 (1986)

HaasTranBla-
haSchwarz

XC_GGA_X_HTBSHaas, Tran, Blaha, and Schwarz P Haas, F Tran, P Blaha, and K Schwarz,
Phys. Rev. B 83, 205117 (2011)

Hammer-
HansenNorskov

XC_GGA_X_RPBEHammer, Hansen & Norskov (PBE-like) B Hammer, LB Hansen and JK
Noerskov, Phys. Rev. B 59, 7413 (1999)

HandyCohen XC_GGA_X_OPTXHandy & Cohen OPTX 01 NC Handy and AJ Cohen, Mol. Phys. 99, 403
(2001)

HJSB88 XC_GGA_X_HJS_B88HJS screened exchange B88 version NTM Henderson, BG Janesko, and GE
Scuseria, J. Chem. Phys. 128, 194105 (2008)

HJSB97X XC_GGA_X_HJS_B97XHJS screened exchange B97x version NTM Henderson, BG Janesko, and
GE Scuseria, J. Chem. Phys. 128, 194105 (2008)

HJSPBE XC_GGA_X_HJS_PBEHJS screened exchange PBE version NTM Henderson, BG Janesko, and GE
Scuseria, J. Chem. Phys. 128, 194105 (2008)
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Table 4.10 – continued from previous page
Keyword Libxc entity Description and references
HJSPBESOL XC_GGA_X_HJS_PBE_SOLHJS screened exchange PBE_SOL version NTM Henderson, BG Janesko,

and GE Scuseria, J. Chem. Phys. 128, 194105 (2008)
KealTozer1 XC_GGA_X_KT1 Keal and Tozer version 1 TW Keal and DJ Tozer, J. Chem. Phys. 119, 3015

(2003)
KressDePristo XC_GGA_X_DK87_R1dePristo & Kress 87 (version R1) AE DePristo and JD Kress, J. Chem. Phys.

86, 1425 (1987)
LacksGordon93 XC_GGA_X_LG93Lacks & Gordon 93 DJ Lacks and RG Gordon, Phys. Rev. A 47, 4681 (1993)
LocalAiryGas XC_GGA_X_LAGLocal Airy Gas L Vitos, B Johansson, J Kollar, and HL Skriver, Phys. Rev.

B 62, 10046-10050 (2000)
Madsen XC_GGA_X_PBEAMadsen (PBE-like) G Madsen, Phys. Rev. B 75, 195108 (2007)
Modi-
fiedAdamo-
Barone

XC_GGA_X_MPBEAdamo & Barone modification to PBE C Adamo and V Barone, J. Chem.
Phys., 116, 5933 (2002)

ModifiedFila-
tovThiel97

XC_GGA_X_FT97_BFilatov & Thiel 97 (version B) M Filatov and W Thiel, Mol. Phys. 91, 847
(1997)

PedrozaSilva-
CapelleJSJR

XC_GGA_X_PBE_JSJRJSJR reparametrization by Pedroza, Silva & Capelle LS Pedroza, AJR da
Silva, and K. Capelle, Phys. Rev. B 79, 201106(R) (2009)

PerdewBur-
keErnzerhof2D

XC_GGA_X_2D_PBEPerdew, Burke & Ernzerhof exchange in 2D. G Vilhena and MAL Marques,
unpublished JP Perdew, K Burke, and M Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996) JP Perdew, K Burke, and M Ernzerhof, Phys. Rev. Lett. 78,
1396(E) (1997)

PerdewBur-
keErnzerhofEx-
change

XC_GGA_X_PBE Perdew, Burke & Ernzerhof exchange JP Perdew, K Burke, and M Ernzerhof,
Phys. Rev. Lett. 77, 3865 (1996) JP Perdew, K Burke, and M Ernzerhof,
Phys. Rev. Lett. 78, 1396(E) (1997)

PerdewBur-
keErnzer-
hofRegular-
izedExchange

XC_GGA_X_RGE2Regularized PBE A Ruzsinszky, GI Csonka, and G Scuseria, J. Chem. The-
ory Comput. 5, 763 (2009)

PerdewBur-
keErnzerhof-
Solids

XC_GGA_X_PBE_SOLPerdew, Burke & Ernzerhof exchange (solids) JP Perdew, K Burke, and M
Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996) JP Perdew, K Burke, and M
Ernzerhof, Phys. Rev. Lett. 78, 1396(E) (1997) JP Perdew, et al., Phys. Rev.
Lett. 100, 136406 (2008) arXiv:0707.2088v1

PerdewBur-
keErnzer-
hofVanDer-
WaalsK1

XC_GGA_X_PBEK1_VDWPBE reparametrization for vdW J Klimes, DR Bowler, and A Michaelides,
J. Phys.: Condens. Matter 22, 022201 (2010)

PerdewBur-
keErnzerhof-
VanDerWaal-
sOpt

XC_GGA_X_OPTPBE_VDWPBE reparametrization for vdW J Klimes, DR Bowler, and A Michaelides,
J. Phys.: Condens. Matter 22, 022201 (2010)

PerdewWang86 XC_GGA_X_PW86Perdew & Wang 86. JP Perdew and Y Wang, Phys. Rev. B 33, 8800 (1986)
PerdewWang86RefittedXC_GGA_X_RPW86Refitted Perdew & Wang 86 ED Murray, K Lee and DC Langreth, J. Chem.

Theory Comput. 5, 2754-2762 (2009)
PerdewWang91 XC_GGA_X_PW91Perdew & Wang 91 JP Perdew, JA Chevary, SH Vosko, KA Jackson, MR

Pederson, and C Fiolhais, Phys. Rev. B 46, 6671 (1992)
Revised-
Becke86

XC_GGA_X_B86_RBecke 86 Xalfa,beta,gamma (reoptimized) AD Becke, J. Chem. Phys 84,
4524 (1986) AD Becke, J. Chem. Phys 107, 8554 (1997)

RevisedKress-
DePristo

XC_GGA_X_DK87_R2dePristo & Kress 87 (version R2) AE DePristo and JD Kress, J. Chem. Phys.
86, 1425 (1987)
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Table 4.10 – continued from previous page
Keyword Libxc entity Description and references
RevisedPerdew-
BurkeErnzer-
hofExchange

XC_GGA_X_PBE_RPerdew, Burke & Ernzerhof exchange (revised) JP Perdew, K Burke, and M
Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996) JP Perdew, K Burke, and M
Ernzerhof, Phys. Rev. Lett. 78, 1396(E) (1997) Y Zhang and W Yang, Phys.
Rev. Lett 80, 890 (1998)

Secon-
dOrderGGA

XC_GGA_X_SOGGASecond-order generalized gradient approximation Y Zhao and DG Truhlar,
J. Chem. Phys. 128, 184109 (2008) Minnesota Functional Module

Secon-
dOrderGGA2011Exchange

XC_GGA_X_SOGGA11Second-order generalized gradient approximation 2011 R Peverati, Y Zhao,
and DG Truhlar, J. Phys. Chem. Lett. 2, 1991-1997 (2011) Minnesota
Functional Module

Short-
RangeGGA

XC_GGA_X_ITYHShort-range recipe for exchange GGA functionals H Iikura, T Tsuneda, T
Yanai, and K Hirao, J. Chem. Phys. 115, 3540 (2001)

ShortRangePBE XC_GGA_X_WPBEHShort-range part of the PBE (default w=0 gives PBEh) J Heyd, GE Scuseria,
and M Ernzerhof, J. Chem. Phys. 118, 8207 (2003)

SwartSolaBick-
elhauptDisper-
sion

XC_GGA_X_SSB_DSwarta, Sola and Bickelhaupt dispersion M Swart, M Sola, and FM Bickel-
haupt, J. Chem. Phys. 131, 094103 (2009)

SwartSolaB-
ickelhauptEx-
change

XC_GGA_X_SSB Swarta, Sola and Bickelhaupt M Swart, M Sola, and FM Bickelhaupt, J.
Chem. Phys. 131, 094103 (2009)

SwartSolaBick-
elhauptPBEEx-
change

XC_GGA_X_SSB_SWSwarta, Sola and Bickelhaupt correction to PBE M Swart, M Sola, and FM
Bickelhaupt, J. Comp. Meth. Sci. Engin. 9, 69 (2009)

WuCohen XC_GGA_X_WC Wu & Cohen Z Wu and RE Cohen, Phys. Rev. B 73, 235116 (2006)
XuGoddard XC_GGA_X_XPBExPBE reparametrization by Xu & Goddard X. Xu and WA Goddard III, J.

Chem. Phys., 121, 4068 (2004)
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Table 4.11: Available GGA correlation parametrizations in Quantu-
mATK.

Keyword Libxc entity Description and references
Armien-
toMattsson-
Correlation

XC_GGA_C_AM05Armiento & Mattsson 05 correlation R Armiento and AE Mattsson, Phys.
Rev. B 72, 085108 (2005) AE Mattsson, R Armiento, J Paier, G Kresse, JM
Wills, and TR Mattsson, J. Chem. Phys. 128, 084714 (2008)

CohenHandy XC_GGA_C_OPTCOptimized correlation functional of Cohen and Handy AJ Cohen and NC
Handy, Mol. Phys. 99, 607-615 (2001)

ExtendedXu-
Goddard

XC_GGA_C_XPBExPBE reparametrization by Xu & Goddard X. Xu and WA Goddard III, J.
Chem. Phys., 121, 4068 (2004)

Fila-
tovThiel97Correlation

XC_GGA_C_FT97Filatov & Thiel correlation M Filatov & W Thiel, Int. J. Quant. Chem. 62,
603-616 (1997) M Filatov & W Thiel, Mol Phys 91, 847 (1997)

LangrethMehl XC_GGA_C_LM Langreth and Mehl correlation DC Langreth and MJ Mehl, Phys. Rev. Lett.
47, 446 (1981)

LeeYangParr XC_GGA_C_LYP Lee, Yang & Parr C Lee, W Yang and RG Parr, Phys. Rev. B 37, 785 (1988)
B Miehlich, A Savin, H Stoll and H Preuss, Chem. Phys. Lett. 157, 200
(1989)

OneParame-
terB88

XC_GGA_C_OP_B88One-parameter progressive functional (B88 version) T Tsuneda, T Suzu-
mura, and K Hirao, J. Chem. Phys. 110, 10664 (1999)

OneParame-
terG96

XC_GGA_C_OP_G96One-parameter progressive functional (G96 version) T Tsuneda, T Suzu-
mura, and K Hirao, J. Chem. Phys. 111, 5656 (1999)

OneParame-
terPBE

XC_GGA_C_OP_PBEOne-parameter progressive functional (PBE version) T Tsuneda, T Suzu-
mura, and K Hirao, J. Chem. Phys. 111, 5656 (1999)

OneParame-
terXAlpha

XC_GGA_C_OP_XALPHAOne-parameter progressive functional (XALPHA version) T Tsuneda, T
Suzumura, and K Hirao, J. Chem. Phys. 111, 5656 (1999)

PedrozaSilva-
CapelleJRGX

XC_GGA_C_PBE_JRGXJRGX reparametrization by Pedroza, Silva & Capelle LS Pedroza, AJR da
Silva, and K. Capelle, Phys. Rev. B 79, 201106(R) (2009)

Perdew86 XC_GGA_C_P86 Perdew 86 JP Perdew, Phys. Rev. B 33, 8822 (1986)
PerdewBur-
keErnzerhof-
Correlation

XC_GGA_C_PBE Perdew, Burke & Ernzerhof correlation JP Perdew, K Burke, and M Ernzer-
hof, Phys. Rev. Lett. 77, 3865 (1996) JP Perdew, K Burke, and M Ernzerhof,
Phys. Rev. Lett. 78, 1396(E) (1997)

PerdewBur-
keErnzerhof-
Correlation-
Solids

XC_GGA_C_PBE_SOLPerdew, Burke & Ernzerhof correlation SOL JP Perdew, K Burke, and M
Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996) JP Perdew, K Burke, and M
Ernzerhof, Phys. Rev. Lett. 78, 1396(E) (1997) JP Perdew, et al., Phys. Rev.
Lett. 100, 136406 (2008) arXiv:0707.2088v1

PerdewBur-
keErnzer-
hofRegularized-
Correlation

XC_GGA_C_RGE2Regularized PBE A Ruzsinszky, GI Csonka, and G Scuseria, J. Chem. The-
ory Comput. 5, 763 (2009)

PerdewWang91CorrelationXC_GGA_C_PW91Perdew & Wang 91 JP Perdew, JA Chevary, SH Vosko, KA Jackson, MR
Pederson, DJ Singh, and C Fiolhais, Phys. Rev. B 46, 6671 (1992) JP
Perdew, JA Chevary, SH Vosko, KA Jackson, MR Pederson, DJ Singh, and
C Fiolhais, Phys. Rev. B 48, 4978(E) (1993)

Secon-
dOrderGGA2011Correlation

XC_GGA_C_SOGGA11Second-order generalized gradient approximation 2011 R Peverati, Y Zhao,
and DG Truhlar, J. Phys. Chem. Lett. 2, 1991-1997 (2011) Minnesota
Functional Module

SwartSolaBick-
elhauptPBE

XC_GGA_C_SPBEPBE correlation to be used with the SSB exchange M Swart, M Sola, and
FM Bickelhaupt, J. Chem. Phys. 131, 094103 (2009)

TognettiCorton-
aAdamo

XC_GGA_C_TCA Tognetti, Cortona, Adamo V Tognetti, P Cortona, and C Adamo, J. Chem.
Phys. 128, 034101 (2008)

TognettiCorton-
aAdamoRevised

XC_GGA_C_REVTCATognetti, Cortona, Adamo (revised) V Tognetti, P Cortona, and C Adamo,
Chem. Phys. Lett. 460, 536-539 (2008)

WilsonIvanov XC_GGA_C_WI Wilson & Ivanov LC Wilson & S Ivanov, Int. J. Quantum Chem. 69, 523-
532 (1998)

WilsonI-
vanovInitial

XC_GGA_C_WI0 Wilson & Ivanov initial version LC Wilson & S Ivanov, Int. J. Quantum
Chem. 69, 523-532 (1998)

WilsonLevy XC_GGA_C_WL Wilson & Levy LC Wilson and M Levy, Phys. Rev. B 41, 12930 (1990)
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Table 4.12: Available MGGA exchange parametrizations in Quantu-
mATK.

Keyword Libxc entity Description and references
M05 XC_MGGA_X_M05M05 functional of Minnesota Y Zhao, NE Schultz, and DG Truhlar, J. Chem.

Phys. 123, 161103 (2005)
M052X XC_MGGA_X_M05_2XM05-2X functional of Minnesota Y Zhao, NE Schultz, and DG Truhlar, J.

Chem. Theory Comput. 2, 364 (2006)
M06 XC_MGGA_X_M06M06 functional of Minnesota Y Zhao and DG Truhlar, Theor. Chem. Acc.

120, 215 (2008)
M062X XC_MGGA_X_M06_2XM06-2X functional of Minnesota Y Zhao and DG Truhlar, Theor. Chem.

Acc. 120, 215 (2008)
M06HF XC_MGGA_X_M06_HFM06-HF functional of Minnesota Y Zhao and DG Truhlar, J. Phys. Chem.

A 110, 13126 (2006)
M06Local XC_MGGA_X_M06_LM06-Local functional of Minnesota Y. Zhao and D. G. Truhlar, J. Chem.

Phys. 125, 194101 (2006) Y Zhao and DG Truhlar, Theor. Chem. Account
120, 215 (2008)

M08HX XC_MGGA_X_M08_HXM08-HX functional of Minnesota Y Zhao and DG Truhlar, J. Chem. Theory
Comput. 4, 1849-1868 (2008)

M08SO XC_MGGA_X_M08_SOM08-SO functional of Minnesota Y Zhao and DG Truhlar, J. Chem. Theory
Comput. 4, 1849-1868 (2008)

PerdewKurthZu-
panBlaha

XC_MGGA_X_PKZBPerdew, Kurth, Zupan, and Blaha JP Perdew, S Kurth, A Zupan, and P. Blaha,
Phys. Rev. Lett. 82, 2544-2547 (1999)

SCANExchange XC_MGGA_X_SCANJ. Sun, A. Ruzsinszky, and J. P. Perdew, Phys. Rev. Lett. 115, 036402 (2015)
TaoPerdew-
StaroverovS-
cuseriaEx-
change

XC_MGGA_X_TPSSPerdew, Tao, Staroverov & Scuseria exchange JP Perdew, J Tao, VN
Staroverov and GE Scuseria, Phys. Rev. Lett. 91, 146401 (2003) JP Perdew,
J Tao, VN Staroverov and GE Scuseria, J. Chem. Phys. 120, 6898 (2004)

TaoPerdew-
StaroverovS-
cuseriaRe-
visedExchange

XC_MGGA_X_REVTPSSRevised Perdew, Tao, Staroverov & Scuseria exchange JP Perdew, A Ruzsin-
szky, GI Csonka, LA Constantin, and J Sun, Phys. Rev. Lett. 103, 026403
(2009) JP Perdew, A Ruzsinszky, GI Csonka, LA Constantin, and J Sun,
Phys. Rev. Lett. 106, 179902(E) (2011)

TB09Exchange XC_MGGA_X_TB09Tran & Blaha 89, meta-GGA F Tran and P Blaha, Phys. Rev. Lett. 102,
226401 (2009)

1038 Chapter 4. QuantumATK Reference Manual

http://dx.doi.org/10.1063/1.2126975
http://dx.doi.org/10.1063/1.2126975
http://dx.doi.org/10.1021/ct0502763
http://dx.doi.org/10.1021/ct0502763
http://dx.doi.org/10.1007/s00214-007-0310-x
http://dx.doi.org/10.1007/s00214-007-0310-x
http://dx.doi.org/10.1007/s00214-007-0310-x
http://dx.doi.org/10.1007/s00214-007-0310-x
http://dx.doi.org/10.1021/jp066479k
http://dx.doi.org/10.1021/jp066479k
http://dx.doi.org/10.1063/1.2370993
http://dx.doi.org/10.1063/1.2370993
http://dx.doi.org/10.1007/s00214-007-0310-x
http://dx.doi.org/10.1007/s00214-007-0310-x
http://dx.doi.org/10.1021/ct800246v
http://dx.doi.org/10.1021/ct800246v
http://dx.doi.org/10.1021/ct800246v
http://dx.doi.org/10.1021/ct800246v
http://dx.doi.org/10.1103/PhysRevLett.82.2544
http://dx.doi.org/10.1103/PhysRevLett.82.2544
https://doi.org/10.1103/PhysRevLett.115.036402
http://dx.doi.org/10.1103/PhysRevLett.91.146401
http://dx.doi.org/10.1103/PhysRevLett.91.146401
http://dx.doi.org/10.1063/1.1665298
http://dx.doi.org/10.1063/1.1665298
http://dx.doi.org/10.1103/PhysRevLett.103.026403
http://dx.doi.org/10.1103/PhysRevLett.103.026403
http://dx.doi.org/10.1103/PhysRevLett.103.026403
http://dx.doi.org/10.1103/PhysRevLett.106.179902
http://dx.doi.org/10.1103/PhysRevLett.106.179902
http://link.aps.org/doi/10.1103/PhysRevLett.102.226401
http://link.aps.org/doi/10.1103/PhysRevLett.102.226401


QuantumATK V-2023.12 Documentation

Table 4.13: Available MGGA correlation parametrizations in Quantu-
mATK.

Keyword Libxc entity Description and references
PerdewZunger-
Correlation

XC_MGGA_C_M06_LM06-Local functional of Minnesota Perdew and Zunger, Phys. Rev. B 23,
5048 (1981) Reused from PerdewZunger class in order to allow inclusion in
MGGA.

SCANCorrela-
tion

XC_MGGA_C_SCANJ. Sun, A. Ruzsinszky, and J. P. Perdew, Phys. Rev. Lett. 115, 036402 (2015)

TaoPerdew-
StaroverovS-
cuseriaCorrela-
tion

XC_MGGA_C_TPSSPerdew, Tao, Staroverov & Scuseria correlation JP Perdew, J Tao, VN
Staroverov and GE Scuseria, Phys. Rev. Lett. 91, 146401 (2003) JP Perdew,
J Tao, VN Staroverov and GE Scuseria, J. Chem. Phys. 120, 6898 (2004)

ExchangeCorrelationPotential

class ExchangeCorrelationPotential(configuration, density_mesh_cutoff=None)
A class for calculating the exchange-correlation potential for a configuration.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for which the
exchange-correlation potential should be calculated

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object. Default: Specific for each calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.
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Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy × length-1

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.
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evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.
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Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the exchange-correlation potential is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.
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Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

Calculate the exchange-correlation potential and save it to a file:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 6.13508 , 5.790587, 2.75 ],

[ 6.13508 , 6.73176 , 2.336663],
[ 6.95016 , 5.32 , 2.336663],
[ 5.32 , 5.32 , 2.336663]]*Angstrom

)

# Define the calculator
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the effective potential
xc_potential = ExchangeCorrelationPotential(molecule_configuration)
nlsave('results.nc', molecule_configuration)
nlsave('results.nc', xc_potential)

nh3_xc_potential.py

For examples on working with 3D grids, see HartreePotential and ElectronDensity.

Notes

• This class inherits from the GridValues class.

• Returns the exchange-correlation potential of a DFT calculation. See Exchange-correlation potential for more
information.
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ExternalPotential

class ExternalPotential(configuration, density_mesh_cutoff=None)
A class for calculating the external potential for a configuration.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for which the
external potential should be calculated.

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object. Default: Specific for each calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional
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Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy × length-1

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy
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gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.
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spin()

Returns
The spin the external potential is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.
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Usage Examples

Calculate the external potential and save it to a file:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 6.13508 , 5.790587, 2.75 ],

[ 6.13508 , 6.73176 , 2.336663],
[ 6.95016 , 5.32 , 2.336663],
[ 5.32 , 5.32 , 2.336663]]*Angstrom

)

# Add metallic regions (without them the external potential would be constant)
metallic_region_0 = BoxRegion(

0*Volt,
xmin = 0*Angstrom, xmax = 12*Angstrom,
ymin = 0*Angstrom, ymax = 12*Angstrom,
zmin = 0*Angstrom, zmax = 1*Angstrom

)

metallic_region_1 = BoxRegion(
1*Volt,
xmin = 0*Angstrom, xmax = 12*Angstrom,
ymin = 0*Angstrom, ymax = 12*Angstrom,
zmin = 5*Angstrom, zmax = 6*Angstrom

)

metallic_regions = [metallic_region_0, metallic_region_1]
molecule_configuration.setMetallicRegions(metallic_regions)

# Define the calculator
calculator = HuckelCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the effective potential
external_potential = ExternalPotential(molecule_configuration)
nlsave('results.nc', molecule_configuration)
nlsave('results.nc', external_potential)

nh3_external_potential.py

For examples on working with 3D grids, see HartreePotential and ElectronDensity.
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Notes

• This class inherits from the GridValues class.

• Returns the electrostatic potential due to the electrodes and gates in the system. Note that other external electro-
static potentials, e.g. from pseudopotentials, are not included.

• See External potential (for DFT: LCAO calculators) or Tight-binding total energy (for Semi Empirical calcula-
tors) for more information on the theoretical background.

ExtrapolationScheme

class ExtrapolationScheme(include_first_order_term=None, include_second_order_term=None,
include_third_order_term=None, minimum_number_of_atoms=None)

A container for parameters defining the extrapolation scheme to infinite supercell size to use.

The extrapolation is obtained by fitting the calculated formation energies against the inverse length 1/L of each
supercell, where L is the cube root of the supercell volume. A polynomial of up to third order is fitted. The first,
second and third order terms can each be included or not in the fit (if not, they are set to zero). In all cases the
fitted zeroth order term gives the extrapolation to infinite supercell size.

Parameters

• include_first_order_term (bool) – Whether to include the 1/L term (monopole-
monopole) in the extrapolation fit. Default: True

• include_second_order_term (bool) – Whether to include the 1/L^2 term in the ex-
trapolation fit. Default: False

• include_third_order_term (bool) – Whether to include the 1/L^3 term (monopole-
quadrupole) in the extrapolation fit. Default: True

• minimum_number_of_atoms (int) – The minimum number of atoms for the supercell
to be included in the fit. Any supercell with fewer atoms will be discarded. Default: 8

minimumNumberOfAtoms()

Returns
The minimum number of atoms for the supercell to be included in the fit. Any supercell
with fewer atoms will be discarded.

Return type
int

termsToInclude()

Returns
Whether to include the first, second and third order terms in the extrapolation fit.

Return type
tuple (size 3) of bool
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ExtrapolationSelectionParameters

class ExtrapolationSelectionParameters(extrapolation_grade_algorithm=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.MaxvolStandard'>,
selection_basis_size=None, descriptor_cutoff=0.2,
descriptor_basis_size=100, committee_size=6,
write_atomic_error_estimates=False)

Additional parameters for candidate selection and extrapolation grade calculations.

Parameters

• extrapolation_grade_algorithm (MaxvolStandard | MaxvolLinearized |
MaxForce | QueryByCommitteeForces | QueryByCommitteeEnergy) – Select
which extrapolation grade algorithm should be used. The MaxForce algorithm is only
available with MD active learning. For multi-element systems QueryByCommitteeForces
is the recommended method. Default: MaxvolStandard

• selection_basis_size (int) – The basis size used for candidate selection and extrapo-
lation grade calculation. Only used if MaxvolStandard is used for the extrapolation grade.
Default: Same size as MTP basis size specified in fitting parameters.

• descriptor_cutoff (float) – The cutoff value for the distances in normalized de-
scriptor space, above which two configurations are considered different. Only used by
query-by-committee and max. force algorithms. Default: 0.2

• descriptor_basis_size (int) – The MTP basis size that should be used for the con-
figurational descriptor. Only used by query-by-committee and max. force algorithms.
Default: 100

• committee_size (int) – The number of committee members that should be used when
the query-by-committee method is selected. Only used by query-by-committee algo-
rithms. Default: 6

• write_atomic_error_estimates (bool) – Write the per-atom error estimates as mea-
surements to the trajectory whenever the extrapolation grade is calculated. This is only
available with query-by-committee methods. Only used by query-by-committee algo-
rithms. Default: False

committeeSize()

Returns
The number of committee members when the query-by-committee method is used for the
extrapolation grade.

Return type
int

descriptorBasisSize()

Returns
The MTP basis size that is used in the descriptor.

Return type
int

descriptorCutoff()

Returns
The descriptor cutoff value.
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Return type
float

extrapolationGradeAlgorithm()

Returns
Which extrapolation grade algorithm should be used.

Return type
MaxvolStandard | MaxvolLinearized | MaxForce | QueryByCommitteeForces | QueryBy-
CommitteeEnergy

selectionBasisSize()

Returns
The basis size used for candidate selection and extrapolation grade calculation.

Return type
int | None

uniqueString()

Return a unique string representing the state of the object.

writeAtomicErrorEstimates()

Returns
True if the per-atom error estimates should be written to the trajectory.

Return type
bool

FENEBondPotential

class FENEBondPotential(particleType1, particleType2, k, r_0)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• k (PhysicalQuantity of type energy) – Potential parameter.

• r_0 (PhysicalQuantity of type length ) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The FENE (finite extensible non-linear elastic) potential1 is a bonded potential where the potential energy becomes
infinitely large if the distance between two bonded particles is larger than a given distance. This potential is part of the
well-known Kremer-Grest model to simulate coarse-grained bead-spring polymers. It is defined as follows:

𝑈𝑖𝑗 =

{︃
𝑘𝑖𝑗 ln(1 − (𝑟𝑖𝑗/𝑟0)2), 𝑟𝑖𝑗 < 𝑟0

∞, 𝑟𝑖𝑗 ≥ 𝑟0.

In the actual implementation, we have replaced ∞ by 𝑘𝑖𝑗 ln(𝐷𝐵𝐿_𝑀𝐼𝑁) = 𝑘𝑖𝑗 ln(2.2 · 10−308) = −708𝑘𝑖𝑗 . This
has no effect on the actual dynamics but will not destroy all measurements as would be the case when the potential
energy becomes infinity.

FIRE

class FIRE(maximum_timestep=PhysicalQuantity(2.0, fs), scf_initial_guess=None)
Constructor for the FIRE optimizer method.

Parameters

• maximum_timestep (PhysicalQuantity of type time) – The maximum timestep. Default:
2.0*femtosecond

• scf_initial_guess (UsePreviousConfiguration | DIISExtrapolation) – Deter-
mines how the state of the system at each MD step is used as an initial guess for the
next MD step, in the case when a self-consistent calculation is performed at each step.
UsePreviousConfiguration means that the density matrix (or valence density/wave
functions in a plane-wave calculation) of the previous configuration will be used as an
initial guess for the next SCF calculation. For LCAO and semi-empirical calculations, it
is possible and recommended to use DIISExtrapolation, which calculates an improved
initial guess using the DIIS extrapolation method for the previous density matrices.

This parameter has no effect when the calculator attached to configuration is a force-
field calculator. Default: UsePreviousConfiguration for PlaneWaveCalculator,
DIISExtrapolation(4) for LCAOCalculator and SemiEmpiricalCalculator.

scfInitialGuess()

Returns
The SCF initial guess used for the optimizer.

1 Kurt Kremer and Gary S. Grest. Dynamics of entangled linear polymer melts: a molecular-dynamics simulation. J. Chem. Phys.,
92(8):5057–5086, 1990. URL: https://doi.org/10.1063/1.458541, doi:10.1063/1.458541.
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Return type
DIISExtrapolation | UsePreviousConfiguration | None

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Optimize the geometry of a water molecule using the FIRE algorithm.

# Define elements
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.0, -1.70000000e-05, 1.20198000e-01],

[ 0.0, 7.59572000e-01, -4.86714000e-01],
[ 0.0, -7.59606000e-01, -4.86721000e-01]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# Define a calculator
molecule_configuration.setCalculator(LCAOCalculator())

# Perform optimization using the FIRE algorithm.
OptimizeGeometry(molecule_configuration, optimizer_method=FIRE())

fire.py

Notes

The Fast Inertial Relaxation Engine (FIRE) is an optimization algorithm which is based on molecular dynamics with
additional modifications on the velocity and an adaptive timestep. Details about this algorithm can be found in1.

1 E. Bitzek, P. Koskinen, F. Gähler, M. Moseler, and P. Gumbsch. Structural relaxation made simple. Phys. Rev. Lett., 97:170201, Oct 2006.
doi:10.1103/PhysRevLett.97.170201.
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FastFourier2DSolver

class FastFourier2DSolver(boundary_conditions=None, order=None)
The Hybrid FFT2D + Finite-Difference-1D Poisson solver.

Parameters

• boundary_conditions (list of DirichletBoundaryCondition |
NeumannBoundaryCondition | PeriodicBoundaryCondition |
MultipoleBoundaryCondition) – A list of shape (3,2) specifying the boundary
conditions on the 6 surfaces of the unit cell for the configuration. Default:

– MoleculeConfiguration: [[PeriodicBoundaryCondition()] * 2] * 3

– BulkConfiguration: [[PeriodicBoundaryCondition()] * 2] * 3

– SurfaceConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[DirichletBoundaryCondition(), NeumannBoundaryCondition()]]

– DeviceConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[DirichletBoundaryCondition()] * 2]

• order (int) – The order of the finite difference kernel used for solving in the C-direction.
Must be either 1 or 2. Default: 2

boundaryConditions()

Returns
The boundary conditions for the solver.

Return type
list of DirichletBoundaryCondition | NeumannBoundaryCondition |
PeriodicBoundaryCondition | MultipoleBoundaryCondition

order()

Returns
The order.

Return type
int

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Define a FastFourier2DSolver with periodic boundary conditions:

poisson_solver = FastFourier2DSolver(
boundary_conditions=[

[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()]

]
)

calculator = LCAOCalculator(
poisson_solver=poisson_solver

)

Define a FastFourier2DSolver with Dirichlet boundary conditions in the C-direction:

poisson_solver = FastFourier2DSolver(
boundary_conditions=[

[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()],
[DirichletBoundaryCondition(), DirichletBoundaryCondition()]

]
)

calculator = LCAOCalculator(
poisson_solver=poisson_solver

)

Notes

The FastFourier2DSolver uses a FFT in the A, B directions and a finite difference operator in the C direction to
solve Poisson’s equation1.

The FastFourier2DSolver is the default solver for a DeviceConfiguration that has no metallic and dielectric
regions.

Reference

1 T. Ozaki, K. Nishio, and H. Kino. Efficient implementation of the nonequilibrium green function method for electronic transport calculations.
Phys. Rev. B, 81:035116, 2010. doi:10.1103/PhysRevB.81.035116.
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FastFourierSolver

class FastFourierSolver(boundary_conditions=None)
The FFT-based Poisson solver.

Parameters
boundary_conditions (list of PeriodicBoundaryCondition) – A list of shape (3,2) spec-
ifying the boundary conditions on the 6 surfaces of the unit cell for the configuration. Default:
[[PeriodicBoundaryCondition()] * 2] * 3

boundaryConditions()

Returns
The boundary conditions for the solver.

Return type
list of DirichletBoundaryCondition | NeumannBoundaryCondition |
PeriodicBoundaryCondition | MultipoleBoundaryCondition

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define a FastFourierSolver with periodic boundary conditions on the 6 faces:

poisson_solver = FastFourierSolver()

calculator = LCAOCalculator(
poisson_solver=poisson_solver

)

FatBandstructure

class FatBandstructure(configuration, route=None, points_per_segment=None, kpoints=None,
bands_above_fermi_level=None, projections=None, diagonalization_method=None)

Analysis class for calculating the fat band structure (or projected band structure) for a bulk configuration.

Parameters

• configuration (BulkConfiguration) – The bulk configuration with an attached cal-
culator for which to calculate the fat band structure.

• route (list of str) – The route to take through the Brillouin-zone as a list of sym-
metry points of the unit cell, e.g. ['G', 'X', 'G']. This option is mutually exclusive
to kpoints. Default: Unit-cell dependent route.

• points_per_segment (int) – The number of points per segment of the route given as
a positive integer. This option is mutually exclusive to kpoints. Default: 20.

• kpoints (list of lists of floats) – A list of 3-dimensional fractional k-points at
which to calculate the energies of the bands e.g. [[0.0, 0.0, 0.0], [0.0, 0.0, 0.
1], ...]. The shape is (K, 3) where K is the number of k-points. This option is mutually
exclusive to route, and points_per_segment. Default: Unit-cell dependent route.
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• bands_above_fermi_level – Deprecated: from v2023.09, see
diagonalization_method and FullDiagonalizationSolver instead.

• projections (list of Projection | Projection | ProjectionGenerator) – The pro-
jections used for calculating the weights. Default: ProjectOnUpDownSpin.

• diagonalization_method – Method used for diagonalizing the hamiltonian.

This parameter allows to choose between a full diagonalization solver and an iterative
subspace solver. The full diagonalization solver evaluates all bands from the lowest energy
one to a given number of bands above fermi level. The iterative subspace solver allows to
evaluate a given number of bands around fermi level, or around an energy of choice.

The full diagonalization solver is more robust, but can be proibitively expensive for very
large systems.

The iterative solver can deal with very large systems (tens of thousands atoms and beyond)
and greatly outperforms when calculating a small number of eigenvalues, but it is also
inherently less robust.

Note: the exact method used when selecting FullDiagonalizationSolver is defined
by the calculator (see AlgorithmParameters). IterativeDiagonalizationSolver
is not supported for PlaneWaveCalculator

Default: FullDiagonalizationSolver

Type
FullDiagonalizationSolver | IterativeDiagonalizationSolver

conductionBandEdge()

Calculate the conduction band edge.

Returns
The conduction band edge.

Return type
PhysicalQuantity of type energy

directBandGap()

Calculate the direct band gap.

Returns
The direct band gap.

Return type
PhysicalQuantity of type energy

energyZero()

The energy zero is equal to the Fermi level. For fixed spin moment calculations it is the average of the
Fermi level for spin up and spin down.

Returns
The energy zero.

Return type
PhysicalQuantity of type energy

evaluate()

Get the eigenvalues.

Returns
The eigenvalues. The shape is (K, B), where K is the number of k-points and B the number
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of bands. B also includes the spin channel for polarized AND unpolarized calculations.
Spin up and spin down solutions are interleaved, i.e. up and down bands alternate. In
contrast to the behavior of the Bandstructure class, an unpolarized calculation is treated
as a polarized one with identical up and down components. This is done, since different
projections could be chosen for the up and down states even for unpolarized calculations
(see Projection).

Return type
list of PhysicalQuantity of type energy

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
All

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

fermiTemperature()

Returns
The Fermi temperature used in this bandstructure.

Return type
PhysicalQuantity of type temperature

indirectBandGap()

Calculate the indirect band gap.

Returns
The indirect band gap.

Return type
PhysicalQuantity of type energy

kpoints()

Returns
The list of 3-dimensional fractional k-points at which the energies of the bands are calcu-
lated. The shape is (K, 3) where K is the number of k-points.

Return type
list of lists of floats

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.
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Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

projections()

Returns
The projections.

Return type
list of Projection

route()

Returns
The route through the Brillouin-zone as a list of symmetry points of the unit cell.

Return type
list of str

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

valenceBandEdge()

Calculate the valence band edge.

Returns
The valence band edge.

Return type
PhysicalQuantity of type energy

weights()

Returns
The weights for a given projection. Each projection provides a weight for all the eigen-
values. The shape is (P, K, B), where P is the number of projections, K is the number of
k-points, and B is the number of spin-interleaved bands as in the output of the evaluate
method.

Return type
numpy.ndarray of doubles
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Usage Example

Calculate the shell resolved fat band structure for bulk silicon.

lattice = FaceCenteredCubic(5.4306*Angstrom)
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=[Silicon, Silicon],
fractional_coordinates=[(0.0, 0.0, 0.0), (0.25, 0.25, 0.25)])

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
k_point_sampling = MonkhorstPackGrid(7, 7, 7)

calculator = LCAOCalculator(
numerical_accuracy_parameters=NumericalAccuracyParameters(

k_point_sampling=k_point_sampling))

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# -------------------------------------------------------------
# FatBandstructure
# -------------------------------------------------------------
fat_bandstructure = FatBandstructure(

configuration=bulk_configuration,
projections=ProjectOnShellsByElement
)

In the example above we used an abbreviation to generate the list of projections (see Projection documentation). Al-
ternatively, if we would obtain the same result by specifying:

# -------------------------------------------------------------
# FatBandstructure
# -------------------------------------------------------------
projections = [Projection(l_quantum_numbers=[0]),

Projection(l_quantum_numbers=[1]),
Projection(l_quantum_numbers=[2])]

fat_bandstructure = FatBandstructure(
configuration=bulk_configuration,
projections=projections)

If we want to build more complex projections we can use the algebraic operations, as documented in Projection. In the
following example we calculate the fat band structure for bulk gallium arsenide, projecting on the s shells of gallium
and p shells of arsenic

lattice = FaceCenteredCubic(5.6537*Angstrom)
elements = [Gallium, Arsenic]
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]
bulk_configuration = BulkConfiguration(

(continues on next page)
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(continued from previous page)

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
k_point_sampling = MonkhorstPackGrid(7, 7, 7)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=k_point_sampling,
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# -------------------------------------------------------------
# FatBandstructure
# -------------------------------------------------------------
p1 = Projection(l_quantum_numbers=[0], atoms=[Gallium])
p2 = Projection(l_quantum_numbers=[1], atoms=[Arsenic])

fat_bandstructure = FatBandstructure(
configuration=bulk_configuration,
projections=p1+p2
)

Notes

The FatBandstructure (or Projected band structure) is used to visualize the contribution of different orbitals to the
bandstructure of a bulk system. Given a projection on a subspace, for each eigenvalue we can calculate a weight
associated to the projection. The weights are calculated as follows: the eigenstates and eigenvalues are calculated by
solving the Schrödinger equation, similarly to an ordinary bandstructure calculation

𝐻𝜓𝑛k = 𝐸𝜓𝑛k

We then define an operator P̂𝑀 which performs a projection onto the subspace 𝑀 . The weight 𝜔𝑀𝑛k associated to this
projection for the eigenpair (𝐸𝑛k, 𝜓𝑛k) is given by

𝜔𝑀𝑛k = ⟨𝜓𝑛k|P̂𝑀 |𝜓𝑛k⟩

It follows from the definition and form the normalization condition on 𝜓𝑛k that the weight is 1.0 for any eigenpair if
the projection operator is the identity. The projection operator is defined according to the description contained in the
documentation for Projection.

Note: The FatBandstructure will return weights between 0 and 1 (unitless) for projections on up/down spin, and

4.13. Full QuantumATK package 1061



QuantumATK V-2023.12 Documentation

between −1 to 1 (in units of ~
2 ) for projections involving the Pauli spin matrices. See the Usage Example in Projection

for some more information.

FeastSolver

class FeastSolver(number_of_eigenvalues=None, lambda_min=None, lambda_max=None)
Calculate the density matrix using the feast algorithm

Parameters

• number_of_eigenvalues (int > 0) – The estimated number of eigenvalues. Default:
1.5 × number of electrons.

• lambda_min (PhysicalQuantity of type energy) – The lower bound on the eigenvalue
spectrum to calculate. Default: -20.0 * Hartree

• lambda_max (PhysicalQuantity of type energy) – The upper bound on the eigenvalue
spectrum to calculate. Default: 0.0 * Hartree

lambdaMax()

Returns
Upper bound on the eigenvalue spectrum.

Return type
PhysicalQuantity of type energy

lambdaMin()

Returns
Lower bound on the eigenvalue spectrum.

Return type
PhysicalQuantity of type energy

numberOfEigenvalues()

The estimated number of eigenvalues.

Returns
None when the estimated number of eigenvalues is set to 1.5 × number of electrons.

Return type
int | None

uniqueString()

Return a unique string representing the state of the object.

1062 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

Usage Example

Define a density matrix method that uses the Feast Solver

density_matrix_method = FeastSolver(
lambda_min=-1.0*Hartree,
lambda_max= 1.0*Hartree,
number_of_eigenvalues=10,
)

Notes

The FeastSolver is useful if only a small part of the eigenvalue spectrum (eigenvector space) is needed. The parameters
lambda_min and lambda_max specify the limits of the sought eigenvalue spectrum and number_of_eigenvalues is an
estimate for the number of eigenvalues to be found within this interval. The algorithm works most efficiently if the
estimate is approximately a factor 1.5 larger than the actual number of eigenvalues within the interval. For more details
on the Feast algorithm, visit the Feast website.

FermiDirac

class FermiDirac(broadening)

Parameters
broadening (PhysicalQuantity of type energy or temperature) – The broadening of the Fermi-
Dirac distribution.

broadening()

Returns
The broadening of the Fermi-Dirac distribution.

Return type
PhysicalQuantity of type energy

Usage Examples

Use the Fermi-Dirac occupation function with a broadening of 0.1 eV on an LCAOCalculator:

numerical_accuracy_parameters = NumericalAccuracyParameters(
occupation_method=FermiDirac(0.1*eV))

calculator = LCAOCalculator(numerical_accuracy_parameters=numerical_accuracy_parameters)
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Notes

Note: For comparison of different occupation methods and suggestions for which one to choose, see Occupation
Methods.

In the Fermi-Dirac smearing scheme one effectively considers the system at finite temperature. This means that one
replaces the integer occupation numbers when calculating e.g. the electron density in DFT by fractional occupation
numbers given by the Fermi-Dirac distribution,

𝑓(𝑥) =
1

𝑒(𝜖−𝜇)/𝜎 + 1
,

where 𝜖 is the energy of a given state, 𝜇 is the chemical potential/Fermi level and 𝜎 is a broadening parameter. For
finite temperature calculations 𝜎 = 𝑘B𝑇 with 𝑇 the temperature.

The Fermi-Dirac smearing scheme also corresponds to replacing the Dirac delta-function in the density of states by a
smeared function given by

𝛿(𝑥) =
1

4𝜎

1

cosh2(𝑥/2𝜎)

In the Fermi-Dirac smearing scheme the contribution to the generalized entropy from a state with occupation 𝑓 is1

𝑆(𝑓) = −[𝑓 ln 𝑓 + (1 − 𝑓) ln(1 − 𝑓)].

The total energy can extrapolated to zero broadening by adding to the total internal energy the following correction
term

∆𝐸𝜎→0(𝜎) = −1

2

∑︁
𝑖

𝜎𝑆(𝑓𝑖),

where 𝑖 runs over all states.

FermiSurface

class FermiSurface(configuration, sampling=None, band_indices=None)
The FermiSurface is used for calculating a surface associated with an energy grid in the reciprocal k-space. For
a given BulkConfiguration, its unit cell is used to calculate the Brillouin zone in k-space. The bounding box
of the Brillouin zone is then used to define the k-point sampling space, which is given as input to a Bandstructure
calculation. The resulting bands make up the energy grid an energy isosurface can be obtained. For the band
corresponding to the Fermi energy, this isosurface corresponds to the so-called Fermi surface.

Parameters

• configuration (BulkConfiguration) – The bulk configuration (with an attached cal-
culator) the band surface should be calculated for.

• sampling (int) – The sampling, n, used for the 3D grid from which the Fermi surface
is extracted. n sampling points are used to discretize the longest grid axis. The length of
the resulting sampling intervals defines the discretization of the two remaining axis.

• band_indices (list of int) – The indices of the bandstructure band from which the
surface is sampled.

1 N. D. Mermin. Thermal properties of the inhomogeneous electron gas. Phys. Rev., 137:A1441–A1443, Mar 1965.
doi:10.1103/PhysRev.137.A1441.

1064 Chapter 4. QuantumATK Reference Manual

https://doi.org/10.1103/PhysRev.137.A1441


QuantumATK V-2023.12 Documentation

bandIndices()

Returns
The band indices, .i.e. the bandstrucure indices for which surfaces can be calculated.

Return type
numpy.ndarray

bands()

Returns
The bandstrucure bands associated with the given band indices.

Return type
numpy.ndarray

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

sampling()

Returns
The sampling value of the band surface.

Return type
int

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.
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FiniteBiasSpinTransferTorque

class FiniteBiasSpinTransferTorque(configuration, filename, object_id, atom_indices=None,
bias_voltages=None, kpoints=None, initial_spin=None,
potential_drop_region_tags=None, potential_drop_method=None,
potential_profile=None, number_of_processes_per_task=None,
log_filename_prefix=None, initial_state=None)

configuration:
The device calculation that the finite bias spin transfer torque should be calculated for.

configuration:
DeviceConfiguration

Parameters

• filename (str) – The full or relative filename path the study object should be saved to.
See nlsave().

• object_id (str) – The name of the study that the study object should be saved to within
the file. This needs to be a unique name in this file.

• atom_indices (list of int | list of str) – The indices of the atomic sites to
calculate the spin transfer torque for. This may be defined as a list of integers or a list of
tags. Default: All atoms in the configuration

• bias_voltages (PhysicalQuantity of type voltage) – A list of voltages. Each voltage
will in turn represent the value 1.0 in the potential profile when converting the latter to the
voltage drop profile accross the device. I.e. if the potential profile drops by 1.0 from the
left to the right lead the voltage drop from the left to the right lead will equal each given
voltage in turn. Default: numpy.linspace(-0.5, 0.5, 11)*Volt

• kpoints (MonkhorstPackGrid | KpointDensity) – The k-points for which the spin
transfer torque should be calculated. Default: The Monkhorst-Pack grid used for the
self-consistent calculation.

• initial_spin (InitialSpin) – The initial spins of the device for the non-collinear
calculation. Default: Initial spin where all spins are pointing in the x-direction (theta=90,
phi=0) except for the atoms in atom_indices, which will be pointing in the z-direction
(theta=0, phi=0)

• potential_drop_region_tags (list of str) – List of tags defining regions where
the potential drops. A potential profile will be generated automatically based on the tagged
regions. It is a requirement that the tagged regions do not overlap in the z-direction. De-
fault: None

• potential_drop_method (str) – Parameter describing how the potential drops as func-
tion of length. This should either be ‘linear’ or ‘exponential’ Default: ‘exponential’

• potential_profile (List of (PhysicalQuantity of type length, float)) – Defines the po-
tential model as a piecewise linear function, defined as a list of (coordinate, value) pairs,
where the values define the potential drop in an interval (+𝑉𝑏/2, 𝑉𝑏/2) with 𝑉𝑏 the applied
bias.

For example, a list [(0*Ang, 1), (5*Ang, 1), (10*Ang, 0.), (15*Ang, 0.), (20*Ang, -1.),
(25*Ang, -1.)] represents a potential ramp from 𝑉𝑏/2 to −𝑉𝑏/2 between coordinates 5
and 20 Angstrom, with a flat 0 potential region in the middle. It is required that the leftmost
and rightmost values are 1 and -1 respectively.
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If potential_profile this will be used for the non-self consistent potential drop. De-
fault: [(0*Ang, 1), (L_C, -1)], where L_C is the central region length.

• number_of_processes_per_task (int | None | ProcessesPerNode) – The number of
processes that will be used to execute each task. If the total number of processes does not
divide evenly into the tasks, some tasks may have less than this number of processes. If
None, all available processes execute each task collaboratively. Default: None

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output
of study object. If LogToStdOut, all logging will instead be sent to standard output.
Default: 'srhrecombination_'

atomIndices()

Returns
The indices of the atomic sites to calculate the spin transfer torque for.

Return type
list of int

atomResolvedSpinTransferTorkance(atom_indices=None)

Returns
Linear response spin transfer torkance array of shape (3, n_atom_indices), where the 3
corresponds to x, y, z directions.

Return type
PhysicalQuantity of type energy per voltage (charge).

atomResolvedSpinTransferTorques(atom_indices=None, bias_voltages=None)

Parameters

• atom_indices (list of int | All) – List of atom indices to sum the STT contribution
over. If All or None, the indices used at construction will be used.

• bias_voltages (PhysicalQuantity of type voltage) – A list of voltages for which to
get the result. Default: All the bias voltages used at construction.

Returns
Spin transfer torque array of shape (n_bias_points, 3, n_atom_indices), where the 3 corre-
sponds to x, y, z directions.

Return type
PhysicalQuantity of type energy

biasVoltages()

Returns
The bias voltages.

Return type
PhysicalQuantity of type Volt

calculator()

Returns
The calculator attached to the configuration.

Return type
DeviceLCAOCalculator
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dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

filename()

Returns
The filename where the study object is stored.

Return type
str

initialSpin()

Returns
The initial spin to be used for the non-collinear calculation.

Return type
InitialSpin

kpointResolvedSpinTransferTorkance(atom_indices=None)

Parameters
atom_indices (list of int | All) – List of atom indices to sum the STT contribution over.
If All or None, the indices used at construction will be used.

Returns
Spin transfer torkance array of shape (3, n_kpoints), where the 3 corresponds to x, y, z
directions. The torkance is summed over atom indices.

Return type
PhysicalQuantity of type energy per voltage (charge).

kpointResolvedSpinTransferTorques(bias, atom_indices=None)

Parameters

• bias (PhysicalQuantity of type Volt) – The bias voltage to get result from.

• atom_indices (list of int | All) – List of atom indices to sum the STT contribution
over. If All or None, the indices used at construction will be used.

Returns
Spin transfer torque array of shape (3, n_kpoints), where the 3 corresponds to x, y, z di-
rections. The STT is summed over atom indices.

Return type
PhysicalQuantity of type energy

kpoints()

Returns
The k-points for which the spin transfer torque is calculated.

Return type
MonkhorstPackGrid
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logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

potentialProfile()

Returns
Defines the potential model as a piecewise linear function, defined as a list of (coordinate,
value) pairs.

Return type
List of (PhysicalQuantity of type length, float)

potentialProfileCoordinates()

Returns
The coordinates in the potential profile model.

Return type
list of PhysicalQuantity of type length

potentialProfileValues()

Returns
The scaling values in the potential profile model.

4.13. Full QuantumATK package 1069



QuantumATK V-2023.12 Documentation

Return type
list of float

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

totalSpinTransferTorkance()

Returns
Spin transfer torque array of shape (n_bias_points, 3), where the 3 corresponds to x, y, z
directions.

Return type
PhysicalQuantity of type energy per voltage (charge).

totalSpinTransferTorques()

Returns
Spin transfer torque array of shape (n_bias_points, 3), where the 3 corresponds to x, y, z
directions.

Return type
PhysicalQuantity of type energy

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.

Usage Examples

In this example we will calculate the spin transfer torque (STT) in a Fe-MgO-Fe magnetic tunneling junction (MTJ)
as shown below. The left Fe, MgO, and right Fe regions have been assigned the tags ‘layer 0’, ‘layer 1’, and ‘layer 2’
respectively. We will be calculating the STT in free layer, which we will define as layer 2, for an angle of 90 degree
between the magnetization in the left (layer 0) and free (layer 2) magnetic regions.

The spin transfer torque is evaluated in a non-selfconsistent finite bias approximation. The potential drop across the
MgO barrier is represented as a linear ramp across the tunneling barrier1, avoiding time consuming and often hard to
converge non-collinear calculations at finite bias. The specification of the potential drop region is most easily done
using tags.

1 Ivan Rungger, Andrea Droghetti, and Maria Stamenova. Non-equilibrium Green’s Function Methods for Spin Transport and Dynamics, pages
1–27. Springer International Publishing, Cham, 2018. URL: https://doi.org/10.1007/978-3-319-42913-7_75-1, doi:10.1007/978-3-319-42913-
7_75-1.
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The figure below shows how to setup the calculation using the work flow builder and the FiniteBiasSpinTransferTorque
editor.

The free layer atoms, where the STT will be evaluated can be specified in the editor using tags, setting it to ‘layer 2’ in
this example. The potential drop region is likewise specified using tags, in this case ‘layer 1’.

A workflow for the calculation can be downloaded herewith a corresponding python script Fe-MgO-Fe-STT-Medium.
py. Note that the DeviceLCAOCalculator needs to have spin set to Noncollinear.

Note: The calculation will take several hours, even when running on multiple cores.

Initial spin

When setup like above, the STT will be calculated for a spin configuration defined as

• The spin in the free layer (layer 2) is oriented along the z-axis

• The spin in the left Fe layer (layer 0) is rotated with 𝜃 = 90∘ and 𝜑 = 0∘ pointing in the x-direction.

• The spin in the potential drop region is scaled to zero.

This means that the in-plane component of the STT vector will be in the x-direction, while the out-of-plane component
will be in the y-direction.

It is possible to define a custom spin orientation, by inserting an InitialSpin block before the FiniteBiasSpinTrans-
ferTorque work-flow block.
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Analyze results

When the calculation has finished the results can be visualized with the Finite bias spin transfer torque analyzer as
illustrated below.

The total STT on the free layer atoms

The close to linear behavior of the in-plane (x-) component for small bias and the quadratic behavior of the out-of-plane
(y-) component are consistent with literature results2,Page 1070, 1.

Note: Results can be sensitive to numerical parameters such as k-point sampling or real axis contour accuracy. Con-
vergence with respect to those parameters should be carefully checked.

2 Xingtao Jia, Ke Xia, Youqi Ke, and Hong Guo. Nonlinear bias dependence of spin-transfer torque from atomic first principles. Phys. Rev. B,
84:014401, Jul 2011. URL: https://link.aps.org/doi/10.1103/PhysRevB.84.014401, doi:10.1103/PhysRevB.84.014401.
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Notes

The atom-resolved torque on an atom 𝑎 is then calculated as3 :

T𝐶𝐷,𝑎 =
∑︁
𝛼∈𝑎

∑︁
𝛽

ℜ[𝜌𝐶𝐷,𝛼𝛽 𝜎 ×B𝑋𝐶,𝛼𝛽 ]

where 𝜌𝐶𝐷 = 𝜌𝑛𝑒𝑞 − 𝜌𝑒𝑞 is the current driven density matrix, given by the difference between the density matrix at
finite bias and at equilibrium. The 𝛼 sum runs over orbital indices on atom 𝑎 while the 𝛽 sum runs over all orbitals in
the system.

Note that the non-equilibrium contour parameters used to evaluate the density matrix (see ContourParameters) are
taken from the calculator attached to the input configuration.

References

FixAtomByTagsConstraints

class FixAtomByTagsConstraints(tags, fix_cartesian_direction=None)
This constraint fixes the positions of the atoms during a MolecularDynamics() or OptimizeGeometry()
simulation. The atoms are selected by specifying one or more tags.

Parameters

• tags – The tags of atoms whose positions are fixed.

• fix_cartesian_direction (list(3) of bools) – List of three directions to con-
strain the group of atoms in. If the Bravais lattice does not change (or a MoleculeConfig-
uration is used) then the three flags correspond to constraining the x, y, and z Cartesian
coordinates. If the Bravais lattice does change, then the three flags correspond to con-
straining the fractional coordinates along the a, b, and c axes. Default: [True, True, True]

atomIndices()

Returns
The indices of the fixed atoms. An exception is raised if the constraint has not been initial-
ized with a configuration.

Return type
list ints

frozenDegreesOfFreedom(local_atoms=None)

Parameters
local_atoms (list of int | None) – The group of atoms from which the frozen de-
grees of freedom should be calculated, e.g. a thermalized group of atoms. Default: All
atoms.

Returns
The number of degrees of freedom that are frozen by the constraints.

3 Branislav K. Nikolić, Kapildeb Dolui, Marko D. Petrović, Petr Plecháč, Troels Markussen, and Kurt Stokbro. First-Principles Quantum Trans-
port Modeling of Spin-Transfer and Spin-Orbit Torques in Magnetic Multilayers, pages 1–35. Springer International Publishing, Cham, 2018. URL:
https://doi.org/10.1007/978-3-319-50257-1_112-1, doi:10.1007/978-3-319-50257-1_112-1.
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Return type
int

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Run an MD simulation of a decane molecule with one end of the molecule fixed. Atoms with the tag frozen are
constrained.

molecule_configuration.addTags('frozen', [0, 1, 2, 3, 4, 5, 6, 7, 8, 9])
fix_atom_constraints = FixAtomByTagsConstraints('frozen')

Notes

• FixAtomByTagsConstraints can be used in the same way as FixAtomConstraints. The difference is that the con-
strained atoms are specified by tags rather than indices. The conversion of tag names to atom indices is deferred
to the time when the constraint object is paired up with a configuration. That means the same constraint can be
used for multiple configurations with different numbers of atoms (e.g. in an active learning simulation) provided
the constrained tag names are present in all configurations.

FixAtomConstraints

class FixAtomConstraints(atom_selection, fix_cartesian_direction=None)
This constraint fixes the positions of the selected atoms during a MolecularDynamics() or
OptimizeGeometry() simulation.

Parameters

• atom_selection (list of ints) – The list of indices of the atoms whose positions
should be fixed.

• fix_cartesian_direction (list(3) of bools) – List of three directions to con-
strain the group of atoms in. If the Bravais lattice does not change (or a MoleculeConfig-
uration is used) then the three flags correspond to constraining the x, y, and z Cartesian
coordinates. If the Bravais lattice does change, then the three flags correspond to con-
straining the fractional coordinates along the a, b, and c axes. Default: [True, True, True]

atomIndices()

Returns
The indices of the fixed atoms.

Return type
list ints

frozenDegreesOfFreedom(local_atoms=None)
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Parameters
local_atoms (list of int | None) – The group of atoms from which the frozen de-
grees of freedom should be calculated, e.g. a thermalized group of atoms. Default: All
atoms.

Returns
The number of degrees of freedom that are frozen by the constraints.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Run an MD simulation of a decane molecule with one end of the molecule fixed.

# Define elements
elements = [Hydrogen, Carbon, Hydrogen, Hydrogen, Carbon, Hydrogen, Hydrogen,

Carbon, Hydrogen, Hydrogen, Carbon, Hydrogen, Hydrogen, Carbon,
Hydrogen, Hydrogen, Carbon, Hydrogen, Hydrogen, Carbon, Hydrogen,
Hydrogen, Carbon, Hydrogen, Hydrogen, Carbon, Hydrogen, Hydrogen,
Carbon, Hydrogen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 2.949218676646, 0.371893089344, -5.977841255567],

[ 2.0915751053 , 0.325878896596, -5.255719576195],
[ 1.450283574002, 1.214213807408, -5.492967455154],
[ 1.451118166918, -0.526603584715, -5.601873618684],
[ 1.822966280268, 0.248365819288, -4.006203357873],
[ 2.452472374579, -0.657496389029, -3.794106921656],
[ 2.454588788042, 1.119399272419, -3.683412523973],
[ 1.11002977129 , 0.182932682631, -2.941890060606],
[ 0.514074186602, 1.11809089051 , -3.137372769128],
[ 0.511494198217, -0.719003710087, -3.252072509036],
[ 0.842624096707, 0.10516011283 , -1.690762149425],
[ 1.491345296758, -0.78355395752 , -1.471599662887],
[ 1.494967653129, 0.95670152228 , -1.362236499313],
[ 0.132859680402, 0.039658959846, -0.626048074315],
[-0.482794358104, 0.9589027956 , -0.827177016793],
[-0.487026068393, -0.844146311539, -0.940982573926],
[-0.132380369437, -0.038781999777, 0.626344899449],
[ 0.483113914589, -0.95814352964 , 0.827391526337],
[ 0.487761818334, 0.84474606991 , 0.941323554846],
[-0.842177289594, -0.104271778821, 1.690893077731],
[-1.490395532317, 0.784892174015, 1.472217773116],
[-1.494937459238, -0.955400183967, 1.362016363174],
[-1.109932511965, -0.182939754747, 2.942043484298],
[-0.515413707857, -1.119341268799, 3.136533689731],
[-0.509862540826, 0.71770586625 , 3.253250779134],
[-1.823114817881, -0.248387001392, 4.00605213455 ],
[-2.451181382366, 0.658629838415, 3.794745029733],
[-2.456019886489, -1.118078262521, 3.682204447835],

(continues on next page)
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[-2.092097378568, -0.326797885494, 5.255445507069],
[-1.454808166348, -1.218140992161, 5.492314817703],
[-1.448149189819, 0.522735169126, 5.602345190585],
[-2.95020692258 , -0.368818356258, 5.97713874924 ]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

potentialSet = Tersoff_CH_2010()
calculator = TremoloXCalculator(parameters=potentialSet)

molecule_configuration.setCalculator(calculator)
molecule_configuration.update()

initial_velocity = MaxwellBoltzmannDistribution(
temperature=300.0*Kelvin,
remove_center_of_mass_momentum=True

)

method = Langevin(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
friction=0.01*femtoSecond**-1,
initial_velocity=initial_velocity,
heating_rate=0*Kelvin/picoSecond,

)

fix_atom_indices = [0, 1, 2, 3, 4, 5, 6, 7, 8, 9]
fix_atom_constraints = FixAtomConstraints(fix_atom_indices)

md_trajectory = MolecularDynamics(
molecule_configuration,
constraints=[fix_atom_constraints],
trajectory_filename='decane_constraints.hdf5',
steps=500,
log_interval=10,
method=method

)

molecule_configuration = md_trajectory.lastImage()

In the following example only the z-coordinates of the end atoms are fixed.

fix_atom_indices = [0, 1, 2, 3, 4, 5, 6, 7, 8, 9]
fix_atom_constraints = FixAtomConstraints(

fix_atom_indices,
fix_cartesian_direction=[False, False, True]

)
(continues on next page)
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md_trajectory = MolecularDynamics(
molecule_configuration,
constraints=[fix_atom_constraints],
trajectory_filename='decane_z_constraints.hdf5',
steps=500,
log_interval=10,
method=method

)

Notes

• FixAtomConstraints can be used in OptimizeGeometry and MolecularDynamics simulations to constrain the
coordinates of the selected atoms to their initial positions by setting the velocities and forces on these atoms to
zero.

• It is not recommended to run cell-optimizations (i.e. optimization simulations with optimize_cell=True) or
NPT simulations (e.g. NPTBerendsen) when fixed atoms are used.

• With the fix_cartesian_direction parameter you fix individual cartesian components of the selected atoms.

• You can specify more than one FixAtomConstraints object in the constraints list, e.g. one object which fixes
only certain cartesian components of some atoms, and another one, which completely fixes another group of
atoms.

FixCenterOfMass

class FixCenterOfMass(fix_cartesian_direction=None)
This constraint fixes the center-of-mass of the system in a MolecularDynamics() simulation.

Parameters
fix_cartesian_direction (list(3) of bools) – Flags to apply the position constraints
of this group of atoms only to the selected certain cartesian directions. Default: [True, True,
True]

frozenDegreesOfFreedom(local_atoms=None)

Parameters
local_atoms (list of int | None) – The group of atoms from which the frozen de-
grees of freedom should be calculated, e.g. a thermalized group of atoms. Default: All
atoms.

Returns
The number of degrees of freedom that are frozen by the constraints.

Return type
int

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Run an MD simulation of a decane molecule with the center-of-mass of the molecule fixed.

# Define elements
elements = [Hydrogen, Carbon, Hydrogen, Hydrogen, Carbon, Hydrogen, Hydrogen,

Carbon, Hydrogen, Hydrogen, Carbon, Hydrogen, Hydrogen, Carbon,
Hydrogen, Hydrogen, Carbon, Hydrogen, Hydrogen, Carbon, Hydrogen,
Hydrogen, Carbon, Hydrogen, Hydrogen, Carbon, Hydrogen, Hydrogen,
Carbon, Hydrogen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 2.949218676646, 0.371893089344, -5.977841255567],

[ 2.0915751053 , 0.325878896596, -5.255719576195],
[ 1.450283574002, 1.214213807408, -5.492967455154],
[ 1.451118166918, -0.526603584715, -5.601873618684],
[ 1.822966280268, 0.248365819288, -4.006203357873],
[ 2.452472374579, -0.657496389029, -3.794106921656],
[ 2.454588788042, 1.119399272419, -3.683412523973],
[ 1.11002977129 , 0.182932682631, -2.941890060606],
[ 0.514074186602, 1.11809089051 , -3.137372769128],
[ 0.511494198217, -0.719003710087, -3.252072509036],
[ 0.842624096707, 0.10516011283 , -1.690762149425],
[ 1.491345296758, -0.78355395752 , -1.471599662887],
[ 1.494967653129, 0.95670152228 , -1.362236499313],
[ 0.132859680402, 0.039658959846, -0.626048074315],
[-0.482794358104, 0.9589027956 , -0.827177016793],
[-0.487026068393, -0.844146311539, -0.940982573926],
[-0.132380369437, -0.038781999777, 0.626344899449],
[ 0.483113914589, -0.95814352964 , 0.827391526337],
[ 0.487761818334, 0.84474606991 , 0.941323554846],
[-0.842177289594, -0.104271778821, 1.690893077731],
[-1.490395532317, 0.784892174015, 1.472217773116],
[-1.494937459238, -0.955400183967, 1.362016363174],
[-1.109932511965, -0.182939754747, 2.942043484298],
[-0.515413707857, -1.119341268799, 3.136533689731],
[-0.509862540826, 0.71770586625 , 3.253250779134],
[-1.823114817881, -0.248387001392, 4.00605213455 ],
[-2.451181382366, 0.658629838415, 3.794745029733],
[-2.456019886489, -1.118078262521, 3.682204447835],
[-2.092097378568, -0.326797885494, 5.255445507069],
[-1.454808166348, -1.218140992161, 5.492314817703],
[-1.448149189819, 0.522735169126, 5.602345190585],
[-2.95020692258 , -0.368818356258, 5.97713874924 ]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

potentialSet = Tersoff_CH_2010()
calculator = TremoloXCalculator(parameters=potentialSet)

(continues on next page)
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molecule_configuration.setCalculator(calculator)
molecule_configuration.update()

initial_velocity = MaxwellBoltzmannDistribution(
temperature=300.0*Kelvin,
remove_center_of_mass_momentum=False

)

method = Langevin(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
friction=0.01*femtoSecond**-1,
initial_velocity=initial_velocity,
heating_rate=0*Kelvin/picoSecond,

)

# Run MD with FixCenterOfMass constraint.
md_trajectory = MolecularDynamics(

molecule_configuration,
constraints=[FixCenterOfMass()],
trajectory_filename='decane_fix_center_of_mass_md.nc',
steps=500,
log_interval=10,
method=method

)

molecule_configuration = md_trajectory.lastImage()

Notes

• FixCenterOfMass can be used in MolecularDynamics simulations to constrain the center-of-mass of the config-
uration.

• In principle, it is sufficient to set remove_center_of_mass_momentum=False in the initial velocity object
(e.g. MaxwellBoltzmannDistribution), to achieve this. Sometimes, however, numerical inaccuracies in the force
calculation (e.g when using Ewald summation techniques, as in CoulombSPME) can give rise to a finite force
on the center-of-mass, resulting in an unwanted drift of the system. In this case it may be convenient to apply a
FixCenterOfMass constraint, to remove this effect.

• When using the Langevin integrator, the stochastic force will cause a diffusion of the center-of-mass vector, which
can be avoided by using a FixCenterOfMass constraint.

• With the fix_cartesian_direction parameter you can fix individual cartesian components of the center-of-
mass-vector.

• FixCenterOfMass constraints cannot be used together with FixAtomConstraints in the same MD simulation.
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FixElectricFieldCorrection

class FixElectricFieldCorrection(polarization=None, born_effective_charge=None)
A class to control the update of Polarization and Born Effective Charges analysis during optimization and molec-
ular dynamics with electric field.

It keeps the Polarization and Born Effective Charge fixed to the value calculated with the first configuration
passed at initialization of the optimization or molecular dynamics.

Parameters

• polarization (Polarization | list of Polarization) – Provide the value of
Polarization, instead of being calculated internally. When used together with
NudgedElasticBand , it must be a list with one entry per image. Single entries can
be either None or Polarization. Default: The Polarization is calculated internally.

• born_effective_charge (BornEffectiveCharge | list of BornEffectiveCharge)
– Provide the value of Born Effective Charge, instead of being calculated internally. When
used together with NEB, it must be a list with one analysys object per image. Default:
The Born Effective Charge is calculated internally.

FixStrain

class FixStrain(x=False, y=False, z=False)
When used as input argument for a stress calculation the stress is set to zero for the indicated components of the
stress tensor.

When used as input argument for an optimization the strain is kept fixed along the indicated directions.

Parameters

• x (bool) – Indicating constraint along the x-axis. Default: False

• y (bool) – Indicating constraint along the y-ayis. Default: False

• z (bool) – Indicating constraint along the z-azis. Default: False

frozenDegreesOfFreedom(local_atoms=None)

Parameters
local_atoms (list of int | None) – The group of atoms from which the frozen de-
grees of freedom should be calculated, e.g. a thermalized group of atoms. Default: All
atoms.

Returns
The number of degrees of freedom that are frozen by this constraint object.

Return type
int

toList()

Returns
The constraints as a list of Booleans

Return type
list of type bool
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uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Optimize a bulk system by constraining along the x- and z-axis:

# Set up lattice
lattice = SimpleCubic(3.731*Angstrom)

# Define elements
elements = [Silver, Cerium]

# Define coordinates
cartesian_coordinates = [[ 0. , 0. , 0. ],

[ 1.8655, 1.8655, 1.8655]]*Angstrom

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
cartesian_coordinates=cartesian_coordinates
)

bulk_configuration.setCalculator(LCAOCalculator())

# Run the optimization
constraints = [FixStrain(x=True, y=False, z=True)]
bulk_configuration = OptimizeGeometry(

bulk_configuration,
constraints=constraints,
)

fixstrain.py

FixedSpin

class FixedSpin(spin_directions=None, fixed_spin_energy=None)
Class for representing a fixed spin configuration.

The spins are fixed by adding an energy penalty on given atoms if their spins are not aligned with the desired
direction.

Parameters

• spin_directions (list of tuple of (int | PeriodicTableElement, PhysicalQuantity of
type angle, PhysicalQuantity of type angle)) – The fixed spin direction for each atom
should be given as a tuple with three numbers, corresponding to the atom index and
the spherical coordinates theta and phi defining the direction. Alternatively, the spin
directions can also be given by element. Default: (index, 0.0 * Degrees, 0.0 *
Degrees) for each atom
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• fixed_spins_energy (PhysicalQuantity of type energy) – Scaling of the energy penalty
if the spins are not aligned with the fixed spin direction. Default: 5.0 * eV

fixedSpinEnergy()

Returns
The fixed spin energy

Return type
PhysicalQuantity of type energy

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Setup a FixedSpin object using atom indices:

fixed_spin = FixedSpin(spin_directions=[(0, 60*Degrees, 30*Degrees),
(2, -45*Degrees, 330*Degrees)])

Setup a FixedSpin object by element:

fixed_spin = FixedSpin(spin_directions=[(Hydrogen, 90*Degrees, 30*Degrees),
(Carbon, 54*Degrees, 300*Degrees)])

The following example demonstrates how to run a calculation with the FixedSpin object for a chromium dimer. Note
that the chosen parameters might not necessarily represent a physically relevant calculation.

Warning: If FixedSpin is used in conjunction with InitialSpin, the latter should define collinear spin directions
for all atoms in the system.

# Define the elements and coordinates.
elements = [Chromium, Chromium]
cartesian_coordinates = [[0.0, 0.0, 0.0],

[0.0, 0.0, 1.77]]*Angstrom

# Set up the Cr dimer configuration.
configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# Set up an LCAO calculator with non-collinear spin and
# the LDA exchange-correlation.
calculator = LCAOCalculator(

exchange_correlation=NCLDA.PZ,
numerical_accuracy_parameters=NumericalAccuracyParameters(

density_mesh_cutoff=75.0*Hartree,
occupation_method=FermiDirac(300.0*Kelvin),

)
)

(continues on next page)
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(continued from previous page)

# Set an initial spin of 1.0 in the direction (theta, phi) = (0, 0).
spin_list = [

(0, 1.0, 0*Degrees, 0*Degrees),
(1, 1.0, 0*Degrees, 0*Degrees)

]
initial_spin = InitialSpin(scaled_spins=spin_list)

# Set the spin to be fixed in the direction (theta_0, phi_0) = (0, 0)
# for the first atom and in the direction (theta_1, phi_1) = (15 Degrees, 0)
# for the second atom.
theta_0_fixed = 0*Degrees
theta_1_fixed = 15*Degrees
fixed_spin_list = [(0, theta_0_fixed, 0*Degrees), (1, theta_1_fixed, 0*Degrees)]
fixed_spin = FixedSpin(spin_directions=fixed_spin_list, fixed_spin_energy=5*eV)

# Set the fixed spins as a local magnetic field.
configuration.setMagneticField(fixed_spin)

# Set the calculator on the configuration and run the calculation.
configuration.setCalculator(calculator, initial_spin=initial_spin)
configuration.update()

ForceBiasMonteCarlo

class ForceBiasMonteCarlo(temperature=None, max_atom_displacement=None, heating_rate=None,
random_seed=None, max_random_attempts=None)

Set up the ForceBiasMonteCarlo object.

Parameters

• temperature (PhysicalQuantity of type temperature | None) – The temperature at which
the Monte Carlo simulation should be run. Default: 300*Kelvin

• max_atom_displacement (PhysicalQuantity of type length | None) – The maximum
distance an atom can move in each Cartesian direction during a single step. Default:
0.1*Angstrom

• heating_rate (PhysicalQuantity of type temperature | None) – The change in tempera-
ture per step. Default: 0*Kelvin

• random_seed (int | None) – The seed for the random generator. Must be between 0
and 2**32. Default: The default random seed

• max_random_attempts (int) – The maximum attempts used in the rejection sampling
of the probability distribution. Default: 500

monteCarloStep(configuration, forces, stress, constraints=None)
Perform a Monte Carlo step and apply the new positions to the configuration.

Parameters
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• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration on
which the Monte Carlo step should be performed.

• forces (PhysicalQuantity of type energy/length) – The atomic forces for the given
configuration.

• stress (PhysicalQuantity of type pressure) – The current stress in the unit cell.

• constraints (list of type BaseConstraint | None) – The list of constraints
to apply.

monteCarloTimeStep()

Returns
The average time that elapses between each step according to the time-stamped force bias
MC (tfMC) formalism or None if not initialized.

Return type
PhysicalQuantity of type time | None

reservoirTemperature()

Returns
The current reservoir temperature.

Return type
PhysicalQuantity of type temperature

Usage Example

Use the ForceBiasMonteCarlo object to run a TimeStampedForceBiasMonteCarlo simulation:

# -------------------------------------------------------------
# Time-Stamped Force-Bias Monte Carlo
# -------------------------------------------------------------

method = ForceBiasMonteCarlo(
reservoir_temperature=500.0*Kelvin,
max_atom_displacement=0.3*Ang,

)

mc_trajectory = TimeStampedForceBiasMonteCarlo(
bulk_configuration,
constraints=[],
trajectory_filename='tfmc_trajectory.hdf5',
steps=500,
log_interval=50,
method=method

)

tfmc_example.py
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Notes

The ForceBiasMonteCarlo class is used in the TimeStampedForceBiasMonteCarlo function to run a time-stamped
force-bias Monte Carlo (TFMC) simulation1.

A Monte Carlo step is taken by displacing each Cartesian component 𝛼 of the position of atom i by a distance 𝜁𝑖,𝛼∆𝑖.
The maximum displacement magnitude for each atom is given by ∆𝑖 = ∆ (𝑚min/𝑚𝑖)

1/42, where ∆ is specified by the
argument max_atom_displacement, and 𝑚𝑖 are the atomic masses.

𝜁𝑖,𝛼 is sampled from the interval [−1, 1] with a probability:

𝑃 (𝜁𝑖,𝛼) =

{︃
exp(𝛾𝑖,𝛼(2𝜁𝑖,𝛼+1))−exp(−𝛾𝑖,𝛼)

exp(𝛾𝑖,𝛼)−exp(−𝛾𝑖,𝛼) 𝜁𝑖,𝛼 ∈ [−1, 0[
exp(𝛾𝑖,𝛼)−exp(𝛾𝑖,𝛼(2𝜁𝑖,𝛼−1))

exp(𝛾𝑖,𝛼)−exp(−𝛾𝑖,𝛼) 𝜁𝑖,𝛼 ∈ ]0, 1]

where 𝛾𝑖,𝛼 = 0.5𝐹𝑖,𝛼∆/𝑘𝐵𝑇 , 𝐹𝑖,𝛼 is the force component on atom i, and T is the temperature at which the configu-
rations are sampled, specified by the argument reservoir_temperature.

By adjusting the max_atom_displacement parameter one can tune accuracy vs. efficiency of the simulation. A small
value results in a more accurate sampling of the canonical ensemble, whereas a large value increases the efficiency at
which the phase space is sampled. Typically, values in the range 0.1𝑅𝑒𝑞 − 0.3𝑅𝑒𝑞 are a reasonable choice, where 𝑅𝑒𝑞
represents an equilibrium bond length in the system.

If a non-zero heating_rate is specified, the reservoir temperature will be changed by the given value after each Monte
Carlo step, resulting in an increase or decrease of the temperature during sampling.

ForceBiasMonteCarloNPTBerendsen

class ForceBiasMonteCarloNPTBerendsen(temperature=None, pressure=None, barostat_factor=None,
compressibility=None, coupling_mask=None,
max_atom_displacement=None, heating_rate=None,
compression_rate=None, random_seed=None,
max_random_attempts=None)

Set up the ForceBiasMonteCarlo object with NPT Berendsen pressure control.

Parameters

• temperature (PhysicalQuantity of type temperature | None) – The temperature at which
the Monte Carlo simulation should be run. Default: 300*Kelvin

• pressure (PhysicalQuantity of type pressure) – The reservoir pressure in the simulation.
The pressure can be given either as a scalar value, as a vector of length 3 denoting the
hydrostatic components, as a vector of length 6 in Voigt notation, or as a 3x3 tensor. A
scalar value will result in isotropic pressure coupling, whereas for all other representations,
each pressure component will be coupled to the barostat independently. Default: 1.
0*bar

• barostat_factor (float) – Defines the barostat timescale by taking the product of this
factor and the time step. Default: 500

• compressibility (PhysicalQuantity of type pressure**-1) – The estimated compress-
ibility of the system relating volume changes to pressures changes. Default: 1.
0e-4*bar**-1

1 Erik C. Neyts and Annemie Bogaerts. Combining molecular dynamics with monte carlo simulations: implementations and applications. Theor.
Chem. Acc., 132(2):1320, 2012. doi:10.1007/s00214-012-1320-x.

2 Kristof M. Bal and Erik C. Neyts. On the time scale associated with monte carlo simulations. J. Chem. Phys., 141(20):204104, 2014.
doi:10.1063/1.4902136.
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• coupling_mask (array of bools) – The mask determining which elements of the
stress tensor the barostat should couple to. Can be given as a vector of length 3, denoting
the hydrostatic components, as a vector of length 6 in Voigt notation, or as a 3x3 tensor.
By default the barostat couples only to the diagonal elements. Default: True for diagonal
elements, False for shear components.

• heating_rate (PhysicalQuantity of type temperature/time | None) – The heating rate
of the target temperature. A value of None disables the heating of the system. Default:
None

• max_atom_displacement (PhysicalQuantity of type length | None) – The maximum
distance an atom can move in each Cartesian direction during a single step. Default:
0.1*Angstrom

• compression_rate (PhysicalQuantity of type pressure | None) – The change in the pres-
sure per step. A value of None disables the compression of the system. Default: None

• random_seed (int | None) – The seed for the random generator. Must be between 0
and 2**32. Default: The default random seed

• max_random_attempts (int) – The maximum attempts used in the rejection sampling
of the probability distribution. Default: 500

monteCarloStep(configuration, forces, stress, constraints=None)
Perform a Monte Carlo step, applying new positions to the configuration and scaling the unit cell.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration on
which the Monte Carlo step should be performed.

• forces (PhysicalQuantity of type energy/length) – The atomic forces for the given
configuration.

• stress (PhysicalQuantity of type pressure) – The current stress in the unit cell.

• constraints (list of type BaseConstraint | None) – The list of constraints
to apply.

monteCarloTimeStep()

Returns
The average time that elapses between each step according to the time-stamped force bias
MC (tfMC) formalism or None if not initialized.

Return type
PhysicalQuantity of type time | None

reservoirTemperature()

Returns
The current reservoir temperature.

Return type
PhysicalQuantity of type temperature
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Usage Example

Use the ForceBiasMonteCarloNPTBerendsen object to run a TimeStampedForceBiasMonteCarlo simulation:

# -------------------------------------------------------------
# Time-Stamped Force-Bias Monte Carlo
# -------------------------------------------------------------

method = ForceBiasMonteCarloNPTBerendsen(
temperature=500*Kelvin,
max_atom_displacement=0.1*Angstrom,
pressure=1*bar,
barostat_factor=500,
compressibility=0.0001*bar**-1,

)

mc_trajectory = TimeStampedForceBiasMonteCarlo(
bulk_configuration,
constraints=[],
trajectory_filename='tfmc_trajectory.hdf5',
steps=500,
log_interval=50,
method=method

)

bulk_configuration = mc_trajectory.lastImage()

tfmc_example.py

Notes

The ForceBiasMonteCarloNPTBerendsen class is used in the TimeStampedForceBiasMonteCarlo function to run a
time-stamped force-bias Monte Carlo (TFMC) simulation1. This class builds upon the method defined in the Force-
BiasMonteCarlo to add pressure control via a Benendsen barostat. This allows the unit cell of the material to change
during the simulation in response to an external pressure.

A Monte Carlo step is taken by displacing each Cartesian component, using the same algorithm as in the ForceBi-
asMonteCarlo class. In addition to the atomic displacements, the unit cell is also scaled at each step according to
the Berendsen barostat, as described in Ref.2. The target pressure in the simulation is specified with the argument
pressure. If a single scalar pressure value is given, isotropic pressure coupling is applied, scaling all cell vectors by
the same factor. If a pressure vector (of length 3 or 6, in Voigt notation), or a 3x3-tensor is given, anisotropic pressure
coupling is applied, allowing each unit cell vector to be scaled independently.

By adjusting the max_atom_displacement parameter one can tune accuracy vs. efficiency of the simulation. A small
value results in a more accurate sampling of the canonical ensemble, whereas a large value increases the efficiency at
which the phase space is sampled. Typically, values in the range 0.1𝑅𝑒𝑞 − 0.3𝑅𝑒𝑞 are a reasonable choice, where 𝑅𝑒𝑞
represents an equilibrium bond length in the system.

The response rate of the unit cell to the Berendsen barostat is controlled by two factors. The first of these is the barostat
scaling factor, specified with barostat_factor. This factor, given as a dimensionless scalar, is combined with the

1 Erik C. Neyts and Annemie Bogaerts. Combining molecular dynamics with monte carlo simulations: implementations and applications. Theor.
Chem. Acc., 132(2):1320, 2012. doi:10.1007/s00214-012-1320-x.

2 H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and J. R. Haak. Molecular dynamics with coupling to an external bath.
J. Chem. Phys., 81(8):3684–3690, 1984. doi:http://dx.doi.org/10.1063/1.448118.
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Monte Carlo time step to give a time scale of how rapidly the unit cell adjusts to changes in pressure. The second variable
is the compressibility of the material, which is specified with the argument compressibility. This gives a measure
of the pressure required to create a change in volume. The default value of this parameter is the compressibility of
water, which is usually sufficient in most simulations, as reasonable changes in the compressibility do not significantly
alter the simulation.

In cases where anisotropic pressure is specified, different cell dimensions can be coupled or uncoupled with the barostat
by using the argument coupling_mask. This takes a 3x3 matrix of boolean values specifying whether or not the cell
dimension is coupled to the barostat.

The target temperature and pressure during the simulation can also be scaled. If a non-zero heating_rate is specified,
the reservoir temperature will be changed by the given value after each Monte Carlo step, resulting in an increase or
decrease of the temperature during sampling. As with the temperature, the target pressure can also be scaled using the
argument compression_rate. Note that due to technical reasons, the MC time step will be kept constant during the
simulation, also when using a finite heating rate, although strictly speaking the time scale depends on the temperature.
This means that time-dependent quantities calculated from heating or cooling simulations should be considered only
an approximation.

ForceCappedEquilibration

class ForceCappedEquilibration(temperature=None, md_steps_per_force_capped_simulation=None,
md_time_step=None, force_capped_simulations=None,
starting_factor=None, ending_factor=None, fixed_indices=None,
lennard_jones_cutoff=None)

Force-capped equilibration for polymer melt systems.

Parameters

• temperature (PhysicalQuantity of type temperature) – The temperature at which the
force-capped equilibration will be run. Default: 300 Kelvin

• md_steps_per_force_capped_simulation (int) – The number of MD steps that are
run at each level of force capping. Default: 40000

• md_time_step (PhysicalQuantity of type time) – The timestep used in the molecular
dynamics simulation. Default: 0.5 fs

• force_capped_simulations (int) – The number of force-capped simulations. Each
simulation is run at a different force-capping factor. Default: 4

• starting_factor (float) – The starting position for the inclusion of force capping,
expressed as a fraction of the sigma value in each potential. Default: 1.04

• ending_factor (float) – The ending position for the inclusion of force capping, ex-
pressed as a fraction of the sigma value in each potential. Default: 0.8

• fixed_indices (list of int | None) – A list of indices that should be fixed during
the force-capped equilibration.

• lennard_jones_cutoff (PhysicalQuantity of type length) – The cutoff beyond which
non-bonding interactions are ignored. Default: 8 Angstrom

runEquilibration(configuration, initial_bond_only_step=False, trajectory_filename=None,
log_interval=None)

Run the force-capped equilibration protocol on the given configuration.

Parameters
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• configuration (BulkConfiguration) – The starting configuration for the equili-
bration.

• initial_bond_only_step (bool) – Run an initial equilibration cycle without any
non-bonding interactions. Default: False

• trajectory_filename (str | None) – The name of the output trajectory file.

• log_interval (int | None) – The frequency of saving configurations to output
trajectory. Default: Number of MD steps

Returns
The equilibrated configuration.

Return type
BulkConfiguration

Usage Examples

Create a polymer model of poly(methyl methacrylate) and use the ForceCappedEquilibration object to remove atomic
overlaps in the structure created by the PolymerMonteCarloBuilder.

# Load the monomer for the polymer
monomer = nlread('Methyl_Methacrylate.hdf5')[-1]

# Define the polymer sequence as containing 10 chains of 100 monomers each, joined␣
→˓atactically.
sequence = PolymerSequence(

[monomer],
number_of_monomers=100,
number_of_chains=10,

)

# Build the initial polymer structure to a correct density for the given polymer.
builder = PolymerMonteCarloBuilder(

sequence,
density=1.18*gram*cm**-3,

)
configuration = builder.buildPolymerConfiguration()

# Place an OPLS potential on the configuration as the basis of the force capped␣
→˓equilibration.
potential = OPLSPotentialBuilder()
calculator = potential.createCalculator(configuration)
configuration.setCalculator(calculator)

# Equilibrate the structure and save the resulting configuration to disk.
equilibrator = ForceCappedEquilibration()
equilibrated_structure = equilibrator.runEquilibration(configuration)
nlsave('Final_Configuration.hdf5', equilibrated_structure)

ForceCappedEquilibration_Example.py Methyl_Methacrylate.hdf5
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Notes

When creating realistic models of polymer systems, it is important to ensure that the internal degrees of freedom in
the polymer chain are properly randomized. In QuantumATK, this is achieved with the PolymerMonteCarloBuilder.
Once the chains are generated, it is then necessary to pack them correctly into a unit cell so that none of the atoms
overlap. Overlapping atoms generally result in very large interatomic forces that make molecular dynamics and other
types of simulations impossible. To ensure that the polymer chains are well packed, one approach is to use the
ForceCappedEquilibration class1.

The ForceCappedEquilibration class contains an equilibration protocol that combines optimization and molecular
dynamics. This separates overlapping polymer chains and returns a structure that is ready for further simulation. In or-
der to do this the input configuration needs to contain a TremoloX calculator that contains LennardJonesSplinePotential
potentials. Both the DreidingPotentialBuilder and the OPLSPotentialBuilder create potentials that contain Lennard-
JonesSplinePotential potentials to model van der Waals non-bonding interactions.

The force-capped equilibration protocol avoids the large forces associated with overlapping or close atoms by assuming
a constant non-bonding interaction force at particle distances below a certain switching value. An example of such as
potential is shown in the figure below, along with the reference Lennard-Jones potential. Here force-capping has been
applied where the potential crosses the x-axis. Beyond this point both potentials are identical at larger separation.

1 Rolf Auhl, Ralf Everaers, Gary S. Grest, Kurt Kremer, and Steven J. Plimpton. Equilibration of long chain polymer melts in computer simula-
tions. J. Chem. Phys., 119(24):12718–12728, 2003. URL: https://doi.org/10.1063/1.1628670, doi:10.1063/1.1628670.
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In QuantumATK the Lennard-Jones function is defined as:

𝑉 (𝑟) = 4𝜖

(︂[︁𝜎
𝑟

]︁12
−
[︁𝜎
𝑟

]︁6)︂
Here 𝜎 is the position at which the potential is zero and 𝜖 is the depth of the potential minimum. The potential minimum
is located at 21/6𝜎. In a molecule the values for 𝜎 and 𝜖 usually differ between pairs of atomic types to reflect differing
chemical environments. Since 𝜎 varies between potentials, the position where force-capping is applied is defined
relative to the 𝜎 value for that potential. During equilibration, this position where force-capping is applied is reduced
over a number of cycles. This makes the applied potential increasingly similar to the full Lennard-Jones potential as
the equilibration continues and the atomic overlaps are resolved. As electrostatic interactions are difficult to treat in this
manner, any defined electrostatic interactions in the input configuration are ignored during force-capped equilibration
and can be switched on after the force-capped equilibration.

The number of force-capped equilibration cycles is controlled by the parameter force_capped_simulations. A
new force-capped potential is used in each cycle of equilibration. The range of force-capping factors is controlled by
the input parameters starting_factor and ending_factor, which select the starting and final ratios of sigma. If
force_capped_simulations is larger than two, the remaining factors are evenly spaced between the starting and
ending factors.

During each equilibration cycle a geometry optimization, followed by an NVT molecular dynamics run, are performed.
These can be modified using some additional parameters. The parameter temperature sets the temperature at which
the molecular dynamics are carried out. This allows the simulation temperature to be set to the desired temperature
of the final polymer model. The number of molecular dynamics steps in each cycle is controlled with the parameter
md_steps_per_force_capped_simulation. The longer each MD simulation is run, the slower the non-bonded
interactions are introduced, which can reduce deformation of the chain structure for long polymer meltsPage 1090, 1.

Once an instance of the ForceCappedEquilibration class is defined, the equilibration is carried out using
the runEquilibration function. As well as an input configuration, this takes an optional input argument
initial_bond_only_step. Setting this argument to True causes an additional initial equilibration step to be car-
ried out in which no non-bonding interactions are taken into account. This can be useful in cases where the polymer
system has some highly strained internal degrees of freedom, such as torsions or bond angles, that need to be relaxed
before packing of the polymer chains can be considered. By default this initial equilibration step is not performed. It
is also possible to output trajectories of the molecular dynamics steps using the parameters trajectory_filename
and log_interval to set the file name and the number of steps between images respectively.

Forces

class Forces(configuration)
Class for calculating the forces on the atomic configuration.

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – Configuration with a calculator
that supports forces calculations.

evaluate()

Returns
The atomic forces. The shape of the force matrix is (number_of_atoms, 3).

Return type
PhysicalQuantity with the unit eV / Angstrom
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metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate and print the forces on a water molecule:

# Define elements
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.0, -1.70000000e-05, 1.20198000e-01],

[ 0.0, 7.59572000e-01, -4.86714000e-01],
[ 0.0, -7.59606000e-01, -4.86721000e-01]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# define a a calculator
molecule_configuration.setCalculator(LCAOCalculator())

# calculate and print the forces
forces = Forces(molecule_configuration)
forces.nlprint()

forces.py
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Notes

To print the data of the Forces, use the method nlprint.

FourierAnglePotential

class FourierAnglePotential(particleType1, particleType2, particleType3, K, C)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• K (PhysicalQuantity of type energy) – Potential parameter.

• C (Sequence of floats) – Potential parameter. The length of this list must not exceed
5.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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FourierImproperPotential

class FourierImproperPotential(particleType1, particleType2, particleType3, particleType4, K, C)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• particleType4 (ParticleType or ParticleIdentifier) – Identifier of the fourth
particle type.

• K (PhysicalQuantity of type energy) – Potential parameter.

• C (Sequence of floats) – Potential parameter. The length of this list must not exceed
10.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

FourierTorsionPotential

class FourierTorsionPotential(particleType1, particleType2, particleType3, particleType4, K, C)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.
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• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• particleType4 (ParticleType or ParticleIdentifier) – Identifier of the fourth
particle type.

• K (PhysicalQuantity of type energy) – Potential parameter.

• C (Sequence of floats) – Potential parameter. The length of this list must not exceed
5.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

FragmentCalculator

class FragmentCalculator(full_system_calculator, fragment_generator,
number_of_processes_per_fragment=None, use_global_fermi_level=None,
workload_partitioning_algorithm=None)

Class for representing calculations using the divide-and-conquer linear scaling fragment method with a given
atomic scale calculator.

Parameters

• full_system_calculator (LCAOCalculator) – The calculator that each of the frag-
ment configurations will base their calculator on.

• fragment_generator (FragmentGenerator) – The object that describes how the frag-
ments should be created and is responsible for creating them.

• number_of_processes_per_fragment (positive int) – The number of processes
that will be used in the calculation of each fragment. If the total number of processes does
not divide evenly into the number of fragments, some fragment process groups will have
less than this number of processes. Default: 1
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• use_global_fermi_level (bool) – Boolean controlling if a global Fermi level should
be used in the calculation. This should be True for calculations involving metals or in-
terface with an expected charge transfer. For pure semi-conductor systems, setting it to
False can improve convergence and performance.

• workload_partitioning_algorithm (KarmarkarKarpAlgorithm |
GreedyAlgorithm | CompleteGreedyAlgorithm | Interleaved | tuple)
– The algorithm to partition the fragments by their estimated workload into the process
groups such that the sum of workloads in each process group is as equal as possible. One
may alternatively provide a tuple with the partitioning algorithm in the first entry and an
orbital power (positive integer) in the second entry. The orbital power is the power that
the number of orbitals of a fragment is raised to when calculating the fragment weight.
Default: (Interleaved, 3)

fragmentGenerator()

Returns
The object that describes how the fragments are created and is responsible for creating
them.

Return type
FragmentGenerator

fullSystemCalculator()

Returns
The calculator for the full system.

Return type
LCAOCalculator

isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool

iterationControlParameters()

Query method for the IterationControlParameters.

Returns
The iteration control parameters set on the calculator.

Return type
IterationControlParameters

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

numberOfProcessesPerFragment()

Returns
The number of processes that is used in the calculation of each fragment. If the total
number of processes does not divide evenly into the number of fragments, some fragment
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process groups will have less than this number of processes. The number of processes per
fragment is capped at the number of processes available.

Return type
int

requestedNumberOfProcessesPerFragment()

Returns
The number of processes asked for (on construction of the calculator) to be used in the
calculation of each fragment. This number can be higher than the number of processes
available and will be tried to be honored when a calculator is read in again from file and
the number of processes per fragment should be re-evaluated.

Return type
int

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

upgrade(full_system_configuration)
Upgrade the full system calculator with defaults matching the configuration and create the fragment con-
figurations for the given configuration.

Parameters
full_system_configuration (BulkConfiguration) – The configuration to upgrade
the calculator defaults for and the configuration to create fragment configurations for.

useGlobalFermiLevel()

Returns
Boolean controlling if a global Fermi level should be used in the calculation.

Return type
bool

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str

workloadPartitioningAlgorithm()

Parameters
workload_partitioning_algorithm (KarmarkarKarpAlgorithm |
GreedyAlgorithm | CompleteGreedyAlgorithm | Interleaved) – The al-
gorithm to partition the tasks by their estimated workload into the process groups such
that the sum of workloads in each process group is as equal as possible. Default:
KarmarkarKarpAlgorithm
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Notes

The FragmentCalculator is a linear scaling method based on the LCAOCalculator. The FragmentCalculator can be
used to simulate large systems with more than 10,000 atoms using DFT. The method shows good parallel scaling with
respect to both computation time and memory reduction.

The underlying method implemented in the FragmentCalculator is based on the work of Lin-Wang Wang et. al,1,2. The
QuantumATK implementation largely follows the concepts and ideas presented in these articles. The main difference
is that while the work of Wang. et al is based on a plane-wave method, the QuantumATK implementation is currently
implemented for LCAOCalculations.

Below we will present the main concepts behind the FragmentCalculator and highlight differences with respect to the
original works.

Scaling with system size

The computation time for an SCF step of any traditional DFT method (LCAO and plane-wave) scales as 𝑡𝐷𝐹𝑇𝑠𝑐𝑓 ∝
𝑂(𝑁3), where 𝑁 is the number of atoms in the system. This is due to the expensive calculation of eigenstates when
solving the Kohn-Sham eigenvalue problem.

The main idea behind the FragmentCalculator method is to divide a large system into a number smaller systems (frag-
ments). The number of fragments,𝐾𝑓 = 𝑘 ·𝑁 will be proportional to the total number of atoms, with a proportionality
factor that depends on the specific type of fragmentation strategy. Denoting the size of the small, fragment, systems as
𝑁𝑓 , the time for solving the eigenvalue problem for the𝐾𝑓 fragments scales as 𝑡𝐹𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠𝑐𝑓 ∝ 𝑘 ·𝑁 ·𝑂(𝑁3

𝑓 ). Since the
fragment size𝑁𝑓 is constant we see that the calculation time scales linearly with system size𝑁 through the number of
fragments.

Equally import to the scaling of computation time is the scaling of the required memory with system size. For LCAO,
the memory required for storing the eigenvectors scales as 𝑂(𝑁2), since each eigenvector grows linearly with system
size, and a linearly increasing number of eigenstates are required to construct the density. For the FragmentCalculator
the required memory scales linearly with system size, since the memory required for the eigenstates is constant for an
individual fragment, while the number of fragments scale linearly with system size. The memory required for the real-
space density and effective potential scales linear with system size for both normal LCAO and the fragment method. It
should be noted, that the fragment method has a significant memory overhead for small systems.

The linear scaling of both the calculation time and required memory implies that very large systems can be studied with
the FragmentCalculator, provided that the number of processors is increased proportionally.

Division into fragments

Following Refs.Page 1098, 1,2 we divide the original, big system into a number of fragments. The actual fragmentation
is defined using a FragmentGenerator. The FragmentGenerator must be defined in connection with the Fragment-
Calculator. and both classes are dependent on each other. The FragmentGenerator provides three mutually exclusive
options for fragmentation:

1. fractional_cuts

2. number_of_minimal_fragments

3. fragment_lengths

1 Lin-Wang Wang, Zhengji Zhao, and Juan Meza. Linear-scaling three-dimensional fragment method for large-scale electronic structure calcu-
lations. Phys. Rev. B, 77:165113, Apr 2008. URL: https://link.aps.org/doi/10.1103/PhysRevB.77.165113, doi:10.1103/PhysRevB.77.165113.

2 Zhengji Zhao, Juan Meza, and Lin-Wang Wang. A divide-and-conquer linear scaling three-dimensional fragment method for large scale
electronic structure calculations. Journal of Physics: Condensed Matter, 20(29):294203, jun 2008. URL: https://doi.org/10.1088/0953-8984/20/
29/294203, doi:10.1088/0953-8984/20/29/294203.
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More details about fragmentation is provided here: FragmentGenerator.

The fragmentation specified by one of the three options defines how to cut out the minimal fragments. In addition to
the interior of a fragment, one can add a buffer region to fragment. The buffer region is included in the fragment Kohn-
Sham equation, but is not included when calculating the electron density. Including 1-3 Å of buffer region usually
improves the quality of the fragment calculation of both total energy and forces.

When cutting out a fragment, potentially including buffer atoms, a vacuum region is added in the directions of frag-
mentation. The boundary atoms facing vacuum are passivated with hydrogen atoms positioned at the center of the cut
bonds.

Following Refs.1,Page 1098, 2 the fragments have different signs, either +1 or -1, depending on their type. The total
electron density in a given point is calculated as

𝜌(r) =
∑︁
𝐹

𝛼𝐹 𝜌𝐹 (r)

where the sum runs over fragments covering the point r and where the fragment sign𝛼𝐹 is either +1 or -1. The fragment
density 𝜌𝐹 (r) is obtained from solving a (small) fragment Kohn-Sham equation:[︂

−1

2
∇2 + 𝑉𝑒𝑓𝑓 (r) + 𝑉𝐹,𝑝(r)

]︂
𝜓𝐹,𝑖(r) = 𝜖𝐹,𝑖𝜓𝐹,𝑖(r)

where 𝑉𝑒𝑓𝑓 (r) is the usual effective potential and 𝑉𝐹,𝑝(r) is a passivation potential taken as the difference between the
neutral atom potentials of the fragment configuration and the full configuration.

1D, 2D, and 3D fragmentation and scaling considerations

The FragmentGenerator and FragmentCalculator can be used to divide the initial configuration into 1D, 2D or 3D
fragments depending on the input to FragmentGenerator as described in the FragmentGenerator manual page.

The performance improvement of the FragmentCalculator compared to normal LCAO depends on the fragmentation
and weather it is 1D, 2D, or 3D fragments.

For 1D fragmentation, the fragments generated will either be single fragments, denoted (1,1,1) or double fragments,
denoted (1,1,2) for fragmentation along the C-direction. The total number of fragments is thus𝑁𝑓 = 2 ·𝑁𝑠𝑖𝑛𝑔𝑙𝑒, where
𝑁𝑠𝑖𝑛𝑔𝑙𝑒 is the number of single fragments.

Consider now a system consisting of a primitive unit cell repeated 𝑁𝐶 times along the C-direction. The number of
orbitals in the primitive cell is denoted 𝑃 . For the fragment calculation, we divide this system into 𝑁𝑓 = 𝑁𝐶 number
of minimal fragments. If we only take into account the𝑂(𝑁3) cost of solving the Kohn-Sham eigenvalue problem, the
idealized speedup of the fragment method compared to normal LCAO is

𝑆1𝐷 =
𝑇𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡
𝑇𝐿𝐶𝐴𝑂

=
𝑁𝐶

(︀
𝑃 3 + (2𝑃 )3

)︀
(𝑁𝐶𝑃 )3

=
9

𝑁2
𝐶

It is thus evident that for less than 3 minimal fragments, the fragment calculation will always be slower than a normal
LCAO calculation. In the ideal case, the fragment calculation will be faster than normal LCAO for𝑁𝐶 > 3. In practice,
the cross-over point will often be observed at somewhat larger 𝑁𝐶 ∼ 5− 6 due to other computational costs related to
real-space grid operations and other overhead.

For 2D fragmentation along B and C directions, the fragments are (1,1,1), (1,2,1), (1,1,2), and (1,2,2). For each single
fragment there will be 4 fragments in total. The idealized speedup for a primitive configuration repeated 𝑁𝐵 and 𝑁𝐶
times along the B and C directions is in this case

𝑆2𝐷 =
𝑇𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡
𝑇𝐿𝐶𝐴𝑂

=
𝑁𝐵𝑁𝐶

(︀
·𝑃 3 + 2 · (2𝑃 )3 + (4𝑃 )3

)︀
(𝑁𝐵𝑁𝐶𝑃 )3

=
81

𝑁2
𝐵𝑁

2
𝐶

Again, we see an idealized break-even is seen for three repetitions along each of the direction, 𝑁𝐵 = 𝑁𝐶 = 3.
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For 3D fragmentation the fragments are (1,1,1), (2,1,1), (1,2,1), (1,1,2), (2,2,1), (2,1,2), (1,2,2), (2,2,2) i.e. 8 fragments
in total for each single fragment. A 5x5x5 fragmentation thus leads to 1000 fragments in total. The idealized speedup
for a primitive configuration repeated 𝑁𝐴, 𝑁𝐵 and 𝑁𝐶 times along the A, B and C directions is in this case

𝑆3𝐷 =
𝑇𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡
𝑇𝐿𝐶𝐴𝑂

=
𝑁𝐴𝑁𝐵𝑁𝐶

(︀
·𝑃 3 + 3 · (2𝑃 )3 + 3(4𝑃 )3 + (8𝑃 )3

)︀
(𝑁𝐴𝑁𝐵𝑁𝐶𝑃 )3

=
729

𝑁2
𝐴𝑁

2
𝐵𝑁

2
𝐶

Again, we see an idealized break-even is seen for three repetitions along each of the direction, 𝑁𝐴 = 𝑁𝐵 = 𝑁𝐶 = 3,
but in practice the fragment method will be faster at a higher number of repetitions.

Recommended fragment sizes

The fragment method is an approximation to the full solution. In order to be a good approximation, the size of the frag-
ments needs to be of a certain size. We recommend fragment sizes in the range of 5-10 Å in order to achieve accurate,
yet fast results. In addition we recommend to use a buffer region of size 2-3 Å. Optimizing these numbers might vary
from problem to problem, but these recommendation should serve as a starting point for further optimizations.

Load imbalance of the process groups

When going to higher dimension fragmentation the size difference between the smallest fragment and the largest frag-
ment becomes quite significant. Most prominently for 3D fragmentation the size difference between the (1,1,1) frag-
ment and its (2,2,2) fragment is a factor of 8. If one at the same time have many process groups as a result of having
many processes, the number of fragments per process group is small and it will be increasingly important to partition the
fragments optimally between the process group. A bad parallel scaling with increasing number of processes might be a
sign that the used partition of fragments for the process groups leads to a bad load balance. To try to improve the work-
load partition of the process groups one can change the workload_partitioning_algorithm from Interleaved
to KarmarkarKarpAlgorithm. The number partitioning algorithms Karmarkar-Karp, Greedy and complete Greedy
are described in3. The complete Greedy algorithm will find the most optimal partition of the fragments, but it is not
recommended to use since it is very slow and scales bad.

Other numerical settings

Fragment method calculations generally use more SCF step to converge than a similar LCAO calculation. In order to
achieve stable convergence we recommend:

• Decrease the damping_factor in IterationControlParameters to 0.05 or below.

• Decrease the broadening used in the occupation_method in :ref:NumericalAccuracyParameters_c` from de-
fault 1000 Kelvin to 300 Kelvin or below.

Supported analysis

Not all analysis objects are supported by the FragmentCalculator. At present, the following objects are available:

• TotalEnergy

• Forces

• Stress

• OptimizeGeometry
3 Richard E. Korf. A complete anytime algorithm for number partitioning. Artificial Intelligence, 106:181–203, Dec 1998. URL: https://doi.org/

10.1016/S0004-3702(98)00086-1, doi:10.1016/S0004-3702(98)00086-1.
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• MolecularDynamics

• ElectronDensity

• ElectronDifferenceDensity

• HartreeDifferencePotential

• DynamicalMatrix

– PhononBandstructure

– PhononDensityOfStates

– VibrationalMode

References

FragmentGenerator

class FragmentGenerator(vacuum_length=None, buffer_length=None, fractional_coordinates_cuts=None,
number_of_minimal_fragments=None, fragment_lengths=None, fuzz_factor=None,
passivation_parameters=None)

Class for generating fragments of a bulk configuration.

Parameters

• vacuum_length (float of PhysicalQuantity type length) – The thickness at each boundary
that should be covered with vacuum. Default: 5.0 * Angstrom.

• buffer_length (float of PhysicalQuantity type length) – The thickness at each boundary
that should be filled with existing adjacent atoms from the adjacent fragments. Default:
0.0 * Angstrom.

• fractional_coordinates_cuts (list of size 3 of floats in range (0,
1) or None) – The cuts in fractional coordinates along the primitive vectors of the
cell. NOTE: A None element means that the given dimension should not be frag-
mented. This option is mutually exclusive to number_of_minimal_fragments and
fragment_lengths.

• number_of_minimal_fragments (tuple (size 3) of either None or
positive int) – The number of fragments in each directions of the cell. NOTE:
A None element means that the given dimension should not be fragmented. This option
is mutually exclusive to fractional_coordinates_cuts and fragment_lengths.

• fragment_lengths (float of PhysicalQuantity type length | list (size 3) of None or floats
of PhysicalQuantity type length) – The length of each fragment dimension. NOTE: A
None element means that the given dimension should not be fragmented. If a single
PhysicalQuantity is provided, this will be used in all directions. This option is mutually
exclusive to number_of_minimal_fragments and fractional_coordinates_cuts.

• fuzz_factor (float) – The factor by which the covalent radii are multiplied to deter-
mine the cutoff distance for a bond. Default: 1.1

• passivation_parameters (Flag All or NoPassivation of NLFlag or a list of tuples (size
2) with an element and a flag or basis set.) – Parameter(s) to specify passivation. Default:
All
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bufferLength()

Returns
The buffer_length.

Return type
PhysicalQuantity of type length

fractionalCoordinatesCuts()

Returns
The fractional_coordinates_cuts.

Return type
list of tuples of floats in range (0, 1) or None

fragmentLengths()

Returns
The fragment_lengths.

Return type
list (size 3) of None or floats of PhysicalQuantity type length

fragmentationDimensionality()

Returns
Which of the 3 spacial directions to create fragments in.

Return type
A tuple (size 3) of bool.

fuzzFactor()

Returns
The factor by which the covalent radii are multiplied to determine the cutoff distance for a
bond.

Return type
float

minimalFragmentLength()

Returns
The minimal fragment length.

Return type
PhysicalQuantity of type length

nlinfo()

Returns
Structured information about the FragmentGenerator.

Return type
dict

numberOfMinimalFragments()

Returns
The number_of_minimal_fragments.

Return type
tuple (size 3) of either None or positive int or None
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passivationParameters()

Returns
Parameter(s) to specify passivation.

Return type
Flag All or NoPassivation of NLFlag or a list of tuples (size 2) with an element and a flag
or basis set.

uniqueString()

Return a unique string representing the state of the object.

vacuumLength()

Returns
The vacuum_length.

Return type
PhysicalQuantity of type length

Usage Examples

The FragmentGenerator must be defined in connection with the FragmentCalculator to specify the fragmentation of
a larger system configuration. Both classes are fully dependent on each other. The FragmentGenerator provides three
mutually exclusive options for fragmentation:

1. fractional_cuts

2. number_of_minimal_fragments

3. fragment_lengths

Note that these fragmentation approaches determine the dimensions of the minimal fragments (also termed single
fragments). The fractional_cuts option instructs some cuts along the primitive vectors of the unit cell. This is
illustrated in Fig. 4.18 as the fractional divisions along the C primitive vector.

# Cut the C primitive vector into 3 equal lengths.
fractional_cuts = [None, None, [1/3, 2/3]]

Note: The None inputs in the fractional_cuts vector indicate that no fragmentation should be performed along
the A- and B directions. For the C-direction, the fractional cuts at 0 and 1 are implicit and should not be specified.

The number_of_minimal_fragments option specifies a certain number of divisions along the primitive vectors of
the unit cell as illustrated in Fig. 4.18.

# Divide the full system into 3 single fragments along the C primitive vector.
number_of_minimal_fragments = [1, 1, 3]

Here, the numbers 1 again implies that no fragmentation will be performed along the A- and B directions.

The fragment_lengths option simply divides the primitive vectors in lengths of physical units accordingly,

𝐿 = |C⃗|/int

(︃
|C⃗|

𝐿𝑖𝑛𝑝𝑢𝑡

)︃
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# For the purpose of this example, say L = 5 Angstrom.
L = 5 * Angstrom
fragment_lengths = [None, None, L]

Fig. 4.18: Fragmentation methods when using FragmentGenerator.

After choosing a fragmentation method it can be given as an argument for the FragmentGenerator. It is only possible
to use one method.

# Create the fragment generator with the fragmentation method.
fragment_generator = FragmentGenerator(

fragment_lengths=fragment_lengths,
)

Each fragment has its own configuration where the actual fragment atoms are embedded in vacuum. A buffer region
may also be included containing atoms from neighboring fragments. The vacuum and buffer regions are specified as
input arguments of the FragmentGenerator and only added in the given directions where fragmentation occurs.

# Define fragmentation method.
number_of_minimal_fragments = [1, 1, 3]

# Define vacuum and buffer lengths.
(continues on next page)
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(continued from previous page)

vacuum_length = 6.0 * Angstrom
buffer_length = 3.0 * Angstrom

# Create the fragment generator with the vacuum and buffer lengths and fragmentation␣
→˓method.
fragment_generator = FragmentGenerator(

number_of_minimal_fragments=number_of_minimal_fragments,
vacuum_length=vacuum_length,
buffer_length=buffer_length,
)

Upon fragmentation multiple bonds might be cut between surfaces of fragments. In order to avoid occurrence of
metallic surface states, passivation might be required. In some cases one might want to passivate certain elements of
fragment configurations or passivate with a particular fractional hydrogen basis set. Therefore, FragmentGenerator
can take an input passivation_parameters which applies for all fragment surfaces. Three options are available.

1. All flag indicating passivation of all elements.

2. NoPassivation flag indicating no passivation of any elements

3. A list of elements with respective passivation type in form of either a hydrogen basis set or a flag as in the two
points above

# Define fragmentation method.
number_of_minimal_fragments = [1, 1, 3]

# Define passivation parameters. Say that we have a GaAs configuration and we
# want to passivate Ga with 1.25 fractional pseudo hydrogens and As with
# 0.75 fractional pseudo hydrogens.
passivation_parameters = [

(Gallium, FractionalGGABasis.fractional_1_25_HydrogenBasis),
(Arsenic, FractionalGGABasis.fractional_0_75_HydrogenBasis),
]

# Create fragment generator with passivation.
fragment_generator = FragmentGenerator(

number_of_minimal_fragments=number_of_minimal_fragments,
passivation_parameters=passivation_parameters,
)

In all cases, the passivating Hydrogen atoms are positioned in the center of the bond cut by the surface. The definition
of when two atoms form a bond is determined by a fuzz_factor. This is equivalent to the fuzz_factor used in the
Viewer and Builder for visualizing bonds (this can be modified under Graphics Properties). The default value is 1.1,
but in some cases this might need to be increased to e.g. 1.15 in order to include all relevant bonds:

# Define fragmentation method.
number_of_minimal_fragments = [1, 1, 3]

# Create fragment generator with passivation.
fragment_generator = FragmentGenerator(

number_of_minimal_fragments=number_of_minimal_fragments,
fuzz_factor=1.15,
)
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1D, 2D, and 3D fragmentation

The FragmentGenerator and FragmentCalculator can be used to divide the initial configuration into 1D, 2D or 3D
fragments depending on the input to FragmentGenerator as illustrated below:

# 1D fragmentation: Divide the configuration into 5 single fragments.
# Total number of fragment = 10.
fragment_generator = FragmentGenerator(

number_of_minimal_fragments=[None, None, 5],
)

# 2D fragmentation: Divide the configuration into 5x5 = 25 single fragments.
# Total number of fragment = 100.
fragment_generator = FragmentGenerator(

number_of_minimal_fragments=[None, 5, 5],
)

# 3D fragmentation: Divide the configuration into 5x5x5 = 125 single fragments.
# Total number of fragment = 1000.
fragment_generator = FragmentGenerator(

number_of_minimal_fragments=[5, 5, 5],
)

For 1D fragmentation, the fragments generated will either be single fragments, denoted (1,1,1) or double fragments,
denoted (1,1,2) for fragmentation along the C-direction.

For 2D fragmentation along B and C directions, the fragments are (1,1,1), (1,2,1), (1,1,2), and (1,2,2). For each single
fragment there will be 4 fragments in total. Dividing the configuration into 5x5 single fragments thus results in 100
fragments in total.

For 3D fragmentation the fragments are (1,1,1), (2,1,1), (1,2,1), (1,1,2), (2,2,1), (2,1,2), (1,2,2), (2,2,2) i.e. 8 fragments
in total for each single fragment. A 5x5x5 fragmentation thus leads to 1000 fragments in total.

The large number of fragments when performing 3D fragmentation implies that the fragment calculation can be effi-
ciently parallelized over many CPUs, although full parallelization will lead to significant load imbalance.

FreeVolume

class FreeVolume(md_trajectory, polymer_tags=None, start_time=None, end_time=None,
time_resolution=None, probe_size=PhysicalQuantity(0.0, Ang), overlap_ratio=1.0,
samples=10000, random_seed=None, gui_worker=None)

Create an analyzer for the free volume in a polymer structure.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
AtomicConfiguration that contains the polymers.

• polymer_tags (list of type str | None | Automatic) – A list of tags for the
polymers. If not specified default tags are used. Tags can also be set automatically with
the flag Automatic

• start_time (PhysicalQuantity of the type time) – The start time. Default: 0.0 * fs.
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• end_time (PhysicalQuantity of the type time) – The end time. Default: The last time
image.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• probe_size (PhysicalQuantity of type length) – The size of the probe to add into calcu-
lating the excluded volume. Default: 0 Angstrom.

• overlap_ratio (float) – The fraction of the probe and atom radii that is considered to
be part of the polymer. Default: 1.0.

• samples (int) – The number of volume samples to attempt.

• random_seed (int | None) – The random seed used in the random number generator.
If None is given then it will be generated using values from the system entropy pool.
Default: None.

• gui_worker (PolymerAnalysisWorker) – Handle to the worker, for displaying the cal-
culation progress. Default: None.

freeVolumes()

Returns
The free volume for each image in the given trajectory.

Return type
PhysicalQuantity of type volume

polymerTags()

Return the polymer tags used for the analysis.

Returns
A list of the polymer tags.

Return type
list

ratio()

Returns
The ratio of free to total volume for each image in the given trajectory.

Return type
ndarray

times()

Returns
Times for each image used in the analysis.

Return type
PhysicalQuantity of type time

totalVolumes()

Returns
The total unit cell volume for each image in the given trajectory.

Return type
PhysicalQuantity of type volume
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Usage Examples

Calculate the free volume of a polystyrene melt during a molecular dynamics simulation starting from a well equili-
brated configuration.

# -------------------------------------------------------------
# Initial Configuration
# -------------------------------------------------------------
bulk_configuration = nlread('Polystyrene.hdf5')[-1]

# -------------------------------------------------------------
# OPLS-AA Calculator
# -------------------------------------------------------------
potential_builder = OPLSPotentialBuilder()
calculator = potential_builder.createCalculator(bulk_configuration)
bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------
initial_velocity = ConfigurationVelocities(

remove_center_of_mass_momentum=True
)

method = NPTMartynaTobiasKlein(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
reservoir_pressure=1*bar,
thermostat_timescale=100*femtoSecond,
barostat_timescale=500*femtoSecond,
initial_velocity=initial_velocity,
heating_rate=0*Kelvin/picoSecond,

)

constraints = [FixCenterOfMass()]

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='Polystyrene_Trajectory.hdf5',
steps=100000,
log_interval=10,
trajectory_interval=1000,
method=method

)

# -------------------------------------------------------------
# Calculate End to End Distance
# -------------------------------------------------------------
analyzer = FreeVolume(

md_trajectory,
start_time=0*ps,

(continues on next page)
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(continued from previous page)

end_time=100*ps,
time_resolution=10*ps,
overlap_ratio=1.0,
samples=10000

)
free_volume_ratio = analyzer.ratio()
time = analyzer.times().convertTo(ps)

# -------------------------------------------------------------
# Plot The Results
# -------------------------------------------------------------
import pylab
pylab.figure()
pylab.plot(time, free_volume_ratio)
pylab.xlabel('Time / ps')
pylab.ylabel('Free volume ratios')
pylab.savefig('Free_Volume_Ratio_Plot.png')

FreeVolume_Example.py Polystyrene.hdf5

The script will run a short molecular dynamics calculation from the given starting structure and then calculate free
volume ratio of 11 images in the 101 image trajectory. This is shown in the following plot.

Notes

This class enables the calculation of the free volumes of different polymer systems from a MDTrajectory or
BulkConfiguration.

The free volume of a polymer system is defined as the volume not occupied by atoms. The free volume of polymer
structures has been shown to be related to important macroscopic properties, such as the glass transition temperature1.
Assuming atoms can be represented as hard spheres, the free volume can be estimated using a simple Monte Carlo
sampling procedure. This process randomly selects a number of positions within the structure, and tests whether or not
the position is within the hard sphere radius of any atom. The ratio of the number of empty points to total number of
selected positions gives the free volume ratio.

1 Ronald P. White and Jane E. G. Lipson. Polymer free volume and its connection to the glass transition. Macromolecules, 49:3987, May 2016.
URL: https://pubs.acs.org/doi/10.1021/acs.macromol.6b00215, doi:10.1021/acs.macromol.6b00215.
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To calculate the hard sphere free volume a FreeVolume object first needs to be created. This takes a MDTrajectory
or BulkConfiguration and calculates the end-to-end distances and autocorrelation function for the specified config-
urations. The specific frames in the MDTrajectory to be analyzed are selected using the start_time, end_time and
time_resolution arguments. There are also a arguments that control the Monte Carlo procedure used to calculate
the free volume. The size of the probe placed at each point can be set using the probe_size argument. By default a
probe size of zero is used, equivalent to an infinitesimally small probe. The relative size of both the probe and atoms
can be scaled using the overlap_ratio argument. The total number of Monte Carlo trials per configuration is set
with the samples argument. Increasing this both increases the accuracy of the calculation and the calculation time.
Finally the random_seed argument allows passing in a seed to the random number generator, so that calculations can
be repeated.

Once the FreeVolume object is created and the volumes of each of the configurations has been calculated, the val-
ues can be queried using the remaining methods. The method ratio() returns a list of the free volume ratios of
each configuration. Similarly the method freeVolumes() returns a list of the absolute free volumes. The method
totalVolumes() returns a list of the total volume of each configuration, which is calculated simply from the lattice
parameters.

FullDiagonalizationSolver

class FullDiagonalizationSolver(bands_above_fermi_level=None)
Constructor for information regarding the full diagonalization solver.

Parameters
bands_above_fermi_level (Non-negative int | All) – The number of bands above the Fermi
level per principal spin channel. Default: All (All bands are included), except for calculators
of type PlaneWaveCalculator; in this case the default number of bands above the Fermi level
is determined by the bands_per_electron parameter on NumericalAccuracyParameters on
the PlaneWaveCalculator. The default value of bands_per_electron=1.2 means that if there
are 10 (valence) bands below the Fermi level, there will be two bands above. If more bands
are included in the calculator, they will also be calculated as default.

bandsAboveFermiLevel()

Returns
Number of bands above the Fermi level

Return type
int

uniqueString()

Return a unique string representing the state of the object.

GWCalculator

class GWCalculator(ground_state_calculator, energy_cutoff=None, processes_per_frequency_point=None,
tau_precision_parameter=None, greens_function_tolerance=None,
polarizability_tolerance=None, coulomb_tolerance=None, self_energy_tolerance=None,
relative_tolerance=None)

Class for representing GW calculators.

Parameters
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• ground_state_calculator (LCAOCalculator) – The DFT calculator that is used to
generate the Kohn-Sham states on which the G0W0 algorithm is based.

• energy_cutoff (PhysicalQuantity of type energy.) – The energy cutoff de-
cides how many bands will be included in the Greens functions of the GW calculation. At
the gamma point the Kohn-Sham energy spectrum will be checked, and all bands that have
an energy above the Fermi level that is below the energy cutoff will be included. Default:
30.0 eV

• processes_per_frequency_point (int) – If this parameter is larger than 1, we use
multi-level parallelism. Default: 1

• tau_precision_parameter (float) – The parameter that decided how many time
points will be taken. Given a (e_max : e_min) energy range, we have a minimal and
maximal number of points we can include. If the precision parameters is 1 it will take the
maximum, if it is 0 it will take the minimal. If in between we will take the closest integer
that respects this fractional value. Default: 1.0

• greens_function_tolerance (float) – When the greens functions are constructed.
This tolerance is used to throw small entries away and generate a sparsity. Default: 0.0

• polarizability_tolerance (float) – Before we calculate the polarizability we esti-
mate the norm, and decide what sparsity pattern should be used to construct it. Default:
0.0

• coulomb_tolerance (float) – When we have calculated the (screened) coulomb inter-
action, we decide which blocks to keep based on if their norm is larger or smaller than the
coulomb tolerance. Default: 0.0

• self_energy_tolerance (float) – Before we calculate the self-energy we estimate
the norm, and decide what sparsity pattern should be used to construct it. Default: 0.0

• relative_tolerance (float) – A general ‘relative’ sparsity parameter defined for all
the objects. If in a given block sparse atom pair matrix the element is smaller than ‘rela-
tive_tolerance’ times the maximal entry, it will be discarded. Default: 0.0

coulombTolerance()

Returns
When we have calculated the (screened) coulomb interaction, we decide which blocks to
keep based on if their norm is larger or smaller than the coulomb tolerance.

Return type
float

energyCutoff()

Returns
The energy cutoff decides how many bands will be included in the Greens functions of the
GW calculation. At the Gamma point the Kohn-Sham energy spectrum will be checked,
and all bands that have an energy above the Fermi level that is below the energy cutoff will
be included.

Return type
PhysicalQuantity of type energy.

greensFunctionTolerance()

Returns
When the greens functions are constructed. This tolerance is used to throw small entries
away and generate a sparsity.
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Return type
float

groundStateCalculator()

Returns
The DFT calculator used to construct the zero order KS states.

Return type
LCAOCalculator

classmethod isADMMSupported(is_hybrid, use_admm)

Check for ADMM. The ADMM method cannot be combined with G0W0 for now.

classmethod isPseudoPotentialTypeSupported(is_paw)
Check if the pseudo-potential, for now GW calculations can only be done with normconserving.

classmethod isSpinTypeSupported(spin_type)
Check if the spin type is supported, for now GW calculations can only be done with UNPOLARIZED spin.

nlinfo()

Returns
A dict with info about this calculator.

Return type
dict

numberOfOccupiedBands()

Returns
The number of bands below the fermi level in the DFT calculation. Set only after ‘update’
has been called.

numericalAccuracyParameters()

Returns
The NumericalAccuracyParameters object used for the DFT calculation.

Return type
NumericalAccuracyParameters

polarizabilityTolerance()

Returns
Before we calculate the polarizability we estimate the norm, and decide what sparsity pat-
tern should be used to construct it.

Return type
float

processesPerFrequencyPoint()

Returns
If this parameter is larger than 1, we use multi-level parallelism.

Return type
int
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relativeTolerance()

Returns
A general ‘relative’ sparsity parameter defined for all the objects. If in a given block sparse
atom pair matrix the element is smaller than ‘relative_tolerance’ times the maximal entry,
it will be discarded.

Return type
float

selfEnergyTolerance()

Returns
Before we calculate the self-energy we estimate the norm, and decide what sparsity pattern
should be used to construct it.

Return type
float

classmethod supportedCalculatorTypes()

Return a list of supported calculators.

Returns
List of supported calculators.

Return type
list

tauPrecisionParameter()

Returns
The parameter that decided how many time points will be taken. Given a (e_max : e_min)
energy range, we have a minimal and maximal number of points we can include. If the
precision parameters is 1 it will take the maximum, if it is 0 it will take the minimal. If in
between we will take the closest integer that respects this fractional value.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Function that calls upgrade on the underlying ground_state_calculator object.

Usage Examples

To run a GW calculation one first has to construct a regular LCAOCalculator, which is then set on a GWCalculator
object. We have found that we get the best results when we start from an HSE06 calculation:

lcao_calculator = LCAOCalculator(
basis_set=BasisGGAPseudoDojo.High,
exchange_correlation=HybridGGA.HSE06)

gw_calculator = GWCalculator(
lcao_calculator,
energy_cutoff=50*eV,

(continues on next page)
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(continued from previous page)

processes_per_frequency_point=2,
tau_precision_parameter=1.0,
greens_function_tolerance=0.0,
polarizability_tolerance=0.0,
coulomb_tolerance=0.0,
self_energy_tolerance=0.0,
relative_tolerance=0.0)

bulk_configuration.setCalculator(gw_calculator)
bulk_configuration.update()

Once the update function is called, the self energies are calculated and stored on the GWCalculator object. To get the
bandstructure or density of states we just call the standard analysis objects:

bandstructure = Bandstructure(bulk_configuration, bands_above_fermi_level=4)
nlsave("gw_bandstructure.hdf5", bandstructure)

pdos= ProjectedDensityOfStates(
bulk_configuration,
MonkhorstPackGrid(21,21,21),
projections=ProjectOnShellsBySite,
bands_above_fermi_level=4)

nlsave("gw_pdos.hdf5", pdos)

More detailed information about the GW implementation can be found in the G0W0 technical notes.

GasSolubility

class GasSolubility(gas_solutes, solvent_components, solvent_density=None, temperature=None,
parameters=None)

Calculate the solubility of gases using the COSMO-RS model.

Parameters

• gas_solutes (CosmoRealSpecies | Sequence of CosmoRealSpecies) – The gases for
which the solubility is calculated.

• solvent_components (CosmoRealSolvent | MoleculeConfiguration |
CosmoRSMixture) – The solvent in which the gas is dissolved in.

• solvent_density (PhysicalQuantity of type mass per volume) – The density of the sol-
vent. If not specified solvent density is estimated from the components.

• temperature (PhysicalQuantity of type temperature) – The solvent temperature. De-
fault: 298.15 * Kelvin

• parameters (CosmoRSParameters) – The COSMO-RS parameters

gasSolutes()

Returns
The gases the solubility is calculated for.

Return type
Sequence of CosmoRealSpecies
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henryConstantCP()

Return the Henry’s constant of the given gas species in terms of concentration per pressure.

Returns
The Henry constant.

Return type
Sequence of PhysicalQuantity of mole per volume pressure

henryVolatilityPX()

Return the Henry volatility of the given gas species in terms of pressure per mole fraction.

Returns
The Henry volatility.

Return type
Sequence of PhysicalQuantity of mole fraction per pressure

parameters()

Returns
The COSMO-RS parameters

Return type
CosmoRSParameters

solventComponents()

Returns
The components of the solvent.

Return type
CosmoRSMixture

solventDensity()

Returns
The solvent density, if specified. If not returns None, and the solvent density is taken from
the solvent components.

Return type
PhysicalQuantity of type mass per volume

temperature()

Returns
The solvent and gas temperature.

Return type
PhysicalQuantity of type temperature

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate the gas solubility of 𝑆𝑂2 in water.

# Load the COSMO species
database = CosmoRSSpeciesDatabase()
water = database.exportSpecies('water')
sulfur_dioxide = database.exportSpecies('sulfur dioxide')
sulfur_dioxide.setAntoineA(4.37798 * bar)
sulfur_dioxide.setAntoineB(966.6 * Kelvin)
sulfur_dioxide.setAntoineC(-42.07 * Kelvin)

# Determine the gas solubility.
gas_solubility = GasSolubility(

sulfur_dioxide,
water,
solvent_density=1*kiloGram/liter,
temperature=298*Kelvin,
parameters=CosmoRSParameters(),

)

# Retrieve the Henry constant.
h_cp = gas_solubility.henryConstantCP()[0].convertTo(molar/bar)
nlprint(f'The Henry constant of SO2 in water is {h_cp}')

# Retrieve the Henry volatility.
h_px = gas_solubility.henryVolatilityPX()[0].convertTo(bar)
nlprint(f'The Henry volatility of SO2 in water is {h_px}')

water_so2_example.py

Notes

The GasSolubility object allows one to estimate a measure of gas solubility. This measure is named Henry’s constant
and comes in a variety forms. Henry’s law states that the amount of gas dissolved, 𝑐𝑔𝑎𝑠 is directly proportional to the
partial pressure, 𝑝, of the gas above the condensed phase. The proportionality constant 𝐻𝑐𝑝 can be given as

𝐻𝑐𝑝 =
𝑐𝑔𝑎𝑠
𝑝

The relation may also be defined as the partial pressure of a gas is proportional to its concentration. In this form the
proportionality constant is referred to as the Henry volatility. Assuming concentration is given in mole fraction 𝑥𝑔𝑎𝑠,
then the proportionality constant 𝐾𝑝𝑥 can be given as

𝐾𝑝𝑥 =
𝑝

𝑥𝑔𝑎𝑠
=

1

𝑉𝑚𝐻𝑐𝑝

Here 𝑉𝑚 is the molar volume of the solvent. Both measures can be calculated by the GasSolubility as demonstrated
in the Usage Example.

In COSMO-RS, the Henry’s constant is calculated by estimating the difference in chemical potential between the
solvated and gaseous states. This is expressed as:

𝐻𝑐𝑝 =
exp([𝜇𝑔𝑎𝑠 − 𝜇𝑠𝑜𝑙𝑣]/𝑅𝑇 )

𝑝0𝑉𝑚

1116 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

Here 𝑝0 is a reference pressure, defined to be 1 bar. If the Antoine parameters are known for the gaseous species then
the partial pressure, 𝑝, can be estimated as:

log10(𝑝) = 𝐴− 𝐵

𝐶 + 𝑇

Here 𝑇 is the temperature and𝐴,𝐵 and𝐶 are the Antoine equation parameters. Since the partial pressure of a substance
in COSMO-RS is defined as 𝑝 = exp([𝜇𝑙𝑖𝑞 − 𝜇𝑔𝑎𝑠]/𝑅𝑇 ) this can be used to simplify the calculation of solubility to
the difference in chemical potential between the solvated and pure liquid states. This can be expressed as:

𝐻𝑐𝑝 =
exp([𝜇𝑙𝑖𝑞 − 𝜇𝑠𝑜𝑙𝑣]/𝑅𝑇 )

𝑝𝑉𝑚
=

1

𝛾𝑝𝑉𝑚

Here 𝛾 is the activity coefficient of the substance in the solvent and 𝑝 is the estimated gas partial pressure. The Antoine
parameters are provided as demonstrated in the Usage Example. These parameters are then used in the semi-empirical
Antoine equation which describes the relation between the vapor pressure of a pure substance and temperature.

GatePotentialAlignment

class GatePotentialAlignment(reference_electrode=None, use_intrinsic_chemical_potential=None,
work_function_difference=None, gate_work_function=None,
reference_electrode_work_function=None)

A class for representing the potential alignment of a gate electrode with respect to a reference electrode.

Parameters

• reference_electrode (NLFlag.Left | NLFlag.Right) – The reference electrode di-
rection. Default: NLFlag.Left

• use_intrinsic_chemical_potential (bool) – If set to False, the chemical potential
of the electrode specified in reference_electrode is used to determine work function
differences. If True, the chemical potential of an equivalent intrinsic bulk configuration
is used. Default: False

• work_function_difference – The difference between the work function of the gate
electrode and the work function of the reference electrode. A zero difference will
keep the gate and the electrode aligned. A positive difference will introduce or in-
crease an energy barrier between the gate electrode and the reference electrode and a
negative difference will reduce or remove an energy barrier between the gate electrode
and the reference electrode. Alternatively, the gate electrode and the reference elec-
trode work function can be directly specified instead of their difference the parameters
reference_electrode_work_function and gate_work_function. Default: 0 * eV

• gate_work_function – The work function of the gate electrode, used to de-
termine the difference with the reference electrode work function. The option
is mutually exclusive with work_function_difference and if specified, also
reference_electrode_work_function must be given.

• reference_electrode_work_function – The work function of the reference
electrode, used to determine the difference with the gate work function. If
use_intrinsic_chemical_potential is set to True, the work function of an intrin-
sic equivalent bulk configuration should be set. The option is mutually exclusive with
work_function_difference and if specified, also gate_work_function must be
given.
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referenceElectrode()

Returns
The electrode used to set the reference energy.

Return type
NLFlag.Left | NLFlag.Right

uniqueString()

Return a unique string representing the state of the object.

useIntrinsicChemicalPotential()

Returns
Wheter the chemical potential of a bulk configuration equivalent to the electrode but in-
trinsic is used.

Return type
bool

workFunctionDifference()

Returns
The difference between the work function of the gate electrode and the work function of
the reference electrode.

Return type
PhysicalQuantity of type energy.

GaussPotential

class GaussPotential(particleType1, particleType2, b1, b2, b3, c1, c2, c3, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• b1 (PhysicalQuantity of type length**-2) – Potential parameter.

• b2 (PhysicalQuantity of type length**-2) – Potential parameter.

• b3 (PhysicalQuantity of type length**-2) – Potential parameter.

• c1 (PhysicalQuantity of type energy) – Potential parameter.

• c2 (PhysicalQuantity of type energy) – Potential parameter.

• c3 (PhysicalQuantity of type energy) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – Cutoff radius

classmethod getAllParameterNames()

Return the names of all used parameters as a list.
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getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The GaussPotential defines a pairwise potential of the form

𝑉 (𝑟) = 𝑐1𝑒
−𝑏1𝑟2 + 𝑐2𝑒

−𝑏2𝑟2 + 𝑐3𝑒
−𝑏3𝑟2 .

GaussianAnglePotential

class GaussianAnglePotential(particleType1, particleType2, particleType3, K, sigma, theta0, d, r_cut,
N=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type (central particle when calculating angles)

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• K (PhysicalQuantity of type energy) – Potential parameter.

• sigma (PhysicalQuantity of type angle**-2) – Potential parameter.

• theta0 (PhysicalQuantity of type angle) – Potential parameter.

• d (PhysicalQuantity of type length**2) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – Cutoff radius

• N (int) – Potential parameter. Must not be 0.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.
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getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The Gaussian angle potential has the form

𝑈𝑖𝑗𝑘 = −𝐾𝑖𝑗𝑘 exp
(︁
−𝜎𝑖𝑗𝑘(𝜃𝑖𝑗𝑘 − 𝜃

(0)
𝑖𝑗𝑘)2

)︁{︃exp
(︁
− 𝑑𝑖𝑗𝑘

(𝑟𝑖𝑗𝑘−𝑟𝑐𝑢𝑡
𝑖𝑗𝑘 )2

)︁
, 𝑟𝑖𝑗𝑘 ≤ 𝑟𝑐𝑢𝑡𝑖𝑗𝑘

0, 𝑟𝑖𝑗𝑘 > 𝑟𝑐𝑢𝑡𝑖𝑗𝑘

where

𝑟𝑖𝑗𝑘 = (𝑟
𝑁𝑖𝑗𝑘

𝑖𝑗 + 𝑟
𝑁𝑖𝑗𝑘

𝑗𝑘 )1/𝑁𝑖𝑗𝑘 .

GaussianSmearing

class GaussianSmearing(broadening)

Parameters
broadening (PhysicalQuantity of type energy or temperature) – The broadening of the dis-
tribution.

broadening()

Returns
The broadening.

Return type
PhysicalQuantity of type energy
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Usage Examples

Use the Gaussian smearing occupation function with a broadening of 0.1 eV on an LCAOCalculator:

numerical_accuracy_parameters = NumericalAccuracyParameters(
occupation_method=GaussianSmearing(0.1*eV))

calculator = LCAOCalculator(numerical_accuracy_parameters=numerical_accuracy_parameters)

Notes

Note: For comparison of different occupation methods and suggestions for which one to choose, see Occupation
Methods.

In the Gaussian smearing scheme1 one replaces the delta function in the density of states by a Gaussian distribution:

𝛿(𝑥) =
1

𝜎
√
𝜋
𝑒−(𝑥/𝜎)2 ,

where 𝜎 is the broadening. This means that the integer occupation numbers are replaced by fractional occupations
given by the distribution

𝑓(𝜖) =
1

2

[︂
1 − erf

(︂
𝜖− 𝜇

𝜎

)︂]︂
,

where 𝜖 is the energy of the state and 𝜇 is the Fermi level.

In the Gaussian smearing scheme the generalized entropy is given by

𝑆 =
∑︁
𝑖

1

2
√
𝜋

exp

(︃
−
(︂
𝜖𝑖 − 𝜇

𝜎

)︂2
)︃

The total energy at zero broadening can be estimated by adding the correction given by

∆𝐸𝜎→0(𝜎) = −1

2
𝜎𝑆(𝜎)

General1Potential

class General1Potential(particleType1, particleType2, A, rho, r_i=None, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

1 C. -L. Fu and K. -M. Ho. First-principles calculation of the equilibrium ground-state properties of transition metals: Applications to Nb and
Mo. Phys. Rev. B, 28(10):5480–5486, November 1983. doi:10.1103/PhysRevB.28.5480.
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• A (PhysicalQuantity of type length * energy) – Potential parameter.

• rho (PhysicalQuantity of type length ) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the
smoothing of the potential starts. r_i must be smaller than r_cut.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The General1Potential defines a pair potential of the form

𝑉𝑖𝑗(𝑟) =
𝐴

𝑟
𝑒−𝑟/𝜌 .

At long distances this potential is brought smoothly to zero between the inner cutoff r_i and the outer cutoff r_cut,
using a 5th order spline function. This ensures that there are no discontinuites in the forces as atoms are brought closer
together, and that the energy is properly conserved. The applied potential 𝑈(𝑟) is given as:

𝑈(𝑟) = 𝑉𝑖𝑗(𝑟) × 𝑆(𝑟)

where 𝑉𝑖𝑗(𝑟) is the pair potential and 𝑆(𝑟) is the spline function. The values of the spline function are:

• 1 when 𝑟 ≤ 𝑟𝑖

• In the range [0, 1] when 𝑟𝑖 < 𝑟 < 𝑟𝑐𝑢𝑡

• 0 when 𝑟 ≥ 𝑟𝑐𝑢𝑡
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General2Potential

class General2Potential(particleType1, particleType2, A, C, rho, r_i=None, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type length**2 * energy) – Potential parameter.

• C (PhysicalQuantity of type length * energy) – Potential parameter.

• rho (PhysicalQuantity of type length ) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the
smoothing of the potential starts. r_i must be smaller than r_cut.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The General2Potential defines a pair potential of the form

𝑉𝑖𝑗(𝑟) =
𝐴

𝑟2
𝑒−𝑟/𝜌 − 𝐶

𝑟
.

At long distances this potential is brought smoothly to zero between the inner cutoff r_i and the outer cutoff r_cut,
using a 5th order spline function. This ensures that there are no discontinuites in the forces as atoms are brought closer
together, and that the energy is properly conserved. The applied potential 𝑈(𝑟) is given as:

𝑈(𝑟) = 𝑉𝑖𝑗(𝑟) × 𝑆(𝑟)

where 𝑉𝑖𝑗(𝑟) is the pair potential and 𝑆(𝑟) is the spline function. The values of the spline function are:
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• 1 when 𝑟 ≤ 𝑟𝑖

• In the range [0, 1] when 𝑟𝑖 < 𝑟 < 𝑟𝑐𝑢𝑡

• 0 when 𝑟 ≥ 𝑟𝑐𝑢𝑡

General3Potential

class General3Potential(particleType1, particleType2, A, B, sigma, r_i=None, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type length**-1) – Potential parameter.

• sigma (PhysicalQuantity of type length ) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the
smoothing of the potential starts. r_i must be smaller than r_cut.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Notes

The General3Potential defines a pair potential of the form

𝑉𝑖𝑗(𝑟) = 𝐴𝑒𝐵(𝜎−𝑟) .

At long distances this potential is brought smoothly to zero between the inner cutoff r_i and the outer cutoff r_cut,
using a 5th order spline function. This ensures that there are no discontinuites in the forces as atoms are brought closer
together, and that the energy is properly conserved. The applied potential 𝑈(𝑟) is given as:

𝑈(𝑟) = 𝑉𝑖𝑗(𝑟) × 𝑆(𝑟)

where 𝑉𝑖𝑗(𝑟) is the pair potential and 𝑆(𝑟) is the spline function. The values of the spline function are:

• 1 when 𝑟 ≤ 𝑟𝑖

• In the range [0, 1] when 𝑟𝑖 < 𝑟 < 𝑟𝑐𝑢𝑡

• 0 when 𝑟 ≥ 𝑟𝑐𝑢𝑡

GeneralStiwe2Potential

class GeneralStiwe2Potential(particleType1, particleType2, p, A, B, gamma, q, D, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• p (float) – Potential parameter.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type length**p) – Potential parameter.

• gamma (PhysicalQuantity of type length ) – Potential parameter.

• q (float) – Potential parameter.

• D (PhysicalQuantity of type length**q) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – Cutoff radius

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The GeneralStiwe2Potential represents the a more general form for the two-body contribution of the Stillinger-Weber
potential1.

The Stillinger-Weber potential can be written as:

𝑉 =
∑︁
𝑖<𝑗

𝑣𝑖𝑗2 (𝑟𝑖𝑗) +
∑︁
𝑖<𝑗<𝑘

[𝑣𝑖𝑗𝑘3 (𝑟𝑗𝑖, 𝑟𝑗𝑘, 𝜃𝑖𝑗𝑘) + 𝑣𝑗𝑖𝑘3 (𝑟𝑖𝑗 , 𝑟𝑖𝑘, 𝜃𝑗𝑖𝑘) + 𝑣𝑖𝑘𝑗3 (𝑟𝑘𝑖, 𝑟𝑘𝑗 , 𝜃𝑖𝑘𝑗)] .

The general form of the two-body part is implemented as

𝑣𝑖𝑗2 (𝑟) = 𝐴 · (𝐵 · 𝑟−𝑝 −𝐷 · 𝑟−𝑞) · exp

[︂
𝛾

𝑟 − 𝑟cut

]︂
.

For the three-body part two types are available, which can be selected by the type argument.

Type 1:

𝑣𝑖𝑗𝑘3 (𝑟𝑗𝑖, 𝑟𝑗𝑘, 𝜃) = 𝜆 exp

[︂
𝛾0

𝑟𝑗𝑖 − 𝑟0
+

𝛾1
𝑟𝑗𝑘 − 𝑟1

]︂
· (cos(𝜃) − 𝑐𝑜𝑠(𝜃0))

𝛼
.

If not specified otherwise, 𝛼 is set to 2, as in the original Stillinger-Weber potentialPage 1126, 1.

Type 2:

𝑣𝑖𝑗𝑘3 (𝑟𝑗𝑖, 𝑟𝑗𝑘, 𝜃) = 𝜆 exp

[︂
𝛾0

𝑟𝑗𝑖 − 𝑟0
+

𝛾1
𝑟𝑗𝑘 − 𝑟1

]︂
· (cos(𝜃) − 𝑐𝑜𝑠(𝜃0)) sin(𝜃) cos(𝜃) .

GeneralizedDavidsonSolver

class GeneralizedDavidsonSolver(absolute_tolerance=None, relative_tolerance=None,
maximum_number_of_restarts=None, initialization_method=None)

Iterative eigensolver that uses a blocked generalized Davidson algorithm to improve on an initial guess for the
eigenstates of the Hamiltonian.

Parameters

• absolute_tolerance (float) – The absolute tolerance up to which the residuals have
to be converged for the algorithm to end.

1 F. H. Stillinger and T. A. Weber. Computer simulation of local order in condensed phases of silicon. Phys. Rev. B, 31:5262–5271, Apr 1985.
doi:10.1103/PhysRevB.31.5262.
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• relative_tolerance (float) – The amount the residual of the states has to be reduced
compared to the residual of the initial guess. The reduction factor must be between 0.0
and 1.0. Default: 0.3

• maximum_number_of_restarts (int) – The maximum number of restarts in the David-
son algorithm. Must be a positive integer. Default: 0

• initialization_method (RandomBlochWaveInitialization |
BasisSetInitialization) – The method used to obtain the initial states
for the Generalized Davidson algorithm, see Initialization methods. Default:
BasisSetInitialization()

absoluteTolerance()

Returns
The absolute tolerance up to which the residuals have to be converged for the algorithm to
end.

Return type
float

initializationMethod()

Returns
The method used to obtain the initial states for the residual minimizer.

Return type
RandomBlochWaveInitialization | BasisSetInitialization

maximumNumberOfRestarts()

Returns
The maximum number of restarts in the Davidson algorithm.

Return type
int

relativeTolerance()

Returns
The amount the residual of the states has to be reduced compared to the residual of the
initial guess.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Define a density matrix method that uses the default GeneralizedDavidsonSolver:

algorithm_parameters = AlgorithmParameters(
density_matrix_method=GeneralizedDavidsonSolver())

A more robust eigensolver can be defined by tightening the tolerances and increasing the
maximum_number_of_restarts.

4.13. Full QuantumATK package 1127



QuantumATK V-2023.12 Documentation

density_matrix_method = GeneralizedDavidsonSolver(
relative_tolerance=0.001,
absolute_tolerance=1.0e-7,
maximum_number_of_restarts=4)

algorithm_parameters = AlgorithmParameters(
density_matrix_method=density_matrix_method)

A different initial guess for the states can be chosen by setting the initialization_method:

density_matrix_method = GeneralizedDavidsonSolver(
initialization_method=RandomBlochWaveInitialization(),

)

algorithm_parameters = AlgorithmParameters(
density_matrix_method=density_matrix_method)

Notes

Algorithm

The class implements the blocked generalized Davidson algorithm1,2. It is the default eigensolver for plane wave
calculations.

One can increase the stability of the algorithm by lowering the relative_factor, which determines how much
the residual of the current guess for the eigenstates has to be reduced in this SCF step. One can also use the
absolute_tolerance keyword, which determines how small the norm of the residuals of the wave functions need to
be. At the same time one should increase the maximum_number_of_restarts, which determines how many restarts
are allowed. When a restart is performed, a new generalized Davidson optimization is started with the current best
guess for the eigenstates as starting vectors.

GilbertDamping

class GilbertDamping(configuration, kpoints=None, broadenings=None)
Class for calculating the Gilbert damping for a BulkConfiguration.

Parameters

• configuration (BulkConfiguration) – The BulkConfiguration for which to calculate
the inter-site coupling matrix.

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid) – The k-points with which to calculate the Gilbert damping. De-
fault: The k-point sampling from the calculator.

• broadenings (PhysicalQuantity of type energy.) – Energy level broadening due finite
life time. Default: numpy.linspace(0.01, 0.1, 11)*eV

1 Ernest R. Davidson. The iterative calculation of a few of the lowest eigenvalues and corresponding eigenvectors of large real-symmetric
matrices. Journal of Computational Physics, 17(1):87 – 94, 1975. doi:http://dx.doi.org/10.1016/0021-9991(75)90065-0.

2 Ronald B. Morgan and David S. Scott. Generalizations of davidson’s method for computing eigenvalues of sparse symmetric matrices. SIAM
Journal on Scientific and Statistical Computing, 7(3):817–825, 1986. doi:10.1137/0907054.
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alpha()

Returns
Dimensionless Gilbert damping tensor

Return type
numpy.array of shape (3,3).

broadenings()

Returns
Energy level broadening due finite life time.

Return type
PhysicalQuantity of type energy.

dampingConstant()

Returns
Dimensionless Gilbert damping constant

Return type
float

dampingRate()

Returns
Gilbert damping constant

Return type
PhysicalQuantity of type inverse time

dampingRateTensor()

Returns
Gilbert damping tentor

Return type
PhysicalQuantity of type inverse time

kpoints()

Returns
The k-points with which to calculate the Heisenberg exchange constants.

Return type
class:~.MonkhorstPackGrid | RegularKpointGrid

magneticMoment()

Returns
The total magnetic moment.

Return type
PhysicalQuantity of type Bohr magneton

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

4.13. Full QuantumATK package 1129



QuantumATK V-2023.12 Documentation

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the GilbertDamping for iron.

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = BodyCenteredCubic(2.8665*Angstrom)

# Define elements
elements = [Iron]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

BasisGGAPseudoDojoSO.Iron_Medium,
]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------

(continues on next page)
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(continued from previous page)

exchange_correlation = SOGGA.PBE

k_point_sampling = MonkhorstPackGrid(
na=13,
nb=13,
nc=13,
force_timereversal=False,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=120.0*Hartree,
k_point_sampling=k_point_sampling,
)

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave('gilbert_damping_iron.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Gilbert Damping
# -------------------------------------------------------------
kpoint_grid = MonkhorstPackGrid(

na=38,
nb=38,
nc=38,
force_timereversal=False,
)

gilbert_damping = GilbertDamping(
configuration=bulk_configuration,
kpoints=kpoint_grid,
broadenings=numpy.linspace(0.01, 0.1, 11)*eV,

)
nlsave('gilbert_damping_iron.hdf5', gilbert_damping)

gilbert_damping.py
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Notes

The unitless Gilbert damping tensor is calculated using Kambersky’s torque-torque correlation model following refs.123

:

𝛼𝜇,𝜈 =
𝑔

𝑚𝜋

∑︁
𝑘

𝑤𝑘
∑︁
𝑖𝑗

𝑊𝑖𝑗(𝑘)𝑇 𝜈𝑖𝑗(𝑘)
(︀
𝑇𝜇𝑖𝑗(𝑘)

)︀†
where 𝑔 = 2.0023 is the g-factor, 𝑚 is the magnetization (has unit of Bohr magnetons). The sum over 𝑖, 𝑗 runs over
the band indices and the 𝑘 sum is over the Brillouin zone with 𝑤𝑘 being the k-point weight. The matrix elements of
the torque operator are

𝑇 𝜈𝑖𝑗(𝑘) = ⟨𝜓𝑖𝑘| [𝜎𝜈 , 𝐻𝑆𝑂] |𝜓𝑗𝑘⟩

where 𝜎𝜈 is a Pauli spin matrix, 𝐻𝑆𝑂 is the spin-orbit contribution to the Hamiltonian and 𝜓𝑖𝑘 is the Bloch eigenstate
of band 𝑛 evaluated at k-point 𝑘. The spectral overlap function is

𝑊𝑖𝑗(𝑘) =

∫︁ (︂
−𝜕𝑓(𝜖, 𝜖𝐹 )

𝜕𝜖

)︂
𝐴𝑖𝑘(𝜖,Λ)𝐴𝑗𝑘(𝜖,Λ)𝑑𝜖

where 𝑓(𝜖, 𝜖𝐹 ) is the Fermi-Dirac distribution function (𝜖𝐹 is the Fermi energy), and 𝐴𝑖𝑘(𝜖,Λ) = 1
𝜋

Λ
(𝜖𝑖𝑘−𝜖)2+Λ2 is a

Lorentzian spectral function with broadening Λ and centered around the band energy 𝜖𝑖𝑘.

Assuming that the spectral life-time broadening Λ is due to electron-phonon coupling, it is reasonable to assume that
Λ > 𝑘𝐵𝑇 in which case we can approximate the derivative of the Fermi-Dirac distribution can be approximated by a
𝛿-function resulting in the simplified expression

𝑊𝑖𝑗(𝑘) ≈ 𝐴𝑖𝑘(𝜖𝐹 ,Λ)𝐴𝑗𝑘(𝜖𝐹 ,Λ)

which is implemented in QuantumATK.

The unitless damping tensor can be obtained as

# Unitless damping tensor.
alpha_tensor = gilbert_damping.alpha()

When the magnetic moment is oriented along the 𝑧-direction as will usually be the case, the quantity of interest will
often be calculated from the torque operator ⟨𝜓𝑖𝑘| [𝜎−, 𝐻𝑆𝑂] |𝜓𝑗𝑘⟩, where 𝜎− = 𝜎𝑥 − 𝑖𝜎𝑦 . This corresponds to the
sum of the tensor elements 𝛼 = 𝛼𝑥𝑥 + 𝛼𝑦𝑦 This number is obtained for each value of the broadening as

# Sum of xx and yy components of the dimensionless damping tensor.
alpha = gilbert_damping.dampingConstant()

The relation between the unitless damping tensor and the physical damping rate in units of inverse time is:

𝜆 = 𝛾𝑀𝜇0𝛼

where the gyro-magnetic ratio is 𝛾 = 𝑔𝜇𝐵/~ and the magnetization 𝑀 = 𝑚
𝑉 is the magnetic moment divided by unit

cell volume. 𝜇0 is the vacuum permeability and 𝜇𝐵 is the Bohr magneton.

The damping rate in units of inverse time is obtained as

1 K. Gilmore, Y. U. Idzerda, and M. D. Stiles. Identification of the dominant precession-damping mechanism in fe, co, and ni
by first-principles calculations. Phys. Rev. Lett., 99:027204, Jul 2007. URL: https://link.aps.org/doi/10.1103/PhysRevLett.99.027204,
doi:10.1103/PhysRevLett.99.027204.

2 D Thonig and J Henk. Gilbert damping tensor within the breathing fermi surface model: anisotropy and non-locality. New Journal of Physics,
16(1):013032, jan 2014. doi:10.1088/1367-2630/16/1/013032.

3 Danny Thonig, Yaroslav Kvashnin, Olle Eriksson, and Manuel Pereiro. Nonlocal gilbert damping tensor within the torque-torque
correlation model. Phys. Rev. Materials, 2:013801, Jan 2018. URL: https://link.aps.org/doi/10.1103/PhysRevMaterials.2.013801,
doi:10.1103/PhysRevMaterials.2.013801.
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# Damping rate tensor in units of inverse time
damping_rate_tensor = gilbert_damping.dampingRateTensor()

# Sum of xx and yy components of the damping rate tensor.
damping_rate = gilbert_damping.dampingRate()

The life-time broadening, Λ

The life-time broadening Λ can in principle have several origins such as electron-phonon scattering, impurity scattering
or alloy scattering. It is often assumed that the electron-phonon coupling is the dominant scattering mechanism, at least
at temperatures 𝑇 ≫ 0𝐾. In QuantumATK it is possible to calculate the scattering rate, or inverse life time, due to
electron phonon coupling. See the ElectronPhononCoupling object for more information.

GrainBoundaryGenerator

class GrainBoundaryGenerator(rotation_axis, rotation_angle, sigma, boundary_plane,
minimum_electrode_length=None, buffer_layer=None,
overlap_distance=None, reduce_by_symmetry=True)

Template for generating grain boundaries.

Parameters

• rotation_axis (array of ints) – The rotation axis to use.

• rotation_angle (PhysicalQuantity of type angle) – The rotation angle to use.

• sigma (int) – The sigma to use.

• boundary_plane (array of ints) – The boundary plane.

• minimum_electrode_length (PhysicalQuantity of type length) – The minimum length
of the electrode extension. Default: 0.0*Angstrom.

• buffer_layer (PhysicalQuantity of type length) – The minimum distance from the grain
boundary to the electrode extension. Default: 0.0*Angstrom.

• overlap_distance (PhysicalQuantity of type length) – The distance where atoms
should be considered overlapping. Default: 0.0*Angstrom.

• reduce_by_symmetry (bool) – Reduce the size using symmetries. If False, the cross
section will always be rectangular. Default: True.

boundaryPlane()

Returns
The boundary plane.

Return type
array of ints

bufferLayer()

Returns
The minimum distance from the grain boundary to the electrode extension.
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Return type
PhysicalQuantity of type length

bulkConfiguration(bulk_configuration, repeats=None, center_only=True, origin_index=None)
Generate grain boundary configuration.

Parameters

• bulk_configuration (BulkConfiguration) – The pristine structure to use.

• repeats (array of ints) – How to repeat the grain boundary. Default: [1, 1,
1].

• center_only (bool) – True, if atoms should only be removed at the central grain
boundary. Default: True.

• origin_index (int) – The atom to be used as the coincident site when creating the
grain boundary.

Returns
The generated configuration with the grain boundary.

Return type
BulkConfiguration

deviceConfiguration(bulk_configuration, origin_index=None)
Generate device configuration with grain boundary.

Parameters

• bulk_configuration (BulkConfiguration) – The pristine structure to use.

• origin_index (int) – The atom to be used as the coincident site when creating the
grain boundary.

Returns
The generated device.

Return type
DeviceConfiguration

minimumElectrodeLength()

Returns
The minimum length of the electrode extension.

Return type
PhysicalQuantity of type length

overlapDistance()

Returns
The distance where atoms should be considered overlapping.

Return type
PhysicalQuantity of type length

reduceBySymmetry()

Returns
Boolean determining if the structure should be reduced in size using symmetries.

Return type
bool
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rotationAngle()

Returns
The rotation angle to use.

Return type
PhysicalQuantity of type angle

rotationAxis()

Returns
The rotation axis to use.

Return type
array of ints

sigma()

Returns
The sigma to use.

Return type
int

static sigmaOptions(rotation_axis, max_sigma=99)
Get the sigma and rotation angle options for a specified rotation axis.

Parameters

• rotation_axis (array of ints) – The rotation axis to use.

• max_sigma (int) – The upper limit of sigma to return.

Returns
The supported sigmas and angles.

Return type
list of tuples

title()

Returns
The title representation of the grain boundary generator.

Return type
str

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Generate three examples using tausonite as the input configuration:

• configuration_1: A grain boundary in a BulkConfiguration, with strontium as the origin_index atom,

• configuration_2 :A grain boundary in a BulkConfiguration, with titanium as the origin_index atom.

• configuration_3 :A grain boundary in a DeviceConfiguration, with strontium as the origin_index atom.
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# Set up a Tausonite configuration.
fractional_coordinates = [[ 0.5, 0.5, 0.5],

[ 0. , 0. , 0. ],
[ 0.5, 0. , 0. ],
[ 0. , 0.5, 0. ],
[ 0. , 0. , 0.5]]

bulk_configuration = BulkConfiguration(
bravais_lattice=SimpleCubic(3.90528 * Angstrom),
elements=[Strontium, Titanium, Oxygen, Oxygen, Oxygen],
fractional_coordinates=fractional_coordinates

)

# Instantiate a generator for BulkConfiguration.
generator = GrainBoundaryGenerator(

rotation_axis=[0, 0, 1],
rotation_angle=36.8698976458 * Degrees,
sigma=5,
boundary_plane=[-2, -1, 0],
overlap_distance=0.5 * Angstrom,
reduce_by_symmetry=True,

)

# Generate a grain boundary in a BulkConfiguration, with strontium as the origin_index␣
→˓atom.
configuration_1 = generator.bulkConfiguration(

bulk_configuration,
repeats=[1, 1, 1],
origin_index=0

)

# Generate a grain boundary in a BulkConfiguration, with titanium as the origin_index␣
→˓atom.
configuration_2 = generator.bulkConfiguration(

bulk_configuration,
repeats=[1, 1, 1],
origin_index=1

)

# Instantiate a generator for DeviceConfiguration.
generator = GrainBoundaryGenerator(

rotation_axis=[0, 0, 1],
rotation_angle=36.8698976458 * Degrees,
sigma=5,
boundary_plane=[-2, -1, 0],
minimum_electrode_length=5.0 * Angstrom,
buffer_layer=5.0 * Angstrom,
overlap_distance=0.5 * Angstrom,
reduce_by_symmetry=True,

)

# Generate a grain boundary in a DeviceConfiguration, with strontium as the origin_index␣
→˓atom.

(continues on next page)
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(continued from previous page)

configuration_3 = generator.deviceConfiguration(
bulk_configuration,
origin_index=0

)

grain_boundary_generator.py

Fig. 4.19: Atom color legend: green - strontium, grey - titanium, red - oxygen. a) The input configuration, b) configu-
ration_1, c) configuration_2, and d) configuration_3. The arrows indicate the grain boundary in figures b)-d).

GreensFunction

class GreensFunction(processes_per_contour_point=None)

The
block
tridi-
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in-
ver-
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ple
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Parameters
processes_per_contour_point (int) – The number of processes used to calculate each
contour point. Must be positive. The best performance is obtained when set to 1. Increasing
the number of processes per contour point reduces the required memory. Default: 1

processesPerContourPoint()

Returns
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The processes per contour point

Return type
int

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Setup a device calculation that computes the Green’s function and lesser Green’s function via block tridiagonal inversion
using 2 MPI processes for each contour point.

greens_function_method = GreensFunction(
processes_per_contour_point=2)
device_algorithm_parameters = DeviceAlgorithmParameters(

equilibrium_method = greens_function_method,
non_equilibrium_method = greens_function_method,
)

calculator = DeviceHuckelCalculator(
device_algorithm_parameters = device_algorithm_parameters,
)

Notes

The method implements the 𝒪(𝑁) block tridiagonal inversion algorithm1.

GridData

class GridData(values, axes, display=None)
GridData contains a grid of arbitrary data spanned over a number of axes.

The simplest case is a one-dimensional grid data of scalar quantities:

GridData(values=[1, 2, 3, 4], axes=[0.1, 0.2, 0.3, 0.4])

It also supports PhysicalQuantity as data and it can handle multiple dimensions:

GridData(
values=[[1, 2, 3], [4, 5, 6]] * eV,
axes=[

[0.1, 0.2] * Angstrom,
[0.4, 0.5, 0.6] * Degrees

]
)

The values and the axes can also be given names to easily distinguish them:
1 D. E. Petersen, H. H. B. Sørensen, P. C. Hansen, S. Skelboe, and K. Stokbro. Block tridiagonal matrix inversion and fast transmission calcula-

tions. J. Comput. Phys., 227(6):3174–3190, 2008. doi:10.1016/j.jcp.2007.11.035.

4.13. Full QuantumATK package 1139

https://doi.org/10.1016/j.jcp.2007.11.035


QuantumATK V-2023.12 Documentation

GridData(
values=('Energy', [[1, 2, 3], [4, 5, 6]] * eV),
axes=[

('Distance', [0.1, 0.2] * Angstrom),
('Angles', [0.4, 0.5, 0.6] * Degrees)

]
)

The names can be used for visualization as well as grid operations, see the grid() method for additional infor-
mation.

A default visualization for the grid data can be specified through the optional display option, see the
setDisplay() method.

Parameters

• values (sequence of named values) – The (optionally named) grid values at each
data point.

• axes (sequence of named axes) – The (optionally named) axes.

• display (dict) – Optional default display options.

axes()

The grid axes.

Returns
The grid axes.

Return type
tuple of PhysicalQuantity

axesNames()

The axes names.

Returns
The axes names.

Return type
tuple of str

axis(name=None)
Retrieve the named axis.

Parameters
name (str | NoneType) – The name of the axis to retrieve.

Returns
The named axis.

Return type
PhysicalQuantity

display()

The default display option.

Returns
The default display options.

Return type
dict | NoneType
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classmethod fromPoints(values, points, display=None)
Create GridData from points.

Parameters

• values (sequence of values) – The values.

• points (sequence of sequence of axis values) – The points.

• display (NoneType | dict) – The optional default display options.

Returns
The created GridData.

Return type
GridData

classmethod fromSequence(values, axes, display=None)
Create GridData from sequences of values by using the axes to reshape it.

Parameters

• values (sequence of named values) – The (optionally named) grid values at
each data point.

• axes (sequence of named axes) – The (optionally named) axes.

• display (NoneType | dict) – The optional default display options.

Returns
The created GridData.

Return type
GridData

grid(names=None, averages=None, sums=None)
Create a reduced grid by performing averages or sums along several axes.

Averaging over an axis named Angle can then be done by calling:

averaged_data = data.grid(averages=('Angle'))

Or similarly, summing over the axes Distance and Angle:

summed_data = data.grid(sums=('Distance', 'Angle'))

Parameters

• names (tuple of str) – The named values to include.

• averages (tuple of str) – The names of axes to average over.

• sums (tuple of str) – The names of axes to sum over.

Returns
The reduced grid.

Return type
GridData
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names()

The names of the values.

Returns
The names of the values.

Return type
tuple of str

nlinfo()

Returns
Structured information about the GridData.

Return type
dict

nlprint(stream)

Print a string containing an ASCII description of the GridData.

Parameters
stream (file-like) – The stream to write to. This should be an object that supports
strings being written to it using a write method.

setDisplay(value=None, x=None, y=None, averages=None, sums=None)
Set the default display options.

In case of a grid with two axes, the display could be a line, averaged over one of them:

data.setDisplay(x='NameAxis1', averages=('NameAxis2'))

See the grid() method for additional information.

Parameters

• value (str) – The name of the value to display.

• x (str) – The name of the axis to consider as x axis.

• y (str) – The name of the axis to consider as y axis.

• averages (tuple of str) – The names of the axes to average over.

• sums (tuple of str) – The names of the axes to sum over.

uniqueString()

Return a unique string representing the state of the object.

value(name=None)
Retrieve the named value.

Parameters
name (str | NoneType) – The name of the value to retrieve.

Returns
The named value.

Return type
PhysicalQuantity
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values()

The values.

Returns
The values.

Return type
tuple of PhysicalQuantity

Usage Examples

Here is a short overview over the different ways to use the GridData class. The simplest case is a one-dimensional grid
data:

GridData(values=[1, 2, 3, 4], axes=[0.1, 0.2, 0.3, 0.4])

It also supports PhysicalQuantity and the fromSequence() constructor can reshape the values array automatically
based on the provided axes:

GridData.fromSequence(
values=[1, 2, 3, 4, 5, 6],
axes=[

[0.1, 0.2] * Angstrom,
[0.4, 0.5, 0.6] * Degrees

]
)

The grid can scale up to multiple values and dimension, names can be used to easily identify each of them:

GridData(
values=[

('Energy', [[1, 2, 3], [4, 5, 6]] * eV),
('Temperature', [[200, 300, 400], [250, 350, 450]] * Kelvin)

],
axes=[

('Distance', [0.1, 0.2] * Angstrom),
('Angle', [0.4, 0.5, 0.6] * Degrees)

]
)

The names can be used for visualization as well as grid operations. Averaging over all angles can then be done by
calling:

averaged_data = data.grid(averages=('Angle'))

Or similarly, summing over all distances,

summed_data = data.grid(sums=('Distance'))
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Quick example - Total energy of diatomic molecules

In the following ATKPython example script, we compute the total energy of several diatomic molecules, for different
atomic numbers and bond lengths. They can then be saved as values on a two-dimensional grid.

atomic_numbers_dict = {
Hydrogen: 1,
Nitrogen: 7,
Oxygen: 8,
Fluorine: 9,
Chlorine: 17

}

bond_lenghts = [0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0]

total_energies = []
atomic_numbers = []

for element in atomic_numbers_dict:
molecule = MoleculeConfiguration(

elements=[element, element],
cartesian_coordinates=[[0, 0, 0], [1, 0, 0]] * Angstrom,
padding_length=5 * Angstrom

)
molecule.setCalculator(LCAOCalculator())
atomic_numbers.append(atomic_numbers_dict[element])

for bond_lenght in bond_lenghts:
molecule.setCartesianCoordinates(

[[bond_lenght, 0, 0]] * Angstrom,
indices=[1]

)
total_energy = TotalEnergy(molecule)
total_energies.append(total_energy.evaluate())

grid = GridData.fromSequence(
values=('Total energy', total_energies),
axes=[

('Atomic number', atomic_numbers),
('Bond lenght', bond_lenghts),

]
)

grid_data.py
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Realistic example - Sputtering yield of a surface process

A more realistic example could be a study of the sputtering yield using SurfaceProcessSimulation. However this script
will take significantly longer to execute, compared to the previous one. Also, the purpose of these scripts is only to
document the GridData class, not to show solutions to real case studies.

This script simulates the shooting of an argon atom to a silicon surface, with different kinetic energies and incident
angles; finally, it repeats each event 5 times. The following code snippet contains the section of the script that creates
the GridData object, the entire script is available for download below.

sputtering_yield = [item.sputteringYield() for item in iteration_items]

grid_data = GridData.fromSequence(
values=(

('Sputtering yield', sputtering_yield)
),
axes=(

('Energy', energies),
('Angle', angles),
('Repeat', repeats)

),
display={

'x': 'Energy',
'y': 'Angle',
'averages': ('Repeat',)

}
)

multi_sps.py

The sputtering yield is saved on a grid, with the incident angles and energies on two of the axes, the last axis is defined
by the repeats and is averaged over by the default display option. The data can be visualized with a contour plot.
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GridSampling

class GridSampling(na, nb=None, nc=None)
Class for representing the grid sampling for real space grids.

The constructor takes the number of grid points in the three unitcell directions.

Parameters

• na (int) – Number of grid points to use along the primitive direction a. Must be larger
than 3.

• nb (int) – Number of grid points to use along the primitive direction b. Must be larger
than 3. Default: The value of na

• nc (int) – Number of grid points to use along the primitive direction c. Must be larger
than 3. Default: The value of na

nA()

Returns
The sampling along the direction of unit cell vector a.

Return type
int

nB()
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Returns
The sampling along the direction of unit cell vector b.

Return type
int

nC()

Returns
The sampling along the direction of unit cell vector c.

Return type
int

sampling()

Returns
The grid sampling data as a tuple of three integers.

Return type
tuple of int

setNA(value)
Set the sampling in the direction parallel to unit vector a to a specified value.

Parameters
value (int) – The value to set the a sampling to. Must be larger than 3.

setNB(value)
Set the sampling in the direction parallel to unit vector b to a specified value.

Parameters
value (int) – The value to set the b sampling to. Must be larger than 3.

setNC(value)
Set the sampling in the direction parallel to unit vector c to a specified value.

Parameters
value (int) – The value to set the c sampling to. Must be larger than 3.

setSampling(sampling)
Set the sampling in all directions to a specified value.

Parameters
sampling (int | tuple of int) – The number of grid points in the three unitcell di-
rections as a tuple of three integers larger than 3. If a single number is given, it is used for
all three directions.

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Use GridSampling to set density mesh cutoff.

numerical_accuracy_parameters=NumericalAccuracyParameters(
density_mesh_cutoff=GridSampling(30,32,31),
)

Use uniform GridSampling

# Set same grid sampling in each direction.
numerical_accuracy_parameters=NumericalAccuracyParameters(

density_mesh_cutoff=GridSampling(30),
)

GridValues

class GridValues(data=None, unit=None, spin=None, spin_type=None, up_component_is_sum=None)
Constructor - for internal use.

Parameters

• data (NLEngine.RealGrid3D | NLEngine.ComplexGrid3D) – The underlying back-
engine grid.

• unit (PhysicalQuantity) – The unit of the quantity stored on the grid.

• spin (Spin.All | Spin.Up | Spin.Down | Spin.RealUpDown | Spin.ImagUpDown |
Spin.X | Spin.Y | Spin.Z | Spin.Sum) – The spin component. Default: Spin.All

• spin_type (NLEngine.UNPOLARIZED | NLEngine.POLARIZED | NLEngine.
NONCOLLINEAR) – The spin type of the GridValues object. Default: NLEngine.
UNPOLARIZED

• up_component_is_sum (bool) – In the case that spin_type is UNPOLARIZED, Grid-
Values always assumes that the given data grid is the Spin.Sum grid. This flag determines
how the Spin.Up/Spin.Down components are extracted from that grid.

If this flag is true, the GridValues assumes the Spin.Up component is identical to the
Spin.Sum component (as is e.g. the case for potential-type GridValues). As a result, a
spin projection to Spin.Up or Spin.Down will return the originally given Spin.Sum data
unchanged.

If the flag is False, the Spin.Sum data will be divided by two when projecting to Spin.up
or Spin.Down (as is the case for density-type GridValues).

No effect if spin_type is not UNPOLARIZED.

Default: False

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

1148 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length.) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length.) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length.) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down |
Spin.RealUpDown | Spin.ImagUpDown) – The spin component to project on. De-
fault: The spin that the object was constructed with.

Returns
The gradient at the specified point for the given spin. An error is raised, if the underlying
data does not contain the spin projection of the requested type. In case that Spin.All is
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used, a tuple with (Spin.Sum, Spin.X, Spin.Y, Spin.Z) components is returned. Note
that in the spin unpolarized case the Spin.X, Spin.Y and Spin.Z entries are zero, and for
the spin polarized case the Spin.X and Spin.Y are zero.

Return type
PhysicalQuantity

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down |
Spin.RealUpDown | Spin.ImagUpDown) – The spin component to project on. De-
fault: The spin that the object was constructed with.

Returns
The value at the specified point for the given spin. An error is raised, if the underlying
data does not spin projection of the requested type. In case Spin.All is used, a tuple
with (Spin.Sum, Spin.X, Spin.Y, Spin.Z) components is returned. Note that in the
spin unpolarized case the Spin.X, Spin.Y and Spin.Z entries are zero, and for the spin
polarized case the Spin.X and Spin.Y are zero.

Return type
PhysicalQuantity

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.
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metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – The spin component to project on. Default: The
spin the object was created with. If the spin was Spin.All, Spin.Sum will be used for
the projection.

Returns
A new GridValues object for the specified spin.

Return type
GridValues
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toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

We distinguish between three types of spin treatment: Unpolarized, polarized and non-collinear. In the spin-unpolarized
calculations we have no explicit treatment of spin and we assign the same values to the Spin.Up and Spin.Down
projections. In spin-polarized calculation we treat spin in a collinear fashion and we distinguish between Spin.Up and
Spin.Down components. Using the up and down components, the projection in z-direction can be computed, which
can be accessed with Spin.Z. In the case of non-collinear calculations, we have spinors as solutions, and the spin is
no longer aligned along a quantization axis. Non-collinear grid data can have four parts, up(-up), down(-down), the
real part of up-down, and the imaginary part of up-down, accessible with the spin projections Spin.Up, Spin.Down,
Spin.RealUpDown and Spin.ImagUpDown. Using these four components, the spin projection along the x-, y-, and
z-direction can be computed. They can be retrieved using Spin.X, Spin.Y, and Spin.Z. For all three spin-types the
Spin.All and Spin.Sum is supported.

Polarized example:

# Extract spin components from electron density.
spin_up = electron_density.spinProjection(spin=Spin.Up)
spin_down = electron_density.spinProjection(spin=Spin.Down)
spin_sum = electron_density.spinProjection(spin=Spin.Sum)

# Get data as numpy arrays.
up = spin_up.toArray()
down = spin_down.toArray()

(continues on next page)
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(continued from previous page)

sums = spin_sum.toArray()

# Print the total electron density for each component.
print "Up ", (up).sum()
print "Down ", (down).sum()
print
print "Up + Down", (up + down).sum()
print "Sum ", (sums).sum()

The GridValues constructor is made for internal use. Constructing a generic grid must be done using the
gridValues() function:

# Setup generic grid values object with random data.
data = numpy.random.random([30, 30, 30]) * Angstrom**-3
cell = SimpleCubic(4.0*Angstrom)
grid_values = gridValues(data, cell)

Notes

The following classes inherit from the GridValues object:

• BlochState

• CurrentDensity

• EffectivePotential

• Eigenstate

• ElectronDensity

• ElectronDifferenceDensity

• ElectronLocalizationFunction

• ElectrostaticDifferencePotential

• ElectrostaticPotential

• ExchangeCorrelationPotential

• ExternalPotential

• HartreeDifferencePotential

• HartreePotential

• LocalDeviceDensityOfStates

• STM

• TransmissionEigenstate
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GrimmeDFTD2

class GrimmeDFTD2(global_scale_factor=None, damping_factor=None, maximum_neighbour_distance=None,
element_parameters=None)

Class for determining the Grimme DFT-D2 dispersion correction of the energy, forces, and stress.

Parameters

• global_scale_factor (float) – The global scale factor of the DFT functional. De-
fault: 0.75

• damping_factor (float) – The damping factor. Default: 20.0

• maximum_neighbour_distance (PhysicalQuantity of type length.) – The max interac-
tion distance to consider. Default: 30.0 * Angstrom

• element_parameters (dict) – Parameter for updating R0 and C6 values for specific el-
ements. This should be given as a dictionary mapping PeriodicTableElement objects
to tuples of R0 and C6 parameters. Default: No elements are updated.

dampingFactor()

Returns
The damping factor.

Return type
float

elementParameters()

This method gets the element parameters as a dictionary mapping PeriodicTableElement objects to
tuples of R0 and C6 parameters.

Returns
The element parameters.

Return type
dict

globalScaleFactor()

Returns
The global scale factor.

Return type
float

maximumNeighbourDistance()

Returns
The maximum neighbour distance.

Return type
PhysicalQuantity of type length

setDampingFactor(damping_factor)
Set the damping factor.

Parameters
damping_factor (float) – Set the damping factor.
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setElementParameters(element_parameters)
Set parameters R0 and C6 values for specific elements. This should be given as a dictionary mapping
PeriodicTableElement objects to tuples of R0 and C6 parameters.

Parameters
element_parameters (dict) – Set the element parameters.

setGlobalScaleFactor(global_scale_factor)
Set the global scale factor.

Parameters
global_scale_factor (float) – Set the global scale factor.

setMaximumNeighbourDistance(maximum_neighbour_distance)
Set maximum neighbour distance.

Parameters
maximum_neighbour_distance (PhysicalQuantity of type length) – Set maximum
neighbour distance.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Extend an LCAOCalculator with the DFT-D2 semiempirical dispersion correction by Grimme1:

# Grimme DFTD2
# Change/update R0 and C6 for Silicon
correction_extension = GrimmeDFTD2(

global_scale_factor=0.75,
damping_factor=20.0,
maximum_neighbour_distance=30.0*Ang,
element_parameters={

Silicon: [1.716*Ang, 9.23*J*nm**6/mol],
},

)
# Apply correction to calculator
calculator = LCAOCalculator(correction_extension=correction_extension)

Notes

Recommended values of the global_scale_factor (𝑠6) for standard GGA functionals available in the ATK-DFT
package: 0.75 (PBE), 1.2 (BLYP), 1.05 (BP86). More can be found in the original publicationPage 1155, 1.

1 S. Grimme. Semiempirical GGA-type density functional constructed with a long-range dispersion correction. J. Comput. Chem.,
27(15):1787–1799, 2006. doi:10.1002/jcc.20495.
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GrimmeDFTD3

class GrimmeDFTD3(global_scale_factor_6=None, damping_factor_6=None, global_scale_factor_8=None,
damping_factor_8=None, maximum_neighbour_distance=None,
include_three_body_term=None, exchange_correlation=None)

Class for determining the Grimme DFT-D3 dispersion correction of the energy, forces, and stress.

Parameters

• global_scale_factor_6 (float) – The global scale factor for the 6th order pole. De-
fault: Selected based on the exchange-correlation functional.

• damping_factor_6 (float) – The damping factor for the 6th order pole. Default: Se-
lected based on the exchange-correlation functional.

• global_scale_factor_8 (float) – The global scale factor for the 8th order pole. De-
fault: Selected based on the exchange-correlation functional.

• damping_factor_8 (float) – The damping factor for the 8th order pole. Default: Se-
lected based on the exchange-correlation functional.

• maximum_neighbour_distance (PhysicalQuantity of type length) – The maximum in-
teraction distance to consider. Default: 30.0 * Angstrom

• include_three_body_term (bool) – If True, the three-body term is included. Default:
False

• exchange_correlation (ExchangeCorrelation) – The exchange-correlation func-
tional for selecting the Grimme DFT-D3 parameters. Should be one of GGA.BLYP,
SGGA.BLYP, NCGGA.BLYP, SOGGA.BLYP, GGA.PBE, SGGA.PBE, NCGGA.PBE, SOGGA.PBE,
GGA.RPBE, SGGA.RPBE, NCGGA.RPBE, SOGGA.RPBE, HybridGGA.HSE06, HybridSGGA.
HSE06, HybridNCGGA.HSE06, HybridSOGGA.HSE06, HybridGGA.PBE0, HybridSGGA.
PBE0, HybridNCGGA.PBE0, HybridSOGGA.PBE0, HybridGGA.B3LYP, HybridSGGA.
B3LYP, HybridNCGGA.B3LYP or HybridSOGGA.B3LYP. Default: GGA.PBE

dampingFactor6()

Returns
The damping factor for the 6th order pole.

Return type
float

dampingFactor8()

Returns
The damping factor for the 8th order pole.

Return type
float

exchangeCorrelation()

Returns
The exchange-correlation functional for selecting default Grimme DFT-D3 parameters.

Return type
ExchangeCorrelation
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globalScaleFactor6()

Returns
The global scale factor for the 6th order pole.

Return type
float

globalScaleFactor8()

Returns
The global scale factor for the 8th order pole.

Return type
float

includeThreeBodyTerm()

Returns
If True, the three-body term is included.

Return type
bool

maximumNeighbourDistance()

Returns
The neighbour cut off distance.

Return type
PhysicalQuantity of type length

setDampingFactor6(damping_factor)
Set the damping factor for the 6th order pole.

Parameters
damping_factor (float) – The damping factor for the 6th order pole.

setDampingFactor8(damping_factor)
Set the damping factor for the 8th order pole.

Parameters
damping_factor (float) – The damping factor for the 8th order pole.

setMaximumNeighbourDistance(maximum_neighbour_distance)
Set the neighbour cut off distance.

Parameters
maximum_neighbour_distance (PhysicalQuantity of type length) – The neighbour cut
off distance.

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Extend an LCAOCalculator with the DFT-D3 semiempirical dispersion correction by Grimme an co-workers1:

# Grimme DFT-D3
correction_extension = GrimmeDFTD3(exchange_correlation=GGA.RPBE)

# Apply correction to calculator
calculator = LCAOCalculator(

exchange_correlation=GGA.RPBE,
correction_extension=correction_extension,
)

# Grimme DFT-D3. Note that we disable the three-body
# term since it's computationally very expensive.
correction_extension = GrimmeDFTD3(

include_three_body_term=False,
exchange_correlation=GGA.RPBE,
)

# Apply correction to calculator
calculator = LCAOCalculator(

exchange_correlation=GGA.RPBE,
correction_extension=correction_extension,
)

Notes

The default scaling and damping parameters used by the GrimmeDFTD3 object are those optimized for the exchange-
correlation functional given to the object, see Table 4.14. For PBE, BLYP, and rPBE, the appropriate parameters are
automatically set. For other functionals, the scaling and damping parameters should be manually specified.

Attention: The DFT-D3 method contains both two-body and three-body terms. The three-body term can be
prohibitively expensive to compute for bulk systems, although it typically contributes no more than 5–10% of the
total dispersion energy. It is therefore disabled by default. Note also that the calculation of forces and stress can be
computationally very expensive with the DFT-D3 method, even if the three-body term has been disabled. Therefore,
for such calculations it is recommended to use the GrimmeDFTD2 method instead.

1 S. Grimme, J. Antony, S. Ehrlich, and H. Krieg. A consistent and accurate ab initio parametrization of density functional dispersion correction
(DFT-D) for the 94 elements H-Pu. J. Chem. Phys., 2010. doi:10.1063/1.3382344.
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Table 4.14: Scaling parameters 𝑠6 and 𝑠8, and damping parameters 𝑑6
and 𝑑8, for the DFT-D3 method.

Func-
tional

scal-
ing_parameter_6

damp-
ing_parameter_6

scal-
ing_parameter_8

damp-
ing_parameter_8

PBE 1.0 1.217 0.7220 1.0
BLYP 1.0 1.094 1.6820 1.0
revPBE 1.0 0.923 1.0100 1.0
PBEsol 1.0 1.345 0.6120 1.0
rPBE 1.0 0.872 0.5140 1.0
B3LYP 1.0 1.261 1.7030 1.0
PBE0 1.0 1.287 0.9280 1.0

HSECustomExchangeCorrelation

class HSECustomExchangeCorrelation(screening_length=PhysicalQuantity(0.11, 1 / Bohr),
exx_fraction=0.25, number_of_spins=1, spin_orbit=None)

Initialize the base object with the correct number of spins, and with the only Exchange and Correlation currently
allowed for this class, i.e. the HSE ones.

Parameters

• screening_length (float PhysicalQuantity of type inverse length) – The screening
length defined for the coulomb kernel. Default: The HSE06 value of 0.11 * Bohr**-1

• exx_fraction (float) – The fraction of exact exchange to be added in with the PBE
exchange Default: The HSE06 value of 0.25

• number_of_spins (1 | 2) – The number of spins to be used in the calculation. Default:
1

• spin_orbit (bool) – If True spin-orbit coupling is considered. Default: False

cParameter(grid_descriptor=None)
return the param C.

Parameters
grid_descriptor (NLEngine.GridDescriptor) – The grid descriptor.

cloneAsPolarized()

Create a new functional with all the same settings, but polarized spin.

cloneAsSpinOrbit()

Create a new functional with all the same settings, but with Spin-Orbit coupling included.

correlation()

Returns
The correlation functional class

Return type
Correlation
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defaultExactExchangeFraction()

Returns
The default exact exchange fraction that is mixed in with PBE exchange.

Return type
float

defaultScreeningLength()

Returns
The default screening length defined for the coulomb kernel.

Return type
PhysicalQuantity of type inverse length

densityCheckThreshold()

Returns
The density safe guard.

Return type
float

dftHalfEnabled()

Returns
Whether DFT-1/2 is enabled.

Type
bool

dielectricDependentHybridFunctional()

Returns
True, then a dielectric dependent hybrid functional is used.

Return type
bool

dielectricDependentHybridParameters()

Returns
The dielectric dependent hybrid hybrid parameters.

Return type
list

exactExchangeFraction()

Returns
The part of exact exchange that is mixed in with PBE exchange.

Return type
float

exchange()

Returns
The exchange functional class

Return type
Exchange
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hubbardTerm()

Returns
The Hubbard term used.

Return type
Onsite | OnsiteShell | Dual | DualShell | None

maximumPotential()

Set maximum potential value allowed for the TB09. The value to use as the maximum allowed value for
the potential in points with density lower than threshold.

Returns
The density safe guard.

Return type
float

minimumPotential()

Set minimum potential value allowed for the TB09. The value to use as the minimum allowed value for
the potential in points with density lower than threshold.

Returns
The density safe guard.

Return type
float

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print a string representation of the ExchangeCorrelation instance.

Parameters
stream (A stream that supports strings being written to using write.) – The stream the
exchange-correlation should be written to. Default: sys.stdout

numberOfSpins()

Returns
The number of spins.

Return type
1 | 2 | 4

params()

Get the parameters

screeningLength()

Returns
The screening length defined for the coulomb kernel.

Return type
PhysicalQuantity of type inverse length

spinOrbit()

Returns
Boolean determining if spin-orbit is enabled (True) or not (False).

Return type
bool.
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spinType()

Returns
The spin type.

Return type
NLEngine.POLARIZED | NLEngine.NONCOLLINEAR | NLEngine.UNPOLARIZED

uniqueString()

Return a unique string representing the state of the object.

unscreenedExchange()

Whether the exchange functional in use is unscreened.

HTSTEvent

class HTSTEvent(neb, assumed_prefactor=None, minimum_displacement=None, finite_difference=None,
finite_difference_method=None, constraints=None, saddle_image_index=None,
spline_estimate=None, dynamical_matrix_log_filename_prefix=None,
dynamical_matrix_filename=None, dynamical_matrix_object_id_prefix=None,
dynamical_matrix_processes_per_displacement=None)

Calculate harmonic transition state theory (HTST) reaction rates using configurations from a
NudgedElasticBand object.

Parameters

• neb (NudgedElasticBand) – The nudged elastic band configuration to use.

• assumed_prefactor (PhysicalQuantity of type per Second) – A fixed value for the pref-
actors (both forward and reverse). If assumed_prefactor is None, then the vibrational
frequencies at the minima and saddle point will be calculated. Default: None.

• minimum_displacement (PhysicalQuantity of type length) – The minimum distance that
an atom must move during the reaction in order to be included in the prefactor calculation.
If an atom moves further than this distance, it and its neighbors will be included in the
dynamical matrix calculation that is needed for calculating the prefactor. Setting this
value to zero will include all degrees of freedom. Setting this value to a larger number
will reduce the amount of worked needed to calculate the prefactor, but will decrease
the accuracy. Note that this parameter is only used when assumed_prefactor is None.
Default: 0.05 * Angstrom.

• finite_difference (PhysicalQuantity of type length) – The finite difference step size
used when estimating the force constants. Default: 0.01*Angstrom.

• finite_difference_method (Central | Forward) – The finite difference method to
use when estimating the force constants needed to calculate the harmonic prefactor. De-
fault: Central.

• constraints ([type]) – [description].

• saddle_image_index (int) – The index of the image that is assumed to be the saddle
point. If saddle_image_index is None, then the image with the largest energy will be
chosen. Default: None.

• spline_estimate (bool) – Obtain a rough estimate of the prefactor using a spline to
obtain the vibrational frequency at the minimum in the direction of the saddle point. This
requires that the NEB configuration has either had its update method called or has already
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been optimized so that the energy and forces of each image are available. This option is
incompatible with assumed_prefactor. Default: False.

• dynamical_matrix_log_filename_prefix (str | LogToStdOut) – Prefix for the
filenames where the logging output for every displacement calculation is stored. The
filenames are formed by appending a number and the file extension (".log"). A value of
LogToStdOut means all logging will go to stdout. Default: "htst_".

• dynamical_matrix_filename (str | LogToStdOut) – Name of the file to save the
dynamical matrix. LogToStdOut if no file needed.

• dynamical_matrix_object_id_prefix (str) – The prefix of the object id to use when
saving. Default: "htst_".

• dynamical_matrix_processes_per_displacement (int | Automatic) – The
number of processes assigned to calculating a single displacement Default: 1 process
per displacement.

:param : [description]. :type : [type]

forwardBarrier()

Returns
The forward (reactant to product) barrier.

Return type
PhysicalQuantity of type energy

forwardPrefactor()

Returns
The forward (reactant to product) vibrational prefactor.

Return type
PhysicalQuantity of type per second

forwardRate(temperature)
Calculate the forward (reactant to product) reaction rate using HTST.

Parameters
temperature (PhysicalQuantity of type temperature) – The reaction temperature.

Returns
The forward reaction rate.

Return type
PhysicalQuantity of type per second

classmethod fromConfigurations(reactant_configuration, saddle_configuration, product_configuration,
assumed_prefactor=None,
minimum_displacement=PhysicalQuantity(0.05, Ang),
finite_difference=PhysicalQuantity(0.01, Ang),
finite_difference_method=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Central'>,
dynamical_matrix_log_filename_prefix='htst_',
dynamical_matrix_filename=None,
dynamical_matrix_object_id_prefix='htst_',
dynamical_matrix_processes_per_displacement=1)

This is an alternate constructor for this class that uses explicit configurations for the reactant minimum
configuration, saddle point configuration, and product minimum configuration as opposed to extracting
these configurations from a NudgedElasticBand object.
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Parameters

• reactant_configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration at the re-
actant/initial minimum.

• saddle_configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration at the sad-
dle point.

• product_configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration at the prod-
uct/final minimum.

• assumed_prefactor (PhysicalQuantity of type per Second) – A fixed value for the
prefactors (both forward and reverse). If assumed_prefactor is None, then the vi-
brational frequencies at the minima and saddle point will be calculated. Default: None

• minimum_displacement (PhysicalQuantity of type length) – The minimum distance
that an atom must move during the reaction in order to be included in the prefactor
calculation. If an atom moves further than this distance, it and its neighbors will be
included in the dynamical matrix calculation that is needed for calculating the pref-
actor. Setting this value to zero will include all degrees of freedom. Setting this
value to a larger number will reduce the amount of worked needed to calculate the
prefactor, but will decrease the accuracy. Note that this parameter is only used when
assumed_prefactor is None. Default: 0.05*Angstrom

• finite_difference (PhysicalQuantity of type length) – The finite difference step
size used when estimating the force constants. Default: 0.01*Angstrom

• finite_difference_method (Central | Forward) – The finite difference method
to use when estimating the force constants needed to calculate the harmonic prefactor.
Default: Central

• dynamical_matrix_log_filename_prefix (str | None) – Prefix for the file-
names where the logging output for every displacement calculation is stored. The
filenames are formed by appending a number and the file extension (“.log”). A value
of None means all logging will go to stdout. Default: "htst_"

• dynamical_matrix_object_id_prefix (str) – The prefix of the object id to use
when saving. Default: "htst_"

• dynamical_matrix_filename – Name of the file to save the dynamical matrix.
None if no file needed.

• dynamical_matrix_processes_per_displacement (int) – The number of pro-
cesses assigned to calculating a single displacement Default: 1 process per displace-
ment.

Type
str | None

static htstRate(barrier, temperature, prefactor)
Calculate the HTST reaction rate at the specified temperature.

Parameters

• barrier (PhysicalQuantity of type energy) – The energy barrier.

• temperature (PhysicalQuantity of type temperature) – The reaction temperature.
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• prefactor (PhysicalQuantity of type per second) – The harmonic prefactor (attempt
frequency).

Returns
The HTST reaction rate.

Return type
PhysicalQuantity of type per second

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The nlinfo.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

productConfiguration()

Returns
The product configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

productEnergy()

Returns
The energy of the product configuration.

Return type
PhysicalQuantity of type energy

productFrequencies()

Returns
The angular vibrational frequencies at the product configuration.

Return type
PhysicalQuantity of type radians per second

reactantConfiguration()

Returns
The reactant configuration.
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Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

reactantEnergy()

Returns
The energy of the reactant configuration.

Return type
PhysicalQuantity of type energy

reactantFrequencies()

Returns
The angular vibrational frequencies at the reactant configuration.

Return type
PhysicalQuantity of type radians per second

reverseBarrier()

Returns
The reverse (product to reactant) barrier.

Return type
PhysicalQuantity of type energy

reversePrefactor()

Returns
The reverse (product to reactant) vibrational prefactor.

Return type
PhysicalQuantity of type per second

reverseRate(temperature)
Calculate the reverse (product to reactant) reaction rate using HTST.

Parameters
temperature (PhysicalQuantity of type temperature) – The reaction temperature.

Returns
The reverse reaction rate.

Return type
PhysicalQuantity of type per second

saddleConfiguration()

Returns
The saddle configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

saddleEnergy()

Returns
The energy of the saddle configuration.
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Return type
PhysicalQuantity of type energy

saddleFrequencies()

Returns
The angular vibrational frequencies at the saddle configuration.

Return type
PhysicalQuantity of type radians per second

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Logging

If the dynamical matrix is calculated at the minima and saddle points, the output from the calculator for each dis-
placement is written to a separate file on the disk. By default, the displacements at the initial minimum will have
the pattern htst_reactant_displacement_%i.log where the %i is an integer representing the displacement num-
ber. The displacements and the saddle are named htst_saddle_displacement_%i.log and displacements at the
final minimum are named htst_product_displacement_%i.log. The prefix htst_ can be modified by changing
the dynamical_matrix_log_filename_prefix parameter. Alternatively, all file-based logging can be disabled by
setting dynamical_matrix_log_filename_prefix to None.

Notes

This class calculates reaction rates using harmonic transition state theory (HTST),

𝑘HTST =

∏︀3𝑁
𝑖 𝜈min

𝑖∏︀3𝑁−1
𝑖 𝜈‡𝑖

exp
[︀
−
(︀
𝐸‡ − 𝐸min

)︀
/𝑘B𝑇

]︀
,

where 𝑘HTST is the HTST reaction rate,𝑁 is the number of atoms, 𝜈min
𝑖 and 𝜈‡𝑖 are the positive normal mode frequen-

cies at the minimum and at the saddle point, 𝐸min 𝐸‡ are the energies at the minimum and at the saddle point, 𝑘B is
Boltzmann’s constant and 𝑇 is the temperature. The ratio of the product of the normal mode frequencies (the term in
front of the exponential) is called the prefactor or the attempt frequency.

Determining the prefactor is an expensive calculation. Formally, it requires calculating the eigenvalues of the dy-
namical matrix (without any repetitions) of the minima and of the saddle point. However, it can be approximated by
reducing the dimensionality of the system to include only those atoms that move between the minimum and saddle
point and their near neighbors. This approximation can be controlled using the minimum_displacement parameter.
The default value of is 0.05 Angstrom and typically estimates the prefactor to within 5-10% of the true value. Note
that the prefactor is temperature independent. This means that it only needs to be calculated once and then all calls to
forwardRate(temperature) and reverseRate(temperature) can compute the rate inexpensively.

When calculating the eigenvalues of the dynamical matrix, the finite_difference_method parameter controls the
order of the finite difference method used to compute the force constants. The finite_difference parameter controls
the step length. The Forward method uses a first order finite difference scheme that only needs one displacement per
degree of freedom, while the Central method uses a second order finite difference scheme that needs two displacements
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per degree of freedom, but is much more accurate. The central difference scheme is recommended when using DFT
due to numerical noise that arises from having a discrete grid.

Alternatively, one can disable the prefactor calculation entirely by passing a frequency using the assume_prefactor
parameter. In most systems, this value does not change significantly between different reactions and mostly depends
upon the mass of the atoms involved. For lighter elements (about the first three rows of the periodic table) the prefactor
is approximately 1013 s−1 while for heavier elements, it about 1012 s−1.

Lastly, there is a very crude way to estimate the prefactor by using a spline interpolation along the NEB reaction
coordinate to determine the vibrational frequency in the direction of the saddle point. This option is enabled by setting
spline_estimate to True. This very simple approach often gives a reasonable estimate of the prefactor, but is not
guaranteed to give any particular level of accuracy and should not be relied upon.

HTSTParameters

class HTSTParameters(assumed_prefactor=None, minimum_displacement=None, finite_difference=None,
finite_difference_method=None, spline_estimate=None,
dynamical_matrix_processes_per_displacement=1)

This class stores parameters for the HTSTEvent calculation.

Parameters

• assumed_prefactor (PhysicalQuantity of type per Second) – A fixed value for the pref-
actors (both forward and reverse). If assumed_prefactor is None, then the vibrational
frequencies at the minima and saddle point will be calculated. Default: None

• minimum_displacement (PhysicalQuantity of type length) – The minimum distance that
an atom must move during the reaction in order to be included in the prefactor calculation.
If an atom moves further than this distance, it and its neighbors will be included in the
dynamical matrix calculation that is needed for calculating the prefactor. Setting this
value to zero will include all degrees of freedom. Setting this value to a larger number
will reduce the amount of work needed to calculate the prefactor, but will decrease the
accuracy. Note that this parameter is only used when assumed_prefactor is None.
Default: 0.05 * Angstrom

• finite_difference (PhysicalQuantity of type length) – The finite difference step size
used when estimating the force constants needed to calculate the harmonic prefactor. De-
fault: 0.01*Angstrom

• finite_difference_method (Central | Forward) – The finite difference method to
use when estimating the force constants needed to calculate the harmonic prefactor. De-
fault: Central

• spline_estimate (bool) – Obtain a rough estimate of the prefactor using a spline to
obtain the vibrational frequency at the minimum in the direction of the saddle point. This
requires that the NEB configuration has either had its update method called or has already
been optimized so that the energy and forces of each image are available. This option is
incompatible with assumed_prefactor. Default: False

• dynamical_matrix_processes_per_displacement (int) – The number of pro-
cesses assigned to calculating a single displacement Default: 1 process per displacement.

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate harmonic transition state theory prefactors using forward finite differences
(finite_difference_method=Forward) with a small step length (finite_difference=1e-4*Angstrom)
and include all atoms in the dynamical matrix calculation (minimum_displacement=0.0*Angstrom).

htst_parameters = HTSTParameters(
finite_difference=1e-4*Angstrom,
finite_difference_method=Forward,
minimum_displacement=0.0*Angstrom,
)

parameters.py

Notes

These parameters are normally passed to the AdaptiveKineticMonteCarlo class. For more details on harmonic
transition state theory, see the HTSTEvent class.

HalgrenLipscomb

class HalgrenLipscomb(constraints=None)
Use the Halgren-Lipscomb method for interpolating images.

Parameters
constraints (list of ints) – List of atom indices that are kept fixed during interpolation.
Default: []

constraints()

Returns
The constrained atoms.

Return type
list of type int

uniqueString()

Return a unique string representing the state of the object.

HamiltonianDerivatives

class HamiltonianDerivatives(configuration, filename, object_id, repetitions=None,
atomic_displacement=None, constraints=None, use_equivalent_bulk=None,
constrain_electrodes=None, log_filename_prefix=None,
processes_per_displacement=None, use_wigner_seitz_scheme=None,
auxiliary_basis_set=None, compensate_fermi_level_shift=None)

Constructor for the HamiltonianDerivatives object.

Parameters
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• configuration (BulkConfiguration | MoleculeConfiguration |
DeviceConfiguration) – The configuration for which to calculate the Hamilto-
nian derivatives.

• filename (str) – The full or relative path to save the results to. See nlsave().

• object_id (str) – The object id to use when saving. See nlsave().

• repetitions (Automatic | list of ints) – The number of repetitions of the system in
the A, B, and C-directions given as a list of three positive integers, e.g. [3, 3, 3], or
Automatic. Each repetition value must be odd. Default: Automatic

• atomic_displacement (PhysicalQuantity of type length) – The distance the atoms are
displaced in the finite difference method. Default: 0.01 * Angstrom

• constraints (list of type int) – List of atomic indices that will be constrained,
e.g. [0, 2, 10]. Default: Empty list []

• use_equivalent_bulk (bool) – Control if a DeviceConfiguration should be treated
as a BulkConfiguration. Default: True

• constrain_electrodes (bool) – Control if the electrodes and electrode extensions
should be constrained in case of a DeviceConfiguration. Default: False

• log_filename_prefix (str or None) – Prefix for the filenames where the logging
output for every displacement calculation is stored. The filenames are formed by append-
ing a number and the file extension (“.log”). Default: "hamiltonian_displacement_"

• processes_per_displacement (int | ProcessesPerNode) – The number of processes
assigned to calculating a single displacement. Default: ProcessesPerNode

• use_wigner_seitz_scheme (bool) – Control if the real space Hamiltonian-
Derivative Matrix should be extended according to the Wigner Seitz construction.
use_wigner_seitz_scheme=True is only supported for simple orthorhombic, simple
tetragonal and simple cubic lattices. Default: False

• auxiliary_basis_set (list | tuple | BasisSet) – A different (typically smaller) basis
set to be used for evaluating the derivative of the effective potential. This auxiliary basis
set will be used in the self-consistent updates, and can potentially speed up the calcula-
tions significantly, although at the cost of accuracy. The Hamiltonian derivatives matrices
will be evaluated in the basis set on the calculator. This option is only available for LCAO-
Calculators. Default: None i.e. no auxiliary basis set is used.

• compensate_fermi_level_shift (bool) – If True, possible changes in the Fermi
level due to finite size effects are compensated, according to eq.17 in ref.1. This requires
the evaluation of the Fermi level for each displaced configuration. In the case of non-
selfconsistent semi-empirical calculations, setting it to False will give a large speedup.

Note: for LCAOCalculator this parameter is ignored, as the hamiltonian derivatives are
calculated differently, and it is not necessary to adjust for finite size effects. Default: True

atomicDisplacement()

Returns
The distance the atoms are displaced in the finite difference method.

Return type
PhysicalQuantity with length unit.

1 T. Frederiksen, M. Paulsson, M. Brandbyge, and A.-P. Jauho. Inelastic transport theory from first principles: methodology and application to
nanoscale devices. Phys. Rev. B, 75:205413, May 2007. doi:10.1103/PhysRevB.75.205413.
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auxiliaryBasisSet()

Returns
A different (typically smaller) basis set to be used for evaluating the derivative of the ef-
fective potential.

Return type
list | tuple | BasisSet

compensateFermiLevelShift()

Returns
Whether a change in Fermi level for displaced configurations should be compensated.

Return type
bool

constrainElectrodes()

Returns
Boolean determining if the electrodes and electrode extensions are constrained in case of
a DeviceConfiguration.

Return type
bool

constraints()

Returns
The list of constrained atoms.

Return type
list of int

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

filename()

Returns
The filename where the study object is stored.

Return type
str

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

nlinfo()

Returns
Structured information about the HamiltonianDerivatives.
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Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

processesPerDisplacement()

Returns
The number of processes per displacement.

Return type
int | ProcessesPerNode

repetitions()

Returns
The number of repetitions of the system in the A, B, and C-directions.

Return type
list of three int.

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

uniqueString()

Return a unique string representing the state of the object.
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update()

Run the calculations for the HamiltonianDerivatives study object.

useEquivalentBulk()

Returns
Boolean determining if a DeviceConfiguration is treated as a BulkConfiguration.

Return type
bool.

wignerSeitzScheme()

Returns
Boolean to control if the real space Dynamical Matrix should be extended according to the
Wigner-Seitz construction.

Return type
bool

Usage Examples

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

Calculate the Hamiltonian derivatives for a system repeated five times in the B direction and three times in the C
direction.

hamiltonian_derivatives = HamiltonianDerivatives(
configuration,
filename='HamiltonianDerivatives.hdf5',
object_id='hamiltonian_derivatives',
repetitions=(1,5,3),
)

hamiltonian_derivatives.update()

When using repetitions=Automatic, the cell is repeated such that all atoms within a pre-defined, element-pair
dependent interaction range are included.

hamiltonian_derivatives = HamiltonianDerivatives(
configuration,
filename='HamiltonianDerivatives.hdf5',
object_id='hamiltonian_derivatives',
repetitions=Automatic,
)

hamiltonian_derivatives.update()

The default number of repetitions i.e. repetitions=Automatic can be found before a calculation using the function
checkNumberOfRepetitions().

(nA, nB, nC) = checkNumberOfRepetitions(configuration)
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Notes

The Hamiltonian derivatives are calculated using the central finite difference method in a repeated cell constituting a
super cell. That is, the Hamiltonian derivatives are calculated for each atom in the central cell by displacing the atom
in the supercell and determining the Hamiltonian for two displacements from its original position along each of the
Cartesian directions. In DFT, the derivatives of the Hamiltonian �̂� can be expressed as the derivatives of the effective
potential 𝑉eff since the kinetic term does not contribute. Thus the Hamiltonian derivatives for the 𝑖 and 𝑗 basis functions
can be approximated as

⟨𝑖| 𝜕�̂�
𝜕𝑅𝐼,𝛼

|𝑗⟩ = ⟨𝑖| 𝜕𝑉eff

𝜕𝑅𝐼,𝛼
|𝑗⟩ ≈ ⟨𝑖|𝑉eff(𝑅𝐼,𝛼 + 𝛿) − 𝑉eff(𝑅𝐼,𝛼 − 𝛿)

2𝛿
|𝑗⟩,

where 𝑅𝐼,𝛼 is the 𝛼 cartesian coordinate for atom 𝐼 in the central unit cell, and 𝛿 is the atomic displacement. For
Slater-Koster calculators, the Hamiltonian derivatives are described by the on-site and off-site parameters and their
distance dependence, hence

⟨𝑖| 𝜕�̂�
𝜕𝑅𝐼,𝛼

|𝑗⟩ ≈ 𝜕

𝜕𝑅𝐼,𝛼

(︁
⟨𝑖|�̂�|𝑗⟩

)︁
≈ 𝐻𝑖𝑗(𝑅𝐼,𝛼 + 𝛿) −𝐻𝑖𝑗(𝑅𝐼,𝛼 − 𝛿)

2𝛿
.

Terminated HamiltonianDerivatives calculations can be resumed by re-running the same script or reading the study
object from file and calling update() on it. The study object will automatically detect which displacement calculations
have already been carried out and only run the calculations that are not yet completed.

Notes for DFT

When calculating the Hamiltonian derivatives both the number of sampled k-points for the super cell and repetitions in
the confined the directions must be 1. In the following the number of sampled k-points for the super cell and repetitions
in the non-confined directions will be adressed. To simplify things a system with only one non-confined direction will
be used, see Fig. 4.20 (a), but the relations for the one non-confined direction applies to all non-confined directions.
The bulk configuration in Fig. 4.20 (a) is converged in the total energy with respect to the number of k-points of
(1, 1, 𝑁C). The number of repetitions in the super cell in the non-confined direction, see Fig. 4.20 (b), is chosen large
enough such that the change in the effective potential d𝑉eff goes to zero at the boundaries of the super cell in the non-
confined directions for every atomic displacement, confer Fig. 4.20 (c). For this system five repetitions of the unit
cell in the confined direction is enough for the change in the effective potential to go to zero at the boundaries. The
recommended k-point sampling for the non-confined direction is the number of k-points in the non-confined direction
for the unit cell divided by the number of repetitions in the non-confined direction. The k-point sampling then becomes
(1, 1, 𝑁C

repetitions in C ) and in this particular case (1, 1, 𝑁C/5) .

Note: From QuantumATK-2019.03 onwards, the k-point sampling and density-mesh-cutoff will be automati-
cally adapted to the given number of repetitions when setting up the super cell inside DynamicalMatrix and
HamiltonianDerivatives. That means you can specify the calculator settings for the unit cell and use it with any
desired number of repetitions in dynamical matrix and hamiltonian derivatives calculations.

The Hamiltonian derivatives calculations generally requires a low tolerance in the IterationControlParameters
settings, e.g. a tolerance of 1e-6. Finally, it should be noted that the HuckelCalculator currently does not support
calculation of the Hamiltonian derivatives.
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Fig. 4.20: (a) a unit cell for a 1D system confined in the 𝑥 and 𝑦 -directions. The k-point sampling is correspondingly
(1, 1, 𝑁C) , where 𝑁C is the sampling in the 𝑧 -direction. (b) a super cell created by five repetitions in the 𝑧 -direction
of the unit cell in (a). In the calculation of the Hamiltonian derivatives the atoms in the center unit cell of the super
cell (the two atom indicated with arrows) are displaced by ±𝛿 in each of the Cartesian directions. (c) the change in
the effective potential d𝑉eff in the super cell as an atom is displaced 𝛿 . The number of repetitions must ensure that the
change in the effective potential goes to zero at the boundaries of the super cell in the non-confined directions for every
atomic displacement.
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HarmonicAnglePotential

class HarmonicAnglePotential(particleType1, particleType2, particleType3, k, theta0)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• k (PhysicalQuantity of type energy / angle**2) – Potential parameter.

• theta0 (PhysicalQuantity of type angle) – Potential parameter (the equilibrium
angle).

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a bonded potential with a HarmonicAnglePotential for an ethane molecule.

# Set up a new TremoloXPotentialSet
potential_set = TremoloXPotentialSet(name='Ethane_bonded')

# Add particle types for Carbon and Hydrogen.
potential_set.addParticleType(

ParticleType.fromElement(Carbon, charge=-0.3*elementary_charge)
)
potential_set.addParticleType(

ParticleType.fromElement(Hydrogen, charge=0.1*elementary_charge)
)

(continues on next page)
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(continued from previous page)

# Set up a new angle potential for H-C-C angles and add it to the potential set.
angle_potential = HarmonicAnglePotential(

particleType1='H',
particleType2='C',
particleType3='C',
k=2.1682*eV,
theta0=1.9111355,

)
potential_set.addPotential(angle_potential)

# Set up a new angle potential for H-C-H angles and add it to the potential set.
angle_potential = HarmonicAnglePotential(

particleType1='H',
particleType2='C',
particleType3='H',
k=1.51774*eV,
theta0=1.9111355,

)
potential_set.addPotential(angle_potential)
# Create a new TremoloXCalculator with this potential.
calculator = TremoloXCalculator(parameters=potential_set)

Here, only the HarmonicAnglePotential block of the script is shown. The full script can be found found in the file
ethane_bonded_potential.py.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• An angle potential is calculated for a triple (a,b,c) of atoms, which are connected by two adjacent bonds (a,b)
and (b,c). The potential acts on the angle 𝜃 formed by these two bonds:

𝜃(r𝑎,𝑏, r𝑏,𝑐) = arccos

(︂
r𝑎,𝑏 · r𝑐,𝑏
𝑟𝑎,𝑏𝑟𝑐,𝑏

)︂
where r𝑖,𝑗 , {𝑖, 𝑗} ⊂ {𝑎, 𝑏, 𝑐} is the distance vector from atom i to atom j, and 𝑟𝑖,𝑗 the corresponding bond
distance.

The potential is calculated as

𝑉 (𝜃) = 𝑘 (𝜃 − 𝜃0)
2
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HarmonicBondPotential

class HarmonicBondPotential(particleType1, particleType2, k, r_0=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• k (PhysicalQuantity of type energy / length^2) – Potential parameter
(strength of the bond).

• r_0 (PhysicalQuantity of type length ) – Potential parameter (equilibrium dis-
tance).

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a bonded potential with a HarmonicBondPotential for an ethane molecule.

# Set up a new TremoloXPotentialSet
potential_set = TremoloXPotentialSet(name='Ethane_bonded')

# Add particle types for Carbon and Hydrogen.
potential_set.addParticleType(

ParticleType.fromElement(Carbon, charge=-0.3*elementary_charge)
)
potential_set.addParticleType(

ParticleType.fromElement(Hydrogen, charge=0.1*elementary_charge)
)
# Set up a new bond potential for C-C bonds and add it to the potential set.

(continues on next page)
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(continued from previous page)

bond_potential = HarmonicBondPotential(
particleType1='C',
particleType2='C',
k=13.44287*eV/Ang**2,
r_0=1.526*Ang,

)
potential_set.addPotential(bond_potential)

# Set up a new bond potential for C-H bonds and add it to the potential set.
bond_potential = HarmonicBondPotential(

particleType1='C',
particleType2='H',
k=14.74379*eV/Ang**2,
r_0=1.090*Ang,

)
potential_set.addPotential(bond_potential)
# Create a new TremoloXCalculator with this potential.
calculator = TremoloXCalculator(parameters=potential_set)

Here, only the HarmonicBondPotential block of the script is shown. The full script can be found found in the file
ethane_bonded_potential.py.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• This bond potential is calculated as

𝑉 (𝑟) = 𝑘 (𝑟 − 𝑟0)
2

where 𝑟 is the distance between the atoms connected by this bond and 𝑟0 is the equilibrium distance.

HarmonicChargedPointDefect

class HarmonicChargedPointDefect(charged_point_defect, relax_atomic_coordinates=None,
phonon_calculator=None, dynamical_matrix_processes_per_task=None,
assumed_formation_entropy=None, resume=None)

Constructor for the HarmonicChargedPointDefect object.

Parameters

• charged_point_defect (ChargedPointDefect) – The charged point defect study for
which the phonon contributions will be calculated. The study must only contain one super-
cell repetitions value. The atomic partial entropies used for calculating the entropy con-
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tributions will be extracted for each element from the atomic_chemical_potentials
of the charged point defect object.

• relax_atomic_coordinates (bool) – Whether to relax the atomic coordinates of the
defect supercells. May be needed if configurations in the ChargedPointDefect were not
fully relaxed. Default: True

• phonon_calculator (Calculator) – The calculator used for performing phonon cal-
culations. The calculator must contain a basis set for the elements in the defect
configuration. Note that the calculator is taken as a reference corresponding to
the bulk unit cell given in bulk_configuration in the charged_point_defect
study; the density_mesh_cutoff and k_point_sampling parameters of the
NumericalAccuracyParameters of the calculator will be scaled consistently with the
supercell size. The k_point_sampling will be scaled to maintain the k-point density
approximately equal to the reference. The k-point grid will always be shifted such that the
Gamma point is included, i.e., shift_to_gamma=True. Default: The calculator given
in relaxation_calculator in the charged_point_defect study.

• dynamical_matrix_processes_per_task (int) – The number of processes that will
be used to execute each task for DynamicalMatrix study objects. If this value is greater
than or equal to the total number of available processes, each single task will be executed
collaboratively over all processes. Otherwise, a delegator-worker scheme is used; in this
case, one process will be set aside as the delegator, and the remaining ones will be grouped
into workers and execute tasks concurrently. Dynamical calculations are run in serial,
independently on the tasks and not affected by those. In other words, if there is more than 1
phonon calculation each is run in serial versus the others, but each one uses this parameter
to allow internal parallelism (by computing the displacements in parallel). Default: All
available processes execute each task collaboratively.

• assumed_formation_entropy (PhysicalQuantity of type entropy) – The assumed for-
mation entropy of the defect associated with this HarmonicChargedPointDefect object.
Setting this parameter will disable all phonon contributions. Default: Phonon contribu-
tions will be calculated.

• resume (bool) – Whether reruning the simulation will resume non converged results
Default: False

assumedFormationEntropy()

Returns
The assumed formation entropy of the defect associated with this HarmonicChargedPoint-
Defect object. If None, the phonon contributions are calculated explicitly.

Return type
PhysicalQuantity | None

atomNumberDifferences()

Returns
The atom number differences for each element.

Return type
dict of type {PeriodicTableElement : int}

atomicChemicalPotentials()

Returns
The atomic chemical potential for all the required elements. If an element for which the
atomic chemical potential needs to be calculated is not present, it is calculated from the
pristine cell at each supercell size.
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Return type
list of AtomicChemicalPotential

chargeStates()

Returns
The list of all calculated and not calculated charge states. Any charge state which has not
yet been calculated will be calculated the next time the object is updated.

Return type
list of int

chargedPointDefect()

Returns
The charged point defect study, for which the harmonic corrections will be calculated.

Return type
ChargedPointDefect

defectConfiguration(supercell_repetitions, charge_state, symmetry_index=None,
unit_cell_translation=None)

Retrieve the defect supercell configuration for a given supercell.

This result will only be available after the calculation ran successfully.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• defect_charge_state (int) – The charge state of the defect.

• symmetry_index (int) – The index of the symmetry operation for the pristine unit
cell to apply to the defect supercell configuration. Note that this can only be used if
the ‘calculate_defect_symmetry’ option has been enabled for the calculation. Default:
No transformation (i.e., the identity operation)

• unit_cell_translation (sequence (size 3) of int) – An additional trans-
lation to apply in terms of the unit cell vectors. Default: No translation

Returns
The defect supercell configuration. If not available, returns None.

Return type
BulkConfiguration | None

defectSymmetry(supercell_repetitions, charge_state)
Calculate the symmetry information for the defect supercell.

This result will only be available after the calculation ran successfully.

Parameters

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• defect_charge_state (int) – The charge state of the defect.

Returns
The symmetry information for the defect supercell. If not available, returns None.

Return type
dict | None
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dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

dynamicalMatrixProcessesPerTask()

Returns
The number of processes that will be used to execute each task for DynamicalMatrix study
objects.

Return type
int

filename()

Returns
The filename where the study object is stored.

Return type
str

formationEnergy(charge_state, electronic_chemical_potential=None,
electronic_chemical_potential_reference=None, defect_type=None,
supercell_repetitions=None, enable_finite_size_corrections=None, temperature=None)

Determines the formation energy with harmonic corrections for a given charge state 𝑞 of the defect, which
is defined as

𝐸harmonic,𝑞
𝑓 = 𝐸𝑞𝑓 + 𝐸def

vib − 𝐸pr
vib,

where the first term is the formation energy in the given charged_point_defect study, and the second
and third terms correspond to the defect and pristine vibrational energies, respectively.

The vibrational energy is defined as

𝐸vib = 𝐺+ 𝑇𝑆,

where G is the vibrational free energy, T is the temperature and S is the vibrational entropy.

If assumed_formation_entropy has been specified, the vibrational energies won’t be included, i.e., the
method returns 𝐸𝑞𝑓 from the charged_point_defect object.

Parameters

• charge_state (int) – The charge state of the defect.

• electronic_chemical_potential (PhysicalQuantity of
type energy) – The electronic chemical potential relative to
electronic_chemical_potential_reference. Default: 0.0 * eV

• electronic_chemical_potential_reference (ValenceBandEdge |
ConductionBandEdge) – The reference level for the electronic chemical potential.
Default: ValenceBandEdge

• defect_type (DeepLevelDefect | ShallowAcceptor | ShallowDonor) – The
assumption of the type of defect to use for aligning the transition levels in
the band gap calculated with band_gap_calculator; see the documentation of
ChargedPointDefect for more details. Note that this parameter only has an effect
if band_gap_calculator is different from formation_energy_calculator. De-
fault: DeepLevelDefect
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• supercell_repetitions (sequence (size 3) of int | ExtrapolationScheme) – The
number of repetitions of the bulk unit cell along the (a, b, c) directions. If Extrapola-
tionScheme, the extrapolation to the infinite supercell size limit is used. Default: The
largest calculated supercell.

• enable_finite_size_corrections (bool) – Whether to include finite size cor-
rections for the supercell in the calculation of the formation energy. Default: True

• temperature (PhysicalQuantity of type temperature) – The temperature used for cal-
culating the formation energy. Default: 300.0 * Kelvin

Returns
The calculated formation energy.

Return type
PhysicalQuantity of type energy

formationEntropy(temperature=None)
Determines the formation entropy for a given defect, defined as

𝑆harmonic
𝑓 = 𝑆def

vib − 𝑆pr
vib −

∑︀
𝑖 ∆𝑛𝑖𝑠𝑖

where the first and second terms correspond to the defect and pristine entropies, respectively, and the third
term is the sum of the atomic partial entropies.

If assumed_formation_entropy has been specified, the method returns that value instead.

Parameters
temperature (PhysicalQuantity of type temperature) – The temperature used for calcu-
lating the formation entropy. Default: 300.0 * Kelvin

Returns
The calculated formation entropy, or the user-specified entropy if
assumed_formation_entropy has been given.

Return type
PhysicalQuantity of type entropy

isUpdated()

Returns whether the defect was successfully updated

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.
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Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

optimizeGeometryParameters()

Returns
Parameters required to optimize the geometry.

Return type
OptimizeGeometryParameters

phononCalculator()

Returns
The calculator which will be used for determining the phonon contributions.

Return type
Calculator

pointDefect()

Returns
The point defect associated with the charged point defect study.

Return type
Vacancy | Substitutional | Interstitial | DefectCluster | SplitInterstitial

pristineSymmetryData()

Retrieve the symmetry information for the pristine unit cell.

This result will only be available after the calculation ran successfully.

Returns
The symmetry information for the pristine unit cell. If not available, returns None.

Return type
dict | None

resume()

Returns
Whether non converged simulations are to be resumed

Return type
bool
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saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

supercellRepetitionsList()

Returns
The list of all calculated and not calculated supercells of the bulk unit cell, each given as
the number of repetitions of the bulk unit cell along the (a, b, c) directions. Any supercell
which has not yet been calculated will be calculated the next time the object is updated.

Return type
list of tuple (size 3) of int

tasksFinished()

Returns
finished task, unfinished tasks

Return type
tuple of list of str, list of str

uniqueString()

Return a unique string representing the state of the object.

update()

Performs the calculations for the harmonic charged point defect study, i.e., the dynamical matrix cal-
culations for the pristine and defect configurations and the corresponding phonon density of states. If
assumed_formation_entropy is specified, phonon contributions are assumed to be fixed and won’t be
calculated.

The defect phonon density of states is calculated for the supercell with a zero charge state.

HarmonicCosineAnglePotential

class HarmonicCosineAnglePotential(particleType1, particleType2, particleType3, k, cosTheta0)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• k (PhysicalQuantity of type energy) – Potential parameter.

• cosTheta0 (float) – Potential parameter (cosine of the equilibrium angle)
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classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a bonded potential with a HarmonicCosineAnglePotential for an ethane molecule.

# Set up a new TremoloXPotentialSet
potential_set = TremoloXPotentialSet(name='Ethane_bonded')

# Add particle types for Carbon and Hydrogen.
potential_set.addParticleType(

ParticleType.fromElement(Carbon, charge=-0.3*elementary_charge)
)
potential_set.addParticleType(

ParticleType.fromElement(Hydrogen, charge=0.1*elementary_charge)
)

# Set up a new cosine angle potential for H-C-C angles and add it to the potential set.
angle_potential = HarmonicCosineAnglePotential(

particleType1='H',
particleType2='C',
particleType3='C',
k=2.1682*eV,
cosTheta0=-0.3338,

)
potential_set.addPotential(angle_potential)

# Set up a new cosine angle potential for H-C-H angles and add it to the potential set.
angle_potential = HarmonicCosineAnglePotential(

particleType1='H',
particleType2='C',
particleType3='H',
k=1.51774*eV,
cosTheta0=-0.3338,

(continues on next page)

1186 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

(continued from previous page)

)
potential_set.addPotential(angle_potential)

# Create a new TremoloXCalculator with this potential.
calculator = TremoloXCalculator(parameters=potential_set)

Here, only the HarmonicCosineAnglePotential block of the script is shown. The full script can be found found in the
file ethane_bonded_potential_cosine_angle.py.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• An angle potential is calculated for a triple (a,b,c) of atoms, which are connected by two adjacent bonds (a,b)
and (b,c). The potential acts on the angle 𝜃 formed by these two bonds:

𝜃(r𝑎,𝑏, r𝑏,𝑐) = arccos

(︂
r𝑎,𝑏 · r𝑐,𝑏
𝑟𝑎,𝑏𝑟𝑐,𝑏

)︂
where r𝑖,𝑗 , {𝑖, 𝑗} ⊂ {𝑎, 𝑏, 𝑐} is the distance vector from atom i to atom j, and 𝑟𝑖,𝑗 the corresponding bond
distance.

The potential is calculated as

𝑉 (𝜃) =
𝑘

2
(cos(𝜃) − cos(𝜃0))

2

where 𝜃0 is the equilibrium angle.

HarmonicUreyBradleyAnglePotential

class HarmonicUreyBradleyAnglePotential(particleType1, particleType2, particleType3, k, theta0, k_ub,
S_0)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• k (PhysicalQuantity of type energy / angle**2) – Potential parameter.
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• theta0 (PhysicalQuantity of type angle) – Potential parameter (the equilibrium
angle).

• k_ub (PhysicalQuantity of type energy / length**2) – Potential parameter.

• S_0 (PhysicalQuantity of type length ) – Potential parameter (the equilibrium
distance)

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a bonded potential with a HarmonicUreyBradleyAnglePotential for an ethane molecule.

# Set up a new TremoloXPotentialSet
potential_set = TremoloXPotentialSet(name='water_urey_bradley')

# Add particle types for Carbon and Hydrogen.
potential_set.addParticleType(

ParticleType.fromElement(Oxygen)
)
potential_set.addParticleType(

ParticleType.fromElement(Hydrogen)
)

# Set up a new Urey-Bradley angle potential for H-O-H angles and add it to the potential␣
→˓set.
angle_potential = HarmonicUreyBradleyAnglePotential(

particleType1='H',
particleType2='O',
particleType3='H',
k=4.33641*eV,
theta0=1.824218,
k_ub=5.0*eV/Ang**2,
S_0=1.54*Ang,

(continues on next page)
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(continued from previous page)

)
potential_set.addPotential(angle_potential)

# Create a new TremoloXCalculator with this potential.
calculator = TremoloXCalculator(parameters=potential_set)

Here, only the HarmonicUreyBradleyAnglePotential block of the script is shown. The full script can be found found
in the file ethane_bonded_potential_urey_bradley.py.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• The angle potential is calculated for a triple (a,b,c) of atoms, which are connected by two adjacent bonds (a,b)
and (b,c). The potential acts on the angle 𝜃 formed by these two bonds:

𝜃(r𝑎,𝑏, r𝑏,𝑐) = arccos

(︂
r𝑎,𝑏 · r𝑐,𝑏
𝑟𝑎,𝑏𝑟𝑐,𝑏

)︂
where r𝑖,𝑗 , {𝑖, 𝑗} ⊂ {𝑎, 𝑏, 𝑐} is the distance vector from atom i to atom j, and 𝑟𝑖,𝑗 the corresponding bond
distance.

This angle potential is similar to the HarmonicAnglePotential, but includes another term that depends on the
distance of the outer atoms (a,c) The potential is calculated as

𝑉 (𝜃) = 𝑘 (𝜃 − 𝜃0)
2

+ 𝑘𝑈𝐵 (𝑟𝑎,𝑐 − 𝑆0)
2

where 𝜃 is the angle formed between (a,b) and (b,c) and 𝜃0 is the equilibrium angle.

HartreeDifferencePotential

class HartreeDifferencePotential(configuration, density_mesh_cutoff=None)
A class for calculating the Hartree difference potential for a configuration.

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration for which
the Hartree difference potential should be calculated.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues
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axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.
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Return type
PhysicalQuantity of type energy × length-1

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the Hartree difference potential is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.
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Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

Calculate the Hartree difference potential and save it to a file:

# Set up a configuration.
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Define a calculator.
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the Hartree difference potential.
potential = HartreeDifferencePotential(molecule_configuration)
nlsave('hartree_difference_pot.nc', potential)

nh3_hartree_difference_potential.py

For examples on working with 3D grids, see HartreePotential and ElectronDensity.
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Notes

• This class inherits from the GridValues class.

• Returns the Hartree difference potential 𝛿𝑉𝐻(r), as defined in The Hartree potential and the electrostatic poten-
tial.

HartreePotential

class HartreePotential(configuration, density_mesh_cutoff=None)
A class for calculating the Hartree potential for a configuration.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion for which the Hartree potential should be calculated.

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object. Default: The density mesh cutoff set on the calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All
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• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy × length-1

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.
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• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the Hartree potential is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.
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Usage Examples

Calculate the Hartree potential and save it to a file:

# Set up a configuration.
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Define a calculator.
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the Hartree potential.
potential = HartreePotential(molecule_configuration)
nlsave('hartree_pot.nc', potential)

nh3_hartree_potential.py

Read in the Hartree potential from a file and calculate the average along the 𝑧-axis:

# Import a HartreePotential object.
potential = nlread('hartree_pot.hdf5', HartreePotential)[0]

# Calculate the average along z axis.
v_z = numpy.apply_over_axes(numpy.mean, potential[:,:,:], [0,1]).flatten()

# Add unit.
v_z = v_z * potential.unit()

# Get the volume element of the grid.
dX, dY, dZ = potential.volumeElement()
dz = dZ.norm()

# Print out the result.
shape = potential.shape()
for i in range(shape[2]):

print(dz*i, v_z[i])

nh3_hartree_potential_average.py

For more examples on working with 3D grids, see ElectronDensity.
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Notes

• This class inherits from the GridValues class.

• Returns the Hartree potential 𝑉𝐻(r), as defined below in The Hartree potential and the electrostatic potential.

The Hartree potential and the electrostatic potential

• The Hartree potential 𝑉𝐻(r) is calculated from the Poisson equation as

∇2𝑉𝐻 [𝑛](r) = − 𝑒2

4𝜋𝜖0
𝑛(r),

where 𝑛(r) is the valence electron density, 𝑒 is the unit charge, and 𝜖0 is the vacuum permittivity. More details
on solving this equation are given in Poisson solvers.

• In a similar fashion, the Hartree difference potential is calculated from the electron difference density as

∇2𝛿𝑉𝐻 [𝛿𝑛](r) = − 𝑒2

4𝜋𝜖0
𝛿𝑛(r),

with the electron difference density 𝛿𝑛(r) being defined through the relation

𝑛(r) = 𝛿𝑛(r) +

𝑁atoms∑︁
𝐼

𝑛𝐼(r),

where 𝑛𝐼(r) is the compensation charge of atom 𝐼 and 𝑁atoms is the number of atoms in the sys-
tem.:footcite:Soler2002

Note that the electron density and electron difference density are calculated differently for DFT: LCAO calculators (see
Electron density) and Semi Empirical calculators (see Electron density).

• The electrostatic potential is given by

𝑉E(r) = −𝑉𝐻(r)

𝑒
,

and the electrostatic difference potential by

𝛿𝑉E(r) = −𝛿𝑉𝐻(r)

𝑒
.

Note that the Hartree potential and Hartree difference potential have units of energy (default: Hartree), while the
electrostatic potential and electrostatic difference potential have units of electric potential (default: Volt). Furthermore,
they are of opposite sign since 𝑉𝐻(r) is the potential energy that an electron (i.e., a negative unit charge) has in an
electrostatic potential 𝑉E(r).

The quantities defined above can be calculated with the following classes:

• 𝑛(r): ElectronDensity

• 𝛿𝑛(r): ElectronDifferenceDensity

• 𝑉𝐻(r): HartreePotential

• 𝛿𝑉𝐻(r): HartreeDifferencePotential

• 𝑉E(r): ElectrostaticPotential

• 𝛿𝑉E(r): ElectrostaticDifferencePotential
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HeisenbergExchange

class HeisenbergExchange(configuration, kpoints=None, atom_indices=None,
exchange_interaction_range=None, number_of_contour_points=None,
integral_lower_bound=None, precalculate_eigenstates=None)

Class for calculating the inter-site Heisenberg exchange coupling matrix for a BulkConfiguration.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The BulkCon-
figuration for which to calculate the inter-site coupling matrix.

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) –
The k-points with which to calculate the Heisenberg exchange constants. Default:
MonkhorstPackGrid(1, 1, 1)

• atom_indices (All | list of ints.) – The atom indices for which to calculate the Heisen-
berg exchange constants. Default: All i.e. all atoms in the configuration.

• exchange_interaction_range (list of ints) – The range of the included in-
teractions. Interactions are calculated between the primitive cell of the input con-
figuration and translated cells given by the exchange_interaction_range. The ex-
change_interaction_range determines the number of translations of the configuration in
the A, B, and C-directions given as a list of three positive integers, e.g. [3, 3, 3]. For
a MoleculeConfigurtion [1, 1, 1] will always be used. Default: [5, 5, 5] for
BulkConfiguration and [1, 1, 1] for a MoleculeConfiguration

• number_of_contour_points (int >= 2) – The number of points on the circle contour.
Default: 30

• integral_lower_bound (PhysicalQuantity of type energy) – The distance between the
lowest Fermi-level and the lowest energy circle contour point. Default: An energy deter-
mined on the chosen pseudopotentials or 1.5 Hartree for the semi-empirical calculators.

• precalculate_eigenstates (bool) – Boolean determining if the eigenstates and en-
ergies at all the k-points should be pre-calculated and stored for the real-space Green’s
functions. Setting this option to True will reduce the computation time, but requires
more memory. Default: False

DMIVectors()

Returns
The Dzyaloshinskii-Moria interaction (DMI) vectors in the configuration. The DMI is only
calculated if spin-orbit coupling is included. The shape of the array is [n_translations,
n_atoms, n_atoms, 3], where n_translations is the number of translations, given by the
product of the repetitions,

Return type
PhysicalQuantity of type energy.

atomIndices()

Returns
The atom indices.

Return type
list of int.

atomSpins()
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Returns
The atomic spin polarizations.

Return type
list of floats.

contour()

Returns
The contour method to be used.

Return type
OzakiContour | SemiCircleContour

couplingMatrix()

Returns
The Heisenberg exchange coupling matrix corresponding the model 𝐻𝑖𝑗 = 𝐽𝑖𝑗𝑒𝑖 · 𝑒𝑗 .
The shape of the array is [n_translations, n_atoms, n_atoms], where n_translations is the
number of translations, given by the product of the repetitions, and n_atoms is the number
of atoms in the configuration.

Return type
PhysicalQuantity of type energy.

curieTemperature()

Calculates the Curie temperature based on the mean field approximation, 𝑇𝑐𝑘𝐵 = 2𝐽0/3, where 𝐽0 =∑︀
𝑖 𝐽0𝑖.

Returns
The calculated Curie temperature.

Return type
PhysicalQuantity of type temperature.

curieTemperatureRPA(q_grid=None, r_max=None)
Calculates the Curie temperature based on the random phase approximation (RPA), 1

𝑇𝑐𝑘𝐵
= 6𝜇𝐵

𝑀

∑︀
𝑞

1
𝐸(𝑞) ,

where where 𝐸(𝑞) is the magnon energy, and 𝑀 is the magnetization.

Parameters

• q_grid (MonkhorstPackGrid) – The q-points used for the RPA calculation. De-
fault: MonkhorstPackGrid(8,8,8)

• r_max (PhysicalQuantity of type length.) – Maximum radius to include in the sum.
Default: Include all calculated interactions.

Returns
The calculated Curie temperature.

Return type
PhysicalQuantity of type temperature.

distances()

Returns
The distance between atoms corresponding to the coupling matrices. The shape of the
array is [n_translations, n_atoms, n_atoms], where n_translations is the number of trans-
lations, given by the product of the repetitions, and n_atoms is the number of atoms in the
configuration.
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Return type
PhysicalQuantity of type length.

exchangeInteractionRange()

Returns
The interaction range of the configuration in the A, B, and C directions.

Return type
list of int.

exchangeStiffness(r_max=None, damping_factor=None, magnetic_tolerance=None,
atom_indices=None)

Calculate the exchange stiffness constant as 𝐴𝑒𝑥 = 2𝜇𝐵

3𝑀

∑︀
𝑖 𝐽0𝑖 · 𝑅2

0𝑖 · 𝑒−𝑑·𝑅0𝑖 , where 𝑀 is the magne-
tization and 𝑑 is a damping factor. If a damping factor is used, the actual exchange stiffness should be
extrapolated to zero damping factor, as described in DOI:10.1103/PhysRevB.64.174402.

Parameters

• r_max (PhysicalQuantity of type length.) – Maximum radius to include in the sum.
Default: Include all calculated radii.

• damping_factor (PhysicalQuantity of type inverse length.) – Damping factor to be
added to the sum. Default: 0*Ang**-1.

• magnetic_tolerance (float.) – Only include contribution from atoms with a mag-
netic moment larger than the magnetic tolerance. Default: 0.1

• atom_indices (list of int) – Include contributions to the exchange stiffness
from atoms in atom_indices and their interaction with all the others. Default: All
atom_indices defined upon construction

Returns
The calculated exchange stiffness.

Return type
PhysicalQuantity of type energy * distance^2.

extrapolatedExchangeStiffness(damping_factor_range=None, r_max=None, polynomial_order=None,
magnetic_tolerance=None, atom_indices=None)

Calculate the extrapolated exchange stiffness constant as lim𝜂→0
2𝜇𝐵

(3𝑀

∑︀
𝑖 𝐽0𝑖𝑅

2
0𝑖𝑒

−𝜂𝑅0𝑖 , where 𝑀 is the
magnetization and 𝜂 is a damping factor. If a damping factor is used, the actual exchange stiffness should
be extrapolated to zero damping factor, as described in DOI:10.1103/PhysRevB.64.174402.

Parameters

• damping_factor_range – List of damping factors used to extrapolate to zero damp-
ing_factor. The list must contain five or more entities. Default: A range of damping
factors ranging from 0.1/d_0 to 1/d_0, where d_0 is the smallest nearest neighbor dis-
tance.

• r_max (PhysicalQuantity of type length.) – Maximum radius to include in the sum.
Default: Include all calculated radii.

• polynomial_order (int.) – Order of the polynomial used to extrapolate to zero
damping. Default: 5

• magnetic_tolerance (float.) – Only include contribution from atoms with a mag-
netic moment larger than the magnetic tolerance. Default: 0.1
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• atom_indices (list of int) – Include contributions to the exchange stiffness
from atoms in atom_indices and their interaction with all the others. Default: All
atom_indices defined uppon construction

Returns
The calculated exchange stiffness extrapolated to zero damping factor, a list of exchange
stiffness values for each damping factor, the list of damping factors used, and the polyno-
mial fit.

Return type
PhysicalQuantity of type energy * distance^2, PhysicalQuantity of type energy * dis-
tance^2, PhysicalQuantity of type inverse length, numpy.polyfit

fourierTransformCouplings(qpoint, r_max=None, damping_factor=None)
Calculate the Fourier transform of the J_ij matrix.

Parameters

• qpoint (list of three floats.) – Fractional q-point

• r_max (PhysicalQuantity of type inverse length.) – Maximum radius to include in the
sum. Default: Include all calculated interactions.

• damping_factor – Exponential damping factor. A factor of exp(-damping_factor*R)
is multiplied to the fourier transform. Default: Zero.

Returns
The fourier transformed matrix.

Return type
PhysicalQuantity of type energy.

kpoints()

Returns
The k-points with which to calculate the Heisenberg exchange constants.

Return type
class:~.MonkhorstPackGrid | RegularKpointGrid

magnonBandstructure(qpoints=None, points_per_segment=None, route=None, r_max=None,
magnetic_tolerance=None)

Parameters

• q_path (list of list of floats) – List of fractional q-points. This option is
mutually exclusive to q_route and points_per_segment. The shape of the list is
(number of q-points, 3), e.g. [[0.0, 0.0, 0.0], [0.25, 0.0, 0.0], [0.5,
0.0, 0.0]]

• route (list of str) – The route to take through the Brillouin zone as a list of
symmetry points of the unit cell, e.g. ['G', 'X', 'G']. This option is mutually
exclusive to q_path.

• points_per_segment (int) – The number of points per segment of the route. This
option is mutually exclusive to q_path. Default: 20

• r_max (PhysicalQuantity of type length.) – Maximum interaction radius to include in
the calculation. Default: Include all calculated interactions.

• magnetic_tolerance (float.) – Only include contribution from atoms with a mag-
netic moment larger than the magnetic tolerance. Default: 0.1
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Returns
A bandstructure object which can be saved and visualized.

Return type
PhononBandstructure

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

scaledCouplingMatrix()

Returns the coupling matrix elements scaled with the atomic spin polarizations. This corresponds to the
matrix elements from the model 𝐻𝑖𝑗 = 𝐽𝑖𝑗𝑆𝑖 · 𝑆𝑗 .

Returns
The coupling matrix elements. The shape of the array is [n_translations, n_atoms,
n_atoms], where n_translations is the number of translations, given by the product of the
repetitions, and n_atoms is the number of atoms in the configuration.

Return type
PhysicalQuantity of type energy

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

spinComponentMatrices()

Returns

Returns spin-component A-matrices as defined in e.g. Computer Physics Communications
264 (2021) 107938, eq. (14).

The shape of the array is [4, 4, n_translations, n_atoms, n_atoms], where the order of
the first two indices is 0, x, y, z components, and where n_translations is the number of
translations, given by the product of the repetitions, and n_atoms is the number of atoms
in the configuration.

The A-matrices are not calculate for MoleculeConfigurations.

Return type
PhysicalQuantity of type energy.

translations()

Returns
The list of translations to be used.
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Return type
list of lists of int.

uniqueCouplingMatrixElementsAndDistances(atom_index=None, tolerance=None)

Parameters

• atom_index (int) – The index of the atom for which to get the distances and coupling
matrix elements.

• tolerance (PhysicalQuantity of type energy) – Energy tolerance for when two matrix
elements are considered equal. Default: 0.01 meV

Returns
Returns lists of distances and coupling matrix elements with unique elements as well as
the multiplicity of the unique distances.

Return type
PhysicalQuantity of type length, PhysicalQuantity of type energy, numpy.array of ints.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate Heisenberg exchange coupling for Fe (BCC):

# -*- coding: utf-8 -*-
# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = BodyCenteredCubic(2.8665*Angstrom)

# Define elements
elements = [Iron]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = SGGA.PBE

(continues on next page)
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(continued from previous page)

k_point_sampling = KpointDensity(
density_a=7.0*Angstrom,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=120.0*Hartree,
k_point_sampling=k_point_sampling,
)

calculator = LCAOCalculator(
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave('Fe-BCC.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Heisenberg Exchange
# -------------------------------------------------------------
kpoints = KpointDensity(

density_a=12.0*Angstrom,
)

heisenberg_exchange = HeisenbergExchange(
configuration=bulk_configuration,
kpoints=kpoints,
atom_indices=All,
exchange_interaction_range=(9, 9, 9),
number_of_contour_points=30,
integral_lower_bound=Automatic,
precalculate_eigenstates=False,
)

nlsave('Fe-BCC.hdf5', heisenberg_exchange)

heisenberg_exchange.py

Notes

The Heisenberg exchange Hamiltonian is given by1,2

𝐻 = −
∑︁
�̸�=𝑗

𝐽𝑖𝑗𝑒𝑖𝑒𝑗 (4.1)

where 𝑒𝑖 is the normalized local spin vector on atom 𝑖 and 𝐽𝑖𝑗 is the Heisenberg exchange coupling constant.
1 A.I. Liechtenstein, M.I. Katsnelson, V.P. Antropov, and V.A. Gubanov. Local spin density functional approach to the theory of exchange

interactions in ferromagnetic metals and alloys. Journal of Magnetism and Magnetic Materials, 67(1):65 – 74, 1987. URL: http://www.sciencedirect.
com/science/article/pii/0304885387907219, doi:https://doi.org/10.1016/0304-8853(87)90721-9.

2 M. Pajda, J. Kudrnovský, I. Turek, V. Drchal, and P. Bruno. Ab initio calculations of exchange interactions, spin-wave stiffness constants,
and curie temperatures of fe, co, and ni. Phys. Rev. B, 64:174402, Oct 2001. URL: https://link.aps.org/doi/10.1103/PhysRevB.64.174402,
doi:10.1103/PhysRevB.64.174402.
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We calculate the exchange coupling matrix elements 𝐽𝑖0,𝑗R between a atom 𝑖 in the central unit cell labeled 0 and atom
𝑗 in a different unit cell displaced from the central one with a lattice vector R. We use a real-space Green’s function
implementation3,4 of the original Liechtenstein-Katsnelson-Antropov-Gubanov (LKAG) formulaPage 1206, 1:

𝐽0𝑖,R𝑗 = − 1

4𝜋

∫︁ 𝐸𝐹

−∞
𝑑𝜖ImTr [∆𝑖𝐺𝑖,𝑗(𝜖,R)∆𝑗𝐺𝑖,𝑗(𝜖,−R)] (4.2)

where 𝑖 and 𝑗 label atomic indices within a unit cell, R is a lattice vector, and where ∆𝑖 = 𝐻↑
𝑖 − 𝐻↓

𝑖 is the on-site
difference between the up and down part of the Hamiltonian matrix. The real-space Green’s functions are calculated
as

𝐺(𝜖,R) =
∑︁
k𝑖

𝑤k𝑖𝐺(k𝑖, 𝜖)𝑒
−𝑖k𝑖·R

(4.3)

where 𝑤k𝑖 is the k-point weight and with the reciprocal space Green’s function given by:

𝐺(k, 𝜖) = (𝜖S(k) −H(k))−1

The energy integral in (4.2) is calculated using complex contour integration.

Curie temperature

The Curie temperature, 𝑇𝐶 , of a ferromagnet is the temperature at which the average magnetic moment becomes zero
due to random fluctuations of the local magnetic moment directions. 𝑇𝐶 can be estimated from the Heisenberg model
in different ways. Within the mean field approximation (MFA) one havePage 1206, 2

𝑇𝑀𝐹𝐴
𝐶 =

2

3𝑘𝐵

∑︁
𝑗R̸=𝑖0

𝐽𝑖0𝑗R (4.4)

The MFA Curie temperature is calculated as

curie_temperature_mfa = heisenberg_exchange.curieTemperature()

The MFA formula typically overestimates the Curie temperature when compared to experiments. A different approach
is based on the random phase approximation (RPA)Page 1206, 2:

1

𝑘𝐵𝑇𝑅𝑃𝐴𝐶

=
6𝜇𝐵
𝑀

1

𝑁𝑞

∑︁
q

1

𝐸(q) (4.5)

where𝐸(q) is the spin wave energy at q-point q and𝑀 is the magnetic moment per atom and 𝜇𝐵 is the Bohr magneton.
The RPA Curie temperature is calculated as

q_grid = MonkhorstPackGrid(10,10,10)
curie_temperature_rpa = heisenberg_exchange.curieTemperatureRPA(q_grid=q_grid)

Since an average over the Brillouin zone is performed, the RPA calculation needs to be converged with respect to the
number of q-points.

3 Asako Terasawa, Munehisa Matsumoto, Taisuke Ozaki, and Yoshihiro Gohda. Efficient algorithm based on liechtenstein method for computing
exchange coupling constants using localized basis set. Journal of the Physical Society of Japan, 88(11):114706, 2019. URL: https://doi.org/10.
7566/JPSJ.88.114706, doi:10.7566/JPSJ.88.114706.

4 Xu He, Nicole Helbig, Matthieu J. Verstraete, and Eric Bousquet. Tb2j: a python package for computing magnetic inter-
action parameters. Computer Physics Communications, 264:107938, 2021. URL: https://link.aps.org/doi/10.1103/PhysRevB.64.174402,
doi:10.1103/PhysRevB.64.174402.
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Exchange stiffness

The exchange stiffness describes the energy of a long wavelength spin wave excitation. In particular, if the energy as
function of wave number 𝑞 is written as

𝐸(𝑞) = 𝐸0 +𝐴𝑒𝑥𝑞
2 + . . .

the exchange stiffness constant, 𝐴𝑒𝑥 is seen to be given by the curvature of the 𝐸(𝑞) vs. 𝑞 curve. 𝐴𝑒𝑥 can be calculated
from the Heisenberg exchange parameters asPage 1206, 2

𝐴𝑒𝑥 =
2𝜇𝐵
3𝑀

∑︁
R

∑︁
𝑖𝑗

𝐽𝑖0,𝑗R𝑟
2
𝑖0,𝑗R (4.6)

where 𝑟𝑖0,𝑗R is the distance between atom 𝑖 in cell 0 and atom 𝑗 in cell R. This can be calculated as

exchange_stiffness = heisenberg_exchange.exchangeStiffness()

In practice, (4.6) can be difficult to converge with respect to the sum over lattice vectors R. This is particularly pro-
nounced in the case of iron where the exchange parameters are very long ranged. In this case it is possible to dampen
the oscillations and extrapolate the result to zero damping as:

𝐴𝑒𝑥 = lim
𝜂→0

𝐴𝑒𝑥(𝜂)

𝐴𝑒𝑥(𝜂) =
2𝜇𝐵
3𝑀

∑︁
R

∑︁
𝑖𝑗

𝐽𝑖0,𝑗R𝑟
2
𝑖0,𝑗R𝑒

−𝜂𝑟𝑖0,𝑗R
(4.7)

The extrapolation to 𝜂 → 0 can be calculated as

extrapolated_exchange_stiffness, exchange_stiffness_vec, damping_factor_range, p_fit \
= heisenberg_exchange.extrapolatedExchangeStiffness()

where the final extrapolated result is given by extrapolated_exchange_stiffness. The other returned quantities are a
vector of calculated exchange stiffness values obtained for the damping factors given by damping_factor_range. Finally
the polynomial fit is also returned.

Spin-scaling

The Heisenberg exchange Hamiltonian is sometimes written as

𝐻 = −
∑︁
𝑖 ̸=𝑗

𝐽𝑖𝑗𝑆𝑖𝑆𝑗

where 𝑆𝑖 is the local spin vector on atom 𝑖 and 𝐽𝑖𝑗 is the Heisenberg exchange coupling constant. FollowingPage 1206, 1,5,
in QuantumATK we calculate the coupling constants for the Hamiltonian

𝐻 = −
∑︁
�̸�=𝑗

𝐽𝑖𝑗𝑒𝑖𝑒𝑗

where the spin operators are substituted by unit vectors 𝑒𝑖 pointing in the direction of the i’th site magnetization.

Both the coupling constants 𝐽𝑖𝑗 and 𝐽𝑖𝑗 are available in a HeisenbergExchange object and are simply relates as

𝐽𝑖𝑗 =
𝐽𝑖𝑗

𝑆𝑖 · 𝑆𝑗
5 Myung Joon Han, Taisuke Ozaki, and Jaejun Yu. Electronic structure, magnetic interactions, and the role of ligands in $\mathrm

Mn_n(n=4,12)$ single-molecule magnets. Phys. Rev. B, 70:184421, 2004. URL: https://link.aps.org/doi/10.1103/PhysRevB.70.184421,
doi:10.1103/PhysRevB.70.184421.
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where 𝑆𝑖 is calculated from the MullikenPopulation on each atom as 𝑆𝑖 = (𝑀𝑢𝑝
𝑖 − 𝑀𝑑𝑜𝑤𝑛

𝑖 )/2 where 𝑀𝑢𝑝
𝑖 is the

Mulliken population for up-electrons on atom 𝑖.

The coupling constants 𝐽𝑖𝑗 are obtained as:

coupling_matrix = heisenberg_exchange.couplingMatrix()

and the coupling constants 𝐽𝑖𝑗 are obtained as:

scaled_coupling_matrix = heisenberg_exchange.scaledCouplingMatrix()

HotbitDirectory

class HotbitDirectory(path)
Constructor for the Hotbit directory parser.

Parameters
path (str) – The path of the directory to read files from.

fillingMethod(element)

Parameters
element (PeriodicTableElement) – The element for which to query the filling method.

Returns
The method used for setting up the initial occupation for the given element.

Return type
SphericalSymmetric | Anisotropic

onsiteSpinOrbitSplit(element)
Query the onsite spin-orbit split energies for a given element.

Parameters
element (PeriodicTableElement) – The element for which to query the spin-orbit split
energies.

Returns
The onsite spin-orbit split for this element.

Return type
PhysicalQuantity of type energy

onsiteSpinSplit(element)
Query the onsite spin-split energies for a given element.

Parameters
element (PeriodicTableElement) – The element for which to query the spin splits.

Returns
The onsite spin-split energies for this element as a square matrix of size n where n is the
number of subshells of the given element.

Return type
PhysicalQuantity of type energy
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pairPotentials(configuration)
Query function for getting the pair potentials.

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration defining
which elements to load.

Returns
The pair-potentials.

Return type
list of PairPotential

setFillingMethod(element, filling_method)
Set the method used for setting up the initial occupation for the given element.

Parameters

• element (PeriodicTableElement) – The element for which to set the filling
method.

• filling_method (SphericalSymmetric | Anisotropic) – The method used for
setting up the initial occupation.

setOnsiteSpinOrbitSplit(element, split)
Set the onsite spin-orbit split energies for a given element in the configuration.

Parameters

• element (PeriodicTableElement) – The element for which to set the spin-orbit
splits.

• split (PhysicalQuantity of type energy) – The onsite spin-split energies for this el-
ement as a square matrix of size n where n is the number of subshells of the given
element.

setOnsiteSpinSplit(element, split)
Set the onsite spin split energies for a given element in the configuration.

Parameters

• element (PeriodicTableElement) – The element for which to set the spin splits.

• split (PhysicalQuantity of type energy) – The on-site spin-split energies for each
subshell pair of the element.

setVacuumLevel(element, vacuum_level)
Set the energy shift of the vacuum level for a given element.

Parameters

• element (PeriodicTableElement) – The element for which to set the energy shift
of the vacuum level.

• vacuum_level (PhysicalQuantity of type energy) – The energy shift of the vacuum
level.

table(configuration)
Query function for getting the SlaterKosterTable representation of the parameter files in the directory.
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Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration defining
which elements to load.

Returns
A SlaterKosterTable instance representing the parameter files in the directory.

Return type
SlaterKosterTable

vacuumLevel(element)

Parameters
element (PeriodicTableElement) – The element for which to query the energy shift
of the vacuum level.

Returns
The energy shift of the vacuum level for the given element.

Return type
PhysicalQuantity of type energy

Usage Examples

Set up a self-consistent tight-binding calculation using parameters in the format developed by the Hotbit consortium.

# Set up a graphene crystal
bulk_configuration = BulkConfiguration(

bravais_lattice=Hexagonal(2.4612*Angstrom, 6.709*Angstrom),
elements=[Carbon, Carbon],
cartesian_coordinates=[[ 0. , 0. , 0. ],

[ 1.2306 , 0.71050145, 0. ]]*Angstrom
)

# setup slater-koster calculator with hotbit parameters

basis_set = HotbitDirectory("hotbit/standard")

pair_potentials = HotbitDirectory("hotbit/standard")

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=(4, 4, 1) )

calculator = SlaterKosterCalculator(
basis_set=basis_set,
pair_potentials=pair_potentials,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)

initial_velocity = MaxwellBoltzmannDistribution(
temperature=1000.0*Kelvin

)

(continues on next page)
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(continued from previous page)

method = NVEVelocityVerlet(
time_step=1.0*femtoSecond,
initial_velocity=initial_velocity

)

molecular_dynamics = MolecularDynamics(
bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=50,
log_interval=1,
method=method

)

Notes

• Details about the Hotbit parameters can be found at the website of the Hotbit consortium.

• To perform a spin-polarized calculation with the DFTB parameters you must use the atomic spin-polarization
splitting 𝑊 from the built-in database (see Spin polarization).

HuckelBasisParameters

class HuckelBasisParameters(element, orbitals, occupations=None, filling_method=None,
ionization_potential=None, onsite_hartree_shift=None,
onsite_spin_split=None, onsite_spin_orbit_split=None,
number_of_valence_electrons=None, wolfsberg_helmholtz_constant=None,
vacuum_level=None)

Class for representing the parameters that determine the properties of a Huckel basis.

Parameters

• element (PeriodicTableElement) – The element associated with the basis set.

• orbitals (SlaterOrbital | list of SlaterOrbital) – The basis orbitals. One should
be given for each subshell.

• occupations (list of float) – The initial occupation of each orbital (subshell)
as a list of positive floats with one entry for each subshell. Either this, or
number_of_valence_electrons must be given.

• filling_method (SphericalSymmetric | Anisotropic) – The method used for set-
ting up the initial occupation. Default: SphericalSymmetric

• ionization_potential (PhysicalQuantity of type energy) – The ionization potential
with one entry for each (subshell). Default: Must be given.

• onsite_hartree_shift (PhysicalQuantity of type energy) – The on-site Hartree shift
with one entry for each (subshell). Default: Must be given.
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• onsite_spin_split (PhysicalQuantity of type energy) – The on-site spin-split values
of each orbital (subshell) pair. This should be a square matrix of size n where n is the
number of orbitals (subshells). Default: No splitting

• onsite_spin_orbit_split (PhysicalQuantity of type energy) – The on-site spin-orbit
with one entry for each orbital (subshell). Default: No splitting

• number_of_valence_electrons (int) – The number of valence electrons used to de-
termine the neutral state. Either this, or occupations must be given.

• wolfsberg_helmholtz_constant (float) – The Wolfsberg-Helmholtz constant.
Must be positive. Default: 1.75

• vacuum_level (PhysicalQuantity of type energy) – The energy shift of the vacuum level.
Default: 0.0 * Hartree

angularMomenta()

Returns
The angular momentum of each orbital (subshell) in the basis set.

Return type
list of int

element()

Returns
The element of the basis set.

Return type
PeriodicTableElement

fillingMethod()

Returns
The method used for setting up the initial occupation.

Return type
SphericalSymmetric | Anisotropic

ionizationPotential()

Returns
The ionization potential of each orbital (subshell) in the basis set.

Return type
PhysicalQuantity of type energy

numberOfValenceElectrons()

Returns
The sum of the occupations.

Return type
float

occupations()

Returns
The occupations associated with the orbitals.

Return type
list of float
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onsiteHartreeShift()

Returns
The on-site Hartree shift of each orbital (subshell) in the basis set.

Return type
PhysicalQuantity of type energy

onsiteSpinOrbitSplit()

Returns
The on-site spin-orbit split of each orbital (subshell) in the basis set.

Return type
PhysicalQuantity of type energy

onsiteSpinSplit()

Returns
The on-site spin-split values of each orbital (subshell) pair. This should be a square matrix
of size n where n is the number of orbitals (subshells).

Return type
PhysicalQuantity of type energy

orbitals()

Returns
The orbitals of the basis set.

Return type
list of SlaterOrbital

uniqueString()

Return a unique string representing the state of the object.

vacuumLevel()

Returns
The energy shift of the vacuum level.

Return type
PhysicalQuantity of type energy

wolfsbergHelmholtzConstant()

Returns
The Wolfsberg-Helmholtz constant.

Return type
float
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Usage Examples

Define an Extended Huckel Basis for Carbon

carbon_2s = SlaterOrbital(
principal_quantum_number=2,
angular_momentum=0,
slater_coefficients=[ 2.0249*1/Bohr ],
weights=[ 0.76422]
)

carbon_2p = SlaterOrbital(
principal_quantum_number=2,
angular_momentum=1,
slater_coefficients=[ 1.62412*1/Bohr , 2.17687*1/Bohr ],
weights=[ 0.27152 , 0.73886 ]
)

carbon_3d = SlaterOrbital(
principal_quantum_number=3,
angular_momentum=2,
slater_coefficients=[ 1.1944*1/Bohr ],
weights=[ 0.49066]
)

CarbonBasis = HuckelBasisParameters(
element=Carbon,
orbitals=[ carbon_2s , carbon_2p , carbon_3d ],
ionization_potential=[ -19.88924*eV , -13.08001*eV , -2.04759*eV ],
onsite_hartree_shift=ATK_U(Carbon, ['2s','2p','3d']),
onsite_spin_split=ATK_W(Carbon, ['2s','2p','3d']),
number_of_valence_electrons=4,
wolfsberg_helmholtz_constant=2.8,
vacuum_level=0.0*eV,
)

Notes

Tables with the available parameter sets can be found in Extended Hückel basis sets.

The onsite_hartree_shift can be obtained from the ATK_U database.

The onsite_spin_split can be obtained from the ATK_W database.

The overlap matrix,

𝑆𝑖𝑗 = 𝛿𝑖𝑗 ,

if R𝑖 = R𝑗

=

∫︁
𝑉

𝜑𝑖(r−R𝑖)𝜑𝑗(r−R𝑗)dr

if R𝑖 ̸= R𝑗

is the central object in the extended Huckel model, where 𝜑 is of the type SlaterOrbital. The one-electron Hamiltonian
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is defined by

𝐻𝑖𝑗 = 𝐸𝑖 + 𝑉𝐻(R𝑖) − 𝐸VAC,

if 𝑖 = 𝑗

=
1

4
(𝛽𝑖 + 𝛽𝑗)(𝐸𝑖 + 𝐸𝑗)𝑆𝑖𝑗 +

1

2
(𝑉𝐻(R𝑖) + 𝑉𝐻(R𝑗) − 2𝐸VAC)𝑆𝑖𝑗

if 𝑖 ̸= 𝑗

where the parameters 𝐸𝑖 is the ionization_potential, 𝛽 the wolfsberg_helmholtz_constant, and the
vacuum_level, 𝐸VAC, is used to shift the position of the vacuum level.

𝑉𝐻 is the Hartree potential, which is obtained by solving Poisson’s equation for the charge density

𝛿𝑛(r) =
∑︁
𝜇

𝛿𝑚𝜇(
𝛼𝜇
𝜋

)
3
2 𝑒−𝛼𝜇|r−R𝜇|2 ,

where 𝛿𝑚𝜇 = 𝑚𝜇−𝑍𝜇 is the total charge of atom 𝜇, i.e. the sum of the Mulliken population 𝑚𝜇 and the ionic charge
−𝑍𝜇.

The width of the Gaussian, 𝛼 = 𝜋𝑈2/4𝑒4, is specified through the onsite_hartree_shift, 𝑈 .

Table 4.15: HuckelBasisParameters

Symbol HuckelBasisParameters
𝐸𝑖 ionization_potential
𝛽 wolfsberg_helmholtz_constant
𝑈 onsite_hartree_shift
𝐸VAC vacuum_level

HuckelCalculator

class HuckelCalculator(basis_set=None, pair_potentials=None, charge=None,
numerical_accuracy_parameters=None, iteration_control_parameters=None,
poisson_solver=None, weighting_scheme=None, checkpoint_handler=None,
spin_polarization=None, fixed_spin_moment=None,
dynamical_matrix_parameters=None, algorithm_parameters=None,
hamiltonian_derivatives_parameters=None, parallel_parameters=None)

Class for representing calculations using the extended Huckel model for configurations of the type
MoleculeConfiguration and BulkConfiguration.

Parameters

• basis_set (list of HuckelBasisParameters) – An object describing the basis set used
for the Extended-Huckel calculation. Default: HoffmannHuckelParameters.All

• pair_potentials (PairPotential) – The repulsive pair potentials used for total en-
ergy and force calculations. Default: No pair potential

• charge (float) – The charge of the system; a charge of -1 corresponds to one extra
electron. Default: 0.0

• numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent Huckel calculation.
Default:
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NumericalAccuracyParameters(
density_mesh_cutoff=10.0*Hartree,
k_point_sampling=MonkhorstPackGrid(1, 1, 1),
radial_step_size=0.01*Angstrom,
density_cutoff=1.0e-6,
interaction_max_range=10.0*Angstrom,
number_of_reciprocal_points=1024,
reciprocal_energy_cutoff=1250.0*Hartree,
occupation_method=FermiDirac(300.0*Kelvin))

• iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for the self- consistent Huckel calculation.
For non-self-consistent calculations set this parameter to NonSelfconsistent.
Default: NonSelfconsistent.

• poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver used to determine the electro-
static potential. Default: Configuration dependent. FastFourierSolver for a
BulkConfiguration without any metallic or dielectric SpatialRegion.

• weighting_scheme (HoffmannWeighting | WolfsbergWeighting) – The weighting
scheme used for calculating off-site matrix elements of the Huckel Hamiltonian. Default:
WolfsbergWeighting

• checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
specifying the save-file and the time interval. between saving the calculation during the
scf-loop. Default: A default CheckpointHandler object.

• spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) –
Flag indicating if the calculation is spin-polarized or not. Default: Unpolarized

• fixed_spin_moment (float | False) – Total spin moment (per unit cell) to use, defined
as ∆𝑁 = 𝑁−𝑁, where 𝑁𝑢𝑝 and 𝑁𝑑𝑜𝑤𝑛 are the number of electrons in the Up and
Down spin channels, respectively. When specified the spin moment will be fixed at the
given value by introducing separate Fermi levels for the Up and Down spin channels. Can
only be specified when doing a calculation with polarized spin. If set to False the spin
moment will not be fixed - a single Fermi level is used. Default: False

• dynamical_matrix_parameters (not used) – Deprecated: from v2015, see the
DynamicalMatrix analysis object.

• algorithm_parameters (AlgorithmParameters) – The AlgorithmParameters
used for calculating the density matrix. Default:

AlgorithmParameters(
density_matrix_method=DiagonalizationSolver(),
store_grids=True,
store_basis_on_grid=Automatic,
store_energy_density_matrix=Automatic,
scf_restart_step_length=0.1*Angstrom,
use_symmetries=False)

• hamiltonian_derivatives_parameters (not used) – Deprecated: from v2015,
see the HamiltonianDerivatives analysis object.

• parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options. Default:
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ParallelParameters(
processes_per_neb_image=None,
processes_per_individual=None,
processes_per_bias_point=None,
processes_per_saddle_search=1)

algorithmParameters()

Returns
The algorithm parameters.

Return type
AlgorithmParameters

basisSet()

Returns
The basis set associated with the Hamiltonian parametrization.

Return type
BasisSet

charge()

Returns
The charge of the system.

Return type
float

checkpointHandler()

Returns
The CheckpointHandler used for specifying the save-file and the time interval. between
saving the calculation during the scf-loop.

Return type
CheckpointHandler

dynamicalMatrixParameters()

This method is deprecated.

fixedSpinMoment()

Get the fixed spin moment.

Returns
The fixed spin moment or False if the spin moment is not held fixed.

Return type
float | False

hamiltonianDerivativesParameters()

This method is deprecated.

hamiltonianParametrization()

Returns
The Hamiltonian parametrization associated with a semi-empirical calculator.

Return type
SemiEmpiricalHamiltonianParametrization
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isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool

iterationControlParameters()

Returns
The IterationControlParameters used for a self-consistent calculation. For non-self-
consistent calculations this parameter is NonSelfconsistent.

Return type
IterationControlParameters

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

numberOfSpins()

Returns
The number of spins.

Return type
int

numericalAccuracyParameters()

Returns
The NumericalAccuracyParameters used for the self-consistent Huckel calculation.

Return type
NumericalAccuracyParameters

pairPotentials()

Returns
The repulsive pair potentials used for total energy and force calculations.

Return type
PairPotential

parallelParameters()

Returns
The parameters used to control parallelization options.

Return type
ParallelParameters

poissonSolver()

Returns
The Poisson solver used to determine the electrostatic potential.

Return type
DirectSolver | MultigridSolver | FastFourierSolver | FastFourier2DSolver
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setCheckpointHandler(checkpoint_handler)
Set the the checkpoint handler.

Parameters
checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
specifying the save-file and the time interval. between saving the calculation during the
scf-loop.

setHamiltonianParametrization(hamiltonian_parametrization)
Set and check the Hamiltonian parametrization.

Parameters
hamiltonian_parametrization (HamiltonianParametrization) – An object de-
scribing the Hamiltonian parametrization for the semi-empirical calculation.

setIterationControlParameters(iteration_control_parameters)
Set the iteration control parameters.

Parameters
iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for a self-consistent calculation. For non-
self-consistent calculations this parameter is NonSelfconsistent.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setNumericalAccuracyParameters(numerical_accuracy_parameters)
Set the numerical accuracy parameters.

Parameters
numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent Huckel calculation.

setPairPotentials(pair_potentials)
Set the pair potentials.

Parameters
pair_potentials (PairPotential) – The repulsive pair potentials used for total energy
and force calculations.

setParallelParameters(parallel_parameters)
Set the parallel paramters.

Parameters
parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options.

setPoissonSolver(poisson_solver)
Set the poisson solver.

Parameters
poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver used to determine the electrostatic poten-
tial.
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setSpinPolarization(spin_polarization)
Set the spin polarization.

Parameters
spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) – Flag
indicating if the calculation is spin-polarized or not.

setWeightingScheme(weighting_scheme)
Set the weighting scheme.

Parameters
weighting_scheme (HoffmannWeighting | WolfsbergWeighting) – The weighting scheme
used for calculating off-site matrix elements of the Huckel Hamiltonian.

spinPolarization()

Returns
Flag indicating if the calculation is spin-polarized or not.

Return type
Unpolarized | Polarized | Noncollinear | SpinOrbit

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Private method for updating the calculator from the configuration, if it is possible. @private

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str

weightingScheme()

Returns
The weighting scheme used for calculating off-site matrix elements of the Huckel Hamil-
tonian.

Return type
HoffmannWeighting | WolfsbergWeighting

Attention: The HuckelCalculator is being deprecated. Use the SemiEmpiricalCalculator with the HuckelHamil-
tonianParametrization instead.
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Usage Examples

Perform a self-consistent Hückel calculation by setting the IterationControlParameters

iteration_control_parameters = IterationControlParameters(
damping_factor=0.05,
number_of_history_steps=12,
)

calculator = HuckelCalculator(
iteration_control_parameters=iteration_control_parameters,
)

Restart a Hückel calculation using the self-consistent state from a previous calculation

# Read in the BulkConfiguration with the old SCF state
old_calculation=nlread("filename.nc",BulkConfiguration)[0]

# Define the BulkConfiguration with the same number of atoms and the same elements
new_calculation=BulkConfiguration(...)

# Define the calculator
old_calculator = old_calculation.calculator()

# make a clone of the old calculator
new_calculator = old_calculator()

# Attach the calculator and use the old initial state
new_calculation.setCalculator(new_calculator,initial_state=old_calculation)

Calculate the spin-polarized band structure of iron. Note that spin-polarized calculations must be self-consistent.

# Set up iron in the BCC configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=BodyCenteredCubic(2.8665*Angstrom),
elements=[Iron],
cartesian_coordinates=[[ 0., 0., 0.]]*Angstrom
)

# Setup spin-polarized calculation
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(4, 4, 4) )

calculator = HuckelCalculator(
basis_set=CerdaHuckelParameters.Iron_bcc_Basis,
numerical_accuracy_parameters=numerical_accuracy_parameters,
iteration_control_parameters=IterationControlParameters(),
spin_polarization=True,
)

bulk_configuration.setCalculator(calculator)

# Calculate the bandstructure
bandstructure = Bandstructure(

configuration=bulk_configuration,
(continues on next page)
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(continued from previous page)

route=['G', 'H', 'P', 'G', 'N', 'P', 'N', 'H'],
)

nlsave('fe_huckel.nc', bandstructure)

Notes

For the details of the extended-Hückel model, see the chapter on Semi Empirical.

Default is that the Hückel calculation is non-self-consistent. To make it self-consistent you must set the IterationCon-
trolParameters.

Note that most parameters are fitted for non-self-consistent situations, and to apply the parameters for self-consistent
situations the vacuum_level of each element must be shifted to cancel the additional onsite term in the reference
structure where the parameters where fitted.

HuckelHamiltonianParametrization

class HuckelHamiltonianParametrization(basis_set=None, weighting_scheme=None)
A class representing the hamiltonian parametrization for a Huckel type model

Parameters

• basis_set (list of HuckelBasisParameters) – An object describing the basis set used
for the Extended-Huckel calculation. Default: HoffmannHuckelParameters.All

• weighting_scheme (HoffmannWeighting | WolfsbergWeighting) – The weighting
scheme used for calculating off-site matrix elements of the Huckel Hamiltonian. Default:
WolfsbergWeighting

basisSet()

Returns
The basis set.

Return type
list of HuckelBasisParameters

pairPotentials()

Return the pair potentials. If no pair potentials are available, it returns None.

Returns
The pair potentials.

Return type
PairPotential

usingOrthogonalBasis()

Routine for determining if the Hamiltonian parametrization is using an orthogonal basis set. Always False
for Huckel.
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weightingScheme()

Returns
The weighting scheme used for calculating off-site matrix elements of the Huckel Hamil-
tonian.

Return type
HoffmannWeighting | WolfsbergWeighting

Usage Examples

The following example demonstrates some of the different basis sets and weighting schemes available for a Huckel-type
Hamiltonian parametrization.

# Create a Huckel Hamiltonian parametrization with the default
# basis set and the Hoffmann weighting scheme.
hamiltonian_parametrization = HuckelHamiltonianParametrization(

weighting_scheme=HoffmannWeighting)

# Default weighting and a custom basis set: in this case
# the Hoffmann Carbon basis and Cerda Carbon graphite basis.
basis_set = [

HoffmannHuckelParameters.Carbon_Basis,
CerdaHuckelParameters.Carbon_graphite_Basis

]
hamiltonian_parametrization = HuckelHamiltonianParametrization(

basis_set=basis_set)

# Custom basis set: Hoffmann Hydrogen with a custom vacuum level
# of 1.0 eV and Muller Silicon with a custom vacuum level of 0.0 eV.
basis_set = [

HoffmannHuckelParameters.Hydrogen_Basis(vacuum_level=1.0 * eV),
MullerHuckelParameters.Silicon_Basis(vacuum_level=0.0 * eV)

]
hamiltonian_parametrization = HuckelHamiltonianParametrization(

basis_set=basis_set)

Notes

For the details of the weighting schemes used for the extended-Hückel model, see the chapter on Weighting schemes.
Tables with the available basis sets can be found here: Extended Hückel basis sets.

See also Parameters for the extended Hückel method for a more general description of the parameters in the extended-
Hückel model.
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HydrogenOrbital

class HydrogenOrbital(principal_quantum_number, angular_momentum, radial_cutoff_radius,
confinement_start_radius, charge=None, confinement_strength=None,
confinement_power=None, radial_step_size=None)

Class for representing an atomic orbital of a Hydrogen atom.

Parameters

• principal_quantum_number (positive int) – The all-electron principal quantum
number (n) of the orbital.

• angular_momentum (non-negative int) – The angular momentum quantum number
(l) of the orbital.

• radial_cutoff_radius (PhysicalQuantity of type length) – The distance from the core
where the basis orbital is zero (compact support radius).

• confinement_start_radius (PhysicalQuantity of type length) – Radial distance to
where the confinement potential starts. The confinement_start_radius must be less
than or equal to the radial_cutoff_radius.

• charge (float) – Charge of the Hydrogen atom when generating the basis function.
Default: 1.0

• confinement_strength (PhysicalQuantity of type energy) – The confinement strength
of the potential confining the Hydrogen orbital. Default: 20 * Hartree

• confinement_power (int) – The confinement power for the potential. Default: 1

• radial_step_size (PhysicalQuantity of type length) – The radial step size determining
the distance between grid points on the linear radial grid. Default: 0.01 * Bohr

angularMomentum()

Returns
The angular momentum.

Return type
int

charge()

Returns
The charge used for generating this HydrogenOrbital instance.

Return type
float

confinementPower()

Returns
The power of the confinement potential.

Return type
int

confinementStartRadius()

Returns
The radius where the confinement potential starts.
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Return type
PhysicalQuantity of type length

confinementStrength()

Returns
The strength of the confinement potential.

Return type
PhysicalQuantity of type energy

principalQuantumNumber()

Returns
The principal quantum number.

Return type
int

radialCutoffRadius()

Returns
The radial cutoff radius.

Return type
PhysicalQuantity of type length

radialStepSize()

Returns
The radial grid spacing.

Return type
PhysicalQuantity of type length

uniqueString()

Return a unique string representing the state of the object.

HysteresisLoop

class HysteresisLoop(temperature: PhysicalQuantity, magnetic_field_strengths: PhysicalQuantity,
magnetic_field_direction: ndarray, total_magnetic_moments: PhysicalQuantity,
max_total_magnetic_moment: PhysicalQuantity)

An object containing the data from a spin dynamics simulation of a hysteresis loop.

Parameters

• temperature (PhysicalQuantity of type temperature) – The temperature at which the
simulation was run.

• magnetic_field_strengths (PhysicalQuantity of type magnetic field) – The applied
magnetic field at each step of the simulation.

• magnetic_field_direction (numpy.ndarray) – The direction of the applied mag-
netic field.

• total_magnetic_moments (PhysicalQuantity of type energy / magnetic field) – The
total magnetic moment at each step of the simulation.
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• max_total_magnetic_moment (PhysicalQuantity of type energy / magnetic field) – The
maximum total magnetic moment.

coercivity()→ PhysicalQuantity
Get the coercivity, which is the field one has to apply in the opposite direction of the initial magnetization
it takes to demagnetize the system.

Returns
The coerciticity

Return type
PhysicalQuantity of type magnetic field

magneticFieldDirection()→ ndarray
Get the direction of the applied magnetic field. :return: The direction of the applied magnetic field. :rtype:
numpy.ndarray

magneticFieldStrengths()→ PhysicalQuantity
Get the applied magnetic field strengths. :return: The applied magnetic fields. :rtype: PhysicalQuantity
of type magnetic field.

maxTotalMagneticMoment()→ PhysicalQuantity
Get the maximum total magnetic moments. :return: The maximum total magnetic moments. :rtype:
PhysicalQuantity of type energy / magnetic field

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
Structured information about the data.

Return type
dict

nlprint(stream)

Print report with the data and results to a given stream.

Parameters
stream (stream) – The stream that the report should be written to.

projectedMagneticMoments()→ PhysicalQuantity
Get the total magnetic moments projected on the direction of the applied magnetic field. :return: The
projected total magnetic moments. :rtype: PhysicalQuantity of type energy / magnetic field

relativeMagnetizations()→ ndarray
Calculate the relative magnetizations. :return: The relative magnetizations. :retype: ndarray

remanence()→ PhysicalQuantity
Get the remanence, i.e. the magnetic moment when there is no applied magnetic field.

Returns
The remanence.
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Return type
PhysicalQuantity of type energy / magnetic field

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

temperature()→ PhysicalQuantity
Get the temperature at which the simulation was run. :return: The temperature. :rttype: PhysicalQuantity
of type temperature.

totalMagneticMoments()→ PhysicalQuantity
Get the total magnetic moments. :return: The total magnetic moments. :rtype: PhysicalQuantity of type
energy / magnetic field

uniqueString()

Return a unique string representing the state of the object.

IVCharacteristics

class IVCharacteristics(configuration, filename, object_id, gate_regions=None, gate_source_voltages=None,
drain_source_voltages=None, gate_potential_alignment=None, energies=None,
kpoints=None, kpoints_weights=None, self_energy_calculator=None,
energy_zero_parameter=None, infinitesimal=None, log_filename_prefix=None,
number_of_processes_per_task=None, device_transmission_method=None,
enforce_zero_transmission_in_band_gap=None, source_electrode=None,
max_initial_state_configurations=None)

Constructor for the IVCharacteristics object.

Parameters

• configuration (DeviceConfiguration) – The device configuration with attached
calculator for which to perform the study. The configuration must include at least one
metallic region acting as the gate.

• filename (str) – The full or relative filename path the Study object should be saved to.
See nlsave().

• object_id (str) – The name of the study that the Study object should be saved to within
the file. This needs to be a unique name in this file. See nlsave().

• gate_regions (int | list of int) – An index or list of indices of the metallic re-
gions present in the configuration for which to apply the gate voltage. Default: All metal-
lic regions present in the configuration.

• gate_source_voltages (PhysicalQuantity of type voltage | sequence of PhysicalQuan-
tity of type voltage) – A list of the gate-source voltages for which the current will be
calculated the next time the object is updated. It is assumed that the source electrode is
grounded, and that the gate-source voltage is defined as V_gs = V_g - V_s. Therefore,
in each transmission calculation, the source electrode voltage will be set to zero and the
gate regions voltage to V_gs. Default: [0.0] * Volt
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• drain_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – A list of the drain-source voltages for which the current
will be calculated the next time the object is updated. It is assumed that the source elec-
trode is grounded, and that the drain-source voltage is defined as V_ds = V_d - V_s.
Therefore, in each transmission calculation, the source electrode voltage will be set to
zero and the left electrode voltage to V_ds. Default: [0.5] * Volt

• gate_potential_alignment (GatePotentialAlignment) – A parameter indicating
the difference between the work function of the gate electrodes and the work func-
tion of a reference electrode, plus an optional energy shift. Such difference is used
to determine the reference potential for V_gs=0, effectively shifting an I-Vgs char-
acteristics. Default: GatePotentialAlignment(reference_electrode=`Left`,
shift=0.0*eV, use_intrinsic_chemical_potential=False)

• energies (list of PhysicalQuantity of type energy) – A list of the energies for which the
TransmissionSpectrum at each voltage should be calculated. Default: Energy range
that covers the bias window, plus 30𝑘𝐵𝑇 .

• kpoints (MonkhorstPackGrid | RegularKpointGrid | AdaptiveGrid | list (size
n_kpoints) of list (size 3) of float) – The k-points for which the TransmissionSpectrum
at each voltage should be calculated. Note that the k-points must be in the same
xy-plane. Set nc=1 for MonkhorstPackGrid and RegularKpointGrid. Default:
MonkhorstPackGrid(na, nb) where (na, nb) is the sampling used for the self-
consistent calculation.

• kpoints_weights (list (size n_kpoints) of float) – The weight of each k-
point for which the TransmissionSpectrum at each voltage should be calculated. De-
fault: The weights corresponding to the MonkhorstPackGrid/RegularKpointGrid, or
equal weights if the k-points are specified as a list.

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy |
SparseRecursionSelfEnergy | KrylovSelfEnergy) – The SelfEnergyCalcula-
tor to be used for the TransmissionSpectrum calculation at each voltage. Default:
RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy) – The choice for
the zero of energy to be used for the TransmissionSpectrum calculation at each voltage.
Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy) – Small positive energy, used to move
the TransmissionSpectrum calculation at each voltage away from the real axis. This is
only relevant for recursion-style self-energy calculators. Default: 1.0e-6 * eV

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output of
the calculations, each to be stored in a separate file. If LogToStdOut, all logging will
instead be sent to standard output. Default: 'iv_characteristics_'

• number_of_processes_per_task (int) – The number of processes that will be used
to execute each task. If this value is greater than or equal to the total number of available
processes, each single task will be executed collaboratively over all processes. Otherwise,
a delegator-worker scheme is used; in this case, one process will be set aside as the delega-
tor, and the remaining ones will be grouped into workers and execute tasks concurrently.
Default: All available processes execute each task collaboratively.

• device_transmission_method (GreensFunction | SparseGreensFunction.) –
The method employed in the TransmissionSpectrum calculation at each volt-
age. Note that GreensFunction is only supported for a maximum of 2 (1)
processes_per_contour_point for Unpolarized, Polarized (Noncollinear, SpinOrbit)
calculations. Default: GreensFunction(processes_per_contour_point=1).
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• enforce_zero_transmission_in_band_gap (bool) – Flag which specifies whether
the transmission values are enforced to zero inside the band gap. Default: True

• source_electrode (Left | Right) – Specify which electrode should be set as Source.
Default: Left

• max_initial_state_configurations – Maximum number of previous converged
configurations used to determine the initial state for a new bias point. If 1 is specified, the
configuration closest in bias to the new bias point is used as initial state. If an integer n >
1 is specified, then the n configurations closest in bias are used to extrapolate the initial
state for the new bias point. It must be a positive integer. Default: 3

• max_initial_state_configurations – int

addAnalysis(gate_source_voltages, drain_source_voltages, analysis_type, analysis_arguments=None)
Add an analysis object to the IVCharacteristics study for given gate-source and drain-source voltage pair.

This method can be invoked several times; in this case, multiple analysis objects will be added to the same
voltage pairs.

Parameters

• gate_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – A list of gate-source voltages for which the analysis
should be appended. Each voltage in the list needs to be already present.

• drain_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – A list of drain-source voltages for which the analysis
should be appended. Each voltage in the list needs to be already present.

• analysis_type (An Analysis type supported by IVCharacteristics.) – The type of
the analysis object to be calculated.

• analysis_arguments (A dictionary of valid arguments for an analysis object of the
type specified in analysis_type.) – Dictionary of optional arguments to be passed
to the analysis object. The configuration arguments must not be present. Default:
An empty dictionary, except for ProjectedLocalDensityOfStates or DeviceDensityOf-
States analysis, where the default energies, kpoints, self_energy_calculator,
energy_zero_parameter, and infinitesimal are take from the study object it-
self.

addProjectedLocalDensityOfStates(gate_source_voltages, drain_source_voltages, energies=None)
Add a ProjectedLocalDensityOfStates analysis object to the IVCharacteristics study for a given gate-source
and drain-source voltage pair. The input paramenters are taken from the IVCharacteristics study.

Parameters

• gate_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – A list of gate-source voltages for which the analysis
should be appended. Each voltage in the list needs to be already present.

• drain_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – A list of drain-source voltages for which the analysis
should be appended. Each voltage in the list needs to be already present.

• energies (list of PhysicalQuantity of type energy) – The energies for which the den-
sity of states should be calculated. Default: The value given in the constructor of the
study object.
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addVoltages(gate_source_voltages=None, drain_source_voltages=None)
Add a list of gate-source and/or drain-source voltage points to the IVCharacteristics study. These will be
calculated the next time the object is updated.

Parameters

• gate_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – The list of gate-source voltages to add.

• drain_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – The list of drain-source voltages to add.

calculatedVoltages()

Returns
The list of gate-source and drain-source voltage pairs for which a transmission spectrum
has been calculated.

Return type
list of PhysicalQuantity of type voltage

configuration(gate_source_voltage, drain_source_voltage)
Retrieve the updated configuration for the given gate-source and drain-source voltages.

This result will only be available after the calculation ran successfully.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

Returns
The configuration associated with this voltage pair. If not available, returns None.

Return type
DeviceConfiguration | None

configurationCalculator(gate_source_voltage, drain_source_voltage)
Retrieve the updated configuration’s calculator for the given gate-source and drain-source voltages.

This result will only be available after the calculation ran successfully.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

Returns
The calculator associated with this voltage pair. If not available, returns None.

Return type
DeviceLCAOCalculator | DeviceSemiEmpiricalCalculator None

current(gate_source_voltage, drain_source_voltage, electrode_temperatures=None)
The current calculated from the TransmissionSpectrum analysis. The sign of the current is adjusted to
be consistent with the choice of source electrode.

Parameters
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• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The calculated current for the required gate-source and drain-source voltages. If not avail-
able, returns None.

Return type
PhysicalQuantity of type current | None

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

deviceTransmissionMethod()

Returns
The method used for the TransmissionSpectrum calculation at each voltage.

Return type
GreensFunction | SparseGreensFunction

drainInducedBarrierLowering(threshold_current, high_drain_source_voltage,
low_drain_source_voltage, min_subthreshold_current=None,
max_subthreshold_current=None, range_min=None, range_max=None,
converged_only=None, electrode_temperatures=None)

Calculate drain induced barrier lowering (DIBL). The threshold voltage is defined as the gate-source volt-
age for which the current has a user-defined value, evaluated at a high and a low source-drain voltage
value.

The DIBL is calculated as the unitless ratio

𝐷𝐼𝐵𝐿 =
𝑉 𝑙𝑜𝑤
𝑇𝐻 −𝑉 ℎ𝑖𝑔ℎ

𝑇𝐻

𝑉 ℎ𝑖𝑔ℎ
𝐷𝑆 −𝑉 𝑙𝑜𝑤

𝐷𝑆

In order to obtain meaningful results, a current in the subthreshold regime must be specified.

Parameters

• threshold_current (PhysicalQuantity of type current) – The current for which the
device is considered to be at the gate-source threshold.

• high_drain_source_voltage (PhysicalQuantity of type voltage) – The drain-
source voltage at the working point (i.e., the supply voltage).

• low_drain_source_voltage (PhysicalQuantity of type voltage) – The low drain
voltage used as reference. It needs to be a finite value close to 0.

• min_subthreshold_current (PhysicalQuantity of type current) – The minimum
value of current used to extract the subthreshold regime model. Default: thresh-
old_current / 10
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• max_subthreshold_current (PhysicalQuantity of type current) – The minimum
value of current used to extract the subthreshold regime model. Default: thresh-
old_current * 10

• range_min (PhysicalQuantity of type voltage) – The minimum gate-source voltage
used for the processing. This parameter can be used to select the nmos-like or pmos-
like section of the IV curve in bipolar devices. Default: No restriction.

• range_max (bool) – The maximum gate-source voltage in the required range. This
parameter can be used to select the nmos-like or pmos-like section of the IV curve in
bipolar devices. Default: No restriction.

• converged_only – Whether to only include data points which have converged. De-
fault: True

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The calculated drain induced barrier lowering.

Return type
float

drainSourceSaturationVoltage(gate_source_voltage, range_min=None, range_max=None,
converged_only=None, electrode_temperatures=None)

Calculate the drain-source saturation voltage for a given gate-source voltage. It is assumed that a transition
to saturation regime occurs in the interval specified by range_min and range_max. The value is estimated
by fitting the data to a Schichman-Hodges model (SPICE Mosfet model 1).

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age, for which the drain-source saturation voltage will be calculated.

• range_min (PhysicalQuantity of type voltage) – The minimum drain-source voltage
in the required range. Default: No restriction.

• range_max (bool) – The maximum drain-source voltage in the required range. De-
fault: No restriction.

• converged_only – Whether to only include data points which have converged. De-
fault: True

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The calculated drain-source saturation voltage, fitted in the required range.

Return type
PhysicalQuantity of type voltage

drainSourceVoltages()

Returns
The list of all calculated and not calculated drain-source voltages. Any drain-source voltage
which has not yet been calculated will be calculated the next time the object is updated.
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Return type
list of PhysicalQuantity of type voltage

energies()

Returns
The list of energies used for the TransmissionSpectrum calculation at each voltage.

Return type
list of PhysicalQuantity of type energy

energyZeroParameter()

Returns
The choice for the zero of energy used for the TransmissionSpectrum calculation at
each voltage.

Return type
AverageFermiLevel | AbsoluteEnergy

enforceZeroTransmissionInBandGap()

Returns
Whether the transmission values are enforced to zero inside the band gap.

Return type
bool

filename()

Returns
The filename where the study object is stored.

Return type
str

gatePotentialAlignment()

Returns
The object describing the alignment of the gate electrode potential.

Return type
class:~.GatePotentialAlignment:

gateReferencePotential()

Returns
The absolute shift in gate voltages introduced by a gate potential alignment, with respect
to the internal default. If the constructor parameter gate_potential_alignment is defined
with a non-default reference_electrode then additional tasks have to be executed. In that
case the absolute shift in gate voltages is returned when the information is available, and
None is returned otherwise.

Return type
PhysicalQuantity of type voltage | None

gateRegions()

Returns
The list of indices of the metallic regions present in the configuration which the gate voltage
is applied to.
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Return type
list of int

gateSourceVoltages()

Returns
The list of all calculated and not calculated gate-source voltages. Any gate-source voltage
which has not yet been calculated will be calculated the next time the object is updated.

Return type
list of PhysicalQuantity of type voltage

infinitesimal()

Returns
The small positive energy used to move the TransmissionSpectrum calculation at each
voltage away from the real axis for the case of a recursion-style self-energy calculator.

Return type
PhysicalQuantity of type energy

isConverged(gate_source_voltage, drain_source_voltage)

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

Returns
Whether the calculator for the required gate-source and drain-source voltages has been
converged. If not available, returns None.

Return type
bool | None

kpoints()

Returns
The k-points used for the TransmissionSpectrum calculation at each voltage.

Return type
MonkhorstPackGrid | RegularKpointGrid | AdaptiveGrid | list (size n_kpoints) of
list (size 3) of float

kpointsWeights()

Returns
The weight of each k-point used for the TransmissionSpectrum calculation at each volt-
age.

Return type
list (size n_kpoints) of float

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut
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maxInitialStateConfigurations()

Returns
The maximum number of converged configurations used to determine the initial state for
a new bias point.

Return type
int

nlinfo()

Returns
Structured information about the Study.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

onOffRatio(drain_source_voltage, off_gate_source_voltage, on_gate_source_voltage,
converged_only=None, electrode_temperatures=None)

Calculate the on/off ratio for the available data points at a given drain-source voltage.

Parameters

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age which determines the gate-source voltage/current data set from which the on/off
ratio will be calculated. Default: The first drain-source voltage in the IVCharacteris-
tics study.
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• off_gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source
voltage corresponding to the off state.

• on_gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source
voltage corresponding to the on state.

• converged_only – Whether to only include data points which have converged. De-
fault: True

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The calculated on/off ratio in the required range.

Return type
float

removeAnalysis(gate_source_voltages, drain_source_voltages, analysis_type)
Remove an analysis object from the IVCharacteristics study for given gate-source and drain-source voltage
pairs.

Note that if multiple analysis objects of the same type exist, they will all be removed.

Parameters

• gate_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – A list of gate-source voltages for which the analysis
object should be removed.

• drain_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – A list of drain-source voltages for which the analysis
object should be removed.

• analysis_type (An Analysis type supported by IVCharacteristics.) – The type of
the analysis object to be removed.

removeDrainSourceVoltage(drain_source_voltage)
Remove a drain-source voltage from the IVCharacteristics study. All analysis objects corresponding to the
given drain-source voltage will be removed.

Parameters
drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source voltage
which should be removed from the IVCharacteristics study.

removeGateSourceVoltage(gate_source_voltage)
Remove a gate-source voltage from the IVCharacteristics study. All analysis objects corresponding to the
given gate-source voltage will be removed.

Parameters
gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source voltage
which should be removed from the IVCharacteristics study.

results(gate_source_voltage, drain_source_voltage, result_types=None)
Retrieve all results of the specified types for the given gate-source and drain-source voltages.

Only the results of calculations that ran successfully are available.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.
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• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

• result_types (list) – A list of types which should be included in the returned
quantity. For example, result_types=[DeviceConfiguration] will only return instances
of DeviceConfiguration. If not specified, all results are returned.

Returns
The available results from calculations associated with this voltage pair. If none available,
it returns an empty list.

Return type
list

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

selfEnergyCalculator()

Returns
The SelfEnergyCalculator used for the TransmissionSpectrum calculation at each volt-
age.

Return type
DirectSelfEnergy | RecursionSelfEnergy | SparseRecursionSelfEnergy |
KrylovSelfEnergy

setCalculator(gate_source_voltage, drain_source_voltage, calculator, initial_state=None,
initial_spin=None)

Set a new calculator and initial state for an existing gate-source and drain-source voltage pair.

The next call to update() will recalculate the configuration, transmission spectrum and any additional
Analysis objects for this gate-source and drain-source voltage pair. If a configuration with an identical
calculator had already converged, no calculation will be performed.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

• calculator (DeviceLCAOCalculator | DeviceSemiEmpiricalCalculator) –
The new calculator to be set on the configuration.

• initial_state (DeviceConfiguration) – The initial state to be used for the con-
figuration. Default: The initial state is automatically chosen from the already run
tasks.

• initial_spin (InitialSpin | None) – An initial spin to be applied in combination
with the initial state. It can only be defined if an initial state is also defined. Alterna-
tively, a global initial spin to be used during the first configuration update can be set
directly on the configuration passed to the class constructor.
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setTransmissionSpectrumArguments(gate_source_voltage, drain_source_voltage,
transmission_arguments=None)

Set new arguments for the TransmissionSpectrum object for an existing gate-source and drain-source volt-
age pair.

The next call to update() will recalculate the transmission spectrum for this gate-source and drain-source
voltage pair.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

• transmission_arguments (A dictionary of valid arguments for a
TransmissionSpectrum object.) – Dictionary of arguments to be passed to the
TransmissionSpectrum object. The configuration argument must not be present.
Default: An empty dictionary.

sourceElectrode()

Return the side of the source electrode, specified as Left or Right. The quantity is used to convert from
absolute electrode voltages to drain-source and gate-source voltages.

subthresholdSlope(drain_source_voltage=None, range_min=None, range_max=None,
converged_only=None, electrode_temperatures=None)

Calculate the subthreshold slope for the available data points at a given drain-source voltage.

Note that by default the entire range is used for the fitting, which might give an unphysical result. It is
strongly recommended for the user to define a physical range in which to perform the fitting.

Parameters

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age which determines the gate-source voltage/current data set from which the sub-
threshold slope will be calculated.

• range_min (PhysicalQuantity of type voltage) – The minimum gate-source voltage
in the required range. Default: No restriction.

• range_max (bool) – The maximum gate-source voltage in the required range. De-
fault: No restriction.

• converged_only – Whether to only include data points which have converged. De-
fault: True

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The calculated subthreshold slope, fitted in the required range. Units are mV/dec.

Return type
float

transconductance(drain_source_voltage, gate_source_voltage, converged_only=None,
electrode_temperatures=None)

Calculate the transconductance, defined as:

𝑔𝑚 = 𝜕𝐼𝐷/𝜕𝑉𝐺𝑆
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at a given drain-source voltage, where 𝐼𝐷 is the drain current and 𝑉𝐺𝑆 the gate-source voltage. The
transconductance is evaluated around the gate-source voltage specified in input. The derivative is calcu-
lated by finite difference, using the available currents.

Parameters

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age at which the transconductance is calculated,

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source voltage
at which the transconductance is evaluated.

• converged_only – Whether to only include data points which have converged. De-
fault: True

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The value of transconductance at the given gate-source and drain-source voltage.

Return type
PhysicalQuantity of type current / voltage.

transmissionSpectrum(gate_source_voltage, drain_source_voltage)
Retrieve the TransmissionSpectrum for the updated configuration for the given gate-source and drain-
source voltages.

This result will only be available after the transmission spectrum calculation ran successfully.

Additional TransmissionSpectrum analysis objects added with addAnalysis will be ignored.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

Returns
The transmission spectrum associated with this voltage pair. If not available, returns None.

Return type
TransmissionSpectrum | None

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study.
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Notes

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

The IVCharacteristics object can be used to perform a detailed study on a device. The object is initialized by specifying
the DeviceConfiguration to study, a list of gate-source and drain-source voltages over which to scan, and the parameters
needed to perform a TransmissionSpectrum calculation for each voltage.

The IVCharacteristics object supports configurations with an arbitrary number of gates, defined as metallic regions
in the DeviceConfiguration. During the calculation the gate voltage is set equally on the gate regions specified by
the gate_regions parameter; other metallic regions present in the configuration will not be affected. It is also
possible to use IVCharacteristics for a DeviceConfiguration without any gate. In this case, gate_regions and
gate_source_voltages can be left unspecified. A dummy value gate_source_voltages=0.0*Volt is then as-
sumed.

After performing the calculation, the results can be retrieved by calling a number of methods:

• calculatedVoltages

• configuration

• configurationCalculator

• current

• isConverged

• results

• transmissionSpectrum

There are also a number of post-processing methods available, which will perform their analysis on the available results:

• onOffRatio

• subthresholdSlope

• drainSourceSaturationVoltage

• drainInducedBarrierLowering

• transconductance

The user is free to add gate-source and drain-source voltage points to the study by calling addVoltages. It is also
possible to specify additional Analysis objects to be calculated on the configuration alongside the TransmissionSpectrum
for each voltage point (or only selected points); this can be done by calling addAnalysis. The results for these
additional Analysis calculations can be retrieved by calling the results method.

Finally, existing gate voltage points can be modified by calling a number of methods:

• setCalculator

• setTransmissionSpectrumArguments

Calling update after one of these methods will recalculate any point which is no longer up to date, including any
additional Analysis objects present.

Tip: See the tutotial ivcharacteristics for an example of usage of IVCharacteristics study on a realistic device and a
demonstration of the graphical user interface.

See also GatePotentialAlignment.
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Usage Example

This example shows how to perform a simple study of a gated carbon nanotube system and display a summary of results.

First, we define the device system with metallic regions to act as the gate. This is given in the following file (for clarity,
we split this from the IVCharacteristics study itself):

iv_characteristics_device_setup.py

We can now proceed with the study. Note that this example is only intended to give an overview of the capabilities of
IVCharacteristics.

# Setup the device configuration.
device_configuration = nlread('iv_characteristics_device_setup.py',␣
→˓DeviceConfiguration)[0]

# -------------------------------------------------------------
# IVCharacteristics study
# -------------------------------------------------------------
# Initialize the IV characteristics study with 11 gate-source
# and a single drain-source voltage points.
iv_characteristics = IVCharacteristics(

configuration=device_configuration,
filename='ivcharacteristics.hdf5',
object_id='graphene_ribbon',
gate_regions=[0, 1],
gate_source_voltages=numpy.linspace(-1, 1, 11)*Volt,
drain_source_voltages=0.1*Volt,
log_filename_prefix='ivcharacteristics_',
)

# Run update to calculate the initial points.
iv_characteristics.update()

# Print the iv_characteristics report.
nlprint(iv_characteristics)

# Add a new gate-source voltage point.
iv_characteristics.addVoltages(gate_source_voltages=1.5 * Volt)

# Call update again to calculate the new point.
iv_characteristics.update()

# Calculate the on/off ratio at Vds=0.1*Volt and print it out.
on_off_ratio = iv_characteristics.onOffRatio(

0.1 * Volt,
-1.0 * Volt,
1.0 * Volt)

print("On/off ratio:", on_off_ratio)

# Add an additional DeviceDensityOfStates calculation to two of the gate voltage
# points. We also specify custom arguments for this object.
analysis_arguments = {'energies': numpy.arange(-1.0, 1.0, 0.01) * eV}
iv_characteristics.addAnalysis(

[0.2, 0.4] * Volt,
(continues on next page)
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(continued from previous page)

0.1 * Volt,
DeviceDensityOfStates,
analysis_arguments
)

# Update again.
iv_characteristics.update()

# Get the calculated objects for a particular voltage value.
gate_source_voltage = 0.2 * Volt
drain_source_voltage = 0.1 * Volt
configuration = iv_characteristics.configuration(

gate_source_voltage,
drain_source_voltage)

calculator = iv_characteristics.configurationCalculator(
gate_source_voltage,
drain_source_voltage)

transmission_spectrum = iv_characteristics.transmissionSpectrum(
gate_source_voltage,
drain_source_voltage)

device_dos = iv_characteristics.results(
gate_source_voltage,
drain_source_voltage,
[DeviceDensityOfStates])[0]

# Set a new initial state for this gate voltage value.
restart_gate_voltage = -0.2 * Volt
restart_configuration = iv_characteristics.configuration(

restart_gate_voltage,
drain_source_voltage)

iv_characteristics.setCalculator(
gate_source_voltage,
drain_source_voltage,
calculator,
restart_configuration)

# Also set some new arguments for the transmission spectrum.
new_arguments = {'energies': numpy.linspace(-2, 2, 21)*eV}
iv_characteristics.setTransmissionSpectrumArguments(

gate_source_voltage,
drain_source_voltage,
new_arguments)

# Running update will calculate this gate voltage point again.
iv_characteristics.update()

# Print again the iv_characteristics report.
nlprint(iv_characteristics)

iv_characteristics.py

Here is the resulting output from the last nlprint command:

4.13. Full QuantumATK package 1243



QuantumATK V-2023.12 Documentation

+------------------------------------------------------------------------------+
| IVCharacteristics Report |
+------------------------------------------------------------------------------+
| Gate-source Drain-source Drain-source |
| voltage (V) voltage (V) current (A) |
+------------------------------------------------------------------------------+
| -1.000000 0.100000 1.432517e-13 |
| -0.800000 0.100000 7.487856e-13 |
| -0.600000 0.100000 7.141447e-12 |
| -0.400000 0.100000 1.520051e-10 |
| -0.200000 0.100000 7.014625e-09 |
| 0.000000 0.100000 1.632069e-07 |
| 0.200000 0.100000 5.286407e-07 |
| 0.400000 0.100000 1.376396e-07 |
| 0.600000 0.100000 1.431255e-07 |
| 0.800000 0.100000 1.121649e-07 |
| 1.000000 0.100000 1.175979e-07 |
| 1.500000 0.100000 9.040193e-08 |
+------------------------------------------------------------------------------+

Gate Potential Alignment

The parameter gate_potential_alignment allows the definition of a reference for the gate-source potential which
can rigidly shift 𝑉𝑔𝑠 - 𝐼𝑑𝑠 characteristics and take into account, for example, for different gate metal work functions.

In the following sections it is explained how the gate potential is applied in relation to the left and right electrode
boundary conditions, and how gate_potential_alignment modifies the absolute gate potential.

Definition of the Gate potential with Dirichlet boundary conditions

The solutions for the bulk left and right electrodes, evaluated at the beginning of a device calculation, provide the
energy and electrostatic potential references.

During the device calculation, the electronic structures of the electrodes are shifted to align the whole system to a
common energy reference and properly include any built-in potential.

In order to ensure consistency between the electrostatic potential of the device and the common energy reference, the
Dirichlet boundary conditions on the left surface of the simulation grid at equilibrium (𝑉𝑑𝑠 = 0) is set as:

𝑉 (r) = 𝑉𝑏𝑢𝑙𝑘,𝑙𝑒𝑓𝑡(r), r ∈ Ω𝑙𝑒𝑓𝑡

where 𝑉𝑏𝑢𝑙𝑘,𝑙𝑒𝑓𝑡(r) is the electrode bulk potential, 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑,𝑙𝑒𝑓𝑡 the voltage applied on the left contact and Ω𝑙𝑒𝑓𝑡 the left
boundary surface.

Similarly, on the right surface we have:

𝑉 (r) = 𝑉𝑏𝑢𝑙𝑘,𝑟𝑖𝑔ℎ𝑡(r) + 𝑉𝑏𝑢𝑖𝑙𝑡−𝑖𝑛, r ∈ Ω𝑟𝑖𝑔ℎ𝑡

where −|𝑒|𝑉𝑏𝑢𝑖𝑙𝑡−𝑖𝑛 = 𝜇𝑏𝑢𝑙𝑘,𝑟𝑖𝑔ℎ𝑡 − 𝜇𝑏𝑢𝑙𝑘,𝑙𝑒𝑓𝑡 is the built-in potential due to the difference of chemical potential in
the isolated electrodes at equilibrium.

When we apply a potential on a gate, the constraint 𝑉 (r) = 𝑉𝑔 is imposed on all points within the gate region. For
𝑉𝑏𝑢𝑙𝑘,𝑙𝑒𝑓𝑡(r) = 0, or in general for electrodes with 𝑉𝑏𝑢𝑙𝑘,𝑙𝑒𝑓𝑡(r) ̸= 0 where the bulk potential converge to a uniform
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zero potential in the vacuum, a zero gate potential will be aligned with the vacuum level of the electrode. We can
interpret it as having a gate metal workfunction equal to the left electrode workfunction.

For electrodes with non-zero bulk potential and floating boundary conditions (i.e., a combination of Periodic and
Neumann boundary conditions in all directions), the electrostatic potential is shifted such that its total average is zero.
As a consequence, the vacuum potential is usually close to zero, however deviations up to tens of eV can arise and
translate in an effective shift of the gate reference. The vacuum level of an electrode, hence the amount of this shift,
can always be determined by inspecting the electrostatic potential as shown in the tutorial inas_2d_pin_junction.

The parameter gate_potential_alignment allows one to modify the alignment between gate and electrode poten-
tials without modifying the nominal 𝑉𝑔𝑠. This corresponds to setting the metal gate work function, in the limit of zero
electrode vacuum potential.

Note: The initial reference for the gate potential is not affected by the source-drain voltage. IV curves calculated with
different settings of gate_potential_alignment are equivalent, apart from a rigid shift in the 𝑉𝑔𝑠 axis.

Definition of the Gate potential with Neumann boundary conditions

When Neumann boundary conditions are applied, the potential on the left and right face of the simulation box is not
directly imposed. However, all the arguments in the section Definition of the Gate potential with Dirichlet boundary
conditions are still valid. In fact, the correct solution will converge to the electrostatic potential of the electrode at the
boundary at zero bias, same as if Dirichlet boundary conditions had been imposed.

Gate Potential Alignment option

The effective gate voltage set during an IVCharacteristics is given by:

𝑉𝑔 = 𝑉𝑔𝑠 + 𝑉𝑟𝑒𝑓

where 𝑉𝑟𝑒𝑓 is determined through the gate_potential_alignment parameter as:

−|𝑒|𝑉𝑟𝑒𝑓 = (𝜑𝑟𝑒𝑓 − 𝜑𝑙𝑒𝑓𝑡 + ∆𝜑)

𝜑𝑙𝑒𝑓𝑡, 𝜑𝑟𝑒𝑓 are the work functions of the isolated left electrode and an isolated bulk reference system,
which can be set to the left or right electrode through the parameter reference_electrode. Additionally,
use_intrinsic_chemical_potential allows to remove any doping from the reference electrode bulk configura-
tion when calculating the work function difference. ∆𝜑 is the work function difference between the gate metal and the
isolated reference bulk system. By default, 𝜑𝑟𝑒𝑓 = 𝜑𝑙𝑒𝑓𝑡 and ∆𝜑 = 0.

The value of 𝑉𝑟𝑒𝑓 can be queried using the method gateReferencePotential().

Example

The effect of gate_potential_alignment can be better understood by looking at the ProjectedLocalDensityOfStates
for an example p-i-n junction. The figure below shows such result for a carbon nanotube with a gate in the central region,
calculated with a semi-empirical calculator. You can download the script used to generate this picture: cnt-gaa-pin.
py
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It can be seen that the conduction and valence band edges in the intrinsic region are aligned with the band edges in the
left region. This is consistent with the fact that the gate potential is aligned by default with the left electrode potential.

If we want to modify the band alignment at equilibrium, we can do so by using gate_potential_alignment.
The figure below is the ProjectedLocalDensityOfStates obtained from an IVCharacteristics with
gate_potential_alignment=GatePotentialAlignment(reference_electrode=Right). We can see
that the band edges in the central region are now aligned with the right electrode.
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If the chemical potentials of left and right electrode are already known,
the same result can be obtained by setting directly their difference, e.g.
gate_potential_alignment=GatePotentialAlignment(work_function_difference=-1.4*eV).

The keyword use_intrinsic_chemical_potential can be used to set the intrinsic systems as a ref-
erence, that is, an intrinsic bulk system identical to the chosen electrode except for the absence of
doping. The figure below shows the ProjectedLocalDensityOfStates obtained for IVCharacteristics with
gate_potential_alignment=GatePotentialAlignment(use_intrinsic_chemical_potential=True).
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The parameter use_intrinsic_chemical_potential can also be used in combination with
work_function_difference. This can be useful if the user wants to simulate a metal gate for which the
difference between the intrinsic electrode material and the metal work function is known.

As an example, assuming that we want to describe a device with doped bulk Silicon electrodes and a gate metal with
work function difference:

𝜑𝑔𝑎𝑡𝑒 − 𝜑𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 = ∆𝜑

where 𝜑𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 is the work function of intrinsic Silicon. The user can then set the parameters
use_intrinsic_chemical_potential=True and work_function_difference equal to ∆𝜑.

IVCurve

class IVCurve(configuration, biases=None, energies=None, kpoints=None, kpoints_weights=None,
self_energy_calculator=None, energy_zero_parameter=None, infinitesimal=None,
selfconsistent_configurations_filename_prefix=None, log_filename_prefix=None)

Constructor for the IVCurve object.

Parameters

• configuration (DeviceConfiguration) – The device configuration with attached
calculator for which the IV curve should be calculated.

• biases (PhysicalQuantity of type Volt.) – A list of the bias voltages for which the current
should be calculated. Default: numpy.linspace(0, 2, 11)*Volt

• energies (PhysicalQuantity of type energy.) – A list of the energies for which the IV
curve transmission spectra should be calculated. Default: numpy.linspace(-2, 2, 101) *
eV
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• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid | AdaptiveGrid | sequence of sequence (size 3) of float) – The
k-points for which the IV Curve transmission spectra should be calculated. This can
either be given as a k-point grid or a list of fractional k-points, e.g., [[0.0, 0.0, 0.
0], [0.0, 0.0, 0.1], ...]. Note that the k-points must be in the xy-plane. De-
fault: MonkhorstPackGrid(na, nb) where (na, nb) is the sampling used for the
self-consistent calculation.

• kpoints_weights (sequence of float) – The weight of each k-point. Default: The
weights corresponding to the MonkhorstPackGrid, or a list of [1.0, 1.0, . . . ] if k-points
are specified as floats.

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy
| SparseRecursionSelfEnergy | KrylovSelfEnergy) – The Self-
EnergyCalculator to be used for the transmission spectra. Default:
RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy.) – Small positive energy, used to
move the transmission calculation away from the real axis. This is only relevant for
recursion-style self-energy calculators. Default: 1.0e-6*eV

• selfconsistent_configurations_filename_prefix (string |
NoCheckpointHandler (no file is saved)) – Prefix for the filenames where
the individual SCF evaluations at different bias values are stored. The filenames are
formed by appending a number and the default file extension (“.hdf5”) to this string.
Default: "ivcurve_selfconsistent_configuration_"

• log_filename_prefix (string | LogToStdOut) – Prefix for the filenames where the
logging output for each bias-value calculation is stored. The filenames are formed by
appending a number and the file extension (“.log”). If a value of None is given then all
logging output is done to stdout. Default: "ivcurve_"

biases()

Returns
The bias voltages for which the current is calculated.

Return type
PhysicalQuantity of type Volt.

currents()

Returns
The calculated currents at the specified bias voltages.

Return type
PhysicalQuantity of type Ampere.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

4.13. Full QuantumATK package 1249



QuantumATK V-2023.12 Documentation

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

transmissionSpectra()

Returns
The calculated transmission spectra used for the current evaluations.

Return type
list of TransmissionSpectrum .

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Calculate the IVCurve for a given DeviceConfiguration:

# -------------------------------------------------------------
# Two-probe Configuration
# -------------------------------------------------------------

# -------------------------------------------------------------
# Left Electrode
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 9.0]*Angstrom
left_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
left_electrode_elements = [Lithium, Lithium, Lithium]

# Define coordinates
left_electrode_coordinates = [[ 2.5, 2.5, 1.5],

[ 2.5, 2.5, 4.5],
[ 2.5, 2.5, 7.5]]*Angstrom

# Set up configuration
left_electrode = BulkConfiguration(

bravais_lattice=left_electrode_lattice,
elements=left_electrode_elements,
cartesian_coordinates=left_electrode_coordinates
)

(continues on next page)
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(continued from previous page)

# -------------------------------------------------------------
# Right Electrode
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 9.0]*Angstrom
right_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
right_electrode_elements = [Lithium, Lithium, Lithium]

# Define coordinates
right_electrode_coordinates = [[ 2.5, 2.5, 1.5],

[ 2.5, 2.5, 4.5],
[ 2.5, 2.5, 7.5]]*Angstrom

# Set up configuration
right_electrode = BulkConfiguration(

bravais_lattice=right_electrode_lattice,
elements=right_electrode_elements,
cartesian_coordinates=right_electrode_coordinates
)

# -------------------------------------------------------------
# Central Region
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 22.0]*Angstrom
central_region_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
central_region_elements = [Lithium, Lithium, Lithium, Hydrogen, Hydrogen, Lithium,␣
→˓Lithium,

Lithium]

# Define coordinates
central_region_coordinates = [[ 2.5, 2.5, 1.5],

[ 2.5, 2.5, 4.5],
[ 2.5, 2.5, 7.5],
[ 2.5, 2.5, 10.5],
[ 2.5, 2.5, 11.5],
[ 2.5, 2.5, 14.5],
[ 2.5, 2.5, 17.5],
[ 2.5, 2.5, 20.5]]*Angstrom

# Set up configuration
central_region = BulkConfiguration(

(continues on next page)
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bravais_lattice=central_region_lattice,
elements=central_region_elements,
cartesian_coordinates=central_region_coordinates
)

device_configuration = DeviceConfiguration(
central_region,
[left_electrode, right_electrode]
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Numerical Accuracy Settings
#----------------------------------------
left_electrode_k_point_sampling = MonkhorstPackGrid(

na=1,
nb=1,
nc=100,
)

left_electrode_numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=left_electrode_k_point_sampling,
)

right_electrode_k_point_sampling = MonkhorstPackGrid(
na=1,
nb=1,
nc=100,
)

right_electrode_numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=right_electrode_k_point_sampling,
)

#----------------------------------------
# Poisson Solver Settings
#----------------------------------------
left_electrode_poisson_solver = FastFourier2DSolver(

boundary_conditions=[[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()]]

)

right_electrode_poisson_solver = FastFourier2DSolver(
boundary_conditions=[[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],

[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()]]

)

#----------------------------------------
# Electrode Calculators
#----------------------------------------

(continues on next page)
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left_electrode_calculator = HuckelCalculator(
numerical_accuracy_parameters=left_electrode_numerical_accuracy_parameters,
poisson_solver=left_electrode_poisson_solver,
)

right_electrode_calculator = HuckelCalculator(
numerical_accuracy_parameters=right_electrode_numerical_accuracy_parameters,
poisson_solver=right_electrode_poisson_solver,
)

#----------------------------------------
# Device Calculator
#----------------------------------------
calculator = DeviceHuckelCalculator(

electrode_calculators=
[left_electrode_calculator, right_electrode_calculator],

)

device_configuration.setCalculator(calculator)
nlprint(device_configuration)
device_configuration.update()
nlsave('ivcurve.nc', device_configuration)

# -------------------------------------------------------------
# IV Curve
# -------------------------------------------------------------
biases = [0.000000, 0.200000, 0.400000, 0.600000, 0.800000, 1.000000,

1.200000, 1.400000, 1.600000, 1.800000, 2.000000]*Volt

iv_curve = IVCurve(
configuration=device_configuration,
biases=biases,
energies=numpy.linspace(-2,2,101)*eV,
kpoints=MonkhorstPackGrid(1,1),
self_energy_calculator=RecursionSelfEnergy(),
energy_zero_parameter=AverageFermiLevel,
infinitesimal=1e-06*eV,
selfconsistent_configurations_filename_prefix="ivcurve_selfconsistent_configuration_

→˓",
log_filename_prefix="ivcurve_"
)

nlsave('ivcurve.nc', iv_curve)
nlprint(iv_curve)

ivcurve.py
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IdealGasThermoChemistry

class IdealGasThermoChemistry(configuration, dynamical_matrix=None)
IdealGasThermoChemistry making it easy to extract Gibbs free energy and entropy.

Parameters

• configuration (MoleculeConfiguration|BulkConfiguration) – The configura-
tion.

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix used to calculate the
vibrational modes.

electronicEntropy(spin)
The electronic contribution to the entropy.

Parameters
spin (integer or half-integer) – The total spin.

Returns
The electronic entropy.

Return type
PhysicalQuantity with the unit meV / Kelvin

energy()

Returns
The total energy.

Return type
PhysicalQuantity of type energy

enthalpy(temperature, include_translations=True, include_rotations=True, include_vibrations=True)
The enthalpy, H, as a function of temperature.

The enthalpy is here defined by H = E_{ZPE} + E_{electrons} + int_0^T dT C_p (T)}.

Parameters

• temperature (PhysicalQuantity with unit temperature) – The temperature or an array
of temperatures.

• include_translations (bool) – True, if translational contributions to the enthalpy
should be included. Default: True.

• include_rotations (bool) – True, if rotational contributions to the enthalpy
should be included. Default: True.

• include_vibrations (bool) – True, if vibrational contributions to the enthalpy
should be included. Default: True.

Returns
The enthalpy, H(T).

Return type
PhysicalQuantity with unit energy

entropy(temperature, pressure=PhysicalQuantity(1.0, bar), include_translations=True,
include_rotations=True, include_vibrations=True)

The entropy.

Parameters
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• temperature (PhysicalQuantity with unit temperature) – The temperature or an array
of temperatures.

• pressure (PhysicalQuantity with unit pressure) – The (optional) gas pressure.

• include_translations (bool) – True, if translational contributions to the entropy
should be included. Default: True.

• include_rotations (bool) – True, if rotational contributions to the entropy should
be included. Default: True.

• include_vibrations (bool) – True, if vibrational contributions to the entropy
should be included. Default: True.

Returns
The entropy.

Return type
PhysicalQuantity with the unit meV / Kelvin

freeEnergy(temperature, pressure=PhysicalQuantity(1.0, bar), include_translations=True,
include_rotations=True, include_vibrations=True)

The Gibbs free energy including the total energy contribution.

Parameters

• temperature (PhysicalQuantity with unit temperature) – The temperature or an array
of temperatures.

• pressure (PhysicalQuantity with unit pressure) – The pressure. Default: 1 * bar.

• include_translations (bool) – True, if translational contributions to the free en-
ergy should be included. Default: True.

• include_rotations (bool) – True, if rotational contributions to the free energy
should be included. Default: True.

• include_vibrations (bool) – True, if vibrational contributions to the free energy
should be included. Default: True.

Returns
The Gibbs free energy.

Return type
PhysicalQuantity with wiht unit energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()
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pressureEntropy(pressure_0, pressure)
The pressure contribution to the entropy.

Parameters

• pressure_0 (PhysicalQuantity with of type pressure) – The reference pressure.

• pressure (PhysicalQuantity with of type pressure) – The gas pressure.

Returns
The pressure contribution to the entropy.

Return type
PhysicalQuantity with the unit meV / Kelvin

rotationalEntropy(temperature)
The rotational contribution to the entropy.

Parameters
temperature (PhysicalQuantity with unit temperature) – The temperature or an array of
temperatures.

Returns
The rotational entropy.

Return type
PhysicalQuantity with the unit meV / Kelvin

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

translationalEntropy(temperature, pressure_0=PhysicalQuantity(1.0, bar))
The translational contribution to the entropy.

Parameters

• temperature (PhysicalQuantity with unit temperature) – The temperature or an array
of temperatures.

• pressure_0 (PhysicalQuantity with unit pressure) – The reference gas pressure. De-
fault: 1 * bar.

Returns
The entropy.

Return type
PhysicalQuantity with the unit meV / Kelvin

uniqueString()

Return a unique string representing the state of the object.

vibrationalEntropy(temperature)
The vibrational contribution to the entropy.

Parameters
temperature (PhysicalQuantity with unit temperature) – The temperature or an array of
temperatures.
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Returns
The entropy.

Return type
PhysicalQuantity with the unit meV / Kelvin

zeroPointEnergy()

The zero point energy.

Returns
The zero point energy.

Return type
PhysicalQuantity with unit energy

Notes

IdealGasThermoChemistry implements the calculations of the Gibbs free energy in the ideal gas limit, as given by the
standard derivation of ideal gas thermodynamic properties as done in e.g. C.J. Cramer, “Essentials of Computational
Chemistry”.

The Gibbs free energy is given as a function of temperature, 𝑇 ,

𝐺(𝑇 ) = 𝐻(𝑇 ) − 𝑇𝑆

where 𝐻(𝑇 ) is the enthalpy, while 𝑆 is the entropy.

In the ideal gas limit, the total enthalpy can be defined by

𝐻(𝑇 ) = 𝐸electronic + 𝐸ZPE +

∫︁ 𝑇

0

𝐶𝑝 d𝑇

where 𝐸electronic is the electronic contribution to the energy (also sometimes called the total energy) and 𝐸ZPE is the
zero point energy. The heat capacity at constant pressure, 𝐶𝑝, can be divided up into components,

𝐶𝑝 = 𝑘B + 𝐶𝑉,trans + 𝐶𝑉,vib + 𝐶𝑉,rot + 𝐶𝑉,elec,

where the translational contribution for an ideal gas is given by, 𝐶𝑉,trans = 3𝑘B/2. The integral over the vibrational
contribution to the heat capacity, is given by,∫︁ 𝑇

0

𝐶𝑉,vib d𝑇 =

dof∑︁
𝑖

~𝜔𝑖
𝑒~𝜔𝑖/𝑘B𝑇 − 1

The sum runs over all vibrational degrees of freedom each with an 𝜔𝑖 vibrational frequency. Note that the number
of degrees of freedom also depends on the molecule geometry, with monatomic molecules containing no internal
vibrational degrees of freedom, linear molecule having 3𝑁 − 5 degrees of freedom and nonlinear molecules having
3𝑁 − 6 degrees of freedom (with 𝑁 being the number of atoms).

The rotational contribution depends on the geometry of the molecule:

𝐶𝑉,rot = 𝑘B

⎧⎪⎨⎪⎩
0 , for monatomic molecules;
1 , for linear molecules;
3
2 , for nonlinear molecules.

Finally, the electronic contribution to the heat capacity can be assumed to be zero.
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The ideal gas entropy can be calculated as a function of temperature and pressure,

𝑆(𝑇, 𝑃 ) = 𝑆(𝑇, 𝑃0) − 𝑘B ln
𝑃

𝑃0

= 𝑆trans + 𝑆rot + 𝑆vib + 𝑆elec − 𝑘B ln
𝑃

𝑃0

While the last term (also referred to as the pressure entropy) depends on the reference pressure, 𝑃0, this term is cancelled
by an equal and opposite term in the translational contribution to the entropy as given by (including contributions from
the Stirling approximations),

𝑆trans = 𝑘B ln

(︃[︂
2𝜋𝑀𝑘B𝑇

ℎ2

]︂3/2
𝑘B𝑇

𝑃0

)︃
+

5

2
𝑘B

Here 𝑀 is the total mass of the molecule. The rotational contribution depends again on the molecule geometry,

𝑆rot = 𝑘B

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0 , for monatomic molecules;
ln
(︁

8𝜋2𝐼𝑘B𝑇
𝜎ℎ2

)︁
+ 1 , for linear molecules;

ln

(︂√
𝜋𝐼A𝐼B𝐼C
𝜎

[︁
8𝜋2𝑘B𝑇
ℎ2

]︁3/2)︂
+ 3

2 , for nonlinear molecules.

Here 𝐼A, 𝐼B and 𝐼C are the principle moment of inertia, while 𝐼 is the total moment of inertia. The number, 𝜎, is the
symmetry number for the molecule.

Finally the vibrational contribution is,

𝑆vib = 𝑘B

dof∑︁
𝑖

[︂
~𝜔𝑖

𝑘B𝑇 (𝑒~𝜔𝑖/𝑘B𝑇 − 1)
− ln

(︁
1 − 𝑒−~𝜔𝑖/𝑘B𝑇

)︁]︂
.

If the molecule has a non-zero total spin, one can also include that by adding the contribution,

𝑆elec = 𝑘B ln(2 · spin + 1).

ImageDependentPairPotential

class ImageDependentPairPotential(spring_constant=None, constraints=None, break_symmetry=None,
exponent=None)

Use the Image Dependent Pair Potential method for interpolating images.

Parameters

• spring_constant (PhysicalQuantity of type force per length) – The spring constant
used between the images. Default: 5.0*eV/Ang**2.

• constraints (list of ints) – List of atom indices that are kept fixed during inter-
polation. Default: [].

• break_symmetry (bool) – If the symmetry should be broken. This can be necessary
for interpolation to work and to prevent unphysically close atoms if the endpoints are
symmetry equivalent.

• exponent (float) – The exponent used in the 1/distance weight function. The larger the
exponent the more short bonds are emphasized. Default: 4.0.
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breakSymmetry()

Returns
True, if the symmetry should be broken.

Return type
bool

constraints()

Returns
The constrained atoms.

Return type
list of type int

exponent()

Returns
The exponent used in the 1/distance weight function. The larger the exponent the more
short bonds are emphasized.

Return type
float

springConstant()

Returns
The spring constant used between the images.

Return type
PhysicalQuantity of type force per length

uniqueString()

Return a unique string representing the state of the object.

Notes

The ImageDependentPairPotential1 (IDPP) class is a robust interpolation algorithm for generating initial images
for a NudgedElasticBand (NEB) in Cartesian coordinates. Compared to linear interpolation, it can reduce the com-
putational effort needed for optimizing the NEB path due to finding a initial guess closer to the minimum path, in
particular if rotations are involved. Furthermore the IDPP can improve convergence of electronic structure calculations
by avoiding atoms getting unphysically close.

The pairwise distances 𝑑𝑖𝑗 of atom pairs 𝑖, 𝑗 are scaled linearly between the the initial (𝛼) and final (𝛽) images. This
defines the target values for the pairwise distances at the image with index 𝜅,

𝑑𝜅𝑖𝑗 = 𝑑𝛼𝑖𝑗 + 𝜅(𝑑𝛽𝑖𝑗 − 𝑑𝛼𝑖𝑗)/𝑝,

with 𝑝 being the total number of images.

Since there are more distances than independent degrees of freedom, the interpolated atomic coordinates cannot satisfy
all distance constraints rigorously. Therefore the images in the IDPP-path are optimized using an objective function
𝑆𝐼𝐷𝑃𝑃𝜅 that attains its minimum when the pair distances in an image are as close to the target values as possible:

𝑆𝐼𝐷𝑃𝑃𝜅 =

𝑁∑︁
𝑖

𝑁∑︁
𝑗>𝑖

𝜔(𝑑𝑖𝑗)

⎛⎝𝑑𝜅𝑖𝑗 −√︃∑︁
𝜎

(𝑟𝑖,𝜎 − 𝑟𝑗,𝜎)2

⎞⎠2

1 S. Smidstrup, A. Pedersen, K. Stokbro, and H. Jónsson. Improved initial guess for minimum energy path calculations. J. Chem. Phys.,
140:214106, 2014. doi:10.1063/1.4878664.
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where 𝜎 = 𝑥, 𝑦, 𝑧 and 𝜔 = 1/𝑑𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡 is a weight function whose exponent can be used to penalize short bonds.

ImageStressCorrection

class ImageStressCorrection(bulk_modulus)
A container for parameters for a strain energy correction based on the image stress correction for calculations of
a charged point defect in a supercell of bulk material.

Parameters
bulk_modulus (PhysicalQuantity of type pressure.) – The bulk modulus of the host material.
Default: None.

bulkModulus()

Returns
The bulk modulus of the host material.

Return type
PhysicalQuantity of type pressure.

uniqueString()

Return a unique string representing the state of the object.

For a description of the strain energy correction model, see Finite-size scaling and correction terms and references
therein.

ImproperCosineTorsionPotential

class ImproperCosineTorsionPotential(particleType1, particleType2, particleType3, particleType4, k, n)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type. This is the central atom when calculating the angle.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• particleType4 (ParticleType or ParticleIdentifier) – Identifier of the fourth
particle type.

• k (PhysicalQuantity of type energy) – Potential parameter.

• n (int) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.
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static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

ImproperTorsionPotential

class ImproperTorsionPotential(particleType1, particleType2, particleType3, particleType4, k, psi0)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type. This is the central atom when calculating the angle.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• particleType4 (ParticleType or ParticleIdentifier) – Identifier of the fourth
particle type.

• k (PhysicalQuantity of type energy / angle**2) – Potential parameter.

• psi0 (PhysicalQuantity of type angle) – Potential parameter (the equilibrium
angle)

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters
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• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a bonded potential with a ImproperTorsionPotential for an ethene molecule.

# Set up improper dihedral indices for two SP2-carbon atoms.
improper_dihedral_indices = [[1, 0, 2, 3], [3, 4, 5, 1]]
molecule_configuration.setImproperDihedralIndices(improper_dihedral_indices)

# Set up a new TremoloXPotentialSet
potential_set = TremoloXPotentialSet(name='Ethene_bonded')

# Add particle types for Carbon and Hydrogen.
potential_set.addParticleType(

ParticleType.fromElement(Carbon, charge=-0.2*elementary_charge)
)
potential_set.addParticleType(

ParticleType.fromElement(Hydrogen, charge=0.1*elementary_charge)
)

# Add improper torsion potential around SP2-carbon atoms.
improper_torsion_potential = ImproperTorsionPotential(

particleType1='C',
particleType2='H',
particleType3='H',
particleType4='C',
k=0.1*eV/Radians**2,
psi0=0.0*Radians,

)
potential_set.addPotential(improper_torsion_potential)
# Create a new TremoloXCalculator with this potential.
calculator = TremoloXCalculator(parameters=potential_set)

Here, only the ImproperTorsionPotential block of the script is shown. The full script can be found found in the file
ethene_improper_torsion_potential.py.

Notes

• Improper torsion (also called improper dihedral) potentials are typically used in biomolecular force fields to
model the out-of-plane torsion of a planar group of atoms, e.g. around an SP2-carbon atom in a benzene molecule.
Improper torsion potentials work similar to regular torsion potentials (e.g. CosineTorsionPotential), however, the
quadruple of atoms (a,b,c,d) is typically not connected by a sequence of bonds, as in regular torsion potentials.

• As they cannot be inferred from the bonded topology, improper dihedrals have to
be defined separately. They can be set on a configuration via configuration.
setImproperDihedralIndices(improper_dihedral_indices) where improper_dihedral_indices
is a list or array of all improper dihedral quadruples that should be used for the configuration. Each entry in this
list must be a sequence of 4 atom indices (a,b,c,d).

• The improper torsion angle is defined by taking one of the atoms around the center as a common atom. So
for instance if a is the central atom and b is taken as the common atom, the improper torsion angle 𝜓 is then
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calculated as the angle between the two planes (a,b,c) and (a,b,d). This is the equivalent of calculating the torsion
angle of atoms (c,a,b,d).

• Given the 4 atom indices (a,b,c,d) there are 3 possible improper torsions that can be defined by taking different
atoms as the common atom. The ImproperTorsionPotential calculates the potential using all 3 definitions of the
improper torsion angle. This means that only one potential needs to be added for each type of central planar
atom.

• The improper torsion potential has a simple quadratic form where the energy 𝑉 is given as:

𝑉 (𝜓) = 𝑘 (𝜓 − 𝜓0)
2

Here 𝜓 is the improper torsion angle, 𝜓0 is the equilibrium improper torsion angle and 𝑘 is the stiffness of the
improper torsion.

InelasticIVCharacteristics

class InelasticIVCharacteristics(configuration, filename, object_id, gate_regions=None,
gate_source_voltages=None, drain_source_voltages=None,
gate_potential_alignment=None, energies=None, kpoints=None,
kpoints_weights=None, electron_phonon_self_energies=None,
loa_order=None, log_filename_prefix=None,
number_of_processes_per_task=None, source_electrode=None,
max_initial_state_configurations=None)

Constructor for the InelasticIVCharacteristics Study object.

InelasticIVCharacteristics can be used to calculate IV curves including electron-phonon interactions using the
OneShotSelfConsistentApproximation object.

Parameters

• configuration (DeviceConfiguration) – The device configuration with attached
calculator for which to perform the study. The configuration must include at least one
metallic region acting as the gate.

• filename (str) – The full or relative filename path the Study object should be saved to.
See nlsave().

• object_id (str) – The name of the study that the Study object should be saved to within
the file. This needs to be a unique name in this file. See nlsave().

• gate_regions (int | list of int) – An index or list of indices of the metallic re-
gions present in the configuration for which to apply the gate voltage. Default: All metal-
lic regions present in the configuration.

• gate_source_voltages (PhysicalQuantity of type voltage | sequence of PhysicalQuan-
tity of type voltage) – A list of the gate-source voltages for which the current will be
calculated the next time the object is updated. It is assumed that the source electrode is
grounded, and that the gate-source voltage is defined as V_gs = V_g - V_s. Therefore,
in each transmission calculation, the source electrode voltage will be set to zero and the
gate regions voltage to V_gs. Default: [0.0] * Volt

• drain_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – A list of the drain-source voltages for which the current
will be calculated the next time the object is updated. It is assumed that the source elec-
trode is grounded, and that the drain-source voltage is defined as V_ds = V_d - V_s.
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Therefore, in each transmission calculation, the source electrode voltage will be set to
zero and the left electrode voltage to V_ds. Default: [0.5] * Volt

• gate_potential_alignment (GatePotentialAlignment) – A parameter indicating
the difference between the work function of the gate electrodes and the work func-
tion of a reference electrode, plus an optional energy shift. Such difference is used
to determine the reference potential for V_gs=0, effectively shifting an I-Vgs char-
acteristics. Default: GatePotentialAlignment(reference_electrode=`Left`,
shift=0.0*eV, use_intrinsic_chemical_potential=False)

• electron_phonon_self_energies (list of instances
of AcousticDeformationPotentialSelfEnergy |
OpticalDeformationPotentialSelfEnergy) – A list of models used to determine
the Electron-Phonon scattering self energy. If None is specified, no electron-phonon self
energy is included.

• loa_order (int) – The order of the generalized lowest-order approximation (LOA)
used in the OneShotSelfConsistentBornApproximation to calculate the interacting current.
Must be a positive integer. Default: 1

• energies (list of PhysicalQuantity of type energy) – A list of the energies for which the
OneShotSelfConsistentBornApproximation at each voltage should be calculated.
Default: Energy range that covers the bias window, plus 30𝑘𝐵𝑇 .

• kpoints (MonkhorstPackGrid | RegularKpointGrid | AdaptiveGrid |
list (size n_kpoints) of list (size 3) of float) – The k-points for which the
OneShotSelfConsistentBornApproximation at each voltage should be calculated.
Note that the k-points must be in the same xy-plane. Set nc=1 for MonkhorstPackGrid
and RegularKpointGrid. Default: MonkhorstPackGrid(na, nb) where (na, nb) is
the sampling used for the self-consistent calculation.

• kpoints_weights (list (size n_kpoints) of float) – The weight of each k-
point for which the OneShotSelfConsistentBornApproximation at each voltage
should be calculated. Default: The weights corresponding to the MonkhorstPack-
Grid/RegularKpointGrid, or equal weights if the k-points are specified as a list.

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output of
the calculations, each to be stored in a separate file. If LogToStdOut, all logging will
instead be sent to standard output. Default: 'iv_characteristics_'

• number_of_processes_per_task (int) – The number of processes that will be used
to execute each task. If this value is greater than or equal to the total number of available
processes, each single task will be executed collaboratively over all processes. Otherwise,
a delegator-worker scheme is used; in this case, one process will be set aside as the delega-
tor, and the remaining ones will be grouped into workers and execute tasks concurrently.
Default: All available processes execute each task collaboratively.

• source_electrode (Left | Right) – Specify which electrode should be set as Source.
Default: Left

• max_initial_state_configurations – Maximum number of previous converged
configurations used to determine the initial state for a new bias point. If 1 is specified, the
configuration closest in bias to the new bias point is used as initial state. If an integer n >
1 is specified, then the n configurations closest in bias are used to extrapolate the initial
state for the new bias point. It must be a positive integer. Default: 2

• max_initial_state_configurations – int
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addVoltages(gate_source_voltages=None, drain_source_voltages=None)
Add a list of gate-source and/or drain-source voltage points to the IVCharacteristics study. These will be
calculated the next time the object is updated.

Parameters

• gate_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – The list of gate-source voltages to add.

• drain_source_voltages (PhysicalQuantity of type voltage | sequence of Physi-
calQuantity of type voltage) – The list of drain-source voltages to add.

calculatedVoltages()

Returns
The list of gate-source and drain-source voltage pairs for which a transmission spectrum
has been calculated.

Return type
list of PhysicalQuantity of type voltage

configuration(gate_source_voltage, drain_source_voltage)
Retrieve the updated configuration for the given gate-source and drain-source voltages.

This result will only be available after the calculation ran successfully.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

Returns
The configuration associated with this voltage pair. If not available, returns None.

Return type
DeviceConfiguration | None

configurationCalculator(gate_source_voltage, drain_source_voltage)
Retrieve the updated configuration’s calculator for the given gate-source and drain-source voltages.

This result will only be available after the calculation ran successfully.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

Returns
The calculator associated with this voltage pair. If not available, returns None.

Return type
DeviceLCAOCalculator | DeviceSemiEmpiricalCalculator None

current(gate_source_voltage, drain_source_voltage)
The current calculated from the OneShotSelfConsistentBornApproximation analysis. The sign of
the current is adjusted to be consistent with the choice of source electrode.

Parameters

4.13. Full QuantumATK package 1265



QuantumATK V-2023.12 Documentation

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

Returns
The calculated current for the required gate-source and drain-source voltages. If not avail-
able, returns None.

Return type
PhysicalQuantity of type current | None

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

drainInducedBarrierLowering(threshold_current, high_drain_source_voltage,
low_drain_source_voltage, min_subthreshold_current=None,
max_subthreshold_current=None, range_min=None, range_max=None,
converged_only=None, electrode_temperatures=None)

Calculate drain induced barrier lowering (DIBL). The threshold voltage is defined as the gate-source volt-
age for which the current has a user-defined value, evaluated at a high and a low source-drain voltage
value.

The DIBL is calculated as the unitless ratio

𝐷𝐼𝐵𝐿 =
𝑉 𝑙𝑜𝑤
𝑇𝐻 −𝑉 ℎ𝑖𝑔ℎ

𝑇𝐻

𝑉 ℎ𝑖𝑔ℎ
𝐷𝑆 −𝑉 𝑙𝑜𝑤

𝐷𝑆

In order to obtain meaningful results, a current in the subthreshold regime must be specified.

Parameters

• threshold_current (PhysicalQuantity of type current) – The current for which the
device is considered to be at the gate-source threshold.

• high_drain_source_voltage (PhysicalQuantity of type voltage) – The drain-
source voltage at the working point (i.e., the supply voltage).

• low_drain_source_voltage (PhysicalQuantity of type voltage) – The low drain
voltage used as reference. It needs to be a finite value close to 0.

• min_subthreshold_current (PhysicalQuantity of type current) – The minimum
value of current used to extract the subthreshold regime model. Default: thresh-
old_current / 10

• max_subthreshold_current (PhysicalQuantity of type current) – The minimum
value of current used to extract the subthreshold regime model. Default: thresh-
old_current * 10

• range_min (PhysicalQuantity of type voltage) – The minimum gate-source voltage
used for the processing. This parameter can be used to select the nmos-like or pmos-
like section of the IV curve in bipolar devices. Default: No restriction.

• range_max (bool) – The maximum gate-source voltage in the required range. This
parameter can be used to select the nmos-like or pmos-like section of the IV curve in
bipolar devices. Default: No restriction.
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• converged_only – Whether to only include data points which have converged. De-
fault: True

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The calculated drain induced barrier lowering.

Return type
float

drainSourceSaturationVoltage(gate_source_voltage, range_min=None, range_max=None,
converged_only=None, electrode_temperatures=None)

Calculate the drain-source saturation voltage for a given gate-source voltage. It is assumed that a transition
to saturation regime occurs in the interval specified by range_min and range_max. The value is estimated
by fitting the data to a Schichman-Hodges model (SPICE Mosfet model 1).

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age, for which the drain-source saturation voltage will be calculated.

• range_min (PhysicalQuantity of type voltage) – The minimum drain-source voltage
in the required range. Default: No restriction.

• range_max (bool) – The maximum drain-source voltage in the required range. De-
fault: No restriction.

• converged_only – Whether to only include data points which have converged. De-
fault: True

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The calculated drain-source saturation voltage, fitted in the required range.

Return type
PhysicalQuantity of type voltage

drainSourceVoltages()

Returns
The list of all calculated and not calculated drain-source voltages. Any drain-source voltage
which has not yet been calculated will be calculated the next time the object is updated.

Return type
list of PhysicalQuantity of type voltage

electronPhononSelfEnergies()

Returns
The objects describing the electron-phonon self energy models.

Return type
sequence of AcousticDeformationPotentialSelfEnergy |
OpticalDeformationPotentialSelfEnergy
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energies()

Returns
The list of energies used for the OneShotSelfConsistentBornApproximation calcu-
lation at each voltage.

Return type
list of PhysicalQuantity of type energy

filename()

Returns
The filename where the study object is stored.

Return type
str

gatePotentialAlignment()

Returns
The object describing the alignment of the gate electrode potential.

Return type
class:~.GatePotentialAlignment:

gateReferencePotential()

Returns
The absolute shift in gate voltages introduced by a gate potential alignment, with respect
to the internal default. If the constructor parameter gate_potential_alignment is defined
with a non-default reference_electrode then additional tasks have to be executed. In that
case the absolute shift in gate voltages is returned when the information is available, and
None is returned otherwise.

Return type
PhysicalQuantity of type voltage | None

gateRegions()

Returns
The list of indices of the metallic regions present in the configuration which the gate voltage
is applied to.

Return type
list of int

gateSourceVoltages()

Returns
The list of all calculated and not calculated gate-source voltages. Any gate-source voltage
which has not yet been calculated will be calculated the next time the object is updated.

Return type
list of PhysicalQuantity of type voltage

isConverged(gate_source_voltage, drain_source_voltage)

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.
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• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

Returns
Whether the calculator for the required gate-source and drain-source voltages has been
converged. If not available, returns None.

Return type
bool | None

kpoints()

Returns
The k-points used for the OneShotSelfConsistentBornApproximation calculation at
each voltage.

Return type
MonkhorstPackGrid | RegularKpointGrid | AdaptiveGrid | list (size n_kpoints) of
list (size 3) of float

kpointsWeights()

Returns
The weight of each k-point used for the OneShotSelfConsistentBornApproximation
calculation at each voltage.

Return type
list (size n_kpoints) of float

loaOrder()

Returns
The order of the LOA.

Return type
int

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

maxInitialStateConfigurations()

Returns
The maximum number of converged configurations used to determine the initial state for
a new bias point.

Return type
int

nlinfo()

Returns
Structured information about the Study.

Return type
dict
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nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

onOffRatio(drain_source_voltage, off_gate_source_voltage, on_gate_source_voltage,
converged_only=None, electrode_temperatures=None)

Calculate the on/off ratio for the available data points at a given drain-source voltage.

Parameters

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age which determines the gate-source voltage/current data set from which the on/off
ratio will be calculated. Default: The first drain-source voltage in the IVCharacteris-
tics study.

• off_gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source
voltage corresponding to the off state.

• on_gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source
voltage corresponding to the on state.

• converged_only – Whether to only include data points which have converged. De-
fault: True

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The calculated on/off ratio in the required range.

Return type
float
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oneShotSelfConsistentBornApproximation(gate_source_voltage, drain_source_voltage)
Retrieve the OneShotSelfConsistentBornApproximation for the updated configuration for the given gate-
source and drain-source voltages.

This result will only be available after the one shot scba calculation ran successfully.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

Returns
The one shot SCBA object associated with this voltage pair. If not available, returns None.

Return type
OneShotSelfConsistentBornApproximation | None

removeDrainSourceVoltage(drain_source_voltage)
Remove a drain-source voltage from the IVCharacteristics study. All analysis objects corresponding to the
given drain-source voltage will be removed.

Parameters
drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source voltage
which should be removed from the IVCharacteristics study.

removeGateSourceVoltage(gate_source_voltage)
Remove a gate-source voltage from the IVCharacteristics study. All analysis objects corresponding to the
given gate-source voltage will be removed.

Parameters
gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source voltage
which should be removed from the IVCharacteristics study.

results(gate_source_voltage, drain_source_voltage, result_types=None)
Retrieve all results of the specified types for the given gate-source and drain-source voltages.

Only the results of calculations that ran successfully are available.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

• result_types (list) – A list of types which should be included in the returned
quantity. For example, result_types=[DeviceConfiguration] will only return instances
of DeviceConfiguration. If not specified, all results are returned.

Returns
The available results from calculations associated with this voltage pair. If none available,
it returns an empty list.

Return type
list
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saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

setCalculator(gate_source_voltage, drain_source_voltage, calculator, initial_state=None,
initial_spin=None)

Set a new calculator and initial state for an existing gate-source and drain-source voltage pair.

The next call to update() will recalculate the configuration, transmission spectrum and any additional
Analysis objects for this gate-source and drain-source voltage pair. If a configuration with an identical
calculator had already converged, no calculation will be performed.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

• calculator (DeviceLCAOCalculator | DeviceSemiEmpiricalCalculator) –
The new calculator to be set on the configuration.

• initial_state (DeviceConfiguration) – The initial state to be used for the con-
figuration. Default: The initial state is automatically chosen from the already run
tasks.

• initial_spin (InitialSpin | None) – An initial spin to be applied in combination
with the initial state. It can only be defined if an initial state is also defined. Alterna-
tively, a global initial spin to be used during the first configuration update can be set
directly on the configuration passed to the class constructor.

setOneShotSelfConsistentBornApproximationArguments(gate_source_voltage, drain_source_voltage,
one_shot_scba_arguments=None)

Set new arguments for the OneShotSelfConsistentBornApproximation object for an existing gate-source
and drain-source voltage pair.

The next call to update() will recalculate the transmission spectrum for this gate-source and drain-source
voltage pair.

Parameters

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source volt-
age.

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age.

• one_shot_scba_arguments (A dictionary of valid arguments for a
OneShotSelfConsistentBornApproximation object.) – Dictionary of argu-
ments to be passed to the OneShotSelfConsistentBornApproximation object. The
configuration argument must not be present. Default: An empty dictionary.

sourceElectrode()

Return the side of the source electrode, specified as Left or Right. The quantity is used to convert from
absolute electrode voltages to drain-source and gate-source voltages.
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subthresholdSlope(drain_source_voltage=None, range_min=None, range_max=None,
converged_only=None, electrode_temperatures=None)

Calculate the subthreshold slope for the available data points at a given drain-source voltage.

Note that by default the entire range is used for the fitting, which might give an unphysical result. It is
strongly recommended for the user to define a physical range in which to perform the fitting.

Parameters

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age which determines the gate-source voltage/current data set from which the sub-
threshold slope will be calculated.

• range_min (PhysicalQuantity of type voltage) – The minimum gate-source voltage
in the required range. Default: No restriction.

• range_max (bool) – The maximum gate-source voltage in the required range. De-
fault: No restriction.

• converged_only – Whether to only include data points which have converged. De-
fault: True

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The calculated subthreshold slope, fitted in the required range. Units are mV/dec.

Return type
float

transconductance(drain_source_voltage, gate_source_voltage, converged_only=None,
electrode_temperatures=None)

Calculate the transconductance, defined as:

𝑔𝑚 = 𝜕𝐼𝐷/𝜕𝑉𝐺𝑆

at a given drain-source voltage, where 𝐼𝐷 is the drain current and 𝑉𝐺𝑆 the gate-source voltage. The
transconductance is evaluated around the gate-source voltage specified in input. The derivative is calcu-
lated by finite difference, using the available currents.

Parameters

• drain_source_voltage (PhysicalQuantity of type voltage) – The drain-source volt-
age at which the transconductance is calculated,

• gate_source_voltage (PhysicalQuantity of type voltage) – The gate-source voltage
at which the transconductance is evaluated.

• converged_only – Whether to only include data points which have converged. De-
fault: True

• electrode_temperatures (list (size 2) of PhysicalQuantity of type temperature)
– The electrode temperatures to be used in the current calculation. Default: The
temperatures from the calculator.

Returns
The value of transconductance at the given gate-source and drain-source voltage.

Return type
PhysicalQuantity of type current / voltage.
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uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study.

InelasticTransmissionSpectrum

class InelasticTransmissionSpectrum(configuration, dynamical_matrix=None,
hamiltonian_derivatives=None, bulk_dynamical_matrix=None,
bulk_hamiltonian_derivatives=None, energies=None, kpoints=None,
qpoints=None, method=None, self_energy_calculator=None,
energy_zero_parameter=None, infinitesimal=None,
phonon_modes=None, phonon_energy_minimum=None,
phonon_energy_maximum=None, phonon_energy_intervals=None,
fermis_golden_rule_only=None, spectral_representation=None,
electrode_extensions=None, store_coupling_matrices=None,
reuse_tolerance=None, voltage_fraction_left=None)

Class for calculating the inelastic transmission spectrum of a device configuration using the eXtended Lowest
Order Expanssion (XLOE) method or Lowest Order Expanssion (LOE) method.

Parameters

• configuration (DeviceConfiguration) – The DeviceConfiguration for which the in-
elastic transmission should be calculated.

• dynamical_matrix (DynamicalMatrix) – A DynamicalMatrix object constructed for
the same DeviceConfiguration as this object. This option is mutually exclusive to
bulk_dynamical_matrix.

• hamiltonian_derivatives (HamiltonianDerivatives) – A HamiltonianDeriva-
tives object constructed for the same DeviceConfiguration and calculator as this object.
This option is mutually exclusive to bulk_hamiltonian_derivatives.

• bulk_dynamical_matrix (DynamicalMatrix) – A DynamicalMatrix object con-
structed for the same DeviceConfiguration as this object. This option can only be used if
the central region of the device configuration configuration can be obtained as N rep-
etitions of the bulk configuration used to calculate the bulk_dynamical_matrix. This
option is mutually exclusive to dynamical_matrix.

• bulk_hamiltonian_derivatives (HamiltonianDerivatives) – A Hamiltonian-
Derivatives object constructed for a bulk configuration. This option can only be used if the
central region of the device configuration configuration can be obtained as N repeti-
tions of the bulk configuration used to calculate the bulk_hamiltonian_derivatives.
This option is mutually exclusive to hamiltonian_derivatives.

• energies (A PhysicalQuantity list with an energy unit.) – The energy for which the
inelastic transmission function is calculated. The energy is calculated relative to the Fermi
energy. Default: [0.0]*eV

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid | sequence of sequence (size 3) of float) – The k-points for the
incoming electrons. This can either be given as a k-point grid or a list of fractional k-
points, e.g., [[0.0, 0.0, 0.0], [0.0, 0.0, 0.1], ...]. Default: [[0.0, 0.0,
0.0]]
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• qpoints – The transverse q-points for which the phonons should be calculated. This can
either be given as a q-point grid or a list of fractional q-points, e.g., [[0.0, 0.0, 0.0],
[0.0, 0.0, 0.1], ...]. Outgoing electrons are scatered to k + q. Default: [[0.0,
0.0, 0.0]]

• method (XLOE | LOE) – The method used for calculating the inelastic transmissions. De-
fault: XLOE

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy |
SparseRecursionSelfEnergy | KrylovSelfEnergy) – The self energy calcula-
tor to be used. Default: RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity with energy unit.) – Small energy, used to move the
self-energy calculation away from the real axis. This is only relevant for recursion-style
self-energy calculators. Default: 1.0e-6*eV

• phonon_modes (A list of non-negative integers.) – List with indices of
phonon modes to consider. Default: range(3*number_of_atoms). Include all modes.

• phonon_energy_minimum (PhysicalQuantity with energy unit.) – A lower limit for
phonons to be considered. Default: 0.0*eV

• phonon_energy_maximum (PhysicalQuantity with energy unit.) – An upper limit for
phonons to be considered. This could be the bias voltage, if “configuration” is calculated
at finite bias voltages. Default: 1.0*eV

• phonon_energy_intervals (A PhysicalQuantity list with an energy unit.) – A list of
energies. In each interval, between energy points i and i+1, all phonon modes will be
summed to an effective phonon mode with an average energy of all the modes. Specifying
this variable will overwrite the actual phonon modes. If the phonon_energy_intervals list
has N energy points, there will effectively be N-1 phonon modes in the calculation for
each (k,q) point. Default: None

• fermis_golden_rule_only (bool) – If True, only the terms 𝑇𝑟(𝑀𝐴𝐿𝑀𝐴𝑅) are in-
cluded in the inelastic transmissions. This is well-suited for e.g. p-i-n like structures. If
true, then spectral_representation must be set to True (default). Default: False

• spectral_representation (bool) – If True, a spectral representation will be used.
Calculations will typically be much faster. Default: True

• electrode_extensions (list of two non-negative integers larger then
1 or [0,0]) – The left and right electrode will be extended by an integer number of
full electrode sizes into the central region. The electrode extensions are treated as non-
interacting. The electrode extensions must be short enough such that there is no direct
overlap between the left and right electrode extensions. Default: [0,0]

• store_coupling_matrices – Boolean to control if the electron-phonon coupling ma-
trices should be precalculated and stored (True) or calculated on the fly (False). The option
False saves memory, but is computationally slower. Default: True

• voltage_fraction_left (float in range [0;1] with no unit.) – Voltage
drop asymmetry used in XLOE. Voltage fraction at left electrode used in the energy shift
in the Green’s functions𝐺(𝐸±~𝜔 · 𝑓𝐿) where 𝑓𝐿 is the voltage_fraction_left. 0.5
corresponds to a symmetric energy shift, while 1.0 means that all the energy shift is in
the left chemical potential and 0.0 means that only the right electrode potential is shifted.
Default: 0.5
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elasticConductance(bias=None, temperature=None, fermi_shift=None, k_indices=None, spin=None)
Returns the elastic contribution to the differential conductance.

Parameters

• bias (PhysicalQuantity of type voltage.) – The voltages for which the conductance
should be calculated. Default: numpy.linspace(0, 0.1, 100) * Volt

• temperature (PhysicalQuantity of type temperature.) – The temperature for which
the conductance should be calculated. Default: 300 * Kelvin

• fermi_shift (PhysicalQuantity of type energy.) – Shift of Fermi level, such that the
conductance is evaluated at the energy E = fermi_energy + fermi_shift. Default: 0.0
* eV

• k_indices (list.) – A list of non-negative integers with the indices for the k-points
to include. Default: All the k-points, i.e. [0, 1, 2, . . . , number_of_kpoints-1]

• spin (Spin.Up | Spin.Down | Spin.All) – The spin flag. Default: Spin.Up

Returns
The elastic conductance for each bias point.

Return type
PhysicalQuantity of type Siemens.

elasticCurrent(bias=None, temperature=None, fermi_shift=None, k_indices=None, spin=None)
Returns the elastic contribution to the current

Parameters

• bias (PhysicalQuantity of type voltage.) – The voltages for which the current should
be calculated. Default: numpy.linspace(0,0.1,100)*Volt

• temperature (PhysicalQuantity of type temperature.) – The temperature for which
the current should be calculated. Default: 300*Kelvin

• fermi_shift (PhysicalQuantity of type energy.) – Shift of Fermi level, such that the
current is evaluated at the energy E = fermi_energy + fermi_shift. Default: 0.0*eV

• k_indices (list.) – A list of non-negative integers with the indices for the k-points
to include. Default: All the k-points, i.e. [0, 1, 2, . . . , number_of_kpoints-1]

• spin (Spin.Up | Spin.Down | Spin.All) – The spin flag. Default: Spin.Up

Returns
The elastic current for each bias point.

Return type
PhysicalQuantity of type Ampere.

elasticTransmission()

Returns
The elastic transmission of shape (N, K, S) where N is the number of energies, K is the
number of k-points, and S is the number of spins.

Return type
numpy.ndarray.

electrodeFermiLevels()

Returns
The electrode Fermi levels in absolute energies.
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Return type
PhysicalQuantity of type energy.

energies()

Returns
The energies at which the inelastic transmission spectrum is calculated.

Return type
PhysicalQuantity of energy unit.

energyZero()

Returns
The energy zero used for the energy scale in this inelastic transmission spectrum.

Return type
PhysicalQuantity of type energy.

energyZeroParameter()

Returns
The energy zero parameter used for the energy scale in this inelastic transmission spectrum.

Return type
AbsoluteEnergy | AverageFermiLevel

evaluate()

Returns

Return a tuple with (energies, T0, Tsym_pos, Tsy,_neg, Tasym_pos, Tasym_neg), where

energies : is the list of energies given in the constructor

T0 : is the elastic transmission spectrum

Tsym_pos : is the symmetric contribution to the inelastic transmission at positive bias

Tsym_neg : is the symmetric contribution to the inelastic transmission at negative bias

Tasym_pos : is the asymmetric contribution to the inelastic transmission at positive bias

Tasym_neg : is the asymmetric contribution to the inelastic transmission at negative bias

Return type
tuple

inelasticConductance(bias=None, temperature=None, modes=None, fermi_shift=None, k_indices=None,
q_indices=None, spin=None, tolerance=None)

Returns the inelastic contribution to the differential conductance.

Parameters

• bias (PhysicalQuantity of type voltage.) – The voltages for which the conductance
should be calculated. Default: numpy.linspace(0, 0.1, 100) * Volt

• temperature (PhysicalQuantity of type temperature.) – The temperature for which
the conductance should be calculated. Default: 300 * Kelvin

• modes (A list of non-negative integers.) – If specified, the inelastic con-
ductance is only calculated for these modes. Default: All the modes, i.e. [0, 1, 2, . . . ,
N-1], where N is the number of degrees of freedom.
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• fermi_shift (PhysicalQuantity of type energy.) – Shift of Fermi level, such that the
conductance is evaluated at the energy E = fermi_energy + fermi_shift. Default: 0.0
* eV

• k_indices (list.) – A list of non-negative integers with the indices for the k-points
to include. Default: All the k-points, i.e. [0, 1, 2, . . . , number_of_kpoints-1]

• q_indices (list.) – A list of non-negative integers with the indices for the q-points
to include. Default: All the q-points, i.e. [0, 1, 2, . . . , number_of_qpoints-1]

• spin (Spin.Up | Spin.Down) – The spin flag. Default: Spin.Up

• tolerance (float.) – If specified, only phonon modes with an inelastic transmission
larger than “tolerance*max(inelasticTransmission)” will be included. Default: 0.0 (all
modes will be included).

Returns
The inelastic conductance for each bias point.

Return type
PhysicalQuantity of type Siemens.

inelasticCurrent(bias=None, temperature=None, modes=None, fermi_shift=None, k_indices=None,
q_indices=None, spin=None, tolerance=None)

Returns the inelastic contribution to the current.

Parameters

• bias (PhysicalQuantity with voltage unit.) – The voltages for which the current should
be calculated. Default: numpy.linspace(0,0.1,100)*Volt

• temperature (PhysicalQuantity with temperature unit.) – The temperature for which
the current should be calculated. Default: 300*Kelvin

• modes (A list of non-negative integers.) – If specified, the inelastic current
is only calculated for these modes. Default: All the modes, i.e. [0,1,2,. . . ,N-1], where
N is the number of degrees of freedom.

• fermi_shift (PhysicalQuantity with energy unit.) – Shift of Fermi level, such that
the current is evaluated at the energy E = fermi_energy + fermi_shift. Default: 0.
0*eV

• k_indices (list.) – A list of non-negative integers with the indices for the k-points
to include. Default: All the k-points, i.e. [0,1,2,. . . ,number_of_kpoints-1]

• q_indices (list.) – A list of non-negative integers with the indices for the q-points
to include. Default: All the q-points, i.e. [0,1,2,. . . ,number_of_qpoints-1]

• spin (Spin.Up | Spin.Down | Spin.All) – The spin flag. Default: Spin.Up

• tolerance (float.) – If specified, only phonon modes with an inelastic transmission
larger than “tolerance*max(inelasticTransmission)” will be included. Default: 0.0 (all
modes will be included).

Returns
The inelastic current for each bias point.

Return type
PhysicalQuantity of type Ampere.

inelasticCurrentIntegral(bias=None, temperature=None, modes=None, fermi_shift=None,
k_indices=None, q_indices=None, spin=None, tolerance=None,
interpolation_factor=None)
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Returns the inelastic contribution to the current calculate by integrating symmetric transmissions using
the current expression from J. Appl. Phys. 109, 124503 (2011).

Parameters

• bias (PhysicalQuantity of type voltage.) – The voltages for which the current should
be calculated. Default: numpy.linspace(0, 0.1, 100)*Volt

• temperature (PhysicalQuantity of type temperature.) – The temperature for which
the transmission spectrum should be calculated. Default: 300 * Kelvin

• modes (A list of non-negative integers.) – If specified, the inelastic current
is only calculated for these modes. Default: All the modes, i.e. [0, 1, 2, . . . , N-1],
where N is the number of degrees of freedom.

• fermi_shift (PhysicalQuantity of type energy.) – Shift of Fermi level, such that the
current is evaluated at the energy E = fermi_energy + fermi_shift. Default: 0.0 *
eV

• k_indices (list.) – A list of non-negative integers with the indices for the k-points
to include. Default: All the k-points, i.e. [0, 1, 2, . . . , number_of_kpoints-1]

• q_indices (list.) – A list of non-negative integers with the indices for the q-points
to include. Default: All the q-points, i.e. [0, 1, 2, . . . , number_of_qpoints-1]

• spin (Spin.Up | Spin.Down | Spin.All) – The spin flag. Default: Spin.Up

• tolerance (float.) – If specified, only phonon modes with an inelastic transmission
larger than “tolerance*max(inelasticTransmission)” will be included. Default: 0.0 (all
modes will be included).

• interpolation_factor (int) – Integer determining interpolation refinement of the
energies and transmissions. Default: 1

Returns
The inelastic current for each bias point.

Return type
PhysicalQuantity of type Ampere.

inelasticElectronTunnelingSpectroscopy(bias=None, temperature=None, modes=None,
fermi_shift=None, k_indices=None, q_indices=None,
spin=None, tolerance=None)

Returns the inelastic tunneling spectrocopy signal (IETS), 𝑑2𝐼/𝑑𝑉 2

Parameters

• bias (PhysicalQuantity of type voltage.) – The voltages for which the IETS should
be calculated. Default: numpy.linspace(0, 0.1, 100) * Volt

• temperature (PhysicalQuantity of type temperature.) – The temperature for which
the IETS should be calculated. Default: 300 * Kelvin

• modes (A list of non-negative integers.) – If specified, the IETS is only
calculated for these modes. Default: All the modes, i.e. [0, 1, 2, . . . , N-1], where N
is the number of degrees of freedom.

• fermi_shift (PhysicalQuantity with energy unit.) – Shift of Fermi level, such that
the IETS is evaluated at the energy E = fermi_energy + fermi_shift. Default: 0.0 *
eV
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• k_indices (list.) – A list of non-negative integers with the indices for the k-points
to include. Default: All the k-points, i.e. [0, 1, 2, . . . , number_of_kpoints-1]

• q_indices (list.) – A list of non-negative integers with the indices for the q-points
to include. Default: All the q-points, i.e. [0, 1, 2, . . . , number_of_qpoints-1]

• spin (Spin.Up | Spin.Down | Spin.All) – The spin flag. Default: Spin.Up

• tolerance (float.) – If specified, only phonon modes with an inelastic transmission
larger than “tolerance*max(inelasticTransmission)” will be included. Default: 0.0 (all
modes will be included).

Returns
The inelastic tunneling spectrocopy signal for each bias point.

Return type
PhysicalQuantity of type Siemens/Volt.

inelasticTransmissionAsymmetricNegativeBias(mode=None)
Return the asymmetric inelastic transmission for each mode for negative bias voltages.

Parameters
mode (int | All) – The phonon mode for which to return the inelastic transmission. If not
provided, the result for all modes will be returned. Default: All

Returns
The asymmetric negative inelastic transmission. If mode=All, the shape of the returned ar-
ray is (number_of_degrees_of_freedom, number_of_energies, number_of_kpoints, num-
ber_of_qpoints, number_of_spins). If mode=integer, the shape is (number_of_energies,
number_of_kpoints, number_of_qpoints, number_of_spins).

Return type
numpy.ndarray.

inelasticTransmissionAsymmetricPositiveBias(mode=None)
Return the asymmetric inelastic transmission for each mode for positive bias voltages.

Parameters
mode (int | All) – The phonon mode for which to return the inelastic transmission. If not
provided, the result for all modes will be returned. Default: All

Returns
The asymmetric positive inelastic transmission. If mode=All, the shape of the returned ar-
ray is (number_of_degrees_of_freedom, number_of_energies, number_of_kpoints, num-
ber_of_qpoints, number_of_spins). If mode=integer, the shape is (number_of_energies,
number_of_kpoints, number_of_qpoints, number_of_spins).

Return type
numpy.ndarray.

inelasticTransmissionSymmetricNegativeBias(mode=None)
Return the symmetric inelastic transmission for each mode for negative bias voltages.

Parameters
mode (int | All) – The phonon mode for which to return the inelastic transmission. If not
provided, the result for all modes will be returned. Default: All

Returns
The symmetric negative inelastic transmission. If mode=All, the shape of the returned ar-
ray is (number_of_degrees_of_freedom, number_of_energies, number_of_kpoints, num-
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ber_of_qpoints, number_of_spins). If mode=integer, the shape is (number_of_energies,
number_of_kpoints, number_of_qpoints, number_of_spins).

Return type
numpy.ndarray.

inelasticTransmissionSymmetricPositiveBias(mode=None)
Return the symmetric inelastic transmission for each mode for positive bias voltages.

Parameters
mode (int | All) – The phonon mode for which to return the inelastic transmission. If not
provided, the result for all modes will be returned. Default: All

Returns
The symmetric positive inelastic transmission. If mode=All, the shape of the returned ar-
ray is (number_of_degrees_of_freedom, number_of_energies, number_of_kpoints, num-
ber_of_qpoints, number_of_spins). If mode=integer, the shape is (number_of_energies,
number_of_kpoints, number_of_qpoints, number_of_spins).

Return type
numpy.ndarray.

infinitesimal()

Returns
The infinitesimal used in self-energy calculations.

Return type
PhysicalQuantity of type energy.

interactionRegion()

Returns
The atom indices for the interaction region.

Return type
list of ints

kpoints()

Returns
The k-points.

Return type
list of floats with shape (K, 3), where K is the number of k-points.

maximumPhononEnergy()

Returns
Return the maximally allowed phonon energy.

Return type
PhysicalQuantity of type energy.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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method()

Returns
The method used for the calculation.

Return type
XLOE | LOE

minimumPhononEnergy()

Returns
The minimally allowed phonon energy.

Return type
PhysicalQuantity of type energy.

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

phononEnergies()

Returns
The phonon energies for all the modes.

Return type
PhysicalQuantity of energy unit.

phononModes()

Returns
The phonon mode indices.

Return type
list of ints

qpoints()

Returns
The q-points.

Return type
list of floats with shape (Q, 3), where Q is the number of q-points.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate a InelasticTransmissionSpectrum. Notice that the DeviceConfiguration, the DynamicalMatrix and the Hamil-
tonianDerivatives are read from a file filename.nc from a separate calculation.

# Example of inelastic transmission spectrum

# Load device configuration
device_configuration = nlread('filename.nc', DeviceConfiguration)[0]

# Load dynamical matrix
dynamical_matrix = nlread('filename.nc', DynamicalMatrix)[0]

# Load hamiltonian derivatives
hamiltonian_derivatives = nlread('filename.nc', HamiltonianDerivatives)[0]

# -------------------------------------------------------------
# Inelastic transmission spectrum
# -------------------------------------------------------------
inelastic_transmission_spectrum = InelasticTransmissionSpectrum(

configuration=device_configuration,
dynamical_matrix=dynamical_matrix,
hamiltonian_derivatives=hamiltonian_derivatives,
energies=numpy.linspace(0, 0, 1)*eV,
kpoints=MonkhorstPackGrid(1, 1),
qpoints=MonkhorstPackGrid(1, 1),
method=XLOE,
phonon_modes=All,
)

# -------------------------------------------------------------
# Post processing of data
# -------------------------------------------------------------

# Setup bias voltages
bias = numpy.linspace(-0.1, 0.1, 1000)*Volt

# Set temperature
temp = 10*Kelvin

# Calculate the inelastic current
I = inelastic_transmission_spectrum.inelasticCurrent(bias=bias, temperature=temp)

# Calculate the inelastic conductance
G = inelastic_transmission_spectrum.inelasticConductance(bias=bias, temperature=temp)
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Large Device Calculations

In order to calculate the InelasticTransmissionSpectrum for a large device with thousands of atoms, it is possible to
apply certain approximations that will speed up the calculations significantly.

Summing up phonon modes in energy intervals

The first option is to specify phonon_energy_intervals instead of phonon_modes=All like:

inelastic_transmission_spectrum = InelasticTransmissionSpectrum(
configuration=device_configuration,
dynamical_matrix=dynamical_matrix,
hamiltonian_derivatives=hamiltonian_derivatives,
phonon_energy_intervals=numpy.linspace(0, 0.1, 10)*eV,
)

For a device with, say, 1000 atoms in the central region, there will be 3000 phonon modes. However, by specifying
phonon_energy_intervals the phonon modes will be summed in each interval to form new effective phonon modes.
The number of intervals required will depend on the actual system, but typical values between 10 and 50 will often
suffice, thus dramatically reducing the number of required calculations.

Note: When analyzing the results of an InelasticTransmissionSpectrum calculated with the
phonon_energy_intervals parameter, the number of phonon modes one can query for will be the number
of intervals used in the calculation.

In the above example, the intervals will be [0, 0.01]*eV, [0.01, 0.02]*eV, .... The i’th effective phonon
mode corresponding to the energy interval [𝜖0𝑖 , 𝜖

1
𝑖 ] will then be defined as (see also notes below)

ṽ𝑖 =
∑︁

𝜆 | 𝜖0𝑖<~𝜔𝜆<𝜖1𝑖

u𝜆
√︂

~
2𝑀𝐼𝜔𝜆

Much fewer calculations then need to be performed in InelasticTransmissionSpectrum and the calculation time will be
reduced very significantly for large devices.

Note: The use of phonon_energy_intervals is an approximation. It is intented to be used in large device calcu-
lations, where the primary focus is on the total current. It should not be used for, e.g., a molecular junction, where
interest is on the inelastic signal from individual phonons.

Using bulk DynamicalMatrix and HamiltonianDerivatives

Many device calculations are performed for a structure which is translationally invariant in the C-direction, apart from
doping profiles and electrostatic regions. This might be the case for a field effect transistor with a nin-juction or a
pn-junction where the electrodes and the central region are composed of the same material.

In that case, it is possible to calculate the DynamicalMatrix and HamiltonianDerivatives for the smallest repeatable
unit cell, provided that the central region atomic structure can be represented as:

central_region = bulk_configuration.repeat(nc=nc)
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where nc is the number of times the small bulk configuration should be repeated in order to form the central region.

The calculation of the DynamicalMatrix and HamiltonianDerivatives for the small bulk_configuration will be
much faster than the corresponding calculations for the full device configuration.

The InelasticTransmissionSpectrum can then be calculated as follows:

# Calculate the bulk hamiltonian derivatives for the small system.
bulk_hamiltonian_derivatives = HamiltonianDerivatives(bulk_configuration)

# Calculate the bulk dynamical matrix for the small system.
bulk_dynamical_matrix = DynamicalMatrix(bulk_configuration)

# Calculate the inelastic transmission spectrum using bulk dynamical matrix
# and bulk hamiltonian derivatives.
inelastic_transmission_spectrum = InelasticTransmissionSpectrum(

configuration=device_configuration,
bulk_dynamical_matrix=bulk_dynamical_matrix,
bulk_hamiltonian_derivatives=bulk_hamiltonian_derivatives,
phonon_energy_intervals=numpy.linspace(0, 0.1, 10)*eV,
)

By using both the phonon_energy_intervals, bulk_dynamical_matrix and
bulk_hamiltonian_derivatives it is feasible to perform InelasticTransmissionSpectrum calculations for
devices with several thousand of atoms.

Note: Using the bulk_dynamical_matrix and bulk_hamiltonian_derivatives relies on the assumption that
the dynamical matrix and the derivative of the Hamiltonian are translational invariant, although the Hamiltonian itself
is not. In, e.g., a pn-junction the Hamiltonian is not translational invariant due to the doping profile. However, it might
be a reasonable approximation to assume that the derivative is approximately translational invariant thus justifying the
use of bulk_hamiltonian_derivatives.

It is not possible to use bulk_dynamical_matrix and bulk_hamiltonian_derivatives for device configurations
containing interfaces between different materials.

Notes

In order to calculate the InelasticTransmissionSpectrum three main ingredients are needed:

• A DeviceConfiguration to get the Hamiltonian of the system.

• A DynamicalMatrix object for calculating the phonon modes.

• A HamiltonianDerivatives object for calculating the electron-phonon coupling matrix, 𝑀𝜆, for a particular
phonon mode, 𝜆.

The device configuration used as input to InelasticTransmissionSpectrum must be exactly the same as used for the
HamiltonianDerivatives and DynamicalMatrix objects. As explained above, for device configurations with a transla-
tionally invariant central region, it is possible to calculate the HamiltonianDerivatives and DynamicalMatrix objects
for bulk configurations, which can be repeated to form the central region of the device.

From the dynamical matrix 𝐷 we can obtain the phonon frequencies, 𝜔𝜆, and eigenvectors, u𝜆,

𝐷u𝜆 = 𝜔2
𝜆u

𝜆.
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The electron-phonon coupling matrix for a given phonon mode, 𝜆, is obtained as:

𝑀𝜆
𝑖𝑗 =

∑︁
𝐼𝜈

⟨𝑖| 𝜕�̂�
𝜕𝑅𝐼𝜈

|𝑗⟩v𝐼𝜈 ,

where

v𝐼𝜈 = u𝜆𝐼𝜈

√︂
~

2𝑀𝐼𝜔𝜆

and where the sum runs over atom indices 𝐼 and Cartesian directions 𝜈 = (𝑥, 𝑦, 𝑧). The derivative of the Hamiltonian
is what is being calculated in the HamiltonianDerivatives object.

The theory behind the InelasticTransmissionSpectrum can be found in Refs.1,2. In short, the starting point is the Meir-
Wingreen current formula:

𝐼(𝑉 ) =
2𝑒

ℎ

∫︁ ∞

−∞
𝑑𝜖Tr

[︀
Σ<𝐿 (𝜖)𝐺<(𝜖) − Σ<𝐿𝐺

<(𝜖)
]︀
,

where 𝐺</> are the lesser/greater Green’s functions for the central region (including electron-phonon self-energies)
and Σ

</>
𝐿 are the lesser/greater self-energies due to coupling to the left electrode. The electron-phonon coupling self-

energies are described in the self-consistent Born approximation (SCBA) assuming free (uncoupled to electrons and
uncoupled to electrodes) phonon Green’s functions. The phonon spectral function is thus a series of delta-peaks at
±~𝜔𝜆. We further assume that the phonon occupations are given by the Bose-Einstein distribution. Currently, it is thus
not possible to include heating effects.

The SCBA electron-phonon self-energies are computationally demanding as they require an integral over energy,
e.g.Page 1286, 2.

Σ<,>𝑝ℎ,𝜆(𝜖) = 𝑖

∫︁ ∞

−∞

𝑑𝜖′

2𝜋
𝑀𝜆𝐷<,>

0 (𝜆, 𝜖− 𝜖′)𝐺<,>(𝜖′)𝑀𝜆

The idea behind the Lowest Order Expanssion (LOE) and eXtended LOE (XLOE) is to circumvent these integrals by
assuming that the spectral function (or density of states) in the central region varies slowly on an energy scale given by
the phonon energies, ~𝜔. By expanding the Meir-Wingreen current formula to the second order in M (this is the lowest
order) one can derive the LOE current expression:

𝐼LOE(𝑉, 𝑇 ) = 𝐼0(𝑉 ) +
∑︁
𝜆

𝐼𝑠𝑦𝑚𝜆 (𝑉, 𝑇, ⟨𝑛𝜆⟩)𝒯 𝑠𝑦𝑚
𝜆 +

∑︁
𝜆

𝐼𝑎𝑠𝑦𝑚𝜆 (𝑉, 𝑇 )𝒯 𝑎𝑠𝑦𝑚
𝜆

where 𝐼0(𝑉 ) is the non-interacting or elastic current that can be obtained from the normal transmission function. 𝐼𝑠𝑦𝑚𝜆

and 𝐼𝑎𝑠𝑦𝑚𝜆 are universal current functions given by

𝐼𝑠𝑦𝑚𝜆 (𝑉, 𝑇, ⟨𝑛𝜆⟩) =
𝑒

𝜋~

(︂
2𝑒𝑉 ⟨𝑛𝜆⟩ +

~𝜔𝜆 − 𝑒𝑉

𝑒(~𝜔𝜆−𝑒𝑉 )𝑘𝐵𝑇 − 1
− ~𝜔𝜆 + 𝑒𝑉

𝑒(~𝜔𝜆+𝑒𝑉 )𝑘𝐵𝑇 − 1

)︂
and

𝐼𝑎𝑠𝑦𝑚𝜆 =
𝑒

~

∫︁ ∞

−∞

𝑑𝜖

2𝜋
[𝑛𝐹 (𝜖) − 𝑛𝐹 (𝜖− 𝑒𝑉 )] ×ℋ𝜖′{𝑛𝐹 (𝜖′ + ~𝜔𝜆) − 𝑛𝐹 (𝜖′ − ~𝜔𝜆)}(𝜖),

where ℋ𝜖′ is the Hilbert transform and the bias is defined via 𝑒𝑉 = 𝜇𝑅 − 𝜇𝐿. The inelastic transmission functions
𝒯 𝑠𝑦𝑚
𝜆 and 𝒯 𝑎𝑠𝑦𝑚

𝜆 are given by

𝒯 𝑠𝑦𝑚
𝜆 = Tr

[︂
𝐺𝑟Γ𝐿𝐺

𝑎{𝑀𝜆𝐴𝑅𝑀
𝜆 +

𝑖

2
(Γ𝑅𝐺

𝑎𝑀𝜆𝐴𝑀𝜆 −𝐻.𝑐.)}
]︂
,

1 J.-T. Lü, R. B. Christensen, G. Foti, T. Frederiksen, T. Gunst, and M. Brandbyge. Efficient calculation of inelastic vibration signals in electron
transport: beyond the wide-band approximation. Phys. Rev. B, 89:081405, Feb 2014. doi:10.1103/PhysRevB.89.081405.

2 T. Frederiksen, M. Paulsson, M. Brandbyge, and A.-P. Jauho. Inelastic transport theory from first principles: methodology and application to
nanoscale devices. Phys. Rev. B, 75:205413, May 2007. doi:10.1103/PhysRevB.75.205413.
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𝒯 𝑎𝑠𝑦𝑚
𝜆 = Tr

[︀
𝐺𝑎Γ𝐿𝐺

𝑟{Γ𝑅𝐺
𝑎𝑀𝜆(𝐴𝑅 −𝐴𝐿)𝑀𝜆 +𝐻.𝑐}

]︀
,

where 𝐻.𝑐. denotes hermetian conjugate and where the spectral functions are

𝐴𝐿,𝑅 = 𝐺𝑟Γ𝐿,𝑅𝐺
𝑎,

and

𝐴 = 𝑖(𝐺𝑟 −𝐺𝑎) = 𝐴𝐿 +𝐴𝑅.

In the above equations, all the Greens function are non-interacting, i.e. they do not include the electron-phonon self-
energies. When using LOE, all Green’s function, self-enegies, and spectral functions are evaluated at the same energy.
In XLOE, certain Green’s functions and spectral functions will be evaluated at energies 𝜖± = 𝜖± ~𝜔𝜆/2. This means
that many more calculations are needed for the XLOE calculations which therefore takes more time.

LOE or XLOE

The LOE is originally developed for studying molecular junctions where a molecule is placed between metallic elec-
trodes. If there are no molecular states close to the Fermi energy, the LOE will be sufficient to use. However, if there
are states close to the Fermi energy, the XLOE will be a more correct description as it allows some variation of the
density of states. XLOE should also be used if transport occurs close to semi-conductor band edges.

In XLOE one distinguishes between phonon emission and phonon absorption processes, as illustrated in Fig. 4.21. The
inelastic transmission functions for the emission process, corresponding to a positive bias can be obtained as:

t_sym_pos = inelastic_transmission_spectrum.inelasticTransmissionSymmetricPositiveBias()
t_asym_pos = inelastic_transmission_spectrum.
→˓inelasticTransmissionAsymmetricPositiveBias()

and for phonon absorption, corresponding to a negative bias situation as:

t_sym_neg = inelastic_transmission_spectrum.inelasticTransmissionSymmetricNegativeBias()
t_asym_neg = inelastic_transmission_spectrum.
→˓inelasticTransmissionAsymmetricNegativeBias()

How many energy points

The InelasticTransmissionSpectrum can be called with a user-defined list of energies (default is 𝐸 = 0 𝑒𝑉 , relative
to the Fermi energy). If the non-interacting transmission is finite at the Fermi level (e.g. in a molecular junction with
metallic leads) it will often be sufficint to calculate the inelastic transmisssion spectrum only at the Fermi energy and
use the LOE current formula, which is called by:

bias = numpy.linspace(-0.1,0.1,100)*Volt
current = inelastic_transmission_spectrum.inelasticCurrent(bias=bias)

The conductance 𝑑𝐼/𝑑𝑉 and inelastic electron tunneling spectra (IETS) 𝑑2𝐼/𝑑𝑉 2 can likewise be obtained from the
LOE current expression as:

bias = numpy.linspace(-0.1,0.1,100)*Volt
conductance = inelastic_transmission_spectrum.inelasticConductance(bias=bias)
iets = inelastic_transmission_spectrum.inelasticElectronTunnelingSpectroscopy(bias=bias)
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Fig. 4.21: In XLOE phonon emission and absorption processes are distinguished. The upper panel illustrates a phonon
emission process, where an electron incident from the left electrode emits a phonon and exit the right electrode with a
lower energy. At low temperatures, this process is only possible at positive bias voltages, hence the name. The lower
panel illustrates a phonon absorption process where the electron exits with a higher energy in the right electrode than
in the left.
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In situations where there are no electrode states at the Fermi energy, like in a low- or un-doped semi-conductor, the
direct use of the LOE and XLOE expressions will result in zero inelastic current, when evaluated at the Fermi energy.
In that case, the inelastic transmission spectra must be calculated at a range of energies (like the normal Transmission-
Spectrum). The current can then be calculated as:

bias = numpy.linspace(-0.1,0.1,100)*Volt
current = inelastic_transmission_spectrum.inelasticCurrentIntegral(bias=bias)

In this case the current is calculated in a way, following Ref.3:

𝐼(𝑉 ) =
∑︁
𝜆

∫︁ ∞

−∞
𝑑𝜖
[︀
𝒯 𝑠𝑦𝑚,𝑝𝑜𝑠
𝜆 (𝜖)𝐹𝜆𝑝𝑜𝑠(𝜖) + 𝒯 𝑠𝑦𝑚,𝑛𝑒𝑔

𝜆 (𝜖)𝐹𝜆𝑛𝑒𝑔(𝜖)
]︀
,

where the energy- and mode depended prefactors are

𝐹𝜆𝑝𝑜𝑠 = 𝑛𝐹 (𝜇𝐿)[1 − 𝑛𝐹 (𝜇𝑅 − ~𝜔𝜆)][𝑛𝐵(~𝜔𝜆) + 1] − 𝑛𝐹 (𝜇𝑅 + ~𝜔𝜆)[1 − 𝑛𝐹 (𝜇𝐿)]𝑛𝐵(~𝜔𝜆),

and

𝐹𝜆𝑛𝑒𝑔 = 𝑛𝐹 (𝜇𝐿)[1 − 𝑛𝐹 (𝜇𝑅 + ~𝜔𝜆)]𝑛𝐵(~𝜔𝜆) − 𝑛𝐹 (𝜇𝑅 − ~𝜔𝜆)[1 − 𝑛𝐹 (𝜇𝐿)][𝑛𝐵(~𝜔𝜆) + 1].

𝑛𝐹 and 𝑛𝐵 are the Fermi-Dirac and Bose-Einstein distribution functions respectively.

InfraredSpectrum

class InfraredSpectrum(md_trajectory, start_time=None, end_time=None, time_resolution=None,
wavenumber_limit=None, temperature=None, path_length=None,
smoothing_factor=None, info_panel=None)

Class for calculating the infrared vibrational spectrum from an MD simulation.

Parameters

• md_trajectory (MDTrajectory) – The MDtrajectory from which the infrared is cal-
culated. If present the dipole measurement is used, otherwise information is taken from
each image.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs.

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots or measurements in the MD trajectory that are included in the analysis.

• wavenumber_limit (PhysicalQuantity of type inverse length) – The maximum
wavenumber displayed in the spectrum. Default: 5000 * cm^-1.

• temperature (PhysicalQuantity of type temperature) – The temperature used in cal-
culating absorption intensity. Default: 300 * Kelvin.

• path_length (PhysicalQuantity of type length) – The length of sample the light
passes through. Longer path lengths decreases the amount of light transmitted Default:
0.001 * cm.

• smoothing_factor (int) – Apply smoothing to the spectrum by averaging n points.
Default: 1.

3 W. Vandenberghe, B. Sorée, W. Magnus, and M. V. Fischetti. Generalized phonon-assisted Zener tunneling in indirect semiconductors with
non-uniform electric fields: A rigorous approach. J. Appl. Phys., 2011. doi:10.1063/1.3595672.
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• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel.

absorption()

Returns
The infrared absorption for each wavenumber in the spectrum.

Return type
ndarray

absorptionCoefficient()

Returns
The absorption coefficient for each wavenumber in the infrared spectrum.

Return type
PhysicalQuantity of type inverse length

frequencies()

Returns
The frequency of each datapoint in the infrared spectrum.

Return type
PhysicalQuantity of type inverse time

transmission()

Returns
The infrared transmission for each wavenumber in the spectrum.

Return type
ndarray

wavenumbers()

Returns
The wavenumber of each datapoint in the infrared spectrum.

Return type
PhysicalQuantity of type inverse length

Usage Examples

Load an MDTrajectory containing a simulation of a liquid electrolyte, and calculate its infrared (IR) vibrational spec-
trum. The IR transmission through a sample with a path length of 100 micron is then plotted.

md_trajectory = nlread('electrolyte_trajectory.hdf5')[-1]

# Create the IR Spectrum
ir_spectrum = InfraredSpectrum(

md_trajectory,
wavenumber_limit=4000*cm**-1,
temperature=300*Kelvin,
path_length=0.01*cm,
smoothing_factor=1,

)
(continues on next page)
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(continued from previous page)

# Create a model.
model = Plot.PlotModel(x_unit=cm**-1)
model.framing().setTitle('Electrolyte IR Spectra')
model.xAxis().setLabel('Wavenumber')
model.yAxis().setLabel('Transmission')
model.legend().setVisible(False)

# Create and add line.
line = Plot.Line(ir_spectrum.wavenumbers(), ir_spectrum.transmission())
line.setLabel('Spectrum')
line.setColor('blue')
model.addItem(line)

# Set x-axis limits.
model.setLimits('x', 4000*cm**-1, 500*cm**-1)

# Show the plot for interactive editing.
Plot.show(model)

infrared_spectrum.py

Notes

From a molecular dynamics trajectory, the infrared vibrational spectrum can be calculated by obtaining the Fourier
transform of the system dipole autocorrelation function12. The adsorption coefficient 𝛼(𝜔) is given as:

𝛼(𝜔) =
𝜔𝑐 tanh (0.5𝛽~𝜔)

3𝜖0~𝑛(𝜔)𝑉

∫︁ ∞

0

⟨M(0) ·M(𝑡)⟩ cos(𝜔𝑡)𝑑𝑡

Here 𝜔 is the vibrational frequency, 𝛽 is the Boltzmann factor 1/𝑘𝑇 , 𝑛(𝜔) is the frequency dependent refractive index
and 𝑉 is the configuration volume. Note that in calculating the infrared spectrum the refractive index is assumed to be
constant in the infrared frequency range. The total system dipole M is also given as:

M =

𝑁∑︁
𝑖=0

𝑞𝑖r𝑖

Here 𝑞𝑖 and r𝑖 are the atomic charge and position respectively, with the sum being taken over all atoms in the system.
Finally the transmission spectrum 𝑇 (𝜔) and absorption spectrum 𝐴(𝜔) can be estimated with the relationship

𝑇 (𝜔) = 1 −𝐴(𝜔) = exp(−𝛼(𝜔)𝑙)

where 𝑙 is a path length that represents the thickness of the sample.

In order to estimate the change in dipole moment during the simulation required to calculate the adsorption spectrum,
partial charges must be set on the input configuration. Partial atomic charges can be added to a configuration using
the setPartialCharges method. These charges are used to calculate the dipole in each image. Obtaining reliable
vibrational spectra also requires saving the dipole moment at high frequency. As only the total system dipole is required,
this is most efficiently done by saving the dipole as a measurement using the dipole_vector molecular dynamics

1 Matej Praprotnik and Dušanka Janežiè. Molecular dynamics integration and molecular vibrational theory. iii. the infrared spectrum of water.
J. Chem. Phys., 122:174103, 2005. URL: https://aip.scitation.org/doi/10.1063/1.1884609, doi:10.1063/1.1884609.

2 Bertrand Guillot. A molecular dynamics study of the far infrared spectrum of liquid water. J. Chem. Phys., 95:1543, 1991. URL: https:
//aip.scitation.org/doi/10.1063/1.461069, doi:10.1063/1.461069.
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measurement. Where appropriate dipole measurement data is contained within the input trajectory, this will be used
in preference to calculating the dipole from each image. This allows using high-frequency dipole data with a minimal
memory and computational overhead.

It should also be noted that since the analysis is based on the assigned partial charges, the relative size of different peaks
may be dependent on the charge assignment. Of particular importance is the magnitude of the dipole moment change
during each vibrational mode. Vibrations that do not result in a change in dipole moment do not result in peaks in the
infrared spectrum.

The infrared spectrum analysis contains some optional arguments. The argument wavenumber_limit sets the largest
wavenumber considered in the vibrational spectrum analysis. Similarly the argument temperature sets the tempera-
ture used in calculating the absorption coefficient, and is commonly set to the approximate temperature of the molecular
dynamics simulation. The amount of infrared radiation absorbed or transmitted is controlled with the path_length
variable. This can be used to enhance or reduce the size of peaks in the absorption spectrum to highlight important
features. Finally the argument smoothing_factor controls the resolution of the final spectral data. Increasing the
smoothing factor down-samples the resulting spectrum, averaging each value over the given number of points. This
can help to reduce noise in the calculated spectrum.

InitialSpin

class InitialSpin(scaled_spins=None)
Class for representing an initial spin configuration.

The initial scaled spin for each atom should be given as a number between -1 and 1 corresponding to the net
spin-polarization in fractions of the atomic polarization according to Hund’s rule.

This should be either:

• A sequence of floating point numbers, whose position in the list corresponds to the atom index in the
configuration

• A list of tuples each of an atom index and corresponding scaled spin value.

• A list of tuples each of a PeriodicTableElement object and a scaled spin value.

• A combination of the latter two.

For non-collinear spin systems the tuple has four numbers, atom index, scaled spin, theta, phi, where the latter
two are spherical coordinates as PhysicalQuantity object of type Degree or Radians.

Parameters
scaled_spins (list) – The initial scaled spins for each atom. Default: 1.0 for each
atom..

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

There are two basic ways to specify the InitialSpin of the atoms.

1. Using a simple list. In this case, scaled_spins is a list containing the initial scaled spin for each atom, i.e.
the number of entries in the list must be equal to the number of atoms in the system (in the central region for
DeviceConfiguration). Example: Set initial spin 1, -0.5, 1 on the first three atoms, 0 for the rest (the configuration
contains 50 atoms).

bulk_configuration.setCalculator(
calculator=LCAOCalculator(),
initial_spin=InitialSpin(scaled_spins=[1.,-0.5,1.]+[0.,]*47)
)

2. Identify atoms, or groups of atoms, and set their initial spin individually. In this case, scaled_spins is a list of
tuples, each with two elements. The first entry in the tuple can be an integer, to select an individual atom, or an
element (like Carbon), to select all atoms of a certain element. The second entry is the initial scaled spin to set
for the selected atoms.

Example: The previous example may be specified the following way:

bulk_configuration.setCalculator(
calculator=LCAOCalculator(),
initial_spin=InitialSpin(scaled_spins=[(0,1.),(1,-0.5),(2,1.)])
)

Set the spin 1 on Iron atoms, except for atoms with index 3 and 7.

bulk_configuration.setCalculator(
calculator = LCAOCalculator(),
initial_spin = InitialSpin(scaled_spins=[(Iron,1.),(3,-1), (7,-1)])
)

• Later entries in the list override earlier ones.

• The initial scaled spin is set to 1.0 for atoms for which another value is not specified.

• The sign (positive or negative) of the specified initial spin determines whether the system has a net surplus
of spin-up or spin-down electrons.

For noncollinear spin you may specify the spin direction in physical spherical coordinates (𝑟, 𝜃, 𝜑), where 𝜃 is the angle
with the z axis, and 𝜑 the polar angle in the x-y plane relative to the x-axis. The collinear case is 𝜃 = 0 rad or 𝜃 = 𝜋
rad.

bulk_configuration.setCalculator(
calculator = LCAOCalculator(),
initial_spin = InitialSpin(scaled_spins=[

(Iron, 1.0, 0.5*numpy.pi*Radians, 0.4*numpy.pi*Radians),
(3, 0.8, 270*Degrees , 216*Degrees)])

)

Also see RandomSpin for an alternative way to set the initial spin.
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Notes

The simplest way to obtain a spin-polarized calculation is to use InitialSpin , i.e. without any parameters, which means
that the initial scaled spin is set to 1.0 for all atoms. This is usually the safest way to obtain good convergence in spin-
polarized in a MoleculeConfiguration and a BulkConfiguration. In a spin-polarized DeviceConfiguration, however, a
more careful analysis is often needed in order to obtain reliable convergence. This will be discussed below.

The initial scaled spin for each atom specifies the degree of polarization for unpaired electrons (either spin-up or spin-
down) within a given valence electron shell. To understand this properly, it is best to consider a specific example.

The initial spins for the different atoms in a configuration are independent of each other, so without loss of generality
we can limit the discussion to one atom. Let us introduce the symbol 𝛼 to denote the initial scaled spin for that atom.

For definiteness, let us look at bulk Fe, which has a total of 8 valence electrons (4s23d6).

How should these electrons be distributed with respect to spin in a spin-polarized calculation? In the simplest picture,
we start by filling all the available spin-up states, and when they have been filled we add the remaining electrons into
spin-down states. The resulting occupations are shown in the following table (note that the 4s orbitals, both up and
down, are filled before the 3d orbitals).

Table 4.16: Iron in the maximum spin configuration, i.e. 𝛼 = 1.0.

4s 3d
Spin up ↑ ↑ ↑ ↑ ↑ ↑
Spin down ↓ ↓

This configuration corresponds to an initial scaled spin of 𝛼 = 1.0 (or -1, if we reverse the roles of spin-up and
spin-down). For obvious reasons, we will refer to this configuration as the maximum spin configuration.

Let us define some symbols for reference. Let 𝑛𝑖,𝜎 be the total population of shell 𝑖 (4s and 3d, for iron) in the maximum
spin configuration, where 𝜎 denotes the spin. We also define the maximum spin polarization for each shell,

∆𝑁𝑖 = 𝑛𝑖,↑ − 𝑛𝑖,↓,

which thus is 4 for 3d in the case of iron. For 4s the maximum spin polarization is zero, which means that this shell
cannot be initially polarized in the calculations. A spin polarization of the 4s shell can still occur as a result of the
self-consistent calculation, but it requires that the total population of the 4s shell is lower than two, and this cannot be
used as an initial condition, since the total population of each shell,

𝑁𝑖 =
∑︁
𝜎

𝑛𝑖,𝜎,

is fixed and constant in the process of assigning the initial populations.

Now, the initial scaled spin 𝛼 determines the initial spin occupations 𝑜𝑖,𝜎 of the states in shell 𝑖 through the following
expression:

𝛼𝑖 =
𝑜𝑖,↑ − 𝑜𝑖,↓

∆𝑁𝑖
.

As mentioned, the total number of valence electrons in each shell 𝑁𝑖 must always be conserved, and this poses a
constraint on the initial spin configurations that can be constructed in this way. It can easily be verified, that 𝛼𝑖 = 1
gives exactly 𝑜𝑖,𝜎 = 𝑛𝑖,𝜎 .

Let us see what happens with iron if we set 𝛼 = 0.5. As mentioned above, only the 3d shell can be polarized initially,
and we find

𝑜3d,↑ − 𝑜3d,↓ = 𝛼 ∆𝑁3d = 0.5 × 4 = 2.
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Combined with the constraint 𝑁3d = 𝑜3d,↑ + 𝑜3d,↓ = 6, we find

𝑜3d,↑ = 4, 𝑜3d,↓ = 2.

These populations are equally distributed among the five 3d states for each respective spin.

As a further example, had we instead specified 𝛼 = 0.75 we would have obtained a spin-polarized configuration with
4.5 spin-up and 1.5 spin-down electrons on average per unit-cell in the 3d shell.

Now, the parameter initial_spin only affects the initial spin polarization. The converged spin-polarization could
very well be different. Let us again study iron as an example.

The script below calculates and prints the converged Mulliken population of a spin-polarized bulk bcc iron system.
Since we do not know what value to use for the initial scaled spin, we use 1.0.

bulk_configuration = BulkConfiguration(
bravais_lattice=BodyCenteredCubic(2.8665*Angstrom),
elements=[Iron],
cartesian_coordinates=[[ 0., 0., 0.]]*Angstrom
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=(10, 10, 10),
)

calculator = LCAOCalculator(
exchange_correlation=LSDA.PZ,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

initial_spin = InitialSpin(scaled_spins=[1.0])

bulk_configuration.setCalculator(
calculator,
initial_spin=initial_spin,

)

mulliken_population = MullikenPopulation(bulk_configuration)
nlprint(mulliken_population)

iron_spin.py

If you run the script, it will report the following occupations:

+------------------------------------------------------------------------------+
| |
| Mulliken Population Report |
| |
| ---------------------------------------------------------------------------- |
| | |
| Element Total Shell | Orbitals |
| | |
| | xy zy zz-rr zx xx-yy |
| 0 Fe 5.108 0.704 | 0.140 0.140 0.142 0.140 0.142 |
| 2.892 0.497 | 0.111 0.111 0.081 0.111 0.081 |
| | s |

(continues on next page)
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(continued from previous page)

| -0.025 | -0.025 |
| -0.032 | -0.032 |
| | xy zy zz-rr zx xx-yy |
| 3.641 | 0.694 0.694 0.779 0.694 0.779 |
| 1.530 | 0.370 0.370 0.210 0.370 0.210 |
| | s |
| 0.317 | 0.317 |
| 0.335 | 0.335 |
| | y z x |
| 0.471 | 0.157 0.157 0.157 |
| 0.562 | 0.187 0.187 0.187 |
+------------------------------------------------------------------------------+

The number show the MullikenPopulation of each orbital, for each spin (for each shell, the spin-up populations are
listed on the first line, spin-down on the second one).

If you kept an eye on the calculation, you would have noticed that it converged in 18 iterations. The question is now,
could we have improved the convergence rate by choosing a different initial spin polarization?

The converged total MullikenPopulation (on average per unit cell) for the spin-up and spin-down states are 5.11 and
2.89, respectively. Now these numbers also include the 4s and some 5p electrons (since a DoubleZetaPolarized BasisSet
was used), but the detailed output shows that the spin polarization of these shells is small. Hence, as a reasonable
approximation we can use 𝑜3d,↑ − 𝑜3d,↓ = 5.11 − 2.89 = 2.22.

Thus, the converged result corresponds to a value of 𝛼 = 2.22/∆𝑁3d = 0.56. It can therefore be expected that if
we had used this value in the calculation from the beginning, it would have converged faster. This is indeed the case;
rerunning the script with the new value of scaled_spins=[0.56], the self-consistent iteration reaches convergence
in 10 steps, i.e. we have almost gained a factor 2 in speed!

Note: Note how the resulting populations in the two calculations are identical; we are only setting the initial spin;
the self-consistent calculation will find the proper solution anyway, provided the initial value is not too far off. In bulk
systems this is, as mentioned above, not very critical, but for transport calculations it can sometimes be very hard to
reach convergence unless a good initial value is provided. And, under any circumstance, with a good initial we can
save a lot of calculation time.

Finally, let us show how to determine the value that should be assigned to 𝛼 in order to generate a given, initial,
spin-configuration.

Suppose we wanted to perform a spin-polarized calculation for manganese (7 valence electrons, (4s2 3d5)) with an
initial spin occupation as the one shown in the following table.

Table 4.17: Manganese in an electronic configuration with a majority of
spin-down electrons.

4s 3d
Spin up ↑ ↑ ↑
Spin down ↓ ↓ ↓ ↓

We can see that 𝑜3d,↑ − 𝑜3d,↓ = −1, as we have one unpaired spin-down electron. The number of unpaired electrons
in the maximum spin configuration for manganese is 5 (all 3d electrons in the spin-up state), and thus we need to set
𝛼 = −0.2 to obtain the desired initial configuration.
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InterfaceBuilder

class InterfaceBuilder(configuration_0, configuration_1, shortest_surface_lattice_vector=None,
longest_surface_lattice_vector=None, minimum_surface_lattice_vector_angle=None,
max_surface_area=None, grid_density=None, strain_max=None, angle_min=None,
angle_max=None, angle_delta=None, layer_tolerance0=None,
layer_tolerance1=None)

This class generates interfaces from two surface configurations. These configurations must be properly cleaved
surfaces as generated by the cleave method on BulkConfiguration. This means that the lattice vectors are
in a standardized form: a vector along the x-axis, a-b vector in the x-y plane, and the c vector along the z-axis.

Parameters

• configuration_0 (list of type BulkConfiguration) – A configuration (or list of con-
figurations) for the left half of the interface.

• configuration_1 (list of type BulkConfiguration) – A configuration (or list of con-
figurations) for the right half of the interface.

• shortest_surface_lattice_vector (PhysicalQuantity of type length) – The mini-
mum length of any surface vector. Default: 0.0 * Angstrom.

• longest_surface_lattice_vector (PhysicalQuantity of type length) – The maxi-
mum length of either surface vector. Default: 1e10 * Angstrom.

• minimum_surface_lattice_vector_angle (PhysicalQuantity of type angle) – The
smallest allowed angle between the surface lattice vectors. Default: 0.0 * Degrees.

• max_surface_area (PhysicalQuantity of type length**2) – The maximum surface area.

• grid_density (2-tuple of type int) – The number of times that the a and b lattice
vectors of the first configuration should be repeated during the lattice match search. Larger
values consider more possible repetitions.

• strain_max (float) – The largest engineering strain that will be considered a valid
match. The default value of 1 corresponds to a 100% deformation. Default: 1.0.

• angle_min (PhysicalQuantity of type angle) – The minimum rotational angle of the sec-
ond lattice with repect to the first. Default: 0.0 * Degrees.

• angle_max (PhysicalQuantity of type angle) – The maximum rotational angle of the sec-
ond lattice with repect to the first. Default: 180.0 * Degrees.

• angle_delta (PhysicalQuantity of type angle) – The resolution of the rotational angles
of the second lattice. Smaller values lead to a higher resolution search of rotational values.
Default: 4.0 * Degrees.

• layer_tolerance0 (int) – Layers are detected by grouping atoms by their z-
coordinates. Increase this tolerance to combine nearby off-lattice atoms into the same
layer. Range: [-10, 4]. Default: -10.

• layer_tolerance1 (int) – Layers are detected by grouping atoms by their z-
coordinates. Increase this tolerance to combine nearby off-lattice atoms into the same
layer. Range: [-10, 4]. Default: -10.

bestMatch(strain_method=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.StrainSecond'>)

Parameters
strain_method (StrainFirst | StrainSecond | StrainBoth ) – Specifies which
layer should be strained. If StrainFirst is given, then the first layer will be strained and the
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second layer will have no strain, while the opposite is true if StrainSecond is chosen. If
StrainBoth is given, then each layer is strained to an intermediate lattice.

Returns
The match with the highest score. High scoring structures balance system size and strain.
If no matches were found None is returned.

Return type
InterfaceMatch | None

matches(strain_method=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.StrainSecond'>)

Parameters
strain_method (StrainFirst | StrainSecond | StrainBoth ) – Specifies which
layer should be strained. If StrainFirst is given, then the first layer will be strained and the
second layer will have no strain, while the opposite is true if StrainSecond is chosen. If
StrainBoth is given, then each layer is strained to an intermediate lattice.

Returns
A list of all lattice matches sorted by mean absolute strain.

Return type
list of type InterfaceMatch

nlprint(stream=None)
Print out table of matches.

Parameters
stream (python stream) – The stream the data should be printed to. Default:
NLPrintLogger()

Usage Examples

Create an interface using Si (100) and Au (111) surfaces.

# Cleave each bulk configuration. This is required before using the interface builder.
si_100 = bulk_si.cleave(1, 0, 0)
au_111 = bulk_au.cleave(1, 1, 1)

# Setup interface builder. The configurations should be cleaved first.
interface_builder = InterfaceBuilder(si_100, au_111)

# Get all of the interface matches, specifying that the second surface (gold) should be␣
→˓strained.
# The matches are sorted from lowest to highest mean absolute strain.
matches = interface_builder.matches(strain_method=StrainSecond)

# Loop over all matches and print out information and save each to a hdf5 file.
print('{:>20s} {:>10s}'.format('number of atoms', 'strain (%)'))
for match in matches:

# Get the number of atoms and strain from the match.
number_of_atoms = match.numberOfAtoms()
mean_absolute_strain = 100.0 * match.meanAbsoluteStrain()

# Print out information about the match.
(continues on next page)
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(continued from previous page)

print('{:20d} {:10.3f}'.format(number_of_atoms, mean_absolute_strain))

# Make the interface configuration and save it to a file.
interface_configuration = match.makeInterface()
nlsave('matches.hdf5', interface_configuration)

# Scatter plot of number of atoms vs strain.
import pylab
pylab.scatter(

[100 * match.meanAbsoluteStrain() for match in matches],
[match.numberOfAtoms() for match in matches],

)
pylab.xlabel('Mean Absolute Strain (%)')
pylab.ylabel('Number of Atoms')
pylab.xscale('log')
pylab.savefig('size_strain_plot.png')

The script will loop over all possible interface matches and print the number of atoms in the structure and the mean
absolute strain as well as generate the following plot:

Fig. 4.22: The number of atoms as a function of mean absolute strain.

The script can be downloaded: si_au_interface.py

Alternatively by using the bestMatch method an interface structure can be generated in one line of code like so:

interface_configuration = InterfaceBuilder(
bulk_1.cleave(1, 0, 0),
bulk_2.cleave(1, 1, 1)

).bestMatch().makeInterface()
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Interface Builder

The Interface Builder of QuantumATK allows the construction of complex interfaces by automatically matching the
2D unit cells of two different surfaces and compare the strain. The input is two crystal surfaces which can be created
from bulk systems using the Surface (Cleave) tool. A specified number of atomic layers can be added for each material,
an atomic layer being defined as the atoms that lie with the same distance to the AB-plane of the unit cell.

Fig. 4.23: The interface builder used on InAs(111) and Al(111).

Select Surface Cells

The Select Surface Cells button is used to view the results of the lattice matching. This opens a window where the
strain of all the found matches is plotted against the total number of atoms in the interface unit cell, see Fig. 4.24. The
selected unit cell is the red dot, one can select alternative matches by clicking the blue dots.

The procedure for matching the two lattices is as follows;

• The unit cell vectors of surface a (𝑎1, 𝑎2) and b (𝑏1, 𝑏2) are extracted.

• The b cell is rotated by an angle 𝜃, (𝑐1, 𝑐2) in Fig. 4.25. This is done for a set of angles 𝜃 ∈ [𝜃𝑚𝑖𝑛; 𝜃𝑚𝑎𝑥] with
an default increment of 𝛿𝜃 = 4 degrees. For each of the rotations;
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Fig. 4.24: The Select Surface Cells window.
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Fig. 4.25: The matching of two surface lattices. (𝑎1, 𝑎2) and (𝑏1, 𝑏2) are the unit cell vectors of the two surfaces, and
(𝑐1, 𝑐2) is the rotated cell of the b surface. 𝑣1 and 𝑣2 are a linear combination of 𝑐1 and 𝑐2. 𝑢1 and 𝑢2 are 𝑣1 and 𝑣2,
respectively, truncated to the grid of cell a.

– All possible lattice vectors, 𝑣, where (𝑐1, 𝑐2) has been repeated a maximum of (𝑛𝑚𝑎𝑥,𝑚𝑚𝑎𝑥) times is
found, 𝑣1 or 𝑣2 in Fig. 4.25.

𝑣 = 𝑖 · 𝑐1 + 𝑗 · 𝑐2, 𝑖 ∈ [−𝑛𝑚𝑎𝑥;𝑛𝑚𝑎𝑥], 𝑗 ∈ [0,𝑚𝑚𝑎𝑥].

– We express 𝑣 in the lattice of cell a by creating a linear transformation,

𝑈 =

(︂
𝑎1,𝑥 𝑎2,𝑥
𝑎1,𝑦 𝑎2,𝑦

)︂
, 𝑣 = 𝑈𝑠,

where 𝑠 = 𝑈−1𝑣 describes how 𝑣 is expressed in the unit cell vectors 𝑎1 and 𝑎2.

– The vector, 𝑣, needs to be truncated to the grid of a. This is done by rounding the elements of 𝑠 to integers,
𝑠′, and calculating

𝑢 = 𝑈𝑠′.

𝑢 (𝑢1 or 𝑢2 in Fig. 4.25) corresponds to the lattice vector of cell a that 𝑣 will be matched to.

– All possible cells, (𝑣1, 𝑣2), of b is created by iterating through all the found lattice vectors 𝑣 two by two.

– The strain tensor from the (𝑣1, 𝑣2) cell to the corresponding (𝑢1, 𝑢2) cell is calculated. This can be done
using the following three straining methods; only straining (𝑣1, 𝑣2), only straining (𝑢1, 𝑢2), or straining
both equally. The method can by chosen in the Select Surface Cells window. For the first straining method,
we get

𝜀11 =

⃒⃒⃒⃒
𝑣1,𝑥
𝑢1,𝑥

⃒⃒⃒⃒
− 1.

𝜀22 =

⃒⃒⃒⃒
𝑣2,𝑦
𝑢2,𝑦

⃒⃒⃒⃒
− 1.

𝜀12 =
1

2

𝑣2,𝑥 − 𝑣1,𝑥
𝑢1,𝑥

𝑢2,𝑥

𝑢2,𝑦
.
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Equivalent formulas are used for the second straining method. If both surfaces should be strained equally,
an intermediate cell is created between the (𝑣1, 𝑣2) and (𝑢1, 𝑢2) cell. This cell in constructed s.t. the strain
tensor from the first lattice to the intermediate one is exactly minus the stress tensor from the second to the
intermediate one. From the stress tensor, we find the mean absolute stress 𝜀𝑎𝑣 ,

𝜀𝑎𝑣 =
𝜀11 + 𝜀22 + 𝜀12

3
.

Lattices with a mean absolute stress outside the specified limits 𝜀𝑎𝑣 ∈ [𝜀𝑚𝑖𝑛; 𝜀𝑚𝑎𝑥] are discarded and
strains within a specified 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 are considered equal.

– The total number of atoms in the corresponding interface is found by considering the area of the cell and
the lattice match is ranked according to the following score, 𝑆;

𝑆𝜑 =
∑︁
𝛼

1 − 7e−
(𝜑−𝛼)2

15 ,

𝛼 ∈ [15, 30, 45, 60, 90, 120, 150] degrees,

𝑆 = e−𝜀
𝑎𝑣− 𝐴

10−𝑆𝜑 ,

where 𝜑 is the angle between the two vectors of the cell, and 𝐴 is the area of the cell. This score favours
the cells where the angle between the vectors are close to any of the angles in 𝛼, the mean absolute strain
is low and the area is small. This is based on the assumption that a small unit cell will be energetically
favourable and that a low strain will minimize the amount of defects. The score is a subjective number,
created to have a default guess for the interface, and is therefore not meant as a general way of predicting
the most physically sensible interface.

• The lattice match with the best score will be the default choice of the builder.

The matching parameters can be changed using the Set Matching Parameters button in the Select Surface Cells
window, see Fig. 4.26. The default parameters are listed in the table below.

Table 4.18: Default matching parameters.

𝑛𝑚𝑎𝑥 6
𝑚𝑚𝑎𝑥 6
𝜃𝑚𝑖𝑛 0 degrees
𝜃𝑚𝑎𝑥 180 degrees
𝛿𝜃 4 degrees
𝜀𝑚𝑖𝑛 -100 %
𝜀𝑚𝑎𝑥 100 %
𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 1−6

Shift Surfaces

When a suitable lattice match has been found, the Shift Surfaces button can be used to shift one surface w.r.t. to
the other. This can be done either manually or by minimizing the energy of the system. Using the second option, the
geometry is optimized using a classical potential from the QuantumATK Classical package and with the constrains that
each material acts as a rigid body. The optimization method is LBFGS and the optimization procedure ends when the
inter-atomic forces are below 0.02 eV/Å. The calculated displacement vector is shown in the window together with the
total energy of the system, if the Calculate energy checkbox is checked. The displacement is automatically applied to
the interface. It should be noted, that his procedure only finds local minima of which there could be several. To find the
global minima one should optimize the structure using several different starting points determined by the symmetry.
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Fig. 4.26: The Set Matching Parameters window.
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Fig. 4.27: The Shift Surfaces window.

Notes

• The input structures must be surfaces. In QuantumATK this means that the lattice vectors are prepared according
to the following convention: the a-vector is along the x-axis, the b vector is in the a-b plane, the c vector is along
the z-axis. The easiest way to prepare such a structure is to use the cleave method of BulkConfiguration.

• The matches and bestMatch methods return a list of InterfaceMatch objects.

• The bestMatch method returns a match that balances the total number of atoms in the system with the absolute
mean strain. It can be used to find a good match without having to filter through all possible matches.

InterfaceMatch

class InterfaceMatch(surface_configuration_0, surface_configuration_1, surface_indices, layer_tolerance0,
layer_tolerance1, strain_method)

This class represents an interface match as produced by the InterfaceBuilder. It can be used to generate an
interface structure or queried to determine the properties (e.g. number of atoms or strain) of the match.

Parameters

• surface_configuration_0 (BulkConfiguration) – The bulk configuration repre-
senting the first (left) surface.

• surface_configuration_1 (BulkConfiguration) – The bulk configuration repre-
senting the second (right) surface.

• surface_indices (sequence of type int) – The 8 indices representing how the
surface lattice vectors for each configuration should be repeated.

• layer_tolerance0 (int) – Layers are detected by grouping atoms by their z-
coordinates. Increase this tolerance to combine nearby off-lattice atoms into the same
layer. Range: [-10, 4]. Default: -10.
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• layer_tolerance1 (int) – Layers are detected by grouping atoms by their z-
coordinates. Increase this tolerance to combine nearby off-lattice atoms into the same
layer. Range: [-10, 4]. Default: -10.

• strain_method (StrainFirst | StrainSecond | StrainBoth ) – The strain
method that should be used.

configurations()

Returns
The two surface configurations used to make the interface.

Return type
list of type BulkConfiguration

layeredSurfaces()

Returns
The two surface configurations with custom layers from makeInterface.

Return type
list of type BulkConfiguration

makeInterface(displacement_vector=None, layers=None, use_periodic_supercell=None,
quick_optimize=None, **kwargs)

Create an interface with the given number of layers on each side of the interface, optionally with a dis-
placement between the two sides.

Parameters

• displacement_vector (PhysicalQuantity of type length | None) – This vector is
added to the coordinates of the second surface configuration. The meaning of the
displacement depends on the choice of displacement_vector_origin. Default:
no displacement.

• layers (sequence | None) – The start and end layer for both surface configurations.
None means the start and end layer are unchanged. Default: None.

• use_periodic_supercell (bool | None) – Ensure that the cell remains periodic
when shifting in the C-direction. Default: False.

• quick_optimize (bool) – If True, perform a quick optimization of the interface
after its construction to ensure that atoms are adequately spaced from one another at
the interface and cell boundaries. The operation is performed by treating the left and
right interfaces as rigid bodies and optimizing a generic potential based on covalent
radii between the two surfaces. Note that the displacement vector is applied on top of
this optimization. Default: True.

• displacement_vector_origin (Automatic | None) – DEPRECATED! Use
``quick_optimize=True`` for ``Automatic`` and ``quick_optimize=False`` for None.
The origin of the displacement vector. The default value represents an arbitrary origin
based on the relative position of the atoms in each cell. If Automatic is given then
the origin (i.e. an all zero displacement) is calculated by treating the left and right
interfaces as rigid bodies and optimizing a generic potential based on covalent radii
between the two surfaces. Default: None.

Returns
The interface configuration. The first layer atoms are tagged as “Left Interface” and the
second layer is tagged as “Right Interface”.
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Return type
BulkConfiguration

meanAbsoluteStrain()

Returns
The average of the absolute values of the three independent components of the engineering
strain tensor.

Return type
float

numberOfAtoms()

Returns
The number of atoms in the configuration.

Return type
int

score()

Returns
A subjective score of the quality of the interface match. Structures that are both small and
low in mean absolute strain score higher.

Return type
float

strainMethod()

Returns
The strain method.

Return type
StrainFirst | StrainSecond | StrainBoth

strainTensor()

Returns
The 2x2 engineering strain tensor that for the strained surface configuration (as determined
by the strain_method).

Return type
ndarray

surfaceIndices()

Returns
The surface indices for this match.

Return type
ndarray of type int
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Usage Examples

This object is returned by the matches and bestMatch methods of InterfaceBuilder. See its reference manual
entry for more details on how to create interfaces.

Interfaces

class Interfaces(configurations=None)
Class to set up configurations with multiple interfaces by: 1. Adding layer configurations 2. Calculating lattice
matches 3. Creating an ‘Interfaces’ configuration.

Layers can be cleaved, resized (in C in terms of atomic planes) and displaced prior to creating the interfaces
configuration.

Parameters
configurations (list of BulkConfiguration) – The list of configurations to start with.
The order of the list will also be the order of the layers.

addLayer(configuration)
Add a new configuration as a layer.

Parameters
configuration (BulkConfiguration) – The configuration to add.

atomicPlanes(layer_index)
The number of atomic planes for the given index.

Parameters
layer_index (int) – The index of the layer.

Returns
The number of atomic planes.

Return type
int

static availableHKMGConfigurations()

Returns
The list of available HKMG configuration keys.

Return type
list

static availableMRAMConfigurations()

Returns
The list of available MRAM configuration keys.

Return type
list

bestMatch()

Returns
The best match.
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Return type
InterfacesMatch

block(layer_index)
The block configuration for the given index. The block has a standardized unit cell and, if there is a match
selected, will have the surface vectors of the selected match.

Parameters
layer_index (int) – The index of the layer.

Returns
The block configuration.

Return type
BulkConfiguration

calculateMatches(fixed_strain_layer_index=0)
Calculate new matches.

Parameters
fixed_strain_layer_index (int | StrainAll) – The index of the layer for which
strain should be fixed.

Returns
The newly calculated matches.

Return type
list of InterfacesMatch

clearAllLayers()

Remove all layers.

cleavePlane(layer_index)
The cleave plane for the given index.

Parameters
layer_index (int) – The index of the layer.

Returns
The cleave plane.

Return type
3-tuple of int

static createAnnealingParameters(annealing_temperature=PhysicalQuantity(600.0, K),
annealing_steps=20000, cooling_steps=10000,
random_seed=None)

Setup annealing parameter used for optimizing interfaces.

Parameters

• annealing_temperature (PhysicalQuantity of type temperature) – The target
temperature.

• annealing_steps (int) – The number of annealing steps.

• cooling_steps (int) – The number of cooling steps.

• random_seed (int | None) – The random seed.

Returns
The annealing parameters.
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Return type
list

displacement(layer_index)
The displacement vector for the given index.

Parameters
layer_index (int) – The index of the layer.

Returns
The displacement vector.

Return type
PhysicalQuantity

static hKMGConfiguration(name)
Get one of the available HKMG configurations.

Parameters
name (str) – The name of the configuration. Should be one of the names in Inter-
faces.availableHKMGConfigurations()

Returns
The configuration.

Return type
BulkConfiguration

inputConfiguration(layer_index)
Get the input configuration for the given index.

Parameters
layer_index (int) – The index of the layer.

Returns
The input configuration.

Return type
BulkConfiguration

layerLength(layer_index)
The layer length for the given index.

Parameters
layer_index (int) – The index of the layer.

Returns
The layer length.

Return type
PhysicalQuantity of type length

static mRAMConfiguration(name)
Get one of the available MRAM configurations.

Parameters
name (str) – The name of the configuration. Should be one of the names in Inter-
faces.availableMRAMConfigurations()

Returns
The configuration.
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Return type
BulkConfiguration

makeConfiguration(match_index=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>,
optimize=False)

Make the configuration for the given match.

Parameters

• match_index (InterfacesMatch | Automatic) – The index of the match to use.
If Automatic is given, the best match will be used.

• optimize (bool) – If True, the final configuration will be geometry-optimized.

Returns
The Interfaces configuration.

Return type
BulkConfiguration

matchParameters()

Returns
The currently set match parameters.

Return type
dict

matches()

Returns
The current matches.

Return type
list of InterfacesMatch

maxStrain()

Parameters
max_strain (float) – The maximum mean absolute strain, as a fraction in the.

maxSurfaceArea()

:param max_surface_area:The maximum surface area. :type max_surface_area:PhysicalQuantity of type
area

maxSurfaceVectorLength()

Parameters
max_surface_vector_length (PhysicalQuantity of type length ) – The maxi-
mum surface vector length.

minSurfaceVectorAngle()

Parameters
min_surface_vector_angle (PhysicalQuantity of type angle) – The mini-
mum surface vector angle.

minSurfaceVectorLength()

Parameters
min_surface_vector_length (PhysicalQuantity of type length ) – The mini-
mum surface vector length.
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modifyLayer(layer_index, cleave_plane=None, plane_indices=None, tolerance=None, strip_vacuum=None,
displacement=None)

Convenience method to set up a layer.

Parameters

• layer_index (int) – The index of the layer to change.

• cleave_plane (3-tuple of int) – The cleave plane to set.

• plane_indices (2-tuple of int) – The plane indices to set.

• tolerance (int) – The logarithmic tolerance to use for detecting atomic planes. Must
be in the range [-10, 4].

• strip_vacuum (bool) – If True, strip the top and bottom vacuum. Put 1 Å back at
the top.

• displacement (PhysicalQuantity of type length ) – The displacement vec-
tor to set, containing the displacements in A, B and C directions.

numberOfLayers()

Returns
The number of layers currently in the store.

Return type
int

numberOfMatches()

Returns
The current number of matches.

Return type
int

planeIndices(layer_index)
The plane indices for the given index.

Parameters
layer_index (int) – The index of the layer.

Returns
The plane indices.

Return type
2-tuple of int

removeLayer(layer_index)
Remove the layer with the given index.

Parameters
layer_index (int) – The index of the layer to change.

setCleavePlane(layer_index, cleave_plane)
Set a new cleave plane to the layer with the given index.

Parameters

• layer_index (int) – The index of the layer to change.

• cleave_plane (3-tuple of int) – The cleave plane to set.
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setDisplacement(layer_index, displacement)
Set a new displacement for the layer with the given index.

Parameters

• layer_index (int) – The index of the layer to change.

• displacement (PhysicalQuantity of type length ) – The displacement vec-
tor to set, containing the displacements in A, B and C directions.

setMatchParameters(max_strain=None, max_surface_area=None, min_surface_vector_length=None,
max_surface_vector_length=None, min_surface_vector_angle=None)

Convenience method to set all match parameters at once.

Parameters
max_strain (float) – The maximum mean absolute strain to include in the lattice match,
as a fraction in the range [0.0, 1.0].

:param max_surface_area:The maximum surface area to include in the lattice match. :type
max_surface_area:PhysicalQuantity of type area

Parameters

• min_surface_vector_length (PhysicalQuantity of type length ) – The
minimum surface vector length to include in the lattice match.

• max_surface_vector_length (PhysicalQuantity of type length ) – The
maximum surface vector length to include in the lattice match.

• min_surface_vector_angle (PhysicalQuantity of type angle) – The min-
imum surface vector angle to include in the lattice match.

setMaxStrain(max_strain)
Set a new The maximum mean absolute strain to include in the lattice match, as a fraction in the range
[0.0, 1.0].

Parameters
max_strain (float) – The maximum mean absolute strain to include in the lattice match,
as a fraction in the.

setMaxSurfaceArea(max_surface_area)
Set a new mum surface area to include in the lattice match.

:param max_surface_area:The maximum surface area. :type max_surface_area:PhysicalQuantity of type
area

setMaxSurfaceVectorLength(max_surface_vector_length)
Set a new maximum surface vector length to include in the lattice match.

Parameters
max_surface_vector_length (PhysicalQuantity of type length ) – The maxi-
mum surface vector length.

setMinSurfaceVectorAngle(min_surface_vector_angle)
Set a new minimum surface vector angle to include in the lattice match.

Parameters
min_surface_vector_angle (PhysicalQuantity of type angle) – The mini-
mum surface vector angle.
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setMinSurfaceVectorLength(min_surface_vector_length)
Set a new minimum surface vector length to include in the lattice match.

Parameters
min_surface_vector_length (PhysicalQuantity of type length ) – The mini-
mum surface vector length.

setPlaneIndices(layer_index, plane_indices, tolerance=-10)
Set new plane indices for the layer with the given index.

Parameters

• layer_index (int) – The index of the layer to change.

• plane_indices (2-tuple of int) – The plane indices to set.

• tolerance (int) – The logarithmic tolerance to use for detecting atomic planes. Must
be in the range [-10, 4].

setStripVacuum(layer_index, strip_vacuum)

Set the strip vacuum flag to a layer.

Parameters

• layer_index (int) – The index of the layer to change.

• strip_vacuum (bool) – If True, strip the top and bottom vacuum. Put 1 Å back at
the top.

strainData(strain_type, as_percentages=False)
Get formatted match data in terms of the maximum or average mean absolute strains vs. the number of
atoms.

Parameters

• strain_type (Interfaces.MAX_MEAN_ABSOLUTE_STRAIN | Interface.
AVG_MEAN_ABSOLUTE_STRAIN) – The type of data to get.

• as_percentages (bool) – If True, the maximum or average mean absolute strains
are given in percent ([0.0, 100.0]) instead of a fraction ([0.0, 1.0]).

Returns
The formatted match data.

Return type
2-tuple of list

stripVacuum(layer_index)
The strip vacuum flag.

Parameters
layer_index (int) – The index of the layer.

Returns
The strip vacuum flag.

Return type
bool

tolerance(layer_index)
The tolerance for detecting atomic planes for the given index.

Parameters
layer_index (int) – The index of the layer.
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Returns
The tolerance for detecting atomic planes.

Return type
int

Usage Examples

Create a configuration with three interfaces using layers of Si (001), SiO2 (quartz, 001) and Au (111).

from QuantumATK import *
from ExampleConfigurations import configurations

# Create Interfaces instance.
interfaces = Interfaces(configurations=configurations)

# Set up Layer 0.
interfaces.modifyLayer(

layer_index=0,
cleave_plane=(0, 0, 1),
plane_indices=(0, 3),
tolerance=-10,
displacement=(0.0, 0.0, 0.0) * Angstrom,

)

# Set up Layer 1.
interfaces.modifyLayer(

layer_index=1,
cleave_plane=(0, 0, 1),
plane_indices=(0, 8),
tolerance=-10,
displacement=(0.0, 0.0, 0.4) * Angstrom,

)

# Set up Layer 2.
interfaces.modifyLayer(

layer_index=2,
cleave_plane=(1, 1, 1),
plane_indices=(0, 2),
tolerance=-10,
displacement=(0.0, 0.0, 0.0) * Angstrom,

)

# Set up the match parameters.
interfaces.setMatchParameters(

max_strain=0.08,
max_surface_area=300.0 * Angstrom**2,
min_surface_vector_length=1.0 * Angstrom,
max_surface_vector_length=20.0 * Angstrom,
min_surface_vector_angle=30.0 * Degrees,

)

# Generate matches.
(continues on next page)
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(continued from previous page)

interfaces.calculateMatches(
fixed_strain_layer_index=0

)

# Create the interfaces configuration.
configuration = interfaces.makeConfiguration(

match_index=12,
strip_vacuum=False,
optimize=False

)

si_sio2_au_example.py ExampleConfigurations.py

The Interfaces class is first instantiated with the input configurations. Next, each layer is modified and the match
parameters set. Specifically, the SiO2 layer is displaced by 0.4 Å in the C direction and the Au layer is cleaved to
expose the (1, 1, 1) surface. This is followed by a call to calculateMatches, with the Si layer (layer index 0) having its
strain fixed to 0. This method loops over all possible interface matches within the limits set by the match parameters.
Finally, makeConfiguration is called with a given match_index to produce the final interfaces stack configuration (see
figure).

Fig. 4.28: The resulting interfaces configuration.

This configuration also contains strain information in its metatext, which can be viewed in the preview pane of the Data
View or in script by using

1316 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

configuration.metatext()

General

The Interfaces class of QuantumATK allows the construction of multilayered configurations by automatically match-
ing the 2D unit cells of an arbitrary number of layers and comparing the strain. The input configurations should be
crystalline, but are not required to be. All input configurations will be cleaved to (001) unless another cleave plane is
given, and made into slabs before being added to the multilayered configuration.

Notes

• The layers are automatically adjusted to standardized unit cells when creating interfaces. In QuantumATK this
means that the lattice vectors are prepared according to the following convention: the a-vector is along the x-axis,
the b vector is in the a-b plane, the c vector is along the z-axis.

• The parameter plane_indices can be used to expose different cut-planes at the interface of a given layer and
to set the thickness of the layer.

• Using match_index=Automatic in the input parameters returns a match that balances the total number of atoms
in the system with the mean absolute strain. It can be used to find a good match without having to filter through
all possible matches.

• Using quick_optimize requires a valid QATK-ForceField license. This option only performs a generic pre-
optimization to avoid too close atoms.

• When setting the strip_vacuum, displacements and quick_optimize options, the operations will be per-
formed in that order. The layers are first stripped of vacuum along the C-direction before the interfaces con-
figuration is produced. Atoms are then shifted based on any given (per-layer) displacements using layer index
tags. Finally, quick-optimization is performed on the displaced configuration, which means the displacements
may change. Essentially, if you use both displacements and quick-optimization, the displacements can be seen
as setting the initial conditions for the optimization.

Interstitial

class Interstitial(element, cartesian_coordinates=None, fractional_coordinates=None)
Defines an interstitial defect. Used as part of a ChargedPointDefect study.

Parameters

• element (PeriodicTableElement) – The element to add at the given position.

• cartesian_coordinates (sequence (size 3) of PhysicalQuantity of type length) – The
position at which to insert the interstitial atom, given in absolute coordinates. This option
is mutually exclusive to fractional_coordinates. Default: None

• fractional_coordinates (sequence (size 3) of float) – The position at
which to insert the interstitial atom, given in fractional coordinates of the bulk unit cell.
This option is mutually exclusive to cartesian_coordinates. Default: None

cartesianCoordinates()
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Returns
The coordinates of the interstitial defect as Cartesian coordinates if they have been speci-
fied, otherwise returns None.

Return type
sequence (size 3) of PhysicalQuantity of type length | None

element()

Returns
The element used in the interstitial defect.

Return type
PeriodicTableElement

fractionalCoordinates()

Returns
The coordinates of the interstitial defect as fractional coordinates if they have been speci-
fied, otherwise returns None.

Return type
numpy.array (size 3) of float | None

generateDefectConfiguration(reference_bulk_configuration, supercell_repetitions, use_ghost=None)
Generate the supercell with the embedded defect.

Parameters

• reference_bulk_configuration (BulkConfiguration) – The bulk unit cell
configuration.

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• use_ghost (bool) – Whether to use a ghost atom at the vacancy defect site (not
referenced for other types of defects).

Returns
The supercell configuration with the embedded defect.

Return type
BulkConfiguration

uniqueString()

Return a unique string representing the state of the object.

Notes

The Interstitial object defines an interstitial defect in a material.

An Interstitial can be added to a NamedPointDefect to define a defect for use in a ChargedPointDefectConfiguration
calculation.

See Defining the point defect for a description of how to use this object as part of a ChargedPointDefect study.
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InterstitialGenerator

class InterstitialGenerator(host_configuration, interstitial_element, interstitial_types=None,
symmetry_tolerance=None, group_distance=None)

A class which describes the possible interstitial defects for a given host material.

Parameters

• host_configuration (BulkConfiguration) – The host configuration.

• interstitial_element (PeriodicTableElement) – The element to add as interstitial
defect.

• interstitial_types (VoronoiVertices | VoronoiFaces | VoronoiRidges |
sequence of VoronoiVertices, VoronoiFaces, VoronoiRidges) – How the in-
terstitials in the material should be automatically created. Default: VoronoiVertices.

• symmetry_tolerance (PhysicalQuantity of type length) – The tolerance to be used when
determining the symmetries. Default: 0.1 * Angstrom.

• group_distance (PhysicalQuantity of type length) – The tolerance to be used when
determining groups of defects. Default: 0.1 * Angstrom.

filterByDefectGenerators(defect_generators)
Method for filtering a defect generator by keeping the defects that are in one or more other defect generators.

Parameters
defect_generators (list of BaseDefectGenerator) – The list of defect generators
containing the defects to keep after filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByDistinctConfigurations(top_n_configurations)
Method for selecting a number of distinct unique defects using the MTP structural descriptor.

Parameters
top_n_configurations (int) – Number of most distinct configurations.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByLatticeSpecies(element_list)
This method is not implemented

filterByPointDefect(point_defects, keep_defects=True)
Method for filtering the generator of unique point defects by selecting a specific defects.

Parameters

• point_defects (Sequence of BasePointDefect) – The sequence of point de-
fects to filter.
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• keep_defects (bool) – Whether or not the given defects are to be kept and all other
removed (True) or removed from the generator and all other defect kept (False). De-
fault: True

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterBySymmetryIndex(symmetry_indices)
Method for filtering the list of unique point defects by selecting specific symmetry indices.

Parameters
symmetry_indices (int | list of int) – The list of symmetry indices to keep after
filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByZPositionInterval(start=None, end=None)
Method for selecting unique defects by their position in an interval of the z axis. Note: The

Parameters

• start (PhysicalQuantity of type length) – The start of the position interval. Default:
0 * Angstrom.

• end (PhysicalQuantity of type length) – The end of the position interval. Default:
length of the cell in z direction.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

groupDistance()

Returns
The tolerance to be used when determining groups of defects.

Return type
PhysicalQuantity of type length

hostConfiguration()

Returns
The host configuration.

Return type
BulkConfiguration

indices()

Returns
The defect indices for the current defect generator.
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Return type
list of int

interstitialElement()

Returns
The element to add as interstitial defect.

Return type
PeriodicTableElement

interstitialTypes()

Returns
How the interstitials in the material should be automatically created.

Return type
VoronoiVertices | VoronoiFaces | VoronoiRidges

pointDefects()

Returns
The list of unique point defects.

Return type
Vacancy | Substitutional | Interstitial | DefectCluster | SplitInterstitial

symmetryTolerance()

Returns
The symmetry tolerance.

Return type
PhysicalQuantity of type length

uniqueDefects()

Returns
The list of symmetrically unique point defects with their names and symmetry indices,
ordered by increasing index.

Return type
list of NamedPointDefect

uniqueString()

Return a unique string representing the state of the object.

Notes

The InterstitialGenerator object generates the symmetrically unique interstitial defects for a given host material. Possi-
ble sites for adding interstitial atoms are determined by calculating the Voronoi volume of each atom. Interstitial atoms
can then be added at the vertices, the faces, or between the vertices of the Voronoi volume. Using symmetry analysis,
these points are then reduced to a symetrically unique set of points. The InterstitialGenerator object is derived from
the BaseDefectGenerator object, and thus contains the common methods from that object.

To create a InterstitialGenerator object, a specific host configuration must be given along with the intersti-
tial element. Optionally, the kinds of Voronoi positions can also be specified. This is done using the argu-
ment interstitial_types``argument which can take one or a list of the ``VoronoiFaces,
VoronoiVertices or VoronoiRidges keywords. Once the generator is created filters can be added so that only only
a desired subset of defects can be generated.
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The unique defects can be returned with the uniqueDefects method as NamedPointDefect objects, which can be used
as input for a ChargedPointDefectConfiguration object. The defects and generators can also be given to a Defects object
to create the basic defect configurations.

IonicConductivity

class IonicConductivity(md_trajectory, start_time=None, end_time=None, atom_selection=None,
anisotropy=None, ignore_measurement_data=None, time_resolution=None,
info_panel=None)

Constructor for the IonicConductivity object.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory from
which the ionic conductivity is calculated.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs.

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame.

• atom_selection (PeriodicTableElement | str | list of ints | list of
PeriodicTableElement or str) – Only include contributions from this selection.
The atoms can be selected by element i.e. PeriodicTableElement, tag or a list of
atomic indices. Default: All atoms.

• anisotropy (list of type int | int | None) – The list of Cartesian directions
(x=0, y=1, z=2) to calculate the anisotropic ionic conductivity in or a single Cartesian
direction. By default an isotropic calculation is performed. Default: None.

• ignore_measurement_data (bool) – Whether or not to use stored measurement data.
Default: False.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel.

chargeCurrentAutocorrelation()

Returns
The autocorrelation of the charge current.

Return type
PhysicalQuantity of type squared charge velocity.

data()

Returns
The ionic conductivity values.

Return type
PhysicalQuantity of type conductance per time.

times()

Returns
Return the times of the Green-Kubo integral.
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Return type
PhysicalQuantity of type time.

Usage Examples

Calculate the ionic conductivity of lithium atoms in a battery electrolyte.

# Load in an equilibrated initial configuration with calculator
bulk_configuration = nlread('Battery_Electrolyte.hdf5')[-1]

# Calculate the trajectory, including charge current measurements
method = NVTNoseHoover(

time_step=1*femtoSecond,
reservoir_temperature=340*Kelvin,
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
chain_length=3,
initial_velocity=ConfigurationVelocities(remove_center_of_mass_momentum=True),

)

constraints = [FixCenterOfMass()]
measurement_names = ['charge_current', 'charge_current_components']

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='Battery_Electrolyte_Trajectory.hdf5',
steps=10000000,
trajectory_interval=10000,
measurement_hook=MDMeasurement(measurement_names, call_interval=10),
method=method

)

# Calculate the ionic conductivity
self_diffusion = IonicConductivity(

md_trajectory,
atom_selection=Lithium

)

# Get the times in ps and the conductivity values in Siemens/Meter.
times = self_diffusion.times()
conductivity = self_diffusion.data()

# Plot the diffusion coefficient calculated with different time limits
model = Plot.PlotModel(ps, Siemens/Meter)
model.title().setText('Ionic Conductivity of Lithium Electrolyte')
model.xAxis().setLabel('Time')
model.yAxis().setLabel('Conductivity')
model.legend().setVisible(False)

# Add diffusion integral
(continues on next page)
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(continued from previous page)

line = Plot.Line(times, conductivity)
line.setColor('blue')

# Add average
average = Plot.Average()
line.addItem(average)
max_time = times[-1]
average.setBounds(max_time*0.1, max_time*0.9)
average.setColor('red')

# Add line to the plot
model.addItem(line)

# Set limits and show the plot
model.setLimits()
Plot.show(model)

ionic_conductivity.py

Notes

The IonicConductivity 𝜎 is calculated from the ionic current auto-correlation function using the Green-Kubo expres-
sion:

𝜎 =
1

3𝑘𝐵𝑇𝑉

∫︁ ∞

0

𝑑𝜏⟨j𝑖(𝑡)j𝑖(𝑡+ 𝜏)⟩

Here the ensemble average < ... > averages over time origins 𝑡. The ionic current j(𝑡) is given as the sum of the
individual charge velocities:

j(𝑡) =

𝑁∑︁
𝑖

𝑞𝑖v𝑖(𝑡)

The atomic charges are taken from the atomic partial charges assigned to each atom. These need to be set in the
MDTrajectory used for the analysis.

When calculating quantities using Green-Kubo expressions, it is important that the trajectory both contains a short
enough time step to be able to determine the decay in the auto-correlation function, as well as a long enough time
scale to encompass the auto-correlation time length and provide enough time origins for accurate sampling. When
calculating the ionic conductivity, ideally as the charge current auto-correlation decreases to zero, the above integral
should converge to a static value at longer time scales. Practically however, longer times in the auto-correlation function
corresponds to fewer time origins in the ensemble average. This increases the sampling error and can lead to non-
convergence in the charge current auto-correlation functions and subsequently the ionic conductivity.

As in each time point only a single sum of charge currents is required, it is possible to save this data in an MDTrajectory
as a measurement. This can be used to increase the frequency of data without significantly increasing the size of the
trajectory. To add this measurement during a molecular dynamics simulation the measurements charge_current and
charge_current_component can be used. The first saves just the total charge current to the MDTrajectory, while the
second saves individual charge currents for each element and tag in the configuration. This is useful for calculating the
ionic conductivity of different components of the system. When the MDTrajectory is loaded by the IonicConductivity
analysis it looks for these two measurements, and if present the ionic conductivity is calculated from these. Setting
the argument ignore_measurement_data to True forces the analysis to be performed from just the configurations
contained in the trajectory.
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The IonicConductivity analysis method returns the calculated ionic conductivity using different time limits. The optimal
value of the ionic conductivity is usually taken in the region where the auto-correlation has decayed sufficiently for the
integral to converge, and also there are enough time origins for accurate sampling. The auto-correlation time scale can
vary significantly depending on the potential acting on the atoms.

By default, all elements are taken into account, but a specified selection can be given as well. The atom_selection
parameter accepts an element, a tag name, or a list of atom indices to select which charge currents are included in the
calculation. This can be useful for when only certain atoms should be included in the analysis, such as when there
are constrained atoms in the system that excluded. It is also possible to select to only calculate ionic conductivity in
specific Cartesian directions using the anisotropy argument. This can be useful in cases such as calculating the ionic
conductivity of atoms between two surfaces.

IsotropicFiniteSizeCorrectionParameters

class IsotropicFiniteSizeCorrectionParameters(dielectric_constant=None, gaussian_width=None,
optimize_width=None, optimize_position=None,
min_cartesian_averaging_distance=None,
max_fractional_averaging_distance=None,
averaging_direction=None, bulk_modulus=None)

Specify parameters for the Freysoldt, Neugebauer and Van de Walle Bulk formation energy correction for defects.

Parameters

• dielectric_constant (float | OpticalSpectrum) – The dielectric constant of the pris-
tine material. Can also be given as an OpticalSpectrum analysis object from which the
dielectric constant is calculated. Default: 1.0

• gaussian_width (PhysicalQuantity of type length | None) – The width of the Gaussian
used to model the charge of the defect. Specifying None allows the width of the defect to
be optimized. Default: None

• optimize_width (bool) – Whether or not to optimize the width of the Gaussian used to
model the defect charge. Default: True

• optimize_position (bool) – Whether or not to optimize the position of the Gaussian
used to model the defect charge. Default: False

• min_cartesian_averaging_distance (PhysicalQuantity of type length) – The dis-
tance from the defect, in Cartesian coordinates at which averaging of the defect potential
begins. If, in fractional coordinates, this distance is greater than the maximum distance
given in fractional coordinate, the maximum fractional distance is used.

• max_fractional_averaging_distance (float) – The maximum distance, in frac-
tional coordinates, at which that the averaging of the long-range defect position begins.
If this value is greater, in Cartesian coordinates then the minimum Cartesian averaging
distance, this length is used.

• averaging_direction (int | None) – The integer index (0, 1, 2) of the direction in
which the potential is varied. If None is given the potential is determined in the longest
dimension of the material. Default: None

averagingDirection()

Returns
The integer index (0, 1, 2) of the direction in which the potential is varied.
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Return type
int | None

bulkModulus()

Returns
The bulk modulus used in the finite size stress correction.

Return type
float | None

dielectricConstant()

Returns
The dielectric constant used in the electrostatic correction.

Return type
float

gaussianWidth()

Returns
The width of the Gaussian used to model the charge of the defect.

Return type
PhysicalQuantity of type length | None

maxFractionalAveragingDistance()

Returns
The maximum distance, in fractional coordinates where the averaging of the long-range
defect potential begins.

Return type
float

minCartesianAveragingDistance()

Returns
The distance from the defect, in Cartesian coordinates that averaging begins at. If this
distance is greater than the maxFractionalAveragingDistance, when converted to fractional
coordinates, the maxFractionalAveragingDistance is used.

Return type
float | PhysicalQuantity of type length.

optimizePosition()

Returns
Whether or not to optimize the position of the Gaussian used to model the defect charge.

Return type
bool

optimizeWidth()

Returns
Whether or not to optimize the position of the Gaussian used to model the defect charge.

Return type
bool

1326 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

uniqueString()

Return a unique string representing the state of the object.

Notes

The IsotropicFiniteSizeCorrectionParameters object contains the parameters for the finite size charge correction, as
suggested by Freysoldt, Neugebauer and Van De Walle12. This corrects for the artificial interactions of a charged
defect with itself due to periodic boundary conditions. The method assumes that both the charge is localized to a point
in the defect configuration, and also that the defect environment is isotropic. A model Gaussian charge distribution at
the defect is fitted to the difference between the pristine and defect potentials. This charge is then used to correct both
the long and short range energy of the additional charge. Optionally an additional correction for the stress created by
the defect can also be added.

A default IsotropicFiniteSizeCorrectionParameters can be created without any parameters. For the charge correction,
the dielectric constant of the pristine material is required. This can be specified using the dielectric_constant
arguement. This can be either a float or a :ref:OpticalSpectrum_c analysis object from which the dielectric constant
can be extracted. Likewise, for the stress correction, a value for the pristine bulk modulus is required. This can be either
specified directly or given as an :ref:ElasticConstants_c analysis calculation using the bulk_modulus argument.

In fitting the Gaussian charge distribution the potential is projected along one axis of the unit cell. By default
this is the longest direction, but can also be set using the averaging_direction argument. This can be use-
ful in cases such as interfaces, where one cell dimension is not isotropic. The distance away from defect where
the potential averaging begins can also be set. The minimum distance is set in Cartesian coordinates using the ar-
gument min_cartesian_averaging_distance. The maximum distance can likewise be set using the argument
max_fractional_averaging_distance. These two arguments allow the averaging range to be set a reasonable
distance from the defect without being too close. These settings also allow the same correction to be used with defects
of different supercell sizes.

The width of the Gaussian charge distribution can be directly set using the gaussian_width argument. The correcting
charge distribution can also be optimized by setting the optimize_width argument to True. Similarly, optimizing the
position of the defect along the projection direction is selected by setting the optimize_position argument to True.

IterationControlParameters

class IterationControlParameters(tolerance=None, max_steps=None, algorithm=None,
damping_factor=None, number_of_history_steps=None,
start_mixing_after_step=None, mixing_variable=None,
preconditioner=None, linear_dependence_threshold=None,
exx_energy_tolerance=None, max_exx_updates=None,
non_convergence_behavior=None, enable_scf_stop_file=None)

Class for representing the parameters relevant for SCF iteration control within self-consistent electronic structure
models.

Some parameter defaults are specific for each calculator, see HuckelCalculator, SlaterKosterCalculator,
SemiEmpiricalCalculator, LCAOCalculator, PlaneWaveCalculator, DeviceHuckelCalculator,
DeviceSlaterKosterCalculator, DeviceSemiEmpiricalCalculator, or DeviceLCAOCalculator.

Parameters
1 Christoph Freysoldt, Jörg Neugebauer, and Chris G. Van De Walle. Fully Ab Initio finite-size corrections for charged-defect supercell calcula-

tions. Phys. Rev. Lett., 102:016402, 2009. doi:10.1103/PhysRevLett.102.016402.
2 Christoph Freysoldt, Blazej Grabowski, Tilmann Hickel, Jörg Neugebauer, Georg Kresse, Anderson Janotti, and Chris G. Van De Walle. First-

principles calculations for point defects in solids. Rev. Mod. Phys., 86(1):253–305, 2014. doi:10.1103/RevModPhys.86.253.
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• tolerance (float) – The accuracy which the SCF loop must reach before termination.
Should be positive. Default: Specific for each calculator. When doing hybrid DFT cal-
culations, this will also be the tolerance used for the outer SCF loop that updates the exact
exchange operator.

• max_steps (int) – The maximum number of iteration steps the SCF loop should execute.
Should be non-negative. Default: 100

• algorithm (PulayMixer | AndersonMixer) – The mixing strategy employed on the
mixing variable in the SCF loop. Default: A default PulayMixer instance

• damping_factor (float | AdaptiveDampingFactor) – The fraction of the output value
of the mixing parameter which is mixed into the next step. Should be at least 0 and
smaller than 1. For bulk LCAO calculations, it is also possible to provide an instance
of AdaptiveDampingFactor. In this case, the damping factor will be changed to an op-
timal value for the system during the SCF loop. The optimal value is calculated from the
system’s band gap. Using an adaptive damping factor can improve the SCF convergence
especially for semi-conductor and insulator systems. Default: 0.1

• number_of_history_steps (int) – The total number of history steps to take into ac-
count for the mixing algorithm. Should be positive. Default: min(20, max_steps)

• start_mixing_after_step (int) – The total number of steps to wait before the mixing
algorithm is used. Should be non-negative. Default: 0

• mixing_variable (HamiltonianVariable) – The mixing variable used in the SCF
loop. Default: A default HamiltonianVariable instance

• preconditioner (Preconditioner.Off | Kerker) – The preconditioner used in the
SCF loop. If damping_factor is an instance of AdaptiveDampingFactor, Kerker
preconditioner is not supported. Default: Preconditioner.Off

• linear_dependence_threshold (float) – Pulay steps which have a linear depen-
dence lower than the threshold are discarded. Should be non-negative. Default: 0.0

• exx_energy_tolerance (Not used.) – Deprecated: from v2019.12, see tolerance.

• max_exx_updates (int) – The maximum number of updates of the exact exchange op-
erator that will be performed. If this number is reached, the SCF loop will be terminated
whether it is converged or not. Should be an integer larger than 0. This parameter is only
used in hybrid DFT calculations. Default: 50

• non_convergence_behavior (StopCalculation | ContinueCalculation) – Deter-
mines the behavior when the SCF loop does not reach the desired tolerance. Default:
ContinueCalculation()

• enable_scf_stop_file (bool) – Determines whether to enable a file for stopping the
SCF loop. If True, creation of the stop file will stop the SCF at the next step. The name of
the file for this SCF calculation will be shown in the log output. The file must be created
in the current working directory. Default: True

algorithm()

Returns
The mixing algorithm stored by the IterationControlParameters object.

Return type
PulayMixer | AndersonMixer

dampingFactor()
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Returns
The damping factory stored by the IterationControlParameters object.

Return type
float | AdaptiveDampingFactor

enableScfStopFile()

Returns
Determines whether to enable a file for stopping the SCF loop.

Return type
bool

exxEnergyTolerance()

Deprecated: from v2019.12

linearDependenceThreshold()

Returns
The linear dependence threshold value stored by the IterationControlParameters
object.

Return type
float

maxExxUpdates()

Returns
The maximum number of exact exchange operator updates.

Return type
int

maxSteps()

Returns
The maximum steps value stored by the IterationControlParameters object.

Return type
int

mixingVariable()

Returns
The mixing variable stored by the IterationControlParameters object.

Return type
HamiltonianVariable

nonConvergenceBehavior()

Returns
Determines the behavior when the SCF loop does not reach the desired tolerance.

Return type
StopCalculation | ContinueCalculation

numberOfHistorySteps()

Returns
The number of history steps value stored by the IterationControlParameters object.
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Return type
int

Note: The value returned is bounded above by the maximum number of steps, and below by 1.

preconditioner()

Returns
The preconditioner stored by the IterationControlParameters object.

Return type
Preconditioner.Off | Kerker

startMixingAfterStep()

Returns
The step to start mixing after value stored by the IterationControlParameters object.

Return type
int

tolerance()

Returns
The tolerance value stored by the IterationControlParameters object.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Setup iteration control parameters for difficult convergence case

iteration_control_parameters = IterationControlParameters(
damping_factor=0.05,
number_of_history_steps=12,
)

calculator = HuckelCalculator(
iteration_control_parameters=iteration_control_parameters,
)

Setup iteration control parameters with a preconditioner for a large system that is difficult to converge

iteration_control_parameters = IterationControlParameters(
damping_factor=0.2,
preconditioner=Kerker(0.02*Hartree, 0.5*Hartree, 0.01),
mixing_variable=HamiltonianVariable,
number_of_history_steps=12,
)

calculator = LCAOCalculator(
(continues on next page)
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(continued from previous page)

iteration_control_parameters=iteration_control_parameters,
)

Notes

Mixing algorithm

The available SCF mixing algorithms are the distributed and non-distributed version of the PulayMixer, and the An-
dersonMixer. The mixing algorithm can be set using the algorithm argument to IterationControlParameters.

Preconditioner

It is possible to add a preconditioner within the SCF loop. For HamiltonianVariable mixing the preconditioner will
damp the variations in the low Fourier components of the Hartree potential. Currently a Kerker style preconditioner is
available when PulayMixer is selected as mixing algorithm.

Tolerance and accuracy

A few important notes on the keyword argument tolerance.

• The tolerance in QuantumATK is not relative, but absolute. For the total energy and the band-structure energy
the internal unit is Hartree, thus for these quantities the tolerance gives the accuracy as measured in Hartree. For
iteration control of a matrix (e.g., the Hamiltonian or the density matrix) it is maximum value of the difference
between the corresponding matrix elements of the old and new matrix. This means that the tolerance should be
interpreted as given in Hartree. The tolerance parameter itself should, however, be given without any unit.
The tolerance parameter is the maximally tolerated difference between an element of the Hamiltonian in two
successive self-consistent iterations.

• In order to achieve a better accuracy than the one corresponding to the choice of default values, it is often a
good idea to decrease the tolerance by one or two orders of magnitude. Often, but not always, this will only
add a few extra iterations to the calculation, since the Pulay mixing algorithm usually performs very well once it
approaches equilibrium. If only a fast rough estimation of the results is needed the accuracy can be lowered by
increasing the tolerance value.

IterativeDiagonalizationSolver

class IterativeDiagonalizationSolver(bands_around_fermi_level=None, target_fermi_level=None,
subspace_dimension_factor=None,
interior_eigenvalue_strategy=None, max_iterations=None)

Constructor for the iterative subspace diagonalizaton solver. This solver uses a Krylov-Schur algorithm as im-
plemented in SLEPc and it allows to calculate interior eigenvalues around a target value.

Parameters

• bands_around_fermi_level (Positive int) – The number of bands around the
Fermi level per principal spin channel. Default: 12
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• target_fermi_level (PhysicalQuantity of type energy | list of 2 PhysicalQuantity of
type energy. Default: None) – The energy around which the eigenvalues are searched.
Typically, you want to use the corresponding intrinsic bulk Fermi level. A user-specified
target fermi level can allow in certain cases to avoid an expensive update on the config-
uration. For Polarized calculations, a value per spin channel can be specified. Default:
The fermi level from the updated configuration.

• subspace_dimension_factor (float) – The subspace dimension used for the it-
erative solver, as a multiple of bands_around_fermi_level. A subspace larger than
bands_around_fermi_level can be required to find degenerate eigenvalues or increase con-
vergence for the lowest eigenvalues. It must be at least 1. Default: 4.0

• interior_eigenvalue_strategy (HarmonicExtraction | ShiftAndInvert) –
Flag to select the strategy used for targeting interior eigenvalues. ShiftAndInvert in-
structs the solver to perform a shift-and-invert spectral transformation to enhance con-
vergence of Eigenvalues closest to the target Fermi level. HarmonicExtraction is an
extraction technique which allows to avoid an explicit shift-and-invert operation, hence
being significantly more efficient. Default: ShiftAndInvert

• max_iterations (int) – The max number of iterations of the iterative diagonalization
solver. It must be greater than 0. Default: 1000

bandsAroundFermiLevel()

Returns
Specified number of bands that was determined around the Fermi level.

Return type
Non-negative int

interiorEigenvalueStrategy()

Returns
The interior eigenvalue strategy.

Return type
HarmonicExtraction | ShiftAndInvert

maxIterations()

Returns
The max number of iterations.

Return type
Positive int

subspaceDimensionFactor()

Returns
The subspace dimension factor.

Return type
float

targetFermiLevel()

Returns
The target/requested Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy
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uniqueString()

Return a unique string representing the state of the object.

Note: When dealing with larger systems using an orthogonal basis set, setting interior_eigenvalue_strategy
to HarmonicExtraction might be a significantly faster and less memory-demanding option. However,
HarmonicExtraction can be less robust compared to ShiftAndInvert.

KDotPExpansion1D

class KDotPExpansion1D(updates_per_segment=None, number_of_additional_bands=None)
Class for representing parameters for a k.p expansion along a path in k-space (Bandstructure).

Parameters

• updates_per_segment (int) – The number of exact calculations performed for each
bandstructure segment. Must be larger than one. Default: 3

• number_of_additional_bands (int) – The number of additional bands included in
the exact updates. Must be a non-negative integer. Default: 10

numberOfAdditionalBands()

Returns
The number of exact updates per bandstructure segment.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

updatesPerSegment()

Returns
The number of exact updates per bandstructure segment.

Return type
int

KDotPExpansion3D

class KDotPExpansion3D(k_point_sampling=None, number_of_additional_bands=0,
use_correction_term=None)

Class for representing parameters for a k.p expansion from a 3D k-grid. Used in bandstructure and density of
states.

Parameters

• k_point_sampling (sequence (size 3) of int | MonkhorstPackGrid) – The k-point grid
supporting the interpolation. For the irreducible k-points of this grid the exact eigensolu-
tions are generated. Must be a fully 3D grid, meaning that there are more than 1 k-point

4.13. Full QuantumATK package 1333



QuantumATK V-2023.12 Documentation

in each direction. Default: The Monkhorst-Pack grid used for the self-consistent calcu-
lation.

• number_of_additional_bands (int) – The number of additional bands included in
the exact updates. The expansion becomes more accurate the more bands are included.
Must be a non-negative integer. The default uses no additional bands, i.e. it just uses the
bands of the SCF calculation. Default: 0

• use_correction_term (bool) – If set to True, the k.p Hamiltonian includes the correc-
tion term discussed in “Enabling accurate first-principle calculations of electronic prop-
erties with a corrected k · p scheme” by Kristian Berland and Clas Persson. Default:
True

kPointSampling()

Returns
The k-point grid to use.

Return type
MonkhorstPackgrid

numberOfAdditionalBands()

Returns
The number of exact updates per bandstructure segment.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

useCorrectionTerm()

Returns
The flag indicating whether to use the 3D correction term.

Return type
bool

useGroundStateQuantities()

Returns
The flag indicating whether the ground state grid, bands and wave functions are to be used.

Return type
bool

Kerker

class Kerker(energy_q0=None, energy_qmax=None, maximum_damping=None)
Class for representing Kerker style preconditioner

Parameters

• energy_q0 (PhysicalQuantity of type energy) – The Kerker q0 parameter, given in energy
units. i.e 0.5 * q0 * q0`. Default: 0.01 * Hartree
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• energy_qmax (PhysicalQuantity of type energy) – The maximum wave number which is
preconditioned, given in energy units, i.e 0.5 * qmax * qmax. NOTE: For Plane wave
calculation this is ignored. Default: 0.25 * Hartree

• maximum_damping (float) – The damping of the q=0 component. This should be be-
tween 0 and 1. Default: 0.01

energyQ0()

Returns
The Kerker q0 parameter, given in energy units. i.e 0.5 * q0 * q0.

Return type
PhysicalQuantity of type energy

energyQmax()

Returns
The maximum wave number which is preconditioned, given in energy units, i.e 0.5 *
qmax * qmax.

Return type
PhysicalQuantity of type energy

maximumDamping()

Returns
The damping of the q=0 component.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Use a Kerker preconditioner.

iteration_control_parameters = IterationControlParameters(
preconditioner=Kerker(energy_q0=0.01*Hartree, energy_qmax=0.25*Hartree, maximum_
→˓damping=0.01),
)

Notes

• The Kerker preconditioner damps Fourier components of the electron density according to the scheme

⎧⎨⎩𝑓 × 𝑞2+
𝑓0
𝑓 𝑞20

𝑞2+𝑞20
if 𝑞 ≤ 𝑞𝑚𝑎𝑥

𝑓 if 𝑞 > 𝑞𝑚𝑎𝑥.

In this equation, 𝑞𝑚𝑎𝑥 , 𝑞0 , and 𝑓0 are specified through the Kerker object parameters energy_qmax,
energy_q0, and maximum_damping. The parameter f is specified through the IterationControlParame-
ters variable damping_factor.
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• The default parameters are appropriate for HamiltonianVariable mixing.

KineticEnergyDistribution

class KineticEnergyDistribution(md_trajectory, start_time=None, end_time=None,
maximum_energy=None, resolution=None, atom_selection=None,
time_resolution=None, info_panel=None)

Class for calculating the kinetic energy distribution of an MD simulation.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the kinetic energy distribution for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: the last time frame

• maximum_energy (PhysicalQuantity of type energy) – Upper limit on energy values con-
sidered for analysis. Default: The maximum kinetic energy of the simulation.

• resolution (PhysicalQuantity of type energy) – The bin size, which determines the
resolution of the histogram. Default: 0.01 * eV

• atom_selection (PeriodicTableElement | str | list of ints) – Only include
contributions from this selection. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: all elements

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

data()

Return the kinetic energy distribution histogram.

energies()

Return the energies associated with the histogram.

Usage Examples

Load an MDTrajectory and calculate the KineticEnergyDistribution considering all aluminum atoms:

md_trajectory = nlread('alumina_trajectory.nc')[-1]

ke_distribution = KineticEnergyDistribution(md_trajectory,
start_time=10000.0*fs,
end_time=50000.0*fs,
maximum_energy=1.0*eV,
resolution=0.005*eV,
atom_selection=Aluminum)

# Get the energies and the histogram of the kinetic energy distribution.
energies = ke_distribution.energies().inUnitsOf(eV)

(continues on next page)
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(continued from previous page)

histogram = ke_distribution.data()

# Plot the data using pylab.
import pylab

pylab.bar(energies, histogram,
label='Kinetic energies of aluminum',
width=0.005)

pylab.xlabel('Kinetic energy (eV)')
pylab.ylabel('Histogram')
pylab.legend()

pylab.show()

kinetic_energy_distribution.py

Notes

By default, all elements are taken into account.

The atom_selection parameter accepts an element, a tag name, or a list of indices to select atoms for the velocity
distribution. This can be useful, e.g. in the presence of constraints as constrained atoms should be excluded in this
analysis.

KineticMonteCarlo

class KineticMonteCarlo(rate_matrix, initial_state=0, superbasin_threshold=None, rng=None)
Construct a kinetic Monte Carlo simulation.

Parameters

• rate_matrix (PhysicalQuantity of type frequency) – A right handed (rows sum to 1)
rate matrix. This must be a square matrix.

• initial_state (int) – The initial state of the KMC simulation. This corresponds to a
row index in the rate_matrix. Default: 0

• superbasin_threshold (int) – The number of steps between two states before they are
merged together and treated with the coarse graining algorithm. A value of None disables
coarse graining. Default: None

• rng (numpy.random.mtrand.RandomState) – The random number generator used to
generate the random number stream. If None, a new random number generator stream
will be made with a seed obtained from the operating system’s entropy pool. Default:
None

findSuperbasin(state)
Find the superbasin that contains the state.

Parameters
state (int) – The state to find the containing superbasin of.
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Returns
Superbasin if the state is in a superbasin, otherwise None.

Return type
Superbasin | None

getTransitionCount(state_1, state_2)

Parameters

• state_1 (int) – The first of the two states.

• state_2 (int) – The second of the two states.

Returns
The transition count between two states.

Return type
int

mergeStates(state_1, state_2)
Merge two states together. If either or both states belong to a superbasin, the superbasins are merged
instead.

Parameters

• state_1 (int) – The first of the two states to merge.

• state_2 (int) – The second of the two states to merge.

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print out the trajectory of the KMC simulation.

Parameters
stream (A stream that supports strings being written to using 'write'.
) – The stream to write the trajectory to. Default: sys.stdout

numberOfSteps()

Returns
The total number of steps taken in this KMC simulation.

Return type
int

setRateMatrix(rate_matrix)
Set a new rate matrix.

Parameters
rate_matrix (PhysicalQuantity of type frequency) – A right handed (rows sum to 1) rate
matrix. This must be a square matrix.

setSuperbasinThreshold(superbasin_threshold)
Sets the superbasin threshold.

Parameters
superbasin_threshold (int) – The number of steps between two states before they
are merged together and treated with the coarse graining algorithm. A value of “None”
disables coarse graining. Default: None
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state()

Returns
The current state of the Markov chain.

Return type
int

step()

Take a single KMC step.

Returns
The escape time from the current state.

Return type
PhysicalQuantity of type frequency

superbasinThreshold()

Returns
Return the superbasin threshold.

Return type
int

superbasins()

Returns
The list of superbasins.

Return type
list of type Superbasin

time()

Returns
The total time that has elapsed during the KMC simulation.

Return type
float

times()

Returns
The times associated with each state in the trajectory.

Return type
PhysicalQuantity of type time

trajectory()

Returns
The KMC trajectory. This is a list of integer state numbers (row index in the rate matrix).

Return type
list of type int

updateTransitionCount(state_1, state_2)
Update the transition count between two states. This method also merges states together when the transition
count equals the superbasin threshold parameter.

Parameters

• state_1 (int) – The first of the two states.
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• state_2 (int) – The second of the two states.

Usage Examples

Setup a simple KMC simulation with three states and print the results.

# Define a rate matrix. The ij entries describe the reaction rate from state i to state␣
→˓j.
rate_matrix = [

[ 0.0, 1e9, 0.0 ],
[ 1e8, 0.0, 1e7 ],
[ 0.0, 1e6, 0.0 ],

]/Second

kmc = KineticMonteCarlo(
rate_matrix,
initial_state=0,
)

for i in range(1000):
kmc.step()

nlprint(kmc)

kmc.py

Notes

KineticMonteCarlo objects are normally passed to the AdaptiveKineticMonteCarlo class.

This class can also be used to setup a KMC simulation manually. The only input that is required is the matrix of reaction
rates. No configurations are used. It is up to the user to give meaning to each of states in the KMC trajectory.

The treatment of superbasins using the Monte Carlo with absorbing Markov chains (MCAMC) algorithm is described
in refs12.

KpointDensity

class KpointDensity(density_a=None, density_b=None, density_c=None, symmetries=None,
force_timereversal=None, shift_to_gamma=None)

Parameters

• density_a (PhysicalQuantity of unit length) – k-point density along the A direction. A
value of 0 ensures that a single grid point will always be used for this direction (i.e., Γ).
Default: 0.0 Angstrom

1 M. A. Novotny. Monte carlo algorithms with absorbing markov chains: fast local algorithms for slow dynamics. Phys. Rev. Lett., 74:1–5, Jan
1995. doi:10.1103/PhysRevLett.74.1.

2 S. T. Chill, M. Welborn, R. Terrell, L. Zhang, J.-C. Berthet, A. Pedersen, H. Jónsson, and G. Henkelman. Eon: software for long time simulations
of atomic scale systems. Modelling Simul. Mater. Sci. Eng., 22(5):055002, 2014. doi:10.1088/0965-0393/22/5/055002.
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• density_b (PhysicalQuantity of unit length) – k-point density along the B direction. A
value of 0 ensures that a single grid point will always be used for this direction (i.e., Γ).
Default: The same as density_a.

• density_c (PhysicalQuantity of unit length) – k-point density along the C direction. A
value of 0 ensures that a single grid point will always be used for this direction (i.e., Γ).
Default: The same as density_a.

• symmetries (sequence of tuple of (array (size 3, 3), array (size
3))) – A list of user-defined symmetries used for the reduction of the k-points in
integration. Default: The relevant symmetries will be determined from the structure.

• force_timereversal (bool) – Always enforce time-reversal symmetry. Default: True
(False with spin-orbit or non-collinear spin)

• shift_to_gamma (bool | sequence (size 3) of bool) – Shift grid so that Γ (0.0,
0.0, 0.0) is included along all or certain directions. Default: True`

densityA()

Returns
k-point density along the A direction.

Return type
PhysicalQuantity of unit length

densityB()

Returns
k-point density along the B direction.

Return type
PhysicalQuantity of unit length

densityC()

Returns
k-point density along the C direction.

Return type
PhysicalQuantity of unit length

forceTimereversal()

Returns
Whether time-reversal symmetry is always enforced.

Return type
bool

shiftToGamma()

Returns
Whether the k-points are shifted so that Γ is included along each direction.

Return type
list (size 3) of bool

symmetries()

Returns
The symmetries used for the reduction of the k-points in integration.
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Return type
list of tuple of (array (size 3, 3), array (size 3))

uniqueString()

Return a unique string representing the state of the object.

KrylovSelfEnergy

class KrylovSelfEnergy(save_self_energies=None, lambda_min=None, sparse_threshold=None,
storage_strategy=None)

Self-energy calculator based on the Krylov method. The Krylov scheme uses an iterative approach for getting a
subset of all the electrode modes.

Parameters

• storage_strategy (SaveInMemory | StoreOnDisk | NoStorage) – The way self en-
ergies are stored between iterations. Default: SaveInMemory()

• lambda_min (float > 0) – The smallest logarithmic decrement of a mode to take into
account. Default: 0.1

• sparse_threshold (float > 0) – Self energies (in Hartree) smaller than this value
treated as 0 when storing as sparse matrix. Default: 1e-12

• save_self_energies – Deprecated: from v2017.0, use storage_strategy instead.

lambdaMin()

Returns
The smallest logarithmic decrement of a mode

Return type
float

saveSelfEnergies()

Deprecated: from v2017.0

sparseThreshold()

Returns
Values treated as 0.

Return type
float

storageStrategy()

Returns
The way self energies are stored between iterations.

Return type
SaveInMemory | StoreOnDisk | NoStorage

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Define that the self energy on the real contour is calculated with the Krylov method. Only modes with a decay slower
than 0.05 are included.

device_algorithm_parameters = DeviceAlgorithmParameters(
self_energy_calculator_real=KrylovSelfEnergy(lambda_min=0.05),

)

Examples on how to use the storage_strategy parameter can be found in the Usage Examples of RecursionSelfEn-
ergy.

Notes

KrylovSelfEnergy uses the iterative Krylov subspace method by H. H. Sørensen et. al.1,2 for calculating the self energy
matrix. The lambda_min parameter determines the size of the Krylov subspace. In the limit lambda_min goes to
zero, the full space will be included.

LBFGS

class LBFGS(memory_size=20, finite_difference=PhysicalQuantity(0.01, Ang), line_search=True)
Constructor for the L-BFGS optimizer method.

Parameters

• memory_size (int) – The maximum number of previous steps that will be stored in
memory in order to approximate the Hessian matrix. Default: 20

• finite_difference (PhysicalQuantity with length units) – The finite different step
length used to approximate the curvature along the initial descent direction. Default:
0.01*Angstrom

• line_search (bool) – Controls if a line search is used. Default: True if the objective
function supports line searches

scfInitialGuess()

Returns
The SCF initial guess used for the LBFGS optimizer; always the previous configuration.

Return type
UsePreviousConfiguration

uniqueString()

Return a unique string representing the state of the object.
1 H. H. B. Sørensen, P. C. Hansen, D. E. Petersen, S. Skelboe, and K. Stokbro. Krylov subspace method for evaluating the self-energy matrices

in electron transport calculations. Phys. Rev. B, 77:155301, Apr 2008. doi:10.1103/PhysRevB.77.155301.
2 H. H. B. Sørensen, P. C. Hansen, D. E. Petersen, S. Skelboe, and K. Stokbro. Efficient wave-function matching approach for quantum transport

calculations. Phys. Rev. B, 79:205322, May 2009. doi:10.1103/PhysRevB.79.205322.
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Usage Examples

Optimize the geometry of a water molecule using the LBFGS algorithm.

# Define elements
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.0, -1.70000000e-05, 1.20198000e-01],

[ 0.0, 7.59572000e-01, -4.86714000e-01],
[ 0.0, -7.59606000e-01, -4.86721000e-01]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# Define a calculator
molecule_configuration.setCalculator(LCAOCalculator())

# Perform optimization using the LBFGS algorithm.
OptimizeGeometry(molecule_configuration, optimizer_method=LBFGS())

lbfgs.py

Notes

LBFGS is the recommended optimizer to use in QuantumATK. It should have superior performance to the FIRE
optimizer for nearly every optimization problem.

While there is not an official steepest descent optimizer in QuantumATK, the LBFGS optimizer can be used as a steepest
descent optimizer if the memory_size is set to zero.

Algorithm Details

The value of the objective function is not explicitly minimized (unless a line search is used), instead, the optimizer
minimizes the forces in the system to find a stationary point. This is important because it allows for geometry opti-
mizations, minimizations of nudged elastic bands (using the projected forces), and saddle point optimization (using
min-mode projected forces) to be performed from one general optimizer.

When the forces are minimized directly (e.g. in a nudged elastic band optimization), it is not possible to use a line-
search algorithm to determine the step size. Instead the curvature along the current step direction is estimated and the
step length is chosen to minimize a one-dimensional quadratic system.

Without the aid of a line-search, special care must be taken to ensure that the approximate Hessian remains positive
definite (all positive eigenvalues) or the optimization will not converge to a minimum. If a step is taken that would
include a negative curvature into the memory, the entire history is reset and a gradient descent step is taken along the
force.

The memory is also reset in the case that a step size larger than the maximum step length is proposed. This criterion
indicates that the current coordinates are far away from a stationary point. Due to this, the algorithm behaves as the
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gradient descent method in the non-quadratic region of the potential energy surface (i.e. far from stationary points).
This is the ideal behavior because attempting to minimize the approximate quadratic problem when the underlying true
Hessian matrix is rapidly changing gives poor results.

Some objective functions support line searches. When possible, a back-tracking line search will be used to ensure
reduction in the function value at each step. The step size typically results in a reduction in the function value. So it is
only when a “bad” step is taken (i.e. one that increases the function value) that the back-tracking line search is used.
There is a hard maximum on the number of steps the line search algorithm will take to prevent getting “stuck”. In the
case that a decrease in function value can not be found the line search will give up and take a steepest descent step and
reset the L-BFGS memory.

Details about this algorithm can be found in1.

LCAOCalculator

class LCAOCalculator(basis_set=None, exchange_correlation=None, charge=None, fixed_spin_moment=None,
numerical_accuracy_parameters=None, iteration_control_parameters=None,
poisson_solver=None, checkpoint_handler=None, dynamical_matrix_parameters=None,
correction_extension=None, algorithm_parameters=None,
hamiltonian_derivatives_parameters=None, parallel_parameters=None,
solvation_parameters=None)

Class for representing calculations using the ATK-DFT numerical orbital model for configurations of the type
MoleculeConfiguration and BulkConfiguration.

Parameters

• basis_set (list | tuple | BasisSet | PAWBasisSet) – An object describing the basis set
used for the LCAO calculation. This keyword can be given in three ways.

1. As a single BasisSet | PAWBasisSet object.

2. As a tuple (string, BasisSet). The string must match a tag on the atom in order to be
applied.

3. As a sequence of entries matching either of the above formats

Default: BasisGGAPseudoDojo.Medium

• exchange_correlation (ExchangeCorrelation) – The exchange correlation func-
tional for this calculation. Default: GGA.PBE

• charge (float) – The charge of the system, a charge of -1 corresponds to one extra
electron. Default: 0.0

• fixed_spin_moment (float | False) – Total spin moment (per unit cell) to use, defined as
∆𝑁 = 𝑁↑−𝑁↓, where𝑁↑ and𝑁↓ are the number of electrons in the Up and Down spin
channels, respectively. When specified the spin moment will be fixed at the given value
by introducing separate Fermi levels for the Up and Down spin channels. Can only be
specified when doing a calculation with polarized spin. If set to False the spin moment
will not be fixed - a single Fermi level is used. Default: False

• numerical_accuracy_parameters (NumericalAccuracyParameters) – The nu-
merical accuracy parameters used for the DFT calculation. Default:

1 D. C. Liu and J. Nocedal. On the limited memory bfgs method for large scale optimization. Mathematical Programming, 45:503–528, 1989.
doi:10.1007/BF01589116.
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NumericalAccuracyParameters(
density_mesh_cutoff=75.0*Hartree,
k_point_sampling=MonkhorstPackGrid(1, 1, 1),
radial_step_size=0.001*Bohr,
density_cutoff=1.0e-6,
interaction_max_range=20.0*Angstrom,
number_of_reciprocal_points=1024,
reciprocal_energy_cutoff=1250.0*Hartree,
occupation_method=FermiDirac(1000.0*Kelvin))

Note that the density mesh cutoff will be altered depending on the elements present in the
configuration.

• iteration_control_parameters (IterationControlParameters |
NonSelfconsistent) – The iteration control parameters used for the DFT calcu-
lation. For non-self-consistent calculations set this parameter to NonSelfconsistent.
Default:

IterationControlParameters(
tolerance=1.0e-4,
max_steps=100,
algorithm=PulayMixer(restart_

→˓strategy=AdaptiveHistoryRestart()),
damping_factor=0.1,
number_of_history_steps=20,
start_mixing_after_step=0,
mixing_variable=HamiltonianVariable,
linear_dependence_threshold=0.0,
preconditioner=Preconditioner.Off)

• poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver used to determine the electro-
static potential. Default: Configuration dependent. FastFourierSolver for a
BulkConfiguration without any metallic or dielectric SpatialRegion.

• checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for spec-
ifying the save-file and the time interval between saving the calculation during the scf-
loop. Default: A default CheckpointHandler object.

• dynamical_matrix_parameters (not used) – Deprecated: from v2015, see the
DynamicalMatrix analysis object.

• correction_extension (GrimmeDFTD2 | GrimmeDFTD3) – The correction extension to
used, when calculating energy, forces and stress. Default: None.

• algorithm_parameters (AlgorithmParameters) – The algorithm parameters used
for calculating the density matrix. Default:

AlgorithmParameters(
density_matrix_method=DiagonalizationSolver(),
store_grids=True,
store_basis_on_grid=Automatic,
store_energy_density_matrix=Automatic,
scf_restart_step_length=0.1*Angstrom,
use_symmetries=False)
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• hamiltonian_derivatives_parameters (not used) – Deprecated: from v2015,
see the HamiltonianDerivatives analysis object.

• parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options. Default:

ParallelParameters(
processes_per_neb_image=None,
processes_per_individual=None,
processes_per_bias_point=None,
processes_per_saddle_search=1)

• solvation_parameters (None | CosmoSolvationParameters) – Optional parame-
ters for a COSMO solvation model. If this is specified, the COSMO solvation model
contribution will be included in the SCF loop.

algorithmParameters()

Returns
The algorithm parameters.

Return type
AlgorithmParameters.

basisSet()

Returns
The basis set.

Return type
list

charge()

Returns
The charge of the system.

Return type
float

checkpointHandler()

Returns
The checkpoint handler.

Return type
CheckpointHandler

correctionExtension()

Returns
The correction extension or None if not set.

Return type
GrimmeDFTD2 | GrimmeDFTD3 | None

dynamicalMatrixParameters()

Return the DynamicalMatrixParameters. Deprecated.

Returns
None since the class DynamicalMatrixParameters is deprecated.
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Return type
None

exchangeCorrelation()

Returns
The exchange-correlation.

Return type
ExchangeCorrelation

fixedSpinMoment()

Get the fixed spin moment.

Returns
The fixed spin moment or False if the spin moment is not held fixed.

Return type
float | False

hamiltonianDerivativesParameters()

Return the HamiltonianDerivativesParameters. Deprecated.

Returns
None since the class HamiltonianDerivativesParameters is deprecated.

Return type
None

isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool

iterationControlParameters()

Returns
The iteration control parameters.

Return type
IterationControlParameters

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

numericalAccuracyParameters()

Returns
The numerical accuracy parameters.

Return type
NumericalAccuracyParameters
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parallelParameters()

Returns
The parallel parameters object.

Return type
ParallelParameters

poissonSolver()

Returns
The Poisson solver set on the calculator.

Return type
DirectSolver | MultigridSolver | FastFourierSolver | FastFourier2DSolver

setBasisSet(basis_set)
Set the basis set.

Parameters
basis_set (list) – The basis set to use. The basis set is given as a sequence of BasisSet
objects for each element in the configuration.

setCheckpointHandler(checkpoint_handler)
Set the checkpoint handler.

Parameters
checkpoint_handler (CheckpointHandler) – The checkpoint handler to use.

setCorrectionExtension(correction_extension)
Set the iteration correction extension.

Parameters
correction_extension (GrimmeDFTD2 | GrimmeDFTD3 | None) – The correction exten-
sion to use.

setExchangeCorrelation(exchange_correlation)
Set the exchange-correlation.

Parameters
exchange_correlation (ExchangeCorrelation) – The exchange-correlation to use.

setIterationControlParameters(iteration_control_parameters)
Set the iteration control parameters.

Parameters
iteration_control_parameters (IterationControlParameters) – The iteration
control parameters to use.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setNumericalAccuracyParameters(numerical_accuracy_parameters)
Set the numerical accuracy parameters.

Parameters
numerical_accuracy_parameters (NumericalAccuracyParameters) – The numer-
ical accuracy parameters to use.
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setParallelParameters(parallel_parameters)
Method for setting the parallel parameters.

Parameters
parallel_parameters (ParallelParameters | None) – The parallel parameters to set.
If None a default version of the parameters is used.

setPoissonSolver(poisson_solver)
Set the poisson solver.

Parameters
poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver to set on the calculator.

setSolvationParameters(solvation_parameters)
Set the solvation parameters.

Parameters
solvation_parameters (CosmoSolvationParameters) – The solvent parameters to
use.

solvationParameters()

Returns
The solvation parameters.

Return type
CosmoSolvationParameters

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Private method for updating the calculator from the configuration, if it is possible. @private

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str

Usage Examples

Define an LCAOCalculator with user defined basis set:

basis_set = [
LDABasis.Hydrogen_DoubleZetaPolarized,
LDABasis.Oxygen_DoubleZetaPolarized,
LDABasis.Nitrogen_DoubleZeta,
LDABasis.Carbon_SingleZeta,

]
calculator = LCAOCalculator(basis_set=basis_set)

Restart an LCAO calculation using the self-consistent state from a previous calculation:
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# Read in the BulkConfiguration with the old scf state
old_calculation=nlread("filename.nc",BulkConfiguration)[0]

# Define the BulkConfiguration with similar number of atoms
new_calculation=BulkConfiguration(...)

# extract the old calculator
old_calculator = old_calculation.calculator()

# make a clone of the old calculator
new_calculator = old_calculator()

# Attach the calculator and use the old initial state
new_calculation.setCalculator(new_calculator, initial_state=old_calculation)

Langevin

class Langevin(initial_velocity=None, time_step=None, reservoir_temperature=None, heating_rate=None,
friction=None, random_seed=None)

NVT Langevin integrator class which implements the Langevin thermostat.

Parameters

• initial_velocity (ConfigurationVelocities | ZeroVelocities |
MaxwellBoltzmannDistribution) – A class that implements a distribu-
tion of initial velocities for the particles in the MD simulation. Default:
MaxwellBoltzmannDistribution

• time_step (PhysicalQuantity of type time) – The time-step interval used in the MD
simulation. Default: 1.0 * fs

• reservoir_temperature (PhysicalQuantity of type temperature | list) – The reservoir
temperature in the simulation. The temperature can be given as a single temperature value
for the entire system, or as a list of 2-tuples of str and PhysicalQuantity of type tempera-
ture, applying local thermostats to the tagged groups of atoms. E.g. [('group1', 280.0
* Kelvin), ('group2', 320.0 * Kelvin)]. Default: 300.0 * Kelvin

• heating_rate (PhysicalQuantity of type temperature/time | None) – The heating rate of
the target temperature. A value of None disables the heating of the system. Default: 0.0
* Kelvin s**-1

• friction (PhysicalQuantity of type 1/time) – The friction constant in the Langevin equa-
tion. Default: 0.01 * fs**-1

• random_seed (int) – The seed for the random generator providing the stochastic forces.
Must be between 0 and 2**32. Default: The default random seed

kineticEnergy(configuration)

Parameters
configuration (DistributedConfiguration) – The current configuration to calcu-
late the kinetic energy of.

Returns
The kinetic energy of the current configuration.
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Return type
PhysicalQuantity of type energy

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Perform a molecular dynamics run of 50 steps on FCC Si, using the Langevin thermostat:

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
fractional_coordinates=[[0.0, 0.0, 0.0], [0.25, 0.25, 0.25]]
)

# Set calculator
calculator = TremoloXCalculator(parameters=Tersoff_Si_1988b())
bulk_configuration.setCalculator(calculator)

# Set up MD method
method = Langevin(

time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
friction=0.01*femtoSecond**-1,
heating_rate=0*Kelvin/picoSecond,
initial_velocity=None

)

# Run MD simulation
md_trajectory = MolecularDynamics(

bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=50,
log_interval=10,
method=method

)
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Notes

• The Langevin thermostat can be used to simulate a canonical NVT-ensemble, by integrating the Langevin equa-
tion

𝑚𝑖
𝑑2ri
𝑑𝑡2

= −𝑚𝑖𝛾vi + Fi + Γi ,

which adds a friction term with a friction constant 𝛾 and a stochastic random force Γ to Newton’s equations of
motion. QuantumATK implements the algorithm proposed by Goga et al1.

• In contrast to other NVT methods, such as NVTNoseHoover or NVTBerendsen, the dynamics of the system can
be altered significantly by the Langevin thermostat, and the evolution of the system is no longer deterministic. It
should therefore primarily be used to sample configurations from the canonical ensemble, rather than to calculate
dynamical properties.

• You can specify one or more thermostats acting on tagged sub-groups of atoms of the configuration, by giving a
list of (tag-name, temperature)-tuples instead of a single, global reservoir_temperature value.

• If a non-zero heating_rate is specified, the reservoir temperature will be changed linearly during the simula-
tion, according to the specified heating rate.

• Setting the reservoir_temperature to 0K, will switch off the stochastic force, resulting in damped dynamics,
which can be used to coarsely relax a configuration.

LennardJonesMNPotential

class LennardJonesMNPotential(particleType1, particleType2, A, B, m, n, r_cut=None, ASpecial=None,
BSpecial=None, bonded_mode=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of the length**m * energy) – Potential parameter.

• B (PhysicalQuantity of the length**n * energy) – Potential parameter.

• m (float) – Potential parameter.

• n (float) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

• ASpecial (PhysicalQuantity of type length**m * energy) – Potential param-
eter. This parameter is only used when bonded_mode is set to evaluate34.

• BSpecial (PhysicalQuantity of type length**n * energy) – Potential param-
eter. This parameter is only used when bonded_mode is set to evaluate34.

1 N. Goga, A. J. Rzepiela, A. H. de Vries, S. J. Marrink, and H. J. C. Berendsen. Efficient algorithms for langevin and dpd dynamics. Journal of
Chemical Theory and Computation, 8(10):3637–3649, 2012. PMID: 26593009. doi:10.1021/ct3000876.
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• bonded_mode – Either LennardJonesMNPotential.evaluateAll or LennardJonesMNPo-
tential.evaluate34.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by fixed bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate34 is chosen, interactions between particles that are connected by bonds with a
path length of at most two (i.e. are connected by a bond or are bonded to a common atom)
are omitted. Interactions between particles that are connected by a bonded path of length
three use the sigmaSpecial and epsilonSpecial parameters, while all other interactions use
the normal sigma and epsilon parameters.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for argon by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Argon crystal
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.316, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.316, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.316]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Argon, Argon, Argon, Argon]

# Define coordinates
fractional_coordinates = [[ 0.0, 0.0, 0.0],

[ 0.5, 0.5, 0.0],
[ 0.5, 0.0, 0.5],

(continues on next page)
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(continued from previous page)

[ 0.0, 0.5, 0.5]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Create a new potential set for argon
potentialSet = TremoloXPotentialSet(name='Argon_COMPASS')

# Add the particle type, containing the Lennard-Jones parameters, to the potential set
potentialSet.addParticleType(ParticleType(symbol='Ar', mass=39.948*atomic_mass_unit))

# Add the Lennard-Jones potential to the potential set
potentialSet.addPotential(LennardJonesMNPotential('Ar', 'Ar',

A=3456.895*eV*Angstrom**9.0,
B=88.773*eV*Angstrom**6.0,
m=9.0,
n=6.0,
r_cut=9.0*Angstrom))

# Create a TremoloX calculator from the potential set
calculator=TremoloXCalculator(parameters=potentialSet)
bulk_configuration.setCalculator(calculator)

The Lennard Jones parameters of this example are taken from the COMPASS force field.

Notes

The LennardJonesMNPotential potential typically describes a combination of van der Waals and repulsive interactions.

To describe the interaction between two particles 𝑖 and 𝑗, this potential uses the following potential function:

𝑉𝑖𝑗(𝑟) =
𝐴𝑖𝑗
𝑟𝑚

− 𝐵𝑖𝑗
𝑟𝑛

.

This form permits a more flexible definition of a Lennard-Jones potential. You have to manually specify the interaction
parameters between all pairs of particle types, and therefore you can use any set of combination rules you want.

Lennard-Jones parameters can be taken from various force fields, such as the Universal Force Field (UFF), the Gen-
eralized AMBER Force Field (GAFF), the Transferable Potentials for Phase Equilibria (TraPPE) force field, or,
as in the above example, the COMPASS force field.

The best choice depends on whether the respective force field has been designed for the desired context. Therefore, one
should always carefully read the force field publication before using a new potential parameter set and ideally compare
some test results against experiments or suitable quantum mechanical calculations.

When using bonded force fields the bonded_mode parameter can be used to modify how this potential acts
between atoms that are connected via less than 4 bonds. If LennardJonesPotential.evaluateAll (or
“mode_bondless”) is chosen, the potential acts between all selected atoms independent of the bonds between them.
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If LennardJonesPotential.evaluate34 (or “mode_14”) is chosen, the potential is switched off for all atoms that
are connected via one or two consecutive bonds. For atoms separated by exactly three bonds (i.e. atoms 1 and 4 in a
bonded sequence), the special Lennard-Jones parameters (respectively the combined epsilon14 and sigma14 of the
ParticleType) are used instead.

LennardJonesPotential

class LennardJonesPotential(particleType1, particleType2, r_cut=None, sigma=None, epsilon=None,
sigmaSpecial=None, epsilonSpecial=None, bonded_mode=None,
longRangeCorrection=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

• sigma (PhysicalQuantity of type length ) – Potential parameter.

• epsilon (PhysicalQuantity of type energy) – Potential parameter.

• sigmaSpecial (PhysicalQuantity of type length ) – Potential parameter. This
parameter is only used when bonded_mode is set to evaluate34.

• epsilonSpecial (PhysicalQuantity of type energy) – Potential parameter.
This parameter is only used when bonded_mode is set to evaluate34.

• bonded_mode – Either LennardJonesPotential.evaluateAll or LennardJonesPoten-
tial.evaluate34.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by fixed bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate34 is chosen, interactions between particles that are connected by bonds with a
path length of at most two (i.e. are connected by a bond or are bonded to a common atom)
are omitted. Interactions between particles that are connected by a bonded path of length
three use the sigmaSpecial and epsilonSpecial parameters, while all other interactions use
the normal sigma and epsilon parameters.

• longRangeCorrection (bool) – Flag to switch long range correction tail for energy and
pressure on/off.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

1356 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for argon by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Argon crystal
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.316, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.316, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.316]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Argon, Argon, Argon, Argon]

# Define coordinates
fractional_coordinates = [[ 0.0, 0.0, 0.0],

[ 0.5, 0.5, 0.0],
[ 0.5, 0.0, 0.5],
[ 0.0, 0.5, 0.5]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Create a new potential set for argon
potentialSet = TremoloXPotentialSet(name='Argon_TraPPE')

# Add the particle type, containing the Lennard-Jones parameters, to the potential set
potentialSet.addParticleType(ParticleType(symbol='Ar', mass=39.948*atomic_mass_unit,␣
→˓sigma=3.39*Angstrom, epsilon=0.01*eV))

# Add the Lennard-Jones potential to the potential set
potentialSet.addPotential(LennardJonesPotential('Ar', 'Ar', r_cut=9.0*Angstrom))

# Create a TremoloX calculator from the potential set
(continues on next page)
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calculator=TremoloXCalculator(parameters=potentialSet)
bulk_configuration.setCalculator(calculator)

The Lennard Jones parameters of this example are taken from the TraPPE force field.

Notes

The LennardJonesPotential typically describes a combination of van der Waals and repulsive interactions.

To describe the interaction between two particles 𝑖 and 𝑗, the Lennard-Jones potential uses the following potential
function:

𝑉𝑖𝑗(𝑟) = 4𝜖𝑖𝑗

[︂(︁𝜎𝑖𝑗
𝑟

)︁12
−
(︁𝜎𝑖𝑗
𝑟

)︁6]︂
.

If not specified explicitly in the potential, the Lennard-Jones parameters 𝜎 and 𝜖 are taken from the ParticleType the
potential acts on. The parameters between different types are calculated based on the Lorentz-Berthelot mixing rules

𝜖𝑖𝑗 =
√
𝜖𝑖 · 𝜖𝑗

and

𝜎𝑖𝑗 =
𝜎𝑖 + 𝜎𝑗

2
.

Lennard-Jones parameters can be taken from various force fields, such as the Universal Force Field (UFF), the Gen-
eralized AMBER Force Field (GAFF), the COMPASS force field, or, as in the above example, the Transferable
Potentials for Phase Equilibria (TraPPE) force field.

Note that some force fields, such as e.g. AMBER, use the slightly different formula 𝑉 (𝑟) = 𝜖[(𝜎/𝑟)12 − 2(𝜎/𝑟)6] to
describe Lennard-Jones interactions. In order to use parameters defined for that formula in TremoloX’s Lennard-Jones
potentials, the 𝜎 values taken from these force fields have to be multiplied with 2−1/6.

The best choice of parameters depends on whether the respective force field has been designed for the desired context.
Therefore, one should always carefully read the force field publication before using a new potential parameter set and
ideally compare some test results against experiments or suitable quantum mechanical calculations.

When using bonded force fields the bonded_mode parameter can be used to modify how this potential acts
between atoms that are connected via less than 4 bonds. If LennardJonesPotential.evaluateAll (or
“mode_bondless”) is chosen, the potential acts between all selected atoms independent of the bonds between them.
If LennardJonesPotential.evaluate34 (or “mode_14”) is chosen, the potential is switched off for all atoms that
are connected via one or two consecutive bonds. For atoms separated by exactly three bonds (i.e. atoms 1 and 4 in a
bonded sequence), the special Lennard-Jones parameters (respectively the combined epsilon14 and sigma14 of the
ParticleType) are used instead.
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LennardJonesShiftPotential

class LennardJonesShiftPotential(particleType1, particleType2, r_cut=None, r_i=None, sigma=None,
epsilon=None, delta=None, sigmaSpecial=None, epsilonSpecial=None,
deltaSpecial=None, bonded_mode=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius of this potential.
Below this distance the potential is capped at a constant force.

• sigma (PhysicalQuantity of type length ) – Potential parameter.

• epsilon (PhysicalQuantity of type energy) – Potential parameter.

• delta (float) – Potential parameter.

• sigmaSpecial (PhysicalQuantity of type length ) – Potential parameter. This
parameter is only used when bonded_mode is set to evaluate34.

• epsilonSpecial (PhysicalQuantity of type energy) – Potential parameter.
This parameter is only used when bonded_mode is set to evaluate34.

• deltaSpecial (float) – Potential parameter. This parameter is only used when
bonded_mode is set to evaluate34.

• bonded_mode – Either LennardJonesPotential.evaluateAll or LennardJonesPoten-
tial.evaluate34.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by fixed bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate34 is chosen, interactions between particles that are connected by bonds with a
path length of at most two (i.e. are connected by a bond or are bonded to a common atom)
are omitted. Interactions between particles that are connected by a bonded path of length
three use the sigmaSpecial and epsilonSpecial parameters, while all other interactions use
the normal sigma and epsilon parameters.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.
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setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The shifted Lennard-Jones potential differs from the original LJ-potential by a constant shift 𝛿 that is added to the
pairwise energies. Moreover, the potential can be modified at short distances 𝑟 < 𝑟𝑖𝑛𝑛𝑒𝑟, so that the force is capped at
a constant value instead of diverging towards large repulsive forces. This can be used to slowly remove initial overlaps
between atoms in MD simulations (see also ForceCappedEquilibration). Its functional form was taken from1 and is

𝑈𝑖𝑗(𝑟𝑖𝑗) =

{︃
𝑈𝑠ℎ𝑖𝑓𝑡𝑖𝑗 (𝑟𝑖𝑗), 𝑟𝑖𝑗 > 𝑟𝑖𝑛𝑛𝑒𝑟𝑖𝑗

(𝑟𝑖𝑗 − 𝑟𝑖𝑛𝑛𝑒𝑟𝑖𝑗 )
𝜕𝑈𝑠ℎ𝑖𝑓𝑡

𝑖𝑗 (𝑟𝑖𝑛𝑛𝑒𝑟
𝑖𝑗 )

𝜕𝑟 + 𝑈𝑠ℎ𝑖𝑓𝑡𝑖𝑗 (𝑟𝑖𝑛𝑛𝑒𝑟𝑖𝑗 ), 𝑟𝑖𝑗 ≤ 𝑟𝑖𝑛𝑛𝑒𝑟𝑖𝑗

and

𝑈𝑠ℎ𝑖𝑓𝑡𝑖𝑗 (𝑟𝑖𝑗) = 4 · 𝜖

[︃(︂
𝜎𝑖𝑗
𝑟𝑖𝑗

)︂12

−
(︂
𝜎𝑖𝑗
𝑟𝑖𝑗

)︂6

+ 𝛿𝑖𝑗

]︃

LennardJonesSpline2Potential

class LennardJonesSpline2Potential(particleType1=None, particleType2=None, r_b=None, r_e=None,
r_m=None, r_s=None, sigma=None, epsilon=None,
sigmaSpecial=None, epsilonSpecial=None, bonded_mode=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• r_b (PhysicalQuantity of type length ) – The outer cutoff radius. Must be larger
than r_e.

• r_e (PhysicalQuantity of type length ) – The third cutoff radius. Must be larger
than r_m.

• r_m (PhysicalQuantity of type length ) – The second cutoff radius. Must be
larger than r_s.

• r_s (PhysicalQuantity of type length ) – The first cutoff radius.

• sigma (PhysicalQuantity of type length ) – Potential parameter.

• epsilon (PhysicalQuantity of type energy) – Potential parameter.
1 Rolf Auhl, Ralf Everaers, Gary S. Grest, Kurt Kremer, and Steven J. Plimpton. Equilibration of long chain polymer melts in computer simula-

tions. J. Chem. Phys., 119(24):12718–12728, 2003. URL: https://doi.org/10.1063/1.1628670, doi:10.1063/1.1628670.
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• sigmaSpecial (PhysicalQuantity of type length ) – Potential parameter. This
parameter is only used when bonded_mode is set to evaluate34.

• epsilonSpecial (PhysicalQuantity of type energy) – Potential parameter.
This parameter is only used when bonded_mode is set to evaluate34.

• bonded_mode – Either LennardJonesSpline2Potential.evaluateAll or LennardJonesS-
pline2Potential.evaluate34.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by fixed bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate34 is chosen, interactions between particles that are connected by bonds with a
path length of at most two (i.e. are connected by a bond or are bonded to a common atom)
are omitted. Interactions between particles that are connected by a bonded path of length
three use the sigmaSpecial and epsilonSpecial parameters, while all other interactions use
the normal sigma and epsilon parameters.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

In contrast to the LennardJonesSplinePotential, the LennardJonesSpline2Potential is zero outside an interval [𝑟𝑠, 𝑟𝑏],
and yields the original Lennard-Jones energy

𝑉𝑖𝑗(𝑟) = 4𝜖𝑖𝑗

[︂(︁𝜎𝑖𝑗
𝑟

)︁12
−
(︁𝜎𝑖𝑗
𝑟

)︁6]︂
.

only within an interval [𝑟𝑚, 𝑟𝑒]. Cubic splines are use to ensure a smooth transition to zero over the intervals [𝑟𝑠, 𝑟𝑚],
as well as [𝑟𝑒, 𝑟𝑏].

If not specified explicitly in the potential, the Lennard-Jones parameters 𝜎 and 𝜖 are taken from the ParticleType the
potential acts on. The parameters between different types are calculated based on the Lorentz-Berthelot mixing rules

𝜖𝑖𝑗 =
√
𝜖𝑖 · 𝜖𝑗

and

𝜎𝑖𝑗 =
𝜎𝑖 + 𝜎𝑗

2
.
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When using bonded force fields the bonded_mode parameter can be used to modify how this potential acts
between atoms that are connected via less than 4 bonds. If LennardJonesPotential.evaluateAll (or
“mode_bondless”) is chosen, the potential acts between all selected atoms independent of the bonds between them.
If LennardJonesPotential.evaluate34 (or “mode_14”) is chosen, the potential is switched off for all atoms that
are connected via one or two consecutive bonds. For atoms separated by exactly three bonds (i.e. atoms 1 and 4 in a
bonded sequence), the special Lennard-Jones parameters (respectively the combined epsilon14 and sigma14 of the
ParticleType) are used instead.

LennardJonesSplinePotential

class LennardJonesSplinePotential(particleType1, particleType2, r_cut=None, r_i=None, sigma=None,
epsilon=None, sigmaSpecial=None, epsilonSpecial=None,
bonded_mode=None, longRangeCorrection=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the
smoothing of the potential starts. r_i must be smaller than r_cut.

• sigma (PhysicalQuantity of type length ) – Potential parameter.

• epsilon (PhysicalQuantity of type energy) – Potential parameter.

• sigmaSpecial (PhysicalQuantity of type length ) – Potential parameter. This
parameter is only used when bonded_mode is set to evaluate34.

• epsilonSpecial (PhysicalQuantity of type energy) – Potential parameter.
This parameter is only used when bonded_mode is set to evaluate34.

• bonded_mode – Either LennardJonesSplinePotential.evaluateAll or LennardJonesS-
plinePotential.evaluate34.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by fixed bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate34 is chosen, interactions between particles that are connected by bonds with a
path length of at most two (i.e. are connected by a bond or are bonded to a common atom)
are omitted. Interactions between particles that are connected by a bonded path of length
three use the sigmaSpecial and epsilonSpecial parameters, while all other interactions use
the normal sigma and epsilon parameters.

• longRangeCorrection (bool) – Flag to switch long range correction tail for energy and
pressure on/off.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.
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getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for argon by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Argon crystal
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.316, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.316, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.316]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Argon, Argon, Argon, Argon]

# Define coordinates
fractional_coordinates = [[ 0.0, 0.0, 0.0],

[ 0.5, 0.5, 0.0],
[ 0.5, 0.0, 0.5],
[ 0.0, 0.5, 0.5]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Create a new potential set for argon
potentialSet = TremoloXPotentialSet(name='Argon_TraPPE')

(continues on next page)
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(continued from previous page)

# Add the particle type, containing the Lennard-Jones parameters, to the potential set
potentialSet.addParticleType(ParticleType(symbol='Ar', mass=39.948*atomic_mass_unit,␣
→˓sigma=3.39*Angstrom, epsilon=0.01*eV))

# Add the Lennard-Jones potential to the potential set
potentialSet.addPotential(LennardJonesSplinePotential('Ar', 'Ar', r_cut=9.0*Angstrom, r_
→˓i=7.0*Angstrom))

# Create a TremoloX calculator from the potential set
calculator=TremoloXCalculator(parameters=potentialSet)
bulk_configuration.setCalculator(calculator)

The Lennard Jones parameters of this example are taken from the TraPPE force field.

Notes

The LennardJonesSplinePotential typically describes a combination of van der Waals and repulsive interactions.

To describe the interaction between two particles 𝑖 and 𝑗, the Lennard-Jones potential uses the following potential
function:

𝑉𝑖𝑗(𝑟) = 4𝜖𝑖𝑗

[︂(︁𝜎𝑖𝑗
𝑟

)︁12
−
(︁𝜎𝑖𝑗
𝑟

)︁6]︂
.

If not specified explicitly in the potential, the Lennard-Jones parameters 𝜎 and 𝜖 are taken from the ParticleType the
potential acts on. The parameters between different types are calculated based on the Lorentz-Berthelot mixing rules

𝜖𝑖𝑗 =
√
𝜖𝑖 · 𝜖𝑗

and

𝜎𝑖𝑗 =
𝜎𝑖 + 𝜎𝑗

2
.

Lennard-Jones parameters can be taken from various force fields, such as the Universal Force Field (UFF), the Gen-
eralized AMBER Force Field (GAFF), the COMPASS force field, or, as in the above example, the Transferable
Potentials for Phase Equilibria (TraPPE) force field.

Note that some force fields, such as e.g. AMBER, use the slightly different formula 𝑉 (𝑟) = 𝜖[(𝜎/𝑟)12 − 2(𝜎/𝑟)6] to
describe Lennard-Jones interactions. In order to use parameters defined for that formula in TremoloX’s Lennard-Jones
potentials, the 𝜎 values taken from these force fields have to be multiplied with 2−1/6.

The best choice of parameters depends on whether the respective force field has been designed for the desired context.
Therefore, one should always carefully read the force field publication before using a new potential parameter set and
ideally compare some test results against experiments or suitable quantum mechanical calculations.

The ensure a smooth transition to zero at the cutoff-distance, a spline-based smoothing function S is invoked as 𝑈(𝑟) =
𝑈𝐿𝐽(𝑟) · 𝑆(𝑟) which switches the potential to zero over the interval [𝑟𝑖, 𝑟𝑐𝑢𝑡].

When using bonded force fields the bonded_mode parameter can be used to modify how this potential acts
between atoms that are connected via less than 4 bonds. If LennardJonesPotential.evaluateAll (or
“mode_bondless”) is chosen, the potential acts between all selected atoms independent of the bonds between them.
If LennardJonesPotential.evaluate34 (or “mode_14”) is chosen, the potential is switched off for all atoms that
are connected via one or two consecutive bonds. For atoms separated by exactly three bonds (i.e. atoms 1 and 4 in a
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bonded sequence), the special Lennard-Jones parameters (respectively the combined epsilon14 and sigma14 of the
ParticleType) are used instead.

LinearInterpolation

class LinearInterpolation(constraints=None)
Use linear interpolation for generating images.

Parameters
constrains (list of type int) – Unused constraint parameter to make the interface sim-
ilar to the other interpolation algorithms.

constraints()

Returns
The constrained atoms.

Return type
list of type int

uniqueString()

Return a unique string representing the state of the object.

LiquidEquilibrium

class LiquidEquilibrium(solvent_components_a, solvent_components_b, mole_fractions=None,
temperature=None, parameters=None)

Calculate the thermodynamics of mixing of two different liquids.

Parameters

• solvent_components_a (CosmoRealSolvent | MoleculeConfiguration |
CosmoRSMixture) – The components of the first solvent in the mixture.

• solvent_components_b (CosmoRealSolvent | MoleculeConfiguration |
CosmoRSMixture) – The components of the second solvent in the mixture.

• mole_fractions (Sequence of float) – The mole fractions of the first solvent in the
mixture. Default: (0, 0.25, 0.5, 0.75, 1)

• temperature (PhysicalQuantity of type temperature) – The mixture temperature. De-
fault: 298 * Kelvin

• parameters (CosmoRSParameters) – The COSMO real solvent parameters

activities()

Returns
The list of the activity of each species. This is indexed by the order of the species in the
mix going from solvent A to B, and then by the mixture mole fractions.

Return type
ndarray of floats size (number_of_species x number_of_mole_fractionss)
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activityCoefficients()

Returns
The list of activity coefficients. This is indexed by the order of the species in the mix going
from solvent A to B, and then by the mixture mole fractions.

Return type
ndarray of floats size (number_of_species x number_of_mole_fractionss)

excessEnergy()

Returns
The excess energy at each specified mole fraction.

Return type
Sequence of PhysicalQuantity of type energy

freeEnergyOfMixing()

Returns
The mixing free energy at each specified mole fraction.

Return type
Sequence of PhysicalQuantity of type energy

moleFractions()

Returns
The list of mole fractions at which the equilibrium is calculated.

Return type
list of floats

numberOfMoleFractions()

Returns
The number of points at which the mixing is calculated.

Return type
int

numberOfUniqueSpecies()

Returns
The number of unique species in the mixture.

Return type
int

parameters()

Returns
The COSMO-RS parameters

Return type
CosmoRSParameters

solventComponentsA()

Returns
The components of the first solvent in the mixture.

Return type
CosmoRSMixture
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solventComponentsB()

Returns
The components of the second solvent in the mixture.

Return type
CosmoRSMixture

temperature()

Returns
The mixture temperature.

Return type
PhysicalQuantity of type temperature

uniqueSpecies()

Returns
A list of the unique species in the mixture.

Return type
Sequence of CosmoRSMixture

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the thermodynamic properties of mixing solvent water with a mixture of methanol and acetonitrile.

# Load the COSMO species
database = CosmoRSSpeciesDatabase()
water = database.exportSpecies('water')
methanol = database.exportSpecies('methanol')
acetonitrile = database.exportSpecies('acetonitrile')

# Create the mixtures.
solvent_a = CosmoRSMixture([(water, 1)])
solvent_b = CosmoRSMixture([(methanol, 0.25), (acetonitrile, 0.75)])

# Define the mole fractions of solvent_a.
mole_fractions = (0, 0.5, 1)

# Create the liquid equilibrium object.
liquid_equilibrium = LiquidEquilibrium(

solvent_a,
solvent_b,
mole_fractions=mole_fractions,
temperature=298*Kelvin,
parameters=CosmoRSParameters(),

)

# Get the excess Gibbs free energy.
excess_energy = liquid_equilibrium.excessEnergy()
for x, energy in zip(mole_fractions, excess_energy):

(continues on next page)
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(continued from previous page)

nlprint(f'The excess energy at x = {x} is {energy}')

# Get the Gibbs free of mixing.
energy_of_mixing = liquid_equilibrium.freeEnergyOfMixing()
for x, energy in zip(mole_fractions, energy_of_mixing):

nlprint(f'The energy of mixing at x = {x} is {energy}')

# Get the activity coefficients of water.
activity_coeffs = liquid_equilibrium.activityCoefficients()[0]
for x, activity_coeff in zip(mole_fractions, activity_coeffs):

nlprint(f'The activity coefficient of water at x = {x} is {activity_coeff}')

# Get the activity of water.
activities = liquid_equilibrium.activities()[0]
for x, activity in zip(mole_fractions, activities):

nlprint(f'The activity of water at x = {x} is {activity}')

lle_example.py

Notes

The LiquidEquilibrum object allows calculation of a number of liquid-liquid equilibrium (LLE) properties. First is
the excess Gibbs free energy 𝐺𝐸 which is given as:

𝐺𝐸 =
∑︁
𝑖

𝑥𝑖(𝜇
𝑠𝑜𝑙𝑣
𝑖 − 𝜇𝑙𝑖𝑞𝑖 )

The excess Gibbs free energy estimates the change in free energy resulting from the different molecular interactions
in the liquid and solvated states. Here 𝑖 represents the species in the mixed solution. 𝜇𝑠𝑜𝑙𝑣𝑖 is the solvation chemical
potential of species 𝑖. 𝜇𝑙𝑖𝑞𝑖 is the solvation chemical potential of the pure species. 𝑥𝑖 is the mole fraction. 𝐺𝐸 can be
retrieved from the object using the excessEnergy method.

Second is the free energy of mixing

∆𝐺𝑚𝑖𝑥 = 𝐺𝐸 +𝑅𝑇
∑︁
𝑖

𝑥𝑖 ln 𝑥𝑖

𝑅 is the ideal gas constant and 𝑇 the temperature of the system. Note that the second term originates from the ideal
Gibbs free energy of mixing, which is added to the excess Gibbs free energy. ∆𝐺𝑚𝑖𝑥 can be retrieved from the object
using the freeEnergyOfMixing method.

Third is the activity coefficient

𝛾𝑖 = exp

(︃
𝜇𝑠𝑜𝑙𝑣𝑖 − 𝜇𝑙𝑖𝑞𝑖

𝑅𝑇

)︃

Here 𝛾𝑖 respresents the acitivity coefficient of species 𝑖 in the solution. The activity coefficient is a quantity that encom-
passes the deviation of species from ideality. 𝛾 can be retrieved from the object using the activityCoefficients
method. The result is in dimensions of number of components in the mixed solution and number of mole fraction steps.

Fourth is the activity which closely relates to the acitivity coefficient

𝑎𝑖 = 𝛾𝑖𝑥𝑖
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𝑎𝑖 may be considered as the effective mole fraction of a species 𝑖 in solution. 𝑎𝑖 can be retrieved from the object using
the activities method. Likewise, the result is in dimensions of number of components in the mixed solution and
number of mole fraction steps.

LocalBandstructure

class LocalBandstructure(configuration, symmetry_label=None, kpoint_cartesian=None,
kpoint_fractional=None, directions_cartesian=None, directions_fractional=None,
bands_below_fermi_level=None, bands_above_fermi_level=None,
band_index=None, points_per_segment=None, effective_mass_method=None,
stencil_order=None, delta=None)

Analysis class for representing the local properties of the bandstructure for specified k-point, bands, and direc-
tions.

Parameters

• configuration (BulkConfiguration) – The bulk configuration with an attached cal-
culator for which to calculate the local bandstructure.

• symmetry_label (str) – The k-point (as a symmetry point) for which to calculate the
local bandstructure. This options is mutually exclusive with kpoint_cartesian and
kpoint_fractional. Default: 'G' (the Gamma-point (0.0, 0.0, 0.0))

• kpoint_cartesian (PhysicalQuantity of type inverse length) – The k-point (in Cartesian
coordinates) for which to calculate the local bandstructure. This option is mutually exclu-
sive with symmetry_label and kpoint_fractional. This should be given as a length
3 PhysicalQuantity. Default: The Gamma-point (0.0, 0.0, 0.0) * Angstrom**-1

• kpoint_fractional (list of float) – The k-point (in fractional coordinates) for
which to calculate the local bandstructure as three floats. This option is mutually exclusive
with kpoint_cartesian and symmetry_label. Default: The Gamma-point [0.0,
0.0, 0.0]

• directions_cartesian (PhysicalQuantity of type inverse length) – Direction vectors
along which to calculate the local bandstructure. This should be given as a PhysicalQuan-
tity of shape (N, 3) where N is the number of directions. This option is mutually exclusive
with directions_fractional, but either option should be specified. Note: The band-
structure is calculated in the extent of the direction vectors so their length has significance
for the range of the parabolic and non-parabolic fits.

• directions_fractional (list of lists of floats) – Direction vectors along
which to calculate the local bandstructure. This should be given as a list of N lists where
N is the number of directions and each list contains 3 floats. This option is mutually
exclusive with directions_cartesian, but either option should be specified. Note:
The bandstructure is calculated in the extent of the direction vectors so their length has
significance for the range of the parabolic and non-parabolic fits.

• bands_below_fermi_level (int) – The number of bands below the Fermi level per
principal spin channel to include. This option is mutually exclusive with band_index. If
both bands_below_fermi_level and bands_above_fermi_level are given, at least
one must be non-zero. This value should be non-negative. Default: 1

• bands_above_fermi_level (int) – The number of bands above the Fermi level per
principal spin channel to include. This option is mutually exclusive with band_index. If
both bands_below_fermi_level and bands_above_fermi_level are given, at least
one must be non- zero. This value should be non-negative. Default: 1
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• band_index (int) – The band index for which to calculate the local bandstruc-
ture. This option is mutually exclusive with bands_below_fermi_level and
bands_above_fermi_level. This value must be non-negative.

• points_per_segment (int) – The number of k-points that is calculated from the given
k-point or symmetry point along the extent of the given direction vectors. These k-points
along the segments are available for the regression of the non-parabolicity parameter. This
value must be larger than or equal to 2. Default: 20

• effective_mass_method (Analytical | Numerical) – The method used when calcu-
lating the effective masses. Default: Numerical

• stencil_order (int) – The number of points to use in the second order derivative sten-
cil. This value should be larger than or equal to 2. Default: 5

• delta (PhysicalQuantity of type inverse length) – The spacing between the k-points used
for the stencil. This value must be positive. Default: 0.001 * Angstrom**-1

cartesianDirections()

Returns
The cartesian directions as an (N, 3) array where N is the number of directions.

Return type
PhysicalQuantity of type inverse length

effectiveMassMethod()

Returns
The method used to calculate the effective masses.

Return type
Analytical | Numerical

energies()

Returns

The energies at the k-point as a PhysicalQuantity of shape (directions, bands, spins, 2)
where directions is the number of directions, bands is the number of bands, and spins is
the number of spins.

Note: self.energies()[:, :, :, 0] contains energies exactly at the given k-
point whereas for self.energies()[:, :, :, 1] the evaluations are done at the
nearest extrema for each band.

Return type
PhysicalQuantity of type energy

evaluate(spin=None, band=None, direction=None, points_in_regression=None,
extremum_correction=None)

Evaluate the bandstructure properties at the k-point of the object.

Parameters

• spin (Spin.Up | Spin.Down | Spin.All) – The spin for which to return the effective
masses and the non-parabolicity parameters. For Noncollinear calculations only
Spin.All is accepted. Default: Spin.All

• band (int) – The band for which to return the effective masses and the non-
parabolicity parameters. Must be non-negative. Default: All bands that were specified
when the LocalBandstructure was created.
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• direction (int) – The direction for which to return the effective masses and the
non-parabolicity parameters. Must be non-negative. Default: All directions that were
specified when the LocalBandstructure was created.

• points_in_regression (int) – The number of k-points in the fit of the non-
parabolicity parameter. Must be larger than or equal to 2 and smaller than or equal
to points_per_segment. Default: 2

• extremum_correction (ExtremumCorrection.No | ExtremumCorrection.
Nearest | ExtremumCorrection.All) – The extremum correction method of
the k-point to evaluate for. ExtremumCorrection.No: There is no extremum
correction of the user specified k-point. ExtremumCorrection.Nearest: The
user specified k-point is corrected to the nearest extremum in each band for the
given segment. ExtremumCorrection.All: The returned PhysicalQuantity arrays
of the effective masses and non-parabolicity parameters contains the results of
ExtremumCorrection.No (in index 0) and ExtremumCorrection.Nearest (in
index 1) in the last axis. Default: ExtremumCorrection.Nearest

Returns

A tuple of two PhysicalQuantity arrays. Both have shape (directions, bands, spins, 1) or
(directions, bands, spins, 2) depending on the extremum_correction flag. Here direc-
tions is the number of directions, bands is the number of bands, and spins is the number
of spins.

The first PhysicalQuantity array is of type mass and contains effective masses. The second
is of type inverse energy and contains non-parabolicity parameters.

Return type
tuple of PhysicalQuantity arrays

fitBands(spin=None, band=None, direction=None, points_in_regression=None,
extremum_correction=None)

Method for calculating the parabolic and non-parabolic fits to the bandstructure.

Parameters

• spin (Spin.Up | Spin.Down | Spin.All) – The spin for which to calculate the ef-
fective mass and the non- parabolicity parameter. For Noncollinear calculations
only Spin.All is accepted. For this method Spin.All is not accepted for Polarized
calculations since only one spin species can be queried at a time. Default: Spin.All
(Spin.Up for Polarized calculations)

• band (int) – The band index for which to calculate the effective mass and the non-
parabolicity parameter. Must be non-negative. Default: 0

• direction (int) – The direction index for which to calculate the effective mass and
the non-parabolicity parameter. Must be non-negative. Default: 0

• points_in_regression (int) – The number of k-points for which to fit the non-
parabolicity parameter. Must be larger than or equal to 2 and smaller than or equal to
points_per_segment Default: 2

• extremum_correction (ExtremumCorrection.No | ExtremumCorrection.
Nearest) – The extremum correction method of the k-point to evaluate for.
ExtremumCorrection.No: There is no extremum correction of the user specified
k-point. ExtremumCorrection.Nearest: The user specified k-point is corrected to
the nearest extremum. Default: ExtremumCorrection.Nearest

Returns
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A tuple of five quantities.

1. The norm of the distances from the k-point where the subsequent quantities are eval-
uated as a PhysicalQuantity of type inverse length.

2. The calculated band as a PhysicalQuantity of type energy.

3. The effective-mass (parabolic) band as a PhysicalQuantity of type energy.

4. The non-parabolic band as a PhysicalQuantity of type energy.

5. The deviation of the non-parabolic band from the calculated band as a PhysicalQuan-
tity of type energy.

Return type
tuple

kpoint()

Returns
The k-point in fractional coordinates.

Return type
numpy.array

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the effective mass and non-parabolicity parameter of silicon for a k-point, 3 directions, and one band below
the Fermi level:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
(continues on next page)
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(continued from previous page)

lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(7, 7, 7),
density_mesh_cutoff=75.0*Hartree,
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()

# -------------------------------------------------------------
# Local bandstructure
# -------------------------------------------------------------
directions_cartesian = [[0.0, 0.0, 1.0],

[1.0, 1.0, 0.0],
[1.0, 1.0, 1.0]]*Angstrom**-1

local_bandstructure = LocalBandstructure(
configuration=bulk_configuration,
directions_cartesian=directions_cartesian,
kpoint_fractional=[0.5, 0.5, 0.5],
bands_below_fermi_level=1,
bands_above_fermi_level=0,
stencil_order=5,
delta=0.001*Angstrom**-1,
points_per_segment=20
)

nlprint(local_bandstructure)

(continues on next page)
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(continued from previous page)

# Evaluation of the local bandstructure parameters.
effective_mass, nonparabolicity_parameter = local_bandstructure.evaluate(

spin=Spin.Up,
band=0,
direction=2
)

eff_mass = effective_mass[0,0,0].inUnitsOf(electron_mass)
nonpara = nonparabolicity_parameter[0,0,0].inUnitsOf(eV**-1)

print('Effective mass: %.2f me' % (eff_mass))
print('Non-parabolicity parameter: %.4f 1/eV' % (nonpara))

local_bandstructure.py

Notes

• The non-parabolic dispersion model is given by

𝐸(k) (1 + 𝛼𝐸(k)) =
~2|k|2

2𝑚* ,

where 𝛼 and𝑚* are the non-parabolicity parameter and the effective mass respectively. The non-parabolic band
dispersion is explicitly expressed as

𝐸(k) =
−1 +

√︁
1 + 2𝛼~2

𝑚* |k|2

2𝛼
.

• The non-parabolicity parameter is fitted for a number of points along the length and direction of the given direc-
tion vector.

• The behavior of bands_above_fermi_level and bands_below_fermi_level with regard to the spin type
unpolarized, polarized, and noncollinear is described in Notes of the EffectiveMass analysis object.

LocalDensityOfStates

class LocalDensityOfStates(configuration, kpoints=None, energies=None, energy_zero_parameter=None,
band_indices=None, spectrum_method=None, density_mesh_cutoff=None)

Class for calculating the partial electron density.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion with an attached calculator for which to calculate the partial electron density.

• kpoints – The k-points for which to perform the calculation. This can either be given
as a k-point grid or a list of fractional k-points, e.g., [[0.0, 0.0, 0.0], [0.0, 0.0,
0.1], ...]. Default: The Monkhorst-Pack grid used for the self-consistent calculation.

• energies (PhysicalQuantity of type energy) – The energies for which to calculate the
projected density of states. The energies are relative to the zero of energy specified in
energy_zero_parameter. Default: numpy.arange(-1.0, 1.0, 0.01) * eV
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• energy_zero_parameter (FermiLevel | AbsoluteEnergy) – Specifies the choice for
the energy zero. Default: FermiLevel

• band_indices (list of int) – The band indices of the Bloch states to include in the
partial density. Default: All occupied bands

• spectrum_method (GaussianBroadening) – The method to use for calculating the par-
tial electron density. Default: GaussianBroadening(0.1*eV)

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
grid sampling. The mesh cutoff must be a positive energy or a GridSampling object.
Default: Specific for each calculator.

bandIndices()

Returns
The band indicies to include in the partial electron density.

Return type
list of int.

energies()

Returns
The energies.

Return type
PhysicalQuantity of type energy

energyZero()

Returns
The energy zero.

Return type
PhysicalQuantity of type energy.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The values for each energy at the specified point for the given spin. For Spin.All, a tuple
with (Spin.Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type length-3 * energy -1

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
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calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
Up

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

kpoints()

Returns
The kpoints given as input.

Return type
MonkhorstPackGrid | RegularKpointGrid | numpy.ndarray

localDensityOfStateAtEnergyIndex(energy_index=None)
Return the local density of states for a particular energy index.

Parameters
enegy_index (int) – The index of the energy for which to return the local density of
states.

Returns
A GridValues object with the local dos at a particular energy.

Return type
GridValues

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

spectrumMethod()

Returns
The method used for calculating the partial electron density.

Return type
GaussianBroadening

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Analyze the local density of states of a silver (111) surface. This structure is characterized by a surface state around
the Γ-point. In the example, the kpoint sampling is specified with a RegularKpointGrid in a kpoint region around the
Γ-point.

# -*- coding: utf-8 -*-
setVerbosity(MinimalLog)

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
vector_a = [2.88903, 0.0, 0.0]*Angstrom
vector_b = [-1.44451, 2.50197, 0.0]*Angstrom
vector_c = [0.0, 0.0, 40.0]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silver, Silver, Silver, Silver, Silver, Silver, Silver, Silver,

Silver, Silver, Silver, Silver]

# Define coordinates
fractional_coordinates = [[ 0.749999669084, 0.5 , 0.175654000711],

[ 0.749999669084, 0.5 , 0.352570000323],
[ 0.749999669084, 0.5 , 0.529485999935],
[ 0.749999669084, 0.5 , 0.706401999547],
[ 0.416666424719, 0.833333341397, 0.234626000582],
[ 0.416666424719, 0.833333341397, 0.411542000194],
[ 0.416666424719, 0.833333341397, 0.588457999806],
[ 0.416666424719, 0.833333341397, 0.765373999418],
[ 0.083334237113, 0.166666658603, 0.293598000453],
[ 0.083334237113, 0.166666658603, 0.470514000065],
[ 0.083334237113, 0.166666658603, 0.647429999677],
[ 0.083334237113, 0.166666658603, 0.824345999289]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = LDA.PZ

k_point_sampling = MonkhorstPackGrid(
(continues on next page)
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(continued from previous page)

na=11,
nb=11,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=45.0*Hartree,
k_point_sampling=k_point_sampling,
)

calculator = LCAOCalculator(
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave('local-density-of-states.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Local Density Of States
# -------------------------------------------------------------
kpoints = RegularKpointGrid(

ka_range=[-0.05, 0.05],
kb_range=[-0.05, 0.05],
kc_range=[0.0, 0.0],
na=5,
nb=5,
nc=1,
)

local_density_of_states = LocalDensityOfStates(
configuration=bulk_configuration,
kpoints=kpoints,
energies=numpy.linspace(-1, 1, 101)*eV,
band_indices=All,
energy_zero_parameter=FermiLevel,
spectrum_method=GaussianBroadening(0.1*eV),
)

nlsave('local-density-of-states.hdf5', local_density_of_states)

local_density_of_states.py

Notes

The LocalDensityOfStates can be calculated by specifying the

1. energies. The local density of states will be calculated at the specified energies.

2. band_indices. Only states from the specified band indices will contribute to the partial electron density. By
default, all bands are taken into account and the selection is determined by the energy range.

3. kpoints. The partial electron density is calculated from the eigenstates at the specified k-points.
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4. spectrum_method. The method used to integrate the density of states. Currently only GaussianBroadening
is supported. Each electronic state is assigned a gaussian weight determined by the eigenvalue and gaussian
broadening.

The local density of states is defined as:

𝐷(𝐸, r) =
∑︁
𝑖

∑︁
k

𝑤k|𝜓𝑖,k(r)|2𝛿(𝐸 − 𝜖𝑖,k),

≈
∑︁
𝑖

∑︁
k

𝑤k|𝜓𝑖,k(r)|2𝑤(𝐸, 𝜖𝑖,k),

where the sum over band indices 𝑖 includes only the specified bands (by default all bands). The weights 𝑤k and
𝑤(𝐸, 𝜖𝑖,k) are the k-point weights and the Gaussian weights, respectively. The energy dependent Gaussian weight is
computed with a normalized Gaussian centered at 𝜖𝑖,k with standard deviation 𝜎 over the specified energy range, i.e.

𝑤(𝜖𝑖,k) =
1√

2𝜋𝜎2
exp

(︃
− (𝐸 − 𝜖𝑖,k)

2

2𝜎2

)︃

Tersoff-Hamann approximation of simulated STM

The LocalDensityOfStates can be used to simulate scanning tunneling microscopy (STM) images within the Tersoff-
Hamann approximation1 assuming that the tip wave function has s-orbital character. When simulating an STM image,
the energy can be interpreted as the bias difference applied between the tip and the surface and the LocalDensityOfS-
tates represents the STM 𝑑𝐼/𝑑𝑉 measurement.

Notice that the Tersoff-Hamann approximation is the simplest approach to simulated STM images and it is not always
applicable. Also bare in mind that far away from a surface the partial density will be zero for an LCAO calculation
since the basis orbitals have a finite range.

LocalDeviceDensityOfStates

class LocalDeviceDensityOfStates(configuration, energy=None, kpoints=None, kpoints_weights=None,
contributions=None, self_energy_calculator=None,
energy_zero_parameter=None, infinitesimal=None,
density_mesh_cutoff=None)

Constructor for the Local Device Density of States (LDDOS) class. This class inherits from the GridValues
class.

Parameters

• configuration (DeviceConfiguration | SurfaceConfiguration) – The one or
two-probe configuration with attached calculator for which the LDDOS. should be cal-
culated.

• energy (PhysicalQuantity of type energy.) – The energy for which the LDDOS should
be calculated. Default: 0.0*eV

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity | sequence
of sequence (size 3) of float) – The k-points for which the LDDOS should be calculated.
This can either be given as a k-point grid or a list of fractional k-points, e.g., [[0.0, 0.0,
0.0], [0.0, 0.0, 0.1], ...]. Default: MonkhorstPackGrid(na, nb) where
(na, nb) is the sampling used for the self-consistent calculation.

1 J. Tersoff and D. R. Hamann. Theory of the scanning tunneling microscopy. Phys. Rev. B, 31:805, 1985. doi:10.1103/PhysRevB.31.805.
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• kpoints_weights (sequence of float) – The weight of each k-point for which the
transmission spectrum should be calculated. This should only be specified if kpoints is
given as a list of k-points. Default: The weights corresponding to the MonkhorstPack-
Grid, or a list of [1.0, 1.0, . . . ] if k-points are specified as floats.

• contributions (Left | Right | All) – The density contributions to include in the LD-
DOS. Default: All

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy
| SparseRecursionSelfEnergy | KrylovSelfEnergy) – The
self energy calculator to be used for the LDDOS. Default:
RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy.) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy.) – Small energy, used to move the
density of states calculation away from the real axis. This is only relevant for recursion-
style self-energy calculators. Default: 1.0e-6*eV

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
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are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

contributions()

Returns
The contributions used in the LDDOS calculation.

Return type
Left | Right | All

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy-1 × length-4

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

energy()

Returns
The energy used in this LDDOS.
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Return type
PhysicalQuantity of type energy.

energyZero()

Returns
The energy zero used for the energy scale in this LDDOS.

Return type
PhysicalQuantity of type energy.

energyZeroParameter()

Returns
The specified choice for the energy zero.

Return type
AverageFermiLevel | AbsoluteEnergy

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type energy-1 × length-3

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the local device density of states is calculated for, always Spin.All.

Return type
Spin.All

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.
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Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

Calculate the LocalDeviceDensityOfStates for a DeviceConfiguration and save the result for visualization with Quan-
tumATK:

ldos = LocalDeviceDensityOfStates(device_configuration, 0.0*eV, contributions=All)
nlsave('ldos.nc',ldos)

For examples on working with 3D grids, see HartreePotential and ElectronDensity.

Notes

The routine utilizes the symmetries of the configuration to reduce the computational load for k-point averaging.

The local density of states (LDOS) 𝐷(𝐸, r) for a device is computed via the spectral density matrix 𝜌(𝐸) = 𝜌𝐿(𝐸) +
𝜌𝑅(𝐸) (cf. The non-equilibrium Green’s function (NEGF) method) where 𝐿/𝑅 denotes the contribution from the
left/right electrode (see the keyword contributions above).

For DFT: LCAO calculators the LDDOS is evaluated as

𝐷(𝐸, r) =
∑︁
𝑖𝑗

𝜌𝑖𝑗(𝐸)𝜑𝑖(r)𝜑𝑗(r)

where we note that the basis set orbitals, 𝜑𝑖(r), are real functions in QuantumATK through the use of spherical har-
monics.
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For Semi Empirical calculators the LDDOS is projected on real space through Gaussian functions as

𝐷(𝐸, r) =
∑︁
𝑖

𝜌𝑖𝑗𝑆𝑖𝑗

(︁𝛼𝑖
𝜋

)︁ 3
2

𝑒−𝛼𝑖|r−R𝑖|2

to ensure consistency with the definition of the electron density (see Electron density).

The LDOS is related to the DeviceDensityOfStates (DDOS) 𝐷(𝐸) via an integral over all space.

If the function is integrated over both space and energy with the Fermi function,∫︁
𝐷(𝐸, r)𝑓

(︂
𝐸 − 𝜇

𝑘𝐵𝑇

)︂
𝑑𝐸𝑑r =

∑︁
𝑖𝑗

𝐷𝑖𝑗𝑆𝑖𝑗 = 𝑁,

it will give the total number of electrons 𝑁 .

LocalStress

class LocalStress(configuration)
Class for calculating the local stress.

Parameters
configuration (BulkConfiguration) – The configuration for which the local stress should
be calculated.

evaluate(atom_index=None)
Return the local stress of the selected atom. Each stress tensor is given by 6 energies:
(𝜎𝑥𝑥𝑖 , 𝜎𝑦𝑦𝑖 , 𝜎𝑧𝑧𝑖 , 𝜎

𝑦𝑧
𝑖 , 𝜎

𝑥𝑧
𝑖 , 𝜎𝑥𝑦𝑖 ) where 𝑖 is atom_index and 𝜎pair

𝑖 is the corresponding stress tensor.

Parameters
atom_index (int) – Index of atom to return. Default: Local stress of all atoms.

Returns
The requested stress tensor as a length 6 array if atom_index is not None, or all stress
tensors as an (N, 6) array if atom_index is None.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.
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Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the LocalStress of a SiO2 quartz cell using a classical Tersoff potential:

# -------------------------------------------------------------
# Set up a SiO2 alpha-quartz cell.
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.00000 ],

[ 0.0000, 0.4697, 0.66667 ],
[ 0.5303, 0.5303, 0.33333 ],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567],
[ 0.7331, 0.1466, 0.785767],
[ 0.5865, 0.8534, 0.214233],
[ 0.8534, 0.5865, 0.452433],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = Tersoff_SiO_2007()
calculator = TremoloXCalculator(parameters=potentialSet)
bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Local stress
# -------------------------------------------------------------
local_stress = LocalStress(bulk_configuration)

(continues on next page)
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(continued from previous page)

nlsave('Quartz_ls.nc', local_stress)
nlprint(local_stress)

local_stress.py

Notes

• The LocalStress provides a measure how much each atom contributes to the overall stress tensor of the system. It
does not represent a physical stress, in a strict sense, as the point particles do not have a finite volume. Therefore,
in contrast to the Stress, the local stress is not given in units of energy per volume but in energy units.

• The LocalStress is calculated by analytically decomposing the total stress tensor into local contributions of the
individual atoms of the system. Therefore, the local stress can only be calculated for classical potentials with the
TremoloXCalculator.

• The local stress contributions of each atom sum up to yield the total stress tensor of the system

𝜎 =
1

𝑉

∑︁
𝑖

𝜎𝑖 .

• The local stress of each atom is composed of additive components arising from the pair-, triple-, and quadruple-
interactions in the system.

For pairwise interactions 𝑣𝑖𝑗(r𝑖𝑗) the local stress of atom 𝑖 is calculated as

𝜎pair
𝑖 =

∑︁
(𝑖,𝑗)∈𝒫

−1

2
F𝑖𝑗𝑖 r

𝑇
𝑖𝑗 +

∑︁
(𝑗,𝑖)∈𝒫

1

2
F𝑗𝑖𝑖 r

𝑇
𝑖𝑗 ,

where F𝑖𝑗𝑘 = − 𝑑
𝑑r𝑘

𝑣𝑖𝑗 is the force on atom 𝑘 resulting form the interaction between atoms 𝑖 and 𝑗. The sum runs
over all interactions pairs 𝒫 .

For triple and quadruple interactions the stress contributions are accordingly

𝜎triple
𝑖 = −1

2

∑︁
(𝑖,𝑗,𝑘)∈𝒯

(︁
F𝑖𝑗𝑘𝑗 r𝑇𝑖𝑗 + F𝑖𝑗𝑘𝑘 r𝑇𝑖𝑘

)︁
+

1

2

∑︁
(𝑗,𝑖,𝑘)∈𝒯

F𝑗𝑖𝑘𝑖 r𝑇𝑖𝑗 +
1

2

∑︁
(𝑗,𝑘,𝑖)∈𝒯

F𝑗𝑘𝑖𝑖 r𝑇𝑖𝑗

and

𝜎quadruple
𝑖 =< 1

2

∑︀
(𝑖,𝑗,𝑘,𝑚)∈𝒬 F𝑖𝑗𝑘𝑚𝑖 r𝑇𝑖𝑗 + 1

2

∑︀
(𝑗,𝑖,𝑘,𝑚)∈𝒬

(︁
−F𝑗𝑖𝑘𝑚𝑗 r𝑇𝑖𝑗 + (F𝑗𝑖𝑘𝑚𝑗 + F𝑗𝑖𝑘𝑚𝑖 )r𝑇𝑖𝑘

)︁
<

< + 1
2

∑︀
(𝑗,𝑘,𝑖,𝑚)∈𝒬

(︁
−(F𝑗𝑘𝑖𝑚𝑗 + F𝑗𝑘𝑖𝑚𝑘 )r𝑇𝑖𝑘 − F𝑗𝑘𝑖𝑚𝑚 r𝑇𝑖𝑚

)︁
+ 1

2

∑︀
(𝑗,𝑘,𝑚,𝑖)∈𝒬 F𝑗𝑘𝑚𝑖𝑖 r𝑇𝑖𝑚

Here, 𝒯 and 𝒬 denote the sets of all interaction-triples and -quadruples, and Ftriple,quadruple
𝑘 =

− 𝑑
𝑑r𝑘

𝑣triple,quadruple is the force on particle 𝑘 arising from a triple- or quadruple-potential 𝑣.

The extension to manybody potentials, such as EAMsetflPotential is carried out in a similar way.

• In the current implementation, the long-range contributions in the CoulombSPME potential are not included in
the local stress as they are evaluated in reciprocal space.

• The local stress of a configuration can be visualized by opening the saved local stress object in the Viewer. To
visualize the local stress tensor of each atom 𝑖, you can select between the local pressure representation, i.e.

𝑝𝑖 = −1

3
(𝜎𝑥𝑥𝑖 + 𝜎𝑦𝑦𝑖 + 𝜎𝑧𝑧𝑖 ) ,
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or the Frobenius norm of the tensor

𝑛𝑜𝑟𝑚(𝜎𝑖) =

⎡⎣ ∑︁
𝛼,𝛽={𝑥,𝑦,𝑧}

(𝜎𝛼𝛽𝑖 )2

⎤⎦1/2

.

By selecting the User defined option, you can choose which components should be included in the Frobenius
norm.

LocalStructure

class LocalStructure(configuration, cutoff_radius_structure=None, cutoff_radius_coordination=None,
centrosymmetry_neighbors=None)

Class for calculating the local structure parameters.

Parameters

• configuration (BulkConfiguration) – The configuration for which the structure
analysis should be calculated.

• cutoff_radius_structure (PhysicalQuantity of type length) – The cutoff radius used
for the local structure analysis. Default: 8.0 Angstrom

• cutoff_radius_coordination (PhysicalQuantity of type length) – The cutoff radius
used to calculate the coordination number. Cannot be larger than cutoff_radius. Default:
4.0 Angstrom

• centrosymmetry_neighbors (even int) – The number of neighbors for each atom to
be included in the centro-symmetry calculation (e.g. 12 for face centered cubic, 8 for body
centered cubic). Must be between 8 and 20. Default: 12 (face centered cubic).

centrosymmetryParameters(atom_index=None)
Return the list of centrosymmetry parameters for all atoms or a selected atom.

Parameters
atom_index (int) – Index of the atom to return the centrosymmetry parameters for. De-
fault: Centrosymmetry parameters of all atoms.

Returns
Either an array of all centrosymmetry parameters if atom_index is None, or the parameter
for the specified atom.

Return type
numpy.array | float

coordinationNumbers(atom_index=None)
Return the list of coordination numbers for all atoms or a selected atom.

Parameters
atom_index (int) – Index of the atom to return the coordination number for. Default:
Coordination numbers of all atoms.

Returns
Either an array of all coordination numbers if atom_index is None, or the coordination
number for the specified atom.

Return type
numpy.array | float
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evaluate(atom_index=None)

Return the list of local structure indices for all atoms or a selected atom.

• 0: Undefined

• 1: FCC

• 2: BCC

• 3: HCP

• 4: Icosahedral

• 5: Diamond-like

Parameters
atom_index (int) – Index of the atom to return the local crystal structure for. Default:
Local structure of all atoms.

Returns
Either all local structure indices as an array if atom_index is None, or the structure index
for the specified atom

Return type
numpy.array | float

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Analyze the LocalStructure of fcc copper:

# -------------------------------------------------------------
# Local structure
# -------------------------------------------------------------
local_structure = LocalStructure(bulk_configuration,

cutoff_radius_structure=8.0*Angstrom,
cutoff_radius_coordination=3.5*Angstrom,
centrosymmetry_neighbors=12)

nlsave('ls_copper.nc', local_structure)
nlprint(local_structure)

# Extract the local structure index of the first atom
ls_atom1 = local_structure.evaluate(atom_index=0)

# Extract the centrosymmetry parameter of the first atom
cs_atom1 = local_structure.centrosymmetryParameters(atom_index=0)

# Extract the coordination number of the first atom
cn_atom1 = local_structure.coordinationNumbers(atom_index=0)

local_structure.py

Notes

• The LocalStructure object assigns a crystal structure type to each atom based on its local environment, as de-
scribed in1. The range of the local atomic environment is specified by the cutoff_radius_structure argu-
ment. The assigned crystal structures, however, are not particularly sensitive to the exact choice of this value, and
the default setting commonly yields correct results. The results can be visualized by the corresponding plugin
of the 3D Viewer.

• Furthermore, the LocalStructure object calculates the centrosymmetry parameter, as well as the coordination
number for each atom.

• The centrosymmetry parameter quantifies the symmetry of the local environment around each atomic site, as
described in2. When the atom represents a perfect center of symmetry, a zero value is returned, while devi-
ations from a centrosymmetric arrangement yield values larger than zero. This parameter can, for instance,
be used to detect defects in the crystal lattice. For meaningful results, it is important to specify the cor-
rect number of nearest neighbors of the considered crystal structure (e.g. 8 for bcc, and 12 for fcc) via the
centrosymmetry_neighbors argument. Note that diamond-like structures can not be analyzed, since they are
not centrosymmetric.

• The coordination number returns the number of neighbors of each atom within a given cutoff range, as specified
by the cutoff_radius_coordination argument. Unlike the crystal structure indices, the resulting coordina-
tion numbers are rather sensitive to the choice of the cutoff and the default setting may not provide the best results
for all materials.

1 A. Stukowski. Structure identification methods for atomistic simulations of crystalline materials. Modelling and Simulation in Materials Science
and Engineering, 20(4):45021, 2012. URL: http://stacks.iop.org/0965-0393/20/i=4/a=045021.

2 C. L. Kelchner, S. J. Plimpton, and J. C. Hamilton. Dislocation nucleation and defect structure during surface indentation. Phys. Rev. B,
58:11085–11088, Nov 1998. doi:10.1103/PhysRevB.58.11085.
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MDMeasurement

class MDMeasurement(measurements, call_interval=None)
A measurement hook used to save common MD scalar quantities. Should be used as measurement_hook in
MolecularDynamics.

Parameters

• measurements (list of type str) – A list of measurements to save. Valid measure-
ment names include:

– kinetic_energy

– potential_energy

– volume

– density

– temperature

– pressure

– stress

– strain

– dipole

– charge_current

The measurements, “pressure”, “stress”, and “strain” represent the average of the diagonal
components of these tensors. Individual tensor components can be obtained by appending
an underscore and two Cartesian directions. For example, the pressure along the xy direc-
tion is represented with “pressure_xy” and the strain along the x direction is “strain_xx”.
If the full tensor is desired, then “_tensor” can be appended. For example “strain_tensor”
or “pressure_tensor”. The same applies for vectors, with components referenced by x, y
and z. The complete vector is referenced by the postfix “_vector”

• call_interval (int) – The interval at which the hook function’s call method should be
invoked during an MD simulation. Default: 1 (called at every step).

callInterval()

Returns
The call interval of this hook function.

Return type
int

measurementNames()

Returns
The names of all measured properties.

Type
list of type str
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Usage Examples

Run a 6 ps NVT MD simulation, with a strain rate of 0.25% per ps, while measuring the stress and strain at every MD
step. These measurements are then used to plot a stress-strain curve.

# Define a strain configuration hook.
strain_hook = StrainConfigurationHook(

strain_direction='x',
strain_rate=0.005 / ps,
strain_interval=1000,

)

measurement_names = ['stress_xx', 'strain_xx']

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='stress_strain.hdf5',
steps=6000,
log_interval=1000,
pre_step_hook=strain_hook,
measurement_hook=MDMeasurement(measurement_names, call_interval=1),
method=method,

)

bulk_configuration = md_trajectory.lastImage()

# Get stress strain values.
times, strains = md_trajectory.measurement('strain_xx')
times, stresses = md_trajectory.measurement('stress_xx')

# Perform linear fit.
polynomial_coefficients = numpy.polyfit(strains, stresses.inUnitsOf(GPa), 1)
youngs_modulus = polynomial_coefficients[0] * GPa

# Evaluate polynomial to plot best fit line.
stresses_fit = numpy.polyval(polynomial_coefficients, strains)

# Plot the fit.
import pylab
pylab.plot(

strains,
stresses_fit,
label="Linear Fit (Young's Modulus=%.1f GPa)" % youngs_modulus,

)

# Plot MD data.
pylab.scatter(

strains,
stresses.inUnitsOf(GPa),
label='MD Data',
color='k',

)
(continues on next page)
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(continued from previous page)

# Setup plot.
pylab.xlabel('Strain')
pylab.ylabel('Stress (GPa)')
pylab.legend()

# Save to file.
pylab.savefig('stress_strain.png')

The resulting plot will look like:

The full script can be downloaded: stress_strain.py

Notes

• All measurements are stored on the MDTrajectory object and can be accessed using the measurement method.
This method returns a tuple of the MD times associated with the measurement and the measurements itself.

• Custom measurements can be defined using the measurement_hook argument of MolecularDynamics. For
additional details see MolecularDynamics notes.

• Measurements can be visualized using the MovieTool with the MDTrajectory.

• When a MDTrajectory is read on the LabFloor all measurements will be displayed. Custom plots can be created
using the Data Plot plugin.
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MDTrajectory

class MDTrajectory(path=None, group_name=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>)

Constructor for the MDTrajectory that contains the configurations from a MolecularDynamics() run.

Parameters

• path (str | None) – The path to the HDF5 file. If the path is None then all data will be
stored in memory and no file will be written. Default: None

• group_name (str | Automatic) – The name of the HDF5 group to store the data in. If
the value is Automatic then a new group will be automatically made. Default: Automatic

calculator()

Returns
The calculator if one is available, otherwise None.

Return type
Calculator | None

cells(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The cell vectors of the images or None if the trajectory length is zero or the configuration
is a MoleculeConfiguration.

Return type
PhysicalQuantity of type length | None

concatenate(*trajectories, interval=1, path=None, object_id=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>)

Combine several MDTrajectory objects into a new MDTrajectory.

Parameters

• trajectories (list of MDTrajectory objects) – List of MDTrajectory ob-
jects to concatenate to this trajectory. The trajectories must be continuous, i.e. the last
images of the previous trajectory must match the first image of the next trajectory.

• interval (int) – Only keep every interval steps.

• path (str | None) – The path to the HDF5 file. If the path is None then all data will
be stored in memory and no file will be written. Default: None

• object_id – The object id to use. If the value is Automatic then an id will be auto-
matically made. Default: Automatic

Returns
The concatenated MDTrajectory.

Return type
MDTrajectory

coordinates(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices
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Returns
The Cartesian coordinates of the images or None the trajectory length is zero.

Return type
PhysicalQuantity of type length | None

elements()

Returns
The elements of the images as a list of length n or None if the trajectory length is zero.

Return type
list of type PeriodicTableElement

forces(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The forces of the images. If the trajectory length is zero or the forces were not written
during the MolecularDynamics run then None is returned.

Return type
PhysicalQuantity of type energy/length | None

image(image_index, set_calculator=True, set_velocities=True, recycle_configuration=False)

Parameters

• image_index (int) – The index of the configuration that should be extracted.

• set_calculator (bool) – If True, the calculator is set on the returned image. This
can be disabled to increase the performance when iterating over images, because the
overhead of copying and setting up a new calculator can be large. Default: True

• set_velocities (bool) – If True, the velocities are set on the returned image. This
can be disabled to increase performance. Default: True

• recycle_configuration (bool) – If True, the same configuration instance (with
updated coordinates/cell) is returned each time image is called. This can increase
performance, when iterating through images, but only allows for one configuration to
exist at a time. Default: False

Returns
A copy of the configuration with the image_index.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

kineticEnergies(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The kinetic energies of the images or None the trajectory length is zero.

Return type
PhysicalQuantity of type energy | None
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lastImage()

Returns
The last image in the trajectory with the calculator attached.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

lastStep()

Returns
The step number of the last step.

Return type
int

lastTime()

Returns
The time associated with the last step.

Return type
PhysicalQuantity of type time

length()

Returns
The number of images in the trajectory.

Return type
int

logInterval()

Deprecated: The method “logInterval” will be deprecated. Please use “trajectoryInterval” instead.

Returns
The interval at which snapshots are saved.

Return type
int

masses()

Returns
The masses of the atoms with shape (num_atoms,) or None if the trajectory length is zero.

Return type
PhysicalQuantity of type mass

measurement(name, idx=Ellipsis)

Parameters

• name (str) – The name of the measurement.

• idx (int | slice) – The index or slice to return. Default: All indices

Returns
A 2-tuple of the time and the measurement.

Return type
tuple
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measurementNames()

Returns
The names of the measurements.

Return type
list of type str

metatext()

Returns
The metatext of the object or None if no metatext is set.

Return type
str | None

nlinfo()

Returns
The trajectory information.

Return type
dict

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Write a text description of the trajectory to the stream.

Parameters
stream (file-like object) – The stream to write to. Default: sys.stdout

numberOfAtoms()

Returns
The number of atoms in the system.

Return type
int

potentialEnergies(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The potential energies of the images or None the trajectory length is zero.

Return type
PhysicalQuantity of type energy | None

pressureTensors(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The pressure tensors of the images as a vector with shape (m, 3, 3) or None if the trajectory
length is zero.

Return type
PhysicalQuantity of type pressure | None
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pressures(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The pressure values of the images as a vector with shape (m) or None if the trajectory
length is zero.

Return type
PhysicalQuantity of type pressure | None

prune(interval, path=None, object_id=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>)
Copy the this MDTrajectory and reduce the number of images.

Parameters

• interval (int) – Only keep every interval steps.

• path (str | None) – The path to the HDF5 file. If the path is None then all data will
be stored in memory and no file will be written. Default: None

• object_id – The object id to use. If the value is Automatic then an id will be auto-
matically made. Default: Automatic

Returns
The pruned MDTrajectory.

Return type
MDTrajectory

reservoirPressures(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The reservoir pressure of the MD barostat. If the trajectory length is zero or this trajectory
was not generated from a NPT simulation then None is returned.

Return type
PhysicalQuantity of type temperature

reservoirTemperatures(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The reservoir temperature of the MD thermostat. If the trajectory length is zero or this
trajectory was generated from a NVE simulation then None is returned.

Return type
PhysicalQuantity of type temperature

setMetatext(text)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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steps(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The MD step numbers of the images or None the trajectory length is zero.

Return type
array of type int | None

stresses(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The stresses of the images. If the trajectory length is zero or the stresses were not written
during the MolecularDynamics run then None is returned. None is also returned if the
configuration is a MoleculeConfiguration.

Return type
PhysicalQuantity of type pressure | None

temperatures(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The instantaneous kinetic temperatures of the images. If the trajectory length is zero or the
temperatures were not written during the MolecularDynamics run then None is returned.

Return type
PhysicalQuantity of type temperature

timeInterval()

Returns
The time interval between two images.

Return type
PhysicalQuantity of type time

timeStep()

Returns
The MD time step of the simulation.

Return type
PhysicalQuantity of type time

times(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The simulation times of the images or None the trajectory length is zero.

Return type
PhysicalQuantity of type time | None
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trajectoryInterval()

Returns
The interval at which snapshots are saved.

Return type
int

uniqueElements()

Returns
The unique elements of the images or None if the trajectory length is zero.

Return type
list of type PeriodicTableElement

velocities(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: All indices

Returns
The velocities of the images. If the trajectory length is zero or the velocities were not
written during the MolecularDynamics run then None is returned.

Return type
PhysicalQuantity of type length/time

volumes(idx=Ellipsis)

Parameters
idx (int | slice) – The index or slice to return. Default: Ellipsis

Returns
The volumes of the unit cells. If this was a MD simulation of molecules, then None will
be returned.

Return type
PhysicalQuantity of type length**3 | None

writeToXYZ(filename)
Make a xyz dump of the whole trajectory.

Parameters
filename (str) – The name of the file to write to.

Usage Examples

Perform four Molecular Dynamics simulations with different time steps and save their trajectories in the file
trajectory.nc.

# Define a benzene ring
cartesian_coordinates = [[ 0.0 , 1.399795, 0.0],

[ 1.212253, 0.69976 , 0.0],
[ 1.212253, -0.69976 , 0.0],
[ 0.0 , -1.399795, 0.0],
[-1.212253, -0.69976 , 0.0],
[-1.212253, 0.69976 , 0.0],
[ 0.0 , 2.500678, 0.0],

(continues on next page)
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[ 2.165671, 1.250363, 0.0],
[ 2.165671, -1.250363, 0.0],
[ 0.0 , -2.500678, 0.0],
[-2.165671, -1.250363, 0.0],
[-2.165671, 1.250363, 0.0]]*Angstrom

molecule_configuration = MoleculeConfiguration(
elements=[Carbon,]*6+[Hydrogen,]*6,
cartesian_coordinates=cartesian_coordinates
)

# Attach a calculator
molecule_configuration.setCalculator(BrennerCalculator())

initial_velocity = MaxwellBoltzmannDistribution(
temperature=300.0*Kelvin

)

length_of_simulation = 20*femtoSecond

# Generate trajectories for different time steps
for time_step in [0.1, 0.5, 1, 2]*femtoSecond:

method = NVEVelocityVerlet(
time_step=time_step,
initial_velocity=initial_velocity
)

# Generate trajectory
molecular_dynamics = MolecularDynamics(

molecule_configuration,
trajectory_filename='trajectory.nc',
steps=int(length_of_simulation/time_step),
log_interval=max(1,int(2*femtoSecond/time_step)),
method=method
)

mdrun.py

Plot the total energy as function of time for the trajectories in the file trajectory.nc.

import pylab

# Read in a list with the trajectories
trajectories = nlread('trajectory.nc', MDTrajectory)

pylab.figure()
for trajectory in trajectories:

# Get the time axis of the trajectory
t = trajectory.times().inUnitsOf(femtoSecond)

# Calculate the time step
time_step = t[-1]/trajectory.steps()[-1]

(continues on next page)
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# Get the energies
epot = trajectory.potentialEnergies().inUnitsOf(eV)
ekin = trajectory.kineticEnergies().inUnitsOf(eV)

# Plot the data
pylab.plot(t,epot+ekin, label='timestep=' + str(time_step)+' fs')
pylab.xlabel('time (fs)')
pylab.ylabel('total energy (eV)')
pylab.legend()

pylab.show()

mdplot.py

Fig. 4.29: The total energy as function of the simulation time in MD runs with different time steps.
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MTPPotential

class MTPPotential(file, suppress_intercept=False, group_name='')
Constructor of the potential

Parameters

• file (str) – The name of a file containing the data for a fitted moment tensor potential.

• suppress_intercept (Bool) – Suppress the intercept of the linear model. This will
cause the energy to deviate from the reference by some system-independent additive con-
stant, but will ensure that the energy of the empty system is 0.

• group_name (str) – Optional name of a hdf5-group in file containing the data for a fitted
moment tensor potential, if the data is not in the root-group of file

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Create a calculator for use in calculations on SiC. The parameters for the MTP are contained in the file
SiC_MTP_Parameters.mtp.

# Create the TremoloX potential set
potential_set = TremoloXPotentialSet(name='SiC MTP Potential')

# Add the silicon particle type to the potential set
potential_set.addParticleType(ParticleType(

symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=None,
atomicNumber=14,

))

# Add the carbon particle type to the potential set
potential_set.addParticleType(ParticleType(

(continues on next page)

4.13. Full QuantumATK package 1403



QuantumATK V-2023.12 Documentation

(continued from previous page)

symbol='C',
mass=12.0107*atomic_mass_unit,
charge=None,
atomicNumber=6,

))

# Add the MTP potential parameters contained in the SiC_MTP_Parameters.mtp file.
mtp_potential = MTPPotential(

file='SiC_MTP_Parameters.mtp',
suppress_intercept=False,
group_name='',

)
potential_set.addPotential(mtp_potential)

# Create the Forcefield calculator and add it to the configuration.
calculator = TremoloXCalculator(parameters=potential_set)

mtp_calculator_example.py

Notes

This class implements the moment tensor potential (MTP) framework1. Moment tensor potentials are a class of sys-
tematically improvable machine learning (ML) potentials. They require a parameter file, which has been trained on a
suitable set of ab-initio calculations of configurations containing representative atomic environments.

A Forcefield calculator that uses an MTP can be created using a potential set that contains a MTPPotential object.
When added to a potential set the MTPPotential class takes as an argument the file name of the file that contains
the parameters for the MTP. These files typically have the extention .mtp. Parameter files can be created using MTP
training tools such as the MomentTensorPotentialTraining class. In addition to the MTP parameters, the potential
set must also include a particle type definition for each element contained within the MTP.

The above example shows how to create a Forcefield calculator for calculations on SiC. Here the MTP contains param-
eters for both Si and C in the file SiC_MTP_Parameters.mtp file.

MaddenDispersivePotential

class MaddenDispersivePotential(particleType1, particleType2, b, C6, C8, kmax6=6, kmax8=8, c6=1.0,
c8=1.0, r_cut=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• b (PhysicalQuantity of type length**-1) – Potential parameter.
1 Alexander V Shapeev. Moment tensor potentials: a class of systematically improvable interatomic potentials. Multiscale Modeling & Simula-

tion, 14(3):1153–1173, 2016.
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• c6 (float) – Potential parameter.

• c8 (float) – Potential parameter.

• C6 (PhysicalQuantity of type energy * length**6) – Potential parameter.

• C8 (PhysicalQuantity of type energy * length**8) – Potential parameter.

• kmax6 (int) – Potential parameter.

• kmax8 (int) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Madden-Potential potential for an MgSiO3 perovskite structure by adding particle types and interaction func-
tions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleOrthorhombic(4.7786*Angstrom, 4.9293*Angstrom, 6.9003*Angstrom)

# Define elements
elements = [Magnesium, Magnesium, Magnesium, Magnesium, Silicon, Silicon,

Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,
Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.9856, 0.0564, 0.25 ],

[ 0.0144, 0.9436, 0.75 ],
[ 0.4856, 0.4436, 0.75 ],

(continues on next page)
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[ 0.5144, 0.5564, 0.25 ],
[ 0. , 0.5 , 0. ],
[ 0. , 0.5 , 0.5 ],
[ 0.5 , 0. , 0.5 ],
[ 0.5 , 0. , 0. ],
[ 0.1015, 0.4673, 0.25 ],
[ 0.8985, 0.5327, 0.75 ],
[ 0.6015, 0.0327, 0.75 ],
[ 0.3985, 0.9673, 0.25 ],
[ 0.6962, 0.2983, 0.0524],
[ 0.6962, 0.2983, 0.4476],
[ 0.3038, 0.7017, 0.5524],
[ 0.1962, 0.2017, 0.5524],
[ 0.8038, 0.7983, 0.4476],
[ 0.8038, 0.7983, 0.0524],
[ 0.1962, 0.2017, 0.9476],
[ 0.3038, 0.7017, 0.9476]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potential_set = TremoloXPotentialSet(name = 'Jahn_AlCaMgOSi_2007')

# Define and add the general particle types.
potential_set.addParticleType(

ParticleType(
symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=4.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)
potential_set.addParticleType(

ParticleType(
symbol='Mg',
mass=24.305*atomic_mass_unit,
charge=2.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

(continues on next page)
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)
)
potential_set.addParticleType(

ParticleType(
symbol='O',
mass=15.9994 * atomic_mass_unit,
charge=-2.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)

# Define and add the Madden-Ewald-option.
option = MaddenEwaldOption(kappa=0.5, r_cut=7.5*Angstrom)
potential_set.addOption(option)

# Define and add the dispersive potential.
potential = MaddenDispersivePotential(

particleType1='Mg',
particleType2='O',
b=4.1681689*1/Ang,
C6=1.3021902*eV*Ang**6,
C8=4.2341478*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenDispersivePotential(

particleType1='Si',
particleType2='O',
b=4.1681689*1/Ang,
C6=1.3021902*eV*Ang**6,
C8=4.2341478*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenDispersivePotential(

particleType1='O',
particleType2='O',
b=2.718371*1/Ang,
C6=26.51346*eV*Ang**6,
C8=142.77637*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)

(continues on next page)
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# Define and add the Madden particle type for oxygen.
potential = MaddenParticle(

particleType='O',
dipolePolarization=True,
quadrupolePolarization=True,
alpha=8.7671*elementary_charge**2*Bohr**2 / Hartree,
B=0*elementary_charge**3*Bohr**4 / Hartree**2,
C=11.5124*elementary_charge**2*Bohr**4 / Hartree ,
dipoleDistortion=True,
quadrupoleDistortion=True,
D=0.49566*Hartree,
beta=1.2325*Bohr**-1,
zeta=0.89219*Bohr**-1,
eta=4.3646*Bohr**-1,
gamma=1*Hartree

)
potential_set.addPotential(potential)

# Define and add the repulsive potential.
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='Mg',
A=1127.6125*eV,
a=3.1346777*1/Ang,
B=1615675.9*eV,
b=7.3914748*1/Ang,
C=170982.73*eV,
c=8.0190528*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='Si',
A=1177.627*eV,
a=2.9135798*1/Ang,
B=1196266.8*eV,
b=7.5233777*1/Ang,
C=170982.73*eV,
c=8.0190528*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='O',
A=0.0*eV,
a=0.0*1/Ang,
B=0.0*eV,
b=0.0*1/Ang,
C=14530.879*eV,

(continues on next page)
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c=5.03763186568*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

# Define and add the polarization damping potential.
potential = MaddenPolarizationDampingPotential(

particleType1='O',
particleType2='Mg',
bD=4.1853654*1/Ang,
cD=2.828,
kmaxD=4,
bQ=3.6471714*1/Ang,
cQ=1.3317,
kmaxQ=6,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenPolarizationDampingPotential(

particleType1='O',
particleType2='Si',
bD=4.015668*1/Ang,
cD=1.5933,
kmaxD=4,
bQ=3.6974382*1/Ang,
cQ=1.0592,
kmaxQ=6,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

# Set the Coulomb solver.
potential_set.setCoulombSolver(
CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2)

)

# Set up the TremoloX-calculator with the constructed Madden-potential.
calculator = TremoloXCalculator(parameters=potential_set)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Optimize the structure and the cell.
bulk_configuration = OptimizeGeometry(

bulk_configuration,
max_forces=0.01*eV/Ang,
max_stress=0.001*eV/Ang**3,
max_steps=200,
max_step_length=0.2*Ang,
trajectory_filename=None,
optimizer_method=LBFGS(),
)

(continues on next page)
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nlprint(bulk_configuration)

See also ref.maddencommon.notes.

MaddenEwaldOption

class MaddenEwaldOption(kappa, r_cut)
Constructor of the option.

Parameters

• kappa (PhysicalQuantity of type length**-1) – Splitting parameter of the
Ewald summation.

• r_cut (PhysicalQuantity of type length ) – Real-space cutoff of the Ewald sum-
mation.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Madden-Potential potential for an MgSiO3 perovskite structure by adding particle types and interaction func-
tions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleOrthorhombic(4.7786*Angstrom, 4.9293*Angstrom, 6.9003*Angstrom)

# Define elements
(continues on next page)
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elements = [Magnesium, Magnesium, Magnesium, Magnesium, Silicon, Silicon,
Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,
Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.9856, 0.0564, 0.25 ],

[ 0.0144, 0.9436, 0.75 ],
[ 0.4856, 0.4436, 0.75 ],
[ 0.5144, 0.5564, 0.25 ],
[ 0. , 0.5 , 0. ],
[ 0. , 0.5 , 0.5 ],
[ 0.5 , 0. , 0.5 ],
[ 0.5 , 0. , 0. ],
[ 0.1015, 0.4673, 0.25 ],
[ 0.8985, 0.5327, 0.75 ],
[ 0.6015, 0.0327, 0.75 ],
[ 0.3985, 0.9673, 0.25 ],
[ 0.6962, 0.2983, 0.0524],
[ 0.6962, 0.2983, 0.4476],
[ 0.3038, 0.7017, 0.5524],
[ 0.1962, 0.2017, 0.5524],
[ 0.8038, 0.7983, 0.4476],
[ 0.8038, 0.7983, 0.0524],
[ 0.1962, 0.2017, 0.9476],
[ 0.3038, 0.7017, 0.9476]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potential_set = TremoloXPotentialSet(name = 'Jahn_AlCaMgOSi_2007')

# Define and add the general particle types.
potential_set.addParticleType(

ParticleType(
symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=4.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)
potential_set.addParticleType(

(continues on next page)
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ParticleType(
symbol='Mg',
mass=24.305*atomic_mass_unit,
charge=2.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)
potential_set.addParticleType(

ParticleType(
symbol='O',
mass=15.9994 * atomic_mass_unit,
charge=-2.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)

# Define and add the Madden-Ewald-option.
option = MaddenEwaldOption(kappa=0.5, r_cut=7.5*Angstrom)
potential_set.addOption(option)

# Define and add the dispersive potential.
potential = MaddenDispersivePotential(

particleType1='Mg',
particleType2='O',
b=4.1681689*1/Ang,
C6=1.3021902*eV*Ang**6,
C8=4.2341478*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenDispersivePotential(

particleType1='Si',
particleType2='O',
b=4.1681689*1/Ang,
C6=1.3021902*eV*Ang**6,
C8=4.2341478*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenDispersivePotential(

particleType1='O',
particleType2='O',

(continues on next page)
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b=2.718371*1/Ang,
C6=26.51346*eV*Ang**6,
C8=142.77637*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)

# Define and add the Madden particle type for oxygen.
potential = MaddenParticle(

particleType='O',
dipolePolarization=True,
quadrupolePolarization=True,
alpha=8.7671*elementary_charge**2*Bohr**2 / Hartree,
B=0*elementary_charge**3*Bohr**4 / Hartree**2,
C=11.5124*elementary_charge**2*Bohr**4 / Hartree ,
dipoleDistortion=True,
quadrupoleDistortion=True,
D=0.49566*Hartree,
beta=1.2325*Bohr**-1,
zeta=0.89219*Bohr**-1,
eta=4.3646*Bohr**-1,
gamma=1*Hartree

)
potential_set.addPotential(potential)

# Define and add the repulsive potential.
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='Mg',
A=1127.6125*eV,
a=3.1346777*1/Ang,
B=1615675.9*eV,
b=7.3914748*1/Ang,
C=170982.73*eV,
c=8.0190528*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='Si',
A=1177.627*eV,
a=2.9135798*1/Ang,
B=1196266.8*eV,
b=7.5233777*1/Ang,
C=170982.73*eV,
c=8.0190528*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

(continues on next page)
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potential = MaddenRepulsivePotential(
particleType1='O',
particleType2='O',
A=0.0*eV,
a=0.0*1/Ang,
B=0.0*eV,
b=0.0*1/Ang,
C=14530.879*eV,
c=5.03763186568*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

# Define and add the polarization damping potential.
potential = MaddenPolarizationDampingPotential(

particleType1='O',
particleType2='Mg',
bD=4.1853654*1/Ang,
cD=2.828,
kmaxD=4,
bQ=3.6471714*1/Ang,
cQ=1.3317,
kmaxQ=6,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenPolarizationDampingPotential(

particleType1='O',
particleType2='Si',
bD=4.015668*1/Ang,
cD=1.5933,
kmaxD=4,
bQ=3.6974382*1/Ang,
cQ=1.0592,
kmaxQ=6,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

# Set the Coulomb solver.
potential_set.setCoulombSolver(
CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2)

)

# Set up the TremoloX-calculator with the constructed Madden-potential.
calculator = TremoloXCalculator(parameters=potential_set)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Optimize the structure and the cell.
bulk_configuration = OptimizeGeometry(

(continues on next page)
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bulk_configuration,
max_forces=0.01*eV/Ang,
max_stress=0.001*eV/Ang**3,
max_steps=200,
max_step_length=0.2*Ang,
trajectory_filename=None,
optimizer_method=LBFGS(),
)

nlprint(bulk_configuration)

See also ref.maddencommon.notes.

MaddenOptimizationOption

class MaddenOptimizationOption(repMaxIterations=None, repFTol=None, repGradTol=None,
polMaxIterations=None, polFTol=None, polGradTol=None)

Constructor of the option.

Parameters

• repMaxIterations (int) – The maximal number of iterations that are allowed during
the optimization of the repulsive potential part.

• repFTol (float) – Stop the optimization of the repulsive part of the Madden potential
if the relative change in the objective function value is smaller than this value. If set to <
0, this stopping criterion is disabled.

• repGradTol (float) – Stop the optimization of the repulsive part of the Madden poten-
tial if the 2-norm of the gradient of the objective function is smaller than this value. If set
to < 0, this stopping criterion is disabled.

• polMaxIterations (int) – The maximal number of iterations that are allowed during
the optimization of the polarization potential part.

• polFTol (float) – Stop the optimization of the polarization part of the Madden potential
if the relative change in the objective function value is smaller than this value. If set to <
0, this stopping criterion is disabled.

• polGradTol (float) – Stop the optimization of the polarization part of the Madden
potential if the 2-norm of the gradient of the objective function is smaller than this value.
If set to < 0, this stopping criterion is disabled.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a Madden potential and add an optimization option to stop the internal optimization of the polarization potential
after 20 iterations.

# Set up a Madden potential.
potential_set = Tangney_OSi_2002()

# Set up an optimization option to stop the optimization after 20 iterations.
optimization_option = MaddenOptimizationOption(

polMaxIterations=20,
)
potential_set.addOption(optimization_option)

Notes

This option can be used to specify the details of the internal optimization in a Madden potential. It can be added to a
TremoloXPotentialSet via the addOption() method.

MaddenParticle

class MaddenParticle(particleType, dipolePolarization, quadrupolePolarization, alpha, B, C, dipoleDistortion,
quadrupoleDistortion, D, beta, zeta, eta, gamma)

Constructor of the potential.

Parameters

• particleType (ParticleType or ParticleIdentifier) – Identifier of the particle
type.

• dipolePolarization (bool) – Enable/disable dipole polarization (induced dipoles).

• quadrupolePolarization (bool) – Enable/disable quadrupole polarization (induced
quadrupoles).

• alpha (PhysicalQuantity of type charge**2 * length**2 / energy) – Po-
tential parameter for the electrostatic self-energy term.

• B (PhysicalQuantity of type charge**3 * length**4 / energy**2) – Po-
tential parameter for the electrostatic self-energy term.
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• C (PhysicalQuantity of type charge**2 * length**4 / energy) – Potential
parameter for the electrostatic self-energy term.

• dipoleDistortion (bool) – Enable/disable dipolar ion distortion.

• quadrupoleDistortion (bool) – Enable/disable quadrupole ion distortion.

• D (PhysicalQuantity of type energy) – Potential parameter for the distortion self-
energy term.

• beta (PhysicalQuantity of type length**-1) – Potential parameter for the dis-
tortion self-energy term.

• zeta (PhysicalQuantity of type length**-1) – Potential parameter for the dis-
tortion self-energy term.

• eta (PhysicalQuantity of type length**-1) – Potential parameter for the distor-
tion self-energy term.

• gamma (PhysicalQuantity of type energy) – Potential parameter for the distortion
self-energy term.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Madden-Potential potential for an MgSiO3 perovskite structure by adding particle types and interaction func-
tions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleOrthorhombic(4.7786*Angstrom, 4.9293*Angstrom, 6.9003*Angstrom)

# Define elements
elements = [Magnesium, Magnesium, Magnesium, Magnesium, Silicon, Silicon,

(continues on next page)
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Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,
Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.9856, 0.0564, 0.25 ],

[ 0.0144, 0.9436, 0.75 ],
[ 0.4856, 0.4436, 0.75 ],
[ 0.5144, 0.5564, 0.25 ],
[ 0. , 0.5 , 0. ],
[ 0. , 0.5 , 0.5 ],
[ 0.5 , 0. , 0.5 ],
[ 0.5 , 0. , 0. ],
[ 0.1015, 0.4673, 0.25 ],
[ 0.8985, 0.5327, 0.75 ],
[ 0.6015, 0.0327, 0.75 ],
[ 0.3985, 0.9673, 0.25 ],
[ 0.6962, 0.2983, 0.0524],
[ 0.6962, 0.2983, 0.4476],
[ 0.3038, 0.7017, 0.5524],
[ 0.1962, 0.2017, 0.5524],
[ 0.8038, 0.7983, 0.4476],
[ 0.8038, 0.7983, 0.0524],
[ 0.1962, 0.2017, 0.9476],
[ 0.3038, 0.7017, 0.9476]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potential_set = TremoloXPotentialSet(name = 'Jahn_AlCaMgOSi_2007')

# Define and add the general particle types.
potential_set.addParticleType(

ParticleType(
symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=4.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)
potential_set.addParticleType(

ParticleType(

(continues on next page)

1418 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

(continued from previous page)

symbol='Mg',
mass=24.305*atomic_mass_unit,
charge=2.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)
potential_set.addParticleType(

ParticleType(
symbol='O',
mass=15.9994 * atomic_mass_unit,
charge=-2.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)

# Define and add the Madden-Ewald-option.
option = MaddenEwaldOption(kappa=0.5, r_cut=7.5*Angstrom)
potential_set.addOption(option)

# Define and add the dispersive potential.
potential = MaddenDispersivePotential(

particleType1='Mg',
particleType2='O',
b=4.1681689*1/Ang,
C6=1.3021902*eV*Ang**6,
C8=4.2341478*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenDispersivePotential(

particleType1='Si',
particleType2='O',
b=4.1681689*1/Ang,
C6=1.3021902*eV*Ang**6,
C8=4.2341478*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenDispersivePotential(

particleType1='O',
particleType2='O',
b=2.718371*1/Ang,

(continues on next page)
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C6=26.51346*eV*Ang**6,
C8=142.77637*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)

# Define and add the Madden particle type for oxygen.
potential = MaddenParticle(

particleType='O',
dipolePolarization=True,
quadrupolePolarization=True,
alpha=8.7671*elementary_charge**2*Bohr**2 / Hartree,
B=0*elementary_charge**3*Bohr**4 / Hartree**2,
C=11.5124*elementary_charge**2*Bohr**4 / Hartree ,
dipoleDistortion=True,
quadrupoleDistortion=True,
D=0.49566*Hartree,
beta=1.2325*Bohr**-1,
zeta=0.89219*Bohr**-1,
eta=4.3646*Bohr**-1,
gamma=1*Hartree

)
potential_set.addPotential(potential)

# Define and add the repulsive potential.
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='Mg',
A=1127.6125*eV,
a=3.1346777*1/Ang,
B=1615675.9*eV,
b=7.3914748*1/Ang,
C=170982.73*eV,
c=8.0190528*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='Si',
A=1177.627*eV,
a=2.9135798*1/Ang,
B=1196266.8*eV,
b=7.5233777*1/Ang,
C=170982.73*eV,
c=8.0190528*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenRepulsivePotential(

(continues on next page)
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particleType1='O',
particleType2='O',
A=0.0*eV,
a=0.0*1/Ang,
B=0.0*eV,
b=0.0*1/Ang,
C=14530.879*eV,
c=5.03763186568*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

# Define and add the polarization damping potential.
potential = MaddenPolarizationDampingPotential(

particleType1='O',
particleType2='Mg',
bD=4.1853654*1/Ang,
cD=2.828,
kmaxD=4,
bQ=3.6471714*1/Ang,
cQ=1.3317,
kmaxQ=6,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenPolarizationDampingPotential(

particleType1='O',
particleType2='Si',
bD=4.015668*1/Ang,
cD=1.5933,
kmaxD=4,
bQ=3.6974382*1/Ang,
cQ=1.0592,
kmaxQ=6,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

# Set the Coulomb solver.
potential_set.setCoulombSolver(
CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2)

)

# Set up the TremoloX-calculator with the constructed Madden-potential.
calculator = TremoloXCalculator(parameters=potential_set)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Optimize the structure and the cell.
bulk_configuration = OptimizeGeometry(

bulk_configuration,

(continues on next page)
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max_forces=0.01*eV/Ang,
max_stress=0.001*eV/Ang**3,
max_steps=200,
max_step_length=0.2*Ang,
trajectory_filename=None,
optimizer_method=LBFGS(),
)

nlprint(bulk_configuration)

See also ref.maddencommon.notes.

MaddenPolarizationDampingPotential

class MaddenPolarizationDampingPotential(particleType1, particleType2, bD, cD, kmaxD, bQ, cQ, kmaxQ,
r_cut)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type. Dipolar or quadrupolar polarization must be activated for this particle type
by adding a corresponding MaddenParticle object to the potential set.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• bD (PhysicalQuantity of type length**-1) – Potential parameter.

• cD (float) – Potential parameter.

• kmaxD (int) – Potential parameter.

• bQ (PhysicalQuantity of type length**-1) – Potential parameter.

• cQ (float) – Potential parameter.

• kmaxQ (int) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.
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setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Madden-Potential potential for an MgSiO3 perovskite structure by adding particle types and interaction func-
tions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleOrthorhombic(4.7786*Angstrom, 4.9293*Angstrom, 6.9003*Angstrom)

# Define elements
elements = [Magnesium, Magnesium, Magnesium, Magnesium, Silicon, Silicon,

Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,
Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.9856, 0.0564, 0.25 ],

[ 0.0144, 0.9436, 0.75 ],
[ 0.4856, 0.4436, 0.75 ],
[ 0.5144, 0.5564, 0.25 ],
[ 0. , 0.5 , 0. ],
[ 0. , 0.5 , 0.5 ],
[ 0.5 , 0. , 0.5 ],
[ 0.5 , 0. , 0. ],
[ 0.1015, 0.4673, 0.25 ],
[ 0.8985, 0.5327, 0.75 ],
[ 0.6015, 0.0327, 0.75 ],
[ 0.3985, 0.9673, 0.25 ],
[ 0.6962, 0.2983, 0.0524],
[ 0.6962, 0.2983, 0.4476],
[ 0.3038, 0.7017, 0.5524],
[ 0.1962, 0.2017, 0.5524],
[ 0.8038, 0.7983, 0.4476],
[ 0.8038, 0.7983, 0.0524],
[ 0.1962, 0.2017, 0.9476],
[ 0.3038, 0.7017, 0.9476]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

(continues on next page)
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# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potential_set = TremoloXPotentialSet(name = 'Jahn_AlCaMgOSi_2007')

# Define and add the general particle types.
potential_set.addParticleType(

ParticleType(
symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=4.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)
potential_set.addParticleType(

ParticleType(
symbol='Mg',
mass=24.305*atomic_mass_unit,
charge=2.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)
potential_set.addParticleType(

ParticleType(
symbol='O',
mass=15.9994 * atomic_mass_unit,
charge=-2.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)

# Define and add the Madden-Ewald-option.
option = MaddenEwaldOption(kappa=0.5, r_cut=7.5*Angstrom)
potential_set.addOption(option)

# Define and add the dispersive potential.
potential = MaddenDispersivePotential(

particleType1='Mg',
particleType2='O',
b=4.1681689*1/Ang,
C6=1.3021902*eV*Ang**6,

(continues on next page)
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C8=4.2341478*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenDispersivePotential(

particleType1='Si',
particleType2='O',
b=4.1681689*1/Ang,
C6=1.3021902*eV*Ang**6,
C8=4.2341478*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenDispersivePotential(

particleType1='O',
particleType2='O',
b=2.718371*1/Ang,
C6=26.51346*eV*Ang**6,
C8=142.77637*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)

# Define and add the Madden particle type for oxygen.
potential = MaddenParticle(

particleType='O',
dipolePolarization=True,
quadrupolePolarization=True,
alpha=8.7671*elementary_charge**2*Bohr**2 / Hartree,
B=0*elementary_charge**3*Bohr**4 / Hartree**2,
C=11.5124*elementary_charge**2*Bohr**4 / Hartree ,
dipoleDistortion=True,
quadrupoleDistortion=True,
D=0.49566*Hartree,
beta=1.2325*Bohr**-1,
zeta=0.89219*Bohr**-1,
eta=4.3646*Bohr**-1,
gamma=1*Hartree

)
potential_set.addPotential(potential)

# Define and add the repulsive potential.
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='Mg',
A=1127.6125*eV,

(continues on next page)
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a=3.1346777*1/Ang,
B=1615675.9*eV,
b=7.3914748*1/Ang,
C=170982.73*eV,
c=8.0190528*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='Si',
A=1177.627*eV,
a=2.9135798*1/Ang,
B=1196266.8*eV,
b=7.5233777*1/Ang,
C=170982.73*eV,
c=8.0190528*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='O',
A=0.0*eV,
a=0.0*1/Ang,
B=0.0*eV,
b=0.0*1/Ang,
C=14530.879*eV,
c=5.03763186568*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

# Define and add the polarization damping potential.
potential = MaddenPolarizationDampingPotential(

particleType1='O',
particleType2='Mg',
bD=4.1853654*1/Ang,
cD=2.828,
kmaxD=4,
bQ=3.6471714*1/Ang,
cQ=1.3317,
kmaxQ=6,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenPolarizationDampingPotential(

particleType1='O',
particleType2='Si',
bD=4.015668*1/Ang,
cD=1.5933,
kmaxD=4,

(continues on next page)
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bQ=3.6974382*1/Ang,
cQ=1.0592,
kmaxQ=6,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

# Set the Coulomb solver.
potential_set.setCoulombSolver(
CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2)

)

# Set up the TremoloX-calculator with the constructed Madden-potential.
calculator = TremoloXCalculator(parameters=potential_set)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Optimize the structure and the cell.
bulk_configuration = OptimizeGeometry(

bulk_configuration,
max_forces=0.01*eV/Ang,
max_stress=0.001*eV/Ang**3,
max_steps=200,
max_step_length=0.2*Ang,
trajectory_filename=None,
optimizer_method=LBFGS(),
)

nlprint(bulk_configuration)

See also ref.maddencommon.notes.

MaddenRepulsivePotential

class MaddenRepulsivePotential(particleType1, particleType2, A, a, B, b, C, c, r_cut)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type. Dipolar or quadrupolar ion distortion must be activated for this particle
type by adding a corresponding MaddenParticle object to the potential set.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• a (PhysicalQuantity of type length**-1) – Potential parameter.

• B (PhysicalQuantity of type energy) – Potential parameter.

• b (PhysicalQuantity of type length**-1) – Potential parameter.
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• C (PhysicalQuantity of type energy) – Potential parameter.

• c (PhysicalQuantity of type length**-1) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Madden-Potential potential for an MgSiO3 perovskite structure by adding particle types and interaction func-
tions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleOrthorhombic(4.7786*Angstrom, 4.9293*Angstrom, 6.9003*Angstrom)

# Define elements
elements = [Magnesium, Magnesium, Magnesium, Magnesium, Silicon, Silicon,

Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,
Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.9856, 0.0564, 0.25 ],

[ 0.0144, 0.9436, 0.75 ],
[ 0.4856, 0.4436, 0.75 ],
[ 0.5144, 0.5564, 0.25 ],
[ 0. , 0.5 , 0. ],
[ 0. , 0.5 , 0.5 ],
[ 0.5 , 0. , 0.5 ],
[ 0.5 , 0. , 0. ],
[ 0.1015, 0.4673, 0.25 ],

(continues on next page)
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[ 0.8985, 0.5327, 0.75 ],
[ 0.6015, 0.0327, 0.75 ],
[ 0.3985, 0.9673, 0.25 ],
[ 0.6962, 0.2983, 0.0524],
[ 0.6962, 0.2983, 0.4476],
[ 0.3038, 0.7017, 0.5524],
[ 0.1962, 0.2017, 0.5524],
[ 0.8038, 0.7983, 0.4476],
[ 0.8038, 0.7983, 0.0524],
[ 0.1962, 0.2017, 0.9476],
[ 0.3038, 0.7017, 0.9476]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potential_set = TremoloXPotentialSet(name = 'Jahn_AlCaMgOSi_2007')

# Define and add the general particle types.
potential_set.addParticleType(

ParticleType(
symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=4.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)
potential_set.addParticleType(

ParticleType(
symbol='Mg',
mass=24.305*atomic_mass_unit,
charge=2.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)
potential_set.addParticleType(

ParticleType(
symbol='O',
mass=15.9994 * atomic_mass_unit,

(continues on next page)
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charge=-2.0,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None

)
)

# Define and add the Madden-Ewald-option.
option = MaddenEwaldOption(kappa=0.5, r_cut=7.5*Angstrom)
potential_set.addOption(option)

# Define and add the dispersive potential.
potential = MaddenDispersivePotential(

particleType1='Mg',
particleType2='O',
b=4.1681689*1/Ang,
C6=1.3021902*eV*Ang**6,
C8=4.2341478*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenDispersivePotential(

particleType1='Si',
particleType2='O',
b=4.1681689*1/Ang,
C6=1.3021902*eV*Ang**6,
C8=4.2341478*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenDispersivePotential(

particleType1='O',
particleType2='O',
b=2.718371*1/Ang,
C6=26.51346*eV*Ang**6,
C8=142.77637*eV*Ang**8,
kmax6=6,
kmax8=8,
r_cut=12.5*Angstrom

)
potential_set.addPotential(potential)

# Define and add the Madden particle type for oxygen.
potential = MaddenParticle(

particleType='O',
dipolePolarization=True,
quadrupolePolarization=True,

(continues on next page)
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(continued from previous page)

alpha=8.7671*elementary_charge**2*Bohr**2 / Hartree,
B=0*elementary_charge**3*Bohr**4 / Hartree**2,
C=11.5124*elementary_charge**2*Bohr**4 / Hartree ,
dipoleDistortion=True,
quadrupoleDistortion=True,
D=0.49566*Hartree,
beta=1.2325*Bohr**-1,
zeta=0.89219*Bohr**-1,
eta=4.3646*Bohr**-1,
gamma=1*Hartree

)
potential_set.addPotential(potential)

# Define and add the repulsive potential.
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='Mg',
A=1127.6125*eV,
a=3.1346777*1/Ang,
B=1615675.9*eV,
b=7.3914748*1/Ang,
C=170982.73*eV,
c=8.0190528*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='Si',
A=1177.627*eV,
a=2.9135798*1/Ang,
B=1196266.8*eV,
b=7.5233777*1/Ang,
C=170982.73*eV,
c=8.0190528*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenRepulsivePotential(

particleType1='O',
particleType2='O',
A=0.0*eV,
a=0.0*1/Ang,
B=0.0*eV,
b=0.0*1/Ang,
C=14530.879*eV,
c=5.03763186568*1/Ang,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

# Define and add the polarization damping potential.

(continues on next page)
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(continued from previous page)

potential = MaddenPolarizationDampingPotential(
particleType1='O',
particleType2='Mg',
bD=4.1853654*1/Ang,
cD=2.828,
kmaxD=4,
bQ=3.6471714*1/Ang,
cQ=1.3317,
kmaxQ=6,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)
potential = MaddenPolarizationDampingPotential(

particleType1='O',
particleType2='Si',
bD=4.015668*1/Ang,
cD=1.5933,
kmaxD=4,
bQ=3.6974382*1/Ang,
cQ=1.0592,
kmaxQ=6,
r_cut=6.0*Angstrom

)
potential_set.addPotential(potential)

# Set the Coulomb solver.
potential_set.setCoulombSolver(
CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2)

)

# Set up the TremoloX-calculator with the constructed Madden-potential.
calculator = TremoloXCalculator(parameters=potential_set)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Optimize the structure and the cell.
bulk_configuration = OptimizeGeometry(

bulk_configuration,
max_forces=0.01*eV/Ang,
max_stress=0.001*eV/Ang**3,
max_steps=200,
max_step_length=0.2*Ang,
trajectory_filename=None,
optimizer_method=LBFGS(),
)

nlprint(bulk_configuration)

See also ref.maddencommon.notes.
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MagneticAnisotropy

class MagneticAnisotropy(temperatures: PhysicalQuantity, theta_angles: PhysicalQuantity, phi_angles:
PhysicalQuantity, relative_magnetic_moments: array,
max_total_magnetic_moment: PhysicalQuantity | None, total_torques:
PhysicalQuantity)

An object storing magnetic moments and spin torques at a range of temperatures.

Parameters

• temperatures – The list of temperatures.

• theta_angles – The list of theta angles.

• phi_angles – The list of phi angles.

• relative_magnetic_moments – The relative magnetic moment for each temperature,
theta and phi angle. Thus it should be an array of shape (N_temp, N_theta, N_phi, 3),
where N_temp is the number of temperatures, N_theta is the number of theta angles and
N_phi is the number of phi angles.

• total_torques – The total magnetic torque on the system for each temperature, phi and
theta angle. Must be an array of the same shape as ‘relative_magnetic_moments’.

freeEnergy(use_phi_angle=True)→ PhysicalQuantity

Parameters
use_phi_angle (bool) – Determines what angle should be used for the integration. If
True the phi angles will be used; otherwise the theta angles.

Returns
The free energy obtained by integrating the torque over angles. The shape is (n_t, n_a),
where n_t is the number of temperatures, and n_a is the number of angle points.

Return type
PhysicalQuantity of type energy

magneticAnisotropyEnergy(use_phi_angle=True)→ PhysicalQuantity

Parameters
use_phi_angle (bool) – Determines what angle should be used for the integration. If
True the phi angles will be used; otherwise the theta angles.

Returns
The maximum difference of the free energy for each temperature

Return type
PhysicalQuantity of type energy

maxTotalMagneticMoment()→ PhysicalQuantity
Get the maximum total magnetic moment.

Returns
The maximum total magnetic moment.

Return type
PhysicalQuantity of type energy/magnetic field

metatext()

Returns
The metatext of the object or None if no metatext is present.
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Return type
str | None

nlinfo()

Returns
Structured information about the data.

Return type
dict

nlprint(stream)

Print report with the data and results to a given stream.

Parameters
stream (stream) – The stream that the report should be written to.

phiAngles()→ PhysicalQuantity
Get the list of phi angles.

Returns
The phi angles.

relativeMagneticMoments()→ ndarray
Calculate the relative magnetizations.

Returns
The relative magnetizations. The relative magnetizations. Will be an array of shape
(N_temp, N_theta, N_phi, 3).

Retype
ndarray

relativeMagnetizations()→ ndarray
Calculate the relative magnetizations.

Returns
The relative magnetizations. Will be an array of shape (N_temp, N_theta, N_phi).

Retype
ndarray

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

temperatures()→ PhysicalQuantity
Get the list of temperatures.

Returns
The temperatures.

thetaAngles()→ PhysicalQuantity
Get the list of theta angles.

Returns
The theta angles.
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totalMagneticMoments()→ PhysicalQuantity
Get the total magnetic moments.

Returns
The list of magnetic moments.

Return type
PhysicalQuantity with units of energy/magnetic field

totalTorques()→ PhysicalQuantity
Get the total magnetic torques on the system.

Returns
The total magnetic torques. Will be an array of shape (N_temp, N_theta, N_phi, 3).

Return type
PhysicalQuantity with units of energy

uniqueString()

Return a unique string representing the state of the object.

MagneticAnisotropyEnergy

class MagneticAnisotropyEnergy(configuration, filename, object_id, theta_angles=None, phi_angles=None,
kpoints=None, projections=None, energy_minimum=None,
energy_maximum=None, bands_per_electron=None, initial_spin=None,
initial_state=None, store_k_point_resolved_data=None,
log_filename_prefix=None, number_of_processes_per_task=None)

Constructor for the MagneticAnisotropyEnergy object.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion with an attached calculator for which to calculate the projected density of states. The
configuration must have an LCAOCalculator attached with a pseudopotential that supports
Spin-Orbit coupling.

• filename (str) – The full or relative filename path the Study object should be saved to.
See nlsave().

• object_id (str) – The name of the study that the Study object should be saved to within
the file. This needs to be a unique name in this file. See nlsave().

• theta_angles (PhysicalQuantity of type angle.`) – A list of theta angles specifying the
spin rotation for the magnetic anisotropy calculations. Default: [0.0, 90.0]*Degrees

• phi_angles – A list of phi angles specifying the spin rotation for the magnetic anisotropy
calculations. Default: 0.0*Degrees

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid) – The k-points for which to calculate the projected density of
states. Default: The Monkhorst-Pack grid used for the self-consistent calculation.

• projections (list of Projection | Projection | ProjectionGenerator) – The pro-
jections used for the calculating the weights. Default: ProjectOnSites.

• energy_minimum (PhysicalQuantity of type energy.) – The smallest energy to consider,
relative to the Fermi energy. Default: -1000*eV
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• energy_maximum (PhysicalQuantity of type energy.) – The highest energy to consider,
relative to the Fermi energy. Default: 1.0*eV

• bands_per_electron (float) – The number of bands per electron to include in the
projection calculations. The number must be 1.0 or larger. Default: 1.1

• initial_spin – The initial spins for the polarized configuration. Default: Maximum
spin polarization.

• initial_state (BulkConfiguration | MoleculeConfiguration | None) – The ini-
tial state object to be used for the polarized configuration. The initial_state must have a
calculator with either polarized or unpolarized exchange-correlation. Default: No initial
state.

• store_k_point_resolved_data (bool) – Whether or not the energies and projec-
tions should be stored k-point resolved. Default: False for LCAOCalculator, True for
PlaneWaveCalculator.

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output
of magnetic anisotropy energy calculations. If LogToStdOut, all logging will instead be
sent to standard output. Default: 'magneticanisotropyenergy_'

• number_of_processes_per_task (int) – The number of processes that will be used
to execute each task. If this value is greater than or equal to the total number of available
processes, each single task will be executed collaboratively over all processes. Otherwise,
a delegator-worker scheme is used; in this case, one process will be set aside as the delega-
tor, and the remaining ones will be grouped into workers and execute tasks concurrently.
Default: All available processes execute each task collaboratively.

addAngles(theta_angles=None, phi_angles=None)
Add a list of theta- and/or phi angles to the MagneticAnisotropyEnergy study. These will be calculated the
next time the object is updated.

Parameters

• theta_angles (PhysicalQuantity of type angle) – A list with theta angles specifying
the spin rotation for the magnetic anisotropy calculations.

• phi_angles – A list with phi angles specifying the spin rotation for the magnetic
anisotropy calculations.

addProjections(projections=None)
Add a list of projection or a projection generator to the MagneticAnisotropyEnergy study. These will be
calculated the next time the object is updated.

Parameters
projections (list of Projection | Projection | ProjectionGenerator) – The pro-
jections used for the calculating the weights.

bandEnergies(theta, phi)
Method to get the calculated band energies for each projection, band and k-point. This method only returns
data when store_k_point_resolved_data=True, which is not default for LCAOCalculator. When
store_k_point_resolved_data=False the method will return None.

Parameters

• theta (PhysicalQuantity of type angle.) – The theta angle to get the results for.

• phi (PhysicalQuantity of type angle.) – The phi angle to get the results for.
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Returns
The band energies for the updated spin orbit configuration for specified theta and phi an-
gles. The energies array has dimension (number_number_of_kpoints, number_of_bands).

Return type
PhysicalQuantity of type energy

bandEnergyVsAngles()

Calculates the summed band energies for all the angles.

Returns
The total magnetic anisotropy energy as function of theta and phi angles. The shape of
the array is (n-theta, n-phi), where n-theta is the number of theta angles and n-phi is the
number of phi angles.

Return type
PhysicalQuantity of type energy.

bandsPerElectron()

Returns
The number of bands per electron to include in the projection calculations.

Return type
float

calculatedPhiAngles()

Retrieve the list of calculated phi angles.

Returns
The list of calculated phi angles.

Return type
PhysicalQuantity of type angle.

calculatedThetaAngles()

Retrieve the list of calculated theta angles.

Returns
The list of calculated theta angles.

Return type
PhysicalQuantity of type angle.

calculator()

Returns
The calculator attached to the configuration.

Return type
LCAOCalculator

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study
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energyMaximum()

Returns
The highest energy to consider, relative to the Fermi energy.

Return type
PhysicalQuantity of type energy.

energyMinimum()

Returns
The smallest energy to consider, relative to the Fermi energy.

Return type
PhysicalQuantity of type energy.

filename()

Returns
The filename where the study object is stored.

Return type
str

initialSpin()

Returns
The initial spin used for the polarized calculation.

Return type
InitialSpin

initialState()

Returns
The initial state used for the polarized calculation.

Return type
BulkConfiguration | None

kpoints()

Returns
The k-point sampling used for calculating the magnetic anisotropy energy.

Return type
MonkhorstPackGrid | RegularKpointGrid

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

magneticAnisotropyEnergy(theta_0=None, phi_0=None, theta_1=None, phi_1=None,
energy_minimum=None, energy_maximum=None)

The magnetic anisotropy energy is defined as MAE = E(theta_1, phi_1) - E(theta_0, phi_0).

Parameters

• theta_0 (PhysicalQuantity of type angle.) – One of the theta angles to check. De-
fault: The first theta angle.
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• theta_1 (PhysicalQuantity of type angle.) – One of the theta angles to check. De-
fault: The last theta angle.

• phi_0 (PhysicalQuantity of type angle.) – One of the phi angles to check. Default:
The first phi angle.

• phi_1 (PhysicalQuantity of type angle.) – One of the phi angles to check. Default:
The last phi angle.

• energy_minimum (PhysicalQuantity of type energy.) – The smallest energy to con-
sider, relative to the Fermi energy.

• energy_maximum (PhysicalQuantity of type energy.) – The highest energy to con-
sider, relative to the Fermi energy.

Returns
The total MAE.

Return type
PhysicalQuantity of type energy.

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

phiAngles()

Returns
The phi angles used for the calculated magnetic anisotropy energy.

Return type
PhysicalQuantity of type angle.
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projectionWeights(theta, phi)
Method to get the calculated projection weights for each projection, band and k-point. This method only
returns data when store_k_point_resolved_data=True, which is not default for LCAOCalculator.
When store_k_point_resolved_data=False the method will return None.

Parameters

• theta (PhysicalQuantity of type angle.) – The theta angle to get the results for.

• phi (PhysicalQuantity of type angle.) – The phi angle to get the results for.

Returns
Retrieve the projection weights for the updated spin orbit configuration for specified
theta and phi angles. The weights array has dimensions (number_of_projections, num-
ber_number_of_kpoints, number_of_bands).

Return type
PhysicalQuantity of type energy

projections()

Returns
The projections used for the calculated magnetic anisotropy energy.

Return type
list of Projection | Projection

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

siteAndOrbitalProjectedMAE(theta_0=None, theta_1=None, phi_0=None, phi_1=None, axis='z')
Function for getting the site and shell projected magnetic anisotropy. The magnetic anisotropy energy
is defined as MAE = E(theta_1, phi_1) - E(theta_0, phi_0). The site- and orbital-projected energies are
plotted along the specified axis.

Parameters

• theta_0 (PhysicalQuantity of type angle.) – One of the theta angles at which to
evaluate the energies. Default: The smallest calculated theta angle.

• theta_1 (PhysicalQuantity of type angle.) – One of the theta angles at which to
evaluate the energies. Default: The largest calculated theta angle.

• phi_0 (PhysicalQuantity of type angle.) – One of the phi angles at which to evaluate
the energies. Default: The smallest calculated phi angle.

• phi_1 (PhysicalQuantity of type angle.) – One of the phi angles at which to evaluate
the energies. Default: The largest calculated phi angle.

• axis (str.) – The axis to plot the site projections along. This should either be ‘x’,
‘y’, or ‘z’.

Returns
Two dicts with coordinates and site- and orbital-resolved MAE. The first dict contains for
each element the coordinates for atoms of this type. The second dict contains for each
element a list of arrays with dimension (number of atoms, 2*l + 1) for each index l in the
list.
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Return type
dict, dict.

siteAndShellProjectedMAE(theta_0=None, theta_1=None, phi_0=None, phi_1=None, axis='z')
Function for getting the site and shell projected magnetic anisotropy. The magnetic anisotropy energy is
defined as MAE = E(theta_1, phi_1) - E(theta_0, phi_0). The site- and shell-projected energies are plotted
along the specified axis.

Parameters

• theta_0 (PhysicalQuantity of type angle.) – One of the theta angles at which to
evaluate the energies. Default: The smallest calculated theta angle.

• theta_1 (PhysicalQuantity of type angle.) – One of the theta angles at which to
evaluate the energies. Default: The largest calculated theta angle.

• phi_0 (PhysicalQuantity of type angle.) – One of the phi angles at which to evaluate
the energies. Default: The smallest calculated phi angle.

• phi_1 (PhysicalQuantity of type angle.) – One of the phi angles at which to evaluate
the energies. Default: The largest calculated phi angle.

• axis (str.) – The axis to plot the site projections along. This should either be ‘x’,
‘y’, or ‘z’.

Returns
Two dicts with coordinates and site- and shell-resolved MAE. The first dict contains for
each element the coordinates for atoms of this type. The second dict contains for each
element an array with dimension (number of atoms, number of shells).

Return type
dict, dict.

siteProjectedMAE(theta_0=None, theta_1=None, phi_0=None, phi_1=None, axis='z')
Function for getting the site projected magnetic anisotropy. The magnetic anisotropy energy is defined as
MAE = E(theta_1, phi_1) - E(theta_0, phi_0).

Parameters

• theta_0 (PhysicalQuantity of type angle.) – One of the theta angles at which to
evaluate the energies. Default: The smallest calculated theta angle.

• theta_1 (PhysicalQuantity of type angle.) – One of the theta angles at which to
evaluate the energies. Default: The largest calculated theta angle.

• phi_0 (PhysicalQuantity of type angle.) – One of the phi angles at which to evaluate
the energies. Default: The smallest calculated phi angle.

• phi_1 (PhysicalQuantity of type angle.) – One of the phi angles at which to evaluate
the energies. Default: The largest calculated phi angle.

• axis (str.) – The axis to plot the site projections along. This should either be ‘x’,
‘y’, or ‘z’.

Returns
x- and y-data as coordinates and energies. If no site projections are present the return will
be None, None

Return type
PhysicalQuantity of type length, PhysicalQuantity of type energy.
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storeKPointResolvedData()

Returns
Boolean controlling if energies and projections should be stored k-point resolved.

Return type
bool

thetaAngles()

Returns
The theta angles used for the calculated magnetic anisotropy energy.

Return type
PhysicalQuantity of type angle.

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.

updatedPolarizedConfiguration()

Retrieve the updated polarized configuration

Returns
The optimized device configuration. If not available, returns None.

Return type
DeviceConfiguration | None

updatedSpinOrbitConfiguration(theta, phi)
Retrieve the updated spin orbit configuration for specified theta and phi angles.

Returns
The optimized device configuration. If not available, returns None.

Return type
DeviceConfiguration | None

Notes

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

The MagneticAnisotropyEnergy object can be used to perform a detailed study of the magnetic anisotropy energy,
which is defined as the energy difference between two spin orientations:

𝑀𝐴𝐸 = 𝐸(𝜃1, 𝜑1) − 𝐸(𝜃0, 𝜑0),

where the spin orientation is described by the two spherical angles 𝜃 and 𝜑.
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Force theorem

In the MagneticAnisotropyEnergy study object we calculate the MAE using the force theorem, which allows you to
evaluate the energy difference using non-self consistent band energies1:

𝑀𝐴𝐸 =
∑︁
𝑖

𝑓𝑖(𝜃1, 𝜑1)𝜖𝑖(𝜃1, 𝜑1) −
∑︁
𝑖

𝑓𝑖(𝜃0, 𝜑0)𝜖𝑖(𝜃0, 𝜑0),

where 𝑓𝑖(𝜃, 𝜑) is the occupation factor for band i (including both band and k-point index) with the spin orientation
(𝜃, 𝜑) and 𝜖𝑖(𝜃, 𝜑) is the corresponding band energy.

The work implemented in the study object is the following

1. Perform a self-consistent polarized calculation.

2. For each spin orientation:

i. Make a non-self consistent spin-orbit calculation using the polarized electron density and effective
potential, rotated in the desired direction.

ii. Using this configuration calculate and sum the band energies according to the formula above.

iii. For each band energy (band index and k-point) we potentially also calculate the projection weight us-
ing the specified projection scheme. This step allows for a detailed site- and/or orbital compositional
analysis.

The use of the force theorem (FT) has been validated in several papers, e.g.2,3 against self-consistent calculations of
total energies. Using the FT has several advantages over the self-consistent approach:

• It is significantly faster since the self-consistent solution of the spin-orbit calculation is computationally signifi-
cantly more demanding than the polarized one.

• Often it is harder to achieve good convergence for a spin-orbit calculation than for a polarized one.

• Using the FT approach allows for projection analysis since each band energy has an associated eigenvector that
can be projected onto atomic sites or individual orbitals (see below). The projection analysis is often help-
ful in understanding the physics behind the calculated MAE. An example could be the difference between sur-
face/interface atoms and bulk atoms in the contribution to the MAE in a metallic slab4.

Note: The calculator must contain a basis/pseudopotential that supports spin-orbit calculations.

1 G. H. O. Daalderop, P. J. Kelly, and M. F. H. Schuurmans. First-principles calculation of the magnetocrystalline anisotropy energy of iron,
cobalt, and nickel. Phys. Rev. B, 41:11919, 1990. doi:10.1103/PhysRevB.41.11919.

2 Piotr Blonski and Jurgen Hafner. Density-functional theory of the magnetic anisotropy of nanostructures: an assessment of different approxi-
mations. Journal of Physics: Condensed Matter, 21(42):426001, 2009. URL: http://stacks.iop.org/0953-8984/21/i=42/a=426001.

3 M. Blanco-Rey, J.I. Cerda, and A. Arnau. Validity of perturbative methods to treat the spin–orbit interaction: application to magnetocrystalline
anisotropy. New J. Phys., 21:073054, 2019. URL: https://iopscience.iop.org/article/10.1088/1367-2630/ab3060.

4 K. Bairagi, A. Bellec, V. Repain, C. Chacon, Y. Girard, Y. Garreau, J. Lagoute, S. Rousset, R. Breitwieser, Yu-Cheng Hu, Yen Cheng Chao,
Woei Wu Pai, D. Li, A. Smogunov, and C. Barreteau. Tuning the magnetic anisotropy at a molecule-metal interface. Phys. Rev. Lett., 114:247203,
2015. URL: https://link.aps.org/doi/10.1103/PhysRevLett.114.247203.
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Usage Example

This example script shows how to perform a magnetic anisotropy energy calculation of CoPt in the 𝐿01 phase

# -*- coding: utf-8 -*-
setVerbosity(MinimalLog)

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleTetragonal(3.81*Angstrom, 3.68846*Angstrom)

# Define elements
elements = [Cobalt, Platinum, Platinum, Cobalt]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0. , 0.5 , 0.5 ],
[ 0.5 , 0. , 0.5 ],
[ 0.5 , 0.5 , 0. ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

BasisGGAPseudoDojoSO.Cobalt_Medium,
BasisGGAPseudoDojoSO.Platinum_Medium,
]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = SOGGA.PBE

k_point_sampling = MonkhorstPackGrid(
na=25,
nb=25,
nc=25,
force_timereversal=False,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
(continues on next page)
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density_mesh_cutoff=155.0*Hartree,
k_point_sampling=k_point_sampling,
occupation_method=ColdSmearing(0.05*eV),
)

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
nlsave('CoPt_MAE.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Magnetic Anisotropy Energy
# -------------------------------------------------------------
# Kpoint sampling
kpoint_grid = MonkhorstPackGrid(

na=35,
nb=35,
nc=35,
)

# File name.
filename = 'CoPt_MAE.hdf5'

magnetic_anisotropy_energy = MagneticAnisotropyEnergy(
configuration=bulk_configuration,
filename=filename,
object_id='magnetic_anisotropy_energy',
theta_angles=numpy.linspace(0, 90, 2)*Degrees,
phi_angles=numpy.linspace(0, 0, 1)*Degrees,
kpoints=kpoint_grid,
projections=NoProjection,
energy_minimum=-1000*eV,
energy_maximum=1*eV,
bands_per_electron=1.1,
log_filename_prefix='magnetic_anisotropy_energy_',
number_of_processes_per_task=None,

)

magnetic_anisotropy_energy.update()

magnetic_anisotropy_energy.py

Note: In order to get accurate results, a high k-point sampling is needed on the calculator and an even higher sampling
on the MagneticAnisotropyEnergy study object. Convergence with respect to k-point sampling should be carefully
checked.
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Results

The total MAE can be obtained from the method magneticAnisotropyEnergy which returns the total MAE for
specified angles and projections. By default:

mae = magnetic_anisotropy_energy.magneticAnisotropyEnergy()

will return the MAE calculated from the first and last angle pairs defined in the construction of the study object.

It is further possible the access the summed band energies (i.e. not band energy difference) from the method
summedBandEnergies.

In order to inspect the dependence on the angles it is possible, using the method projectedBandEnergyVsAngles,
to obtain the projected band energies for all the considered angles.

Adding angles

After having updated a MagneticAnisotropyEnergy study object, it is possible perform additional calculations for dif-
ferent angles using the addAngles method:

magnetic_anisotropy_energy.addAngles(phi_angles=[22.5, 45.0]*Degrees)
magnetic_anisotropy_energy.update()

By doing so one avoids to redo the self-consistent polarized calculation since this is already stored on the study.

Adding projections

After having updated a MagneticAnisotropyEnergy study object, it is also possible perform additional calculations for
different projections using the addProjections method:

magnetic_anisotropy_energy.addProjections(ProjectOnShellsBySite)
magnetic_anisotropy_energy.update()

for projecting on individual shells 𝑠, 𝑝, 𝑑, etc. on each atom, or:

magnetic_anisotropy_energy.addProjections(ProjectOnOrbitalsBySite)
magnetic_anisotropy_energy.update()

for projecting on each orbital 𝑠, 𝑝𝑥, 𝑝𝑦, 𝑝𝑧, etc. on each atom.

Calculating without projections

If one is only interested in the total MAE and not concerned about the atom or orbital projections it is possible, and
often significantly faster, to set the projections to NoProjections like:

projections=NoProjection
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MarkovChain

class MarkovChain(configuration, configuration_energy, events=None, energy_tolerance=None,
distance_tolerance=None)

Construct a markov chain from a list of HTSTEvent objects.

Parameters

• configuration (BulkConfiguration) – The configuration for the first state of the
Markov chain.

• configuration_energy (PhysicalQuantity of type energy) – The energy of the config-
uration.

• events (list of type HTSTEvent) – A list of HTSTEvent objects used to construct the
Markov chain. By default an empty Markov chain will be made. Default: None

• distance_tolerance (PhysicalQuantity of type length) – This is the distance tolerance
used to compare geometries. Default: 0.1*Angstrom

• energy_tolerance (PhysicalQuantity of type energy) – This energy tolerance is used
to determine if two structures are different based upon energy alone. Configurations that
are closer than this tolerance undergo a full geometry comparison. Default: 0.02*eV

addConnection(connection, event)
Add a new connection to the Markov chain. This is a potentially dangerous method to call since it inten-
tionally by passes the geometry comparison routines.

Parameters

• connection (a pair of ints) – A tuple of integers representing the reactant and
product state ids respectively.

• event (HTSTEvent) – The event to add.

addEvent(event)
Add an event to the Markov chain.

Parameters
event (HTSTEvent) – A event to be added to the Markov chain.

Returns
The id of the product state

Return type
int

addStateTime(state_id, dt)
Increase the amount of MD time simulation in a state.

Parameters

• state_id (int) – The id of the state to add time to.

• dt (A PhysicalQuantity with time units) – The amount of time to add.

getSaddleConfiguration(initial_state_id, final_state_id)

Parameters

• initial_state_id (int) – The id of the initial state.

• final_state_id (int) – The id of the final state.

4.13. Full QuantumATK package 1447



QuantumATK V-2023.12 Documentation

Returns
The saddle configuration between two states.

Return type
BulkConfiguration

getSaddleEnergy(initial_state_id, final_state_id)

Parameters

• initial_state_id (int) – The id of the initial state.

• final_state_id (int) – The id of the final state.

Returns
The energy of the saddle point.

Return type
PhysicalQuantity of type energy

getState(state_id)

Parameters
state_id (int) – The state id.

Returns
The requested state.

Return type
MarkovState

getStateConfidence(state_id, kmc_temperature)
Return the confidence of the requested state. The confidence represents an estimate of the probability that
a KMC step chooses the correct event. For example, a confidence of 0.99 means that there is a 1% chance
that the KMC simulation picked the wrong event in a single step.

Parameters

• state_id (int) – The id of the state.

• kmc_temperature (PhysicalQuantity of type temperature) – The temperature of the
KMC simulation.

Returns
The confidence.

Return type
float

getStateConfiguration(state_id)

Parameters
state_id (int) – The id of the state.

Returns
The configuration associated with a state.

Return type
BulkConfiguration

getStateEnergy(state_id)

Parameters
state_id (int) – The id of the state.
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Returns
The energy of a state.

Return type
PhysicalQuantity of type energy

getStateEvents(state_id)
Return the HTSTEvents that connect to state_id.

Parameters
state_id (int) – The state_id of the state.

Returns
A dictionary that maps (reactant_id, product_id) pairs to HTSTEvents.

Return type
OrderedDict

getStateTime(state_id)

Parameters
state_id (int) – The id of the state.

Returns
The total amount of MD time simulation in the state.

Return type
PhysicalQuantity of type time

getStates()

Returns
A list of the states in the Markov chain.

Return type
list of type MarkovState

incrementObservationCount(initial_state_id, final_state_id)
Increment the number of times that a transition from the initial state to the final state has occured.

Parameters

• initial_state_id (int) – The initial state.

• final_state_id (int) – The final state.

isConnected(state_id_1, state_id_2)
Determine if two states are connected by an event.

Parameters

• state_id_1 (int) – The id of the first state.

• state_id_2 (int) – The id of the second state.

Returns
True if connected otherwise False.

Return type
bool

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print out the Markov chain in DOT graph format.
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Parameters
stream (file-like object) – The stream to write the DOT graph to. Default:
sys.stdout

observationCount(initial_state_id, final_state_id)

Parameters

• initial_state_id (int) – The initial state.

• final_state_id (int) – The final state.

Returns
Return the number of times that a transition from the initial state to the final state has
occurred.

Return type
int

rateMatrix(temperature)
Calculate the right handed (rows sum to the total escape rate for a state) rate matrix at a given temperature.

Parameters
temperature (PhysicalQuantity of type temperature) – The temperature to calculate the
rates at.

Returns
The rate matrix.

Return type
PhysicalQuantity of type frequency

Notes

MarkovChain objects are normally passed to the AdaptiveKineticMonteCarlo class.

MaxwellBoltzmannDistribution

class MaxwellBoltzmannDistribution(temperature=None, remove_center_of_mass_momentum=None,
random_seed=None, enforce_temperature=None)

Maxwell-Boltzmann velocity distribution for particles in a MolecularDynamics() simulation.

Parameters

• temperature (PhysicalQuantity of type temperature) – The temperature parameter of
the Maxwell-Boltzmann distribution. Default: 300.0*Kelvin

• remove_center_of_mass_momentum (bool) – If True, the center-of-mass momentum
should be removed, otherwise it is kept. The default value is configuration dependent.
False if len(configuration) == 1 else True

• random_seed (int) – The seed used for the random number generator. The seed should
be between 0 and 2**31-1.

• enforce_temperature (bool) – Rescale the velocities of the system to ensure the in-
stantaneous temperature is exactly the requested temperature. Default: True
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uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Perform a molecular dynamics run on a water molecule, using the default settings, but having applied a Maxwell-
Boltzmann distribution of velocities to all atoms:

# Define elements
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[0.0, -1.70000000e-05, 1.20198000e-01],

[0.0, 7.59572000e-01, -4.86714000e-01],
[0.0, -7.59606000e-01, -4.86721000e-01]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# Define a calculator
molecule_configuration.setCalculator(LCAOCalculator())

# Setup a velocity distribution-defining class.
velocities = MaxwellBoltzmannDistribution()

# Setup the MD method.
md_method = NVEVelocityVerlet(initial_velocity=velocities)

# Perform MD
md_configuration = MolecularDynamics(molecule_configuration,

method=md_method,
steps=10)

# Save the final configuration
nlsave('maxwellboltzmann.nc', md_configuration)

maxwellboltzmann.py
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MeamElementPotential

class MeamElementPotential(particleType, latticeType, nearestNeighbors, alpha, beta, referenceDistance,
referenceEnergy, scalingFactor, weightingFactors, rho, gamma, attrac=0.0,
repuls=0.0, nn2=False, zbl=True)

Constructor of the potential.

Parameters

• particleType (ParticleType or ParticleIdentifier) – Identifier of the particle
type.

• latticeType (str) – Type of the reference structure.

• nearestNeighbors (int) – Number of nearest neighbors in the reference structure.

• alpha (float) – Exponential decay factor for pair potential.

• beta (sequence of float) – Exponential decay factors for the background electron
densities. Must be of length four.

• referenceDistance (PhysicalQuantity of type length ) – The nearest neigh-
bor distance in the reference structure.

• referenceEnergy (PhysicalQuantity of type energy) – The cohesive energy.

• scalingFactor (float) – Scaling Factor in embedding function.

• weightingFactors (sequence of float) – Weighting factors in the reference con-
figuration. Must be of length three.

• rho (float) – Element-dependent density scaling.

• gamma (int) – Choice for gamma function.

• attrac (float) – The attractive factor in the pair potential.

• repuls (float) – The repulsive factor in the pair potential.

• nn2 (bool) – Triggers second nearest neighbor formulation for symmetric pair.

• zbl (bool) – Toggles zbl blending for small distances.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.
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• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a MEAM potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.4306]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25],
[ 0.5 , 0.5 , 0. ],
[ 0.75, 0.75, 0.25],
[ 0.5 , 0. , 0.5 ],
[ 0.75, 0.25, 0.75],
[ 0. , 0.5 , 0.5 ],
[ 0.25, 0.75, 0.75]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
potentialSet = TremoloXPotentialSet(name='MEAM_Si_2007')
potentialSet.addParticleType(ParticleType(

symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=None,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None,
atomicNumber=14,
tags=[],

))

_option = MeamGlobalOption(
(continues on next page)
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delr=0.1*Angstrom,
erose=2,
wf_mixing=2,
r_cut=4.5*Angstrom,
augment_1st=0.0,
embedding_negative=False,
density_scaling=False,

)
potentialSet.addOption(_option)
_potential = MeamElementPotential(

particleType=ParticleIdentifier('Si', []),
latticeType='dia',
nearestNeighbors=4,
alpha=4.89890486934,
beta=[3.55, 2.5, 0.0, 7.5, ],
referenceDistance=2.35*Angstrom,
referenceEnergy=4.63*eV,
scalingFactor=0.58,
weightingFactors=[1.8, 5.25, -2.61, ],
rho=1.0,
gamma=3,
attrac=0.0,
repuls=0.0,
nn2=True,
zbl=False,

)
potentialSet.addPotential(_potential)
_potential = MeamScreeningPotential(

particleType1=ParticleIdentifier('Si', []),
particleType2=ParticleIdentifier('Si', []),
particleType3=ParticleIdentifier('Si', []),
Cmin=1.41,
Cmax=2.8,

)
potentialSet.addPotential(_potential)

calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(0.25*Angstrom)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

See also ref.meamcommon.notes.
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MeamGlobalOption

class MeamGlobalOption(delr=None, erose=None, wf_mixing=None, augment_1st=None, r_cut=None,
embedding_negative=None, density_scaling=None, use_spline=None)

Constructor of this option.

Parameters

• delr (PhysicalQuantity of type length ) – Smoothing delta for screening func-
tion.

• erose (int) – Choses the form of the rose energy function.

• wf_mixing (int) – Mixing rule for the weighting factors.

• augment_1st (bool) – Flag whether the first weighting factor will be augmented.

• r_cut (PhysicalQuantity of type length ) – Global cutoff radius.

• embedding_negative (bool) – Flag to enable linear embedding for negative densities.

• density_scaling (bool) – Flag to toggle dynamo style background density.

• use_spline (bool) – If set to False, MEAM will not precompute pair interactions. In
most cases, this will make the calculation slower, except for some potential fitting appli-
cations.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a MEAM potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.4306]*Angstrom

(continues on next page)

4.13. Full QuantumATK package 1455



QuantumATK V-2023.12 Documentation

(continued from previous page)

lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25],
[ 0.5 , 0.5 , 0. ],
[ 0.75, 0.75, 0.25],
[ 0.5 , 0. , 0.5 ],
[ 0.75, 0.25, 0.75],
[ 0. , 0.5 , 0.5 ],
[ 0.25, 0.75, 0.75]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
potentialSet = TremoloXPotentialSet(name='MEAM_Si_2007')
potentialSet.addParticleType(ParticleType(

symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=None,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None,
atomicNumber=14,
tags=[],

))

_option = MeamGlobalOption(
delr=0.1*Angstrom,
erose=2,
wf_mixing=2,
r_cut=4.5*Angstrom,
augment_1st=0.0,
embedding_negative=False,
density_scaling=False,

)
potentialSet.addOption(_option)
_potential = MeamElementPotential(

particleType=ParticleIdentifier('Si', []),

(continues on next page)
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latticeType='dia',
nearestNeighbors=4,
alpha=4.89890486934,
beta=[3.55, 2.5, 0.0, 7.5, ],
referenceDistance=2.35*Angstrom,
referenceEnergy=4.63*eV,
scalingFactor=0.58,
weightingFactors=[1.8, 5.25, -2.61, ],
rho=1.0,
gamma=3,
attrac=0.0,
repuls=0.0,
nn2=True,
zbl=False,

)
potentialSet.addPotential(_potential)
_potential = MeamScreeningPotential(

particleType1=ParticleIdentifier('Si', []),
particleType2=ParticleIdentifier('Si', []),
particleType3=ParticleIdentifier('Si', []),
Cmin=1.41,
Cmax=2.8,

)
potentialSet.addPotential(_potential)

calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(0.25*Angstrom)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

See also ref.meamcommon.notes.

MeamPairPotential

class MeamPairPotential(particleType1, particleType2, latticeType, nearestNeighbors, alpha,
referenceDistance, referenceEnergy, attrac=0.0, repuls=0.0, nn2=False, zbl=True)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the parti-
cle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the parti-
cle type.

• latticeType (str) – Type of the reference structure.

• nearestNeighbors (int) – Number of nearest neighbors in the reference structure.

• alpha (float) – Exponential decay factor for pair potential.
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• referenceDistance (PhysicalQuantity of type length ) – The equilibrium
nearest neighbor distance..

• referenceEnergy (PhysicalQuantity of type energy) – The cohesive energy.

• attrac (float) – The attractive factor in the pair potential.

• repuls (float) – The repulsive factor in the pair potential.

• nn2 (bool) – Triggers second nearest neighbor formulation for symmetric pair.

• zbl (bool) – Toggles zbl blending for small distances.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

This potential does not really have useful defaults, so I’ll just make some up for testing only

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a MEAM potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.4306]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25],
[ 0.5 , 0.5 , 0. ],
[ 0.75, 0.75, 0.25],
[ 0.5 , 0. , 0.5 ],
[ 0.75, 0.25, 0.75],
[ 0. , 0.5 , 0.5 ],

(continues on next page)
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[ 0.25, 0.75, 0.75]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
potentialSet = TremoloXPotentialSet(name='MEAM_Si_2007')
potentialSet.addParticleType(ParticleType(

symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=None,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None,
atomicNumber=14,
tags=[],

))

_option = MeamGlobalOption(
delr=0.1*Angstrom,
erose=2,
wf_mixing=2,
r_cut=4.5*Angstrom,
augment_1st=0.0,
embedding_negative=False,
density_scaling=False,

)
potentialSet.addOption(_option)
_potential = MeamElementPotential(

particleType=ParticleIdentifier('Si', []),
latticeType='dia',
nearestNeighbors=4,
alpha=4.89890486934,
beta=[3.55, 2.5, 0.0, 7.5, ],
referenceDistance=2.35*Angstrom,
referenceEnergy=4.63*eV,
scalingFactor=0.58,
weightingFactors=[1.8, 5.25, -2.61, ],
rho=1.0,
gamma=3,
attrac=0.0,
repuls=0.0,
nn2=True,
zbl=False,

(continues on next page)
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)
potentialSet.addPotential(_potential)
_potential = MeamScreeningPotential(

particleType1=ParticleIdentifier('Si', []),
particleType2=ParticleIdentifier('Si', []),
particleType3=ParticleIdentifier('Si', []),
Cmin=1.41,
Cmax=2.8,

)
potentialSet.addPotential(_potential)

calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(0.25*Angstrom)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

See also ref.meamcommon.notes.

MeamScreeningPotential

class MeamScreeningPotential(particleType1, particleType2, particleType3, Cmin=2.0, Cmax=2.8)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the parti-
cle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the parti-
cle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the parti-
cle type.

• Cmin (Float) – The lower border for screening.

• Cmax (Float) – The upper border for screening.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

1460 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a MEAM potential for a SiO2 quartz crystal by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.4306]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25],
[ 0.5 , 0.5 , 0. ],
[ 0.75, 0.75, 0.25],
[ 0.5 , 0. , 0.5 ],
[ 0.75, 0.25, 0.75],
[ 0. , 0.5 , 0.5 ],
[ 0.25, 0.75, 0.75]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
potentialSet = TremoloXPotentialSet(name='MEAM_Si_2007')
potentialSet.addParticleType(ParticleType(

symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=None,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None,
atomicNumber=14,

(continues on next page)
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tags=[],
))

_option = MeamGlobalOption(
delr=0.1*Angstrom,
erose=2,
wf_mixing=2,
r_cut=4.5*Angstrom,
augment_1st=0.0,
embedding_negative=False,
density_scaling=False,

)
potentialSet.addOption(_option)
_potential = MeamElementPotential(

particleType=ParticleIdentifier('Si', []),
latticeType='dia',
nearestNeighbors=4,
alpha=4.89890486934,
beta=[3.55, 2.5, 0.0, 7.5, ],
referenceDistance=2.35*Angstrom,
referenceEnergy=4.63*eV,
scalingFactor=0.58,
weightingFactors=[1.8, 5.25, -2.61, ],
rho=1.0,
gamma=3,
attrac=0.0,
repuls=0.0,
nn2=True,
zbl=False,

)
potentialSet.addPotential(_potential)
_potential = MeamScreeningPotential(

particleType1=ParticleIdentifier('Si', []),
particleType2=ParticleIdentifier('Si', []),
particleType3=ParticleIdentifier('Si', []),
Cmin=1.41,
Cmax=2.8,

)
potentialSet.addPotential(_potential)

calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(0.25*Angstrom)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

See also ref.meamcommon.notes.
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MeanSquareDisplacement

class MeanSquareDisplacement(md_trajectory, start_time=None, end_time=None, atom_selection=None,
anisotropy=None, use_com=None, time_resolution=None, info_panel=None)

Constructor for the MeanSquareDisplacement object.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the mean-square-displacement for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs.

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame.

• atom_selection (PeriodicTableElement | str | list of ints) – Only include
contributions from this selection. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: all atoms.

• anisotropy (list of type int | int | None) – The list of Cartesian directions
(x=0, y=1, z=2) to calculate the anisotropic mean square displacement in or a single Carte-
sian direction. By default an isotropic calculation is performed. Default: None.

• use_com (bool) – Whether or not displacement is calculated from molecular center of
mass. Default: False.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel.

data()

Return the mean-square-displacement values.

times()

Return the time values.

Usage Examples

Load an MDTrajectory, and calculate the mean-square-displacement (MSD) of all aluminum atoms. Estimate the
diffusion coefficient from the slope of the MSD-curve, according to 𝑀𝑆𝐷(𝑡) = 6𝐷𝑡:

md_trajectory = nlread('alumina_trajectory.nc')[-1]

msd = MeanSquareDisplacement(md_trajectory, atom_selection=Aluminum)

# Get the times in ps and the MSD values in Ang**2.
t = msd.times().inUnitsOf(ps)
msd_data = msd.data().inUnitsOf(Angstrom**2)

# Plot the data using pylab.
import pylab

pylab.plot(t, msd_data, label='MSD of aluminum')
pylab.xlabel('t (ps)')
pylab.ylabel('MSD(t) (Ang**2)')

(continues on next page)
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pylab.legend()

pylab.show()

# Fit the slope of the MSD to estimate the diffusion coefficient.
# If you discover non-linear behavior at small times, discard this initial part in the␣
→˓fit.
a = numpy.polyfit(t[5:], msd_data[5:], deg=1)

# Calculate the diffusion coefficient in Ang**2/ps.
diffusion_coefficient = a[0]/6.0

mean_square_displacement.py

Notes

The MeanSquareDisplacement is calculated as:

𝑀𝑆𝐷(𝑡) =
⟨

[r(𝑡) − r(0)]
2
⟩
.

In practice, the average< ... > runs over all selected atoms 𝑖 in the trajectory, and an additional average over simulation
time is carried out to improve the statistical sampling. That means for a given time difference 𝑡 all image pairs that are
separated by 𝑡 are taken into account in the average, as

𝑀𝑆𝐷(𝑡) =
1

(𝑡𝑚𝑎𝑥 − 𝑡)𝑁𝑎𝑡𝑜𝑚𝑠

𝑁𝑎𝑡𝑜𝑚𝑠∑︁
𝑖=1

𝑡𝑚𝑎𝑥−𝑡∑︁
𝑡′=0

[r𝑖(𝑡
′ + 𝑡) − r𝑖(𝑡

′)]
2
.

Note, that this requires a system which is equilibrated, i.e. its macroscopic properties do not change during the simu-
lation.

By default, all elements are taken into account, but a specified selection can be given as well. The atom_selection
parameter accepts an element, a tag name, or a list of indices to select atoms for the velocity distribution. This can be
useful, e.g. in the presence of constraints as constrained atoms should be excluded in this analysis.

MethfesselPaxton

class MethfesselPaxton(broadening, order=None)

Parameters

• broadening (PhysicalQuantity of type energy or temperature) – The broadening of the
distribution.

• order (int) – The order of the distribution. Must be an integer >= 0. Default: 1

broadening()

Returns
The broadening.

Return type
PhysicalQuantity of type energy
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order()

Returns
The order.

Return type
int

Usage Examples

Use the Methfessel-Paxton occupation function with a broadening of 0.1 eV on an LCAOCalculator:

numerical_accuracy_parameters = NumericalAccuracyParameters(
occupation_method=MethfesselPaxton(0.1*eV))

calculator = LCAOCalculator(numerical_accuracy_parameters=numerical_accuracy_parameters)

Notes

Note: For comparison of different occupation methods and suggestions for which one to choose, see Occupation
Methods.

In the smearing scheme by Methfessel and Paxton1 one replaces the delta function in the density of states by its finite
expansion in Hermite polynomials

𝛿𝑁 (𝑥) =

𝑁∑︁
𝑛=0

𝐴𝑛𝐻2𝑛(𝑥)𝑒−𝑥
2

,

where𝐴𝑛 = (−1)𝑛

𝑛!4𝑛
√
𝜋

and𝐻𝑛(𝑥) is the Hermite polynomial of order 𝑛. The 0 order approximation is simply a Gaussian
distribution.

The integer occupation numbers are therefore replaced by fractional occupations given by the distribution

𝑓𝑁 (𝑥) = 𝑓0(𝑥) +

𝑁∑︁
𝑛=1

𝐴𝑛𝐻2𝑛−1(𝑥)𝑒−𝑥
2

,

with 𝑥 = 𝜖−𝜇
𝜎 .

In the Methfessel-Paxton smearing scheme the generalized entropy is

𝑆𝑁 =
1

2
𝐴𝑛
∑︁
𝑖

𝐻2𝑛(𝑥𝑖)𝑒
−𝑥2

𝑖

where 𝑥𝑖 = 𝜖𝑖−𝜇
𝜎 and 𝑖 runs over all states.

The benefit of the Methfessel-Paxton smearing function is that for orders 𝑁 > 0 the total free energy has no linear or
quadratic dependence on the broadening. This means that total energies and forces are close to their zero broadening
value even for large values of the broadening parameter. In fact, it is often not necessary to extrapolate the energy to
zero broadening. However, an estimate of the zero broadening correction is given by the expression

∆𝐸𝜎→0(𝜎) =
𝑁 + 1

𝑁 + 2
𝜎𝑆.

1 M. Methfessel and A. T. Paxton. High-precision sampling for Brillouin-zone integration in metals. Phys. Rev. B, 40(6):3616–3621, August
1989. doi:10.1103/PhysRevB.40.3616.
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While it is possible in ATK to use any order of the Methfessel-Paxton occupation function, there is typically no benefit
of going to higher orders than 𝑁 = 1, which is also the default.

Note: The order 𝑁 = 0 Methfessel-Paxton occupation function is identical to the one in the Gaussian smearing
scheme. This does therefore not have the favorable cancellation of the second order dependence of the broadening on
the free energy.

MillerIndices

class MillerIndices(h=1, k=0, l=0)
Class for representing a triplet of Miller indices.

Parameters

• h (int) – The first Miller index.

• k (int) – The second Miller index.

• l (int) – The third Miller index.

h()

Returns
The first index.

Return type
int

hkl()

Return the indices.

Returns
The indices

Return type
array of ints

k()

Returns
The second index.

Return type
int

l()

Returns
The third index.

Return type
int
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Mobility

class Mobility(configuration, electron_phonon_coupling=None, kpoints=None, method=None,
temperature=None, phonon_modes=None, electron_bands=None, fermi_shift=None,
energies=None, inverse_relaxation_time=None, mobility_object=None,
integration_method=None, refinement=None, relaxation_time_approximation=None,
calculate_hall_coefficients=None, use_kpoint_symmetry=None, energy_broadening=None)

Analysis class for calculating the mobility for a bulk configuration.

Parameters

• configuration (BulkConfiguration) – The bulk configuration for which to calculate
the mobility.

• electron_phonon_coupling (ElectronPhononCoupling) – An electron-
phonon coupling object used for calculating mobilities. When method=Full,
electron_phonon_coupling must be provided.

• method (Full | Isotropic.) – Keyword specifying if the results should be
calculated with the full electron-phonon coupling including angular dependence
(Full) or with an isotropic scattering rate (Isotropic). When method=Full,
electron_phonon_coupling must be provided. When method=Isotropic, kpoints
must be provided together with energies and inverse_relaxation_time.

• kpoints – List of fractional k-points. When method=Isotropic, kpoints must be
provided. Default: The Monkhorst-Pack grid used for the self-consistent calculation.

• temperature (PhysicalQuantity of type temperature) – The temperature for the thermal
smearing of the Bose and Fermi distributions. Default: 300 * Kelvin

• phonon_modes (list of ints | All) – Phonon modes to include as a list of indices or All.
Default: All (Include all phonon modes available in the electron_phonon_coupling)

• electron_bands (list of int | All) – The band indices of the Bloch states to include.
Default: All (Include all bands available in the electron_phonon_coupling)

• fermi_shift (PhysicalQuantity of type energy) – The Fermi shift. Default: 0.0 * eV

• energies (PhysicalQuantity of type energy) – List of energies for which to define the
scattering rate. This parameter is only used, if method=Isotropic. Default: numpy.
linspace(-0.5,0.5,100)*eV

• inverse_relaxation_time (PhysicalQuantity of type energy) – List of scattering rates
corresponding to the provided energies, or a constant scattering rate. If a list is provided
the length must be the same as the energies. If a mobility_object is also provided,
the inverse_relaxation_time will be added to the scattering rate obtained from the
mobility_object. This parameter is only used if method=Isotropic. Default: 0.0/
Second

• mobility_object (Mobility) – A mobility object calculated with the Full method.
This can be used to calculate the scattering rate. If a inverse_relaxation_time is also
provided, the inverse_relaxation_time will be added to the scattering rate obtained
from the mobility_object.

• integration_method (GaussianBroadening() | TetrahedronMethod) – The
method to use for calculating the q-integral. Default: GaussianBroadening(3e-2 *
eV)

• refinement (Positive int) – The number of times the q-grid is refined in each direc-
tion. Default: 1 (no interpolation)
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• calculate_hall_coefficients (bool) – Boolean to determine if the Hall coefficients
should be calculated or not. Default: True

• use_kpoint_symmetry (bool) – Boolean to determine if symmetries are used to re-
duce k-point sampling. Only used for method=Isotropic, method=Full uses electron
phonon coupling. Default: True.

• energy_broadening (PhysicalQuantity of type energy) – The width of the Gaussian
function approximating the delta-function. Default: 3e-2 * eV Deprecated: from
v2018.0

• relaxation_time_approximation (not used) – Deprecated: from v2017.0, should
no longer be used.

calculateThermalVelocity(contribution=None, direction=None, fermi_shift=None, temperature=None)
Calculates the thermal velocity of electrons and holes.

Parameters

• contribution (Hole | Electron | All) – The contribution to the thermal velocity.
This can be either All, Hole or Electron. If All`, results for Hole and Electron
will be returned. Default: All

• direction (list or numpy.array of length 3.) – The direction of the veloc-
ity in Cartesian coordinates. Default: [1, 0, 0]

• fermi_shift (PhysicalQuantity of type energy) – Parameter to change the Fermi
energy in the calculation of the thermal velocity.

• temperature (PhysicalQuantity of type temperature) – The temperature for the
thermal smearing of the Fermi distribution. Default: The temperature set on this
Mobility object.

Returns
(v, n, band_edges), where v is the calculated thermal velocity, n is the carrier concentration,
and band_edges is the energy difference between the Fermi level (including the specified
fermi shift) and carrier band edge (conduction band for electrons and valence band edge
for holes.) If contribution=``All`` results are returned for Hole, Electron contribution as
the first and second index.

Return type
PhysicalQuantity of unit length per time, PhysicalQuantity of unit inverse volume, Physi-
calQuantity of unit energy.

carrierDensities(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the carrier density.
This can be either All, Sum, Hole, or Electron. Default: All

Returns
The calculated carrier density. If ‘contribution’ is Hole or Electron, the hole or electron
carrier density is returned. If ‘contribution’ is All, a list is returned with the calculated
hole- and electron carrier densities as the first and second element. In case of Sum, the
total carrier density is returned.

Return type
PhysicalQuantity with the unit Meter**-3

conductivity(contribution=None)

1468 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the conductivity. This
can be either All, Sum, Hole, or Electron. Default: All

Returns
The calculated conductivity. If ‘contribution’ is Hole or Electron, the hole or electron
conductivity is returned. If ‘contribution’ is All, a list is returned with the calculated
hole- and electron conductivities as the first and second element. In case of Sum, the total
conductivity is returned.

Return type
PhysicalQuantity with the unit Siemens / Meter

conductivityTensor(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the conductivity
tensor. This can be either All, Sum, Hole, or Electron. Default: All

Returns
The calculated conductivity tensor. If ‘contribution’ is Hole or Electron, the hole or
electron conductivity tensor is returned. If ‘contribution’ is All, a list is returned with the
calculated hole- and electron conductivity tensors as the first and second element. In case
of Sum, the total conductivity tensor is returned.

Return type
PhysicalQuantity with the unit Siemens / Meter

conductivityTensorConstantMeanFreePath(mean_free_path, contribution=None)

Parameters

• mean_free_path (PhysicalQuantity of unit length) – The constant mean-free-path.

• contribution (All | Sum | Hole | Electron) – The contribution to the conductivity
tensor obtained from a constant mean-free-path. This can be either All, Sum, Hole,
or Electron. Default: All

Returns
The calculated conductivity tensor assuming a constant mean-free-path. If ‘contribution’
is Hole or Electron, the hole or electron conductivity tensor is returned. If ‘contribution’
is All, a list is returned with the calculated hole- and electron conductivity tensors as the
first and second element. In case of Sum, the total conductivity tensor is returned.

Return type
PhysicalQuantity with the unit Meter / Siemens

conductivityTensorConstantRelaxationTime(relaxation_time, contribution=None)

Parameters

• relaxation_time (PhysicalQuantity of unit time) – The constant relaxation_time.

• contribution (All | Sum | Hole | Electron) – The contribution to the conductivity
tensor obtained from a constant relaxation time. This can be either All, Sum, Hole,
or Electron. Default: All

Returns
The calculated conductivity tensor assuming a constant relaxation time. If ‘contribution’
is Hole or Electron, the hole or electron conductivity tensor is returned. If ‘contribution’
is All, a list is returned with the calculated hole- and electron conductivity tensors as the
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first and second element. In case of Sum, the total conductivity tensor is returned. second
element. In case of Sum, the total conductivity tensor is returned.

Return type
PhysicalQuantity with the unit Meter / Siemens

conductivityTensorOverConstantMeanFreePath(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the conductivity
tensor/MFP, where MFP is the constant mean-free-path. This can be either All, Sum,
Hole, or Electron. Default: All

Returns
The calculated conductivity tensor/MFP. If ‘contribution’ is Hole or Electron, the hole
or electron conductivity tensor/MFP is returned. If ‘contribution’ is All, a list is returned
with the calculated hole- and electron conductivity tensors/MFP as the first and second
element. In case of Sum, the total conductivity tensor is returned.

Return type
PhysicalQuantity with the unit Siemens / Meter^2

conductivityTensorOverConstantRelaxationTime(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the conductivity
tensor/tau, where tau is the constant relaxation time. This can be either All, Sum, Hole,
or Electron. Default: All

Returns
The calculated conductivity tensor/tau. If ‘contribution’ is Hole or Electron, the hole or
electron conductivity tensor/tau is returned. If ‘contribution’ is All, a list is returned with
the calculated hole- and electron conductivity tensors/tau as the first and second element.
In case of Sum, the total conductivity tensor is returned.

Return type
PhysicalQuantity with the unit Siemens / (Meter * Second)

eigenvaluesK()

Returns
The electron Bloch state energies for each k-point. The shape is (spin, k-points, electron
bands).

Return type
PhysicalQuantity of type energy

electronBands()

Returns
The band indices of the Bloch states included in the electron-phonon coupling calculation.

Return type
list of non-negative ints

energies()

Returns
The user inputted energies list with shape (n_energies).

Return type
PhysicalQuantity of type energy.
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energyBroadening()

Returns
The width of the Gaussian function approximating the delta-function, if the integration
method is GaussianBroadening. If the TetrahedronMethod is used, it returns 0.0*eV.

Return type
PhysicalQuantity of type energy

energyZero()

The energy zero is equal to the Fermi level. For fixed spin moment calculations it is the average of the
Fermi level for spin up and spin down.

Returns
The energy zero.

Return type
PhysicalQuantity of type energy

evaluate()

Returns
The calculated hole- and electron mobilities as the first and second element, respectively.

Return type
PhysicalQuantity with the unit Meter**2 / (Volt * Second)

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
Up

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

fermiShift()

Returns
The Fermi shift.

Return type
PhysicalQuantity of type energy

firstMomentTensor(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the first moment
tensor. This can be either All, Sum, Hole, or Electron. Default: All

Returns
The calculated first moment tensor. If ‘contribution’ is Hole or Electron, the hole or
electron first moment tensor is returned. If ‘contribution’ is All, a list is returned with the
calculated hole- and electron first moment tensors as the first and second element. In case
of Sum, the total first moment tensor is returned.
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Return type
PhysicalQuantity with the unit Volt * Siemens / (Meter * Kelvin)

generateEnergyDependentInverseLifeTime(energies, energy_broadening=None,
mode_resolved=None)

Generator method for the inverse life time as a function of energy.

Parameters

• energies (PhysicalQuantity of type energy) – The energies to calculate the scattering
rate for, given as an energy list.

• energy_broadening (PhysicalQuantity of type energy) – The energy broadening of
delta-functions. Default: 3.0e-2*eV

• mode_resolved (bool.) – Boolean determining if the phonon mode resolved data
should be returned together with the mode summed result. Default: False.

Returns
The inverse life time. The shape is (n_energies,), where n_energies is the number of en-
ergies. If mode_resolved is True, the phonon-mode resolved inverse life time will be
returned as well with shape (n_modes, n_energies)

Return type
PhysicalQuantity of type inverse time.

generateEnergyDependentInverseMeanFreePath(energies, energy_broadening=None,
use_life_time=None, mode_resolved=None)

Generator method for the inverse mean free path in the k-grid and as a function of energy.

Parameters

• energies (PhysicalQuantity of type energy) – The energies to calculate the scattering
rate for, given as an energy list.

• energy_broadening (PhysicalQuantity of type energy) – The energy broadening of
delta-functions. Default: 3.0e-2*eV

• use_life_time (bool) – Boolean determining if the inverse life time should be used
for calculating the mean free path. If False, the inverse relaxation time will be used.
Default: False.

• mode_resolved (bool) – Boolean determining if the phonon mode resolved data
should be returned together with the mode summed result. Default: False.

Returns
The inverse mean free path. The shape is (n_energies,), where n_energies is the number of
energies. If mode_resolved is True, the phonon-mode resolved inverse relaxation time
will be returned as well with shape (n_modes, n_energies)

Return type
PhysicalQuantity of type inverse length.

generateEnergyDependentInverseRelaxationTime(energies, energy_broadening=None,
mode_resolved=None)

Generator method for the inverse relaxation time as a function of energy.

Parameters

• energies (PhysicalQuantity of type energy) – The energies to calculate the scattering
rate for, given as an energy list.

1472 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

• energy_broadening (PhysicalQuantity of type energy) – The energy broadening of
delta-functions. Default: 3.0e-2*eV

• mode_resolved (bool.) – Boolean determining if the phonon mode resolved data
should be returned together with the mode summed result. Default: False.

Returns
The inverse relaxation time. The shape is (n_energies,), where n_energies is the number of
energies. If mode_resolved is True, the phonon-mode resolved inverse relaxation time
will be returned as well with shape (n_modes, n_energies)

Return type
PhysicalQuantity of type inverse time.

hallCoefficientTensor()

Returns
The calculated hole- and electron Hall-coefficient tensors as the first and second element
of the first entry, respectively. The shape is (carrier type, induced electric field direction,
applied charge current density direction, applied magnetic field direction).

Return type
PhysicalQuantity with the unit Meter**3 / Coulomb

hallConductivityTensor()

Returns
The calculated hole- and electron Hall-conductivity tensors as the first and second element
of the first entry, respectively. The shape is (carrier type, charge current density direction,
electric field direction, magnetic field direction).

Return type
PhysicalQuantity with the unit Meter / Coulomb * Siemens**2

integrationMethod()

:returns:The method to use for calculating the q-integral. :rtype GaussianBroadening() |
TetrahedronMethod

inverseLifeTime()

Returns
The calculated inverse life time with the shape (spin, phonon modes, k-points, electron
bands).

Return type
PhysicalQuantity of type inverse time

inverseMeanFreePath(use_life_time=None)
Calculates the inverse mean free path due to electron-phonon coupling.

Parameters
use_life_time (bool.) – Boolean determining if the inverse life time should be used for
calculating the mean free path. If False, the inverse relaxation time will be used. Default:
False.

Returns
A phonon mode, k-point, and electron band resolved mean free time.

Return type
PhysicalQuantity of type inverse time of shape (phonon modes, k-points, electron bands).
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inverseRelaxationTime()

Returns
The calculated inverse relaxation time with the shape (spin, phonon modes, k-points, elec-
tron bands).

Return type
PhysicalQuantity of type inverse time

inverseRelaxationTimeEnergyDependent()

Returns
The calculated or user inputted inverse relaxation time with the shape (n_energies).

Return type
PhysicalQuantity of type inverse time

kpoints()

Returns
The fractional k-points. The shape is (k-points, 3).

Return type
list of lists of floats

kpointsWeights()

Returns
The unreduced fractional k-points. The shape is (k-points).

Return type
list of lists of floats

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

method()

Returns
The method used for the calculation. Either Full or Isotropic.

Return type
NLFlag

mobility(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron.) – The contribution to the mobility. This
can be either All, Sum, Hole, or Electron. Default: All

Returns
The calculated mobility. If ‘contribution’ is Hole or Electron, the hole or electron mo-
bility is returned. If ‘contribution’ is All, a list is returned with the calculated hole- and
electron mobilities as the first and second element. In case of Sum, the total mobility is
returned. Notice that the summed mobility is not necessarily equal to the sum of Hole and
Electron contributions.
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Return type
PhysicalQuantity with the unit Meter**2 / (Volt * Second)

mobilityTensor(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the mobility tensor.
This can be either All, Sum, Hole, or Electron. Default: All

Returns
The calculated mobility tensors. If ‘contribution’ is Hole or Electron, the hole or electron
mobility tensor is returned. If ‘contribution’ is All, a list is returned with the calculated
hole- and electron mobility tensors as the first and second element. In case of Sum, the
total mobility tensor is returned. Notice that the summed mobility tensor is not necessarily
equal to the sum of Hole and Electron contributions.

Return type
PhysicalQuantity with the unit Meter**2 / (Volt * Second)

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

phononEnergies()

Returns
The phonon energies. The shape is (phonon modes in electron-phonon coupling, q-points).

Return type
PhysicalQuantity of type energy

phononModes()

Returns
The phonon modes included in the mobility calculation.

Return type
list of non-negative ints

qpoints()

Returns
The unreduced fractional q-points. The shape is (q-points, 3).

Return type
list of lists of floats

refinement()

Returns
The number of times the q-grid is refined in each direction.

Return type
Positive float

resistivityTensor(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the resistivity tensor.
This can be either All, Sum, Hole, or Electron. Default: All
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Returns
The calculated resistivity tensor. If ‘contribution’ is Hole or Electron, the hole or elec-
tron resistivity tensor is returned. If ‘contribution’ is All, a list is returned with the calcu-
lated hole- and electron resistivity tensors as the first and second element. In case of Sum,
the total resistivity tensor is returned.

Return type
PhysicalQuantity with the unit Meter / Siemens

resistivityTensorConstantMeanFreePath(mean_free_path, contribution=None)

Parameters

• mean_free_path (PhysicalQuantity of unit length.) – The constant mean-free-path.

• contribution (All | Sum | Hole | Electron) – The contribution to the resistivity
tensor obtained from a constant mean-free-path. This can be either All, Sum, Hole,
or Electron. Default: All

Returns
The calculated resistivity tensor assuming a constant mean-free-path. If ‘contribution’ is
Hole or Electron, the hole or electron resistivity tensor is returned. If ‘contribution’ is
All, a list is returned with the calculated hole- and electron resistivity tensors as the first
and second element. In case of Sum, the total resistivity tensor is returned.

Return type
PhysicalQuantity with the unit Meter / Siemens

resistivityTensorConstantRelaxationTime(relaxation_time, contribution=None)

Parameters

• relaxation_time (PhysicalQuantity of unit time) – The constant relaxation_time.

• contribution (All | Sum | Hole | Electron) – The contribution to the resistivity
tensor obtained from a constant relaxation time. This can be either All, Sum, Hole,
or Electron. Default: All

Returns
The calculated resistivity tensor assuming a constant relaxation time. If ‘contribution’ is
Hole or Electron, the hole or electron resistivity tensor is returned. If ‘contribution’ is
All, a list is returned with the calculated hole- and electron resistivity tensors as the first
and second element. In case of Sum, the total resistivity tensor is returned. second element.
In case of Sum, the total resistivity tensor is returned.

Return type
PhysicalQuantity with the unit Meter / Siemens

resistivityTensorTimesConstantMeanFreePath(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the resistivity ten-
sor*MFP, where MFP is the constant mean-free-path. This can be either All, Sum, Hole,
or Electron. Default: All

Returns
The calculated resistivity tensor*MFP. If ‘contribution’ is Hole or Electron, the hole or
electron resistivity tensor*MFP is returned. If ‘contribution’ is All, a list is returned with
the calculated hole- and electron resistivity tensors*MFP as the first and second element.
In case of Sum, the total resistivity tensor*MFP is returned.
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Return type
PhysicalQuantity with the unit Meter^2 / Siemens

resistivityTensorTimesConstantRelaxationTime(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the resistivity ten-
sor*tau, where tau is the constant relaxation time. This can be either All, Sum, Hole, or
Electron. Default: All

Returns
The calculated resistivity tensor*tau. If ‘contribution’ is Hole or Electron, the hole or
electron resistivity tensor*tau is returned. If ‘contribution’ is All, a list is returned with
the calculated hole- and electron resistivity tensors*tau as the first and second element. In
case of Sum, the total resistivity tensor*tau is returned.

Return type
PhysicalQuantity with the unit Meter * Second / Siemens

seebeckCoefficient(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the Seebeck coeffi-
cient. This can be either All, Sum, Hole, or Electron. Default: All

Returns
The calculated Seebeck coefficient. If ‘contribution’ is Hole or Electron, the hole or
electron Seebeck coefficient is returned. If ‘contribution’ is All, a list is returned with the
calculated hole- and electron Seebeck coefficient as the first and second element. In case
of Sum, the total Seebeck coefficient is returned.

Return type
PhysicalQuantity with the unit Volt / Kelvin

seebeckCoefficientTensor(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the Seebeck coeffi-
cient tensor. This can be either All, Sum, Hole, or Electron. Default: All

Returns
The calculated Seebeck coefficient tensor. If ‘contribution’ is Hole or Electron, the hole
or electron Seebeck coefficient tensor is returned. If ‘contribution’ is All, a list is returned
with the calculated hole- and electron Seebeck coefficient tensor as the first and second
element. In case of Sum, the total Seebeck coefficient tensor is returned.

Return type
PhysicalQuantity with the unit Volt / Kelvin

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

temperature()

Returns
The temperature for the thermal smearing of the Bose and Fermi distributions.
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Return type
PhysicalQuantity of type temperature

thermalConductivity(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the electronic thermal
conductivity. This can be either All, Sum, Hole, or Electron. Default: All

Returns
The calculated electronic thermal conductivity. If ‘contribution’ is Hole or Electron,
the hole or electron thermal conductivity is returned. If ‘contribution’ is All, a list is re-
turned with the calculated hole- and electron thermal conductivities as the first and second
element. In case of Sum, the total thermal conductivity is returned.

Return type
PhysicalQuantity with the unit J / (Second * Meter * Kelvin)

thermalConductivityTensor(contribution=None)

Parameters
contribution (All | Sum | Hole | Electron) – The contribution to the electronic thermal
conductivity tensor. This can be either All, Sum, Hole, or Electron. Default: All

Returns
The calculated electronic thermal conductivity tensor. If ‘contribution’ is Hole or
Electron, the hole or electron thermal conductivity tensor is returned. If ‘contribution’ is
All, a list is returned with the calculated hole- and electron thermal conductivity tensors
as the first and second element. In case of Sum, the total thermal conductivity tensor is
returned.

Return type
PhysicalQuantity with the unit J / (Second * Meter * Kelvin)

uniqueString()

Return a unique string representing the state of the object.

updateTransportCoefficients(energies=None, inverse_relaxation_time=None, mobility_object=None,
temperature=None, fermi_shift=None, energy_broadening=None)

Function for updating the transport coefficients (mobility, conductivity, resistivity, Seebeck coefficient,
Hall conductivity). This function can only be used if method=Isotropic.

Note that by calling this function you will change variables on the object it-self.

Parameters

• energies (PhysicalQuantity of type energy) – List of energies for which to define the
scattering rate.

• inverse_relaxation_time (PhysicalQuantity of type energy) – List of scattering
rates corresponding to the provided energies, or a constant scattering rate. If a list is
provided the length must be the same as the energies. If a mobility_object is
also provided, the inverse_relaxation_time will be added to the scattering rate
obtained from the mobility_object.

• mobility_object (Mobility) – A mobility object calculated with the Fullmethod.
This can be used to calculate the scattering rate. If a inverse_relaxation_time is
also provided, the inverse_relaxation_time will be added to the scattering rate
obtained from the mobility_object.

• temperature (PhysicalQuantity of type temperature) – The temperature to use.
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• fermi_shift (PhysicalQuantity of type energy) – The Fermi shift.

• energy_broadening (PhysicalQuantity of type energy.) – The energy broadening of
delta-functions to use

Returns
Dictionary with all the updated transport coefficients, or list of dictionaries if the input tem-
perature and/or fermi_shift was a list (also returns the combined index list of fermi_shifts,
temperature in this case).

Return type
dict.

useKpointSymmetry()

Returns
Whether the used k-points should be reduced by symmetries.

Return type
bool

velocitiesK()

Returns
The electron Bloch velocities for each k-point. The shape is (spin, k-points, electron bands,
velocity components).

Return type
PhysicalQuantity with the unit Meter / Second

Usage Examples

Calculate the mobility of graphene including the full angular dependence of the scattering rates and with the electron-
phonon coupling and relaxation time calculated from first-principles:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------
lattice = Hexagonal(2.4612*Angstrom, 6.709*Angstrom)

elements = [Carbon, Carbon]

fractional_coordinates = [[0.0 , 0.0 , 0.5],
[0.333333333333, 0.666666666667, 0.5]]

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(5, 5, 1),
(continues on next page)
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)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# -------------------------------------------------------------
# Hamiltonian derivatives
# -------------------------------------------------------------
hamiltonian_derivatives = HamiltonianDerivatives(

bulk_configuration,
repetitions=(5, 5, 1),
)

# -------------------------------------------------------------
# Dynamical matrix
# -------------------------------------------------------------
dynamical_matrix = DynamicalMatrix(

bulk_configuration,
repetitions=(5, 5, 1),
max_interaction_range=10*Angstrom,
)

# -------------------------------------------------------------
# Electron Phonon Coupling
# -------------------------------------------------------------
k_a = numpy.linspace(0.323333, 0.343333, 11)
k_b = numpy.linspace(0.323333, 0.343333, 11)
k_c = numpy.linspace(0, 0, 1)
kpoints = [[a, b, c] for a in k_a for b in k_b for c in k_c]

q_a = numpy.linspace(-0.02, 0.02, 11)
q_b = numpy.linspace(-0.02, 0.02, 11)
q_c = numpy.linspace(0, 0, 1)
qpoints = [[a, b, c] for a in q_a for b in q_b for c in q_c]

electron_phonon_coupling = ElectronPhononCoupling(
configuration=bulk_configuration,
dynamical_matrix=dynamical_matrix,
hamiltonian_derivatives=hamiltonian_derivatives,
kpoints_fractional=kpoints,
qpoints_fractional=qpoints,
electron_bands=[3, 4],
phonon_modes=All,
energy_tolerance=0.03*eV,
initial_state_energy_range=[-100,100]*eV,
store_dense_coupling_matrices=False,
)

(continues on next page)
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# -------------------------------------------------------------
# Mobility
# -------------------------------------------------------------
mobility = Mobility(

configuration=bulk_configuration,
method=Full,
electron_phonon_coupling=electron_phonon_coupling,
)

nlsave('graphene_method_full.nc', mobility)

mobility.py

Note that the above script only shows the principal work flow for calculating the mobility. For converged calculations,
one will often need to use more k-points and q-points in the ElectronPhononCoupling object - see the paper1 for details.
In order to perform a mobility calculation using the Full method, one needs to input an ElectronPhononCoupling
object. While this will result in accurate calculations including the full angular dependece of the scattering rates
and relaxation time, it is also a numerically challenging task because the ElectronPhononCoupling object needs to
be calculated with many k- and q-points and in addition one needs the DynamicalMatrix and HamiltonianDerivatives
objects.

An alternative approach to mobility calculations is available in QuantumATK. By specifying the method keyword to
Isotropic and providing an inverse relaxation time like:

mobility = Mobility(
bulk_configuration,
method=Isotropic,
kpoints=MonkhorstPackGrid(10, 10, 10),
energies=numpy.linspace(-0.5, 0.5, 100)*eV,
inverse_relaxation_time=1e10*Second**-1)

it is possible to perform much faster calculations, since it is not required to have an ElectronPhononCoupling. Using
the Isotropic method the calculation of both the DynamicalMatrix and HamiltonianDerivatives objects can also be
avoided.

Using the Isotropic method will require knowledge of the inverse relaxation time (or scattering rate). This can
either be specified as a constant inverse_relaxation_time=1e10 * Second**-1 or as an array with the same
length as the provided energies inverse_relaxation_time=numpy.linspace(0, 1e12, 100) * Second**-1.
Knowledge of the inverse relaxation time can be obtained from the literature or it can be approximated from a previous
Mobility calculation using the Full method, i.e. calculated from an ElectronPhononCoupling object. This can be
obtained as:

# Load a mobility object calculated with the Full method.
mobility = nlread('graphene_method_full.nc', Mobility)[0]

# Define an energy range.
energies=numpy.linspace(-0.5, 0.5, 100)*eV

# Calculate the inverse relaxation time.
inverse_relaxation_time = mobility.
→˓generateEnergyDependentInverseRelaxationTime(energies=energies)

1 T. Gunst, T. Markussen, K. Stokbro, and M. Brandbyge. First-principles method for electron-phonon coupling and electron mobility: applica-
tions to two-dimensional materials. Phys. Rev. B, 93:035414, Jan 2016. doi:10.1103/PhysRevB.93.035414.
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The obtained inverse relaxation time can be input directly to a new Mobility calculation with the Isotropic method.
Alternatively, the old Mobility object can be provided as input to a new Mobility calculation:

# Load a mobility object calculated with the Full method.
mobility_full = nlread('graphene_method_full.nc', Mobility)[0]

# Perform and new mobility calculation with the Isotropic method.
mobility = Mobility(

bulk_configuration,
method=Isotropic,
energies=numpy.linspace(-0.5,0.5,100)*eV,
mobility_object=mobility_full)

If both the inverse_relaxation_time and mobility_object are provided, the resulting inverse relaxation time
will be the sum of the provided and the one generated from the mobility_object.

A full script for a Mobility calculation using the Isotropic method is provided below using the constant inverse
relaxation time approximation:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------
lattice = Hexagonal(2.4612*Angstrom, 6.709*Angstrom)

elements = [Carbon, Carbon]

fractional_coordinates = [[0.0 , 0.0 , 0.5],
[0.333333333333, 0.666666666667, 0.5]]

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(5, 5, 1),
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# -------------------------------------------------------------
# Mobility
# -------------------------------------------------------------
kpoint_grid = RegularKpointGrid(

(continues on next page)
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ka_range=[0.32, 0.34],
kb_range=[0.32, 0.34],
kc_range=[0.0, 0.0],
na=15,
nb=15,
nc=1,
)

mobility_constant_relaxation_time = Mobility(
configuration=bulk_configuration,
method=Isotropic,
energies=numpy.linspace(-0.05, 0.05, 100)*eV,
inverse_relaxation_time=1e12*Second**-1,
electron_bands=[3,4],
kpoints=kpoint_grid,
temperature=300*Kelvin,
)

nlsave('graphene_constant_relaxation_time.nc', mobility_constant_relaxation_time)

mobility_isotropic_scattering_rate.py

The script below shows an example of how to calculate the mobility with an energy dependent inverse relaxation time:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------
lattice = Hexagonal(2.4612*Angstrom, 6.709*Angstrom)

elements = [Carbon, Carbon]

fractional_coordinates = [[0.0 , 0.0 , 0.5],
[0.333333333333, 0.666666666667, 0.5]]

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(5, 5, 1),
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

(continues on next page)

4.13. Full QuantumATK package 1483



QuantumATK V-2023.12 Documentation

(continued from previous page)

# -------------------------------------------------------------
# Mobility
# -------------------------------------------------------------
kpoint_grid = RegularKpointGrid(

ka_range=[0.32, 0.34],
kb_range=[0.32, 0.34],
kc_range=[0.0, 0.0],
na=15,
nb=15,
nc=1,
)

# Setup energy list.
energies = numpy.linspace(-0.05, 0.05, 100)*eV,

# Setup inverse relaxation time as an array with the same length as the energies.
inverse_relaxation_time = abs(numpy.linspace(-1e12, 1e+12, 100))*Second**-1

mobility_linear_relaxation_time = Mobility(
configuration=bulk_configuration,
method=Isotropic,
energies=energies,
inverse_relaxation_time=inverse_relaxation_time,
electron_bands=[3,4],
kpoints=kpoint_grid,
temperature=300*Kelvin,
)

nlsave('graphene_linear_relaxation_time.nc', mobility_linear_relaxation_time)

mobility_isotropic_scattering_rate2.py

Notes

The mobility module in QuantumATK enables you to calculate the phonon-limited mobility using the semi-classical
Boltzmann transport equation (BTE). There are two principle methods to use:

• In order to calculate the mobility from first-principles including the full angular dependence of the electron-
phonon scattering, you must use the Full method. In that case you need a BulkConfiguration and a Electron-
PhononCoupling object. See Ref.Page 1481, 1 to get a description of the background theory and results obtained
with the Mobility object.

• Assuming an isotropic inverse relaxation time, one can avoid integrations over k,q-space and instead integrate
over energy. This leads to much faster mobility calculations since the ElectronPhononCoupling object is no
longer needed. Instead you need to provide an inverse relaxation time to the Mobility calculation. The imple-
mentation in QuantumATK of the isotropic scattering rate method essentially follows BoltzTrap, Ref.2. Major
differences to the description in Ref.2 are:

(i) QuantumATK allows for an energy dependent inverse relaxation time.
2 Georg K.H. Madsen and David J. Singh. Boltztrap. a code for calculating band-structure dependent quantities. Computer Physics Communi-

cations, 175(1):67 – 71, 2006. doi:http://dx.doi.org/10.1016/j.cpc.2006.03.007.
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(ii) The band velocities in QuantumATK are calculated using first order pertubation theory and are thus exact
and without any problems at band crossings.

(iii) The energy integrations are performed using the tetrahedron method3.

ModelChargeCorrection

class ModelChargeCorrection(gaussian_width=None, optimize_width=None,
averaging_distance_from_defect=None)

A container for parameters for a Gaussian model charge correction for calculations of a charged point defect in
a supercell of bulk material.

Parameters

• gaussian_width (PhysicalQuantity of type length.) – The width of the Gaussian model
charge. If None, the correction is skipped as long as optimize_width is False. Other-
wise the width is optimized internally. Default: None.

• optimize_width (bool.) – Whether the Gaussian charge width should be internally op-
timized to minimize the potential difference standard deviation in the averaging region.
The parameter cannot be set to True if gaussian_width is set. Default: True if gaus-
sian_width is None, False otherwise.

• averaging_distance_from_defect (float | PHYSICALQUANTITY| of type
length ) – The distance from the defect center beyond which the average potential is
calculated. The correction scheme assumes that in this averaging region the electrostatic
potential is approximately equal to that given by a Gaussian charge distribution at the
defect center. The averaging distance can either be given in fractional coordinates relative
to the longest unit cell vector of the supercell, or as a fixed value in Cartesian coordinates.
The value cannot exceed half of the supercell length, i.e., in fractional coordinates it must
be between 0 and 0.5. Default: 5.0 * Angstrom

averagingDistanceFromDefect()

Returns
The parameter used to define the range of the potential for averaging.

Return type
float | PhysicalQuantity of type length

gaussianWidth()

Returns
The width of the Gaussian model charge.

Return type
PhysicalQuantity of type length

optimizeWidth()

Returns
Whether the width is obtained by optimization.

Return type
bool

3 P. E. Blöchl, O. Jepsen, and O. K. Andersen. Improved tetrahedron method for brillouin-zone integrations. Phys. Rev. B, 49:16223–16233,
Jun 1994. doi:10.1103/PhysRevB.49.16223.
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uniqueString()

Return a unique string representing the state of the object.

ModifiedStiwe2Potential

class ModifiedStiwe2Potential(particleType1, particleType2, a, b, c, d, e, f, alpha, beta, gamma, r_i,
r_cut=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• a (PhysicalQuantity of type energy) – Potential parameter.

• b (PhysicalQuantity of type energy) – Potential parameter.

• c (PhysicalQuantity of type energy) – Potential parameter.

• d (PhysicalQuantity of type energy / length**5) – Potential parameter.

• e (PhysicalQuantity of type energy / length**4) – Potential parameter.

• f (PhysicalQuantity of type energy / length**3) – Potential parameter.

• alpha (PhysicalQuantity of type length**-1) – Potential parameter.

• beta (PhysicalQuantity of type length**-1) – Potential parameter.

• gamma (PhysicalQuantity of type length**-1) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – Inner cutoff radius

• r_cut (PhysicalQuantity of type length ) – Cutoff radius

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Usage Examples

Define a potential for selenium by adding particle types and interaction functions to the TremoloXPotentialSet.

# Set up lattice
lattice = Hexagonal(4.35517*Angstrom, 4.94945*Angstrom)

# Define elements
elements = [Selenium, Selenium, Selenium]

# Define coordinates
fractional_coordinates = [[0.217, -0. , 0.166666666667],

[0.0 , 0.217, 0.833333333333],
[0.783, 0.783, 0.5 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='Oligschleger_Se_1996')
potentialSet.addParticleType(ParticleType(

symbol='Se',
mass=78.96*atomic_mass_unit,
atomicNumber=34

))

potential = ModifiedStiwe2Potential(
particleType1='Se',
particleType2='Se',
a=29827.6728838*eV,
b=0.861355523673*eV,
c=-53.3454232425*eV,
d=0.36561835*eV/Angstrom**5,
e=1.5708619*eV/Angstrom**4,
f=2.1702274*eV/Angstrom**3,
alpha=-4.5617982906*1/Angstrom,
beta=-4.44415371795e-05*1/Angstrom,
gamma=-1.06468623932*1/Angstrom,
r_i=2.80029917726*Angstrom,
r_cut=4.14794315632*Angstrom

)
potentialSet.addPotential(potential)
potential = ModifiedStiwe3Potential(

particleType1='Se',
particleType2='Se',
particleType3='Se',

(continues on next page)

4.13. Full QuantumATK package 1487



QuantumATK V-2023.12 Documentation

(continued from previous page)

a=28.3766542324*eV,
b=-8.33395695839*eV,
c=-22.2984447633*eV,
d=0.044142311935*eV/Angstrom**5,
e=0.0429066410484*eV/Angstrom**4,
f=-0.126000984941*eV/Angstrom**3,
g=10.7308750893*1/eV,
h=3.72061089286*1/eV,
alpha=-0.271976653846*1/Angstrom,
beta=-0.893447393162*1/Angstrom,
gamma=-0.211685952991*1/Angstrom,
omega=95.3688,
r_i=2.80029917726*Angstrom,
r_cut=4.1129394166*Angstrom

)
potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setInternalOrdering("default")
calculator.setVerletListsDelta(0.25*Angstrom)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

The ModifiedStiwe2Potential and ModifiedStiwe3Potential classes implement a modified version of the original
Stillinger-Weber potentials Stiwe2Potential and Stiwe3Potential1, as described in2.

ModifiedStiwe3Potential

class ModifiedStiwe3Potential(particleType1, particleType2, particleType3, a, b, c, d, e, f, g, h, alpha, beta,
gamma, omega, r_i, r_cut=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• a (PhysicalQuantity of type energy) – Potential parameter.

• b (PhysicalQuantity of type energy) – Potential parameter.
1 F. H. Stillinger and T. A. Weber. Computer simulation of local order in condensed phases of silicon. Phys. Rev. B, 31:5262–5271, Apr 1985.

doi:10.1103/PhysRevB.31.5262.
2 C. Oligschleger, R. O. Jones, S. M. Reimann, and H. R. Schober. Model interatomic potential for simulations in selenium. Phys. Rev. B,

53:6165–6173, 1996. URL: http://link.aps.org/doi/10.1103/PhysRevB.53.6165, doi:10.1103/PhysRevB.53.6165.
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• c (PhysicalQuantity of type energy) – Potential parameter.

• d (PhysicalQuantity of type energy / length**5) – Potential parameter.

• e (PhysicalQuantity of type energy / length**4) – Potential parameter.

• f (PhysicalQuantity of type energy / length**3) – Potential parameter.

• g (PhysicalQuantity of type energy**-1) – Potential parameter.

• h (PhysicalQuantity of type energy**-1) – Potential parameter.

• alpha (PhysicalQuantity of type length**-1) – Potential parameter.

• beta (PhysicalQuantity of type length**-1) – Potential parameter.

• gamma (PhysicalQuantity of type length**-1) – Potential parameter.

• omega (Physical Quantity of type angle) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – Inner cutoff radius

• r_cut (PhysicalQuantity of type length ) – Cutoff radius

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for selenium by adding particle types and interaction functions to the TremoloXPotentialSet.

# Set up lattice
lattice = Hexagonal(4.35517*Angstrom, 4.94945*Angstrom)

# Define elements
elements = [Selenium, Selenium, Selenium]

# Define coordinates
fractional_coordinates = [[0.217, -0. , 0.166666666667],

[0.0 , 0.217, 0.833333333333],
[0.783, 0.783, 0.5 ]]

(continues on next page)
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# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='Oligschleger_Se_1996')
potentialSet.addParticleType(ParticleType(

symbol='Se',
mass=78.96*atomic_mass_unit,
atomicNumber=34

))

potential = ModifiedStiwe2Potential(
particleType1='Se',
particleType2='Se',
a=29827.6728838*eV,
b=0.861355523673*eV,
c=-53.3454232425*eV,
d=0.36561835*eV/Angstrom**5,
e=1.5708619*eV/Angstrom**4,
f=2.1702274*eV/Angstrom**3,
alpha=-4.5617982906*1/Angstrom,
beta=-4.44415371795e-05*1/Angstrom,
gamma=-1.06468623932*1/Angstrom,
r_i=2.80029917726*Angstrom,
r_cut=4.14794315632*Angstrom

)
potentialSet.addPotential(potential)
potential = ModifiedStiwe3Potential(

particleType1='Se',
particleType2='Se',
particleType3='Se',
a=28.3766542324*eV,
b=-8.33395695839*eV,
c=-22.2984447633*eV,
d=0.044142311935*eV/Angstrom**5,
e=0.0429066410484*eV/Angstrom**4,
f=-0.126000984941*eV/Angstrom**3,
g=10.7308750893*1/eV,
h=3.72061089286*1/eV,
alpha=-0.271976653846*1/Angstrom,
beta=-0.893447393162*1/Angstrom,
gamma=-0.211685952991*1/Angstrom,
omega=95.3688,
r_i=2.80029917726*Angstrom,

(continues on next page)
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r_cut=4.1129394166*Angstrom
)
potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setInternalOrdering("default")
calculator.setVerletListsDelta(0.25*Angstrom)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

The ModifiedStiwe2Potential and ModifiedStiwe3Potential classes implement a modified version of the original
Stillinger-Weber potentials Stiwe2Potential and Stiwe3Potential1, as described in2.

MolecularConfigurationsParameters

class MolecularConfigurationsParameters(reference_configurations, sample_size=None,
monte_carlo_calculator=None,
monte_carlo_temperature=None, max_rotated_bonds=None,
overlap_ratio=None, max_displacement=None,
sample_cis_trans=None, generate_bulk_configurations=None,
random_seed=None, log_filename_prefix=None,
data_tag=None)

Class for storing parameters for generating a set of training configurations using a combination of sampling
different torsion angles and atomic displacements.

Parameters

• reference_configurations (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration | sequence of configurations) – One
or more reference configurations to be used to generate the training set.

• sample_size (int) – The total number of configurations to return. Default: 20

• monte_carlo_calculator (Calculator | None) – The calculator to use for the molecular
dynamics simulations. Giving None disables Monte Carlo structure selection. Default:
None.

• monte_carlo_temperature (PhysicalQuantity of type temperature) – Temperature
used in the Monte Carlo selection. Default: 300K.

• max_rotated_bonds (int) – The maximum number of bonds rotated in each new con-
figuration. Default: Rotate all available bonds in each configuration.

• overlap_ratio (float) – The acceptable VDW radius overlap between two atoms. De-
fault: 0.7.

1 F. H. Stillinger and T. A. Weber. Computer simulation of local order in condensed phases of silicon. Phys. Rev. B, 31:5262–5271, Apr 1985.
doi:10.1103/PhysRevB.31.5262.

2 C. Oligschleger, R. O. Jones, S. M. Reimann, and H. R. Schober. Model interatomic potential for simulations in selenium. Phys. Rev. B,
53:6165–6173, 1996. URL: http://link.aps.org/doi/10.1103/PhysRevB.53.6165, doi:10.1103/PhysRevB.53.6165.
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• max_displacement (PhysicalQuantity of type length) – The maximum displacement
in the atomic random displacement. Default: 0.1 Angstrom.

• sample_cis_trans (bool) – Whether or not cis and trans orientations of SP2 bonds are
sampled. Default: True.

• generate_bulk_configurations (bool) – Whether or not the returned dataset con-
tains bulk configurations. Default: False.

• random_seed (int) – The random seed used for generating the displacements. Default:
Generated automatically.

• log_filename_prefix (str) – Filename prefix for the logging output of the tasks as-
sociated with this set. Default: Defined by the MomentTensorPotentialTraining
object.

• data_tag (str) – Label for this training set to enable selection of different data in MTP
fitting.

dataTag()

Returns
The selection tag added to the data in the training set.

Return type
str

generateBulkConfigurations()

Returns
Whether or not the returned configurations are Bulk or Molecules.

Return type
bool

logFilenameIdentifier()

Returns
Filename identifier for the logging output of the tasks associated with this set, or None if
it hasn’t been set yet.

Return type
str | None

logFilenamePrefix()

Returns
Filename prefix for the logging output of the tasks associated with this set, or None if it is
to be defined by the MomentTensorPotentialTraining object.

Return type
str | LogToStdOut | None

maxDisplacement()

Returns
The maximum random displacement for each atom.

Return type
PhysicalQuantity
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maxRotatedBonds()

Returns
The maximum number of bonds rotated in each trial configuration.

Return type
int

monteCarloCalculator()

Returns
The calculator used to calculate Monte Carlo energies.

Return type
Calculator | None

monteCarloTemperature()

Returns
The temperature used in the Monte Carlo selection

Return type
PhysicalQuantity of type temperature

overlapRatio()

Returns
The minimum acceptable VDW radii overlap ratio.

Return type
float

randomSeed()

Returns
The random seed used in the random number generator.

Return type
int | None

referenceConfigurations()

Returns
The list of reference configurations to be used to generate the training set.

Return type
list of [MoleculeConfiguration | BulkConfiguration]

sampleCisTrans()

Returns
Whether or not cis and trans orientations of SP2 bonds are sampled.

Return type
bool

sampleSize()

Returns
The number of training configurations for each combination of list parameters.

Return type
int
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strainTensors()

Returns
The list of strains to apply to each configuration (None for no strain).

Return type
list of [numpy.ndarray | None]

supercellRepetitionsList()

Returns
The list of supercells to construct for each configuration, given as the number of repetitions
of the bulk unit cell along the (a, b, c) directions.

Return type
list of tuple (size 3) of int

systemSizes()

Parameters
system_sizes (int | sequence of int) – Minimum number of atoms in the system.
If None then supercell_repetitions_list will be used to do the repetition of the cell. If set,
supercell_repetitions_list will be ignored. Default: None

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Setup of a training set of C2F 4 and C2F 6 using MolecularConfigurationsParameters.

setVerbosity(MinimalLog)

# -------------------------------------------------------------
# Fluoroethane configuration
# -------------------------------------------------------------
# Define elements
elements = [Carbon, Carbon, Fluorine, Fluorine, Fluorine, Fluorine, Fluorine, Fluorine]

# Define coordinates
cartesian_coordinates = [[-0.003263937084, -0. , 0. ],

[ 1.516263937084, -0. , -0. ],
[-0.469715381813, 0. , -1.301600235398],
[-0.469715381813, -1.127218869426, 0.650800117699],
[-0.469715381813, 1.127218869426, 0.650800117699],
[ 1.982715381813, 1.127218869426, -0.650800117699],
[ 1.982715381813, 0. , 1.301600235398],
[ 1.982715381813, -1.127218869426, -0.650800117699]]*Angstrom

# Set up configuration
C2F6_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates

)
C2F6_configuration.findBonds()

(continues on next page)
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# -------------------------------------------------------------
# Fluoroethene configuration
# -------------------------------------------------------------
# Define elements
elements = [Carbon, Carbon, Fluorine, Fluorine, Fluorine, Fluorine]

# Define coordinates
cartesian_coordinates = [[ 0.089971642147, 0. , -0. ],

[ 1.423028357853, 0. , 0. ],
[-0.594324695679, 0. , -1.173915650421],
[-0.594324695679, 0. , 1.173915650421],
[ 2.107324695679, 0. , 1.173915650421],
[ 2.107324695679, 0. , -1.173915650421]]*Angstrom

# Set up configuration
C2F4_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates

)
C2F4_configuration.findBonds()

# -------------------------------------------------------------
# Specify molecular training set
# -------------------------------------------------------------
training_set = MolecularConfigurationsParameters(

[C2F6_configuration, C2F4_configuration],
sample_size=100,
generate_bulk_configurations=True

)

# -------------------------------------------------------------
# Specify fitting parameters
# -------------------------------------------------------------
nl_parameters = NonLinearCoefficientsParameters(

perform_optimization=True,
energy_only=False,

)

fitting_parameters = MomentTensorPotentialFittingParameters(
inner_cutoff_radii=1.0*Angstrom,
tapering_cutoff_radii=1.1*Angstrom,
outer_cutoff_radii=5*Angstrom,
mtp_filename='Carbon_Fluorine_MTP.mtp',
non_linear_coefficients_parameters=nl_parameters,

)

# -------------------------------------------------------------
# Generate the MTP
# -------------------------------------------------------------
mtp = MomentTensorPotentialTraining(

'Carbon_Fluorine_MTP.hdf5',

(continues on next page)
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'Carbon_Fluorine_MTP',
[training_set],
calculator=LCAOCalculator(),
fitting_parameters_list=[fitting_parameters],
train_test_split=0.9,

)
mtp.update()

Molecule_MTP.py

This script generates 100 configurations each of C2F 4 and C2F 6. The energy, force and stress of each configura-
tion is then calculated using density functional theory. This data is then used to fit an MTP potential with settings
specified with MomentTensorPotentialFittingParameters. The MomentTensorPotentialTraining study object contain-
ing the data and fitting statistics is in the file Carbon_Fluorine_MTP.hdf5. The fitted MTP potential is in the file
Carbon_Fluorine_MTP.mtp. A calculator using this MTP potential can be returned from the MomentTensorPoten-
tialTraining object using the method momentTensorPotentialCalculators.

Notes

The MolecularConfigurationsParameters generates a trajectory of configurations that can be used to train a
moment tensor potential. Starting with one or more configurations as input, new configurations are generated by rotating
available bond torsions and adding random displacements to the atoms. Bonds that are part of cyclic structures, such
as the carbon-carbon bond in cyclohexane are not freely rotated so as to not break the ring structure. Double and triple
bonds are also not freely rotated because of their typically high rotational barriers. Double bonds are rotated over a
smaller range centered on the planar geometry.

To avoid larger molecules being twisted onto itself while sampling the torsions, distances between non-bonded atoms
are checked for each configuration. Configurations where inter-atomic distances are shorter than the factor of the
van der Waals radius given by the parameter overlap_ratio are rejected. An additional Monte Carlo selection can
also be performed on configurations with rotated torsions. A calculator for evaluating the configuration energy and a
Monte Carlo selection temperature must be specified. This is done using the arguments monte_carlo_calculator
and monte_carlo_temperature respectively. If a calculator is not given then then Monte Carlo selection is not
performed.

The number of bonds rotated in each trial structure can be set using the argument max_rotated_bonds. Limiting the
number of bonds rotated at each step can make it easier to find non-overlapping structures when fitting an MTP for a
polymer or other large molecule. For configurations with double bonds, both cis and trans orientations of the bond are
sampled by default. Setting the argument sample_cis_trans disables this sampling and turns off bond rotation for
double bonds.

In some cases, such as fitting an MTP for a surface process simulations molecular and bulk training sets may be com-
bined together. In these cases it is more convenient for the molecular training sets to also contain bulk configurations.
Setting the argument generate_bulk_configurations to True generates a training set of molecules that are placed
in periodic boundary conditions with a large buffer.

After defining the MolecularConfigurationsParameters it can be used with MomentTensorPotentialTraining for
fitting an MTP potential.
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MolecularDynamicsSnapshotsParameters

class MolecularDynamicsSnapshotsParameters(reference_configurations, supercell_repetitions_list=None,
strain_tensors=None, calculator=None, sample_size=None,
steps=None, method=None, log_filename_prefix=None,
data_tag=None)

Class for storing parameters for generating a set of training configurations using snapshots from a molecular
dynamics simulation.

Parameters

• reference_configurations (MoleculeConfiguration | BulkConfiguration |
sequence of [MoleculeConfiguration | BulkConfiguration]) – One or more ref-
erence configurations to be used to generate the training set. For bulk configurations, this
is the unit cell from which a supercell can be defined and additional strain can be applied.

• supercell_repetitions_list (sequence (size 3) of int | sequence of
sequence (size 3) of int) – The list of supercells to construct for each configura-
tion, given as the number of repetitions of the bulk unit cell along the (a, b, c) directions.
Cannot be specified if there are molecules in the list of reference configurations. Default:
No repetitions.

• strain_tensors (sequence (size 3) of sequence (size 3) of float |
sequence of sequence (size 3) of sequence (size 3) of float) – The
list of strains to apply to each configuration. Cannot be specified if there are molecules
in the list of reference configurations. Default: No strain.

• calculator (Calculator) – The calculator to use for the molecular dynamics simulations.
Default: The same calculator used to fit the moment tensor potential.

• sample_size (int) – The number of training configurations to generate for each com-
bination of reference configuration, supercell, and strain. Default: 20

• steps (int) – The total number of molecular dynamics steps to take for each combination
of reference configuration, supercell, and strain. Default: 10 * sample_size

• method (BaseMDmethod) – The molecular dynamics method to use. Default:
Langevin(initial_velocity=MaxwellBoltzmannDistribution())

• log_filename_prefix (str) – Filename prefix for the logging output of the tasks as-
sociated with this set. Default: Defined by the MomentTensorPotentialTraining
object.

• data_tag (str) – Label for this training set to enable selection of different data in MTP
fitting.

calculator()

Returns
The calculator to use for the molecular dynamics simulation, or None for the same calcu-
lator used to fit the moment tensor potential.

Return type
Calculator | None

dataTag()

Returns
The selection tag added to the data in the training set.
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Return type
str

logFilenameIdentifier()

Returns
Filename identifier for the logging output of the tasks associated with this set, or None if
it hasn’t been set yet.

Return type
str | None

logFilenamePrefix()

Returns
Filename prefix for the logging output of the tasks associated with this set, or None if it is
to be defined by the MomentTensorPotentialTraining object.

Return type
str | LogToStdOut | None

method()

Returns
The molecular dynamics method to use.

Return type
BaseMDmethod

referenceConfigurations()

Returns
The list of reference configurations to be used to generate the training set.

Return type
list of [MoleculeConfiguration | BulkConfiguration]

sampleSize()

Returns
The number of training configurations for each combination of list parameters.

Return type
int

steps()

Returns
The total number of molecular dynamics steps to take.

Return type
int

strainTensors()

Returns
The list of strains to apply to each configuration (None for no strain).

Return type
list of [numpy.ndarray | None]
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supercellRepetitionsList()

Returns
The list of supercells to construct for each configuration, given as the number of repetitions
of the bulk unit cell along the (a, b, c) directions.

Return type
list of tuple (size 3) of int

systemSizes()

Parameters
system_sizes (int | sequence of int) – Minimum number of atoms in the system.
If None then supercell_repetitions_list will be used to do the repetition of the cell. If set,
supercell_repetitions_list will be ignored. Default: None

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Run a MD simulation of a quartz crystal via MolecularDynamicsSnapshotsParameters using a fast Tersoff force field
for 50000 steps, and recalculate energy, forces, and stress for 50 equally spaced snapshots with the reference DFT
calculator.

# Set up lattice
lattice = Hexagonal(4.966693338812276*Angstrom, 5.4647751809821905*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.469217958328, 0. , 0. ],

[ 0. , 0.469217958328, 0.666666666667],
[ 0.530782041672, 0.530782041672, 0.333333333333],
[ 0.409091887977, 0.269718793416, 0.115058361235],
[ 0.269718793416, 0.409091887977, 0.551608638765],
[ 0.730281206584, 0.139373094561, 0.781725361235],
[ 0.590908112023, 0.860626905439, 0.218274638765],
[ 0.860626905439, 0.590908112023, 0.448391361235],
[ 0.139373094561, 0.730281206584, 0.884941638765]]

# Set up reference configuration of quartz
reference_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates,

)

# Define the molecular dynamics method
initial_velocity = MaxwellBoltzmannDistribution(

temperature=1500.0*Kelvin,
remove_center_of_mass_momentum=True,

(continues on next page)
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random_seed=None,
enforce_temperature=True,

)

method = Langevin(
time_step=1*femtoSecond,
reservoir_temperature=1500*Kelvin,
friction=0.01*femtoSecond**-1,
initial_velocity=initial_velocity,
heating_rate=0*Kelvin/picoSecond,

)

# Define the molecular dynamics calculator
potentialSet = Tersoff_SiO_2007()
calculator = TremoloXCalculator(parameters=potentialSet)

# Define the MD snapshots parameters:
# Run 50000 MD steps and take 50 equally spaced samples for the final training set.
training_sets = MolecularDynamicsSnapshotsParameters(

reference_configuration,
calculator=calculator,
sample_size=50,
steps=50000,
method=method,
log_filename_prefix=None,

)

# Set up MTP training and run the training data generation and calculation.
moment_tensor_potential_training = MomentTensorPotentialTraining(

filename='mtp_study.hdf5',
object_id='training',
training_sets=training_sets,
calculator=LCAOCalculator(),
calculate_stress=True,

)
moment_tensor_potential_training.update()

MolecularDynamicsSnapshotsParameters_example.py

Notes

This class provides a convenient and automatic way to generate and use snapshots from MD simulations as training
data. There are two ways this class can be used:

• Use the final reference calculator to run the MD. In this case the configurations are just taken from the MD and
no re-calculation of energy, forces, and stress is needed.

• Use a fast and more approximate calculator (e.g. force field, semi-empirical, or fast DFT) for the MD simulation,
and recalculate energy, forces, and stress only for the selected snapshots with the more accurate reference DFT
calculator.

Since the snapshots from MD simulations are typically very correlated and similar to the previous images, using all
available images from an MD simulation usually does not provide much additional information to the training of a ML
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force field. Therefore, one often has to run long MD to obtain a range of uncorrelated and different configurations.

Fortunately highly accurate DFT method are not normally required to obtain physically meaningful configurations for
use as training data. A empirical potential with more approximate descriptions of the interactions is often sufficient for
generating training configurations.

This procedure of using a more approximate FF or DFT method to quickly generate different relevant training config-
urations, and then using the final reference calculator for the training data of selected uncorrelated snapshots can be
very efficient. It can especially work well when fitting MTPs for amorphous materials or interfaces, where sampling
the range of possible configurations is a little more complicated.

If needed, additional relevant training data can be generated in a second step using the ActiveLearningSimulation
method to refine the total training data set.

It is also possible to use different supercell sizes or apply different strain tensors to the reference configuration. In this
case a separate MD simulation will be run for each combination the given values, each producing sample_size final
training configurations.

This class always generates an MD trajectory. If one wants to use the trajectory from an existing MD simulation as
training data, one should use the TrainingSet class instead.

MolecularEnergySpectrum

class MolecularEnergySpectrum(configuration=None, energy_zero_parameter=None, projection_list=None)
Class for calculating the molecular energy spectrum for a configuration.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration the molecular
energy spectrum should be calculated for.

• energy_zero_parameter (FermiLevel | AbsoluteEnergy) – Specifies the choice for
the energy zero. Default: FermiLevel

• projection_list (ProjectionList) – Specifies the orbitals within the configuration
to include in the calculation. Default: ProjectionList(All) - All atoms included.

degeneracy()

Returns
The spin degeneracy for the spectrum. That is, 2 for Unpolarized spin type, else 1.

Return type
float

energyZero()

Return the energy zero used for the energy scale in this molecular energy spectrum.

Returns
The energy zero used for the energy scale in this molecular energy spectrum.

Return type
PhysicalQuantity or type energy

evaluate(spin=None)
Return the molecular energy spectrum.
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Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin for which the spectrum should be
returned. For noncollinear and spin-orbit calculations, this must be Spin.All. Default:
Spin.Up for unpolarized calculations, else Spin.All

Returns
The molecular energy spectrum as a PhysicalQuantity with one entry for each molecular
eigenstate.

Return type
PhysicalQuantity of type energy

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
Up

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

fermiTemperature()

Return the Fermi temperature used in this molecular energy spectrum.

Returns
The Fermi temperature.

Return type
PhysicalQuantity or type temperature

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

occupation()

Method for calculating the occupation for these eigenstates.

Returns
The occupation for each orbital.

Return type
list of float

projectionList()

Return the ProjectionList object used in this molecular energy spectrum.
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Returns
The ProjectionList object.

Return type
ProjectionList

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the molecular energy spectrum of an ammonia molecule and print out the energy levels and occupations:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates= [[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508 , -0.470587, -0.289336],
[-0.81508 , -0.470587, -0.289336]]*Angstrom )

# Define the calculator
calculator = HuckelCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the molecular energy spectrum
molecular_energy_spectrum = MolecularEnergySpectrum(

configuration=molecule_configuration,
energy_zero_parameter=AbsoluteEnergy,
)

nlsave('molecular.hdf5', molecular_energy_spectrum)

# Extract the energies and occupations
energy = molecular_energy_spectrum.evaluate()
occ = molecular_energy_spectrum.occupation()

# ... and print them out
print("level energy(eV) occupation")
for i in numpy.arange(len(energy)):

print(' %d %12.4f %12.4f ' % (i, energy[i].inUnitsOf(eV),occ[0][i]))

nh3.py
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Notes

• To export the data of a MolecularEnergySpectrum, use the method nlprint.

• The MolecularEnergySpectrum can be visualized with QuantumATK when it is saved with nlsave.

MolecularOrderParameter

class MolecularOrderParameter(md_trajectory, polymer_tags=None, start_time=None, end_time=None,
time_resolution=None, gui_worker=None)

Analyzer for the rotational and translational order in a molecular structure.

Parameters

• md_trajectory (MDTrajectory | MoleculeConfiguration | BulkConfiguration
| DeviceConfiguration | SurfaceConfiguration) – The MDTrajectory or Atomic-
Configuration that contains the polymers.

• polymer_tags (list of type str | None | Automatic) – A list of tags for the
polymers. If not specified default tags are used. Tags can also be set automatically with
the flag Automatic

• start_time (PhysicalQuantity of the type time) – The start time. Default: 0.0 * fs.

• end_time (PhysicalQuantity of the type time) – The end time. Default: The last time
image.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• gui_worker (PolymerAnalysisWorker) – Handle to the worker, for displaying the cal-
culation progress. Default: None.

polymerTags()

Return the polymer tags used for the analysis.

Returns
A list of the polymer tags.

Return type
list

rotationalOrder()

Returns
The rotational order parameter for each image in the given trajectory.

Return type
ndarray

times()

Returns
Times for each image used in the analysis.

Return type
PhysicalQuantity of type time
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translationalOrder()

Returns
The translational order parameter for each image in the given trajectory.

Return type
ndarray

Usage Examples

Calculate the translational and rotational order of a polystyrene melt during a molecular dynamics simulation starting
from a non-equilibrated structure.

from NL.GUI.Graphics.Plotter.API import *

# -------------------------------------------------------------
# Initial Configuration
# -------------------------------------------------------------
bulk_configuration = nlread('Polystyrene.hdf5')[-1]

# -------------------------------------------------------------
# OPLS-AA Calculator
# -------------------------------------------------------------
potential_builder = OPLSPotentialBuilder()
calculator = potential_builder.createCalculator(bulk_configuration)
bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------
initial_velocity = ConfigurationVelocities(

remove_center_of_mass_momentum=True
)

method = NPTMartynaTobiasKlein(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
reservoir_pressure=1*bar,
thermostat_timescale=100*femtoSecond,
barostat_timescale=500*femtoSecond,
initial_velocity=initial_velocity,
heating_rate=0*Kelvin/picoSecond,

)

constraints = [FixCenterOfMass()]

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='Polystyrene_Trajectory.hdf5',
steps=100000,
log_interval=10,
trajectory_interval=1000,

(continues on next page)
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(continued from previous page)

method=method
)

# -------------------------------------------------------------
# Calculate Order Parameters
# -------------------------------------------------------------
analyzer = MolecularOrderParameter(md_trajectory)

# -------------------------------------------------------------
# Plot The Results
# -------------------------------------------------------------
model = PlotModel(ps)
model.axis('x').setLabel('Time')
model.axis('y').setLabel('Order Parameter')
model.legend().setVisible(True)
colors = ['red', 'blue']

line = Line(analyzer.times(), analyzer.rotationalOrder())
line.setLabel('Rotation')
line.setColor('red')
model.addItem(line)

line = Line(analyzer.times(), analyzer.translationalOrder())
line.setLabel('Translation')
line.setColor('blue')
model.addItem(line)

model.setLimits('x', 0*ps, 100*ps)
model.setLimits('y', 0, 1)

save(model, 'MolecularOrderParameter_Plot.png')

MolecularOrderParameter_Example.py Polystyrene.hdf5

The script will run a short molecular dynamics calculation from the given starting structure and then calculate the
molecular order for the polymer system. The resulting order is shown in the plot below.

Notes

This class enables the calculation of the relative rotational and translational order of either molecules or polymer chains
from a MDTrajectory or BulkConfiguration.

Molecules in a bulk system can be both translationally or rotationally ordered. Translational order relates to the ability
for molecules to form regularly spaced layers along a particular direction. Likewise rotational order relates to the extent
that molecules in the bulk structure are aligned together1. To calculate the ordering of a molecular system, the vector
representing each molecule is first found by diagonalizing the inertial tensor I, which is defined as

𝐼𝑎𝑏 =

𝑁∑︁
𝑗=1

𝑚𝑗

(︀
𝑟2𝑗 𝛿𝑎𝑏 − 𝑟𝑗𝑎𝑟𝑗𝑏

)︀
1 Mine Ilk Caper and Emine Cebe. Molecular dynamics study of the odd-even effect in some 4-n-alkyl-4’-cyanobiphenyls. Physical Review E,

73:061711, 2006. URL: https://journals.aps.org/pre/abstract/10.1103/PhysRevE.73.061711, doi:10.1103/PhysRevE.73.061711.

1506 Chapter 4. QuantumATK Reference Manual

https://journals.aps.org/pre/abstract/10.1103/PhysRevE.73.061711
https://doi.org/10.1103/PhysRevE.73.061711


QuantumATK V-2023.12 Documentation

Fig. 4.30: Molecular rotational and translational parameters for polystyrene structure.

Here r𝑗 is the distance from the molecule center of mass to the jth atom and𝑚𝑗 is the mass of that atom. The long axis
of the molecule that defines its direction is the eigenvector associated with the smallest eigenvalue. With the direction of
each molecule defined, an overall ordering direction can be found similarly by diagonalizing the second-rank ordering
tensor Q, which is given as:

𝑄𝑎𝑏 =
1

𝑁

∑︁
𝑗=1

𝑁

(︂
3

2
𝑢𝑗𝑎𝑢𝑗𝑏 −

1

2
𝛿𝑎𝑏

)︂
Here u𝑗 is a unit vector representing the direction of the jth molecule. The nematic direction is then the eigenvector
associated with the largest eigenvalue of the ordering tensor. Given the unit vectors u𝑗 and n representing the direction
of each molecule and the overall ordering direction respectively, the rotational ordering 𝜔 is given as:

𝜔 =
3

2

⟨
(u𝑗 · n)

2
⟩
− 1

2

The translational ordering 𝜏 can also be given as

𝜏 =

⟨
exp

(︂
2𝜋𝑖

𝑑

)︂
u𝑗 · n

⟩
𝑗

Here 𝑑 represents the interlayer spacing. The interlayer spacing is found by determining the spacing that maximizes
the translational order.

Both rotational and translational ordering parameters lie in the range 0 to 1 for completely disordered materials and
fully ordered materials, respectively.

To calculate the molecular order a MolecularOrderParameter object first needs to be created. This takes a
MDTrajectory or BulkConfiguration. The specific images in the MDTrajectory to be analyzed can be selected
using the start_time, end_time and time_resolution arguments. The molecules analyzed in the configuration
can be specified with the polymer_tags argument. This takes a list of tags of polymer molecules in the configuration.
By default polymers tagged with POLYMER_MOLECULE_# are analyzed, where # is a numerical index. For molecu-
lar systems it is also possible to give the flag Automatic for the polymer_tags argument. This specifies that the
molecular bond graph, rather than explicit tags, are to be used to determine which atoms belong to each molecule.

Once the MolecularOrderParmeter object is created and the values of each of the descriptors has been calculated,
the values can be queried using the remaining functions. The method rotationalOrder returns the numpy array of

4.13. Full QuantumATK package 1507



QuantumATK V-2023.12 Documentation

the rotational order parameters for each image in the trajectory. Likewise the translationalOrder method returns
a numpy array with the translational ordering values.

MoleculeConfiguration

class MoleculeConfiguration(elements=None, cartesian_coordinates=None, xyz_format=None,
ghost_atoms=None, padding_length=None, velocities=None, tag_data=None,
fast_init=False, bonds=None, dielectric_regions=None,
metallic_regions=None, partial_charges=None,
improper_dihedral_indices=None)

A molecule configuration consisting elements and coordinates.

Parameters

• elements (array of PeriodicTableElement) – The elements that should be in the con-
figuration.

• cartesian_coordinates (PhysicalQuantity of type length) – The Cartesian coordi-
nates of the atoms in the configuration.

• xyz_format (str) – A XYZ formatted string representing the configuration. The param-
eter is mutually exclusive to elements and cartesian_coordinates.

• ghost_atoms (list of ints) – Indices of atoms that should be treated as ghost. De-
fault: No ghost atoms.

• padding_length (PhysicalQuantity of type length) – Length of additional vacuum
put around the molecule configuration when inscribed in a calculation box. Default:
0.0*Angstrom

• tag_data (dict) – Mapping between tags and associated indices. Default: No tags

• velocities (PhysicalQuantity of type velocity | None) – The velocities to set on the
configuration. Has the dimensionality nx3. Default: None

• fast_init (bool) – Skip checking types and do not copy the arguments (i.e. only store
references to them). This is an advanced option that should only be used internally. De-
fault: False

• bonds (array with shape (n,2) or (n,5) | None) – An array with two atom in-
dices for each bond along with the vector which periodic images this bond connects to.

• dielectric_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list
of dielectric regions to set.

• metallic_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
metallic regions to set.

• partial_charges (PhysicalQuantity of type charge | None) – A Physi-
calQuantity array of the atomic partial charge for each atom.

• improper_dihedral_indices (list or array with shape (m, 4) | None) –
The list of the 4 indices defining the connectivity for each improper dihedral or None
to delete the current dihedral connectivity.

addBonds(bond_list)
Add bonds.
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Parameters
bond_list (numpy.ndarray) – The list of bonds to add.

addTags(tags, indices=None)
Add a set of tags to atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms.

• indices (list | int | None) – The list of indices to match atoms against. De-
fault: All indices.

atomicMasses()

Returns
The masses of the atoms in the configuration.

Return type
PhysicalQuantity of type mass

atomicNumbers()

Returns
The list of atomic numbers associated with the elements.

Return type
list of ints

bonds()

Get the list of bond connections that can be used for bonded potentials in ATK-ForceField.

The connectivity indices refer to the wrapped configuration.

Returns
An array with the the two atom indices for each bond along with the vector which periodic
images this bond connects.

Return type
array

calculator()

Returns
The calculator attached to the configuration, i.e. the calculator that will be used for both
simulation and analysis.

Return type
Calculator

cartesianCoordinates()

Returns
The Cartesian coordinates of the atoms as an nx3 array.

Return type
PhysicalQuantity of type length

coarseGrainDescriptors()

Returns
The list of either elements or coarse grain particles for each element. Isotopes are returned
as just their base element, UnitedAtoms and Particle are given as their specific type.
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Return type
list of type ParticleDescriptor or PeriodicTableElement

copy()

Returns
A copy of the current configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndDeleteAtoms(indices)
Create a new configuration by deleting some atoms from this configuration.

Parameters
indices (list of int) – The indices of the atoms to delete.

Returns
The configuration with some atoms deleted.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndMerge(other)
Create a new configuration by merging this configuration with another configuration.

Parameters
other (MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration) – The other configuration.

Returns
The merged configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndShiftAtoms(displacement, indices=None)
Create a new configuration with some atoms translated.

Parameters

• displacement (PhysicalQuantity of type length) – The displacement that should be
applied to the atom positions.

• indices (list of int) – The indices to shift. Default: All.

Returns
The configuration with the translation applied.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

deleteAtoms(indices)
Delete atoms from the configuration by specifying their indices.

Parameters
indices (array of int) – The indices to delete.
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deleteBonds(bond_list=None, pair_selection=None)
Delete bonds connected to atomic indices.

Parameters

• bond_list (A two-dimensional sequence) – The pairs of bonds indices.

• pair_selection (list | None) – Specifies two groups between which bonds are
delete. Selectable groups are elements, index lists, tag names, or None (all atoms).

dielectricRegions()

Returns
The dielectric regions in the configuration.

Return type
list of BoxRegion | SphereRegion | TubeRegion

elements()

Returns
The elements in configuration.

Return type
list of PeriodicTableElement

externalPotential()

Returns
The external potential present on the configuration.

Return type
AtomicShift | AtomicCompensationCharge | None

findBonds(fuzz_factor=1.1, pair_selection=None)
Find bonds in the configuration according to the combined covalent radii of the element pairs, multiplied
with a fuzz factor. Optionally, find bonds only between two specified sub-groups of atoms. The bonds are
primarily used in to set the topology of bonded potentials in the TremoloX-calculator.

Parameters

• fuzz_factor (float) – The factor by which the covalent radii are multiplied to de-
termine the cutoff distance for a bond.

• pair_selection (list(2) of type PeriodicTableElement, list of int, or str) – Specifies
two groups between which bonds are detected. Selectable groups are elements, in-
dex lists, tag names, or None (all atoms). By default bonds between all atoms in the
configuration are taken into account.

fixedSpinDirections()

Returns
The fixed spin directions for the configuration.

Return type
FixedSpin | None

generateShifts()

The method is defined only to support the same interface for all derived classes.

No shifts by default.
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Returns
The array of shifts.

Return type
PhysicalQuantity of type length

ghostAtoms()

Returns
The list of ghost atoms.

Return type
list of ints

hillFormula()

Returns
The Hill formula for the molecule.

Return type
str

improperDihedralIndices()

Returns
The list of atom indices for each improper dihedral or None if no improper dihedrals are
defined. Improper dihedrals are mainly used in bonded force fields.

Return type
numpy array | None

indicesFromIsotopes(isotopes)

Parameters
isotopes (list of type PeriodicTableElement or Isotope) – The isotopes to
select.

Returns
The indices of the selected isotopes.

Return type
list of type int

indicesFromTags(tags=None)
List the indices associated with a given collection of tags.

Parameters
tags (list | str) – A list of tags for which all matching indices should be extracted.

Returns
The list of indices corresponding to the specified tag name(s).

Return type
list of ints

magneticMoments()

Returns
The magnetic moments of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type Bohr magneton.
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merge(other)
Merge configuration with another configuration.

Parameters
other (MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration) – A different configuration.

metallicRegions()

Returns
The metallic regions for the configuration.

Return type
list of BoxRegion | SphereRegion | TubeRegion

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The configuration information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AtomicConfiguration object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger().

numberOfAtoms()

Returns
The total number of atoms in the configuration.

Return type
int

paddingLength()

Returns
The padding length.

Return type
PhysicalQuantity of type length

partialCharges(indices=None)
Get the list of partial atomic charges that can be used for representing electrostatic interactions in ATK-
ForceField.

Parameters
indices (list | int | None) – The indices for which to return the partial charges.
Default: All indices.
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Returns
A PhysicalQuantity array of the atomic partial charge for each atom.

Return type
PhysicalQuantity of type charge | None

particleDescriptors()

Returns
The list of particle descriptors for each atom. This should return the exact same list as was
given in the constructor argument “elements”.

Return type
list of type ParticleDescriptor or PeriodicTableElement

static periodicBoundaries()

Returns
The periodic boundary conditions of the configuration.

Return type
list

removeTags(tags=None, indices=None, purge=False)
Remove a set of tags from atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms. Default: All tags.

• indices (list | int) – The list of indices to match atoms against. Default: All
indices.

• purge (bool) – When removing tags from the configuration, delete the tag completely
when not associated with any atoms anymore. Default: False.

scalePartialCharges(scale_factor, indices=None)
Scale the partial charges with a given scale factor. These partial charges are used with Forcefield calcula-
tors.

Parameters

• scale_factor (float) – The factor for scaling charges.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

setBonds(bond_list, skip_checks=False)
Set the bonds on the configuration. The bonds are primarily used in to set the topology of bonded potentials
in the TremoloX-calculator.

Parameters

• bond_list (list(n, 2) | None.) – A list which contains for each bond the in-
dices of the two connected atoms.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False

setCalculator(calculator, initial_state=None, initial_spin=None)
Attach a Calculator to the configuration which will be used in calculations involving the configuration.

Parameters
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• calculator (Calculator | None) – The calculator object that should be attached to the
configuration.

• initial_state (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration with a calculator | None)
– The initial state to be used for this configuration. Default: No initial state.

• initial_spin (InitialSpin | None) – The initial InitialSpin object to be
used for this configuration. Default: InitialSpin(), except when used
with a calculator of type HuckelCalculator, SlaterKosterCalculator,
SemiEmpiricalCalculator, DeviceHuckelCalculator,
DeviceSlaterKosterCalculator, DeviceSemiEmpiricalCalculator. In
this case InitialSpin([0., 0., ...]) is used, i.e. the scaled spins for each atom
are set to 0.

setCartesianCoordinates(cartesian_coordinates, indices=None, skip_checks=False)
Set the Cartesian coordinates of the atoms.

Parameters

• cartesian_coordinates (PhysicalQuantity of type length) – The new coordinates
of the atoms in each image.

• indices (list) – The indices of the atoms to set the positions of. Default: All
indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setDielectricRegions(dielectric_regions)
Set the dielectric regions for the configuration.

Parameters
dielectric_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
dielectric regions to set.

setExternalPotential(external_potential)
Set an external potential on the configuration that will be used in calculations involving the configuration.

Parameters
external_potential (AtomicShift | AtomicCompensationCharge) – The external
potential to apply.

setImproperDihedralIndices(improper_dihedral_indices)
Set the list of atom indices for each improper dihedral in bonded force fields.

Parameters
improper_dihedral_indices (list or array with shape (m, 4) | None) –
The list of the 4 indices defining the connectivity for each improper dihedral or None to
delete the current dihedral connectivity.

setMagneticField(magnetic_field)
Set local magnetic field. The spins will be forced to point in the directions given by the magnetic_field
object. The magnetic field can be defined for each atom. This only has an effect for Noncollinear or
Spinorbit calculations.

Parameters
magnetic_field (FixedSpin) – The magnetic field to be applied.
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setMagneticMoments(magnetic_moments=None, skip_checks=False)
Function to set magnetic moments on the configuration.

Parameters

• magnetic_moments (PhysicalQuantity of type Bohr magneton.) – The mag-
netic_moments to set on the configuration. Has the dimensionality nx3. Default:
None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setMetallicRegions(metallic_regions)
Set the metallic regions for the configuration.

Parameters
metallic_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
metallic regions to set.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setPartialCharges(charge_list, indices=None, skip_checks=False, update_calculator=True)
Set the partial charges on the configuration. The partial charges are used primarily to model electrostatic
interactions in the TremoloX-calculator.

Parameters

• charge_list (PhysicalQuantity of type charge | None) – A list of atomic
partial charges which contains a charge for each atom.

• indices (list | int | None) – The indices for which to set the partial charges.
Default: All indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

• update_calculator (bool) – Whether or not to update and attached Forcefield cal-
culator with the new charges. Default: True.

setVelocities(velocities=None, skip_checks=False)
Function to set velocities on the configuration.

Parameters

• velocities (PhysicalQuantity of type velocity | None) – The velocities to set on the
configuration. Has the dimensionality nx3. Default: None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

shiftAtoms(displacement, indices=None, skip_checks=False)
Translate some atoms.

Parameters

• displacement (PhysicalQuantity of type length) – The displacement that should be
applied to the atom positions.
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• indices (list of int) – The indices to shift. Default: All.

• skip_checks (bool) – True, if all consistency checks should be skipped.

shiftPartialCharges(total_charge, indices=None)
Shift the partial charges so that their sum is the given total charge value. These partial charges are used
with Forcefield calculators.

Parameters

• total_charge (PhysicalQuantity of type charge) – The new total charge.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

symbols()

Returns
The element symbols of the configuration.

Return type
list of str

tags(indices=None)
List the tags associated with a given collection of indices. The list returned is the set union of tags asso-
ciated with the given indices. If no collection of indices is provided, then all tags on the configuration are
returned.

Parameters
indices (list | int) – The indices to check. Default: All indices.

Returns
The set union of tags present on the provided indices.

Return type
set

uniqueElements(ordered=False)

Parameters
ordered (bool) – If the elements should be returned in ascending order by atomic number.

Returns
The unique elements contained in the configuration.

Return type
list of PeriodicTableElement

uniqueString()

Return a unique string representing the state of the object.

update(force_restart=False)
A self-consistent solution is generated, using the currently set calculator.

Parameters
force_restart (bool) – Force the self-consistent calculation to restart. Default: False.

velocities()

Returns
The velocities of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type velocity
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Usage Examples

Define the geometry of and construct a water molecule:

# Set up elements and positions
elm = [ Oxygen, Hydrogen, Hydrogen ]
pos = [[ 0.000, 0.000, 0.0],

[ 0.757, 0.586, 0.0],
[-0.757, 0.586, 0.0]]*Angstrom

# Add them to a configuration
h2o = MoleculeConfiguration(elm, pos)

molecule_configuration.py

Alternative way of specification:

# Set up elements and positions using xyz format
h2o = MoleculeConfiguration(xyz_format=

"""3

O 0.000 0.000 0.0
H 0.757 0.586 0.0
H -0.757 0.586 0.0""")

molecule_configuration_xyz.py

Notes

ATK recognizes four types of atomic geometries:

• Molecules (MoleculeConfiguration)

• Bulk (BulkConfiguration)

• One Probe (SurfaceConfiguration)

• Two Probe (DeviceConfiguration)

A molecule is considered to be a system isolated in space. The QuantumATK calculators will place the molecule within
an unit cell, in order to obtain a real space grid for describing the effective potential of the system.

It is possible to specify vacuum basis sets (ghost atoms) by adding an additional atom and include the index of that
atom in the ghost_atom list. In this case the valence basis set of the atom is included in the orbital list, but there will
be no atomic potential at the site.
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MolierePotential

class MolierePotential(particleType1, particleType2, c1, c2, c3, c4, d1, d2, d3, d4, f, Zi, Zj, s, r_i=None,
r_cut=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• c1 (float) – Potential parameter.

• c2 (float) – Potential parameter.

• c3 (float) – Potential parameter.

• c4 (float) – Potential parameter.

• d1 (float) – Potential parameter.

• d2 (float) – Potential parameter.

• d3 (float) – Potential parameter.

• d4 (float) – Potential parameter.

• f (PhysicalQuantity of type length ) – Potential parameter.

• Zi (PhysicalQuantity of type charge) – Potential parameter.

• Zj (PhysicalQuantity of type charge) – Potential parameter.

• s (PhysicalQuantity of type energy) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the
smoothing of the potential starts. r_i must be smaller than r_cut.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Usage Examples

Define a Moliere-type potential between silicon and argon. TremoloXPotentialSet.

potentialSet = TremoloXPotentialSet(name = 'Moliere_ArSi')
potentialSet.addParticleType(ParticleType.fromElement(Silicon))
potentialSet.addParticleType(ParticleType.fromElement(Argon))

_potential = MolierePotential(
particleType1=ParticleIdentifier('Si', []),
particleType2=ParticleIdentifier('Ar', []),
f=0.09734*Angstrom,
c1=0.35,
c2=0.55,
c3=0.1,
c4=0.0,
d1=0.3,
d2=1.2,
d3=6.0,
d4=0.0,
Zi=14.0*elementary_charge,
Zj=18.0*elementary_charge,
s=0.0*eV,
r_i=5.0*Angstrom,
r_cut=7.5*Angstrom,

)
potentialSet.addPotential(_potential)
calculator = TremoloXCalculator(parameters=potentialSet)

moliere.py

Notes

This potential implements the Moliere potential1, which models the short-range screened Coulomb repulsion between
two nuclei. It can be used in combination with a conventional potential, such as Tersoff, which is usually not hard
enough at short distances during high energy impacts. It is also suitable for modeling a purely repulsive interaction,
such as between nobel gas atoms or ions. The potential follows the form

𝑉𝑀𝑜𝑙𝑖𝑒𝑟𝑒
𝑖𝑗 = 𝑠𝑖𝑗 +

𝑍𝑖𝑍𝑗
4𝜋𝜖0𝑟𝑖𝑗

4∑︁
𝑚=1

𝑐
(𝑚)
𝑖𝑗 exp

(︃
−
𝑑
(𝑚)
𝑖𝑗 𝑟𝑖𝑗

𝑓𝑖𝑗

)︃
.

where 𝑍𝑖 and 𝑍𝑗 are the nuclear charges of the elements involved.

Typically used values for 𝑐(𝑚) are (0.35, 0.55, 0.1, 0) and for 𝑑(𝑚) (0.3, 1.2, 6.0, 0). The parameter 𝑓𝑖𝑗 is often taken as
0.83(9𝜋2/128)1/3𝑎𝐵𝑜ℎ𝑟(𝑍

0.5
𝑖 +𝑍0.5

𝑗 )−2/3 (see e.g.2). In this case the nucleus charges𝑍𝑖,𝑗 should be taken as unitless.

At long distances this potential is brought smoothly to zero between the inner cutoff r_i and the outer cutoff r_cut,
using a 5th order spline function. This ensures that there are no discontinuites in the forces as atoms are brought closer
together, and that the energy is properly conserved. The applied potential 𝑈(𝑟) is given as:

𝑈(𝑟) = 𝑉𝑖𝑗(𝑟) × 𝑆(𝑟)

1 Gert Moliere. Theorie der streuung schneller geladener teilchen i. einzelstreuung am abgeschirmten coulomb-feld. Zeitschrift für Natur-
forschung A, 2(3):133–145, 1947.

2 Cameron F Abrams and David B Graves. Molecular dynamics simulations of si etching by energetic cf 3+. Journal of applied physics,
86(11):5938–5948, 1999. URL: https://doi.org/10.1063/1.371637, doi:10.1063/1.371637.
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where 𝑉𝑖𝑗(𝑟) is the pair potential and 𝑆(𝑟) is the spline function. The values of the spline function are:

• 1 when 𝑟 ≤ 𝑟𝑖

• In the range [0, 1] when 𝑟𝑖 < 𝑟 < 𝑟𝑐𝑢𝑡

• 0 when 𝑟 ≥ 𝑟𝑐𝑢𝑡

MomentTensorPotentialFittingParameters

class MomentTensorPotentialFittingParameters(basis_size=None, inner_cutoff_radii=None,
tapering_cutoff_radii=None, outer_cutoff_radii=None,
mtp_filename=None, cutoff_function=None,
load_energy=None, load_forces=None,
load_stress=None,
ridge_regression_regularization=None,
ridge_regression_cross_validation=None,
constant_terms=None, weights=None, forces_cap=None,
non_linear_coefficients_parameters=None,
data_tags=None,
use_element_specific_coefficients=None,
use_gpu_acceleration=None)

Class for storing parameters for fitting a moment tensor potential.

Parameters

• basis_size (PredefinedBasisSmall | PredefinedBasisBig | int | str) –
The basis set size to use. If a filename is given the basis is read for this file. Default:
PredefinedBasisSmall

• inner_cutoff_radii (PhysicalQuantity of type length | dict of {tuple (size 2) of
Element: PhysicalQuantity of type length}) – The inner cutoff radius for each element
pair. If a single value is given, this will be used for all pairs. Default: 0.5 * Angstrom

• tapering_cutoff_radii (PhysicalQuantity of type length | dict of {tuple (size 2) of
Element: PhysicalQuantity of type length}) – The tapering cutoff radius for each element
pair. If a single value is given, this will be used for all pairs. Default: 0.7 * Angstrom

• outer_cutoff_radii (PhysicalQuantity of type length | dict of {tuple (size 2) of
Element: PhysicalQuantity of type length}) – The outer cutoff radius for each element
pair. If a single value is given, this will be used for all pairs. Default: 5.0 * Angstrom

• mtp_filename (str) – The filename for the fitted MTP parameter set. An exception is
raised if the filename already exists. Default: The parameters will be written to a file
MTP_parameters.mtp, prefixed by the index of the fit in the list.

• cutoff_function (CutoffFunctionChebyshevOriginal |
CutoffFunctionChebyshevExpansion) – The cutoff function to use. Default:
CutoffFunctionChebyshevOriginal

• load_energy (LoadQuantityAlways | LoadQuantityNever |
LoadQuantityWhereAvailable) – Whether to use the energy during fitting. De-
fault: LoadQuantityWhereAvailable

• load_forces (LoadQuantityAlways | LoadQuantityNever |
LoadQuantityWhereAvailable) – Whether to use the forces during fitting. De-
fault: LoadQuantityWhereAvailable
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• load_stress (LoadQuantityAlways | LoadQuantityNever |
LoadQuantityWhereAvailable) – Whether to use the stress during fitting. De-
fault: LoadQuantityWhereAvailable

• ridge_regression_regularization (float) – The regularization strength for the
ridge regression model. Default: 1.0e-3

• ridge_regression_cross_validation (int) – The number of folds for enabling
cross-validation in the ridge regression model. Default: No cross-validation.

• constant_terms (dict of {Element: PhysicalQuantity of type energy}) – The energy
of an isolated atom for each species. Default: Calculated with the fitting calculator. by
MomentTensorPotentialTraining.

• weights (Sequence of PhysicalQuantity of type (1/energy, length/energy,
length**3/energy)) – The weights used for weighting energy, forces and stress [E,
F, S] of every training configuration. If the quantity is not used for fitting or absent from
the data, the corresponding weight is ignored. Default: No weighting.

• forces_cap (PhysicalQuantity of type energy / length) – Configurations with max. force
magnitudes on an atom larger than this value will be discarded from the training data.
Default: 100.0 * eV / Angstrom

• non_linear_coefficients_parameters (NonLinearCoefficientsParameters:)
– The non-linear coefficients and parameters related to their optimization. Default:
NonLinearCoefficientsParameters()

• data_tags (None | str | list) – A single tag or a list of tags identifying the training
sets to be used in the fitting. None results in all available training sets being included.
Default: None

• use_element_specific_coefficients (bool) – True, if element-specific coeffi-
cients should be used, otherwise False. Default: False

• use_gpu_acceleration (bool) – Switch GPU acceleration using CUDA on or off. This
accelerates the singular value decomposition (SVD) solver when determining the linear
coefficients. This requires running the training on a CUDA-enabled GPU, otherwise it has
no effect. Default: False.

basisSize()

Returns
The basis set size to use or the filename to read the basis from.

Return type
PredefinedBasisSmall | PredefinedBasisBig | int | str

constantTerms()

Returns
The energy of an isolated atom for each species, or None if it will be calculated with the
fitting calculator by MomentTensorPotentialTraining.

Return type
dict of {Element: PhysicalQuantity of type energy} | None

cutoffFunction()

Returns
The cutoff function to use.

1522 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

Return type
CutoffFunctionChebyshev

dataTags()

Returns
The tags identifying which datasets are used in the fitting. None includes all available
datasets

Return type
None | list

forcesCap()

Returns
The forces cap.

Return type
PHYSICALQUANTITY| of type energy / length.

innerCutoffRadii()

Returns
The inner cutoff radius for each element pair. If a single value is given, this will be used
for all pairs.

Return type
PhysicalQuantity of type length | dict of {tuple (size 2) of Element: PhysicalQuantity of
type length}

loadEnergy()

Returns
Whether to use the energy during fitting.

Return type
LoadQuantityAlways | LoadQuantityNever | LoadQuantityWhereAvailable

loadForces()

Returns
Whether to use the forces during fitting.

Return type
LoadQuantityAlways | LoadQuantityNever | LoadQuantityWhereAvailable

loadStress()

Returns
Whether to use the stress during fitting.

Return type
LoadQuantityAlways | LoadQuantityNever | LoadQuantityWhereAvailable

mtpFilename()

Returns
The filename for the fitted MTP parameter set, or None if it will be set by
MomentTensorPotentialTraining.

Return type
str | None
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nonLinearCoefficientsParameters()

Returns
The non-linear coefficients and parameters related to their optimization.

Return type
NonLinearCoefficientsParameters

outerCutoffRadii()

Returns
The outer cutoff radius for each element pair. If a single value is given, this will be used
for all pairs.

Return type
PhysicalQuantity of type length | dict of {tuple (size 2) of Element: PhysicalQuantity of
type length}

ridgeRegressionCrossValidation()

Returns
The number of folds for enabling cross-validation in the ridge regression model, of None
for no cross-validation.

Return type
int | None

ridgeRegressionRegularization()

Returns
The regularization strength for the ridge regression model.

Return type
float

setBasisSize(basis_size)
Method for setting the basis size.

Parameters
basis_size (PredefinedBasisSmall | PredefinedBasisBig | int | str) –
The basis set size to use. If a filename is given the basis is read for this file.

setConstantTerms(constant_terms)
Method for setting the constant terms.

Parameters
constant_terms (dict of {Element: PhysicalQuantity of type energy}) – The energy of
an isolated atom for each species.

setCutoffFunction(cutoff_function)
Method for setting the cutoff function.

Parameters
cutoff_function (CutoffFunctionChebyshevOriginal |
CutoffFunctionChebyshevExpansion) – The cutoff function to use.

setDataTags(data_tags)
Method for setting data tags.

Parameters
data_tags (None | str | list) – A single tag or a list of tags identifying the training
sets to be used in the fitting. None results in all available training sets being included.
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setForcesCap(forces_cap)
Method for setting the forces cap.

Parameters
forces_cap (PhysicalQuantity of type energy / length) – Configurations with max. force
magnitudes on an atom larger than this value will be discarded from the training data.

setInnerCutoffRadii(inner_cutoff_radii)
Method for setting the inner cutoff radii.

Parameters
inner_cutoff_radii (PhysicalQuantity of type length | dict of {tuple (size 2) of
Element: PhysicalQuantity of type length}) – The inner cutoff radius for each element
pair. If a single value is given, this will be used for all pairs.

setLoadEnergy(load_energy)
Method for setting load_energy.

Parameters
load_energy (LoadQuantityAlways | LoadQuantityNever |
LoadQuantityWhereAvailable) – Whether to use the energy during fitting.

setLoadForces(load_forces)
Method for setting load_forces.

Parameters
load_forces (LoadQuantityAlways | LoadQuantityNever |
LoadQuantityWhereAvailable) – Whether to use the forces during fitting.

setLoadStress(load_stress)
Method for setting load_stress.

Parameters
load_stress (LoadQuantityAlways | LoadQuantityNever |
LoadQuantityWhereAvailable) – Whether to use the stress during fitting.

setMtpFilename(mtp_filename)
Method for setting the MTP filename.

Parameters
mtp_filename (str) – The filename for the fitted MTP parameter set.

setNonLinearCoefficientsParameters(non_linear_coefficients_parameters)
Method for setting non_linear_coefficients_parameters.

Parameters
non_linear_coefficients_parameters (NonLinearCoefficientsParameters:)
– The non-linear coefficients and parameters related to their optimization.

setOuterCutoffRadii(outer_cutoff_radii)
Method for setting the outer cutoff radii.

Parameters
outer_cutoff_radii (PhysicalQuantity of type length | dict of {tuple (size 2) of
Element: PhysicalQuantity of type length}) – The outer cutoff radius for each element
pair. If a single value is given, this will be used for all pairs.

setRidgeRegressionCrossValidation(ridge_regression_cross_validation)
Method for setting ridge_regression_cross_validation.
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Parameters
ridge_regression_cross_validation (int) – The number of folds for enabling
cross-validation in the ridge regression model.

setRidgeRegressionRegularization(ridge_regression_regularization)
Method for setting ridge_regression_regularization.

Parameters
ridge_regression_regularization (float) – The regularization strength for the
ridge regression model.

setTaperingCutoffRadii(tapering_cutoff_radii)
Method for setting the tapering cutoff radii.

Parameters
tapering_cutoff_radii (PhysicalQuantity of type length | dict of {tuple (size 2) of
Element: PhysicalQuantity of type length}) – The tapering cutoff radius for each element
pair. If a single value is given, this will be used for all pairs.

setUseElementSpecificCoefficients(use_element_specific_coefficients)
Set the flag to use element-specific coefficients or not.

Parameters
use_element_specific_coefficients (bool) – If True, element-specific coefficients
will be used.

setUseGpuAcceleration(use_gpu_acceleration)
Switch GPU acceleration using CUDA on or off. This accelerates the singular value decomposition (SVD)
solver when determining the linear coefficients. This requires running the training on a CUDA-enabled
GPU, otherwise it has no effect.

Parameters
use_gpu_acceleration (bool) – The flag to switch GPU acceleration on or off.

setWeights(weights)
Method for setting the weights.

Parameters
weights (Sequence of PhysicalQuantity of type (1/energy, length/energy,
length**3/energy)) – The weights used for weighting energy, forces and stress [E,
F, S] of every training configuration. If the quantity is not used for fitting or absent from
the data, the corresponding weight is ignored.

taperingCutoffRadii()

Returns
The tapering cutoff radius for each element pair. If a single value is given, this will be used
for all pairs.

Return type
PhysicalQuantity of type length | dict of {tuple (size 2) of Element: PhysicalQuantity of
type length}

uniqueString()

Return a unique string representing the state of the object.

useElementSpecificCoefficients()

Returns
True, element-specific coefficients are used, otherwise False.
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Return type
bool

useGpuAcceleration()

Returns
The flag to enable GPU acceleration using CUDA . This accelerates the singular value de-
composition (SVD) solver when determining the linear coefficients. This requires running
the training on a CUDA-enabled GPU, otherwise it has no effect.

Return type
bool

weights()

Returns
The weights used for weighting energy, forces and stress [E, F, S] of every training config-
uration.

Return type
Sequence of size 3

Usage Examples

Setup of MomentTensorPotentialFittingParameters. Note that if optimization of the NonLinearCoefficientsParameters
is required it has to be specified here.

# Define non-linear coefficients and enable optimization.
non_linear_coefficients_parameters = NonLinearCoefficientsParameters(

perform_optimization=True,
initial_coefficients=Random,

)

# MTP filename.
mtp_filename = 'mtp_parameters.mtp'

# Define parameters to use in the MTP fitting.
fitting_parameters = MomentTensorPotentialFittingParameters(

basis_size=2000,
outer_cutoff_radii=4.0*Angstrom,
mtp_filename=mtp_filename,
non_linear_coefficients_parameters=non_linear_coefficients_parameters,
use_element_specific_coefficients=True,

)

Use element-wise inner, tapering, and outer cutoff radii:

inner_cutoff_radii = {
(Oxygen, Oxygen): 1.0*Ang,
(Oxygen, Hydrogen): 0.5*Ang,
(Hydrogen, Hydrogen): 0.5*Ang,

}
tapering_cutoff_radii = {

(Oxygen, Oxygen): 1.1*Ang,
(Oxygen, Hydrogen): 0.6*Ang,

(continues on next page)
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(continued from previous page)

(Hydrogen, Hydrogen): 0.6*Ang,
}
outer_cutoff_radii = {

(Oxygen, Oxygen): 4.0*Ang,
(Oxygen, Hydrogen): 4.0*Ang,
(Hydrogen, Hydrogen): 4.0*Ang,

}

# MTP filename.
mtp_filename = 'mtp_parameters.mtp'

# Define parameters to use in the MTP fitting.
fitting_parameters = MomentTensorPotentialFittingParameters(

basis_size=PredefinedBasisSmall,
inner_cutoff_radii=inner_cutoff_radii,
tapering_cutoff_radii=tapering_cutoff_radii,
outer_cutoff_radii=outer_cutoff_radii,
mtp_filename=mtp_filename,
use_element_specific_coefficients=True,

)

Notes

MomentTensorPotentialFittingParameters serves as an input argument for MomentTensorPotentialTraining.

This class specifies the hyper-parameters for the MTP training.

The most important parameters to specify and vary would be the MTP basis, the outer cutoff radii, as well as the
NonLinearCoefficientsParameters, which specify the optimization of the element-pair dependent coefficients in the
radial functions.

The effect of the basis size is generally that if the number of MTP basis functions is increased the training error is
reduced, which improves the accuracy. However, a trade-off is that the extrapolation of the MTP, i.e. the prediction
capability for configurations that are further outside the range of the training data, becomes worse. In practice this often
means that some simulations, especially of amorphous materials or at high temperatures can become more unstable.
If the number of basis is reduced the effect is the opposite: The simulation are typically more stable but the accuracy
decreases.

It is recommended to use either the PredefineBasisSmall, or basis sizes between 400 and 800 functions for general
purpose applications. If the MTP requires very high accuracy (e.g. for accurate phonon calculations of crystalline
materials) one can increase the number of basis functions even more to e.g. around 2000 to 5000. In this case one has
to be more careful with MD simulations at high temperature.

If the training data contains multiple elements, better accuracy can be achieved by using element-specific coefficients
in the MTP model. This can be enabled by setting use_element_specific_coefficients=True. Using the option
will result in slightly longer training and simulation times, but the accuracy gain can be significant, in particular for
training data with many different elements, layered materials, or systems, where it is difficult to achieve a low enough
training error with the normal MTP version.

The outer cutoff radii of the atomic environment can be chosen as global or as element-pair specific, and they should be
chosen to at least include the first shell of neighbors for each element pair. The fit can often be improved by including
more neighbor shells in the environments, up to the point where at larger radii the atomic environment becomes too
complex to be described accurately by the finite number of MTP basis functions. Therefore, it is recommended to run
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several fits with different cutoff radii, and use the one that results in both a low error and stable simulations. Typical
outer cutoff radii are between 3 and 6 Ang.

The inner cutoff radii determine the inner limit of the atomic neighborhood. Note, that the default value for the inner
cutoff radii is set to 0.5 Ang, which works well for most elements, in that it allows to focus the radial functions on the
important part of the interaction range.

The tapering cutoff radii determine the range below which the radial functions are smoothly tapered to zero and they
should set slightly higher than the inner cutoff radii.

To optimize the hyper-parameters one can set up a list of MomentTensorPotentialFittingParameters with different pa-
rameters and choose the parameter set which results in the lowest training and test error, as reported by the nlprint()
output of the MomentTensorPotentialTraining object.

Two different kinds of radial function can be chosen: The original polynomial functions used in1, which are
in this implementation orthonormalized via Chebyshev poynomials (default and recommended option), and the
Chebyshev expansion as explained in2. These are specified by setting the parameter cutoff_function to
CutoffFunctionChebyshevOriginal respectively CutoffFunctionChebyshevExpansion.

Optionally, one may specify the isolated atomic energies which are involved in calculating the constant terms in the
MTP fitting. If not specified, these energies will be calculated automatically using the same reference calculator as the
rest of the training set. If the reference calculator is a DFT calculator it will always use the spin-polarized version of
the calculator, keeping all other parameters the same.

The fitting of the linear coefficients can be accelerated by running on a GPU. This is particularly beneficial when the
non-linear optimization is switched off via setting perform_optimization=False in the NonLinearCoefficientsPa-
rameters. To enable GPU acceleration, the flag use_gpu_acceleration needs to be set to True. To make use of this
feature, the calculation needs to be run on a GPU that supports CUDA-11.8, otherwise it will fall back to the default
CPU mode.

MomentTensorPotentialTraining

class MomentTensorPotentialTraining(filename, object_id, training_sets, calculator=None,
correction_calculator=None, calculate_stress=None,
train_on_energy_only=None,
ignore_non_converged_configurations=None,
fitting_parameters_list=None, train_test_split=None,
random_seed=None, scaled_spins=None,
number_of_processes_per_task=None, log_filename_prefix=None)

Study for training and testing a moment tensor potential.

Parameters

• filename (str) – The full or relative filename path the Study object should be saved to.
See nlsave().

• object_id (str) – The name of the study that the Study object should be saved to within
the file. This needs to be a unique name in this file. See nlsave().

• training_sets (RandomDisplacementsParameters |
CrystalInterfaceTrainingParameters | AlloyTrainingParameters |

1 Alexander V Shapeev. Moment tensor potentials: a class of systematically improvable interatomic potentials. Multiscale Modeling & Simula-
tion, 14(3):1153–1173, 2016.

2 Konstantin Gubaev, Evgeny V. Podryabinkin, Gus L.W. Hart, and Alexander V. Shapeev. Accelerating high-throughput searches for new alloys
with active learning of interatomic potentials. Comput. Mater. Sci., 156:148–156, 2019. URL: https://www.sciencedirect.com/science/article/pii/
S0927025618306372, doi:https://doi.org/10.1016/j.commatsci.2018.09.031.
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MolecularDynamicsSnapshotsParameters | TrainingSet | sequence of
[RandomDisplacementsParameters | CrystalInterfaceTrainingParameters
| AlloyTrainingParameters | MolecularDynamicsSnapshotsParameters] |
TrainingSet | Table) – The list of training sets to generate as part of the complete
dataset.

• calculator (Calculator) – The calculator to fit the moment tensor potential to. Default:
LCAOCalculator().

• correction_calculator (Calculator) – The calculator to correct energy force and
stress data with. The MTP is fit to the reference calculator minus the contribution of
the correction calculator. Default: None.

• calculate_stress (bool) – Whether the stress will be calculated and added to the
output. Only applies to bulk configurations. Default: True.

• train_on_energy_only (bool) – Flag to state whether the MTP should be trained
solely on energy or not. Default: False.

• ignore_non_converged_configurations (bool) – Flag to state whether or not non-
converged configurations are ignored in fitting. Default: True.

• fitting_parameters_list (MomentTensorPotentialFittingParameters | se-
quence of MomentTensorPotentialFittingParameters | Table) – The list of pa-
rameter sets for fitting the moment tensor potential. A separate moment tensor potential
will be fitted for each parameter set in the list. Default: No fitting is performed.

• train_test_split (float) – The proportion of the complete dataset to use for training;
the rest will be used for testing. Must be in the range (0, 1]. Default: 0.8.

• random_seed (int) – The random seed used for generating the train/test split. Default:
Generated automatically.

• scaled_spins (A list of tuples each of a PeriodicTableElement object and a scaled
spin value. For non-collinear spin systems the tuple has four numbers, atom index, scaled
spin, theta, phi, where the latter two are spherical coordinates as PhysicalQuantity object
of type Degree or Radians) – The initial scaled spins for each type of element. Default:
None.

• number_of_processes_per_task (int | None | ProcessesPerNode) – The number of
processes that will be used to execute each task. If the total number of process does not
divide evenly into the tasks, some tasks may have less than this number of processes. If
None, all available processes execute each task collaboratively. Default: None.

• log_filename_prefix (str | LogToStdOut) – General filename prefix for the logging
output of the study tasks. If LogToStdOut, all logging will instead be sent to standard
output. Default: 'mtp_training_'.

availableDataTags()

Returns
The available tags that have been set to select different datasets.

Return type
list

calculateStress()

Returns
Whether the stress will be calculated and added to the output. Only applies to bulk config-
urations.
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Return type
bool

calculator()

Returns
The calculator to fit the moment tensor potential to.

Return type
Calculator

continueTrainingSets(log_filename_prefix=None, recalculate_training_data=None)
Return a list with 2 items: The first is a training set that includes all the converged configurations, the
second is a training set with all the non-converged configurations.

Parameters

• log_filename_prefix (str) – Prefix for the log file for completed and ignored data.

• recalculate_training_data (bool) – Whether or not the energy, forces and
stresses are recalculated for the converged configurations. Note: The TrainingSet
containing the non-converged configurations is always recalculated. Default: False

Returns
List of training sets containing available converged and non-converged configurations.

Return type
list

correctionCalculator()

Returns
The calculator to correct energy force and stress data with.

Return type
Calculator

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

filename()

Returns
The filename where the study object is stored.

Return type
str

fittingParametersList()

Returns
The list of parameter sets for fitting the moment tensor potential, or None if no fitting is
performed.

Return type
list of MomentTensorPotentialFittingParameters | None
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fittingReport(stream, data_tags=None, sort_best_fit=False)
Print a string containing an ASCII table summarizing the available results for the study.

Parameters

• stream (file-like) – The stream to write to. This should be an object that supports
strings being written to it using a write method.

• data_tags (str | list | None) – List of tags indicating the datasets to calculate
the statistics for.

• sort_best_fit (bool) – Print the fits sorted by quality. Default: False

ignoreNonConvergedConfigurations()

Returns
Whether or not configurations are ignored if the calculation of energy does not converge.
Only applies to calculators that use an SCF method.

Return type
bool

ignoredConfigurations()

Return the configurations that are ignored because the calculation of energy, force and stress did not con-
verge.

Returns
The training configurations that did not converge.

Return type
ConfigurationDataContainer | None

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

momentTensorPotentialCalculators(fit_index=None, include_correction=False)
The output moment tensor potential calculators, generated with the given fitting parameter sets. This result
will only be available after the study has been updated.

Parameters

• fit_index (int) – The index of the fitting parameter set.

• include_correction (bool) – Whether or not the returned MTP includes the cor-
rection calculator. Default: False.

Returns
The fitted moment tensor potential calculators. If not available, returns None.

Return type
TremoloXCalculator | list of TremoloXCalculator | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()
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nonLinearCoefficients()

The output non-linear coefficients for the moment tensor potential fitting, generated with the given fitting
parameter sets. If the optimization of the coefficients is switched off, they will be equivalent to the input
coefficients. This result will only be available after the study has been updated.

Returns
The optimized non-linear coefficients. If not available, returns None.

Return type
dict | None

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

randomSeed()

Returns
The random seed used for generating the train/test split, or None if there is no split.

Return type
int | None

rankFits(data_tags=None, weights=None, statistical_measure=None)
Ranks the fits based on some (to be specified) quality measure.

Parameters

• data_tags (str | list | None) – List of tags indicating the datasets to calculate
the statistics for.

• weights (list(2) of lists(3) of float) – Weights to be used for the energy,
forces, stress and training, testing errors. The weights are always normalized. [train-
ing[energy, forces, stress], testing[energy, forces, stress]]. Default: [[1, 1, 1],
[1, 1, 1]].

• statistical_measure (RMSE | MAE | R2Score) – The statistical measure used
as quality metric. RMSE, MAE, R2Score. Default: R2Score.
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Returns
Two lists: 1. An ordered list of fit indices ranked by the quality measure (best first). 2. A
list of the quality measures in the original fit order.

Return type
list(2) of lists

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

scaledSpins()

Returns
The scaled spins of the atoms.

Return type
list.

trainOnEnergyOnly()

Returns
Whether the training should be based solely on energy (True) or on energy, forces and
stress (False).

Return type
bool

trainTestSplit()

Returns
The proportion of the complete dataset to use for training; the rest will be used for testing.

Return type
float

trainingSets()

Returns
The list of training sets to use or generate based on the reference configurations.

Return type
list of [RandomDisplacementsParameters | CrystalInterfaceTrainingParameters
| AlloyTrainingParameters | MolecularConfigurationsParameters
MolecularDynamicsSnapshotsParameters | TrainingSet]

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object and ensure that the MTP parameters are written to the given
filenames.

writeMTPFiles(fit_index=None, mtp_filename=None)
Write the MTP parameters to file, Works only if the mtp file content is available from the fitting task.

Parameters
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• fit_index (int | None) – Write only the content for this fit index. If None, write
the files for all fits.

• mtp_filename (str | None) – Write the content to this filename. If None, the file-
name specified in the corresponding fitting parameters is used.

Usage Examples

Setup of MomentTensorPotentialTraining of quartz.

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697 , 0. , 0. ],

[ 0. , 0.4697 , 0.666666666667],
[ 0.5303 , 0.5303 , 0.333333333333],
[ 0.4135 , 0.2669 , 0.1191 ],
[ 0.2669 , 0.4135 , 0.547567 ],
[ 0.7331 , 0.1466 , 0.785767 ],
[ 0.5865 , 0.8534 , 0.214233 ],
[ 0.8534 , 0.5865 , 0.452433 ],
[ 0.1466 , 0.7331 , 0.8809 ]]

# Set up configuration
reference_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

# Define calculator for E/F/S data calculations.
calculator = LCAOCalculator()

# Set up non-linear coefficients with optimization.
non_linear_coefficients_parameters = NonLinearCoefficientsParameters(

perform_optimization=True,
)

# Set up parameters to use in the MTP fitting.
fitting_parameters = MomentTensorPotentialFittingParameters(

basis_size=1000,
outer_cutoff_radii=3.0*Angstrom,
mtp_filename='mtp_study.mtp',
non_linear_coefficients_parameters=non_linear_coefficients_parameters,

)

# In this specific example, the default displacement protocol for crystals is used
training_sets = crystalTrainingRandomDisplacements(

(continues on next page)
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(continued from previous page)

reference_configuration,
supercell_repetitions_list=[(2, 2, 2), (3, 3, 3)],
sample_size_per_stage=10,

)

# Set up MTP training.
moment_tensor_potential_training = MomentTensorPotentialTraining(

filename='mtp_study',
object_id='training',
training_sets=training_sets,
calculator=calculator,
calculate_stress=True,
fitting_parameters_list=fitting_parameters,

)
moment_tensor_potential_training.update()
nlprint(moment_tensor_potential_training)

# The MTP calculator can now be extracted from the MomentTensorPotentialTraining object.
mtp_calculator = moment_tensor_potential_training.momentTensorPotentialCalculators()[0]

MomentTensorPotentialTraining_example1.py

Several MomentTensorPotentialTraining objects with pre-calculated training data can be loaded and then passed into
another MomentTensorPotentialTraining object which does the fitting:

training_sets = []

# Load another MomentTensorPotentialTraining object with precalculated data.
mtp_training_data_input = nlread('mtp_training_data.hdf5',␣
→˓MomentTensorPotentialTraining)[0]
training_sets.append(

TrainingSet(mtp_training_data_input, recalculate_training_data=False)
)

# Load another Trajectory object with precalculated data.
trajectory_training_data_input = nlread('trajectory_training_data.hdf5', Trajectory)[0]
training_sets.append(

TrainingSet(trajectory_training_data_input, recalculate_training_data=False)
)

# Set up MTP training.
moment_tensor_potential_training = MomentTensorPotentialTraining(

filename='mtp_training.hdf5',
object_id='training',
training_sets=training_sets,
calculator=LCAOCalculator(),
calculate_stress=True,
fitting_parameters_list=fitting_parameters,

)
moment_tensor_potential_training.update()
nlprint(moment_tensor_potential_training)

MomentTensorPotentialTraining_example2.py
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Notes

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

This class implements the moment tensor potential (MTP) framework1. This class combines 3 different stages of the
MTP training workflow:

• The generation and calculation of training data

• The actual training of the MTP parameters

• The validation of the trained MTP

To generate and calculate training data different possibilities are provided:

• RandomDisplacementsParameters or crystalTrainingRandomDisplacements: A series of random atomic dis-
placements and strain to sample to phase space around an equilibrium configuration.

• MolecularDynamicsSnapshotsParameters: Snapshots from molecular dynamics simulations using either the fi-
nal reference calculator, or a force field or fast high-throughput DFT calculator. In the latter case energies, forces,
and stress are recalculated using the reference calculator for a subset of the snapshots from the MD trajectory.

• TrainingSet: A set of available training configurations with or without pre-calculated reference energy, forces, and
stress. If no reference data is provided, it will automatically be recalculated using the given reference calculator.

• CrystalInterfaceTrainingParameters: Used to generate training configurations by building interfaces from two
crystalline bulk materials.

• MolecularConfigurationsParameters: Class for generating a set of training configurations using a combination
of sampling different torsion angles and atomic displacements.

• AlloyTrainingParameters: Class for generating a set of alloy training configurations.

The calculation of reference data in the MomentTensorPotentialTraining can be parallelized efficiently over different
process groups via the keyword number_of_processes_per_task.

A MomentTensorPotentialTraining with calculated reference data can also be used as input to other MomentTensorPo-
tentialTraining objects by passing it via a TrainingSet object. This can be used to separate the calculation of training
data and fitting steps. It also allows easily combining many different pre-calculated training data sets into a single
fit. This can become more practical for complex materials where the training data contains many different separate
components.

The second (optional) stage is the training of the MTP parameters. Here, the MomentTensorPotentialFittingParameters
object can be passed to specify the MTP hyper-parameters that should be used for the fit. To optimize these parameters
a list of these objects with different parameters can be given. A fit will be carried out for each of these to identify the
best combination of parameters from the training and test errors reported via nlprint().

The nlprint() report prints a summary of all training energy, forces, and stress root-mean-square errors with respect
to the reference data for all fitting parameters. An independent test error calculated for configurations which have
been taken out of the training data is also reported. The ratio of configurations used for training respectively testing is
specified by the train_test_split parameters. The two sets are split randomly from the entire training data.

The training and test errors both give indications of the quality of the potential and possible ways to improve the fit. If
the training and test errors are both similarly high, this is an indication that the model is not complex enough to properly
represent the training set. In this case the potential may be improved by increasing the basis set size. If the test error is
significantly larger than the training error, this is an indication that the training set is too small, and that the potential

1 Alexander V Shapeev. Moment tensor potentials: a class of systematically improvable interatomic potentials. Multiscale Modeling & Simula-
tion, 14(3):1153–1173, 2016.
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is being over-fitted. In this case the potential may be improved by generating more training data, either by specifying
new training sets or by performing active learning.

The list with the final calculators with the trained MTP parameters, one calculator for each fit, can be queried via
momentTensorPotentialCalculators(). Alternatively, the MTP calculator may be imported as an .mtp file using
the MTPPotential class.

For the parallelization of the MomentTensorPotentialTraining it is recommended to use many MPI processes, as both
the DFT calculations and the MTP fitting benefit more from MPI parallelization than from threading.

MonkhorstPackGrid

class MonkhorstPackGrid(na=None, nb=None, nc=None, symmetries=None, force_timereversal=None,
k_point_shift=None, shift_to_gamma=None)

Parameters

• na (Positive int) – Number of k-points in A direction. Default: 1

• nb (Positive int) – Number of k-points in B direction. Default: 1

• nc (Positive int) – Number of k-points in C direction. Default: 1

• symmetries (list(n_symmetries) of (array(3, 3), array(3)).) – A list of
user-defined symmetries used for the reduction of the k-points in integration. Default:
Empty list, which means ATK will determine the relevant symmetries.

• force_timereversal (bool) – Always enforce time reversal symmetry. Default: True
(False with spin-orbit or noncollinear spin)

• k_point_shift (list(3) of float) – Optional k-point shift in fractional coordi-
nates. This option is mutually exclusive to shift_to_gamma. Default: Determined
internally depending on the value of shift_to_gamma.

• shift_to_gamma (list(3) of bool | bool) – Shift grid so that Γ (0.0, 0.0, 0.0)
is included along all or certain directions. This option is mutually exclusive to
k_point_shift. Default: True (Not active if k_point_shift is specified)

allKpoints()

Returns
All the k-points of the MonkhorstPackGrid before symmetry reduction.

Return type
ndarray(N,3) of float where N is the number of k-points.

allKpointsWeights()

Returns
The weight of all k-points before symmetry reduction.

Return type
ndarray(n) for float where n is the number of k-points before symmetry reduction.

disableTimereversal()

After construction of the MonkhorstPackGrid, the time reversal symmetry can be disabled using this func-
tion.
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foldoutMapVector()

Query method for getting the map between the symmetry reduced k-points and unreduced k-points.

Returns
A list with indices matching the k-points in the symmetry reduced set and in the unreduced
set.

Return type
ndarray(N) with integer values between 0 and M-1. N is the number of k-points in the
unreduced set, M is the number of k-points in the reduced set.

forceTimereversal()

Returns
Whatever force_timereversal is enabled or disabled.

Return type
bool

kPointShift()

Returns
The k_point_shift which the k-points are shifted with.

Return type
list(3) of float

kpoints()

Returns
The symmetry reduced kpoints.

Return type
ndarray(N,3) of float where N is the number of symmetry reduced k-points.

kpointsWeights()

Returns
The weights of the symmetry reduced k-points.

Return type
ndarray(n) for floats, where n is the number of unreduced number of k-points.

na()

Returns
The number of k-points along the kA-direction.

Return type
int

nb()

Returns
The number of k-points along the kB-direction.

Return type
int

nc()

Returns
The number of k-points along the kC-direction.
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Return type
int

shiftToGamma()

Returns
Whatever the k-points are shifted to the Γ.

Return type
bool

symmetries()

Returns
The symmetries to apply for reducing the k-points.

Return type
list(n_symmetries) of (array(3, 3), array(3)).

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define a 2x5x3 Monkhorst-Pack k-point grid. Calculate the irreducible k-points using the time reversal symmetry and
mirror symmetry in the A direction. Print out the relation between the full k-point set and the irreducible set:

# Make a MonkhorstPackGrid with mirror symmetry in A direction and time reversal␣
→˓symmetry
symmetries = [( numpy.array([[-1,0,0], [0,1,0], [0,0,1]]), numpy.zeros(3))]
mpg = MonkhorstPackGrid(2, 5, 3, symmetries=symmetries)

# Get the kpoints
irreducible_kpoints = mpg.kpoints()
irreducible_weights = mpg.kpointsWeights()

all_kpoints = mpg.allKpoints()

# Print out the irreducible kpoints
print(len(irreducible_kpoints), ' irreducible kpoints')
for kp, w in zip(irreducible_kpoints, irreducible_weights):

print(kp, w*len(all_kpoints))

# Get the map from the full kpoints to the irreducible part
fold_out_map = mpg.foldoutMapVector()

# Print out the relation between the full and irreducible set
print(len(all_kpoints), ' kpoints')
for i, kp in enumerate(all_kpoints):

print(kp, ' -> ', irreducible_kpoints[fold_out_map[i]])

monkhorstpackgrid.py
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Notes

Make a uniform k-point grid according to procedure of Monkhorst and Pack1,

k𝑝𝑟𝑠 = 𝑢𝑝 b1 + 𝑢𝑟 b2 + 𝑢𝑠 b3,

𝑢𝑟 = (2𝑟 − 𝑞 − 1)/2𝑞 (𝑟 = 1, 2, 3, ..., 𝑞),

where k𝑝𝑟𝑠 are the k-vectors corresponding to the special points of the k-grid, b1, b2, and b3 are the reciprocal lattice
vectors, 𝑢𝑟 is the sequence of numbers, and 𝑞3 is the total number of the k-points used to sample the Brillouin zone.

• The original Monkhorst-Pack procedure assumes that odd k-point grids include the Γ point while even k-point
grids avoid the Γ point.

• It is possible and often advantageous to shift the grid by ∆𝑘. For example, one may need to include the Γ point
for cubic and hexagonal lattices.

• When the time-reversal symmetry of the Schrödinger equation is preserved, it is possible to take advantage of
the inversion symmetry to reduce the number of k-points used for sampling the Brillouin zone. This is done by
default in QuantumATK.

• If the time-reversal symmetry of the Schrödinger equation is broken, e.g., by spin-orbit interaction, the inversion
symmetry cannot be adopted to reduce the number of k-points. The time-reversal symmetry can be turned off,
by using the force_timereversal keyword.

MorseBondPotential

class MorseBondPotential(particleType1, particleType2, k, E, r_0=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• k (PhysicalQuantity of length**-1) – Potential parameter.

• E (PhysicalQuantity of type energy) – Potential parameter.

• r_0 (PhysicalQuantity of type lenth ) – Potential parameter (equilibrium dis-
tance).

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

1 H. J. Monkhorst and J. D. Pack. Special points for brillouin-zone integrations. Phys. Rev. B, 13:5188–5192, Jun 1976.
doi:10.1103/PhysRevB.13.5188.
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static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a bonded potential with a MorseBondPotential for an ethane molecule.

# Set up a new TremoloXPotentialSet
potential_set = TremoloXPotentialSet(name='Ethane_bonded')

# Add particle types for Carbon and Hydrogen.
potential_set.addParticleType(

ParticleType.fromElement(Carbon, charge=-0.3*elementary_charge)
)
potential_set.addParticleType(

ParticleType.fromElement(Hydrogen, charge=0.1*elementary_charge)
)

# Set up a new bond potential for C-C bonds and add it to the potential set.
bond_potential = MorseBondPotential(

particleType1='C',
particleType2='C',
k=3.8*Ang**-1,
E=1.0*eV,
r_0=1.526*Ang,

)
potential_set.addPotential(bond_potential)

# Set up a new bond potential for C-H bonds and add it to the potential set.
bond_potential = MorseBondPotential(

particleType1='C',
particleType2='H',
k=3.8*Ang**-1,
E=1.0*eV,
r_0=1.090*Ang,

)
potential_set.addPotential(bond_potential)

# Create a new TremoloXCalculator with this potential.
calculator = TremoloXCalculator(parameters=potential_set)
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Here, only the MorseBondPotential block of the script is shown. The full script can be found found in the file
ethane_morse_bond_potential.py.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• This bond potential is calculated as

𝑉 (𝑟) = 𝐸0

[︁
(1 − exp(−𝑘(𝑟 − 𝑟0)))

2 − 1
]︁

where 𝑟 is the distance between the atoms connected by this bond and 𝑟0 is the equilibrium distance.

MorsePotential

class MorsePotential(particleType1, particleType2, r_0, k, E_0, r_i=None, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• r_0 (PhysicalQuantity of type length ) – Potential parameter.

• k (PhysicalQuantity of type length**-1) – Potential parameter.

• E_0 (PhysicalQuantity of type energy) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the
smoothing of the potential starts. r_i must be smaller than r_cut.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.
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setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create the Pedone_2006Fe2 potential by hand, by adding the individual components

potentialSet = TremoloXPotentialSet(name='Pedone_2006Fe2')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
charge=2.4))

(continues on next page)
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(continued from previous page)

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
charge=-1.2))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential('Si', 'O',

r_0=2.1*Angstrom,
k=2.0067*1/Ang,
E_0=0.340554*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(Repulsive12Potential('Si', 'O',
r_cut=7.5*Angstrom,
c=1.0*Ang**12*eV))

potentialSet.addPotential(MorsePotential('O', 'O',
r_0=3.618701*Angstrom,
k=1.379316*1/Ang,
E_0=0.042395*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(Repulsive12Potential('O', 'O',
r_cut=7.5*Angstrom,
c=22.0*Ang**12*eV))

# Add the coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

The MorsePotential defines a potential of the form

𝑉𝑖𝑗(𝑟) = 𝐸𝑖𝑗

[︂(︁
1 − 𝑒−𝑘(𝑟−𝑟0)

)︁2
− 1

]︂
.

It is often used to describe interatomic bonds, as the resulting potential well is typically steeper than the one produced
by a LennardJonesPotential.

At long distances this potential is brought smoothly to zero between the inner cutoff r_i and the outer cutoff r_cut,
using a 5th order spline function. This ensures that there are no discontinuites in the forces as atoms are brought closer
together, and that the energy is properly conserved. The applied potential 𝑈(𝑟) is given as:

𝑈(𝑟) = 𝑉𝑖𝑗(𝑟) × 𝑆(𝑟)

where 𝑉𝑖𝑗(𝑟) is the pair potential and 𝑆(𝑟) is the spline function. The values of the spline function are:

• 1 when 𝑟 ≤ 𝑟𝑖

• In the range [0, 1] when 𝑟𝑖 < 𝑟 < 𝑟𝑐𝑢𝑡
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• 0 when 𝑟 ≥ 𝑟𝑐𝑢𝑡

MullikenPopulation

class MullikenPopulation(configuration)
Class for calculating the Mulliken population for a configuration.

Parameters
configuration (DeviceConfiguration | BulkConfiguration |
MoleculeConfiguration.) – The Configuration which the Mulliken population should be
calculated for.

atomicAngles()

Returns
The atomic polarization angles as a list of (𝜃, 𝜑) tuples representing spherical coordinates.

Return type
list of tuple

atomicCharge()

Calculate the charge of each atom.

Returns
The charge of each atom in a length n array.

Return type
PhysicalQuantity of type charge

atoms(spin=None)
Return an array with the Mulliken population of each atom.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – The mulliken population is calculated for this spin.
Default: Spin.All

bond(atom_i, atom_j)
Return a float which is the Mulliken population projected onto the bond between atom_i and atom_j.

Parameters

• atom_i (int) – Index of the first atom in the bond projection. atom_i should satisfy
0 <= atom_i < number_of_atoms.

• atom_j (int) – Index of the second atom in the bond projection. atom_j should
satisfy 0 <= atom_j < number_of_atoms.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

orbitals(spin=None)
Calculate the Mulliken population of all orbitals.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – The mulliken population is calculated for this spin.
Default: Spin.All

Returns
One array for each atom. Each array holds the Mulliken population of each orbital of that
atom.

Return type
list of numpy.array

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the Mulliken population of an ammonia molecule and print projections of orbitals and bonds:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0., 0., 0.124001],

[ 0., 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]] * Angstrom)

# Define the calculator
calculator = HuckelCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the mulliken population
mulliken_population = MullikenPopulation(

configuration=molecule_configuration)

nlsave('mulliken.hdf5', mulliken_population)

# print all occupations
(continues on next page)
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nlprint(mulliken_population)

# print partial occupations of N
print('N ', mulliken_population.atoms(spin=Spin.Sum)[0])
print(' | ', mulliken_population.orbitals(spin=Spin.Sum)[0])
print('')

# print partial occupations of first H
print('H ', mulliken_population.atoms(spin=Spin.Sum)[1])
print(' | ', mulliken_population.orbitals(spin=Spin.Sum)[1])
print('')

# print Mulliken population of N-H bond
print('N-H bond ', mulliken_population.bond(0, 1))

mulliken_nh3.py

Notes

The total number of electrons, 𝑁 , is given by

𝑁 =
∑︁
𝑖𝑗

𝐷𝑖𝑗𝑆𝑖𝑗 ,

where 𝐷 is the density matrix, 𝑆 the overlap matrix, and the sum is over all orbitals in the system.

The Mulliken population is defined by different partitions of this sum into orbitals, atoms and bonds.

• Mulliken population of orbitals
The Mulliken Population of orbitals, 𝑀𝑖 , is defined by restricting one of the sum indexes to the orbital,
i.e.

𝑀𝑖 =
∑︁
𝑗

𝐷𝑖𝑗𝑆𝑗𝑖.

• Mulliken population of atoms
The Mulliken Population of atoms, 𝑀𝜇 , is defined by adding up all the orbital contributions on atom
number 𝜇

𝑀𝜇 =
∑︁
𝑖∈𝜇

∑︁
𝑗

𝐷𝑖𝑗𝑆𝑗𝑖.

• Mulliken population of bonds
The Mulliken Population of bonds, 𝑀𝜇𝜈 , is defined by restricting the sum indexes to the orbitals on atom
number 𝜇 and 𝜈 , i.e.

𝑀𝜇𝜈 = (2 − 𝛿𝜇𝜈)
∑︁
𝑖∈𝜇

∑︁
𝑗∈𝜈

𝐷𝑖𝑗𝑆𝑗𝑖.

Note the factor two, which ensures that

𝑁 =
∑︁
𝜇≥𝜈

𝑀𝜇𝜈 .
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Noncollinear spin

For noncollinear systems, the Mulliken population of atoms is a four component spin tensor:

𝑀𝜎𝜎′

𝜇 =
∑︁
𝑖∈𝜇

∑︁
𝑗

𝐷𝜎𝜎′

𝑖𝑗 𝑆𝑗𝑖.

The Mulliken Population of atoms can be diagonalized to give a local spin direction. This direction is reported by the
nlprint command for noncollinear systems.

The nlprint report for noncollinear spin also shows the orbital Mulliken populations in the local spin direction.

MultigridSolver

class MultigridSolver(boundary_conditions=None, solvent_dielectric_constant=None)
The multigrid-based Poisson solver.

Parameters

• boundary_conditions (list of DirichletBoundaryCondition |
NeumannBoundaryCondition | PeriodicBoundaryCondition |
MultipoleBoundaryCondition) – A list of shape (3,2) specifying the boundary
conditions on the 6 surfaces of the unit cell for the configuration. Default:

– MoleculeConfiguration: [[MultipoleBoundaryCondition()] * 2] * 3

– BulkConfiguration: [[PeriodicBoundaryCondition()] * 2] * 3

– SurfaceConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[DirichletBoundaryCondition(), NeumannBoundaryCondition()]]

– DeviceConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[DirichletBoundaryCondition()] * 2]

• solvent_dielectric_constant (float) – The dielectric constant of the media sur-
rounding the configuration. Must be a number larger than 0. Default: 1.0

boundaryConditions()

Returns
The boundary conditions for the solver.

Return type
list of DirichletBoundaryCondition | NeumannBoundaryCondition |
PeriodicBoundaryCondition | MultipoleBoundaryCondition

solventDielectricConstant()

Returns
The solvent dielectric constant.
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Return type
float

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define a MultigridSolver with specified boundary conditions on the 6 faces:

poisson_solver = MultigridSolver(
boundary_conditions=[

[DirichletBoundaryCondition(), NeumannBoundaryCondition()],
[DirichletBoundaryCondition(), DirichletBoundaryCondition()],
[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()]

]
)

calculator = LCAOCalculator(
poisson_solver=poisson_solver

)

Define a MultigridSolver with specified boundary conditions in the A, B, and C-direction, but similar boundary
conditions on opposite faces.:

poisson_solver = MultigridSolver(
boundary_conditions=[

[DirichletBoundaryCondition(), DirichletBoundaryCondition()],
[DirichletBoundaryCondition(), DirichletBoundaryCondition()],
[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()]

]
)

calculator = LCAOCalculator(
poisson_solver=poisson_solver,

)

Notes

• By setting the solvent_dielectric_constant it is possible to perform calculations of solvents. In this case
the volume of the configuration is defined by inscribing each atom in a sphere of size given by the van der Waals
radius of the element. Inside the volume of the configuration the dielectric constant is 1, outside the volume of
the configuration the dielectric constant is equal to the value of solvent_dielectric_constant.

• See also Poisson solvers.
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MultipoleBoundaryCondition

class MultipoleBoundaryCondition

A Multipole type boundary condition.

NPTBerendsen

class NPTBerendsen(initial_velocity=None, time_step=None, reservoir_temperature=None,
thermostat_timescale=None, reservoir_pressure=None, barostat_timescale=None,
compressibility=None, coupling_mask=None, heating_rate=None,
compression_rate=None)

NPT Berendsen integrator class which implements the Berendsen barostat.

Parameters

• initial_velocity (ConfigurationVelocities | ZeroVelocities |
MaxwellBoltzmannDistribution) – A class that implements a distribu-
tion of initial velocities for the particles in the MD simulation. Default:
MaxwellBoltzmannDistribution

• time_step (PhysicalQuantity of type time) – The time-step interval used in the MD
simulation. Default: 1.0 * fs

• reservoir_temperature (PhysicalQuantity of type temperature | list) – The reservoir
temperature in the simulation. Default: 300.0 * Kelvin

• thermostat_timescale (PhysicalQuantity of type time) – The time constant for
Berendsen temperature coupling. Default: 100.0 * fs

• reservoir_pressure (PhysicalQuantity of type pressure) – The reservoir pressure in
the simulation. The pressure can be given either as a scalar value, as a vector of length
3 denoting the hydrostatic components, as a vector of length 6 in Voigt notation, or as a
3x3 tensor. A scalar value will result in isotropic pressure coupling, whereas for all other
representations, each pressure component will be coupled to the barostat independently.
Default: 1.0*bar

• barostat_timescale (PhysicalQuantity of type time) – The time constant for Berend-
sen pressure coupling. Default: 1000.0 * fs

• compressibility (PhysicalQuantity of type pressure**-1) – The estimated compress-
ibility of the system relating volume changes to pressures changes. Default: 1.
0e-4*bar**-1

• coupling_mask (array of bools) – The mask determining which elements of the
stress tensor, the barostat should couple to. Can be given as a vector of length 3, denoting
the hydrostatic components, as a vector of length 6 in Voigt notation, or as a 3x3 tensor.
By default the barostat couples only to the diagonal elements. Default: True for diagonal
elements, False for shear components.

• heating_rate (PhysicalQuantity of type temperature/time | None) – The heating rate
of the target temperature. A value of None disables the heating of the system. Default:
None

• compression_rate (PhysicalQuantity of type pressure/time | None) – The compression
rate of the target pressure. Default: 0.0 * bar/fs
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isotropicCoupling()

Returns
Whether the barostat applies isotropic or anisotropic pressure coupling.

Return type
bool

kineticEnergy(configuration)

Parameters
configuration (DistributedConfiguration) – The current configuration to calcu-
late the kinetic energy of.

Returns
The kinetic energy of the current configuration.

Return type
PhysicalQuantity of type energy

thermostats()

Returns
The list of thermostats.

Return type
list

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Perform a molecular dynamics run of 50 steps on FCC Si, using the Berendsen barostat with isotropic pressure coupling:

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
fractional_coordinates=[[0.0, 0.0, 0.0], [0.25, 0.25, 0.25]]
)

# Set calculator
calculator = TremoloXCalculator(parameters=Tersoff_Si_1988b())
bulk_configuration.setCalculator(calculator)

# Set up a Berendsen barostat with isotropic pressure coupling.
method = NPTBerendsen(

time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,

(continues on next page)
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thermostat_timescale=100*femtoSecond,
reservoir_pressure=1.0*bar,
barostat_timescale=500.0*femtoSecond,
compressibility=1.0e-4*bar**-1,
heating_rate=0*Kelvin/picoSecond,
compression_rate=0.0*bar/picoSecond,
initial_velocity=None

)

# Run MD simulation
md_trajectory = MolecularDynamics(

bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=50,
log_interval=10,
method=method

)

nptberendsen.py

Apply anisotropic pressure coupling only to the zz-direction of the pressure tensor.

method = NPTBerendsen(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
reservoir_pressure=[0.0, 0.0, 10.0]*GPa,
barostat_timescale=500.0*femtoSecond,
compressibility=1.0e-4*bar**-1,
heating_rate=0*Kelvin/picoSecond,
coupling_mask=[False, False, True, False, False, False],
compression_rate=0.0*bar/picoSecond,
initial_velocity=None

)

nptberendsen2.py

Notes

• The Berendsen barostat can be used to approximately simulate a canonical NPT-ensemble, as described in Ref.1.

• If a scalar reservoir_pressure value is given, isotropic pressure coupling is applied, i.e. all cell vectors are
rescaled by the same factor, and the isotropic pressure 𝑃 = 1/3(𝑃𝑥𝑥 + 𝑃𝑦𝑦 + 𝑃𝑧𝑧) is used.

If a pressure vector (of length 3 or 6, in Voigt notation), or a 3x3-tensor is given as reservoir_pressure,
anisotropic pressure coupling is applied, meaning that each degree of freedom of the cell vectors will be rescaled
independently.

You can enable/disable the coupling to selected components of the pressure tensor via the parameter
coupling_matrix. This parameter only has an effect with anisotropic pressure coupling.

1 H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and J. R. Haak. Molecular dynamics with coupling to an external bath.
J. Chem. Phys., 81(8):3684–3690, 1984. doi:http://dx.doi.org/10.1063/1.448118.
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By default, the barostat couples only to the hydrostatic pressure, i.e. the diagonal elements of the pressure
tensor.

• If a non-zero heating_rate is specified, the reservoir temperature will be changed linearly during the simula-
tion, according to the specified heating rate.

If a non-zero compression_rate is specified, the reservoir pressure will be changed linearly during the simu-
lation, according to the specified compression rate.

• The compressibility parameter is used to determine the relationship between volume and pressure changes,
when the simulation cell is rescaled, which affects how well the observed barostat time scale agrees with the spec-
ified barostat_timescale parameter. However, if not set to extreme and unphysical values, the compressibility
parameter should not influence the result of the simulation.

NPTBernettiBussi

class NPTBernettiBussi(initial_velocity=None, time_step=None, reservoir_temperature=None,
thermostat_timescale=None, reservoir_pressure=None, barostat_timescale=None,
compressibility=None, coupling_mask=None, heating_rate=None,
compression_rate=None, random_seed=None)

NPT integrator class which implements the stochastic velocity rescaling (Bussi-Donadio-Parrinello) thermostat
in combination with the stochastic cell rescaling (Bernetti-Bussi) barostat. It correctly samples the isobaric-
isothermic ensemble.

Parameters

• initial_velocity (ConfigurationVelocities | ZeroVelocities |
MaxwellBoltzmannDistribution) – A class that implements a distribu-
tion of initial velocities for the particles in the MD simulation. Default:
MaxwellBoltzmannDistribution

• time_step (PhysicalQuantity of type time) – The time-step interval used in the MD
simulation. Default: 1.0 * fs

• reservoir_temperature (PhysicalQuantity of type temperature | list) – The reservoir
temperature in the simulation. Default: 300.0 * Kelvin

• thermostat_timescale (PhysicalQuantity of type time) – The time constant for
Berendsen temperature coupling. Default: 100.0 * fs

• reservoir_pressure (PhysicalQuantity of type pressure) – The reservoir pressure in
the simulation. The pressure can be given either as a scalar value, as a vector of length
3 denoting the hydrostatic components, as a vector of length 6 in Voigt notation, or as a
3x3 tensor. A scalar value will result in isotropic pressure coupling, whereas for all other
representations, each pressure component will be coupled to the barostat independently.
Default: 1.0*bar

• barostat_timescale (PhysicalQuantity of type time) – The time constant for Berend-
sen pressure coupling. Default: 1000.0 * fs

• compressibility (PhysicalQuantity of type pressure**-1) – The estimated compress-
ibility of the system relating volume changes to pressures changes. Default: 1.
0e-4*bar**-1

• coupling_mask (array of bools) – The mask determining which elements of the
stress tensor, the barostat should couple to. Can be given as a vector of length 3, denoting
the hydrostatic components, as a vector of length 6 in Voigt notation, or as a 3x3 tensor.
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By default the barostat couples only to the diagonal elements. Default: True for diagonal
elements, False for shear components.

• heating_rate (PhysicalQuantity of type temperature/time | None) – The heating rate
of the target temperature. A value of None disables the heating of the system. Default:
None

• compression_rate (PhysicalQuantity of type pressure/time | None) – The compression
rate of the target pressure. Default: 0.0 * bar/fs

• random_seed (int) – The seed for the random generator providing the stochastic part of
the velocity scaling. Must be between 0 and 2**32. Default: The default random seed

isotropicCoupling()

Returns
Whether the barostat applies isotropic or anisotropic pressure coupling.

Return type
bool

kineticEnergy(configuration)

Parameters
configuration (DistributedConfiguration) – The current configuration to calcu-
late the kinetic energy of.

Returns
The kinetic energy of the current configuration.

Return type
PhysicalQuantity of type energy

thermostats()

Returns
The list of thermostats.

Return type
list

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

uniqueString()

Return a unique string representing the state of the object.
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Usage Example

Perform a molecular dynamics run of 50 steps on FCC Si in the isothermal-isobaric ensemble using the NPTBernet-
tiBussi method:

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
fractional_coordinates=[[0.0, 0.0, 0.0], [0.25, 0.25, 0.25]]
)

# Set calculator
calculator = TremoloXCalculator(parameters=Tersoff_Si_1988b())
bulk_configuration.setCalculator(calculator)

# Set up MD method
method = NPTBernettiBussi(

time_step=1*femtoSecond,
initial_velocity=MaxwellBoltzmannDistribution(temperature=300*Kelvin),
# Thermostat settings
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
# Barostat settings
reservoir_pressure=1.0*bar,
barostat_timescale=1000.0*femtoSecond,
compressibility=1.0e-4*bar**-1,

)

# Run MD simulation
md_trajectory = MolecularDynamics(

bulk_configuration,
constraints=[],
trajectory_filename='trajectory.hdf5',
steps=50,
log_interval=10,
method=method

)

nptbernettibussi.py

The Bernetti-Bussi thermostat combines the stochastic velocity rescaling thermostat1 for temperature controll with the
stochastic cell rescaling barostat2 for pressure control. It correctly produces the volume and temperature distributions
of the NPT ensemble.

The script below compares the (instantaneous) pressure, volume and temperature distributions generated by three dif-
ferent barostats: Both the Martyna-Tobias-Klein (MTK) barostat and the Bernetti-Bussi barostat give the correct broad
volume and huge pressure fluctuations, while the Berendsen barostat produces a very narrow distribution.

Since the center of mass is constrained, the system has only 3 degrees of freedom. The deterministic MTK method has
difficulties in reaching the canonical distribution for the instantaneous temperature on such a small system.

1 Giovanni Bussi, Davide Donadio, and Michele Parrinello. Canonical sampling through velocity rescaling. Journal of Chemical Physics,
126(1):014101, 2007. doi:10.1063/1.2408420.

2 Mattia Bernetti and Giovanni Bussi. Pressure control using stochastic cell rescaling. The Journal of chemical physics, 153 11:114107, 2020.
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compare_PVT_distributions.py

Notes

• The Bernetti-Bussi barostatPage 1556, 2,3 is a stochastic variant of the Berendsen barostat. However, unlike the
Berendsen barostat it correctly samples the isothermal-isobaric ensemble. The lattice vectors of the cell and the
positions are scaled by a random number, which is chosen such as to achieve the correct volume fluctuations.

• If a scalar reservoir_pressure value is given, isotropic pressure coupling is applied, i.e. all cell vectors are
rescaled by the same factor, and the isotropic pressure 𝑃 = 1/3(𝑃𝑥𝑥 + 𝑃𝑦𝑦 + 𝑃𝑧𝑧) is used.

If a pressure vector (of length 3 or 6, in Voigt notation), or a 3x3-tensor is given as reservoir_pressure,
anisotropic pressure coupling is applied, meaning that each degree of freedom of the cell vectors will be rescaled
independently.

The coupling to selected components of the pressure tensor can be enabled/disabled via the parameter
coupling_matrix. This parameter only has an effect with anisotropic pressure coupling.

By default, the barostat couples only to the hydrostatic pressure, i.e. the diagonal elements of the pressure
tensor.

• If a non-zero heating_rate is specified, the reservoir temperature will be changed linearly during the simula-
tion, according to the specified heating rate.

If a non-zero compression_rate is specified, the reservoir pressure will be changed linearly during the simu-
lation, according to the specified compression rate.

3 Vittorio Del Tatto, Paolo Raiteri, Mattia Bernetti, and Giovanni Bussi. Molecular dynamics of solids at constant pressure and stress using
anisotropic stochastic cell rescaling. Applied Sciences, 2022.
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NPTMartynaTobiasKlein

class NPTMartynaTobiasKlein(initial_velocity=None, time_step=None, reservoir_temperature=None,
thermostat_timescale=None, reservoir_pressure=None,
barostat_timescale=None, coupling_mask=None, heating_rate=None,
compression_rate=None, chain_length=None)

The NPTMartynaTobiasKlein integrator class which implements the barostat proposed by Martyna, Tobias, and
Klein.

Parameters

• initial_velocity (ConfigurationVelocities | ZeroVelocities |
MaxwellBoltzmannDistribution) – A class that implements a distribu-
tion of initial velocities for the particles in the MD simulation. Default:
MaxwellBoltzmannDistribution

• time_step (PhysicalQuantity of type time) – The time-step interval used in the MD
simulation. Default: 1 * fs

• reservoir_temperature (PhysicalQuantity of type temperature | list) – The reservoir
temperature in the simulation. Default: 300.0 * Kelvin

• thermostat_timescale (PhysicalQuantity of type time) – The time constant for MTK
temperature coupling. Default: 100.0 * fs

• reservoir_pressure (PhysicalQuantity of type pressure) – The reservoir pressure in
the simulation. The pressure can be given either as a scalar value, as a vector of length
3 denoting the hydrostatic components, as a vector of length 6 in Voigt notation, or as a
3x3 tensor. A scalar value will result in isotropic pressure coupling, whereas for all other
representations, each pressure component will be coupled to the barostat independently.
Default: 1.0 * bar

• barostat_timescale (PhysicalQuantity of type time) – The time constant for MTK
pressure coupling. Default: 1000.0 * fs

• coupling_mask (array of bools) – The mask determining which elements of the
stress tensor, the barostat should couple to. Can be given as a vector of length 3, denoting
the hydrostatic components, as a vector of length 6 in Voigt notation, or as a 3x3 tensor.
By default the barostat couples only to the diagonal elements. Default: True for diagonal
elements, False for shear components.

• heating_rate (PhysicalQuantity of type temperature/time | None) – The heating rate
of the target temperature. A value of None disables the heating of the system. Default:
None

• compression_rate (PhysicalQuantity of type pressure/time | None) – The compression
rate of the target pressure. Default: 0.0 * bar / fs

• chain_length (int) – The number of subsequent thermostats. Default: 3

isotropicCoupling()

Returns
Whether the barostat applies isotropic or anisotropic pressure coupling.

Return type
bool

kineticEnergy(configuration)
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Parameters
configuration (DistributedConfiguration) – The current configuration to calcu-
late the kinetic energy of.

Returns
The kinetic energy of the current configuration.

Return type
PhysicalQuantity of type energy

thermostats()

Returns
The list of thermostats.

Return type
list

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Perform a molecular dynamics run of 50 steps on FCC Si, using the MartynaTobiasKlein barostat with isotropic pressure
coupling:

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
fractional_coordinates=[[0.0, 0.0, 0.0], [0.25, 0.25, 0.25]]
)

# Set calculator
calculator = TremoloXCalculator(parameters=Tersoff_Si_1988b())
bulk_configuration.setCalculator(calculator)

# Set up a MTK-barostat with isotropic pressure coupling.
method = NPTMartynaTobiasKlein(

time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
reservoir_pressure=1.0*bar,
barostat_timescale=500.0*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
compression_rate=0.0*bar/picoSecond,
chain_length=3,
initial_velocity=None

(continues on next page)
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)

# Run MD simulation
md_trajectory = MolecularDynamics(

bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=50,
log_interval=10,
method=method

)

Apply anisotropic pressure coupling only to the zz-direction of the pressure tensor.

method = NPTMartynaTobiasKlein(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
reservoir_pressure=[0.0, 0.0, 10.0]*GPa,
barostat_timescale=500.0*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
coupling_mask=[False, False, True, False, False, False],
compression_rate=0.0*bar/picoSecond,
chain_length=3,
initial_velocity=None

)

Notes

• The MartynaTobiasKlein barostat can be used to simulate a canonical NPT-ensemble. Similar to the NVTNose-
Hoover algorithm, chains of subsequent thermostats and barostats are used to suppress large temperature and
pressure oscillations. The equations of motion are taken from Ref.1, whereas the integration algorithm is imple-
mented as described in Ref2.

• If a scalar reservoir_pressure value is given, isotropic pressure coupling is applied, i.e. all cell vectors are
rescaled by the same factor, and the isotropic pressure 𝑃 = 1/3(𝑃𝑥𝑥 + 𝑃𝑦𝑦 + 𝑃𝑧𝑧) is used.

If a pressure vector (of length 3 or 6, in Voigt notation), or a 3x3-tensor is given as reservoir_pressure,
anisotropic pressure coupling is applied, meaning that each degree of freedom of the cell vectors will be rescaled
independently.

You can enable/disable the coupling to selected components of the pressure tensor via the parameter
coupling_matrix. This parameter only has an effect with anisotropic pressure coupling.

By default, the barostat couples only to the hydrostatic pressure, i.e. the diagonal elements of the pressure
tensor.

• If a non-zero heating_rate is specified, the reservoir temperature will be changed linearly during the simula-
tion, according to the specified heating rate.

1 Glenn J. Martyna, Douglas J. Tobias, and Michael L. Klein. Constant pressure molecular dynamics algorithms. J. Chem. Phys.,
101(5):4177–4189, 1994. doi:http://dx.doi.org/10.1063/1.467468.

2 Mark E Tuckerman, José Alejandre, Roberto López-Rendón, Andrea L Jochim, and Glenn J Martyna. A liouville-operator derived measure-
preserving integrator for molecular dynamics simulations in the isothermal–isobaric ensemble. J. Phys. A: Mathematical and General, 39(19):5629,
2006. URL: http://stacks.iop.org/0305-4470/39/i=19/a=S18.
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If a non-zero compression_rate is specified, the reservoir pressure will be changed linearly during the simu-
lation, according to the specified compression rate.

NRLHamiltonianParametrization

class NRLHamiltonianParametrization(parameters)
Class representing the Hamiltonian parametrization for the Navy Research Laboratory Tight-Binding model.

Parameters
parameters (NRLTightBindingParameters) – An object describing the parameters used
for the in the NRL model.

basisSet()

Returns the Slater-Koster basis set used to construct the environmental independent component of the
Hamiltonian and Overlap.

Returns
The Slater-Koster basis set.

Return type
SlaterKosterTable

pairPotentials()

Return the pair potentials. If no pair potentials are available, it returns None.

Returns
The pair potentials.

Return type
PairPotential

parameters()

Returns
A dictionary with all the numerical parameters.

Return type
dict

usingOrthogonalBasis()

Routine for determining if the Hamiltonian parametrization is using an orthogonal basis set.

Returns
True if the basis is orthogonal, False otherwise.

Return type
bool
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Usage Examples

The following example demonstrates some of the different parameters available for a NRL Hamiltonian parametrization.

# Create a NRL Hamiltonian parametrization with the sp
# parameters for Silicon.
hamiltonian_parametrization = NRLHamiltonianParametrization(

parameters=NRLParameters.Si_sp)

# NRL parametrization with the parameters for Carbon.
hamiltonian_parametrization = NRLHamiltonianParametrization(

parameters=NRLParameters.C)

# Set up a semi-empirical calculator with the NRL parametrization.
calculator = SemiEmpiricalCalculator(

hamiltonian_parametrization=hamiltonian_parametrization)

Notes

The Naval Research Laboratory tight-binding (NRL-TB) method uses distance- and environment-dependent Slater-
Koster parameters to provide transferability between different atomic and molecular structures. The NRL parametriza-
tion is thoroughly described in1. The Slater-Koster model, which the NRL parametrization is based on, is described in
Background information.

The available NRL parameter sets in QuantumATK can be found in the following table: NRL style parameters for
electronic structure and total energy calculations.

NVEVelocityVerlet

class NVEVelocityVerlet(initial_velocity=None, time_step=None)
Constructor for the NVE Velocity-Verlet integrator class.

Parameters

• initial_velocity (ConfigurationVelocities | ZeroVelocities |
MaxwellBoltzmannDistribution) – A class that implements a distribu-
tion of initial velocities for the particles in the MD simulation. Default:
MaxwellBoltzmannDistribution

• time_step (PhysicalQuantity of type time) – The time-step interval used in the MD
simulation. Default: 1.0*fs

kineticEnergy(configuration)

Parameters
configuration (DistributedConfiguration) – The current configuration to calcu-
late the kinetic energy of.

Returns
The kinetic energy of the current configuration.

1 D. A. Papaconstantopoulos and M. J. Mehl. The Slater-Koster tight-binding method: a computationally efficient and accurate approach. J.
Phys. Condens. Matter, 15(10):R413–R440, 2003. doi:10.1088/0953-8984/15/10/201.
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Return type
PhysicalQuantity of type energy

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Perform a micro-canonical molecular dynamics run of 10 steps on a water molecule, using the NVE Verlet Velocity
MD method:

# Define elements
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[0.0, -1.70000000e-05, 1.20198000e-01],

[0.0, 7.59572000e-01, -4.86714000e-01],
[0.0, -7.59606000e-01, -4.86721000e-01]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# Define a calculator
molecule_configuration.setCalculator(LCAOCalculator())

# Perform MD
md_configuration = MolecularDynamics(molecule_configuration,

method=NVEVelocityVerlet(),
steps=10)

# Save the final configuration
nlsave('velocityverlet.nc', md_configuration)

nvevelocityverlet.py
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Notes

Uses the Verlet algorithm to perform a micro-canonical, classical molecular-dynamics simulation, i.e. the energy of
the system is constant during the simulation.

NVTBerendsen

class NVTBerendsen(initial_velocity=None, time_step=None, reservoir_temperature=None, heating_rate=None,
thermostat_timescale=None)

The NVT Berendsen integrator class which implements the Berendsen thermostat.

Parameters

• initial_velocity (ConfigurationVelocities | ZeroVelocities |
MaxwellBoltzmannDistribution) – A class that implements a distribu-
tion of initial velocities for the particles in the MD simulation. Default:
MaxwellBoltzmannDistribution

• time_step (PhysicalQuantity of type time) – The time-step interval used in the MD
simulation. Default: 1 * fs

• reservoir_temperature (PhysicalQuantity of type temperature | list) – The reservoir
temperature in the simulation. The temperature can be given as a single temperature value
for the entire system, or as a list of 2-tuples of str and PhysicalQuantity of type tempera-
ture, applying local thermostats to the tagged groups of atoms. E.g. [('group1', 280.0
* Kelvin), ('group2', 320.0 * Kelvin)]. Default: 300.0 * Kelvin

• heating_rate (PhysicalQuantity of type temperature/time | None) – The heating rate of
the target temperature. A value of None disables the heating of the system. Default: 0.0
* Kelvin / fs

• thermostat_timescale (PhysicalQuantity of type time) – The time constant for
Berendsen temperature coupling. Default: 100.0 * fs

kineticEnergy(configuration)

Parameters
configuration (DistributedConfiguration) – The current configuration to calcu-
late the kinetic energy of.

Returns
The kinetic energy of the current configuration.

Return type
PhysicalQuantity of type energy

thermostats()

Returns
The list of thermostats.

Return type
list

timeStep()

Returns
The time step.
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Return type
PhysicalQuantity of type time

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Perform a molecular dynamics run of 50 steps on FCC Si, using the Berendsen thermostat:

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
fractional_coordinates=[[0.0, 0.0, 0.0], [0.25, 0.25, 0.25]]
)

# Set calculator
calculator = TremoloXCalculator(parameters=Tersoff_Si_1988b())
bulk_configuration.setCalculator(calculator)

# Set up MD method
method = NVTBerendsen(

time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
initial_velocity=None

)

# Run MD simulation
md_trajectory = MolecularDynamics(

bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=50,
log_interval=10,
method=method

)

nvtberendsen.py

Apply two thermostats to tagged groups of atoms of the configuration:

# Set up MD method with two thermostats on tagged groups of atoms.
method = NVTBerendsen(

time_step=1*femtoSecond,
reservoir_temperature=[('region1', 300*Kelvin), ('region2', 600*Kelvin)],
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
initial_velocity=None

)

nvtberendsen2.py
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Notes

• The Berendsen thermostat can be used to approximately simulate a canonical NVT-ensemble, as described in
Ref.1.

• You can specify one or more thermostats acting on tagged sub-groups of atoms of the configuration, by giving a
list of (tag-name, temperature)-tuples instead of a single, global reservoir_temperature value.

• If a non-zero heating_rate is specified, the reservoir temperature will be changed linearly during the simula-
tion, according to the specified heating rate.

NVTBussiDonadioParrinello

class NVTBussiDonadioParrinello(initial_velocity=None, time_step=None, reservoir_temperature=None,
heating_rate=None, thermostat_timescale=None, random_seed=None)

The NVT Bussi-Donadio-Parrinelllo thermostat.

Parameters

• initial_velocity (ConfigurationVelocities | ZeroVelocities |
MaxwellBoltzmannDistribution) – A class that implements a distribu-
tion of initial velocities for the particles in the MD simulation. Default:
MaxwellBoltzmannDistribution

• time_step (PhysicalQuantity of type time) – The time-step interval used in the MD
simulation. Default: 1 * fs

• reservoir_temperature (PhysicalQuantity of type temperature | list) – The reservoir
temperature in the simulation. The temperature can be given as a single temperature value
for the entire system, or as a list of 2-tuples of str and PhysicalQuantity of type tempera-
ture, applying local thermostats to the tagged groups of atoms. E.g. [('group1', 280.0
* Kelvin), ('group2', 320.0 * Kelvin)]. Default: 300.0 * Kelvin

• heating_rate (PhysicalQuantity of type temperature/time | None) – The heating rate of
the target temperature. A value of None disables the heating of the system. Default: 0.0
* Kelvin / fs

• thermostat_timescale (PhysicalQuantity of type time) – The time constant for tem-
perature coupling. Default: 100.0 * fs

• random_seed (int) – The seed for the random generator providing the stochastic part of
the velocity scaling. Must be between 0 and 2**32. Default: The default random seed

kineticEnergy(configuration)

Parameters
configuration (DistributedConfiguration) – The current configuration to calcu-
late the kinetic energy of.

Returns
The kinetic energy of the current configuration.

Return type
PhysicalQuantity of type energy

1 H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and J. R. Haak. Molecular dynamics with coupling to an external bath.
J. Chem. Phys., 81(8):3684–3690, 1984. doi:http://dx.doi.org/10.1063/1.448118.
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thermostats()

Returns
The list of thermostats.

Return type
list

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Perform a molecular dynamics run of 50 steps on FCC Si, using the Bussi-Donadio-Parrinello thermostat:

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
fractional_coordinates=[[0.0, 0.0, 0.0], [0.25, 0.25, 0.25]]
)

# Set calculator
calculator = TremoloXCalculator(parameters=Tersoff_Si_1988b())
bulk_configuration.setCalculator(calculator)

# Set up MD method
method = NVTBussiDonadioParrinello(

time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
initial_velocity=None

)

# Run MD simulation
md_trajectory = MolecularDynamics(

bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=50,
log_interval=10,
method=method

)

nvtbussidonadioparrinello.py
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The script below demonstrates that the Bussi-Donadio-Parrinello produces a NVT ensemble, while the Berendsen
thermostat fails to do so. The histogram of the kinetic energies from a long molecular dynamics trajectory is compared
with the expected canonical distribution for the kinetic energy.

The analytical expression for the canonical equilibrium distribution of the kinetic energy 𝐾 at temperature 𝑇 is given
by

𝑃 (𝐾)𝑑𝐾 =
𝛽𝑁𝑓/2

Γ(𝑁𝑓/2)
𝐾𝑁𝑓/2−1 exp(−𝛽𝐾)𝑑𝐾

where 𝛽 = 1/(𝑘𝐵𝑇 ) and 𝑁𝑓 is the number of degrees of freedom.

import matplotlib.pyplot as plt

# Increase the number of MD steps to converge the histograms.
STEPS = 5000

plt.xlabel("Kinetic energy K / Hartree")
plt.ylabel("Probability P(K)")

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
fractional_coordinates=[[0.0, 0.0, 0.0], [0.25, 0.25, 0.25]]
)

# Set calculator
calculator = TremoloXCalculator(parameters=Tersoff_Si_1988b())
bulk_configuration.setCalculator(calculator)

# Run MD simulations with each thermostat.
for thermostat_class in NVTBerendsen, NVTBussiDonadioParrinello:

(continues on next page)
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(continued from previous page)

# Set up MD method
method = thermostat_class(

time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
initial_velocity=ZeroVelocities(),

)

# Run long MD simulation
md_trajectory = MolecularDynamics(

bulk_configuration,
constraints=[],
trajectory_filename='trajectory.hdf5',
steps=STEPS,
log_interval=50,
method=method

)

# Choose color and label for thermostat
color = next(plt.gca()._get_lines.prop_cycler)["color"]
label = thermostat_class.__name__

# Kinetic energy distribution from samples in MD trajectory.
temperatures = numpy.unique(md_trajectory.reservoirTemperatures())
assert len(temperatures) == 1, 'Reservoir temperature should not change during MD␣

→˓run.'
temperature = temperatures[0]
beta = (1.0/(boltzmann_constant * temperature)).inUnitsOf(Hartree**(-1))
ekin = md_trajectory.kineticEnergies().inUnitsOf(Hartree)

# Plot histogram of kinetic energies
plt.hist(

ekin,
bins='auto', alpha=0.5,
color=color, stacked=True, density=True, label=f'Thermostatted MD, {label}'

)

# Find number of degrees of freedom
n = bulk_configuration.numberOfAtoms()
Nf = 3*n

# To avoid overflows reorganize the expression for P(K),
# so the logs of large quantities cancel before exponentiating.
def logGamma(x):

""" Expansion of log(Gamma(x)) for large x """
lG = (x-0.5) * numpy.log(x) - x + 0.5*numpy.log(2.0*numpy.pi)
return lG

# For K=0.0, log(beta^*K) gives inf.
ekin = ekin[ekin > 0.0]
ekin.sort()

(continues on next page)
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(continued from previous page)

probability_canonical = numpy.exp(
Nf/2.0 * numpy.log(beta*ekin) - beta*ekin - logGamma(Nf/2.0)

) / ekin

# Plot canonical distribution
plt.plot(

ekin, probability_canonical,
color=color, lw=2, label=f'Canonical distribution, T={temperature.inUnitsOf(Kelvin)}␣

→˓K'
)

plt.legend()
plt.show()

kinetic_energy_distribution.py

Notes

• The Bussi-Donadio-Parrinello thermostat1,2 is a stochastic variant of the Berendsen thermostat. However, unlike
the Berendsen thermostat it correctly samples the canonical NVT-ensemble. The factor for scaling the velocities
is a random number, which is generated in such a way as to produce the canonical equilibrium distribution for
the kinetic energy.

• You can specify one or more thermostats acting on tagged sub-groups of atoms of the configuration, by giving a
list of (tag-name, temperature)-tuples instead of a single, global reservoir_temperature value.

• If a non-zero heating_rate is specified, the reservoir temperature will be changed linearly during the simula-
tion, according to the specified heating rate.

NVTNoseHoover

class NVTNoseHoover(initial_velocity=None, time_step=None, reservoir_temperature=None,
heating_rate=None, thermostat_timescale=None, chain_length=None)

The NVT Nose-Hoover integrator class.

Parameters

• initial_velocity (ConfigurationVelocities | ZeroVelocities |
MaxwellBoltzmannDistribution) – A class that implements a distribu-
tion of initial velocities for the particles in the MD simulation. Default:
MaxwellBoltzmannDistribution

• time_step (PhysicalQuantity of type time) – The time-step interval used in the MD
simulation. Default: 1.0 * fs

• reservoir_temperature (PhysicalQuantity of type temperature | list) – The reservoir
temperature in the simulation. The temperature can be given as a single temperature value

1 Giovanni Bussi, Davide Donadio, and Michele Parrinello. Canonical sampling through velocity rescaling. Journal of Chemical Physics,
126(1):014101, 2007. doi:10.1063/1.2408420.

2 Giovanni Bussi and Michele Parrinello. Stochastic thermostats: comparison of local and global schemes. Computer Physics Communications,
179(1-3):26–29, 2008. doi:10.1016/j.cpc.2008.01.006.
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for the entire system, or as a list of 2-tuples of str and PhysicalQuantity of type tempera-
ture, applying local thermostats to the tagged groups of atoms. E.g. [('group1', 280.0
* Kelvin), ('group2', 320.0 * Kelvin)]. Default: 300.0 * Kelvin

• heating_rate (PhysicalQuantity of type temperature/time | None) – The heating rate of
the target temperature. A value of None disables the heating of the system. Default: 0.0
* Kelvin / fs

• thermostat_timescale (PhysicalQuantity of type time) – The time constant for
Berendsen temperature coupling. Default: 100.0 * fs

• chain_length (int) – The number of subsequent Nose-Hoover thermostats. Zero means
no thermostat is invoked. Default: 3

kineticEnergy(configuration)

Parameters
configuration (DistributedConfiguration) – The current configuration to calcu-
late the kinetic energy of.

Returns
The kinetic energy of the current configuration.

Return type
PhysicalQuantity of type energy

thermostats()

Returns
The list of thermostats.

Return type
list

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Perform a molecular dynamics run of 50 steps on FCC Si, using the Nose-Hoover thermostat:

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
fractional_coordinates=[[0.0, 0.0, 0.0], [0.25, 0.25, 0.25]]
)

# Set calculator
calculator = TremoloXCalculator(parameters=Tersoff_Si_1988b())

(continues on next page)
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bulk_configuration.setCalculator(calculator)

# Set up MD method
method = NVTNoseHoover(

time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
chain_length=3,
initial_velocity=None

)

# Run MD simulation
md_trajectory = MolecularDynamics(

bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=50,
log_interval=10,
method=method

)

nvtnosehoover.py

Apply two thermostats to tagged groups of atoms of the configuration:

# Set up MD method with two thermostats on tagged groups of atoms.
method = NVTNoseHoover(

time_step=1*femtoSecond,
reservoir_temperature=[('region1', 300*Kelvin), ('region2', 600.0*Kelvin)],
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
chain_length=3,
initial_velocity=None

)

nvtnosehoover2.py

Notes

• The Nose-Hoover-thermostat uses several subsequent thermostats to reproduce a canonical ensemble. For more
details regarding the Nose-Hoover chain method, please consult Martyna et al.1.

• You can specify one or more thermostats acting on tagged sub-groups of atoms of the configuration, by giving a
list of (tag-name, temperature)-tuples in stead of a single, global reservoir_temperature value.

• If a non-zero heating_rate is specified, the reservoir temperature will be changed linearly during the simula-
tion, according to the specified heating rate.

1 G. J. Martyna, M. L. Klein, and M. Tuckerman. Nosé–hoover chains: the canonical ensemble via continuous dynamics. J. Chem. Phys.,
97(4):2635–2643, 1992. doi:10.1063/1.463940.
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NamedPointDefect

class NamedPointDefect(point_defect, index, name, constituent_indices=None,
constituent_point_defects=None)

Create an object that stores a point defect with extra information about the name, index and constituent defects
(if any).

Parameters

• point_defect (Vacancy | Substitutional | Interstitial | DefectCluster |
SplitInterstitial) – The point defect to store

• index (int) – The index of unique defects of the specific defect.

• name (str) – The name of the defect.

• constituent_indices (list of int | None) – Indices of the defects that make up
the named defect. None for single defects, list of int for compound defects.

• constituent_point_defects (list of defect types | None) – The defects that
make up the named defect. None for single defects, list of defect types for compound
defects.

constituentIndices()

Returns
Indices of the defects that make up the named defect. None for single defects, list of int for
compound defects.

Return type
list of int | None

constituentPointDefects()

Returns
The defects that make up the named defect. None for single defects, list of defect types for
compound defects.

Return type
list of defect types | None

index()

Returns
Return the defect unique index

Return type
int

name()

Returns
Return the name of the defect

Return type
str

pointDefect()

Returns
Return the stored point defect.
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Return type
Vacancy | Substitutional | Interstitial | DefectCluster | SplitInterstitial

uniqueString()

Return a unique string representing the state of the object.

Notes

The NamedPointDefect contains a point defect definition as well as some information regarding the symmetry of the
defect. This information is used to uniquely identify symmetrically equivalent representations of the defect in Charged-
PointDefectConfiguration and diffusion calculations. NamedPointDefect objects are automatically created by defect
generators derived from the BaseDefectGenerator class.

NearestNeighbor

class NearestNeighbor(md_trajectory, cutoff_radius=None, start_time=None, end_time=None,
pair_selection=None, time_resolution=None, info_panel=None)

Class for calculating the time-dependent nearest neighbors from an MD simulation.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the nearest neighbors for.

• cutoff_radius (PhysicalQuantity of type length) – Cut off distance for nearest neigh-
bors (must be positive). Default: 2.5 * Angstrom

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame

• pair_selection (sequence) – Only include contributions between this selection of
atoms. A sequence has to contain two of the following types: Element, tag name, list of
indices, or None. Default: all atoms pairs.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

data()

Returns
An array with the average number of nearest neighbors for each selected snapshot in the
first column and its variance in the second column.

Return type
array

times()

Return the time values associated with the selected snapshots.
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Usage Examples

Load an MDTrajectory, calculate the average nearest neighbor number and the corresponding variance as a function of
time and plot the results:

md_trajectory = nlread('alumina_trajectory.nc')[-1]

nearest_neighbor = NearestNeighbor(md_trajectory,
start_time=10000.0*fs,
end_time=50000.0*fs,
cutoff_radius=2.5*Angstrom)

# Get the times in ps and the nearest neighbor values.
t = nearest_neighbor.times().inUnitsOf(ps)
nn_data = nearest_neighbor.data()

# Plot the nearest neighbor number and its variance using pylab.
import pylab

pylab.plot(t, nn_data[:, 0], label='Number of nearest neighbors')
pylab.plot(t, nn_data[:, 1], label='Variance nearest neighbors')
pylab.xlabel('t (ps)')
pylab.ylabel('<NN>')
pylab.legend()

pylab.show()

nearest_neighbor.py

Notes

This analysis calculates for each snapshot in an MDTrajectory the average number of nearest neighbors of a selected
group of atoms (the first entry in pair_selection) with a second selected group of atoms (the second entry in
pair_selection). By default the nearest neighbors are calculated among all atoms in the configuration.

In contrast to CoordinationNumber, which calculates the evolution of the number of atoms with a given coordination
number, this analysis evaluates the average number of nearest neighbors along the simulation time.

NeumannBoundaryCondition

class NeumannBoundaryCondition(value=None)
A Neumann type boundary condition.

Parameters
value (PhysicalQuantity of type energy/length) – The constraint value to fix the derivative
of the Hartree difference potential to. Default: 0.0 * eV/Angstrom

value()

Returns
The constraint value.
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Return type
PhysicalQuantity of type energy/length

NeutralAtom

class NeutralAtom(electrode_constraint_length=None)
Class for representing a neutral atom initial density matrix for Device simulations.

Parameters
electrode_constraint_length (PhysicalQuantity of type length) – Length over which the
atoms in the electrode copy within the central region will be initialized with a linear combi-
nation of the converged density matrix of the electrodes and the neutral atom density ma-
trix. The weight of the electrode density matrix is 1 at the boundary and 0 at the distance
electrode_constraint_length from the boundary. Default: 10.0 * Angstrom

electrodeConstraintLength()

Returns
The electrode constraint length.

Return type
PhysicalQuantity of type length

static initializeCentralRegionDensityMatrix(device_builder, downgraded_calculator,
schroedinger_container)

Method for initializing the density matrix of the central region.

Parameters

• device_builder (DeviceLCAOBuilder | DeviceSemiEmpiricalBuilder) – The
device builder.

• downgraded_calculator (LCAOCalculator | HuckelCalculator |
SlaterKosterCalculator) – Not used.

• schroedinger_container (NLEngine.CompositeSchroedingerContainer) –
The device Schroedinger container, the density matrix of which will be initialized.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Setup a non-self-consistent calculation with a neutral atom initial density.

device_algorithm_parameters = DeviceAlgorithmParameters(
initial_density_type=Neutral(electrode_constraint_length=0.*Ang))
calculator=DeviceHuckelCalculator(
device_algorithm_parameters=device_algorithm_parameters,
iteration_control_parameters=NonSelfconsistent,
)
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Notes

• The NeutralAtom initial density type, corresponds to an initial density consisting of a superposition of atomic-
like charge densities, constructed by occupying the basis orbital corresponding to the occupations of the atomic
wave functions

• If the electrode_constraint_length is longer than the length of the electrode, still only the electrode copy
atoms within the central region will be affected. However, the weighting of the electrode density matrix will be
larger. For instance, if electrode_constraint_length is infinite, the initial density matrix of the electrode
copy atoms in the central region will be the electrode density matrix.

NeutronScattering

class NeutronScattering(md_trajectory, start_time=None, end_time=None, pair_selection=None,
maximum_q_value=None, q_resolution=None, scattering_length=None,
cutoff_radius=None, resolution=None, time_resolution=None, info_panel=None)

Class for calculating the total neutron scattering structure factor from an MD simulation.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the neutron scattering for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame

• pair_selection (sequence) – Only include contributions between this selection of
atoms. A sequence has to contain two of the following types: Element, tag name, list of
indices, or None. Default: all atoms pairs

• maximum_q_value (PhysicalQuantity of type inverse length) – The maximum scattering
vector length. Default: 15.0 / Angstrom

• q_resolution (PhysicalQuantity of type inverse length) – The resolution of the neutron
structure factor curve. Default: 0.05/Angstrom

• scattering_length (PhysicalQuantity of type length) – A dictionary of elements and
corresponding neutron scattering lengths. By default it is assumed that all elements have
the same scattering length. Default: None

• cutoff_radius (PhysicalQuantity of type length.) – Upper limit on sampled distances.
Default: Half the diagonal of the unit

• resolution (PhysicalQuantity of type length) – The bin size determining the resolution
of the underlying radial-distribution-function. Default: 0.05 * Angstrom

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

data()

Return the neutron scattering structure factor.

qRange()

Return the list of scattering vector magnitudes.
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Usage Examples

Load an MDTrajectory and calculate the neutron scattering structure factor using experimental values for the neutron
scattering lengths of the different elements (see Ref.1):

md_trajectory = nlread('alumina_trajectory.nc')[-1]

# Define the neutron scattering lengths for the elements.
scattering_length={Aluminum : 0.00003449*Angstrom,

Oxygen : 0.00005805*Angstrom}

neutron_scattering = NeutronScattering(md_trajectory,
scattering_length=scattering_length)

# Get the q-values and the neutron structure function.
q_values = neutron_scattering.qRange().inUnitsOf(Angstrom**-1)
s_q = neutron_scattering.data()

# Plot the data using pylab.
import pylab

pylab.plot(q_values, s_q, label='Structure factor of alumina')
pylab.xlabel('q (1/Ang)')
pylab.ylabel('S(q)')
pylab.legend()

pylab.show()

neutron_scattering.py

Notes

This object calculates the isotropic (i.e. averaged over all scattering angles) neutron scattering structure factor. It is
therefore predominantly aimed at the characterization of amorphous materials.

The neutron scattering structure factor is calculated as described in Ref.Page 1578, 1:

𝑆(𝑞) =

∑︀
𝛼,𝛽 𝑏𝛼𝑏𝛽(𝑐𝛼𝑐𝛽)1/2

[︀
𝑆𝛼,𝛽(𝑞) − 𝛿𝛼,𝛽 + (𝑐𝛼𝑐𝛽)1/2

]︀
(
∑︀
𝛼 𝑏𝛼𝑐𝛼)

1/2
,

where 𝑐𝛼 and 𝑏𝛼 are the mole fraction and neutron scattering length of element 𝛼. The PartialStructureFactor is
calculated from the partial radial distribution functions, 𝑔𝛼,𝛽(𝑟), as follows,

𝑆𝛼,𝛽(𝑞) = 𝛿𝛼,𝛽 + 4𝜋𝜌(𝑐𝛼𝑐𝛽)1/2
∫︁ 𝑟𝑚𝑎𝑥

0

𝑟2[𝑔𝛼,𝛽(𝑟) − 1]
sin(𝑞𝑟)

𝑞𝑟

sin(𝜋𝑟𝑚𝑎𝑥𝑟)

𝜋𝑟𝑚𝑎𝑥𝑟
𝑑𝑟.

If no scattering lengths are provided (default), the partial structure factors are weighted only by the respective mole
fractions, i.e. the scattering lengths are all set to one. As the scattering lengths are typically of the order of femto-meter,
you should either provide scattering lengths for all elements or none at all to avoid overestimating the contributions of
some elements.

If a single pair of elements, or a selection via indices or tags, is specified in the pair_selection parameter, the
PartialStructureFactor of the selected pair is returned.

1 G. Gutiérrez and B. Johansson. Molecular dynamics study of structural properties of amorphous al2o3. Phys. Rev. B, 65:104202, Feb 2002.
doi:10.1103/PhysRevB.65.104202.
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The cutoff_radius parameter determines the range of the radial distribution function. This parameter might have
an influcence on the calculated structure factor at small scattering vectors.

NoStorage

class NoStorage

Do not cache self energies.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Examples on how to use NoStorage() and other storage strategies can be found in the Usage Examples of Recursion-
SelfEnergy.

Notes

In each step of the SCF loop of a device calculation, the same self energies need to be evaluated.

The NoStorage() storage strategy specifies that each self energy is recalculated in every iteration. This strat-
egy does not require additional memory, but results in poorer performance compared to the StoreOnDisk() and
SaveInMemory() strategies.

NonEquilibriumContour

class NonEquilibriumContour(args)
Check the parameters given, and which of them are using the default value.

uniqueString()

Return a unique string representing the state of the object.

This class is the abstract base class for the different Contour types that are used to compute the non-equilibrium part
of the density matrix at finite bias.

At this point there is only one NonEquilibriumContour available: RealAxisContour.

NonEquilibriumHeatExchange

class NonEquilibriumHeatExchange(configuration, heating_power, heat_source, heat_sink,
exchange_interval=1, update_profile_interval=0,
profile_resolution=None)

A class that implements a heat flow by constant heating power exchange technique via a hook function.

Parameters
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• configuration (BulkConfiguration) – The initial configuration on which the heat
flow simulation will be performed.

• heating_power (PhysicalQuantity of type energy/time) – The thermal energy that is
transferred from the cold to the hot region per time.

• heat_source (str | list of ints | tuple of type (float,
PhysicalQuantity of type length)) – The heat source atoms can be de-
fined by giving a tag that specifies which atoms are in the heat source, a list of atomic
indices, or by defining a spatial region. The spatial region is defined as 2-tuple of the
origin and length. The origin is the fractional position along the c-axis and the length is
the thickness along the c-axis.

• heat_sink (str | list of ints | tuple of type (float,
PhysicalQuantity of type length)) – The heat sink atoms can be defined
by giving a tag that specifies which atoms are in the heat sink, a list of atomic indices,
or by defining a spatial region. The spatial region is defined as 2-tuple of the origin
and length. The origin is the fractional position along the c-axis and the length is the
thickness along the c-axis.

• exchange_interval (int) – The interval to perform energy exchange by rescaling the
velocities. Default: 1 (every step).

• update_profile_interval (int) – The interval at which a measurement of the temper-
ature profile is performed and added to the average profile. Set to zero to disable on-the-fly
measurement. Default: 0

• profile_resolution (PhysicalQuantity of type length) – The spatial resolution for the
on-the-fly calculation of the temperature profile. Default: 2.0*Angstrom

callInterval()

Returns
The call interval of this hook function.

Return type
int

heatCurrent()

Returns
The average heat current.

Return type
PhysicalQuantity of type energy/time

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print a formatted string with the average temperature profile, as well as the average heat current.

Parameters
stream (A stream that supports strings being written to using 'write'.
) – The stream the temperature profile is written to.

temperatureProfile()

Returns
The temperature profile as a tuple containing bin-centers and corresponding temperature
values.

Return type
(PhysicalQuantity of type length, PhysicalQuantity of type temperature)
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Usage Example

Perform a non-equilibrium molecular dynamics simulation with a constant heating power on a silicon crystal with a
single germanium layer, to obtain the thermal conductance through this impurity layer.

potentialSet = Tersoff_SiGe_1989()
calculator = TremoloXCalculator(parameters=potentialSet)
bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------

initial_velocity = MaxwellBoltzmannDistribution(
temperature=300.0*Kelvin,
remove_center_of_mass_momentum=True

)

method = NVEVelocityVerlet(
time_step=1*femtoSecond,
initial_velocity=initial_velocity,

)

# Use a heating power of 50 nW.
heating_power = 50.0e-9*Joule/Second
momentum_exchange_hook = NonEquilibriumHeatExchange(

configuration=bulk_configuration,
heating_power=heating_power,
heat_source='heat_source',
heat_sink='heat_sink',
update_profile_interval=10,
profile_resolution=2.0*Ang

)

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=[],
trajectory_filename='Si_w_Ge_layer_NEMD.hdf5',
steps=100000,
log_interval=500,
post_step_hook=momentum_exchange_hook,
method=method

)

Here, only the molecular dynamics block of the script is shown. The full script can be found found in the file
nonequilibriumheatexchange.py.
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Notes

• The NonEquilibriumHeatExchange method can be used to run MolecularDynamics simulations with a constant
heat flux between the two selected reservoirs. The technique can therefore be used to simulate the thermal
conductance of a given configuration (see e.g,1).

• The reverse non-equilibrium heat exchange method is implemented as a class, which can be used as a
post_step_hook in MolecularDynamics.

• The velocities in the two reservoir regions are rescaled in such a way that a well-defined amount kinetic energy is
added to the atoms in the heat_source region whereas the same amount is taken away from the kinetic energy
in the heat_sink region. The magnitude of the kinetic energy that is transferred per time from the heat_sink
to the heat_source can be specified by the heating_power parameter. By default the rescaling is performed
at every MD step, if desired, the interval can be given by the user via the parameter exchange_interval.

• If a non-zero update_profile_interval is specified, a temperature profile is stored on-the-fly during the
simulation. After the MD run, the profiles may be accessed using the method temperatureProfile.

• The thermal bulk conductivity can be obtained by plotting the temperature profile of the system using the MD-
Analyzer tool and fitting its gradient∇𝑇 along the transport direction. The thermal conductivity is then obtained
via Fourier’s law

𝜅 = − �̇�

𝐴∇𝑇

where �̇� is the specified heating_power and A is the cross-sectional area perpendicular to the transport direction.

• The thermal conductance across an interface G (Kapitza conductance) can be obtained as

𝐺 = − �̇�

∆𝑇

where ∆𝑇 is the temperature drop across the interface.

NonEquilibriumMomentumExchange

class NonEquilibriumMomentumExchange(configuration, exchange_interval, heat_source, heat_sink,
update_profile_interval=0, profile_resolution=None)

A class that implements a heat flow by non-equilibrium momentum exchange (reverse non-equilibrium MD
(RNEMD)) technique via a hook function.

Parameters

• configuration (BulkConfiguration) – The initial configuration on which the heat
flow simulation will be performed.

• exchange_interval (int) – After each exchange_interval iterations, a velocity swap-
ping is performed between the hot and the cold region.

• heat_source (str | list of ints | tuple of type (float,
PhysicalQuantity of type length)) – The heat source atoms can be de-
fined by giving a tag that specifies which atoms are in the heat source, a list of atomic
indices, or by defining a spatial region. The spatial region is defined as 2-tuple of the

1 Philippe Jund and Rémi Jullien. Molecular-dynamics calculation of the thermal conductivity of vitreous silica. Phys. Rev. B, 59:13707–13711,
1999. doi:10.1103/PhysRevB.59.13707.
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origin and length. The origin is the fractional position along the c-axis and the length is
the thickness along the c-axis.

• heat_sink (str | list of ints | tuple of type (float,
PhysicalQuantity of type length)) – The heat sink atoms can be defined
by giving a tag that specifies which atoms are in the heat sink, a list of atomic indices,
or by defining a spatial region. The spatial region is defined as 2-tuple of the origin
and length. The origin is the fractional position along the c-axis and the length is the
thickness along the c-axis.

• update_profile_interval (int) – The interval at which a measurement of the temper-
ature profile is performed and added to the average profile. Set to zero to disable on-the-fly
measurement. Default: 0

• profile_resolution (PhysicalQuantity of type length) – The spatial resolution for the
on-the-fly calculation of the temperature profile. Default: 2.0 * Angstrom

averageHeatCurrent()

Returns
The average heat current.

Return type
PhysicalQuantity of type energy/time

callInterval()

Returns
The call interval of this hook function.

Return type
int

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print a formatted string with the average temperature profile, as well as the average heat current.

Parameters
stream (A stream that supports strings being written to using 'write'.
) – The stream the temperature profile is written to.

temperatureProfile()

Returns
The temperature profile as a tuple containing bin-centers and corresponding temperature
values.

Return type
(PhysicalQuantity of type length, PhysicalQuantity of type temperature)

Usage Example

Perform a molecular dynamics run of 5000 steps on a carbon nanotube. Momenta of two particles in the hot, respectively
cold region are exchanged every 100 steps.

# Set up configuration
bulk_configuration = NanoTube(3,1)

# Add tags
(continues on next page)
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(continued from previous page)

bulk_configuration.addTags('hot', [24, 30, 31, 35, 36, 37, 41, 42, 45, 46, 47, 48, 49,␣
→˓50, 51])
bulk_configuration.addTags('cold', [0, 1, 2, 3, 5, 6, 7, 10, 11, 16, 17])

# Set calculator
calculator = TremoloXCalculator(parameters=Tersoff_C_2010())
bulk_configuration.setCalculator(calculator)

method = NVEVelocityVerlet(
time_step=0.5*femtoSecond,
initial_velocity=MaxwellBoltzmannDistribution()

)

momentum_exchange_hook = NonEquilibriumMomentumExchange(
configuration=bulk_configuration,
exchange_interval=100,
heat_source='hot',
heat_sink='cold',
update_profile_interval=0,
profile_resolution=2.0*Ang

)

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=[],
trajectory_filename='md_trajectory.hdf5',
steps=5000,
log_interval=50,
measurement_hook=momentum_exchange_hook,
method=method

)

nonequilibriummomentumexchange.py

Perform a non-equilibrium momentum exchange simulation on a polyvinyl chloride polymer system. The heat source
atoms are determined at each exchange step as any atoms within 10 Angstrom of the origin of the c-axis and the heat
sink atoms are any atoms within 10 Angstroms of the middle of the cell.

initial_velocity = MaxwellBoltzmannDistribution(
temperature=300.0*Kelvin,
remove_center_of_mass_momentum=True

)

method = NVEVelocityVerlet(
time_step=1*femtoSecond,
initial_velocity=initial_velocity,

)

momentum_exchange_hook = NonEquilibriumMomentumExchange(
configuration=bulk_configuration,
exchange_interval=100,
heat_source=(0.0, 10.0*Angstrom),
heat_sink=(0.5, 10.0*Angstrom),

(continues on next page)
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(continued from previous page)

update_profile_interval=0,
profile_resolution=2.0*Ang

)

constraints = [FixCenterOfMass()]

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='nemd_polymer.hdf5',
steps=50000,
log_interval=100,
measurement_hook=momentum_exchange_hook,
method=method

)

bulk_configuration = md_trajectory.lastImage()
nlprint(momentum_exchange_hook)

nemd_polymer.py

Notes

• The reverse non-equilibrium momentum-exchange (RNEMD) method is implemented as a class, which can be
used as a measurement_hook in MolecularDynamics.

• The average heat current is recorded as a MD measurement. The time trace of this value can be used to monitor
the convergence of the calculation. It can be easily accessed by opening the MD trajectory using the Movie Tool
in the Builder. It may also be accessed by using the measurement method of MDTrajectory. For example:

times, average_heat_currents = md_trajectory.measurement('average_heat_current')

• The heat sink and heat source atoms can be selected in several different ways. The first way to is explicitly
specify the indices of the atoms. The second way is to specify the names of tagged groups of atoms. The third
way is to define a region of space whose atoms will be included. The third option assumes that the heat current
is measured along the c-axis of the simulation cell and is defined in terms of an origin and a length. The origin
is given in fractional coordinates and the length is given as a PhysicalQuantity with length units. This method is
ideal for working with liquid systems where atoms may drift from their initial positions. See the descriptions of
the arguments heat_source and heat_sink above for details.

• The momenta of the coldest particle in the heat_source group of atoms and the hottest particle in the
heat_sink group are exchanged at a given interval. This exchange produces a temperature gradient, and an
internal flow of energy between the two groups of atoms. Both quantities can be measured and the thermal
conductance can be calculated using Fourier’s law. For more details regarding the RNEMD technique, please
consult Refs.1 and2.

• If a non-zero update_profile_interval is specified, a temperature profile is stored on-the-fly during the
simulation. After the MD run, the profiles may be accessed using the method temperatureProfile.

1 F. Mueller-Plathe. A simple nonequilibrium molecular dynamics method for calculating the thermal conductivity. J. Chem. Phys.,
106(14):6082–6085, 1997. doi:10.1063/1.473271.

2 C. Nieto-Draghi and J. B. Avalos. Non-equilibrium momentum exchange algorithm for molecular dynamics simulation of heat flow in multi-
component systems. Mol. Phys., 101(14):2303–2307, 2003. doi:10.1080/0026897031000154338.
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NonLinearCoefficientsParameters

class NonLinearCoefficientsParameters(initial_coefficients=None, perform_optimization=None,
max_force_rmse_change=None, max_steps=None,
random_seed=None, regularization=None, energy_only=None,
radial_function_order=None, zero_interaction_pairs=None)

Class for storing the non-linear coefficients and parameters related to their optimization.

Parameters

• initial_coefficients (dict of {tuple (size 2) of Element: numpy-ndarray} | str |
Random | FromAtomicNumbers) – The initial non-linear coefficients to use. Can either
be a dict mapping the element pairs to the array with the initial coefficient values, or a
filename pointing to a .mtp file to read the coefficients from. Alternatively the parameter
can be set to Random to use random initial values or set to FromAtomicNumbers to use the
product of the element pair’s atomic numbers. Default: Random if perform_optimization
is True, FromAtomicNumbers otherwise.

• perform_optimization (bool) – Whether to optimize the non-linear coefficients dur-
ing the fitting. Default: False

• max_force_rmse_change (int) – The convergence criterion for the change in the
RMSE on the force values between subsequent steps in the optimization of the non-
linear coefficients. Ignored if perform_optimization is False. Default: 0.05 * eV /
Angstrom

• max_steps (int) – The maximum number of optimization steps to take. Ignored if per-
form_optimization is False. Default: 100

• random_seed (int) – The random seed used for generating the initial non-linear coeffi-
cients, if not given. Default: Generated automatically.

• regularization (float) – The regularization strength for the optimization. Ignored if
perform_optimization is False. Default: 1.0e-2

• energy_only (bool) – Whether to only optimize on the energy values. Ignored if per-
form_optimization is False. Default: True

• radial_function_order (int) – The order of Chebychev polynomials in the expansion
of each radial function. Only used when CutoffFunctionChebyshevExpansion is selected
as cutoff function. Default: 5

• zero_interaction_pairs (None | Sequence of tuples (size 2) of
PeriodicTableElement) – If not None, the interactions between the given ele-
ment pairs will be set to zero. Default: None

energyOnly()

Returns
Whether to only optimize on the energy values.

Return type
float

initialCoefficients()

Returns
The initial non-linear coefficients, or None if not used.

Return type
numpy.ndarray (size N, N, M) of float | None
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maxForceRMSEChange()

Returns
The convergence criterion for the change in the RMSE on the force values between subse-
quent steps in the optimization of the non-linear coefficients.

Return type
PhysicalQuantity of type force

maxForceRmseChange()

Returns
The convergence criterion for the change in the RMSE on the force values between subse-
quent steps in the optimization of the non-linear coefficients.

Return type
PhysicalQuantity of type force

maxSteps()

Returns
The maximum number of optimization steps to take.

Return type
int

performOptimization()

Returns
Whether to optimize the non-linear coefficients during the fitting.

Return type
float

radialFunctionOrder()

Returns
The max. order of the Chebychev polynomial in the expansion of the radial functions.

Return type
int

randomSeed()

Returns
The random seed used for generating the initial non-linear coefficients, or None if they
should be generated automatically.

Return type
int | None

regularization()

Returns
The regularization strength for the optimization.

Return type
float

setEnergyOnly(energy_only)
Method for setting the energy_only.
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Parameters
energy_only (bool) – Whether to only optimize on the energy values.

setInitialCoefficients(initial_coefficients, perform_optimization)
Method for setting the initial coefficients.

Parameters

• initial_coefficients (dict of {tuple (size 2) of Element: numpy-ndarray} | str |
Random | FromAtomicNumbers) – The initial non-linear coefficients to use. Can ei-
ther be a dict mapping the element pairs to the array with the initial coefficient values,
or a filename pointing to a .mtp file to read the coefficients from. Alternatively the
parameter can be set to Random to use random initial values or set to FromAtomic-
Numbers to use the product of the element pair’s atomic numbers.

• perform_optimization (bool) – Whether to optimize the non-linear coefficients
during the fitting.

setMaxForceRmseChange(max_force_rmse_change)
Method for setting the max_force_rmse_change.

Parameters
max_force_rmse_change (int) – The convergence criterion for the change in the RMSE
on the force values between subsequent steps in the optimization of the non-linear coeffi-
cients.

setMaxSteps(max_steps)
Method for setting the max steps.

Parameters
max_steps (int) – The maximum number of optimization steps to take.

setPerformOptimization(perform_optimization)
Method for setting the perform_optimization.

Parameters
perform_optimization (bool) – Whether to optimize the non-linear coefficients during
the fitting.

setRadialFunctionOrder(radial_function_order)
Method for setting the radial function order.

Parameters
radial_function_order (int) – The order of Chebychev polynomials in the expansion
of each radial function.

setRandomSeed(random_seed)
Method for setting the random seed.

Parameters
random_seed (int) – The random seed used for generating the initial non-linear coeffi-
cients, if not given.

setRegularization(regularization)
Method for setting the regularization.

Parameters
regularization (float) – The regularization strength for the optimization.
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setZeroInteractionPairs(zero_interaction_pairs)
Method for setting the zero_interaction_pairs.

Parameters
zero_interaction_pairs (None | Sequence of tuples of PeriodicTableElement) –
If not None, the interactions between the given element pairs will be set to zero.

uniqueString()

Return a unique string representing the state of the object.

zeroInteractionPairs()

Returns
The element pairs whose interaction should be set to zero.

Return type
list | None

Usage Examples

Set up of an example of NonLinearCoefficientsParameters using a specific random seed to initialize the initial non-
linear coefficients:

# Define non-linear coefficients and enable optimization.
non_linear_coefficients_parameters = NonLinearCoefficientsParameters(

perform_optimization=True,
initial_coefficiants=Random,
random_seed=12345,

)

Scan over different initial guesses for the non-linear coefficients:

Note: This can be automated using the function scanOverNonLinearCoefficients

# Scan over different random initial guesses.
number_of_initial_guesses = 8
all_fitting_parameters = []
for i in range(number_of_initial_guesses):

# Set up different initial guesses for the non-linear coefficients.
non_linear_coefficients_parameters = NonLinearCoefficientsParameters(
perform_optimization=True,
random_seed=randomSeed(12345, i),

)

fitting_parameters = MomentTensorPotentialFittingParameters(
basis_size=PredefinedBasisSmall,
outer_cutoff_radii=4.0*Angstrom,
mtp_filename='mtp_{}.mtp'.format(i+1),
non_linear_coefficients_parameters=non_linear_coefficients_parameters,

)
all_fitting_parameters.append(fitting_parameters)

Read the initial non-linear coefficients from a .mtp file and include full energy, forces, and stress error in the optimiza-
tion:
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non_linear_coefficients_parameters = NonLinearCoefficientsParameters(
perform_optimization=True,
train_on_energy_only=False,
initial_coefficients='mtp_parameters.mtp',

)

Notes

NonLinearCoefficientsParameters serves as an input argument for MomentTensorPotentialFittingParameters. The non-
linear parameters determine the setting and optimization of the coefficients for the radial functions for each element pair.
Two different kinds of radial function can be chosen: The original polynomial functions used in1, which are orthonor-
malized via Chebyshev poynomials (default and recommended option), and the Chebyshev expansion as explained
in2. These are set via the parameter cutoff_function in MomentTensorPotentialFittingParameters. Optimizing the
non-linear coefficients can improve the accuracy when training a MTP to multi-element systems.

Note that different MTP basis numbers may require different number of non-linear coefficients.

The optimization of the non-linear coefficients is a local optimization which means the solution depends on the initial
guess. In order to obtain a lower training and testing error it is recommended to scan over different initial guesses and
use the one with the lowest training and test error, as reported in the nlprint() output of the MomentTensorPoten-
tialTraining object.

For performance, it is recommended to train on energy only, which means that the non-linear optimization is car-
ried out by only minimizing the energy error. Once a good fit is achieved, one can optionally run a final optimiza-
tion, starting from the optimized non-linear coefficients, including the full energy, forces, and stress error by setting
train_on_energy_only=False. This usually results in a slight additional reduction of forces and stress error.

The initial values of the non-linear coefficients can either be set randomly, read from an existing MTP parameter file,
or specified explicitly. If the initial non-linear coefficients are given explicitly, they must be specified as dictionary that
maps an element pair to the coefficients array. The shape of the array is (𝜇𝑚𝑎𝑥, ) for original polynomial functions
and (𝜇𝑚𝑎𝑥, 𝑟𝑎𝑑𝑖𝑎𝑙_𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛_𝑜𝑟𝑑𝑒𝑟) for the Chebyshev expansion, where 𝜇𝑚𝑎𝑥 is the maximum value of the radial
coefficients, used by the given MTP basis (𝜇𝑚𝑎𝑥 = 4 for PredefinedBasisSmall and typically 𝜇𝑚𝑎𝑥 = 6 when
specifying the number of basis functions explicitly).

NonuniformGridConjugateGradientSolver

class NonuniformGridConjugateGradientSolver(fine_grid_extension=None, scaling_factor=None,
boundary_conditions=None,
solvent_dielectric_constant=None)

A conjugate gradient-based Poisson solver for gated reduced dimensional systems. The solver uses a fine grid
in the region determined by the atomic coordinates, and the support of the basis set. An increasingly coarser
grid outside of this region is then used in the transverse directions to calculate the potential more efficiently. The
solver assumes that the system has vacuum along at least one of the transverse directions. The fine grid region
can be extended by specifying values for fine_grid_extension.

Moreover, the solver only supports orthorhombic cells.
1 Alexander V Shapeev. Moment tensor potentials: a class of systematically improvable interatomic potentials. Multiscale Modeling & Simula-

tion, 14(3):1153–1173, 2016.
2 Konstantin Gubaev, Evgeny V. Podryabinkin, Gus L.W. Hart, and Alexander V. Shapeev. Accelerating high-throughput searches for new alloys

with active learning of interatomic potentials. Comput. Mater. Sci., 156:148–156, 2019. URL: https://www.sciencedirect.com/science/article/pii/
S0927025618306372, doi:https://doi.org/10.1016/j.commatsci.2018.09.031.
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Parameters

• fine_grid_extension (PhysicalQuantity of type length | list of PhysicalQuantity of
type length) – An extension of the fine grid region, where the grid spacing is uniform,
specified in units of length. The extension can be a single value; in that case the same
value is used for both A and B directions, or a list specifying different values for A and
B. The value of this parameter is subtracted from the bottom edge of the fine grid region,
and added to its top edge. Default: 5% of the lattice vector length along each transverse
direction.

• scaling_factor (PhysicalQuantity of type inverse length | list of PhysicalQuantity of
type inverse length) – The scaling factor of the non-uniform region. The factor can be
a single value; in that case the same value is used for both A and B directions, or a list
specifying different values for A and B. The grid spacing in the nonuniform grid region
with respect to the grid spacing in the uniform region increases approximately as:

Δ𝑥𝑛𝑜𝑛−𝑢𝑛𝑖𝑓𝑜𝑟𝑚

Δ𝑥𝑢𝑛𝑖𝑓𝑜𝑟𝑚
≈ 𝑠𝑑+ 1,

where 𝑠 is the scaling factor, 𝑑 the distance from the fine grid region and ∆𝑥𝑢𝑛𝑖𝑓𝑜𝑟𝑚
the uniform grid spacing as determined by the parameter density_mesh_cutoff in
NumericalAccuracyParameters. In the limit 𝑠→ 0 the uniform grid spacing is recov-
ered everywhere. Note that a too large scaling factor might severely reduce the quality of
the results. Default: [0.05, 0.05] * Angstrom**(-1)

• boundary_conditions (list of DirichletBoundaryCondition |
NeumannBoundaryCondition | PeriodicBoundaryCondition |
MultipoleBoundaryCondition) – A list o lists of shape (3,2) specifying the
boundary conditions on the 6 surfaces of the unit cell for the configuration. Default: -
BulkConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2]

– SurfaceConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[DirichletBoundaryCondition(), NeumannBoundaryCondition()]]

– DeviceConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[DirichletBoundaryCondition()] * 2]

• solvent_dielectric_constant (float) – The dielectric constant of the media sur-
rounding the configuration. Must be a number larger than 0. Default: 1.0

boundaryConditions()

Returns
The boundary conditions for the solver.

Return type
list of DirichletBoundaryCondition | NeumannBoundaryCondition |
PeriodicBoundaryCondition | MultipoleBoundaryCondition
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fineGridExtension()

Returns
The extension of the fine grid region along the transverse directions, in units of length. If
None, the extension will be determined automatically from the configuration’s lattice.

Return type
list of PhysicalQuantity of type length | None

scalingFactor()

Returns
The scaling factor of the non-uniform region of the grid along the transverse directions.

Return type
list of PhysicalQuantity of type inverse length

solventDielectricConstant()

Returns
The solvent dielectric constant.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

NormConservingPseudoPotential

class NormConservingPseudoPotential(file_name, principal=None, momenta=None, occupation=None,
local_potential_cutoff_threshold=None,
local_potential_cutoff_radius=None)

Create a norm-conserving pseudopotential from file data.

Parameters

• file_name (str) – Name of the file containing the pseudopotential data.

• principal – The principal quantum numbers of the valence states. If None the informa-
tion will be read from the pseudopotential file.

• momenta – The angular momenta of the valence states. If None the information will be
read from the pseudopotential file.

• occupation – The occupations of the valence states. If None the information will be
read from the pseudopotential file.

• local_potential_cutoff_threshold (PhysicalQuantity) – When the difference be-
tween the local potential and the Coulomb potential drop below this threshold value, the
local potential is set equal to the exact Coulomb potential. Must be have units of energy.
Default: 0.0 Hartree

• local_potential_cutoff_radius (PhysicalQuantity) – The local potential is set
equal the Coulomb potential beyond this radius. If False the local potential will not
be modified. Must otherwise be a PhysicalQuantity with units of length. Default: False

Type
principal: list
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Type
momenta: list

Type
occupation: list

element()

Get the element described by the pseudopotential.

Returns
The element.

Return type
PeriodicTableElement

exchangeCorrelation()

Returns
The exchange-correlation of the pseudo-potential.

Return type
ExchangeCorrelation

fileName()

Get the file name.

Returns
The user given file name.

Return type
str

load()

Load the pseudopotential from file.

localPotentialCutoffRadius()

Get the maximum local potential to Coulomb potential cutoff radius.

Returns
The maximum cutoff radius in units of length or False if no maximum cutoff radius should
be enforced.

Return type
PhysicalQuantity | False

localPotentialCutoffThreshold()

Get the local potential to Coulomb potential cutoff threshold.

Returns
The potential difference threshold in units of energy.

Return type
PhysicalQuantity

momenta()

Get the angular momenta of the pseudo wave functions.

Returns
A list of angular momenta.

Return type
list
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occupation()

Get the occupations of the pseudo wave functions.

Returns
A list of occupations.

Return type
list

principal()

Get the principal quantum numbers of the pseudo wave functions.

Returns
A list of principal quantum numbers.

Return type
list

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define a norm-conserving pseudo-potential for hydrogen, specified in the zipped file H.LDAPZ.zip:

pseudopotential = NormConservingPseudoPotential('normconserving/H.LDAPZ.zip')

To see the contents of H.LDAPZ.zip, go to the directory where QuantumATK is installed (install_dir) and unpack
the pseudo-potential file:

$ cd install_dir/share/pseudopotentials/normconserving
$ unzip H.LDAPZ.zip

This will produce the file H.LDAPZ.upf. You can also specify the unzipped file:

pseudopotential = NormConservingPseudoPotential('normconserving/H.LDAPZ.upf')

Notes

ATK uses the Unified Pseudopotential Format (UPF) defined by the PWscf consortium. From their website it is possible
to download tools that can convert several different kinds of pseudopotentials into the UPF format.

ATK comes with a built-in set of pseudopotentials, found in the directory install_dir/share/pseudopotentials,
where install_dir is the name of the directory where QuantumATK was installed.
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NormalizeByArea

class NormalizeByArea(A=None, B=None, C=None, area=None)
Normalize by area of specified cell face.

Parameters

• A (bool) – Use the A-vector for the face.

• B (bool) – Use the B-vector for the face.

• C (bool) – Use the C-vector for the face.

• area (PhysicalQuantity of type area) – The area to use. Default: Extracted from the
configuration, based on the specified face.

NormalizeByLength

class NormalizeByLength(A=None, B=None, C=None, length=None)
Normalize by length of specified cell vector.

Parameters

• A (bool) – Use the A-vector of the cell.

• B (bool) – Use the B-vector of the cell.

• C (bool) – Use the C-vector of the cell.

• length (PhysicalQuantity of type length) – The length to use. Default: Extracted from
the configuration, based on the specified vector.

NormalizeByNumberOfAtoms

class NormalizeByNumberOfAtoms(atom_count=None)
Normalize by number of atoms.

Parameters
atom_count (int) – The atom count to use. Default: Extracted from the configuration.

NormalizeByVolume

class NormalizeByVolume(volume=None)
Normalize by cell volume.

Parameters
volume (PhysicalQuantity of type volume.) – The volume to use. Default: Extracted from
the configuration.
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NudgedElasticBand

class NudgedElasticBand(configuration_list, image_distance=None, generate_images=None,
number_of_intermediate_images=None, wrap_pbc=None, endpoint_energies=None,
endpoint_forces=None, endpoint_stresses=None, use_min_image_convention=False)

Nudged Elastic Band as a series of configurations.

Parameters

• configuration_list (list of MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – A list configurations that must
be included in the series of configurations. Must hold at least two configurations. Addi-
tionally, all configurations must be of the same type, with the same elements, and with the
same spatial regions.

• image_distance (PhysicalQuantity of type length) – Distance between the coordinates
of successive configurations in the series of configurations if auto-generation is enabled.
Default: 0.5*Angstrom.

• generate_images (bool | LinearInterpolation |
ImageDependentPairPotential) – Auto-generate intermediate images between
specified configurations where necessary, such that no distance between successive
images is greater than the image_distance parameter. Variable-cell NEBs only work
with LinearInterpolation. Default: LinearInterpolation.

• number_of_intermediate_images (int) – The number of images between the end-
points. Mutually exclusive with image_distance. Requires configuration_list to contain
exactly two configurations.

• wrap_pbc (bool) – For some plugins (e.g. VASP) the atoms have been wrapped back
inside the box during the simulation. This means that the distance between images must
be PBC aware. Setting this argument to True takes the wrapping into account. Default:
False.

• endpoint_energies (sequence(2) of PhysicalQuantity of type energy) – The energies
of the NEB endpoints may be supplied if they are known. This speeds up calculations.
Default: Energies not known.

• endpoint_forces (sequence(2) of PhysicalQuantity of type force) – The forces of the
NEB endpoints may be supplied if they are known. This speeds up calculations. Default:
Forces not known.

• endpoint_stresses (sequence(2) of PhysicalQuantity of type stress) – The stresses
of the NEB endpoints may be supplied if they are known. This speeds up calculations.
Default: Stress not known.

• use_min_image_convention (bool) – Whether to compute the minimum image con-
vention distance between the initial and final configurations. Default: False.

addTags(tags, indices=None)
Add a set of tags, to atoms matching a collection of indices, for each NEB image.

Parameters

• tags (list | str) – The list of tags to add to matching atoms.

• indices (list | int | None) – The list of indices to match atoms against. If
None, then all atoms are matched. Default: All indices.
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additionalMinima()

Method to determine additional minima besides the endpoints.

Returns
A list containing the indices of images that are minima on the reaction coordinate excluding
the endpoints.

Return type
list of type int | None

bonds()

Get the list of bond connections to can be used for bonded potentials in ATK-ForceField. The same bond
list applies to all images

Returns
An array with the the two atom indices for each bond along with the vector which periodic
images this bond connects.

Return type
array

calculator()

Returns
The calculator attached to the first image.

Return type
Calculator

calculators()

Returns
A list of all attached calculators.

Return type
list of Calculator

cartesianCoordinates()

Returns
The coordinates of the all the images in the NEB. A MxNx3 array is returned where M is
the number of images and N is the number of atoms per image.

Return type
PhysicalQuantity of type length

compare(other, the_type=True, elements=True, ghosts=True, cell=True, positions=True, regions=True,
tags=True, velocities=False, bonds=False, throws=False, msg='Compared NEB configurations
differ.\n')

A method to compare two NEB configurations by comparing their images. It is possible to turn some
comparisons off. If the comparison passes all the activated checks, the method returns True, otherwise
False. . .

Parameters

• other (NudgedElasticBand) – The other configuration to compare with.

• the_type (bool) – Whether or not to compare the type. Default: True.

• elements (bool) – Whether or not to compare the elements. Default: True.

• ghosts (bool) – Whether or not to compare the ghosts. Default: True.
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• cell (bool) – Whether or not the compare the cells. Default: True.

• positions (bool) – Whether or not to compare the positions. Default: True.

• regions (bool) – Whether or not to compare the regions. Default: True.

• tags (bool) – Whether or not to compare the tags. Default: True.

• velocities (bool) – Whether or not to compare the velocities. Default: False.

• bonds (bool) – Whether or not to compare the bonds. Default: False.

• throws (bool) – Whether or not an exception should be raised on differences. De-
fault: False.

• msg (str) – The message to use when throwing exceptions. Default: Compared
configurations differ.\n.

Returns
True, if configurations are identical.

Return type
bool

configurationCopy(new_coordinates=None, copy_calculator=False)
Copy the NEB, with new coordinates.

Parameters

• new_coordinates (PhysicalQuantity of length units | None) – The new coordinates
to set, given as a MxNx3 array where M is the number of images and N is the number
of atoms in each image. Default: Leave coordinates unchanged.

• copy_calculator (bool) – Copy the calculator and set the initial_state/initial_spin
appropriately. Default: False

Returns
A copy of the current NEB

Return type
NudgedElasticBand

configurationType()

Returns
The type of configurations stored in the nudged elastic band.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

constraintCorrections()

Returns
a dictionary containing the correction to energy, forces and stresses, if any, introduced by
constraints during an NEB optimization.

Return type
dict

copy()

Returns
A copy of the current configuration.
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Return type
NudgedElasticBand

deleteAtoms(*args, **kwargs)
Remove atoms from a NEB.

All arguments and keyword arguments are passed on.

dielectricRegions()

Returns
The dielectric regions in the configuration.

Return type
list of BoxRegion | SphereRegion | TubeRegion

elements()

Returns
The elements in the nudged elastic band.

Return type
list of PeriodicTableElement

energies(include_constraints=True)

Parameters
include_constraints (bool) – If this object was generated by an NEB optimization
with constraints, determine whether the output energies should include constraint correc-
tions or not.

Returns
The energies of the images. None will be returned if the energies are not available.

Return type
PhysicalQuantity of type energy | None

enthalpies(include_constraints=True)

Parameters
include_constraints (bool) – If this object was generated by an NEB optimization
with constraints, determine whether the output enthalpies should include constraint cor-
rections or not.

Returns
The enthalpies of the images. None will be returned if the enthalpies are not available.

Return type
PhysicalQuantity of type energy | None

forces(include_constraints=True)

Parameters
include_constraints (bool) – If this object was generated by an NEB optimization
with constraints, determine whether the output forces should include constraint corrections
or not.

Returns
The forces of the images. If there are M images and N atoms a MxNx3 array of forces will
be returned. None will be returned if the forces are not available.

Return type
PhysicalQuantity of type force | None
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forwardBarrier(include_constraints=True)
Calculate the forward barrier of the NEB using the maximum energy image.

Parameters
include_constraints (bool) – If this object was generated by an NEB optimization
with constraints, determine whether the output energies should include constraint correc-
tions or not.

Returns
The forward barrier.

Return type
PhysicalQuantity of type energy

ghostAtoms()

Returns
The list of ghost atoms.

Return type
list of ints

hermiteSpline(x, y, npoints=20)
Calculates a piecewise cubic Hermite spline.

Parameters

• x (array) – The x coordinates.

• y (array) – The values for each x coordinate.

• npoints (int) – The number of interpolated points between each input coordinate.

Returns
The new grid of x coordinates and the value of the interpolant.

Return type
2-tuple

image(index)

Parameters
index (int) – The index of the image.

Returns
The configuration at the specified index.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

imageDistance()

Returns
The image distance.

Return type
PhysicalQuantity of type length

images()

Returns
All configurations in the nudged elastic band.
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Return type
list of MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

indicesFromTags(tags)
List the indices associated with a given collection of tags.

Parameters
tags (list | str) – A list of tags for which all matching indices should be extracted.

Returns
The list of indices corresponding to the specified tag name(s).

Return type
list of ints

maxEnergyImageIndex()

Returns
The index of the image with the highest energy.

Return type
int

metallicRegions()

Returns
The metallic regions for the configuration.

Return type
list of BoxRegion | SphereRegion | TubeRegion

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The NudgedElasticBand information.

Return type
dict

numberOf()

Returns
The image distance.

Return type
PhysicalQuantity of type length

reactionCoordinates()

Returns
The distance from the first image along the series of images.

Return type
PhysicalQuantity of type length
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refine(first, last, image_distance=None, number_of_intermediate_images=None,
interpolation_algorithm=None)

Refine a section of the reaction path. Any images between the specified starting and ending images are
dropped in favor of the new refinement images.

Parameters

• first (int) – The starting image index in the reaction sub-path being refined.

• last (int) – The ending image index in the reaction sub-path being refined.

• image_distance (PhysicalQuantity of type length) – The maximum distance be-
tween successive configurations. Default: 0.5*Angstrom.

• number_of_intermediate_images (int) – The number of images between the
endpoints. Mutually exclusive with image_distance.

• interpolation_algorithm (LinearInterpolation |
ImageDependentPairPotential | HalgrenLipscomb) – The type of inter-
polation to use. Default: LinearInterpolation.

reinterpolate(interpolation_method, constraints=None, progress_bar=None)
Re-interpolate the current NEB using the given method.

Parameters

• interpolation_method (LinearInterpolation | HalgrenLipscomb |
ImageDependentPairPotential) – The interpolation method to use.

• constraints (list of ints) – List of atom indices that are kept fixed during in-
terpolation. Default: [].

• progress_bar (Class with a 'setValue' method) – The progress to update
while interpolating.

removeTags(tags=None, indices=None, purge=False)
Remove a set of tags from atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms. Default: All tags.

• indices (list | int) – The list of indices to match atoms against. Default: All
indices.

• purge (bool) – When removing tags from the configuration, delete the tag completely
when not associated with any atoms anymore. Default: False.

resetConstraintCorrections()

Reset the dictionary containing constraint corrections.

resetOptimizationState()

Resets the saved optimization state.

reverseBarrier(include_constraints=True)
Calculate the reverse barrier of the NEB using the maximum energy image.

Parameters
include_constraints (bool) – If this object was generated by an NEB optimization
with constraints, determine whether the output energies should include constraint correc-
tions or not.
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Returns
The reverse barrier.

Return type
PhysicalQuantity of type energy

saveOptimizationState(step, optimizer, previous_max_image)
Saves the current optimization state. This is used during the NEB optimization process and its restart
functionality.

Parameters

• step (int) – The iteration number in the NEB optimization.

• optimizer (LBFGSOptimizer | FIREOptimizer) – The optimizer method object
from the NEB optimization.

• previous_max_image (int) – Maximum image from the previous optimization step.

• previous_coordinates (array) – Coordinates of each NEB image in the previous
optimization step.

setBravaisLattice(*args, **kwargs)
Method for setting the Bravais lattice. Only nudged elastic bands containing bulk configurations are af-
fected.

Parameters

• bravais_lattice (BravaisLattice) – The new lattice.

• image_index (int) – Image index of the BulkConfiguration to be modified. Default:
all images

• conserve_coordinates (Cartesian | Fractional) – The type of coordinates
to conserve. Default: Cartesian

setCalculator(calculator, initial_state=None, initial_spin=None)
Attach a calculator to the NudgedElasticBand .

Parameters

• calculator (Calculator | None) – The calculator that should be attached to the con-
figuration.

• initial_state (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration with an attached calcula-
tor | None) – The initial state to be used for this configuration. Default: No initial
state.

• initial_spin (InitialSpin | None) – The initial spin to be used for this con-
figuration. Default: InitialSpin(), except when used with a calculator of type
HuckelCalculator, SlaterKosterCalculator, SemiEmpiricalCalculator,
DeviceHuckelCalculator, DeviceSlaterKosterCalculator,
DeviceSemiEmpiricalCalculator. In this case InitialSpin([0., 0.,
...]) is used, i.e. the scaled spins for each atom are set to 0.

setCartesianCoordinates(cartesian_coordinates, skip_checks=False)
Set the Cartesian coordinates for the atoms in each image.

Parameters

• cartesian_coordinates (PhysicalQuantity of type length) – The new coordinates
of the atoms in each image.
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• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False

setDielectricRegions(*args, **kwargs)
Set the dielectric regions for the configuration.

Parameters
dielectric_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
dielectric regions to set.

setMetallicRegions(*args, **kwargs)
Set the metallic regions for the configuration.

Parameters
metallic_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
metallic regions to set.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shiftAtoms(*args, **kwargs)
Shift atoms.

All arguments and keyword arguments are passed on.

split(image_indices=None)
Method to split the present NEB into multiple smaller NEBs.

Parameters
image_indices (Sequence of type int) – The list of images to split at. Allowed are
only values in the set of intermediate images (i.e, excluding the endpoints). The sequence
is automatically sorted and duplicates are removed. The specified images become the end-
points of the new NEBs. Default: Automatically determined by the additional minima
found between the endpoints

Returns
A list of split NEBs.

Return type
Sequence of type NudgedElasticband

startSeriesCalculation()

Start series calculation, in which the calculator is not copied with __call__.

stopSeriesCalculation()

Stop series calculation, and re-enable copying of the calculator with __call__.

stresses(include_constraints=True)

Parameters
include_constraints (bool) – If this object was generated by an NEB optimization
with constraints, determine whether the output stresses should include constraint correc-
tions or not.

Returns
The residual stress of the images, i.e. the actual stress minus the target stress is returned.
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If there are M images a Mx3x3 array of stress will be returned. None will be returned if
the stress is not (has not been) calculated (e.g. in case of a molecular or fixed cell NEB).

Return type
PhysicalQuantity of type stress | None

symbols()

Returns
The element symbols of the configuration.

Return type
list of str

tags(indices=None)
List the tags associated with a given collection of indices. The list returned is the set union of tags asso-
ciated with the given indices. If no collection of indices is provided, then all tags on the configuration are
returned.

Parameters
indices (list | int) – The indices to check. Default: All indices.

Returns
The set union of tags present on the provided indices.

Return type
set

tangents()

Returns
The normalized NEB tangent directions. This is a (num_images, num_atoms + 3, 3) array.

Return type
ndarray of type float

targetPressure()

Returns
The target pressure if set.

Return type
PhysicalQuantity of type pressure | None

totalDistance()

Returns
The total distance from first to last image.

Return type
PhysicalQuantity of type length

uniqueElements()

Returns
The unique elements contained in the nudged elastic band.

Return type
list of PeriodicTableElement

uniqueString()

Return a unique string representing the state of the object.
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update(log_filename_prefix=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>)
Update all images using the calculator stored on the class.

The number of processes used to calculate the energy and forces on each image is determined by the
ParallelParameters object that has been set on the attached calculator. By default, the update is parallelized
over images and then over the per-image calculation.

The output from the calculation for each image will be logged to a separate file. Each file’s name is set by
log_filename_prefix with the image ID as a suffix. If the log files already exist they will be appended to.

Parameters
log_filename_prefix (Automatic | str | None) – The logging output from each
image will be written to filenames starting with this value. If it is set to Automatic then
the prefix will be the name of the calling python script. If it is set to None, then all output
will be written to stdout. Default: Automatic.

variableCell()

Returns
Whether this is a VC-NEB Configuration.

Return type
Bool

Usage Examples

Setup a nudged elastic band calculation for conversion of ethane to ethene, i.e.

C2H6 → C2H4 + H2

# Find the reaction path
optimized_neb = OptimizeNudgedElasticBand(

neb_configuration,
max_forces=0.05*eV/Ang)

neb_c6h6.py

Calculate the TotalEnergy for all images in a nudged elastic band configuration:

# Define elements.
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates.
c0 = [[ 0.00, 0.00, 0.12],

[ 0.00, 0.76, -0.48],
[ 0.00, -0.76, -0.48]]*Angstrom

c1 = [[ 0.00, 0.00, 1.20],
[ 0.00, 0.76, -0.48],
[ 0.00, -0.76, -0.48]]*Angstrom

# Set up a list of configurations.
configuration_list = [ MoleculeConfiguration(elements,c) for c in [c0,c1] ]

# Create the NudgedElasticBand object.
(continues on next page)
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(continued from previous page)

neb = NudgedElasticBand(configuration_list)

# Set a calculator on the configurations in the NEB - for analysis.
neb.setCalculator(LCAOCalculator())

# Create a Trajectory with a TotalEnergy analysis carried out on each configuration.
t = MakeTrajectory(neb, TotalEnergy)

maketrajectory2.py

Variable Cell NEB

A variable cell NEB is constructed when using bulk configurations that have different unit cells. When used with
OptimizeNudgedElasticBand() both the atomic and lattice degrees of freedom are optimized. Great care must be
taken when constructing the initial and final images. Just as in the regular NEB algorithm, the atom indices in the
initial and final structure must match. Atom #1 in the initial structure will be moved to atom #1 in the final structure.
This means that you cannot simply take two different crystal structures with the same number of atoms and expect the
resulting pathway to be correct.

See the Variable Cell NEB section on the OptimizeNudgedElasticBand page for more information on variable cell NEB
calculations.

Notes

The NudgedElasticBand configuration sets up a reaction path for a nudged elastic band calculation12.

When generate_images is True the automatically generated images are created using a linear interpolation between
the endpoints. Periodic boundary conditions are not considered in this interpolation, i.e. the interpolated pathway will
not follow the minimum image convention.

• See also OptimizeNudgedElasticBand()

NumericalAccuracyParameters

class NumericalAccuracyParameters(density_mesh_cutoff=None, k_point_sampling=None,
radial_step_size=None, density_cutoff=None,
interaction_max_range=None, number_of_reciprocal_points=None,
reciprocal_energy_cutoff=None, bands_per_electron=None,
occupation_method=None, exx_grid_cutoff=None,
exact_exchange_parameters=None, paw_grid_tolerance=None,
compensation_charge_mesh_cutoff=None, grid_mesh_cutoff=None,
electron_temperature=None)

Class for representing the parameters for setting the numerical accuracy of a calculation.
1 G. Henkelman, B. P. Uberuaga, and H. Jónsson. A climbing image nudged elastic band method for finding saddle points and minimum energy

paths. J. Chem. Phys., 2000.
2 Daniel Sheppard, Penghao Xiao, William Chemelewski, Duane D. Johnson, and Graeme Henkelman. A generalized solid-state nudged elastic

band method. The Journal of Chemical Physics, 136(7):074103, 2012. doi:10.1063/1.3684549.
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Some parameter defaults are specific for each calculator, see HuckelCalculator, SlaterKosterCalculator,
SemiEmpiricalCalculator, LCAOCalculator, PlaneWaveCalculator, DeviceHuckelCalculator,
DeviceSlaterKosterCalculator, DeviceSemiEmpiricalCalculator, or DeviceLCAOCalculator.

Parameters

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object. Default: Specific for each calculator.

• k_point_sampling (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity)
– The k-point sampling in reciprocal space given either as a grid (specifying the three
Monkhorst-Pack indices or a MonkhorstPackGrid object), or a density (specifying a
MonkhorstPackGrid object). Default: Specific for each calculator.

• radial_step_size (PhysicalQuantity of type length) – The maximum sampling step
size in all the radial grids. Must be positive. Default: Specific for each calculator.

• density_cutoff (float) – The density cutoff determines the limit where a density is
considered to to be zero. Smaller values therefore leads to longer ranges and less sparsity
of the models. Must be positive. Default: 1.0e-6

• interaction_max_range (PhysicalQuantity of type length) – The maximum allowed
interaction distance between two orbitals. Default: Specific for each calculator.

• number_of_reciprocal_points (int) – The number of reciprocal points used for
evaluating two-center integrals. Must be larger than 1. Default: 1024

• reciprocal_energy_cutoff (PhysicalQuantity of type energy) – The energy cutoff in
reciprocal space used for evaluating of the two-center integrals. Must be positive. De-
fault: 1250 * Hartree

• bands_per_electron (float) – The number of bands per electron. The number must
be 1.0 or larger. Only used by the PlaneWaveCalculator. The bands_per_electron
determines how many bands are included in the PlaneWaveCalculator scf loop for
calculating the electron density. A value of 1.0 implies that only occupied states are in-
cluded, which would only be correct at zero temperature. The default value of 1.2 means
that if there are 10 electrons in a configuration there will be 5 occupied bands (assum-
ing spin degeneracy) and one unoccupied band included in the calculation. In case of
slow or non-converging calculations, increasing the bands_per_electron can in some
cases help convergence. For Bandstructure calculations, the default number of bands
included for a PlaneWaveCalculator is also determined by the bands_per_electron.
Default: 1.2

• occupation_method (FermiDirac | GaussianSmearing | MethfesselPaxton |
ColdSmearing) – The method to calculate state occupations. Default: Specific for each
calculator.

• exx_grid_cutoff (PhysicalQuantity | GridSampling |
OptimizedFFTGridSampling) – The energy cutoff/grid sampling that determines
the grid size used for representing the the local exact exchange potential in plane-wave
hybrid functional calculations. For lossless calculations the grid sizes should be twice
that needed to represent the wave functions. However, one may use a smaller grid for
faster calculations. Default: The same value as used for ‘density_mesh_cutoff’

• exact_exchange_parameters (ExactExchangeParameters) – The parameters that
control the accuracy of exact exchange.
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• paw_grid_tolerance (float) – When using the real space grid for PAW, this param-
eters determines below what value the radial functions are considered to be zero when
gridded.

• electron_temperature (PhysicalQuantity of type temperature) – The electron temper-
ature used in determining the shape of the Fermi function. Must be positive. Deprecated:
from v2016.1, use occupation_method=FermiDirac(electron_temperature) in-
stead.

bandsPerElectron()

Returns
The bands per electron.

Return type
float

compensationChargeMeshCutoff()

Returns
The energy cutoff/grid sampling used for the compensation charge.

Return type
PhysicalQuantity | GridSampling | OptimizedFFTGridSampling

densityCutoff()

Returns
The density cutoff.

Return type
float

densityMeshCutoff()

Returns
The density mesh cutoff.

Return type
PhysicalQuantity of type energy | GridSampling

electronTemperature()

Returns
The electron temperature.

Return type
PhysicalQuantity of type energy

exactExchangeParameters()

Returns
parameters for setting the numerical accuracy of an exact exchange calculation.

Return type
ExactExchangeParameters

exxGridCutoff()

Returns
The energy cutoff/grid sampling used for the exact exchange potential.
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Return type
PhysicalQuantity | GridSampling | OptimizedFFTGridSampling

gridMeshCutoff()

Deprecated: Use densityMeshCutoff() instead.

Returns
The density mesh cutoff.

Return type
PhysicalQuantity of type energy | GridSampling

interactionMaxRange()

Returns
The interaction max range.

Return type
PhysicalQuantity of type length

kPointSampling()

Returns
The k-point sampling.

Return type
MonkhorstPackGrid | KpointDensity

numberOfReciprocalPoints()

Returns
The number of reciprocal points used in two-center integration.

Return type
int

occupationMethod()

Returns
The occupation method.

Return type
FermiDirac | GaussianSmearing | MethfesselPaxton | ColdSmearing

pawGridTolerance()

Returns
When using the real space grid for PAW, this parameters determines below what value the
radial functions are considered to be zero when gridded.

Return type
float

radialStepSize()

Returns
The radial grid sampling.

Return type
PhysicalQuantity of type length
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reciprocalEnergyCutoff()

Returns
The reciprocal cutoff energy.

Return type
PhysicalQuantity of type energy

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define the k-point sampling and real space grid mesh-cutoff.

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=12.0*Hartree,
k_point_sampling=MonkhorstPackGrid(2, 1, 1),
electron_temperature = 200*Kelvin
)

calculator = HuckelCalculator(
iteration_control_parameters=iteration_control_parameters,
)

Specify the electron temperature in units of eV instead of Kelvin

numerical_accuracy_parameters = NumericalAccuracyParameters(
electron_temperature=0.02 * electronVolt/boltzmann_constant
)

Notes

• The distance between the points in the real space grid, ∆𝑥, is related to the density_mesh_cutoff, 𝐸grid,
through

∆𝑥 =
𝜋~√

2𝑚𝐸𝑔𝑟𝑖𝑑
.

In atomic units 𝑚 = ~ = 1 , thus for energies in Hartree and distances in Bohr, ∆𝑥 = 𝜋/
√

2𝐸grid.

• When setting interaction_max_range some matrix elements are set to zero. For very long ranged basis sets
this can make the overlap matrix ill defined at certain k-points (i.e. it is not positive definite), in such cases the ma-
trix diagonalization routine will give a segmentation fault. The cure is to change the interaction_max_range,
i.e. either make it very large to include all long range elements, or make it small so no long range elements are
included.
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NumericalOrbital

class NumericalOrbital(angular_momentum, radial_grid, function_values,
radial_step_size=PhysicalQuantity(0.01, Bohr))

Constructor for a NumericalOrbital.

Parameters

• angular_momentum (int) – The Azimuthal Quantum Number (l) of the orbital.

• radial_grid (list of PhysicalQuantity type length.) – The radial values of the function

• function_values (list of floats) – The function values of the basis function

• radial_step_size (PhysicalQuantity of type length.) – The radial step size determin-
ing the distance between grid points on the linear radial grid. Default: 0.01 * Bohr

angularMomentum()

Returns
The angular momentum.

Return type
int

functionValues()

Returns
The radial values of the function

Return type
list of floats

radialGrid()

Returns
The radial grid values.

Return type
list of PhysicalQuantity type length.

radialStepSize()

Returns
The radial step size determining the distance between grid points on the linear radial grid.

Return type
PhysicalQuantity of type length.

uniqueString()

Return a unique string representing the state of the object.
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OPLSMinPotentialBuilder

class OPLSMinPotentialBuilder(use_bonds=None, include_bond_stretching=None,
include_bond_angles=None, include_torsions=None,
include_inversions=None, include_lennard_jones=None,
include_electrostatic=None, lennard_jones_cutoff=None,
lennard_jones_smoothing_length=None, electrostatic_pairwise_cutoff=None,
electrostatic_smoothing_length=None, electrostatic_spme_cutoff=None,
electrostatic_accuracy=None, electrostatic_scale=None,
use_electrostatic_direct_sum=None, ignore_missing_types=None)

This object builds a OPLS-Min potential using TremoloX.

Parameters

• use_bonds (bool) – Controls if any bonding (stretching, angle, torsion and inversion)
terms are to be included. Default: True.

• include_bond_stretching (bool) – Controls if bonding stretching terms are included.
Default: use_bonds.

• include_bond_angles (bool) – Controls if angle bending terms are included. Default:
use_bonds.

• include_torsions (bool) – Controls if bond torsion terms are included. Default:
use_bonds.

• include_inversions (bool) – Controls if bond inversion torsion terms are included.
Default: use_bonds.

• include_lennard_jones (bool) – Controls if Lennard-Jones terms are included. De-
fault: use_bonds.

• include_electrostatic (bool) – Controls if electrostatic terms are included. De-
fault: use_bonds.

• lennard_jones_cutoff (PhysicalQuantity of type distance) – Distance beyond which
the Lennard-Jones terms are truncated. Default: 10.0 * Angstrom.

• lennard_jones_smoothing_length (PhysicalQuantity of type distance) – Distance
over which the Lennard-Jones terms are brought to zero at the cutoff. Default: 2.0 *
Angstrom.

• electrostatic_pairwise_cutoff (PhysicalQuantity of type distance) – Distance at
which the pairwise electrostatic terms are brought to zero in pairwise summation. De-
fault: 12 * Angstrom

• electrostatic_smoothing_length (PhysicalQuantity of type distance) – Distance
over which the electrostatic terms are brought to zero at the cutoff when using the direct
electrostatic sum. Default: 2.0 * Angstrom

• electrostatic_spme_cutoff (PhysicalQuantity of type distance) – Distance at which
the pairwise electrostatic terms are brought to zero in SPME summation. Default: 7.5 *
Angstrom

• electrostatic_accuracy (float) – Sets the relative accuracy of the SPME summa-
tion. Default: 0.0001

• electrostatic_scale (float) – Set the relative strength of the electrostatic terms.
Default: 1.0
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• use_electrostatic_direct_sum (bool) – Use the direct Coulomb sum to calculate
the electrostatic terms in MoleculeConfigurations. Default: False

• ignore_missing_types (bool) – Whether or not molecules missing OPLS types are
ignored. Default: False

assignAtomTypes(configuration, search_types=None, overwrite=False)
Automatically assign OPLS atom tags to a configuration.

Parameters

• configuration (AtomicConfiguration) – The configuration on which to assign
tags.

• search_types (list of str | None) – List of types to assign onto the configura-
tion. If specified only these types will be assigned, with OPLS_UNKNOWN assigned
to atoms that don’t match any of the given types. The default argument None means
that all available types are assigned. Default: None.

• overwrite (bool) – Whether or not to assign new types if the configuration already
has a valid set of types. Default: False

checkAtomTypes(configuration, add_missing_terms=False)
Function that tests that each atom has only one valid OPLS type.

Parameters

• configuration (AtomicConfiguration) – The configuration that is being tested.

• add_missing_terms (bool) – Whether or not to add terms for missing OPLS types.
Default: False

createCalculator(configuration, check_types=True, verbose=False, atomic_charges=None,
charge_averaging=None)

Create and return a calculator with the OPLS-Min potential.

Parameters

• configuration (AtomicConfiguration) – The configuration the potential is to be
used with.

• check_types (bool) – Flag as to whether or not the correctness of the types are
checked. Default: True

• verbose (bool) – Whether or not to print the terms assigned in the potential set.
Default: False

• atomic_charges (PhysicalQuantity of type charge) – Custom atomic
charges to be used in the potential.

• charge_averaging (NLFlag | None) – The type of averaging of charges to be used,
if any. Accepted values are None, AtomConnectivity to average over atoms bonded to
the same elements and AtomTypes to average over atoms of the same forcefield type.
Default: None

Returns
The calculator containing the potential.

Return type
TremoloXCalculator
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electrostaticAccuracy()

Returns
The relative accuracy of the electrostatic summation for SPME.

Return type
float

electrostaticPairwiseCutoff()

Returns
The cutoff used in pairwise electrostatic summation.

Return type
PhysicalQuantity of type length

electrostaticScale()

Returns
Scaling factor for the electrostatic terms.

Return type
float

electrostaticSmoothingLength()

Returns
Distance over which electrostatic terms are splined when using direct summation.

Return type
PhysicalQuantity of type length

electrostaticSpmeCutoff()

Returns
The cutoff used in SPME electrostatic summation.

Return type
PhysicalQuantity of type length

ignoreMissingTypes()

Returns
Whether or not missing types are ignored on molecules.

Return type
bool

includeBondAngles()

Returns
Whether or not bond angle terms are included in the potential set.

Return type
bool

includeBondStretching()

Returns
Whether or not bond stretching terms are included in the potential set.

Return type
bool
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includeElectrostatic()

Returns
Whether or not electrostatic terms are included in the potential set.

Return type
bool

includeInversions()

Returns
Whether or not bond inversion terms are included in the potential set.

Return type
bool

includeLennardJones()

Returns
Whether or not Lennard Jones terms are included in the potential set.

Return type
bool

includeTorsions()

Returns
Whether or not bond torsion terms are included in the potential set.

Return type
bool

isOplsType(type_label)
Function that tests if a type is in the potential.

Parameters
type_label (str) – The type being tested.

Returns
Whether or not the tag is defined in the potential.

Return type
bool

lennardJonesCutoff()

Returns
Distance beyond which Lennard Jones terms are truncated.

Return type
PhysicalQuantity of type length

lennardJonesSmoothingLength()

Returns
Distance over which Lennard Jones terms are splined.

Return type
PhysicalQuantity of type length

oplsType(index, configuration, add_missing_terms=False)
Gives the OPLS type on an atom in a configuration, ignoring other tags.

Parameters
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• index (int) – Index of the atom for which the type is sought.

• configuration (AtomicConfiguration) – The configuration containing the atom.

• add_missing_terms (bool) – Whether or not to add terms for missing OPLS types.
Default: False

Returns
The type of the atom.

Return type
str

printTotalTypes(type_class=None)
Print a table of available atom types. This provides a list of types and descriptions which can be useful
when doing manual type assignment.

Parameters
type_class (str | None) – Display only atom types with this class label. None displays
all types. Default: None

printUsedTypes(configuration)
Print a table of the types used on the configuration.

Parameters
configuration (AtomicConfiguration) – The configuration whose types are being
displayed.

totalCharge(configuration, verbose=False)
Return the total charge of the configuration according to the atom types on the molecule.

Parameters

• configuration (AtomicConfiguration) – The configuration whose charges are
being reported.

• verbose (bool) – Flag as to whether or not additional information about charges is
printed. Default: False

Returns
The total charge of the configuration according to the atom types on the molecule.

Return type
PhysicalQuantity with units of charge.

typePartialCharge(type_label)
Return the atomic partial charge associated with the given OPLS type label.

Parameters
type_label (str) – The type label for the OPLS atom type.

Returns
The atom charge associated with the type label.

Return type
PhysicalQuantity of type charge

uniqueString()

Return a unique string representing the state of the object.
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useBonds()

Returns
Whether or not bond terms are included in the potential set.

Return type
bool

useElectrostaticDirectSum()

Returns
Whether or not direct Coulomb sums are used for molecules.

Return type
bool

Usage Examples

Build a bulk configuration of poly(vinyl chloride) plasticized with dimethyl sebacate using the OPLS-Min potential.

# ---------------------------------------------
# Monomer And Included Molecules
# ---------------------------------------------
PVC_monomer = nlread('PVC_Monomer.hdf5')[-1]
dimthyl_sebacate = nlread('Dimethyl_Sebacate.hdf5')[-1]

# -------------------------------------------------------------
# OPLS Potential Definition
# -------------------------------------------------------------
opls_min_potential_builder = OPLSMinPotentialBuilder()

# Display the tags and charges placed on the dimethyl sebacate molecule
opls_min_potential_builder.printUsedTypes(dimthyl_sebacate)
opls_min_potential_builder.totalCharge(dimthyl_sebacate, verbose=True)

# ---------------------------------------------
# Polymer Sequence
# ---------------------------------------------
polymer_sequence = PolymerSequence(

monomer_configurations=[PVC_monomer],
number_of_monomers=20,
number_of_chains=20,
tactic_ratio=0.5,

)

# -------------------------------------------------------------
# Polymer Monte Carlo Builder
# -------------------------------------------------------------
polymer_builder = PolymerMonteCarloBuilder(

polymer_sequence=[polymer_sequence],
density=1.4000*gram/cm**3,
included_molecules=[(dimthyl_sebacate, 4)],
monte_carlo_temperature=300.0*Kelvin,
angle_sampling_points=20,

(continues on next page)
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(continued from previous page)

repack_molecules=False,
potential_builder=opls_min_potential_builder

)
bulk_configuration = polymer_builder.buildPolymerConfiguration()

# -------------------------------------------------------------
# Add OPLS Potential To Polymer Configuration
# -------------------------------------------------------------
calculator = opls_min_potential_builder.createCalculator(bulk_configuration)
bulk_configuration.setCalculator(calculator)
nlsave('PVC_DMS.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Force Capped Equilibration
# -------------------------------------------------------------
equilibration_method = ForceCappedEquilibration(

temperature=300.00*Kelvin,
md_steps_per_force_capped_simulation=40000,
md_time_step=0.50*fs,
force_capped_simulations=4,
starting_factor=1.040,
ending_factor=0.800,
fixed_indices=None,

)
bulk_configuration = equilibration_method.runEquilibration(bulk_configuration)
nlsave('PVC_DMS.hdf5', bulk_configuration)

OPLS-Min_PVC_DMS_Example.py PVC_Monomer.hdf5 Dimethyl_Sebacate.hdf5

The given example above demonstrates both how to create a calculator that uses the OPLS-Min potential and also how
to assign tags for the dimethyl sebacate molecule that is included in the polymer melt. Both the atom types and charges
are printed. This shows both the appropriate types that have been selected and also that the default atom types don’t
have charge.

Notes

The OPLSMinPotentialBuilder class enables the creation of a TremoloXCalculator that implements the OPLS po-
tential of Mayo, Olafson and Goddard1. This is a bonded valence forcefield that represents the potential energy of a
molecule as a collection of simple functions based on bond lengths, bond angles, torsion angles, inversion angles and
inter-atomic distances.

The OPLSMinPotentialBuilder class is very similar to the OPLSPotentialBuilder class. Both implement different
versions of the OPLS potential. In the OPLSPotentialBuilder atom types have assigned atomic partial charges. This
results in a large number of atom types required to capture many molecular charge polarizations. In the OPLSMin-
PotentialBuilder no charges are associated with each atom type, allowing each atom class to only have one type. The
significantly simplifies assigning the correct atom types, and is most useful in calculations where atomic partial charges
different to the ones in the OPLSPotentialBuilder are required.

Atomic partial charges for the configuration can be added when creating the calculator, or estimated using charge
equilibration. Both the OPLSMinPotentialBuilder and OPLSPotentialBuilder use the same potential parameters

1 William L. Jorgensen, David S. Maxwell, and Julian Tirado-Rives. Development and testing of the opls all-atom force field on conformational
energetics and properties of organic liquids. J. Am. Chem. Soc., 118:11225, November 1996. URL: https://pubs.acs.org/doi/10.1021/ja9621760,
doi:10.1021/ja9621760.
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for the bond lengths, angles, torsions and improper torsions in the configuration. There are however small differences
in some Lennard-Jones non-bonding parameters, resulting from only having one atom type per class. The tagging
scheme used by the OPLSMinPotentialBuilder broadly follows that used in the OPLSPotentialBuilder. Atom tags
start with the prefix OPLS_, then contain a string representation of the atom class, and then a number representing the
atom type number. In the OPLSMinPotentialBuilder there is only one atom type per class, so this number is 0 in all
atom types.

OPLSPotentialBuilder

class OPLSPotentialBuilder(use_bonds=None, include_bond_stretching=None, include_bond_angles=None,
include_torsions=None, include_inversions=None, include_lennard_jones=None,
include_electrostatic=None, lennard_jones_cutoff=None,
lennard_jones_smoothing_length=None, electrostatic_pairwise_cutoff=None,
electrostatic_smoothing_length=None, electrostatic_spme_cutoff=None,
electrostatic_accuracy=None, electrostatic_scale=None,
use_electrostatic_direct_sum=None, ignore_missing_types=None)

This object builds a OPLS potential using TremoloX.

Parameters

• use_bonds (bool) – Controls if any bonding (stretching, angle, torsion and inversion)
terms are to be included. Default: True.

• include_bond_stretching (bool) – Controls if bonding stretching terms are included.
Default: use_bonds.

• include_bond_angles (bool) – Controls if angle bending terms are included. Default:
use_bonds.

• include_torsions (bool) – Controls if bond torsion terms are included. Default:
use_bonds.

• include_inversions (bool) – Controls if bond inversion torsion terms are included.
Default: use_bonds.

• include_lennard_jones (bool) – Controls if Lennard-Jones terms are included. De-
fault: use_bonds.

• include_electrostatic (bool) – Controls if electrostatic terms are included. De-
fault: use_bonds.

• lennard_jones_cutoff (PhysicalQuantity of type distance) – Distance beyond which
the Lennard-Jones terms are truncated. Default: 10.0 * Angstrom.

• lennard_jones_smoothing_length (PhysicalQuantity of type distance) – Distance
over which the Lennard-Jones terms are brought to zero at the cutoff. Default: 2.0 *
Angstrom.

• electrostatic_pairwise_cutoff (PhysicalQuantity of type distance) – Distance at
which the pairwise electrostatic terms are brought to zero in pairwise summation. De-
fault: 12 * Angstrom

• electrostatic_smoothing_length (PhysicalQuantity of type distance) – Distance
over which the electrostatic terms are brought to zero at the cutoff when using the direct
electrostatic sum. Default: 2.0 * Angstrom
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• electrostatic_spme_cutoff (PhysicalQuantity of type distance) – Distance at which
the pairwise electrostatic terms are brought to zero in SPME summation. Default: 7.5 *
Angstrom

• electrostatic_accuracy (float) – Sets the relative accuracy of the SPME summa-
tion. Default: 0.0001

• electrostatic_scale (float) – Set the relative strength of the electrostatic terms.
Default: 1.0

• use_electrostatic_direct_sum (bool) – Use the direct Coulomb sum to calculate
the electrostatic terms in MoleculeConfigurations. Default: False

• ignore_missing_types (bool) – Whether or not molecules missing OPLS types are
ignored. Default: False

assignAtomTypes(configuration, search_types=None, overwrite=False)
Automatically assign OPLS atom tags to a configuration.

Parameters

• configuration (AtomicConfiguration) – The configuration on which to assign
tags.

• search_types (list of str | None) – List of types to assign onto the configura-
tion. If specified only these types will be assigned, with OPLS_UNKNOWN assigned
to atoms that don’t match any of the given types. The default argument None means
that all available types are assigned. Default: None.

• overwrite (bool) – Whether or not to assign new types if the configuration already
has a valid set of types. Default: False

checkAtomTypes(configuration, add_missing_terms=False)
Function that tests that each atom has only one valid OPLS type.

Parameters

• configuration (AtomicConfiguration) – The configuration that is being tested.

• add_missing_terms (bool) – Whether or not to add terms for missing OPLS types.
Default: False

createCalculator(configuration, check_types=True, verbose=False, set_improper_torsion_indices=True,
atomic_charges=None, charge_averaging=None)

Create and return a calculator with the OPLS potential.

Parameters

• configuration (AtomicConfiguration) – The configuration the potential is to be
used with.

• check_types (bool) – Whether or not the types are checked for basic consistency.

• verbose (bool) – Whether or not to print the terms assigned in the potential set.
Default: False

• set_improper_torsion_indices (bool) – Whether or not to add improper tor-
sions onto the input configuration. Default: True

• atomic_charges (PhysicalQuantity of type charge) – Custom atomic charges to be
used in the potential.
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• charge_averaging (NLFlag | None) – The type of averaging of charges to be used,
if any. Accepted values are None, AtomConnectivity to average over atoms bonded to
the same elements and AtomTypes to average over atoms of the same forcefield type.
Default: None

Returns
The calculator containing the potential.

Return type
TremoloXCalculator

electrostaticAccuracy()

Returns
The relative accuracy of the electrostatic summation for SPME.

Return type
float

electrostaticPairwiseCutoff()

Returns
The cutoff used in pairwise electrostatic summation.

Return type
PhysicalQuantity of type length

electrostaticScale()

Returns
Scaling factor for the electrostatic terms.

Return type
float

electrostaticSmoothingLength()

Returns
Distance over which electrostatic terms are splined when using direct summation.

Return type
PhysicalQuantity of type length

electrostaticSpmeCutoff()

Returns
The cutoff used in SPME electrostatic summation.

Return type
PhysicalQuantity of type length

ignoreMissingTypes()

Returns
Whether or not missing types are ignored on molecules.

Return type
bool

includeBondAngles()

Returns
Whether or not bond angle terms are included in the potential set.
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Return type
bool

includeBondStretching()

Returns
Whether or not bond stretching terms are included in the potential set.

Return type
bool

includeElectrostatic()

Returns
Whether or not electrostatic terms are included in the potential set.

Return type
bool

includeInversions()

Returns
Whether or not bond inversion terms are included in the potential set.

Return type
bool

includeLennardJones()

Returns
Whether or not Lennard Jones terms are included in the potential set.

Return type
bool

includeTorsions()

Returns
Whether or not bond torsion terms are included in the potential set.

Return type
bool

isOplsType(type_label)
Function that tests if a type is in the potential.

Parameters
type_label (str) – The type being tested.

Returns
Whether or not the tag is defined in the potential.

Return type
bool

lennardJonesCutoff()

Returns
Distance beyond which Lennard Jones terms are truncated.

Return type
PhysicalQuantity of type length
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lennardJonesSmoothingLength()

Returns
Distance over which Lennard Jones terms are splined.

Return type
PhysicalQuantity of type length

oplsType(index, configuration, add_missing_terms=False)
Gives the OPLS type on an atom in a configuration, ignoring other tags.

Parameters

• index (int) – Index of the atom for which the type is sought.

• configuration (AtomicConfiguration) – The configuration containing the atom.

• add_missing_terms (bool) – Whether or not to add terms for missing OPLS types.
Default: False

Returns
The type of the atom.

Return type
str

printTotalTypes(type_class=None)
Print a table of available atom types. This provides a list of types and descriptions which can be useful
when doing manual type assignment.

Parameters
type_class (str | None) – Display only atom types with this class label. None displays
all types. Default: None

printUsedTypes(configuration)
Print a table of the types used on the configuration.

Parameters
configuration (AtomicConfiguration) – The configuration whose types are being
displayed.

totalCharge(configuration, verbose=False)
Return the total charge of the configuration according to the atom types on the molecule.

Parameters

• configuration (AtomicConfiguration) – The configuration whose charges are
being reported.

• verbose (bool) – Flag as to whether or not additional information about charges is
printed. Default: False

Returns
The total charge of the configuration according to the atom types on the molecule.

Return type
PhysicalQuantity with units of charge.

typePartialCharge(type_label)
Return the atomic partial charge associated with the given OPLS type label.

Parameters
type_label (str) – The type label for the OPLS atom type.
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Returns
The atom charge associated with the type label.

Return type
PhysicalQuantity of type charge

uniqueString()

Return a unique string representing the state of the object.

useBonds()

Returns
Whether or not bond terms are included in the potential set.

Return type
bool

useElectrostaticDirectSum()

Returns
Whether or not direct Coulomb sums are used for molecules.

Return type
bool

Usage Examples

Build a bulk configuration of poly(vinyl chloride) plasticized with dimethyl sebacate using the OPLS potential.

# ---------------------------------------------
# Monomer And Included Molecules
# ---------------------------------------------
PVC_monomer = nlread('PVC_Monomer.hdf5')[-1]
dimthyl_sebacate = nlread('Dimethyl_Sebacate.hdf5')[-1]

# -------------------------------------------------------------
# OPLS Potential Definition
# -------------------------------------------------------------
opls_potential_builder = OPLSPotentialBuilder()

# Display the tags and charges placed on the dimethyl sebacate molecule
opls_potential_builder.printUsedTypes(dimthyl_sebacate)
opls_potential_builder.totalCharge(dimthyl_sebacate, verbose=True)

# ---------------------------------------------
# Polymer Sequence
# ---------------------------------------------
polymer_sequence = PolymerSequence(

monomer_configurations=[PVC_monomer],
number_of_monomers=20,
number_of_chains=20,
tactic_ratio=0.5,

)

# -------------------------------------------------------------
# Polymer Monte Carlo Builder

(continues on next page)
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(continued from previous page)

# -------------------------------------------------------------
polymer_builder = PolymerMonteCarloBuilder(

polymer_sequence=[polymer_sequence],
density=1.4000*gram/cm**3,
included_molecules=[(dimthyl_sebacate, 4)],
monte_carlo_temperature=300.0*Kelvin,
angle_sampling_points=20,
repack_molecules=False,

)
bulk_configuration = polymer_builder.buildPolymerConfiguration()

# -------------------------------------------------------------
# Add OPLS Potential To Polymer Configuration
# -------------------------------------------------------------
calculator = opls_potential_builder.createCalculator(bulk_configuration)
bulk_configuration.setCalculator(calculator)
nlsave('PVC_DMS.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Force Capped Equilibration
# -------------------------------------------------------------
equilibration_method = ForceCappedEquilibration(

temperature=300.00*Kelvin,
md_steps_per_force_capped_simulation=40000,
md_time_step=0.50*fs,
force_capped_simulations=4,
starting_factor=1.040,
ending_factor=0.800,
fixed_indices=None,

)
bulk_configuration = equilibration_method.runEquilibration(bulk_configuration)
nlsave('PVC_DMS.hdf5', bulk_configuration)

OPLS_PVC_DMS_Example.py PVC_Monomer.hdf5 Dimethyl_Sebacate.hdf5

The given example above demonstrates both how to create a calculator that uses the OPLS-AA potential and also how to
assign tags for the dimethyl sebacate molecule that is included in the polymer melt. Both the atom types and charges are
printed. This shows both the appropriate types that have been selected and also that the overall charge of the molecule
is zero.

Notes

The OPLSPotentialBuilder class enables the creation of a TremoloXCalculator that implements the OPLS-AA po-
tential of Mayo, Olafson and Goddard1. This is a bonded valence forcefield that represents the potential energy of a
molecule as a collection of simple functions based on bond lengths, bond angles, torsion angles, inversion angles and

1 William L. Jorgensen, David S. Maxwell, and Julian Tirado-Rives. Development and testing of the opls all-atom force field on conformational
energetics and properties of organic liquids. J. Am. Chem. Soc., 118:11225, November 1996. URL: https://pubs.acs.org/doi/10.1021/ja9621760,
doi:10.1021/ja9621760.
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inter-atomic distances. The overall mathematical form of the OPLS-AA potential can be given as:

𝐸(x) =
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Here 𝑟, 𝜃, 𝜑 and 𝜒 represent inter-atomic and bond distances, angles, torsions and inversions respectively in the con-
figuration.

To create a OPLS-AA calculator, an instance of the OPLSPotentialBuilder must first be created. The constructor
for this class has a number of options that controls the way in which the calculator built. Individual types of interactions
can be excluded by setting the include_ options to FalseBy default all possible terms are included. All valence terms
can also be excluded by setting the argument use_bonds to False. This is appropriate for configurations consisting of
single atoms that are not bonded to each other.

As the OPLSPotentialBuilder class uses the bonding in the configuration to determine appropriate poten-
tials, bonds should be set on the configuration. This can be done with the findBonds() method in either the
MoleculeConfiguration or BulkConfiguration class. This automatically assigns bonds between atoms that are
within the covalent radii of each other. Specific bonds can also be assigned with the setBonds(), which takes a list of
the indices of pairs of atoms that are to be considered bonded.

There are then a number of options that control the non-bonding interactions. The parameter lennard_jones_cutoff
sets the distance beyond which Lennard-Jones interactions are truncated. To avoid integration problems in molecular
dynamics, Lennard-Jones interactions are brought to zero at the cutoff using a spline function. The width of this
spline can be set using the lennard_jones_smoothing_length parameter. There are no specific hydrogen hydrogen
bonding terms defined within the OPLS-AA potential.

Electrostatic interactions are a little more complicated. By default the OPLSPotentialBuilder adds a CoulombSPME
electrostatic solver for calculators to be used with a bulk configuration, and a CoulombDSF electrostatic solver to calcu-
lators to be used with a molecule configuration. When adding an CoulombSPME solver the cutoff used for calculating the
real-space interactions can be set using the electrostatic_spme_cutoff argument. Likewise the accuracy of the
smoothed particle mesh Ewald solver can be set using the electrostatic_accuracy argument. In the case where a
CoulombDSF solver is added to the potential, the cutoff used can be set using the electrostatic_pairwise_cutoff
argument. In cases where molecular electrostatics are to be compared with values calculated in a bulk configuration,
an explicit splined Coulomb potential can be used for molecules instead of the damped shifted force potential. In this
case a CoulombN2Spline electrostatic solver can be added by using use_electrostatic_direct_sum argument.
As with the damped shifted force potential the cutoff is controlled using the electrostatic_pairwise_cutoff
argument, and like the Lennard-Jones potential is brought to zero with a spline whose length is defined by the
electrostatic_smoothing_length argument. For all Coulomb solvers the total electrostatic energies and forces
can be scaled up or down using the electrostatic_scale argument.

Once the OPLSPotentialBuilder object is instantiated, a calculator is created using the createCalculator
method. This takes a configuration and returns the appropriate OPLS-AA calculator for that configuration. To use
electrostatic potentials in the calculator, atomic partial charges have to be assigned to each atom. The OPLS-AA de-
fines appropriate charges for each atom type, which by default are added to the created calculator. It is also possible
to add pre-calculated charges from different sources using the atomic_charges argument. This argument takes a list
of charges that have the same ordering as the atoms in the configuration. The partial atomic charges can also be aver-
aged according to a few different schemes. This is controlled by the charge_averaging parameter, which takes an
NLFlag which indicates the type of averaging. The flag AtomConnectivity averages charges on each atom based on
the element and the other elements it is bonded to. The flag AtomTypes averages according to the assigned OPLS-AA
type. For the calculator to recognize appropriate inversion terms, improper torsion indices also need to be set on the
configuration. By default this is done automatically, however existing improper torsions can be preserved by setting the
set_improper_torsion_indices to False. As the OPLS-AA potential contains a number of different potentials,
details of each potential used to create the calculator can be printed out using the verbose argument, which is False
by default.
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When creating a OPLS-AA calculator for a configuration, the configuration must have the appropriate tags for each
atom type. Atom types in the OPLS-AA forcefield are grouped into classes. Atom types in a class all have the same
valence potential terms and individual Lennard-Jones and electrostatic potentials. This reduces the number of param-
eters required to construct a transferable forcefield while still allowing specific tailoring of the potentials to different
molecules. Tags used by the OPLS-AA forcefield all begin with the prefix OPLS_. The next section of tag gives the
label of the class of the atomic type, and the final section gives the number of the type in its class. Appropriate OPLS
tags can be assigned automatically using the method assignAtomTypes. This method uses the bonding environment
of each atom to estimate appropriate types. These tags are then added to the input configuration. Type definitions have
been added for atom types common to polymers, although not all atom types have a definition. In cases where the
OPLSPotentialBuilder is unable to recognize the type of an atom, the tag OPLS_UNKNOWN is added to that atom.

The OPLSPotentialBuilder contains a few methods to assist in manually assigning the correct types to configurations
in cases where the types cannot be automatically assigned. Atom types in the OPLS-AA potential are generally defined
for specific functional groups. As a result, atomic partial charges for a given functional group usually add to zero or an
integer charge for charged groups. To discover the appropriate types for a configuration, the method printTotalTypes
prints a table of the available atomic types, with a short description of the kinds of atoms this type represents. As they
are defined together, types for different functional groups are often grouped together. Types for just one class can also
be printed using the type_class argument. The types assigned on a specific configuration can also be displayed using
the printUsedTypes method. As functional groups generally have zero overall charge, correctly typed configurations
should also have zero overall charge. Calculating the total assigned charge to the configuration is therefore a useful
check to make sure the correct types have been added to the configuration. The total assigned charge to a configuration
using the OPLS forcefield can be calculated using the totalCharge method.

OneShotSelfConsistentBornApproximation

class OneShotSelfConsistentBornApproximation(device_configuration=None, energies=None,
kpoints=None, kpoints_weights=None,
electron_phonon_self_energies=None, loa_order=None,
calculate_local_density=None)

Class for performing one-shot self-consistent Born approximation. The currents are calculated using a Pade
approximant, which is optimal for the given loa_order.

Parameters

• device_configuration (DeviceConfiguration) – The device configuration with
attached calculator for which the one-shot SCBA currents should be calculated.
The bias voltage used in the calculation will correspond to the one defined by
electrode_voltages on the calculator.

• energies – The energies used in the one-shot SCBA calculation. Default: numpy.
linspace(-1, 1, 401) * eV

• kpoints (MonkhorstPackGrid | KpointDensity | RegularKpointGrid | sequence of
sequence (size 3) of float) – The k-points used in the one-shot SCBA calculation. Default:
The sampling along A and B used for the self-consistent calculation.

• kpoints_weights (sequence of float) – The weight of each k-point. Default: The
weights corresponding to the MonkhorstPackGrid, or a list of [1.0, 1.0, . . . ] if k-points
are specified as floats.

• electron_phonon_self_energies (list of instances
of AcousticDeformationPotentialSelfEnergy |
OpticalDeformationPotentialSelfEnergy) – A list of models used to determine
the Electron-Phonon scattering self energy. If None is specified, no electron-phonon self
energy is included.
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• loa_order (int) – The order of the generalized lowest-order approximation (LOA). Must
be a non-negative integer. Default: 1

• calculate_local_density (bool) – Whether to calculate local current density, be-
sides the current. Default: False

ballisticCurrent(positive_current_convention=None, spin=None)

Parameters

• positive_current_convention (LeftToRight | RightToLeft) – The conven-
tion for the direction of the positive current. Default: RightToLeft

• spin (Spin.Up | Spin.Down | Spin.Sum) – The spin flag. Default: Spin.Sum

Returns
The non-interacting component of the current, i.e. the 0th order component.

Return type
PhysicalQuantity of type current

calculateLocalDensity()

Returns
Whether to calculate the local densities.

Return type
bool

current(positive_current_convention=None, spin=None)

Parameters

• positive_current_convention (LeftToRight | RightToLeft) – The conven-
tion for the direction of the positive current. Default: RightToLeft

• spin (Spin.Up | Spin.Down | Spin.Sum) – The spin flag. Default: Spin.Sum

Returns
The calculated interacting current.

Return type
PhysicalQuantity of type current

electronPhononSelfEnergies()

Returns
The objects describing the electron-phonon self energy models.

Return type
sequence of AcousticDeformationPotentialSelfEnergy |
OpticalDeformationPotentialSelfEnergy

energies()

Returns
The energy used in this SCBA calculation.

Return type
PhysicalQuantity of type energy

energyZero()

Returns
The energy zero used for the energy scale in energy dpeendent quantities.
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Return type
PhysicalQuantity of type energy.

kpoints()

Returns
The k-point grid used in the one-shot SCBA calculation.

Return type
MonkhorstPackGrid | RegularKpointGrid

kpointsWeights()

Returns
The weights of the k-points.

Return type
sequence of float

loaOrder()

Returns
The order of the LOA.

Return type
int

localCurrentDensityData(positive_current_convention=None)

Parameters
positive_current_convention (LeftToRight | RightToLeft) – The convention for
the direction of the positive current. Default: RightToLeft

Returns
A tuple with the z coordinates, energies, and the calculated local charge density. The local
current density is a 2D array specifying the value for each z coordinate and energy.

Return type

tuple of (
PhysicalQuantity of type length, PhysicalQuantity of type energy, PhysicalQuantity
of type current / energy)

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.
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Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

OnsiteShifts

class OnsiteShifts

Class for representing the OnsiteShifts databases. This class is not directly exposed, but can be accessed through
ATK_U and ATK_W instances.

All calculations have been performed with GGA.PBE.

OnsiteShifts.__call__(element, orbitals, identifier=None)
The call function used for accessing the parameters stored in the database.

Parameters

• element (PeriodicTableElement) – An element in the periodic table to get the the
data for.

• orbitals (list of str) – The list of orbitals to obtain the data for. If there is no stored
calculated data for the requested orbital, the value 0.0*eV will be returned. Supported
orbitals are [‘1s’, ‘2s’, ‘2p’, ‘3s’, ‘3p’, ‘4s’, ‘3d’, ‘4p’, ‘5s’, ‘4d’, ‘5p’, ‘6s’, ‘4f’, ‘5d’, ‘6p’,
‘7s’, ‘5f’, ‘6d’, ‘7p’].

• identifier ('ae' | 'ae-exc' | 'ncp') – An identifier string for the data base entry.
There are all-electron non-relativistic calculations (‘ae’), all-electron with an excited va-
lence configuration (‘ae-exc’), and norm-conserving pseudopotential calculations (‘ncp’).
Default: For elements up to and including Zn the all electron ‘ae’ database will be used
as default, except for the 3d metals Ti, V, Mn, Fe, Co, Ni, for which the all- electron with
excited configuration ‘ae-exc’ database will be used. For heavier elements, from Ga and
above, the normconserving pseudo-potential ‘ncp’ database will be used, except for Kr,
Sr, Xe, Cs and Ba (and the Lanthanoids and Actinoids when supported) for which the ‘ae’
values will be used.

Returns
The stored data for the given combination of identifier, element and orbitals.

Return type
PhysicalQuantity of type energy.

ATK_U

This database contains the onsite Hartree shifts.

Print the 𝑈 parameters for iron, calculated from a pseudo-potential, all-electron, and excited-state all-electron calcula-
tion:

print ATK_U(Iron, ['1s','2s','2p','3s','3p','3d','4s','4p'], 'ncp')
print ATK_U(Iron, ['1s','2s','2p','3s','3p','3d','4s','4p'], 'ae')
print ATK_U(Iron, ['1s','2s','2p','3s','3p','3d','4s','4p'], 'ae-exc')
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For more details, see Onsite Hartree shift parameters.

ATK_W

This database contains the onsite spin splitting.

Print the valence𝑊 parameters for iron, calculated from a pseudo-potential, all-electron, and excited-state all-electron
calculation:

print ATK_W(Iron, ['3d','4s','4p'], 'ncp')
print ATK_W(Iron, ['3d','4s','4p'], 'ae')
print ATK_W(Iron, ['3d','4s','4p'], 'ae-exc')

For more details, see Spin polarization.

OpenMXBasisSet

class OpenMXBasisSet(filename, tier=None, element=None, orbitals=None, occupations=None,
hubbard_u=None, filling_method=None, pseudopotential=None,
onsite_spin_orbit_split=None, onsite_spin_orbit_coupling=None,
filter_mesh_cutoff=None, atomic_species=None, projector_shift=None,
dft_half_parameters=None)

For a given element, this class represents the basis set read from an external file.

Parameters

• filename (str) – Filename of the VPS pseudopotential file.

• tier (int) – Basis subset to use. Mutually exclusive with atomic_species. Default:
1 (corresponding to single-zeta set).

• element (PeriodicTableElement) – The element associated with this basis set. De-
fault: None.

• orbitals (list) – The set of orbitals that forms this basis set. Each ele-
ment in the list should be an instance of ConfinedOrbital, AnalyticalSplit,
PolarizationOrbital, NumericalOrbital, or HydrogenOrbital. Default: None.

• occupations (list of floats) – The initial occupation of the basis orbitals. Default:
None.

• hubbard_u (PhysicalQuantity of type energy) – The Hubbard U for each orbital shell.
Default: None.

• filling_method (SphericalSymmetric | Anisotropic) – The method used for set-
ting up the initial occupation. Default: SphericalSymmetric.

• pseudopotential (NormConservingPseudoPotential) – The pseudopotential to be
used for generating this basis set. Default: None.

• onsite_spin_orbit_split (PhysicalQuantity of type energy) – Spin-orbit splitting for
each orbital. Default: No splitting.

• onsite_spin_orbit_coupling (list) – The relative coupling term for spin-orbit in-
teraction. Default: None.
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• filter_mesh_cutoff (positive PhysicalQuantity of type energy) – Specify a cutoff for
filtering the basis functions. Default: None.

• atomic_species (string) – Uncontracted basis specification. Mutually exclusive with
tier. This string is interpreted as (<orbital name><number of uncontracted
shells>)... e.g. "s4p3d1" Default: None.

• projector_shift (PseudoPotentialProjectorShift) – Pseudopotential projector
shift for each angular momentum. Default: None

• dft_half_parameters (DFTHalfParameters | Automatic | Disabled) – The DTF-
1/2 parameters used for this basis set in the LCAO calculation. When set to Automatic the
DFT-1/2 parameters will be populated from a table of optimized parameters. By setting it
to Disabled DFT-1/2 will not be active for this basis set. This is used to disable DFT-1/2
for some elements or atomic sites while DFT-1/2 may be active for other atoms in the
configuration. Default: Automatic

angularMomenta()

Returns
The angular momenta of the basis set.

Return type
list

atomicSpecies()

Returns
The uncontracted basis description as a dictionary.

Return type
dict

atomicSpeciesString()

Returns
The uncontracted basis description as a string.

Return type
str

dftHalfParameters()

The DFT-1/2 parameters.

Returns
The DFT-1/2 parameters.

Return type
DFTHalfParameters

element()

Returns
The element associated with this basis set.

Return type
PeriodicTableElement

filename()

Returns
The user given filename of the OpenMX PAO basis set file.
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Return type
str

fillingMethod()

Returns
The method used for setting up the initial occupation.

Return type
SphericalSymmetric | Anisotropic

filterMeshCutoff()

Returns
The cutoff for the filter function

Return type
PhysicalQuantity of type energy

hubbardU()

Returns
The Hubbard U energy for each orbital shell.

Return type
PhysicalQuantity of type energy

numberOfValenceElectrons()

Private function for the getting the total number of electrons.

occupations()

Returns
The occupations associated with the orbitals.

Return type
list

onsiteSpinOrbitCoupling()

Returns
The relative coupling term for spin-orbit interaction.

Return type
list

onsiteSpinOrbitSplit()

Returns
The spin-orbit splitting of each orbital

Return type
PhysicalQuantity of type energy or None.

orbitals()

Returns
The orbitals that forms this basis set.

Return type
list of ConfinedOrbital | AnalyticalSplit | PolarizationOrbital |
NumericalOrbital | HydrogenOrbital
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projectorShift()

Returns
The projector shift energies specified for each angular momentum.

Return type
PseudoPotentialProjectorShift

pseudopotential()

Returns
The pseudopotential used in generating the basis set.

Return type
NormConservingPseudoPotential

tier()

Returns
The basis subset level used in the calculation.

Return type
int | None

uniqueString()

Return a unique string representing the state of the object.

OpticalDeformationPotentialSelfEnergy

class OpticalDeformationPotentialSelfEnergy(coupling=None, phonon_energy=None)
A class which represent a deformation potential model for acoustic phonon modes.

Parameters

• coupling (PhysicalQuantity of type energy) – The electron-phonon coupling strength of
the optical modes. The coupling strength can be given as a single value, or a 1D array
specifying the value for each atom (in units of energy). Default: 0 * eV

• phonon_energy (PhysicalQuantity of type energy) – The energy of the optical modes,
assumed constant. Default: 0.063 * eV

coupling()

Returns
The electron-phonon coupling strength of the acoustic modes.

Return type
PhysicalQuantity with unit eV**2

phononEnergy()

Returns
The optical phonon energy, assumed constant.

Return type
PhysicalQuantity of type energy
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uniqueString()

Return a unique string representing the state of the object.

OpticalSpectrum

class OpticalSpectrum(configuration, kpoints=None, energies=None, broadening=None,
bands_below_fermi_level=None, bands_above_fermi_level=None,
optical_intraband_parameters=None, method=None)

Constructor for the optical spectrum object.

Parameters

• configuration (BulkConfiguration) – The bulk configuration with an attached cal-
culator for which to calculate the optical spectrum.

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The k-
points for which to calculate the transitions. Default: The Monkhorst-Pack grid used for
the self-consistent calculation.

• energies (PhysicalQuantity of type energy) – The energies for which to calculate the
optical spectrum. Default: numpy.linspace(0, 4, 101)*eV

• broadening (PhysicalQuantity of type energy) – The broadening parameter used for the
optical spectrum. Default: 0.1 * eV

• bands_below_fermi_level (int) – The maximum number of valence bands per prin-
cipal spin channel to include at each k-point. If the number specified is larger than the
actual number of occupied states, all are used. Default: 4

• bands_above_fermi_level (int) – The maximum number of conduction bands per
principal spin channel to include at each k-point. If the total number of requested bands
is larger than the basis size, the maximally possible number of bands is used. Default: 4

• optical_intraband_parameters (OpticalIntrabandParameters | None) – If
given the intraband contribution will be included in the OpticalSpectrum. This container
should hold the plasma_frequency and inverse_life_time parameters. Default: None, i.e.
optical intraband parameters is not included.

• method (None | Full | KDotPExpansion3D) – The method used for the eigenvalue and
transition matrix elements computation.

The default is to perform an exact diagonalization to determine the eigenvalues and the
wave-functions, with which we calculate the momentum matrix elements, exactly at each
requested k-point.

Alternatively, the k.p expansion method can be used to interpolate the eigenvalues and
the transition matrix elements at the requested k-points using the exact eigenvalues and
eigenfunctions calculated in the SCF calculation.

NOTE: Only the PlaneWaveCalculator supports the k.p method at the moment.

absorption(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum) – The spin to calculate for. Default: Spin.Sum

Returns
The absorption tensor, the dimension is (3, 3, N), where N is the number of energies.
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Return type
ndarray.

broadening()

Returns
The broadening parameter used for the optical spectrum.

Return type
PhysicalQuantity of type energy

energies()

Returns
The energies for which to calculate the optical spectrum.

Return type
PhysicalQuantity of type energy

evaluateDielectricConstant(spin=None)
Function for evaluating the real part of the dielectric constant using the Kubo-Greenwood formalism.

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum) – The spin to calculate for. Default: Spin.Sum

Returns
The real part of the dielectric constant.

Return type
numpy.array

evaluateImaginaryDielectricConstant(spin=None)
Function for evaluating the imaginary part of the dielectric constant using the Kubo- Greenwood formal-
ism.

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum) – The spin to calculate for. Default: Spin.Sum

Returns
The imaginary part of the dielectric constant.

Return type
numpy.array

evaluateImaginaryPolarizability(spin=None)
Function for evaluating the imaginary part of the polarizability using the Kubo-Greenwood formalism.

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum) – The spin to calculate for. Default: Spin.Sum

Returns
The imaginary part of the polarizability.

Return type
PhysicalQuantity with the unit Hartree**3 * vacuum_permitivity

evaluatePolarizability(spin=None)
Function for evaluating the real part of the polarizability using the Kubo-Greenwood formalism.

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum) – The spin to calculate for. Default: Spin.Sum
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Returns
The real part of the polarizability.

Return type
PhysicalQuantity with the unit Hartree**3 * vacuum_permitivity

imaginarySusceptibility(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum) – The spin to calculate for. Default: Spin.Sum

Returns
Imaginary part of the susceptibility tensor.

Return type
numpy.ndarray.

maxConductionStates()

Returns
The maximum number of conduction states to include.

Return type
int

maxValenceStates()

Returns
The maximum number of valence states to include.

Return type
int

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

opticalConductivity(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum) – The spin to calculate for. Default: Spin.Sum

Returns
The optical conductivity, the dimension is (3, 3, N), where N is the number of energies.

Return type
ndarray.

opticalIntrabandParameters()

Returns
The optical_intraband_parameters set on the optical spectrum.
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Return type
OpticalIntrabandParameters

realSusceptibility(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum) – The spin to calculate for. Default: Spin.Sum

Returns
Real part of the susceptibility tensor.

Return type
numpy.ndarray.

reflectivity(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum) – The spin to calculate for. Default: Spin.Sum

Returns
The reflectivity tensor, the dimension is (3, 3, N), where N is the number of energies.

Return type
Dimensionless ndarray.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the OpticalSpectrum of silicon, save it to a file, and print out the dielectric tensor:

# Set up silicon crystal.
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
cartesian_coordinates=[[ 0. , 0. , 0.],

[ 1.35765, 1.35765, 1.35765]]*Angstrom
)

# Setup calculator.
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(6, 6, 6),
)

# Setup DFT calculator using TB09 meta-GGA.
calculator = LCAOCalculator(

basis_set=LDABasis.DoubleZetaDoublePolarized,
exchange_correlation=MGGA.TB09LDA,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

(continues on next page)
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(continued from previous page)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Optical spectrum.
optical_spectrum = OpticalSpectrum(

configuration=bulk_configuration,
kpoints=MonkhorstPackGrid(15,15,15),
energies=numpy.linspace(0,5,101)*eV,
broadening=0.1*eV,
bands_below_fermi_level=4,
bands_above_fermi_level=4,
)

nlsave('si_optical.hdf5', optical_spectrum)

# Print out the dielectric constant (Experimental value is 11.9).
print('Dielectric Tensor')
print(optical_spectrum.evaluateDielectricConstant()[:,:,0])

si_optical.py

Notes

• We use the Kubo-Greenwood formula to calculate the susceptibility tensor12

𝜒𝑖𝑗(𝜔) =
𝑒2

~𝑚2
𝑒𝑉

∑︁
𝑛𝑚k

𝑓𝑚k − 𝑓𝑛k
𝜔2
𝑛𝑚(k)[𝜔𝑛𝑚(k) − 𝜔 − 𝑖Γ/~]

𝑝𝑖𝑛𝑚(k)𝑝𝑗𝑚𝑛(k) ,

where 𝑝𝑖𝑛𝑚 = ⟨𝑛k|p𝑖|𝑚k⟩ is the 𝑖-th component (labeling electrons) of the momentum operator between state
𝑛 and 𝑚, 𝑚𝑒 (𝑒) is the electron mass (charge), 𝑉 the volume, Γ the energy broadening, ~𝜔𝑛𝑚 = 𝐸𝑛 −𝐸𝑚 and
𝑓𝑛k the Fermi function evaluated at the band energy 𝐸𝑛(k).

• The response coefficients, the relative dielectric constant, 𝜖𝑟, polarizability, 𝛼, and optical conductivity, 𝜎, are
related to the susceptibility as

𝜖𝑟(𝜔) = (1 + 𝜒(𝜔)),

𝛼(𝜔) = 𝑉 𝜖0𝜒(𝜔),

𝜎(𝜔) = −𝑖𝜔𝜖0𝜒(𝜔).

The derivation of the last relation can be found in Ref.3.

Note: Accounting for spin, the relation between the dielectric constant and the susceptibility can be written
as 𝜖𝑟(𝜔) = 1 +

∑︀
𝜎 𝜒𝜎(𝜔). The dielectric constant has no explicit spin dependency. For calculations of type

polarized, textual representations of the susceptibility will show the spin resolved result, i.e. Spin.Up and Spin.
Down components while the sum over spins always is given for the dielectric constant. Nonetheless, it is possible
to obtain the “spin-resolved dielectric constant” using the corresponding query methods with either Spin.Up or

1 Walter A. Harrison. Solid State Theory. McGraw-Hill, 1970.
2 J. E. Sipe and Ed Ghahramani. Nonlinear optical response of semiconductors in the independent-particle approximation. Phys.

Rev. B, 48(16):11705–11722, October 1993. URL: https://link.aps.org/doi/10.1103/PhysRevB.48.11705 (visited on 2019-05-10),
doi:10.1103/PhysRevB.48.11705.

3 Richard M. Martin. Electronic structure: Basic theory and practical methods. Cambridge University Press, New York, 2004. ISBN 0-521-
78285-6.
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Spin.Down for the spin parameter. In these cases, the vacuum contribution is split up equally between up and
down components. This feature is maintained for backward compatibility reasons and might disappear in future
releases.

• The refractive index, 𝑛, is related to the complex dielectric constant through

𝑛+ 𝑖𝜅 =
√
𝜖𝑟,

here 𝜅 is the extinction coefficient. In terms of the real (𝜖1) and complex parts (𝜖2) of the dielectric constant

𝑛 =

√︃√︀
𝜖21 + 𝜖22 + 𝜖1

2
,

𝜅 =

√︃√︀
𝜖21 + 𝜖22 − 𝜖1

2
.

• The optical absorption coefficient is related to the extinction coefficient through4

𝛼𝑎 = 2
𝜔

𝑐
𝜅.

The reflectivity is given by5

𝑅 =
(1 − 𝑛)2 + 𝜅2

(1 + 𝑛)2 + 𝜅2
.

• The definition of bands_above_fermi_level and bands_below_fermi_level depends on the spin type of
the calculation, as described in the Notes of the EffectiveMass analysis object.

Thus from the dielectric constant a number of other optical properties are easily obtained. For further background
information on optical spectra see Optical response functions.

Intraband contribution

In metals both the interband term described above and an intraband term from plasmons contribute to the dielectric
response, 𝜒𝑖𝑗 = 𝜒inter

𝑖𝑗 +𝜒intra
𝑖𝑗 . Within the Drude model of free electrons we can obtain the intraband contribution as6

𝜒intra
𝑖𝑗 (𝜔) = −

𝜔2
P,𝑖𝑗

𝜔2 + 𝑖𝜔𝛾
= −

𝜔2
P,𝑖𝑗

𝜔2 + 𝛾2
+ 𝑖

𝜔2
P,𝑖𝑗𝛾

𝜔3 + 𝜔𝛾2

Here 𝜔P is the plasma frequency and 𝛾(𝑇 ) = ~/𝜏(𝑇 ) is a temperature dependent broadening obtained from the phonon
limited life-time 𝜏(𝑇 ). The plasma frequency can be obtained from the band energies and velocities integrated over
the Fermi surface:

𝜔2
P,𝑖𝑗 =

𝑒2

𝑉 𝜀0

∑︁
𝑛,k

𝑔𝑠𝑔𝑘v𝑖(𝑛k)v𝑗(𝑛k)𝛿(𝜖𝐹 − 𝜖𝑛k)

Here 𝑉 is the unit cell volume, 𝑔𝑠 is the spin degeneracy factor, 𝑔𝑘 is the k-point weights, v(𝑛k) = 1/~𝜕𝜖𝑛k/𝜕k is
the band velocity of a band indexed 𝑛 and 𝑖, 𝑗 are Cartesian directions.

The plasma frequency can be set to a known value or obtained from the following example:

4 David J. Griffiths. Introduction to Electrodynamics (3rd Edition). Prentice Hall, 1999. ISBN 9780138053260.
5 M. P. Desjarlais. Density functional calculations of the reflectivity of shocked xenon with ionization based gap corrections. Contrib. Plasma

Phys., 45(3-4):300–304, 2005. doi:10.1002/ctpp.200510034.
6 Michiel J. van Setten, Süleyman Er, Geert Brocks, Robert A. de Groot, and Gilles A. de Wijs. First-principles study of the optical properties

of Mg$_x$Ti$_1-x$H$_2$. Phys. Rev. B, 79(12):125117, mar 2009. URL: https://link.aps.org/doi/10.1103/PhysRevB.79.125117 (visited on
2019-10-11), doi:10.1103/PhysRevB.79.125117.
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plasma_frequency = calculatePlasmaFrequency(
bulk_configuration,
electron_bands=electron_bands,
kpoints_grid=MonkhorstPackGrid(15, 15, 15),
use_kpoint_symmetry=True)

Here electron_bands is a list of indices of electron bands included.

The intraband contribution is included in the optical spectrum calculation if the optional in-
put optical_intraband_parameters = OpticalIntrabandParameters(plasma_frequency,
inverse_life_time) is supplied to the OpticalSpectrum :

optical_spectrum = OpticalSpectrum(
bulk_configuration,
kpoints=MonkhorstPackGrid(15, 15, 15),
energies=numpy.linspace(0, 5, 101) * eV,
broadening=0.1 * eV,
bands_above_fermi_level=4,
bands_below_fermi_level=4,
optical_intraband_parameters=OpticalIntrabandParameters(0.1 * eV, 1.8 *␣

→˓femtoSecond**(-1)),
)

The plasma_frequency can be a single number (as the above example) or a tensor (as obtained by the full calcula-
tion). The phonon limited inverse_life_time can be obtained from the ElectronPhononCoupling or Mobility
analysis objects.

OptimizeDeviceConfiguration

class OptimizeDeviceConfiguration(device_configuration, filename, object_id, calculator=None,
optimization_region_length=None, optimization_region_center=None,
passivate_electrode_surfaces=None,
optimize_geometry_parameters=None, log_filename_prefix=None,
perform_device_optimization=None)

Class for optimizing a device configuration.

Parameters

• device_configuration (DeviceConfiguration) – The device configuration to opti-
mize.

• filename (str) – The full or relative filename path the Study object should be saved to.
See nlsave().

• object_id (str) – The name of the study that the Study object should be saved to within
the file. This needs to be a unique name in this file. See nlsave().

• calculator (Calculator) – The bulk calculator to use for the optimization of the central
region of the device. Default: A bulk calculator with settings similar to the calculator set
on the given device_configuration.

• optimization_region_length (PhysicalQuantity of type length) – The length along
the transport direction of the region to be optimized within the central region of the device.
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Note that the length of the optimization region is automatically capped to keep the given
electrode extensions fixed on either side. Default: 10.0 * Angstrom

• optimization_region_center (PhysicalQuantity of type length) – The position along
the transport direction of the center of the optimization region. Default: The center along
the transport direction of the central region of the device after the left and right electrode
extensions have been removed. The maximum valid number of repeats of the minimal
electrodes are used to calculate the electrode extensions.

• passivate_electrode_surfaces (sequence (size 2) of bool) – Whether the
left and right surfaces of the central region of the device along the transport direc-
tion should be passivated when extracting the central region for optimization. De-
fault: (True, True) for LCAO, plane-wave and semi-empirical calculators; (False,
False) for forcefield calculators.

• optimize_geometry_parameters (OptimizeGeometryParameters) – The parame-
ters to use for optimizing the geometry. Note that pre_step_hook and post_step_hook
must be left unset. Also note that max_stress, target_stress, restart_strategy
and enable_optimization_stop_file do not have any effect since stress is not op-
timized, and the restart mechanism within OptimizeGeometry() is disabled. Default:
OptimizeGeometryParameters()

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output of
the calculations, each to be stored in a separate file. If LogToStdOut, all logging will
instead be sent to standard output. Default: 'optimizedeviceconfiguration'

• perform_device_optimization (bool) – Whether to perform a relaxation us-
ing the device geometry obtained after the bulk rigid relaxation. When True,
device_configuration must have a calculator. The optimization region is determined
by optimization_region_center and optimization_region_length. Default:
False

calculator()

Returns
The bulk calculator used for optimizing the geometry.

Return type
Calculator

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

deviceCalculator()

Returns
The device calculator.

Return type
Calculator

filename()

Returns
The filename where the study object is stored.
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Return type
str

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

optimizationRegionCenter()

Returns
The position along the transport direction of the center of the optimization region.

Return type
PhysicalQuantity of type length

optimizationRegionLength()

Returns
The length along the transport direction of the optimization region. Note that the optimiza-
tion region might be capped in order to keep at least one repeat of the minimal electrode
fixed on either side.

Return type
PhysicalQuantity of type length
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optimizeGeometryParameters()

Returns
The parameters used for optimizing the geometry.

Return type
OptimizeGeometryParameters

passivateElectrodeSurfaces()

Returns
Whether the left and right surfaces of the central region of the device along the transport
direction are passivated when extracting the central region for optimization.

Return type
tuple (size 2) of bool

performDeviceOptimization()

Returns
Whether an additional optimization will be performed for the device configuration obtained
after the bulk rigid relaxation.

Return type
bool

result()

Retrieve the optimized device configuration.

Returns
The optimized device configuration. If not available, returns None.

Return type
DeviceConfiguration | None

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.

Notes

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

The OptimizeDeviceConfiguration object can be used to optimize a device configuration using the so-called Bulk Rigid
Relaxation (BRR) method. In the BRR method, after building the device configuration, the central region bulk is
extracted and relaxed with FixAtomConstraints constraints on the atoms belonging to the left electrode extension, and
RigidBody constraints on the atoms belonging to the right electrode extension (i.e., the central region can expand
or contract along the transport direction during the optimization). The device is then reassembled from the optimized
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central region bulk. This is a computationally efficient approach and will usually capture a large fraction of the required
geometry relaxation.

Note that the length and position of the region to be relaxed within the device’s central region can be controlled with
optimization_region_length and optimization_region_center. The contrained regions on either side must
at least cover the electrode extensions, but might extend beyond this.

After performing the calculation, the resulting optimized device configuration can be retrieved by calling the result
method.

Note: The BRR method does not calculate the total energy using a full device geometry, hence the reassembled device
may not be exactly in the global minimum-energy geometry. Some types of electronic structure calculations may be
sensitive to this difference, others may not. If you want to ensure that the reassembled device is in the minimum-energy
geometry, set perform_device_optimization=True, and a geometry optimization will be performed for the device
using the calculator on the original device_configuration.

Usage Examples

This example shows how to perform an optimization of a carbon nanotube device.

First, we define the device system. This is given in the following file (for clarity, we split this from the OptimizeDe-
viceConfiguration study itself):

setup_cnt_device.py

We can now proceed with the study. Note that this example is only intended to give an overview of the usage of
OptimizeDeviceConfiguration. The SingleZeta basis set used in this example should not be used for a proper, physical
device configuration optimization.

# Read the device configuration with an attached calculator.
device_configuration = nlread('setup_cnt_device.py', DeviceConfiguration)[0]

# Set up parameters for the device configuration optimization.
optimize_geometry_parameters = OptimizeGeometryParameters(

max_forces=0.2 * eV / Angstrom,
max_stress=0.8 * GPa,
max_steps=200,
max_step_length=0.2 * Angstrom,
optimizer_method=LBFGS(),

)

# Set up the object and perform the relaxation.
optimize_device_configuration = OptimizeDeviceConfiguration(

device_configuration=device_configuration,
filename=u'optimize_cnt_device.hdf5',
object_id='optimizedeviceconfiguration',
optimization_region_length=10.0 * Angstrom,
passivate_electrode_surfaces=(True, True),
optimize_geometry_parameters=optimize_geometry_parameters,
log_filename_prefix='optimize_cnt_device',

)
optimize_device_configuration.update()

(continues on next page)
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# Fetch the resulting device configuration after optimization.
optimized_device = optimize_device_configuration.result()

# Print a report.
nlprint(optimize_device_configuration)

optimize_cnt_device.py

Here is the resulting report from the nlprint command:

+------------------------------------------------------------------------------+
| Optimize Device Configuration Report |
+------------------------------------------------------------------------------+
| Device configuration: |
+------------------------------------------------------------------------------+
| Central region (including electrode extensions): |
| Length (before optimization): 16.34 Ang |
| Length (after optimization): 16.47 Ang |
| Number of atoms: 96 |
| Electrode extensions: |
| Length (left): 7.10 Ang |
| Length (right): 7.10 Ang |
| Number of atoms (left): 42 |
| Number of atoms (right): 42 |
+------------------------------------------------------------------------------+
| Initial configuration details: |
+------------------------------------------------------------------------------+
| Optimization region: |
| Length: 2.13 Ang |
| Left edge position: 7.10 Ang |
| Right edge position: 9.24 Ang |
| Number of atoms: 12 |
| Constrained regions: |
| Length (left): 7.10 Ang |
| Length (right): 7.10 Ang |
| Number of atoms (left): 42 |
| Number of atoms (right): 42 |
+------------------------------------------------------------------------------+
| Bulk rigid relaxation details: |
+------------------------------------------------------------------------------+
| Optimization region: |
| Length: 2.26 Ang |
| Left edge position: 7.10 Ang |
| Right edge position: 9.37 Ang |
| Number of atoms: 12 |
| Constrained regions: |
| Length (left): 7.10 Ang |
| Length (right): 7.10 Ang |
| Number of atoms (left): 42 |
| Number of atoms (right): 42 |
+------------------------------------------------------------------------------+
| Device optimization disabled |
+------------------------------------------------------------------------------+
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OptimizeGeometryParameters

class OptimizeGeometryParameters(max_forces=None, max_stress=None, max_steps=None,
max_step_length=None, constraints=None, trajectory_filename=None,
trajectory_object_id=None, disable_stress=None, optimize_cell=None,
optimizer_method=None, target_stress=None, pre_step_hook=None,
post_step_hook=None, constrain_bravais_lattice=None,
trajectory_interval=None, restart_strategy=None,
enable_optimization_stop_file=None, write_raw_stress=None,
write_raw_forces=None)

Class for parameters used in optimizing the geometry of a configuration.

Parameters

• max_forces (PhysicalQuantity of type force) – The maximum forces determining that
the optimization should stop. Default: 0.05*eV/Ang

• max_stress (PhysicalQuantity of type pressure) – The maximum stress determining that
the optimization should stop. Default: 0.1*GPa

• max_steps (A positive integer.) – The maximum number of steps. Default: 200

• max_step_length (PhysicalQuantity of type length) – The maximum step length the
optimizer may take. Default: 0.2*Ang

• constraints (A list of integers and Constraints objects.) – A list of in-
dices of the atom with fixed positions, and Constraints objects. Default: []

• trajectory_filename (str.) – The filename of the file to be used for storing the tra-
jectory in.

• trajectory_object_id (str | None) – The object id to use when saving to HDF5.
Default: None

• disable_stress – Deprecated: from v2022.03, use optimize_cell parameter in-
stead.

• optimize_cell (bool) – will be change during the optimization. Enabling the stress
calculation for bulk configurations. Default: True for BulkConfigurations otherwise False

• optimizer_method (FIRE | LBFGS.) – The optimizer to use for optimizing the struc-
ture. Default: LBFGS

• target_stress – The target stress under which the cell should be optimized. Must be
given as a single pressure value, or a stress vector in Voigt or matrix notation. Default:
0*GPa

• pre_step_hook (A callable function or method) – An optional user-defined
function which will be called just before each optimization step. The signature of the
function requires the arguments (step, configuration). The return status is ignored. Un-
handled exceptions will terminate the optimization. Default: No hook.

• post_step_hook (A callable function or method) – An optional user-defined
function which will be called just after each optimization step. The signature of the func-
tion requires the arguments (step, configuration). The return status is ignored. Unhandled
exceptions will terminate the optimization. Default: No hook.
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• constrain_bravais_lattice (bool) – Enable preserving the Bravais lattice symme-
try of the configuration. Default: True if the target_stress is commensurate with the
lattice symmetries

• trajectory_interval (int | PhysicalQuantity of type time) – The resolution used in
saving steps to a trajectory file. This can either be given as an integer (a value of 1 results
in all steps being saved; a value of 2 results in every second step being saved; etc.) or as
a time interval. Default: 1

• restart_strategy (NoRestart | RestartFromTrajectory) – The restart mechanism
based on trajectory data saved in a given file. Default: RestartFromTrajectory()

• enable_optimization_stop_file (bool) – Determines whether to enable a file for
stopping the geometry optimization. If True, creation of the stop file will stop the op-
timization at the next step. The name of the stop file will be shown in the log output;
it will be stop-geometry-optimization-uniqueID, where uniqueID is a randomly
generated identifier for this optimization. The file must be created in the current working
directory. Default: True

• write_raw_stress (bool) – Determines whether the stress will be written in the trajec-
tory before any constraint is applied to the system. If it is True, then in the trajectory, the
stress values before applying any constraint will be saved. However, if it is false, then the
stress values after applying the constraint will be saved in the trajectory. Default: None

• write_raw_forces (bool) – Determines whether the forces will be written in the trajec-
tory before any constraint is applied to the system. If it is True, then in the trajectory, the
forces on the atoms before applying any constraint will be saved. However, if it is false,
then the forces after applying the constraint will be saved in the trajectory. Default: None

constrainBravaisLattice()

Query method for the constrain_bravais_lattice parameter.

constraints()

Query method for the constraints.

classmethod defaultEnabledStress(configuration_type, is_neb, neb_variable_cell=None)
The default “enable stress” depend on the configuration type.

Parameters

• configuration_type (type) – The configuration type.

• is_neb (bool) – True, if neb configuration.

• neb_variable_cell (bool) – Whether this is a variable cell NEB Configuration.

Returns
True, for Bulk configurations, otherwise False.

Return type
bool

disableStress()

Query method for the disable stress.

enableOptimizationStopFile()

Query method for the enable_optimization_stop_file parameter.

maxForces()

Query method for the max forces.
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maxStepLength()

Query method for the max step length.

maxSteps()

Query method for the max steps.

maxStress()

Query method for the max stress.

optimizeCell()

Query method for the optimize cell.

optimizerMethod()

Query method for the optimizer method.

postStepHook()

Query method for the post-step hook.

preStepHook()

Query method for the pre-step hook.

restartStrategy()

Query method for the restart_strategy parameter.

setConstrainBravaisLattice(constrain_bravais_lattice)
Method for setting the constrain_bravais_lattice parameter.

setConstraints(constraints)
Method for setting the constraints.

setDisableStress(disable_stress)
Method for setting the disable_stress.

setEnableOptimizationStopFile(enable_optimization_stop_file, default_enable_optimization_stop_file)
Method for setting the enable optimization stop file parameter.

setMaxForces(max_forces)
Method for setting the max forces.

setMaxStepLength(max_step_length)
Method for setting the max step length.

setMaxSteps(max_steps)
Method for setting the max steps.

setMaxStress(max_stress)
Method for setting the max stress.

setOptimizeCell(optimize_cell)
Method for setting the disable_stress and optimize cell.

setOptimizerMethod(optimizer_method)
Method for setting the optimizer method.

setPostStepHook(post_step_hook)
Method for setting the post-step hook.
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setPreStepHook(pre_step_hook)
Method for setting the pre-step hook.

setRestartStrategy(restart_strategy, default_restart_strategy)
Method for setting the restart_strategy parameter.

setTargetStress(target_stress)
Method for setting the target stress tensor.

setTrajectoryFilename(trajectory_filename)
Method for setting the trajectory filename.

setTrajectoryInterval(trajectory_interval, default_trajectory_interval)
Method for setting the trajectory_interval parameter.

setTrajectoryObjectId(trajectory_object_id)
Method for setting the trajectory object ID.

setWriteRawStress(write_raw_stress)
Method for setting the write_raw_stress.

targetStress()

Query method for the target stress tensor.

trajectoryFilename()

Query method for the trajectory filename.

trajectoryInterval()

Query method for the trajectory_interval parameter.

trajectoryObjectId()

Query method for the trajectory object ID.

uniqueString()

Return a unique string representing the state of the object.

writeRawForces()

Query method to check if raw force will be written on the trajectory.

writeRawStress()

Query method to check if raw stress will be written on the trajectory.

OptimizedFFTGridSampling

class OptimizedFFTGridSampling(energy_cutoff, maximum_average_prime_factor=None,
maximum_grid_enlargement=None)

Create a grid sampling with sizes that are optimized for FFTs.

The Fast Fourier Transform algorithm works by splitting the grid into a hierachy of chunks, and the algorithms
works most efficiently when the chunk sizes are small prime numbers. A good measure of the efficiency of the
FFT is the average of the prime factors of the grid size. This object tries to find a grid sampling which is at least
equivalent to a provided energy cutoff with as low an average prime factor of the grid sizes as possible within
some constraints.

Parameters
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• energy_cutoff (PhysicalQuantity of type energy.) – The energy cutoff to be used to
determine the grid sampling. The energy cutoff must be a positive energy.

• maximum_average_prime_factor (float) – The maximum value for the average
prime factor of the grid points in each direction. Default: 5.0

• maximum_grid_enlargement (float) – The grid can at maximum be expanded by this
number. The default value of 0.1 implies that the number of grid points in each direction
is allowed to be 10% larger when searching for a favorable prime factorization. Default:
0.1

energyCutoff()

Returns
The energy cutoff.

Return type
PhysicalQuantity of type energy

maximumAveragePrimeFactor()

Returns
The maximum average prime factor.

Return type
float

maximumGridEnlargement()

Returns
The maximum grid enlargement.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

OrbitalMoment

class OrbitalMoment(configuration, kpoints=None, temperature=None)
Class for calculating the orbital moment for a BulkConfiguration or a MoleculeConfiguration.

Parameters

• configuration (BulkConfiguration) – The BulkConfiguration for which to calculate
the inter-site coupling matrix.

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid) – The k-points with which to calculate the orbital moment. De-
fault: The k-point sampling used on the calculator.

• temperature (PhysicalQuantity of type temperature) – The temperature for the thermal
smearing of the Fermi distribution. Default: 300 * Kelvin

atomResolvedOrbitalMoment()

Returns
The orbital magnetic moment for each atom.
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Return type
PhysicalQuantity of Bohr magneton

kpoints()

Returns
The k-points with which to calculate the Heisenberg exchange constants.

Return type
class:~.MonkhorstPackGrid | RegularKpointGrid

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

orbitalMoment()

Returns
The total orbital magnetic moment.

Return type
PhysicalQuantity of Bohr magneton

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

temperature()

Returns
The temperature for the thermal smearing of the Fermi distribution.

Return type
PhysicalQuantity of type temperature

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate the OrbitalMoment for iron.

# Set minimal log verbosity
setVerbosity(MinimalLog)

# %% bulk_iron

# Set up lattice
lattice = BodyCenteredCubic(2.8665*Angstrom)

# Define elements
elements = [Iron]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
bulk_iron = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# %% InitialSpin

scaled_spins = [
1.0,

]
initial_spin = InitialSpin(

scaled_spins=scaled_spins
)
nlsave('orbital_moment_results.hdf5', initial_spin)

# %% Set LCAOCalculator

# %% LCAOCalculator

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = SGGA.PBE

k_point_sampling = KpointDensity(
density_a=7.0*Angstrom,
density_b=7.0*Angstrom,
density_c=7.0*Angstrom

)

numerical_accuracy_parameters = NumericalAccuracyParameters(
(continues on next page)
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k_point_sampling=k_point_sampling
)

checkpoint_handler = NoCheckpointHandler

calculator = LCAOCalculator(
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
checkpoint_handler=checkpoint_handler

)

# %% Set Calculator

bulk_iron.setCalculator(
calculator=calculator,
initial_spin=initial_spin

)

bulk_iron.update()

nlsave('orbital_moment_results.hdf5', bulk_iron)

# %% Set LCAOCalculator

# %% LCAOCalculator

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = SOGGA.PBE

k_point_sampling = KpointDensity(
density_a=7.0*Angstrom,
density_b=7.0*Angstrom,
density_c=7.0*Angstrom

)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=k_point_sampling

)

checkpoint_handler = NoCheckpointHandler

calculator_1 = LCAOCalculator(
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
checkpoint_handler=checkpoint_handler

)

(continues on next page)
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# %% Set Calculator

bulk_iron.setCalculator(
calculator=calculator_1,
initial_spin=initial_spin,
initial_state=bulk_iron

)

bulk_iron.update()

nlsave('orbital_moment_results.hdf5', bulk_iron)

# %% OrbitalMoment

kpoints = MonkhorstPackGrid(
na=22,
nb=22,
nc=22

)

orbital_moment = OrbitalMoment(
configuration=bulk_iron,
kpoints=kpoints

)
nlsave('orbital_moment_results.hdf5', orbital_moment)

Notes

The orbital moment is calculated following1 as

⟨L𝑖⟩ = Re
∑︁
𝛼k

𝑤k𝑓𝛼,k
∑︁
𝜆𝜇𝜈

𝑐𝛼*𝜆 (k) [L𝑖]𝜆𝜇 S𝜇𝜈(k)𝑐𝛼𝜈 (k)

where 𝛼 denotes band index, k is a k-point with corresponding weight 𝑤k and 𝑓𝛼,k is the occupation factor. The
second sum runs over basis function orbitals and 𝑐𝛼𝜆(k) it the eigenvector component for basis orbital 𝜆 and band index
𝛼 calculated at the k-point k. The angular momentum operator is L and S(k) is the basis orbital overlap matrix.

OzakiContour

class OzakiContour(number_of_poles=None)
An equilibrium contour using the Ozaki contour points and weights defined in1.

Parameters
number_of_poles (int) – The total number of poles to include in the calculation.

1 G. Autes, C. Barreteau, D. Spanjaard, and M. Desjonqueres. Magnetism of iron: from the bulk to the monatomic wire. Journal of Physics:
Condensed Matter, 18(29):6785–6813, jul 2006. doi:10.1088/0953-8984/18/29/018.

1 Taisuke Ozaki. Continued fraction representation of the fermi-dirac function for large-scale electronic structure calculations. Phys. Rev. B,
75:035123, 2007. doi:10.1103/PhysRevB.75.035123.
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numberOfPoles()

Returns
The number of poles.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

Usage Example

One can use the OzakiContour by defining it as an equilibrium contour. One has to supply the number of poles that
will be used in the approximation.

equilibrium_contour = OzakiContour(number_of_poles=100)

To use it in a calculation of the equilibrium density matrix one has to set the equilibrium contour explicitly on the
ContourParameters object,

contour_parameters = ContourParameters(equilibrium_contour=equilibrium_contour)

and save the contour_parameters on the DeviceCalculator (e.g. DeviceLCAOCalculator)

device_calculator = DeviceLCAOCalculator(contour_parameters=contour_parameters)

Notes

The OzakiContour presents a different approach to calculating the equilibrium density matrix 𝐷 by integrating the
Greens function 𝐺,

𝐷 = ℑ
[︂
− 2

𝜋

∫︁ +∞

−∞
𝑑𝐸𝑓(𝐸 − 𝜇)𝐺(𝐸 + 𝑖0+)

]︂
,

in which 𝑓(𝐸) is the Fermi-Dirac distribution and 𝜇 is the Fermi level.

This integral can be solved using the residue theorem:∮︁
𝑑𝑧𝐺(𝑧)𝑓(𝑧) = −2𝜋𝑖𝑘𝑇

∑︁
𝑧𝜈

𝐺(𝑧𝜈)

in which the sum on the right hand side runs over the poles of the integrant included in the contour.

The Ozaki method tries to solve this integral by representing the Fermi-Dirac distribution as a continued fraction. If
the fraction is broken off at a certain level, say 𝑀 , the poles of this function can be found through the solution of a
generalized eigenvalue problem of size 𝑀 . The accuracy increases as more poles are included.

More information can be found in the referencesPage 1656, 1,2.

2 T. Ozaki, K. Nishio, and H. Kino. Efficient implementation of the nonequilibrium green function method for electronic transport calculations.
Phys. Rev. B, 81:035116, 2010. doi:10.1103/PhysRevB.81.035116.
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PEXSISolver

class PEXSISolver(number_of_poles, fermi_level_bracket=None, number_of_electrons_tolerance=None,
number_of_inertia_steps=None, maximum_number_of_pexsi_iterations=None,
temperature=None, options=None, processes_per_pole=None)

Calculate the density matrix using the PEXSI algorithm.

Parameters

• number_of_poles (int) – The number of poles to use. Must be even.

• fermi_level_bracket (PhysicalQuantity of type energy) – The bracket in which to
search for the Fermi level. Default: (10, 10)*Hartree

• number_of_electrons_tolerance (tuple of floats) – The bracket for the toler-
ance for the number of electrons calculated by the PEXSI algorithm, given as (minimum,
maximum). Default: (1.e-4, 1.0)

• number_of_inertia_steps (int) – The number of SCF steps that should use inertia
counting. Default: 5

• maximum_number_of_pexsi_iterations (int) – The maximum number of PEXSI
iterations per SCF step. Default: 10

• temperature (PhysicalQuantity of type temperature) – The smearing of the Fermi dis-
tribution. Default: 300*Kelvin

• processes_per_pole (int > 0) – The number of processes to use per pole. In case
the number of processes exceeds the number of poles a larger number of processes per
pole will be used. Default: 1

fermiLevelBracket()

Returns
The Fermi level bracket.

Return type
PhysicalQuantity of type energy

maximumNumberOfPEXSIIterations()

Returns the maximum number of PEXSI iterations per SCF cycle.

Returns
The maximum number of PEXSI iterations per SCF cycle.

Return type
int

numberOfElectronsTolerance()

Returns
The tolerance for the number of electrons as (final, initial) tolerance.

Return type
tuple of floats

numberOfInertiaSteps()

Returns
The maximum number of PEXSI iterations per SCF cycle.
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Return type
int

numberOfPoles()

Returns
The number of poles.

Return type
int

processesPerPole()

Returns
The number of processes to use per pole.

Return type
int

temperature()

Returns
The temperature of the Fermi distribution.

Return type
PhysicalQuantity of type temperature

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Define a density matrix method that uses the PEXSI solver, supplying the number of poles to use in the pole expansion.

density_matrix_method = PEXSISolver(number_of_poles=64)

For more control, one can specify various other parameters.

density_matrix_method = PEXSISolver(
number_of_poles=64,
fermi_level_bracket=(-10.0, 10.0) * Hartree,
number_of_electrons_tolerance=(1.e-4, 1.0),
number_of_inertia_steps=5,
maximum_number_of_pexsi_iterations=10)

To use the PEXSISolver when using equivalent bulk to generate the initial density for a device calculation, set it on the
AlgorithmParameters passed to the EquivalentBulk object.

algorithm_parameters = AlgorithmParameters(
density_matrix_method=PEXSISolver(number_of_poles=64))

initial_density_type = EquivalentBulk(algorithm_parameters=algorithm_parameters)

device_algorithm_parameters = DeviceAlgorithmParameters(
initial_density_type=initial_density_type)

(continues on next page)
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device_calculator = DeviceLCAOCalculator(
device_algorithm_parameters=device_algorithm_parameters)

Notes

The implemented pole expansion and selective inversion (PEXSI) method is based on the work by Lin et al.,1,2.

The method calculates the density matrix 𝐷 by means of a pole expansion

𝐷 = ℑ
𝑃∑︁
𝑙=1

𝜔𝑙(𝛽) (𝐻 − (𝑧𝑙 + 𝜇)𝑆)
−1

with expansion weights 𝜔𝑙 as a function of the inverse temperature 𝛽 and the shifts 𝑧𝑙. The method calculates only the
required elements (𝐻 − (𝑧𝑙 + 𝜇)𝑆)

−1
𝑖𝑗 using selective inversion.

Note that for the moment, the implemented method is only usable for the Γ-point and unpolarized calculations.

The computational scaling of this method depends on the dimensionality of the system. For quasi-1D systems like
nanotubes, it scales linearly with regards to the number of electrons, i.e. 𝒪(𝑁𝑒). For quasi-2D systems it scales with
𝒪(𝑁1.5

𝑒 ), and for general 3D systems it scales with 𝒪(𝑁2
𝑒 ).

The implemented method is multi-level parallel: On the first level, it parallelizes over all poles in the pole expansion.
On the second level, it can also distribute the calculation of each pole over multiple processors. This distribution is
done automatically, as soon as the calculation runs on enough processors.

The PEXSI algorithm can be roughly divided into two parts. First, an inertia counting scheme is followed to iden-
tify a trial Fermi level within the supplied fermi_level_bracket. Afterwards, the actual pole expansion is done
to calculate the density matrix for this trial Fermi level. From this, the number of electrons corresponding to this
density matrix can be calculated, allowing the trial Fermi level to be updated once more by doing a Newton step.
This PEXSI cycle is repeated at most maximum_number_of_pexsi_iterations times, until the calculated num-
ber of electrons corresponds to the exact number of electrons within the current tolerance as explained below. After
number_of_inertia_steps SCF steps have elapsed, subsequent steps will not use the inertia counting scheme any-
more, as by this point the calculated Fermi level should be close to the true Fermi level.

In this implementation of the PEXSI method, the tolerance on ∆𝑁𝑒(𝜇) - which is the deviation from the re-
quired number of electrons for a given trial Fermi level - is adapted dynamically based on the current state of the
SCF cycle. In the first iteration, the tolerance starts out at the maximum, which is the upper bound of the given
number_of_electrons_tolerance bracket. After each iteration, the largest absolute change in the density matrix
is computed, and the tolerance for the following iteration is set to that value, with the lower bound of the tolerance as
a minimum. By following this scheme, a SCF iteration typically only requires very few PEXSI iterations.

1 Lin Lin, Jianfeng Lu, Lexing Ying, Roberto Car, and Weinan E. Fast algorithm for extracting the diagonal of the inverse matrix with application
to the electronic structure analysis of metallic systems. Commun. Math. Sci., 7(3):755–777, 09 2009.

2 Lin Lin, Mohan Chen, Chao Yang, and Lixin He. Accelerating atomic orbital-based electronic structure calculation via pole expansion and
selected inversion. Journal of Physics: Condensed Matter, 25(29):295501, 2013. doi:10.1088/0953-8984/25/29/295501.
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PPCGSolver

class PPCGSolver(absolute_tolerance=None, relative_tolerance=None, maximum_number_of_iterations=None,
block_size=None, rr_period=None, buffer_states=None, initialization_method=None)

Density matrix method that uses a blocked preconditioned conjugate gradient algorithm to improve on an initial
guess for the eigenstates of the Hamiltonian.

Parameters

• absolute_tolerance (float) – The absolute tolerance up to which the residuals have
to be converged for the algorithm to end. Default: 1.0e-8

• relative_tolerance (float) – The tolerance up to which the residuals have to be
converged relative to the original value of the residuals. Default: 1.0e-99

• maximum_number_of_iterations – The maximum number of iterations to take. Given
as a non-negative integer. Default: 2

• block_size (int) – The size of the inner diagonalization problem that is to be solved
i.e. how many states are coupled during the update in each iteration. Given as a positive
integer. Default: 5

• rr_period (int) – The Rayleigh-Ritz period, i.e. every ‘how many’ iterations
we perform a full subspace diagonalization. Given as a positive integer. Default:
maximum_number_of_iterations + 1

• buffer_states (float) – Buffer states are states that are used in the optimization algo-
rithm, but not used to check the convergence. They add stability to the algorithm if there
are many near degenerate states and speed up the convergence of lower lying states. Given
as a fraction of the number of occupied states between 0 and 1 (not inclusive). Default:
0.05

• initialization_method (RandomBlochWaveInitialization |
BasisSetInitialization) – The method used to obtain the initial states
for the Generalized Davidson algorithm, see Initialization methods. Default:
BasisSetInitialization()

absoluteTolerance()

Returns
The absolute tolerance up to which the residuals have to be converged for the algorithm to
end.

Return type
float

blockSize()

Returns
The size of the inner diagonalization problem that is to be solved. (i.e. How many states
are coupled during the update in each iteration)

Return type
int

bufferStates()

Returns
The number of buffer states, given as a fraction of the number of occupied states. Buffer
states are states that are used in the optimization algorithm, but not used to check the
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convergence. They add stability to the algorithm if there are many near degenerate states
and speed up the convergence of lower lying states.

Return type
float

initializationMethod()

Returns
The method used to obtain the initial states for the residual minimizer.

Return type
RandomBlochWaveInitialization | BasisSetInitialization

maximumNumberOfIterations()

Returns
The maximum number of iterations for the ppcg algorithm.

Return type
int

relativeTolerance()

Returns
The amount the residual of the states has to be reduced compared to the residual of the
initial guess.

Return type
float

rrPeriod()

Returns
The Rayleigh-Ritz period, i.e. every ‘how many’ iterations we perform a full subspace
diagonalization.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Define a density matrix method that uses the default PPCGSolver:

algorithm_parameters = AlgorithmParameters(
density_matrix_method=PPCGSolver())

This will apply the settings we have found to generally lead to the fastest convergence of the SCF loop.

A more robust eigensolver can be defined, e.g.:

density_matrix_method = PPCGSolver(
relative_tolerance=0.001,
absolute_tolerance=1.0e-7,
maximal_number_of_iterations=100,
block_size=100,

(continues on next page)
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rr_period=2)

algorithm_parameters = AlgorithmParameters(
density_matrix_method=density_matrix_method)

By increasing the block_size we slow down the algorithm but make the inner iterations more accurate. The param-
eters rr_period determines after how many iterations a subspace diagonalization is performed. By default this is
chosen to be larger than the number of iterations so a subspace diagonalization will only be performed at the end. By
doing this multiple times we can make the algorithm more stable.

A different initial guess for the states can be chosen by setting the initialization_method:

density_matrix_method = PPCGSolver(
initialization_method=RandomBlochWaveInitialization(),

)

algorithm_parameters = AlgorithmParameters(
density_matrix_method=density_matrix_method)

Notes

Algorithm

The PPCGSolver class implements the projected preconditioned conjugate gradient algorithm (PPCG) as explained
in1.

This method is a combination of a generalized davidson and a conjugate gradient method. The method has a better
parallel scaling for large systems. In the example figures Absolute Scaling and Relative Scaling we compare the perfor-
mance and scaling of the PPCG algorithm against our default Generalized Davidson solver for a pristine 128 Si FCC
system at the Gamma point.

Figure Absolute Scaling shows the wall time for the number of processes going from 1 to 32. Figure Relative Scaling
shows the speedup compared to the calculation run in serial.

Absolute Scaling

Relative Scaling

1 Eugene Vecharynski, Chao Yang, and John E. Pask. A projected preconditioned conjugate gradient algorithm for computing many extreme
eigenpairs of a hermitian matrix. Journal of Computational Physics, 290:73 – 89, 2015. URL: http://www.sciencedirect.com/science/article/pii/
S002199911500100X, doi:10.1016/j.jcp.2015.02.030.
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PairPotential

class PairPotential(element_pair, distances, values)
Input class for setting the repulsive pair potential between two elements in the HuckelCalculator.

Parameters

• element_pair (tuple of PeriodicTableElement) – The two elements to set the pair
potential for.

• distances (PhysicalQuantity of type length) – A list of distances for the pair potential.
The length of this vector should be len(values).

• values (PhysicalQuantity of type energy) – The values of the pair potential at the given
distances. The length of this vector should be len(distances).

distances()

Returns
The distances of the pair potential.

Return type
PhysicalQuantity of type length

elementPair()

Returns
The element pair of the pair potential.

Return type
tuple of PeriodicTableElement

uniqueString()

Return a unique string representing the state of the object.

values()

Returns
The values of the pair potential.

Return type
PhysicalQuantity of type energy

Usage Examples

Make a repulsive exponential pair potential between two carbon atoms

# Define a cutoff distance
rc = 4.

# Define a list of distances
distances = numpy.linspace(0.0,rc,401)

# Evaluate an exponential function at the distance
# (subtract the value in the endpoint to make it go to 0)
values = 50.*(numpy.exp(-3.*distances)-numpy.exp(-3.*rc))

# Setup the pair potential object
(continues on next page)
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pair_potential = PairPotential(
element_pair = (Carbon, Carbon),
distances = distances * Bohr,
values = values * eV,
)

Notes

The PairPotential is used to define a pair wise interaction between two elements. It is used to define the repulsive term
for HuckelCalculator, DeviceHuckelCalculator, SlaterKosterCalculator and DeviceSlaterKosterCalculator.

ParallelConjugateGradientSolver

class ParallelConjugateGradientSolver(boundary_conditions=None, solvent_dielectric_constant=None)
The parallel conjugate gradient-based Poisson solver.

Parameters

• boundary_conditions (list of DirichletBoundaryCondition |
NeumannBoundaryCondition | PeriodicBoundaryCondition |
MultipoleBoundaryCondition) – A list of shape (3,2) specifying the boundary
conditions on the 6 surfaces of the unit cell for the configuration. Default:

– MoleculeConfiguration: [[MultipoleBoundaryCondition()] * 2] * 3

– BulkConfiguration: [[PeriodicBoundaryCondition()] * 2] * 3

– SurfaceConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[DirichletBoundaryCondition(), NeumannBoundaryCondition()]]

– DeviceConfiguration:

[[PeriodicBoundaryCondition()] * 2,
[PeriodicBoundaryCondition()] * 2,
[DirichletBoundaryCondition()] * 2]

• solvent_dielectric_constant (float) – The dielectric constant of the media sur-
rounding the configuration. Must be a number larger than 0. Default: 1.0

boundaryConditions()

Returns
The boundary conditions for the solver.

Return type
list of DirichletBoundaryCondition | NeumannBoundaryCondition |
PeriodicBoundaryCondition | MultipoleBoundaryCondition
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solventDielectricConstant()

Returns
The solvent dielectric constant.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define a ParallelConjugateGradientSolver with specified boundary conditions on the 6 faces:

poisson_solver = ParallelConjugateGradientSolver(
boundary_conditions=[

[DirichletBoundaryCondition(), NeumannBoundaryCondition()],
[DirichletBoundaryCondition(), DirichletBoundaryCondition()],
[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()]

]
)

calculator = LCAOCalculator(
poisson_solver=poisson_solver

)

Define a ParallelConjugateGradientSolver with specified boundary conditions in the A, B, and C-direction, but
similar boundary conditions on opposite faces:

poisson_solver = ParallelConjugateGradientSolver(
boundary_conditions=[

[DirichletBoundaryCondition(), DirichletBoundaryCondition()],
[DirichletBoundaryCondition(), DirichletBoundaryCondition()],
[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()]

]
)

calculator = LCAOCalculator(
poisson_solver=poisson_solver

)

Notes

• By setting the solvent_dielectric_constant it is possible to perform calculations of solvents. In this case
the volume of the configuration is defined by inscribing each atom in a sphere of size given by the van der Waals
radius of the element. Inside the volume of the configuration the dielectric constant is 1, outside the volume of
the configuration the dielectric constant is equal to the value of solvent_dielectric_constant.

• See also Poisson solvers.
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ParallelDevicePerformanceProfile

class ParallelDevicePerformanceProfile(configuration, processes_and_threads,
equilibrium_methods=None, non_equilibrium_methods=None)

Class for performing timing and memory profiles of the different methods available for calculating the Green’s
function and lesser Green’s function.

Parameters

• configuration (DeviceConfiguration) – The device configuration with an attached
calculator to profile.

• processes_and_threads (list of tuples of int) – The configurations of num-
ber of processes and threads to run, as list of tuples. E.g., [(1, 1), (2, 4)] will run a calcula-
tion with 1 MPI process and 1 thread per process, and a calculation with 2 MPI processes
and 4 threads per process.

• equilibrium_methods (GreensFunction | SparseGreensFunction | sequence of
(GreensFunction | SparseGreensFunction)) – The methods benchmarked for the
equilibrium calculation. If no methods should be benchmarked for the equilib-
rium calculation, an empty list can be specified. Default:: (GreensFunction,
SparseGreensFunction)

• non_equilibrium_methods – The methods benchmarked for the non-equilibrium cal-
culation. If no methods should be benchmarked for the non-equilibrium calculation, an
empty list can be specified. Default:: (GreensFunction, SparseGreensFunction)

equilibriumMethods()

Returns
The equilibrium methods profiled.

Return type
tuple of (GreensFunction | SparseGreensFunction)

generateScript(temporary_filename)
Generate a script to run a DevicePerformanceProfile.

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print out the profiling report.

Parameters
stream (file) – The stream to write to. This stream must support strings being written
to it using ‘write’. Default: sys.stdout

nonEquilibriumMethods()

Returns
The non-equilibrium methods profiled.

Return type
tuple of (GreensFunction | SparseGreensFunction)

processesAndThreads()

Returns
The list of processes and threads configurations profiled.

Return type
tuple of (int, int)
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runAsSubProcess()

Run a serie of DevicePerformanceProfile for each combination of processes and threads provided.

uniqueString()

Return a unique string representing the state of the object.

Notes

This object extends the functionalities of DevicePerformanceProfile by running several profiles for different parallel
settings, defined by the input parameter processes_and_threads. The aim is to help the user to to determine the best
combination of parallelization strategy and Green’s function algorithm for the simulation of a given device, without
the need to run DevicePerformanceProfile several times.

The input parameters are the same as in DevicePerformanceProfile, except for processes_and_threads. This pa-
rameter determines on how many processes the contour point calculation is parallelized (mimicking the usage of
processes_per_contour_point), and how many threads per process are utilized.

For each method and each processes and threads configuration the elapsed time and memory usage are reported.

Note: The profiler has to be launched in serial mode (e.g. without using mpiexec, or using mpiexec -n 1). The
parallel runs are spawned by the profiler itself. In order to obtain reliable results, there should be enough resources
available for the spawned processes. I.e., the number of available physical cores should be at least equal to the largest
sum of processes and threads. For example, if 2 processes and 2 threads are defined in processes_and_threads,
then 4 physical cores should be available. If fewer cores are available, the results may be unreliable because the cores
will be over-occupied. Note that some clusters do not support process spawning. On such systems ParallelDevicePer-
formanceProfile will not work.

Usage Example

The following script will read a configuration from file and run a profile for 3 different combinations of processes and
threads:

(1, 1): A single process per contour point and a single thread.

(1, 2): A single process per contour point and two threads per process.

(2, 1): Two processes per contour point and a single threads per process.

device_configuration = nlread('device.hdf5', DeviceConfiguration)[-1]

profile = ParallelDevicePerformanceProfile(
device_configuration,
processes_and_threads=[(1, 1), (1, 2), (2, 1)])

nlprint(profile)

Here is an example of the output you might get, divided in different sections. First we see an header listing the available
profiles corresponding to the different entries of processes_and_threads:

+------------------------------------------------------------------------------+
| Parallel Device Performance Profile |
| |
| 3 available device performance profiles: |

(continues on next page)
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| 1 process 1 thread |
| 1 process 2 threads |
| 2 processes 1 thread |
+------------------------------------------------------------------------------+

It follows a detailed report of memory and timing for each profile, with the same structure as the output of DevicePer-
formanceProfile.

+------------------------------------------------------------------------------+
| Device Performance Profile (1) |
| 1 process 1 thread |
+------------------------------------------------------------------------------+
| Contour point timing (s): |
| EQ NEQ |
| GreensFunction 12.46 18.41 |
| SparseGreensFunction 45.76 32.15 |
| |
| Fastest EQ method (by 3.7 times): GreensFunction |
| Fastest NEQ method (by 1.7 times): GreensFunction |
+------------------------------------------------------------------------------+
| Peak memory usage/process (MB): |
| EQ NEQ |
| GreensFunction 1901.38 3966.34 |
| SparseGreensFunction 3536.50 2596.16 |
| |
| Most memory-efficient EQ method (by 1.9 times): GreensFunction |
| Most memory-efficient NEQ method (by 1.5 times): SparseGreensFunction |
+------------------------------------------------------------------------------+
+------------------------------------------------------------------------------+
| Device Performance Profile (2) |
| 1 process 2 threads |
+------------------------------------------------------------------------------+
| Contour point timing (s): |
| EQ NEQ |
| GreensFunction 8.24 13.19 |
| SparseGreensFunction 39.78 30.08 |
| |
| Fastest EQ method (by 4.8 times): GreensFunction |
| Fastest NEQ method (by 2.3 times): GreensFunction |
+------------------------------------------------------------------------------+
| Peak memory usage/process (MB): |
| EQ NEQ |
| GreensFunction 1887.05 3985.32 |
| SparseGreensFunction 3525.32 2629.77 |
| |
| Most memory-efficient EQ method (by 1.9 times): GreensFunction |
| Most memory-efficient NEQ method (by 1.5 times): SparseGreensFunction |
+------------------------------------------------------------------------------+
+------------------------------------------------------------------------------+
| Device Performance Profile (3) |
| 2 processes 1 thread |
+------------------------------------------------------------------------------+

(continues on next page)

4.13. Full QuantumATK package 1671



QuantumATK V-2023.12 Documentation

(continued from previous page)

| Contour point timing (s): |
| EQ NEQ |
| GreensFunction 9.11 21.22 |
| SparseGreensFunction 39.42 34.22 |
| |
| Fastest EQ method (by 4.3 times): GreensFunction |
| Fastest NEQ method (by 1.6 times): GreensFunction |
+------------------------------------------------------------------------------+
| Peak memory usage/process (MB): |
| EQ NEQ |
| GreensFunction 1450.88 3919.13 |
| SparseGreensFunction 2224.71 1982.50 |
| |
| Most memory-efficient EQ method (by 1.5 times): GreensFunction |
| Most memory-efficient NEQ method (by 2.0 times): SparseGreensFunction |
+------------------------------------------------------------------------------+

At the bottom we have a summary of time and memory consumption for the different processes and threads configura-
tions.

+------------------------------------------------------------------------------+
| Summary Report |
| |
| The best and worst case scenario for resource occupation (time and peak |
| memory) is reported for each method. The resource occupation is normalized |
| to the number of physical cores utilized, here referred to as Processing |
| Units (PU). |
+------------------------------------------------------------------------------+
| Equilibrium GreensFunction: |
| Time*PU (s) Memory/PU (MB) |
| 1 process 1 thread (1 PU) 12.46 (best) 1901.38 (worst) |
| 1 process 2 threads (2 PU) 16.47 943.52 (best) |
| 2 processes 1 thread (2 PU) 18.23 (worst) 1450.88 |
+------------------------------------------------------------------------------+
| Equilibrium SparseGreensFunction: |
| Time*PU (s) Memory/PU (MB) |
| 1 process 1 thread (1 PU) 45.76 (best) 3536.50 (worst) |
| 1 process 2 threads (2 PU) 79.57 (worst) 1762.66 (best) |
| 2 processes 1 thread (2 PU) 78.83 2224.71 |
+------------------------------------------------------------------------------+
| Non-equilibrium GreensFunction: |
| Time*PU (s) Memory/PU (MB) |
| 1 process 1 thread (1 PU) 18.41 (best) 3966.34 (worst) |
| 1 process 2 threads (2 PU) 26.38 1992.66 (best) |
| 2 processes 1 thread (2 PU) 42.44 (worst) 3919.13 |
+------------------------------------------------------------------------------+
| Non-equilibrium SparseGreensFunction: |
| Time*PU (s) Memory/PU (MB) |
| 1 process 1 thread (1 PU) 32.15 (best) 2596.16 (worst) |
| 1 process 2 threads (2 PU) 60.15 1314.88 (best) |
| 2 processes 1 thread (2 PU) 68.44 (worst) 1982.50 |
+------------------------------------------------------------------------------+
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In the summary both the memory and time are normalized to the number of processing units (PU) utilized. The number
of PUs is defined as the sum between the number of processes and the number of threads and it can be interpreted simply
as the number of physical cores utilized.

On the right column the peak memory per PU is reported. On the left column the total CPU time, defined as wallclock
time times the number of PUs utilized, is indicated.

Interpreting the Summary Report

The real simulation wallclock time and memory consumption depends on how many contour points can be simulta-
neously calculated, and it is not possible to give a general estimate upfront. The user should be able to interpret the
quantities reported in the summary, especially when comparing different number of PUs. Let’s consider as an example
an equilibrium calculation with GreensFunction method. From the summary we read

+------------------------------------------------------------------------------+
| Equilibrium GreensFunction: |
| Time*PU (s) Memory/PU (MB) |
| 1 process 1 thread (1 PU) 12.46 (best) 1901.38 (worst) |
| 1 process 2 threads (2 PU) 16.47 943.52 (best) |
| 2 processes 1 thread (2 PU) 18.23 (worst) 1450.88 |
+------------------------------------------------------------------------------+

Assume that 48 contour points will be calculated, and that the calculation will run on 48 physical cores. In this case a
contour integration will take roughly as much as indicated in the Time*PU field (i.e. 12.46 seconds for 1 process and
1 thread, 16.47 s for 1 process and 2 threads, etc.). The total memory usage will be given multiplying the quantities in
the memory column by 48, because all PUs will be engaged in the calculation. In this case the indication of best and
worst time and memory are faithful.

But what if we have for example 96 physical cores available? In this case the calculation launched with 1 process and
1 threads per contour point will have some resources kept idle, because it will utilize at most one physical core per
contour point. The wallclock time will be still approximately 12.46 s with no speedup, and similarly the total memory
will be still given by (1901*48)MB.

Both configurations with 2 PUs will be able to run all contour points simultaneously, thus utilizing twice the number
of physical cores with respect to the case with 1 PUs. Therefore the wallclock time will be approximately half the
time in the Time*PU column (i.e., 8.2 s for 1 process, 2 threads and 9.1 for 2 processes, 1 thread). The total memory
consumption will be (943*96)MB for the 1 process, 2 threads case, and (1451*96)MB for the 2 processes, 1 thread
case. In this case, using 2 physical cores per contour point is advantageous.

ParallelParameters

class ParallelParameters(processes_per_neb_image=None, processes_per_individual=None,
processes_per_bias_point=None, processes_per_saddle_search=None)

Class for representing the parallel parameters for a calculation.

Parameters

• processes_per_neb_image (int) – The number of processes that should be used to
calculate each NEB image. Default: Automatically determine the number of processes
that should be used to calculate a single configuration in parallel based upon the total
number of MPI processes.
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• processes_per_individual (int) – The number of processes that should be used to
calculate each individual in the global optimization calculation. Default: Automatically
determine the number of processes that should be used to calculate a single configuration
in parallel based upon the total number of MPI processes.

• processes_per_bias_point (int) – The number of processes that should be used to
calculate each bias point in an IVCurve calculation. Default: Automatically determine
the number of processes that should be used to calculate a single configuration in parallel
based upon the total number of MPI processes.

• processes_per_saddle_search (int) – The number of processes that should be used
in each saddle search in an AKMC simulation. Default: 1

Note: The processes_per_neb_image argument can be set on the command line with the option
--processes-per-neb-image=<number>. The number of processes per configuration specified on the com-
mand line takes precedence over the number specified in the constructor.

processesPerBiasPoint()

Returns
The number of processes that should be used to calculate each bias point in an IVCurve
calculation.

Return type
int

processesPerIndividual()

Returns
The number of processes to use per individual in the global optimization routines. A value
of None means that the number will be determined automatically.

Return type
int | None

processesPerNebImage()

Returns
The number of processes to use per NEB image. A value of None means that the number
will be determined automatically.

Return type
int | None

processesPerSaddleSearch()

Returns
The number of processes to use per saddle search in an AKMC simulation.

Return type
int

classmethod processesPerXAlternatives()

Returns
Options list of pairs (values, names).

Return type
tuple
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setProcessesPerNebImage(processes_per_neb_image)

Parameters
processes_per_neb_image (int | None TYPE) – Set the number of processes to use
per NEB image. A value of None means that the number will be determined automatically.

uniqueString()

Return a unique string representing the state of the object.

ParameterGrid

class ParameterGrid(spatial_regions=None, function=None, configuration=None)
Provides an interface to setup a scalar field filled with custom values.

Parameters

• spatial_regions (array of SpatialRegion objects) – The spatial regions in
which to set the c parameter. Default: None

• function (function) – A python function. Takes one keyword argument “position”
which has to be a triple of coordinates (x,y,z) in units of length. Function returns a unit-
less scalar (float). E.g function=(lambda position : sum(position.inUnitsOf(Bohr)**2) ).
Default: None

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration based
on which to construct the grid. Must have a calculator attached. Default: None

PartialCharges

class PartialCharges(configuration)
Class for calculating the partial charges of a configuration with an attached classical calculator.

Parameters
configuration (BulkConfiguration) – The configuration for which the partial charges
should be calculated.

evaluate(atom_index=None)
Return the partial charges of the selected atom or all atoms.

Parameters
atom_index (int) – Index of the selected atom. Default: All atoms.

Returns
A single float if atom_index is not None, otherwise a list of floats.

Return type
float | list of float

metatext()

Returns
The metatext of the object or None if no metatext is present.
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Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

potentialName()

Return the name of the TremoloX potential for which the partial charges have been calculated.

Returns
The name of the TemoloX potential.

Return type
str

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Analyze the partial charges of a quartz crystal that are used in the TremoloXCalculator with a ReaxFFPotential:

# -------------------------------------------------------------
# Set up a SiO2-quartz crystal.
# -------------------------------------------------------------
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

fractional_coordinates = [[ 0.4697, 0.0000, 0.00000 ],
[ 0.0000, 0.4697, 0.66667 ],
[ 0.5303, 0.5303, 0.33333 ],
[ 0.4135, 0.2669, 0.11910 ],
[ 0.2669, 0.4135, 0.547567],
[ 0.7331, 0.1466, 0.785767],
[ 0.5865, 0.8534, 0.214233],
[ 0.8534, 0.5865, 0.452433],
[ 0.1466, 0.7331, 0.8809 ]]

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

(continues on next page)
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# Define the TremoloX-calculator with a ReaxFF-potential.
potentialSet = ReaxFF_CHONSiPtZrYBaTi_2013()
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Set up the PartialCharges analysis object.
partial_charges = PartialCharges(bulk_configuration)

# Print the partial charges to the log file.
nlprint(partial_charges)

# Extract and store the partial charges into an array.
q = partial_charges.evaluate().inUnitsOf(elementary_charge)

partial_charges.py

Notes

The PartialCharges analysis object can only be used with the TremoloXCalculator. It returns the partial charges that
are used by the coulomb solver (e.g. the CoulombDSF method) of the selected TremoloXPotentialSet.

If a ReaxFFPotential is used, where the partial charges are calculated via the charge equilibriation (QEq) method, the
QEq method is invoked when the PartialCharges object is initialized.

PartialElectronDensity

class PartialElectronDensity(configuration, kpoints=None, band_indices=None, energy_range=None,
spectrum_method=None, density_mesh_cutoff=None)

Class for calculating the partial electron density.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion with an attached calculator for which to calculate the partial electron density.

• kpoints – The k-points for which to perform the calculation. This can either be given
as a k-point grid or a list of fractional k-points, e.g., [[0.0, 0.0, 0.0], [0.0, 0.0,
0.1], ...]. Default: The Monkhorst-Pack grid used for the self-consistent calculation.

• band_indices (list of int) – The band indices of the Bloch states to include in the
partial density. Default: All occupied bands

• energy_range (list of two PhysicalQuantity of type energy.) – Specifies the band energy
range, relative to the Fermi level, of the bands to include in the partial density. Needs to
be an interval or None. Default: All energies below the Fermi level.

• spectrum_method (GaussianBroadening) – The method to use for calculating the par-
tial electron density. Default: GaussianBroadening(0.1*eV)

4.13. Full QuantumATK package 1677



QuantumATK V-2023.12 Documentation

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
grid sampling. The mesh cutoff must be a positive energy or a GridSampling object.
Default: Specific for each calculator.

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

bandIndices()

Returns
The band indicies to include in the partial electron density.
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Return type
list of int.

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity of type length-4

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

energyRange()

Returns
The band energy range, relative to the Fermi level, of the bands to include in the partial
density.

Return type
list of two PhysicalQuantity of type energy.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z) –
The spin component to project on. Default: Spin.All

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) components is returned.
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Return type
PhysicalQuantity of type length-3

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

kpoints()

Returns
The kpoints given as input.

Return type
MonkhorstPackGrid | RegularKpointGrid | numpy.ndarray

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Print a string containing an ASCII table useful for plotting the partial electron density.

Parameters
stream (file-like) – The stream to write to. This should be an object that supports
strings being written to it using a write method. Default: sys.stdout

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to project
on. Default: Spin.All

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

4.13. Full QuantumATK package 1681



QuantumATK V-2023.12 Documentation

Usage Examples

Analyze the partial electron density of a silver (111) surface. This structure is characterized by a surface state around
the Γ-point. In the example, the kpoint sampling is specified with a RegularKpointGrid in a kpoint region around the
Γ-point.

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
vector_a = [2.88903, 0.0, 0.0]*Angstrom
vector_b = [-1.44451, 2.50197, 0.0]*Angstrom
vector_c = [0.0, 0.0, 40.0]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silver, Silver, Silver, Silver, Silver, Silver, Silver, Silver,

Silver, Silver, Silver, Silver]

# Define coordinates
fractional_coordinates = [[ 0.749999669084, 0.5 , 0.175654000711],

[ 0.749999669084, 0.5 , 0.352570000323],
[ 0.749999669084, 0.5 , 0.529485999935],
[ 0.749999669084, 0.5 , 0.706401999547],
[ 0.416666424719, 0.833333341397, 0.234626000582],
[ 0.416666424719, 0.833333341397, 0.411542000194],
[ 0.416666424719, 0.833333341397, 0.588457999806],
[ 0.416666424719, 0.833333341397, 0.765373999418],
[ 0.083334237113, 0.166666658603, 0.293598000453],
[ 0.083334237113, 0.166666658603, 0.470514000065],
[ 0.083334237113, 0.166666658603, 0.647429999677],
[ 0.083334237113, 0.166666658603, 0.824345999289]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

LDABasis.Silver_SingleZetaPolarized,
]

#----------------------------------------
# Exchange-Correlation

(continues on next page)
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(continued from previous page)

#----------------------------------------
exchange_correlation = LDA.PZ

k_point_sampling = MonkhorstPackGrid(
na=11,
nb=11,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=45.0*Hartree,
k_point_sampling=k_point_sampling,
)

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()

# -------------------------------------------------------------
# Partial Electron Density
# -------------------------------------------------------------
kpoints = RegularKpointGrid(

ka_range=[-0.05, 0.05],
kb_range=[-0.05, 0.05],
kc_range=[0.0, 0.0],
na=5,
nb=5,
nc=1,
)

partial_electron_density = PartialElectronDensity(
configuration=bulk_configuration,
kpoints=kpoints,
energy_range=[-0.5, 0.5]*eV,
band_indices=All,
spectrum_method=GaussianBroadening(0.1*eV),
)

partial_electron_density.py
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Notes

The PartialElectronDensity can be calculated by specifying the

1. energy_range. Only electronic states with energies in the specified energy range [𝐸𝑚𝑖𝑛;𝐸𝑚𝑎𝑥] will contribute
to the partial electron density. The Fermi occupation factor used to construct the full electron density is not
taken into account for the partial electron density. If 𝐸𝑚𝑎𝑥 > 0 unoccupied states will therefore contribute to
the partial density.

2. band_indices. Only states from the specified band indices will contribute to the partial electron density. By
default, all bands are taken into account and the selection is determined by the energy range.

3. kpoints. The partial electron density is calculated from the eigenstates at the specified k-points.

4. spectrum_method. The method used to integrate the density. Currently only GaussianBroadening is sup-
ported. Each electronic state is assigned a weight which is computed by integrating a Gaussian centered at the
state’s energy over the specified energy range.

The partial electron density is defined as:

𝑛(r) =
∑︁
𝑖

∑︁
k

𝑤k|𝜓𝑖,k(r)|2𝑤(𝜖𝑖,k),

where the sum over band indices 𝑖 includes only the specified bands (by default all bands). The weights𝑤k and𝑤(𝜖𝑖,k)
are the k-point weights and the Gaussian weights, respectively. The energy dependent Gaussian weight is computed as
the integral of a normalized Gaussian centered at 𝜖𝑖,k with standard deviation 𝜎 over the specified energy range, i.e.

𝑤(𝜖𝑖,k) =

∫︁ 𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

1√
2𝜋𝜎2

exp

(︃
(𝐸 − 𝜖𝑖,k)

2

2𝜎2

)︃
𝑑𝐸

=
1

2

[︂
erf

(︂
𝐸𝑚𝑎𝑥 − 𝜖𝑖,k√

2𝜎

)︂
− erf

(︂
𝐸𝑚𝑖𝑛 − 𝜖𝑖,k√

2𝜎

)︂]︂
,

with erf being the error function.

Note that in combination with the projector-augmented wave (PAW) method, 𝑛(r) is the smooth pseudo valence density,
which does not necessarily integrate to the correct number of electrons. However, outside of the augmentation spheres,
i.e. in the region where the bonds are located, 𝑛(r) does correspond to the all electron valence density.

Tersoff-Hamann approximation of simulated STM

The PartialElectronDensity can be used to simulate scanning tunneling microscopy (STM) images within the Tersoff-
Hamann approximation1 assuming that the tip wave function has s-orbital character. When simulating an STM image,
the energy_range can be interpreted as the bias difference applied between the tip and the surface.

Notice that the Tersoff-Hamann approximation is the simplest approach to simulated STM images and it is not always
applicable. Also bare in mind that far away from a surface the partial density will be zero for an LCAO calculation
since the basis orbitals have a finite range.

1 J. Tersoff and D. R. Hamann. Theory of the scanning tunneling microscopy. Phys. Rev. B, 31:805, 1985. doi:10.1103/PhysRevB.31.805.
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PartialStructureFactor

class PartialStructureFactor(md_trajectory, start_time=None, end_time=None, pair_selection=None,
maximum_q_value=None, q_resolution=None, cutoff_radius=None,
resolution=None, time_resolution=None, info_panel=None)

Constructor for the PartialStructureFactor object.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the partial structure factor for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last frame time

• pair_selection (sequence) – Only consider interactions between these groups of
atoms. A sequence has to contain containing two of the following types: Element, tag
name, list of indices, or None. Default: all interactions

• maximum_q_value (PhysicalQuantity of type inverse length) – The maximum scattering
vector length. Default: 15.0 / Angstrom

• q_resolution (PhysicalQuantity of type inverse length) – The binning of the scattering
vectors. Default: 0.05 / Angstrom

• cutoff_radius (PhysicalQuantity of type length) – Upper limit on sampled distances.
Default: Half the diagonal of the unit cell

• resolution (PhysicalQuantity of type length) – The binning of the radial distribution
function. Default: 0.05 * Angstrom

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

data()

Return the partial structure factor.

qRange()

Return the list of scattering vector magnitudes.

Usage Examples

Load an MDTrajectory and calculate the PartialStructureFactor between aluminum and oxygen atoms:

md_trajectory = nlread('alumina_trajectory.nc')[-1]

partial_sq = PartialStructureFactor(md_trajectory,
pair_selection=[Aluminum, Aluminum])

# Get the q-values and the partial structure factor.
q_values = partial_sq.qRange().inUnitsOf(Angstrom**-1)
s_q = partial_sq.data()

# Plot the data using pylab.
(continues on next page)
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import pylab

pylab.plot(q_values, s_q, label='Al-Al structure factor')
pylab.xlabel('q (1/Ang)')
pylab.ylabel('S(q)')
pylab.legend()

pylab.show()

partial_structure_factor.py

Notes

This object calculates the isotropic (i.e. averaged over all scattering angles) PartialStructureFactor. It is therefore
predominantly aimed at the characterization of amorphous materials.

The partial structure factor is calculated as described in Ref.1:

𝑆𝛼,𝛽(𝑞) = 𝛿𝛼,𝛽 + 4𝜋𝜌(𝑐𝛼𝑐𝛽)1/2
∫︁ 𝑟𝑚𝑎𝑥

0

𝑟2[𝑔𝛼,𝛽(𝑟) − 1]
sin(𝑞𝑟)

𝑞𝑟

sin(𝜋𝑟𝑚𝑎𝑥𝑟)

𝜋𝑟𝑚𝑎𝑥𝑟
𝑑𝑟

where 𝑔𝛼,𝛽(𝑟) is the partial radial distribution function.

If no element pair is selected, then all atoms are treated equally and the full radial distribution function is used to
calculate 𝑆(𝑞).

If the pair_selection parameter contains partially overlapping lists, the delta-function in the equation for 𝑆(𝑞) is
evaluated as

√︁
𝑁𝑎𝑁𝑏

𝑁2 .

The cutoff_radius parameter determines the range of the radial distribution function. This parameter might have
an influcence on the calculated structure factor at small scattering vectors.

ParticleIdentifier

class ParticleIdentifier(symbol, tag=None)
Constructor of the ParticleIdentifier

Parameters

• symbol (str) – The chemical symbol of the particle type.

• tag (str | sequence of str | None) – The tag name this particle type should be
associated with.

addTag(tag)
Add a tag to this particle identifier.

If this particle identifier already contains this tag, a RuntimeError is raised.

Parameters
tag (str) – The tag(s) that belong to this particle identifier.

1 G. Gutiérrez and B. Johansson. Molecular dynamics study of structural properties of amorphous al2o3. Phys. Rev. B, 65:104202, Feb 2002.
doi:10.1103/PhysRevB.65.104202.
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static generateFrom(input)
Create and return a ParticleIdentifier object from a variety of different object types. Possible inputs are:

• A ParticleType object. In this case, the ParticleIdentifier that is stored in the ParticleType is returned.

• A ParticleIdentifier object. In this case, a deep copy of the ParticleIdentifier is returned.

• A string. A new ParticleIdentifier is build by using the content of the string as the symbol of the
Particle Identifier. The tags are set to None.

Parameters
input (str | ParticleType | ParticleIdentifier) – The input the particle iden-
tifier should be generate from.

getSymbol()

Return the symbol of this object.

Returns
The symbol of this particle type (without any tags).

Return type
str

getTags()

Return the tags associated with this object as a list of str. The tags are sorted ascending.

getTremoloSymbol()

Return a string that uniquely describes this particle identifier. The string is created by adding the tags to
the particle symbol, separated by a fixed tag separator string.

setTags(tag)
Set the tag(s).

Parameters
tag (str | sequence of str | None) – The tag(s) that belong to this particle iden-
tifier.

Usage Examples

Use a ParticleIdentifier to distinguish between different atom types of the same element, e.g. hydrogen in a methyl-
and hydroxyl-group in a methanol molecule.

This is how ParticleIdentifiers can be used without tags:

# Set up a new TremoloXPotentialSet
potential_set = TremoloXPotentialSet(name='Methanol_bonded')

# Add particle types.
potential_set.addParticleType(

ParticleType.fromElement(Carbon, charge=0.1166*elementary_charge)
)

potential_set.addParticleType(
ParticleType.fromElement(Oxygen, charge=-0.6497*elementary_charge)

)
# Set up a new bond potential for C-H bonds and add it to the potential set.

(continues on next page)
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bond_potential = HarmonicBondPotential(
particleType1=ParticleIdentifier('C'),
particleType2=ParticleIdentifier('O'),
k=13.87651*eV/Ang**2,
r_0=1.410*Ang,

)
potential_set.addPotential(bond_potential)

If the potential should act on a tagged group of atoms, the ParticleType and ParticleIdentifier should be used like this:

# Add particle types.
potential_set.addParticleType(

ParticleType.fromElement(Carbon, charge=0.1166*elementary_charge)
)

# Add particle types for hydroxyl hydrogen (with HO-tag).
potential_set.addParticleType(

ParticleType.fromElement(Hydrogen, charge=0.4215*elementary_charge, tags='HO')
)

# Set up a new bond potential for C-H bonds and add it to the potential set.
bond_potential = HarmonicBondPotential(

particleType1=ParticleIdentifier('H', tag='HO'),
particleType2=ParticleIdentifier('O'),
k=23.9803*eV/Ang**2,
r_0=0.960*Ang,

)
potential_set.addPotential(bond_potential)

The full script can be found found in the file particle_identifier.py.

Notes

• ParticleIdentifiers can be used instead of atomic symbols to specify which particle types a potential should act
on. This is helpful when dealing with different particle types of the same element, which are only distinguished
by tags. As shown in the usage example, such a situation is very common in biomolecular force fields, where ele-
ments in different hybridization states or chemical environments can have different types with different potential
parameters.

• The tagged particle type needs to be created by giving the tag name in ParticleType. Then this particle type
refers only to those atoms of the given element which have this tag. All remaining atoms of this element then
correspond to another ParticleType which has been created without tag. Tag names that are not used with any
ParticleType are ignored in this TremoloXPotentialSet.
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ParticleType

class ParticleType(symbol, mass=None, charge=None, sigma=None, sigma14=None, epsilon=None,
epsilon14=None, atomicNumber=None, tags=None)

Constructor of the ParticleType class.

Parameters

• symbol (str) – The element symbol of the particle.

• mass (PhysicalQuantity of type mass) – The mass of particles of this type.

• charge (PhysicalQuantity of type charge) – The nominal charge of the particle.
This value is used when evaluating the Coulomb interactions.

• sigma (PhysicalQuantity of type length ) – Sigma parameter for Lennard-Jones
like potentials.

• sigma14 (PhysicalQuantity of type length ) – Sigma parameter for Lennard-
Jones like potentials if the bond order is 3.

• epsilon (PhysicalQuantity of type energy) – Epsilon parameter for Lennard-
Jones like potentials.

• epsilon14 (PhysicalQuantity of type energy) – Epsilon parameter for Lennard-
Jones like potentials if the bond order is 3.

• atomicNumber (int) – The atomic number of this particle type.

• tags (str, sequence of str or None) – Make this particle type correspond only
to particles that have the given tags assigned to them.

class TagCheck

Check class for tags. It checks whether some given input is either * a string (which corresponds to a single
tag) * None (which corresponds to no tags) * a sequence of strings (which corresponds to multiple strings)

and converts the input into a list of strings.

apply(name, value)
Check if a given value is feasible.

Parameters

• name (str) – The name of the variable that is currently investigated. It is only used
when writing error messages.

• value – The value under investigation.

Returns
The (possibly transformed) value that should be used.

addTag(tag)
Add a tag to this ParticleType.

Parameters
tag (str) – The tag name to be added.

distinguishableFrom(otherParticleType)
Determine if this ParticleType is distinguishable from another ParticleType. Distinguishable means here,
that both ParticleTypes have different ParticleIdentifiers.
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Parameters
otherParticleType (ParticleType) – The other ParticleType which the current type
should be compared with.

Returns
True if the particle types are the same, False if they are different.

Return type
bool

static fromElement(element, charge=None, sigma=None, sigma14=None, epsilon=None,
epsilon14=None, tags=None)

Create a ParticleType by using the information that is already stored in a given ATK Element.

Parameters

• element (PeriodicTableElement) – The element of the new ParticleType.

• charge (PhysicalQuantity of type charge) – The nominal charge of the par-
ticle. This value is. used when evaluating the Coulomb interactions.

• sigma (PhysicalQuantity of type length ) – Sigma parameter for Lennard-
Jones like potentials.

• sigma14 (PhysicalQuantity of type length ) – Sigma parameter for Lennard-
Jones like potentials. if the bond order is 3.

• epsilon (PhysicalQuantity of type energy) – Epsilon parameter for
Lennard-Jones like potentials.

• epsilon14 (PhysicalQuantity of type energy) – Epsilon parameter for
Lennard-Jones like potentials if the bond order is 3.

• tags (str, sequence of str or None) – Make this particle type correspond
only to particles that have the given tags assigned to them.

Returns
The new ParticleType object

Return type
ParticleType

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters and return them in form of a dictionary of <parameter name, default value>
key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

getParticleIdentifier()

Return the ParticleIdentifier object that uniquely defines the particles that belong to this particle type.

getTremoloSymbol()

Get the symbol that will be passed to the Tremolo-X compute core.
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setCharge(charge)
Set the charge of the particle.

Parameters
charge (PhysicalQuantity of type charge) – The nominal charge of the particle.
This value is used when evaluating the Coulomb interactions.

setEpsilon(epsilon)
Set the epsilon parameter of the particle.

Parameters
epsilon (PhysicalQuantity of type energy) – Epsilon parameter for Lennard-
Jones like potentials.

setEpsilon14(epsilon14)
Set the epsilon14 parameter of the particle.

Parameters
epsilon14 (PhysicalQuantity of type energy) – Epsilon parameter for Lennard-
Jones like potentials if the bond order is 3.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

setSigma(sigma)
Set the sigma parameter of the particle.

Parameters
sigma (PhysicalQuantity of type length ) – Sigma parameter for Lennard-Jones
like potentials.

setSigma14(sigma14)
Sets the sigma14 parameter of the particle.

Parameters
sigma14 (PhysicalQuantity of type length ) – Sigma parameter for Lennard-
Jones like potentials if the bond order is 3.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

(continues on next page)
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Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create the Pedone_2006Fe2 potential by hand, by adding the individual components

potentialSet = TremoloXPotentialSet(name='Pedone_2006Fe2')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
charge=2.4))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
charge=-1.2))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential('Si', 'O',

r_0=2.1*Angstrom,
k=2.0067*1/Ang,
E_0=0.340554*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(Repulsive12Potential('Si', 'O',
r_cut=7.5*Angstrom,
c=1.0*Ang**12*eV))

potentialSet.addPotential(MorsePotential('O', 'O',
r_0=3.618701*Angstrom,
k=1.379316*1/Ang,
E_0=0.042395*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

(continues on next page)
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(continued from previous page)

potentialSet.addPotential(Repulsive12Potential('O', 'O',
r_cut=7.5*Angstrom,
c=22.0*Ang**12*eV))

# Add the coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Create a new ParticleType only for hydrogen atoms with tag “HO”.

# Add particle types for hydroxyl hydrogen (with HO-tag).
potential_set.addParticleType(

ParticleType.fromElement(Hydrogen, charge=0.4215*elementary_charge, tags='HO')
)

Notes

The class is used for defining properties of a particle type. You can specify the mass, the partial charge, and the
Lennard-Jones parameters.

The partial charges specified here only become active, if a Coulomb solver (e.g. CoulombDSF) is added to the
TremoloXPotentialSet. The same holds for the Lennard-Jones parameters sigma and epsilon, which require a
Lennard-Jones pair potential (e.g. LennardJonesPotential) between all particle type pairs.

The Lennard-Jones parameters for 1-4 interactions are relevant for bonded force fields. Here, the arguments sigma14
and epsilon14 specify the Lennard-Jones parameters that are used between atoms which are separated by exactly 3
bonds when a LennardJonesPotential is defined with bonded_mode='mode_14'.

The static method ParticleType.fromElement() can be used to automatically take the particle properties from the
given element.

Particle types for a given element can be split up into sub-types which technically behave as different elements. This
can be achieved using atom tags on the configuration. A tagged particle type can be created by specifying the tag name
in ParticleType. Then this particle type refers only to those atoms of the given element which have this tag. The force
field will treat them as if they belonged to a separate element. All remaining atoms of this element then correspond
to another ParticleType which has been created without tag. Tag names that are not used with any ParticleType are
ignored in this TremoloXPotentialSet. Note that not all potentials support this separation of elements via tags.

The parameters mass and atomic_number are deprecated and not used by the force-field engine any longer.
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PartitionCoefficient

class PartitionCoefficient(solute_species, solvent_a, solvent_b, temperature=None, parameters=None)
Calculating partition coefficients for solutes between two immiscible solvent phases.

Parameters

• solute_species (CosmoRealSpecies | Sequence of CosmoRealSpecies) – The so-
lutes being dissolved between the two phases.

• solvent_a (CosmoRSMixture | MoleculeConfiguration | CosmoRealSpecies) –
The solvent phase A.

• solvent_b (CosmoRSMixture | MoleculeConfiguration | CosmoRealSpecies) –
The solvent phase B.

• temperature (PhysicalQuantity of type temperature) – The solvent temperature. De-
fault: 298 * Kelvin

• parameters (CosmoRSParameters) – The COSMO-RS parameters

parameters()

Returns
The COSMO real solvent parameters

Return type
CosmoRSParameters

partitionCoefficient()

Returns
The partition coefficient for each given solute.

Return type
float

temperature()

Returns
The solvent temperature.

Return type
PhysicalQuantity of type temperature

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the octanol-water partition coefficient for a solute.

# Load the COSMO species
database = CosmoRSSpeciesDatabase()
water = database.exportSpecies('water')
octanol = database.exportSpecies('1-octanol')
acetonitrile = database.exportSpecies('acetonitrile')

# Saturated octanol contains ~24mol% water.
(continues on next page)
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octanol_phase = CosmoRSMixture([(octanol, 0.76), (water, 0.24)])

# Determine the partition coefficient.
partition_coefficient = PartitionCoefficient(

acetonitrile,
octanol_phase,
water,
temperature=298*Kelvin,
parameters=CosmoRSParameters(),

)

# Retrieve the logP.
logp = partition_coefficient.partitionCoefficient()[0]
nlprint(f'The partition coefficient for acetonitrile is {logp}')

octanol_water_example.py

Notes

The PartitionCoefficient object allows one to calculate the partition coefficient, 𝑙𝑜𝑔𝑃 , of a solute given any two
immiscible solvent phases. The partition coefficient provides a measure of a solute distribution between two immiscible
phases and is defined as

𝑙𝑜𝑔𝑃 = 𝑙𝑜𝑔10

(︂
[𝑠𝑜𝑙𝑢𝑡𝑒]𝐴
[𝑠𝑜𝑙𝑢𝑡𝑒]𝐵

)︂
The subscripts 𝐴 and 𝐵 refer to each phase hence [𝑠𝑜𝑙𝑢𝑡𝑒]𝐴 and [𝑠𝑜𝑙𝑢𝑡𝑒]𝐵 are the concentration of the solute in the
respective phase. Notice that the relative concentrations represents an equilibrium of the process

𝑠𝑜𝑙𝑢𝑡𝑒(𝐴)� 𝑠𝑜𝑙𝑢𝑡𝑒(𝐵)

Therefore, a negative 𝑙𝑜𝑔𝑃 corresponds to an equilibrium towards phase 𝐵 and positive 𝑙𝑜𝑔𝑃 an equilibrium towards
phase 𝐴. The partition coefficient is calculated and retrieved from the PartitionCoefficient as demonstrated in
the Usage Example. Note that a phase may also be defined as a CosmoRSMixture.

In COSMO-RS the partition coefficient can be defined as:

𝑙𝑜𝑔𝑃 =
𝜇𝑠𝑜𝑙𝑣𝐵 − 𝜇𝑠𝑜𝑙𝑣𝐴

ln(10)𝑅𝑇
+ log10(𝑉 𝐵𝑚 ) − log10(𝑉 𝐴𝑚 )

Here 𝜇𝑠𝑜𝑙𝑣𝐴 and 𝜇𝑠𝑜𝑙𝑣𝐵 represent the chemical potential of the molecule dissolved in the A and B phases, respectively.
Likewise 𝑉 𝐴𝑚 and 𝑉 𝐵𝑚 are the respective molar volumes. In this definition the partition coefficient is based on comparing
concentrations, which is also the definition used in QuantumATK. It is also possible to define the partition coefficient
in terms of mole fractions. In this case the molar volumes would be omitted.
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PeriodicBoundaryCondition

class PeriodicBoundaryCondition

A periodic boundary condition.

PeriodicTableElement

class PeriodicTableElement

Base class for all the elements in the PeriodicTable.

atomicMass()

Return the atomic mass of the element. @return the atomic mass.

atomicNumber()

Return the atomic number of the element. @return the atomic number.

covalentBonds()

Return the covalent bonds of the element. @return the covalent bonds.

covalentRadius()

Return the covalent radius of the element. @return the covalent radius.

crystalType()

Return the crystal type of the element. @return the crystal type.

latticeBARatio()

Return the lattice b a ratio of the element. @return the lattice b a ratio.

latticeCARatio()

Return the lattice c a ratio of the element. @return the lattice c a ratio.

latticeConstant()

Return the lattice constant of the element. @return the lattice constant.

metal()

Return the metal of the element. @return the metal.

name()

Return the name of the element. @return the name.

rgbColor()

Return the rgb color of the element. @return the rgb color.

symbol()

Return the symbol of the element. @return the symbol.

vanDerWaalsRadius()

Return the van der waals radius of the element. @return the van der waals radius.
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Usage Examples

Use the elements Hydrogen and Oxygen to set up a MoleculeConfiguration.

# Set up elements and positions
elm = [ Oxygen, Hydrogen, Hydrogen ]
pos = [[ 0.000, 0.000, 0.0],

[ 0.757, 0.586, 0.0],
[-0.757, 0.586, 0.0]]*Angstrom

# Add them to a configuration
h2o = MoleculeConfiguration(elm, pos)

molecule_configuration.py

Alternatively, the shorter names H and O can also be used as in

# Set up elements and positions
elm =[PeriodicTable.O, PeriodicTable.H, PeriodicTable.H]
pos =[[ 0.000, 0.000, 0.0],

[ 0.757, 0.586, 0.0],
[-0.757, 0.586, 0.0]]*Angstrom

# Add them to a configuration
h2o = MoleculeConfiguration(elm, pos)

You can use the query functions to retrieve element specific properties, such as name, mass, etc.

element_name = Silicon.name()
element_mass = Silicon.atomicMass()

Periodic table

The entire set of elements from the periodic system, as well as some of their key properties are listed in Atomic data.

PhononBandstructure

class PhononBandstructure(dynamical_matrix, configuration=None, route=None, points_per_segment=None,
qpoints=None, number_of_bands=None, projection_list=None)

Analysis class for calculating the phonon bandstructure for a bulk configuration.

Parameters

• dynamical_matrix (DynamicalMatrix) – The DynamicalMatrix to calculate the
phonon bandstructure from.

• configuration (BulkConfiguration) – The configuration for which the vibrational
modes should be calculated. If no calculator is attached to the configuration, the calculator
from dynamical_matrix is used. Currently, configuration must be the same as the config-
uration from dynamical_matrix and is therefore not needed. Default: The configuration
from dynamical_matrix
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• route (list of str) – The route to take through the Brillouin-zone as a list of sym-
metry points of the unit cell, e.g. ['G', 'X', 'G']. This option is mutually exclusive
to qpoints. Default: Unit-cell dependent route.

• points_per_segment (Positive int) – The number of points per segment of the
route. Default: 20.

• qpoints (list of lists of floats) – A list of 3-dimensional fractional q-points
at which to calculate the energies of the bands e.g. [[0.0, 0.0, 0.0], [0.0, 0.0,
0.1], ...]. The shape is (Q, 3) where Q is the number of q-points. This option is
mutually exclusive to route, and points_per_segment. Default: Unit-cell dependent
route.

• number_of_bands (Positive int | All) – The number of bands. Default: All (All bands
are included).

• projection_list (ProjectionList) – A projection list object defining a projection.
Default: If no projection list is specified all orbitals will be used.

conductionBandEdge()

Override base method for getting the conduction band edge.

directBandGap()

Override base method for getting the direct band-gap.

evaluate()

Returns
The eigenvalues for the phonon bandstructure. The shape is (Q, B) where Q is the number
of q-points and B is the number of bands.

Return type
PhysicalQuantity of type energy

indirectBandGap()

Override base method for getting the indirect band-gap.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

qpoints()

Returns
The list of q-points at which the energies of the bands are calculated as a list of 3-
dimensional fractional q-points. The shape is (Q, 3) where Q is the number of q-points.

Return type
list of lists of floats
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route()

Returns
The route through the Brillouin-zone as a list of symmetry points of the unit cell.

Return type
list of str

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

valenceBandEdge()

Override base method for getting the valence band edge.

Usage Examples

Calculate the PhononBandstructure of silicon using the TremoloXCalculator calculator with the Stillinger-Weber po-
tential1:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[0.0 , 0.0 , 0.0 ],

[0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
potentialSet = StillingerWeber_Si_1985()
calculator = TremoloXCalculator(parameters=potentialSet)

(continues on next page)

1 F. H. Stillinger and T. A. Weber. Computer simulation of local order in condensed phases of silicon. Phys. Rev. B, 31:5262–5271, Apr 1985.
doi:10.1103/PhysRevB.31.5262.
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(continued from previous page)

bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Dynamical matrix
# -------------------------------------------------------------
dynamical_matrix = DynamicalMatrix(

configuration=bulk_configuration,
repetitions=Automatic,
atomic_displacement=0.01*Angstrom,
acoustic_sum_rule=False,
symmetrize=True,
finite_difference_method=Central,
)

# -------------------------------------------------------------
# Phonon bandstructure
# -------------------------------------------------------------
phonon_bandstructure = PhononBandstructure(

configuration=bulk_configuration,
dynamical_matrix=dynamical_matrix,
route=['G', 'X', 'W', 'L', 'G', 'K', 'X', 'U', 'W', 'K', 'L'],
points_per_segment=20,
number_of_bands=All
)

nlsave('si_phonon_bandstructure.nc', phonon_bandstructure)

phonon_bandstructure.py

Note: The PhononBandstructure can be visualized by selecting the file si_phonon_bandstructure.nc in the Lab
Floor of QuantumATK and opening it using the Bandstructure Analyzer or the 2D Plot tool.

Notes

• The details of the force constant calculation to obtain the dynamical matrix, can be found under DynamicalMatrix.

• To export the data of a PhononBandstructure, use the method nlprint.

• Symmetry points of the Brillouin zones can be found in BravaisLattices.
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PhononDensityOfStates

class PhononDensityOfStates(dynamical_matrix, configuration=None, qpoints=None,
number_of_bands=None)

Constructor for the phonon density of states object.

Parameters

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix to calculate the
phonon density of states from.

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion for which the vibrational modes should be calculated. If no calculator is attached to
the configuration, the calculator from dynamical_matrix is used. Currently, configuration
must be the same as the configuration from dynamical_matrix and is therefore not needed.
Default: The configuration from dynamical_matrix

• qpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid) – The q-points for which the phonon density of states should be
calculated. Default: The Monkhorst-Pack grid used for the self-consistent calculation.

• number_of_bands (int) – The number of bands. Default: All bands

elements()

Query method for the elements in the configuration used for calculating the density of states.

Returns
A list of the elements.

Return type
list of PeriodicTableElement

energies()

Query method for the energies used for generating the last spectrum.

Returns
The energies used for generating the last spectrum.

Return type
PhysicalQuantity of type energy.

energyMax()

Query method for the maximum energy eigenvalue.

Returns
The maximum energy eigenvalue.

Return type
PhysicalQuantity of type energy

energyMin()

Query method for the minimum energy eigenvalue.

Returns
The minimum energy eigenvalue.

Return type
PhysicalQuantity of type energy
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entropy(temperature=PhysicalQuantity(300.0, K))
Calculate the entropy of the phonons.

The entropy is evaluated using the quasi-harmonic approximation (see Eq.(5.5) in Dove, Martin T. (1993),
Introduction to lattice dynamics, Cambridge university press).

Parameters
temperature (PhysicalQuantity of type temperature.) – The temperature to evaluate the
entropy at. Default: 300 * Kelvin

Returns
The entropy.

Return type
PhysicalQuantity with the unit meV / Kelvin

evaluate()

Return the default phonon density of states spectrum.

Returns
The phonon density of states.

Return type
PhysicalQuantity with the unit 1 / meV

freeEnergy(temperature=PhysicalQuantity(300.0, K))
Calculate the Helmholtz free energy of the molecule / lattice.

Parameters
temperature (PhysicalQuantity of type temperature.) – The temperature to evaluate the
entropy at. Default: 300 * Kelvin

Returns
The free energy of the molecule / lattice (without internal energy).

Return type
PhysicalQuantity with the unit eV

gaussianSpectrum(energies=None, broadening=None)
Return the phonon density of states spectrum using Gaussian broadening.

Parameters

• energies (PhysicalQuantity of type energy) – List of energies for which the spectrum
should be calculated. Default: Energies from emin to emax

• broadening (PhysicalQuantity of type energy) – Broadening of the Gaussian. De-
fault: 0.01 * eV

Returns
The density of states spectrum.

Return type
PhysicalQuantity with the unit 1 / meV

internalEnergy(temperature=PhysicalQuantity(300.0, K))
Calculate the internal harmonic energy of the molecule / lattice at the given temperature.

Parameters
temperature (PhysicalQuantity of type temperature.) – The temperature to evaluate the
internal energy at. Default: 300 * Kelvin
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Returns
The internal energy of the molecule / lattice.

Return type
PhysicalQuantity with the unit eV

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

tetrahedronSpectrum(energies=None)
Return the phonon density of states spectrum using the tetrahedron method.

Parameters
energies (PhysicalQuantity of type energy) – List of energies for which the spectrum
should be calculated. Default: Energies from emin to emax

Returns
The density of states spectrum.

Return type
PhysicalQuantity with the unit 1 / meV

uniqueString()

Return a unique string representing the state of the object.

zeroPointEnergy()

Calculate the zero point energy in the quasi-harmonic approximation.

Returns
The zero point energy of the molecule / lattice

Return type
PhysicalQuantity with the unit eV
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Usage Examples

Calculate the phonon density of states of a silicon crystal using the TremoloXCalculator calculator with the Stillinger-
Weber potential1. The example also shows how to calculate the vibrational entropy of the crystal unit cell.

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[0.0 , 0.0 , 0.0 ],

[0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
potentialSet = StillingerWeber_Si_1985()
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Dynamical matrix
# -------------------------------------------------------------
dynamical_matrix = DynamicalMatrix(

configuration=bulk_configuration,
repetitions=Automatic,
atomic_displacement=0.01*Angstrom,
acoustic_sum_rule=False,
symmetrize=True,
finite_difference_method=Central,
)

# -------------------------------------------------------------
# Phonon density of states
# -------------------------------------------------------------
phonon_density_of_states = PhononDensityOfStates(

configuration=bulk_configuration,
(continues on next page)

1 F. H. Stillinger and T. A. Weber. Computer simulation of local order in condensed phases of silicon. Phys. Rev. B, 31:5262–5271, Apr 1985.
doi:10.1103/PhysRevB.31.5262.
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(continued from previous page)

dynamical_matrix=dynamical_matrix,
qpoints=MonkhorstPackGrid(10,10,10),
)

nlsave('si_phonon_dos.nc', phonon_density_of_states)

# Print the results ot the log
nlprint(phonon_density_of_states)

# Calculate the vibrational entropy at 300 K
entropy = phonon_density_of_states.entropy(300.0*Kelvin)

si_phonon_dos.py

Note: The spectrum can be shown by selecting the file si_phonon_dos.nc in the Lab Floor of QuantumATK and
opening it using the 2D Plot tool.

Plot the Gaussian and tetrahedron spectrum using pylab:

# read phonon DOS object from file
dos = nlread('si_phonon_dos.nc', PhononDensityOfStates)[0]

# make list of energies
energies = numpy.arange(0.0, 80.0, 0.2)*meV

# calculate the DOS spectrum with two different methods
dos_t = dos.tetrahedronSpectrum(energies)
dos_g = dos.gaussianSpectrum(energies, broadening = 1.0*meV)

#plot the spectra using pylab
import pylab
pylab.figure()
pylab.plot(energies.inUnitsOf(meV), dos_t.inUnitsOf(meV**-1))
pylab.plot(energies.inUnitsOf(meV), dos_g.inUnitsOf(meV**-1))
pylab.xlabel("Energy (meV)")
pylab.ylabel("Phonon DOS (1/meV)")
pylab.show()

si_phonon_dos_plot.py

Notes

• The details of the force constant calculation to obtain the dynamical matrix can be found under DynamicalMatrix.

• The routine utilizes the symmetries of the crystal to reduce the computational load.

• The default spectrum is a Gaussian spectrum for a MoleculeConfiguration and a BulkConfiguration with less
than 10 k-points. For a BulkConfiguration with more than 10 k-points, the tetrahedron method is used.

• The implementation of the tetrahedron method follows Ref.2

2 P. E. Blöchl, O. Jepsen, and O. K. Andersen. Improved tetrahedron method for brillouin-zone integrations. Phys. Rev. B, 49:16223–16233,
Jun 1994. doi:10.1103/PhysRevB.49.16223.

4.13. Full QuantumATK package 1705

https://doi.org/10.1103/PhysRevB.49.16223


QuantumATK V-2023.12 Documentation

The PhononDensityOfStates class can also be used to calculate thermodynamic properties in the harmonic approxima-
tion. The following properties can be calculated:

• The free energy at a given temperature can be calculated via the freeEnergy() method:

𝐹 = − 1

𝑁𝑞

∑︁
𝑞,𝑠

𝐸(𝑞, 𝑠)

2
+

1

𝛽𝑁𝑞

∑︁
𝑞,𝑠

ln(1 − exp(−𝛽𝐸(𝑞, 𝑠)))

where 𝛽 = 1/𝑘𝐵𝑇 and 𝑁𝑞 denotes the number of q-points to sum over.

• The internal energy at a given temperature, including zero-point energy, can be calculated via the
internalEnergy() method:

𝑈 = − 1

𝑁𝑞

∑︁
𝑞,𝑠

𝐸(𝑞, 𝑠)

2
+

1

𝑁𝑞

∑︁
𝑞,𝑠

𝐸(𝑠, 𝑞)

exp(𝛽𝐸(𝑠, 𝑞)) − 1

In this formula, the first part describes the zero-point energy and the second part stands for the finite temperature
contribution of the phonons to the internal energy.

• The entropy at a given temperature can be calculated via the entropy() method:

𝑆 =
1

𝑁𝑞

∑︁
𝑞,𝑠

𝐸(𝑞, 𝑠)

𝑇

exp(−𝛽𝐸(𝑞, 𝑠))

1 − exp(−𝛽𝐸(𝑞, 𝑠))
− 𝑘𝐵
𝑁𝑞

∑︁
𝑞,𝑠

ln(1 − exp(−𝛽𝐸(𝑞, 𝑠)))

Note that all these quantities do not include any potential energy contributions, as calculated via TotalEnergy, so in
order to get the absolute free energy or internal energy values, one would have to add these contributions on top.

PhononTransmissionSpectrum

class PhononTransmissionSpectrum(dynamical_matrix, configuration=None, energies=None, qpoints=None,
qpoints_weights=None, self_energy_calculator=None,
infinitesimal=None)

Class for representing the phonon transmission spectrum for a given device configuration.

Parameters

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix to use for the calcu-
lation.

• configuration (DeviceConfiguration) – The device configuration for which the vi-
brational modes should be calculated. If no calculator is attached to the configuration,
the calculator from dynamical_matrix is used. Currently, configuration must be the same
as the configuration from dynamical_matrix and is therefore not needed. Default: The
configuration from dynamical_matrix

• energies (PhysicalQuantity of type energy.) – The energies for which the transmission
spectrum should be calculated. Default: numpy.linspace(0, 0.5, 101)*eV

• qpoints – The q-points for which to calculate the transmission spectrum. This can ei-
ther be given as a q-point grid or a list of fractional q-points, e.g., [[0.0, 0.0, 0.
0], [0.0, 0.0, 0.1], ...]. Note that the q-points must be in the xy-plane. De-
fault: MonkhorstPackGrid(na, nb) where (na, nb) is the sampling used for the
self-consistent calculation.

• qpoints_weights – The weight of each q-point for which the transmission spectrum
should be calculated. Default: The weights corresponding to the MonkhorstPackGrid, or
a list of [1.0, 1.0, . . . ] if q-points are specified as floats.
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• self_energy_calculator – The SelfEnergyCalculator to be used for the transmission
spectrum. Default: RecursionSelfEnergy(storage_strategy=NoStorage())
:type self_energy_calculator: DirectSelfEnergy | RecursionSelfEnergy |
SparseRecursionSelfEnergy | KrylovSelfEnergy

• infinitesimal (PhysicalQuantity of type energy.) – Small positive energy, used to
move the transmission calculation away from the real axis. This is only relevant for
recursion-style self-energy calculators. Default: 1.0e-6*eV

adaptive()

Returns
True if adaptive grids are used, otherwise False.

Return type
bool

energies()

Returns
The energies used in this transmission spectrum

Return type
PhysicalQuantity of type energy

evaluate(qpoints=None)
Evaluates the q-point averaged transmission spectrum.

Parameters
qpoints (MonkhorstPackGrid | RegularKpointGrid | list(n) of list(3) of float.) – The
set of q-points to average over. The q-points must be compatible with the q-points used in
the constructor. Default: Average over all q-points.

Returns
The q-point averaged transmission spectrum.

Return type
array(n_energies)

infinitesimal()

Returns
The infinitesimal used for calculating the transmission.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()
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qpoints()

Returns
The q-points used in this transmission spectrum. The shape of the array is (num-
ber_of_qpoints, 3)

Return type
numpy.ndarray

qpointsWeights()

Returns
The weights of each q-point used in this transmission spectrum.

Return type
list.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

thermalConductance(phonon_temperature=None)
Calculate the thermal conductance of the phonon spectrum.

Parameters
phonon_temperature (Positive PhysicalQuantity of type temperature.) – The tempera-
ture of the phonon system. Default: 300*Kelvin

Returns
The thermal conductance of the phonon spectrum.

Return type
PhysicalQuantity with unit Joule/Second/Kelvin

transmission()

Return the transmission coefficients of the phonon transmission spectrum.

Returns
The transmission coefficients for each energy and q-point. The shape of the array is (num-
ber_of_energies, number_of_qpoints)

Return type
numpy.ndarray

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate the PhononTransmissionSpectrum for a generic bulk silicon device:

# -------------------------------------------------------------
# Left electrode
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.4306]*Angstrom
left_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
left_electrode_elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon]

# Define coordinates
left_electrode_coordinates = [[ 0. , 0. , 0.678825],

[ 2.7153 , 2.7153 , 0.678825],
[ 1.35765 , 1.35765 , 2.036475],
[ 4.07295 , 4.07295 , 2.036475],
[ 2.7153 , 0. , 3.394125],
[ 0. , 2.7153 , 3.394125],
[ 4.07295 , 1.35765 , 4.751775],
[ 1.35765 , 4.07295 , 4.751775]]*Angstrom

# Set up configuration
left_electrode = BulkConfiguration(

bravais_lattice=left_electrode_lattice,
elements=left_electrode_elements,
cartesian_coordinates=left_electrode_coordinates
)

# -------------------------------------------------------------
# Right electrode
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.4306]*Angstrom
right_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
right_electrode_elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,␣
→˓Silicon,

Silicon]

# Define coordinates
right_electrode_coordinates = [[ 0. , 0. , 0.678825],

[ 2.7153 , 2.7153 , 0.678825],
(continues on next page)
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(continued from previous page)

[ 1.35765 , 1.35765 , 2.036475],
[ 4.07295 , 4.07295 , 2.036475],
[ 2.7153 , 0. , 3.394125],
[ 0. , 2.7153 , 3.394125],
[ 4.07295 , 1.35765 , 4.751775],
[ 1.35765 , 4.07295 , 4.751775]]*Angstrom

# Set up configuration
right_electrode = BulkConfiguration(

bravais_lattice=right_electrode_lattice,
elements=right_electrode_elements,
cartesian_coordinates=right_electrode_coordinates
)

# -------------------------------------------------------------
# Central region
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 21.7224]*Angstrom
central_region_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
central_region_elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon]

# Define coordinates
central_region_coordinates = [[ 0. , 0. , 0.678825],

[ 2.7153 , 2.7153 , 0.678825],
[ 1.35765 , 1.35765 , 2.036475],
[ 4.07295 , 4.07295 , 2.036475],
[ 2.7153 , 0. , 3.394125],
[ 0. , 2.7153 , 3.394125],
[ 4.07295 , 1.35765 , 4.751775],
[ 1.35765 , 4.07295 , 4.751775],
[ 0. , 0. , 6.109425],
[ 2.7153 , 2.7153 , 6.109425],
[ 1.35765 , 1.35765 , 7.467075],
[ 4.07295 , 4.07295 , 7.467075],
[ 2.7153 , 0. , 8.824725],
[ 0. , 2.7153 , 8.824725],
[ 4.07295 , 1.35765 , 10.182375],
[ 1.35765 , 4.07295 , 10.182375],
[ 0. , 0. , 11.540025],
[ 2.7153 , 2.7153 , 11.540025],
[ 1.35765 , 1.35765 , 12.897675],
[ 4.07295 , 4.07295 , 12.897675],

(continues on next page)
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(continued from previous page)

[ 2.7153 , 0. , 14.255325],
[ 0. , 2.7153 , 14.255325],
[ 4.07295 , 1.35765 , 15.612975],
[ 1.35765 , 4.07295 , 15.612975],
[ 0. , 0. , 16.970625],
[ 2.7153 , 2.7153 , 16.970625],
[ 1.35765 , 1.35765 , 18.328275],
[ 4.07295 , 4.07295 , 18.328275],
[ 2.7153 , 0. , 19.685925],
[ 0. , 2.7153 , 19.685925],
[ 4.07295 , 1.35765 , 21.043575],
[ 1.35765 , 4.07295 , 21.043575]]*Angstrom

# Set up configuration
central_region = BulkConfiguration(

bravais_lattice=central_region_lattice,
elements=central_region_elements,
cartesian_coordinates=central_region_coordinates
)

device_configuration = DeviceConfiguration(
central_region,
[left_electrode, right_electrode]
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = StillingerWeber_Si_1985()
calculator = TremoloXCalculator(parameters=potentialSet)

device_configuration.setCalculator(calculator)
device_configuration.update()

# -------------------------------------------------------------
# Phonon transmission spectrum
# -------------------------------------------------------------
phonon_transmission_spectrum = PhononTransmissionSpectrum(

configuration=device_configuration,
energies=numpy.linspace(0,0.5,101)*eV,
qpoints=MonkhorstPackGrid(5,5),
infinitesimal=1e-06*eV,
self_energy_calculator=RecursionSelfEnergy(),
)

nlsave('si_phonon_transmission.nc', phonon_transmission_spectrum)

phonon_transmission.py

Calculate the thermal conductance for different phonon temperatures:
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temp = numpy.linspace(100, 1000, 19)
conductances = []

for t in temp:
conductance = phonon_transmission_spectrum.thermalConductance(t*Kelvin)
conductances.append(conductance)

print("Phonon temperature Thermal Conductance")
output_format = " %6.0f K %s"
for i in range(len(temp)):

print(output_format % (temp[i], conductances[i]))

thermal_conductance.py

Notes

The calculation of the phonon transmission essentially follows the formalism employed to calculate the electronic
TransmissionSpectrum, by using the substitutes:

𝐸S𝐶 → 𝜔2M ,

and

H𝐶 → K𝐶 ,

where M is the diagonal matrix with the element masses and K𝐶 is the dynamical matrix of the central region. Similar
replacements are made for the electrodes. For more details see, e.g. Ref.1.

Note: The phonon transmission calculated via the non-equilibrium Green’s function formalism gives the ideal, ballistic
contributions to the thermal transport through the device. It does not account for anharmonic effects, such as phonon-
phonon-scattering. To take such effects into account as well, you should consider other approaches, e.g. based on
molecular dynamics simulations.

To export the data of a transmission spectrum, use the method nlsave.

The details and parameters of the force constant calculation to obtain the dynamical matrix, can be found under Dy-
namicalMatrix.

Unit of transmission

A fully transmitting channel contributes 1. See also, TransmissionEigenvalues.

For a PhononTransmissionSpectrum, the first index (i.e. the spin index) in the list, that is returned by transmission(),
must always be 0, as phonons do not have a spin.

1 T. Markussen, A.-P. Jauho, and M. Brandbyge. Electron and phonon transport in silicon nanowires: atomistic approach to thermoelectric
properties. Phys. Rev. B, 79:035415, Jan 2009. doi:10.1103/PhysRevB.79.035415.
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Current

The heat current can be calculated from the transmission coefficients,

𝐽(𝑇𝐿, 𝑇𝑅) =
~

2𝜋

∫︁ ∞

0

𝜔𝑇 (𝜔) [𝑛𝐵(𝑇𝐿) − 𝑛𝐵(𝑇𝑅)] 𝑑𝜔 ,

where 𝑛𝐵 = (𝑒~𝜔/𝑘𝐵𝑇 − 1)−1 is the Bose-Einstein distribution of the phonons, 𝑇𝐿/𝑅 are the phonon temperatures of
the left/right electrode, and 𝑇 (𝜔) is the transmission coefficient at frequency 𝜔 .

Thermal conductance

In the limit of small temperature differences, ∆𝑇 , between the left and right electrodes, with 𝑇𝐿 = 𝑇 + ∆𝑇/2 and
𝑇𝑅 = 𝑇 − ∆𝑇/2, the thermal conductance at average temperature, 𝑇 , is calculated from the phonon transmission as
follows:

𝜅𝑝ℎ(𝑇 ) =
~

2𝜋𝑘𝐵𝑇 2

∫︁ ∞

0

𝜔2𝑇 (𝜔)
𝑒~𝜔/𝑘𝐵𝑇

(𝑒~𝜔/𝑘𝐵𝑇 − 1)2
𝑑𝜔.

Photocurrent

class Photocurrent(configuration, energies=None, photon_energies=None, kpoints=None,
photon_polarization=None, energy_resolution=None, calculate_all_transmissions=None)

Class for calculating the photocurrent and photon-mediated transmission in a device.

Parameters

• configuration (DeviceConfiguration) – The device configuration with an attached
LCAOCalculator for which to calculate the photocurrent.

• energies (list of PhysicalQuantity of type energy | Automatic) – The energies for which
to calculate the photon-mediated transmission. Default: Automatic. Automatically
setup energies based on the electrode Fermi levels and the photon energies.

• photon_energies (list of PhysicalQuantity of type energy) – The photon energies to
consider. Must be positive. Default: [1.0] * eV

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid) – The k-points for which to identify the band ladders. Note that
the k-points must be in the xy-plane. Default: [0.0, 0.0, 0.0] (Gamma-point)

• photon_polarization (list (size 3) of complex float) – The polarization of
the photon illuminating the device configuration. Default: [0.0, 0.0, 1.0]

• energy_resolution (PhysicalQuantity of type energy) – The distance between two en-
ergy points, when the energies are determined automatically. This parameter is only used,
when energies=None or energies=Automatic Default: 0.05 * eV

• calculate_all_transmissions (bool) – Boolean to specify if the photo-induced
transmissions functions should be calculated at all possible energies. By default this is
false, implying that the transmission functions only are calculated at the energies and
photon energies, that would contribute to the total photo-current. If post-processing by
shifting the Fermi level is wanted, the calculate_all_transmissions parameter can
be set to True. Default: False
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calculateAllTransmissions()

Returns
Boolean controlling whether all transmissions are calculated.

Return type
bool

electrodeFermiLevels()

Returns
The electrode Fermi levels in absolute energy.

Return type
list (size 2) of PhysicalQuantity of type energy

energies()

Returns
The energies for which the photon-mediated transmission is calculated.

Return type
list of PhysicalQuantity of type energy

energyResolution()

Returns
The energy resolution used to setup the energies.

Return type
PhysicalQuantity of type energy

energyZero()

Returns
The energy zero used for the energy scale.

Return type
PhysicalQuantity of type energy

evaluate(photon_modes=None, bias=None, temperature=None, fermi_shift=None,
relative_permittivity=None, relative_permeability=None, photon_flux=None, spin=None,
emission=None)

Evaluate the photocurrent.

Parameters

• photon_modes (All | int | list of int) – The indices of the photons for which to calculate
the photocurrent. Must be non-negative. Default: All

• bias (PhysicalQuantity of type voltage) – The voltage for which the current should
be calculated. Default: The bias of the DeviceConfiguration.

• temperature (PhysicalQuantity of type temperature) – The temperature fow which
the current should be calculated. Default: 300*Kelvin

• fermi_shift (PhysicalQuantity of type energy) – The shift of the Fermi level such
that the current is evaluated at the energy E = fermi_energy + fermi_shift. Default:
0.0*eV

• relative_permittivity (float) – The permittivity of the central region compared
to vacuum. Must be positive. Default: 1.0
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• relative_permeability (float) – The permeability of the central region com-
pared to vacuum. Must be positive. Default: 1.0

• photon_flux (PhysicalQuantity of type 1/(area*time)) – The photon flux of the light
incident on the central region. Default: 1.0*Second**-1*Angstrom**-2

• spin (Spin.Up | Spin.Down | Spin.Sum) – The spin component for which to calculate
the current. Default: Spin.Sum

• emission (bool) – Boolean controlling whether photon emissions are included. De-
fault: False

Returns
The photocurrent as a list with the current for each of the photon energies.

Return type
list of PhysicalQuantity of type current

kpoints()

Returns
The fractional k-points used in the calculation.

Return type
list of list (size 3) of float

maximumTemperature()

Returns
The maximum trmperature used to setup the energies.

Return type
PhysicalQuantity of type temperature

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

photonEnergies()

Returns
The photon energies to consider.

Return type
list of PhysicalQuantity of type energy

photonMediatedTransmission(photon_mode=None, carrier_type=None, initial_lead=None,
final_lead=None, relative_permittivity=None, relative_permeability=None,
photon_flux=None, spin=None)

Evaluate the photon-mediated transmission.

Parameters
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• photon_mode (int) – The indices of the photons for which to calculate the photon-
mediated transmission. Must be non-negative. Default: 0

• carrier_type (Electron | Hole) – The carrier type for which to calculate the trans-
mission. Default: Electron

• initial_lead (Left | Right) – The lead that the unexcited carrier enters from. De-
fault: Left

• final_lead (Left | Right) – The lead that the excited carrier exits to. Default:
Right

• relative_permittivity (float) – The permitivity of the central region compared
to vacuum. Must be positive. Default: 1.0

• relative_permeability (float) – The permability of the central region compared
to vacuum. Must be positive. Default: 1.0

• photon_flux (PhysicalQuantity of type 1/(area*time)) – The photon flux of the light
incident on the central region. Default: 1.0*Second**-1*Angstrom**-2

• spin (Spin.Up | Spin.Down | Spin.Sum) – The spin component for which to calculate
the transmission. Default: Spin.Sum

Returns
The photon-mediated transmission.

Return type
list (size len(kpoints), len(energies)) of float

photonPolarization()

Returns
The photon polarization.

Return type
list (size 3) of complex float

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

The script below shows how to setup a Photocurrent calculation for a silicon p-n junction.

# -*- coding: utf-8 -*-
# -------------------------------------------------------------
# Two-probe Configuration
# -------------------------------------------------------------

# -------------------------------------------------------------
# Left Electrode

(continues on next page)
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(continued from previous page)

# -------------------------------------------------------------

# Set up lattice
vector_a = [3.84001408591, 0.0, 0.0]*Angstrom
vector_b = [0.0, 3.84001408591, 0.0]*Angstrom
vector_c = [0.0, 0.0, 10.8612]*Angstrom
left_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
left_electrode_elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon]

# Define coordinates
left_electrode_coordinates = [[ 1.920007042956, -0. , 0.678825 ],

[ 1.920007042956, 1.920007042956, 2.036475 ],
[ 0. , 1.920007042956, 3.394125 ],
[ 0. , 0. , 4.751775 ],
[ 1.920007042956, -0. , 6.109425 ],
[ 1.920007042956, 1.920007042956, 7.467075 ],
[ 0. , 1.920007042956, 8.824725 ],
[ 0. , 0. , 10.182375 ␣

→˓]]*Angstrom

# Set up configuration
left_electrode = BulkConfiguration(

bravais_lattice=left_electrode_lattice,
elements=left_electrode_elements,
cartesian_coordinates=left_electrode_coordinates
)

# Add external potential
external_potential = AtomicCompensationCharge([

('doping_0', 0.0200195107106),
('doping_1', -0.0200195107106)
])

left_electrode.setExternalPotential(external_potential)

# -------------------------------------------------------------
# Right Electrode
# -------------------------------------------------------------

# Set up lattice
vector_a = [3.84001408591, 0.0, 0.0]*Angstrom
vector_b = [0.0, 3.84001408591, 0.0]*Angstrom
vector_c = [0.0, 0.0, 10.8612]*Angstrom
right_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
right_electrode_elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,␣
→˓Silicon,

Silicon]

(continues on next page)
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# Define coordinates
right_electrode_coordinates = [[ 1.920007042956, -0. , 0.678825 ],

[ 1.920007042956, 1.920007042956, 2.036475 ],
[ 0. , 1.920007042956, 3.394125 ],
[ 0. , 0. , 4.751775 ],
[ 1.920007042956, -0. , 6.109425 ],
[ 1.920007042956, 1.920007042956, 7.467075 ],
[ 0. , 1.920007042956, 8.824725 ],
[ 0. , 0. , 10.182375 ␣

→˓]]*Angstrom

# Set up configuration
right_electrode = BulkConfiguration(

bravais_lattice=right_electrode_lattice,
elements=right_electrode_elements,
cartesian_coordinates=right_electrode_coordinates
)

# Add external potential
external_potential = AtomicCompensationCharge([

('doping_0', 0.0200195107106),
('doping_1', -0.0200195107106)
])

right_electrode.setExternalPotential(external_potential)

# -------------------------------------------------------------
# Central Region
# -------------------------------------------------------------

# Set up lattice
vector_a = [3.84001408591, 0.0, 0.0]*Angstrom
vector_b = [0.0, 3.84001408591, 0.0]*Angstrom
vector_c = [0.0, 0.0, 76.0284]*Angstrom
central_region_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
central_region_elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon]

# Define coordinates
central_region_coordinates = [[ 1.920007042956, -0. , 0.678825 ],

[ 1.920007042956, 1.920007042956, 2.036475 ],
[ 0. , 1.920007042956, 3.394125 ],
[ 0. , 0. , 4.751775 ],

(continues on next page)
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[ 1.920007042956, -0. , 6.109425 ],
[ 1.920007042956, 1.920007042956, 7.467075 ],
[ 0. , 1.920007042956, 8.824725 ],
[ 0. , 0. , 10.182375 ],
[ 1.920007042956, -0. , 11.540025 ],
[ 1.920007042956, 1.920007042956, 12.897675 ],
[ 0. , 1.920007042956, 14.255325 ],
[ 0. , 0. , 15.612975 ],
[ 1.920007042956, -0. , 16.970625 ],
[ 1.920007042956, 1.920007042956, 18.328275 ],
[ 0. , 1.920007042956, 19.685925 ],
[ 0. , 0. , 21.043575 ],
[ 1.920007042956, -0. , 22.401225 ],
[ 1.920007042956, 1.920007042956, 23.758875 ],
[ 0. , 1.920007042956, 25.116525 ],
[ 0. , 0. , 26.474175 ],
[ 1.920007042956, -0. , 27.831825 ],
[ 1.920007042956, 1.920007042956, 29.189475 ],
[ 0. , 1.920007042956, 30.547125 ],
[ 0. , 0. , 31.904775 ],
[ 1.920007042956, -0. , 33.262425 ],
[ 1.920007042956, 1.920007042956, 34.620075 ],
[ 0. , 1.920007042956, 35.977725 ],
[ 0. , 0. , 37.335375 ],
[ 1.920007042956, -0. , 38.693025 ],
[ 1.920007042956, 1.920007042956, 40.050675 ],
[ 0. , 1.920007042956, 41.408325 ],
[ 0. , 0. , 42.765975 ],
[ 1.920007042956, -0. , 44.123625 ],
[ 1.920007042956, 1.920007042956, 45.481275 ],
[ 0. , 1.920007042956, 46.838925 ],
[ 0. , 0. , 48.196575 ],
[ 1.920007042956, -0. , 49.554225 ],
[ 1.920007042956, 1.920007042956, 50.911875 ],
[ 0. , 1.920007042956, 52.269525 ],
[ 0. , 0. , 53.627175 ],
[ 1.920007042956, -0. , 54.984825 ],
[ 1.920007042956, 1.920007042956, 56.342475 ],
[ 0. , 1.920007042956, 57.700125 ],
[ 0. , 0. , 59.057775 ],
[ 1.920007042956, -0. , 60.415425 ],
[ 1.920007042956, 1.920007042956, 61.773075 ],
[ 0. , 1.920007042956, 63.130725 ],
[ 0. , 0. , 64.488375 ],
[ 1.920007042956, -0. , 65.846025 ],
[ 1.920007042956, 1.920007042956, 67.203675 ],
[ 0. , 1.920007042956, 68.561325 ],
[ 0. , 0. , 69.918975 ],
[ 1.920007042956, -0. , 71.276625 ],
[ 1.920007042956, 1.920007042956, 72.634275 ],
[ 0. , 1.920007042956, 73.991925 ],
[ 0. , 0. , 75.349575 ␣

(continues on next page)
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→˓]]*Angstrom

# Set up configuration
central_region = BulkConfiguration(

bravais_lattice=central_region_lattice,
elements=central_region_elements,
cartesian_coordinates=central_region_coordinates
)

# Add external potential
external_potential = AtomicCompensationCharge([

('doping_0', 0.0200195107106),
('doping_1', -0.0200195107106)
])

central_region.setExternalPotential(external_potential)

device_configuration = DeviceConfiguration(
central_region,
[left_electrode, right_electrode],
equivalent_electrode_lengths=[10.8612, 10.861199999999997]*Angstrom,
)

# Add tags
device_configuration.addTags('doping_0', [ 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
→˓ 12,

13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
→˓ 25,

26, 27])
device_configuration.addTags('doping_1', [28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,
→˓ 40,

41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52,
→˓ 53,

54, 55])

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

BasisGGASG15.Silicon_Low,
]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = GGAHalf.PBE

#----------------------------------------
# Numerical Accuracy Settings

(continues on next page)
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#----------------------------------------
left_electrode_k_point_sampling = MonkhorstPackGrid(

na=4,
nb=4,
nc=87,
)

left_electrode_numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=left_electrode_k_point_sampling,
density_mesh_cutoff=45.0*Hartree,
)

right_electrode_k_point_sampling = MonkhorstPackGrid(
na=4,
nb=4,
nc=87,
)

right_electrode_numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=right_electrode_k_point_sampling,
density_mesh_cutoff=45.0*Hartree,
)

device_k_point_sampling = MonkhorstPackGrid(
na=4,
nb=4,
nc=87,
)

device_numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=device_k_point_sampling,
density_mesh_cutoff=45.0*Hartree,
)

#----------------------------------------
# Poisson Solver Settings
#----------------------------------------
left_electrode_poisson_solver = FastFourier2DSolver(

boundary_conditions=[[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()]]

)

right_electrode_poisson_solver = FastFourier2DSolver(
boundary_conditions=[[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],

[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()]]

)

#----------------------------------------
# Contour Integral Settings
#----------------------------------------
equilibrium_contour = SemiCircleContour(

integral_lower_bound=1.43322362959*Hartree,
)

(continues on next page)

4.13. Full QuantumATK package 1721



QuantumATK V-2023.12 Documentation

(continued from previous page)

contour_parameters = ContourParameters(
equilibrium_contour=equilibrium_contour,
)

#----------------------------------------
# Electrode Calculators
#----------------------------------------
left_electrode_calculator = LCAOCalculator(

basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=left_electrode_numerical_accuracy_parameters,
poisson_solver=left_electrode_poisson_solver,
)

right_electrode_calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=right_electrode_numerical_accuracy_parameters,
poisson_solver=right_electrode_poisson_solver,
)

#----------------------------------------
# Device Calculator
#----------------------------------------
calculator = DeviceLCAOCalculator(

basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=device_numerical_accuracy_parameters,
contour_parameters=contour_parameters,
electrode_calculators=

[left_electrode_calculator, right_electrode_calculator],
)

device_configuration.setCalculator(calculator)
nlprint(device_configuration)
device_configuration.update()
nlsave('silicon_pn_photocurrent.hdf5', device_configuration)

# -------------------------------------------------------------
# Photocurrent
# -------------------------------------------------------------
kpoints = MonkhorstPackGrid(

na=1,
nb=1,
)

photocurrent = Photocurrent(
configuration=device_configuration,
energies=numpy.linspace(-0.1, 4.1, 51)*eV,
photon_energies=numpy.linspace(1, 4, 5)*eV,
kpoints=kpoints,
photon_polarization=[0+0j, 0+0j, 1+0j],

(continues on next page)
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)
nlsave('silicon_pn_photocurrent.hdf5', photocurrent)

Notes

Notice that in the script above the Photocurrent is only calculated for a single k-point and a few photon energies in
order to have a simple example. For converged calculations one needs to increase the k-point sampling to something
like:

kpoints = MonkhorstPackGrid(
na=21,
nb=21,
)

It is important that the energies cover all possible transitions. Internally, the program will perform calculations at
energy points 𝐸 and 𝐸− ~𝜔, which means that the lower energy limit should be slightly below (due to thermal energy
smearing) the lowest electrode chemical potential (in the example above this is 0.0*eV). The highest energy should be
slightly larger than the highest photon energy, i.e., something like:

energies = numpy.linspace(- 0.1, max(photon_energies) + 0.1, number_of_points) * eV

The calculation time for a Photocurrent object depends on the number of k-points, energy points, and photon energy
points. For a single photon energy, the calculation will take around two to three times the time for a normal Trans-
missionSpectrum calculation with the same energies and k-point sampling. However, for many photon energies the
calculations are often rather time-consuming.

Theory

The photocurrent is calculated using first-order perturbation theory within the 1st Born approximation. The implemen-
tation follows the theory in Ref.1 and the implementation described in Refs.2 and3.

In brief, the electron-light interaction is added to the Hamiltonian as:

�̂� = �̂�0 +
𝑒

𝑚0
A · p̂,

where �̂�0 is the Hamiltonian without the electron-light interaction, 𝑒 is the electron charge,𝑚0 is the free electron mass,
𝑝 is the momentum operator, and A is the electromagnetic vector potential. Assuming a single-mode monochromatic
light source, we have:

𝐴 =

(︂
~√𝜇𝑟𝜖𝑟
2𝑁𝜔𝜖𝑐

𝐼𝜔

)︂1/2 (︁
a�̂�𝑒−𝑖𝜔𝑡 + a*�̂�†𝑒𝑖𝜔𝑡

)︁
,

where a is the (possibly complex) polarization vector, 𝜇𝑟 is the relative magnetic susceptibility and 𝜖𝑟 the relative
dielectric constant, 𝜖 is the dielectric constant, and 𝜔 and 𝑐 are the frequency and speed of light, respectively. �̂�† and

1 Lindor E. Henrickson. Nonequilibrium photocurrent modeling in resonant tunneling photodetectors. Journal of Applied Physics,
91(10):6273–6281, 2002. URL: http://aip.scitation.org/doi/abs/10.1063/1.1473677, doi:10.1063/1.1473677.

2 Jingzhe Chen, Yibin Hu, and Hong Guo. First-principles analysis of photocurrent in graphene PN junctions. Phys. Rev. B, 85:155441, 2012.
URL: https://link.aps.org/doi/10.1103/PhysRevB.85.155441, doi:10.1103/PhysRevB.85.155441.

3 Lei Zhang, Kui Gong, Jingzhe Chen, Lei Liu, Yu Zhu, Di Xiao, and Hong Guo. Generation and transport of valley-polarized current in
transition-metal dichalcogenides. Phys. Rev. B, 90:195428, 2014.
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�̂� are the photon creation and annihilation operators. 𝐼𝜔 is the photon flux, defined as the number of photons (𝑁 ) per
unit time per unit area:

𝐼𝜔 =
𝑁𝑐

𝑉
√
𝜇𝑢𝜖𝑟

.

The first-order coupling matrix now becomes:

𝑀𝑙𝑛 =
𝑒

𝑚0

(︂
~√𝜇𝑟𝜖𝑟
2𝑁𝜔𝜖𝑐

𝐼𝜔

)︂1/2

⟨𝑙|p̂ · a|𝑛⟩,

where |𝑛⟩ is an LCAO basis function.

The 1st Born electron-photon self-energies are:

Σ>
𝑝ℎ = [𝑁M†G>

0 (𝐸+)M + (𝑁 + 1)MG>
0 (𝐸−)M†]

Σ<
𝑝ℎ = [𝑁MG<

0 (𝐸−)M† + (𝑁 + 1)M†G>
0 (𝐸−)M],

where 𝐸± = 𝐸 ± ~𝜔. The Green’s function including electron-photon interactions to first order is then

G>/< = G𝑟
0(Σ

>/<
𝐿 + Σ

>/<
𝑅 + Σ

>/<
𝑝ℎ )G𝑎

0 .

In the above two equations G𝑟,>,<
0 denote the non-interacting Green’s functions, and Σ

>/<
𝐿,𝑅 are the lesser and greater

self-energies due to coupling to the electrodes. The current in electrode 𝛼 (left or right) with spin 𝜎 is calculated as:

𝐼𝛼,𝜎 =
𝑒

~

∫︁
𝑑𝐸

2𝜋

∑︁
𝑘

𝑇𝛼(𝐸, 𝑘, 𝜎),

where the effective transmission coefficients are given byPage 1723, 3:

𝑇𝛼(𝐸, 𝑘, 𝜎) = Tr
{︀
𝑖Γ𝛼(𝐸, 𝑘)[1 − 𝑓𝛼]𝐺< + 𝑓𝛼𝐺

>
}︀
𝜎𝜎
.

PiezoelectricTensor

class PiezoelectricTensor(configuration, kpoints_a=None, kpoints_b=None, kpoints_c=None,
optimize_geometry=None, optimize_geometry_parameters=None, strain=None,
symmetrize=None)

Class for calculating the piezoelectric tensor of a configuration.

Parameters

• configuration (BulkConfiguration) – The configuration with attached calculator
that supports berry-phase polarization calculations.

• kpoints_a (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The
k-point sampling to use for integrating along the first direction. Default: The Monkhorst-
Pack grid used for the self-consistent calculation.

• kpoints_b (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The k-
point sampling to use for integrating along the second direction. Default: The Monkhorst-
Pack grid used for the self-consistent calculation.
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• kpoints_c (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The
k-point sampling to use for integrating along the third direction. Default: The Monkhorst-
Pack grid used for the self-consistent calculation.

• optimize_geometry (bool) – Boolean to control if the internal coordinates should be
optimized during strain. Default: False.

• optimize_geometry_parameters (OptimizeGeometryParameters) –
The parameters for the geometry optimization. Note that the parame-
ter enable_optimization_stop_file is not used. Default: A default
OptimizeGeometryParameters object.

• strain (float) – The magnitude of the strain to be applied. Default: 0.01

• symmetrize (bool) – Whether to calculate the symmetrized piezoelectric tensor. The
symmetries used are those of the input configuration. Default: True

evaluate()

The piezoelectric tensor 𝑑𝑘𝑖𝑗 is returned as PhysicalQuantity array of shape (6, 3). Column k contains the
values (𝑑𝑘𝑥𝑥, 𝑑𝑘𝑦𝑦 , 𝑑𝑘𝑧𝑧 , 𝑑𝑘𝑦𝑧 , 𝑑𝑘𝑥𝑧 , 𝑑𝑘𝑥𝑦) where k is 0 for x, 1 for y, and 2 for z.

Returns
The piezoelectric tensor.

Return type
PhysicalQuantity of type charge per area

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

symmetrize()

Returns
Whether the tensor is symmetrized.

Return type
bool

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate the PiezoelectricTensor of GaAs in a simple cubic unit cell:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleCubic(5.6537*Angstrom)

# Define elements
elements = [Arsenic, Arsenic, Gallium, Gallium, Arsenic, Arsenic, Gallium,

Gallium]

# Define coordinates
fractional_coordinates = [[ 0.75, 0.25, 0.75],

[ 0.25, 0.75, 0.75],
[ 0.5 , 0. , 0.5 ],
[ 0. , 0.5 , 0.5 ],
[ 0.25, 0.25, 0.25],
[ 0.75, 0.75, 0.25],
[ 0. , 0. , 0. ],
[ 0.5 , 0.5 , 0. ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(5, 5, 5),
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()

# -------------------------------------------------------------
# Piezoelectric tensor
# -------------------------------------------------------------
piezoelectric_tensor = PiezoelectricTensor(

configuration=bulk_configuration,
kpoints_a=MonkhorstPackGrid(20,5,5),

(continues on next page)
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(continued from previous page)

kpoints_b=MonkhorstPackGrid(5,20,5),
kpoints_c=MonkhorstPackGrid(5,5,20),
)

nlprint(piezoelectric_tensor)

piezo_GaAs.py

The output from the calculation is:

+------------------------------------------------------------------------------+
| Piezoelectric Tensor Report |
+------------------------------------------------------------------------------+
| |
| Tensor in units of [C/m**2]: |
| |
| x y z |
| xx 7.22801e-20 -7.25228e-20 0.00000e+00 |
| yy 0.00000e+00 7.22801e-20 -7.22801e-20 |
| zz -7.22801e-20 -1.41172e-22 7.22801e-20 |
| yz -8.15246e-01 -8.82326e-24 8.82326e-24 |
| xz 1.10291e-23 -8.15246e-01 -1.21320e-23 |
| xy -8.82326e-24 8.82326e-24 -8.15246e-01 |
| |
+------------------------------------------------------------------------------+

Notes

Due to the symmetry of the zinc-blende structure, only the shear components are non-zero. As an example, an xy-shear
strain (bottom line) leads to a polarization in the z-direction (rightmost column), and likewise the yz- and xz-shear
strains are non-zero.

• The calculated quantity is the proper piezoelectric tensor, as defined in ref.1.

• In the example above, the piezoelectric tensor is calculated assuming homogeneous strains. This is sometimes
called the clamped-ion piezoelectric tensor. The experimental tensor will also have a contribution from internal
strains, i.e. a relative displacement of the Ga sublattice to the As sublattice. This contribution can be included
by setting the parameter optimize_geometry to True.

• The calculated value of −0.82𝐶/𝑚2 compares well with previous calculations Ref.2.

1 David Vanderbilt. Berry-phase theory of proper piezoelectric response. Journal of Physics and Chemistry of Solids, 61(2):147–151, 2000.
2 R. D. King-Smith and D. Vanderbilt. Theory of polarization of crystalline solids. Phys. Rev. B, 47:1651–1654, Jan 1993.

doi:10.1103/PhysRevB.47.1651.
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PlaneWaveCalculator

class PlaneWaveCalculator(wave_function_cutoff=None, basis_set=None, exchange_correlation=None,
numerical_accuracy_parameters=None, iteration_control_parameters=None,
poisson_solver=None, algorithm_parameters=None, charge=None,
fixed_spin_moment=None, correction_extension=None,
checkpoint_handler=None, store_wave_functions=None,
processes_per_kpoint=None, parallel_parameters=None)

Class for representing calculations using the ATK-PW plane wave method for BulkConfigurations.

Parameters

• wave_function_cutoff (PhysicalQuantity of type energy) – The energy cutoff of the
plane wave basis functions to include the basis set. This value determines the size of
the basis set. See Wave function cutoff . Default: 0.25 * density_cutoff from numeri-
cal_accuracy_parameters

• basis_set (BasisSet | PAWDataSet) – An object describing the basis set to use. Note
that this parameter is only used to determine the pseudopotentials to use. Default:
BasisGGAPseudoDojo.Medium

• exchange_correlation (ExchangeCorrelation) – The exchange correlation to use
for this calculation. Default: GGA.PBE

• numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the calculation. Default:

NumericalAccuracyParameters(
density_cutoff=1.0e-6,
density_mesh_cutoff=80.0*Hartree,
interaction_max_range=20.0*Angstrom,
k_point_sampling=MonkhorstPackGrid(1, 1, 1),
number_of_reciprocal_points=1024,
occupation_method=FermiDirac(1000.0*Kelvin),
radial_step_size=0.001*Bohr,
reciprocal_energy_cutoff=1250.0*Hartree
bands_per_electron=1.2)

• iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for the calculation. For non-self-consistent,
set this to NonSelfconsistent. Default:

IterationControlParameters(
tolerance=1.0e-5,
max_steps=100,
algorithm=PulayMixer(),
damping_factor=0.1,
number_of_history_steps=20,
start_mixing_after_step=0,
mixing_variable=HamiltonianVariable,
linear_dependence_threshold=0.0,
preconditioner=Preconditioner.Off)

• poisson_solver (FastFourierSolver) – The Poisson solver to calculate the electro-
static potential. Default: A default FastFourierSolver object
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• algorithm_parameters (AlgorithmParameters) – The AlgorithmParameters
used for calculating the density matrix. Default:

AlgorithmParameters(
density_matrix_method=GeneralizedDavidsonSolver(),
store_grids=True,
store_basis_on_grid=Automatic,
store_energy_density_matrix=Automatic,
scf_restart_step_length=0.1*Angstrom
use_symmetries=Automatic)

• charge (float) – The charge of the system, a charge of -1 corresponds to one extra
electron. Default: 0.0

• fixed_spin_moment (float | False) – Total spin moment (per unit cell) to use, defined as
∆𝑁 = 𝑁↑−𝑁↓, where𝑁↑ and𝑁↓ are the number of electrons in the Up and Down spin
channels, respectively. When specified the spin moment will be fixed at the given value
by introducing separate Fermi levels for the Up and Down spin channels. Can only be
specified when doing a calculation with polarized spin. If set to False the spin moment
will not be fixed - a single Fermi level is used. Default: False

• correction_extension (GrimmeDFTD2 | GrimmeDFTD3) – The correction extension to
used, when calculating energy, forces and stress. Default: None.

• checkpoint_handler (CheckpointHandler) – The checkpoint handler used for spec-
ifying the save-file and the time interval. Default: No checkpoint handling.

• store_wave_functions (bool) – Flag that decides whether or not the wave functions
should be saved along with the potential.

Default: True For Hybrid calculations
False All other cases.

• processes_per_kpoint (Automatic | int) – The number of processes to use per kpoint.
When set to Automatic the number will be determined automatically from the total num-
ber of k-points and processes such as to keep the number as small as possible and at the
same time minimize the number of idle processes. One may set this number manually in
order to reduce the memory requirements for each process. Default: Automatic

• parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options. Default:

ParallelParameters(
processes_per_neb_image=None,
processes_per_individual=None,
processes_per_bias_point=None,
processes_per_saddle_search=1)

algorithmParameters()

Query method for the algorithm parameters.

Returns
The algorithm parameters object.

Return type
AlgorithmParameters

basisSet()

Get the basis set.
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Returns
The basis set set on the calculator.

Return type
BasisSet

charge()

Get the charge of the system.

Returns
The charge in units of the electron charge.

Return type
float

checkpointHandler()

Return the checkpoint handler.

correctionExtension()

Returns
The correction extension or None if not set.

Return type
GrimmeDFTD2 | GrimmeDFTD3 | None

exchangeCorrelation()

Get the exchange-correlation.

Returns
The exchange correlation set on the calculator.

Return type
ExchangeCorrelation

fixedSpinMoment()

Get the fixed spin moment.

Returns
The fixed spin moment or False if the spin moment is not held fixed.

Return type
float | False

isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool

iterationControlParameters()

Query method for the IterationControlParameters.

Returns
The iteration control parameters set on the calculator.

Return type
IterationControlParameters
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metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

numericalAccuracyParameters()

Query method for the NumericalAccuracyParameters.

Returns
The numerical accuracy parameters set on the calculator.

Return type
NumericalAccuracyParameters

parallelParameters()

Returns
The parallel parameters object.

Return type
ParallelParameters

poissonSolver()

Returns
The Poisson solver set on the calculator.

Return type
DirectSolver | MultigridSolver | FastFourierSolver | FastFourier2DSolver

processesPerKpoint()

Returns
The number of processes to use per kpoint.

Return type
int

setBasisSet(basis_set)
Set the basis set.

Parameters
basis_set (BasisSet) – The basis set to check and set.

setCheckpointHandler(checkpoint_handler)
Set the checkpoint handler. :param checkpoint_handler: The CheckpointHandler to set on the calculator.
:type checkpoint_handler: CheckpointHandler

setCorrectionExtension(correction_extension)
Set the iteration correction extension.

Parameters
correction_extension (GrimmeDFTD2 | GrimmeDFTD3 | None) – The correction exten-
sion to use.

setExchangeCorrelation(exchange_correlation)
Set the exchange-correlation.

Parameters
exchange_correlation (ExchangeCorrelation) – The exchange correlation to set.
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setIterationControlParameters(iteration_control_parameters)
Set the iteration control parameters.

Parameters
iteration_control_parameters (IterationControlParameters) – The iteration
control parameters to set.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setNumericalAccuracyParameters(numerical_accuracy_parameters)
Set the numerical accuracy parameters.

Parameters
numerical_accuracy_parameters (NumericalAccuracyParameters) – The numer-
ical accuracy parameters to set.

setParallelParameters(parallel_parameters)
Method for setting the parallel parameters.

Parameters
parallel_parameters (ParallelParameters | None) – The parallel parameters to set.
If None a default version of the parameters is used.

setPoissonSolver(poisson_solver)
Set the Poisson solver.

Parameters
poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver to set on the calculator.

storeWaveFunctions()

Returns
The flag that decides whether or not the wave functions should be stored on disk.

Return type
bool

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Private method for updating the calculator from the configuration, if it is possible. @private

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str

waveFunctionCutoff()

Get the plane wave cutoff energy.
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Returns
The plane wave cutoff energy.

Return type
PhysicalQuantity of type energy

Notes

Wave function cutoff

A calculation with the PlaneWaveCalculator allows to represent the Bloch states in a systematically improvable
discrete Fourier expansion:

𝜓k,𝑛(r) =

|k+G|<𝑄max∑︁
G

𝐶k+G,𝑛 𝑒
𝑖(k+G)·r,

where G is a reciprocal lattice vector. The number of plane waves to include in the expansion is determined by the
reciprocal lattice vector cutoff length 𝑄max = 1

2𝐸cut where 𝐸cut is the kinetic energy cutoff of the wave functions set
by the keyword argument wave_function_cutoff. By increasing the wave function cutoff one increases the number
of plane wave basis functions used in the calculation. This leads to a better approximation of the exact wave function,
but at an increased computational cost.

Density mesh cutoff

Since the density is defined as the square of the wave function amplitudes:

𝜌(r) =
∑︁
k,𝑛

𝑓(𝜖k,𝑛)|𝜓k,𝑛(r)|2

we, in principle, need twice the wave function resolution for the density. By default, we set the density_mesh_cutoff
on NumericalAccuracyParameters to 4 times the wave_function_cutoff. In some cases this may be unneces-
sary, and can be overwritten by the user by specifying it explicitly.

Bands per electron

Since the plane wave basis is typically very large, a direct diagonalization of the Hamiltonian will be very inefficient
and very time consuming. Instead iterative eigensolvers (GeneralizedDavidsonSolver and PPCGSolver) are used
to solve for the lowest eigenstates that are needed to describe the ground state. The number of bands to solve for is
set by the bands_per_electron keyword in NumericalAccuracyParameters. One has to be sure to solve for all
bands that are fully or partly occupied through the SCF cycle, but keeping the number as low as possible ensures the
fastest calculation.

By default bands_per_electron is set to 1.2 which corresponds to adding upwards of 20% more bands than there
are bands below the Fermi level (for a non-metal). This is a safe setting for semi-conductors. For metals one might
need to increase the number of bands, especially when using a large smearing. For insulators fewer bands will likely
suffice. For closed shell systems, one can set it to 1.0.
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Initialization methods

The iterative eigensolvers generally need a starting guess for the wave functions and the density used in constructing
the initial Hamiltonian. The initialization method is set on the eigensolver supplied to the AlgorithmParameters and
can be one of the following two:

• BasisSetInitialization uses the localized atomic orbitals from the BasisSet specified as input parameter
to generate an initial guess for the wave functions.

• RandomBlochWaveInitialization uses random orthogonal wave functions as initial guess.

Usage Examples

Si FCC calculation with default parameters

The following script is an example of how to set up a PlaneWaveCalculator for a Si FCC system with all defaults.

# Set up a Bravais lattice.
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements.
elements = [Silicon, Silicon]

# Define coordinates.
fractional_coordinates = [[0.0, 0.0, 0.0],

[0.25, 0.25, 0.25]]

# Set up configuration.
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates)

# Set up calculator.
calculator = PlaneWaveCalculator()
bulk_configuration.setCalculator(calculator)

# Run the scf loop.
bulk_configuration.update()

Accurate Si FCC calculation

If we want to perform a more accurate calculation, with a custom density_mesh_cutoff, an example script could
be:

# Define a non-default cutoff.
wave_function_cutoff = 80 * Hartree

# Make some custom numerical accuracy parameters.
numerical_accuracy_parameters = NumericalAccuracyParameters(

# Large k-point sampling.
(continues on next page)
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k_point_sampling=MonkhorstPackGrid(11, 11, 11),
# Take the density mesh cutoff as 2.5 times the wave function cutoff instead of 4.
density_mesh_cutoff=2.5 * wave_function_cutoff)

# Converge to a higher than default tolerance.
iteration_control_parameters = IterationControlParameters(tolerance=1.0e-7)

# Set up calculator.
calculator = PlaneWaveCalculator(

# Take a higher number of bands (default for Si-fcc is 4).
bands_above_fermi_level=10,
wave_function_cutoff=wave_function_cutoff,
numerical_accuracy_parameters=numerical_accuracy_parameters,
iteration_control_parameters=iteration_control_parameters)

PlumedMetadynamics

class PlumedMetadynamics(configuration, timestep, plumed_commands, logfile=None,
temporary_plumed_file=None, charges=None)

Constructor for the PlumedMetadynamics hook class.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion on which the metadynamics MD simulation should be run.

• timestep (PhysicalQuantity of type time) – The timestep used in the MD simulation.

• plumed_commands (str) – A string containing the native PLUMED commands, that
should be executed by PLUMED during the simulation.

• logfile (str) – The name of the file, plumed writes its log information to. Default:
‘plumed.log’

• temporary_plumed_file – The name of the temporary file, that is used to write the
plumed commands to. Default: ‘plumed_tmp.dat’

• charges (PhysicalQuantity of type charge) – The partial charges on the atoms. Default:
0.0*elementary_charge.

Usage Example

This example script runs a metadynamics simulation of a germanium interstitial in a silicon crystal. The bias potential
acts on the cartesian X-coordinate of the germanium atom, gradually pushing it out of its original interstitial site and
facilitating its diffusion in X-direction.

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------

initial_velocity = MaxwellBoltzmannDistribution(
(continues on next page)
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temperature=300.0*Kelvin,
remove_center_of_mass_momentum=True

)

method = Langevin(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
friction=0.01*femtoSecond**-1,
initial_velocity=initial_velocity,
heating_rate=0*Kelvin/picoSecond,

)

# The bottom layer of atoms will be fixed to provide an absolute reference frame.
fix_atom_indices_0 = [0, 1, 4, 5, 32, 33, 36, 37]
constraints = [FixAtomConstraints(fix_atom_indices_0)]

# Set up the PLUMED command
plumed_command = """\
# Change the units to Ang, fs, eV
UNITS LENGTH=A TIME=fs ENERGY=96.48533645956869
# Use the cartesian position of the Ge interstitial atom as CV.
p: POSITION ATOM=65
# Put a metadynamics bias on the x component of the position CV p.
METAD ARG=p.x SIGMA=0.2 HEIGHT=0.05 PACE=50 LABEL=restraint
# Print the current position and bias potential value every 10 steps.
PRINT ARG=p.x,p.y,p.z,restraint.bias STRIDE=10 FILE=COLVAR
"""

# Set up the Plumed hook-class.
plumed_hook = PlumedMetadynamics(

configuration=bulk_configuration,
timestep=1.0*fs,
plumed_commands=plumed_command,
logfile='plumed_example.log',

)

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='si_ge_metadynamics_md.hdf5',
steps=30000,
log_interval=200,
post_step_hook=plumed_hook,
method=method

)

bulk_configuration = md_trajectory.lastImage()

Here, only the Molecular Dynamics block of the script is shown. The full script can be found found in the file
script_si_ge_metadynamics.py
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Notes

• This is a hook class around the PLUMED code to run Metadynamics simulations1. As it modifies the forces and
stress, it must be invoked as a post_step_hook in a MolecularDynamics simulation (more information about
hook functions can be found in the MolecularDynamics manual).

• Metadynamics is a powerful technique for enhancing sampling in molecular dynamics simulations and recon-
structing the free-energy surface as a function of few selected degrees of freedom, often referred to as collective
variables (CVs)2.

• Metadynamics adds an adaptive, history-dependent bias potential, which gradually fills up free energy minima
until the system can effortlessly escape these minima and continue exploring the remaining phase space. Once
converged, the negative bias potential can be used as an estimate of the free energy profile along the chosen CVs.

• To run a Metadynamics simulation you need to specify the native PLUMED command as a string in the python
script, which is then passed to the PlumedMetadynamics hook object. See the PLUMED manual for a list of all
avaliable CVs and commands.

• Note that PLUMED internally uses the units nm, ps, kJ/mol, meaning that all parameters in the plumed command
need to be given in those units. By adding the line.

UNITS LENGTH=A TIME=fs ENERGY=96.48533645956869

to the plumed commands, you can switch to units Å, fs, and eV, which may be convenient for QuantumATK.

• Moreover, note that the atom indices in PLUMED start at 1, whereas in QuantumATK they start at 0.

• The bias potential is stored in a file (default filename HILLS). The free energy profile can be extracted and
plotted from that file by invoking the script analyze_hills.py. The script may need to be adapted for the
specific application at hand.

• It is also possible to run an equilibrium simulation without metadynamics bias and just monitor the values of the
selected CVs. This can be achieved by invoking the PRINT command.

• You should cite Ref.Page 1737, 1 in all publications using PLUMED.

PointDefectLuminescence

class PointDefectLuminescence(charged_point_defect, initial_charge_state, final_charge_state,
supercell_repetitions, fractional_displacements=None, filename=None,
object_id=None, number_of_processes_per_task=None,
log_filename_prefix=None, save_displaced_configurations=None)

Perform a study of luminescence spectrum line shapes due to recombination of free carriers with a defect state.

Parameters

• charged_point_defect (ChargedPointDefect) – The charged point defect study for
which to extract the initial and final charge state from.

• initial_charge_state (int) – The initial charge state of the defect, as a discrete mul-
tiple of elementary charge. A charge of -1 corresponds to one extra electron.

1 Gareth A. Tribello, Massimiliano Bonomi, Davide Branduardi, Carlo Camilloni, and Giovanni Bussi. Plumed 2: new feathers for an old bird.
Comput. Phys. Comm., 185(2):604 – 613, 2014. doi:10.1016/j.cpc.2013.09.018.

2 Alessandro Barducci, Massimiliano Bonomi, and Michele Parrinello. Metadynamics. WIREs: Comput. Mol. Sci., 1(5):826–843, 2011.
doi:10.1002/wcms.31.
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• final_charge_state (int) – The final charge state of the defect, as a discrete multiple
of elementary charge. A charge of -1 corresponds to one extra electron.

• supercell_repetitions (sequence (size 3) of int) – The supercell of the
(charge point defect study) bulk unit cell given as the number of repetitions of the bulk
unit cell along the (a, b, c) directions.

• fractional_displacements (sequence of float) – The fractional displacements
from the center displacement configuration in terms of the generalized configuration co-
ordinate delta. Both the initial and final charge state configuration will be the center dis-
placement configuration. Default: [-0.02, -0.01, 0.0, 0.01, 0.02]

• filename (str) – The full or relative filename path the Study object should be saved to.
See nlsave(). Default: The file name of the input charge point defect study.

• object_id (str) – The name of the study that the study object should be
saved to within the file. This needs to be a unique name in this file.
Default: 'point_defect_luminescence_' + initial_charge_state + '_' +
final_charge_state

• number_of_processes_per_task (int | None | ProcessesPerNode) – The number of
processes that will be used to execute each task. If the total number of processes does not
divide evenly into the tasks, some tasks may have less than this number of processes. If
None, all available processes execute each task collaboratively. Default: None

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output of
SRH recombination study. If LogToStdOut, all logging will instead be sent to standard
output. Default: 'point_defect_luminescence_'

• save_displaced_configurations (bool) – Whether the displaced updated configu-
ration used to determine the total energies should be saved to disk. If True, they can be
inspected or reused, possibly saving computational time if running again the study, or if
shared with other studies. However the file where the study is saved will be significantly
larger. Default: False

calculateEffectiveVibrationFrequency(charge_state_id)
Calculate the effective vibration frequency of the charge state.

Parameters
charge_state_id (InitialChargeState | FinalChargeState) – The charge state for
which the effective vibration frequency is calculated.

Returns
The frequency of the effective phonon mode associated with the given charge state, eval-
uate by quadratic fit of the total energy as a function of the displacement in generalized
configuration coordinates.

Type
PhysicalQuantity of type frequency.

calculateLuminescenceLineshape(energies=None, temperature=None, gaussian_broadening=None)
Calculate the normalized luminescence lineshape.

Parameters

• energies (PhysicalQuantity of type energy) – The energies at which the lumines-
cence lineshape is evaluated. Default: An energy range 2eV below the zero phonon
line energy, up to the zero phonon line energy

• temperature (PhysicalQuantity of type temperature) – The temperature at which the
luminescence lineshape is evaluated. Default: 300 * Kelvin

1738 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

• gaussian_broadening (PhysicalQuantity of type energy) – The standard deviation
of the gaussian broadening used instead of a delta function in the phonon selection
rules. Default: 0.8 times the final state oscillator energy.

static calculateLuminescenceLineshapeFromParameters(zero_phonon_line_energy, general-
ized_configuration_coordinate_delta,
ini-
tial_state_effective_vibration_frequency,
final_state_effective_vibration_frequency,
energies=None, temperature=None,
gaussian_broadening=None)

Calculate the normalized luminescence lineshape.

Parameters

• zero_phonon_line_energy (PhysicalQuantity of type energy.) – The zero phonon
line energy, i.e. the energy of the transition with zero initial and final vibrational
quantum number.

• generalized_configuration_coordinate_delta (PhysicalQuantity of type
sqrt(mass) * length) – The displacement between the initial and final state in gen-
eralized configuration coordinates.

• initial_state_effective_vibration_frequency (PhysicalQuantity of type
frequency) – The effective frequency of the harmonic oscillator associated with the
initial state.

• final_state_effective_vibration_frequency (PhysicalQuantity of type fre-
quency) – The effective frequency of the harmonic oscillator associated with the final
state.

• energies (PhysicalQuantity of type energy) – The energies at which the lumines-
cence lineshape is evaluated. Default: An energy range 2 eV below the zero phonon
line energy and 1 eV above.

• temperature (PhysicalQuantity of type temperature) – The temperature at which the
luminescence lineshape is evaluated. Default: 300 * Kelvin

• gaussian_broadening (PhysicalQuantity of type energy) – The standard deviation
of the gaussian broadening used instead of a delta function in the phonon selection
rules. Default: 0.8 times the final state oscillator energy.

calculateZeroPhononLineEnergy()

Calculate the zero phonon line energy.

Returns
The zero phonon line energy.

Type
PhysicalQuantity of type energy.

chargedPointDefect()

Returns
The charged point defect study from which the initial and final charge state is extracted
from.

Return type
ChargedPointDefect
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configurationCoordinateDelta()

Returns
The calculated change in the configuration coordinate. If not available, returns None.

Return type
PhysicalQuantity of type length | None

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

displacedConfigurationGeneralizedConfigurationCoordinate(charge_state_id,
fractional_displacement)

Retrieve the generalized configuration coordinate for the displaced configuration.

Parameters

• charge_state_id (InitialChargeState | FinalChargeState) – The charge
state of the center displacement configuration from which the displaced configura-
tion is displaced from. Either the charge state of the initial configuration or the final
configuration.

• fractional_displacement (float) – The fragment displacement from the center
displacement configuration. Must be among the fractional displacements.

Returns
The generalized configuration coordinate for the displaced configuration. If not available,
returns None.

Return type
PhysicalQuantity of type length square root mass | None

displacedConfigurationTotalEnergy(charge_state_id, fractional_displacement)
Retrieve the total energy for the displaced configuration.

Parameters

• charge_state_id (InitialChargeState | FinalChargeState) – The charge
state of the center displacement configuration from which the displaced configura-
tion is displaced from. Either the charge state of the initial configuration or the final
configuration.

• fractional_displacement (float) – The fragment displacement from the center
displacement configuration. Must be among the fractional displacements.

Returns
The calculated total energy analysis object for the displaced configuration. If not available,
returns None.

Return type
TotalEnergy | None

filename()

Returns
The filename where the study object is stored.
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Return type
str

finalChargeState()

Returns
The final charge state of the defect, as a discrete multiple of elementary charge. A charge
of -1 corresponds to one extra electron.

Return type
int

fractionalDisplacements()

Returns
The fractional displacements from the center displacement configuration in terms of the
generalized configuration coordinate delta.

Return type
sequence of float

generalizedConfigurationCoordinateDelta()

Returns
The calculated change in the generalized configuration coordinate. If not available, returns
None.

Return type
PhysicalQuantity of type length square root mass | None

huangRhysFactor(charge_state_id)
Evaluate the dimensionless Huang-Rhys factor for the effective vibrational mode associated with a given
charge state:

𝑆𝑖,𝑓 =
1

2~
(∆𝑄)2Ω𝑖,𝑓

Parameters
charge_state_id (InitialChargeState | FinalChargeState) – The charge state for
which the Huang-Rhys factor is calculated.

Returns
The calculated Huang-Rhys factor. If not available yet, returns None.

Return type
float | None

initialChargeState()

Returns
The initial charge state of the defect, as a discrete multiple of elementary charge. A charge
of -1 corresponds to one extra electron.

Return type
int

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut
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nlinfo()

Returns
Structured information about the Study.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

saveDisplacedConfigurations()

Returns
Whether the displaced configurations should be saved.

Return type
bool

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

supercellRepetitions()

Returns
The supercell of the (charge point defect study) bulk unit cell given as the number of rep-
etitions of the bulk unit cell along the (a, b, c) directions.
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Return type
sequence (size 3) of int

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.

updatedDisplacedConfiguration(charge_state_id, fractional_displacement)
Retrieve the updated displaced configuration, if available.

Parameters

• charge_state_id (InitialChargeState | FinalChargeState) – The charge
state of the center displacement configuration from which the displaced configura-
tion is displaced from. Either the charge state of the initial configuration or the final
configuration.

• fractional_displacement (float) – The fragment displacement from the center
displacement configuration. Must be among the fractional displacements.

Returns
The updated displaced configuration. If not available, returns None.

Return type
BulkConfiguration | None

Polarization

class Polarization(configuration, kpoints_a=None, kpoints_b=None, kpoints_c=None,
cartesian_directions=None)

Class for calculating the polarization of a configuration.

Parameters

• configuration (BulkConfiguration) – The configuration with attached calculator
that supports Berry-phase polarization calculations.

• kpoints_a (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The
k-point sampling to use for integrating along the first direction. Default: The Monkhorst-
Pack grid used for the self-consistent calculation.

• kpoints_b (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The k-
point sampling to use for integrating along the second direction. Default: The Monkhorst-
Pack grid used for the self-consistent calculation.

• kpoints_c (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The
k-point sampling to use for integrating along the third direction. Default: The Monkhorst-
Pack grid used for the self-consistent calculation.

• cartesian_directions (list of CartesianDirection.{X,Y,Z}) – Specify whether
the polarization should only be evaluated along specific Cartesian directions.
Only supported for orthorhombic lattices. Default: [CartesianDirection.X,
CartesianDirection.Y, CartesianDirection.Z]
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cartesianDirections()

Returns
The Cartesian components for which the tensor is evaluated.

Return type
list of CartesianDirection.{X,Y,Z}

cartesianQuantum()

Returns the cartesian polarization quantum, which for direction 𝑖 is 𝑃𝑖 = |𝑒|𝑅𝑖

Ω , where |𝑒| is the electronic
charge, 𝑅𝑖 is the 𝑖′ th lattice vector, and Ω is the unit cell volume.

Returns
The cartesian polarization quantum.

Return type
PhysicalQuantity of type charge per area

electronicFractionalPolarization()

Returns
The electronic fractional polarization as a length 3 array corresponding to the x, y, and z
direction. Note, that all values are wrapped to the interval [-0.5, 0.5]

Return type
numpy.array

ionicFractionalPolarization()

Returns the purely ionic fractional polarization𝑃𝑖 =
∑︀
𝑗 𝑍

𝑖𝑜𝑛
𝑗 𝜏𝑗 , where𝑍𝑖𝑜𝑛𝑗 and 𝜏𝑗 are the valence charge

and fractional coordinate of atom 𝑗 .

Returns
The ionic fractional polarization as a length 3 array corresponding to the x, y, and z direc-
tion. Note, that all values are wrapped to the interval [-0.5, 0.5]

Return type
numpy.array

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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totalCartesianPolarization()

Returns
The total cartesian polarization.

Return type
PhysicalQuantity of type charge per area

totalFractionalPolarization()

Returns the sum of the electronic and ionic parts polarization.

Returns
The total fractional polarization as a length 3 array corresponding to the x, y, and z direc-
tion. Note, that all values are wrapped to the interval [-0.5, 0.5]

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the polarization of tetragonal BaTiO3 using the experimental structure and lattice constants:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleTetragonal(3.9945*Angstrom, 4.0335*Angstrom)

# Define elements
elements = [Barium, Titanium, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.5 , 0.5 , 0.51427 ],
[ 0.5 , 0.5 , 0.974477],
[ 0.5 , 0. , 0.487618],
[ 0. , 0.5 , 0.487618]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------

(continues on next page)
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basis_set = [
GGABasis.Oxygen_DoubleZetaPolarized,
GGABasis.Titanium_DoubleZetaPolarized,
GGABasis.Barium_DoubleZetaPolarized,
]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = GGA.PBE

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=(5, 5, 5),
)

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()

# -------------------------------------------------------------
# Polarization
# -------------------------------------------------------------
polarization = Polarization(

configuration=bulk_configuration,
kpoints_a=MonkhorstPackGrid(11,5,5),
kpoints_b=MonkhorstPackGrid(5,11,5),
kpoints_c=MonkhorstPackGrid(5,5,11),
)

nlprint(polarization)

polarization.py

The output from the calculation is:

+------------------------------------------------------------------------------+
| Polarization |
+------------------------------------------------------------------------------+
| Electronic fractional polarization. |
| Values wrapped to the interval [-0.5,0.5] |
| [ -9.11083600e-12 ] |
| Pe= [ 2.57089606e-11 ] |
| [ -4.64533955e-01 ] |
+------------------------------------------------------------------------------+
| Ionic fractional polarization. |
| Values wrapped to the interval [-0.5,0.5] |
| [ 0.00000000e+00 ] |

(continues on next page)
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| Pi= [ 0.00000000e+00 ] |
| [ -2.44642000e-01 ] |
+------------------------------------------------------------------------------+
| Total fractional polarization. Pt = Pe + Pi. |
| Values wrapped to the interval [-0.5,0.5] |
| [ -9.11083600e-12 ] |
| Pt= [ 2.57089606e-11 ] |
| [ 2.90824045e-01 ] |
+------------------------------------------------------------------------------+
| Total cartesian polarization. |
| [ -9.05991488e-12 ] |
| Pt= [ 2.55652714e-11 ] C/Meter**2 |
| [ 2.92022177e-01 ] |
+------------------------------------------------------------------------------+
| Polarization quantum. |
| [ 9.94410928e-01 ] |
| Pq= [ 9.94410928e-01 ] C/Meter**2 |
| [ 1.00411978e+00 ] |
+------------------------------------------------------------------------------+

Notes

• Note that the implementation does not work for metallic systems. Usage in 2D systems should be done with
thorough testing of the used settings and results.

• The output contains five calculated quantities. First, the electronic fractional polarization, Pe, is calculated from
the Berry phase obtained from the occupied bands, as described in Ref.1. The three values correspond to the x,y,
and z direction.

• The second quantity, Pi, is the purely ionic fractional polarization 𝑃𝑖 =
∑︀
𝑗 𝑍

𝑖𝑜𝑛
𝑗 𝜏𝑗 , where 𝑍𝑖𝑜𝑛𝑗 and 𝜏𝑗 are the

valence charge and fractional coordinate of atom 𝑗 .

• The third quantity, Pt, is the total fractional polarization which is the sum of the electronic and ionic parts.
Note, that all fractional polarizations are wrapped to the interval [-0.5,0.5] which explains the sign change of the
polarization in the z- direction. The sum Pe(z) + Pi(z) = -0.709 is outside the range [-0.5,0.5] and is thus wrapped
to the interval [-0.5,0.5] by adding a fractional quantization quantum (equal to 1), i.e. Pt(z) = -0.709 + 1 = 0.291.

• It is an important finding of the so-called modern theory of polarization, that the polarization is a multivalued
quantity or a lattice, c.f. Ref.Page 1747, 1. This is why the values are wrapped to the interval [-0.5,0.5].

• The fourth quantity is the total cartesian polarization given in units of 𝐶/𝑚2.

• The fifth quantity is the cartesian polarization quantum, which for direction 𝑖 is 𝑃𝑖 = |𝑒|𝑅𝑖

Ω , where |𝑒| is the
electronic charge, 𝑅𝑖 is the 𝑖′ th lattice vector, and Ω is the unit cell volume.

1 R. D. King-Smith and D. Vanderbilt. Theory of polarization of crystalline solids. Phys. Rev. B, 47:1651–1654, Jan 1993.
doi:10.1103/PhysRevB.47.1651.
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PolarizationOrbital

class PolarizationOrbital(base_orbital)
Class for representing the polarization of a confined orbital.

Parameters
base_orbital (ConfinedOrbital) – The confined orbital from which the polarization or-
bital should be determined.

angularMomentum()

Returns
The angular momentum.

Return type
int

baseOrbital()

Returns
The confined orbital used for generating the polarization orbital.

Return type
ConfinedOrbital

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define a BasisSet for hydrogen:

hydrogen_1s = ConfinedOrbital(
principal_quantum_number=1,
angular_momentum=0,
radial_cutoff_radius=5.28603678847*Bohr,
confinement_start_radius=0.8 * 5.28603678847*Bohr,
additional_charge=0.0,
confinement_strength=20.000*Hartree*Bohr,
radial_step_size=0.001*Bohr,
)

hydrogen_1s_polarization = PolarizationOrbital(hydrogen_1s)

my_hydrogen_basis = BasisSet(
element=Hydrogen,
orbitals=[hydrogen_1s, hydrogen_1s_polarization],
occupations=[1.0 ,0.0],
pseudopotential=NormConservingPseudoPotential('normconserving/H.LDAPZ.zip'),
)
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Notes

The polarization orbital is generated by perturbing the base_orbital (𝜑base
𝑙 ) by an electric field 𝐸 pointing in the

z-direction:

[�̂�0 + 𝐸𝑧](𝜑base
𝑙 + 𝛿𝜑) = 𝜀𝑙(𝜑

base
𝑙 + 𝛿𝜑).

The perturbed orbital, 𝛿𝜑, is calculated by first order perturbation theory and has angular momentum 𝑙 + 1. The
polarization orbital is constructed from 𝛿𝜑.

Further information about the basis functions can be found in LCAO basis set.

PolarizationParameters

class PolarizationParameters(kpoints_a=None, kpoints_b=None, kpoints_c=None,
cartesian_directions=None)

Class for parameters used to evaluate Polarization analysis.

Parameters

• kpoints_a (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) –
The k-point sampling to use for integrating along the first direction. Default:
MonkhorstPackGrid(n_aa, n_ab, n_ac), where n_aa, n_ab, and n_ac are deter-
mined from the sampling (na, nb, nc) used for the self consistent calculation as fol-
lows: n_aa = 2 * na + 1, n_ab = nb, n_ac = nc.

• kpoints_b (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) –
The k-point sampling to use for integrating along the second direction. Default:
MonkhorstPackGrid(n_ba, n_bb, n_bc), where n_ba, n_bb, and n_bc are deter-
mined from the sampling (na, nb, nc) used for the self consistent calculation as fol-
lows: n_ba = na, n_bb = 2 * nb + 1, n_bc = nc.

• kpoints_c (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) –
The k-point sampling to use for integrating along the third direction. Default:
MonkhorstPackGrid(n_ca, n_cb, n_cc), where n_ca, n_cb, and n_cc are deter-
mined from the sampling (na, nb, nc) used for the self consistent calculation as fol-
lows: n_ca = na, n_cb = nb, n_cc = 2 * nc + 1.

• cartesian_directions (list of CartesianDirection.{X,Y,Z}) – Specify whether
the polarization should only be evaluated along specific Cartesian directions.
Only supported for orthorhombic lattices. Default: [CartesianDirection.X,
CartesianDirection.Y, CartesianDirection.Z]

asDict()

Returns
The input parameters as keyword, value dictionary.

Return type
dict

cartesianDirections()

Returns
The Cartesian components for which the tensor is evaluated.
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Return type
list of CartesianDirection.{X,Y,Z}

kpointsA()

Returns
The k-point sampling used for integrating along the first direction.

Return type
MonkhorstPackGrid

kpointsB()

Returns
The k-point sampling used for integrating along the second direction.

Return type
MonkhorstPackGrid

kpointsC()

Returns
The k-point sampling used for integrating along the third direction.

Return type
MonkhorstPackGrid

uniqueString()

Return a unique string representing the state of the object.

PolymerEquilibration

class PolymerEquilibration(configuration, filename, object_id, log_filename_prefix='polymer_equilibration_',
max_temperature=None, final_temperature=None, max_pressure=None,
final_pressure=None, isotropic_pressure=None, time_scale_factor=None,
log_interval=None, trajectory_interval=None)

Create a polymer simulation study object that executes a 21 step equilibration protocol. This is useful for equili-
brating polymer configurations created by the MonteCarloPolymerBuilder to the correct density and temperature
for the potential model.

Parameters

• configuration (BulkConfiguration) – The configuration to be equilibrated.

• filename (str) – The full or relative path to save the restart information to.

• object_id (str) – The object id to use when saving the restart information.

• log_filename_prefix (str) – The prefix used in generated log files. Default:
polymer_equilibration_.

• max_temperature (PhysicalQuantity of type temperature) – The maximum temperature
used in the equilibration. Default: 1000 Kelvin.

• final_temperature (PhysicalQuantity of type temperature) – The final temperature the
configuration is to be equilibrated to. Default: 300 Kelvin.

• max_pressure (PhysicalQuantity of type pressure) – The maximum pressure used in the
equilibration. Default: 50000 bar.
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• final_pressure (PhysicalQuantity of type pressure) – The final pressure the configu-
ration is to be equilibrated to. Default: 1 bar.

• isotropic_pressure (bool) – If True, couples the cell vectors with each other and
w.r.t. pressure. Isotropic pressure couples the 3 unit cell vectors together, maintaining
the cell shape. Turning this off couples the vectors independently, allowing cell shape
changes. It is recommended to turn off this option for non-isotropic materials or materials
that contain periodic surfaces.

• time_scale_factor (float) – Factor to scale the total number of MD steps. A scale
factor of one corresponds to 1.56 ns of simulation time. Default: 1.0.

• log_interval (int) – The frequency with which entries are written to the log files.
Default: 100.

• trajectory_interval (int) – The frequency with which configurations are saved in
the trajectory. Default: 1000.

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

equilibratedConfiguration()

Return the final equilibrated structure from the equilibration simulation.

Returns
The final equilibrated configuration.

Return type
BulkConfiguration

filename()

Returns
The filename where the study object is stored.

Return type
str

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

4.13. Full QuantumATK package 1751



QuantumATK V-2023.12 Documentation

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

trajectory(step_number)

Returns
The trajectory segment corresponding to the given step number. If that task has not finished
running, then None is returned.

Return type
MDTrajectory | None

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.

writeFullTrajectory(path, object_id=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>)

Parameters

• path (str) – The path to save the full MD trajectory to.

• object_id (str) – The object id of the trajectory in the HDF5 file. Default: Auto-
matically chosen name

Returns
The full trajectory combining all equilibration steps.

Return type
MDTrajectory
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Usage Examples

Create a polymer model of poly(methyl methacrylate). The script below uses the ForceCappedEquilibration object
to remove atomic overlaps in the initial structure. The PolymerEquilibration object is then used to equilibrate the
generated polymer system so that it is ready for production calculations of the properties of interest.

# Load the monomer for the polymer
monomer = nlread('Methyl_Methacrylate.hdf5')[-1]

# Define the polymer sequence as containing 10 chains of 100 monomers each, joined␣
→˓atactically.
sequence = PolymerSequence(

[monomer],
number_of_monomers=100,
number_of_chains=10,

)

# Build the initial polymer structure to a correct density for the given polymer.
builder = PolymerMonteCarloBuilder(

sequence,
density=1.18*gram*cm**-3,

)
configuration = builder.buildPolymerConfiguration()

# Place an OPLS potential on the configuration as the basis of the force capped␣
→˓equilibration.
potential = OPLSPotentialBuilder()
calculator = potential.createCalculator(configuration)
configuration.setCalculator(calculator)

# Equilibrate the structure and save the resulting configuration to disk.
forcecap_equilibrator = ForceCappedEquilibration()
equilibrated_structure = forcecap_equilibrator.runEquilibration(configuration)
nlsave('ForceCapped_Configuration.hdf5', equilibrated_structure)

# Create a polymer equilibration object and run the equilibration process
polymer_equilibrator = PolymerEquilibrator(

configuration=equilibrated_structure,
filename='PolymerEquilibrationRestart.hdf5',
object_id='PolymerEquilibration'

)
polymer_equilibrator.update()

# Return the final equilibrated configuration and save it to disk
final_configuration = polymer_equilibrator.equilibratedConfiguration()
nlsave('Final_Configuration.hdf5', final_configuration)

PolymerEquilibration_Example.py Methyl_Methacrylate.hdf5
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Notes

Properly equilibrating polymer models is one of the significant challenges in simulating polymeric materials. As a
result of the usually long timescales involved in polymer relaxation, this process is often accelerated by using cycles of
high temperature and high pressure simulations. The PolymerEquilibration object automates one such process, by
implementing a 21 step protocol for polymer equilibration1. The 21 steps involves 7 cycles of high temperature/pressure
simulation and annealing. The temperature and pressure are varied between a maximum temperature and pressure and
the final temperature and pressure at the desired conditions. Details of each step is shown in the table below.

Cycle Ensemble Time (ps) Conditions
1 NVT 50 Tmax
2 NVT 50 Tfinal
3 NPT 50 Tfinal, 0.02 × Pmax
4 NVT 50 Tmax
5 NVT 100 Tfinal
6 NPT 50 Tfinal, 0.6 × Pmax
7 NVT 50 Tmax
8 NVT 100 Tfinal
9 NPT 50 Tfinal, Pmax
10 NVT 50 Tmax
11 NVT 100 Tfinal
12 NPT 5 Tfinal, 0.5 × Pmax
13 NVT 5 Tmax
14 NVT 10 Tfinal
15 NPT 5 Tfinal, 0.1 × Pmax
16 NVT 5 Tmax
17 NVT 10 Tfinal
18 NPT 5 Tfinal, 0.01 × Pmax
19 NVT 5 Tmax
20 NVT 10 Tfinal
21 NPT 800 Tfinal, Pfinal

The PolymerEquilibration object has 3 required arguments. These are a BulkConfiguration object contining
the polymer system to be equilibrated, a file where ongoing details of the calculation can be written and an object id
for the data in the file. As equilibration may take a significant amount of computer time, PolymerEquilibration objects
are restartable. If the simulation is interupted at some point it can be restarted from that point by calling the same
PolymerEquilibration creation and update commands. The necessary information for the restart is contained in
the file specified in the required filename argument.

The PolymerEquilibration class also has a number of optional arguments to control the equilibration process. The
maximum and final temperatures can be defined using the max_temperature and final_temperature arguments
respectively. Similarly the maximum and final pressures can be set using the max_pressure and final_pressure
arguments. The coupling of pressure with the lattice vectors is set with the parameter isotropic_pressure. Setting
this to True couples the three lattice together with pressure allowing the unit cell volume to vary. Setting this to False
couples the three lattice vectors independently to pressure, allowing the cell lengths to change differently. This is useful
in cases where the system is anisotropic, such as in polymer-surface interfaces. The number of molecular dynamics
steps can be controlled using the scale argument. This provides a scaling factor for the number of steps and also
the total simulation time used in the equilibration. By default the equilibration performs 1,560,000 steps, requiring
1.56ns of simulation time. This can be increased or decreased using the scale argument. Output of each equilibration
trajectory to a file can also be controlled by using the trajectory_filename argument to specify a file to write to

1 Lauren J. Abbott, Kyle E. Hart, and Coray M. Colina. Polymatic: a generalized simulated polymerization algorithm for amorphous polymers.
Theor. Chem. Acc., 132:1334, 2013. URL: https://link.springer.com/article/10.1007/s00214-013-1334-z, doi:10.1007/s00214-013-1334-z.
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and the trajectory_interval argument to specify the frequency of writing to the trajectory. Output to log files
can also be controlled using the log_filename_prefix and log_interval commands. During the equilibration a
new log file is created for each step in the equilibration process. The prefix of each filename can be specified using the
log_filename_prefix argument, while the frequency of writing to the log file is controlled using the log_interval
argument.

Once the PolymerEquilibration object is created the equilibration is run using the update method. Once the
equilibration is complete the final equilibrated configuration can be returned using the equilibratedConfiguration
method.

PolymerMonteCarloBuilder

class PolymerMonteCarloBuilder(polymer_sequence, density=None, host_configuration=None,
random_seed=None, backbone_angle=None,
monte_carlo_temperature=None, angle_sampling_points=None,
included_molecules=None, self_avoiding=None, rotate_sidechains=None,
repack_molecules=None, local_interacting_monomers=None,
monte_carlo_steps_per_monomer=None, potential_builder=None)

Create a PolymerMonteCarloBuilder object, which is used to create polymer melt structures. Polymer chains of
specified sequences are created with Monte Carlo randomized torsions.

Parameters

• polymer_sequence (PolymerSequence | list) – The polymer sequence. Can be a single
sequence or a list of sequences, in which case a polymer blend of the given sequences
would be generated.

• density (PhysicalQuantity of type mass / volume | None) – Target density for the final
polymer melt. Must be None if a host configuration is given.

• host_configuration (BulkConfiguration | None) – The bulk configuration in which
the chains are placed. Typically an empty configuration with the desired cell size, but it
can also contain other molecules or particles. Must be None if a density value is given.

• random_seed (int | None) – Seed for the random number generator.

• backbone_angle (PhysicalQuantity of type angle | None | RandomAngle) – Set the back-
bone torsions to this angle. None means that the angles are sampled based on their torsion
energy. RandomAngle sets the torsions randomly

• monte_carlo_temperature (PhysicalQuantity of type temperature) – The temperature
at which the backbone torsion angles are sampled. Default: 300 K.

• angle_sampling_points (int) – The number of points that are used to map sample
the backbone torsion energies. Default: 20

• included_molecules (List of tuples of MoleculeConfiguration and
int.) – List of tuples containing molecular configurations and numbers of each molecule
to be included in the melt Default: None

• self_avoiding (bool) – Whether or not the polymer is initially built to avoid overlap-
ping itself. Default: True.

• rotate_sidechains (bool) – Whether or not the torsions on the sidechains are ran-
domized. Default: True.
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• repack_molecules (bool) – Whether or not the polymer chains are repacked with the
Monte Carlo density algorithm. Default: True if a host configuration is included, False
otherwise.

• local_interacting_monomers (int) – The number of local monomers left and right
to the central monomer, that are included in the Monte Carlo energy calculation. Default:
3

• monte_carlo_steps_per_monomer (int) – Sets the number of additional Monte Carlo
torsion randomization steps that are carried out based on the number of monomers for the
chain Default: 0

• potential_builder (DreidingPotentialBuilder | OPLSPotentialBuilder |
UFFPotentialBuilder) – A potential builder object that creates the potential used in
setting the torsions of the chains. Default: DreidingPotentialBuilder

buildPolymerConfiguration(attach_calculator=True)
Run the building process.

Parameters
attach_calculator (bool) – A flag to tell if the full calculator should be attached to
the configuration.

Returns
The final configuration containing the polymer melt.

Return type
BulkConfiguration

monomerList(sequence_index)
Returns the list of monomers in the given polymer sequence.

Parameters
sequence_index (int) – The sequence index for the sequence that the monomers are
from.

Returns
The list of monomers.

Return type
list

previewConfiguration()

Generates an unoptimized preview configuration that can be used in the Workflow Builder or to set up a
force field.

Returns
The preview configuration containing the same chemical composition as the final polymer.

Return type
BulkConfiguration
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Usage Examples

Create a configuration of a blend of poly(vinyl chloride) and poly(methyl methacrylate) using the OPLS-AA potential.

# ---------------------------------------------
# Monomer Molecule 1
# ---------------------------------------------

pvc_monomer = nlread('PVC_Monomer.hdf5')[-1]
pmma_monomer = nlread('PMMA_Monomer.hdf5')[-1]

# Create the polymer sequence object
polymer_sequence_pvc = PolymerSequence(

monomer_configurations=[pvc_monomer],
number_of_monomers=20,
number_of_chains=10,
tactic_ratio=0.5,

)

# Create the polymer sequence object
polymer_sequence_pmma = PolymerSequence(

monomer_configurations=[pmma_monomer],
number_of_monomers=20,
number_of_chains=10,
tactic_ratio=0.5,

)

# -------------------------------------------------------------
# Polymer Monte Carlo Builder
# -------------------------------------------------------------
potential_builder = OPLSPotentialBuilder(

include_electrostatic=False
)

polymer_builder = PolymerMonteCarloBuilder(
polymer_sequence=[polymer_sequence_pvc, polymer_sequence_pmma],
density=1.3000*gram/cm**3,
monte_carlo_temperature=300.0*Kelvin,
angle_sampling_points=20,
repack_molecules=False,
potential_builder=potential_builder

)
bulk_configuration = polymer_builder.buildPolymerConfiguration()
nlsave('PVC_PMMA_Polymer.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Force Capped Equilibration
# -------------------------------------------------------------
equilibration_method = ForceCappedEquilibration(

temperature=300.00*Kelvin,
md_steps_per_force_capped_simulation=40000,
md_time_step=0.50*fs,

(continues on next page)
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(continued from previous page)

force_capped_simulations=4,
starting_factor=1.040,
ending_factor=0.800,

)
bulk_configuration = equilibration_method.runEquilibration(bulk_configuration)
nlsave('PVC_PMMA_Polymer.hdf5', bulk_configuration)

Polymer_Blend_Example.py PVC_Monomer.hdf5 PMMA_Monomer.hdf5

Create an aluminum and teflon metal/polymer interface using the DREIDING potential.

# -------------------------------------------------------------
# Configurations
# -------------------------------------------------------------
surface_slab = nlread('Aluminum_Slab.hdf5')[-1]
teflon_monomer = nlread('Teflon_Monomer.hdf5')[-1]

# -------------------------------------------------------------
# Teflon Polymer Sequence
# -------------------------------------------------------------
polymer_sequence = PolymerSequence(

monomer_configurations=[teflon_monomer],
number_of_monomers=20,
number_of_chains=9,
tactic_ratio=0.5,

)

# -------------------------------------------------------------
# Polymer Monte Carlo Builder
# -------------------------------------------------------------
polymer_builder = PolymerMonteCarloBuilder(

polymer_sequence=polymer_sequence,
host_configuration=surface_slab,
monte_carlo_temperature=300.0*Kelvin,
angle_sampling_points=20,
repack_molecules=True,

)
bulk_configuration = polymer_builder.buildPolymerConfiguration()
nlsave('Teflon_Aluminum_Interface.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Force Capped Equilibration
# -------------------------------------------------------------
equilibration_method = ForceCappedEquilibration(

temperature=300.00*Kelvin,
md_steps_per_force_capped_simulation=40000,
md_time_step=0.50*fs,
force_capped_simulations=4,
starting_factor=1.040,
ending_factor=0.800,
fixed_indices=bulk_configuration.indicesFromTags('HOST_CONFIGURATION'),

)
bulk_configuration = equilibration_method.runEquilibration(bulk_configuration)

(continues on next page)
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(continued from previous page)

nlsave('Teflon_Aluminum_Interface.hdf5', bulk_configuration)

Polymer_Surface_Interface_Example.py Aluminum_Slab.hdf5 Teflon_Monomer.hdf5

Notes

The PolymerMonteCarloBuilder class enables the generation of different types of polymer configurations. Structures
such as polymer melts and blends, polymer/solid interfaces and polymers with included molecules can be built.

To create a configuration containing polymers, it is first necessary to create a PolymerSequence object for
each type of polymer chain in the configuration. These define the types of polymers constructed by the
PolymerMonteCarloBuilder. The polymers defined by the PolymerSequence can contain some randomness, so
each chain is not always chemically identical. Any number of polymer sequences can be defined, allowing for the
creation of different types of polymer blends.

Once the polymers in the configuration are defined, an instance of the PolymerMonteCarloBuilder is created. The
constructor for this class contains a number of arguments that controls how the polymer system is to be built. One
set of arguments determines the bulk cell and the components placed within the polymer configuration. in addition
to the polymers defined by the list of PolymerSequence objects the polymer configurations can optionally contain
a host configuration and included molecules. These are specified with the arguments host configuration and
included_molecules respectively. The host_configuration takes a BulkConfiguration, and is typically used
to create polymer/surface interfaces or polymers containing nanoparticles. The argument included_molecules takes
a list of tuples containing a molecule configuration and the number of that molecule to be included in the polymer
matrix. This can be used to add plasticizers or other molecules dissolved within the polymer.

When building the polymer system, if a host configuration not is provided then the size of the polymer bulk is determined
by the polymer density. This is specified with the density argument. Here a cubic translation cell is constructed such
that the final density of the polymer configuration matches the specified density. If a host configuration is given then
the specified polymers and included molecules are placed directly within the host configuration. If a pure polymer
configuration in a specific translation cell shape is desired, this can be created by giving an empty configuration as
the host configuration. When using host configurations it is often necessary to include a repacking step. This can be
done by setting the repack_molecules argument to True. This uses the RepackMoleculesMonteCarlo class to
repack the polymer molecules so as to even out the density within the simulation cell12. This has the general effect of
taking polymers out of surfaces or other solid structures where they may have been inserted, and placing them within
the empty space in the host configuration. This step can also be added for configurations without an initial host.

There are also a number of options that control how individual polymer chains are built. By default the
PolymerMonteCarloBuilder constructs polymers with randomized torsion angles. For each torsion angle several
values are trialled and one is selected based on a Boltzmann weighting of the energy of each torsion angle. To prevent
the ends of the polymer chain from attracting each other, when calculating the energy only a small number of monomers
either side of the monomer being modified are included in the non-bonding calculation3. The number of monomers
considered can be set with the argument local_interacting_monomers.

In the Monte Carlo process which modifies the torsion angles, the argument monte_carlo_temperature sets the
temperature to be used for Boltzmann weighting each torsion. This determines how important changes in energy
are in selecting a torsion angle. The number of torsion angles trialled for each bond is set with the argument

1 Livia A. Moreira, Guojie Zhang, Franziska Muller, Torsten Stuehn, and Kurt Kremer. Direct equilibration and characterization of polymer melts
for computer simulations. Macromol. Theory Simul., 24:419, June 2015. URL: https://onlinelibrary.wiley.com/doi/abs/10.1002/mats.201500013,
doi:10.1002/mats.201500013.

2 Antonio De Nicola, Toshihiro Kawakatsu, and Giuseppe Milano. Generation of well-relaxed all-atom models of large molecular weight polymer
melts: a hybrid particle-continuum approach based on particle-field molecular dynamics simulations. J. Chem. Theory. Comput., 10:5651, October
2014. URL: https://pubs.acs.org/doi/abs/10.1021/ct500492h, doi:10.1021/ct500492h.

3 Panagiotis-Nikolaos Tzounis, Stefanos D. Anogiannakis, and Doros N. Theodorou. General methodology for estimating the stiffness of polymer
chains from their chemical constitution: a single unperturbed chain monte carlo algorithm. Macromolecules, 50:4575, June 2017. URL: https:
//pubs.acs.org/doi/abs/10.1021/acs.macromol.7b00645, doi:10.1021/acs.macromol.7b00645.
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angle_sampling_points. Non-bonding interactions can be ignored in calculating the energy of each torsion an-
gle using the argument self_avoiding. If this is set to False, non-bonding interactions are ignored while valence
bonding terms, including the bond torsion potential, are still included. The randomization of side-chain torsions, that
is torsions not along the backbone of the polymer, is specified with the rotate_sidechains argument. This can be
important in cases where polymers contain bulky and/or non-conjugated side groups. The Monte Carlo angle random-
ization can also be turned off completely using the backbone_angle argument. Giving an angle to this argument
causes each polymer chain to be built with that torsion angle along the backbone. This can be used to create straight
linear polymer chains. The torsion angles can also be uniformly randomized by passing the NLFlag RandomAngle to
this argument.

The potential used to determine the torsional and non-bonded energies along each polymer chain can also be specified
using the argument potential_builder. This argument takes an instance of one of the potential builder classes.
The type of builder determines which potential is used. By default the DreidingPotentialBuilder is used, but
it is also possible to use the OPLSPotentialBuilder or UFFPotentialBuilder classes. In general, due to the
difficulty of correctly estimating electrostatic interactions in highly distorted structures, electrostatic interactions are
ignored by both the PolymerMonteCarloBuilder class and also the ForceCappedEquilibration class. Moreover,
it is recommended that potential builders should have electrostatic interactions explicitly excluded with the argument
include_electrostatic set to False. This is to avoid calculating the QEqAtomicCharges (e.g. used within in
the :class:` ~.DreidingPotentialBuilder` or UFFPotentialBuilder) on preliminary configurations with unfavorable
close atom contacts, which may cause problems in some cases.

When using the Monte Carlo procedure to set the torsions for the polymer chain, the torsions are first adjusted for each
monomer sequentially along the chain. After this initial randomization it is possible to perform additional Monte Carlo
torsion moves on the torsions for each monomer. In this second cycle the ordering of the monomers is selected at
random. This second cycle is enabled with the argument monte_carlo_steps_per_monomer. This takes an integer
which represents the number of additional torsion randomization steps performed per monomer. This allows for longer
polymer chains to have a number of Monte Carlo torsion steps in accordance with its length. Setting this parameter to
either None or 0 skips these additional Monte Carlo torsion steps.

To aid in the analysis of polymer structures generated with the PolymerMonteCarloBuilder, tags describing different
parts of the configuration are added. Each polymer molecule is tagged with the label POLYMER_MOLECULE_#, where #
represents and index starting from zero. Included molecules are labeled with tag INCLUDED_MOLECULE_# where # is
a counter of the types of molecules included. The label HOST_CONFIGURATION is added to atoms from an initial host
configuration used as the starting point for the configuration. In addition to these components of the configuration the
ends of each polymer chain, defined as the head and tail atoms of the monomers at the end of the chains, are labeled
with the tags HEAD_CONNECT and TAIL_CONNECT. These polymer tags and end tags are used in some types of polymer
structural analysis.

Once the PolymerMonteCarloBuilder class has been created, the polymer system can be built using the
buildPolymerConfiguration() function. This returns a BulkConfiguration containing the polymer chains
placed somewhat randomly in the cell. Due to the randomized placement atom overlaps may be present in the re-
turned structure. These can be resolved by pre-equilibrating the structure using the ForceCappedEquilibration
class. The calculator used to determine the torsional energies can also be attached to the returned configuration using
the argument attach_calculator. As building large configurations can be time consuming, it is also possible to
rapidly create a non-randomized preview configuration. This can be useful in providing a template for creating cal-
culators with various potentials. The preview configuration is returned by the function previewConfiguration().
The single monomers defined in each polymer sequence can be returned with the function monomerList().
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PolymerSegmentAnalyzer

class PolymerSegmentAnalyzer(md_trajectory, polymer_tags=None, end_tags=None, start_time=None,
end_time=None, time_resolution=None, atoms_per_segment=None,
gui_worker=None)

Create an anylzer to calculate the segment distances in polymer chains.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
AtomicConfiguration that contains the polymers.

• polymer_tags (list of type str | None | Automatic) – A list of tags for the
polymers. If not specified default tags are used. Tags can also be set automatically with
the flag Automatic

• end_tags (list of type str | None) – A list of tags for the ends of each polymer
chain. If not specified default tags are used.

• start_time (PhysicalQuantity of the type time) – The start time. Default: 0.0 * fs.

• end_time (PhysicalQuantity of the type time) – The end time. Default: The last time
image.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• atoms_per_segment (int) – The number of atoms that make up one monomer or seg-
ment. Default: 1.

• gui_worker (PolymerAnalysisWorker) – Handle to the worker, for displaying the cal-
culation progress. Default: None.

averageSegmentLength(polymer_index)
Return the average segment length for the given polymer.

Parameters
polymer_index (int) – An index to the polymer chain, based on the order specified by
the polymer chain tags.

Returns
The average segment length.

Return type
PhysicalQuantity of type length

backboneAtomIndexes(polymer_index)
Return the atomic indexes of the backbone atoms for the given polymer.

Parameters
polymer_index (int) – An index to the polymer chain, based on the order specified by
the polymer chain tags.

Returns
The index of the backbone atoms for the given polymer chain.

Return type
list of int

bondCorrelation(polymer_index)
Return the bond correlation function for the segments for the given polymer.
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Parameters
polymer_index (int) – An index to the polymer chain, based on the order specified by
the polymer chain tags.

Returns
The bond correlation for the given polymer chain.

Return type
ndarray

characteristicRatio(polymer_index)
Return the characteristic ratio for the given polymer chain.

Parameters
polymer_index (int) – An index to the polymer chain, based on the order specified by
the polymer chain tags.

Returns
The characteristic array, index by segment distance, for the given polymer chain.

Return type
ndarray

polymerTags()

Return the polymer tags used for the analysis.

Returns
A list of the polymer tags.

Return type
list

rmsSegmentDistance(polymer_index)
Return the RMS distance between segments separated by a certain number of segments. These distances
are averaged over the entire polymer chain

Parameters
polymer_index (int) – An index to the polymer chain, based on the order specified by
the polymer chain tags.

Returns
The RMS segment-segment distance for the given polymer chain.

Return type
PhysicalQuantity of type length

segmentPositions(polymer_index)
Return the positions of the segments for the given polymer.

Parameters
polymer_index (int) – An index to the polymer chain, based on the order specified by
the polymer chain tags.

Returns
The index of the segment positions for the given polymer chain.

Return type
PhysicalQuantity of type length

times()
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Returns
Times for each image used in the analysis.

Return type
PhysicalQuantity of type time

Usage Examples

Calculate the bond correlation and characteristic ratio of a polystyrene melt during a molecular dynamics simulation
starting from a non-equilibrated structure.

# -------------------------------------------------------------
# Initial Configuration
# -------------------------------------------------------------
bulk_configuration = nlread('Polystyrene.hdf5')[-1]

# -------------------------------------------------------------
# OPLS-AA Calculator
# -------------------------------------------------------------
potential_builder = OPLSPotentialBuilder()
calculator = potential_builder.createCalculator(bulk_configuration)
bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------
initial_velocity = ConfigurationVelocities(

remove_center_of_mass_momentum=True
)

method = NPTMartynaTobiasKlein(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
reservoir_pressure=1*bar,
thermostat_timescale=100*femtoSecond,
barostat_timescale=500*femtoSecond,
initial_velocity=initial_velocity,
heating_rate=0*Kelvin/picoSecond,

)

constraints = [FixCenterOfMass()]

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='Polystyrene_Trajectory.hdf5',
steps=100000,
log_interval=10,
trajectory_interval=1000,
method=method

)

(continues on next page)

4.13. Full QuantumATK package 1763



QuantumATK V-2023.12 Documentation

(continued from previous page)

# -------------------------------------------------------------
# Calculate End to End Distance
# -------------------------------------------------------------
analyzer = PolymerSegmentAnalyzer(

md_trajectory,
start_time=0*ps,
end_time=100*ps,
end_tags=['HEAD_CONNECT', 'TAIL_CONNECT'],
atoms_per_segment=2

)

number_of_segments = 64
number_of_chains = 8

bond_correlation = numpy.zeros(number_of_segments-1)
characteristic_ratio = numpy.zeros(number_of_segments)
segments = numpy.arange(number_of_segments)

for i in range(number_of_chains):
bond_correlation += analyzer.bondCorrelation(i)
characteristic_ratio += analyzer.characteristicRatio(i)

bond_correlation /= number_of_chains
characteristic_ratio /= number_of_chains

# -------------------------------------------------------------
# Plot The Results
# -------------------------------------------------------------
import pylab
pylab.figure()
pylab.plot(segments[:number_of_segments-1], bond_correlation)
pylab.xlabel('Segment')
pylab.ylabel('Bond Correlation')
pylab.savefig('Bond_Correlation_Plot.png')

pylab.figure()
pylab.plot(segments, characteristic_ratio)
pylab.xlabel('Segment')
pylab.ylabel('Characteristic Ratio')
pylab.savefig('Characteristic_Ratio_Plot.png')

PolymerSegmentAnalyzer_Example.py Polystyrene.hdf5

The script will run a short molecular dynamics calculation from the given starting structure and then calculate bond
correlation function and the characteristic ratio for the polymer system. This is shown in the two plots below.
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Notes

This class enables the calculation of the details of the arrangements of different polymer backbone segments from a
MDTrajectory or BulkConfiguration.

From a statistical point of view, a polymer can be viewed as a number of segments forming a chain. These segments
may be atoms or monomer units. Ideally this chain should form a self-avoiding random walk, however the chemical
nature of the polymer system causes deviations from this ideal case. Analyzing the relative positions of the polymer
segments allows the deviations from ideal to be characterized. It can also give insight into the representative quality of
the polymer structure1.

Information about the polymer segments is calculated from the backbone atoms. These are defined as the atoms that lie
on the bonded path between the two ends of the polymer chain. When segments are constructed from multiple atoms,
the segment position is taken as the average position of the atoms. One important measure of the polymer chain is the
bond-bond correlation, 𝑅𝑏𝑏, which gives a measure of the decay of geometrical information along the polymer chain.
This can be given as:

𝑅𝑏𝑏(𝑛) =
⟨b𝑖 · b𝑖+𝑛⟩

⟨𝑏⟩2

Here b𝑖 is the ith inter-segment distance and ⟨𝑏⟩ is the average inter-segment distance.
1 Livia A. Moreira, Guojie Zhang, Franziska Muller, Torsten Stuehn, and Kurt Kremer. Direct equilibration and characterization of polymer melts

for computer simulations. Macromol. Theory Simul., 24:419, June 2015. URL: https://onlinelibrary.wiley.com/doi/abs/10.1002/mats.201500013,
doi:10.1002/mats.201500013.
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Another important property is the average square distance between segments separated by 𝑛 bonds,
⟨︀
𝑟2𝑛
⟩︀
. This property

can be used to calculate the characteristic ratio 𝐶𝑛, which can be given as2:

𝐶𝑛 =

⟨︀
𝑟2𝑛
⟩︀

𝑛 ⟨𝑏⟩2

In well equilibrated chains the value of 𝐶𝑛 should asymptote to the value 𝐶∞ at large values of 𝑛

To calculate the polymer segment descriptors a PolymerSegmentAnalyzer object first needs to be created. This
takes a MDTrajectory or BulkConfiguration and polymer segment properties for the specified configura-
tions. The specific frames in the MDTrajectory to analyzed can be selected using the start_time, end_time
and time_resolution arguments. The polymer chains analyzed in the configuration can be specified with the
polymer_tags argument. This takes a list of tags of polymer molecules in the configuration. By default polymers
tagged with POLYMER_MOLECULE_# are analyzed, where # is a numerical index. Tags indicating the start and end of
each polymer chain also need to be added. The argument end_tags takes a list of strings that contain the tags for the end
atoms. These tags can be specified in any order. By default the tags HEAD_CONNECT and TAIL_CONNECT are used. All
the default polymer and end tags are placed on polymer configurations built with the PolymerMonteCarloBuilder.
It is also possible to control the size of each polymer segment using the atoms_per_segment argument. Using this
argument monomer units and be considered as comprising segments, rather than individual atoms.

Once the PolymerSegmentAnalyzer object is created and the values of each of the descriptors has been calculated,
the values can be queried using the remaining functions. Each function takes a required polymer_index argument,
which specifies the index of the polymer chain for which the data is sought. Data for each chain is returned separately
to allow for systems with chains of different lengths. The indices of the atoms that make up the backbone of each
polymer can be found using the backboneAtomIndexes() function. Likewise the Cartesian positions of each segment
is returned by the segmentPositions() function. When segments consist of more than one atom these positions
will be distinct from the backbone atomic positions. The average segment length of each polymer is returned by the
averageSegmentLength() function. These functions all return arrays of data, indexed first by the image in the
molecular dynamics trajectory that the data is calculated from.

Other available descriptors of the polymer system are averaged over the selected molecular dynamics images, and
so the data returned by these functions is indexed over the integer distance between segments. One such function
is the bondCorrelation() function, which returns the bond correlation function for the polymer averaged over the
available molecular dynamics images. In a similar manner rmsSegmentDistance() returns the square root of the
average square distance, and characteristicRatio() returns the previously defined characteristic ratio.

In cases where all of the polymers in the system are the same length, it is possible to easily average these properties
over the polymer chains. The included example illustrates how this may be performed for the bond correlation function
and the characteristic ratio.

PolymerSequence

class PolymerSequence(monomer_configurations, number_of_monomers=10, number_of_chains=1,
tactic_ratio=None, monomer_ratios=None, monomer_additions=None,
monomer_block_sizes=None, block_contamination=None,
head_tail_flip_probability=None, alpha_group=None, omega_group=None,
random_seed=None)

Calculate sequences of polymer monomers so that they can be used by the Monte Carlo polymer builder to create
polymer melts. Different types of sequences can be generated depending on the type of polymer being studied.

Parameters
2 Wayne L. Mattice, Carin A. Helfer, and Alexei P. Sololov. On the relationship between the characteristic ratio of a finite chain, cn,

and the asymptotic limit, cinf. Macromolecules, 36:9924, December 2003. URL: https://pubs.acs.org/doi/full/10.1021/ma0304527?src=recsys,
doi:10.1021/ma0304527.
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• monomer_configurations (list of type MoleculeConfiguration) – A list with each
entry containing a MoleculeConfiguration containing a monomer to be used in the
polymer sequence. The atoms on each end where the polymer connects should be la-
belled with the tags ‘HEAD_CONNECT’ and ‘TAIL_CONNECT’ respectively. The
first atom of any groups to be removed to form the polymer should be labeled with the
tags ‘HEAD_GROUP_A’ and TAIL_GROUP_A. These 4 tags are mandatory for each
monomor. Optionally in the case of tactic monomers additional groups on each end should
be labeled with the tags ‘HEAD_GROUP_B’ and ‘TAIL_GROUP_B’ respectively.

• number_of_monomers (int) – The number of monomers to add into each polymer chain.

• number_of_chains (int) – The number of chains to generate for the polymer melt

• tactic_ratio (float) – Determines how biased the selection of monomers is towards
the same (0) or alternating (1) monomer addition points, for monomers with two stereo-
chemical substitution groups. These are isotactic and syndiotactic polymers respectively.
Atactic random polymers are specified with 0.5, which shows no bias towards either ad-
dition point. Default: 0.5

• monomer_ratios (1D list of floats) – A list of the relative amount of each
monomer in the polymer system. This, along with monomer_additions, determines how
likely each monomer is to be selected in the body of a polymer chain. These ratios alone
also specify the probability of a chain being started with each monomer. Default: Each
monomer is equally likely to be selected.

• monomer_additions (2D list of floats) – A list of probabilities of adding each
monomer onto an existing one. This can be used to make specific alternating structures.
For each monomer the probability of adding any other monomer needs to be specified, so
that an NxN array is required. Default: Each monomer has equal addition probability

• monomer_block_sizes (1D list of integers) – A list of block sizes for each
monomer. Specifying all block sizes as 1 results in a random polymer. Default: All
the monomer block sizes are set to 1.

• block_contamination (float) – A float that sets the probability of contamination by
other monomers in a block polymer. 0 means each block is strictly created, 1 results in a
random co-polymer. Default: 0

• head_tail_flip_probability (float | None) – Probability that a monomer will
be flipped so that it connects to join head to head and tail to tail. Monomer orientation is
completely randomized by setting this to 0.5. Setting this this probability to 1 will flip all
monomers, so that head to tail connections are preserved. Default: 0

• alpha_group (MoleculeConfiguration | None) – Specifies the configuration to
be used at the start of the chain building process. In this configuration the tags
‘HEAD_CONNECT’ and ‘TAIL_CONNECT’ can point to the same atom, although
this is not necessary. As with monomers mandatory ‘HEAD_GROUP_A’ and
‘TAIL_GROUP_A’ as well as optional ‘HEAD_GROUP_B’ and ‘TAIL_GROUP_B’ can
be added.

• omega_group (MoleculeConfiguration | None) – Specifies the configuration to
be used at the start of the chain building process. In this configuration the tags
‘HEAD_CONNECT’ and ‘TAIL_CONNECT’ can point to the same atom, although
this is not necessary. As with monomers mandatory ‘HEAD_GROUP_A’ and
‘TAIL_GROUP_A’ as well as optional ‘HEAD_GROUP_B’ and ‘TAIL_GROUP_B’ can
be added.

• random_seed (int | None) – The seed for the random number generator. Must be a
positive integer. This can be used so that the same sequence can be generated multiple
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times. Default: Arbitrary random seed

allMonomerConfigurations()

Returns
The list of monomer configurations, including alpha and omega end groups.

Return type
list of MoleculeConfigurations

alphaGroup()

Returns
The configuration used for the alpha group, if set. Returns None if not.

Return type
MoleculeConfiguration | None

alphaId()

Returns
The integer ID of the alpha end group, if set. Returns None if not.

Return type
int | None

blockContamination()

Returns
The probability of block contamination in the sequence

Return type
float

headTailFlipProbability()

Returns
The probability of flipping a monomer so that it attaches head-head and tail-tail.

Return type
float

monomer(index)
Returns a single monomer, by reference. The indexing also includes alpha/omega groups.

Parameters
index (int) – The monomer configuration to be returned. The numbering starts from
zero and goes through first monomers, then end groups, if defined.

Returns
The monomer refered to by index.

Return type
MoleculeConfiguration

monomerAdditions()

Returns
The matrix of addition probabilites for the polymer sequence

Return type
2D list of floats
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monomerBlockSizes()

Returns
The block sizes of each monomer in the polymer sequence

Return type
list of int

monomerConfigurations()

Returns
The list of monomer configurations, excluding end groups

Return type
list of MoleculeConfiguration

monomerConnectionPoints(index)
Calculate the number of connection points that a monomer has, based on counting the number of group
tags.

Parameters
index (int) – The index of the monomer with the connections being counted. The index
includes referencing the alpha/omega groups.

Returns
The number of connection points.

Return type
int

monomerFraction()

Return a list of the fraction of each monomer in the polymer sequence.

Returns
List of the relative fraction of each monomer in the sequence

Return type
1D numpy array of float

monomerRatios()

Returns
The fraction of each monomer in the polymer sequence

Return type
list of floats

numberOfChains()

Returns
The number of chains in the polymer sequence

Return type
int

numberOfMonomers()

Returns
The number of monomers in each polymer chain

Return type
int
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numberOfSelectableMonomers()

Returns
The number of monomers used in creating the polymer sequence, excluding the alpha and
omega groups.

Return type
int

numberOfUniqueMonomers()

Returns
The number of unique monomer used in the polymer sequence, including the alpha and
omega groups.

Return type
int

omegaGroup()

Returns
The configuration used for the omega group, if set. Returns None if not.

Return type
MoleculeConfiguration | None

omegaId()

Returns
The integer ID of the omega end group, if set. Returns None if not.

Return type
int | None

randomSeed()

Returns
The random seed used for the random number generator if set, else None.

Return type
int | None

sequence()

Returns the generated polymer sequence. This is a list of 2D numpy integer arrays. Each element of
the returned list is an ndarray defining a single polymer chain. The ndarray is of size Nx3, where N is the
number of monomers. For each monomer in the ndarray the first index defines the identity of the monomer,
the second defines the connection point and the third defines the monomer orientation.

Returns
The integer sequence of monomers, tacticites and orientations.

Return type
List of ndarray.

tacticRatio()

Returns
The tactic ratio for the polymer chains

Return type
float

1770 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define a monomer of methyl methacrylate, including the correct tags, and create a sequence for isotactic poly(methyl
methacrylate)

# Define the methyl methacrylate monomer.
# First define elements.
elements = [Carbon, Carbon, Hydrogen, Hydrogen, Hydrogen, Carbon, Hydrogen,

Hydrogen, Hydrogen, Carbon, Hydrogen, Hydrogen, Hydrogen, Carbon,
Oxygen, Oxygen, Carbon, Hydrogen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.000053397617, 0.759772999835, -0. ],

[-0.000053397617, -0.759772999835, 0. ],
[-1.029486689503, -1.169152751252, 0. ],
[ 0.514760310502, -1.169153624436, -0.89158 ],
[ 0.514760310502, -1.169153624436, 0.89158 ],
[-0.702972150254, 1.318819958684, -1.217534630654],
[-1.778994926992, 1.349871730145, -1.034368525823],
[-0.338426412209, 2.328764163503, -1.416490865706],
[-0.498848545074, 0.68155340126 , -2.080342189714],
[-0.702972150254, 1.318819958684, 1.217534630654],
[-1.779477850521, 1.34478390329 , 1.036425819709],
[-0.494517798241, 0.684267886286, 2.08145298674 ],
[-0.34232383993 , 2.330614899434, 1.413534093682],
[ 1.40596301868 , 1.318867926842, -0. ],
[ 1.84446749371 , 2.344022687006, -0.473701649871],
[ 2.276658987984, 0.518045908871, 0.638886174971],
[ 3.418813357507, 0.987763274498, 0.630284279326],
[ 3.36418399788 , 2.078158275911, 0.650119210394],
[ 3.96408273255 , 0.634713205819, 1.508066389582],
[ 3.938029190653, 0.665721116071, -0.274655366275]]*Angstrom

# Set up configuration
methyl_methacrylate = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates

)

# Add tags
# Note that the tail groups are on the carbons of the methyl groups, not hydrogens.
methyl_methacrylate.addTags('HEAD_CONNECT', [1])
methyl_methacrylate.addTags('HEAD_GROUP_A', [4])
methyl_methacrylate.addTags('TAIL_CONNECT', [0])
methyl_methacrylate.addTags('TAIL_GROUP_A', [5])
methyl_methacrylate.addTags('TAIL_GROUP_B', [9])

# Add bonds
bonds = [[ 0, 1],

(continues on next page)
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(continued from previous page)

[ 0, 5],
[ 0, 9],
[ 0, 13],
[ 1, 2],
[ 1, 3],
[ 1, 4],
[ 5, 6],
[ 5, 7],
[ 5, 8],
[ 9, 10],
[ 9, 11],
[ 9, 12],
[13, 14],
[13, 15],
[15, 16],
[16, 17],
[16, 18],
[16, 19]]

methyl_methacrylate.setBonds(bonds)

# Create the sequence with a tactic ratio of 0, giving an isotactic sequence.
sequence = PolymerSequence(

[methyl_methacrylate],
number_of_monomers=40,
number_of_chains=20,
tactic_ratio=0,

)

tactic_polymer.py

Define a phenyl endgroup and create a random copolymer of 25% styrene and 75% vinyl chloride, capped with a phenyl
endgroup.

# Load the monomers into memory
styrene = nlread('Styrene.hdf5', class_type=MoleculeConfiguration)[-1]
vinyl_chloride = nlread('Vinyl_Chloride.hdf5', class_type=MoleculeConfiguration)[-1]

# Define a phenyl endgroup
# Define elements
elements = [Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Hydrogen, Hydrogen,

Hydrogen, Hydrogen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0. , -0.000000000011, -1.399795 ],

[ 0. , 1.212252999995, -0.699760000009],
[ 0. , 1.212253000005, 0.699759999991],
[ 0. , 0.000000000011, 1.399795 ],
[-0. , -1.212252999995, 0.699760000009],
[-0. , -1.212253000005, -0.699759999991],
[ 0. , -0.000000000019, -2.500678 ],
[ 0. , 2.165670999991, -1.250363000016],
[ 0. , 2.165671000009, 1.250362999984],
[ 0. , 0.000000000019, 2.500678 ],

(continues on next page)
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[-0. , -2.165670999991, 1.250363000016],
[-0. , -2.165671000009, -1.250362999984]]*Angstrom

# Set up configuration
phenyl = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates

)

# Add tags
phenyl.addTags('HEAD_CONNECT', [2])
phenyl.addTags('HEAD_GROUP_A', [8])
phenyl.addTags('TAIL_CONNECT', [2])
phenyl.addTags('TAIL_GROUP_A', [8])

# Add bonds
bonds = [[ 0, 1],

[ 0, 5],
[ 0, 6],
[ 1, 2],
[ 1, 7],
[ 2, 3],
[ 2, 8],
[ 3, 4],
[ 3, 9],
[ 4, 5],
[ 4, 10],
[ 5, 11]]

phenyl.setBonds(bonds)

# Create the sequence made of 25% styrene and 75% vinyl chloride monomers randomly
# arranged. Also cap the polymer with the phenyl group.
sequence = PolymerSequence(

[styrene, vinyl_chloride],
number_of_monomers=40,
number_of_chains=20,
monomer_ratios=[0.25, 0.75],
omega_group=phenyl,

)

random_copolymer.py

Load two MoleculeConfiguration containing the monomers for the condensation polymer PET and create an alternating
polymer from these monomers

# Load the monomers into memory
ethylenediamine = nlread('Ethylene_Glycol.hdf5', class_type=MoleculeConfiguration)[-1]
terephthalic_acid = nlread('Terephthalic_Acid.hdf5', class_type=MoleculeConfiguration)[-
→˓1]

# Create the polymer sequence with alternating monomers
# This is done by setting the diagonal elements of monomer_additions to zero,
# and the off-diagonal elements to 1.

(continues on next page)
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(continued from previous page)

sequence = PolymerSequence(
[ethylenediamine, terephthalic_acid],
number_of_monomers=40,
number_of_chains=20,
monomer_additions=[[0, 1], [1, 0]]

)

condensation_polymer.py Ethylene_Glycol.hdf5 Terephthalic_Acid.hdf5

Load two MoleculeConfiguration containing the monomers methyl acrylate and propylene and create diblock copoly-
mer from these monomers.

# Load the monomers into memory
methyl_acrylate = nlread('Methyl_Acrylate.hdf5', class_type=MoleculeConfiguration)[-1]
propylene = nlread('Propylene.hdf5', class_type=MoleculeConfiguration)[-1]

# Create the polymer sequence with two polymer blocks
# This is done by setting the monomer_additions to enforce two different blocks.
# To make an A-B block copolymer the sum of the block sizes need to be as long as
# the polymer chain
sequence = PolymerSequence(

[methyl_acrylate, propylene],
number_of_monomers=40,
number_of_chains=20,
monomer_additions=[[0, 1], [1, 0]],
monomer_block_sizes=[10, 30],

)

block_copolymer.py Methyl_Acrylate.hdf5 Propylene.hdf5

Notes

The PolymerSequence object creates properly randomized sequences of monomers from which polymer melts can be
created. The different options control how the monomers are selected for the sequence and determine the types of
polymers that can be created.

Specific tags must be placed on the monomers, so that builders such as the PolymerMonteCarloBuilder can determine
how different monomers are to be connected. To mark the atoms that form part of the backbone of the polymer chain, the
tags HEAD_CONNECT and TAIL_CONNECT are used. In constructing the polymer chain a bond is created between
the TAIL_CONNECT atom of one monomer and the HEAD_CONNECT atom of the next monomer. In order to make
room for this bond one of the groups connected to each atom must be removed. These groups are specified by placing
the tag HEAD_GROUP_A on the atom in the group that is bonded to the HEAD_CONNECT atom, with the same
pattern being repeated for the monomer tail. In cases where the polymer chain has atoms with two different side
groups, such as in vinyl polymers, removing a group to add the chain creates a stereochemical center. In this case
specifying only one group for removal means that only one stereochemistry will be present in the polymer. To have
different stereochemistries a second removal group can be specified using the HEAD_GROUP_B or TAIL_GROUP_B
tags. The group that is removed to form the polymer will then be selected based on the tactic_ratio parameter.

The following image shows an example of how the tags can be set for the monomer used to make the polymer
poly(methyl methacrylate). Note that as monomers are entered in a chemically saturated state, the double bond in
methyl methacrylate has been replaced with a hydrogen and methyl group on the HEAD and TAIL ends of the monomer
respectively. Removing these groups to form the polymer chain approximates chemical addition to the double bond.
Also note that as the HEAD atom contains two identical hydrogens, only one removal group is specified. Conversely on
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the TAIL atom two different functional groups are present, and so two different methyl groups are tagged for possible
removal to create different stereochemistries.

Specifying removal groups works similarly for condensation polymers, where the polymerization takes place by re-
moving small molecules, such as water. Here the atoms in each monomer that form the leaving molecule can be
specified by placing a HEAD/TAIL_GROUP_A/B tag on the atom that connects to the HEAD/TAIL_CONNECT back-
bone atom. For instance, in the above condensation polymer example where PET is formed, the hydroxyl oxygen
is tagged as the ‘HEAD/TAIL_GROUP_A’ on the terephthalic acid. Likewise an amine hydrogen is tagged as the
‘HEAD/TAIL_GROUP_A’ on the ethylenediamine. When the ‘HEAD_CONNECT’ and ‘TAIL_CONNECT’ atoms
on each monomer are connected the hydroxyl group from the terephthalic acid and the hydrogen from the ethylene-
diamine are removed, resulting in the two monomers forming an amide group. The removed atoms can form a water
molecule.

The monomers used for the alpha and omega end groups follow a slightly different scheme. Here, as each monomer
may only have one atom which is bonded to cap the polymer chain, the HEAD and TAIL atoms may be the same. If
this is the case then the same monomer may be used either as a starting or ending group.

The above examples show how some common types of polymers may be created. Tacticity is controlled globally
through the tactic_ratio parameter. The general proportion of each monomer in the resulting system is speci-
fied with the monomer_ratios parameter. This is useful for creating random copolymers with different ratios of
monomers. It also controls the probability of selecting different monomers to start the polymer chain. The parameter
monomer_additions controls the probability of adding one monomer onto another. Each row in this matrix corre-
sponds to a monomer type and describes the probabilities of adding the next monomer type. This is useful for creating
alternating copolymers and some types of block copolymers, especially diblock copolymers. This is also often neces-
sary in creating condensation polymers such as PET or nylon, where two different monomers react to form the polymer
chain. In general the probability of adding a monomer either outside or at the start of a block is the product of the
monomer ratio and monomer addition probability for that monomer.

Monomer blocks within polymers can be created using the monomer_block_sizes parameter, which specifies how
large blocks should be for each monomer. It is also possible to contaminate blocks through the block_contamination
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parameter. For each monomer in a block the probability of that monomer being different from the others is given
by this parameter. Which monomer to contaminate the block with is controlled by the monomer_ratios and
monomer_additions parameters.

The orientation of monomers being added to the polymer chain can also be controlled with the parameter
head_tail_flip_probability. By default, polymer chains are created by connecting the head group of the in-
coming monomer to the tail group of the previous one. The head_tail_flip_probability controls the probability
that an incoming monomer is re-orientated so that the the tail group is connected to the tail group of the previous
monomer, allowing the next monomer to connect to the head group of the existing monomer. Complete randomization
of the monomer orientation is achieved by setting head_tail_flip_probability to 0.5. Setting this parameter to
0 maintains the same orientation for all monomers, while setting it to 1 maintains the same reversed orientation for all
monomers.

The alpha_group and omega_group parameters are designed to allow specific end groups to be placed on polymer
chains. These groups may be the result of how polymers are synthesized, or as the result of a post-synthetic function-
alization step. The molecules used as end groups attach onto the polymer chain, and only need one connection point.
This allows for the HEAD and TAIL tags to be placed on the same atoms.

Once the PolymerSequence object is created it internally creates a polymer sequence. This is returned with the
sequence function. The generated polymer sequence is stored as a list of two dimensional integer numpy arrays.
Each array in the list describes one chain in the polymer melt. In the numpy arrays the first dimension indexes each
monomer position in the chain. The second dimension has two elements. The first element contains the integer index
of the monomer at that position in the chain (including the alpha and omega end groups), which is ordered according to
the input order of the monomers. The second element is a number indicating which groups need to be removed to form
the polymer chain. Selecting either HEAD_GROUP_A or HEAD_GROUP_B adds either 0 or 2 respectively onto this
number. Likewise selecting either TAIL_GROUP_A or TAIL_GROUP_B adds either 0 or 1 respectively to this number.
In this way the combination of groups selected is stored in a two digit binary fashion.

PositionRestraint

class PositionRestraint(atom_selection=None, spring_constant=None, reference_positions=None)
Class to apply spring restraints to tether the atomic position to its original values.

Parameters

• atom_selection (sequence of int | str | None) – The selection of atoms that
should be restrained. Can be given as list of indices or a tag. Default: All atoms.

• spring_constant (PhysicalQuantity of type energy / length ** 2) – The spring constant
used for the tethering springs. Default: 0.5 * eV / Ang ** 2.

• reference_positions (PhysicalQuantity of type length) – If specified, the given posi-
tions will be used as reference positions. If set to None, the positions of the first configu-
ration in the simulation will be used.

frozenDegreesOfFreedom(local_atoms=None)

Parameters
local_atoms (list of int | None) – The group of atoms from which the frozen de-
grees of freedom should be calculated, e.g. a thermalized group of atoms. Default: All
atoms.

Returns
The number of degrees of freedom that are frozen by this constraint object.

Return type
int
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uniqueString()

Return a unique string representing the state of the object.

Usage Examples

When studying crystallization at amorphous interfaces with SteeredMolecularDynamics the PositionRestraint can be
used to prevent the crystal atoms from melting.

bulk_configuration.setCalculator(calculator)

# MolecularDynamics
diffraction_peak = DiffractionPeak(

cutoff_radius=10.0*Ang,
q_value=2.1/Ang,
included_atoms=[Cobalt],

)

hook_function = SteeredMolecularDynamics(
collective_variable=diffraction_peak,
velocity=300/1000/ps,
spring_constant=0.1*eV,
measurement_interval=50,

)

method = Langevin(
initial_velocity=MaxwellBoltzmannDistribution(

temperature=1400.0*Kelvin,
remove_center_of_mass_momentum=None

),
reservoir_temperature=1400.0*Kelvin,
friction=0.05*1/fs

)
constraints = [PositionRestraint(atom_selection='silicon', spring_constant=1.0*eV/
→˓Ang**2)]
md_trajectory_1 = MolecularDynamics(

configuration=bulk_configuration,
constraints=constraints,
trajectory_filename='restrained_steered_MD.hdf5',
steps=2000000,
post_step_hook=[

hook_function,
],
measurement_hook=hook_function.measurements,
log_interval=1000,
method=method

)

position_restraint.py
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Notes

The PositionRestraint object can be used to tether the positions of selected atoms to their initial positions via harmonic
springs. This allows the atoms to vibrate and include thermal effects, while they would not be able to leave their
positions permanently, which avoids structural changes. Instead of the initial positions one can also specify different
reference positions via the reference_positions parameters. A PositionRestraint object can be passed as constraint
in MolecularDynamics or OptimizeGeometry.

PristineConfiguration

class PristineConfiguration(configuration, reference_calculator, band_gap_calculator=None,
phonon_calculator=None, symmetry_tolerance=None,
supercell_repetitions=None, finite_size_correction_parameters=None,
include_vibrations=None)

Create a pristine reference for a defect.

Parameters

• configuration (BulkConfiguration) – The unit cell of the pristine material.

• reference_calculator (All calculators) – The calculator used for the formation
energy. This calculator must be suitable for calculating both pristine configuration and
defect energies.

• band_gap_calculator (All calculators | None) – The calculator used for the band
gap. If not given the reference calculator is used for the band gap.

• phonon_calculator (All calculators | None) – The calculator used for the vibra-
tional energy. If not given, the reference calculator is used to calculate the phonon density
of states. As with the reference calculator, this calculator is used on both pristine and
defect configurations.

• symmetry_tolerance (PhysicalQuantity of type length) – The tolerance used for calcu-
lating the symmetry. Default: 0.1 Angstrom

• supercell_repetitions (Tuple of integers of length 3) – The supercell rep-
etitions used to create the defect. Default: (1, 1, 1)

• finite_size_correction_parameters (IsotropicFiniteSizeCorrectionParameters
| Disabled | None) – Parameters for the finite size correction applied to the defect. If
Disabled, finite size corrections are ignored. Default: IsotropicFiniteSizeCorrectionPa-
rameters

• include_vibrations (bool) – Whether or not vibrational terms are included in calcu-
lating the formation energy. The configuration will be optimized with the phonon calcu-
lator before calculating vibrations. Default: False

addChargeCorrection()

Returns
Whether or not calculations are done for correcting charged states.

Return type
bool
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bandGapCalculator()

Returns
The calculator used for the band gap. None if no specific calculator provided.

Return type
All calculators | None

conductionBandMinimum(band_gap)
Get the conduction band minimum using either the formation energy or band gap calculator.

Parameters
band_gap (bool) – Whether or not the value from the band gap calculator is returned. If
no band gap calculator was given then None is returned.

Returns
The calculated conduction band minimum.

Return type
PhysicalQuantity of type energy

configuration()

Returns
The unit cell that defines the pristine material.

Return type
BulkConfiguration

electrostaticPotential()

Returns
The pristine electrostatic difference potential.

Return type
ElectrostaticDifferencePotential

fermiLevel(band_gap)
Get the conduction band minimum using either the formation energy or band gap calculator.

Parameters
band_gap (bool) – Whether or not the value from the band gap calculator is returned. If
no band gap calculator was given then None is returned.

Returns
The calculated Fermi level.

Return type
PhysicalQuantity of type energy

finiteSizeCorrectionParameters()

Returns
The parameters for the finite size correction.

Return type
float

includeVibrations()

Returns
Whether or not vibrational corrections are calculated.
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Return type
bool

phononCalculator()

Returns
The calculator used for the vibrational energy. None if no specific calculator provided.

Return type
All calculators | None

phononDensityOfStates()

Returns
The calculated phonon density of states if vibrational corrections are enabled. None if not.

Return type
PhononDensityOfStates | None

pristineSymmetry()

Returns
The symmetry information of the pristine unit cell.

Return type
dict

referenceCalculator()

Returns
The original given reference calculator.

Return type
All calculators

stress()

Returns
The calculated stress in the reference material.

Return type
Stress

superCell()

Returns
The super cell of the pristine material using the given repetitions.

Return type
BulkConfiguration

supercellRepetitions()

Returns
The supercell repetitions used to create the defect.

Return type
tuple

supercellSymmetry()

Returns
The symmetry information of the supercell.
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Return type
dict

symmetryTolerance()

Returns
The tolerance used for detecting the symmetry.

Return type
PhysicalQuantity of type length

totalEnergy()

Returns
The reference energy calculated with the formation energy calculator.

Return type
TotalEnergy

uniqueString()

Return a unique string representing the state of the object.

unitCell()

Returns
The unit cell that defines the pristine material.

Return type
BulkConfiguration

update()

Perform the necessary calculations

valenceBandMaximum(band_gap)
Get the valence band maximum using either the formation energy or band gap calculator.

Parameters
band_gap (bool) – Whether or not the value from the band gap calculator is returned. If
no band gap calculator was given then None is returned.

Returns
The calculated valence band maximum.

Return type
PhysicalQuantity of type energy

vibrations()

Returns
The vibrations if vibrational corrections are enabled. None if not.

Return type
PhysicalQuantity of type inverse time | None
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Notes

The PristineConfiguration object contains the information about the original host material used in ChargedPointDe-
fectConfiguration calculations. Where applicable, the information in the PristineConfiguration object is used in also
calculating the defect, ensuring consistent settings between a range of defect calculations.

The PristineConfiguration is created by supplying a host configuration and a reference energy calculator. This calculator
is also used as the reference calculator in the ChargedPointDefectConfiguration calculation. The defect supercell size
is given with the supercell_repetitions argument. The correction for the defect charge can be specified using the
finite_size_correction_parameters argument. If no correction is desired, the keyword Disabled should be
given.

Some calculators can also be specified for specific parts of the calculation. This is useful in cases where the appropri-
ate reference energy calculator is unsuitable. A band gap calculator can be given using the band_gap_calculator
argument. This calculation is performed with the pristine unit cell, and thus this calculator can be reasonably more
computationally expensive than the reference calculator. Additionally, a calculator for the vibrational correction can
be given by using the phonon_calculator argument and setting the include_vibrations argument to True. If
vibrations are included here they should also be included in the calculation of atomic chemical potentials.

ProcessesPerNode

class ProcessesPerNode

Flag to specify the number of processes running on a single node.

ProjectedDensityOfStates

class ProjectedDensityOfStates(configuration, kpoints=None, projections=None, energies=None,
energy_zero_parameter=None, bands_above_fermi_level=None,
spectrum_method=None)

Class for calculating the projected density of states for a configuration.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion with an attached calculator for which to calculate the projected density of states.

• kpoints – The k-points for which to calculate the projected density of states. Default:
The Monkhorst-Pack grid used for the self-consistent calculation.

• projections (list of Projection | Projection | ProjectionGenerator) – The pro-
jections used for the calculating the weights. Default: [Projection(spin=Spin.Up),
Projection(spin=Spin.Down)].

• energies (PhysicalQuantity of type energy) – The energies for which to calculate the
projected density of states. The energies are relative to the zero of energy specified in
energy_zero_parameter. Default: numpy.arange(-2.0, 2.0, 0.01) * eV

• energy_zero_parameter (FermiLevel | AbsoluteEnergy) – Specifies the choice for
the energy zero. Default: FermiLevel

• bands_above_fermi_level (int | All) – The number of bands above the Fermi level
per principal spin channel. Must be a non-negative integer. Default: All (All bands are
included).
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• spectrum_method (GaussianBroadening | TetrahedronMethod | Automatic) – The
method to use for calculating the projected density of states. If Automatic is set then the
tetrahedron method is used if there are more than 10 k-points in any direction, else the
Gaussian broadening method is used. Default: TetrahedronMethod for BulkConfigu-
rations and GaussianBroadening for MoleculeConfigurations.

bandsAboveFermiLevel()

Returns
The number of bands above the Fermi level per principal spin channel.

Return type
int

densityOfStates(normalization=None)
Returns the possible normalized density of states.

Parameters
normalization (False` | NormalizeByVolume() | NormalizeByNumberOfAtoms()) – Nor-
malization scheme to use for the DOS. Default: False

Returns
The full density of states as a vector of the length of the number of energies.

Return type
PhysicalQuantity of type reciprocal energy

directBandGap()

Returns
The direct band gap.

Return type
PhysicalQuantity of type energy

energies()

Returns
The energies.

Return type
PhysicalQuantity of type energy

energyZero()

Returns
The energy zero.

Return type
PhysicalQuantity of type energy.

evaluate(projection_index=None, normalization=None)
The projected density of states for a given projection.

Parameters

• projection_index (int) – The index of the projection to query the projected density
of states for. Negative indexing can be used such that e.g. projection_index=-1 will
return the projected density of states for the last projection. Default: The projected
density of states for each projection is returned.

• normalization (False` | NormalizeByVolume() | NormalizeByNumberOfAtoms()) –
Normalization scheme to use for the DOS. Default: False
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Returns
The projected density of states as a vector of the length of the number of energies, e. If
projection_index is not specified, an array of shape (p, e) is returned, where p is the
number of projections.

Return type
PhysicalQuantity of type reciprocal energy

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
Up

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

indirectBandGap()

Returns
The indirect band gap.

Return type
PhysicalQuantity of type energy

kpoints()

Returns
The k-point sampling used for calculating the projected density of states.

Return type
MonkhorstPackGrid | RegularKpointGrid

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
Structured information about the PDOS.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()
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projections()

Returns
The projections used for the calculated projected density of states.

Return type
list of class:~.Projection | class:~.Projection

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Calculate the Projected Density of States for bulk gallium arsenide, by projecting on each shell per each element

lattice = FaceCenteredCubic(5.6537*Angstrom)
elements = [Gallium, Arsenic]
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
k_point_sampling = MonkhorstPackGrid(7, 7, 7)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=k_point_sampling,

)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,

)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# -------------------------------------------------------------
# ProjectedDensityOfStates
# -------------------------------------------------------------
pdos = ProjectedDensityOfStates(

configuration=bulk_configuration,
(continues on next page)
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(continued from previous page)

projections=ProjectOnShellsByElement,
kpoints=MonkhorstPackGrid(11, 11, 11),
energies=numpy.arange(-4.0, 4.0, 0.01) * eV
)

gaas_pdos.py

The same resuls can be obtained by defining explicitely the list of projections:

# -------------------------------------------------------------
# ProjectedDensityOfStates
# -------------------------------------------------------------
projections = [Projection(l_quantum_numbers=[0], atoms=[Gallium]),

Projection(l_quantum_numbers=[1], atoms=[Gallium]),
Projection(l_quantum_numbers=[2], atoms=[Gallium]),
Projection(l_quantum_numbers=[0], atoms=[Arsenic]),
Projection(l_quantum_numbers=[1], atoms=[Arsenic]),
Projection(l_quantum_numbers=[2], atoms=[Arsenic]),]

pdos = ProjectedDensityOfStates(
configuration=bulk_configuration,
projections=projections,
kpoints=MonkhorstPackGrid(11, 11, 11),
energies=numpy.arange(-4.0, 4.0, 0.01) * eV)

More flexible projections can be achieved with algebraic operations, refer to the the documentation of Projection.

Notes

The ProjectedDensityOfStates is used to visualize the contribution of different orbitals to the density of states.

Recalling that the density of states can be written as

𝐷(𝜖) =
∑︁
𝑛

𝛿 (𝜖− 𝜖𝑛)

where 𝑛 includes all the quantum numbers of the system, we can define the Projected Density of States associated to a
given projection M as

𝐷𝑀 (𝜖) =
∑︁
𝑛

𝛿 (𝜖− 𝜖𝑛) ⟨𝜓𝑛|P̂𝑀 |𝜓𝑛⟩

𝜓𝑛 are the eigenstates and P̂𝑀 is a projection operator defined according to the description contained in the documen-
tation of Projection.

Note: The ProjectedDensityOfStates will always be positive (in units of eV−1) for projections on up/down spin, but
might be both positive and negative (in units of ~

2 eV−1) for projections involving the Pauli spin matrices. See the
Usage Example in Projection for some more information.
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ProjectedLocalDensityOfStates

class ProjectedLocalDensityOfStates(configuration, method=None, energies=None, kpoints=None,
contributions=None, self_energy_calculator=None,
energy_zero_parameter=None, infinitesimal=None,
density_mesh_cutoff=None, processes_per_energy=None)

Class for representing the projected local density of states.

Parameters

• configuration (DeviceConfiguration.) – The configuration to calculate the pro-
jected local DOS of.

• method (LocalDeviceDensityOfStates | DeviceDensityOfStates) –
The method used for calculating the projected local DOS. Either the class of
LocalDeviceDensityOfStates or DeviceConfiguration should be supplied,
not instances of those classes. Default: LocalDeviceDensityOfStates

• energies (PhysicalQuantity of type energy) – The energies for which the density of states
should be calculated. Default: numpy.linspace(-2.0, 2.0, 200) * eV

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The k-
points for which the projected local DOS should be calculated. Note that the k-points
must be in the xy-plane. Default: MonkhorstPackGrid(na, nb) where (na, nb) is
the sampling used for the self-consistent calculation.

• contributions (Left | Right | All) – The density contributions to include in the pro-
jected local DOS. Default: All

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy |
SparseRecursionSelfEnergy | KrylovSelfEnergy) – The self energy calcula-
tor to use. Default: RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy) – Small energy, used to move the
calculation away from the real axis. This is only relevant for recursion-style self-energy
calculators. Default: 1.0e-6 * eV

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
density grid sampling. The mesh cutoff must be a positive energy or a GridSampling
object. Default: The density mesh cutoff set on the calculator.

• processes_per_energy (int | All | Automatic) – The number of processes to use
for each energy point. If the number of processes is larger than the number of k-
points, it is highly recommended to set this to a value between the number of k-
points and the total number of processes (All). This option is only used if method is
LocalDeviceDensityOfStates. Default: All processes calculate each energy point
collaboratively.

contributions()

Returns
The contributions.

Return type
Left | Right | All
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electrodeVoltages()

Returns
The electrode voltages.

Return type
PhysicalQuantity of type electrical potential

energies()

Returns
The energies.

Return type
PhysicalQuantity of type energy

evaluate(spin=None)
Return the projected local DOS for the specified spin.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – The spin to select. Default: Spin.Sum

infinitesimal()

Returns
The infinitesimal.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

method()

Returns
The method used for calculating the projected local DOS.

Return type
LocalDeviceDensityOfStates | DeviceDensityOfStates

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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uniqueString()

Return a unique string representing the state of the object.

zSlicing()

Returns
The z-slicing of the cell.

Return type
PhysicalQuantity of type length

Usage Examples

Notes

ProjectedPhononDensityOfStates

class ProjectedPhononDensityOfStates(dynamical_matrix, qpoints=None, projections=None,
energies=None, number_of_bands=None, spectrum_method=None)

Class for calculating the projected density of states for a configuration.

Parameters

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix to calculate the
phonon density of states from.

• qpoints – The q-points for which to calculate the projected density of states. Default:
KPointDensity(density_a=12*Ang, density_b=12*Ang, density_c=12*Ang).

• projections (list of Projection | Projection | ProjectionGenerator) – The pro-
jections used for the calculating the weights. Default: [Projection(spin=Spin.Up),
Projection(spin=Spin.Down)].

• energies (PhysicalQuantity of type energy) – The energies for which to calculate the
projected density of states. The energies are relative to the zero of energy specified in
energy_zero_parameter. Default: numpy.arange(0.0, 200.0, 0.1) * meV

• number_of_bands (int) – The number of bands. Default: All bands

• spectrum_method (GaussianBroadening | TetrahedronMethod | Automatic) – The
method to use for calculating the projected density of states. If Automatic is set then the
tetrahedron method is used if there are more than 10 q-points in any direction, else the
Gaussian broadening method is used. Default: TetrahedronMethod for BulkConfigu-
rations and GaussianBroadening for MoleculeConfigurations.

densityOfStates(normalization=None)
Returns the possible normalized density of states.

Parameters
normalization (False` | NormalizeByVolume() | NormalizeByNumberOfAtoms()) – Nor-
malization scheme to use for the DOS. Default: False

Returns
The full density of states as a vector of the length of the number of energies.
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Return type
PhysicalQuantity of type reciprocal energy

energies()

Returns
The energies.

Return type
PhysicalQuantity of type energy

entropy(temperature=PhysicalQuantity(300.0, K))
Calculate the entropy of the phonons.

The entropy is evaluated using the quasi-harmonic approximation (see Eq.(5.5) in Dove, Martin T. (1993),
Introduction to lattice dynamics, Cambridge university press).

Parameters
temperature (PhysicalQuantity of type temperature.) – The temperature to evaluate the
entropy at. Default: 300 * Kelvin

Returns
The entropy.

Return type
PhysicalQuantity with the unit meV / Kelvin

evaluate(projection_index=None, normalization=None)
The projected density of states for a given projection.

Parameters

• projection_index (int) – The index of the projection to query the projected density
of states for. Negative indexing can be used such that e.g. projection_index=-1 will
return the projected density of states for the last projection. Default: The projected
density of states for each projection is returned.

• normalization (False` | NormalizeByVolume() | NormalizeByNumberOfAtoms()) –
Normalization scheme to use for the DOS. Default: False

Returns
The projected density of states as a vector of the length of the number of energies, e. If
projection_index is not specified, an array of shape (p, e) is returned, where p is the
number of projections.

Return type
PhysicalQuantity of type reciprocal energy

freeEnergy(temperature=PhysicalQuantity(300.0, K))
Calculate the Helmholtz free energy of the molecule / lattice.

Parameters
temperature (PhysicalQuantity of type temperature.) – The temperature to evaluate the
entropy at. Default: 300 * Kelvin

Returns
The free energy of the molecule / lattice (without internal energy).

Return type
PhysicalQuantity with the unit eV
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internalEnergy(temperature=PhysicalQuantity(300.0, K))
Calculate the internal harmonic energy of the molecule / lattice at the given temperature.

Parameters
temperature (PhysicalQuantity of type temperature.) – The temperature to evaluate the
internal energy at. Default: 300 * Kelvin

Returns
The internal energy of the molecule / lattice.

Return type
PhysicalQuantity with the unit eV

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
Structured information about the PDOS.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfBands()

Returns
The number of bands to include.

Return type
int | All

projections()

Returns
The projections used for the calculated projected density of states.

Return type
list of class:~.Projection | class:~.Projection

qpoints()

Returns
The q-point sampling used for calculating the projected density of states.

Return type
MonkhorstPackGrid | RegularKpointGrid
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setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

zeroPointEnergy()

Calculate the zero point energy in the quasi-harmonic approximation.

Returns
The zero point energy of the molecule / lattice

Return type
PhysicalQuantity with the unit eV

Usage Example

Calculate the projected phonon density of states (PPDOS) of a carbon nanotube (CNT) using the TremoloXCalculator
calculator with a Tersoff potential. In this example, the PPDOS is projected on x,y,z movement of the atoms.

The figure below shows how to setup the calculation using the work flow builder and the Projected Phonon Density of
States editor.
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The available projections are

• (x,y,z) : Project on (x, y, z) motion of all the atoms. (Default projection type)

• Sites : Project on each atom, sum over x,y,z.

• Tags : Project on each tag, sum over x,y,z.

• Elements : Project on each element, sum over x,y,z.

• Sites and (x,y,z) : Project on each atom and x,y,z. This will generate 3*N projection, where N is the number of
atoms.

• Tags and (x,y,z) : Project on each tag and x,y,z.

• Elements and (x,y,z) : Project on each tag and x,y,z.

# %% (6,0) Carbon Nanotube

# Set up lattice
vector_a = [14.700167046094046, 0.0, 0.0]*Angstrom
vector_b = [0.0, 14.700167046094046, 0.0]*Angstrom
vector_c = [0.0, 0.0, 4.26258]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon,

Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon,
Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon]

# Define coordinates
fractional_coordinates = [[ 0.659867810732, 0.5 , 0.666666666667],

[ 0.638449585341, 0.579933905366, 0.833333333333],
[ 0.659867810732, 0.5 , 0.333333333333],
[ 0.579933905366, 0.638449585341, 0.666666666667],
[ 0.5 , 0.659867810732, 0.833333333333],
[ 0.638449585341, 0.579933905366, 0.166666666667],
[ 0.579933905366, 0.638449585341, 0.333333333333],
[ 0.420066094634, 0.638449585341, 0.666666666667],
[ 0.361550414659, 0.579933905366, 0.833333333333],
[ 0.5 , 0.659867810732, 0.166666666667],
[ 0.420066094634, 0.638449585341, 0.333333333333],
[ 0.340132189268, 0.5 , 0.666666666667],
[ 0.361550414659, 0.420066094634, 0.833333333333],
[ 0.361550414659, 0.579933905366, 0.166666666667],
[ 0.340132189268, 0.5 , 0.333333333333],
[ 0.420066094634, 0.361550414659, 0.666666666667],
[ 0.5 , 0.340132189268, 0.833333333333],
[ 0.361550414659, 0.420066094634, 0.166666666667],
[ 0.420066094634, 0.361550414659, 0.333333333333],
[ 0.579933905366, 0.361550414659, 0.666666666667],
[ 0.638449585341, 0.420066094634, 0.833333333333],
[ 0.5 , 0.340132189268, 0.166666666667],
[ 0.579933905366, 0.361550414659, 0.333333333333],
[ 0.638449585341, 0.420066094634, 0.166666666667]]

(continues on next page)
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(continued from previous page)

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# %% Set ForceFieldCalculator

# %% ForceFieldCalculator
potentialSet = Tersoff_C_2010()
calculator = TremoloXCalculator(parameters=potentialSet)

# %% Set Calculator
bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# %% OptimizeGeometry
optimized_configuration = OptimizeGeometry(

configuration=bulk_configuration,
max_forces=0.01*eV/Angstrom,
constraints=[

BravaisLatticeConstraint()
],
trajectory_filename='CNT_results.hdf5'

)

nlsave('CNT_results.hdf5', optimized_configuration)

# %% DynamicalMatrix
dynamical_matrix = DynamicalMatrix(

configuration=optimized_configuration,
filename='CNT_results.hdf5',
object_id='dm',
calculator=calculator,
repetitions=(1, 1, 5)

)
dynamical_matrix.update()

# %% ProjectedPhononDensityOfStates
qpoints = MonkhorstPackGrid(

na=1,
nb=1,
nc=1000

)

projectedphonondensityofstates = ProjectedPhononDensityOfStates(
dynamical_matrix=dynamical_matrix,
qpoints=qpoints,

(continues on next page)
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(continued from previous page)

energies=numpy.linspace(0.0, 210.0, 1001)*meV,
spectrum_method=GaussianBroadening(

broadening=0.5*meV
)

)
nlsave('CNT_results.hdf5', projectedphonondensityofstates)

cnt_projected_phonon_dos.py

Analyze results

When the calculation has finished the results can be visualized with the Projected DOS analyzer as illustrated below.

In this case, the projections on x- and y directions are equal due to the rotational symmetry of the CNT. The z-direction
movement is, on the other hand significantly different.
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Local Phonon Density of States

If the PPDOS has been calculated with site projections (Sites or Sites and (x,y,z)), it is possible to plot the
phonon density of states as function of spatial coordinates, i.e. the local phonon density of states. This is illustrated in
the image below, where the PPDOS is calculated for a SiO2-Si-SiO2 structure as shown in the plot.

It is evident that some of the high-energy phonon modes in the SiO2 decays into the central Si region. Such phonon
tunneling effects may have important consequences for the phonon-limited mobility in the Si region.

Projection

class Projection(spin=None, atoms=None, l_quantum_numbers=None, m_quantum_numbers=None)
Initialize the class by defining the orbitals to include in the projection.

Parameters

• spin (None | Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – Spin
components to include in the projection. Default: Spin.Sum

• atoms (None | list of PeriodicTableElement | list of str | list of int | All) – Atoms
to include in the projection, defined either by element type, by tag, or by the index of
individual atoms. Default: All

• l_quantum_numbers (None | list of int | All) – Shells for the selected atoms to include
in the projection. Default: All

• m_quantum_numbers (None | list of int | All) – Orbitals for the selected shells to include
in the projection. Default: All
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atoms()

Returns
The atoms included in the projection.

Return type
list of PeriodicTableElement | list of str | list of int | All

lQuantumNumbers()

Returns
The l-quantum numbers included in the projection.

Return type
list of int | All

label()

Get the label for this projection.

Returns
The label used for this projection.

Return type
str

mQuantumNumbers()

Returns
The m-quantum numbers included in the projection.

Return type
list of int | All

setLabel(label)
Set the label for this projection.

Parameters
label (str) – The new label.

spin()

Returns
The spin components included in the projection.

Return type
Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z

uniqueString()

Return a unique string representing the state of the object.

Usage Example

The user can declare projection instances and also combine different projections by using the algebraic operations sum,
product and difference. The sum will perform the union between the orbital sets, the product the intersection and the
difference the disjuntive union. For example

# Define a projection on all orbitals
p1 = Projection()

(continues on next page)
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(continued from previous page)

# Define a projection on s, p orbitals of Oxygen
p2 = Projection(atoms=[Oxygen], l_quantum_numbers=[0, 1])

# Define a projection on Spin Up
p3 = Projection(spin=Spin.Up)

# Define a projection on all orbitals except s and p orbitals of Oxygen
p4 = p1 - p2

# We can define a projection on s and p orbital of Oxygen for Spin Up
# in two equivalent ways.
p5 = p2 * p3

# or
p5 = Projection(atoms=[Oxygen], l_quantum_numbers=[0, 1], spin=Spin.Up)

Note: Projections on the x, y, z Pauli spin matrices with Spin.X, Spin.Y, Spin.Z work differently from other pro-
jections; instead of defining a projection subspace based on sets of orbitals, they are operators returning the observable
corresponding to spin along each of the three coordinate axes in Euclidean space.

As such, algebraic combinations of projections are undefined when projecting on the Pauli spin matrices. This means
that the algebraic combination of two projections is not allowed if either of the two is projecting on one of the Pauli
matrices for a particular set of orbitals and the other isn’t projecting on the same Pauli matrix for the same set of orbitals.

For example, the following combinations are allowed:

Projection(spin=Spin.X, atoms=[Silicon]) + Projection(spin=Spin.Y, atoms=[Oxygen])
Projection(spin=Spin.X, atoms=[Silicon]) + Projection(spin=Spin.Z, atoms=[Oxygen])
Projection(spin=Spin.X, atoms=[Silicon]) + Projection(spin=Spin.Up, atoms=[Oxygen])
Projection(spin=Spin.X, atoms=[Silicon]) + Projection(spin=Spin.Down, atoms=[Oxygen])
Projection(spin=Spin.X, atoms=[Silicon]) + Projection(spin=Spin.Sum, atoms=[Oxygen])
Projection(spin=Spin.Up, atoms=[Silicon]) + Projection(spin=Spin.Down, atoms=[Silicon])

These combinations, however, are not allowed:

Projection(spin=Spin.X, atoms=[Silicon]) + Projection(spin=Spin.Y, atoms=[Silicon])
Projection(spin=Spin.X, atoms=[Silicon]) + Projection(spin=Spin.Z, atoms=[Silicon])
Projection(spin=Spin.X, atoms=[Silicon]) + Projection(spin=Spin.Up, atoms=[Silicon])
Projection(spin=Spin.X, atoms=[Silicon]) + Projection(spin=Spin.Down, atoms=[Silicon])
Projection(spin=Spin.X, atoms=[Silicon]) + Projection(spin=Spin.Sum, atoms=[Silicon])

(same for the + and * operators).
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Abbreviations

ATK supports a number of keyword which automatically generate a list of projections onto commonly used sets of
orbitals. The available keywords are

ProjectOnUpDownSpin Projections on spin up and spin down
ProjectOnXYZSpin Projections on the x, y, z Pauli spin matrices
ProjectOnSites Projections on each available atomic site
ProjectOnTags Projections on each available tag for atomic sites present in the configuration
ProjectOnElements Projections on each available element
ProjectOnShellsByElement Projections on each available shell per each available element
ProjectOnOrbitalsByElement Projections on each available orbital per each available element

For example, for bulk Gallium Arsenide the keyword ProjectOnElements is equivalent to

projections = [Projection(atoms=[Gallium]), Projection(atoms=[Arsenic])]

Notes

The Projection instances do not contain the list of projection orbitals immediately after declaration. The available
information is translated to a set of orbital indexes for a specific configuration only inside analysis objects. The orbital
indexes are then used to construct a projection operator, according to the procedure illustrated below.

Definition of the Projection operator

The definition of a projection operator is trivial in an orthogonal basis, where we can define

P̂𝑀 =
∑︁
𝑚∈𝑀

|𝑚⟩⟨𝑚|

This operator is idempotent and hermitian, and the identity operator can be easily expressed as the sum of a projection
onto a subspace and the projection onto the complementary subspace:

Î = P̂𝑀 + P̂�̄�

For a non-orthogonal basis this definition is not valid anymore and we have to formulate the projection taking into
account the overlap between basis functions. In this case it is not possible in general to define a projection operator
which is both hermitian and idempotent, and several different definitions are possible. A detailed treatment of this issue
and the derivation of some of the formulas used here can be found in1.

For a non-orthogonal basis the identity operator is written as

Î =
∑︁
𝑖,𝑗

|𝑖⟩𝑆−1
𝑖𝑗 ⟨𝑗|

1 M. Soriano and J. J. Palacios. Theory of projections with nonorthogonal basis sets: partitioning techniques and effective hamiltonians. Phys.
Rev. B, 90:075128, Aug 2014. doi:10.1103/PhysRevB.90.075128.

4.13. Full QuantumATK package 1799

https://doi.org/10.1103/PhysRevB.90.075128


QuantumATK V-2023.12 Documentation

where 𝑆−1 is the inverse of the overlap matrix, defined as usual by the inner products between basis functions 𝑆𝑖𝑗 =
⟨𝑖|𝑗⟩. We may then write the projection on a subspace 𝑀 as

P̂𝑀 =
∑︁

𝑚∈𝑀,𝑖

|𝑚⟩𝑆−1
𝑚𝑖 ⟨𝑖|

This projection fulfills the condition Î = P̂𝑀 + P̂�̄� . However this operator is not hermitian and we may as well use
its adjoint

P̂†
𝑀 =

∑︁
𝑚∈𝑀,𝑖

|𝑖⟩𝑆−1
𝑚𝑖 ⟨𝑚|

Also this operator fulfills the condition Î = P̂†
𝑀 + P̂�̄�† . The identity operator can be decomposed in additional

different ways and the choice of the projection is not uniquePage 1799, 1. The advantage of those two definitions is that
the projection subspace and its complement are orthogonal. This implies that the sum of the weights associated to
a projection and its complement is one by construction. We can as well choose to use a linear combination of the
projection operator and its adjoint and define a new projector as 1

2

(︁
P̂†
𝑀 + P̂𝑀

)︁
. The matrix representation of such

linear combination is given by

𝑃𝑀 =
1

2

(︁
𝑃𝑀𝑆 + 𝑆𝑃𝑀

)︁
𝑃𝑀 is a diagonal matrix such that 𝑃𝑚 = 1 if 𝑚 ∈ 𝑀 and 𝑃𝑚 = 0 otherwise. This is the matrix representation of the
projection implemented in QuantumATK. The same expression can also be derived from the taylor expansion to the
first order in 𝑆 of the projection operator in the orthogonal representation, after an inverse Löwdin transform2.

ProjectionGenerator

class ProjectionGenerator(spin=None, atoms=None, l_quantum_numbers=None,
m_quantum_numbers=None)

Initialize the class by defining which components to iterate over when generating the list of projections.

Parameters

• spin (None | UpDownProjection | XYZProjection | False) – Determine whether to
iterate over spin components when generating the list of projections. This can be done
either on the up/down components or on the x/y/z Pauli spin matrices. If False, the spin
projection will be Spin.Sum. Default: False

• atoms (None | SitesProjection | TagsProjection | ElementsProjection | False)
– Determine whether to iterate over atoms when generating the list of projections. This
can be done either by individual sites, tags present in the configuration, or element types.
Default: False

• l_quantum_numbers (None | bool) – Determine whether to iterate over shells when
generating the list of projections. Default: False

2 G. Penazzi, A. Pecchia, V. Gupta, and T. Frauenheim. A self energy model of dephasing in molecular junctions. The Journal of Physical
Chemistry C, 120(30):16383–16392, 2016. doi:10.1021/acs.jpcc.6b04185.
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• m_quantum_numbers (None | bool) – Determine whether to iterate over orbitals when
generating the list of projections. Default: False

generate(configuration)
Generate and return the list of projections for a given configuration.

Parameters
configuration (BulkConfiguration | MoleculeConfiguration) – The bulk con-
figuration with an attached calculator defining the basis for which to generate the list of
projections.

Returns
The list of projections.

Return type
list of Projection

uniqueString()

Return a unique string representing the state of the object.

ProjectionList

class ProjectionList(atoms=None, elements=None, angular_momenta=None)
Class for representing a list of orbitals. Results of many analysis objects, e.g. MolecularEnergySpectrum, can
be projected onto this limited set of orbitals.

Parameters

• atoms (list of int | All) – List of integers specifying the atom indices to include in the
projection list. Default: All

• elements (list of PeriodicTableElement | All) – List of elements to include in the
projection list Default: All

• angular_momenta (list of int | All) – List of angular momenta, specified as integers (0=s,
1=p, . . . ), to include in the projection list Default: All

angularMomenta()

Returns
The angular momenta which are included in the projection list.

Return type
list of int

atoms()

Returns
The atom indices which are included in the projection list.

Return type
list of int

elements()

Returns
The elements which are included in the projection list.
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Return type
list of PeriodicTableElement

includeAll()

Returns
True if we include all orbitals as targets.

Return type
bool

orbitalIndex(configuration)
Generate a list with indices of the orbitals in the projection list

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration to extract
orbital index from

Returns
A list with orbital indices

Return type
list of int

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the Nitrogen s level within an ammonia molecule:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates= [[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508 , -0.470587, -0.289336],
[-0.81508 , -0.470587, -0.289336]]*Angstrom )

# Define the calculator
calculator = HuckelCalculator()
molecule_configuration.setCalculator(calculator)

# Calculate and save the molecular energy spectrum
molecular_energy_spectrum = MolecularEnergySpectrum(

configuration=molecule_configuration,
energy_zero_parameter=AbsoluteEnergy,
projection_list=ProjectionList(elements=[Nitrogen], angular_momenta = [0])
)

nlsave('molecular.hdf5', molecular_energy_spectrum)

# Extract the energy
energy = molecular_energy_spectrum.evaluate()
occ = molecular_energy_spectrum.occupation()

(continues on next page)
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(continued from previous page)

# ... and print it out
print("level energy(eV) occupation")
for i in range(len(energy[0])):

print(' %d %12.4f %12.4f ' % (i, energy[0][i].inUnitsOf(eV),occ[0][i]))

nh3.py

PseudoPotentialProjectorShift

class PseudoPotentialProjectorShift(s_orbital_shift=None, p_orbital_shift=None, d_orbital_shift=None,
f_orbital_shift=None, g_orbital_shift=None)

Class for representing projector shift energies for each angular momentum.

Parameters

• s_orbital_shift (PhysicalQuantity of type energy.) – The projector shift of the s or-
bitals. Default: 0.0 * eV.

• p_orbital_shift (PhysicalQuantity of type energy.) – The projector shift of the p or-
bitals. Default: 0.0 * eV.

• d_orbital_shift (PhysicalQuantity of type energy.) – The projector shift of the d or-
bitals. Default: 0.0 * eV.

• f_orbital_shift (PhysicalQuantity of type energy.) – The projector shift of the f or-
bitals. Default: 0.0 * eV.

• g_orbital_shift (PhysicalQuantity of type energy.) – The projector shift of the g or-
bitals. Default: 0.0 * eV.

dOrbitalShift()

Returns
The project shift for the d-orbitals.

Return type
PhysicalQuantity

fOrbitalShift()

Returns
The project shift for the f-orbitals.

Return type
PhysicalQuantity

gOrbitalShift()

Returns
The project shift for the g-orbitals.

Return type
PhysicalQuantity

pOrbitalShift()

Returns
The project shift for the p-orbitals.

4.13. Full QuantumATK package 1803



QuantumATK V-2023.12 Documentation

Return type
PhysicalQuantity

sOrbitalShift()

Returns
The project shift for the s-orbitals.

Return type
PhysicalQuantity

uniqueString()

Return a unique string representing the state of the object.

PulayMixer

class PulayMixer(noncollinear_mixing=None, restart_strategy=None, history_storage=None,
noncollinear_restart=None)

Class for representing a Pulay mixer.

Parameters

• noncollinear_mixing (bool) – A special routine is used for the noncollinear mixing
if this flag is used. Default: False

• restart_strategy (NoRestart | AdaptiveHistoryRestart) – The restart strategy
for the SCF loop. Default: None

• history_storage (Duplicated | Distributed) – Flag indicating whether the his-
tory should be stored on each process (Duplicated) or distributed across all processes
(Distributed). Default: Automatic: Distributed in the absence of a preconditioner
and noncollinear mixing. Duplicated otherwise. Deprecated: from v2020.9, input will
be ignored. When noncollinear_mixing is True, storage will be Duplicated, otherwise we
use distributed storage.

• noncollinear_restart – Deprecated: from v2016.0, use noncollinear_mixing
instead.

historyStorage()

Returns
The flag indicating how the history is stored.

Return type
Duplicated | Distributed

noncollinearMixing()

Returns
True if the non-collinear restart mixing algorithm should be used.

Return type
bool

noncollinearRestart()

Deprecated: from v2016.0, use noncollinearMixing() instead.

Returns
True if the non-collinear restart mixing algorithm should be used.
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Return type
bool

restartStrategy()

Returns
The restart strategy.

Return type
NoRestart | AdaptiveHistoryRestart

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Set up a Pulay mixer with automatic memory distribution

# Iteration control parameters with automatic Pulay mixer
mixer=PulayMixer()
iteration_control_parameters=IterationControlParameters(algorithm=mixer)

Set up a Pulay mixer that uses the non-collinear restart mixing algorithm (and thus non-distributed history storage)

# Iteration control parameters with Pulay mixer (non-collinear mixing)
mixer=PulayMixer(noncollinear_mixing=True)
iteration_control_parameters=IterationControlParameters(algorithm=mixer)

Set up a Pulay mixer with explicitly distributed memory

# Iteration control parameters with distributed Pulay mixer.
mixer=PulayMixer(history_storage=Distributed)
iteration_control_parameters=IterationControlParameters(algorithm=mixer)

Notes

PulayMixer implements the Pulay-Kerker method1.

In the Pulay mixing scheme the best guess for the next input is given by,

ℎin𝑛+1 = 𝜂

𝑛∑︁
𝑖=𝑛−𝑛hist

𝛼𝑖ℎ
out
𝑖 + (1 − 𝜂)

𝑛−𝑛hist∑︁
𝑖=1

𝛼𝑖ℎ
in
𝑖

where ℎin𝑖 is the input value and ℎout𝑖 is the output value of the mixing_variable at iteration 𝑖. Currently there
is support for using HamiltonianVariable for mixing. The parameter 𝜂 is the damping_factor and 𝑛hist the
number_of_history_steps used for finding the input value for the next iteration. The variables 𝛼𝑖 are obtained
by minimizing the residual error of the mixing_variable assuming a linear relation between the residual errors of
different iteration numbers.

The PulayMixer is available in both a memory-distributed and a non-memory-distributed version. The non-distributed
version has a slight performance advantage, but in cases where the SCF history uses a considerable amount of memory,
the distributed version can be used to avoid being memory limited.

1 P. Pulay. Convergence acceleration of iterative sequences. the case of scf iteration. Chem. Phys. Lett., 73(2):393–398, jul 1980. URL:
http://www.sciencedirect.com/science/article/pii/0009261480803964.
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In the default case, memory distribution is activated if the stored history would use more than 50 MB. However, memory
distribution cannot be used when either a preconditioner or non-collinear mixing is used. In those cases, memory distri-
bution will be disabled by default. If memory distribution was explicitly requested with history_storage=Distributed,
an exception will be raised when the mixer is used. This is to avoid exceeding the expected memory usage by silently
falling back to duplicated history storage.

QEqAtomicCharges

class QEqAtomicCharges(r_cut=PhysicalQuantity(10.0, Ang), error=PhysicalQuantity(1e-05, 1 / Ang),
chi=None, eta=None, shielding=None, max_cycles=50, mixing=0.5)

Enables the calculation of atomic partial charges using the QEq charge equilibration scheme of Rappe and God-
dard.

Parameters

• r_cut (PhysicalQuantity of type length) – The cutoff used in determining shielded charge-
charge interactions. Default: 10 Angstrom.

• error (PhysicalQuantity of type inverse length) – The error in the 1/r lattice sum. De-
fault: 0.00001 Angstrom

• chi (dict) – Custom atomic electronegativies, as a dictionary with PeriodicTableElement
objects as keys and values as PhysicalQuantity of type energy. Default: Electronegativi-
ties from the QEq method.

• eta (dict) – Custom atomic hardnesses, as a dictionary with PeriodicTableElement ob-
jects as keys and values as PhysicalQuantity of type energy. Default: Atomic hardnesses
from the QEq method.

• shielding (dict) – Custom electrostatic shielding parameters, as a dictionary with Peri-
odicTableElement objects as keys and values as PhysicalQuantity of type inverse distance.
Default: Shielding parameters from the QEq method.

• max_cycles (int) – The maximum number of iterations performed in QEq calculations.
Default: 50

• mixing (float) – The linear mixing between new and old charges calculated by QEq.
Default: 0.5

charges(configuration, total_charge=None, decompose_bulk=True)
Calculate the atomic charges on a given configuration.

Parameters

• configuration (AtomicConfiguration) – The configuration whose atomic
charges are being calculated.

• total_charge (PhysicalQuantity of type charge) – The total charge of the configu-
ration. Default: Match the integer charge of the configuration.

• decompose_bulk (bool) – Whether or not the configuration, if a BulkConfiguration,
is decomposed into its parts to obtain the charges. Default: True

Returns
An array of atomic charges.

Return type
PhysicalQuantity of type charge
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Usage Examples

Define a simulation box of 900 methanol molecules with a Dreiding calculator using QEq calculated charges

# ---------------------------------------------------------------------------------------
→˓-----------
# Create Methanol Molecule
# ---------------------------------------------------------------------------------------
→˓-----------
# Define elements
elements = [Carbon, Hydrogen, Hydrogen, Hydrogen, Oxygen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.048333359398, -0.11839206808 , -0.068353692376],

[ 1.138333281204, -0.11839206808 , -0.068353692376],
[-0.31499994787 , -0.11839206808 , -1.096015473978],
[-0.31499994787 , -1.008373277446, 0.445477198425],
[-0.363333307269, 0.889981209366, 0.513830890801],
[-0.013333332377, 1.747302557837, 0.018856179479]]*Angstrom

# Set up configuration
methanol = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates

)

# Add tags
methanol.addTags('DREI_C_3', [0])
methanol.addTags('DREI_H_', [1, 2, 3])
methanol.addTags('DREI_H__A', [5])
methanol.addTags('DREI_O_3', [4])

# Add bonds
bonds = [[0, 1],

[0, 2],
[0, 3],
[0, 4],
[4, 5]]

methanol.setBonds(bonds)

# ---------------------------------------------------------------------------------------
→˓-----------
# Calculate Atomic Charges
# ---------------------------------------------------------------------------------------
→˓-----------
# Create the charger and calculate the charges
charger = QEqAtomicCharges()
methanol_charges = charger.charges(methanol)

# Print charges
print('METHANOL CHARGES')
print("----------------------------")

(continues on next page)
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(continued from previous page)

print(f'{"Number":<8s}{"Atom":<8s}{"Charge":>12s}')
print("----------------------------")
for i, q in enumerate(methanol_charges):

element = methanol.elements()[i].symbol()
charge = q.inUnitsOf(elementary_charge)
print(f'{i+1:<8d}{element:<8s}{charge:>12.4f}')

print("----------------------------")

# ---------------------------------------------------------------------------------------
→˓-----------
# Create A Box Of Methanol Molecules
# ---------------------------------------------------------------------------------------
→˓-----------
# Define the volume in which the molecules should be packed
u1, u2, u3 = numpy.diag([40.0] * 3) * Angstrom
cell = UnitCell(u1, u2, u3)

# Set the size of the buffer region
buffer_size = 2.0 * Angstrom

# Set Packmol parameters
tolerance = 2.0 * Angstrom
maximum_loops = 30

# Run the Packmol script to generate the packed configuration
methanol_box, packing_successful, packmol_message = runPackmol(

[(methanol, 900)],
cell,
tolerance,
buffer_size,
maximum_loops,

)

# ---------------------------------------------------------------------------------------
→˓-----------
# Add A Dreiding Calculator With The Calculated Charges
# ---------------------------------------------------------------------------------------
→˓-----------
# Repeat the charges for each molecule
methanol_box_charges = numpy.tile(

methanol_charges.inUnitsOf(elementary_charge),
900

) * elementary_charge

# Create the potential builder
potential_builder = DreidingPotentialBuilder()

# Create the calculator, setting the atomic charges
calculator = potential_builder.createCalculator(

methanol_box,
atomic_charges=methanol_box_charges

)

(continues on next page)
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(continued from previous page)

# Assign the calculator to the configuration
methanol_box.setCalculator(calculator)

# ---------------------------------------------------------------------------------------
→˓-----------
# Save The Configuration
# ---------------------------------------------------------------------------------------
→˓-----------
nlsave('Methanol_Box.hdf5', methanol_box)

calculating_charges_example.py

Notes

The QEqAtomicCharges class implements the QEq charge equilibration scheme of Rappe and Goddard1. The general
charge equilibration method assumes that the change of energy in response to charge polarization can be given as a
simple Taylor series expansion, such that the total energy of the molecule, 𝐸, can be given as:

𝐸(q) =

𝑁∑︁
𝑖

𝜒𝑖𝑞𝑖 + 𝜂𝑖𝑞
2
𝑖 +

𝑁∑︁
𝑗<𝑖

𝑞𝑖𝑞𝑗
4𝜋𝜖0𝑟𝑖𝑗

Here q is the vector of atomic charges, 𝜒𝑖 is the atomic electronegativity, 𝜂𝑖 is the atomic hardness and 𝑟𝑖𝑗 is the inter-
atomic distance. Getting the derivative of the energy with respect to an atomic charge gives the chemical potential for
that atom. Assuming that the chemical potential of each atom is equal and that the charges sum to a particular value
gives a series of linear equations that can be solved for the atomic charges. This gives a simple and yet reasonably
effective method for estimating the atomic partial charges.

One modification of this idea in the QEq scheme is that the charge-charge interaction term in the above equation is not
treated with point charges, but rather as the electrostatic interactions of two normalized Slater functions. This leads to
a better approximation of charge shielding at short ranges. The Slater functions on each atom can be given as:

𝜑(r;𝑛, 𝜁) = 𝑁𝑟𝑛−1𝑒−𝜁𝑟

Here 𝑁 is a normalization constant, 𝜁 is the principal quantum number and 𝜁 is the orbital exponent. This sets the
effective size of the Slater function on the atom. As Slater electrostatic integrals are difficult to calculate, a number of
effective approximations of this term have been suggested2.

Periodic systems also present an additional challenge to the QEq scheme. Due to the long-range nature of electrostatic
interactions, in periodic systems the charge-charge interactions should be calculated with Ewald summation3. As the
Slater electrostatic term approaches 𝑞𝑖𝑞𝑗

4𝜋𝜖0𝑟𝑖𝑗
at long distances, this long range interaction can be replaced with the

appropriate Ewald sum.

Another important modification in QEq is in how hydrogen is treated. Since the atomic orbitals of hydrogen are signif-
icantly different to its molecular orbitals, it is not sufficient to use atomic parameters in calculating charge equilibration
in molecules. Charge dependent corrections to the atomic hardness and Slater orbital exponent are therefore used to
make hydrogen respond to charge polarization in a more molecular way. As these corrections are charge dependent

1 Anthony K. Rappe and Willian A. Goddard III. Charge equilibration for molecular dynamics simulations. J. Phys. Chem., 95:3358, April 1991.
URL: https://pubs.acs.org/doi/10.1021/j100161a070, doi:10.1021/j100161a070.

2 Akifumi. Oda and Shuichi Hirono. Geometry-dependent atomic charge calculations using charge equilibration method with empirical two-
center coulombic terms. J. Mol. Struct. THEOCHEM, 634:159, September 2003. URL: https://www.sciencedirect.com/science/article/pii/
S0166128003003385, doi:10.1016/S0166-1280(03)00338-5.

3 Sundar Ramachandran, T. G. Lenz, W. M. Skiff, and A. K. Rappe. Toward an understanding of zeolite y as a cracking catalyst with the use of
periodic charge equilibration. J. Phys. Chem., 100:5898, April 1996. URL: https://pubs.acs.org/doi/10.1021/jp952864q, doi:10.1021/jp952864q.
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this means that the QEq charge calculations have to be solved self consistently. This can be done using a simple linear
mixing scheme.

To calculate the partial atomic charges for a configuration, an instance of the QEqAtomicCharges class first has to be
created. This class has a few parameters to control how it is instantiated. The cutoff used to calculate the charge-
charge interactions is controlled with the parameter r_cut. In the case of a MoleculeConfiguration this defines
the distance beyond which electrostatic interactions are ignored. For large molecules such as polymers this may need
to be increased so that all interactions are considered. In the case of a BulkConfiguration this defines the distance
beyond which electrostatic interactions are assumed to be 𝑞𝑖𝑞𝑗

4𝜋𝜖0𝑟𝑖𝑗
and calculated with Ewald summation. Before this

distance electrostatic interactions are assumed to be Slater electrostatic integrals.

In the QEq scheme each atom has three parameters, the atomic electronegativity, hardness and Slater orbital exponent.
These can be modified using the parameters chi, eta and shielding respectively. This can be important in cases
where atomic charges are being sought for ionic systems. In the QEq scheme the energy of the atom is expanded
around a neutral charge. In ionic systems it is more appropriate to expand the energy around the ionic charge of the
atom. This different atomic reference state is reflected in different atomic parameters. Each parameter takes dictionary
of PeriodicTableElement and PhysicalQuanity of appropriate units. If parameters are not specified for an atom
the default atomic parameters are used. The following example shows how to explicitly set the default atomic parameters
for the methanol example above.

charger = QEqAtomicCharges(
chi={Hydrogen: 4.528*eV, Carbon: 5.343*eV, Oxygen: 8.741*eV},
eta={Hydrogen: 6.9452*eV, Carbon: 5.063*eV, Oxygen: 6.682*eV},
shielding={Hydrogen: 2.0216/Ang, Carbon: 1.6469/Ang, Oxygen: 1.8685/Ang}

)
methanol_charges = charger.charges(methanol)

Finally there are two parameters that control the iterative solving of the QEq equations. This is only necessary in
configurations that contain hydrogen. The mixing parameter takes a number between 0 and 1 that represents the
amount of charges to add from the current and previous solutions to add at each iteration. The parameter max_cycles
sets the maximum number of self consistency iterations. In some cases these parameters may need to be modified to
help the self consistent solution to converge.

Once the QEqAtomicCharges class is instantiated, the atomic charges can be calculated using the charges method.
This takes the configuration of the system and returns an array of atomic charges. The total charge of the configura-
tion can be set using the total_charge argument. In cases where the charges are sought for a group of individual
molecules, the charges can be calculated individually for each molecule using the decompose_bulk argument. This
is useful in cases such as a polymer melt or a molecular liquid. Calculating the charges of each molecule individu-
ally ensures that each molecule has the correct total charge, as well as removing any artifacts of how the molecules
are packed. It also can speed up the calculation of the charges significantly. This is currently only supported for
BulkConfiguration configurations.

QNumbers

class QNumbers(md_trajectory, element_selection, fuzz_factor=None, start_time=None, end_time=None,
calculate_distribution=True, time_resolution=None, info_panel=None)

Class for calculating the extended coordination number (Q-Numbers) for an MD simulation.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the Q-numbers for.
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• element_selection – The triple of elements that is used to calculate the q-numbers.
The first element is the central element in the coordination, the second element specifies
the required first neighbor to the central atom, and the third element denotes that the first
neighbor needs to have at least one neighbor atom of that element.

• fuzz_factor (float) – The fuzz factor which the sum of the covalent radii is multiplied
with, to obtain the cutoff radii. Default: 1.2

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame.

• calculate_distribution (bool) – A flag to determine whether the distribution of Q-
numbers or the time-dependent evolution of Q-Numbers along the trajectory should be
calculated. Default: True (the distribution is calculated)

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel) – Info panel to show the calculation progress. Default: No
info panel

data()

Returns
The q-number number distribution if calculate_distribution has been selected, other wise
an array with dimensions (n_snapshots, q_max+1) with the time-dependent evolution of
the various q-numbers.

Return type
numpy array

qNumbers()

Returns
The Q-number values associated with the histogram if calculate_distribution has been se-
lected, None, otherwise.

Return type
numpy array | None

times()

Returns
The MD-times in case the time-evolution has been calculated, None otherwise.

Return type
PhysicalQuantity of type time | None

Usage Examples

Load an MDTrajectory and calculate the q-number distribution for a O-Si-O path:

md_trajectory = nlread('sio2.nc')[-1]

q_number = QNumbers(
md_trajectory,
element_selection=[Oxygen, Silicon, Oxygen],
fuzz_factor=1.2,

(continues on next page)
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(continued from previous page)

calculate_distribution=True,
)

# Get the histogram and the associated the coordination numbers.
bin_edges = q_number.qNumbers() - 0.4
histogram = q_number.data()

# Plot the data using pylab.
import pylab

pylab.bar(bin_edges, histogram, label='O-Si-O', width=0.8)
pylab.xlabel('Q-number')
pylab.ylabel('Histogram')
pylab.legend()

pylab.show()

q_numbers.py

Calculate and plot the time evolution of the q-numbers for a O-Si-O path:

md_trajectory = nlread('sio2.nc')[-1]

q_number = QNumbers(
md_trajectory,
element_selection=[Oxygen, Silicon, Oxygen],
fuzz_factor=1.2,
calculate_distribution=False,

)

# Get the histogram and the associated the coordination numbers.
times = q_number.times().inUnitsOf(fs)
q_number_evolution = q_number.data()

# Plot the data using pylab.
import pylab

# Make a plot for each q-number.
n_q_numbers = q_number_evolution.shape[1]
for i in range(n_q_numbers):

label = 'Q%i O-Si-O' % i
pylab.plot(times, q_number_evolution[:, i], label=label)
pylab.xlabel('Time (fs)')
pylab.ylabel('Q-number count')

pylab.legend()

pylab.show()

q_numbers2.py
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Notes

The Q-Number analysis is an extended coordination number. The coordination of each atom of the central element
with atoms of the primary neighbor element is counted. In contrast to the regular CoordinationNumber analysis, the
primary neighbors must have at least one neighbor atom to the secondary neighbor element1.

This quantity is often used to interpret NMR or Raman experiments, to identify e.g. the coordination number of oxide
tetrahedra, such as SiO4.

This analysis has two modes, distribution and time evolution, which can be switched via the calculate
distribution argument. In the distribution analysis the histogram of the Q-numbers is plotted, similar to the coordi-
nation number analysis. In the time evolution analysis, the change of the number of atoms associated with a Q-number
is analyzed as a function the simulation time. This analysis is performed each Q-number detected in the snapshots of
the simulation, as shown in the second example, this yields 𝑄𝑚𝑎𝑥 + 1 data sets, where 𝑄𝑚𝑎𝑥 is the largest Q-Number
found in the simulation.

The neighbors are identified via cutoff radii, which are determined as the sum of the covalent radii of the elements
multiplied by the fuzz_factor, similar to the way the bonds are displayed in the Viewer.

In contrast to most other MD-Analysis functions, only elements can be given in the element_selection.

QuantumATKMTPPotential

class QuantumATKMTPPotential(file, suppress_intercept=False, group_name='')
Moment Tensor Potential for Synopsys-QuantumATK pre-trained MTP models

Parameters

• file (str) – The name of a file containing the data for a fitted moment tensor potential.

• suppress_intercept (bool) – Suppress the intercept of the linear model. This will
cause the energy to deviate from the reference by some system-independent additive con-
stant, but will ensure that the energy of the empty system is 0.

• group_name (str) – Optional name of a hdf5-group in file containing the data for a fitted
moment tensor potential, if the data is not in the root-group of file

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Method that returns the defaults.

Returns
The defaults.

Return type
dict

1 H. Manzano, J. S. Dolado, M. Griebel, and J. Hamaekers. A molecular dynamics study of the aluminosilicate chains structure in al-rich calcium
silicate hydrated (c–s–h) gels. Phys. Stat. Sol. (a), 205(6):1324–1329, 2008. doi:10.1002/pssa.200778175.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

This class is used with Synopsys pre-trained moment tensor potential (MTP) parameter files. For more information
consult the MTPPotential manual page.

QuasiParticleConfigurationInteraction

class QuasiParticleConfigurationInteraction(configuration, eigensolutions, number_of_particles=None,
basis_state_indices=None, dielectric_constant=None,
excitation_order=None,
two_particle_integral_method=None)

A class to set up and solve a many-body body hamiltonian using a Configuration Interaction (CI) method on
selected confined quasi-particle levels of a bulk (e.g., electron or hole states in a quantum dot).

Parameters

• configuration (BulkConfiguration) – The configuration for which the CI eigenso-
lution should be calculated.

• eigensolutions (Eigensolutions.) – The single-particle eigensolutions to be used
as a basis for the Configuration Interaction method.

• number_of_particles (int) – The number of particles to be included in the many-body
problem. Note that for amounts larger than 2 the complexity explodes and the calculation
might become too heavy. Default: 2

• basis_state_indices (list of int) – A list of single particle state indices be used
as basis for the CI method. The indices are referred to the lowest unoccupied state: 0 is
the LUMO, +1 is the LUMO+1, -1 is the HOMO etc. Default: [0, 1]

• dielectric_constant (float) – The dielectric constant of the material, used to in-
clude a screening in the two-particle Coulomb interaction. It should be equal to the high
frequency dielectric constant of the material where the quasi-particle basis states are con-
fined. Default: 1

• excitation_order (float) – The maximum allowed excitation order in the CI expan-
sion. 1 corresponds to single excitations (CIS), 2 to double excitations (CISD), and so on.
If left unspecified, full-CI is performed. Default: Full-CI is performed.

• two_particle_integral_method (TwoParticleCoulombInteractionFFTMethod
| TwoParticleCoulombInteractionPointChargeMethod) – Select
the method used to evaluate two particle Coulomb integrals. Default:
TwoParticleCoulombInteractionFFTMethod .
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basisStateIndices()

Returns
the indices identifying the states used as quasi-particle basis, with the LUMO as reference
for the index 0.

Return type
list of int

dielectricConstant()

Returns
the dielectric constant used to screen the two-particle Coulomb interaction.

Return type
float

eigenvalues()

Returns
the many-body eigenvalues, as absolute energies.

Return type
PhysicalQuantity of type energy.

excitationOrder()

Returns
the excitation order used in the CI expansion.

Return type
int.

manyBodyProbabilityDensity(state_index, eigensolutions, density_mesh_cutoff=None)
Calculate the real space probability density associated to a many body state.

Parameters

• state_index (int) – The many-body eigenstate for which the probability density is
calculated. The index follow the eigenvalue ordering, from lowest to highest.

• eigensolutions (Eigensolutions) – The single-particle eigensolutions to be used
as a basis for the Configuration Interaction method. Note that these must be consistent
with the eigensolutions provided as input parameter in the object constructor.

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the density
grid sampling. The mesh cutoff must be a positive energy or a GridSampling object.
Default: The density mesh cutoff set on the calculator.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
Structured information about the object.
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Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfParticles()

Returns
the number of particles in the many-body system.

Return type
float

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

singleParticleEigenvalues()

Returns
the single-particle eigenvalues of the selected basis states, as absolute energies.

Return type
PhysicalQuantity of type energy.

twoParticleIntegrals()

Get the two-particle Coulomb interaction integrals that are required to set up the many-body Hamiltonian.

The return value is a map between four single particle state indices (a, b, c, d) and the two-particle spatial
integrals:

(𝑎, 𝑏|𝑐, 𝑑) =

∫︁
𝜑*𝑎(r1)𝜑𝑏(r1)𝑉 (r1 − r2)𝜑*𝑐(r2)𝜑𝑑(r2)𝑑r1𝑑r2

The indices go from 0 to N-1, where N is the number of single particle basis states utilized.

Returns
A map between indices and the corresponding two-particle interaction integral value.

Return type
dict

uniqueString()

Return a unique string representing the state of the object.
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RSL2Potential

class RSL2Potential(particleType1, particleType2, a, b, c, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• a (PhysicalQuantity of type energy) – Potential parameter.

• b (PhysicalQuantity of type length**-1) – Potential parameter.

• c (PhysicalQuantity of type length ) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The revised central force potential of Stillinger and Rahman (RSL2)1, defines an interaction of the form

𝑉𝑖𝑗(𝑟) =
𝑎𝑖𝑗

1 + exp(𝑏𝑖𝑗(𝑟 − 𝑐𝑖𝑗))
.

1 F. H. Stillinger and A. Rahman. Revised central force potentials for water. J. Chem. Phys., 1978. doi:10.1063/1.435738.
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RadialDistribution

class RadialDistribution(md_trajectory, start_time=None, end_time=None, cutoff_radius=None,
resolution=None, pair_selection=None, time_resolution=None, info_panel=None)

Class for calculating the radial distribution from an MDTrajectory.

Parameters

• md_trajectory (MDTrajectory | MoleculeConfiguration | BulkConfiguration
| DeviceConfiguration | SurfaceConfiguration) – The MDTrajectory or configu-
ration the radial distribution should be calculated for.

• cutoff_radius (PhysicalQuantity of type length) – Upper limit on sampled distances
(must be positive). Default: Half the diagonal of the unit cell

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last frame time.

• resolution (PhysicalQuantity of type length) – The binning of the histogram. Default:
0.05 * Angstrom

• pair_selection (sequence) – Only include contributions between this selection of
atoms. Either None or a sequence containing two of the following types: Element, tag
name, list of indices, or None. Default: All atoms pairs are considered.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

data()

Return the radial distribution function.

distances()

Return the distance values associated with the radial distribution function.

Usage Examples

Load an MDTrajectory and calculate the RadialDistribution function between Al and O:

md_trajectory = nlread('alumina_trajectory.nc')[-1]

rdf = RadialDistribution(md_trajectory,
cutoff_radius=8.0*Angstrom,
pair_selection=[Aluminum, Oxygen])

# Get the bin_centers and the histogram of the radial distribution.
distances = rdf.distances().inUnitsOf(Angstrom)
histogram = rdf.data()

# Plot the data using pylab.
import pylab

pylab.plot(distances, histogram, label='Al-O RDF')
pylab.xlabel('r (Ang)')

(continues on next page)
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(continued from previous page)

pylab.ylabel('g(r)')
pylab.legend()

pylab.show()

radial_distribution.py

Calculate the RadialDistribution function between the first atom in the configuration and the rest of the system:

rdf = RadialDistribution(md_trajectory,
cutoff_radius=20.0*Angstrom,
pair_selection=[[0], None])

radial_distribution_2.py

Notes

The radial distribution (or pair correlation) function is calculated as

𝑔(𝑟) =
1

4𝜋𝑟2
1

𝑁𝜌

𝑁∑︁
𝑖=1

𝑁∑︁
𝑗 ̸=𝑖

⟨𝛿(𝑟 − |r𝑖 − r𝑗 |)⟩

It is also possible to calculate the partial radial distribution by specifying two selections A and B (elements or index
lists) in pair_selection. In that case the radial distribution is calculated as

𝑔𝐴𝐵(𝑟) =
1

4𝜋𝑟2
𝑁

𝜌𝑁𝐴𝑁𝐵

∑︁
𝑖∈𝐴

𝑁∑︁
𝑗∈𝐵,𝑗 ̸=𝑖

⟨𝛿(𝑟 − |r𝑖 − r𝑗 |)⟩

The normalization via the density ensures that for large distances the radial distribution approaches unity.

As the radial distribution assumes a homogeneous system, this analysis is not well-defined for trajectories of Device-
Configuration or SurfaceConfiguration types. In that case only the radial distribution of the central region atoms is
calculated, using infinite electrodes as boundary conditions.

RadiusOfGyration

class RadiusOfGyration(md_trajectory, polymer_tags=None, start_time=None, end_time=None,
time_resolution=None, mass_weight=None, gui_worker=None)

Analyzer to calculate the radius of gyration and shape factors of polymer chains.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
AtomicConfiguration that contains the polymers.

• polymer_tags (list of type str | None | Automatic) – A list of tags for the
polymers. If not specified default tags are used. Tags can also be set automatically with
the flag Automatic

• start_time (PhysicalQuantity of the type time) – The start time. Default: 0.0 * fs.

• end_time (PhysicalQuantity of the type time) – The end time. Default: The last time
image.
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• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis. Default: the MD time step.

• mass_weight (bool) – Whether or not masses of atoms are included in the calculations.
Default: True.

• gui_worker (PolymerAnalysisWorker) – Handle to the worker, for displaying the cal-
culation progress. Default: None.

acylindricalFactor()

Returns
The acylindrical factor for each polymer chain. This is returned as a 2D array indexed by
trajectory image then polymer chain.

Return type
ndarray

anisotropicFactor()

Returns
The anisotropic factor for each polymer chain. This is returned as a 2D array indexed by
trajectory image then polymer chain.

Return type
ndarray

asphericalFactor()

Returns
The aspherical factor for each polymer chain. This is returned as a 2D array indexed by
trajectory image then polymer chain.

Return type
ndarray

components()

Returns
The components of the radius of gyration. This is returned as a 3D array indexed by tra-
jectory image, polymer chain, component.

Return type
PhysicalQuantity of type length

polymerTags()

Return the polymer tags used for the analysis.

Returns
A list of the polymer tags.

Return type
list

radius()

Returns
The radius of gyration of the polymers. This is returned as a 2D array indexed by trajectory
image and then polymer chain.

Return type
PhysicalQuantity of type length
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times()

Returns
Times for each image used in the analysis.

Return type
PhysicalQuantity of type time

Usage Examples

Calculate the average radius of gyration of polystyrene chains during a molecular dynamics simulation starting from a
well equilibrated configuration.

# -------------------------------------------------------------
# Initial Configuration
# -------------------------------------------------------------
bulk_configuration = nlread('Polystyrene.hdf5')[-1]

# -------------------------------------------------------------
# OPLS-AA Calculator
# -------------------------------------------------------------
potential_builder = OPLSPotentialBuilder()
calculator = potential_builder.createCalculator(bulk_configuration)
bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------
initial_velocity = ConfigurationVelocities(

remove_center_of_mass_momentum=True
)

method = NPTMartynaTobiasKlein(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
reservoir_pressure=1*bar,
thermostat_timescale=100*femtoSecond,
barostat_timescale=500*femtoSecond,
initial_velocity=initial_velocity,
heating_rate=0*Kelvin/picoSecond,

)

constraints = [FixCenterOfMass()]

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='Polystyrene_Trajectory.hdf5',
steps=100000,
log_interval=10,
trajectory_interval=1000,
method=method

(continues on next page)
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)

# -------------------------------------------------------------
# Calculate Radius Of Gyration
# -------------------------------------------------------------
analyzer = RadiusOfGyration(

md_trajectory,
start_time=0*ps,
end_time=50*ps

)

radius_of_gyration = analyzer.radius()
radius_of_gyration_average = radius_of_gyration.mean(axis=1)
time = analyzer.times().convertTo(ps)

# -------------------------------------------------------------
# Plot The Results
# -------------------------------------------------------------
import pylab
pylab.figure()
pylab.plot(time, radius_of_gyration[:, 0], label='Polymer 1')
pylab.plot(time, radius_of_gyration[:, 5], label='Polymer 6')
pylab.plot(time, radius_of_gyration_average, label='Average')
pylab.xlabel('Time / ps')
pylab.ylabel('Radius Of Gyration / Angstrom')
pylab.legend()
pylab.savefig('Radius_Of_Gyration_Plot.png')

RadiusOfGyration_Example.py Polystyrene.hdf5

The script will run a short molecular dynamics calculation from the given starting structure and then calculate the
radius of gyration for two individual polymers, as well as the average. This is shown in the following plot
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Notes

This class enables the calculation of the radius of gyration and polymer chain shape descriptors from a MDTrajectory
or BulkConfiguration1. The radius of gyration, 𝑅𝑔 can be defined as:

𝑅𝑔 =

⎯⎸⎸⎷∑︀𝑁
𝑖 𝑚𝑖(r𝑖 − r𝐶𝑂𝑀 )2∑︀𝑁

𝑖 𝑚𝑖

Here 𝑚𝑖 represents the mass of the atoms, r𝑖 represents the atomic positions and r𝐶𝑂𝑀 represents the center of mass.
As atomic masses are included, 𝑅𝑔 defined here is the mass-weighted radius of gyration. Assuming each atomic mass
is equivalent, produces the unweighted radius of gyration. The radius of gyration gives a measure of the overall size of
the polymer chain.

Details about the shape can also be calculated. The principal components of the radius of gyration can be found by
diagonalizing the gyration tensor. This gives three components 𝜆𝑥, 𝜆𝑦 and 𝜆𝑧 such that:

𝑅2
𝑔 = 𝜆2𝑥 + 𝜆2𝑦 + 𝜆2𝑧

These components of the radius of gyration can give further information about the overall shape of the polymer chain.
The asphericity of a polymer chain 𝑏 measures the distance of the chain from a spherically symmetric shape, and is
given as:

𝑏 = 𝜆2𝑥 −
1

2

(︀
𝜆2𝑦 + 𝜆2𝑧

)︀
Similarly the acylindricity of the polymer chain 𝑐 measures the deviation of the chain from a cylindrical shape. This
can be defined as:

𝑐 = 𝜆2𝑦 − 𝜆2𝑧

Finally, the anisotropy of the polymer chain 𝜅2 measures the amount to which the shape of the polymer is orientated is
a particular direction. This can be defined as:

𝜅2 =
3

2

𝜆4𝑥 + 𝜆4𝑦 + 𝜆4𝑧
(𝜆2𝑥 + 𝜆2𝑦 + 𝜆2𝑧)

2
− 1

2

To calculate each of these shape measures a RadiusOfGyration object first needs to be created. This takes a
MDTrajectory or BulkConfiguration and calculates each of the size and shape measures for the specified config-
urations. The specific frames in the MDTrajectory to be analyzed can be selected using the start_time, end_time
and time_resolution arguments. Whether or not mass weighting is used can be selected with the mass_weight
argument. By default, mass weighting is used when calculating the radius of gyration. The polymer chains analyzed
in the configuration can be specified with the polymer_tags argument. This takes a list of tags of polymer molecules
in the configuration. By default polymers tagged with POLYMER_MOLECULE_# are analyzed, where # is a numerical
index. These tags are added automatically to polymer configurations built with the PolymerMonteCarloBuilder, or
can be added using the function tagPolymerMolecules()

Once the RadiusOfGyration object is created and the values of each of the descriptors has been calculated, the values
can be queried using the remaining methods. Each of these returns arrays of values indexed first by the trajectory frame,
then by the polymer. Averaging over all frames can be done by averaging over axis 0, while averaging over polymer
chains is achieved by averaging over axis 1.

1 Doros N. Theodorou and Ulrich W. Suter. Shape of unperturbed linear polymers: polypropylene. Macromolecules, 18:1206, June 1985. URL:
https://pubs.acs.org/doi/abs/10.1021/ma00148a028, doi:10.1021/ma00148a028.
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RamanSpectrum

class RamanSpectrum(configuration, dynamical_matrix, susceptibility_derivatives, qpoint=None,
phonon_modes=None, method=None, polarization_in=None, polarization_out=None,
energies=None, broadening=None, number_of_angles=None,
polarization_orthogonal=None, second_harmonics_generation_susceptibility=None)

Analysis class for calculating the Raman tensor and spectrum for a bulk configuration.

Parameters

• configuration (BulkConfiguration) – The configuration for which the vibrational
modes should be calculated. If no calculator is attached to the configuration, the calculator
from dynamical_matrix is used. Currently, configuration must be the same as the config-
uration from dynamical_matrix and is therefore not needed. Default: The configuration
from dynamical_matrix

• dynamical_matrix (DynamicalMatrix) – The DynamicalMatrix to calculate the
phonon modes from.

• susceptibility_derivatives (SusceptibilityDerivatives) – Susceptibility-
Derivatives object.

• qpoint (list of 3 floats) – fractional q-point where phonon modes used for Raman
signals are evaluated, e.g. [0.0, 0.0, 0.0]. Default: Gamma point, ‘G’=[0.0, 0.0,
0.0].

• phonon_modes (list with positive ints | All) – The phonon modes to include. Default:
All (All phonon modes are included).

• method (PolarizationDependent | PolarizationAveraged.) – Keyword speci-
fying if the results should be calculated with a light polarization dependent or aver-
aged result. When method=PolarizationDependent, polarization_in must be
provided, polarization_out can be given but is defaulted to the polarization_in
value. When method=PolarizationAveraged, polarization_in/out is not used.
Default: PolarizationDependent

• polarization_in (list of 3 floats) – Incoming light polarization vector, e.g. [1.
0, 0.0, 0.0]. The vector will be normalized internally. Default: [1, 0, 0]

• polarization_out (list of 3 floats) – Scattered light polarization vector, e.g.
[1.0, 0.0, 0.0]. The vector will be normalized internally. Only a single scat-
tered light polarization vector will be calculated. This option is mutually exclusive to
polarization_orthogonal and number_of_angles, which will results in multiple
scattered light polarizations.

• energies (PhysicalQuantity of type energy) – The energies where Raman spectrum
is evaluated. Default: 1500 points from 0.0 to 10 percent above highest
phonon frequency

• broadening (PhysicalQuantity of type energy) – The broadening parameter used for the
Raman spectrum. Default: 0.25 * meV (~2 cm1)

• number_of_angles (integer) – Argument used for
method=PolarizationDependent. If not None a polar spectrum will be gen-
erated with the scattered light polarization rotated between polarization_in and
polarization_orthogonal (orthogonal polarization). This option is mutually exclusive to
polarization_out. Default: None

• polarization_orthogonal (list of 3 floats) – Argument used for
method=PolarizationDependent. Light polarization vector used for polar spec-
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trum that is orthogonal to polarization_in. Scattered light polarization will be rotated
between polarization_in and polarization_orthogonal, g_s = cos(theta) * polarization_in
+ sin(theta) * polarization_orthogonal. The vector will be normalized internally. Default:
None

• second_harmonics_generation_susceptibility (SecondHarmonicsGenerationSusceptibility
| None) – If given a correction from polar phonons will be included in the susceptibility
derivatives. An optical_spectrum and born_effective_charge will be taken from the
dynamical matrix argument including polar phonon splitting. Default: None, i.e. the
polar phonon correction is not included.

broadening()

Returns
The broadening parameter used for the Raman spectrum.

Return type
PhysicalQuantity of type energy.

energies()

Returns
The energies used for the spectrum.

Return type
PhysicalQuantity of type energy.

intensities(angle_index=None)

Returns
The Raman tensor for the phonon modes projected onto light polarizations. For several
angles this gives the polar Raman spectrum for the phonon modes for a particular angle
index. The shape is (N, M) where N is the number of angles angles and M is the number
of phonon modes.

Return type
ndarray with floats.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

method()

Returns
The method used for the calculation. Either PolarizationDependent or
PolarizationAveraged.

Return type
NLFlag

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()
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numberOfAngles()

Returns
The number of angle degrees used for the polar Raman spectrum.

Return type
one-dimensional ndarray with floats.

phononModes()

Query method for the phonon modes.

Returns
The list of phonon mode indices used in the calculation.

Return type
list of int.

phononWaveNumbers()

Returns
The wave numbers used for the spectrum.

Return type
PhysicalQuantity of type inverse length.

polarAngleList()

Returns
The angle degrees used for the polar Raman spectrum.

Return type
one-dimensional ndarray with floats | None

polarizationOrthogonal()

Returns
The normalized polarization that scattered light is rotated to in polar spectrum.

Return type
ndarray with 3 floats each.

polarizationsIn()

Returns
Normalized incoming light polarization vector

Return type
numpy.ndarray with 3 floats.

polarizationsOut()

Returns
Normalized scattered light polarization vectors

Return type
list of numpy.ndarray with 3 floats.

qpoint()

Returns
The q-point for which the phonon modes and Raman signals are calculated.

Return type
ndarray with 3 floats.
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ramanSpectrum(angle_index=None)

Parameters
angle_index (int) – The index of the scattered light, given in the list polarizationsOut().

Returns
The raman_spectrum summed over phonon modes for a given angle index

Return type
one-dimensional ndarray with floats.

ramanTensor()

Returns
The Raman tensor for the phonon modes. The shape is (M, 3, 3) where M is the number
of phonon modes.

Return type
ndarray with floats.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

susceptibilityDerivativesPolarCorrection()

Returns
The correction to the susceptibility derivatives from polar phonons related to the second
harmonics generation susceptibility, Born effective charges and optical spectrum. The two
latter are obtained from the dynamical matrix with polar phonon splitting. It will only be
nonzero if a second_harmonics_generation_susceptibility was provided as an input. The
shape is (M, 3, 3) where M is the number of degrees of freedom.

Return type
ndarray with floats.

uniqueString()

Return a unique string representing the state of the object.

waveNumberAxis()

Returns
The wave numbers used for the spectrum.

Return type
PhysicalQuantity of type inverse length.
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Usage Examples

Calculate the RamanSpectrum for an incoming and scattered light polarization equal to [1, 0, 0].

raman_spectrum = RamanSpectrum(
configuration,
dynamical_matrix,
susceptibility_derivatives,
method=PolarizationDependent,
polarization_in=[1, 0, 0],
polarization_out=[1, 0, 0])

When giving polarization_orthogonal, a polar spectrum is generated for a number of out polarizations given by
number_of_angles.

raman_spectrum = RamanSpectrum(
configuration,
dynamical_matrix,
susceptibility_derivatives
method=PolarizationDependent,
polarization_in=[1, 0, 0],
polarization_orthogonal=[0, 1, 0],
number_of_angles=101)

When using method=PolarizationAveraged, the light polarization is averaged and not given as input.

raman_spectrum = RamanSpectrum(
configuration,
dynamical_matrix,
susceptibility_derivatives
method=PolarizationAveraged)

Notes

Raman spectroscopy is a powerful noninvasive technique for material characterization that uniquely extracts informa-
tion about vibrational and chemical properties, inhomogeneities, strain, crystallinity, electron-phonon coupling and
anharmonicities in a local environment. Hereby Raman spectroscopy has become one of the main tools for character-
ization of emerging materials. Below we give a brief introduction to the theory of light-matter scattering and outline
the implementation of Raman scattering in QuantumATK.

Light scattering in materials

The classical description of light scattering is based on the polarization of a material in the presence of an electric field.
The polarization is given by

𝑃𝛼 = 𝑝𝛼 + 𝜀0𝜒
(1)
𝛼𝛽𝐸𝛽 + 𝜀0𝜒

(2)
𝛼𝛽𝛾𝐸𝛽𝐸𝛾 + ...

where 𝑝𝛼 is the permanent dipole moment, 𝛼, 𝛽, 𝛾 are Cartesian directions and 𝜒 is the dielectric susceptibility ten-
sor. The electric field can be expressed as a vector E = 𝐸0g𝑒

𝑖(k𝑙r−𝜔𝑙𝑡) with g giving the light polarization vector,
which is orthogonal to the propagation direction, and k𝑙, 𝜔𝑙 giving the wavevector and angular frequency of the light,
respectively. The linear response function 𝜒(1)

𝛼𝛽 describes how light can be modulated elastically from infrared and
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Rayleigh scattering or inelastically from Raman scattering. The nonlinear response function 𝜒(2)
𝛼𝛽𝛾 describes higher

order phenomena such as second harmonic generation.

Phenomenological linear response

Focusing on the linear response in the electric field, assuming a time-dependent electric field of the form 𝐸𝛼 =
𝐸0𝛼 cos(𝜔𝑙𝑡) and Taylor expanding to lowest order in the vibrational modulation of the polarization by a time-dependent
normal mode vibration 𝑢𝜆 = 𝑢0𝜆 cos(𝜔𝜆𝑡), we have:

𝑃𝛼 ≈

𝑝0𝛼 +
∑︁
𝜆

𝜕𝑝0𝛼
𝜕𝑢𝜆

⃒⃒⃒⃒
𝑢=0

𝑢0𝜆 cos(𝜔𝜆𝑡)

+

𝜀0𝜒
(1)
0𝛼𝛽𝐸0𝛽 cos(𝜔𝑙𝑡) +

∑︁
𝜆

𝜕𝜒
(1)
𝛼𝛽

𝜕𝑢𝜆

⃒⃒⃒⃒
⃒
𝑢=0

𝑢0𝜆 cos(𝜔𝜆𝑡)𝐸0𝛽 cos(𝜔𝑙𝑡)

Here 𝜆 labels the phonon modes. The second term describes a dipole moment oscillating with the vibrational mode
frequency. Vibrational modes for which the permanent dipole moment changes with displacement are called infrared
active modes. The third term describes the Rayleigh scattering at the same frequency as the incident light. Finally
the fourth term gives rise to Raman scattering. From the trigonometric identity 2 cos(𝜔𝑙𝑡) cos(𝜔𝜆𝑡) = cos((𝜔𝑙 −
𝜔𝜆)𝑡) + cos((𝜔𝑙 + 𝜔𝜆)𝑡) we see that this light induced polarization is ‘Raman shifted’ by the phonon frequencies. If
the susceptibility changes with a given vibration the mode is Raman active.

Raman signals - Polarization dependent method

In solids the Raman spectra depends on the polarization of the incoming and scattered light compared to the crystal
directions. The nonresonant Raman power cross-section from one-phonon excitations is within the Placzek approxi-
mation given by12:

𝑑𝜎(𝜔)

𝑑𝑉
= 𝑁𝑐𝑒𝑙𝑙𝑠

𝜔𝑠
𝑐4𝑉

|g𝑠 · 𝛼(𝜆) · g𝑇𝑖 |2 ×
~

2𝜔𝜆
(𝑛𝜆 + 1) 𝛿(𝜔 − 𝜔𝜆)

where 𝜔𝑠/𝑖 (g𝑠/𝑖) is the frequency (polarization vector) of the scattered/incoming light, 𝑁𝑐𝑒𝑙𝑙𝑠 is the the number of
unit cells in the sample, V is the unit cell volume, 𝑛𝜆 is the Bose-Einstein occupation of phonon mode 𝜆. Energy
conservation imposes 𝜔𝑠 = 𝜔𝑖 ∓ 𝜔𝜆 for Stokes and anti-Stokes processes, respectively. We use the Kubo-Greenwood
formula to calculate the 3 × 3 susceptibility matrix, see OpticalSpectrum . The derivatives are calculated using the
finite differences, see SusceptibilityDerivatives.

1 P. Umari and Alfredo Pasquarello. Infrared and Raman spectra of disordered materials from first principles. Diamond and Related Ma-
terials, 14(8):1255–1261, August 2005. URL: http://www.sciencedirect.com/science/article/pii/S0925963504004510 (visited on 2018-01-09),
doi:10.1016/j.diamond.2004.12.007.

2 Dirk Porezag. Infrared intensities and Raman-scattering activities within density-functional theory. Phys. Rev. B, 54(11):7830–7836, 1996.
doi:10.1103/PhysRevB.54.7830.
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Raman Tensor

The Raman tensor is given by

𝛼𝛼𝛽(𝜆) = 𝑉
𝜕𝜒

(1)
𝛼𝛽

𝜕𝑢𝜆

⃒⃒⃒⃒
⃒
𝑢=0

= 𝑉
∑︁
𝜇

∑︁
𝑙

𝜕𝜒𝛼𝛽
𝜕𝑥𝑙

𝑒𝜆𝑙 /
√
𝑚𝜇

where 𝜇 is the atom index,𝑚𝜇 is the atom mass, 𝑒𝜆𝑙 is the phonon eigenvector of mode 𝜆 and the derivative is evaluated
with finite-differences. The Raman tensor is a 3 × 3 matrix for each phonon mode.

Raman Spectrum

We define the Raman spectrum as the broadened intensities obtained from the projected Raman tensor:

𝐼𝑅𝑎𝑚𝑎𝑛𝜆 = |g𝑠 · 𝛼(𝜆) · g𝑇𝑖 |

This is a number/intensity for each phonon mode 𝜆 which can then be combined to a spectrum by using an artificial
broadening 𝜎. Several broadening frameworks can be used, but we apply the Gaussians:

𝐼(𝜔) =
∑︁
𝜆

𝐼𝑅𝑎𝑚𝑎𝑛𝜆 𝛿(𝜔 − 𝜔𝜆) ≈
∑︁
𝜆

𝐼𝑅𝑎𝑚𝑎𝑛𝜆

exp
(︀
−(𝜔 − 𝜔𝜆)2/2𝜎2

)︀
√

2𝜋𝜎
.

Raman signals - Polarization averaged results

From above we have the polarization dependent expression for the Raman power cross-section. One can derive an
expression for the polarization averaged power cross-section. This is useful for modeling of at least two cases: (i) the
crystal orientation and light polarization is unknown or (ii) experiments are averaged over a (large) variation of crystal
orientations. A typical example of the latter is for a collection of molecules in a liquid with arbitrary orientations. The
polarization averaged expression is given by:

𝑑𝜎(𝜔)

𝑑𝑉
= 𝑁𝑐𝑒𝑙𝑙𝑠

𝜔𝑠
𝑐4𝑉

𝐼𝑅𝑎𝑚𝑎𝑛

45

~
2𝜔𝜆

(𝑛𝜆 + 1) 𝛿(𝜔 − 𝜔𝜆)

The polarization averaged Raman intensity is given by

𝐼𝑅𝑎𝑚𝑎𝑛𝜆 = 45�̃�2
𝜆 + 7𝛽2

𝜆

where

�̃�𝜆 =
1

3
(𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧)

is the average polarization and

𝛽2
𝜆 =

1

2
[(𝛼𝑥𝑥 − 𝛼𝑦𝑦)2 + (𝛼𝑥𝑥 − 𝛼𝑧𝑧)

2 + (𝛼𝑦𝑦 − 𝛼𝑧𝑧)
2]

+

3(𝛼2
𝑥𝑦 + 𝛼2

𝑥𝑧 + 𝛼2
𝑥𝑧)

is the anisotropy factor of the susceptibility tensor derivative.
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Raman signals - Polar Raman spectrum

It is often interesting to see how the Raman intensities for each phonon mode changes with angle between the input and
scattered light. This is actually also measurable if one has a polarizer in the Raman setup that can be rotated. We plot a
polar Raman spectrum by rotating the scattered light polarization between the input polarization g𝑖 and an orthogonal
polarization direction g⊥. Specifically we rotate the scattered light polarization as

g𝑠(𝜃) = cos(𝜃)g𝑖 + sin(𝜃)g⊥

The projected Raman tensor

𝐼𝑅𝑎𝑚𝑎𝑛𝜆 (𝜃) = |g𝑠(𝜃) · 𝛼(𝜆) · g𝑇𝑖 (𝜃)|

then gives the intensity spectrum as a function of polarization rotation angle.

RandomBlochWaveInitialization

class RandomBlochWaveInitialization

The plane-wave random initialization method class.

Usage Example

Define a random initial subspace for a GeneralizedDavidsonSolver:

GeneralizedDavidsonSolver(initialization_method=RandomBlochWaveInitialization())

RandomDisplacementsParameters

class RandomDisplacementsParameters(reference_configurations, supercell_repetitions_list=None,
strain_tensors=None, sample_size=None, system_sizes=None,
atomic_rattling_amplitudes=None, cell_rattling_amplitudes=None,
random_seed=None, log_filename_prefix=None, data_tag=None)

Class for storing parameters for generating a set of training configurations using a series of random atomic
displacements.

Parameters

• reference_configurations (MoleculeConfiguration | BulkConfiguration |
sequence of[ MoleculeConfiguration | BulkConfiguration] | Table) – One or
more reference configurations to be used to generate the training set. For bulk config-
urations, this is the unit cell from which a supercell can be defined and additional strain
can be applied.

• supercell_repetitions_list (sequence (size 3) of int | sequence of
sequence (size 3) of int | None) – The list of supercells to construct for each
configuration, given as the number of repetitions of the bulk unit cell along the (a,
b, c) directions. Cannot be specified if there are molecules in the list of reference
configurations. If None: No repetitions. Default: None.
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• strain_tensors (sequence (size 3) of sequence (size 3) of float
| sequence of sequence (size 3) of sequence (size 3) of float |
None) – The list of strains to apply to each configuration. Cannot be specified if there are
molecules in the list of reference configurations. If None: No strain. Default: None.

• sample_size (int) – The number of training configurations to generate for each combi-
nation of reference configuration, supercell, strain tensor, atomic rattling amplitude, and
cell rattling amplitude. Default: 20.

• system_sizes (int | sequence of int) – Minimum number of atoms in the sys-
tem. If None then supercell_repetitions_list will be used to do the repetition of the cell.
If set, supercell_repetitions_list will be ignored. Default: None

• atomic_rattling_amplitudes (PhysicalQuantity of type length | sequence
of|PHYSICALQUANTITY| of typ e length) – The list of maximum random dis-
placements of the atomic positions. Default: 0.1 * Angstrom.

• cell_rattling_amplitudes (float | sequence of [float, None]) – The list
of maximum random strains of the cell volume. Only applies to bulk configurations. If
None: No strain. DEFAULT| None.

• random_seed (int) – The random seed used for generating the displacements. Default:
Generated automatically.

• log_filename_prefix (str) – Filename prefix for the logging output of the tasks as-
sociated with this set. Default: Defined by the MomentTensorPotentialTraining
object.

• data_tag (str) – Label for this training set to enable selection of different data in MTP
fitting. Default: None.

atomicRattlingAmplitudes()

Returns
The list of maximum random displacements of the atomic positions.

Return type
list of PhysicalQuantity of type length

cellRattlingAmplitudes()

Returns
The list of maximum random strains of the cell volume (None for no strain).

Return type
list of [float | None]

dataTag()

Returns
The selection tag added to the data in the training set.

Return type
str

logFilenameIdentifier()

Returns
Filename identifier for the logging output of the tasks associated with this set, or None if
it hasn’t been set yet.

Return type
str | None
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logFilenamePrefix()

Returns
Filename prefix for the logging output of the tasks associated with this set, or None if it is
to be defined by the MomentTensorPotentialTraining object.

Return type
str | LogToStdOut | None

randomSeed()

Returns
The random seed used for generating the displacements, or None if it should be generated
automatically.

Return type
int | None

referenceConfigurations()

Returns
The list of reference configurations to be used to generate the training set.

Return type
list of [MoleculeConfiguration | BulkConfiguration]

sampleSize()

Returns
The number of training configurations for each combination of list parameters.

Return type
int

strainTensors()

Returns
The list of strains to apply to each configuration (None for no strain).

Return type
list of [numpy.ndarray | None]

supercellRepetitionsList()

Returns
The list of supercells to construct for each configuration, given as the number of repetitions
of the bulk unit cell along the (a, b, c) directions.

Return type
list of tuple (size 3) of int

systemSizes()

Parameters
system_sizes (int | sequence of int) – Minimum number of atoms in the system.
If None then supercell_repetitions_list will be used to do the repetition of the cell. If set,
supercell_repetitions_list will be ignored. Default: None

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Setup of a training set of quartz using RandomDisplacementsParameters.

# Set up lattice
lattice = Hexagonal(4.966693338812276*Angstrom, 5.4647751809821905*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.469217958328, 0. , 0. ],

[ 0. , 0.469217958328, 0.666666666667],
[ 0.530782041672, 0.530782041672, 0.333333333333],
[ 0.409091887977, 0.269718793416, 0.115058361235],
[ 0.269718793416, 0.409091887977, 0.551608638765],
[ 0.730281206584, 0.139373094561, 0.781725361235],
[ 0.590908112023, 0.860626905439, 0.218274638765],
[ 0.860626905439, 0.590908112023, 0.448391361235],
[ 0.139373094561, 0.730281206584, 0.884941638765]]

# Set up reference configuration of quartz
reference_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates,

)

# Set up the list of isotropic volume strains that should be applied.
volume_strain = [0.85, 0.9, 0.95, 1.0, 1.05, 1.1, 1.15]
identity_matrix = numpy.eye(3)

# Define RandomDisplacementsParameters used to generate the training set.
training_sets = RandomDisplacementsParameters(

reference_configurations=reference_configuration,
supercell_repetitions_list=[(1, 1, 1), (2, 2, 2)],
strain_tensors=[identity_matrix*s**0.3333333 for s in volume_strain],
sample_size=10,
atomic_rattling_amplitudes=0.15*Angstrom,
cell_rattling_amplitudes=0.07,
log_filename_prefix=None,

)

Note here that each combination of input arguments creates sample_size=10 configurations.
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Notes

The RandomDisplacementsParameters class can be used to generate training configurations by randomly displacing
the atoms of a given reference configuration around their equilibrium positions. Additionally, isotropic and anisotropic
strain can be applied to the cell. For the actual training data generation a RandomDisplacementsParameters object
needs to be passed into a MomentTensorPotentialTraining object.

To achieve a broadly applicable training set of configurations, a combination of different displacement magnitudes
should be used. Small displacement magnitudes typically provide a good description of vibrations and phonons, while
larger displacement magnitudes typically increase the stability of the simulation over a wider temperate range below
the melting point. This provides a very efficient way to generate training data for crystal materials without having to
run long expensive ab-initio MD simulations. It is recommended to use various supercell sizes to improve the training
of the total energy.

A good default protocol, that provides a balanced combination of different displacement and strain magnitudes can be
set up via the function crystalTrainingRandomDisplacements.

Note, that such a displacement protocol can also be used to generate training data for crystal surfaces and interfaces.
Here, one would include the most relevant surfaces or interface configurations, such as combinations of different cleave
planes, and proceed as outlined above.

RandomSpin

class RandomSpin(scaled_spins=None)
Constructor for RandomSpin.

Parameters
scaled_spins (list) – The limit for the initial random polarization for each atom. Default:
1.0 for each atom..

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

See InitialSpin for a detailed discussion on setting the initial spin.

Notes

RandomSpin works essentially the same way InitialSpin does, except that the input parameter scaled_spins is used
as a limit 𝛼𝑖 for the initial spin polarization on each atom 𝑖 . The actual initial spin set for atom 𝑖 will be a random
number in the interval [0, 𝛼𝑖] (or [𝛼𝑖, 0] if 𝛼𝑖 < 0 ).
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ReactionTemplate

class ReactionTemplate(image_list=None, bond_cutoff=None, angle_exclusion=None,
exclude_rings_below_size=None, relative_reaction_probability=None)

Create a reaction template object that describes the bond changes and reacting functional groups for a specific
reaction sequence.

Parameters

• image_list (list) – A list of MoleculeConfigurations that define the reaction template.

• bond_cutoff (PhysicalQuantity of type length | list) – The bond cutoff used in the
defined reactions.

• angle_exclusion (PhysicalQuantity of type angle | list) – The angle exclusion used
in the defined reactions.

• exclude_rings_below_size (int | All | list) – The ring exclusion size used in
the defined reactions.

• relative_reaction_probability (list) – The relative reaction probabilities used
in the defined reactions.

findReactiveGroupMap(configuration, add_tags_to_configuration=False)
Find the reactive groups in the starting configuration.

Parameters

• configuration (BulkConfiguration) – The configuration to find the reactive
groups in.

• add_tags_to_configuration (bool) – Whether or not reactive tags are added to
the configuration. Default: False.

Returns
The list of dictionaries defining the reactive groups.

Return type
list

numberOfReactionSteps()

Returns
The number of reaction steps in the template.

Return type
int

reactions(bond_cutoff=None, angle_exclusion=None, exclude_rings_below_size=None,
relative_reaction_probability=None)

Return the reactions defined by the template.

Parameters

• bond_cutoff (PhysicalQuantity of type length | list) – The bond cutoff used in
the defined reactions.

• angle_exclusion (PhysicalQuantity of type angle | list) – The angle exclusion
used in the defined reactions.

• exclude_rings_below_size (int | All | list) – The ring exclusion size used
in the defined reactions.
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• relative_reaction_probability (list) – The relative reaction probabilities
used in the defined reactions.

Returns
The list of CrosslinkReaction objects that defines the reaction scheme.

Return type
list

templateConfiguration(index)
Return the MoleculeConfiguration used to define the reaction.

Parameters
index (int) – Index of the desired configuration.

Returns
The template MoleculeConfiguration.

Return type
MoleculeConfiguration

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Build a network polymer system based on an amine-epoxy reaction with a reaction template

# Load the templates.
template_a = nlread('Amine_Epoxy_Templates.hdf5')[0]
template_b = nlread('Amine_Epoxy_Templates.hdf5')[1]
template_c = nlread('Amine_Epoxy_Templates.hdf5')[2]

# Load the initial configuration for cross-linking.
configuration = nlread('Amine_Epoxy_Crosslink.hdf5')[-1]

# Create the ReactionTemplate object.
template = ReactionTemplate(

image_list=[template_a, template_b, template_c],
bond_cutoff=4*Angstrom,
exclude_rings_below_size=0

)

# Define the CrosslinkConnector, using the ReactionTemplate.
crosslink_connector = CrosslinkConnector(

configuration,
reactions=template.reactions(),
reactive_atom_groups=template.findReactiveGroupMap(configuration),
max_number_of_reactions=None

)

# Define the CrosslinkBuilder object, using the OPLS potential to model the material.
opls_potential = OPLSPotentialBuilder()
polymer_builder = CrosslinkBuilder(

crosslink_connector,
(continues on next page)
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(continued from previous page)

cycles_to_terminate=None,
reaction_percentage=100,
nvt_steps_per_crosslink=1000,
npt_steps_per_crosslink=1000,
potential_builder=opls_potential,
temperature=480*Kelvin,
pressure=1*bar,
bond_search_increment=0.5*Angstrom,
max_bond_search_radii=6*Angstrom

)

# Run the polymer building simulation.
polymer_builder.runCrosslinking(trajectory_filename='Thermoset_Amine_Epoxy.hdf5')

Amine_Epoxy_Crosslink.py Amine_Epoxy_Crosslink.hdf5 Amine_Epoxy_Templates.hdf5

Note that the example here has been created to be illustrative of the process of building a thermoset material. For
high-quality simulations it may be necessary to increase the number of molecular dynamics steps or the size of the
system.

Notes

The ReactionTemplate class provides an alternative way to define reactions performed by the
CrosslinkConnector. On initialization the object requires a list of MoleculeConfiguration objects that
define the bonding of the atoms at each stage of the reaction. By analyzing the changes in bonding between successive
configurations, the ReactionTemplate class determines the CrosslinkReaction objects required to perform those
reactions. The individual molecules in each reactant stage also act as templates of the possible reactive groups. These
molecules are matched against atoms in the configuration being reacted, to find all of the possible reactive groups.
Both the reactions and the reactive groups can then be used to define a CrosslinkConnector object.

Fig. 4.31: The template configurations for an amine-epoxy reaction scheme.

The configurations that are used to define the amine-epoxy reaction used in the example is shown in the figure above.
When creating configurations to model a reaction sequence, one constraint is that the atoms in each configuration must
be in the same order. This is so that otherwise identical atoms can be identified across configurations. When creating
multiple reaction steps, all of the molecules that participate in the reaction must be present at each stage, even if they
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do not react at that stage. In the case of the epoxy-amine example, it can be seen that the template requires two epoxy
molecules, even though only one reacts at each stage. The ReactionTemplate class is also able to find reactive groups
in a configuration. It does this by finding the segments of the configuration molecular graph that match molecules in a
reactant step in the reaction sequence. To ensure that the template molecules remain general and chemically sensible,
it is possible to set which atoms are used to match reactive groups in the reacting configuration. Atoms labeled with
the tag COORDINATION are only used to indicate the coordination number of the atom that they are bonded to, rather
than being searched for explicitly. So in the amine-epoxy example, the hydrogens on the methyl groups bonded to both
the amine and the epoxy are labeled with the tag COORDINATION. This means that when the ReactionTemplate class
looks for reactive groups in a configuration, it matches amine or epoxy groups that are bonded to 4-coordinate carbons.
The nature of the atoms that the carbon is bonded to, aside from the epoxy or amine, is not taken into account. Note
also that as it looks explicitly for 4-coordinate carbons, it will not match aromatic groups, such as the aromatic amine
in aniline. To match aromatic carbons, a 3-coordinate carbon must be specified.

Note: As the atoms in configurations used to describe a reaction need to be in the same order, it can be easiest to
create the initial configuration in the Molecule Builder. The configurations for additional stages can then be created
by duplicating the initial configuration. As it can change atom ordering, it is also recommended to turn off Auto
passivation in the Molecular Builder when changing the bonding in a configuration.

Atoms to be removed from the configuration after a reaction can be specified by removing all bonds to those atoms.
Single atoms with no bonds in a configuration beyond the initial configuration are assumed to form small molecules
that are removed after the reaction. As an example, in the condensation reaction of an alcohol with a carboxylic acid, a
water molecule is produced along with the ester. To remove the water molecule after the reaction, the bonds between
the hydrogens and oxygen atom in the water molecule need to be removed. The product configuration will therefore
contain an ester molecule, a single oxygen atom and two single hydrogen atoms.

On initialization the MoleculeConfiguration that defines the chemistry of the reaction. Optionally, it is also possible
to specify some parameters of the CrosslinkReaction objects that are created by the template. The arguments
bond_cutoff, angle_exclusion, exclude_rings_below_size and relative_reaction_probability are all
passed to the CrosslinkReaction objects and have the same meaning. The first three arguments can be specified
with either a single value, which is passed to all CrosslinkReaction objects, or a list with a value for each object. As
it only makes sense to have different values for different reactions, the relative_reaction_probability argument
only accepts a list of values for each reaction.

Once the ReactionTemplate object is created, the reactive groups in a configuration can be found using the method
findReactiveGroupMap. This takes as an argument the configuration which is to be reacted. It also takes an optional
argument add_tags_to_configuration, which specifies whether or not the tags defining different reactions are
added to the configuration. Placing tags on the configuration is not necessary when using a reaction template, and so
by default the method does not place tags on the configuration. However, as tags are altered by the CrosslinkBuilder,
adding tags can help to analyze the progress of a reaction. The findReactiveGroupMapmethod returns a list of dictio-
naries that define all of the reactive groups in the configuration. This is in the correct format to be directly passed to the
CrosslinkConnector. A copy of the CrosslinkReaction objects contained by the template can also be returned
with the method reactions. This takes the same 4 optional arguments as the initialization method, allowing for the pa-
rameters of the returned reaction objects to be changed without re-defining the template. The number of reaction steps in
the template can also be returned with the method numberOfReactionSteps. Finally the MoleculeConfiguration
objects used to define each stage of the reaction can be returned with the method templateConfiguration. This
takes an integer argument indicating the index of the configuration that is returned.
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RealAxisContour

class RealAxisContour(real_axis_point_density=None, real_axis_infinitesimal=None,
real_axis_kbt_padding_factor=None)

A non-equilibrium contour using the real axis contour points and weights defined in1.

Parameters

• real_axis_point_density (PhysicalQuantity of type energy) – Spacing between the
points on bias window integration line close to the real axis. Default: 0.001 * Hartree

• real_axis_infinitesimal (PhysicalQuantity of type energy) – Small imaginary shift
of the bias window integration line from the real axis. Default: 0.001 * Hartree

• real_axis_kbt_padding_factor (float > 0.0) – The integration line is extended
with the amount 𝑓𝑘𝑏𝑇 below and above the electrode Fermi levels where 𝑓 is this value.
Default: 5.0

realAxisInfinitesimal()

Returns
The imaginary shift.

Return type
PhysicalQuantity of type energy

realAxisKbtPaddingFactor()

Returns
The padding factor.

Return type
float

realAxisPointDensity()

Returns
The spacing between the points.

Return type
PhysicalQuantity of type energy

uniqueString()

Return a unique string representing the state of the object.

Usage Example

One can use the RealAxisContour by defining it as an non-equilibrium contour

non_equilibrium_contour = RealAxisContour()

which constructs a RealAxisContour with all defaults. Alternatively, more parameters that alter the accuracy of the
approximation can be specified, e.g.

1 M. Brandbyge, J.-L. Mozos, P. Ordejón, J. Taylor, and K. Stokbro. Density-functional method for nonequilibrium electron transport. Phys.
Rev. B, 65:165401, Mar 2002. doi:10.1103/PhysRevB.65.165401.
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non_equilibrium_contour = RealAxisContour(
real_axis_point_density=0.002*Hartree,
real_axis_infinitesimal=0.003*Hartree,
real_axis_kbt_padding_factor=10.0)

To use it in a calculation of a the density matrix for a system with finite bias, the NonEquilibriumContour object is
passed to the ContourParameters object,

contour_parameters = ContourParameters(non_equilibrium_contour=non_equilibrium_contour)

and saved on the calculator

device_calculator = DeviceLCAOCalculator(contour_parameters=contour_parameters)

Notes

If a system has a finite bias, the density matrix has both an equilibrium and a non-equilibrium contribution (See Notes):

𝐷𝜇𝜈 = 𝐷𝐿
𝜇𝜈 + ∆𝑅

𝜇𝜈 = 𝐷𝑅
𝜇𝜈 + ∆𝐿

𝜇𝜈

The RealAxisContour provides a method to solve the non-equilibrium part ∆ through a numerical integration of:

∆𝑅
𝜇𝜈 =

∫︁ +∞

−∞
𝑑𝜖 𝜌𝐿𝜇𝜈(𝜖) [𝑓(𝜖− 𝜇𝑅) − 𝑓(𝜖− 𝜇𝐿)]

in which 𝜌𝐿 is the spectral density matrix. The integration is performed over the bias window, extended by the
real_axis_kbt_padding_factor.

To increase the accuracy of the approximation the user can specify the real_axis_point_density.

Because of the finite accuracy of the approximation the left and right approaches to calculate the density matrix can
lead to a different result. The integration error can be quantified by:

𝑒𝜇𝜈 = 𝐷𝐿
𝜇𝜈 + ∆𝑅

𝜇𝜈 − (𝐷𝑅
𝜇𝜈 + ∆𝐿

𝜇𝜈)

For ways to deal with this error see DoubleContour.

More information about this approach can be found inPage 1840, 1.

ReaxFFAtomicCharges

class ReaxFFAtomicCharges(r_cut=PhysicalQuantity(10.0, Ang), chi=None, eta=None, shielding=None)
This object calculates atomic charges based on the ReaxFF charge equilibration method.

Parameters

• r_cut (PhysicalQuantity of type length) – The cutoff used in determining charge-charge
interactions. Default: 10 Angstrom.

• chi (dict) – Custom atomic electronegativies, as a dictionary with PeriodicTableElement
objects as keys and values as PhysicalQuantity of type energy. Default: Electronegativi-
ties from the ReaxFF CHONSSiCaCsKSrNaMgAlCu_2015 potential set.
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• eta (dict) – Custom atomic hardnesses, as a dictionary with PeriodicTableElement ob-
jects as keys and values as PhysicalQuantity of type energy. Default: Atomic hardnesses
from the ReaxFF CHONSSiCaCsKSrNaMgAlCu_2015 potential set.

• shielding (dict) – Custom electrostatic shielding parameters, as a dictionary with Peri-
odicTableElement objects as keys and values as PhysicalQuantity of type inverse distance.
Default: Shielding parameters from the ReaxFF CHONSSiCaCsKSrNaMgAlCu_2015
potential set.

charges(configuration, total_charge=None, decompose_bulk=True)
Calculate the atomic charges on a given configuration.

Parameters

• configuration (AtomicConfiguration) – The configuration whose atomic
charges are being calculated.

• total_charge (PhysicalQuantity of type charge) – The total charge of the configu-
ration. Default: Match the integer charge of the configuration.

• decompose_bulk (bool) – Whether or not the configuration, if a BulkConfiguration,
is decomposed into its parts to obtain the charges. Default: True

Returns
An array of atomic charges.

Return type
PhysicalQuantity of type charge

Usage Examples

Define a simulation box of 900 methanol molecules with a Dreiding calculator using ReaxFF calculated charges

# ---------------------------------------------------------------------------------------
→˓-----------
# Create Methanol Molecule
# ---------------------------------------------------------------------------------------
→˓-----------
# Define elements
elements = [Carbon, Hydrogen, Hydrogen, Hydrogen, Oxygen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.048333359398, -0.11839206808 , -0.068353692376],

[ 1.138333281204, -0.11839206808 , -0.068353692376],
[-0.31499994787 , -0.11839206808 , -1.096015473978],
[-0.31499994787 , -1.008373277446, 0.445477198425],
[-0.363333307269, 0.889981209366, 0.513830890801],
[-0.013333332377, 1.747302557837, 0.018856179479]]*Angstrom

# Set up configuration
methanol = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates

)

(continues on next page)
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# Add tags
methanol.addTags('DREI_C_3', [0])
methanol.addTags('DREI_H_', [1, 2, 3])
methanol.addTags('DREI_H__A', [5])
methanol.addTags('DREI_O_3', [4])

# Add bonds
bonds = [[0, 1],

[0, 2],
[0, 3],
[0, 4],
[4, 5]]

methanol.setBonds(bonds)

# ---------------------------------------------------------------------------------------
→˓-----------
# Calculate Atomic Charges
# ---------------------------------------------------------------------------------------
→˓-----------
# Create the charger and calculate the charges
charger = ReaxFFAtomicCharges()
methanol_charges = charger.charges(methanol)

# Print charges
print('METHANOL CHARGES')
print("----------------------------")
print(f'{"Number":<8s}{"Atom":<8s}{"Charge":>12s}')
print("----------------------------")
for i, q in enumerate(methanol_charges):

element = methanol.elements()[i].symbol()
charge = q.inUnitsOf(elementary_charge)
print(f'{i+1:<8d}{element:<8s}{charge:>12.4f}')

print("----------------------------")

# ---------------------------------------------------------------------------------------
→˓-----------
# Create A Box Of Methanol Molecules
# ---------------------------------------------------------------------------------------
→˓-----------
# Define the volume in which the molecules should be packed
u1, u2, u3 = numpy.diag([40.0] * 3) * Angstrom
cell = UnitCell(u1, u2, u3)

# Set the size of the buffer region
buffer_size = 2.0 * Angstrom

# Set Packmol parameters
tolerance = 2.0 * Angstrom
maximum_loops = 30

# Run the Packmol script to generate the packed configuration
methanol_box, packing_successful, packmol_message = runPackmol(

(continues on next page)
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[(methanol, 900)],
cell,
tolerance,
buffer_size,
maximum_loops,

)

# ---------------------------------------------------------------------------------------
→˓-----------
# Add A Dreiding Calculator With The Calculated Charges
# ---------------------------------------------------------------------------------------
→˓-----------
# Repeat the charges for each molecule
methanol_box_charges = numpy.tile(

methanol_charges.inUnitsOf(elementary_charge),
900

) * elementary_charge

# Create the potential builder
potential_builder = DreidingPotentialBuilder()

# Create the calculator, setting the atomic charges
calculator = potential_builder.createCalculator(

methanol_box,
atomic_charges=methanol_box_charges

)

# Assign the calculator to the configuration
methanol_box.setCalculator(calculator)

# ---------------------------------------------------------------------------------------
→˓-----------
# Save The Configuration
# ---------------------------------------------------------------------------------------
→˓-----------
nlsave('Methanol_Box.hdf5', methanol_box)

calculating_charges_example.py

Notes

The ReaxFFAtomicCharges class implements the charge equilibration scheme included in the ReaxFF forcefield1. The
general charge equilibration method assumes that the change of energy in response to charge polarization can be given
as a simple Taylor series expansion, such that the total energy of the molecule, 𝐸, can be given as:

𝐸(q) =

𝑁∑︁
𝑖

𝜒𝑖𝑞𝑖 + 𝜂𝑖𝑞
2
𝑖 +

𝑁∑︁
𝑗<𝑖

𝑞𝑖𝑞𝑗
4𝜋𝜖0𝑟𝑖𝑗

Here q is the vector of atomic charges, 𝜒𝑖 is the atomic electronegativity, 𝜂𝑖 is the atomic hardness and 𝑟𝑖𝑗 is the inter-
atomic distance. Getting the derivative of the energy with respect to an atomic charge gives the chemical potential for

1 A. C. T van Duin, S. Dasgupta, F. Lorant, and W. A. Goddard III. ReaxFF: A Reactive Force Field for Hydrocarbons. J. Phys. Chem. A,
105(41):9396–9409, 2001. doi:10.1021/jp004368u.
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that atom. Assuming that the chemical potential of each atom is equal and that the charges sum to a particular value
gives a series of linear equations that can be solved for the atomic charges. This gives a simple and yet reasonably
effective method for estimating the atomic partial charges.

One of the main modifications of this idea in the ReaxFF charge equilibration scheme is that here the atomic ionization
data are treated as adjustable parameters. These are typically tuned to replicate specific charges, and are therefore not
necessarily physically meaningful. The adjustable nature of these parameters also means that there are a number of
ReaxFF potential sets with parameters tuned to different applications. This is distinct from the QEq charge equilibration
method where the ionization data generally retains their atomic values.

Another important modification used in ReaxFF charge equilibration is that the charge-charge electrostatics are calcu-
lated with the shielded Coulomb potential

𝑉 (𝑟𝑖𝑗 ; 𝛾𝑖𝑗) =
1

4𝜋𝜖0

𝑞𝑖𝑞𝑗[︁
𝑟3 + (1/𝛾𝑖𝑗)

3
]︁1/3

This introduces a pairwise shielding parameter 𝛾𝑖𝑗 . This is calculated as the geometric mean of atomic shielding
parameters. The charge-charge interactions are also multiplied by a 7th order polynomial tapering function. This
ensures that the interactions are reduced to zero at the cutoff. In periodic system the combination of adjustable atomic
parameters, shielded Coulomb function and tapering function allow the charge-charge interactions to converge without
Ewald summation. This means that the specified interaction distance cutoff can be used in both molecular and bulk
configurations.

To calculate the partial atomic charges for a configuration, an instance of the ReaxFFAtomicCharges class first has to be
created. This class has a few parameters to control how it is instantiated. The cutoff used to calculate the charge-charge
interactions is controlled with the parameter r_cut. This defines the distance beyond which electrostatic interactions
are ignored.

In the ReaxFF scheme each atom has three parameters, the atomic electronegivity, hardness and electrostatic shielding.
These can be modified using the parameters chi, eta and shielding respectively. These parameters allow different
ReaxFF potential sets to be used. By default the ReaxFFAtomicCharges class uses the potential set of van Duin et.
al.2. This potential set supports H, C, N, O, Mg, Al, Si, S, K, Cu, Sr and Cs atoms. Each parameter takes dictionary of
PeriodicTableElement and PhysicalQuanity of appropriate units. If parameters are not specified for an atom the
default atomic parameters are used. The following example shows how to explicitly set the default atomic parameters
for the methanol example above.

charger = QEqAtomicCharges(
chi={Hydrogen: 3.7248*eV, Carbon: 5.9666*eV, Oxygen: 8.5000*eV},
eta={Hydrogen: 9.6093*eV, Carbon: 7.0000*eV, Oxygen: 8.3122*eV},
shielding={Hydrogen: 0.8203/Ang, Carbon: 0.9000/Ang, Oxygen: 1.0898/Ang}

)
methanol_charges = charger.charges(methanol)

Once the ReaxFFAtomicCharges class is instantiated, the atomic charges can be calculated using the charges method.
This takes the configuration of the system and returns an array of atomic charges. The total charge of the configura-
tion can be set using the total_charge argument. In cases where the charges are sought for a group of individual
molecules, the charges can be calculated individually for each molecule using the decompose_bulk argument. This
is useful in cases such as a polymer melt or a molecular liquid. Calculating the charges of each molecule individu-
ally ensures that each molecule has the correct total charge, as well as removing any artifacts of how the molecules
are packed. It also can speed up the calculation of the charges significantly. This is currently only supported for
BulkConfiguration configurations.

2 George M. Psofogiannakis, John F. McCleerey, Eugenio Jaramillo, and Adri C. T. van Duin. Reaxff reactive molecular dynamics simulation of
the hydration of cu-ssz-13 zeolite and the formation of cu dimers. J. Phys. Chem. C., 119:6678, March 2015. URL: https://pubs.acs.org/doi/abs/
10.1021/acs.jpcc.5b00699, doi:10.1021/acs.jpcc.5b00699.
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ReaxFFPotential

class ReaxFFPotential(file=None, qeq=None, qeqEps=None, qeqMaxIter=None, qeqSolver=None,
lgvdw=None, bond_rcut=None, hbond_rcut=None, thb_bond_rcut=None,
thb_bond_rcutsq=None, multiwell=None, multiwell_torsion=None,
smoothed_torsion=None, smoothed_lone_pair=None, smoothed_sbo2=None,
bo_cutoff=None, strict_bondpairs=None, parameter_container=None)

Constructor of the ReaxFF potential.

Parameters

• file (str) – The name of the file that contains the ReaxFF parameters. If parame-
ter_container is not None, file will be ignored.

• qeq (bool) – Flag for switching the charge equilibration (QeQ) on or off.

• qeqEps (float) – The accuracy of the QeQ method.

• qeqMaxIter (int) – Maximal number of iterations for the QeQ method.

• qeqSolver – The type of solver that will be used. Must be one of the following variables:

ReaxFFPotential.sparse ReaxFFPotential.dense (only in case of 1 MPI process)

• lgvdw (bool) – Flag for switching the LG correction on or off.

• bond_rcut (PhysicalQuantity of type length ) – Potential parameter.

• hbond_rcut (PhysicalQuantity of type length ) – Potential parameter.

• thb_bond_rcut (float) – Potential parameter.

• thb_bond_rcutsq (float) – Potential parameter.

• multiwell (bool) – Potential parameter.

• multiwell_torsion (bool) – Potential parameter.

• smoothed_torsion (bool) – Potential parameter.

• smoothed_lone_pair (bool) – Potential parameter.

• smoothed_sbo2 (bool) – Potential parameter.

• bo_cutoff (float) – Potential parameter.

• strict_bondpairs (bool) – Potential parameter.

• parameter_container (ReaxFFParameterContainer) – A ReaxFFParameterCon-
tainer which contains the ReaxFF parameters. If parameter_container is not None, the
file will be ignored.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.
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getParameter(name, particleTypes=None, multiangle_index=None)
Get the value of a single parameter.

Parameters

• name (str) – The name of the parameter.

• particleTypes – see setParameter

• multiangle_index – see setParameter

getParameterByIndex(block, index, particleTypes=None, multiangle_index=None)
Get the value of a single parameter.

Parameters

• block (ReaxFFBlock) – The block that contains the parameter.

• index (int) – The index of the parameter. Example: The 2nd parameter in the “an-
gles” block, p_val1, has index 2. The index is 1-based.

• particleTypes – see setParameter

• multiangle_index – see setParameter

setParameter(name, value, particleTypes=None, multiangle_index=None)
Assign a value to a single parameter.

Parameters

• name (str) – The name of the parameter.

• value (PhysicalQuantity or float or int) – The value the parameter will be
set to.

• particleTypes (None or ParticleType or list(ParticleType) or
tuple(ParticleType)) – The particle types that identify the parameter. For torsion
paremeters, the 1st and 4th particleType may be set to ParticleTypes(‘0’) if all particle
types are meant.

• multiangle_index (int) – If the parameter is an angle/torsion parameter, and mul-
tiwell/multiwell_torsion is set to True, then multiangle_index is used to specify which
of the parameter blocks is meant. The index is 0-based, which means that multian-
gle_index = 0 specifies the first parameter block.

setParameterByIndex(block, index, value, particleTypes=None, multiangle_index=None)
Assign a value to a single parameter.

Parameters

• block (ReaxFFBlock) – The block that contains the parameter.

• index (int) – The index of the parameter. Example: The 2nd parameter in the “an-
gles” block, p_val1, has index 2. The index is 1-based.

• value (PhysicalQuantity or float or int) – The value the parameter will be
set to.

• particleTypes – See setParameter

• multiangle_index – See setParameter
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Usage Examples

Define a potential for rutile titanium dioxide by adding particle types and interaction functions to the TremoloXPoten-
tialSet.

# -------------------------------------------------------------
# Set up a TiO2 rutile crystal
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleTetragonal(4.593*Angstrom, 2.959*Angstrom)

# Define elements
elements = [Titanium, Titanium, Oxygen, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.0000, 0.0000, 0.0000],

[ 0.5000, 0.5000, 0.5000],
[ 0.3051, 0.3051, 0.0000],
[ 0.6949, 0.6949, 0.0000],
[ 0.8051, 0.1949, 0.5000],
[ 0.1949, 0.8051, 0.5000]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='ReaxFF_CHONTi_2012')

# Add the particle type to the potential set
potentialSet.addParticleType(ParticleType(symbol='H',

mass=1.00794*atomic_mass_unit))
potentialSet.addParticleType(ParticleType(symbol='O',

mass=15.9994*atomic_mass_unit))
potentialSet.addParticleType(ParticleType(symbol='Ti',

mass=47.867*atomic_mass_unit))

# Add the ReaxFF potential to the potential set
potentialSet.addPotential(ReaxFFPotential(file='ffield.reax.Ti_C_H_O',

qeq=True,
qeqEps=1.000000e-06,
qeqMaxIter=200,
lgvdw=False,
bond_rcut=5.0*Angstrom,
hbond_rcut=7.5*Angstrom,

(continues on next page)
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(continued from previous page)

thb_bond_rcut=0.001000,
thb_bond_rcutsq=0.000010,
multiwell=False,
strict_bondpairs=True))

# Create a new TremoloX calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

Notes

The ReaxFFPotential implements the reactive force field (ReaxFF) to describe reactive processes1.

You can only change the numerical parameters such as cutoff radii, convergence parameters and others. The actual
potential parameters are read from a file, specified by the file argument. It is generally suggested to use only the
predefined parameter sets.

You should carefully investigate and test whether the chosen ReaxFF potential is suitable for your desired application,
as the potential may have been parametrized in a completely different context, even if it supports the same elements.

RecursionSelfEnergy

class RecursionSelfEnergy(save_self_energies=None, tolerance=None, maximum_iteration=None,
sparse_threshold=None, storage_strategy=None, enable_block_algorithm=None)

Self-energy calculator based on the Recursion method. This method is an iterative scheme for getting self ener-
gies, with convergence 𝑂(2𝑁 )

Parameters

• storage_strategy (SaveInMemory | StoreOnDisk | NoStorage) – The way self en-
ergies are stored between iterations. Default: SaveInMemory()

• tolerance (float > 0) – The tolerance of convergence of the self energies before ter-
mination of the recursion. Default: 1e-13

• maximum_iteration (int > 0) – The maximum number of recursion steps allowed
before termination. Default: 400

• sparse_threshold (float > 0) – Self energies (in Hartree) smaller than this value
treated as 0 when storing as sparse matrix. Default: 1e-12

• enable_block_algorithm (bool) – Flag that determines whether an algorithm exploit-
ing the block structure of the transfer matrices should be used if possible. Default: True

• save_self_energies – Deprecated: from v2017.0, use storage_strategy instead.

enableBlockAlgorithm()

Returns
Whether to use the algorithm that exploits the block structure of the transfer matrices.

1 A. C. T van Duin, S. Dasgupta, F. Lorant, and W. A. Goddard III. ReaxFF: A Reactive Force Field for Hydrocarbons. J. Phys. Chem. A,
105(41):9396–9409, 2001. doi:10.1021/jp004368u.
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Return type
bool

maximumIteration()

Returns
The maximum number of recursion steps.

Return type
int

saveSelfEnergies()

Deprecated: from v2017.0

sparseThreshold()

Returns
Values treated as 0.

Return type
float

storageStrategy()

Returns
The way self energies are stored between iterations.

Return type
SaveInMemory | StoreOnDisk | NoStorage

tolerance()

Returns
The tolerance of convergence.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define that the self energies on the complex contour are calculated with the recursion method, and the self energies
calculated in the first iteration of the SCF loop are saved in memory and reused in the following iterations.

device_algorithm_parameters = DeviceAlgorithmParameters(
self_energy_calculator_complex=RecursionSelfEnergy(storage_strategy=SaveInMemory()),

)

Storing the self energies potentially requires a significant amount of memory. Therefore it can be useful to define that
the self energies on the complex contour are not saved.

device_algorithm_parameters = DeviceAlgorithmParameters(
self_energy_calculator_complex=RecursionSelfEnergy(storage_strategy=NoStorage()),

)
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While this reduces the required memory, it also has a negative impact on performance.

Instead of saving the self energies in memory, they can stored on disk. This setting provides the same performance as
SaveInMemory() and requires sufficient disk space (potentially hundreds of gigabytes).

device_algorithm_parameters = DeviceAlgorithmParameters(
self_energy_calculator_complex=RecursionSelfEnergy(storage_strategy=StoreOnDisk()),

)

Notes

The RecursionSelfEnergy uses the iterative scheme by Lopez, Lopez and Rubio1 for calculating the self energy matrix.

ReferenceChemicalPotential

class ReferenceChemicalPotential(element, internal_energy=None, entropy=None,
reference_temperature=None)

A class defining the chemical potential for an atomic species.

Parameters

• element (PeriodicTableElement) – The element for which the atomic chemical po-
tential is defined.

• internal_energy (PhysicalQuantity of type energy) – The internal energy per atom of
the specified element in some reference configuration. Default: 0*eV.

• entropy (PhysicalQuantity of type energy per temperature) – The entropy per atom of
the specified element in some reference configuration. Default: 0*eV/Kelvin.

• reference_temperature (PhysicalQuantity of type temperature) – Temperature at
which the reference data is defined.

chemicalPotential(temperature=None)
Calculate the chemical potential.

Returns
The chemical potential of the atom calculated from the internal energy and entropy per
atom of the specified element in some reference configuration.

Return type
PhysicalQuantity of type energy | None

electronicInternalEnergy()

Returns
The internal energy component of the atomic chemical potential.

Return type
PhysicalQuantity of type energy

1 M. P. Lopez Sancho, J. M. Lopez Sancho, and J. Rubio. Highly convergent schemes for the calculation of bulk and surface Green functions. J.
Phys. F: Metal Physics, 15(4):851, 1985. URL: http://stacks.iop.org/0305-4608/15/i=4/a=009.
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element()

Returns
The element for which the atomic chemical potential is defined.

Return type
PeriodicTableElement

entropy(temperature=None)

Returns
The internal energy component of the atomic chemical potential.

Return type
PhysicalQuantity of type energy per temperature

referenceTemperature()

Returns
The reference temperature for the chemical potential.

Return type
PhysicalQuantity of type temperature.

uniqueString()

Return a unique string representing the state of the object.

vibrationalInternalEnergy(temperature=None)

Returns
The vibrational part of the internal energy. In this reference it is defined as 0 eV, as vibra-
tional energy is included in the specified internal energy.

Return type
PhysicalQuantity of type energy

Notes

The ReferenceChemicalPotential object defines an atomic chemical potential used in a ChargedPointDefectConfigura-
tion calculation. The ReferenceChemicalPotential provides the reservoir energy for the element being added or removed
from the pristine material to form the defect. This energy is used in calculating the formation energy and concentration
of the defect. The value of the reservoir energy can depend on the nature of the environment around the defect. The
atomic chemical potential also depends on the reference calculator used in the calculation, as it also includes the energy
of the isolated atom according to this calculator.

The ReferenceChemicalPotential object is created by specifying the element for the potential. Optionally the internal
energy of the atom is given using the internal_energy argument. The atomic entropy, which is usually derived from
the vibrational entropy in the reference state, can also be given with the entropy argument. If the entropy is given, the
total value of the chemical potential is temperature dependent.
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RegularKpointGrid

class RegularKpointGrid(ka_range=None, kb_range=None, kc_range=None, na=None, nb=None, nc=None,
symmetries=None, force_timereversal=None)

Parameters

• ka_range (list(2) of float | float) – Interval for k-points in the kA-direction
given in fractional coordinates. If a single number is given there will be no k-points in
this direction (na will be automatically be set to 1 as default). Default: [-0.5, 0.5]

• kb_range (list(2) of float | float) – Interval for k-points in the kB-direction
given in fractional coordinates. If a single number is given there will be no k-points in
this direction (nb will be automatically be set to 1 as default). Default: [-0.5, 0.5]

• kc_range (list(2) of float | float) – Interval for k-points in the kC-direction
given in fractional coordinates. If a single number is given there will be no k-points in
this direction (nc will be automatically be set to 1 as default). Default: [-0.5, 0.5]

• na (Positive int.) – Number of grid points in the kA-direction. Default: 2 when
ka_range is a list | 1 when ka_range is a float

• nb (Positive int.) – Number of grid points in the kB-direction. Default: 2 when
kb_range is a list | 1 when kb_range is a float

• nc (Positive int.) – Number of grid points in the kC-direction. Default: 2 when
kc_range is a list | 1 when kc_range is a float

• symmetries (list(n_symmetries) of (array(3, 3), array(3)).) – A list of
symmetries to apply for reducing the k-points. Default: Empty list, which means ATK
will determine the relevant symmetries.

• force_timereversal (bool) – Whether to enforce time reversal symmetry. Default:
True

allKpoints()

Returns
All the k-points of the RegularKpointGrid before symmetry reduction.

Return type
ndarray(N,3) of float where N is the number of k-points.

allKpointsWeights()

Returns
The weight of all k-points before symmetry reduction.

Return type
ndarray(n) for float where n is the number of k-points before symmetry reduction.

foldoutMapVector()

Query method for getting the map between the symmetry reduced k-points and unreduced k-points.

Returns
A list with indices matching the k-points in the symmetry reduced set and in the unreduced
set.

Return type
ndarray(N) with integer values between 0 and M-1. N is the number of k-points in the
unreduced set, M is the number of k-points in the reduced set.
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forceTimereversal()

Returns
Whatever force_timereversal is enabled or disabled.

Return type
bool

kaRange()

Returns
The range of k-points in the kA-direction.

Return type
list(2) of float.

kbRange()

Returns
The range of k-points in the kB-direction.

Return type
list(2) of float.

kcRange()

Returns
The range of k-points in the kC-direction.

Return type
list(2) of float.

kpoints()

Returns
The symmetry reduced kpoints.

Return type
ndarray(N,3) of float where N is the number of symmetry reduced k-points.

kpointsWeights()

Returns
The weights of the symmetry reduced k-points.

Return type
ndarray(n) for floats, where n is the number of unreduced number of k-points.

na()

Returns
The number of k-points along the kA-direction.

Return type
Positive int.

nb()

Returns
The number of k-points along the kB-direction.

Return type
Positive int.
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nc()

Returns
The number of k-points along the kC-direction.

Return type
Positive int.

symmetries()

Returns
The symmetries to apply for reducing the k-points.

Return type
list(n_symmetries) of (array(3, 3), array(3)).

uniqueString()

Return a unique string representing the state of the object.

RemoveElementFromSubstrate

class RemoveElementFromSubstrate(element)
Removes the specified element from the configuration at the end of the molecular dynamics simulation. This can
be used to remove ions after a sputtering event.

Parameters
element (PeriodicTableElement) – The element that should be removed.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Run an etching simulation of nitrogen on a silica surface using a ReaxFF potential, with an additional RemoveElement-
FromSubstrate hook function after each event which removes excess nitrogen.

# Attach ReaxFF calculator.
potentialSet = ReaxFF_CHONSSi_2012(strict_bondpairs = None)
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(0.25*Angstrom)
bulk_configuration.setCalculator(calculator)

surface_process_simulation = SurfaceProcessSimulation(
substrate=bulk_configuration,
filename='sio2_n_etching.hdf5',
object_id='sps_0',
random_seed=7,
temperature=300.0*Kelvin,
fixed_thickness=4.0*Angstrom,
thermostat_thickness=8*Angstrom,
log_interval=10,

)

(continues on next page)
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# Run 5 deposition events, each 20 ps long.
surface_process_simulation.addSequence(

molecule=Nitrogen,
number_of_events=5,
md_time=20*ps,
time_step=1.0*fs,
mean_kinetic_energy=25*eV,
mean_incident_angle=0*Degrees,
std_kinetic_energy=0.3*eV,
std_incident_angle=2*Degrees,
post_md_hooks=[RemoveElementFromSubstrate(Nitrogen)],

)

surface_process_simulation.update()

sio2_n_etching.py

The results from the simulation can be visualized using the Movie Tool on the QATK LabFloor.

See also ref.spshookscommon.notes.

RepeatESPPartialCharges

class RepeatESPPartialCharges(configuration, potential, total_charge=None, tag_prefix=None,
charge_weight=None, inner_vdw_shell=None, outer_vdw_shell=None,
stride=None, r_cut=None, damping_factor=None)

Calculate atomic partial charges to reproduce the electrostatic potential based on the REPEAT algorithm.

Parameters

• configuration (MoleculConfiguration | BulkConfiguration) – The configura-
tion for which the charges are fitted.

• potential (ElectrostaticDifferencePotential) – The electrostatic potential the
charges are fitted to.

• total_charge (PhysicalQuantity of type charge) – The total charge of the configuration.

• tag_prefix (str) – Prefix of the tags on the configuration used to constrain charges.

• charge_weight (float | list of float) – Weights used to constrain fitted charges
to the partial charges on the configuration.

• inner_vdw_shell (float) – Ratio of the van der Waals radius of the atoms used to
exclude grid points close to an atom.

• outer_vdw_shell (float) – Ratio of the van der Waals radius of the atoms used to
exclude grid points far away from any atom.

• stride (int) – Stride used to skip grid points in the electrostatic potential. A value of 1
specifies that every grid point is used.

• r_cut (PhysicalQuantity of type length) – The cutoff used in calculating electrostatic
interactions in BulkConfiguration.
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• damping_factor (PhysicalQuantity of type inverse length) – The damping factor used
in calculating electrostatic interactions in BulkConfiguration.

dampingFactor()

Returns
Damping factor used for fitted electrostatic interactions in bulk materials.

Return type
PhysicalQuantity of type inverse length

evaluate(atom_index=None)
Return the partial charges of the selected atom or all atoms.

Parameters
atom_index (int) – Index of the selected atom. Default: All atoms.

Returns
A single charge if atom_index is not None, otherwise an array of charges.

Return type
PhysicalQuantity of type charge

groupIndices()

Returns
Indices of groups of atoms constrained to have the same fitted charge.

Return type
list of lists

innerVdwShell()

Returns
The inner radius factor of the shell for electrostatic potential grid points.

Return type
float

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

outerVdwShell()

Returns
The outer radius of the shell for electrostatic potential grid points.

Return type
float
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partialCharges()

Returns
The fitted partial charges for the molecule.

Return type
PhysicalQuantity of type charge

rCut()

Returns
Electrostatic potential distance cutoff used in bulk materials.

Return type
PhysicalQuantity of type length

relativeRootMeanSquareError()

Returns
The relative root mean squared error of the electrostatic potential fit.

Return type
float

restrainCharges()

Returns
The reference charges used to weight the fitted charges.

Return type
PhysicalQuantity of type charge

restrainWeights()

Returns
The weights used to restrain the fitted charges.

Return type
ndarray

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

stride()

Returns
Density of electrostatic potential points selected for fitting partial charges.

Return type
int

tags()

Returns
Tags used to constrain atoms to have the same partial charges.

Return type
list of str
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totalCharge()

Returns
The total charge of the configuration the charges are being fitted to.

Return type
PhysicalQuantity of type charge

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Assign partial charges to the battery electrolyte molecule ethylene carbonate. In this example the OPLS potential is
used to constrain atoms with the same type to have the same partial charges.

# -*- coding: utf-8 -*-
setVerbosity(MinimalLog)

# -------------------------------------------------------------
# Molecule Configuration
# -------------------------------------------------------------
# Define elements
elements = [Carbon, Oxygen, Oxygen, Oxygen, Carbon, Carbon, Hydrogen, Hydrogen,

Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 1.609431413032, 0.050029424266, -0.200214465477],

[ 2.821872471776, 0.074345609581, -0.33257452873 ],
[ 0.786730069642, 0.285844748805, -1.270661995358],
[ 1.046027032925, -0.213547522321, 1.021790323208],
[-0.320536198865, -0.108625807588, 0.763421170161],
[-0.484549258604, 0.072564433479, -0.73758247059 ],
[-0.839575976013, -1.027933189299, 1.111755833993],
[-0.732343636487, 0.769867954492, 1.307351219363],
[-0.918484269576, -0.844342167145, -1.192644130163],
[-1.139565310547, 0.94179651573 , -0.964104219255]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates

)

# Add tags
molecule_configuration.addTags('OPLS_CT_226', [4, 5])
molecule_configuration.addTags('OPLS_C_32', [0])
molecule_configuration.addTags('OPLS_HC_63', [6, 7, 8, 9])
molecule_configuration.addTags('OPLS_OS_22', [2, 3])
molecule_configuration.addTags('OPLS_O_23', [1])

# Add bonds
bonds = [[0, 1],

(continues on next page)
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[0, 2],
[0, 3],
[2, 5],
[3, 4],
[4, 5],
[4, 6],
[4, 7],
[5, 8],
[5, 9]]

molecule_configuration.setBonds(bonds)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
numerical_accuracy_parameters = NumericalAccuracyParameters(

density_mesh_cutoff=125.0*Hartree,
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,

)

molecule_configuration.setCalculator(calculator)
nlprint(molecule_configuration)
molecule_configuration.update()
nlsave('ethylene_earbonate_charges.hdf5', molecule_configuration)

# -------------------------------------------------------------
# Optimize Geometry
# -------------------------------------------------------------
molecule_configuration = OptimizeGeometry(

molecule_configuration,
max_forces=0.05*eV/Ang,
max_steps=200,
max_step_length=0.2*Ang,
trajectory_filename='ethylene_earbonate_charges_trajectory.hdf5',
trajectory_interval=5.0*Minute,
restart_strategy=RestartFromTrajectory(),
optimize_cell=False,
optimizer_method=LBFGS(),
enable_optimization_stop_file=True,

)
nlsave('ethylene_earbonate_charges.hdf5', molecule_configuration)
nlprint(molecule_configuration)

# -------------------------------------------------------------
# Electrostatic Difference Potential
# -------------------------------------------------------------
electrostatic_difference_potential = ElectrostaticDifferencePotential(molecule_
→˓configuration)
nlsave('ethylene_earbonate_charges.hdf5', electrostatic_difference_potential)

(continues on next page)
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# -------------------------------------------------------------
# Repeat ESP Partial Charges
# -------------------------------------------------------------
repeat_esp_partial_charges = RepeatESPPartialCharges(

molecule_configuration,
electrostatic_difference_potential,
total_charge=0*elementary_charge,
inner_vdw_shell=1.0,
outer_vdw_shell=3.0,
stride=1,
tag_prefix='OPLS_',
)

molecule_configuration.setPartialCharges(repeat_esp_partial_charges.evaluate())
nlsave('ethylene_earbonate_charges.hdf5', molecule_configuration)
nlsave('ethylene_earbonate_charges.hdf5', repeat_esp_partial_charges)

ethylene_carbonate_charges.py

Notes

The RespeatESPPartialCharges class fits atomic partial charges to either a MoleculeConfiguration or
BulkConfiguration based on a given electrostatic potential. This potential is typically calculated with density func-
tional theory (DFT). Theseo partial charges can then be used in a forcefield based calculation to model electrostatic
interactions between atoms. As the charges are fit to a DFT electrostatic potential, it allows the long-range electrostatic
interactions to be similar to those predicted by DFT, resulting in a more accurate simulation.

The fitting processes uses the REPEAT algorithm to assign the partial charges1. This fits the charges using a linear least
squares approach, minimizing the difference between the supplied electrostatic potential and the potential calculated
from the fitted partial charges. The grid points in the electrostatic potential used in the fitting are selected such that
they are all within a shell around the molecule. Grid points that are too close to an atom are within the electron density
around the atom where the simple approximation of point charges breaks down. Similarly the electrostatic potential far
from any atom is weakly influenced by many surrounding atoms and therefore not useful in isolating the contribution
of single atoms to the electrostatic potential. The inner and outer radii used to define the shell of grid points used in
the fitting can be set using the options inner_vdw_shell and outer_vdw_shell. These are scale factors that are
combined with the van der Waals radius of each atom to determine the shell radii. Depending on the density mesh cutoff
used in the DFT calculation, the electrostatic potential can also have a large number of closely spaced grid points. It is
possible to down-sample the electrostatic potential grid, skipping over a set number of points in each direction. This is
done using the stride argument, which takes an integer describing the increment used when reading points from the
grid. The default value of 1 uses all the grid points in the given electrostatic potential.

As the charges are fit using a simple least squares method, it is possible that some atoms may be assigned chemically
unreasonable charges, such as charges exceeding the number of valence electrons. This is most commonly an issue in
configurations that have buried atoms, that is atoms that are not near any electrostatic grid points used in the fitting.
This may happen for instance in atoms contained within a bulk surface. To help charges retain chemically meaningful
values, some constraints can be added to the fit. One constraint that can be added is to constrain groups of atoms
to have the same partial charge. This is done using tags. Tags identifying atom that have the same charge can be
added to the configuration with a set prefix, with one tag for each atom. The tag prefix is then given as input to the
RespeatESPPartialCharges class using the tag_prefix argument. Tags from bonded forcefields such as DREID-
ING or OPLS can be used, or custom tags can also be set. The given example with ethylene carbonate uses the OPLS
tags to constrain atoms with the same OPLS type to have the same partial charge.

1 Carlos Campana, Bastien Mussard, and Tom K. Woo. Electrostatic potential derived atomic charges for periodic systems using a modi-
fied error functional. Journal of Chemical Theory and Computation, 5(10):2866–2878, 2009. URL: https://pubs.acs.org/doi/10.1021/ct9003405,
doi:https://doi.org/10.1021/ct9003405.
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It is also possible to set reference charges for the fit, and weight the fitting towards these charges. This weighting can
give reasonable values for charges that are not well determined by the electrostatic potential, while still allowing some
influence from the potential. Reference charges are taken from the existing atomic partial charges on the configuration.
Weights for each atom are given with the argument charge_weight. If a single value is given, this value is used for
all atoms. Giving individual values for each atom allows only under determined charges to be weighted to particular
values. The size of the weight determines how strongly the existing partial charge influences the values of the fitted
charges.

In molecular and bulk configurations the summation of the fitted electrostatic potential is done in slightly different
ways. In molecules the fitted electrostatic potential is represented with the normal Coulomb potential, which does not
require additional parameters. In the case of bulk configurations the fitted electrostatic potential is represented with
a damped shifted force potential2. This requires both a distance cutoff and a damping factor. These can be modified
using the arguments r_cut and damping_factor respectively.

Repulsive12Potential

class Repulsive12Potential(particleType1, particleType2, c, r_cut=None, bonded_mode=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• c (PhysicalQuantity of type length**12 * energy) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

• bonded_mode – Either Repulsive12Potential.evaluateAll or Repul-
sive12Potential.evaluate14 or Repulsive12Potential.evaluate15Only.

If evaluateAll is chosen, interactions between all particles - even those that are connected
by fixed bonds - are evaluated, using the sigma and epsilon parameters.

If evaluate14 is chosen, interactions between particles that are connected by a bond path
of length 1, 2, or 3 are omitted.

If evaluate15Only is chosen, only interactions between particles that are connected by a
bond path of length 4 are considered.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

2 De-Li Chen, Abraham C. Stern, Brian Space, and J. Karl Johnson. Atomic charges derived from electrostatic potentials for molecu-
lar and periodic systems. Journal of Physical Chemistry A, 114(37):10225–10233, 2009. URL: https://pubs.acs.org/doi/10.1021/jp103944q,
doi:https://doi.org/10.1021/jp103944q.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create the Pedone_2006Fe2 potential by hand, by adding the individual components

potentialSet = TremoloXPotentialSet(name='Pedone_2006Fe2')

# Add the particle types to the potential set
(continues on next page)
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potentialSet.addParticleType(ParticleType(symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=2.4))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
charge=-1.2))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential('Si', 'O',

r_0=2.1*Angstrom,
k=2.0067*1/Ang,
E_0=0.340554*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(Repulsive12Potential('Si', 'O',
r_cut=7.5*Angstrom,
c=1.0*Ang**12*eV))

potentialSet.addPotential(MorsePotential('O', 'O',
r_0=3.618701*Angstrom,
k=1.379316*1/Ang,
E_0=0.042395*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(Repulsive12Potential('O', 'O',
r_cut=7.5*Angstrom,
c=22.0*Ang**12*eV))

# Add the coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

The Repulsive12Potential defines a purely repulsive potential:

𝑉𝑖𝑗(𝑟) =
𝑐𝑖𝑗
𝑟12

.
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RestartFromTrajectory

class RestartFromTrajectory(trajectory_filename=None, object_id=None, restore_optimizer_state=None)
Class for restarting a geometry optimization from a previously saved trajectory.

Parameters

• trajectory_filename (str) – The filename used to look for the restart trajectory.

• object_id (str) – The ID of the object in the file. Can only be specified together with
a trajectory_filename.

• restore_optimizer_state (bool) – Whether to restart using the state of the optimizer
method object as well as the atomic positions. Default: True if the optimizer method
object is present on the trajectory and compatible with the new optimizer method, False
otherwise.

objectId()

Returns
The object ID of the restart trajectory.

Return type
str | None

restoreOptimizerState()

Returns
Whether to restart using the state of the optimizer method object.

Return type
bool | None

trajectoryFilename()

Returns
The filename used to look for the restart trajectory.

Return type
str | None

uniqueString()

Return a unique string representing the state of the object.

Notes

The RestartFromTrajectory class is intended to facilitate restarts of OptimizeGeometry() and
OptimizeNudgedElasticBand(), as well as other objects which accept OptimizeGeometryParameters,
using an existing trajectory file.

If trajectory_filename is not specified in RestartFromTrajectory, the filename of the current optimization object
will be used to search for a compatible trajectory to restart from. In case no trajectory can be found, the restart behavior
falls back to NoRestart.

If specified, the object_id parameter will determine the object in the file that is used for restart.
For OptimizeNudgedElasticBand() the specified object_id is treated as prefix and all matching
NudgedElasticBand objects in the file are searched for. The one with the highest suffix is used. If
the object_id parameter is not specified, the trajectory_object_id in OptimizeGeometry() or
OptimizeNudgedElasticBand() will be used if specified there. Otherwise the trajectory file will be searched for all
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objects matching the expected type with numbered IDs, and the highest one will be used. In case no matching object
can be found, the restart behavior falls back to NoRestart.

Before restarting from a given object, the simulations are checked for consistency, including elements, type of configu-
ration, constraints, optimizer method, and calculator (only for NEB). If the consistency check fails, a warning is printed
to the log file and the restart behavior falls back to NoRestart.

RigidBody

class RigidBody(atom_selection, apply_to_cartesian_direction=None, fix_cartesian_direction=None)
This constraint type treats a group of atoms as a rigid body with only translational motions during a
MolecularDynamics() or OptimizeGeometry() simulation.

Parameters

• atom_selection (list of ints) – The list of indices defining the atoms which are
included in the rigid body.

• apply_to_cartesian_direction (list(3) of bools) – Select the cartesian axes
along which rigid body constraints should be applied. Default: [True, True, True]

• fix_cartesian_direction (list(3) of bools) – Select the cartesian axes along
which the center-of-mass of the rigid body should be fixed. This only affects axes selected
by apply_to_cartesian_direction. Default: [False, False, False]

atomIndices()

Returns
The indices of the rigid-body-atoms.

Return type
list of type int

frozenDegreesOfFreedom(local_atoms=None)

Parameters
local_atoms (list of int | None) – The group of atoms from which the frozen de-
grees of freedom should be calculated, e.g. a thermalized group of atoms. Default: All
atoms.

Returns
The number of degrees of freedom that are frozen by the rigid body.

Return type
int

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Optimize the geometry of a silicon-germanium-interface treating both crystal regions as rigid bodies:

# -------------------------------------------------------------
# Si-Ge-interface
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 11.588]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon, Germanium, Germanium, Germanium, Germanium, Germanium,
Germanium, Germanium, Germanium]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.5 , 0.5 , 0. ],
[ 0.25 , 0.25 , 0.117159993096],
[ 0.75 , 0.75 , 0.117159993096],
[ 0.5 , 0. , 0.234319986193],
[ 0. , 0.5 , 0.234319986193],
[ 0.75 , 0.25 , 0.351479979289],
[ 0.25 , 0.75 , 0.351479979289],
[ 0.184141715464, 0. , 0.51178805661 ],
[ 0.684141715464, 0.5 , 0.51178805661 ],
[ 0.434141715464, 0.25 , 0.633841042458],
[ 0.934141715464, 0.75 , 0.633841042458],
[ 0.684141715464, 0. , 0.755894028305],
[ 0.184141715464, 0.5 , 0.755894028305],
[ 0.934141715464, 0.25 , 0.877947014153],
[ 0.434141715464, 0.75 , 0.877947014153]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = Tersoff_SiGe_1989()
calculator = TremoloXCalculator(parameters=potentialSet)
bulk_configuration.setCalculator(calculator)

# Define a rigid body containing the silicon atoms.
(continues on next page)
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rigid_body_si = RigidBody([0, 1, 2, 3, 4, 5, 6, 7])

# Define a rigid body containing the germanium atoms.
rigid_body_ge = RigidBody([8, 9, 10, 11, 12, 13, 14, 15])

# Optimize the interface under rigid body contraints.
bulk_configuration = OptimizeGeometry(

bulk_configuration,
max_forces=0.05*eV/Ang,
max_steps=200,
max_step_length=0.2*Ang,
constraints=[rigid_body_si, rigid_body_ge],
trajectory_filename=None,
optimize_cell=False,
optimizer_method=LBFGS(),
)

rigid_body.py

Notes

• RigidBody constraints can be used in OptimizeGeometry and MolecularDynamics simulations. At each opti-
mization or molecular dynamics step, all atoms within a rigid body undergo the same translational displacement,
which is determined by the force on the center-of-mass of the rigid body atoms. Rotational motions are com-
pletely switched off.

• In optimization simulations, the force on the center-of-mass of each rigid body is minimized, until the max_force
threshold is reached.

• A rigid body must not share atoms with other rigid bodies, or with the set of constrained atoms.

• It is not recommended to run cell-optimizations (i.e. optimization simulations with optimize_cell=True) or
NPT simulations (e.g. NPTBerendsen) when rigid body constraints are used.

• With the fix_cartesian_direction parameter you can completely fix selected components of the center-of-
mass-vector of the rigid body.

• Via the apply_to_cartesian_direction parameter you can select along which of the three carte-
sian directions the atoms are treated as a rigid body. This means that for instance by setting
apply_to_cartesian_direction=[True, True, False], all atoms within the rigid body would move co-
operatively as a rigid body in x- and y-direction, whereas in z-direction all atoms would be displaced independent
of each other, as if no rigid body had been defined on these atoms.
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STM

class STM(tip_configuration, sample_configuration, voltage=None, temperature=None,
wigner_seitz_radius=None, cutoff_distance=None, k_point=None, energy_step=None,
infinitesimal=None, z_cut_tip=None, z_cut_sample=None)

Constructor for the STM object.

Parameters

• tip_configuration (BulkConfiguration) – Configuration representing the STM tip.
The unit cell of the configuration must be rectangular.

• sample_configuration (BulkConfiguration) – Configuration representing the
STM sample. The unit cell of the configuration must be rectangular.

• voltage (PhysicalQuantity of type electric potential) – Voltage between tip and sample.
Default: 1 * Volt

• temperature (PhysicalQuantity of type temperature) – The temperature for the thermal
smearing of the Fermi distribution. Default: 300 * Kelvin

• wigner_seitz_radius (PhysicalQuantity of type length) – The Wigner-Seitz radius
giving the reference electron density. Default: 8 * Bohr

• cutoff_distance (PhysicalQuantity of type length) – The cutoff distance for the Gaus-
sian filter of high k vectors. Default: 0.25 * Bohr

• k_point (PhysicalQuantity of type inverse length) – The k-point at which the STM image
is calculated. Default: [0.0, 0.0, 0.0] * Bohr**-1

• energy_step (PhysicalQuantity of type energy) – The energy step in energy integral.
Default: 1.0e-4 * eV

• infinitesimal (PhysicalQuantity of type energy) – The broadening parameter of the
energy levels. Default: 0.05 * eV

• z_cut_tip (list(2) of ints) – Two z-indices defining the region within the bulkside
electron density to be removed from the tip system. Default: [0, 0]

• z_cut_sample (list(2) ints) – Two z-indices defining the region within the bulkside
electron density to be removed from the sample system. Default: [0, 0]

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.
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– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

currentSTMDisplacementMatrix()

Returns
The current STM displacement matrix. The shape of the matrix is (N_a, N_b, N_c), where
N_a, N_b and N_c are the number of grid points in different Cartesian directions.

Return type
PhysicalQuantity of type current

derivatives(x, y, z, spin=None)
Calculate the derivative in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length.) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length.) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length.) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down |
Spin.RealUpDown | Spin.ImagUpDown) – The spin component to project on. De-
fault: The spin that the object was constructed with.

Returns
The gradient at the specified point for the given spin. An error is raised, if the underlying
data does not contain the spin projection of the requested type. In case that Spin.All is
used, a tuple with (Spin.Sum, Spin.X, Spin.Y, Spin.Z) components is returned. Note
that in the spin unpolarized case the Spin.X, Spin.Y and Spin.Z entries are zero, and for
the spin polarized case the Spin.X and Spin.Y are zero.
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Return type
PhysicalQuantity

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

evaluate(x, y, z, spin=None)
Evaluate in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down |
Spin.RealUpDown | Spin.ImagUpDown) – The spin component to project on. De-
fault: The spin that the object was constructed with.

Returns
The value at the specified point for the given spin. An error is raised, if the underlying
data does not spin projection of the requested type. In case Spin.All is used, a tuple
with (Spin.Sum, Spin.X, Spin.Y, Spin.Z) components is returned. Note that in the
spin unpolarized case the Spin.X, Spin.Y and Spin.Z entries are zero, and for the spin
polarized case the Spin.X and Spin.Y are zero.

Return type
PhysicalQuantity

evaluateSTMImage(constant_z=None, constant_current=None, spin=None)
Evaluate the STM data in a given operation mode: Constant height or constant current.

Parameters

• constant_z (PhysicalQuantity of type length) – Select the STM operation mode to
be constant height. Default: None

• constant_current (PhysicalQuantity of type current) – Select the STM operation
mode to be constant current. Default: None

• spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to
project on. Default: The spin that the object was constructed with.

Returns
In constant height mode, a 2D array with the unit Ampere. In constant current mode, a 3D
image with the data given as a NLEngine.RealGrid3D object, is returned.

Return type
PhysicalQuantity with the unit Ampere | NLEngine.RealGrid3D
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gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

sampleConstraintFunction()

Returns
The sample constraint function. The shape of the returned array is (3, N_a, N_b, N_c),
where N_a, N_b and N_c are the number of grid points in different Cartesian directions.

Return type
PhysicalQuantity of type inverse length

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the STM image is calculated for, always Spin.Sum.

Return type
Spin.Sum

spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – The spin component to project on. Default: The
spin the object was created with. If the spin was Spin.All, Spin.Sum will be used for
the projection.

Returns
A new GridValues object for the specified spin.

Return type
GridValues

temperature()

Returns
The temperature for the thermal smearing of the Fermi distribution.

Return type
PhysicalQuantity of type temperature

tipConstraintFunction()

Returns
The tip constraint function. The shape of the returned array is (3, N_a, N_b, N_c), where
N_a, N_b and N_c are the number of grid points in different Cartesian directions.

Return type
PhysicalQuantity of type inverse length

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.
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Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

voltage()

Returns
Voltage between tip and sample.

Return type
PhysicalQuantity of type electric potential

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

SaddleSearchParameters

class SaddleSearchParameters(time_step=None, langevin_friction=None, minimization_period=None,
escape_time_accuracy=None, max_time=None, optimizer_method=None,
max_forces=None, max_steps=None, max_step_length=None,
min_neb_images=None, max_neb_images=None, max_neb_steps=None,
max_neb_forces=None, neb_image_distance=None,
neb_spring_constant=None, neb_climbing_image=None,
lanczos_relative_error=None, lanczos_maximum_iterations=None,
finite_difference=None, finite_difference_method=None,
structure_comparison_tolerance=None,
structure_comparison_energy_tolerance=None, saddle_offset_length=None,
max_energy_difference=None)

Class that stores all of the parameters associated with saddle searches.

Parameters

• time_step (PhysicalQuantity of type time) – The time-step interval used in the molecular
dynamics simulation. Default: 1.0*fs

• langevin_friction (PhysicalQuantity of type frequency) – The friction (coupling)
with the reservoir. Default: 5.0*ps**-1

• minimization_period (PhysicalQuantity of type time) – The time interval between
minimizing the molecular dynamics trajectory to determine if the system has left the initial
state. Default: 400*fs
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• escape_time_accuracy (PhysicalQuantity of type time) – The accuracy with which
the escape time should be determined. This quantity must be less than or equal to the
minimization period. Default: minimization_period/3

• max_time (PhysicalQuantity of type time) – The maximum total length of time the MD
simulation is allowed to run for. Default: 5000*fs

• optimizer_method (LBFGS | FIRE) – The optimization algorithm to use for the mini-
mizations, saddle optimization, and nudged elastic band calculations. Default: LBFGS

• max_forces (PhysicalQuantity of type force) – Optimization is stopped when the
maximum force on an atom is less than max_forces. There is a separate conver-
gence criterion (max_neb_forces) for the NudgedElasticBand optimization. Default:
0.01*eV/Angstrom

• max_steps (int) – The maximum number of steps during an optimization. There is a
separate max steps (neb_max_steps) parameter for NudgedElasticBand optimization.
Default: 400

• max_step_length (PhysicalQuantity of type length) – The maximum step length the
optimizer may take. Default: 0.2*Angstrom

• min_neb_images (int) – The minimum number of NudgedElasticBand images in a
band. Default: 3

• max_neb_images (int) – The maximum number of NudgedElasticBand images in a
band. Default: 7

• max_neb_steps (int) – The maximum number of NudgedElasticBand optimization
steps. Default: 100

• max_neb_forces (PhysicalQuantity of type force) – The NudgedElasticBand opti-
mization is stopped when the maximum force on an atom is less than max_neb_forces.
Default: 0.1*eV/Angstrom

• neb_image_distance (PhysicalQuantity of type distance) – The distance between the
NudgedElasticBand images. Default: 0.5*Angstrom

• neb_spring_constant (PhysicalQuantity of type force constant (e.g.
eV/Angstrom**2)) – The spring constant used for the NudgedElasticBand relax-
ation. Default: 5.0*eV/Angstrom**2

• neb_climbing_image (bool) – Flag indicating if the climbing image algorithm should
be used to find a transition state. Default: False

• lanczos_relative_error (float) – Stop the calculation when the relative change in
the eigenvalue is less than this number. Default: 0.01

• lanczos_maximum_iterations (int) – The maximum number of iterations in the
Lanczos algorithm. Default: 20

• finite_difference (PhysicalQuantity of type length) – The step size for the finite dif-
ference estimation of the second derivatives. Default: 0.01*Angstrom

• finite_difference_method (Forward | Central) – The type of finite difference
used to estimate the second derivatives. Default: Forward

• structure_comparison_tolerance (PhysicalQuantity of type length) – The maxi-
mum distance mismatch between two atoms to determine if they are the same structure.
Default: 0.1*Angstrom
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• structure_comparison_energy_tolerance (PhysicalQuantity of type energy) –
This energy tolerance is used to determine if two structures are different based upon en-
ergy alone. Configurations that are closer than this tolerance a full geometry comparison.
Default: 0.02*eV

• saddle_offset_length (PhysicalQuantity of type length) – The distance along the neg-
ative mode from the saddle that a configuration is displaced before being minimized to
determine if it is connected to the initial minimum. Default: 0.2*Angstrom

• max_energy_difference (PhysicalQuantity of type energy) – If the final state is higher
in energy than the initial state by this amount, then the search will be terminated. If the
value is None then no energy comparison is performed. Default: 10.0*eV

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Setup a saddle search using a tight convergence criterion.

saddle_search_parameters = SaddleSearchParameters(
max_forces=0.001*eV/Angstrom,
)

parameters.py

Notes

These parameters are normally passed to the AdaptiveKineticMonteCarlo class.

SaveInMemory

class SaveInMemory

Cache self energies in memory.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Examples on how to use SaveInMemory() and other storage strategies can be found in the Usage Examples of Recur-
sionSelfEnergy.
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Notes

In each step of the SCF loop of a device calculation, the same self energies need to be evaluated.

The SaveInMemory() storage strategy specifies that each self energy is calculated only once and stored in memory.
The self energies are reused in subsequent iterations. This strategy can significantly improve performance, but requires
additional memory.

The StoreOnDisk() strategy provides a similar performance improvement without the additional memory require-
ments.

ScatteringStates

class ScatteringStates(save_scattering_states=None)
The scattering states method used to calculate the Green’s function.

Parameters
save_scattering_states (bool) – Whether calculated scattering states should be cached.
Default: True

saveScatteringStates()

Returns
True when the scattering states are saved.

Return type
bool

Usage Examples

Setup a device calculation that computes the non-equilibrium contribution to the contour integral via the scattering
states method while computed scattering states are cached.

non_equilibrium_method = ScatteringStates(save_scattering_states=True)
device_algorithm_parameters = DeviceAlgorithmParameters(

non_equilibrium_method=non_equilibrium_method,
)

calculator = DeviceHuckelCalculator(
device_algorithm_parameters=device_algorithm_parameters,
)
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SecondHarmonicsGenerationSusceptibility

class SecondHarmonicsGenerationSusceptibility(configuration, kpoints=None, energies=None,
broadening=None, bands_below_fermi_level=None,
bands_above_fermi_level=None, use_symmetries=None,
occupation_tolerance=None, tensor_indices=None)

Parameters

• configuration (BulkConfiguration) – The bulk configuration with an attached cal-
culator for which to calculate the optical spectrum.

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The k-
points for which to calculate the transitions. Default: The Monkhorst-Pack grid used for
the self-consistent calculation.

• energies (PhysicalQuantity of type energy) – The energies for which to calculate the
second harmonics generation susceptibility. Default: numpy.linspace(0, 4, 101)
* eV

• broadening (PhysicalQuantity of type energy) – The broadening parameter used for the
optical spectrum. Default: 0.1 * eV

• bands_below_fermi_level (int | All) – The maximum number of valence band states
per principal spin channel to include at each k-point. Default: All valence bands

• bands_above_fermi_level (int | All) – The maximum number of conduction band
states per principal spin channel to include at each k-point. Default: All conduction bands

• use_symmetries (bool) – Boolean to control if symmetries should be used to reduce
k-points and abc-indices. Default: True

• occupation_tolerance (float) – Terms with Fermi occupation differences smaller
than the occupation tolerance will be skipped. If one is only interested in the low temper-
ature limit, this can be set to a finite value, like 0.1 in order to speed up calculations. If
the temperature set on the calculator should be fully respected, the occupation_tolerance
should be set to 0. Default: 0.1

• tensor_indices (list of tuples.) – List of tuples of x,y,z indices (0, 1, or 2) to
be calculated, like [(0, 0, 0), (0, 1, 2)] for calculating the (x,x,x) and (x,y,z) component
of the SHG tensor. Default: By default the list of indices is determined by the symme-
tries of the system and only those components, which contribute will be calculated. If
use_symmetries=False all indices will be calculated.

bandsAboveFermiLevel()

Returns
The number of above the Fermi level included in the calculation.

Return type
int

bandsBelowFermiLevel()

Returns
The number of below the Fermi level included in the calculation.

Return type
int
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broadening()

Returns
The broadening parameter used for the spectrum.

Return type
PhysicalQuantity of type energy

energies()

Returns
The energies for which to calculate the spectrum.

Return type
PhysicalQuantity of type energy

evaluate(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum | Spin.All) – The user provided spin parameter.
Default: Spin.Sum

Returns
Returns the total SHG susceptibility tensor. The tensor has the shape (number_of_spins,
number_of_enegies, 3, 3, 3) if spin=Spin.All, otherwise the shape is (num-
ber_of_enegies, 3, 3, 3).

Return type
PhysicalQuantity of type Length / Volt

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

useSymmetries()

Returns
Boolean controlling if symmetries should be applied or not.

Return type
bool
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Usage Examples

Calculate the SecondHarmonicsGenerationSusceptibility of GaAs using GGA-1/2 exchange-correlation.:

# -*- coding: utf-8 -*-
# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.6537*Angstrom)

# Define elements
elements = [Gallium, Arsenic]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

GGABasis.Gallium_DoubleZetaPolarized,
GGABasis.Arsenic_DoubleZetaPolarized,
]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = GGAHalf.PBE

k_point_sampling = MonkhorstPackGrid(
na=13,
nb=13,
nc=13,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=45.0*Hartree,
k_point_sampling=k_point_sampling,
occupation_method=FermiDirac(100.0*Kelvin*boltzmann_constant),
)

(continues on next page)
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(continued from previous page)

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave('GaAs.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Second Harmonics Generation Susceptibility
# -------------------------------------------------------------
kpoint_grid = MonkhorstPackGrid(

na=14,
nb=14,
nc=14,
)

second_harmonics_generation_susceptibility = SecondHarmonicsGenerationSusceptibility(
configuration=bulk_configuration,
kpoints=kpoint_grid,
energies=numpy.linspace(0, 5, 101)*eV,
broadening=0.1*eV,
bands_below_fermi_level=4,
bands_above_fermi_level=8,
use_symmetries=True,
tensor_indices=None,
)

nlsave('GaAs.hdf5', second_harmonics_generation_susceptibility)

gaas_shg.py

Notes

Theory

The optical polarization 𝑃𝑎(𝜔) can in general be expressed in terms of responce functions, called susceptibilities, and
the total macroscopic electric field E(𝜔)1:

𝑃𝑎(𝜔) = 𝜒
(1)
𝑎𝑏 (−𝜔, 𝜔)𝐸𝑏(𝜔) + 𝜒

(2)
𝑎𝑏𝑐(−𝜔

′ − 𝜔′′, 𝜔′, 𝜔′′)𝐸𝑏(𝜔′)𝐸𝑐(𝜔′′) + ...

The first-order, or linear, susceptibility 𝜒(1)
𝑎𝑏 (−𝜔, 𝜔) = 𝜒

(1)
𝑎𝑏 (𝜔) is a rank two tensor and available in QuantumATK

from an OpticalSpectrum calculation.
1 R. Leitsmann, W. G. Schmidt, P. H. Hahn, and F. Bechstedt. Second-harmonic polarizability including electron-hole attrac-

tion from band-structure theory. Phys. Rev. B, 71:195209, May 2005. URL: https://link.aps.org/doi/10.1103/PhysRevB.71.195209,
doi:10.1103/PhysRevB.71.195209.
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The second order susceptibility is a rank three tensor and in general it depends on two frequency arguments, 𝜔′ and 𝜔′′.
The second harmonics generation (SHG) susceptibility, 𝜒(2)

𝑆𝐻𝐺(−2𝜔, 𝜔, 𝜔) is the special case, where 𝜔′ = 𝜔′′. This
is obviously relevant for studying second harmonic generation in e.g. lasers applications. In the low-frequncy limit
𝜔 → 0, 𝜒(2)

𝑆𝐻𝐺(−2𝜔, 𝜔, 𝜔) coinsides with the linear electro-optic (LEO) susceptibility 𝜒(2)
𝐿𝐸𝑂(−𝜔, 𝜔, 0)2 and can thus

be used to obtain the electronic contribution to the low-frequency electro-optic tensor.

The SecondHarmonicsGenerationSusceptibility class calculates the second harmonics genreration susceptibility tensor
following the works of Sipe et al.3Page 1882, 2 and Sharma et al.4. The methodology is based on perturbation theory within
the independent particle approximation.

The total susceptibility can be divided into three terms: The interband transitions 𝜒(2)
𝑖𝑛𝑡𝑒𝑟(−2𝜔, 𝜔, 𝜔), the intraband

transitions 𝜒(2)
𝑖𝑛𝑡𝑟𝑎(−2𝜔, 𝜔, 𝜔), and a modulation of interband terms by intraband terms, 𝜒(2)

𝑚𝑜𝑑(−2𝜔, 𝜔, 𝜔): such that

𝜒(2)(−2𝜔, 𝜔, 𝜔) = 𝜒
(2)
𝑖𝑛𝑡𝑒𝑟(−2𝜔, 𝜔, 𝜔) + 𝜒

(2)
𝑖𝑛𝑡𝑟𝑎(−2𝜔, 𝜔, 𝜔) + 𝜒

(2)
𝑚𝑜𝑑(−2𝜔, 𝜔, 𝜔)

Detailed expressions for the three terms are given in Eqs. A1-A3 in Ref.4.

Tensor indices and symmetries

By default, the SecondHarmonicsGenerationSusceptibility will be constructed with the parameter
use_symmetries=True implying that the k-point sampling is reduced to the irreducible part of the Brillouin
zone and that the 𝜒(2)

𝑎𝑏𝑐(−2𝜔, 𝜔, 𝜔) tensor is symmetrized. This is the recommended setting since it significantly
speeds up the calculation time due to the k-point reduction. The symmetrization of the tensor implies that only certain
tensor elements are non-zero. For cubic structures, like GaAs in the script above, only tensor elements of the form
(𝑎, 𝑏, 𝑐) = (𝑥, 𝑦, 𝑧) i.e. where 𝑎 ̸= 𝑏 ̸= 𝑐 are non-zero. For other symmetry classes the non-zero elements will be
different.

If use_symmetries=False by default all tensor elements will be calculated. In that case it is possible to specify
which indices to be calculated using the tensor_indices input parameters.

Convergence of results

When performing SecondHarmonicsGenerationSusceptibility calculations it is important to check that the calculated
susceptibility is converged with respect to the numerical parameters. The important parameters to check convergence
for are

1) K-point sampling. Increase the k-point sampling to ensure the results are converged.

2) Broadening. The energy broadening should inprinciple be infinitesimally small. Usually a value of 0.1*eV is
reasonable, but results should be checked by lowering the value of the broadening parameter. Note that when
lowering the broadening the k-point sampling needs to be increased in order to have comparable results.

3) Bands above and below the Fermi level. The parameters bands_below_fermi_level and
bands_above_fermi_level determines how many bands are included in the calculation. The calcu-
lated spectra needs to be converged wrt. to the number of bands included. Increase the number of bands above
and below the Fermi level to verify convergence.

2 James L. P. Hughes and J. E. Sipe. Calculation of second-order optical response in semiconductors. Phys. Rev. B, 53:10751–10763, Apr 1996.
URL: https://link.aps.org/doi/10.1103/PhysRevB.53.10751, doi:10.1103/PhysRevB.53.10751.

3 J. E. Sipe and Ed Ghahramani. Nonlinear optical response of semiconductors in the independent-particle approximation. Phys.
Rev. B, 48(16):11705–11722, October 1993. URL: https://link.aps.org/doi/10.1103/PhysRevB.48.11705 (visited on 2019-05-10),
doi:10.1103/PhysRevB.48.11705.

4 S. Sharma, J. K. Dewhurst, and C. Ambrosch-Draxl. Linear and second-order optical response of iii-v monolayer superlattices. Phys. Rev. B,
67:165332, Apr 2003. URL: https://link.aps.org/doi/10.1103/PhysRevB.67.165332, doi:10.1103/PhysRevB.67.165332.
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In general these numbers can be chosen by inspecting the band structure and selecting the bands that contribute to an
energy range of interest. Reducing the number of included bands significantly speeds up the simulation.

SelfDiffusion

class SelfDiffusion(md_trajectory, start_time=None, end_time=None, atom_selection=None,
anisotropy=None, time_resolution=None, info_panel=None)

Constructor for the SelfDiffusion object.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the self diffusion for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs.

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame.

• atom_selection (PeriodicTableElement | str | list of ints) – Only include
contributions from this selection. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: all atoms.

• anisotropy (list of type int | int | None) – The list of Cartesian directions
(x=0, y=1, z=2) to calculate the anisotropic self diffusion in or a single Cartesian direction.
By default an isotropic calculation is performed. Default: None.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel.

data()

Return the self-diffusion values.

times()

Return the time values.

Usage Examples

Load an MDTrajectory, and calculate the self-diffusion of all aluminum atoms.

# Load the trajectory
md_trajectory = nlread('alumina_trajectory.hdf5')[-1]

# Calculate the self diffusion
self_diffusion = SelfDiffusion(

md_trajectory,
atom_selection=Aluminum

)

# Get the times in ps and the MSD values in Ang**2.
times = self_diffusion.times()
diffusion = self_diffusion.data()

(continues on next page)
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(continued from previous page)

# Plot the diffusion coefficient calculated with different time limits
model = Plot.PlotModel(ps, cm**2/Second)
model.title().setText('Diffusion coefficient of aluminum')
model.xAxis().setLabel('Time')
model.yAxis().setLabel(r'$D_{self}$')
model.legend().setVisible(False)

# Add diffusion integral
line = Plot.Line(times, diffusion)
line.setColor('blue')

# Add average
average = Plot.Average()
line.addItem(average)
max_time = times[-1]
average.setBounds(max_time*0.1, max_time*0.9)
average.setColor('red')

# Add line to the plot
model.addItem(line)

# Set limits and show the plot
model.setLimits()
Plot.show(model)

self_diffusion.py

Notes

The SelfDiffusion is calculated from the velocity auto-correlation function using the Green-Kubo expression:

𝐷𝑠𝑒𝑙𝑓 =
1

3

∫︁ ∞

0

𝑑𝜏⟨v𝑖(𝑡)v𝑖(𝑡+ 𝜏)⟩

Here the ensemble average < ... > averages over both all selected atoms 𝑖 and time origins 𝑡.

The diffusion coefficient can also be calculated with the MeanSquareDisplacement analysis by calculating the gradient
of the mean-squared displacement. These two analyses provide complementary methods of calculating the diffusion
coefficient.

When calculating quantities using Green-Kubo expressions, it is important that the trajectory both contains a short
enough time step to be able to determine the decay in the auto-correlation function, as well as a long enough time scale
to encompass the auto-correlation time length and provide enough time origins for accurate sampling. When calculating
the self diffusion, ideally as the velocity auto-correlation decreases to zero the above integral should converge to a static
value at longer time scales. Practically however, longer times in the auto-correlation function corresponds to fewer time
origins in the ensemble average. This increases the sampling error and can lead to non-convergence in the velocity auto-
correlation functions and subsequently the self diffusion coefficient.

The SelfDiffusion analysis method returns the calculated self diffusion coefficient using different time limits. The
optimal value of the self diffusion coefficient is usually where the auto-correlation has decayed sufficiently for the
integral to converge, and also there are enough time origins for accurate sampling. The auto-correlation time scale can
vary significantly depending on the potential acting on the atoms. For instance single atoms on which only non-bonding
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forces are acting typically have a longer auto-correlation time compared to atoms that have strong molecular bonds. In
the molecular case relatively short trajectory time steps of the order of 10fs may be required.

By default, all elements are taken into account, but a specified selection can be given as well. The atom_selection
parameter accepts an element, a tag name, or a list of atom indices to select which velocities are included in the
calculation. This can be useful for when only certain atoms should be included in the analysis, such as when there
are constrained atoms in the system that excluded. It is also possible to select to only calculate diffusion in specific
cartesian directions using the anisotropy argument. This can be useful in cases such as calculating the diffusion rate
of atoms between two surfaces.

SemiCircleContour

class SemiCircleContour(integral_lower_bound=None, circle_eccentricity=None,
logarithmic_bunching=None, circle_points=None, fermi_line_points=None,
fermi_function_poles=None)

An equilibrium contour using the semi-circle contour points and weights defined in1.

Parameters

• integral_lower_bound (PhysicalQuantity of type energy) – The distance between the
lowest Fermi-level and the lowest energy circle contour point. Default: An energy deter-
mined on the chosen pseudopotentials or 1.5 Hartree for the semi-empirical calculators.

• circle_eccentricity (float) – The eccentricity of the circle contour. This should be
a float between 0 and 1. 0 is a circle, 1 is a line. Default: 0.3

• logarithmic_bunching (float) – Logarithmic bunching of the circle contour around
the Fermi level. This should be a float between 0 and 1. 0 means no bunching, equidistant
points, 1 means all bunched, centred on the Fermi Level. Default: 0.3

• circle_points (int > 2) – The number of points on the circle contour. Default: 30

• fermi_line_points (int) – The number of points on the straight line from the Fermi
energy level up to infinity. This should be an integer in the range 1 to 11 (inclusive).
Default: 10

• fermi_function_poles (int > 0) – The number of poles of the Fermi function to
include. Determines the imaginary shift of the straight line from the Fermi level to infinity.
Default: 8

circleEccentricity()

Returns
The eccentricity of the circle contour.

Return type
float

circlePoints()

Returns
The number of circle points.

Return type
int

1 M. Brandbyge, J.-L. Mozos, P. Ordejón, J. Taylor, and K. Stokbro. Density-functional method for nonequilibrium electron transport. Phys.
Rev. B, 65:165401, Mar 2002. doi:10.1103/PhysRevB.65.165401.
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fermiFunctionPoles()

Returns
The number of poles for the Fermi function.

Return type
int

fermiLinePoints()

Returns
The number of points on the line from the Fermi energy level up to infinity.

Return type
int

integralLowerBound()

Returns
The distance between the lowest Fermi-level to the lowest energy circle contour point.

Return type
PhysicalQuantity of type energy

logarithmicBunching()

Returns
The logarithmic bunching.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

Usage Example

One can use the SemiCircleContour by defining it as an equilibrium contour

equilibrium_contour = SemiCircleContour()

which constructs a SemiCircleContour with all defaults. Alternatively, more parameters that alter the accuracy of the
approximation can be specified, e.g.

equilibrium_contour = SemiCircleContour(
circle_eccentricity=0.1,
logarithmic_bunching=0.2,
circle_points=100,
fermi_line_points=11,
fermi_function_poles=10)

To use it in a calculation of the equilibrium density matrix,

the equilibrium contour explicitly on the ContourParameters object, the EquilibriumContour object is passed to the
ContourParameters object,

contour_parameters = ContourParameters(equilibrium_contour=equilibrium_contour)

and saved on the calculator
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device_calculator = DeviceLCAOCalculator(contour_parameters=contour_parameters)

Notes

The SemiCircleContour is a method to calculate the equilibrium density matrix 𝐷 by performing an integration of the
Greens Function 𝐺.

𝐷 = ℑ

[︃
− 2

𝜋
lim
𝑅→∞

∫︁ +𝑅

−𝑅
𝑑𝐸𝑓(𝐸 − 𝜇)𝐺(𝐸 + 𝑖0+)

]︃
,

in which 𝑓(𝐸) is the Fermi-Dirac distribution and 𝜇 the Fermi level.

This integral can be solved by using the residue theorem:∮︁
𝑑𝑧𝐺(𝑧)𝑓(𝑧) = −2𝜋𝑖𝑘𝑇

∑︁
𝑧𝜈

𝐺(𝑧𝜈)

in which the sum on the right hand side runs over the poles of the integrant included in the contour.

The SemiCircleContour defines the contour in the upper-half of the imaginary plane and is comprised of a semicircle,
a semi-infinite line segment and a finite number of Fermi poles.

The semicircle 𝐶 starts from the lower bound 𝐸𝐵 controlled by integral_lower_bound. The parameter
circle_eccentricity defines the eccentricity of the semi circle, while adjusting logarithmic_bunching alters
the distribution of the semicircle’s contour points around the fermi level. The end point of the semicircle is defined
at a distance 𝛾 below the Fermi energy 𝜇 and ∆ above the real axis. The line segment 𝐿 runs from the semicir-
cle’s end point to +∞. The distance ∆ between the line segment and the real axis is determined by the number of
fermi_poles_poles included in the contour.

The precision of the contour integration improves as circle_points, the number of contour points on the semicircle,
fermi_line_points, the number of contour points on the line segment, or fermi_poles_poles increases.

More information about this approach can be found inPage 1885, 1

SemiEmpiricalCalculator

class SemiEmpiricalCalculator(hamiltonian_parametrization, pair_potentials=None, charge=None,
numerical_accuracy_parameters=None, iteration_control_parameters=None,
poisson_solver=None, checkpoint_handler=None, spin_polarization=None,
fixed_spin_moment=None, algorithm_parameters=None,
parallel_parameters=None)

Class for representing calculations using semi-empirical models for configurations of the type
MoleculeConfiguration and BulkConfiguration.

Parameters

• hamiltonian_parametrization (HuckelHamiltonianParametrization |
SlaterKosterHamiltonianParametrization | NRLHamiltonianParametrization)
– An object describing the Hamiltonian parametrization for the semi-empirical calcula-
tion.

• pair_potentials (PairPotential) – The repulsive pair potentials used for total en-
ergy and force calculations. Default: No pair potential
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• charge (float) – The charge of the system; a charge of -1 corresponds to one extra
electron. Default: 0.0

• numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent semi-empirical calcula-
tion. Default:

NumericalAccuracyParameters(
density_mesh_cutoff=10.0*Hartree,
k_point_sampling=MonkhorstPackGrid(1, 1, 1),
radial_step_size=0.01*Angstrom,
density_cutoff=1.0e-6,
interaction_max_range=10.0*Angstrom,
number_of_reciprocal_points=1024,
reciprocal_energy_cutoff=1250.0*Hartree,
occupation_method=FermiDirac(300.0*Kelvin))

• iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for the self- consistent semi-empirical calcula-
tion. For non-self-consistent calculations set this parameter to NonSelfconsistent.
Default: NonSelfconsistent.

• poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver used to determine the electro-
static potential. Default: Configuration dependent. FastFourierSolver for a
BulkConfiguration without any metallic or dielectric SpatialRegion.

• checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
specifying the save-file and the time interval. between saving the calculation during the
scf-loop. Default: A default CheckpointHandler object.

• spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) –
Flag indicating if the calculation is spin-polarized or not. Default: Unpolarized

• fixed_spin_moment (float | False) – Total spin moment (per unit cell) to use, defined
as ∆𝑁 = 𝑁−𝑁, where 𝑁𝑢𝑝 and 𝑁𝑑𝑜𝑤𝑛 are the number of electrons in the Up and
Down spin channels, respectively. When specified the spin moment will be fixed at the
given value by introducing separate Fermi levels for the Up and Down spin channels. Can
only be specified when doing a calculation with polarized spin. If set to False the spin
moment will not be fixed - a single Fermi level is used. Default: False

• algorithm_parameters (AlgorithmParameters) – The AlgorithmParameters
used for calculating the density matrix. Default:

AlgorithmParameters(
density_matrix_method=DiagonalizationSolver(),
store_grids=True,
store_basis_on_grid=Automatic,
store_energy_density_matrix=Automatic,
scf_restart_step_length=0.1*Angstrom)

• parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options. Default:

ParallelParameters(
processes_per_neb_image=None,
processes_per_individual=None,

(continues on next page)
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(continued from previous page)

processes_per_bias_point=None,
processes_per_saddle_search=1)

algorithmParameters()

Returns
The algorithm parameters.

Return type
AlgorithmParameters

basisSet()

Returns
The basis set associated with the Hamiltonian parametrization.

Return type
BasisSet

charge()

Returns
The charge of the system.

Return type
float

checkpointHandler()

Returns
The CheckpointHandler used for specifying the save-file and the time interval. between
saving the calculation during the scf-loop.

Return type
CheckpointHandler

fixedSpinMoment()

Get the fixed spin moment.

Returns
The fixed spin moment or False if the spin moment is not held fixed.

Return type
float | False

hamiltonianParametrization()

Returns
The Hamiltonian parametrization associated with a semi-empirical calculator.

Return type
SemiEmpiricalHamiltonianParametrization

isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool
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iterationControlParameters()

Returns
The IterationControlParameters used for a self-consistent calculation. For non-self-
consistent calculations this parameter is NonSelfconsistent.

Return type
IterationControlParameters

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

numberOfSpins()

Returns
The number of spins.

Return type
int

numericalAccuracyParameters()

Returns
The NumericalAccuracyParameters used for the self-consistent Huckel calculation.

Return type
NumericalAccuracyParameters

pairPotentials()

Returns
The repulsive pair potentials used for total energy and force calculations.

Return type
PairPotential

parallelParameters()

Returns
The parameters used to control parallelization options.

Return type
ParallelParameters

poissonSolver()

Returns
The Poisson solver used to determine the electrostatic potential.

Return type
DirectSolver | MultigridSolver | FastFourierSolver | FastFourier2DSolver

setCheckpointHandler(checkpoint_handler)
Set the the checkpoint handler.

Parameters
checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
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specifying the save-file and the time interval. between saving the calculation during the
scf-loop.

setHamiltonianParametrization(hamiltonian_parametrization)
Set and check the Hamiltonian parametrization.

Parameters
hamiltonian_parametrization (HamiltonianParametrization) – An object de-
scribing the Hamiltonian parametrization for the semi-empirical calculation.

setIterationControlParameters(iteration_control_parameters)
Set the iteration control parameters.

Parameters
iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for a self-consistent calculation. For non-
self-consistent calculations this parameter is NonSelfconsistent.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setNumericalAccuracyParameters(numerical_accuracy_parameters)
Set the numerical accuracy parameters.

Parameters
numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent Huckel calculation.

setPairPotentials(pair_potentials)
Set the pair potentials.

Parameters
pair_potentials (PairPotential) – The repulsive pair potentials used for total energy
and force calculations.

setParallelParameters(parallel_parameters)
Set the parallel paramters.

Parameters
parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options.

setPoissonSolver(poisson_solver)
Set the poisson solver.

Parameters
poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver used to determine the electrostatic poten-
tial.

setSpinPolarization(spin_polarization)
Set the spin polarization.

Parameters
spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) – Flag
indicating if the calculation is spin-polarized or not.
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spinPolarization()

Returns
Flag indicating if the calculation is spin-polarized or not.

Return type
Unpolarized | Polarized | Noncollinear | SpinOrbit

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Private method for updating the calculator from the configuration, if it is possible. @private

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str

Usage Examples

Perform a self-consistent semi-empirical calculation for a maximum of 20 SCF steps by setting the IterationControl-
Parameters.

iteration_control_parameters = IterationControlParameters(
max_steps=20,
)

# In this example, we use a default Huckel-type Hamiltonian parametrization.
hamiltonian_parametrization = HuckelHamiltonianParametrization()

calculator = SemiEmpiricalCalculator(
hamiltonian_parametrization=hamiltonian_parametrization,
iteration_control_parameters=iteration_control_parameters,
)

Restart a semi-empirical calculation using the self-consistent state from a previous calculation

# Read in the BulkConfiguration with the old SCF state.
old_calculation = nlread('filename.hdf5', BulkConfiguration)[0]

# Define the BulkConfiguration with the same number of atoms and the same elements.
new_calculation = BulkConfiguration(...)

# Define the calculator.
old_calculator = old_calculation.calculator()

# Make a clone of the old calculator.
new_calculator = old_calculator()

# Attach the calculator and use the old initial state.
new_calculation.setCalculator(new_calculator, initial_state=old_calculation)
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Notes

For the usage and details of the different Hamiltonian parametrizations, see HuckelHamiltonianParametrization,
SlaterKosterHamiltonianParametrization and NRLHamiltonianParametrization.

Default is that the semi-empirical calculation is non-self-consistent. To make it self-consistent you must set the Itera-
tionControlParameters.

ShieldingTensors

class ShieldingTensors(configuration, finite_difference_q=None)
Class for calculating and representing NMR shielding tensors using the Gauge Including Projector Augmentated
Wave (GIPAW) method.

Warning: It does not work for metals, only semiconductors and insulators.

Parameters

• configuration (BulkConfiguration) – Configuration with a calculator that supports
GIPAW calculations.

• finite_difference_q (PhysicalQuantity) – The magnitude of the reciprocal space dis-
placement to use when evaluating the finite difference q derivative in the GIPAW method.
Must be a PhysicalQuantity of dimension inverse length. Default: 0.01 Bohr^(-1)

components()

Get the components to the shielding tensors for all atoms.

Returns
A dictionary with the components of shielding tensors for the requested atoms.

Return type
dict

evaluate()

Get the calculated total shielding tensors for all atoms.

Returns
A list of shielding tensors for the requested atoms.

Return type
list

evaluateAnisotropicChemicalShielding()

Determine the anisotropic chemical shielding for each atom. Using Haeberlen convention:

sigma_anisotropy = sigma_{zz} - (sigma_{xx}+sigma_{yy})/2
= 3 * reduced_sigma_anisotropy / 2

Where:

|sigma_{zz}-sigma_iso| > |sigma_{yy}-sigma_iso| > |sigma_{xx}-sigma_iso|
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Returns
The anisotropic chemical shielding for each atom.

Return type
list

evaluateAsymmetryParameter()

Determine the asymmetry parameter for each atom. Using Haeberlen convention:

eta = (sigma_{xx} - sigma_{yy})/reduced_sigma_anisotropy

Where:

|sigma_{zz}-sigma_iso| > |sigma_{yy}-sigma_iso| > |sigma_{xx}-sigma_iso|

Returns
The asymmetry parameter for each atom.

Return type
list

evaluateIsotropicChemicalShielding()

Determine the isotropic chemical shielding for each atom.

Returns
The isotropic chemical shielding for each atom.

Return type
list

evaluatePrincipalAxis()

Determine the principel axis (eigenvectors and eigenvalues of the shielding tensor) for each atom. Using
Haeberlen convention:

|sigma_{zz}-sigma_iso| > |sigma_{yy}-sigma_iso| > |sigma_{xx}-sigma_iso|

Returns
The principel axis for each atom.

Return type
two ndarray

evaluateReducedAnisotropicChemicalShielding()

Determine the reduced anisotropic chemical shielding for each atom. Using Haeberlen convention: re-
duced_sigma_anisotropy = sigma_{zz} - sigma_iso

Where:

|sigma_{zz}-sigma_iso| > |sigma_{yy}-sigma_iso| > |sigma_{xx}-sigma_iso|

Returns
The anisotropic chemical shielding for each atom.

Return type
list
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evaluateSkew()

Determine the skew parameter for each atom. Using Herzfeld-Berger convention:

Skew = 3*(sigma_{22} - sigma_{iso})/span (-1 =< Skew =< 1)
= 3*(sigma_{22} - sigma_{iso})/(sigma_{11} - sigma_{33})

Where: sigma_{11} > sigma_{22} > sigma_{33} (std. convention)

Returns
The span parameter for each atom.

Return type
list

evaluateSpan()

Determine the span parameter for each atom. Using Herzfeld-Berger convention:

Span = (sigma_{11} - sigma_{33}) (Span >= 0)

Where: sigma_{11} > sigma_{22} > sigma_{33} (std. convention)

Returns
The span parameter for each atom.

Return type
list

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.
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ShockleyReadHallRecombination

class ShockleyReadHallRecombination(charged_point_defect, initial_charge_state, final_charge_state,
supercell_repetitions, initial_quantum_numbers,
final_quantum_number, fractional_displacements=None,
electron_phonon_coupling_configurations=None,
electron_phonon_coupling_k_point=None,
rotate_to_pure_spin_states=None,
supercell_scaling_correction=None, filename=None,
object_id=None, number_of_processes_per_task=None,
log_filename_prefix=None, save_displaced_configurations=None)

Perform a study of the Shockley-Read-Hall (SRH) recombination between an initial and a final defect charge
state.

Parameters

• charged_point_defect (ChargedPointDefect) – The charged point defect study for
which to extract the initial and final charge state from.

• initial_charge_state (int) – The initial charge state of the defect, as a discrete mul-
tiple of elementary charge. A charge of -1 corresponds to one extra electron.

• final_charge_state (int) – The final charge state of the defect, as a discrete multiple
of elementary charge. A charge of -1 corresponds to one extra electron.

• supercell_repetitions (sequence (size 3) of int) – The supercell of the
(charge point defect study) bulk unit cell given as the number of repetitions of the bulk
unit cell along the (a, b, c) directions.

• initial_quantum_numbers (sequence of int (nonnegative)) – The quantum
numbers for the initial states contributing to the calculation of the electron-phonon cou-
pling matrix element.

• final_quantum_number (int (nonnegative)) – The quantum number for the final
state in the calculation of the electron-phonon coupling matrix element.

• fractional_displacements (sequence of float) – The fractional displacements
from the center displacement configuration in terms of the generalized configuration co-
ordinate delta. Both the initial and final charge state configuration will be the center dis-
placement configuration. Default: [-0.02, -0.01, 0.0, 0.01, 0.02]

• electron_phonon_coupling_configurations (InitialChargeState |
FinalChargeState | [InitialChargeState, FinalChargeState]) – Determine whether
the configuration used to evaluate the electron-phonon coupling matrix element is the
initial charge state configuration or the final charge state configuration or that both can be
evaluated. Default: [InitialChargeState, FinalChargeState]

• electron_phonon_coupling_k_point (list(3) of floats) – The k-point of the
electronic states used to evaluate the electron phonon coupling matrix element, in frac-
tional coordinates. Default: The k-point from the configuration calculator if only one
k-point is present, [0.0, 0.0, 0.0]

• rotate_to_pure_spin_states (bool) – Boolean to control if the eigenstates should
be rotated to pure spin states or not when evaluating the electron-phonon coupling matrix
elements. This is only relevant for non-collinear or spin-orbit calculations. Default: True

• supercell_scaling_correction (Disabled | ShockleyReadHallSupercellScalingCorrection)
– Specifies the parameters for calculating the scaling factor for the interaction between
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the defect and the bulk wavefunction when the defect has a finite charge. Disabled
means no scaling factors are calculated. Default: Disabled

• filename (str) – The full or relative filename path the Study object should be saved to.
See nlsave(). Default: The file name of the input charge point defect study.

• object_id (str) – The name of the study that the study object should be saved to within
the file. This needs to be a unique name in this file. Default: 'srh_recombination_'
+ initial_charge_state + '_' + final_charge_state

• number_of_processes_per_task (int | None | ProcessesPerNode) – The number of
processes that will be used to execute each task. If the total number of processes does not
divide evenly into the tasks, some tasks may have less than this number of processes. If
None, all available processes execute each task collaboratively. Default: None

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output of
SRH recombination study. If LogToStdOut, all logging will instead be sent to standard
output. Default: 'srhrecombination_'

• save_displaced_configurations (bool) – Whether the displaced updated configu-
ration used to determine the total energies should be saved to disk. If True, they can be
inspected or reused, possibly saving computational time if running again the study, or if
shared with other studies. However the file where the study is saved will be significantly
larger. Default: False

calculateCaptureCoefficient(temperature=None, degeneracy_factor=None, charge_state_id=None,
initial_quantum_numbers=None, gaussian_broadening=None,
sommerfeld_temperature_scaling_factor=None, effective_mass=None,
dielectric_constant=None, include_supercell_scaling_factor=None,
spin=None)

Calculate the capture coefficient.

Parameters

• temperature – The temperature(s) at which the capture coefficient is evaluated. De-
fault: 300 * Kelvin

• degeneracy_factor (int) – The configurational degeneracy of the final state. De-
fault: 1

• charge_state_id (InitialChargeState | FinalChargeState) – Determine
whether the configuration used to evaluate the electron-phonon coupling matrix el-
ement is the initial charge state configuration or the final charge state configuration.
Default: If the electron phonon coupling is only calculated for one configuration, use
the one available configuration. Otherwise use FinalChargeState.

• initial_quantum_numbers (sequence of int (nonnegative)) – The quan-
tum numbers for the initial states contributing to the calculation of the electron-phonon
coupling matrix element. Note that root sum square of all contributions from individ-
ual initial quantum numbers is used. Default: All available initial quantum numbers.

• gaussian_broadening (PhysicalQuantity of type energy) – The standard deviation
of the gaussian broadening used instead of a delta function in the phonon selection
rules. Default: the final state oscillator energy.

• sommerfeld_temperature_scaling_factor (Analytical | Numerical |
Disabled) – Whether the temperature scaling via inclusion of the Sommerfeld
parameter should be considered, and if so whether the analytical or numerical
expression should be used. Default: Disabled
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• effective_mass (PhysicalQuantity of type mass.) – The effective mass of the car-
rier. Only used if sommerfeld_scaling_factor is not Disabled. Default: 1 * elec-
tron_mass

• dielectric_constant (float) – The relative dielectric constant of the host mate-
rial. Only used if sommerfeld_scaling_factor is not Disabled. Default: The value
provided in the charged point defect.

• include_supercell_scaling_factor (bool) – If True, the squared electron-
phonon coupling is multiplied by a supercell scaling factor which corrects for dis-
tortion in the bulk state due to attractive or repulsive interaction with the localized
charged defects state. Default: True.

• spin (Spin.Up | Spin.Down) – The spin component to calculate the electron-phonon
matrix element for. Only used for polarized. For non-collinear and spin-orbit Spin.All
is returned.

static calculateCaptureCoefficientFromParameters(supercell_volume,
generalized_configuration_coordinate_delta,
energy_difference, electron_phonon_coupling,
initial_state_effective_vibration_frequency,
final_state_effective_vibration_frequency,
degeneracy_factor=1,
temperature=PhysicalQuantity(300.0, K),
gaussian_broadening=None, sommer-
feld_temperature_scaling_factor=None,
defect_charge_ratio=-1,
effective_mass=PhysicalQuantity(1.0, me),
dielectric_constant=1.0)

Utility to calculate the capture coefficient using raw physical parameters as input.

Parameters

• supercell_volume (PhysicalQuantity of type volume.) – The volume of the defect
supercell.

• generalized_configuration_coordinate_delta (PhysicalQuantity of type
sqrt(mass) * length) – The displacement between the initial and final state in gen-
eralized configuration coordinates.

• energy_difference (PhysicalQuantity of type energy.) – The energy difference
between excited state and ground state, i.e. the distance between valence band edge
and transition state level for hole recombination or the distance between the transition
state level and conduction band edge for electron recombination.

• electron_phonon_coupling (PhysicalQuantity of type energy / sqrt(mass) /
length) – The electron-phonon coupling between the initial and final state.

• initial_state_effective_vibration_frequency (PhysicalQuantity of type
frequency) – The effective frequency of the harmonic oscillator associated with the
initial state.

• final_state_effective_vibration_frequency (PhysicalQuantity of type fre-
quency) – The effective frequency of the harmonic oscillator associated with the final
state.

• degeneracy_factor (PhysicalQuantity of type temperature | array of PhysicalQuan-
tity of type temperature) – The configurational degeneracy of the final state. Default:
1
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• temperature – The temperature(s) at which the capture coefficient is evaluated. De-
fault: 300 * Kelvin

• gaussian_broadening (PhysicalQuantity of type energy) – The standard deviation
of the gaussian broadening used instead of a delta function in the phonon selection
rules. Default: the final state oscillator energy.

• sommerfeld_temperature_scaling_factor (Analytical | Numerical |
Disabled) – Whether the temperature scaling via inclusion of the Sommerfeld
parameter should be considered, and if so whether the analytical or numerical
expression should be used. Default: Disabled

• defect_charge_ratio (float) – The ratio between the defect charge (before re-
combination, i.e. the initial charge state), and the carrier charge. Only used if som-
merfeld_scaling_factor is not Disabled.

• effective_mass (PhysicalQuantity of type mass.) – The effective mass of the car-
rier. Only used if sommerfeld_scaling_factor is not Disabled. Default: 1 * elec-
tron_mass

• dielectric_constant (float) – The relative dielectric constant of the host mate-
rial. Only used if sommerfeld_scaling_factor is not Disabled. Default: 1.0

calculateEffectiveVibrationFrequency(charge_state_id)
Calculate the effective vibration frequency of the charge state.

Parameters
charge_state_id (InitialChargeState | FinalChargeState) – The charge state for
which the effective vibration frequency is calculated.

Returns
The frequency of the effective phonon mode associated with the given charge state, eval-
uate by quadratic fit of the total energy as a function of the displacement in generalized
configuration coordinates.

Type
PhysicalQuantity of type frequency.

calculateElectronPhononCouplingMatrixElement(initial_quantum_number, charge_state_id,
spin=None)

Calculate the electron-phonon coupling matrix element.

Parameters

• initial_quantum_number (int) – The quantum number of the bulk-like state for
which the electron-phonon coupling is calculated.

• charge_state_id (InitialChargeState | FinalChargeState) – Determine
whether the configuration used to evaluate the electron-phonon coupling matrix el-
ement is the initial charge state configuration or the final charge state configuration.

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component to calculate the ma-
trix element for. Only used for polarized. For non-collinear and spin-orbit Spin.All is
returned. Default: Spin.Up

Returns
The electron-phonon coupling matrix element.

Return type
PhysicalQuantity of type energy over length square root mass.
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chargedPointDefect()

Returns
The charged point defect study from which the initial and final charge state is extracted
from.

Return type
ChargedPointDefect

configurationCoordinateDelta()

Returns
The calculated change in the configuration coordinate. If not available, returns None.

Return type
PhysicalQuantity of type length | None

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

displacedConfigurationGeneralizedConfigurationCoordinate(charge_state_id,
fractional_displacement)

Retrieve the generalized configuration coordinate for the displaced configuration.

Parameters

• charge_state_id (InitialChargeState | FinalChargeState) – The charge
state of the center displacement configuration from which the displaced configura-
tion is displaced from. Either the charge state of the initial configuration or the final
configuration.

• fractional_displacement (float) – The fragment displacement from the center
displacement configuration. Must be among the fractional displacements.

Returns
The generalized configuration coordinate for the displaced configuration. If not available,
returns None.

Return type
PhysicalQuantity of type length square root mass | None

displacedConfigurationTotalEnergy(charge_state_id, fractional_displacement)
Retrieve the total energy for the displaced configuration.

Parameters

• charge_state_id (InitialChargeState | FinalChargeState) – The charge
state of the center displacement configuration from which the displaced configura-
tion is displaced from. Either the charge state of the initial configuration or the final
configuration.

• fractional_displacement (float) – The fragment displacement from the center
displacement configuration. Must be among the fractional displacements.

Returns
The calculated total energy analysis object for the displaced configuration. If not available,
returns None.
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Return type
TotalEnergy | None

electronPhononCouplingConfigurations()

Returns
A list of flags identifying the charge state configurations for which the electron-phonon
coupling matrix element can be evaluated.

Return type
list of InitialChargeState and/or FinalChargeState

electronPhononCouplingKPoint()

Returns
The k-point of the electronic states used to evaluate the electron phonon coupling matrix
element, in fractional coordinates.

Return type
list(3) of floats

filename()

Returns
The filename where the study object is stored.

Return type
str

finalChargeState()

Returns
The final charge state of the defect, as a discrete multiple of elementary charge. A charge
of -1 corresponds to one extra electron.

Return type
int

finalQuantumNumber()

Returns
The quantum number for the final state in the calculation of the electron-phonon coupling
matrix element.

Return type
int (nonnegative)

fractionalDisplacements()

Returns
The fractional displacements from the center displacement configuration in terms of the
generalized configuration coordinate delta.

Return type
sequence of float

generalizedConfigurationCoordinateDelta()

Returns
The calculated change in the generalized configuration coordinate. If not available, returns
None.
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Return type
PhysicalQuantity of type length square root mass | None

huangRhysFactor(charge_state_id)
Evaluate the dimensionless Huang-Rhys factor for the effective vibrational mode associated with a given
charge state:

𝑆𝑖,𝑓 =
1

2~
(∆𝑄)2Ω𝑖,𝑓

Parameters
charge_state_id (InitialChargeState | FinalChargeState) – The charge state for
which the Huang-Rhys factor is calculated.

Returns
The calculated Huang-Rhys factor. If not available yet, returns None.

Return type
float | None

initialChargeState()

Returns
The initial charge state of the defect, as a discrete multiple of elementary charge. A charge
of -1 corresponds to one extra electron.

Return type
int

initialQuantumNumbers()

Returns
The quantum numbers for the initial states contributing to the calculation of the electron-
phonon coupling matrix element.

Return type
sequence of int (nonnegative)

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

nlinfo()

Returns
Structured information about the Study.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()
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numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

rotateToPureSpinStates()

Returns
Whether the eigenstates should be rotated to pure spin states or not when evaluating the
electron-phonon coupling matrix elements.

Return type
bool

saveDisplacedConfigurations()

Returns
Whether the displaced configurations should be saved.

Return type
bool

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

spins()

Returns
The available spin components.

Return type
list of Spin.Up | Spin.Down | Spin.All

supercellRepetitions()
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Returns
The supercell of the (charge point defect study) bulk unit cell given as the number of rep-
etitions of the bulk unit cell along the (a, b, c) directions.

Return type
sequence (size 3) of int

supercellScalingCorrection()

Returns
Specifies the parameters for calculating the scaling factor for the interaction between the
defect and the bulk wavefunction when the defect has a finite charge. Disabled means no
scaling factors are calculated.

Return type
ShockleyReadHallSupercellScalingCorrection

supercellScalingCorrectionFactors(charge_state_id, spin=None)
Retrieve the supercell scaling correction factors.

Parameters

• charge_state_id (InitialChargeState | FinalChargeState) – The charge
state configuration for which the supercell scaling correction factors is retrieved.

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component to extract the scaling
factors for. Default: Spin.Up

Returns
Retrieve the supercell scaling correction factors as a list. If not available, returns None.

Return type
list of float | None

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.

updatedDisplacedConfiguration(charge_state_id, fractional_displacement)
Retrieve the updated displaced configuration, if available.

Parameters

• charge_state_id (InitialChargeState | FinalChargeState) – The charge
state of the center displacement configuration from which the displaced configura-
tion is displaced from. Either the charge state of the initial configuration or the final
configuration.

• fractional_displacement (float) – The fragment displacement from the center
displacement configuration. Must be among the fractional displacements.

Returns
The updated displaced configuration. If not available, returns None.

Return type
BulkConfiguration | None

wavefunctionOverlapsAndEnergyDifferences(charge_state_id, fractional_displacement)
Retrieve the wavefunction overlaps and energy differences.

Parameters

4.13. Full QuantumATK package 1905



QuantumATK V-2023.12 Documentation

• charge_state_id (InitialChargeState | FinalChargeState) – The configu-
ration for which the overlap integrals and energy differences for the evaluation of
electron-phonon coupling have been calculated.

• fractional_displacement (float) – The fragment displacement from the center
displacement configuration. Must be among the fractional displacements.

Returns
Retrieve the wavefunction overlaps and energy differences as a container object. If not
available, returns None.

Return type
WavefunctionOverlapsAndEnergyDifferences | None

Notes

The ShockleyReadHallRecombination study object allows to calculate the capture rate associated to a Shockley-Read-
Hall (SRH) non-radiative recombination mediated by a trap state, following the the methodology developed by Alka-
uskas et al.1.

The carrier capture is characterized by a transition between an initial and a final charge states in a deep level defect,
therefore an accurate study of the defect itself is required beforehand.

This analysis can be performed using a ChargedPointDefect, whose results can be in turn used as input quantities to
the ShockleyReadHallRecombination study.

Note: A very accurate charged point defect study is required to obtain physical capture rates. In particular, the defect
configuration should be relaxed to tight accuracy, and all simulation parameters should be accurately chosen (e.g.
exchange-correlation functional) and well converged.

The ShockleyReadHallRecombination object performs 3 main operations:

• Total energy analysis of the charge state configurations in generalized configuration coordinates, to determine
the vibrational properties of the system.

• Evaluation of electron-phonon coupling matrix elements between the carrier bulk states and the defect trap state.

• Post-processing to evaluate capture rates based on those quantities.

Choice of initial and final charge state

The ShockleyReadHallRecombination requires information about the initial and final defect charge states involved in
the carrier capture, specified in the input parameters initial_charge_state and final_charge_state. For ex-
ample, the process of capturing a hole by a ionized defect state with a transition level 0/-1 in gap is identified by
initial_charge_state=-1 and final_charge_state=0. Hence, the choice of those parameters is dictacted by
the process which must be simulated and the defect transition state levels available for that process.

1 Audrius Alkauskas, Qimin Yan, and Chris G. Van de Walle. First-principles theory of nonradiative carrier capture via multiphonon emission.
Phys. Rev. B, 90:075202, Aug 2014. URL: https://link.aps.org/doi/10.1103/PhysRevB.90.075202, doi:10.1103/PhysRevB.90.075202.
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Choice of initial and final quantum numbers

In order to calculate the capture rate, the electron-phonon coupling matrix element between the initial bulk-like carrier
state and the final localized trap state must be evaluated. To this end, Kohn-Sham states from the defect configuration
are utilized. In particular, knowledge of the quantum number of a state representative of a localized defect state in gap,
and of the quantum numbers of the initial bulk-like states, are required.

Unluckily, there is no automated way to determine those states, and some inspection of the ChargedPointDefect is
required. For each charge state it should be inspected whether a localized state in gap exists. If this is the case, the
corresponding quantum number can be selected as final_quantum_number. The bulk-like states will be specified
using the parameter initial_quantum_numbers. In principle, both the initial and final charge state configurations
can be used, as long as a well distinguished localized defect state in gap is present. However, a neutral charge state
configuration (if any) should be preferred, since it will circumvent artifacts due to the finite supercell size.

An example of how such parameters can be determined is given in the section below, and a theoretical discussion can
be found in ref.Page 1906, 1.

Scaling factors

The nominal capture rate is determined as in equation 22 in ref.Page 1906, 1. This quantity can be scaled to take into
account temperature effects and supercell size effects. The former scaling factor is introduced when evaluating the
capture rate through the method calculateCaptureCoefficient(), while the latter is only calculated for non-
neutral charge states and requires an extra calculation, controlled by the input parameter supercell_scaling_correction.

The temperature scaling is determined as described in reference2, while the evaluation of the supercell scaling correction
follows the methodology implemented in Nonrad by by Turianski et al.3. By definition, the supercell scaling correction
is set to 1 for the neutral charge state.

Usage example

This example performes a study of hole capture rate in Gallium Nitride with Carbon substitutional defects. The cal-
culation runs in about one day on a single node with 40 cores, and calculation parameters have been chosen to trade
off accuracy and execution time. Results for the same type of capture mechanism are reported inPage 1906, 1,3, but please
note that for a meaningful comparison consistent simulation parameters should be chosen.

First, the charged point defect is evaluated as in the script below. A MGGA.SCAN functional is used for geometry
relaxations and formation energy calculations. The transition state levels are corrected using an HybridGGA.HSE
functional. Such combination provides results comparable with literature at a fraction of the execution time which
would be required for a full calculation using hybrid functional. Optimization parameters tighter than the default will
be required to evaluate reliably the vibrational properties.

The ChargedPointDefect can include multiple charge states, in this case we know beforehand that we are interested in
the charge states -1 and 0.

# -*- coding: utf-8 -*-
setVerbosity(MinimalLog)

# -------------------------------------------------------------
(continues on next page)

2 R. Pässler. Relationships between the nonradiative multiphonon carrier-capture properties of deep charged and neutral centres in
semiconductors. physica status solidi (b), 78(2):625–635, 1976. URL: https://onlinelibrary.wiley.com/doi/abs/10.1002/pssb.2220780222,
arXiv:https://onlinelibrary.wiley.com/doi/pdf/10.1002/pssb.2220780222, doi:https://doi.org/10.1002/pssb.2220780222.

3 Mark E. Turiansky, Audrius Alkauskas, Manuel Engel, Georg Kresse, Darshana Wickramaratne, Jimmy-Xuan Shen, Cyrus E. Dreyer, and
Chris G. Van de Walle. Nonrad: Computing nonradiative capture coefficients from first principles. Comput. Phys. Commun., 267:108056, October
2021. doi:10.1016/j.cpc.2021.108056.
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(continued from previous page)

# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleOrthorhombic(5.546690740087016*Angstrom, 3.2093295699579034*Angstrom, 5.
→˓241822783047967*Angstrom)

# Define elements
elements = [Gallium, Gallium, Nitrogen, Nitrogen, Gallium, Gallium, Nitrogen,

Nitrogen]

# Define coordinates
fractional_coordinates = [[ 0.338086773247, -0. , 0.005917824105],

[ 0.661913226753, 0. , 0.505917824105],
[ 0.329542526042, 0. , 0.379082175895],
[ 0.670457473958, -0. , 0.879082175895],
[ 0.838086773247, 0.5 , 0.005917824105],
[ 0.161913226753, 0.5 , 0.505917824105],
[ 0.829542526042, 0.5 , 0.379082175895],
[ 0.170457473958, 0.5 , 0.879082175895]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = MGGA.SCAN

basis_set = [
BasisGGAPseudoDojo.Nitrogen_Medium,
BasisGGAPseudoDojo.Gallium_Medium,
BasisGGAPseudoDojo.Carbon_Medium,
]

k_point_sampling = KpointDensity(
density_a=4.0*Angstrom,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=95.0*Hartree,
k_point_sampling=k_point_sampling,
)

calculator = LCAOCalculator(
exchange_correlation=MGGA.SCAN,

(continues on next page)
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(continued from previous page)

basis_set=basis_set,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave('charge_point_defect.hdf5', bulk_configuration)

# -------------------------------------------------------------
# Charged Point Defect
# -------------------------------------------------------------
# Defect
point_defect = Substitutional(

element=Carbon,
site_index=2,
unit_cell_index=(0, 0, 0))

# Charge states
charge_states = [-1, 0]

# Atomic chemical potentials
atomic_chemical_potentials = [

AtomicChemicalPotential(element=Carbon, internal_energy=None),
AtomicChemicalPotential(element=Nitrogen, internal_energy=None)

]

# Supercell repetitions
supercell_repetitions_list = [

[2, 3, 2],
]

# File name.
filename = 'charge_point_defect.hdf5'

band_gap_calculator = calculator(exchange_correlation=HybridGGA.HSE06)

charged_point_defect = ChargedPointDefect(
bulk_configuration=bulk_configuration,
formation_energy_calculator=calculator,
band_gap_calculator=band_gap_calculator,
filename=filename,
object_id='charged_point_defect',
point_defect=point_defect,
charge_states=charge_states,
atomic_chemical_potentials=atomic_chemical_potentials,
supercell_repetitions_list=supercell_repetitions_list,
relax_atomic_coordinates=True,
dielectric_constant=8.9,
log_filename_prefix='charged_point_defect_',
number_of_processes_per_task=None,
elastic_correction_method=None,

(continues on next page)
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(continued from previous page)

optimize_geometry_parameters=OptimizeGeometryParameters(max_forces=0.01*eV/Angstrom),
random_seed=1

)
charged_point_defect.update()

charged_point_defect.py

Once the calculation is completed, we can verify in the labfloor that the transition level (-1/0) is located at 1.03 eV
above Valence band, in agreement with reported computational results.

Before setting up the ShockleyReadHallRecombination object, we inspect the charged point defect to determine the
electronic quantum numbers required to evaluate the electron-phonon coupling matrix element. To this end, we evaluate
the ElectronicInverseParticipationRatio (IPR), which gives an indication of the degree of eigenstate localization in the
system.

The following snippet extracts the configurations from the charged point defect study and calculated the IPR for both
charge states.

from SMW import *

cpd = nlread('charged_point_defect.hdf5', ChargedPointDefect)[-1]

defect_configuration = cpd.defectConfiguration(
(2, 3, 2),
charge_state=0)

ipr = ElectronicInverseParticipationRatio(defect_configuration)
nlsave('defect_configuration_0.hdf5', ipr)

defect_configuration = cpd.defectConfiguration(
(2, 3, 2),
charge_state=-1)

ipr = ElectronicInverseParticipationRatio(defect_configuration)
nlsave('defect_configuration_-1.hdf5', ipr)

ipr_evaluation.py

The result can be visualized on the labfloor, a plot like the one below is visualized:

We identify a strongly localized state in gap. The state on the right corresponds to the conduction band edge, while the
states below the localized one are bulk-like states, partially localized by the interaction with the defect. The Electron-
icInverseParticipationRatio allows us to identify the defect state with the quantum number 431, and as bulk-like states
we choose the three states below, since in the ideal bulk the recombination would involve the three nearly degenerate
top valence bands.

Note: A FatBandstructure with projection on the defect site a and BlochState for visual inspection can be utilized to
further inspect the Kohn-Sham states and decide whether a localized defect state can be identified.

In this specific case, we could identify the defect and bulk-like states in the neutral charge state configuration.

Once this preliminary analysis of the charged point defect is done, we can setup and run the ShockleyReadHallRecom-
bination object as shown in the script below.
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Fig. 4.32: Electronic Inverse Participation Ratio for the neutral charge state.

from SMW import *

charged_point_defect = nlread('charged_point_defect.hdf5', ChargedPointDefect)[-1]

initial_quantum_numbers = [430, 429, 428]
final_quantum_number = 431

srh = ShockleyReadHallRecombination(
charged_point_defect,
initial_charge_state=-1,
final_charge_state=0,
supercell_repetitions=charged_point_defect.supercellRepetitionsList()[-1],
initial_quantum_numbers=initial_quantum_numbers,
final_quantum_number=final_quantum_number,
fractional_displacements=[-0.05, -0.025, 0., 0.025, 0.05],
object_id='srh-medium-scan-hse',
filename='shockley_read_hall.hdf5',
log_filename_prefix='shockley_read_hall')

srh.update()

shockley_read_hall.py

The results can be inspected using nlprint, as shown below, or the getters implemented on the object.

+------------------------------------------------------------------------------+
| Shockley-Read-Hall (SRH) Recombination Report |
+------------------------------------------------------------------------------+

(continues on next page)
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(continued from previous page)

| Initial charge state: -1 |
| Effective vibration frequency: 5.04e+01 meV |
| Huang-Rhys factor: 1.91e+01 |
+------------------------------------------------------------------------------+
| Initial quantum number Electron-phonon coupling Supercell scaling |
| (eV / Å amu^0.5) correction |
| 430 1.10e-02 n/a |
| 429 6.84e-03 n/a |
| 428 6.74e-02 n/a |
+------------------------------------------------------------------------------+
| Final charge state: 0 |
| Effective vibration frequency: 5.13e+01 meV |
| Huang-Rhys factor: 1.94e+01 |
+------------------------------------------------------------------------------+
| Initial quantum number Electron-phonon coupling Supercell scaling |
| (eV / Å amu^0.5) correction |
| 430 6.60e-03 1.00e+00 |
| 429 2.99e-03 1.00e+00 |
| 428 4.00e-02 1.00e+00 |
+------------------------------------------------------------------------------+
| Final quantum number: 431 |
| Generalized configuration coordinate delta: 1.78e+00 Å amu^0.5 |
| Transition state level (from valence band): 1.03e+00 eV |
| Supercell volume: 1.12e+03 Å^3 |
| Supercell repetitions: 2 x 3 x 2 |
+------------------------------------------------------------------------------+

Alternatively, convenience methods can be used to generate plots. _nlplotConfigurationDiagram visual-
izes the total energy diagram in generalized configuration coordinates, while _nlplotOverlapIntegrals and
_nlplotEigenvalueDifferences visualize the components utilized to calculate the electron-phonon coupling ma-
trix element.

# Visualize the configuration coordinate diagram.
srh._nlplotConfigurationDiagram()
# Visualize the overlap integrals for a given charge state.
srh._nlplotOverlapIntegrals(charge_state_id=FinalChargeState)
# Visualize the eigenvalue differences for a given charge state.
srh._nlplotEigenvalueDifferences(charge_state_id=FinalChargeState)

The capture rate can be calculated at different temperaturs using the method
calculateCaptureCoefficient(). ShockleyReadHallRecombination implements also a static utility
calculateCaptureCoefficientFromParameters() to calculate the capture rate by giving explicitely each
physical parameter, e.g. for sensitivity studies or to override some of the parameters obtained from the study object
calculation.
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ShockleyReadHallSupercellScalingCorrection

class ShockleyReadHallSupercellScalingCorrection(cutoff=None, upper_limit=None)

Parameters

• cutoff (float) – Tolerance for determining the plateau. Default: 0.01

• upper_limit (float) – Upper limit for the radial integration. Default: 5.0

cutoff()

Returns
Tolerance for determining the plateau.

Return type
float

uniqueString()

Return a unique string representing the state of the object.

upperLimit()

Returns
Upper limit for the radial integration.

Return type
float

SingleContour

class SingleContour(direction=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Left'>)
A simple flag-like class representing either a left or right single contour.

Parameters
direction (NLFlag.Left | NLFlag.Right) – The direction to use in this SingleContour.
Default: NLFlag.Left

direction()

Returns
The directions.

Return type
NLFlag.Left | NLFlag.Right

Notes

For systems with a finite bias there are equivalent ways to obtain the density matrix (see Notes). In principle the left
and right estimates of the density matrix are equivalent, but differ in practice because of the approximate integration.
The SingleContour object is used to specify which one to use.

When:

contour_parameters = ContourParameters(method=SingleContour(direction=Left))
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is specified, the density matrix is calculated as:

𝐷 = 𝐷𝐿 + ∆𝑅 .

If, however:

contour_parameters = ContourParameters(method=SingleContour(direction=Right))

is specified, the left non-equilibirum contribution is used:

𝐷 = 𝐷𝑅 + ∆𝐿 .

SlaterKosterCalculator

class SlaterKosterCalculator(basis_set, pair_potentials=None, charge=None,
numerical_accuracy_parameters=None, iteration_control_parameters=None,
poisson_solver=None, checkpoint_handler=None, spin_polarization=None,
fixed_spin_moment=None, dynamical_matrix_parameters=None,
algorithm_parameters=None, hamiltonian_derivatives_parameters=None,
parallel_parameters=None)

Class for representing calculations using a Slater-Koster tightbinding model for configurations of the type
MoleculeConfiguration and BulkConfiguration.

Parameters

• basis_set (SlaterKosterTable | DFTBDirectory | HotbitDirectory) – An object
describing the basis set used for the SlaterKoster calculation.

• pair_potentials (DFTBDirectory | HotbitDirectory | list of PairPotential) –
The repulsive pair potentials used for total energy and force calculations Default: No pair
potential

• charge (float) – The charge of the system; a charge of -1 corresponds to one extra
electron. Default: 0.0

• numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent SlaterKoster calculation.
Default:

NumericalAccuracyParameters(
density_mesh_cutoff=10.0*Hartree,
k_point_sampling=MonkhorstPackGrid(1, 1, 1),
radial_step_size=0.01*Angstrom,
density_cutoff=1.0e-6,
interaction_max_range=10.0*Angstrom,
number_of_reciprocal_points=1024,
reciprocal_energy_cutoff=1250.0*Hartree,
occupation_method=FermiDirac(300.0*Kelvin))

• iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for the self-consistent SlaterKoster calcula-
tion. For non-self-consistent calculations set this parameter to NonSelfconsistent.
Default: NonSelfconsistent
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• poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver used to determine the electro-
static potential. Default: Configuration dependent. FastFourierSolver for a
BulkConfiguration without any metallic or dielectric SpatialRegion.

• checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
specifying the save-file and the time interval. between saving the calculation during the
SCF-loop. Default: A default CheckpointHandler object.

• spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) –
Flag indicating if the calculation is spin-polarized or not. Default: Unpolarized

• fixed_spin_moment (float | False) – Total spin moment (per unit cell) to use, defined
as ∆𝑁 = 𝑁−𝑁, where 𝑁𝑢𝑝 and 𝑁𝑑𝑜𝑤𝑛 are the number of electrons in the Up and
Down spin channels, respectively. When specified the spin moment will be fixed at the
given value by introducing separate Fermi levels for the Up and Down spin channels. Can
only be specified when doing a calculation with polarized spin. If set to False the spin
moment will not be fixed - a single Fermi level is used. Default: False

• dynamical_matrix_parameters (not used) – Deprecated: from v2015, see the
DynamicalMatrix analysis object.

• algorithm_parameters (AlgorithmParameters) – The AlgorithmParameters
used for calculating the density matrix. Default:

AlgorithmParameters(
density_matrix_method=DiagonalizationSolver(),
store_grids=True,
store_basis_on_grid=Automatic,
store_energy_density_matrix=Automatic,
scf_restart_step_length=0.1*Angstrom,
use_symmetries=False)

• hamiltonian_derivatives_parameters (not used) – Deprecated: from v2015,
see the HamiltonianDerivatives analysis object.

• parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options. Default:

ParallelParameters(
processes_per_neb_image=None,
processes_per_individual=None,
processes_per_bias_point=None,
processes_per_saddle_search=1)

algorithmParameters()

Returns
The algorithm parameters.

Return type
AlgorithmParameters

basisSet()

Returns
The basis set associated with the Hamiltonian parametrization.

Return type
BasisSet
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charge()

Returns
The charge of the system.

Return type
float

checkpointHandler()

Returns
The CheckpointHandler used for specifying the save-file and the time interval. between
saving the calculation during the scf-loop.

Return type
CheckpointHandler

dynamicalMatrixParameters()

This method is deprecated.

fixedSpinMoment()

Get the fixed spin moment.

Returns
The fixed spin moment or False if the spin moment is not held fixed.

Return type
float | False

hamiltonianDerivativesParameters()

This method is deprecated.

hamiltonianParametrization()

Returns
The Hamiltonian parametrization associated with a semi-empirical calculator.

Return type
SemiEmpiricalHamiltonianParametrization

isConverged()

Returns
True when the call to “update()” resulted in a converged SCF loop.

Return type
bool

iterationControlParameters()

Returns
The IterationControlParameters used for a self-consistent calculation. For non-self-
consistent calculations this parameter is NonSelfconsistent.

Return type
IterationControlParameters

metatext()

Returns
The metatext of the object or None if no metatext is present.
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Return type
str | None

numberOfSpins()

Returns
The number of spins.

Return type
int

numericalAccuracyParameters()

Returns
The NumericalAccuracyParameters used for the self-consistent Huckel calculation.

Return type
NumericalAccuracyParameters

pairPotentials()

Returns
The repulsive pair potentials used for total energy and force calculations.

Return type
PairPotential

parallelParameters()

Returns
The parameters used to control parallelization options.

Return type
ParallelParameters

poissonSolver()

Returns
The Poisson solver used to determine the electrostatic potential.

Return type
DirectSolver | MultigridSolver | FastFourierSolver | FastFourier2DSolver

setBasisSet(basis_set)
Set the basis set.

Parameters
basis_set (SlaterKosterTable | DFTBDirectory | HotbitDirectory) – An object
describing the basis set used for the calculation.

setCheckpointHandler(checkpoint_handler)
Set the the checkpoint handler.

Parameters
checkpoint_handler (CheckpointHandler) – The CheckpointHandler used for
specifying the save-file and the time interval. between saving the calculation during the
scf-loop.

setHamiltonianParametrization(hamiltonian_parametrization)
Set and check the Hamiltonian parametrization.
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Parameters
hamiltonian_parametrization (HamiltonianParametrization) – An object de-
scribing the Hamiltonian parametrization for the semi-empirical calculation.

setIterationControlParameters(iteration_control_parameters)
Set the iteration control parameters.

Parameters
iteration_control_parameters (IterationControlParameters) – The
IterationControlParameters used for a self-consistent calculation. For non-
self-consistent calculations this parameter is NonSelfconsistent.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setNumericalAccuracyParameters(numerical_accuracy_parameters)
Set the numerical accuracy parameters.

Parameters
numerical_accuracy_parameters (NumericalAccuracyParameters) – The
NumericalAccuracyParameters used for the self-consistent Huckel calculation.

setPairPotentials(pair_potentials)
Set the pair potentials.

Parameters
pair_potentials (PairPotential) – The repulsive pair potentials used for total energy
and force calculations.

setParallelParameters(parallel_parameters)
Set the parallel paramters.

Parameters
parallel_parameters (ParallelParameters) – The parameters used to control par-
allelization options.

setPoissonSolver(poisson_solver)
Set the poisson solver.

Parameters
poisson_solver (DirectSolver | MultigridSolver | FastFourierSolver |
FastFourier2DSolver) – The Poisson solver used to determine the electrostatic poten-
tial.

setSpinPolarization(spin_polarization)
Set the spin polarization.

Parameters
spin_polarization (Unpolarized | Polarized | Noncollinear | SpinOrbit) – Flag
indicating if the calculation is spin-polarized or not.

spinPolarization()

Returns
Flag indicating if the calculation is spin-polarized or not.
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Return type
Unpolarized | Polarized | Noncollinear | SpinOrbit

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Private method for updating the calculator from the configuration, if it is possible. @private

versionUsed()

Returns
The version of ATK used to update the calculator.

Return type
str

Attention: The SlaterKosterCalculator is being deprecated. Use the SemiEmpiricalCalculator with the
SlaterKosterHamiltonianParametrization instead.

Usage Examples

Define a spin polarized SlaterKosterCalculator with a Carbon pi model

# Generate a basis set for a Carbon p-p Pi model
# The p-p Pi model is described using s orbitals
# Parameters from: Hancock et. al., J. Low Temp Phys. 153, 393 (2008)
carbon_onsite = SlaterKosterOnsiteParameters(

element=Carbon,
angular_momenta=[0],
occupations=[1],
ionization_potential=[0.0]*eV,
onsite_hartree_shift=ATK_U(Carbon, ['2p']),
onsite_spin_split=ATK_W(Carbon, ['2p'])
)

# Specify the distances for which the matrix elements are specified
distances = [1.422, 2.463 ,2.844, 3.1]*Ang

# Specify the p-p Pi matrix elements
pp_pi = [[-2.7], [-0.2], [-0.18], [0.0]]*eV
Carbon_Basis = SlaterKosterTable(

carbon_carbon_sss=zip(distances,pp_pi),
carbon=carbon_onsite)
calculator=SlaterKosterCalculator(basis_set = Carbon_Basis,
spin_polarization=True
)

Restart a Slater-Koster calculation using the self-consistent state from a previous calculation

# Read in the BulkConfiguration with the old SCF state
old_calculation=nlread("filename.nc",BulkConfiguration)[0]

(continues on next page)
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(continued from previous page)

# Define the BulkConfiguration with similar number of atoms
new_calculation=BulkConfiguration(...)

# extract the old calculator
old_calculator = old_calculation.calculator()

# make a clone of the old calculator
new_calculator = old_calculator()

# Attach the calculator and use the old initial state
new_calculation.setCalculator(new_calculator, initial_state=old_calculation)

Notes

For the details of the Slater-Koster model, see the chapter on Semi Empirical.

SlaterKosterHamiltonianParametrization

class SlaterKosterHamiltonianParametrization(basis_set)
A class representing the hamiltonian parametrization for a generic Slater-Koster-type Tight Binding model

Parameters
basis_set (SlaterKosterTable | DFTBDirectory | HotbitDirectory) – An object de-
scribing the basis set used for the Slater-Koster calculation.

basisSet()

Returns the Slater Koster basis set used to construct the environmental independent component of the
Hamiltonian and Overlap.

Returns
The basis set.

Return type
SlaterKosterTable

pairPotentials()

Return the pair potentials. If no pair potentials are available, it returns None.

Returns
The pair potentials.

Return type
PairPotential

usingOrthogonalBasis()

Routine for determining if the Hamiltonian parametrization is using an orthogonal basis set.

Returns
True if the basis is orthogonal, False otherwise.

Return type
bool

1920 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

Usage Examples

The following example demonstrates some of the different Slater-Koster basis sets and directories available for a Slater
Koster-type Hamiltonian parametrization.

# Create a Slater-Koster Hamiltonian parametrization with a
# Boykin basis set for Silicon.
hamiltonian_parametrization = SlaterKosterHamiltonianParametrization(

basis_set=Boykin.Si_Basis)

# Create a S-K parametrization with the basis parameteres defined
# in a DFTBDirectory.
directory = DFTBDirectory('dftb/mio-1-1/')
hamiltonian_parametrization = SlaterKosterHamiltonianParametrization(

basis_set=directory)

# Set up a basis set and pair potentials using a Hotbit directory.
basis_set = HotbitDirectory('hotbit/standard/')
pair_potentials = HotbitDirectory('hotbit/standard/')

# Set up a Slater-Koster Hamiltonian parametrization.
hamiltonian_parametrization = SlaterKosterHamiltonianParametrization(

basis_set=basis_set)

# Set up a semi-empirical calculator using the Hotbit-based
# parametrization and pair-potentials.
calculator = SemiEmpiricalCalculator(

hamiltonian_parametrization=hamiltonian_parametrization,
pair_potentials=pair_potentials)

Notes

The Slater–Koster parameters can be provided either through the SlaterKosterTable class or through various 3rd-party
formats. The supported 3rd-party formats are the DFTB Slater–Koster files from the DFTB consortium, and the Hotbit
Slater–Koster files from the Hotbit consortium.

To use parameters in the DFTB or Hotbit format, put the parameter files in a single directory, and set up the basis_set
using the functions DFTBDirectory or HotbitDirectory. Note that if one wishes to use the corresponding pair-potentials
to calculate the atomic forces, the same directory must be given as the pair_potentials argument for the SemiEm-
piricalCalculator or DeviceSemiEmpiricalCalculator.

Tables showing which elements are covered by the Slater-Koster parameters are given here: Slater–Koster basis sets.
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SlaterKosterOnsiteParameters

class SlaterKosterOnsiteParameters(element, angular_momenta, occupations=None, filling_method=None,
ionization_potential=None, onsite_hartree_shift=None,
onsite_spin_split=None, onsite_spin_orbit_split=None,
number_of_valence_electrons=None, vacuum_level=None)

Class for representing the parameters that determine the onsite parameters of a Slater-Koster basis.

Parameters

• element (PeriodicTableElement) – The element associated with the basis set.

• angular_momenta (list of int) – The angular momentum of each subshell as a list
of positive integers with one entry for each subshell.

• occupations (list of float) – The initial occupation of each subshell as
a list of positive floats with one entry for each subshell. Either this, or
number_of_valence_electrons must be given.

• filling_method (SphericalSymmetric | Anisotropic) – The method used for set-
ting up the initial occupation. Default: SphericalSymmetric

• ionization_potential (PhysicalQuantity of type energy) – The ionization potential
with one entry for each subshell. Default: Must be given.

• onsite_hartree_shift (PhysicalQuantity of type energy) – The on-site Hartree shift
with one entry for each subshell. Default: Must be given.

• onsite_spin_split (PhysicalQuantity of type energy) – The on-site spin-split values
of each orbital (subshell) pair. This should be a square matrix of size n where n is the
number of subshells. Default: No splitting

• onsite_spin_orbit_split (PhysicalQuantity of type energy) – The on-site spin-orbit
split with one entry for each subshell. Default: No splitting

• number_of_valence_electrons (int) – The number of valence electrons used to de-
termine the neutral state. Must be non-negative. Either this, or occupations must be
given.

• vacuum_level (PhysicalQuantity of type energy) – The energy shift of the vacuum level.
Default: 0.0 * Hartree

angularMomenta()

Returns
The angular momentum of each subshell.

Return type
list of int

element()

Returns
The element of the basis set.

Return type
PeriodicTableElement

fillingMethod()

Returns
The method used for setting up the initial occupation.
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Return type
SphericalSymmetric | Anisotropic

ionizationPotential()

Returns
The ionization potential of each subshell in the basis set.

Return type
PhysicalQuantity of type energy

numberOfValenceElectrons()

Returns
The sum of the occupations.

Return type
float

occupations()

Returns
The occupations associated with the orbitals.

Return type
list of float

onsiteHartreeShift()

Returns
The on-site Hartree shift of each subshell in the basis set.

Return type
PhysicalQuantity of type energy

onsiteSpinOrbitSplit()

Returns
The on-site spin-orbit split of each subshell in the basis set.

Return type
PhysicalQuantity of type energy

onsiteSpinSplit()

Returns
The on-site spin-split values of each subshell in the basis set.

Return type
PhysicalQuantity of type energy

uniqueString()

Return a unique string representing the state of the object.

vacuumLevel()

Returns
The energy shift of the vacuum level.

Return type
PhysicalQuantity of type energy
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Usage Examples

Define the onsite parameters for an sps* tight-binding model of silicon.

si_onsite = SlaterKosterOnsiteParameters(
element = Silicon,
angular_momenta=[0,1,0],
occupations=[2,2,0],
ionization_potential=[-4.545, 1.715, 6.6850]*eV,
onsite_hartree_shift=0.0*eV)

Notes

The SlaterKosterOnsiteParameters is used to define the onsite parameters in a SlaterKosterTable.

SlaterKosterTable

class SlaterKosterTable(**kwargs)
Class for representing the parameters that determine the parameters of a Slater-Koster basis.

The constructor takes parameters specified as keyword arguments. These arguments follow one of two conven-
tions, depending on wether offsite or onsite parameters are being specified:

Onsite keyword arguments are in the form element=instance, where element is the full name of an element
as a string, and instance is a SlaterKosterOnsiteParameters object

Offsite keyword arguments are in the form element1_element2_XYZ=list, where element1: the first element
- e.g. carbon. element2: the second element - e.g. hydrogen. X: the orbital on the first element - s, p, d. Y:
the orbital on the second element - s, p, d. Z: the type of interaction - s for sigma, p for pi, d for delta. list: A list
of tuples in one of two formats: Either, [(d0,h0,s0), (d1,h1,s1), ...] where (d,h,s) indicate distance,
hamiltonian and overlap elements. Or, [(d0,h0), (d1,h1), ...] in the case the overlap matrix is diagonal.

offsiteParameters()

Returns
The offsite parameters.

Return type
dict

onsiteParameters()

Returns
The onsite parameters.

Return type
dict
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Usage Examples

Define a SlaterKosterTable with a Vogl silicon basis

# Generate a basis set for Silicon using
# J. Phys. Chem. solids Vol. 44, 365-378, 1983

# Parameters, distances in Angstrom silicon
a = 5.4306*Ang
d_n1 = math.sqrt(3.0)/4.0*a
d_n2 = math.sqrt(2.0)/2.0*a

# Matrix elements from paper, energies in eV
E_s = -4.545*eV
E_p = 1.715*eV
E_sstar = 6.6850*eV

V_ss = -8.3000*eV
V_xx = 1.7150*eV
V_xy = 4.5750*eV
V_sp = 5.7292*eV
V_sstarp = 5.3749*eV

# -----------------------------------------------------------------------------
# The paper is nearest neighbour Slater-Koster parameterization,
# hence it has to be tabulated using a power law.

# Specify that the cutoff for the matrix elements between 1. and 2. nn
rcut = 0.5*d_n1 + 0.5*d_n2

# Generate a series of strain -0.1 from +0.1
epsilon = numpy.linspace(-0.10, 0.10, 21)

# Specify the distances for which the matrix elements are specified
distances = [ d_n1*(1.0+x) for x in epsilon ]+ [ rcut ]

# Using a power-law to get the distance dependence of the matrix elements
sss = [ 0.25*V_ss/(1.0+x)**2 for x in epsilon ] + [0.0*eV]
sps = [ 0.25*math.sqrt(3)*V_sp/(1.0+x)**2 for x in epsilon ] + [0.0*eV]
pps = [ 0.25*(V_xx+2.0*V_xy)/(1.0+x)**2 for x in epsilon ] + [0.0*eV]
ppp = [ 0.25*(V_xx-V_xy)/(1.0+x)**2 for x in epsilon ] + [0.0*eV]
ps1s = [ 0.25*math.sqrt(3)*V_sstarp/(1.0+x)**2 for x in epsilon ] + [0.0*eV]

# Create the onsite.
si_onsite = SlaterKosterOnsiteParameters(element = Silicon, # Not needed.

angular_momenta = [0,1,0],
occupations = [2,2,0],
ionization_potential = [E_s, E_p, E_sstar],
onsite_hartree_shift = ATK_U(Silicon, ['3s','3p

→˓','3s']),
onsite_spin_split = ATK_W(Silicon, ['3s','3p',

→˓'3s']),
)

(continues on next page)
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(continued from previous page)

Silicon_Basis = SlaterKosterTable(silicon_silicon_sss = zip(distances, sss),
silicon_silicon_sps = zip(distances, sps),
silicon_silicon_pps = zip(distances, pps),
silicon_silicon_ppp = zip(distances, ppp),
silicon_silicon_ps1s = zip(distances, ps1s),
silicon = si_onsite,
)

Notes

• The onsite and offsite arguments can be specified at the same time, and in any order.

carbon_onsite_settings = SlaterKosterOnsiteParameters(...)
hydrogen_onsite_settings = SlaterKosterOnsiteParameters(...)
t = SlaterKosterTable(carbon=carbon_onsite_settings,

hydrogen=hydrogen_onsite_settings,
hydrogen_hydrogen_sss=[(1.1*Ang,0.2*eV,0.2), ... ],
hydrogen_carbon_spp=[(0.2*Ang,0.1*eV), ... ])

• If there are multiple orbitals in an angular shell the shells are named, s0, s1, s2, ..

carbon_onsite_settings = SlaterKosterOnsiteParameters(...)
hydrogen_onsite_settings = SlaterKosterOnsiteParameters(...)
t = SlaterKosterTable(carbon=carbon_onsite_settings,

hydrogen=hydrogen_onsite_settings,
hydrogen_hydrogen_s0s0s=[(1.1*Ang,0.2*eV,0.2), ... ],
hydrogen_hydrogen_s1s1s=[(1.1*Ang,0.22*eV), ... ],
hydrogen_carbon_s0pp=[(0.2*Ang,0.1*eV), ... ])
hydrogen_carbon_s1pp=[(0.2*Ang,0.15*eV), ... ])

Note that s is equivalent with s0, see the example Vogl.py above which defines orbitals s and s1.

• In the offsite keyword arguments the order of the element and shell pairs is irrelevant. E.g., it is equivalent to
define

t = SlaterKosterTable(carbon=carbon_onsite_settings,
hydrogen=hydrogen_onsite_settings,
hydrogen_carbon_sps=[(0.2*Ang,0.1*eV), ... ]),
...

or

t = SlaterKosterTable(carbon=carbon_onsite_settings,
hydrogen=hydrogen_onsite_settings,
carbon_hydrogen_pss=[(0.2*Ang,0.1*eV), ... ]),
...

The proper signs for even and odd parity are enforced internally, therefore each interaction should be specified
only once.
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• Matrix elements that are not specified in the SlaterKosterTable are set to zero.

Specifying custom tags for a Slater-Koster table

It is possible to assign different parametrizations for different atoms of the same type by using tags. The tags must
be strings without the underscore (_) character, and they must also be valid Python keyword arguments. For example,
foo1, HfO2 and specialtag are all valid tag names, but my_tag and 1foo are not. In this case, the last one is not a
valid Python keyword argument. The tags are also treated as case-insensitive, i.e. HfO2 and hfo2 correspond to the
same tag.

The tags can be specified for a Slater-Koster table in a similar fashion as for any periodic table element. The syntax
looks as follows:

t = SlaterKosterTable(element1=SlaterKosterOnSiteParameters(...),
element2=SlaterKosterOnSiteParameters(...),
tag1=SlaterKosterOnSiteParameters(...),
tag2=SlaterKosterOnSiteParameters(...),
element1_element2_sss=...,
element1_tag1_sss=...,
element1_tag2_sss=...)

Note that here we presume that the off-site terms are only required between element1 and both tagged basis sets. In
order for the special on-site parameters to be used in the calculation, the tagged atoms must also be specified on the
configuration, i.e.

configuration.addTags('tag1', tag1_indices)
configuration.addTags('tag2', tag2_indices)

Note: All atoms in the configuration must have onsite parameters specified for the element type or through tags.

The following example script demonstrates how to use tags for a Slater-Koster table to substitute the first two Gallium
atoms with a simplified VCA parameter for a InGaAs alloy with a 50 % molar fraction of Indium.

# Set up lattice
vector_a = [5.63685, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.63685, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.63685]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Gallium, Arsenic, Gallium, Arsenic, Gallium, Arsenic, Gallium,

Arsenic]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25],
[ 0.5 , 0.5 , 0. ],
[ 0.75, 0.75, 0.25],
[ 0.5 , 0. , 0.5 ],
[ 0.75, 0.25, 0.75],
[ 0. , 0.5 , 0.5 ],
[ 0.25, 0.75, 0.75]]

(continues on next page)
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# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Fetch Bassani InAs and GaAs basis sets.
inas_basis = Bassani.InAs_Basis
gaas_basis = Bassani.GaAs_Basis

# Set up keyword arguments for the Slater-Koster table; add
# the GaAs onsite and off-site parameters there.
args = {}
args.update(gaas_basis.onsiteParameters())
args.update(gaas_basis.offsiteParameters())

# Add the tag 'inga' for the first two Ga atoms.
bulk_configuration.addTags('inga', [0, 2])

# Create the InGa on-site term by mixing the ionization potentials
# of In and Ga.
indium_onsite_term = inas_basis.onsiteParameters()['in']
gallium_onsite_term = gaas_basis.onsiteParameters()['ga']

ga_onsite_potential = gallium_onsite_term.ionizationPotential()
in_onsite_potential = indium_onsite_term.ionizationPotential()

inga_onsite_potential = 0.5 * (ga_onsite_potential + in_onsite_potential)
inga_onsite_term = gallium_onsite_term(ionization_potential=inga_onsite_potential)

# Use the 'inga' tag to apply the special on-site term for
# the first two Ga atoms.
args.update({'inga': inga_onsite_term})
# One should also generate inga_as_sss, inga_as_sps, ... off-site terms according
# to some interpolation between In-As and Ga-As.
# For sake of simplicity we will assume that they are all identical to the ga-as␣
→˓interactions:
args.update({

'inga_as_sss' : gaas_basis.offsiteParameters()['ga_as_sss'],
'inga_as_sps' : gaas_basis.offsiteParameters()['ga_as_sps'],
'inga_as_sds' : gaas_basis.offsiteParameters()['ga_as_sds'],
'inga_as_s1s1s': gaas_basis.offsiteParameters()['ga_as_s1s1s'],
'inga_as_s1ps' : gaas_basis.offsiteParameters()['ga_as_s1ps'],
'inga_as_s1ds' : gaas_basis.offsiteParameters()['ga_as_s1ds'],
'inga_as_pps' : gaas_basis.offsiteParameters()['ga_as_pps'],
'inga_as_ppp' : gaas_basis.offsiteParameters()['ga_as_ppp'],
'inga_as_pds' : gaas_basis.offsiteParameters()['ga_as_pds'],
'inga_as_pdp' : gaas_basis.offsiteParameters()['ga_as_pdp'],
'inga_as_dds' : gaas_basis.offsiteParameters()['ga_as_dds'],
'inga_as_ddp' : gaas_basis.offsiteParameters()['ga_as_ddp'],
'inga_as_ddd' : gaas_basis.offsiteParameters()['ga_as_ddd'],

(continues on next page)
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'as_inga_ss1s' : gaas_basis.offsiteParameters()['as_ga_ss1s'],
'as_inga_sps' : gaas_basis.offsiteParameters()['as_ga_sps'],
'as_inga_sds' : gaas_basis.offsiteParameters()['as_ga_sds'],
'as_inga_s1ss' : gaas_basis.offsiteParameters()['as_ga_s1ss'],
'as_inga_s1ps' : gaas_basis.offsiteParameters()['as_ga_s1ps'],
'as_inga_s1ds' : gaas_basis.offsiteParameters()['as_ga_s1ds'],
'as_inga_pds' : gaas_basis.offsiteParameters()['as_ga_pds'],
'as_inga_pdp' : gaas_basis.offsiteParameters()['as_ga_pdp'],
})

# Set up the basis and calculate band structure.
basis = SlaterKosterTable(**args)
calculator = SemiEmpiricalCalculator(

hamiltonian_parametrization=SlaterKosterHamiltonianParametrization(basis_set=basis))
bulk_configuration.setCalculator(calculator)
bandstructure = Bandstructure(bulk_configuration)

For the details of the Slater-Koster model, see the chapter on Semi Empirical.

SlaterOrbital

class SlaterOrbital(principal_quantum_number, angular_momentum, slater_coefficients, weights)
Constructor for the Slater orbitals.

Parameters

• principal_quantum_number (positive int) – The Principal quantum number (n) of
the orbital.

• angular_momentum (non-negative int) – The Azimuthal quantum number (l) of the
orbital.

• slater_coefficients (PhysicalQuantity of type inverse length) – The Slater coeffi-
cients as inverse length. Maximum two coefficients can be given. Every entry must be
positive.

• weights (numpy.array) – The weight for each of the Slater coefficients. Each entry
should be positive.

angularMomentum()

Returns
The angular momentum for the orbital.

Return type
int

principalQuantumNumber()

Returns
The principal quantum number n for the orbital.

Return type
int
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slaterCoefficients()

Returns
The Slater coefficients as inverse length.

Return type
list of PhysicalQuantity of type inverse length

Usage Examples

Define a 1s SlaterOrbital from a single exponential function

carbon_2s = SlaterOrbital(
principal_quantum_number=2,
angular_momentum=0,
slater_coefficients=[2.0249*1/Bohr],
weights=[0.76422]
)

Define a 2p SlaterOrbital as superposition of two exponential functions

carbon_2p = SlaterOrbital(
principal_quantum_number=2,
angular_momentum=1,
slater_coefficients=[1.62412*1/Bohr , 2.17687*1/Bohr],
weights=[0.27152, 0.73886]
)

Notes

Within the extended Hückel model1, the electronic structure is expanded in a basis formed by a linear combination of
atomic orbitals (LCAO)

𝜑𝑛𝑙𝑚(r) = 𝑅𝑛𝑙(𝑟)𝑌𝑙𝑚(𝑟),

where 𝑌𝑙𝑚 is a spherical harmonic and 𝑅𝑛𝑙 is a Slater orbital

𝑅𝑛𝑙(𝑟) =
𝑟𝑛−1√︀
(2𝑛)!

[︁
𝐶1(2𝜂1)𝑛+

1
2 𝑒−𝜂1 𝑟 + 𝐶2(2𝜂2)𝑛+

1
2 𝑒−𝜂2 𝑟

]︁
.

The SlaterOrbital is described by the adjustable parameters 𝜂1, 𝜂2, 𝐶1, and 𝐶2. These parameters must be defined for
each angular shell of valence orbitals for each element.

Table 4.19: Slater orbital parameters.

Symbol SlaterOrbital parameters
𝑛 principal_quantum_number
𝑙 angular_momentum
𝜂 slater_coefficients
𝐶 weights

1 K. Stokbro, D. E. Petersen, S. Smidstrup, A. Blom, M. Ipsen, and K. Kaasbjerg. Semiempirical model for nanoscale device simulations. Phys.
Rev. B, 82:075420, Aug 2010. doi:10.1103/PhysRevB.82.075420.
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In the current version QuantumATK comes with built-in Hoffmann and Müller parameter sets which are appropri-
ate for organic molecules, and Cerda parameters2 which are appropriate for crystals. The parameter set are avail-
able with the keyword HoffmannHuckelParameters.ElementName, MullerHuckelParameters.ElementName
and CerdaHuckelParameters.ElementName, where ElementName is the name of the element.

Reference

SolidSolubility

class SolidSolubility(solutes, solvent_components, solvent_density=None, temperature=None,
parameters=None)

Calculate the solubility of molecular solids using the COSMO-RS model.

Parameters

• solutes (CosmoRealSpecies | Sequence of CosmoRealSpecies) – The solids for
which the solubility is calculated.

• solvent_components (CosmoRealSolvent | MoleculeConfiguration |
CosmoRSMixture) – The solvent in which the solid is dissolved in.

• solvent_density (PhysicalQuantity of type mass per volume) – The density of the sol-
vent. If not specified solvent density is estimated from the components.

• temperature (PhysicalQuantity of type temperature) – The solvent temperature. De-
fault: 298.15 * Kelvin

• parameters (CosmoRSParameters) – The COSMO-RS parameters

parameters()

Returns
The COSMO-RS parameters

Return type
CosmoRSParameters

soluteConcentration()

Returns
The concentration of each solute in the solvent.

Return type
Sequence of PhysicalQuantity of molar

soluteMoleFraction()

Returns
The mole fractions of each species dissolved in the solvent.

Return type
Sequence of float

2 J. Cerdá and F. Soria. Accurate and transferable extended hückel-type tight-binding parameters. Phys. Rev. B, 61:7965–7971, Mar 2000.
doi:10.1103/PhysRevB.61.7965.
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soluteWeightPercent()

Returns
The mass-mass loading of the species in the solvent.

Return type
float

solutes()

Returns
The gases the solubility is calculated for.

Return type
Sequence of CosmoRealSpecies

solventComponents()

Returns
The components of the solvent.

Return type
CosmoRSMixture

solventDensity()

Returns
The solvent density, if specified. If not returns None, and the solvent density is taken from
the solvent components.

Return type
PhysicalQuantity of type mass per volume

temperature()

Returns
The solvent temperature.

Return type
PhysicalQuantity of type temperature

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the amount of aspirin dissolved in water. Note in this example the melting point and enthalpy of fusion are
provided for aspirin but not the change in specific heat capapcity Data link. This data may be set using the method
setSpecificHeatCapacityChange.

# Load the COSMO species
database = CosmoRSSpeciesDatabase()
water = database.exportSpecies('water')
aspirin = database.exportSpecies('acetylsalicylic acid')

# Set the melting temperature and enthalpy of fusion.
aspirin.setMeltingPoint(409*Kelvin)
aspirin.setEnthalpyOfFusion(29.17*kiloJoulePerMol)

(continues on next page)
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# Determine the solid solubility.
solid_solubility = SolidSolubility(

aspirin,
water,
temperature=298*Kelvin,
parameters=CosmoRSParameters()

)

# Retrieve solute concentration in different forms.
molar_concentration = solid_solubility.soluteConcentration()[0]
nlprint(f'The molar concentration of aspirin in water is {molar_concentration}')
mole_fraction = solid_solubility.soluteMoleFraction()[0]
nlprint(f'The mole fraction of aspirin in water is {mole_fraction}')
weight_percent = solid_solubility.soluteWeightPercent()[0]
nlprint(f'The weight percent of aspirin in water is {weight_percent}')

aspirin_water_example.py

Notes

The SolidSolubility object allows to calculate COSMO-RS solid-liquid equilibrium (SLE) of a solid substance
given a liquid phase. The amount of a solid substance being dissolved, 𝑥𝑖, is calculated according to

𝜇𝑙𝑖𝑞𝑖 − ∆𝐺𝑓𝑢𝑠 = 𝜇𝑠𝑜𝑙𝑣𝑖 +𝑅𝑇 ln𝑥𝑖

Here 𝑖 represents the given substance, 𝜇𝑠𝑜𝑙𝑣𝑖 chemical potential of the substance in the solvent phase and 𝜇𝑙𝑖𝑞𝑖 is the
chemical potential of the pure liquid compound. The Gibbs free energy of fusion, ∆𝐺𝑓𝑢𝑠 is approximated with the
CosmoRealSolid object. The most accurate approximation is generally:

∆𝐺𝑓𝑢𝑠 = ∆𝐻𝑓𝑢𝑠
(︀
1 − 𝑇

𝑇𝑚

)︀
− ∆𝐶𝑓𝑢𝑠𝑝 (𝑇𝑚 − 𝑇 ) + ∆𝐶𝑓𝑢𝑠𝑝 𝑇 ln

𝑇𝑚
𝑇

Note several pure compound data are required. 𝑇𝑚 is the melting pont, ∆𝐻𝑓𝑢𝑠 the heat of fusion and ∆𝐶𝑓𝑢𝑠𝑝 the
change in molar heat capacity upon melting, which corresponds to the difference in molar heat capacity of a compound
in its pure liquid and solid state1. If ∆𝐶𝑓𝑢𝑠𝑝 is not available the two last terms may be neglected which gives

∆𝐺𝑓𝑢𝑠 = ∆𝐻𝑓𝑢𝑠
(︀
1 − 𝑇

𝑇𝑚

)︀
If none of these data is provided the Gibbs free energy of fusion is predicted from a simple linear model at 298K.

∆𝐺𝑓𝑢𝑠(298𝐾) = 12.2𝑉𝐶𝑂𝑆𝑀𝑂 − 0.76𝑁𝑟𝑖𝑛𝑔𝑎𝑡𝑜𝑚𝑠 + 0.54𝜇𝑤𝑎𝑡𝑒𝑟𝑖

The linear coefficients are purely empirical and determined by fitting to experimental data2.

The SolidSolubility does not take into account the changing nature of the solvent as more solute is dissolved. It
therefore only gives an estimate of the initial solubility at low solute concentration. In cases where the temperature is
above the given melting point of a substance, ∆𝐺𝑓𝑢𝑠 is assumed to be zero, and the substance is treated as though it is
in the liquid state.

1 Zhen Song, Jingwen Wang, and Kai Sundmacher. Evaluation of cosmo-rs for solid–liquid equilibria prediction of binary eutectic solvent
systems. Green Energy & Environment, 6(3):371–379, 2020. doi:10.1016/j.gee.2020.11.020.

2 Andreas Klamt, Frank Eckert, Martin Hornig, Michael E. Beck, and Thorsten Bürger. Prediction of aqueous solubility of drugs and pesticides
with cosmo-rs. Journal of Computational Chemistry, 23(2):275–281, 2002. doi:10.1002/jcc.1168.
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SolvationEnergy

class SolvationEnergy(configuration)
Create the object, calculating the solvation and gas phase energies.

Parameters
configuration (MoleculConfiguration | SurfaceConfiguration |
BulkConfiguration) – The configuration for which the energy is calculated. This
configuration must have an attached calculator that contains a solvation model, such as an
LCAOCalculator that has COSMO enabled.

evaluate()

Returns
The total solvation energy of the system.

Return type
PhysicalQuantity of type energy

gasEnergy()

Returns
The calculated gas phase energy.

Return type
TotalEnergy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
Information about the solvation energy calculation.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

solventEnergy()

Returns
The calculated solvation energy.
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Return type
TotalEnergy

totalSolvationEnergy()

Returns
Return the total solvation energy.

Return type
PhysicalQuantity of type energy

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the solvation energy of ammonia in a toluene solvent. This calculation gives a solvation energy of approxi-
mately -2.38 kcal/mol, which is in agreement with the experimental value1.

solvation_parameters = CosmoSolvationParameters(
solvent_dielectric_constant=2.3741,
solvent_surface_tension=27.9*dyne/cm

)

calculator = LCAOCalculator(
basis_set=basis_set,
solvation_parameters=solvation_parameters

)

# Set the calculator
configuration.setCalculator(calculator)
configuration.update()
nlsave('ammonia_toluene.hdf5', configuration)

# Optimize the geometry
optimized_configuration = OptimizeGeometry(

configuration=configuration,
trajectory_filename='ammonia_toluene.hdf5'

)
nlsave('ammonia_toluene.hdf5', optimized_configuration)

# Calculate the solvation energy
solvation_energy = SolvationEnergy(

configuration=optimized_configuration
)
nlsave('ammonia_toluene.hdf5', solvation_energy)

ammonia_toluene.py

1 Aleksandr V. Marenich, Christopher J. Cramer, and Donald G. Truhlar. Universal solvation model based on solute electron density and on
a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensionsl. J. Phys. Chem. B., 113(18):6378, 2009.
doi:10.1021/jp810292n.
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Notes

The SolvationEnergy analysis allows the calculation of the solvation energy of a molecule or surface, including the
gas phase reference energy. In the case of a surface, the solvation energy is the solvation energy for the surface area of
the unit cell. The solvent and gas phase energy calculations are performed with the same calculator settings, except for
the inclusion of a continuum solvation model. This removes the need for changing calculators during the calculation
to obtain both energies.

In setting up the calculation, the configuration passed to the SolvationEnergy class must have an
:class”~.LCAOCalculator or DeviceLCAOCalculator with an appropriate solvation model. The solvated molecu-
lar energy is calculated including this solvation model. Once the calculation is finished, the total solvation energy can
be obtained using either the evaluate or the totalSolvationEnergy methods. The total energy of both solvent and
gas phases can also be obtained using the solventEnergy and gasEnergy methods respectively. These both return a
TotalEnergy analysis object. This allows the different energy components in each calculation to be inspected.

SolventSurface

class SolventSurface(configuration)
Class for storing the configuration and solvent surface for later visualization.

Parameters
configuration (MoleculeConfiguration) – Configuration with a calculator that has a
solvent surface.

configuration()

Returns
The configuration associated with the solvent surface.

Return type
MoleculeConfiguration | BulkConfiguration | SurfaceConfiguration

evaluate()

Returns
The solvent surface

Return type
CosmoSolventSurface

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
Information about the calculated solvent surface.

Return type
dict
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nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

surface()

Returns
The solvent surface

Return type
CosmoSolventSurface

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Get a COSMO solvent surface for a methanol molecule.

# Set the LCAO Calculator
solvation_parameters = CosmoSolvationParameters()
calculator = LCAOCalculator(

solvation_parameters=solvation_parameters
)
configuration.setCalculator(calculator)
configuration.update()
nlsave('methanol_cosmo_surface.hdf5', configuration)

# Get the COSMO solvent surface
solvent_surface = SolventSurface(

configuration=configuration
)
nlsave('methanol_cosmo_surface.hdf5', solvent_surface)

cosmo_surface = solvent_surface.evaluate()

methanol_solvent_surface.py

Once the SolventSurface is calculated, it can be opened in the Viewer to display the solvent surface.

4.13. Full QuantumATK package 1937



QuantumATK V-2023.12 Documentation

Fig. 4.33: Visualization of the methanol COSMO solvent surface.

Notes

The SolventSurface object saves and stores a solvent surface that is used in a continuum solvation DFT calculation.
This object can be used to access the solvent surface created in a COSMO calculation. It enables manual inspection
of the different properties of the solvent surface, including DFT calculated properties such as surface charge. Opening
the SolventSurface in the Viewer creates a visualization of the surface which can be customized using the COSMO
Surface Viewer plugin.

In order to obtain the solvent surface, an updated configuration with a suitable solvent model must be provided. This
can either be a molecule or a surface configuration. In the case where a DFT-LCAO calculation with the COSMO
model is performed, the SolventSurface returns a CosmoSolventSurface. The surface can be returned with either
the evaluate or the surface methods.

SpaceGroupConstraint

class SpaceGroupConstraint(tolerance=PhysicalQuantity(1e-05, Ang))
This constraint will symmeterize the atomic forces and cell stress according to the space group of the lattice.
This will ensure that the space group does not change during geometry optimization.

Parameters
tolerance (PhysicalQuantity of type length ) – The distance tolerance used when
determining the space group. Default: 1e-5*Angstrom

frozenDegreesOfFreedom(local_atoms=None)

Parameters
local_atoms (list of int | None) – The group of atoms from which the frozen de-
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grees of freedom should be calculated, e.g. a thermalized group of atoms. Default: All
atoms.

Returns
The number of degrees of freedom that are frozen by this constraint object.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Run a geometry optimization of a rutile crystal with the space group fixed.

constraints = [SpaceGroupConstraint()]

bulk_configuration = OptimizeGeometry(
bulk_configuration,
max_forces=0.05*eV/Ang,
max_stress=0.1*GPa,
max_steps=200,
max_step_length=0.2*Ang,
constraints=constraints,
trajectory_filename=None,
optimizer_method=LBFGS(),

)

space_group_constraint.py

Notes

• SpaceGroupConstraint can be used in OptimizeGeometry to constrain the space group during optimization. This
means that the forces and stress are symmetrized according to the space group that is detected.

• In addition to the atomic number, SpaceGroupConstraint also considers each atom’s initial spin when determin-
ing the symmetry operations, so that atoms with different initial spin are not considered symmetrically equivalent.

• SpaceGroupConstraint constraints cannot be used together with FixAtomConstraints or RigidBody.

Sparse

class Sparse

Cache self energies in sparse matrix storage.
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SparseGreensFunction

class SparseGreensFunction(processes_per_contour_point=None, workspace_path=None)
The direct sparse inversion method used to calculate the Green’s function and lesser Green’s function.

The method distributes the evaluation of the (lesser) Green’s function for multiple contour points, i.e., energy-
and k-points, over all available processes.

The evaluation of the (lesser) Green’s function in each contour point, can be performed by multiple processes in
parallel.

The method’s required virtual memory can be reduced by allocating workspace on disk. Usage of disk workspace
has a negative impact on the method’s performance.

Parameters

• processes_per_contour_point (int) – The number of processes used to calculate
each contour point. Must be positive. The best performance is obtained when set to
1. Increasing the number of processes per contour point reduces the required memory.
Default: 1

• workspace_path (str) – Path to an existing directory usable as workspace. An empty
string disables the disk workspace. The given string must not be longer than 255 charac-
ters. Default: Disk workspace disabled.

processesPerContourPoint()

Returns
The processes per contour point

Return type
int

uniqueString()

Return a unique string representing the state of the object.

workspacePath()

Returns
The workspace path

Return type
str | None

Usage Examples

Setup a device calculation that computes the Green’s function and lesser Green’s function via direct sparse inversion
using 2 MPI processes for each contour point.

greens_function_method = SparseGreensFunction(
processes_per_contour_point=2)

device_algorithm_parameters = DeviceAlgorithmParameters(
equilibrium_method=greens_function_method,
non_equilibrium_method=greens_function_method,

)

calculator = DeviceHuckelCalculator(
(continues on next page)
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device_algorithm_parameters=device_algorithm_parameters,
)

SparseRecursionSelfEnergy

class SparseRecursionSelfEnergy(save_self_energies=None, tolerance=None, maximum_iteration=None,
sparse_threshold=None, storage_strategy=None)

Self-energy calculator based on the Sparse Recursion method. This method is an iterative scheme for getting self
energies, with convergence 𝑂(2𝑁 )

Parameters

• storage_strategy (SaveInMemory | StoreOnDisk | NoStorage) – The way self en-
ergies are stored between iterations. Default: SaveInMemory()

• tolerance (float > 0) – The tolerance of convergence of the self energies before ter-
mination of the recursion. Default: 1e-13

• maximum_iteration (int > 0) – The maximum number of recursion steps allowed
before termination. Default: 400

• sparse_threshold (float > 0) – Self energies (in Hartree) smaller than this value
treated as 0 when storing as sparse matrix. Default: 1e-12

• save_self_energies – Deprecated: from v2017.0, use storage_strategy instead.

maximumIteration()

Returns
The maximum number of recursion steps.

Return type
int

saveSelfEnergies()

Deprecated: from v2017.0

sparseThreshold()

Returns
Values treated as 0.

Return type
float

storageStrategy()

Returns
The way self energies are stored between iterations.

Return type
SaveInMemory | StoreOnDisk | NoStorage

tolerance()

Returns
The tolerance of convergence.
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Return type
float

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define that the self energies on the complex contour are calculated with the recursion method, and the self energies are
not saved.

device_algorithm_parameters = DeviceAlgorithmParameters(
self_energy_calculator_complex=SparseRecursionSelfEnergy(storage_

→˓strategy=NoStorage()),
)

More examples on how to use the storage_strategy parameter can be found in the Usage Examples of Recursion-
SelfEnergy.

Notes

The SparseRecursionSelfEnergy uses the iterative scheme by Lopez, Lopez and Rubio1 for calculating the self energy
matrix. The sparse recursion method is identical to the recursion method provided by RecursionSelfEnergy, but exploits
inherent sparsity. This provides increased performance for all but the smallest systems.

SpecificHeatCapacity

class SpecificHeatCapacity(md, start_time=None, end_time=None, atom_selection=None,
time_resolution=None, min_temperature=PhysicalQuantity(0.0, K),
max_temperature=PhysicalQuantity(1000.0, K), temperature_resolution=None,
info_panel=None)

Class for calculating the specific heat capacity of a system from a MD simulation.

Parameters

• md_trajectory (MDTrajectory) – The MDtrajectory to calculate the specific heat ca-
pacity for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame

• atom_selection (PeriodicTableElement | str | list of ints) – Only include
contributions from this selection. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: All atoms.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• min_temperature (PhysicalQuantity of type temperature) – The minimum temperature.
Default: 0*Kelvin

1 M. P. Lopez Sancho, J. M. Lopez Sancho, and J. Rubio. Highly convergent schemes for the calculation of bulk and surface Green functions. J.
Phys. F: Metal Physics, 15(4):851, 1985. URL: http://stacks.iop.org/0305-4608/15/i=4/a=009.

1942 Chapter 4. QuantumATK Reference Manual

http://stacks.iop.org/0305-4608/15/i=4/a=009


QuantumATK V-2023.12 Documentation

• max_temperature (PhysicalQuantity of type temperature) – The maximum temperature.
Default: 1000*Kelvin

• temperature_resolution (PhysicalQuantity of type temperature) – The difference be-
tween individual temperature points. Default: 100 points

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

frequencies()

Returns
The frequencies associated with the vibrational density of states.

Return type
PhysicalQuantity of type 1/time

specificHeatCapacity()

Returns
The specific heat capacity calculated over the requested temperature range.

Return type
PhysicalQuantity of type energy per mass per temperature

temperatures()

Returns
The array of temperature values that the specific heat capacity has been evaluated at.

Return type
PhysicalQuantity of type temperature

vibrationalDensityOfStates()

Returns
The vibrational density-of-states, calculated from the Fourier transformation of the veloc-
ities.

Return type
PhysicalQuantity of type time

Usage Examples

This example calculates the specific heat capacity of bulk silicon using classical molecular dynamics:

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='si_bulk_specific_heat.hdf5',
steps=5000,
log_interval=1,
method=method

)

bulk_configuration = md_trajectory.lastImage()

# Calculate specific heat capacity.
(continues on next page)

4.13. Full QuantumATK package 1943



QuantumATK V-2023.12 Documentation

(continued from previous page)

specific_heat_capacity = SpecificHeatCapacity(
md_trajectory,
min_temperature=0.0*Kelvin,
max_temperature=1000.0*Kelvin,

)

# Plot specific heat capacity.
import pylab
temperatures = specific_heat_capacity.temperatures().inUnitsOf(Kelvin)
specific_heats = specific_heat_capacity.specificHeatCapacity().inUnitsOf(Joule/gram/
→˓Kelvin)
pylab.plot(temperatures, specific_heats)
pylab.xlabel('Temperature (K)')
pylab.ylabel('Specific Heat Capacity (J/g/K)')
pylab.savefig('si_bulk_specific_heat.png')

si_bulk_specific_heat.py

The resulting plot of heat capacity versus temperature shows the correct limiting behavior and low and high temperature.
This is achieved, when calculating the heat capacity, by modeling the system as a collection of quantum harmonic
oscillators, whose frequencies are determined from the vibrational density of states.
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Notes

The heat capacity, is calculated by modeling the system as a collection of quantum harmonic oscillators, whose fre-
quencies are determined using the vibrational density of states.1 The specific heat, as a function of temperature, is

𝐶v(𝑇 ) =
ℎ2

𝑚𝑘B𝑇 2

∫︁ ∞

0

𝜈2 exp(ℎ𝜈/𝑘B𝑇 )

(exp(ℎ𝜈/𝑘B𝑇 ) − 1)2
𝑆(𝜈)d𝜈

where, 𝑇 is the temperature, 𝜈 is the vibrational frequency, ℎ is Planck’s constant, 𝑚 is the total mass of the atoms in
the unit cell, 𝑘B is Boltzmann’s constant, and 𝑆(𝜈) is the vibrational density of states (VDOS). See the VibrationalDen-
sityOfStates notes for details on how the VDOS is calculated.

SphereRegion

class SphereRegion(value, center, radius)
Class for representing a spherical region of metallic or dielectric material.

Parameters

• value (float | PhysicalQuantity compatible with Volt) – The value that should be assigned
to the sphere. Either the voltage or the dielectric constant of the region.

• center (PhysicalQuantity of type length) – Vector to the center of the sphere.

• radius (PhysicalQuantity of type length) – Radius of the sphere.

center()

Returns
The vector to the center of the sphere.

Return type
PhysicalQuantity of type length

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>, header=True)
Print a string containing an ASCII description of the SpatialRegion.

Parameters

• stream (Stream based object) – The io to write to.

• header (bool) – Option to emphasize the description as a header or not.

radius()

Returns
The radius of the sphere.

Return type
PhysicalQuantity of type length

uniqueString()

Return a unique string representing the state of the object.

1 Jürgen Horbach, Walter Kob, and Kurt Binder. Specific heat of amorphous silica within the harmonic approximation. The Journal of Physical
Chemistry B, 103(20):4104–4108, 1999. doi:10.1021/jp983898b.
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value()

Function for asking for the value of the box region.

Returns
The value of the box region.

Return type
float | PhysicalQuantity compatible with Volt

Usage Examples

Define a dielectric region with dielectric constant 4𝜀0:

dielectric_region = SphereRegion(
value=4.0,
radius=2.0*Angstrom,
center=[1.0, 2.0 ,3.0]*Angstrom

)

dielectric_sphereregion.py

Define two metallic regions where the second metallic region is constructed by cloning the first:

metallic_region1 = SphereRegion(
value=1.0*Volt,
radius=2.0*Angstrom,
center=[1.0, 2.0 ,3.0]*Angstrom

)

metallic_region2 = metallic_region1(
value=-1*Volt,
radius=3.3*Angstrom,

)

metal_sphereregion.py

Notes

The following spatial regions are available:

• BoxRegion

• SphereRegion

• TubeRegion
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SpinDynamicsCurieTemperature

class SpinDynamicsCurieTemperature(temperatures: PhysicalQuantity, total_magnetic_moments:
PhysicalQuantity, max_total_magnetic_moment: PhysicalQuantity)

An object containing temperatures and related magnetizations with the purpose of estimating the Curie temper-
ature.

Parameters

• temperatures (PhysicalQuantity of type temperature) – The list of temperatures.

• total_magnetic_moments (PhysicalQuantity of type energy/magnetic field) – The list
of total magnetic moments of the entire system.

• max_total_magnetic_moments (PhysicalQuantity of type energy/magnetic field) –
The maximum total magnetic moment of the entire system.

maxTotalMagneticMoment()→ PhysicalQuantity
Get the maximum total magnetic moment. :return: The maximum total magnetic moment. :rtype: Physi-
calQuantity of type energy/magnetic field

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
Structured information about the data.

Return type
dict

nlprint(stream)

Print report with the data and results to a given stream.

Parameters
stream (stream) – The stream that the report should be written to.

relativeMagnetizations()→ ndarray
Get the relative magnetizations. :return: The relative magnetizations. :rtype: ndarray

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

temperatures()→ PhysicalQuantity
Get the temperatures. :return: The list of temperatures. :rtype: PhysicalQuantity of type temperature

totalMagneticMoments()→ PhysicalQuantity
Get the total magnetic moments. :return: The list of magnetic moments. :rtype: PhysicalQuantity of type
energy/magnetic field
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uniqueString()

Return a unique string representing the state of the object.

SpinTransferTorque

class SpinTransferTorque(configuration, energy=None, kpoints=None, contributions=None,
self_energy_calculator=None, energy_zero_parameter=None, infinitesimal=None,
z_integration_range=None, adaptive_directions=None, adaptive_method=None)

Class for representing the spin transfer torque for a given device configuration and calculator.

Parameters

• configuration (DeviceConfiguration.) – The configuration to calculate the spin
torque transfer of.

• energy (PhysicalQuantity of type energy) – The energy for which the spin transfer torque
should be calculated. Default: 0.0 * eV

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
AdaptiveGrid) – The k-points for which the spin transfer torque should be calculated.
Default: The Monkhorst-Pack grid used for the self-consistent calculation.

• contributions (Left | Right) – The density contributions to include in the spin transfer
torque. Default: Left

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy |
SparseRecursionSelfEnergy | KrylovSelfEnergy) – The self energy calcula-
tor to use. Default: RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy) – Small energy, used to move the spin
transfer torque calculation away from the real axis. This is only relevant for recursion-style
self-energy calculators. Default: 1.0e-6 * eV

• z_integration_range (list of float) – The range of fractional z-coordinates used
for integrating the spin transfer torque. This should be given as a list of two floats. This
is only used when the parameter kpoints is an AdaptiveGrid object. Default: [0.0,
0.5]

• adaptive_directions (list of CartesianDirection.{X,Y,Z}) – The
directions used for adaptive integration. This should be given as 1, 2,
or 3 CartesianDirection flags. Default: [CartesianDirection.X,
CartesianDirection.Y, CartesianDirection.Z]

• adaptive_method (RealSpace | OrbitalSpace) – The method used for adaptive inte-
gration. Default: OrbitalSpace

adaptive()

Returns
True if adaptive grids are used.

Return type
bool
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adaptiveIntegralValues()

Returns
The integrated spin-transfer torque in x, y, z direction obtained with adaptive integration.
If adaptive grids are not used, this function returns None.

Return type
numpy.array | None

adaptiveSTTValues()

Returns
The integrated spin-transfer torque values at each k-point obtained only with adaptive in-
tegration. If adaptive grids are not used, this function returns None.

Return type
numpy.array | None

contributions()

Returns
The contributions parameter.

Return type
Left | Right

energy()

Returns
The energy parameter.

Return type
PhysicalQuantity of type energy

energyZeroParameter()

Returns
The energy zero parameter.

Return type
AverageFermiLevel | AbsoluteEnergy

evaluate(x, y, z, spin=None)
Evaluate in the point x,y,z.

Parameters

• x (PhysicalQuantity with type length) – The cartesian x coordinate.

• y (PhysicalQuantity with type length) – The cartesian y coordinate.

• z (PhysicalQuantity with type length) – The cartesian z coordinate.

• spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z) – The spin component to
project on. Default: The spin that the object was constructed with.

Returns
The vector grid value at the specified point for the given spin. For Spin.All, a tuple with
(Spin.Sum, Spin.X, Spin.Y, Spin.Z) components is returned.

Return type
PhysicalQuantity
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getComponent(component=None)
Get the grid component.

Parameters
component (int) – The index of the component to extract; 0 for x, 1 for y, 2 for z. Default:
Return all

Returns
The grid component.

Return type
RealGrid3D | list of RealGrid3D

gridCoordinate(i, j, k)
Return the grid coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coornate of the given grid index.

Return type
PhysicalQuantity of type length.

kpoints()

Returns
A list of k-points obtained with adaptive integration, each as a list of two fractional cartesian
coordinates. If adaptive grids are not used, this function returns a MonkhorstPackGrid
object.

Return type
list of list | MonkhorstPackGrid

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.
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setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spinProjection(spin=None)
Query method to get a spin component of the VectorGridValue object.

Parameters
spin (Spin.Sum | Spin.Up | Spin.Down | Spin.X | Spin.Y | Spin.Z | Spin.
RealUpDown | Spin.ImagUpDown) – The spin component for which to return the Grid-
Values object. Default: Spin.Sum

Returns
A new VectorGridValues object for the specified spin.

Return type
VectorGridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array.

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.
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Usage Examples

Calculate the SpinTransferTorque in the real-space representation of a one-dimensional carbon chain with a small gap
in the middle where the electrons have to tunnel through. The spins to the left of the tunnelling gap points in a different
direction than the spins in the right part.

# -------------------------------------------------------------
# Left electrode
# -------------------------------------------------------------
# Set up lattice
vector_a = [6.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 6.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.8]*Angstrom
left_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)
# Define elements
left_electrode_elements = [Carbon, Carbon]
# Define coordinates
left_electrode_coordinates = [[ 3. , 3. , 1.45],

[ 3. , 3. , 4.35]]*Angstrom
# Set up configuration
left_electrode = BulkConfiguration(

bravais_lattice=left_electrode_lattice,
elements=left_electrode_elements,
cartesian_coordinates=left_electrode_coordinates
)

# -------------------------------------------------------------
# Right electrode
# -------------------------------------------------------------
# Set up lattice
vector_a = [6.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 6.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.8]*Angstrom
right_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)
# Define elements
right_electrode_elements = [Carbon, Carbon]
# Define coordinates
right_electrode_coordinates = [[ 3. , 3. , 1.45],

[ 3. , 3. , 4.35]]*Angstrom
# Set up configuration
right_electrode = BulkConfiguration(

bravais_lattice=right_electrode_lattice,
elements=right_electrode_elements,
cartesian_coordinates=right_electrode_coordinates
)

# -------------------------------------------------------------
# Central region
# -------------------------------------------------------------
# Set up lattice
vector_a = [6.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 6.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 71.5]*Angstrom
central_region_lattice = UnitCell(vector_a, vector_b, vector_c)
# Define elements

(continues on next page)
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(continued from previous page)

central_region_elements = [Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon,␣
→˓Carbon,

Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon,␣
→˓Carbon,

Carbon, Carbon, Carbon, Carbon, Carbon, Carbon, Carbon,␣
→˓Carbon]
# Define coordinates
central_region_coordinates = [[ 3. , 3. , 1.45],

[ 3. , 3. , 4.35],
[ 3. , 3. , 7.25],
[ 3. , 3. , 10.15],
[ 3. , 3. , 13.05],
[ 3. , 3. , 15.95],
[ 3. , 3. , 18.85],
[ 3. , 3. , 21.75],
[ 3. , 3. , 24.65],
[ 3. , 3. , 27.55],
[ 3. , 3. , 30.45],
[ 3. , 3. , 33.35],
[ 3. , 3. , 38.15],
[ 3. , 3. , 41.05],
[ 3. , 3. , 43.95],
[ 3. , 3. , 46.85],
[ 3. , 3. , 49.75],
[ 3. , 3. , 52.65],
[ 3. , 3. , 55.55],
[ 3. , 3. , 58.45],
[ 3. , 3. , 61.35],
[ 3. , 3. , 64.25],
[ 3. , 3. , 67.15],
[ 3. , 3. , 70.05]]*Angstrom

# Set up configuration
central_region = BulkConfiguration(

bravais_lattice=central_region_lattice,
elements=central_region_elements,
cartesian_coordinates=central_region_coordinates
)

device_configuration = DeviceConfiguration(
central_region,
[left_electrode, right_electrode]
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

LDABasis.Carbon_SingleZeta,
]

#----------------------------------------

(continues on next page)
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(continued from previous page)

# Exchange-Correlation
#----------------------------------------
exchange_correlation = NCLDA.PZ

#----------------------------------------
# Poisson Solver Settings
#----------------------------------------
left_electrode_poisson_solver = FastFourier2DSolver(

boundary_conditions=[[PeriodicBoundaryCondition,PeriodicBoundaryCondition],
[PeriodicBoundaryCondition,PeriodicBoundaryCondition],
[PeriodicBoundaryCondition,PeriodicBoundaryCondition]]

)
right_electrode_poisson_solver = FastFourier2DSolver(

boundary_conditions=[[PeriodicBoundaryCondition,PeriodicBoundaryCondition],
[PeriodicBoundaryCondition,PeriodicBoundaryCondition],
[PeriodicBoundaryCondition,PeriodicBoundaryCondition]]

)

# Use the special noncollinear mixing scheme
iteration_control_parameters = IterationControlParameters(

algorithm=PulayMixer(noncollinear_mixing=True)
)

#----------------------------------------
# Electrode Calculators
#----------------------------------------
left_electrode_calculator = LCAOCalculator(

basis_set=basis_set,
exchange_correlation=exchange_correlation,
poisson_solver=left_electrode_poisson_solver,
)

right_electrode_calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
poisson_solver=right_electrode_poisson_solver,
)

#----------------------------------------
# Device Calculator
#----------------------------------------
calculator = DeviceLCAOCalculator(

basis_set=basis_set,
exchange_correlation=exchange_correlation,
iteration_control_parameters = iteration_control_parameters,
electrode_calculators=

[left_electrode_calculator, right_electrode_calculator],
)

# Define the spin rotation
theta = 90*Degrees
left_spins = [(i, 1, 0*Degrees, 0*Degrees) for i in range(12)]
right_spins = [(i, 1, theta, 0*Degrees ) for i in range(12,24)]

(continues on next page)
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(continued from previous page)

spin_list = left_spins+right_spins
initial_spin = InitialSpin(scaled_spins=spin_list)

# Setup the initial state
device_configuration.setCalculator(
calculator,

initial_spin=initial_spin,
)

# Calculate and save
device_configuration.update()
nlsave("STT.nc", device_configuration)

# -------------------------------------------------------------
# Mulliken population
# -------------------------------------------------------------
mulliken_population = MullikenPopulation(device_configuration)
nlsave("STT.nc", mulliken_population)
nlprint(mulliken_population)

#----------------------------------------
# Spin Transfer Torque
#----------------------------------------
spin_transfer_torque = SpinTransferTorque(

configuration=device_configuration,
energy=0.0*eV,
kpoints=MonkhorstPackGrid(1,1),
contributions=Left,
self_energy_calculator=RecursionSelfEnergy(),
energy_zero_parameter=AverageFermiLevel,
infinitesimal=1.0e-6*eV

)
nlsave("STT.nc", spin_transfer_torque)

spin_transfer_torque.py

Spin transfer torque calculations can require a very fine k-point sampling in order to get converged results which can
be very computationally demanding. An alternative to the MonkhorstPack grid, which is the default, is to use an Adap-
tiveGrid which is automatically refined in the the regions in k-space where a fine resolution is required. A calculation,
with adaptive k-point grid, can be set up as follows:

#----------------------------------------
# Adaptive Grid.
#----------------------------------------

adaptive_grid = AdaptiveGrid(
kA_range=[-0.5, 0.5],
kB_range=[-0.5, 0.5],
tolerance=1e-2,
error_measure=Relative,
number_of_initial_levels=2,
maximum_number_of_levels=7)

(continues on next page)
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(continued from previous page)

#----------------------------------------
# Spin Transfer Torque
#----------------------------------------
spin_transfer_torque = SpinTransferTorque(

configuration=device_configuration,
energy=0.0*eV,
kpoints=adaptive_grid,
contributions=Left,
self_energy_calculator=RecursionSelfEnergy(),
energy_zero_parameter=AverageFermiLevel,
infinitesimal=1.0e-6*eV,
z_integration_range=[0.0, 0.5],
adaptive_directions=[0,1,2],
adaptive_method=RealSpace,

)
nlsave("STT.nc", spin_transfer_torque)

spin_transfer_torque_adaptive.py

The last three input arguments to the SpinTransferTorque object are special for the use of adaptive grids. They are
used to define a single function value from the three-dimensional vector grid, which represents the spin transfer torque
(STT). The STT is integrated over the transverse directions, x and y, and along the z-axis in an interval defined by the
z_integration_range such that 𝑧𝑚𝑖𝑛 = z_integration_range[0] and 𝑧𝑚𝑎𝑥 = z_integration_range[1]. In
fractional coordinates, this results in:

𝑆𝑖 =

∫︁ 0.5

−0.5

𝑑𝑥

∫︁ 0.5

−0.5

𝑑𝑦

∫︁ 𝑧𝑚𝑎𝑥

𝑧𝑚𝑖𝑛

𝑑𝑧 𝑆𝑇𝑇𝑖(𝑥, 𝑦, 𝑧),

where 𝑆𝑇𝑇𝑖 is the 𝑖’th cartesian component of the STT. (0,1,2) correspond to x-, y-, and z-direcrions respectively.
Which of the cartesian directions is included, is determined by the input argument adaptive_directions.

The last input argument, ‘adaptive_method’, can either be RealSpace or OrbitalSpace and refers to either a real-space
or orbital-space evaluation of the integrated STT 𝑆𝑖 . More information about the two approaches can be found in the
tutorial spin_transfer_torque.

Notes

More information is available in a technical note: Noncollinear spins and spin transfer torque in devices.

SplineInterpolation1D

class SplineInterpolation1D(x_values, y_values, left_boundary_type=0, left_boundary_value=0.0,
right_boundary_type=0, right_boundary_value=0.0)

Constructor for the SplineInterpolation1D object.

Parameters

• x_values (list(float,...)) – A list of x values of data points.

• y_values (list(float,...)) – A list of y values of data points.

• left_boundary_type (int (0 | 1 | 2)) – Boundary condition type for the left
boundary.
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– 0 - Parabolically terminated spline (left_boundary_value is ignored).

– 1 - First derivative boundary condition.

– 2 - Second derivative boundary condition.

• left_boundary_value (float) – Left boundary condition value.

• right_boundary_type (int (0 | 1 | 2)) – Boundary condition type for the right
boundary.

– 0 - Parabolically terminated spline (right_boundary_value is ignored).

– 1 - First derivative boundary condition.

– 2 - Second derivative boundary condition.

• right_boundary_value (float) – Right boundary condition value.

derivatives(x)
Calculate and return a tuple containing the derivatives (f, df/dx, d2f/dx2) of the spline interpolation eval-
uated at x.

@param x : The x value. @type : float @return The tuple (f, df/dx, d2f/dx2)

Usage Examples

Define a spline interpolation of the sin function:

x = numpy.linspace(-4,9,20)
y = numpy.sin(x)
f = SplineInterpolation1D(x,y)

Using the function, we obtain:

>>> print f(3)
0.141203196688
>>> print f.derivatives(3)
(0.14120319668785397, -0.98998913849695858, -0.14589372176098986)
>>> print numpy.array(f.derivatives(3)) - \\
numpy.array((numpy.sin(3), numpy.cos(3), -numpy.sin(3)))
[ 8.31886280e-05 3.35810349e-06 -4.77371370e-03]

Notes

• The data points does not need to have an increasing value of x.

• The data points does not need to have an equidistant separation.

• Function values outside the interpolation range will be extrapolated using the outermost spline function.
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SplitInterstitial

class SplitInterstitial(interstitial_element, site_element, site_index, unit_cell_index=None,
cartesian_coordinates=None, fractional_coordinates=None)

Data structure for a split interstitial (dumbbell) defect. This class only holds information and does not check for
physical validity, which is imposed by SplitInterstitialList during dumbbell generation. The two sets of
cartesian_coordinates (or fractional_coordinates) are symmetric with respect to site_index.

Parameters

• interstitial_element (PeriodicTableElement) – The element to add at the given
positions.

• site_element (PeriodicTableElement) – The lattice site displaced by the an inter-
stitial element.

• site_index (int) – The index of the atom in the bulk unit cell configuration to be sub-
stituted with a split interstitial defect. Default: 0

• unit_cell_index (sequence on int (size 3)) – The index of the unit cell in the
infinite crystal which the reference site belongs to. substituted with a split interstitial
defect. Default: (0, 0, 0)

• cartesian_coordinates (PhysicalQuantity of type length (size 2x3) | None) – Posi-
tions at which to insert two atoms of the split interstitial defect, given in absolute coordi-
nates. This option is mutually exclusive to fractional_coordinates. Default: None

• fractional_coordinates (numpy.array (size 2x3) | None) – Positions at
which to insert two atoms of the split interstitial defect, given in fractional coordinates
of the bulk unit cell. This option is mutually exclusive to cartesian_coordinates.
Default: None

cartesianCoordinates()

Returns
The coordinates of the split interstitial defect as Cartesian coordinates if they have been
specified, otherwise returns None.

Return type
PhysicalQuantity of type length (size 2x3) | None

defectList()

Returns
The list of constituent defects.

Return type
list of [Vacancy | Substitutional | Interstitial]

element()

Returns
The interstitial element used in the split-interstitial defect.

Return type
int

fractionalCoordinates()

Returns
The coordinates of the split interstitial defect as fractional coordinates if they have been
specified, otherwise returns None.
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Return type
numpy.array (size 2x3) | None

generateDefectConfiguration(reference_bulk_configuration, supercell_repetitions, use_ghost=None)
Generate the supercell with the embedded defect.

Parameters

• reference_bulk_configuration (BulkConfiguration) – The bulk unit cell
configuration.

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• use_ghost (bool) – Whether to use a ghost atom at the vacancy defect site (not
referenced for other types of defects).

Returns
The supercell configuration with the embedded defect.

Return type
BulkConfiguration

siteIndex()

Returns
Index of the site being replaced by a split interstitial defect

Return type
int

uniqueString()

Return a unique string representing the state of the object.

Notes

A split interstitial is a type of defect occurring in solids. It is created by introducing an impurity
interstitial_element that displaces an atom of the lattice. The pair of impurity and displaced atom is commonly
referred to as a dumbbell for its resemblance to the weight-lifting device, as seen in Fig. 4.34.

A SplitInterstitial can be added to a NamedPointDefect to define a defect for use in a ChargedPointDefectConfiguration
calculation.

SplitInterstitialGenerator

class SplitInterstitialGenerator(host_configuration, interstitial_element, split_direction,
split_length=None, symmetry_tolerance=None)

A class which describes the possible interstitial defects for a given host material.

Parameters

• host_configuration (BulkConfiguration) – The host configuration.

• interstitial_element (PeriodicTableElement) – The element to add as split-
interstitial defect.

• split_direction (MillerIndices) – MillerIndices object containing 3 int [hkl].
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Fig. 4.34: Split-interstitial on GaAs. One As atom of the crystal is replaced with two atoms of the same species. This
dumbbell defect is centered at the site of the original atom.

1960 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

• split_length (PhysicalQuantity of type length) – Length of the split. Default: None.

• symmetry_tolerance (PhysicalQuantity of type length) – The tolerance to be used when
determining the symmetries. Default: 0.1 * Angstrom.

filterByDefectGenerators(defect_generators)
Method for filtering a defect generator by keeping the defects that are in one or more other defect generators.

Parameters
defect_generators (list of BaseDefectGenerator) – The list of defect generators
containing the defects to keep after filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByDistinctConfigurations(top_n_configurations)
Method for selecting a number of distinct unique defects using the MTP structural descriptor.

Parameters
top_n_configurations (int) – Number of most distinct configurations.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByLatticeSpecies(element_list)
Method for selecting unique defects by element. Valid only for defect types that are associated with a
lattice site, e. g. Vacancies, but not Interstitials.

Parameters
element_list (PeriodicTableElement | list of PeriodicTableElement) – List of
elements to keep after filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | SplitInterstitialGenerator

filterByPointDefect(point_defects, keep_defects=True)
Method for filtering the generator of unique point defects by selecting a specific defects.

Parameters

• point_defects (Sequence of BasePointDefect) – The sequence of point de-
fects to filter.

• keep_defects (bool) – Whether or not the given defects are to be kept and all other
removed (True) or removed from the generator and all other defect kept (False). De-
fault: True

Returns
A filtered defect generator.
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Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterBySymmetryIndex(symmetry_indices)
Method for filtering the list of unique point defects by selecting specific symmetry indices.

Parameters
symmetry_indices (int | list of int) – The list of symmetry indices to keep after
filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByZPositionInterval(start=None, end=None)
Method for selecting unique defects by their position in an interval of the z axis. Note: The

Parameters

• start (PhysicalQuantity of type length) – The start of the position interval. Default:
0 * Angstrom.

• end (PhysicalQuantity of type length) – The end of the position interval. Default:
length of the cell in z direction.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

hostConfiguration()

Returns
The host configuration.

Return type
BulkConfiguration

indices()

Returns
The defect indices for the current defect generator.

Return type
list of int

interstitialElement()

Returns
The element to add as interstitial defect.

Return type
PeriodicTableElement
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pointDefects()

Returns
The list of unique point defects.

Return type
Vacancy | Substitutional | Interstitial | DefectCluster | SplitInterstitial

splitDirection()

Returns
MillerIndices object containing 3 int [hkl].

Return type
MillerIndices

splitLength()

Returns
Length of the split.

Return type
PhysicalQuantity of type length

symmetryTolerance()

Returns
The symmetry tolerance.

Return type
PhysicalQuantity of type length

uniqueDefects()

Returns
The list of symmetrically unique point defects with their names and symmetry indices,
ordered by increasing index.

Return type
list of NamedPointDefect

uniqueString()

Return a unique string representing the state of the object.

Notes

+The SplitInterstitialGenerator object generates the symmetrically unique split-interstitial +defects for a given host
material, by identifying the symmetrically equivalent atoms and positions. The SplitInterstitialGenerator object is
derived from the BaseDefectGenerator object, and thus contains the common methods from that object.

To create a SplitInterstitialGenerator object, a specific host configuration must be given along with the interstitial
element and a split direction. The split direction is specified as three Miller indices which give the direction relative to
the unit cell. Optionally, a split length can also be given using the split_length argument. The lattice and interstitial
atoms are then moved in opposite directions along the specified split direction, each by half the split length. Once the
generator is created filters can be added so that only the desired subset of defects are generated.

The unique defects can be returned with the uniqueDefects method as NamedPointDefect objects, which can be used
as input for a ChargedPointDefectConfiguration object. The defects and generators can also be given to a Defects object
to create the basic defect configurations.
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SteeredMolecularDynamics

class SteeredMolecularDynamics(collective_variable, velocity, spring_constant,
initial_target_cv_value=None, collective_variable_name='CV',
measurement_interval=10)

Hook class to run steered MD by applying a moving spring to a given collective variable.

Parameters

• collective_variable (DiffractionPeak | object) – The collective variable (cv) on
which the steered MD should act. The unit of the collective variable must be consistent
with the units for velocity and spring_constant.

• velocity (PhysicalQuantity if type cv-unit / time) – The velocity at which the spring
position moves.

• spring_constant (PhysicalQuantity if type energy / cv-unit ** 2) – The spring constant
used to move the collective variable.

• initial_target_cv_value (float | PhysicalQuantity of type cv-unit | None) – The ini-
tial target value of the collective variable. If not specified the initial value at the first MD
step is used.

• collective_variable_name (str) – The name with which the collective variable
shows up in the measurements.

• measurement_interval (int) – The interval at which measurements of cv-value and
bias potential are measured.

callInterval()

Returns
The call interval of this hook function.

Return type
int

measurements(step, time, configuration)
Measurement hook that records the collective variable value, bias, and target value.

Parameters

• step (int) – The MD step number.

• time (PhysicalQuantity of type time) – The MD time.

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The current MD con-
figuration.

Returns
A dictionary with the measurements.

Return type
dict
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Usage Examples

Use the DiffractionPeak as collective variable in a SteeredMolecularDynamics to accelerate the crystallization
in an amorphous cobalt silicide configuration using the MomentTensorPotential.

# Set up the diffraction peak intensity at q=2.1/Ang as collective variable.
# The diffraction intensity is only calculated for Cobalt atoms.
diffraction_peak = DiffractionPeak(

cutoff_radius=10.0*Ang,
q_value=2.1/Ang,
included_atoms=[Cobalt],

)

# Set up the Steered MD with the diffraction peak intensity as collective variable.
# The object will be used as post-step-hook in the MD simulation.
hook_function = SteeredMolecularDynamics(

collective_variable=diffraction_peak,
velocity=300/1000/ps,
spring_constant=0.5*eV,
measurement_interval=50,

)

method = NVTNoseHoover(
initial_velocity=MaxwellBoltzmannDistribution(

temperature=1500.0*Kelvin
),
reservoir_temperature=1500.0*Kelvin,
thermostat_timescale=500.0*fs,

)

md_trajectory = MolecularDynamics(
configuration=last_image_2,
constraints=[

FixCenterOfMass()
],
trajectory_filename='CoSi2_bulk_crystallization.hdf5',
steps=1200000,
post_step_hook=hook_function,
measurement_hook=hook_function.measurements,
log_interval=5000,
method=method

)

crystallization_example.py
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Notes

The SteeredMolecularDynamics object can be used as a post_step_hook in MolecularDynamics() or
TimeStampedForceBiasMonteCarlo() to drive a given collective variable towards a specified value. This is done
using a bias potential which mimics a harmonic spring acting on the collective variable (CV):

𝑉 𝑏𝑖𝑎𝑠(R) =
1

2
𝑘(𝐶𝑉 (R) − 𝑣𝐶𝑉 𝑡− 𝐶𝑉0)2

where R is the set of atomic coordinates, 𝑘 is the spring constant, 𝐶𝑉 (R) is the collective variable as function of
all cartesian coordinates, and 𝑣𝐶𝑉 is the velocity at which the spring moves. 𝐶𝑉0 is the initial CV value which is
either taken as the value at 𝑡 = 0 or can be specified explicitly via the keyword initial_target_cv_value. The
values of the collective variable (actual value and target value), as well as the value of the bias potential are stored as
measurements on the resulting MDTrajectory object and can be visualized in the MovieTool, along with the Movie
of the simulation.

SteeredMolecularDynamics can be used with predefined or custom implementations of collective variables which
implement the calculation of CV value and the derivatives with respect to atomic positions and cell vectors via the
method calculateCVAndDerivatives. Currently, only the class DiffractionPeak is available as predefined col-
lective variable.

Stiwe2Potential

class Stiwe2Potential(particleType1, particleType2, p, A, B, gamma, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• p (float) – Potential parameter.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type length**p) – Potential parameter.

• gamma (PhysicalQuantity of type length ) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – Cutoff radius

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.
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setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for silicon by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk silicon configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0.00, 0.00, 0.00],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name = 'StillingerWeber_Si_1985')

# Add the particle type to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si', mass=28.0855*atomic_mass_unit))

# Add the Stillinger-Weber two-body potential to the potential set
potentialSet.addPotential(Stiwe2Potential('Si', 'Si',

r_cut=3.77118*Angstrom,
p=4.0,
A = 15.2855528754*eV,
B = 11.6031922834*Ang**4,
gamma = 2.0951*Angstrom))

# Add the Stillinger-Weber three-body potential to the potential set
potentialSet.addPotential(Stiwe3Potential('Si', 'Si', 'Si',

(continues on next page)
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(continued from previous page)

gamma0=2.51412*Angstrom,
gamma1=2.51412*Angstrom,
l=45.5343*eV,
cosTheta0=-0.333333333333,
type=1,
r_0=3.77118*Angstrom,
r_1=3.77118*Angstrom,
r_13=-1.0*Angstrom))

# Create the TremoloX calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

Notes

The Stiwe2Potential represents the two-body contribution of the Stillinger-Weber potential1.

The Stillinger-Weber potential can be written as:

𝑉 =
∑︁
𝑖<𝑗

𝑣𝑖𝑗2 (𝑟𝑖𝑗) +
∑︁
𝑖<𝑗<𝑘

[𝑣𝑖𝑗𝑘3 (𝑟𝑗𝑖, 𝑟𝑗𝑘, 𝜃𝑖𝑗𝑘) + 𝑣𝑗𝑖𝑘3 (𝑟𝑖𝑗 , 𝑟𝑖𝑘, 𝜃𝑗𝑖𝑘) + 𝑣𝑖𝑘𝑗3 (𝑟𝑘𝑖, 𝑟𝑘𝑗 , 𝜃𝑖𝑘𝑗)] .

The two-body part is calculated as

𝑣𝑖𝑗2 (𝑟) = 𝐴 · (𝐵 · 𝑟−𝑝 − 1) · exp

[︂
𝛾

𝑟 − 𝑟cut

]︂
.

For a more general form of the two-body term, see GeneralStiwe2Potential.

For the three-body part two types are available, which can be selected by the type argument.

Type 1:

𝑣𝑖𝑗𝑘3 (𝑟𝑗𝑖, 𝑟𝑗𝑘, 𝜃) = 𝜆 exp

[︂
𝛾0

𝑟𝑗𝑖 − 𝑟0
+

𝛾1
𝑟𝑗𝑘 − 𝑟1

]︂
· (cos(𝜃) − 𝑐𝑜𝑠(𝜃0))

𝛼
.

If not specified otherwise, 𝛼 is set to 2, as in the original Stillinger-Weber potentialPage 1968, 1.

Type 2:

𝑣𝑖𝑗𝑘3 (𝑟𝑗𝑖, 𝑟𝑗𝑘, 𝜃) = 𝜆 exp

[︂
𝛾0

𝑟𝑗𝑖 − 𝑟0
+

𝛾1
𝑟𝑗𝑘 − 𝑟1

]︂
· (cos(𝜃) − 𝑐𝑜𝑠(𝜃0)) sin(𝜃) cos(𝜃) .

Stiwe3Potential

class Stiwe3Potential(particleType1, particleType2, particleType3, gamma0, gamma1, l, cosTheta0, type, r_0,
r_1, r_13, alpha=None)

Constructor of the potential.

Parameters
1 F. H. Stillinger and T. A. Weber. Computer simulation of local order in condensed phases of silicon. Phys. Rev. B, 31:5262–5271, Apr 1985.

doi:10.1103/PhysRevB.31.5262.
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• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• gamma0 (PhysicalQuantity of type length ) – Potential parameter.

• gamma1 (PhysicalQuantity of type length ) – Potential parameter.

• l (PhysicalQuantity of type energy) – Potential parameter.

• cosTheta0 (float) – Potential parameter.

• type (int) – Potential parameter.

• r_0 (PhysicalQuantity of type length ) – Cutoff radius

• r_1 (PhysicalQuantity of type length ) – Cutoff radius

• r_13 (PhysicalQuantity of type length ) – Cutoff radius

• alpha (float) – Potential parameter

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a potential for silicon by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk silicon configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

(continues on next page)
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(continued from previous page)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0.00, 0.00, 0.00],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name = 'StillingerWeber_Si_1985')

# Add the particle type to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si', mass=28.0855*atomic_mass_unit))

# Add the Stillinger-Weber two-body potential to the potential set
potentialSet.addPotential(Stiwe2Potential('Si', 'Si',

r_cut=3.77118*Angstrom,
p=4.0,
A = 15.2855528754*eV,
B = 11.6031922834*Ang**4,
gamma = 2.0951*Angstrom))

# Add the Stillinger-Weber three-body potential to the potential set
potentialSet.addPotential(Stiwe3Potential('Si', 'Si', 'Si',

gamma0=2.51412*Angstrom,
gamma1=2.51412*Angstrom,
l=45.5343*eV,
cosTheta0=-0.333333333333,
type=1,
r_0=3.77118*Angstrom,
r_1=3.77118*Angstrom,
r_13=-1.0*Angstrom))

# Create the TremoloX calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)
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Notes

The Stiwe3Potential defines the three-body contribution of the Stillinger-Weber potential1.

The Stillinger-Weber potential can be written as:

𝑉 =
∑︁
𝑖<𝑗

𝑣𝑖𝑗2 (𝑟𝑖𝑗) +
∑︁
𝑖<𝑗<𝑘

[𝑣𝑖𝑗𝑘3 (𝑟𝑗𝑖, 𝑟𝑗𝑘, 𝜃𝑖𝑗𝑘) + 𝑣𝑗𝑖𝑘3 (𝑟𝑖𝑗 , 𝑟𝑖𝑘, 𝜃𝑗𝑖𝑘) + 𝑣𝑖𝑘𝑗3 (𝑟𝑘𝑖, 𝑟𝑘𝑗 , 𝜃𝑖𝑘𝑗)] .

The two-body part is calculated as

𝑣𝑖𝑗2 (𝑟) = 𝐴 · (𝐵 · 𝑟−𝑝 − 1) · exp

[︂
𝛾

𝑟 − 𝑟cut

]︂
.

For the three-body part two types are available, which can be selected by the type argument.

Type 1:

𝑣𝑖𝑗𝑘3 (𝑟𝑗𝑖, 𝑟𝑗𝑘, 𝜃) = 𝜆 exp

[︂
𝛾0

𝑟𝑗𝑖 − 𝑟0
+

𝛾1
𝑟𝑗𝑘 − 𝑟1

]︂
· (cos(𝜃) − 𝑐𝑜𝑠(𝜃0))

𝛼
.

If not specified otherwise, 𝛼 is set to 2, as in the original Stillinger-Weber potentialPage 1971, 1.

Type 2:

𝑣𝑖𝑗𝑘3 (𝑟𝑗𝑖, 𝑟𝑗𝑘, 𝜃) = 𝜆 exp

[︂
𝛾0

𝑟𝑗𝑖 − 𝑟0
+

𝛾1
𝑟𝑗𝑘 − 𝑟1

]︂
· (cos(𝜃) − 𝑐𝑜𝑠(𝜃0)) sin(𝜃) cos(𝜃) .

StoreOnDisk

class StoreOnDisk(filename=None, mode=None, working_directory=None)
Class indicating that the self energies should be cached to disk.

The given file will be used for both reading and writing self energies if mode is Append. If no filename is given,
or mode is ReadOnly, newly calculated self energies are stored in a temporary cache file for the duration of the
calculation (note that this file will be deleted at the end of the calculation).

Parameters

• filename (str) – The filename to read/write self energies to.

• mode (Append | ReadOnly) – Whether newly calculated self energies are added to the
given file. With Append, new self energies are appended to the file. With ReadOnly,
they are stored in a temporary file that is discarded at the end of the calculation. Default:
Append

• working_directory (str) – The directory to store temporary cache files in. Default:
The system’s temporary directory.

uniqueString()

Return a unique string representing the state of the object.
1 F. H. Stillinger and T. A. Weber. Computer simulation of local order in condensed phases of silicon. Phys. Rev. B, 31:5262–5271, Apr 1985.

doi:10.1103/PhysRevB.31.5262.
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Usage Examples

Basic examples on how to use StoreOnDisk() and other storage strategies can be found in the Usage Examples of
RecursionSelfEnergy.

Temporarily save self energies on disk

Define that the self energies are saved on disk in a temporary file after the first iteration of the SCF loop and reused in
the following iterations.

self_energy_calculator = RecursionSelfEnergy(
storage_strategy=StoreOnDisk()

)

By default, a temporary cache file is created in the system’s temporary directory. The location of the temporary cache
file can also be specified.

self_energy_calculator = RecursionSelfEnergy(
storage_strategy=StoreOnDisk(working_directoy='/home/user/')

)

Reuse self energies between calculations

Specify the path of the file that stores the calculated self energies after the first iteration of the SCF loop.

self_energy_calculator = RecursionSelfEnergy(
storage_strategy=StoreOnDisk(filename='/home/user/selfenergycache.hdf5')

)

Note: Self energies are stored on disk using the HDF5 format. The filename provided to StoreOnDisk() can have
any extension.

In subsequent calculations, the previously calculated self energies can be reused by providing the same path again.

Important: QuantumATK does not verify the validity of the self energies in the provided file. Providing a cache file
containing self energies calculated for a different electrode will give incorrect results.

By default, self energies not present in the cache file are calculated and added to the cache file. This can be avoided by
marking the cache file read-only.

self_energy_calculator = RecursionSelfEnergy(
storage_strategy=StoreOnDisk(

filename='/home/user/selfenergycache.hdf5'),
mode=ReadOnly
)

)
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Notes

In each step of the SCF loop of a device calculation, the same self energies need to be evaluated.

The StoreOnDisk() storage strategy specifies that each self energy is calculated only once and stored on disk. The
self energies are reused in subsequent iterations. This strategy can significantly improve performance, but requires
sufficient disk space.

In calculations involving a large number of parallel processes, storing the self energies to disk is equally fast as the
SaveInMemory() storage strategy inside a single node. However, when a custom filename is used, the performance
can slightly slow down when multiple nodes are involved in the calculation. If a temporary file is used instead, there
is no slowdown across nodes. After the self energies have been stored, the StoreOnDisk() and SaveInMemory()
storage strategies provide a similar performance improvement regardless of the parameters used.

Note that the StoreOnDisk() storage strategy requires less memory than the SaveInMemory() strategy, and is there-
fore the recommended choice for memory-intensive calculations when there is plenty of disk space available.

StrainConfigurationHook

class StrainConfigurationHook(strain_direction=None, strain_rate=None, strain_interval=1)
Pre-step hook apply strain to the configuration in a given cartesian direction during an MD simulation.

Parameters

• strain_direction – The Cartesian direction to strain. May either be a uniaxial strain
(e.g. “x”, “y”, “z”) or a shear strain (e.g. “xy”, “zx”, “yz”).

• strain_rate (PhysicalQuantity of type inverse time) – The amount of strain per unit
time applied to the chosen axis.

• strain_interval (int) – The number of MD steps between when the strain is applied
to the configuration.

callInterval()

Returns
The call interval of this hook function.

Return type
int

Usage Examples

Run a 6 ps NVT MD simulation, with a strain rate of 0.25% per ps, while measuring the stress and strain at every MD
step. These measurements are then used to plot a stress-strain curve.

# Define a strain configuration hook.
strain_hook = StrainConfigurationHook(

strain_direction='x',
strain_rate=0.005 / ps,
strain_interval=1000,

)

measurement_names = ['stress_xx', 'strain_xx']
(continues on next page)
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(continued from previous page)

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='stress_strain.hdf5',
steps=6000,
log_interval=1000,
pre_step_hook=strain_hook,
measurement_hook=MDMeasurement(measurement_names, call_interval=1),
method=method,

)

bulk_configuration = md_trajectory.lastImage()

# Get stress strain values.
times, strains = md_trajectory.measurement('strain_xx')
times, stresses = md_trajectory.measurement('stress_xx')

# Perform linear fit.
polynomial_coefficients = numpy.polyfit(strains, stresses.inUnitsOf(GPa), 1)
youngs_modulus = polynomial_coefficients[0] * GPa

# Evaluate polynomial to plot best fit line.
stresses_fit = numpy.polyval(polynomial_coefficients, strains)

# Plot the fit.
import pylab
pylab.plot(

strains,
stresses_fit,
label="Linear Fit (Young's Modulus=%.1f GPa)" % youngs_modulus,

)

# Plot MD data.
pylab.scatter(

strains,
stresses.inUnitsOf(GPa),
label='MD Data',
color='k',

)

# Setup plot.
pylab.xlabel('Strain')
pylab.ylabel('Stress (GPa)')
pylab.legend()

# Save to file.
pylab.savefig('stress_strain.png')

The resulting plot will look like:

The full script can be downloaded: stress_strain.py
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Stress Strain Calculations

In a stress-strain calculation the cell is extended or strained in one direction and the resulting stress in that direction
is then recorded. In the elastic region, the stress ideally varies linearly with the strain. The derivative of the stress-
strain curve is the Young’s modulus of the material. The StrainConfigurationHook enables you to easily calculate the
Young’s modulus by extending the cell during the simulation in the specified direction. The stress during the molecular
dynamics run can then be recorded using an MDMeasurement object. The StrainConfigurationHook is included in the
molecular dynamics simulation by using the pre_step_hook argument. This argument takes functions or callable
objects that are called before the coordinates are integrated in each molecular dynamics step.

Notes

• The strain is defined as the engineering strain, which is the relative change from the initial unit cell.

• For additional information on using hooks in molecular dynamics see the notes section of the MolecularDynamics
reference manual entry.

Stress

class Stress(configuration, fix_strain=None)
Class for calculating the stress of a configuration.

Parameters

• configuration (BulkConfiguration) – Configuration with a calculator that supports
stress calculations.

• fix_strain (FixStrain | None) – Additional constraint parameter. Default: None

evaluate()
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Returns
The stress for the given configuration. The shape of the stress tensor is (3,3).

Return type
PhysicalQuantity with the unit eV * Angstrom**-3

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate and print the stress tensor of a compressed GaAs crystal:

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4*Angstrom),
elements=[Gallium, Arsenic],
cartesian_coordinates=[[ 0. , 0. , 0. ],

[ 1.413425, 1.413425, 1.413425]]*Angstrom
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=NumericalAccuracyParameters(
k_point_sampling=(4, 4, 4))
)

bulk_configuration.setCalculator(calculator)

#calculate the stress
stress = Stress(bulk_configuration)
nlprint(stress)

stress.py
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Notes

Stress is given by the derivative of the total energy, 𝐸, with respect to a strain 𝜖𝛼𝛽 ,

𝜎𝛼𝛽 =
1

𝑉

𝑑𝐸

𝑑𝜖𝛼𝛽
.

In this equation, 𝑉 , is the volume of the system and the strain tensor displaces positions by

𝑅𝜖𝛼 =
∑︁
𝛽

(𝛿𝛼𝛽 + 𝜖𝛼𝛽)𝑅𝛽 .

Stress has unit energy per volume element, i.e. eV/Å 3.

Substitutional

class Substitutional(element, site_index=None, unit_cell_index=None)
Defines a substitutional defect. Used as part of a ChargedPointDefect study.

Parameters

• element (PeriodicTableElement) – The element to substitute the atom at the selected
site with.

• site_index (int) – The index of the atom in the bulk unit cell configuration to be sub-
stituted with the given element. Default: 0.

• unit_cell_index (sequence (size 3) of int) – The index of the unit cell in the
infinite crystal which the substitutional site belongs to. Default: (0, 0, 0).

element()

Returns
The element used in the substitutional defect.

Return type
PeriodicTableElement

generateDefectConfiguration(reference_bulk_configuration, supercell_repetitions, use_ghost=None)
Generate the supercell with the embedded defect.

Parameters

• reference_bulk_configuration (BulkConfiguration) – The bulk unit cell
configuration.

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• use_ghost (bool) – Whether to use a ghost atom at the vacancy defect site (not
referenced for other types of defects).

Returns
The supercell configuration with the embedded defect.

Return type
BulkConfiguration
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siteIndex()

Returns
The index of the lattice site which the defect is referenced to.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

unitCellIndex()

Returns
The index of the unit cell in the infinite crystal which the reference site belongs to.

Return type
tuple (size 3) of int

Notes

The Substitutional object defines a substitution defect in a material.

A Substitutional can be added to a NamedPointDefect to define a defect for use in a ChargedPointDefectConfiguration
calculation.

See Defining the point defect for a description of how to use this object as part of a ChargedPointDefect study.

SubstitutionalGenerator

class SubstitutionalGenerator(host_configuration, substitutional_element, symmetry_tolerance=None)
A class which describes the possible substitutional defects for a given host material.

Parameters

• host_configuration (BulkConfiguration) – The host configuration.

• substitutional_element (PeriodicTableElement) – The element to set as substi-
tutional defect.

• symmetry_tolerance (PhysicalQuantity of type length) – The tolerance to be used when
determining the symmetries. Default: 0.1 * Angstrom.

filterByDefectGenerators(defect_generators)
Method for filtering a defect generator by keeping the defects that are in one or more other defect generators.

Parameters
defect_generators (list of BaseDefectGenerator) – The list of defect generators
containing the defects to keep after filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator
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filterByDistinctConfigurations(top_n_configurations)
Method for selecting a number of distinct unique defects using the MTP structural descriptor.

Parameters
top_n_configurations (int) – Number of most distinct configurations.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByLatticeSpecies(element_list)
Method for selecting unique defects by element. Valid only for defect types that are associated with a
lattice site, e. g. Vacancies, but not Interstitials.

Parameters
element_list (PeriodicTableElement | list of PeriodicTableElement) – List of
elements to keep after filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | SplitInterstitialGenerator

filterByLatticeSpeciesAndDistinctConfigurations(top_n_configurations, element)
Method for selecting a number of distinct unique defects using the MTP structural descriptor.

Parameters

• top_n_configurations (int) – Number of most distinct configurations.

• element (PeriodicTableElement) – Element to keep after filtering.

Returns
A filtered defect list.

Return type
SubstitutionalGenerator

filterByPointDefect(point_defects, keep_defects=True)
Method for filtering the generator of unique point defects by selecting a specific defects.

Parameters

• point_defects (Sequence of BasePointDefect) – The sequence of point de-
fects to filter.

• keep_defects (bool) – Whether or not the given defects are to be kept and all other
removed (True) or removed from the generator and all other defect kept (False). De-
fault: True

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator
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filterBySymmetryIndex(symmetry_indices)
Method for filtering the list of unique point defects by selecting specific symmetry indices.

Parameters
symmetry_indices (int | list of int) – The list of symmetry indices to keep after
filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByZPositionInterval(start=None, end=None)
Method for selecting unique defects by their position in an interval of the z axis. Note: The

Parameters

• start (PhysicalQuantity of type length) – The start of the position interval. Default:
0 * Angstrom.

• end (PhysicalQuantity of type length) – The end of the position interval. Default:
length of the cell in z direction.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

hostConfiguration()

Returns
The host configuration.

Return type
BulkConfiguration

indices()

Returns
The defect indices for the current defect generator.

Return type
list of int

pointDefects()

Returns
The list of unique point defects.

Return type
Vacancy | Substitutional | Interstitial | DefectCluster | SplitInterstitial

substitutionalElement()

Returns
The element to add as substitutional defect.

Return type
PeriodicTableElement
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symmetryTolerance()

Returns
The symmetry tolerance.

Return type
PhysicalQuantity of type length

uniqueDefects()

Returns
The list of symmetrically unique point defects with their names and symmetry indices,
ordered by increasing index.

Return type
list of NamedPointDefect

uniqueString()

Return a unique string representing the state of the object.

Notes

The SubstitutionalGenerator object generates the symmetrically unique substitutional defects for a given host material,
by identifying the symmetrically equivalent atoms and positions. In multi-element configurations, substitutions are
ignored if the lattice element would not change. The SubstitutionalGenerator object is derived from the BaseDefect-
Generator object, and thus contains the common methods from that object.

To create a SubstitutionalGenerator object, a specific host configuration must be given along with the substitution
element. Once the generator is created, filters can be added so that only the desired subset of defects are generated.

The unique defects can be returned with the uniqueDefects method as NamedPointDefect objects, which can be used
as input for a ChargedPointDefectConfiguration object. The defects and generators can also be given to a Defects object
to create the basic defect configurations.

SurfaceBandstructure

class SurfaceBandstructure(configuration, route=None, points_per_segment=None, kpoints=None,
energies=None, projection_list=None, contributions=None,
self_energy_calculator=None, energy_zero_parameter=None,
infinitesimal=None)

Constructor for the SurfaceBandstructure object.

Parameters

• configuration (DeviceConfiguration | SurfaceConfiguration) – The one- or
two-probe configuration with attached calculator for which the surface band structure
should be calculated.

• route (list of str) – The route to take through the Brillouin-zone as a list of sym-
metry points of the unit cell, e.g. ['G', 'X', 'G']. This option is mutually exclusive
to kpoints. Default: Unit-cell dependent route.

• points_per_segment (Positive int) – The number of points per segment of the
route. This option is mutually exclusive to kpoints. Default: 20.
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• kpoints (list of lists of floats) – A list of 3-dimensional fractional k-points
at which to calculate the band structure e.g. [[0.0, 0.0, 0.0], [0.0, 0.0, 0.1],
...]. The shape is (K, 3) where K is the number of k-points. This option is mutually
exclusive to route, and points_per_segment. Default: Unit-cell dependent route.

• energies (PhysicalQuantity of type energy.) – The energies for which the spectrum
of the band structure should be calculated. Default: numpy.linspace(-2.0, 2.0,
200)*eV

• projection_list (ProjectionList) – A projection object list defining a projection.
Default: If no projection list is specified, all orbitals will be used.

• contributions (Left | Right | All) – The density contributions to include in the spec-
tral function. Default: All

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy |
SparseRecursionSelfEnergy | KrylovSelfEnergy) – The self energy calcula-
tor to be used. Default: RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy.) – Specifies the
energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy.) – Small energy, used to move the
density of states calculation away from the real axis. This is only relevant for recursion-
style self-energy calculators. Default: 1.0e-6*eV

contributions()

Returns
The choice of electrodes from which the contributions from the transmission states are
used.

Return type
Left | Right | All

electrodeFermiLevels()

Returns the Fermi level(s) of the electrode(s). For a DeviceConfiguration the left and right electrode
Fermi levels are returned, while for a SurfaceConfiguration only the Fermi level of the surface elec-
trode is returned.

Returns
The Fermi level(s) of the electrode(s).

Return type
list of PhysicalQuantity of type energy

energies()

Returns
The energies of the energy spectrum of the surface band structure.

Return type
PhysicalQuantity of type energy.

energyZero()

The energy zero. It is zero if the energy zero parameter is equal to AbsoluteEnergy, otherwise it is
determined by the electrode Fermi level(s). For a DeviceConfiguration it is the average of the left and
right electrode Fermi levels. For a SurfaceConfiguration it is equal to the surface Fermi level.

Returns
The energy zero.
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Return type
PhysicalQuantity of type energy

energyZeroParameter()

Returns
The specified choice of the energy zero.

Return type
AverageFermiLevel | AbsoluteEnergy

evaluate(spin=None)
Evaluate the spectral function.

Parameters
spin (Spin) – The spin component. Default: Spin.Sum

Returns
The spectral function. The shape is (K, E) where E is the number of energies and K is
the number of k-points. If spin is Spin.All the shape will be (S, K, E) with S being the
number of spin components which is 2 for a polarized calculation and 1 otherwise.

Return type
PhysicalQuantity of type inverse energy.

infinitesimal()

Returns
The infinitesimal used for calculating the surface band structure.

Return type
PhysicalQuantity of type energy.

kpoints()

Returns
The array of 3-dimensional fractional k-points at which the spectrum is calculated. The
shape is (K, 3) where K is the number of k-points.

Return type
numpy.ndarray

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

projectionList()

The projections to include in the contribution to the surface band structure.

Returns
The ProjectionList object.
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Return type
ProjectionList

route()

Returns
The route through the Brillouin-zone as a list of symmetry points of the unit cell.

Return type
list of str

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Notes

The SurfaceBandstructure object can be used to perform a detailed study of the projected density of states along
specified k-point routes. The SurfaceBandstructure can be calculated for both device- and surface configurations as
performed in1 and2, respectively.

Technically speaking the SurfaceBandstructure doesn’t calculate the bandstructure, but rather the device density of
states, 𝐷(𝐸, 𝑘) along a route of k-point in the plane perpendicular to the C-axis. As illustrated inPage 1984, 1 and2 the
resulting figures resembles band structure plots, hence the name.

Usage Example

This example script shows how to perform a SurfaceBandstructure calculation on a silver (111) surface. This structure
has a characteristic surface state around the Γ-point as also shown in2 (Fig. 11).

# -*- coding: utf-8 -*-
setVerbosity(MinimalLog)

# -------------------------------------------------------------
# Left Electrode
# -------------------------------------------------------------

# Set up lattice
vector_a = [2.88902617589, 0.0, 0.0]*Angstrom
vector_b = [-1.44451308795, 2.50197006052, 0.0]*Angstrom
vector_c = [0.0, 0.0, 7.07663998448]*Angstrom
left_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)

(continues on next page)

1 J. M Marmolejo-Tejada, K. Dolui, P. Lazić, P.H. Chang, S. Smidstrup, D. Stradi, K. Stokbro, and B. K. Nikolić. Proximity band structure and
spin textures on both sides of topological-insulator/ferromagnetic-metal interface and their charge transport probes. Nano Letters, 17:5626–5633,
2017. doi:10.1021/acs.nanolett.7b02511.

2 S. Smidstrup, D. Stradi, J. Wellendorff, P. A. Khomyakov, U. G. Vej-Hansen, M.-E. Lee, T. Ghosh, E. Jonsson, H. Jonsson, and K. Stokbro.
First-principles Green’s-function method for surface calculations: a pseudopotential localized basis set approach. Phys. Rev. B, 96:195309, 2017.
URL: https://link.aps.org/doi/10.1103/PhysRevB.96.195309.
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(continued from previous page)

# Define elements
left_electrode_elements = [Silver, Silver, Silver]

# Define coordinates
left_electrode_coordinates = [[-0. , 1.667980040348, 1.179540023274],

[-0. , 0. , 3.538420018102],
[ 1.444513087947, 0.833990020174, 5.89730001293␣

→˓]]*Angstrom

# Set up configuration
left_electrode = BulkConfiguration(

bravais_lattice=left_electrode_lattice,
elements=left_electrode_elements,
cartesian_coordinates=left_electrode_coordinates
)

# -------------------------------------------------------------
# Central Region
# -------------------------------------------------------------

# Set up lattice
vector_a = [2.88902617589, 0.0, 0.0]*Angstrom
vector_b = [-1.44451308795, 2.50197006052, 0.0]*Angstrom
vector_c = [0.0, 0.0, 44.7683399716]*Angstrom
central_region_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
central_region_elements = [Silver, Silver, Silver, Silver, Silver, Silver, Silver,␣
→˓Silver,

Silver, Silver, Silver]

# Define coordinates
central_region_coordinates = [[ -0. , 1.667980040348, 1.179540023274],

[ -0. , 0. , 3.538420018102],
[ 1.444513087947, 0.833990020174, 5.89730001293 ],
[ -0. , 1.667980040348, 8.256180007758],
[ -0. , 0. , 10.615060002586],
[ 1.444513087947, 0.833990020174, 12.973939997414],
[ -0. , 1.667980040348, 15.332819992242],
[ -0. , 0. , 17.69169998707 ],
[ 1.444513087947, 0.833990020174, 20.050579981898],
[ -0. , 1.667980040348, 22.409459976726],
[ -0. , 0. , 24.

→˓768339971554]]*Angstrom

# Set up configuration
central_region = BulkConfiguration(

bravais_lattice=central_region_lattice,
elements=central_region_elements,
cartesian_coordinates=central_region_coordinates
)

(continues on next page)
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(continued from previous page)

surface_configuration = SurfaceConfiguration(
central_region,
left_electrode,
equivalent_electrode_length=7.07663998448*Angstrom,
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

LDABasis.Silver_SingleZetaPolarized,
]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = LDA.PZ

#----------------------------------------
# Numerical Accuracy Settings
#----------------------------------------
left_electrode_k_point_sampling = MonkhorstPackGrid(

na=9,
nb=9,
nc=231,
)

left_electrode_numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=45.0*Hartree,
k_point_sampling=left_electrode_k_point_sampling,
)

device_k_point_sampling = MonkhorstPackGrid(
na=9,
nb=9,
nc=231,
)

device_numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=45.0*Hartree,
k_point_sampling=device_k_point_sampling,
)

#----------------------------------------
# Poisson Solver Settings
#----------------------------------------
left_electrode_poisson_solver = FastFourier2DSolver(

boundary_conditions=[[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()],
[PeriodicBoundaryCondition(),PeriodicBoundaryCondition()]]

)

(continues on next page)
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(continued from previous page)

#----------------------------------------
# Contour Integral Settings
#----------------------------------------
equilibrium_contour = SemiCircleContour(

integral_lower_bound=1.17597836274*Hartree,
circle_points=30,
)

contour_parameters = ContourParameters(
equilibrium_contour=equilibrium_contour,
)

#----------------------------------------
# Electrode Calculators
#----------------------------------------
left_electrode_calculator = LCAOCalculator(

basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=left_electrode_numerical_accuracy_parameters,
poisson_solver=left_electrode_poisson_solver,
)

#----------------------------------------
# Device Calculator
#----------------------------------------
calculator = DeviceLCAOCalculator(

basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=device_numerical_accuracy_parameters,
contour_parameters=contour_parameters,
electrode_calculators=

[left_electrode_calculator, left_electrode_calculator],
)

surface_configuration.setCalculator(calculator)
nlprint(surface_configuration)
surface_configuration.update()
nlsave('Surface Silver 111 LDA.hdf5', surface_configuration)

# -------------------------------------------------------------
# Surface Bandstructure
# -------------------------------------------------------------
surface_bandstructure = SurfaceBandstructure(

configuration=surface_configuration,
route=['X', 'G', 'Y'],
points_per_segment=150,
energies=numpy.linspace(-1.5, 1.5, 300)*eV,
projection_list=ProjectionList(atoms=All),
contributions=All,
self_energy_calculator=RecursionSelfEnergy(storage_strategy=NoStorage()),
energy_zero_parameter=AverageFermiLevel,
infinitesimal=1e-03*eV,

(continues on next page)
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(continued from previous page)

)
nlsave('Surface Silver 111 LDA.hdf5', surface_bandstructure)
nlprint(surface_bandstructure)

surface_bandstructure.py

Projections

When constructing the SurfaceBandstructure it is possible to specify a ProjectionList object with information about
which atoms and orbital shells to project on. By default all atoms and orbitals are included. If only the contribution
from the two outermost atoms should be included, the following should be set in the above script:

projection_list=ProjectionList(atoms=[9, 10])

when setting up the SurfaceBandstructure object.

SurfaceConfiguration

class SurfaceConfiguration(central_region, electrode, equivalent_electrode_length=None)
A one-probe configuration consisting of a central region coupled to an electrode.

Parameters

• central_region (BulkConfiguration) – The surface region.

• electrode (BulkConfiguration) – The bulk region below the surface.

• equivalent_electrode_length (PhysicalQuantity of type length Default: Length of
the actual electrode given.) – The length to use for the equivalent electrode region in the
central region.

addBonds(bond_list)
Add bonds.

Parameters
bond_list (numpy.ndarray) – The list of bonds to add.

addTags(tags, indices=None)
Add a set of tags to atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms.

• indices (list | int | None) – The list of indices to match atoms against. De-
fault: All indices.

atomicMasses()

Returns
The masses of the atoms in the configuration.

Return type
PhysicalQuantity of type mass
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atomicNumbers()

Returns
The list of atomic numbers associated with the elements.

Return type
list of ints

bonds()

Returns
An array with the the two atom indices for each bond in the central region along with the
vector which periodic images this bond connects.

Return type
array

bravaisLattice()

Returns
The bravais lattice of the central region.

Return type
BravaisLattice

calculator()

Returns
The calculator attached to the configuration, i.e. the calculator that will be used for both
simulation and analysis.

Return type
Calculator

cartesianCoordinates()

The Cartesian coordinates of the atoms in the the central region of the configuration.

Returns
The Cartesian coordinates.

Return type
PhysicalQuantity of type length

centralRegion()

The central region of the surface.

Returns
The central region.

Return type
BulkConfiguration

coarseGrainDescriptors()

Returns
The list of either elements or coarse grain particles for each element. Isotopes are returned
as just their base element, UnitedAtoms and Particle are given as their specific type.

Return type
list of type ParticleDescriptor or PeriodicTableElement
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copy()

Returns
A copy of the current configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndDeleteAtoms(indices)
Create a new configuration by deleting some atoms from this configuration.

Parameters
indices (list of int) – The indices of the atoms to delete.

Returns
The configuration with some atoms deleted.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndMerge(other)
Create a new configuration by merging this configuration with another configuration.

Parameters
other (MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration) – The other configuration.

Returns
The merged configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndShiftAtoms(displacement, indices=None)
Create a new configuration with some atoms translated.

Parameters

• displacement (PhysicalQuantity of type length) – The displacement that should be
applied to the atom positions.

• indices (list of int) – The indices to shift. Default: All.

Returns
The configuration with the translation applied.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

crossSection()

Return the cross-sectional area of the central region.

Returns
The cross-sectional area.

Return type
float
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deleteAtoms(indices)
Delete the specified atoms.

Parameters
indices (array of int) – The indices to delete.

deleteBonds(bond_list=None, pair_selection=None)
Delete bonds connected to atomic indices.

Parameters

• bond_list (A two-dimensional sequence) – The pairs of bondes indices.

• pair_selection (list | None) – Specifies two groups between which bonds are
delete. Selectable groups are elements, index lists, tag names, or None (all atoms).

dielectricRegions()

Returns
The dielectric regions in the central region.

Return type
list of BoxRegion | SphereRegion | TubeRegion

electrodeDisplacement()

The displacement of the BravaisLattice of the electrode in the C-direction in order to match the
BravaisLattice of the central_region.

Returns
The electrode displacement.

Return type
PhysicalQuantity of type length

electrodes()

The electrode of the surface as a list.

Returns
The electrode belonging to this configuration.

Return type
list of BulkConfiguration

electrodesDisplacement()

The displacement of the BravaisLattice of the electrode in the C-direction in order to match the
BravaisLattice of the central_region.

Returns
The electrode displacement.

Return type
PhysicalQuantity of type length

elements()

Returns
The elements in configuration.

Return type
list of PeriodicTableElement
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externalPotential()

Returns
The external potential present in the central region.

Return type
AtomicShift | AtomicCompensationCharge

findBonds(fuzz_factor=1.1, pair_selection=None)
Find bonds in the configuration according to the combined covalent radii of the element pairs, multiplied
with a fuzz factor. Optionally, find bonds only between two specified sub-groups of atoms. The bonds are
primarily used in to set the topology of bonded potentials in the TremoloX-calculator.

Parameters

• fuzz_factor (float) – The factor by which the covalent radii are multiplied to de-
termine the cutoff distance for a bond.

• pair_selection (list(2) of type PeriodicTableElement, list of int, or str.) – Speci-
fies two groups between which bonds are detected. Selectable groups are elements,
index lists, tag names, or None (all atoms). By default bonds between all atoms in the
configuration are taken into account.

fixedSpinDirections()

Returns
The fixed spin directions for the configuration.

Return type
FixedSpin | None

fractionalCoordinates()

Returns
The fractional coordinates of the central region.

Return type
array of floats

generateShifts()

Method for generating a list of origin shifts along two lattice directions.

It will create a list of 9 shifts of the supercell origin (-1 to 1) in x and y periodic directions.

Returns
The array of shifts.

Return type
PhysicalQuantity of type length

ghostAtoms()

Returns
The list of ghost atoms of the central region.

Return type
list of ints

improperDihedralIndices()

Returns
The list of atom indices for each improper dihedral or None if no improper dihedrals are
defined. Improper dihedrals are mainly used in bonded force fields.
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Return type
numpy array | None

indicesFromIsotopes(isotopes)

Parameters
isotopes (list of type PeriodicTableElement or Isotope) – The isotopes to
select.

Returns
The indices of the selected isotopes.

Return type
list of type int

indicesFromTags(tags=None)
List the indices associated with a given collection of tags.

Parameters
tags (list | str) – A list of tags for which all matching indices should be extracted.

Returns
The list of indices corresponding to the specified tag name(s).

Return type
list of ints

magneticMoments()

Returns
The magnetic moments of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type Bohr magneton.

merge(other)
Add all atoms from a different configuration.

NOTE: For surface this method shifts the atoms of the other configuration to the lateral center of the cell
and to the upper end in z-direction.

Parameters
other (AtomicConfiguration) – A different AtomicConfiguration.

metallicRegions()

Returns
The metallic regions in the central region.

Return type
list of BoxRegion | SphereRegion | TubeRegion

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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nlinfo()

Returns
The configuration information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AtomicConfiguration object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger().

numberOfAtoms()

Returns
The total number of atoms in the configuration.

Return type
int

partialCharges(indices=None)
Get the list of partial atomic charges that can be used for representing electrostatic interactions in ATK-
ForceField.

Parameters
indices (list | int | None) – The indices for which to return the partial charges.
Default: All indices.

Returns
A PhysicalQuantity array of the atomic partial charge for each atom.

Return type
PhysicalQuantity of type charge | None

particleDescriptors()

Returns
The list of particle descriptors for each atom. This should return the exact same list as was
given in the constructor argument “elements”.

Return type
list of type ParticleDescriptor or PeriodicTableElement

static periodicBoundaries()

Returns
The periodic boundary conditions of the configuration.

Return type
list

primitiveVectors()

Returns
The primitive lattice vectors.

Return type
PhysicalQuantity of type length
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removeTags(tags=None, indices=None, purge=False)
Remove a set of tags from atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms. Default: All tags.

• indices (list | int) – The list of indices to match atoms against. Default: All
indices.

• purge (bool) – When removing tags from the configuration, delete the tag completely
when not associated with any atoms anymore. Default: False

repeat(na=1, nb=1, nc=1, stack_systems=False)
Repeat the derived class with the integer values na, nb, and nc along the three primitive unit cell vectors.
The repeated system is constructed with a cell of the type UnitCell.

Parameters

• na (int) – The repetition along the a-axis. Default: 1.

• nb (int) – The repetition along the b-axis. Default: 1.

• nc (int) – The repetition along the c-axis. Default: 1.

• stack_systems (bool) – If True the basis atoms are repeated as a unit, i.e. a0 and
b0 are repeated as: a0,b0,a1,b1, . . . If False the basis atom are repeated individually,
i.e. a0 and b0 are repeated as: a0,a1,. . . , b0,b1,. . . Default: True.

Returns
The repeated system.

Return type
DeviceConfiguration | SurfaceConfiguration

scalePartialCharges(scale_factor, indices=None)
Scale the partial charges with a given scale factor. These partial charges are used with Forcefield calcula-
tors.

Parameters

• scale_factor (float) – The factor for scaling charges.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

setBonds(bond_list, skip_checks=False)
Set the bonds on the configuration. The bonds are primarily used in to set the topology of bonded potentials
in the TremoloX-calculator.

Parameters

• bond_list (list(n, 2) | list(n, 5) | None) – A list which contains for each
bond the indices of the two connected atoms. Optionally, three more integers can be
specified for each bond, which must be between -1 and 1, and which denote to which
neighboring image cell the bond is connected. Without these additional indices, the
minimum image convention is obeyed.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.

setCalculator(calculator, initial_state=None, initial_spin=None)
Attach a Calculator to the configuration which will be used in calculations involving the configuration.

Parameters
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• calculator (Calculator) – The calculator object that should be attached to the con-
figuration.

• initial_state (SurfaceConfiguration with a calculator | None) – The initial
state to be used for this configuration. Default: No initial state.

• initial_spin (InitialSpin | None) – The initial InitialSpin object to be
used for this configuration. Default: InitialSpin(), except when used
with a calculator of type HuckelCalculator, SlaterKosterCalculator,
SemiEmpiricalCalculator, DeviceHuckelCalculator,
DeviceSlaterKosterCalculator, DeviceSemiEmpiricalCalculator. In
this case InitialSpin([0., 0., ...]) is used, i.e. the scaled spins for each atom
are set to 0.

setCartesianCoordinates(cartesian_coordinates, indices=None, skip_checks=False)
Set the Cartesian coordinates of the atoms in the central region. Changes in the coordinates of the electrode
extension will be synchronized with the corresponding coordinates in the electrodes.

Parameters

• cartesian_coordinates (PhysicalQuantity of type length) – The new coordinates
of the atoms in each image.

• indices (list) – The indices of the atoms to set the positions of. Default: All
indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False

setDielectricRegions(dielectric_regions)
Set the dielectric regions for the central region.

Parameters
dielectric_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
dielectric regions to set.

setExternalPotential(external_potential)
Set an external potential on the configuration that will be used in calculations involving the configuration.

Parameters
external_potential (AtomicShift | AtomicCompensationCharge) – The external
potential to apply.

setImproperDihedralIndices(improper_dihedral_indices)
Set the list of atom indices for each improper dihedral in bonded force fields.

Parameters
improper_dihedral_indices (list or array with shape (m, 4) | None) –
The list of the 4 indices defining the connectivity for each improper dihedral or None to
delete the current dihedral connectivity.

setMagneticField(magnetic_field)
Set local magnetic field. The spins will be forced to point in the directions given by the magnetic_field
object. The magnetic field can be defined for each atom. This only has an effect for Noncollinear or
Spinorbit calculations.

Parameters
magnetic_field (FixedSpin) – The magnetic field to be applied.
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setMagneticMoments(magnetic_moments=None, skip_checks=False)
Function to set magnetic moments on the configuration.

Parameters

• magnetic_moments (PhysicalQuantity of type Bohr magneton.) – The mag-
netic_moments to set on the configuration. Has the dimensionality nx3. Default:
None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setMetallicRegions(metallic_regions)
Set the metallic regions for the central region.

Parameters
metallic_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
metallic regions to set.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setPartialCharges(charge_list, indices=None, skip_checks=False, update_calculator=True)
Set the partial charges on the configuration. The partial charges are used primarily to model electrostatic
interactions in the TremoloX-calculator.

Parameters

• charge_list (PhysicalQuantity of type charge | None) – A list of atomic
partial charges which contains a charge for each atom.

• indices (list | int | None) – The indices for which to set the partial charges.
Default: All indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

• update_calculator (bool) – Whether or not to update and attached Forcefield cal-
culator with the new charges. Default: True.

setVelocities(velocities=None, skip_checks=False)
Function to set velocities on the configuration.

Parameters

• velocities (PhysicalQuantity of type velocity | None) – The velocities to set on the
configuration. Has the dimensionality nx3. Default: None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

shiftAtoms(displacement, indices=None, skip_checks=False)
Translate some atoms.

Parameters

• displacement (PhysicalQuantity of type length) – The displacement that should be
applied to the atom positions.
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• indices (list of int) – The indices to shift. Default: All.

• skip_checks (bool) – True, if all consistency checks should be skipped.

shiftPartialCharges(total_charge, indices=None)
Shift the partial charges so that their sum is the given total charge value. These partial charges are used
with Forcefield calculators.

Parameters

• total_charge (PhysicalQuantity of type charge) – The new total charge.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

symbols()

Returns
The element symbols of the configuration.

Return type
list of str

tags(indices=None)
List the tags associated with a given collection of indices. The list returned is the set union of tags asso-
ciated with the given indices. If no collection of indices is provided, then all tags on the configuration are
returned.

Parameters
indices (list | int) – The indices to check. Default: All indices.

Returns
The set union of tags present on the provided indices.

Return type
set

transverseElectrodeRepetitions()

Returns
The transverse electrode repetitions; always [[1, 1]] for a surface.

Return type
list (size 1) of list (size 2) of int

uniqueElements(ordered=False)

Parameters
ordered (bool) – If the elements should be returned in ascending order by atomic number.

Returns
The unique elements contained in the configuration.

Return type
list of PeriodicTableElement

uniqueString()

Return a unique string representing the state of the object.

update(force_restart=False)
A self-consistent solution is generated, using the currently set calculator.
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Parameters
force_restart (bool) – Force the self-consistent calculation to restart. Default: False

velocities()

Returns
The velocities of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type velocity

Notes

ATK recognizes four types of atomic geometries:

• Molecules (MoleculeConfiguration)

• Bulk (BulkConfiguration)

• One Probe (SurfaceConfiguration)

• Two Probe (DeviceConfiguration)

SurfaceProcessSimulation

class SurfaceProcessSimulation(substrate, filename, object_id, random_seed, temperature,
thermostat_method=None, fixed_thickness=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>,
thermostat_thickness=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>,
adaptive_thermostat_layer=None, distance_above_surface=None,
log_interval=None, trajectory_interval=None, log_filename_prefix=None,
active_learning=None)

Set up a surface process simulation to study deposition, etching, or sputtering.

Parameters

• substrate (BulkConfiguration) – The initial surface (bulk slab model).

• filename (str) – The full or relative path to save the restart information to.

• object_id (str) – The object id to use when saving the restart information.

• random_seed (int) – The seed for the random number generator.

• temperature (PhysicalQuantity of type temperature) – The thermostat temperature.

• thermostat_method (NVTBerendsen | NVTNoseHoover | Langevin) – The class
that should be used for the thermostat method in the molecular dynamics simulation. De-
fault: NVTNoseHoover

• fixed_thickness (PhysicalQuantity of type length) – The length of the bottom fixed
layer of the slab. Default: 10 * Angstrom.

• thermostat_thickness (PhysicalQuantity of type length) – The length of the thermo-
stat layer of the slab (above the fixed layer). Default: 10 * Angstrom.

4.13. Full QuantumATK package 1999



QuantumATK V-2023.12 Documentation

• adaptive_thermostat_layer (bool) – Whether to grow (or shrink) the length of the
thermostat layer such that the width of the reactive layer remains approximately the same
as new layers are deposited (or removed). The length of the reactive layer is taken from the
initial configuration (i.e. total_initial_thickness - fixed_thickness - thermostat_thickness)
Default: False

• distance_above_surface (PhysicalQuantity of type length) – The distance above the
surface where new atoms are inserted into the system. Default: 10 * Angstrom.

• log_interval (int | PhysicalQuantity of type time) – The frequency with which log
messages are written. The value can be given either as a number of MD steps (integer) or
as a time interval. Default: 100.

• trajectory_interval (int) – The frequency with which configurations are saved in
the trajectory. The value can be given either as a number of MD steps (integer) or as a
time interval. Default: 100.

• log_filename_prefix (str) – An optional prefix to the log filenames.

• active_learning (ActiveLearningSimulation) – Can be used to specify an Active-
LearningSimulaiton object, which is then used to run the MD simulations while training
an MTP. The calculator on the configuration is ignored in this case. Note, this does not
support restarting from file.

activeLearning()

Returns
The active learning object, if specified, otherwise None.

Return type
ActiveLearningSimulation | None

addAtom(atom, md_time, time_step, kinetic_energy, incident_angle, enforce_temperature=None, label=None,
post_md_hooks=None, log_interval=None, trajectory_interval=None, stability_checks=False)

Add an atom to the simulation.

Parameters

• atom (PeriodicTableElement | ParticleDescriptor) – The element to add to
the simulation.

• md_time (PhysicalQuantity of type time) – The total MD simulation time for this
event.

• time_step (PhysicalQuantity of type time) – The time step of the MD simulation.

• kinetic_energy (PhysicalQuantity of type energy or temperature) – The kinetic en-
ergy of the molecule when added to the system. If the kinetic energy is specified
in temperature units, the translational kinetic energy will be drawn from a Maxwell-
Boltzmann distribution.

• incident_angle (PhysicalQuantity of type angle) – The angle between the velocity
vector of the added molecule and the surface normal. An incident_angle of 0 degrees
produces a molecule headed directly at the surface.

• enforce_temperature (bool) – Rescale the velocities of the system to en-
sure the instantaneous temperature is exactly the requested temperature in the
MaxwellBoltzmannDistribution. Default: False.

• label (str) – A short label describing this trajectory.

2000 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

• post_md_hooks (list of type SPSHook) – Hook functions to call after the
molecular dynamics run.

• log_interval (int | PhysicalQuantity of type time) – The frequency with which log
messages are written. The value can be given either as a number of MD steps (integer)
or as a time interval. If not given, the default interval specified in SurfaceProcessSim-
ulation is used.

• trajectory_interval (int) – The frequency with which configurations are saved
in the trajectory. The value can be given either as a number of MD steps (integer) or as
a time interval. If not given, the default interval specified in SurfaceProcessSimulation
is used.

• stability_checks (bool) – Add check during molecular dynamics to make sure
the simulation is stable and producing meaningful results. If an unstable event is en-
countered, the simulation will be repeated with slightly different initial conditions.

addMolecule(molecule, md_time, time_step, kinetic_energy, incident_angle, internal_energy=None,
enforce_temperature=None, label=None, post_md_hooks=None, log_interval=None,
trajectory_interval=None, stability_checks=False)

Add a molecule to the simulation.

Parameters

• molecule (MoleculeConfiguration) – The molecule to add to the simulation.

• md_time (PhysicalQuantity of type time) – The total MD simulation time for this
event.

• time_step (PhysicalQuantity of type time) – The time step of the MD simulation.

• kinetic_energy (PhysicalQuantity of type energy or temperature) – The kinetic en-
ergy of the molecule when added to the system. If the kinetic energy is specified in
temperature units, it is treated as thermal kinetic energy and will be drawn from a
MaxwellBoltzmannDistribution. Rotation and vibration degrees of freedom are
discarded.

• incident_angle (PhysicalQuantity of type angle) – The angle between the velocity
vector of the added molecule and the surface normal. An incident_angle of 0 degrees
produces a molecule headed directly at the surface.

• internal_energy (PhysicalQuantity of type temperature) – The internal ki-
netic energy of the molecule when added to the system drawn from a
MaxwellBoltzmannDistribution. The translational kinetic energy component is
replaced by the value set for the kinetic_energy parameter.

• enforce_temperature (bool) – Rescale the velocities of the system to en-
sure the instantaneous temperature is exactly the requested temperature in the
MaxwellBoltzmannDistribution. Applies to both kinetic- and internal energy.
Default: False.

• label (str) – A short label describing this trajectory.

• post_md_hooks (list of type SPSHook) – Hook functions to call after the
molecular dynamics run.

• log_interval (int | PhysicalQuantity of type time) – The frequency with which log
messages are written. The value can be given either as a number of MD steps (integer)
or as a time interval. If not given, the default interval specified in SurfaceProcessSim-
ulation is used.
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• trajectory_interval (int) – The frequency with which configurations are saved
in the trajectory. The value can be given either as a number of MD steps (integer) or as
a time interval. If not given, the default interval specified in SurfaceProcessSimulation
is used.

• stability_checks (bool) – Add check during molecular dynamics to make sure
the simulation is stable and producing meaningful results. If an unstable event is en-
countered, the simulation will be repeated with slightly different initial conditions.

addSequence(molecule, number_of_events, md_time, time_step, mean_kinetic_energy, mean_incident_angle,
std_kinetic_energy=None, std_incident_angle=None, internal_energy=None,
enforce_temperature=None, relaxation_time=None, relaxation_time_step=None,
fbmc_time=None, fbmc_displacement=None, optimize_geometry=None, label=None,
post_md_hooks=None, log_interval=None, trajectory_interval=None, stability_checks=None)

Add a series of events with the given molecule or atom.

Parameters
molecule (PeriodicTableElement | ParticleDescriptor | MoleculeConfiguration) –
The molecule to add to the simulation. This may either be a MoleculeConfiguration or
an element.

:param number_of_events:The number of cycles in which a new molecule / atom is added to the simulation.
:type number_of_events:int

Parameters

• md_time (PhysicalQuantity of type time) – The MD simulation time for the MD sim-
ulation of the initial process, where a molecule is launched at the substrate.

• time_step (PhysicalQuantity of type time) – The time step of the MD simulation of
the initial process, where a molecule is launched at the substrate.

• mean_kinetic_energy (PhysicalQuantity of type energy or temperature) – The av-
erage kinetic energy of the molecule or atom when added to the system. If the kinetic
energy is specified in temperature units, it is treated as thermal kinetic energy and will
be drawn from a MaxwellBoltzmannDistribution. For molecules, rotation and
vibration degrees of freedom need to be set separately via the internal_energy param-
eter.

• mean_incident_angle (PhysicalQuantity of type angle) – The average angle be-
tween the velocity vector of the added molecule and the surface normal. An inci-
dent_angle of 0 degrees produces a molecule headed directly at the surface.

• std_kinetic_energy (PhysicalQuantity of type energy) – The standard deviation
of the kinetic energy. If the mean_kinetic_energy is specified in temperature units,
std_kinetic_energy is automatically set to 0 since the kinetic energy will follow a
MaxwellBoltzmannDistribution.

• std_incident_angle (PhysicalQuantity of type angle) – The standard deviation of
the incident angle.

• internal_energy (PhysicalQuantity of type temperature) – The thermal ki-
netic energy of the molecule or atom when added to the system drawn from a
MaxwellBoltzmannDistribution. For molecules, the translational kinetic energy
component is replaced by the value set for the kinetic_energy parameter.

• enforce_temperature (bool) – Rescale the velocities of the system to en-
sure the instantaneous temperature is exactly the requested temperature in the
MaxwellBoltzmannDistribution. Applies to both kinetic- and internal energy.
Default: False.
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• relaxation_time (PhysicalQuantity of type time) – The MD simulation time of
an optional subsequent MD relaxation, which is run after the initial process. This
additional relaxation can be run with a slightly larger time step to extend the total
simulation time.

• relaxation_time_step (PhysicalQuantity of type time) – The time step of an op-
tional subsequent MD simulation, which is run after the initial process.

• fbmc_time (PhysicalQuantity of type time) – The MC simulation time of an optional
subsequent FBMC relaxation, which is run after the initial process. This additional
relaxation can be run with a slightly larger time step to extend the total simulation
time. If None, no FBMC simulation will be run.

• fbmc_displacement (PhysicalQuantity of type length) – The maximum displace-
ment of an optional subsequent FBMC simulation, which is run after the initial pro-
cess.

• optimize_geometry (bool) – Flag that controls if the geometry should be optimized
after the FBMC run.

• label (str) – A short label describing this trajectory.

• post_md_hooks (list of type SPSHook | None) – Hook functions to call after
each event.

• log_interval (int | PhysicalQuantity of type time) – The frequency with which log
messages are written. The value can be given either as a number of MD steps (integer)
or as a time interval. If not given, the default interval specified in SurfaceProcessSim-
ulation is used.

• trajectory_interval (int) – The frequency with which configurations are saved
in the trajectory. The value can be given either as a number of MD steps (integer) or as
a time interval. If not given, the default interval specified in SurfaceProcessSimulation
is used.

• stability_checks (bool) – Add check during molecular dynamics to make sure
the simulation is stable and producing meaningful results. If an unstable event is en-
countered, the simulation will be repeated with slightly different initial conditions.

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

directionAngles()

Returns the direction angle of the atoms or molecules for each event. It returns numpy.nan for each event
that does not add atoms or molecules. It returns None if this is the case for all events in the simulation.

Returns
The direction angles.

Return type
PhysicalQuantity of type angle | NoneType

filename()

Returns
The filename where the study object is stored.
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Return type
str

forceBiasMonteCarloEquilibration(mc_time, max_atom_displacement=None,
optimize_geometry=False, log_interval=None,
trajectory_interval=None)

Run a time-stamped force bias Monte Carlo equilibration.

Parameters

• mc_time (PhysicalQuantity of type time) – The total elapsed Monte Carlo time to
simulate.

• max_atom_displacement (PhysicalQuantity of type length) – The maximum dis-
tance an atom can move in each Cartesian direction during a single step. Default:
0.1*Angstrom.

• optimize_geometry (bool) – Flag controls if the geometry should be optimized
after the FBMC run. Default: False.

• log_interval (int | PhysicalQuantity of type time) – The frequency with which log
messages are written. The value can be given either as a number of MD steps (integer)
or as a time interval. If not given, the default interval specified in SurfaceProcessSim-
ulation is used.

• trajectory_interval (int) – The frequency with which configurations are saved
in the trajectory. The value can be given either as a number of MD steps (integer) or as
a time interval. If not given, the default interval specified in SurfaceProcessSimulation
is used.

incidentAngles()

Returns the incident angle of the atoms or molecules for each event. It returns numpy.nan for each event
that does not add atoms or molecules. It returns None if this is the case for all events in the simulation.

Returns
The incident angles.

Return type
PhysicalQuantity of type angle | NoneType

kineticEnergies()

Returns the kinetic energy of the atoms or molecules for each event. It returns numpy.nan for each event
that does not add atoms or molecules. It returns None if this is the case for all events in the simulation.

Returns
The kinetic energies.

Return type
PhysicalQuantity of type energy | NoneType

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

molecularDynamicsEquilibration(md_time, time_step, post_md_hooks=None, log_interval=None,
trajectory_interval=None)

Run an MD simulation but without adding an atom or molecule to the system.
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Parameters

• md_time (PhysicalQuantity of type time) – The total MD simulation time for this
event.

• time_step (PhysicalQuantity of type time) – The time step of the MD simulation.

• post_md_hooks (list of type SPSHook | None) – Hook functions to call after
the molecular dynamics run.

• log_interval (int | PhysicalQuantity of type time) – The frequency with which log
messages are written. The value can be given either as a number of MD steps (integer)
or as a time interval. If not given, the default interval specified in SurfaceProcessSim-
ulation is used.

• trajectory_interval (int) – The frequency with which configurations are saved
in the trajectory. The value can be given either as a number of MD steps (integer) or as
a time interval. If not given, the default interval specified in SurfaceProcessSimulation
is used.

nlinfo()

Returns
Structured information about the SurfaceProcessSimulation.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str
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optimizeGeometry(max_forces=PhysicalQuantity(0.05, eV / Ang), max_steps=200,
max_step_length=PhysicalQuantity(0.2, Ang), optimizer_method=None)

Run geometry optimization.

Parameters

• max_forces (PhysicalQuantity of type force) – The convergence criterion for the
atomic forces. Default: 0.05*eV/Angstrom.

• max_steps (int) – The maximum number of optimization steps. Default: 200.

• max_step_length (PhysicalQuantity of type length) – The maximum step length the
optimizer may take. Default: 0.2*Ang.

• optimizer_method (FIRE | LBFGS) – The optimizer to use for optimizing the struc-
ture. Default: LBFGS.

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

sputteringYield(exclude_elements=None, start_trajectory_index=None, end_trajectory_index=None,
substrate_search_radius=PhysicalQuantity(2.0, Ang))

Compute the average sputtering yield, that is the average number of substrate particles removed in one
event. To estimate the number of events, this function only considers the ones with a label that contains
‘deposition’.

Parameters

• exclude_elements (List of type PeriodicTableElement) – List of elements
that are to be excluded from substrate atoms when computing the yield, for example
the ones used for sputtering. Default: the difference between the set of elements in
the final and the initial configuration.

• start_trajectory_index (int) – Index of the first trajectory in the simulation,
usually identifies the clean surface. Indexing based on Movie Tool. Default: the first
trajectory with a ‘deposition’ label available.

• end_trajectory_index (int) – Index of the last deposition trajectory in the simu-
lation. Indexing based on Movie Tool. Default: the last trajectory with a ‘deposition’
label available.

• substrate_search_radius (PhysicalQuantity of type distance | None) – Search
radius for finding substrate atoms that have become unbonded from the substrate struc-
ture. Unbound atoms that have substrate atoms above them within a cylinder of the
given radius are considered to be part of the substrate structure and therefore not re-
moved. Setting this argument to None disables this additional check. Default: 2
Angstrom.

Returns
The average sputtering yield.

Return type
float

stickingCoefficient(exclude_elements=None, start_trajectory_index=None,
end_trajectory_index=None, substrate_search_radius=PhysicalQuantity(2.0, Ang))
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Compute average sticking coefficient, that is the average number of successful deposition events. To esti-
mate the number of events, this function only considers the ones with a label that contains ‘deposition’.

Parameters

• exclude_elements (List of type PeriodicTableElement) – List of elements
that are to be excluded when computing the yield, for example substrate atoms or pre-
cursors that will be removed. Default: if there is any difference between the elements
in the initial and final configuration, will be the elements in the initial configuration,
otherwise will be an empty list.

• start_trajectory_index (int) – Index of the first trajectory in the simulation,
usually identifies the clean surface. Default: the first trajectory with a ‘deposition’
label available.

• end_trajectory_index (int) – Index of the last deposition trajectory in the simu-
lation. Default: the last trajectory with a ‘deposition’ label available.

• substrate_search_radius (PhysicalQuantity of type distance | None) – Search
radius for finding substrate atoms that have become unbound from the substrate struc-
ture. Unbound atoms that have substrate atoms above them within a cylinder of the
given radius are considered to be part of the substrate structure and therefore not re-
moved. Setting this argument to None disables this additional check. Default: 2
Angstrom.

Returns
The average sticking coefficient.

Return type
float

classmethod thicknessesFromSubstrate(substrate)
Calculate the length of the bottom fixed layer of the slab from the substrate Calculate the length of the
thermostat layer of the slab (above the fixed layer) from the substrate

Parameters
substrate (BulkConfiguration) – The initial surface (bulk slab model).

Returns
The length of the bottom fixed layer of the slab. The length of the thermostat layer of the
slab (above the fixed layer). The largest Z value The smallest Z value

Return type
tuple

trajectories()

Returns
The list of all MD trajectories in the order they were run.

Return type
list of type MDTrajectory

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations.
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Usage Examples

Run an etching simulation of nitrogen on a silica surface using a ReaxFF potential.

# Attach ReaxFF calculator.
potentialSet = ReaxFF_CHONSSi_2012(strict_bondpairs = None)
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(0.25*Angstrom)
bulk_configuration.setCalculator(calculator)

surface_process_simulation = SurfaceProcessSimulation(
substrate=bulk_configuration,
filename='sio2_n_etching.hdf5',
object_id='sps_0',
random_seed=7,
temperature=300.0*Kelvin,
fixed_thickness=4.0*Angstrom,
thermostat_thickness=8*Angstrom,
log_interval=10,

)

# Run 5 deposition events, each 20 ps long.
surface_process_simulation.addSequence(

molecule=Nitrogen,
number_of_events=5,
md_time=20*ps,
time_step=1.0*fs,
mean_kinetic_energy=25*eV,
std_kinetic_energy=0.3*eV,
mean_incident_angle=0*Degrees,
std_incident_angle=2*Degrees,

)

surface_process_simulation.update()

print('Sticking coefficient:', surface_process_simulation.stickingCoefficient())

sio2_n_etching.py

The results from the simulation can be visualized using the Movie Tool on the QATK LabFloor.

2008 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

Notes

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

Initial setup

Setting up the simulation requires an initial substrate, which should be a slab model with a surface normal in the
positive z direction (such as those created by the cleave tool available in the Builder ). Each simulation requires a

filename and a unique object_id to save the results to, as well as a random_seed to control the random numbers
used in the simulation. The substrate is divided into three regions, a fixed bottom layer, with thickness controlled by
fixed_thickness, a layer of thermostat controlled atoms, with thickness controlled by thermostat_thickness,
and the remaining atoms which are unconstrained and only coupled to the thermostat indirectly through interactions
with the thermostated atoms. Finally, the distance_above_surface parameter controls the height above the surface
that incoming molecules are placed at.

The logging and trajectory intervals can also be controlled through the log_interval and trajectory_interval
options. Both arguments take an integer number of steps between either logging to the console or writing trajectory
data to the HDF5 file.

Adding events to the process

Once the object has been created, it is then possible to setup the individual MolecularDynamics (MD) simulations.
Using the addAtom or addMolecule methods, will create a new MD simulation that adds an atom (or molecule)
to the system. The initial velocity can be controlled by the kinetic_energy and incident_angle options. The
kinetic_energy determines the magnitude of the velocity (all atoms in the molecule will be given the same velocity
vector). While incident_angle controls the direction. The incident_angle is defined relative to the surface
normal, so a value of 0 degrees is straight into the surface and an angle of 90 degrees is parallel to the surface.

Often, the time step must be quite small to accurately model the dynamics of high energy particles, but can be increased
after a short time to equilibrate the system. This can be achieved by calling molecularDynamicsEquilibration after
addAtom (or addMolecule). This will add a MD simulation that does not add any atoms, but allows for the selection
of a different time step.

In addition to MD, it is also possible to run ForceBiasMonteCarlo (fbMC) simulations using the
forceBiasMonteCarloEquilibration method.

Computing the yield of a process

It is possible to compute the average yield of a sputtering, etching or deposition process with the sputteringYield()
and stickingCoefficient() functions.

In order to compute the average yield, the number of events is needed, this is estimated from the number of events with
a label that contains deposition. The default labels for addSequence(), addAtom() and addMolecule() meet this
requirement.

The optional parameters start_trajectory_index and end_trajectory_index expect the same indexing con-
vention used in the Movie Tool.

Usually, some atoms in the system are not supposed to be considered for the yield estimate, this can be set through the
exclude_elements, sensible default values should cover the most common use cases.
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Attention: In order to estimate the yield of the process, it is essential to have saved trajectories that correctly
represent the initial and the final configuration. Make sure that (at least) the start and the end trajectories have more
than one saved step, this can be tuned for each event with the trajectory_interval parameter.

SurfaceProcessSimulation Hooks

Hooks functions can be used to apply some changes on the last step of an event. After a sputtering event, it may
be useful to clean the vacuum region from sputtered atoms with CleanVacuumRegion, or to remove the atoms of the
element used for the process with RemoveElementFromSubstrate. In some cases the thermalization of the substrate
could require several steps, it may then be convenient to decrease the kinetic energy of all the particles in one step with
ThermalizeSubstrate.

SusceptibilityDerivatives

class SusceptibilityDerivatives(configuration, filename, object_id, atomic_displacement=None,
finite_difference_method=None, kpoints=None,
bands_below_fermi_level=None, bands_above_fermi_level=None,
broadening=None, processes_per_displacement=1,
log_filename_prefix=None, use_symmetry=None)

Constructor for the SusceptibilityDerivatives object.

Parameters

• configuration (BulkConfiguration) – The bulk configuration with an attached cal-
culator for which to calculate the optical spectrum.

• filename (str) – The full or relative path to save the results to. See nlsave().

• object_id (str) – The object id to use when saving. See nlsave().

• atomic_displacement (PhysicalQuantity of type length) – The distance the atoms are
displaced in the finite difference method. Default: 0.01 * Angstrom

• finite_difference_method (Forward | Central) – The finite difference scheme to
use. Default: Central

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The k-
points for which to calculate the transitions. Default: The Monkhorst-Pack grid used for
the self-consistent calculation.

• bands_below_fermi_level (int) – The maximum number of valence band states per
principal spin channel to include at each k-point. Default: 25

• bands_above_fermi_level (int) – The maximum number of conduction band states
per principal spin channel to include at each k-point. Default: 25

• broadening (PhysicalQuantity of type energy) – The broadening parameter used for the
optical spectrum. Default: 0.1 * eV

• processes_per_displacement (int) – The number of processes assigned to calculat-
ing a single displacement. Default: 1 process per displacement.
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• log_filename_prefix (str or None) – Prefix for the filenames where the logging
output for every displacement calculation is stored. The filenames are formed by append-
ing a number and the file extension (“.log”). If a value of None is given then all logging
output is done to stdout. Default: "susceptibility_displacement_"

atomicDisplacement()

Returns
The distance the atoms are displaced in the finite difference method.

Return type
PhysicalQuantity with length unit

bandsAboveFermiLevel()

Returns
The maximum number of conduction band states per principal spin channel to include at
each k-point.

Return type
Int.

bandsBelowFermiLevel()

Returns
The maximum number of valence band states per principal spin channel to include at each
k-point.

Return type
Int.

broadening()

Returns
The broadening parameter used for the optical spectrum.

Return type
PhysicalQuantity of type energy

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

filename()

Returns
The filename where the study object is stored.

Return type
str

finiteDifferenceMethod()

Returns
The finite difference scheme to use.

Return type
Central | Forward
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kpoints()

Returns
The k-points for which optical spectrum is calculated.

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

processesPerDisplacement()

Returns
The number of processes per displacement.

Return type
int

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool
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susceptibilityDerivatives(spin=None)
Return the derivative of the susceptibility.

symmetry()

Returns
True if the use of crystal symmetry to reduce the number of displacements is enabled.

Return type
bool

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the SusceptibilityDerivatives study object.

Usage Examples

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

Calculate the SusceptibilityDerivatives for a system with a 25 × 25 × 25 kpoint-sampling used for the optical
spectrum.

susceptibility_derivatives = SusceptibilityDerivatives(
bulk_configuration,
filename=filename,
object_id='sd',
kpoints=MonkhorstPackGrid(25, 25, 25),
log_filename_prefix=None,
use_symmetry=False)

susceptibility_derivatives.update()

Notes

The SusceptibilityDerivatives is calculated using the finite difference method in the basic unit cell.

In the following, we denote the Cartesian coordinates by 𝛼, 𝛽 and the index of a degree of freedom by 𝑙. The high
frequency dielectric constant is related to the susceptibility as 𝜖∞𝛼𝛽 = 𝛿𝛼,𝛽 + 4𝜋𝜒𝛼𝛽(𝜔 = 0). The derivative of the
dielectric susceptibility tensor, 𝜒(𝜔 = 0), is therefore given by

𝜕𝜒𝛼𝛽
𝜕𝑟𝑙

(𝜔 = 0) ≈
𝜖∞𝛼𝛽(∆𝑟𝑙) − 𝜖∞𝛼𝛽(−∆𝑟𝑙)

2∆𝑟𝑙
,

and is a real tensor, i.e. a matrix for each degree of freedom. Degree of freedom 𝑙 is displaced by ∆𝑟𝑙 and −∆𝑟𝑙, and
the changes in the dielectric constant, ∆𝜖∞𝛼𝛽 are calculated to approximate the susceptibility derivative elements. The
derivative is calculated by either forward or central finite differences, where we above focused on the latter.

SusceptibilityDerivatives calculations can be performed for DFT or Semi-Empirical calculators supporting the
OpticalSpectrum . The object includes functionality to fully resume partially completed calculations by re-running
the same script or reading the study object from file and calling update() on it. The study object will automatically
detect which displacement calculations have already been carried out and only run the ones that are not yet completed.
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When calculating the SusceptibilityDerivatives with ATK-DFT, accurate results may require a higher preci-
sion than usual by increasing the density_mesh_cutoff in NumericalAccuracyParameters and decreasing the
tolerance in IterationControlParameters, e.g.

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=150.0*Hartree
)

iteration_control_parameters = IterationControlParameters(
tolerance=1e-6
)

SuttonChenPotential

class SuttonChenPotential(particleType1, particleType2, c, m, n, epsilon, sigma, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• c (float) – Potential parameter.

• m (float) – Potential parameter.

• n (float) – Potential parameter.

• epsilon (PhysicalQuantity of type energy) – Potential parameter.

• sigma (PhysicalQuantity of type length ) – Potential parameter.

• r_cut (PhysicalQuantity of type length ) – Cutoff radius

static fromMixingRule(potential1, potential2, epsilon=None, sigma=None, c=None, m=None, n=None)
Generate a Sutton-Chen potential using a mixing rule.

Parameters

• potential1 (SuttonChenPotential) – Sutton-Chen potential with particleType1
== particleType2.

• potential2 (SuttonChenPotential) – Sutton-Chen potential with particleType1
== particleType2.

:param epsilon Potential parameter. If this value is None, the corresponding
value in the new potential will be calculated using the mixing rule epsilon_new = sqrt(epsilon_1 *
epsilon2). Otherwise the given value is used.

:param sigma Potential parameter. If this value is None, the corresponding
value in the new potential will be calculated using the mixing rule sigma_new = 0.5 * (sigma_1 +
sigma_2). Otherwise the given value is used.

:param sigma Potential parameter. If this value is None, the corresponding
value in the new potential will be calculated using the mixing rule sigma_new = 0.5 * (sigma_1 +
sigma_2). Otherwise the given value is used.
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Returns
Sutton-Chen potential with particleType1 = potential1.particleType1 and particleType2 =
potential2.particleType1. All other values are created using a mixing rule.

Return type
SuttonChenPotential

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Sutton-Chen potential for an alloy of aluminum and nickel by adding particle types and interaction functions
to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk Al-Ni alloy configuration
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleCubic(2.881*Angstrom)

# Define elements
elements = [Aluminium, Nickel]

# Define coordinates
fractional_coordinates = [[0.0, 0.0, 0.0],

[0.5, 0.5, 0.5]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

(continues on next page)
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(continued from previous page)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='SuttonChen_NiAl_2008')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Ni',

mass=58.6934*atomic_mass_unit))
potentialSet.addParticleType(ParticleType(symbol='Al',

mass=26.9815*atomic_mass_unit))

# Add the Sutton-Chen potentials to the potential set
potentialSet.addPotential(SuttonChenPotential('Ni', 'Ni',

r_cut=7.04*Angstrom,
c=39.432000,
m=6.0,
n=9.0,
sigma=3.52*Angstrom,
epsilon=0.015707*eV))

potentialSet.addPotential(SuttonChenPotential('Al', 'Al',
r_cut=8.1*Angstrom,
c=16.399,
m=6.0,
n=7.0,
sigma=4.05*Angstrom,
epsilon=0.033147*eV))

# Add the Sutton-Chen potential between different types to the potential set
potentialSet.addPotential(SuttonChenPotential('Ni', 'Al',

r_cut=7.57*Angstrom,
c=39.432000,
m=6.000000,
n=8.000000,
sigma=3.785*Angstrom,
epsilon=0.0228175355593*eV))

calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
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Notes

The SuttonChenPotential is a many-body potential primarily designed for metals and alloys1.

The potential energy is defined as

𝑉 =
∑︁
𝑖

⎡⎣∑︁
𝑗>𝑖

(︂
𝜖𝑖𝑗𝜎𝑖𝑗
𝑟𝑖𝑗

)︂𝑛𝑖𝑗

− 𝜖𝑖𝑐𝑖
√
𝜌𝑖

⎤⎦ ,
with

𝜌𝑖 =
∑︁
𝑗 ̸=𝑖

(︂
𝜎𝑖𝑗
𝑟𝑖𝑗

)︂𝑚𝑖𝑗

.

If the Sutton-Chen potential is supposed to act between different ParticleType, the parameters epsilon, sigma, m, and
n should be chosen according to the native Sutton-Chen combination rules

𝜖𝑖𝑗 =
√
𝜖𝑖𝜖𝑗 ,

𝜎𝑖𝑗 =
𝜎𝑖 + 𝜎𝑗

2
,

𝑚𝑖𝑗 =
𝑚𝑖 +𝑚𝑗

2
,

and

𝑛𝑖𝑗 =
𝑛𝑖 + 𝑛𝑗

2
,

as done in the example script above.

The c parameter does not have an effect in this case.

TabulatedBondPotential

class TabulatedBondPotential(particleType1, particleType2, fileName, splineType=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• fileName (str) – The name of the file that holds the spline data. It must be a text file
that stores the spline in the following way for not hermitian:

numPoints distance
<energy at 0 * distance>
<energy at 1 * distance>
...
<energy at (numPoints-1) * distance>

1 A. P. Sutton and J. Chen. Long-range Finnis–Sinclair potentials. Philosophical Magazine Letters, 61(3):139–146, 1990.
doi:10.1080/09500839008206493.
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and for hermitian:

numPoints distance dfactor
<energy at 0 * distance> <denergy/dr at 0 * distance>
<energy at 1 * distance> <denergy/dr at 1 * distance>
...
<energy at (numPoints-1) * distance> <denergy/dr at (numPoints-1)␣
→˓* distance>

where dfactor is used as a prefactor for the denergy/dr values

• splineType – The spline interpolation that will be used. Must be one of the fol-
lowing variables: TabulatedBondPotential.akima, TabulatedBondPotential.bessel, Tab-
ulatedBondPotential.fivepoint, TabulatedBondPotential.hermitian, TabulatedBondPoten-
tial.natural.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

This potential is a tabulated potential for bond stretch interactions, that is read from a file. The tabulated file must be
present in your project directory, otherwise the correct path has to be given.

The first line of the file must contain two entries:

• The number of data points 𝑁 of the tabulation.

• The distance ∆𝑟 between two data points.
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The following 𝑁 lines must contain the potential energy values 𝐸𝑖, (𝑖 = 1...𝑁), representing the energy at a particle
distance 𝑟 = 𝑖∆𝑟 .

Possible spline types are

• hermitian

• bessel

• akima

• natural

• fivepoint

If hermitian splines are used, a second column is required in the potential file, which contains the derivative values.

TaperedAnglePotential

class TaperedAnglePotential(particleType1, particleType2, particleType3, k, theta0, r_i=None, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• k (PhysicalQuantity of type energy / angle**2) – Potential parameter.

• theta0 (PhysicalQuantity of type angle) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius of this potential.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.
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• value – The new value that will be assigned to the parameter parameterName.

TemperatureProfile

class TemperatureProfile(md_trajectory, start_time=None, end_time=None, resolution=None,
atom_selection=None, direction_index=None, time_resolution=None,
info_panel=None)

Class for calculating the spatial temperature profile of an MD simulation.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the temperature profile for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame.

• resolution (PhysicalQuantity of type length) – The bin size, which determines the res-
olution of the profile. Default: 2.0 * Angstrom

• atom_selection (PeriodicTableElement | str | list of ints) – Only include
contributions from this selection. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: All atoms.

• direction_index (int) – The index of the cell vector along which the profile should
be calculated. Has to be an element of [0, 1, 2]. Default: 2

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

data()

Return the temperature profile.

zValues()

Return the positions of the bins associated with the temperature profile.

Usage Examples

Load an MDTrajectory, calculate the TemperatureProfile along the z-axis, and plot the results:

md_trajectory = nlread('alumina_trajectory.nc')[-1]

t_profile = TemperatureProfile(md_trajectory)

# Get the bin_centers and the temperature values.
z = t_profile.zValues().inUnitsOf(Angstrom)
temperatures = t_profile.data().inUnitsOf(Kelvin)

# Plot the data using pylab.
import pylab

(continues on next page)
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pylab.plot(z, temperatures, label='Temperature profile')
pylab.xlabel('z (Ang)')
pylab.ylabel('T(z) (K)')
pylab.legend()

pylab.show()

temperature_profile.py

Notes

The TemperatureProfile is always calculated along the cartesian z-axis. It is recommended to use an orthogonal cell,
if you want to calculate the TemperatureProfile.

The temperature values of empty bins in the profile are set to zero.

By default, all elements are taken into account.

The atom_selection parameter accepts an element, a tag name, or a list of indices to select atoms for the velocity
distribution. This can be useful, e.g. in the presence of constraints as constrained atoms should be excluded in this
analysis.

TersoffBrennerBOPairPotential

class TersoffBrennerBOPairPotential(particleType1, particleType2, delta, eta)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• delta (float) – Potential parameter.

• eta (float) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.
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setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner pair and bond-order potentials between silicon and fluorine.

potentialSet = TremoloXPotentialSet(name = 'TersoffBrenner_CSiF_1999')
_potential = TersoffBrennerPairPotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('Si', []),
A = 1830.8*eV,
B = 471.18*eV,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
Re = 2.35*Angstrom,
R1 = 2.7*Angstrom,
R2 = 3.0*Angstrom,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerPairPotential(

particleType1 = ParticleIdentifier('F', []),
particleType2 = ParticleIdentifier('F', []),
A = 16451.97*eV,
B = 146.8149*eV,
l = 6.8149*1/Angstrom,
mu = 2.8568*1/Angstrom,
Re = 1.4119*Angstrom,
R1 = 1.7*Angstrom,
R2 = 2.0*Angstrom,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerPairPotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('F', []),
A = 37412.28*eV,
B = 925.846*eV,
l = 5.4875*1/Angstrom,
mu = 2.7437*1/Angstrom,
Re = 1.6008*Angstrom,
R1 = 1.83922*Angstrom,
R2 = 2.13922*Angstrom,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerBOPairPotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('Si', []),
delta = 0.63505,

(continues on next page)
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eta = 0.78734,
)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerBOPairPotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('F', []),
delta = 0.80469,
eta = 1.0,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerBOPairPotential(

particleType1 = ParticleIdentifier('F', []),
particleType2 = ParticleIdentifier('Si', []),
delta = 0.5,
eta = 1.0,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerBOPairPotential(

particleType1 = ParticleIdentifier('F', []),
particleType2 = ParticleIdentifier('F', []),
delta = 0.5,
eta = 1.0,

)
potentialSet.addPotential(_potential)

See also ref.tersoffbrennercommon.notes.

TersoffBrennerCorrectionPotential

class TersoffBrennerCorrectionPotential(particleType1, particleType2, activeTypes, L, U, x, z, f )
Constructor of the potential.

To construct this potential it is necessary to specify a threedimensional function. This is done by passing the
function values of this function at some grid points. For all other points, tricubic interpolation is used. At the
border of the grid, all derivatives are assumed to be zero.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• activeTypes (sequence of ParticleType or ParticleIdentifier) – List of
particle types that are involved in the calculation of the so-called conjugated part of the
potential.

• x (sequence of float) – The x-coordinates of the grid. It must have uniform spacing.
The same coordinates are also used for the y-coordinates.

• z (sequence of float) – The z-coordinates of the grid. It must have uniform spacing.
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• f (3D numpy.array) – The function values at the given grid points. f should be a three-
dimensional array of size (len(x), len(y), len(z)). f[i, j, k] should be the function value at
(x[i], y[j], z[k]) and f must be symmetric with respect to its to first components, i.e. f[i, j,
k] = f[j, i, k].

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner correction potentials for carbon.

potentialSet = TremoloXPotentialSet(name = 'TersoffBrenner_CSiF_1999')
_potential = TersoffBrennerCorrectionPotential(

particleType1 = ParticleIdentifier('C', []),
particleType2 = ParticleIdentifier('C', []),
activeTypes = [ParticleIdentifier('C', []), ],
L = 2.0,
U = 3.0,
x = numpy.array([0., 1., 2., 3.]),
z = numpy.array([0., 1., 2., 3.]),
f = numpy.array([[

[ 0. , 0. , 0. , 0. ],
[ 0. , -0.02882, 0. , 0. ],
[ 0. , 0. , 0. , 0. ],
[ 0. , 0. , 0. , 0. ]],

[[ 0. , -0.02882, 0. , 0. ],
[ 0. , -0.0288 , 0. , 0. ],
[ 0. , -0.09 , -0.0243 , -0.0243 ],
[ 0. , 0. , 0. , 0. ]],

[[ 0. , 0. , 0. , 0. ],
[ 0. , -0.09 , -0.0243 , -0.0243 ],
[ 0. , 0.0415 , 0. , 0. ],

(continues on next page)
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[ 0. , -0.0363 , -0.0363 , -0.0363 ]],

[[ 0. , 0. , 0. , 0. ],
[ 0. , 0. , 0. , 0. ],
[ 0. , -0.0363 , -0.0363 , -0.0363 ],
[ 0. , 0. , 0. , 0. ]]]),

)
potentialSet.addPotential(_potential)

See also ref.tersoffbrennercommon.notes.

TersoffBrennerCorrectionPotential2

class TersoffBrennerCorrectionPotential2(particleType1, particleType2, activeTypes, L, U, x, z, f )
Constructor of the potential.

To construct this potential it is necessary to specify a threedimensional function. This is done by passing the
function values of this function at some grid points. For all other points, tricubic interpolation is used. At the
border of the grid, all derivatives are assumed to be zero.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• activeTypes (sequence of ParticleType or ParticleIdentifier) – List of
particle types that are involved in the calculation of the so-called conjugated part of the
potential.

• x (sequence of float) – The x-coordinates of the grid. It must have uniform spacing.
The same coordinates are also used for the y-coordinates.

• z (sequence of float) – The z-coordinates of the grid. It must have uniform spacing.

• f (3D numpy.array) – The function values at the given grid points. f should be a three-
dimensional array of size (len(x), len(y), len(z)). f[i, j, k] should be the function value at
(x[i], y[j], z[k]) and f must be symmetric with respect to its to first components, i.e. f[i, j,
k] = f[j, i, k].

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.
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setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner pair potentials for carbon.

potentialSet = TremoloXPotentialSet(name = 'Brenner_CH_2002')
potentialSet.addParticleType(ParticleType(

symbol = 'C',
mass = 12.0107*atomic_mass_unit,
charge = None,
sigma = None,
sigma14 = None,
epsilon = None,
epsilon14 = None,
atomicNumber = 6,
tags = [],

))
_potential = TersoffBrennerCorrectionPotential2(

particleType1 = ParticleIdentifier('C', []),
particleType2 = ParticleIdentifier('C', []),
activeTypes = [ParticleIdentifier('C', []), ],
L = 2.0,
U = 3.0,
x = numpy.array([0, 1, 2, 3]),
z = numpy.array(
[0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]

),
f = numpy.array([
[[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0216935, 0.00495861, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.02469883, -0.00597133, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, -0.05989947, -0.05989947, -0.05989947, -0.05989947,
-0.05989947, -0.05989947, -0.05989947, -0.05989947, -0.05989947,
-0.05989947, -0.05989947, -0.05989947, -0.05989947, -0.05989947,
-0.05989947, -0.05989947, -0.05989947, -0.05989947, -0.05989947]],

[[0.0, 0.0216935, 0.00495861, 0.0, 0.0,
(continues on next page)
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0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0525, -0.00208875, -0.0080428, -0.0080428,
-0.0080428, -0.0080428, -0.0080428, -0.0080428, -0.0080428,
-0.0080428, -0.0080428, -0.0080428, -0.0080428, -0.0080428,
-0.0080428, -0.0080428, -0.0080428, -0.0080428, -0.0080428 ],
[0.0, 0.00482478, 0.015, -0.01, -0.01168894,
-0.01337788, -0.01506682, -0.01506682, -0.01506682, -0.01506682,
-0.01506682, -0.01506682, -0.01506682, -0.01506682, -0.01506682,
-0.01506682, -0.01506682, -0.01506682, -0.01506682, -0.01506682],
[0.0, 0.0, -0.06241838, -0.06241838, -0.06241838,
-0.06241838, -0.06241838, -0.06241838, -0.06241838, -0.06241838,
-0.06241838, -0.06241838, -0.06241838, -0.06241838, -0.06241838,
-0.06241838, -0.06241838, -0.06241838, -0.06241838, -0.06241838]],

[[0.0, 0.02469883, -0.00597133, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.00482478, 0.015, -0.01, -0.01168894,
-0.01337788, -0.01506682, -0.01506682, -0.01506682, -0.01506682,
-0.01506682, -0.01506682, -0.01506682, -0.01506682, -0.01506682,
-0.01506682, -0.01506682, -0.01506682, -0.01506682, -0.01506682],
[0.0, 0.04722478, 0.011, 0.01985293, 0.01654411,
0.01323529, 0.00992647, 0.00661765, 0.00330882, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, -0.02235469, -0.02235469, -0.02235469, -0.02235469,
-0.02235469, -0.02235469, -0.02235469, -0.02235469, -0.02235469,
-0.02235469, -0.02235469, -0.02235469, -0.02235469, -0.02235469,
-0.02235469, -0.02235469, -0.02235469, -0.02235469, -0.02235469]],

[[0.0, -0.05989947, -0.05989947, -0.05989947, -0.05989947,
-0.05989947, -0.05989947, -0.05989947, -0.05989947, -0.05989947,
-0.05989947, -0.05989947, -0.05989947, -0.05989947, -0.05989947,
-0.05989947, -0.05989947, -0.05989947, -0.05989947, -0.05989947],
[0.0, 0.0, -0.06241838, -0.06241838, -0.06241838,
-0.06241838, -0.06241838, -0.06241838, -0.06241838, -0.06241838,
-0.06241838, -0.06241838, -0.06241838, -0.06241838, -0.06241838,
-0.06241838, -0.06241838, -0.06241838, -0.06241838, -0.06241838],
[0.0, -0.02235469, -0.02235469, -0.02235469, -0.02235469,
-0.02235469, -0.02235469, -0.02235469, -0.02235469, -0.02235469,
-0.02235469, -0.02235469, -0.02235469, -0.02235469, -0.02235469,
-0.02235469, -0.02235469, -0.02235469, -0.02235469, -0.02235469],
[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0]]]),

)
potentialSet.addPotential(_potential)

tersoffbrenner_carbon.py
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Notes

Todo: We should add the actual formula once the TremoloX Manual is updated.

The correction potential that is used in the second generation REBO1 and the AIREBO2 potential. (In most papers it is
denoted by pi_rc). It corrects the potential energy by using a tricubic spline that depends on the coordination numbers
of the involved particles.

Parameters are added in a symmetric fashion, meaning that the correction will be applied to particleType1-particleType2
bonds as well as to particleType2-particleType1 bonds (if the two types are different).

TersoffBrennerMolierePotential

class TersoffBrennerMolierePotential(particleType1, particleType2, a, b, c, d, c1, c2, c3, c4, d1, d2, d3, d4,
f, Zi, Zj, s, ra, rb)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• a (PhysicalQuantity of type length**-1) – Potential parameter.

• b (float) – Potential parameter.

• c (PhysicalQuantity of type energy) – Potential parameter.

• d (PhysicalQuantity of type energy) – Potential parameter.

• c1 (float) – Potential parameter.

• c2 (float) – Potential parameter.

• c3 (float) – Potential parameter.

• c4 (float) – Potential parameter.

• d1 (float) – Potential parameter.

• d2 (float) – Potential parameter.

• d3 (float) – Potential parameter.

• d4 (float) – Potential parameter.

• f (PhysicalQuantity of type length ) – Potential parameter.

• Zi (PhysicalQuantity of type charge) – Potential parameter.

• Zj (PhysicalQuantity of type charge) – Potential parameter.
1 D. W. Brenner, O. Shenderova, J. Harrison, S. J. Stuart, B. Ni, and S. B Sinnott. A second-generation reactive empirical bond order (REBO) po-

tential energy expression for hydrocarbons. J. Phys.: Condensed Matter, 14(4):783–802, 2002. arXiv:S0953-8984(02)31186-X, doi:10.1088/0953-
8984/14/4/312.

2 Steven J. Stuart, Alan B. Tutein, and Judith A. Harrison. A reactive potential for hydrocarbons with intermolecular interactions. J. Chem.
Phys., 112(14):6472–6486, 2000. URL: https://doi.org/10.1063/1.481208.
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• s (PhysicalQuantity of type energy) – Potential parameter.

• ra (PhysicalQuantity of type length ) – Potential parameter.

• rb (PhysicalQuantity of type length ) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Tersoff-Brenner pair potential with additional moliere-type repulsive term for silicon.

_potential = TersoffBrennerPairPotential(
particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('Si', []),
A = 1830.8*eV,
B = 471.18*eV,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
Re = 2.35*Angstrom,
R1 = 2.7*Angstrom,
R2 = 3.0*Angstrom,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerMolierePotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('Si', []),
a = -7.155376*1/Angstrom,
b = 9.502208,
c = 237.361562*eV,
d = 1.0*eV,
f = 0.10164343824*Angstrom,
c1 = 0.35,
c2 = 0.55,
c3 = 0.1,

(continues on next page)
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(continued from previous page)

c4 = 0.0,
d1 = 0.3,
d2 = 1.2,
d3 = 6.0,
d4 = 0.0,
Zi = 14.0*elementary_charge,
Zj = 14.0*elementary_charge,
s = 296.792932*eV,
ra = 0.286968*Angstrom,
rb = 0.65522*Angstrom,

)
potentialSet.addPotential(_potential)

Notes

In some cases it is necessary to boost the repulsive term

𝑈𝑟𝑒𝑝𝑖𝑗 = 𝑓𝑇𝐵𝑖𝑗 (𝑟𝑖𝑗)𝐴𝑖𝑗 exp(−𝜆𝑖𝑗𝑟𝑖𝑗)

of a TersoffBrennerPairPotential for particles that are close to each other. Therefore, a correction term was introduced
in1 that replaces the original repulsion term by a Coulomb-like term for close interactions. This behavior can be
achieved by an additional correction term 𝑈𝑟𝑒𝑝𝐶𝑜𝑟𝑖𝑗 that is added to the 𝑈𝑟𝑒𝑝𝑖𝑗 terms. It has the form

𝑈𝑟𝑒𝑝𝐶𝑜𝑟𝑖𝑗 =

⎧⎪⎨⎪⎩
−𝑈𝑟𝑒𝑝𝑖𝑗 + 𝑈𝑀𝑜𝑙𝑖𝑒𝑟𝑒

𝑖𝑗 𝑟𝑖𝑗 ≤ 𝑟
(𝑎)
𝑖𝑗

−𝑈𝑟𝑒𝑝𝑖𝑗 + 𝑈𝑠𝑝𝑙𝑖𝑛𝑒𝑖𝑗 𝑟
(𝑎)
𝑖𝑗 < 𝑟𝑖𝑗 < 𝑟

(𝑏)
𝑖𝑗

0 𝑟
(𝑏)
𝑖𝑗 ≤ 𝑟𝑖𝑗

which basically means that the repulsive term 𝑈𝑟𝑒𝑝𝑖𝑗 is replaced by⎧⎪⎨⎪⎩
𝑈𝑀𝑜𝑙𝑖𝑒𝑟𝑒
𝑖𝑗 𝑟𝑖𝑗 ≤ 𝑟

(𝑎)
𝑖𝑗

𝑈𝑠𝑝𝑙𝑖𝑛𝑒𝑖𝑗 𝑟
(𝑎)
𝑖𝑗 < 𝑟𝑖𝑗 < 𝑟

(𝑏)
𝑖𝑗

𝑈𝑟𝑒𝑝𝑖𝑗 𝑟
(𝑏)
𝑖𝑗 ≤ 𝑟𝑖𝑗

The two new terms 𝑈𝑀𝑜𝑙𝑖𝑒𝑟𝑒
𝑖𝑗 and 𝑈𝑠𝑝𝑙𝑖𝑛𝑒𝑖𝑗 are given by

𝑈𝑀𝑜𝑙𝑖𝑒𝑟𝑒
𝑖𝑗 = 𝑠𝑖𝑗 +

𝑍1𝑍2

4𝜋𝜖0𝑟𝑖𝑗

4∑︁
𝑚=1

𝑐
(𝑚)
𝑖𝑗 exp

(︃
−
𝑑
(𝑚)
𝑖𝑗 𝑟𝑖𝑗

𝑓𝑖𝑗

)︃

and

𝑈𝑠𝑝𝑙𝑖𝑛𝑒𝑖𝑗 = 𝑐𝑖𝑗 + 𝑑𝑖𝑗 exp(𝑎𝑖𝑗𝑟𝑖𝑗 + 𝑏𝑖𝑗).

This correction can be set up by adding a TersoffBrennerMolierePotential. The potential parameters are defined as
follows:

1 Cameron F Abrams and David B Graves. Molecular dynamics simulations of si etching by energetic cf 3+. Journal of applied physics,
86(11):5938–5948, 1999. URL: https://doi.org/10.1063/1.371637, doi:10.1063/1.371637.
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a The parameter 𝑎𝑖𝑗
b The parameter 𝑏𝑖𝑗
c The parameter 𝑐𝑖𝑗
d The parameter 𝑑𝑖𝑗
f The parameter 𝑓𝑖𝑗
s The parameter 𝑠𝑖𝑗
c1,. . . ,c4 The parameters 𝑐(1)𝑖𝑗 , . . . , 𝑐

(4)
𝑖𝑗

d1,. . . ,d4 The parameters 𝑑(1)𝑖𝑗 , . . . , 𝑑
(4)
𝑖𝑗

zi The parameter 𝑍1

zj The parameter 𝑍2

r_a The parameter 𝑟(𝑎)𝑖𝑗

r_b The parameter 𝑟(𝑏)𝑖𝑗

TersoffBrennerPairPotential

class TersoffBrennerPairPotential(particleType1, particleType2, A, B, l, mu, Re, R1, R2, fType=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type energy) – Potential parameter.

• l (PhysicalQuantity of type length**-1) – Potential parameter (lambda).

• mu (PhysicalQuantity of type length**-1) – Potential parameter.

• Re (PhysicalQuantity of type length ) – Potential parameter.

• R1 (PhysicalQuantity of type length ) – Potential parameter.

• R2 (PhysicalQuantity of type length ) – Potential parameter.

• fType – The smoothing function that will be used. Must be one of the following variables:

TwoBodyPotential.Brenner TwoBodyPotential.MurtyAtwater TwoBodyPoten-
tial.HumbridGraves

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

4.13. Full QuantumATK package 2031



QuantumATK V-2023.12 Documentation

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner pair potentials between silicon and fluorine.

potentialSet = TremoloXPotentialSet(name = 'TersoffBrenner_CSiF_1999')
_potential = TersoffBrennerPairPotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('Si', []),
A = 1830.8*eV,
B = 471.18*eV,
l = 2.4799*1/Angstrom,
mu = 1.7322*1/Angstrom,
Re = 2.35*Angstrom,
R1 = 2.7*Angstrom,
R2 = 3.0*Angstrom,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerPairPotential(

particleType1 = ParticleIdentifier('F', []),
particleType2 = ParticleIdentifier('F', []),
A = 16451.97*eV,
B = 146.8149*eV,
l = 6.8149*1/Angstrom,
mu = 2.8568*1/Angstrom,
Re = 1.4119*Angstrom,
R1 = 1.7*Angstrom,
R2 = 2.0*Angstrom,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerPairPotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('F', []),
A = 37412.28*eV,
B = 925.846*eV,
l = 5.4875*1/Angstrom,
mu = 2.7437*1/Angstrom,
Re = 1.6008*Angstrom,
R1 = 1.83922*Angstrom,
R2 = 2.13922*Angstrom,

)
potentialSet.addPotential(_potential)

See also ref.tersoffbrennercommon.notes.
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TersoffBrennerPairPotential2

class TersoffBrennerPairPotential2(particleType1, particleType2, A, l, Q, B1, B2, B3, mu1, mu2, mu3, Re,
R1, R2, fType=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• l (PhysicalQuantity of type length**-1) – Potential parameter (lambda).

• Q (PhysicalQuantity of type length ) – Potential parameter.

• B1 (PhysicalQuantity of type energy) – Potential parameter.

• B2 (PhysicalQuantity of type energy) – Potential parameter.

• B3 (PhysicalQuantity of type energy) – Potential parameter.

• mu1 (PhysicalQuantity of type length**-1) – Potential parameter.

• mu2 (PhysicalQuantity of type length**-1) – Potential parameter.

• mu3 (PhysicalQuantity of type length**-1) – Potential parameter.

• Re (PhysicalQuantity of type length ) – Potential parameter.

• R1 (PhysicalQuantity of type length ) – Potential parameter.

• R2 (PhysicalQuantity of type length ) – Potential parameter.

• fType – The smoothing function that will be used. Must be one of the following variables:

TwoBodyPotential.Brenner TwoBodyPotential.MurtyAtwater TwoBodyPoten-
tial.HumbridGraves

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters
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• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner pair potentials for carbon.

potentialSet = TremoloXPotentialSet(name = 'Brenner_CH_2002')
potentialSet.addParticleType(ParticleType(

symbol = 'C',
mass = 12.0107*atomic_mass_unit,
charge = None,
sigma = None,
sigma14 = None,
epsilon = None,
epsilon14 = None,
atomicNumber = 6,
tags = [],

))

_potential = TersoffBrennerPairPotential2(
particleType1 = ParticleIdentifier('C', []),
particleType2 = ParticleIdentifier('C', []),
A = 10953.5441622*eV,
Q = 0.313460296083*Angstrom,
l = 4.74653906066*1/Angstrom,
B1 = 12388.791978*eV,
B2 = 17.567406465*eV,
B3 = 30.7149320807*eV,
mu1 = 4.7204523127*1/Angstrom,
mu2 = 1.4332132499*1/Angstrom,
mu3 = 1.3826912506*1/Angstrom,
Re = 0.0*Angstrom,
R1 = 1.7*Angstrom,
R2 = 2.0*Angstrom,

)

tersoffbrenner_carbon.py

Notes

Todo: We should add the actual formula once the TremoloX Manual is updated.

The pair potential that is used in the second generation REBO1 and the AIREBO2 potential. When added to a potential
set, this class activates the repulsive and attractive terms between two types of particles. Interactions are added in a

1 D. W. Brenner, O. Shenderova, J. Harrison, S. J. Stuart, B. Ni, and S. B Sinnott. A second-generation reactive empirical bond order (REBO) po-
tential energy expression for hydrocarbons. J. Phys.: Condensed Matter, 14(4):783–802, 2002. arXiv:S0953-8984(02)31186-X, doi:10.1088/0953-
8984/14/4/312.

2 Steven J. Stuart, Alan B. Tutein, and Judith A. Harrison. A reactive potential for hydrocarbons with intermolecular interactions. J. Chem.
Phys., 112(14):6472–6486, 2000. URL: https://doi.org/10.1063/1.481208.
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symmetric fashion, which means that adding a TersoffBrennerPairPotential2 object with particle types A and B to a
potential set will activate interactions between particles of type A and B but also between B and A.

TersoffBrennerPairPotential3

class TersoffBrennerPairPotential3(particleType1, particleType2, A, B, l, mu, Re, R1, R2, xRep1, FRep1,
dxFRep1, dxxFRep1, xRep2, FRep2, dxFRep2, dxxFRep2, xAttr1,
FAttr1, dxFAttr1, dxxFAttr1, xAttr2, FAttr2, dxFAttr2, dxxFAttr2,
fType=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type energy) – Potential parameter.

• l (PhysicalQuantity of type length**-1) – Potential parameter (lambda).

• mu (PhysicalQuantity of type length**-1) – Potential parameter.

• Re (PhysicalQuantity of type length ) – Potential parameter.

• R1 (PhysicalQuantity of type length ) – Potential parameter.

• R2 (PhysicalQuantity of type length ) – Potential parameter.

• xRep1 (sequence of floats) – Coordinates for which the values of the function
F^(rep, 1) are known. Must be sorted in ascending order.

• FRep1 (sequence of floats) – The function values of F^(rep, 1) at the points in
xRep1.

• dxFRep1 (sequence of floats) – The first derivatives of F^(rep, 1) at the points in
xRep1.

• dxxFRep1 (sequence of floats) – The second derivatives of F^(rep, 1) at the points
in xRep1.

• xRep2 (sequence of floats) – Coordinates for which the values of the function
F^(rep, 1) are known. Must be sorted in ascending order.

• FRep2 (sequence of floats) – The function values of F^(rep, 2) at the points in
xRep2.

• dxFRep2 (sequence of floats) – The first derivatives of F^(rep, 2) at the points in
xRep2.

• dxxFRep2 (sequence of floats) – The second derivatives of F^(rep, 2) at the points
in xRep2.

• xAttr1 (sequence of floats) – Coordinates for which the values of the function
F^(attr, 1) are known. Must be sorted in ascending order.
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• FAttr1 (sequence of floats) – The function values of F^(attr, 1) at the points in
xAttr1.

• dxFAttr1 (sequence of floats) – The first derivatives of F^(attr, 1) at the points in
xAttr1.

• dxxFAttr1 (sequence of floats) – The second derivatives of F^(attr, 1) at the points
in xAttr1.

• xAttr2 (sequence of floats) – Coordinates for which the values of the function
F^(attr, 1) are known. Must be sorted in ascending order.

• FAttr2 (sequence of floats) – The function values of F^(attr, 2) at the points in
xAttr2.

• dxFAttr2 (sequence of floats) – The first derivatives of F^(attr, 2) at the points in
xAttr2.

• dxxFAttr2 (sequence of floats) – The second derivatives of F^(attr, 2) at the points
in xAttr2.

• fType – The smoothing function that will be used. Must be one of the following variables:

TwoBodyPotential.Brenner TwoBodyPotential.MurtyAtwater TwoBodyPoten-
tial.HumbridGraves

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner pair potentials for silane.

potentialSet = TremoloXPotentialSet(name = 'Murty_HSi_1995')
potentialSet.addParticleType(ParticleType(

symbol = 'Si',
mass = 28.0855*atomic_mass_unit,
charge = None,
sigma = None,

(continues on next page)
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(continued from previous page)

sigma14 = None,
epsilon = None,
epsilon14 = None,
atomicNumber = 14,
tags = [],

))
potentialSet.addParticleType(ParticleType(

symbol = 'H',
mass = 1.00794*atomic_mass_unit,
charge = None,
sigma = None,
sigma14 = None,
epsilon = None,
epsilon14 = None,
atomicNumber = 1,
tags = [],

))

_potential = TersoffBrennerPairPotential3(
particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('H', []),
A = 323.54*eV,
B = 84.18*eV,
l = 2.9595*1/Angstrom,
mu = 1.6158*1/Angstrom,
Re = 1.475*Angstrom,
R1 = 1.7*Angstrom,
R2 = 2.0*Angstrom,
xRep1 = numpy.array([1, 2, 3, 4, 5, 6, 7]),
FRep1 = numpy.array([ 2.01 , 2.218, 1.908, 2. , 2. , 2. , 2. ]),
dxFRep1 = numpy.array([ 0. , -0.038, -0.154, 0. , 0. , 0. , 0. ]),
dxxFRep1 = numpy.array([ 1.324, -1.4 , 1.168, 0. , 0. , 0. , 0. ]),
xRep2 = numpy.array([ 0., 1.]),
FRep2 = numpy.array([ 0., 0.]),
dxFRep2 = numpy.array([ 0., 0.]),
dxxFRep2 = numpy.array([ 0., 0.]),
xAttr1 = numpy.array([1, 2, 3, 4, 5, 6, 7]),
FAttr1 = numpy.array([ 1.86 , 2.07 , 1.868, 2. , 2. , 2. , 2. ]),
dxFAttr1 = numpy.array([-0. , 0.0204, -0.0576, 0. , 0. , 0. , 0.

→˓ ]),
dxxFAttr1 = numpy.array([ 1.2192, -1.1784, 1.0224, 0. , 0. , 0. , ␣

→˓0. ]),
xAttr2 = numpy.array([ 0., 1.]),
FAttr2 = numpy.array([ 0., 0.]),
dxFAttr2 = numpy.array([ 0., 0.]),
dxxFAttr2 = numpy.array([ 0., 0.]),

)
potentialSet.addPotential(_potential)

tersoff_silane.py
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Notes

Todo: We should add the actual formula once the TremoloX Manual is updated.

The pair potential that is used in the Murty-Atwater variant of the Tersoff- Brenner potential1. When added to a potential
set, this class activates the repulsive and attractive terms between two types of particles.

Both the repulsive and the attractive interactions depend on quintic splines. To define these splines, their function
values and derivatives at some coordinates must be passed to this potential.

Interactions are added in a symmetric fashion, which means that adding a TersoffBrennerPairPotential2 object with
particle types A and B to a potential set will activate interactions between particles of type A and B but also between
B and A.

TersoffBrennerSplinePotential

class TersoffBrennerSplinePotential(particleType1, particleType2, activeTypes1, activeTypes2, x, y, f )
Constructor of the potential.

To construct this potential it is necessary to specify a twodimensional function. This is done by passing the
function values of this function at some grid points, for all other points, bicubic interpolation is used. At the
border of the grid, all derivatives are assumed to be zero.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• activeTypes1 (sequence of ParticleType or ParticleIdentifier) – List of
particle types that are involved in the calculation of the N1 coefficient in the potential.

• activeTypes2 (sequence of ParticleType or ParticleIdentifier) – List of
particle types that are involved in the calculation of the N2 coefficient in the potential.

• x (sequence of float) – The x-coordinates of the grid. It must have uniform spacing.

• y (sequence of float) – The y-coordinates of the grid. It must have uniform spacing.

• f (2D numpy.array) – The function values at the given grid points. f should be a twodi-
mensional array of size (len(x), len(y)). f[i, j] should be the function value at (x[i], y[j]).

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

1 M. V. Ramana Murty and Harry A. Atwater. Empirical interatomic potential for si-h interactions. Phys. Rev. B, 51:4889–4893, 1995. URL:
https://link.aps.org/doi/10.1103/PhysRevB.51.4889.
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static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner spline potentials between carbon and fluorine pairs. Note that for fluorine atoms the coordina-
tion with both carbon and silicon atoms is considered.

potentialSet = TremoloXPotentialSet(name = 'TersoffBrenner_CSiF_1999')
_potential = TersoffBrennerSplinePotential(

particleType1 = ParticleIdentifier('C', []),
particleType2 = ParticleIdentifier('F', []),
activeTypes1 = [ParticleIdentifier('F', []), ],
activeTypes2 = [ParticleIdentifier('C', []), ParticleIdentifier('Si', []), ],
x = numpy.array([ 0., 1., 2., 3.]),
y = numpy.array([ 0., 1., 2.]),
f = numpy.array([

[ 0. , 0.10643, 0.1892 ],
[ 0.06353, 0.1892 , -0.0021 ],
[ 0.21895, 0.0104 , 0. ],
[ 0.01806, 0. , 0. ]]),

)
potentialSet.addPotential(_potential)

See also ref.tersoffbrennercommon.notes.

TersoffBrennerTorsionCorrectionPotential

class TersoffBrennerTorsionCorrectionPotential(particleType1, particleType2, activeTypes, L, U, x, z, f )
Constructor of the potential.

To construct this potential it is necessary to specify a threedimensional function. This is done by passing the
function values of this function at some grid points. For all other points, tricubic interpolation is used. At the
border of the grid, all derivatives are assumed to be zero.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.
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• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• activeTypes (sequence of ParticleType or ParticleIdentifier) – List of
particle types that are involved in the calculation of the so-called conjugated part of the
potential.

• x (sequence of float) – The x-coordinates of the grid. It must have uniform spacing.
The same coordinates are also used for the y-coordinates.

• z (sequence of float) – The z-coordinates of the grid. It must have uniform spacing.

• f (3D numpy.array) – The function values at the given grid points. f should be a three-
dimensional array of size (len(x), len(y), len(z)). f[i, j, k] should be the function value at
(x[i], y[j], z[k]) and f must be symmetric with respect to its to first components, i.e. f[i, j,
k] = f[j, i, k].

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Tersoff-Brenner torsion correction potential for carbon.

potentialSet = TremoloXPotentialSet(name = 'Brenner_CH_2002')
potentialSet.addParticleType(ParticleType(

symbol = 'C',
mass = 12.0107*atomic_mass_unit,
charge = None,
sigma = None,
sigma14 = None,
epsilon = None,
epsilon14 = None,
atomicNumber = 6,
tags = [],

))

(continues on next page)
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[[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0]],

[[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0]]]),

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTorsionCorrectionPotential(

particleType1 = ParticleIdentifier('C', []),
particleType2 = ParticleIdentifier('C', []),
activeTypes = [ParticleIdentifier('C', []), ],
L = 2.0,
U = 3.0,
x = numpy.array([0, 1, 2, 3]),
z = numpy.array(
[0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]

),
f = numpy.array([
[[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,

(continues on next page)
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0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0]],

[[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0]],

[[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, -0.03514004, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, -0.00404837,

-0.00404837, -0.00404837, -0.00404837, -0.00404837, -0.00404837,
-0.00404837, -0.00404837, -0.00404837, -0.00404837, -0.00404837],
[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0]],

[[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,

(continues on next page)
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0.0, 0.0, 0.0, 0.0, 0.0],
[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0],

[0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0]]]),

)
potentialSet.addPotential(_potential)

tersoffbrenner_carbon.py

Notes

Todo: We should add the actual formula once the TremoloX Manual is updated.

This potential adds the torsion correction potential that is used in the second generation REBO potential1. It corrects
the potential energy by using a tricubic spline that depends on the coordination numbers of the involved particles.

Parameters are added in a symmetric fashion, meaning that the correction will be applied to particleType1-particleType2
bonds as well as to particleType2-particleType1 bonds (if the two types are different).

TersoffBrennerTriplePotential

class TersoffBrennerTriplePotential(particleType1, particleType2, particleType3, alpha, beta, g_c, g_d,
g_h)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• alpha (PhysicalQuantity of type length**-beta) – Potential parameter.

• beta (int) – Potential parameter.

• g_c (float) – Potential parameter.

• g_d (float) – Potential parameter.
1 D. W. Brenner, O. Shenderova, J. Harrison, S. J. Stuart, B. Ni, and S. B Sinnott. A second-generation reactive empirical bond order (REBO) po-

tential energy expression for hydrocarbons. J. Phys.: Condensed Matter, 14(4):783–802, 2002. arXiv:S0953-8984(02)31186-X, doi:10.1088/0953-
8984/14/4/312.
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• g_h (float) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner triple potentials between silicon and fluorine.

potentialSet = TremoloXPotentialSet(name = 'TersoffBrenner_CSiF_1999')
_potential = TersoffBrennerTriplePotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('Si', []),
particleType3 = ParticleIdentifier('Si', []),
beta = 3,
alpha = 5.197495*1/Angstrom**3,
g_c = 0.0,
g_d = 0.16,
g_h = -0.59826,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTriplePotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('Si', []),
particleType3 = ParticleIdentifier('F', []),
beta = 3,
alpha = 4.0*1/Angstrom**3,
g_c = 0.0216,
g_d = 0.27,
g_h = -0.47,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTriplePotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('F', []),

(continues on next page)
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particleType3 = ParticleIdentifier('Si', []),
beta = 3,
alpha = 4.0*1/Angstrom**3,
g_c = 0.0216,
g_d = 0.27,
g_h = -0.47,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTriplePotential(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('F', []),
particleType3 = ParticleIdentifier('F', []),
beta = 3,
alpha = 4.0*1/Angstrom**3,
g_c = 0.0216,
g_d = 0.27,
g_h = -0.47,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTriplePotential(

particleType1 = ParticleIdentifier('F', []),
particleType2 = ParticleIdentifier('F', []),
particleType3 = ParticleIdentifier('F', []),
beta = 1,
alpha = 3.0*1/Angstrom,
g_c = 14.0,
g_d = 0.0,
g_h = 0.0,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTriplePotential(

particleType1 = ParticleIdentifier('F', []),
particleType2 = ParticleIdentifier('F', []),
particleType3 = ParticleIdentifier('Si', []),
beta = 1,
alpha = 3.0*1/Angstrom,
g_c = 14.0,
g_d = 0.0,
g_h = 0.0,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTriplePotential(

particleType1 = ParticleIdentifier('F', []),
particleType2 = ParticleIdentifier('Si', []),
particleType3 = ParticleIdentifier('F', []),
beta = 1,
alpha = 3.0*1/Angstrom,
g_c = 14.0,
g_d = 0.0,
g_h = 0.0,

)
potentialSet.addPotential(_potential)

(continues on next page)
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_potential = TersoffBrennerTriplePotential(
particleType1 = ParticleIdentifier('F', []),
particleType2 = ParticleIdentifier('Si', []),
particleType3 = ParticleIdentifier('Si', []),
beta = 1,
alpha = 3.0*1/Angstrom,
g_c = 14.0,
g_d = 0.0,
g_h = 0.0,

)
potentialSet.addPotential(_potential)

See also ref.tersoffbrennercommon.notes.

TersoffBrennerTriplePotential2

class TersoffBrennerTriplePotential2(particleType1, particleType2, particleType3, alpha, beta, g_a, g_c,
g_d, g_h)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• alpha (PhysicalQuantity of type length**-beta) – Potential parameter.

• beta (int) – Potential parameter.

• g_a (float) – Potential parameter.

• g_c (float) – Potential parameter.

• g_d (float) – Potential parameter. Must not be zero.

• g_h (float) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner triple potentials (2. variant) between silicon and carbon.

potentialSet = TremoloXPotentialSet(name = 'TersoffBrenner_CSiF_1999')
_potential = TersoffBrennerTriplePotential2(

particleType1 = ParticleIdentifier('C', []),
particleType2 = ParticleIdentifier('C', []),
particleType3 = ParticleIdentifier('C', []),
beta = 0,
alpha = 0,
g_a = 0.00020813,
g_c = 330.0,
g_d = 3.5,
g_h = -1.0,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTriplePotential2(

particleType1 = ParticleIdentifier('C', []),
particleType2 = ParticleIdentifier('C', []),
particleType3 = ParticleIdentifier('Si', []),
beta = 0,
alpha = 0,
g_a = 0.00020813,
g_c = 330.0,
g_d = 3.5,
g_h = -1.0,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTriplePotential2(

particleType1 = ParticleIdentifier('C', []),
particleType2 = ParticleIdentifier('Si', []),
particleType3 = ParticleIdentifier('C', []),
beta = 0,
alpha = 0,
g_a = 1.5724e-07,
g_c = 0.00038049,
g_d = 4.384,
g_h = -0.57058,

)
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTriplePotential2(

(continues on next page)
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particleType1 = ParticleIdentifier('C', []),
particleType2 = ParticleIdentifier('Si', []),
particleType3 = ParticleIdentifier('Si', []),
beta = 0,
alpha = 0,
g_a = 1.5724e-07,
g_c = 0.00038049,
g_d = 4.384,
g_h = -0.57058,

)
potentialSet.addPotential(_potential)

See also ref.tersoffbrennercommon.notes.

TersoffBrennerTriplePotential3

class TersoffBrennerTriplePotential3(particleType1, particleType2, particleType3, alpha, beta, rho1, rho2,
L, U, x1, f1, dfx1, dfxx1, x2, f2, dfx2, dfxx2)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• alpha (PhysicalQuantity of type length**-beta) – Potential parameter.

• beta (int) – Potential parameter.

• rho1 (PhysicalQuantity of type length ) – Potential parameter.

• rho2 (PhysicalQuantity of type length ) – Potential parameter.

• L (float) – Potential parameter.

• U (float) – Potential parameter.

• x1 (sequence of float) – The grid coordinates for the first spline.

• f1 (sequence of float) – The function values for the first spline at the coordinates in
x1.

• dfx1 (sequence of float) – The first derivatives for the first spline at the coordinates
in x1.

• dfxx1 (sequence of float) – The second derivatives for the first spline at the coordi-
nates in x1.

• x2 (sequence of float) – The grid coordinates for the second spline.

• f2 (sequence of float) – The function values for the second spline at the coordinates
in x1.
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• dfx2 (sequence of float) – The first derivatives for the second spline at the coordi-
nates in x1.

• dfxx2 (sequence of float) – The second derivatives for the second spline at the co-
ordinates in x1.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner triple potentials for carbon.

potentialSet = TremoloXPotentialSet(name = 'Brenner_CH_2002')
potentialSet.addParticleType(ParticleType(

symbol = 'C',
mass = 12.0107*atomic_mass_unit,
charge = None,
sigma = None,
sigma14 = None,
epsilon = None,
epsilon14 = None,
atomicNumber = 6,
tags = [],

))
_potential = TersoffBrennerTriplePotential3(

particleType1 = ParticleIdentifier('C', []),
particleType2 = ParticleIdentifier('C', []),
particleType3 = ParticleIdentifier('C', []),
beta = 1,
alpha = 0.0*1/Angstrom,
L = 3.2,
U = 3.7,
rho1 = 0.0*Angstrom,
rho2 = 0.0*Angstrom,
x1 = numpy.array([-1.0, -0.5, -0.333412, 0.0, 0.5, 1.0]),

(continues on next page)
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f1 = numpy.array([-0.01, 0.0528, 0.09733, 0.37545, 2.0014, 8.0]),
dfx1 = numpy.array([0.104, 0.17, 0.4, 1.406776, 6.056472, 20.240234]),
dfxx1 = numpy.array([0.0, 0.37, 1.98, 4.508755, 16.147742, 43.901021]),
x2 = numpy.array([-1.0, -0.5, -0.333412, 0.0, 0.5, 1.0]),
f2 = numpy.array([-0.01, 0.0528, 0.09733, 0.271856, 0.416335, 1.0]),
dfx2 = numpy.array([0.104, 0.17, 0.4, 0.488916, 0.25958, 2.831613]),
dfxx2 = numpy.array([0.0, 0.37, 1.98, -0.866163, 1.170791, 10.239179]),

)
potentialSet.addPotential(_potential)

tersoffbrenner_carbon.py

Notes

Todo: We should add the actual formula once the TremoloX Manual is updated.

When added to a potential set, this class activates the three-body interactions that are used in the second generation
REBO1 and AIREBO2 potential. This potential depends on two angle functions g1 and g2 that are usually specified
by quintic splines. Therefore it is necessary to specify the values of these two functions (and the derivatives) at some
given points.

Please note that interactions are added in a non-symmetric fashion. particleType1-particleType2 is associated to the
bond-order pair i-j. (i is the central particle)

TersoffBrennerTriplePotential4

class TersoffBrennerTriplePotential4(particleType1, particleType2, particleType3, alpha, beta, g_c, g_d, x,
H, dxH, dxxH)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• alpha (PhysicalQuantity of type length**-beta) – Potential parameter.

• beta (int) – Potential parameter.

• g_c (float) – Potential parameter.
1 D. W. Brenner, O. Shenderova, J. Harrison, S. J. Stuart, B. Ni, and S. B Sinnott. A second-generation reactive empirical bond order (REBO) po-

tential energy expression for hydrocarbons. J. Phys.: Condensed Matter, 14(4):783–802, 2002. arXiv:S0953-8984(02)31186-X, doi:10.1088/0953-
8984/14/4/312.

2 Steven J. Stuart, Alan B. Tutein, and Judith A. Harrison. A reactive potential for hydrocarbons with intermolecular interactions. J. Chem.
Phys., 112(14):6472–6486, 2000. URL: https://doi.org/10.1063/1.481208.
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• g_d (float) – Potential parameter.

• x (sequence of floats) – Coordinates for which the values of the function H are
known. Must be sorted in ascending order.

• H (sequence of floats) – The function values of H at the points in x.

• dxH (sequence of floats) – The first derivatives of H at the points in x.

• dxxH (sequence of floats) – The second derivatives of H at the points in x.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner triple potentials for a silane molecule.

potentialSet = TremoloXPotentialSet(name = 'Murty_HSi_1995')
potentialSet.addParticleType(ParticleType(

symbol = 'Si',
mass = 28.0855*atomic_mass_unit,
charge = None,
sigma = None,
sigma14 = None,
epsilon = None,
epsilon14 = None,
atomicNumber = 14,
tags = [],

))
potentialSet.addPotential(_potential)
_potential = TersoffBrennerTriplePotential4(

particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('Si', []),
particleType3 = ParticleIdentifier('H', []),
beta = 3,
alpha = 4.0*1/Angstrom**3,

(continues on next page)
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g_c = 0.0216,
g_d = 0.27,
x = numpy.array([ 1., 2., 3., 4., 5., 6., 7.]),
H = numpy.array([-0.04 , -0.04 , -0.276, -0.47 , -0.47 , -0.47 , -0.47 ]),
dxH = numpy.array([-0. , -0.1028, -0.2968, 0. , 0. , 0. , 0. ␣

→˓]),
dxxH = numpy.array([ 0.2056, -0.4112, 0.0232, -0. , 0. , 0. , 0. ␣

→˓]),
)
potentialSet.addPotential(_potential)

tersoff_silane.py

Notes

Todo: We should add the actual formula once the TremoloX Manual is updated.

When added to a potential set, this class activates the three-body interactions that are used in the Murty-Atwater variant
of the Tersoff-Brenner potential :footcite:Murty1995`.

This potential depends on a function H that is represented by quintic splines. Therefore it is necessary to specify the
values of this functions (and its derivatives) at some given points.

Please note that interactions are added in a non-symmetric fashion. particleType1-particleType2 is associated to the
bond-order pair i-j. (i is the central particle)

TersoffBrennerTriplePotential5

class TersoffBrennerTriplePotential5(particleType1, particleType2, particleType3, alpha, beta, g_a, g_c,
g_d, activeTypes1, activeTypes2, x, y, h)

Constructor of the potential.

To construct this potential it is necessary to specify a twodimensional function. This is done by passing the
function values of this function at some grid points, for all other points, bicubic interpolation is used. At the
border of the grid, all derivatives are assumed to be zero.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• alpha (PhysicalQuantity of type length**-beta) – Potential parameter.

• beta (int) – Potential parameter.

• g_a (float) – Potential parameter.
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• g_c (float) – Potential parameter.

• g_d (float) – Potential parameter. Must not be zero.

• activeTypes1 (sequence of ParticleType or ParticleIdentifier) – List of
particle types that are involved in the calculation of the N1 coefficient in the potential.

• activeTypes2 (sequence of ParticleType or ParticleIdentifier) – List of
particle types that are involved in the calculation of the N2 coefficient in the potential.

• x (sequence of float) – The x-coordinates of the grid. It must have uniform spacing.

• y (sequence of float) – The y-coordinates of the grid. It must have uniform spacing.

• h (2D numpy.array) – The function values at the given grid points. h should be a twodi-
mensional array of size (len(x), len(y)). h[i, j] should be the function value at (x[i], y[j]).

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define Tersoff-Brenner triple potentials for silicon-carbon interactions.

potentialSet = TremoloXPotentialSet(name = 'Dyson_CHSi_1999')
potentialSet.addParticleType(ParticleType(

symbol = 'C',
mass = 12.0107*atomic_mass_unit,
charge = None,
sigma = None,
sigma14 = None,
epsilon = None,
epsilon14 = None,
atomicNumber = 6,
tags = [],

))
potentialSet.addParticleType(ParticleType(

symbol = 'Si',
(continues on next page)
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mass = 28.0855*atomic_mass_unit,
charge = None,
sigma = None,
sigma14 = None,
epsilon = None,
epsilon14 = None,
atomicNumber = 14,
tags = [],

))

_potential = TersoffBrennerTriplePotential5(
particleType1 = ParticleIdentifier('Si', []),
particleType2 = ParticleIdentifier('Si', []),
particleType3 = ParticleIdentifier('C', []),
beta = 1,
alpha = 3.0*1/Angstrom,
g_a = 0.01,
g_c = 14.0,
g_d = 2.1,
activeTypes1 = [ParticleIdentifier('H', []), ],
activeTypes2 = [ParticleIdentifier('Si', []), ParticleIdentifier('C', []), ],
x = numpy.array([0, 1, 2, 3, 4, 5]),
y = numpy.array([0, 1, 2, 3, 4, 5]),
h = numpy.array([[-0. , -0.5 , -1. , -1. , -0. , -0. ],
[-0. , -0.049, -0.45 , -0.68 , -0. , -0. ],
[-0.04 , -0.436, -0.75 , -0. , -0. , -0. ],
[-0.35 , -0.65 , -0.85 , -0. , -0. , -0. ],
[-0.6 , -0.8 , -0. , -0. , -0. , -0. ],
[-0. , -0. , -0. , -0. , -0. , -0. ]]),

)
potentialSet.addPotential(_potential)

dyson_SiCH6.py

Notes

Todo: We should add the actual formula once the TremoloX Manual is updated.

When added to a potential set, this class activates the three-body interactions that are used in the Dyson-Smith variant
of the Tersoff-Brenner potential1.

This potential depends on a function h that is represented by a bicubic splines. Therefore it is necessary to specify the
values of this functions (and its derivatives) at some given points.

Please note that interactions are added in a non-symmetric fashion. particleType1-particleType2 is associated to the
bond-order pair i-j. (i is the central particle)

1 A. J. Dyson and P. V. Smith. Improved empirical interatomic potential for c—si—h systems. Mol. Phys., 96:1491–1507, 1999. URL: https:
//doi.org/10.1080/00268979909483092.
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TersoffDiag2Potential

class TersoffDiag2Potential(particleType1, particleType2, A, B, R, S, l, mu, alpha, beta, omega, chi, chiR, m,
n, c, d, h)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type energy) – Potential parameter.

• R (PhysicalQuantity of type length ) – Potential parameter.

• S (PhysicalQuantity of type length ) – Potential parameter.

• l (PhysicalQuantity of type length**-1) – Potential parameter.

• mu (PhysicalQuantity of type length**-1) – Potential parameter.

• alpha (PhysicalQuantity of type length**-1) – Potential parameter.

• beta (float) – Potential parameter.

• omega (float) – Potential parameter.

• chi (float) – Potential parameter.

• chiR (float) – Potential parameter.

• m (int) – Potential parameter.

• n (float) – Potential parameter.

• c (float) – Potential parameter.

• d (float) – Potential parameter.

• h (float) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters
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• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Tersoff potential for gallium arsenide by adding particle types and interaction functions to the TremoloXPo-
tentialSet.

# -------------------------------------------------------------
# Bulk configuration for FCC GaAs
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.6537*Angstrom)

# Define elements
elements = [Gallium, Arsenic]

# Define coordinates
fractional_coordinates = [[ 0.00, 0.00, 0.00],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create the new potential set
potentialSet = TremoloXPotentialSet(name='Tersoff_Powell_2007')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='As',

mass=74.9216*atomic_mass_unit))
potentialSet.addParticleType(ParticleType(symbol='Ga',

mass=69.723*atomic_mass_unit))

# Add the single type potentials to the potential set
potentialSet.addPotential(TersoffSingleTypePotential('Ga',

A=0.0*eV,
B=0.0*eV,
R=0.0*Angstrom,
S=0.0*Angstrom,
l=0.0/Angstrom,
mu=0.0/Angstrom,
alpha=0.0/Angstrom,
beta=0.0,

(continues on next page)
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omega=0.0,
chi=0.0,
chiR=0.0,
m=0,
n=0.0,
c=0.0,
d=0.0,
h=0.0))

potentialSet.addPotential(TersoffSingleTypePotential('As',
A=0.0*eV,
B=0.0*eV,
R=0.0*Angstrom,
S=0.0*Angstrom,
l=0.0/Angstrom,
mu=0.0/Angstrom,
alpha=0.0/Angstrom,
beta=0.0,
omega=0.0,
chi=0.0,
chiR=0.0,
m=0,
n=0.0,
c=0.0,
d=0.0,
h=0.0))

# Add the diagonal type potentials to the potential set
potentialSet.addPotential(TersoffDiag2Potential('Ga', 'As',

A=446079.331668*eV,
B=16.0304697869*eV,
R=3.4*Angstrom,
S=3.6*Angstrom,
l=5.84464068024/Angstrom,
mu=0.839717061922/Angstrom,
alpha=0.244341/Angstrom,
beta=0.257183,
omega=1.0,
chi=1.0,
chiR=1.0,
m=3,
n=3.55586,
c=2.16345,
d=0.750147,
h=-0.448899))

calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.tersoffcommon.notes.
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TersoffDiagPotential

class TersoffDiagPotential(particleType1, particleType2, A, B, R, S, l, mu, alpha, omega, chi, chiR, m)

Constructor of the potential.

Note: TersoffSingleTypePotentials must be added for BOTH particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type energy) – Potential parameter.

• R (PhysicalQuantity of type length ) – Potential parameter.

• S (PhysicalQuantity of type length ) – Potential parameter.

• l (PhysicalQuantity of type length**-1) – Potential parameter.

• mu (PhysicalQuantity of type length**-1) – Potential parameter.

• alpha (PhysicalQuantity of type length**-1) – Potential parameter.

• omega (float) – Potential parameter.

• chi (float) – Potential parameter.

• chiR (float) – Potential parameter.

• m (int) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Usage Examples

Define a Tersoff potential for an ethane molecule by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Bulk configuration of a ethane molecule in a large supercell
# -------------------------------------------------------------

# Set up lattice
vector_a = [25.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 25.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 25.0]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Carbon, Carbon, Hydrogen, Hydrogen, Hydrogen, Hydrogen, Hydrogen,

Hydrogen]

# Define coordinates
fractional_coordinates = [[ 0.46713495, 0.49407606, 0.50000000],

[ 0.52151251, 0.52578179, 0.50000000],
[ 0.47593606, 0.44625342, 0.50000000],
[ 0.44187846, 0.50582697, 0.54086237],
[ 0.44187846, 0.50582697, 0.45913763],
[ 0.55812154, 0.49417303, 0.50000000],
[ 0.52406394, 0.55374658, 0.45913763],
[ 0.52406394, 0.55374658, 0.54086237]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='Tersoff_CH_2010')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='H',

mass=1.00794 * atomic_mass_unit))
potentialSet.addParticleType(ParticleType(symbol='C',

mass=12.0107 * atomic_mass_unit))

# Add the Tersoff potential components to the potential set
potentialSet.addPotential(TersoffSingleTypePotential('H',

A=80.070348*eV,
B=31.379342*eV,

(continues on next page)
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R=1.1*Angstrom,
S=1.7*Angstrom,
l=4.207524/Angstrom,
mu=1.795631/Angstrom,
alpha=0.0/Angstrom,
beta=1.0,
omega=12.33,
chi=1.0,
chiR=1.0,
m=0,
n=1.0,
c=0.0,
d=1.0,
h=-1.0))

potentialSet.addPotential(TersoffSingleTypePotential('C',
A=1393.6*eV,
B=430.0*eV,
R=1.8*Angstrom,
S=2.1*Angstrom,
l=3.4879/Angstrom,
mu=2.2119/Angstrom,
alpha=0.0/Angstrom,
beta=0.0,
omega=1.0,
chi=1.0,
chiR=1.0,
m=0,
n=0.72751,
c=38049.0,
d=4.3484,
h=-0.93))

potentialSet.addPotential(TersoffDiagPotential('C', 'H',
A=297.485465*eV,
B=96.824546*eV,
l=3.601111/Angstrom,
mu=2.129864/Angstrom,
R=1.3*Angstrom,
S=1.8*Angstrom,
chiR=1.0,
chi=1.0,
omega=0.000208,
alpha=4.0/Angstrom,
m=1))

potentialSet.addPotential(
TersoffTriplePotential('H', 'C', 'C', omega=12.33, alpha=4.0/Angstrom, m=1)

)
potentialSet.addPotential(

TersoffTriplePotential('C', 'C', 'C', omega=0.000208, alpha=0.0/Angstrom, m=0)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'H', 'H', omega=12.33, alpha=4.0/Angstrom, m=1)

(continues on next page)
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)
potentialSet.addPotential(

TersoffTriplePotential('H', 'C', 'H', omega=2.71334, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'C', 'H', omega=7.1e-05, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'H', 'H', omega=0.000613, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'H', 'C', omega=0.000208, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'H', 'C', omega=56.02937, alpha=4.0/Angstrom, m=1)
)

calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.tersoffcommon.notes.

TersoffMixitPotential

class TersoffMixitPotential(particleType1, particleType2, alpha, omega, chi, chiR, m)

Constructor of the potential.

Note: TersoffSingleTypePotentials must be added for BOTH particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• alpha (PhysicalQuantity of type length**-1) – Potential parameter.

• omega (float) – Potential parameter.

• chi (float) – Potential parameter.

• chiR (float) – Potential parameter.

• m (int) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.
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static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Tersoff potential for an ethane molecule by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Bulk configuration of a ethane molecule in a large supercell
# -------------------------------------------------------------

# Set up lattice
vector_a = [25.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 25.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 25.0]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Carbon, Carbon, Hydrogen, Hydrogen, Hydrogen, Hydrogen, Hydrogen,

Hydrogen]

# Define coordinates
fractional_coordinates = [[ 0.46713495, 0.49407606, 0.50000000],

[ 0.52151251, 0.52578179, 0.50000000],
[ 0.47593606, 0.44625342, 0.50000000],
[ 0.44187846, 0.50582697, 0.54086237],
[ 0.44187846, 0.50582697, 0.45913763],
[ 0.55812154, 0.49417303, 0.50000000],
[ 0.52406394, 0.55374658, 0.45913763],
[ 0.52406394, 0.55374658, 0.54086237]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator

(continues on next page)
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# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='Tersoff_CH_2010')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='H',

mass=1.00794 * atomic_mass_unit))
potentialSet.addParticleType(ParticleType(symbol='C',

mass=12.0107 * atomic_mass_unit))

# Add the Tersoff potential components to the potential set
potentialSet.addPotential(TersoffSingleTypePotential('H',

A=80.070348*eV,
B=31.379342*eV,
R=1.1*Angstrom,
S=1.7*Angstrom,
l=4.207524/Angstrom,
mu=1.795631/Angstrom,
alpha=0.0/Angstrom,
beta=1.0,
omega=12.33,
chi=1.0,
chiR=1.0,
m=0,
n=1.0,
c=0.0,
d=1.0,
h=-1.0))

potentialSet.addPotential(TersoffSingleTypePotential('C',
A=1393.6*eV,
B=430.0*eV,
R=1.8*Angstrom,
S=2.1*Angstrom,
l=3.4879/Angstrom,
mu=2.2119/Angstrom,
alpha=0.0/Angstrom,
beta=0.0,
omega=1.0,
chi=1.0,
chiR=1.0,
m=0,
n=0.72751,
c=38049.0,
d=4.3484,
h=-0.93))

potentialSet.addPotential(TersoffDiagPotential('C', 'H',
A=297.485465*eV,
B=96.824546*eV,
l=3.601111/Angstrom,
mu=2.129864/Angstrom,
R=1.3*Angstrom,

(continues on next page)
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S=1.8*Angstrom,
chiR=1.0,
chi=1.0,
omega=0.000208,
alpha=4.0/Angstrom,
m=1))

potentialSet.addPotential(
TersoffTriplePotential('H', 'C', 'C', omega=12.33, alpha=4.0/Angstrom, m=1)

)
potentialSet.addPotential(

TersoffTriplePotential('C', 'C', 'C', omega=0.000208, alpha=0.0/Angstrom, m=0)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'H', 'H', omega=12.33, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'C', 'H', omega=2.71334, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'C', 'H', omega=7.1e-05, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'H', 'H', omega=0.000613, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'H', 'C', omega=0.000208, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'H', 'C', omega=56.02937, alpha=4.0/Angstrom, m=1)
)

calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.tersoffcommon.notes.

TersoffSingleTypePotential

class TersoffSingleTypePotential(particleType, A, B, R, S, l, mu, alpha, beta, omega, chi, chiR, m, n, c, d, h)
Constructor of the potential.

Parameters

• particleType (ParticleType or ParticleIdentifier) – Identifier of the particle
type

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type energy) – Potential parameter.

• R (PhysicalQuantity of type length ) – Potential parameter.
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• S (PhysicalQuantity of type length ) – Potential parameter.

• l (PhysicalQuantity of type length**-1) – Potential parameter.

• mu (PhysicalQuantity of type length**-1) – Potential parameter.

• alpha (PhysicalQuantity of type length**-1) – Potential parameter.

• beta (float) – Potential parameter.

• omega (float) – Potential parameter.

• chi (float) – Potential parameter.

• chiR (float) – Potential parameter.

• m (int) – Potential parameter.

• n (float) – Potential parameter.

• c (float) – Potential parameter.

• d (float) – Potential parameter.

• h (float) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Tersoff potential for an ethane molecule by adding particle types and interaction functions to the TremoloX-
PotentialSet.

# -------------------------------------------------------------
# Bulk configuration of a ethane molecule in a large supercell
# -------------------------------------------------------------

# Set up lattice
vector_a = [25.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 25.0, 0.0]*Angstrom

(continues on next page)
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vector_c = [0.0, 0.0, 25.0]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Carbon, Carbon, Hydrogen, Hydrogen, Hydrogen, Hydrogen, Hydrogen,

Hydrogen]

# Define coordinates
fractional_coordinates = [[ 0.46713495, 0.49407606, 0.50000000],

[ 0.52151251, 0.52578179, 0.50000000],
[ 0.47593606, 0.44625342, 0.50000000],
[ 0.44187846, 0.50582697, 0.54086237],
[ 0.44187846, 0.50582697, 0.45913763],
[ 0.55812154, 0.49417303, 0.50000000],
[ 0.52406394, 0.55374658, 0.45913763],
[ 0.52406394, 0.55374658, 0.54086237]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='Tersoff_CH_2010')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='H',

mass=1.00794 * atomic_mass_unit))
potentialSet.addParticleType(ParticleType(symbol='C',

mass=12.0107 * atomic_mass_unit))

# Add the Tersoff potential components to the potential set
potentialSet.addPotential(TersoffSingleTypePotential('H',

A=80.070348*eV,
B=31.379342*eV,
R=1.1*Angstrom,
S=1.7*Angstrom,
l=4.207524/Angstrom,
mu=1.795631/Angstrom,
alpha=0.0/Angstrom,
beta=1.0,
omega=12.33,
chi=1.0,
chiR=1.0,
m=0,
n=1.0,

(continues on next page)

2066 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

(continued from previous page)

c=0.0,
d=1.0,
h=-1.0))

potentialSet.addPotential(TersoffSingleTypePotential('C',
A=1393.6*eV,
B=430.0*eV,
R=1.8*Angstrom,
S=2.1*Angstrom,
l=3.4879/Angstrom,
mu=2.2119/Angstrom,
alpha=0.0/Angstrom,
beta=0.0,
omega=1.0,
chi=1.0,
chiR=1.0,
m=0,
n=0.72751,
c=38049.0,
d=4.3484,
h=-0.93))

potentialSet.addPotential(TersoffDiagPotential('C', 'H',
A=297.485465*eV,
B=96.824546*eV,
l=3.601111/Angstrom,
mu=2.129864/Angstrom,
R=1.3*Angstrom,
S=1.8*Angstrom,
chiR=1.0,
chi=1.0,
omega=0.000208,
alpha=4.0/Angstrom,
m=1))

potentialSet.addPotential(
TersoffTriplePotential('H', 'C', 'C', omega=12.33, alpha=4.0/Angstrom, m=1)

)
potentialSet.addPotential(

TersoffTriplePotential('C', 'C', 'C', omega=0.000208, alpha=0.0/Angstrom, m=0)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'H', 'H', omega=12.33, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'C', 'H', omega=2.71334, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'C', 'H', omega=7.1e-05, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'H', 'H', omega=0.000613, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

(continues on next page)
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TersoffTriplePotential('C', 'H', 'C', omega=0.000208, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'H', 'C', omega=56.02937, alpha=4.0/Angstrom, m=1)
)

calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.tersoffcommon.notes.

TersoffTriplePotential

class TersoffTriplePotential(particleType1, particleType2, particleType3, alpha, omega, m, alphaij=None,
alphaik=None)

Constructor of the potential.

Note: TersoffSingleTypePotentials must be added for ALL THREE particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• alpha (PhysicalQuantity of type length**-1) – Potential parameter.

• omega (float) – Potential parameter.

• m (int) – Potential parameter.

• alphaij (PhysicalQuantity of type length**-1) – Potential parameter.

• alphaik (PhysicalQuantity of type length**-1) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.
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setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Tersoff potential for an ethane molecule by adding particle types and interaction functions tothe
TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk configuration of a ethane molecule in a large supercell
# -------------------------------------------------------------

# Set up lattice
vector_a = [25.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 25.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 25.0]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Carbon, Carbon, Hydrogen, Hydrogen, Hydrogen, Hydrogen, Hydrogen,

Hydrogen]

# Define coordinates
fractional_coordinates = [[ 0.46713495, 0.49407606, 0.50000000],

[ 0.52151251, 0.52578179, 0.50000000],
[ 0.47593606, 0.44625342, 0.50000000],
[ 0.44187846, 0.50582697, 0.54086237],
[ 0.44187846, 0.50582697, 0.45913763],
[ 0.55812154, 0.49417303, 0.50000000],
[ 0.52406394, 0.55374658, 0.45913763],
[ 0.52406394, 0.55374658, 0.54086237]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='Tersoff_CH_2010')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='H',

(continues on next page)
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mass=1.00794 * atomic_mass_unit))
potentialSet.addParticleType(ParticleType(symbol='C',

mass=12.0107 * atomic_mass_unit))

# Add the Tersoff potential components to the potential set
potentialSet.addPotential(TersoffSingleTypePotential('H',

A=80.070348*eV,
B=31.379342*eV,
R=1.1*Angstrom,
S=1.7*Angstrom,
l=4.207524/Angstrom,
mu=1.795631/Angstrom,
alpha=0.0/Angstrom,
beta=1.0,
omega=12.33,
chi=1.0,
chiR=1.0,
m=0,
n=1.0,
c=0.0,
d=1.0,
h=-1.0))

potentialSet.addPotential(TersoffSingleTypePotential('C',
A=1393.6*eV,
B=430.0*eV,
R=1.8*Angstrom,
S=2.1*Angstrom,
l=3.4879/Angstrom,
mu=2.2119/Angstrom,
alpha=0.0/Angstrom,
beta=0.0,
omega=1.0,
chi=1.0,
chiR=1.0,
m=0,
n=0.72751,
c=38049.0,
d=4.3484,
h=-0.93))

potentialSet.addPotential(TersoffDiagPotential('C', 'H',
A=297.485465*eV,
B=96.824546*eV,
l=3.601111/Angstrom,
mu=2.129864/Angstrom,
R=1.3*Angstrom,
S=1.8*Angstrom,
chiR=1.0,
chi=1.0,
omega=0.000208,
alpha=4.0/Angstrom,
m=1))

(continues on next page)
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potentialSet.addPotential(
TersoffTriplePotential('H', 'C', 'C', omega=12.33, alpha=4.0/Angstrom, m=1)

)
potentialSet.addPotential(

TersoffTriplePotential('C', 'C', 'C', omega=0.000208, alpha=0.0/Angstrom, m=0)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'H', 'H', omega=12.33, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'C', 'H', omega=2.71334, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'C', 'H', omega=7.1e-05, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'H', 'H', omega=0.000613, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('C', 'H', 'C', omega=0.000208, alpha=4.0/Angstrom, m=1)
)
potentialSet.addPotential(

TersoffTriplePotential('H', 'H', 'C', omega=56.02937, alpha=4.0/Angstrom, m=1)
)

calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.tersoffcommon.notes.

TersoffZBLPotential

class TersoffZBLPotential(particleType1, particleType2, type, Z1, Z2, a0, rf, bf )
Constructor of the potential.

Note: TersoffSingleTypePotentials must be added for BOTH particle types!

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• type (int) – either 1 or 2, sets the type of the actual potential

• Z1 (float) – Potential parameter.

• Z2 (float) – Potential parameter.

• a0 (PhysicalQuantity of type length ) – Potential parameter.
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• rf (PhysicalQuantity of type length ) – Potential parameter.

• bf (PhysicalQuantity of type length**-1) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Tersoff potential for gold by adding particle types and interaction functions to the TremoloXPotentialSet.

# -------------------------------------------------------------
# Bulk configuration for FCC gold
# -------------------------------------------------------------

# Set up lattice
vector_a = [4.07825, 0.0, 0.0]*Angstrom
vector_b = [0.0, 4.07825, 0.0]*Angstrom
vector_c = [0.0, 0.0, 4.07825]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Gold, Gold, Gold, Gold]

# Define coordinates
fractional_coordinates = [[ 0.0, 0.0, 0.0],

[ 0.5, 0.5, 0.0],
[ 0.5, 0.0, 0.5],
[ 0.0, 0.5, 0.5]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

(continues on next page)
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# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='Tersoff_Au_2012')

# Add the particle type to the potential set
potentialSet.addParticleType(ParticleType(symbol='Au',

mass=196.967*atomic_mass_unit))

# Add the single type potential to the potential set
potentialSet.addPotential(TersoffSingleTypePotential('Au',

A=5445.22104118*eV,
B=247.287913089*eV,
R=3.0*Angstrom,
S=3.4*Angstrom,
l=3.13294032317/Angstrom,
mu=1.60663606317/Angstrom,
alpha=2.05/Angstrom,
beta=1.0,
omega=0.0006374494,
chi=1.0,
chiR=1.0,
m=1,
n=1.0,
c=3.351525,
d=0.1649262,
h=-0.9941884))

# Add the ZBL modification to the potential set
potentialSet.addPotential(TersoffZBLPotential('Au', 'Au',

type=1,
Z1=79.0,
Z2=79.0,
a0=0.529*Angstrom,
rf=1.7*Angstrom,
bf=12.0/Angstrom))

# Create the TremoloX calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

See also ref.tersoffcommon.notes.
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ThermalConductivity

class ThermalConductivity(md_trajectory, start_time=None, end_time=None, atom_selection=None,
direction_index=None, time_resolution=None, info_panel=None, bin_size=None,
heat_source_tag_name=None, heat_sink_tag_name=None, buffer_length=None)

Class for calculating the thermal conductivity by means of an MD simulation.

Parameters

• md_trajectory (MDTrajectory | BulkConfiguration) – An MDTrajectory or single
bulk configuration to calculate the temperature profile for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame.

• atom_selection (PeriodicTableElement | str | list of ints) – Only include
contributions from this selection. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: All atoms.

• direction_index (int) – The index of the cell vector along which the profile should
be calculated. Has to be an element of [0, 1, 2]. Default: 2

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

• bin_size (PhysicalQuantity of type length) – The bin size, which determines the reso-
lution of the profile. Default: 2.0 * Angstrom

• heat_source_tag_name (str) – Name of the heat source tag. Default: heat_source

• heat_sink_tag_name (str) – Name of the heat sink tag. Default: heat_sink

• buffer_length (PhysicalQuantity of type length) – A small buffer length if needed after
the heat source and heat sink. Default: 2.0 * Angstrom

areaOfConfiguration(configuration, direction_index=None)
This function calculates the surface area of a configuration.

Parameters

• configuration (BulkConfiguration) – The initial configuration on which the
heat flow simulation will be performed.

• direction_index (int) – The index of the cell vector along which the profile should
be calculated. Has to be an element of [0, 1, 2]. Default: 2

Returns
The area of the configuration.

Return type
PhysicalQuantity of type area

slopeFromTemperatureProfile(md_trajectory, temperature_profile, direction_index=None,
heat_source_tag_name=None, heat_sink_tag_name=None,
buffer_length=None)

This function calculates the slope from the temperature profile.

Parameters
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• md_trajectory (MDTrajectory | BulkConfiguration) – The MDTrajectory or
configuration to calculate the slope for.

• temperature_profile (class:~.TemperatureProfile) – The temperature profile data
as a histogram.

• direction_index (int) – The index of the cell vector along which the profile should
be calculated. Has to be an element of [0, 1, 2]. Default: 2.

• heat_source_tag_name (str) – Name of the heat source tag. Default:
heat_source.

• heat_sink_tag_name (str) – Name of the heat sink tag. Default: heat_sink.

• buffer_length (PhysicalQuantity of type length) – If needed a small buffer length
after the heat source and heat sink. Default: 2.0 * Angstrom.

Returns
The slope of the temperature profile.

Return type
PhysicalQuantity of type temperature per length

Usage Examples

Load an MDTrajectory, calculate the ThermalConductivity along the z-axis, and print the results:

md_trajectory = nlread('md_trajectory.hdf5', MDTrajectory)[0]
thermal_conductivity=ThermalConductivity(

md_trajectory,
start_time=10*picosecond,
end_time=md_trajectory.lastTime(),
time_resolution=md_trajectory.timeInterval(),
heat_source_tag_name='heat_source',
heat_sink_tag_name='heat_sink',

)

thermal_conductivity.py

Notes

• The MD calculation should be done with NonEquilibriumMomentumExchange as a measurement_hook.

• Since the TemperatureProfile is always calculated along the specified Cartesian axis, it is recommended to use
an orthogonal cell.

• The temperature values of empty bins in the profile are set to zero.

• In the presence of constraints the atom_selection parameter should be used to exclude constrained atoms from
the analysis.

• ThermalConductivity can only can be calculated for bulk configurations.
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ThermalizeSubstrate

class ThermalizeSubstrate(fuzz_factor=None)
Rescales the velocities of all atoms in the substrate (i.e. all atoms bonded to the fixed layer) so that the instanta-
neous kinetic temperature is the current thermostat temperature. This can be used between high energy events
to prevent heating of the substrate.

Parameters
fuzz_factor (float) – The factor by which the covalent radii are multiplied to determine
the cutoff distance for a bond. Default: 1.5

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Run an etching simulation of nitrogen on a silica surface using a ReaxFF potential, with an additional ThermalizeSub-
strate hook function.

# Attach ReaxFF calculator.
potentialSet = ReaxFF_CHONSSi_2012(strict_bondpairs = None)
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(0.25*Angstrom)
bulk_configuration.setCalculator(calculator)

surface_process_simulation = SurfaceProcessSimulation(
substrate=bulk_configuration,
filename='sio2_n_etching.hdf5',
object_id='sps_0',
random_seed=7,
temperature=300.0*Kelvin,
fixed_thickness=4.0*Angstrom,
thermostat_thickness=8*Angstrom,
log_interval=10,

)

# Run 5 deposition events, each 20 ps long.
surface_process_simulation.addSequence(

molecule=Nitrogen,
number_of_events=5,
md_time=20*ps,
time_step=1.0*fs,
mean_kinetic_energy=25*eV,
std_kinetic_energy=0.3*eV,
mean_incident_angle=0*Degrees,
std_incident_angle=2*Degrees,
post_md_hooks=[ThermalizeSubstrate()],

)

surface_process_simulation.update()

sio2_n_etching.py

The results from the simulation can be visualized using the Movie Tool on the QATK LabFloor.
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See also ref.spshookscommon.notes.

TosiFumiPotential

class TosiFumiPotential(particleType1, particleType2, A, B, C, D, sigma, r_i=None, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType) – Identifier of the first particle type.

• particleType2 (ParticleType) – Identifier of the second particle type.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type length**-1) – Potential parameter.

• C (PhysicalQuantity of type length**6 * energy) – Potential parameter.

• D (PhysicalQuantity of type length**8 * energy) – Potential parameter.

• sigma (PhysicalQuantity of type length ) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the
smoothing of the potential starts. r_i must be smaller than r_cut.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Usage Examples

Define a potential for perovskite MgSiO3 by adding particle types and interaction functions to the TremoloXPoten-
tialSet.

# -------------------------------------------------------------
# Bulk configuration for the MgSiO3 perovskite structure
# -------------------------------------------------------------

# Set up lattice
lattice = SimpleOrthorhombic(4.7786*Angstrom, 4.9293*Angstrom, 6.9003*Angstrom)

# Define elements
elements = [Magnesium, Magnesium, Magnesium, Magnesium, Silicon, Silicon,

Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,
Oxygen, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.9856, 0.0564, 0.2500],

[ 0.0144, 0.9436, 0.7500],
[ 0.4856, 0.4436, 0.7500],
[ 0.5144, 0.5564, 0.2500],
[ 0.0000, 0.500 , 0.0000],
[ 0.0000, 0.500 , 0.5000],
[ 0.5000, 0.0000, 0.5000],
[ 0.5000, 0.0000, 0.0000],
[ 0.1015, 0.4673, 0.2500],
[ 0.8985, 0.5327, 0.7500],
[ 0.6015, 0.0327, 0.7500],
[ 0.3985, 0.9673, 0.2500],
[ 0.6962, 0.2983, 0.0524],
[ 0.6962, 0.2983, 0.4476],
[ 0.3038, 0.7017, 0.5524],
[ 0.1962, 0.2017, 0.5524],
[ 0.8038, 0.7983, 0.4476],
[ 0.8038, 0.7983, 0.0524],
[ 0.1962, 0.2017, 0.9476],
[ 0.3038, 0.7017, 0.9476]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

# Create a new potential set
potentialSet = TremoloXPotentialSet(name='Matsui_MgOSi_1987')

(continues on next page)
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# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Mg',

mass=24.305*atomic_mass_unit,
charge=1.565))

potentialSet.addParticleType(ParticleType(symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=2.329))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
charge=-1.298))

# Add the Tosi-Fumi type pair potentials to the potential set
potentialSet.addPotential(TosiFumiPotential('Mg', 'Mg',

A=0.0045098664*eV,
B=9.6153846*1/Ang,
C=0.0*Ang**6*eV,
D=0.0*Ang**8*eV,
sigma=2.0534*Angstrom,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(TosiFumiPotential('Si', 'Si',
A=0.003469128*eV,
B=12.5*1/Ang,
C=0.0*Ang**6*eV,
D=0.0*Ang**8*eV,
sigma=1.7058*Angstrom,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(TosiFumiPotential('O', 'O',
A=0.01300923*eV,
B=3.3333333*1/Ang,
C=30.222207*Ang**6*eV,
D=0.0*Ang**8*eV,
sigma=3.5304*Angstrom,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(TosiFumiPotential('Mg', 'Si',
A=0.0039894972*eV,
B=10.869565*1/Ang,
C=0.0*Ang**6*eV,
D=0.0*Ang**8*eV,
sigma=1.8796*Angstrom,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(TosiFumiPotential('Mg', 'O',
A=0.0087595482*eV,
B=4.950495*1/Ang,
C=0.0*Ang**6*eV,
D=0.0*Ang**8*eV,
sigma=2.7919*Angstrom,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

(continues on next page)
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potentialSet.addPotential(TosiFumiPotential('Si', 'O',
A=0.008239179*eV,
B=5.2631579*1/Ang,
C=0.0*Ang**6*eV,
D=0.0*Ang**8*eV,
sigma=2.6181*Angstrom,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

# Add the Coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombDSF(r_cut=9.0*Angstrom, alpha=0.200000))

# Create a TremoloX calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

The TosiFumiPotential1 defines a pair potential of the form

𝑉𝑖𝑗(𝑟) = 𝐴𝑒𝐵(𝜎−𝑟) − 𝐶

𝑟6
− 𝐷

𝑟8
.

At long distances this potential is brought smoothly to zero between the inner cutoff r_i and the outer cutoff r_cut,
using a 5th order spline function. This ensures that there are no discontinuites in the forces as atoms are brought closer
together, and that the energy is properly conserved. The applied potential 𝑈(𝑟) is given as:

𝑈(𝑟) = 𝑉𝑖𝑗(𝑟) × 𝑆(𝑟)

where 𝑉𝑖𝑗(𝑟) is the pair potential and 𝑆(𝑟) is the spline function. The values of the spline function are:

• 1 when 𝑟 ≤ 𝑟𝑖

• In the range [0, 1] when 𝑟𝑖 < 𝑟 < 𝑟𝑐𝑢𝑡

• 0 when 𝑟 ≥ 𝑟𝑐𝑢𝑡

TotalEnergy

class TotalEnergy(configuration)
Class for calculating the total energy

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – Configuration with a calculator
that supports total energy calculations.

1 M. P. Tosi and F. G. Fumi. Ionic sizes and born repulsive parameters in the NaCl-type alkali halides—II. J. Phys. Chem. Solids, 25(1):45–52,
jan 1964. doi:10.1016/0022-3697(64)90160-X.
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alternativeEnergies()

Returns
A dictionary containing the values of other types of energies if available. If none are
available it returns an empty dictionary.

Return type
dict

components()

Returns
A dictionary containing the energy components of the total free energy.

Return type
dict

evaluate()

Returns
The total free energy of the system.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The total energy information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

4.13. Full QuantumATK package 2081



QuantumATK V-2023.12 Documentation

Usage Examples

Calculate the total energy of a hydrogen molecule:

#setup H-H geometry
elements = [ Hydrogen, Hydrogen]
cartesian_coordinates = [[ 0.0,0.0,0.0],

[ 0.0,0.0,0.75]]*Angstrom
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

#define calculator
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)

#calculate total energy and individual components
total_energy = TotalEnergy(molecule_configuration)
components = total_energy.components()

#print total energy and individual components
print()
print('------------------------------------------------')
for term in components.keys():

print('%-30s = %12.4f eV' % (term,components[term].inUnitsOf(eV)))
print('------------------------------------------------')
energy = total_energy.evaluate().inUnitsOf(eV)
print('Total energy = %12.4f eV' % energy)

h2_energy.py

Calculate the equilibrium bond length and dissociation energy of a hydrogen molecule:

#define calculator
calculator = LCAOCalculator()

#initialize arrays
energies = numpy.array([])
old_configuration = None

#setup distances where h2 energy is evaluated
distances = numpy.linspace(0.7,0.8,6)

#calculate total energy as function of distance
for d in distances:

#setup H-H geometry
elements = [ Hydrogen, Hydrogen]
cartesian_coordinates = [[ 0.0,0.0,0.0],

[ 0.0,0.0,d]]*Angstrom
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

(continues on next page)
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(continued from previous page)

# set the calculator
if old_configuration == None:

molecule_configuration.setCalculator(calculator())
else:

molecule_configuration.setCalculator(calculator(),
initial_state=old_configuration)

#store the scf state
old_configuration = molecule_configuration
#calculate total energy
total_energy = TotalEnergy(molecule_configuration)
#append the total energy to energies
energies = numpy.append(energies,total_energy.evaluate().inUnitsOf(eV))

#get the energy of atomic hydrogen
elements = [ Hydrogen]
cartesian_coordinates = [[ 0.0,0.0,0.0]]*Ang
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

molecule_configuration.setCalculator(calculator())
h_energy = TotalEnergy(molecule_configuration)

#calculate energies relative to atomic hydrogen
energies = energies - 2.*h_energy.evaluate().inUnitsOf(eV)

#fit polynomium to data
(a,b,c) = numpy.polyfit(distances,energies,2)

#print out the results
print()
print('distance(Angstrom) Energy (eV) polynomial_fit (eV)')
for i in range(len(distances)):

d=distances[i]
energy_fit = a*d*d+b*d+c
print(' %8.2f %8.4f %8.4f '% (d,energies[i],energy_fit))

#calculate the bonding distance (experimental 0.742* Angstrom)
d_min = -b/(2.*a)
print('bonding distance = %8.3f Angstrom'% d_min)

# calculate vibrational frequency (experimental 4395 cm-1)
k = 2.*a*eV/(Ang*Ang)
effective_mass = Hydrogen.atomicMass()/math.sqrt(2)
omega = (k/effective_mass)**(0.5)
wave_number = (omega/speed_of_light/2./math.pi).inUnitsOf(Meter**-1)/100.
print('vibrational frequency = %8.f cm-1 '% (wave_number))

#calculate H-H bond dissociation energy (experimental 436 kJ/mol)
e_min = (a*d_min*d_min+b*d_min+c)*eV
#add zero point energy
e_min = e_min + 0.5 * hbar * omega

(continues on next page)
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(continued from previous page)

#convert to kj/mol
e_min_kjmol = (e_min*avogadro_number).inUnitsOf(Joule/Units.Mol)/1000.
print('dissociation energy = %8.f kJ/mol'% e_min_kjmol)

h2.py

Note: To obtain a more accurate dissociation energy of the hydrogen molecule, we must perform a spin polarized
calculation of the reference energy of the hydrogen atom.

Notes LCAOCalculator

In ATK-DFT , the TotalEnergy object returns the free energy given by

𝐹 [𝑛] = 𝑇 [𝑛] + 𝐸xc[𝑛] + 𝐸𝐻 [𝑛] + 𝐸ext[𝑛] − 𝜎𝑆,

where 𝑛 is the electron density.

The terms in this equation are:

• 𝑇 [𝑛] is the kinetic energy of the Kohn-Sham orbitals and obtained with the method E.
components()['Kinetic'].

• 𝐸xc[𝑛] is the exchange-correlation energy and obtained with the method E.
components()['Exchange-Correlation'].

• 𝐸𝐻 [𝑛] includes all the electrostatic terms, i.e. the Hartree energy and the interaction energy with the pseudo
potential ions. The sum of these terms is obtained with the method E.components()['Electrostatic'].

• 𝐸ext[𝑛] is the interaction energy with an external field. The value of this term is obtained with the method
E.components()['External-Field'].

• −𝜎𝑆 is the entropy contribution due to smearing of the occupation function. Here 𝜎 is the broadening of the
occupation function and 𝑆 is the generalized entropy, see Occupation Methods. The value of this term is obtained
with the method E.components()['Entropy-Term'].

It is possible to approximately correct for the effects introduced by using a smeared occupation function with a finite
broadening, 𝜎, by the formula

𝐸𝜎→0(𝜎) = 𝐹𝜎→0(𝜎) = 𝐸(𝜎) + ∆𝐸𝜎→0,

where the correction term, ∆𝐸𝜎→0 is determined by the specific occupation method used. This extrap-
olated zero-broadening energy is also written to output, but can also be obtained with the expression E.
alternativeEnergies()['Zero-Broadening-Energy'].

To print the data of the total energy, use the method nlprint.
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Notes DeviceLCAOCalculator

For a DeviceConfiguration, the TotalEnergy object will, in a DFT calculation, contain the free energy functional given
by

𝐹 [𝑛] = 𝑇 [𝑛] + 𝐸xc[𝑛] + 𝐸𝐻 [𝑛] + 𝐸ext[𝑛] − 𝑒∆𝑁𝐿 𝜇𝐿 − 𝑒∆𝑁𝑅 𝜇𝑅,

where 𝑛 is the electron density. Compared to the bulk system, the electronic entropy term is missing, −𝜎𝑆. The
entropy term is not included since it usually is very insignificant and very difficult and time consuming to calculate for
a DeviceConfiguration.

The last two terms in the above equation arise from charge flow between the central region and the electrode reservoirs1.
The symbol 𝜇𝐿 (𝜇𝑅) is the electro-chemical potential of the left (right) electrode and ∆𝑁 is the excess number of
electrons from the electrode. If the central region is charge neutral, we will have ∆𝑁𝐿 + ∆𝑁𝑅 = 0. As detailed
below, for finite bias systems, these reservoir terms are calculated approximately and the use of the total energy object
is therefore approximate for a DeviceConfiguration at finite bias. Therefore, the calculated force may in this case not
be fully consistent with the derivative of the total energy.

The terms in the equation are:

• 𝑇 [𝑛] is the kinetic energy of the Kohn-Sham orbitals and obtained with the method E.
components()['Kinetic'].

• 𝐸xc[𝑛] is the exchange-correlation energy and obtained with the method E.
components()['Exchange-Correlation'].

• 𝐸𝐻 [𝑛] includes all the electrostatic terms, i.e. the Hartree energy and the interaction energy with the pseudo
potential ions. The sum of these terms is obtained with the method E.components()['Electrostatic'].

• 𝐸ext[𝑛] is the interaction energy with an external field. This term is obtained with the method E.
components()['External-Field'].

• −𝑒∆𝑁𝐿 𝜇𝐿 is the energy of the electrons which have entered the central region from the left reservoir. The
number of electrons, ∆𝑁𝐿, is calculated approximately as the Mulliken charge of the atoms closest to the left
electrode. This term is obtained with the method E.components()['Reservoir-Left'].

• −𝑒∆𝑁𝑅 𝜇𝑅 is the energy of the electrons which have entered the central region from the right reservoir. The
number of electrons, ∆𝑁𝑅, is calculated approximately as the Mulliken charge of the atoms closest to the right
electrode. This term is obtained with the method E.components()['Reservoir-Right'].

To print the data of the TotalEnergy, use the method nlprint.

Notes HuckelCalculator

In ATK-SE, the TotalEnergy object returns a free energy containing only attractive total energy terms,

𝐹 [𝑛] = 𝐸0
1el + 𝐸𝐻 [𝑛] + 𝐸ext[𝑛] − 𝜎𝑆,

where 𝑛 is the electron density. The total energy is missing a repulsive pair potential term. The energy can therefore
only be used to compare the total energy of systems with the same distances between atoms. This, is for instance
the case for the calculation of charging energies, i.e. the difference in the total energy as function of the charge on a
molecule2.

The terms in the equation are:
1 A. P. Sutton and T. N. Todorov. A Maxwell relation for current-induced forces. Mol. Phys., 102(9-10):919–925, 2004.

doi:10.1080/00268970410001703354.
2 K. Kaasbjerg and K. Flensberg. Strong Polarization-Induced Reduction of Addition Energies in Single-Molecule Nanojunctions. Nano Letters,

8(11):3809–3814, 2008. doi:10.1021/nl8021708.
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• 𝐸0
1el = 𝐸1el −

∫︀
𝑉 𝐻(r)𝑛(r)𝑑r is the one-electron energy, subtracted electrostatic double counting terms.

The term may also be written as 𝐸0
1el = Tr[𝐻0𝐷], where 𝐻0 is the non-self-consistent part of the

Hückel Hamiltonian and 𝐷 is the density matrix. The value of the term is obtained with the method E.
components()['One-Electron'].

• 𝐸𝐻 [𝑛] is the Hartree energy and obtained with the method E.components()['Hartree'].

• 𝐸ext[𝑛] is the interaction energy with an external field. The value of this term is obtained with the method
E.components()['External-Field'].

• −𝜎𝑆 is the entropy contribution due to smearing of the occupation function. Here 𝜎 is the broadening of the
occupation function and 𝑆 is the generalized entropy, see Occupation Methods. The value of this term is obtained
with the method E.components()['Entropy-Term'].

It is possible to approximately correct for the effects introduced by using a smeared occupation function with a finite
broadening, 𝜎, by the formula

𝐸𝜎→0(𝜎) = 𝐹𝜎→0(𝜎) = 𝐸(𝜎) + ∆𝐸𝜎→0,

where the correction term, ∆𝐸𝜎→0 is determined by the specific occupation method used. This extrap-
olated zero-broadening energy is also written to output, but can also be obtained with the expression E.
alternativeEnergies()['Zero-Broadening-Energy'].

To print the data of the TotalEnergy, use the method nlprint.

Notes DeviceHuckelCalculator

For a DeviceConfiguration, the TotalEnergy object in a Hückel calculation will contain the terms

𝐸[𝑛] = 𝐸0
1el + 𝐸𝐻 [𝑛] + 𝐸ext[𝑛] − 𝑒∆𝑁𝐿 𝜇𝐿 − 𝑒∆𝑁𝑅 𝜇𝑅,

where 𝑛 is the electron density. Compared to the bulk system, the DeviceConfiguration total energy object is missing
the electronic free energy term, −𝜎𝑆. This term is omitted for convenience, since it is very difficult and time consuming
to calculate for a DeviceConfiguration. For most systems this term is insignificant.

There are two new terms arising from charge flow between the central region and the electrode reservoirs. The reservoir
terms are calculated approximately and the use of the total energy object is therefore approximate for a DeviceConfig-
uration.

The terms in the equation are:

• 𝐸0
1el = 𝐸1el −

∫︀
𝑉 𝐻(r)𝑛(r)𝑑r is the one-electron energy, subtracted electrostatic double counting terms.

The term may also be written as 𝐸0
1el = Tr[𝐻0𝐷], where 𝐻0 is the non-self-consistent part of the

Hückel Hamiltonian and 𝐷 is the density matrix. The value of the term is obtained with the method E.
components()['One-Electron'].

• 𝐸𝐻 [𝑛] is the Hartree energy and obtained with the method E.components()['Hartree'].

• 𝐸ext[𝑛] is the interaction energy with an external field. The value of this term is obtained with the method
E.components()['External-Field'].

• −𝑒∆𝑁𝐿 𝜇𝐿 is the energy of the electrons which have entered the central region from the left reservoir. The
number of electrons, ∆𝑁𝐿, is calculated approximately as the Mulliken charge of the atoms closest to the left
electrode. This term is obtained with the method E.components()['Reservoir-Left'].

• −𝑒∆𝑁𝑅 𝜇𝑅 is the energy of the electrons which have entered the central region from the right reservoir. The
number of electrons, ∆𝑁𝑅, is calculated approximately as the Mulliken charge of the atoms closest to the right
electrode. This term is obtained with the method E.components()['Reservoir-Right'].

To print the data of the total energy, use the method nlprint.
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TrainingSet

class TrainingSet(configurations, sample_size=None, calculator=None, recalculate_training_data=None,
log_filename_prefix=None, data_tag=None)

Class for storing a set of training configurations.

Parameters

• configurations (MoleculeConfiguration | BulkConfiguration | sequence
of[MoleculeConfiguration | BulkConfiguration] | Trajectory | MDTrajectory
| ConfigurationDataContainer | MomentTensorPotentialTraining |
SurfaceProcessSimulation | Table) – The training set, either as a sequence of
individual configurations or stored within a trajectory object. When using a trajectory
object, energy, force and stress data may also be included.

• sample_size (int) – The number of configurations to use in the list provided, spaced
out evenly. Default: All configurations.

• calculator (Calculator) – The calculator that was used to calculate the energy, force
and stress data on the trajectory object, if present. Default: energy, force and stress data
is ignored.

• recalculate_training_data (bool | None) – Flag to enforce or avoid recalculation
of training data. If set, this flag will take precedence over the calculator. If not set, the data
will be automatically recalculated if the specified calculator is different from the reference
calculator in the MomentTensorPotentialTraining object. Default: None

• log_filename_prefix (str) – Filename prefix for the logging output of the tasks as-
sociated with this set. Default: Defined by the MomentTensorPotentialTraining
object.

• data_tag (str) – Label for this training set to enable selection of different data in MTP
fitting.

calculator()

Returns
The calculator that was used to calculate the energy, force and stress data on the trajectory
object, or None if energy, force and stress data is not present or should be ignored.

Return type
Calculator | None

configurations()

Returns
The configurations in the training set. If the configurations have the same elements
they are returned as an MDTrajectory, otherwise the configurations are returned as a
ConfigurationDataContainer.

Return type
ConfigurationDataContainer | MDTrajectory

dataTag()

Returns
The selection tag added to the data in the training set.

Return type
str
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logFilenameIdentifier()

Returns
Filename identifier for the logging output of the tasks associated with this set, or None if
it hasn’t been set yet.

Return type
str | None

logFilenamePrefix()

Returns
Filename prefix for the logging output of the tasks associated with this set, or None if it is
to be defined by the MomentTensorPotentialTraining object.

Return type
str | LogToStdOut | None

nlinfo()

Returns
The training set information.

Return type
dict

recalculateTrainingData()

Returns
A flag signaling whether the training data should be recalculated or not.

Return type
bool

referenceConfigurations()

Returns
The list of reference configurations that identify the training set.

Return type
list of [MoleculeConfiguration | BulkConfiguration]

sampleSize()

Returns
The number of training configurations for each combination of list parameters.

Return type
int

classmethod supportedConfigurationTypes()

Return a list of supported configurations.

Returns
List of supported configurations.

Return type
list

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Setup of an MTP training by reading pre-calculated training data and passing it as TrainingSet:

# Import a pre-calculated training dataset.
training_data = nlread('training_data_precalculated.hdf5')[-1]
training_set_precalc = TrainingSet(training_data, recalculate_training_data=False)

# Import a training dataset with a calculator to check for calculation consistency.
# In this case the calculator is different to the one given in the␣
→˓MomentTensorPotentialTraining
# object, and so the training data will be re-calculated.
calculator = LCAOCalculator(exchange_correlation=GGA.PBE)
training_data = nlread('training_data_recalculate.hdf5')[-1]
training_set_recalc = TrainingSet(training_data, calculator=calculator)

# Import a training dataset with a calculator to check for calculation consistency.
# In this case the calculator is the same as the one given in the␣
→˓MomentTensorPotentialTraining
# object, and so the training data will not be re-calculated.
calculator = LCAOCalculator(exchange_correlation=HybridGGA.HSE06)
training_data = nlread('training_data_same_calculator.hdf5')[-1]
training_set_same_calc = TrainingSet(training_data, calculator=calculator)

# Set up MTP training and run the training data calculation and MTP training.
moment_tensor_potential_training = MomentTensorPotentialTraining(

filename='mtp_study.hdf5',
object_id='training',
training_sets=[training_set_precalc, training_set_recalc, training_set_same_calc],
calculator=LCAOCalculator(exchange_correlation=HybridGGA.HSE06),
calculate_stress=True,
fitting_parameters_list=fitting_parameters,

)
moment_tensor_potential_training.update()

TrainingSet_example.py

Here, the first training dataset is included as is, without recalculating any of the energy, force or stress values.
For the second training dataset, a calculator is given. As this calculator is different to the one given in the
MomentTensorPotentialTraining, the training data will be recalculated. In the third training set the same calcula-
tor is given as in the MomentTensorPotentialTraining object. Here, if training data is given for each configuration,
the training data will not be re-calculated.

The following example shows how to save the training data from a completed MomentTensorPotentialTraining
object in a TrainingSet and read it again to be used in another training.

# Run the training calculations using the MomentTensorPotentialTraining
moment_tensor_potential_training = MomentTensorPotentialTraining(

filename='mtp_study',
object_id='training',
training_sets=training_sets,
calculator=calculator,
calculate_stress=True,

)
(continues on next page)
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(continued from previous page)

moment_tensor_potential_training.update()

# Pack the completed MomentTensorPotentialTraining object in a TrainingSet and save it.
training_set = TrainingSet(

moment_tensor_potential_training,
calculator=calculator,
recalculate_training_data=False,

)

nlsave('mtp_training_set1.hdf5', training_set)

# Read it again and combine with other training sets from disc to run a new fit.
training_sets = [

nlread('mtp_training_set1.hdf5', TrainingSet)[0],
nlread('mtp_training_set2.hdf5', TrainingSet)[0],
nlread('mtp_training_set3.hdf5', TrainingSet)[0],

]
new_mtp_training = MomentTensorPotentialTraining(

filename='mtp_study_from_training_sets.hdf5',
object_id='training',
training_sets=training_sets,
calculator=calculator,
calculate_stress=True,
fitting_parameters=MomentTensorPotentialFittingParameters(),
train_test_split=0.95,

)
new_mtp_training.update()
nlprint(new_mtp_training)

Notes

The TrainingSet class can be used to include existing configurations, MD, optimization,
ConfigurationDataContainer, or SurfaceProcessSimulation trajectories, as well as pre-calculated
MomentTensorPotentialTraining objects in the training data of another MomentTensorPotentialTraining.

This can be useful when combining existing training data from different sources or projects to fit a new Moment
Tensor Potential. It can also be used to efficiently re-calculate DFT data for existing un-labelled configurations, i.e.
configurations without DFT energy, forces, and stress.

By default training data is re-calculated using the calculator in the MomentTensorPotentialTraining object. To
keep the original data in the training set, the argument recalculate_training_data can be set to False. This stops
re-calculation of data regardless of calculator settings. In this case if any training data is missing, an error will be raised
in the MomentTensorPotentialTraining object. It is also possible to re-calculate data based on the consistency of
calculator settings. The argument calculator takes the calculator used to generate the energy, force and stress data. If
this calculator is the same as the calculator given in the MomentTensorPotentialTraining object, the original data
is kept and not re-calculated. If the calculators differ or there is missing training data then the dataset is re-calculated
using the MomentTensorPotentialTraining calculator.

It is generally recommended to save training data as TrainingSet objects, which can easily be read and combined
with other TrainingSet objects in a list or Table to be re-used in other training scenarios (as shown in the example
above).
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Trajectory

class Trajectory(path=None, object_id=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>)
Construct a Trajectory object that contains the configurations from an optimization run.

Parameters

• path (str) – The path to the HDF5 file to store the results in.

• object_id (str | Automatic) – The object id to use when saving to HDF5. Default:
Automatic

image(image_index)

Parameters
image_index (int) – The index of the desired image.

Returns
The configuration for this image.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

imageConstraints(image_index)

Parameters
image_index (int) – The index of the desired image.

Returns
The constraint objects for the image.

Return type
list of type BaseConstraint

imageEnergy(image_index)

Parameters
image_index (int) – The index of the desired image.

Returns
The energy of the image.

Return type
PhysicalQuantity of type energy

imageForces(image_index)

Parameters
image_index (int) – The index of the desired image.

Returns
The forces of the image.

Return type
PhysicalQuantity of type force (e.g. eV/Angstrom)

imageOptimizerMethod(image_index)

Parameters
image_index (int) – The index of the desired image.
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Returns
The optimizer method object for the image.

Return type
OptimizerMethod

imageStress(image_index)

Parameters
image_index (int) – The index of the desired image.

Returns
The stress of the image.

Return type
PhysicalQuantity of type pressure (e.g. GPa)

images()

Returns
All the configurations in the trajectory.

Return type
list of MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

lastImage()

Returns
The last configuration in the trajectory.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

length()

Returns
The number of configurations in the trajectory.

Return type
int

metatext()

Returns
The metatext of the object or None if no metatext is set.

Return type
str | None

setMetatext(text)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.
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Usage Examples

Optimize the geometry of a water molecule and read the result into a trajectory object

# Define elements
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.0, -1.70000000e-05, 1.20198000e-01],

[ 0.0, 7.59572000e-01, -4.86714000e-01],
[ 0.0, -7.59606000e-01, -4.86721000e-01]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# define a calculator
molecule_configuration.setCalculator(LCAOCalculator())

# perform optimization and read the relaxation trajectory
OptimizeGeometry(molecule_configuration, trajectory_filename='opt.nc')
trajectory = nlread('opt.nc', Trajectory)[0]

trajectory.py

TransmissionEigenstate

class TransmissionEigenstate(configuration=None, energy=None, k_point=None, quantum_number=None,
spin=None, contributions=None, energy_zero_parameter=None)

Class for representing the transmission eigenstate for a given configuration and calculator. Noncollinear and
Spin-Orbit spin is currently not supported by TransmissionEigenstate.

Parameters

• configuration (DeviceConfiguration) – The device configuration with attached
calculator for which the transmission eigenstate should be calculated.

• energy (PhysicalQuantity of type energy) – The energy for which the transmission eigen-
state should be calculated. Default: 0.0*eV

• k_point (list of two floats.) – The 2-dimensional k-point in fractional coordi-
nates for which the transmission eigenstate should be calculated (x,y), e.g. [0.8, 0.2].
Default: [0.0, 0.0]

• quantum_number (integer) – The quantum number of the desired eigenstate. Default:
0

• spin (Spin.Up | Spin.Down | Spin.All) – The spin to be used for the transmission
eigenstate calculation. Default: Spin.All
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• contributions (Left | Right) – The initial state electrode of the transmission eigen-
state. Default: Left

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy.) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

absolute()

Returns
A new grid containing the absolute values (or modulus) of the current field.

Return type
GridValues

axisProjection(projection_type='sum', axis='c', spin=None, projection_point=None,
coordinate_type=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Fractional'>)

Get the values projected on one of the grid axes.

Parameters

• projection_type (str) –

The type of projection to perform. Should be either

– ’sum’ for the sum over the plane spanned by the two other axes.

– ’average’ or ‘avg’ for the average value over the plane spanned by the two other
axes.

– ’line’ for the value along a line parallel to the axis and through a point specified
by the projection_point parameter.

Default: ‘sum’

• axis (str) – The axis to project the data onto. Should be either ‘a’, ‘b’ or ‘c’. Default:
‘c’

• spin (Spin.Sum | Spin.Z | Spin.X | Spin.Y | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – Which spin component to project on. Default:
Spin.All

• projection_point (sequence, PhysicalQuantity) – Axis coordinates of the point
through which to take a line if projection_type is ‘projection_point’. Must be given
as a sequence of three coordinates [a, b, c]. It the numbers have units of length, they
are first divided by the length of the respective primitive vectors [A, B, C], and then
interpreted as fractional coordinates. Unitless coordinates are immidiately interpreted
as fractional.

• coordinate_type (Fractional | Cartesian) – Flag to toggle if the returned axis
values should be given in units of Angstrom (NLFlag.Cartesian) or in units of the norm
of the axis primitive vector (NLFlag.Fractional). Default: Fractional

Returns
A 2-tuple of 1D numpy.arrays containing the axis values and the projected data. For Carte-
sian coordinate type the grid offset is added to the axis values.

Return type
tuple.

contributions()

Returns
The contributions used in the transmission eigenstate calculation.
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Return type
Left | Right

derivatives(x, y, z, spin=None)
Calculate the derivative of the transmission eigenstate wave function in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length.) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length.) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length.) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Up | Spin.Down) – The spin component to project on. De-
fault: The spin this TransmissionEigenstate object was calculated for.

Returns
The gradient at the specified point for the given spin. For Spin.All, a tuple with (Spin.
Up, Spin.Down) components is returned if the calculation is not unpolarized.

Return type
PhysicalQuantity of type energy-1/2 × length-5/2

downsample(downsampling_a=None, downsampling_b=None, downsampling_c=None)
Generate a new GridValues object where the grid is downsampled. Along periodic directions an FFT
downsampling is performed. Along non-periodic directions antialiasing and downsampling is performed.

Parameters

• downsampling_a (int) – The new number of grid points along the A direction. De-
fault: No downsampling.

• downsampling_b (int) – The new number of grid points along the B direction. De-
fault: No downsampling.

• downsampling_c (int) – The new number of grid points along the C direction. De-
fault: No downsampling.

electrodeFermiLevels()

Returns
The left and right electrodes Fermi levels in absolute energies.

Return type
PhysicalQuantity

energy()

Returns
The energy used in this transmission eigenstate calculation.

Return type
PhysicalQuantity of type energy

energyZero()

Returns
The energy zero value.

Return type
PhysicalQuantity of type energy
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energyZeroParameter()

Returns
The specified choice for the energy zero.

Return type
AverageFermiLevel | AbsoluteEnergy

evaluate(x, y, z, spin=None)
Evaluate the transmission eigenstate wave function in the point (x, y, z).

Parameters

• x (PhysicalQuantity with type length.) – The Cartesian x coordinate.

• y (PhysicalQuantity with type length.) – The Cartesian y coordinate.

• z (PhysicalQuantity with type length.) – The Cartesian z coordinate.

• spin (Spin.All | Spin.Up | Spin.Down) – The spin component to project on. De-
fault: The spin this TransmissionEigenstate object was calculated for.

Returns
The value at the specified point for the given spin. For Spin.All, a tuple with (Spin.Up,
Spin.Down) components is returned if the calculation is not unpolarized.

Return type
PhysicalQuantity of type energy-1/2 × length-3/2

gridCoordinate(i, j, k)
Return the coordinate for a given grid index.

Parameters

• i (int) – The grid index in the A direction.

• j (int) – The grid index in the B direction.

• k (int) – The grid index in the C direction.

Returns
The Cartesian coordinate of the given grid index.

Return type
PhysicalQuantity of type length.

kPoint()

Returns
The two-dimensional fractional k-point used in this transmission eigenstate calculation.

Return type
list of two floats

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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nlinfo()

Returns
The information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

primitiveVectors()

Returns
The primitive vectors of the grid.

Return type
PhysicalQuantity of type length.

quantumNumber()

Returns
The quantum number - the requested transmission state.

Return type
int

scale(scale)
Scale the field with a float.

Parameters
scale (float) – The parameter to scale with.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

shape()

Returns
The number of grid points in each direction.

Return type
tuple of three int.

spin()

Returns
The spin the transmission eigenstate is calculated for.

Return type
Spin.Up | Spin.Down | Spin.All
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spinProjection(spin=None)
Construct a new GridValues object with the values of this object projected on a given spin component.

Parameters
spin (Spin.All | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.Up | Spin.Down | Spin.
RealUpDown | Spin.ImagUpDown) – The spin component to project on. Default: The
spin the object was created with. If the spin was Spin.All, Spin.Sum will be used for
the projection.

Returns
A new GridValues object for the specified spin.

Return type
GridValues

toArray()

Returns
The values of the grid as a numpy array slicing off any units.

Return type
numpy.array

uniqueString()

Return a unique string representing the state of the object.

unit()

Returns
The unit of the data in the grid.

Return type
A physical unit.

unitCell()

Returns
The unit cell of the grid.

Return type
PhysicalQuantity of type length.

volumeElement()

Returns
The volume element of the grid represented by three vectors.

Return type
PhysicalQuantity of type length.

Usage Examples

Calculate the TransmissionEigenstate for a DeviceConfiguration and save the results for visualization with Quantu-
mATK:

eigenstates = TransmissionEigenstate(device_configuration, 0.0*eV, quantum_number=0)
nlsave('eigenstate.nc',eigenstates)

For examples on working with 3D grids, see HartreePotential and ElectronDensity.
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Fig. 4.35: Spin up component of the transmission eigenstates of a graphene ribbon with a wedge. The transmission
eigenstate is a complex 3D wave function and is illustrated by an isosurface with isovalue given by the magnitude of
the eigenstate and the color maps the phase of the eigenstate.

Notes

The TransmissionEigenstate is an analysis option which finds the eigenstates of the transmission matrix. The transmis-
sion matrix is given by

𝑇𝑛𝑚 =
∑︁
𝑘

𝑡𝑛𝑘𝑡
†
𝑘𝑚,

where 𝑡𝑛𝑘 is the transmission amplitude from Bloch state𝜓𝑛 in the left electrode to Bloch state𝜓𝑘 in the right electrode.
The transmission coefficient is given by the trace of the transmission matrix,

𝑇 =
∑︁
𝑛

𝑇𝑛𝑛.

The transmission eigenstates are obtained by propagating the linear combination of the Bloch states,
∑︀
𝑛 𝑒𝛼,𝑛𝜓𝑛, where

𝑒𝛼,𝑛 diagonalize the transmission matrix, ∑︁
𝑚

𝑇𝑛𝑚𝑒𝛼,𝑚 = 𝜆𝛼𝑒𝛼,𝑛,

with transmission eigenvalue 𝜆𝛼.

See also, TransmissionEigenvalues and LocalDeviceDensityOfStates.

TransmissionEigenvalues

class TransmissionEigenvalues(configuration=None, energy=None, k_point=None,
energy_zero_parameter=None)

Class for representing the transmission eigenvalues for a given configuration and calculator.

Parameters

• configuration (DeviceConfiguration) – The device configuration with attached
calculator for which the transmission eigenvalues should be calculated.
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• energy (PhysicalQuantity of type energy) – The energy for which the transmission eigen-
values should be calculated. Default: 0.0*eV

• k_point (list of two floats.) – The 2-dimensional k-point in fractional coordi-
nates for which the transmission eigenvalues should be calculated (x,y), e.g. [0.8, 0.2].
Default: [0.0, 0.0]

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy.) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

electrodeFermiLevels()

Returns
The left and right electrodes Fermi levels in absolute energies.

Return type
PhysicalQuantity

energy()

Returns
The energy used in this transmission eigenvalue calculation.

Return type
PhysicalQuantity of type energy

energyZero()

Returns
The energy zero value.

Return type
PhysicalQuantity of type energy

energyZeroParameter()

Returns
The specified choice for the energy zero.

Return type
AverageFermiLevel | AbsoluteEnergy

evaluate(spin=None)
Obtain the calculated transmission eigenvalues.

Parameters
spin (Spin.Up | Spin.Down) – The spin component to evaluate. Default: Spin.Up

Returns
The requested transmission eigenvalues.

Return type
numpy.array

kPoint()

Returns
The two-dimensional fractional k-point used in this transmission eigenvalue calculation.

Return type
list of two floats
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metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the TransmissionEigenvalues for a DeviceConfiguration and print out the result:

eigenvalues = TransmissionEigenvalues(device_configuration,0.0*eV )
nlprint(eigenvalues)

Notes

The TransmissionEigenvalues is an analysis option which finds the eigenvalues of the transmission matrix. The trans-
mission matrix, for a given energy, 𝐸, and k-point, k, is given by

𝑇𝑛𝑚(𝐸,k) =
∑︁
ℓ

𝑡𝑛ℓ(𝐸,k)𝑡†ℓ𝑚(𝐸,k),

where 𝑡𝑛ℓ(k) is the transmission amplitude from Bloch state 𝜓𝑛(k) in the left electrode to Bloch state 𝜓ℓ(k) in the
right electrode.

The transmission coefficient is given by the trace of the transmission matrix,

𝑇 (𝐸,k) =
∑︁
𝑛

𝑇𝑛𝑛(𝐸,k).

Below, we will suppress the indices𝐸 and k in most cases, but keep in mind that all quantities depend on these quantum
numbers parametrically.

The transmission eigenvalues 𝜆𝛼 are the eigenvalues of the transmission matrix 𝑇𝑛𝑚.

It follows from the invariance of the trace of a matrix, that the transmission eigenvalues sum up to the transmission
coefficient,

𝑇 =
∑︁
𝛼

𝜆𝛼.
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The transmission eigenvalues are, in QuantumATK, in the range [0,1] for each spin channel.

See also, TransmissionEigenstate.

TransmissionPathways

class TransmissionPathways(configuration=None, energy=None, kpoints=None, contributions=None,
self_energy_calculator=None, energy_zero_parameter=None,
infinitesimal=None)

Class for representing the Transmission Pathways for a given device configuration and calculator.

Parameters

• configuration (DeviceConfiguration) – The device configuration with attached
calculator for which the transmission pathways should be calculated.

• energy (PhysicalQuantity of type energy) – The energy for which the transmission path-
way should be calculated. Default: 0.0*eV

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The k-
points for which the transmission pathways should be calculated. Note that the k-points
must be in the xy-plane. Default: MonkhorstPackGrid(na, nb) where (na, nb) is
the sampling used for the self-consistent calculation.

• contributions (Left | Right) – The transmission pathways contributions from the left
or right electrode. Default: Left

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy
| SparseRecursionSelfEnergy | KrylovSelfEnergy) – The self en-
ergy calculator to be used for the transmission pathways. Default:
RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy.) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy.) – Small positive energy, used to
move the transmission calculation away from the real axis. This is only relevant for
recursion-style self-energy calculators. Default: 1.0e-6*eV

electrodeFermiLevels()

Returns
The left and right electrodes Fermi levels in absolute energies.

Return type
PhysicalQuantity

energy()

Returns
The energy used in this transmission pathways.

Return type
PhysicalQuantity of type energy

energyZero()

Returns
The energy zero value.
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Return type
PhysicalQuantity of type energy

evaluate(spin=None)
Return the atom transmission pathways.

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.UpUp |
Spin.DownDown | Spin.RealUpDown | Spin.ImagUpDown) – The spin used in the anal-
ysis Default: Spin.Sum

Returns
A list with transmission pathway data for the give spin type. Each entry in the list contains
the data (atom index i, neighbour atom index j, repetitions, t_ij), where repetitions=(n_A,
n_B, n_C) is the repetitions of the neighbour atom in directions A, B, C, and t_ij is the
local bond transmission from i to j.

Return type
list

infinitesimal()

Returns
The infinitesimal used for calculating the transmission pathways.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate the TransmissionPathways for a device configuration, print out the result, and save them for visualization
with QuantumATK:

pathways = TransmissionPathways(device_configuration)
nlprint(pathways)
nlsave('pathways.nc',pathways)

Fig. 4.36: Spin up component of the transmission pathways of a graphene ribbon with a wedge. Arrows point in the
direction of the pathways.The magnitude of the pathway is illustrated by the volume of the arrow and the color shows
the direction, i.e. right point arrows are blue and left pointing arrows violet.

Check, that the pathways sum up to the correct transmission spectrum:

pathways = TransmissionPathways(device_configuration)
border_atom = len(device_configuration.elements())/2
print 'transmission coefficient ',
print pathways._transmissionCoefficient(border_atom=border_atom)

Notes

The TransmissionPathways is an analysis option which splits the transmission coefficient into local bond contributions,
𝑇𝑖𝑗 . The pathways have the property that if the system is divided into 2 parts (𝐴,𝐵), then the pathways across the
boundary between 𝐴 and 𝐵 sum up to the total transmission coefficient

𝑇 (𝐸) =
∑︁

𝑖∈𝐴,𝑗∈𝐵
𝑇𝑖𝑗(𝐸).

The local bond contributions, 𝑇𝑖𝑗 , can be both positive and negative. A negative value correspond to that the electron
is back scattered along the bond. A positive value of 𝑇𝑖𝑗 is visualized as an arrow from 𝑖 to 𝑗 while a negative value is
visualized as an arrow from 𝑗 to 𝑖, i.e. the direction of the arrows shows the flow of the electrons.

For further details, see1.

1 G. C. Solomon, C. Herrmann, T. Hansen, V. Mujica, and M. A. Ratner. Exploring local currents in molecular junctions. Nat. Chem.,
2(3):223–228, mar 2010. doi:10.1038/nchem.546.
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TransmissionSpectrum

class TransmissionSpectrum(configuration, energies=None, kpoints=None, kpoints_weights=None,
self_energy_calculator=None, energy_zero_parameter=None,
infinitesimal=None, device_transmission_method=None,
enforce_zero_in_band_gap=None)

Constructor for the TransmissionSpectrum object.

Parameters

• configuration (DeviceConfiguration | BulkConfiguration) – The configuration
with an attached calculator for which to calculate the transmission spectrum. A Bulk-
Configuration must be constructed as an electrode, i.e. its unit cell vectors A and B are
orthogonal to C, and C is in the z-direction.

• energies (PhysicalQuantity of type energy.) – The energies for which to calculate the
transmission spectrum. Default: Energy range that covers the bias window, plus 30𝑘𝐵𝑇 .

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid | AdaptiveGrid | sequence of sequence (size 3) of float) –
The k-points for which to calculate the transmission spectrum. This can either be
given as a k-point grid or a list of fractional k-points, e.g., [[0.0, 0.0, 0.0], [0.
0, 0.0, 0.1], ...]. Note that the k-points must be in the xy-plane. Default:
MonkhorstPackGrid(na, nb) where (na, nb) is the sampling used for the self-
consistent calculation.

• kpoints_weights (sequence of float) – The weight of each k-point. Default: The
weights corresponding to the MonkhorstPackGrid, or a list of [1.0, 1.0, . . . ] if k-points
are specified as floats.

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy
| SparseRecursionSelfEnergy | KrylovSelfEnergy) – The Self-
EnergyCalculator to be used for the transmission spectrum. Default:
RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy.) – Small positive energy, used to
move the transmission calculation away from the real axis. This is only relevant for
recursion-style self-energy calculators. Default: 1.0e-6*eV

• device_transmission_method (GreensFunction | SparseGreensFunction.) –
The method employed in a device transmission spectrum calculation. This pa-
rameter is only used if configuration is a DeviceConfiguration. Note that
GreensFunction in TransmissionSpectrum is only supported for a maximum of 2 (1)
processes_per_contour_point for Unpolarized, Polarized (Noncollinear, SpinOrbit)
calculations. Default: GreensFunction(processes_per_contour_point=1).

• enforce_zero_in_band_gap (bool) – Flag which specifies whether the transmis-
sion values are enforced to zero inside the band gap. This parameter is only used if
configuration is a DeviceConfiguration. Default: True

adaptive()

Returns
True if adaptive grids are used, otherwise False.

Return type
bool
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adaptiveGrid(spin_index, energy_index, tolerance=None, error_measure=None,
maximum_number_of_levels=None)

Method for construction of a new AdaptiveGrid , which can be used for restarting from a previous step.

Parameters

• spin_index (Non-negative int.) – The spin index for which to extract the trans-
mission values, k-points and triangles for the new adaptive grid. Default: 0

• energy_index (Non-negative int.) – The energy index for which to extract the
transmission values, k-points and triangles for the new adaptive grid. Default: 0

• tolerance (Positive float.) – Tolerance for adaptive grid integration. Default:
1e-6

• error_measure (Absolute | Relative) – Method to calculate error in adaptive grid
integration. Either Absolute error) or Relative error. Default: Absolute

• maximum_number_of_levels (Non-negative int.) – Maximum number of re-
finement steps in the adaptive grid. Default: 10

Returns
The adaptive grid object constructed with the transmission values, k-points and triangles
corresponding to the spin and energy index.

Return type
AdaptiveGrid

bias(positive_current_convention=None)

Parameters
positive_current_convention (LeftToRight | RightToLeft) – The convention for
the direction of the positive current. If LeftToRight the bias is defined as V(left)
- V(right), whereas for RightToLeft the bias is defined as V(right) - V(left).
Default: LeftToRight

Returns
The applied bias.

Return type
PhysicalQuantity of type voltage.

conductance(electrode_voltages=None, electrode_temperatures=None, coupling_rates=None, spin=None)
Calculate the differential conductance.

Parameters

• electrode_voltages (PhysicalQuantity of type voltage.) – The left and right elec-
trode voltages to be used for defining the bias window for the current calculation. If no
voltage is specified it will use the voltages in the self-consistent calculation. If voltages
are specified the current will be obtained non-self-consistent. Default: The electrode
voltages from the calculator.

• electrode_temperatures (PhysicalQuantity of type temperature.) – The electrode
temperatures to be used in the current calculation. Default: The temperatures from
the calculator.

• coupling_rates (list of two floats) – Two fractions (alpha_L, alpha_R)
with alpha_L + alpha_R = 1, which specifies the fraction of the differential volt-
age, alpha_L*dV, added to the left electrode voltage, and alpha_R*dV, added to the
right electrode voltage. Default: [0.5, 0.5]
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• spin (Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.UpUp
| Spin.DownDown | Spin.RealUpDown | Spin.ImagUpDown | Spin.All) – The spin
of the current. Default: Spin.Sum

Returns
The differential conductance for the given spin type. For Spin.All a list of (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) will be returned.

Return type
PhysicalQuantity of type conductance.

current(electrode_voltages=None, electrode_temperatures=None, spin=None,
positive_current_convention=None)

Calculate the current with positive direction from left to right.

Parameters

• electrode_voltages (PhysicalQuantity of type voltage.) – The left and right elec-
trode voltages to be used for defining the bias window for the current calculation. If no
voltage is specified it will use the voltages in the self-consistent calculation. If voltages
are specified the current will be obtained non-self-consistent. Default: The electrode
voltages from the calculator.

• electrode_temperatures (PhysicalQuantity of type temperature.) – The electrode
temperatures to be used in the current calculation. Default: The temperatures from
the calculator.

• spin (Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.UpUp
| Spin.DownDown | Spin.RealUpDown | Spin.ImagUpDown | Spin.All) – The spin
of the current. Default: Spin.Sum

• positive_current_convention (LeftToRight | RightToLeft) – The conven-
tion for the direction of the positive current. Default: LeftToRight

Returns
The current for the given spin type. For Spin.All a list of (Spin.Sum, Spin.X, Spin.Y,
Spin.Z) will be returned.

Return type
PhysicalQuantity of type electric current.

electrodeFermiLevels()

Returns
The Fermi levels of the left and right electrodes in absolute energies.

Return type
PhysicalQuantity of type energy.

electrodeFermiTemperatures()

Returns
The Fermi temperature of the left and right electrodes used in this transmission spectrum.

Return type
PhysicalQuantity of type temperature.

electrodeVoltages()

Returns
The left and right electrode voltages used in this transmission spectrum.
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Return type
PhysicalQuantity of type voltage.

energies()

Returns
The energies used in this transmission spectrum

Return type
PhysicalQuantity of type energy

energyZero()

Returns
The energy zero used for the energy scale in this transmission spectrum.

Return type
PhysicalQuantity of type energy.

energyZeroParameter()

Returns
The specified choice for the energy zero.

Return type
AverageFermiLevel | AbsoluteEnergy

enforceZeroInBandGap()

Returns
Whether the transmission values are enforced to zero inside the band gap.

Return type
bool

evaluate(kpoints=None, spin=None)
Evaluates the k-point averaged transmission spectrum.

Parameters

• kpoints (MonkhorstPackGrid | RegularKpointGrid | list(n) of list(3) of float.)
– The set of k-points to average over. For calculations with AdaptiveGrid this pa-
rameter cannot be set and the average is over all k-points. Default: Average over all
k-points.

• spin (Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.UpUp
| Spin.DownDown | Spin.RealUpDown | Spin.ImagUpDown | Spin.All) – The spin
component to query result for. Default: Spin.Sum

Returns
The k-point averaged transmission spectrum for the given spin type. For Spin.All a list of
(Spin.Sum, Spin.X, Spin.Y, Spin.Z) will be returned.

Return type
list(4) of array(n_energies) | array(n_energies)

infinitesimal()

Returns
The infinitesimal used for calculating the transmission.

Return type
PhysicalQuantity of type energy
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kpoints()

Returns
The k-points used in this transmission spectrum.

Return type
array(n_kpoints, 3) of float | dict(n_spins, n_energies)

kpointsWeights()

Returns
The weights of the k-points used in this transmission spectrum.

Return type
list(n_kpoints) of float | None

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The transmissions spectrum information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

spectralConductivity(electrode_voltages=None, electrode_temperatures=None, coupling_rates=None,
spin=None, positive_current_convention=None)

Calculate the spectral conductivity.

Parameters

• electrode_voltages (PhysicalQuantity of type voltage.) – The left and right elec-
trode voltages to be used for defining the bias window for the calculation. Default:
The electrode voltages from the calculator.

• electrode_temperatures (PhysicalQuantity of type temperature.) – The left and
right electrode temperatures to be used in the spectral current calculation. Default:
The temperatures from the calculator.

• coupling_rates (list of two non-negative float.) – Two fractions
(alpha_L, alpha_R) with alpha_L + alpha_R = 1, which specifies the fraction
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of the differential voltage, alpha_L*dV, added to the left electrode voltage, and
alpha_R*dV, added to the right electrode voltage. Default: [0.5, 0.5]

• spin (Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.UpUp
| Spin.DownDown | Spin.RealUpDown | Spin.ImagUpDown | Spin.All) – The spin
of the current. Default: Spin.Sum

Returns
The spectral conductivity for the given spin type. For Spin.All a list of (Spin.Sum, Spin.X,
Spin.Y, Spin.Z) will be returned.

Return type
PhysicalQuantity with the unit e**2/hplanck | list of four PhysicalQuantity with the unit
e**2/hplanck

spectralCurrent(electrode_voltages=None, electrode_temperatures=None, spin=None,
positive_current_convention=None)

Calculate the spectral current.

Parameters

• electrode_voltages (PhysicalQuantity of type voltage.) – The left and right elec-
trode voltages to be used for defining the bias window for the current calculation. If no
voltage is specified it will use the voltages in the self-consistent calculation. If voltages
are specified the current will be obtained non-self-consistent. Default: The electrode
voltages from the calculator.

• electrode_temperatures (PhysicalQuantity of type temperature.) – The electrode
temperatures to be used in the current calculation. Default: The temperatures from
the calculator.

• spin (Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.UpUp
| Spin.DownDown | Spin.RealUpDown | Spin.ImagUpDown | Spin.All) – The spin
of the current. Default: Spin.Sum

• positive_current_convention (LeftToRight | RightToLeft) – The conven-
tion for the direction of the positive current. Default: LeftToRight

Returns
The spectral current for the given spin type. For Spin.All a list of (Spin.Sum, Spin.X,
Spin.Y, Spin.Z) will be returned.

Return type
PhysicalQuantity with the unit e/hplanck | list of PhysicalQuantity with the unit e/hplanck

spectralThermalCurrent(electrode_voltages=None, electrode_temperatures=None, spin=None,
positive_current_convention=None)

Calculate the spectral Thermal current.

Parameters

• electrode_voltages (PhysicalQuantity of type voltage.) – The left and right elec-
trode voltages to be used for defining the bias window for the calculation. Default:
The electrode voltages from the calculator.

• electrode_temperatures (PhysicalQuantity of type temperature.) – The left and
right electrode temperatures to be used in the spectral current calculation. Default:
The temperatures from the calculator.
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• spin (Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.UpUp
| Spin.DownDown | Spin.RealUpDown | Spin.ImagUpDown | Spin.All) – The spin
of the current. Default: Spin.Sum

• positive_current_convention (LeftToRight | RightToLeft) – The conven-
tion for the direction of the current. When RightToLeft the thermal current will
from the Right electrode. Default: LeftToRight

Returns
The spectral current for the given spin type. For Spin.All a list of (Spin.Sum, Spin.X,
Spin.Y, Spin.Z) will be returned.

Return type
PhysicalQuantity with the unit e/hplanck | list of PhysicalQuantity with the unit e/hplanck

spins()

Returns
The spins used in this transmission spectrum.

Return type
tuple(n_spins) of spin component flags.

thermalConductance(temperature=None, fermi_level_shift=None, spin=None)
Calculate the differential conductance.

Parameters

• electrode_voltages (PhysicalQuantity of type voltage.) – The left and right elec-
trode voltages to be used for defining the bias window for the conductance calculation.
If no voltage is specified it will use the voltages in the self-consistent calculation. If
voltages are specified the current will be obtained non-self-consistent. Default: The
electrode voltages from the calculator.

• electrode_temperatures (PhysicalQuantity of type temperature.) – The left and
right electrode temperatures to be used for the current calculation. Default: The tem-
peratures from the calculator.

• coupling_rates (list of two floats) – Two fractions (alpha_L, alpha_R)
with alpha_L + alpha_R = 1, which specifies the fraction of the differential volt-
age, alpha_L*dV, added to the left electrode voltage, and alpha_R*dV, added to the
right electrode voltage. Default: [0.5, 0.5]

• spin (Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.UpUp
| Spin.DownDown | Spin.RealUpDown | Spin.ImagUpDown | Spin.All) – The spin
of the conductance. Default: Spin.Sum

Returns
The differential conductance for the given spin type. For Spin.All a list of (Spin.Sum,
Spin.X, Spin.Y, Spin.Z) will be returned.

Return type
PhysicalQuantity of type conductance.

thermalCurrent(electrode_voltages=None, electrode_temperatures=None, spin=None,
positive_current_convention=None)

Calculate the Thermal current.

Parameters
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• electrode_voltages (PhysicalQuantity of type voltage.) – The left and right elec-
trode voltages to be used for defining the bias window for the calculation. Default:
The electrode voltages from the calculator.

• electrode_temperatures (PhysicalQuantity of type temperature.) – The left and
right electrode temperatures to be used in the spectral current calculation. Default:
The temperatures from the calculator.

• spin (Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.UpUp
| Spin.DownDown | Spin.RealUpDown | Spin.ImagUpDown | Spin.All) – The spin
of the current. Default: Spin.Sum

• positive_current_convention (LeftToRight | RightToLeft) – The conven-
tion for the direction of the positive current. Default: RightToLeft

Returns
The spectral current for the given spin type. For Spin.All a list of (Spin.Sum, Spin.X,
Spin.Y, Spin.Z) will be returned.

Return type
PhysicalQuantity with the unit e/hplanck | list of PhysicalQuantity with the unit e/hplanck

transmission(spin=None)
Determine the transmission coefficients of the transmission spectrum.

Parameters
spin (Spin.Up | Spin.Down | Spin.Sum | Spin.X | Spin.Y | Spin.Z | Spin.UpUp |
Spin.DownDown | Spin.RealUpDown | Spin.ImagUpDown | Spin.All) – The spin com-
ponent to get the transmission coefficients for. Default: Spin.All

Returns
The transmission coefficients for each energy and k-point for the given spin type. For
Spin.All a list of (Spin.Sum, Spin.X, Spin.Y, Spin.Z) will be returned.

Return type
list(4) of array(n_energies, n_kpoints) | array(n_energies, n_kpoints) | list(4) of
dict(n_energies, n_kpoints) | dict(n_energies, n_kpoints)

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Calculate the TransmissionSpectrum and for each energy print out all k-dependent coefficients:

# Define A,B directions of lattice
vector_a = [5.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.0, 0.0]*Angstrom

# Setup a device configuration
electrode = BulkConfiguration(

bravais_lattice=UnitCell(vector_a, vector_b,
[0.0, 0.0, 9.0]*Angstrom),

elements=[Lithium, Lithium, Lithium],
cartesian_coordinates=[[ 2.5, 2.5, 1.5],

[ 2.5, 2.5, 4.5],
[ 2.5, 2.5, 7.5]]*Angstrom

(continues on next page)
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(continued from previous page)

)
central_region = BulkConfiguration(

bravais_lattice= UnitCell(vector_a, vector_b,
[0.0, 0.0, 22.0]*Angstrom),

elements=[Lithium, Lithium, Lithium, Hydrogen, Hydrogen,
Lithium, Lithium, Lithium],

cartesian_coordinates=[[ 2.5, 2.5, 1.5],
[ 2.5, 2.5, 4.5],
[ 2.5, 2.5, 7.5],
[ 2.5, 2.5, 10.5],
[ 2.5, 2.5, 11.5],
[ 2.5, 2.5, 14.5],
[ 2.5, 2.5, 17.5],
[ 2.5, 2.5, 20.5]]*Angstrom

)
device_configuration = DeviceConfiguration(

central_region,
[electrode, electrode]
)

# Setup calculators
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=(1, 1, 100))

electrode_calculator = HuckelCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters)

calculator = DeviceHuckelCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
electrode_calculators=[electrode_calculator, electrode_calculator])

device_configuration.setCalculator(calculator)

# Calculate the transmission coefficient
transmission_spectrum = TransmissionSpectrum(

configuration=device_configuration,
energies=numpy.linspace(-0.5,0.5,10)*eV,
kpoints=MonkhorstPackGrid(3,3,1),
energy_zero_parameter=AverageFermiLevel,
infinitesimal=1e-06*Units.eV
)

# Print out all k-dependent transmission coefficients
data = transmission_spectrum.transmission()
energies = transmission_spectrum.energies()
kpoints = transmission_spectrum.kpoints()
spins = ["Up","Down"]
#print data
for s in range(len(spins)):

print("Transmission coefficient of spin component ", spins[s])
for i in range(data[s].shape[0]):

print('Transmission at energy = %12.6f eV' % (energies[i].inUnitsOf(eV)))

(continues on next page)
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print(' kx ky transmission ')
for j in range(data[s].shape[1]):

print('%10.4f %10.4f %16.6e' % \
(kpoints[j][0],kpoints[j][1],data[s][i][j]))

print()

li_h2_li_trans.py

Alternatively, using the MonkhorstPackGrid class, we can also specify the k-points and weights directly. The k-points
are specified in units of the reciprocal lattice vectors. Note, that except for the Gamma point, the k-points have weight
2 due to use of time-reversal symmetry, i.e 𝑇 (𝑘) = 𝑇 (−𝑘).

transmission_spectrum = TransmissionSpectrum(
configuration=device_configuration,
energies=numpy.linspace(-0.5,0.5,10)*eV,
kpoints=[[0.0,0.0,0.0],[0.0,1./3.,0.0],[1./3.,-1./3.,0.0],
[1./3.,0.0,0.0],[1./3.,1./3.,0.0]],
kpoints_weights = [1.,2.,2.,2.,2.],
energy_zero_parameter=AverageFermiLevel,
infinitesimal=1e-06*Units.eV
)

li_h2_li_trans1.py

Finally, the TransmissionSpectrum can be calculated using an AdaptiveGrid of k-points which is automatically refined
in the regions of k-space where a fine k-point sampling is needed:

#----------------------------------------
# Adaptive Grid.
#----------------------------------------

adaptive_grid = AdaptiveGrid(
kA_range=[-0.5, 0.5],
kB_range=[-0.5, 0.5],
tolerance=1e-2,
error_measure=Relative,
number_of_initial_levels=2,
maximum_number_of_levels=7)

#----------------------------------------
# Transmission Spectrum.
#----------------------------------------

transmission_spectrum = TransmissionSpectrum(
configuration=device_configuration,
energies=numpy.linspace(-0.5,0.5,10)*eV,
kpoints=adaptive_grid,
energy_zero_parameter=AverageFermiLevel,
infinitesimal=1e-06*Units.eV
)

trans_adaptive.py

The following lines can be appended to the script to evaluate the current and differential conductance for different
electron temperatures in the electrodes:
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temp = numpy.linspace(0,1000,21)
currents = []
conductances = []

for t in temp:
current = transmission_spectrum.current(

electrode_temperatures=[200.,t]*Kelvin
)

currents.append(current)

conductance = transmission_spectrum.conductance(
electrode_temperatures=[200.,t]*Kelvin
)

conductances.append(conductance)

print("Temperature[Left] Temperature[Right]"\
+ " Current Differential-Conductance ")

output_format = " %6.0f K %6.0f K %s %s"
for i in range(len(temp)):

print(output_format%(200., temp[i], currents[i], conductances[i]))

current.py

A TransmissionSpectrum can also be calculated for a BulkConfiguration. This example show the calculation of the
TransmissionSpectrum for a Bulk boron wire:

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
vector_a = [10.0, 0.0, 0.0]*Angstrom
vector_b = [0.0, 10.0, 0.0]*Angstrom
vector_c = [0.0, 0.0, 10.0]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Boron, Boron, Boron, Boron, Boron]

# Define coordinates
fractional_coordinates = [[ 0.5, 0.5, 0. ],

[ 0.5, 0.5, 0.2],
[ 0.5, 0.5, 0.4],
[ 0.5, 0.5, 0.6],
[ 0.5, 0.5, 0.8]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

(continues on next page)
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# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
calculator = HuckelCalculator()

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()
nlsave('boron_wire_transmission_spectrum.nc', bulk_configuration)

# -------------------------------------------------------------
# Transmission Spectrum
# -------------------------------------------------------------
transmission_spectrum = TransmissionSpectrum(

configuration=bulk_configuration,
energies=numpy.linspace(-2,2,101)*eV,
kpoints=MonkhorstPackGrid(1,1),
energy_zero_parameter=AverageFermiLevel,
infinitesimal=1e-06*eV,
self_energy_calculator=RecursionSelfEnergy(),
)

nlsave('boron_wire_transmission_spectrum.nc', transmission_spectrum)
nlprint(transmission_spectrum)

boron_wire_transmission_spectrum.py

Notes

To export the data of a TransmissionSpectrum, use the method nlsave.

Unit of transmission

A fully transmitting channel contributes 1 per spin.

Note: If you sum the spin channels, the total transmission of an ideal system is 2. Often, it is the energy dependent
conductance which is reported in articles,

𝐺(𝐸) =
𝑒2

ℎ
𝑇 (𝐸).

If 𝐺(𝐸) is plotted in units of the conductance quantum 𝐺0 = 2 𝑒
2

ℎ for an ideal system,

𝐺(𝐸) = 1𝐺0.

In QuantumATK we usually report the transmission coefficient per spin channel, even for unpolarized systems. Thus,
the reported transmission coefficient per spin channel for an ideal system is 1.

See also, TransmissionEigenvalues.
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Current

The current is calculated from the transmission coefficient using

𝐼(𝑉𝐿, 𝑉𝑅, 𝑇𝐿, 𝑇𝑅) =
𝑒

ℎ

∑︁
𝜎

∫︁
𝑇𝜎(𝐸)

[︂
𝑓

(︂
𝐸 − 𝜇𝑅
𝑘𝐵𝑇𝑅

)︂
− 𝑓

(︂
𝐸 − 𝜇𝐿
𝑘𝐵𝑇𝐿

)︂]︂
𝑑𝐸,

where 𝑓 is the Fermi function, 𝑇𝐿/𝑅 is the electron temperatures of the left/right electrode, and 𝑇𝜎(𝐸) is the transmis-
sion coefficient for the spin component 𝜎.

The chemical potentials of the left electrode, 𝜇𝐿 = 𝐸𝐿𝐹 − 𝑒𝑉𝐿, and the right electrode, 𝜇𝑅 = 𝐸𝐿𝐹 − 𝑒𝑉𝑅, are defined
relative to the Fermi level of the left electrode and related to the applied bias through

𝜇𝑅 − 𝜇𝐿 = 𝑒𝑉𝑏𝑖𝑎𝑠,

thus

𝑉𝑏𝑖𝑎𝑠 = 𝑉𝐿 − 𝑉𝑅.

Note: The Fermi levels of the left and right electrodes are not necessarily the same a priori, if for instance the
electrodes consist of different materials or are doped differently. However, when the device calculation is set up, the
right electrode Fermi level is shifted (and all energy eigenvalues along with it) such that the Fermi levels coincide at
zero bias.

The current is independent of how the voltages are applied, it only depends on their difference (i.e. on 𝑉𝑏𝑖𝑎𝑠).

A positive current flows when the applied voltage for the left electrode is higher than that of the right one, thus the
positive current direction is left to right.

The TransmissionSpectrum itself is usually rather insensitive to the temperatures 𝑇𝐿 and 𝑇𝑅 used in the self-consistent
calculation, but often depends strongly on the electrode voltages 𝑉𝐿 and 𝑉𝑅. Thus, for an accurate estimate of the
current, the TransmissionSpectrum should be calculated self-consistently for each desired bias. It is, however, possible
to obtain an approximation for the current at a different bias than that used in the self-consistent calculation by giving a
new set of voltages to the current() method. This will simply modify the integration range on the existing transmis-
sion spectrum. The temperature-dependence of the current can, on the other hand, in most cases be rather accurately
estimated by only changing the electrode temperatures in the current calculation.

Differential conductance

The differential conductance is calculated from the transmission spectrum using:

𝜎(𝑉𝐿, 𝑉𝑅, 𝑇𝐿, 𝑇𝑅, 𝛼𝐿, 𝛼𝑅) = lim
𝛿𝑉→0

𝐼(𝑉𝐿 + 𝛼𝐿𝛿𝑉, 𝑉𝑅 − 𝛼𝑅𝛿𝑉, 𝑇𝐿, 𝑇𝑅)

𝛿𝑉
.

The coupling constants 𝛼𝐿+𝛼𝑅 = 1.0 models how the transmission spectrum couples with the left and right electrode.
For a molecule strongly bound to the left electrode, we must have 𝛼𝐿 = 0 and 𝛼𝑅 = 1.

A more accurate estimate of the differential conductance which avoid introducing 𝛼𝐿 and 𝛼𝑅 is obtained by calculating
the self-consistent current at a number of applied biases, 𝑉 1

𝑏𝑖𝑎𝑠, 𝑉
2
𝑏𝑖𝑎𝑠, . . ., and performing numerical differentiation:

𝜎(𝑉𝑏𝑖𝑎𝑠, 𝑇𝐿, 𝑇𝑅) =
𝐼(𝑉 1

𝑏𝑖𝑎𝑠, 𝑇𝐿, 𝑇𝑅) − 𝐼(𝑉 2
𝑏𝑖𝑎𝑠, 𝑇𝐿, 𝑇𝑅))

𝑉 1
𝑏𝑖𝑎𝑠 − 𝑉 2

𝑏𝑖𝑎𝑠

.

4.13. Full QuantumATK package 2117



QuantumATK V-2023.12 Documentation

Default automatic energy window

If no energies are provided, TransmissionSpectrum attempts to estimate an energy range such that the whole bias
window is covered with an accurate enough spacing between the energy points for the integration.

The lower and upper bounds for the automatic energy window are defined as follows. First, we define an energy padding
on each side of the bias window as 𝐸𝑝𝐿 = 30𝑘𝐵𝑇𝐿 and 𝐸𝑝𝑅 = 30𝑘𝐵𝑇𝑅, for the left and right electrodes, respectively.
This is to ensure that the tails of the Fermi distributions are included in the energy window with a very tight accuracy.
Then, we use the following formula to calculate the minimum and maximum energies of the energy window:

𝐸lower = min(𝐸𝐹,𝐿 − 𝐸𝑝𝐿, 𝐸𝐹,𝑅 − 𝐸𝑝𝑅) − 𝐸0,

𝐸upper = max(𝐸𝐹,𝐿 + 𝐸𝑝𝐿, 𝐸𝐹,𝑅 + 𝐸𝑝𝑅) − 𝐸0,

where𝐸0 denotes the energy zero as specified by the energy_zero_parameter, and𝐸𝐹,𝐿 and𝐸𝐹,𝑅 denote the Fermi
levels of the left and right electrodes, respectively. The spacing between the energy points in the energy window is
determined by the real-axis point density of the non-equilibrium contour (𝛿𝐸neq) used for the calculation (see Complex
contour integration for more details about the contour integration). However, we always ensure that there are at least
three points per each 𝑘𝐵𝑇 value for the lower electrode temperature, i.e. the energy spacing can be written as

𝛿𝐸 = min(𝛿𝐸neq,
min(𝑘𝐵𝑇𝐿, 𝑘𝐵𝑇𝑅)

3
).

As an example, for electrode temperatures 𝑇𝐿 = 300 K, 𝑇𝑅 = 400 K and a default RealAxisContour as the non-
equilibrium contour, we obtain the (absolute) energy window [-1.084 eV, 0.984 eV] with 241 equally spaced energy
points.

TremoloXCalculator

class TremoloXCalculator(parameters, dynamical_matrix_parameters=None)
The constructor for the calculator.

Parameters

• parameters (TremoloXPotentialSet) – A TremoloXPotentialSet object/list/tuple that
contains potential and particle information.

• dynamical_matrix_parameters – Deprecated. This parameter is not used anymore.

clearPartialCharges()

Clear all stored partial charges.

dynamicalMatrixParameters()

This method is deprecated.

Returns
None always.

Return type
None

static getGPUDevices()

Return all available GPU devices on this node as a list of (device id, device description) tuples.

metatext()

Returns
The metatext of the object or None if no metatext is present.
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Return type
str | None

setDoInitialLoadBalancing(do_initial_load_balancing)
Method that sets to do initial load balancing

Parameters
do_initial_load_balancing (bool) – Flag to set to do initial load balancing

setGPUAcceleration(pairPotentials=False, fft=False, mtp=False)
Enable GPU acceleration for certain operations.

Parameters

• pairPotentials – Enable GPU acceleration for some selected pair potentials.

• fft – Enable GPU acceleration for fast fourier transforms (which are mainly used in
SPME).

• mtp – Enable GPU acceleration for MTP potential

setGPUDevice(device)
Set the GPU that should be used by this process.

Parameters
device (int) – The device index that should be used.

setGPUDevices(indices)
Set the GPUs that should be used by the processes on this computer/node. This call must be performed by
all processes simultaneously!

Parameters
indices (sequence of int or None.) – List of device indices that should be used.
If empty or None, all available devices are used.

setInternalOrdering(ordering)
Method that sets the internal ordering of the particles

Parameters
ordering (TremoloXCalculator.DefaultOrdering | TremoloXCalculator.
HilbertCurveOrdering | TremoloXCalculator.CellOrdering) – The ordering
that will be used for all future calculations. Valid choices are “default”, “hilbertcurve”
and “cellorder”

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setPartialCharges(charges)
Stores a number of <particle ID / charge> pairs that will override the charges in the potential set for these
particles.

Please note that these stored charges will be applied to all configurations that are passed to this calculator.
To clear the fixed charges, please call the _clearPartialCharges function.

Parameters
charges – A dictionary that holds the <index / charge> pairs. The index is represented by
an integer and is 0-based. The charge is expected to be a PhysicalQuantity of type charge.
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setTabulationDelta(delta)
Method that sets the delta used to tabulate all tabulatable potentials (ATTENTION: it’s on experimental
status!)

Parameters
delta (PhysicalQuantity of type length ) – The delta used during tabulation. If
delta <= 0, no tabulation is done.

setVerletListsDelta(delta)
Method that sets the delta used to create Verlet-Lists

Parameters
delta (PhysicalQuantity of type length ) – The delta used for the creation. It has
to be >= 0.

uniqueString()

Return a unique string representing the state of the object.

upgrade(configuration)
Method to upgrade the current calculator based on the given configuration.

Parameters
configuration (AtomicConfiguration sub-class) – The configuration the calculator
will be used for.

Usage Examples

Set up a TremoloXCalculator and add a Tersoff potential for a silicon crystal.

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[0.0, 0.0, 0.0 ],

[0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = Tersoff_Si_1988()
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(0.25*Angstrom)

(continues on next page)
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bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

The TremoloXCalculator is the main calculation engine in the ATK-ForceField module. It is being developed by the
Fraunhofer Institute for Algorithms and Scientific Computing (SCAI). For more details see the TremoloX homepage.

The TremoloXCalculator provides a broad range of different classical potentials. It requires a
TremoloXPotentialSet object, which defines the parameters and settings of the potential. This object can
either be a pre- defined potential from the list of available potentials, or a user-defined combination of different
potential functions, collected in a TremoloXPotentialSet.

TremoloXPotentialSet

class TremoloXPotentialSet(name='DefaultPotential')
Create an empty potential set.

Parameters
name (str) – The name of the potential set.

actOnlyBetweenTaggedRegions(tag1, tag2)
If this potential set consists only of twobody interactions, calling this function makes all twobody interac-
tions act between particles of the two given, different tags. If this potential contains other interactions than
twobody interactions, calling this function will raise a RuntimeError. Particle types and potentials that are
added to this potential set after this function call are not affected. The Coulomb interactions are also not
affected.

Parameters

• tag1 (str) – The first tag.

• tag2 (str) – The second tag.

actOnlyOnTaggedRegion(tag)
Calling this function makes this potential set act only on particles that have the given tag. Particle types
and potentials that are added to this potential set after this function call are not affected. The Coulomb
interactions are also not affected.

Parameters
tag (str) – The tag on which this potential set should act.

addAnalyzer(analyzer)
Adds an analyzer to this potential set.

Parameters
analyzer (TremoloBaseAnalyzer) – The analyzer to should be added.

addOption(option)
Add an option to the potential.

Parameters
option (TremoloOption) – The option that will be added.
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addParticleType(particle)
Add a particle type definition to the potential set.

Parameters
particle (ParticleType) – Instance of ParticleType.

addPotential(potential)
Add a potential to this potential set.

Parameters
potential (TremoloBasePotential) – The potential that will be added.

findPotentials(potentialType=None, particleTypes=None)
Return a list of potentials in this potential set, that fullfil certain conditions.

Parameters

• potentialType (TremoloBasePotential) – A potential class (e.g. Lennard-
JonesPotential).

• particleTypes (str | ParticleType | ParticleIdentifier | sequence
of type str/ParticleType/ParticleIdentifier) – A string or a sequence of
strings that determine the particle types which the potential should act on.

Returns
The list of potentials that are of type potentialType and act on the particle types that are
given by particleTypes.

Return type
list of type TremoloBasePotential

getCoulombSolver()

Returns
The current Coulomb potential or None.

Return type
CoulombSolver

getOptions()

Return a list of all options that are stored in this potential set.

getParticleType(symbol)
Return the particle definition with the given symbol

Parameters
symbol (ParticleType, ParticleIdentifier or str (deprecated)) – The
identifier of the particle type.

Returns
The ParticleType that belongs to the given identifier or None if no such particle was found.

Return type
ParticleType | None

getParticleTypes()

Return a list of all particle types that are stored in this potential set.

getPotentials()

Return a list of all potentials that are stored in this potential set.
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getUsedTags()

Returns
The tags this potential set acts on.

Return type
set of type str

merge(otherPotentialSet)
Merges the current potential set with another potential set.

Parameters
otherPotentialSet (PotentialSetBase) – The potential set, the current potential
should be merged with.

static mergePotentials(potentials)
Merges a list of potential sets and returns the merged potential set.

Parameters
potentials (list of type PotentialSetBase) – List of potential sets to be merged.

Returns
The potential set that was created by merging all potentials in the list.

Return type
PotentialSetBase

removeParticleType(symbol)
Remove a given particle type from the potential set.

Parameters
symbol (ParticleType, ParticleIdentifier or str (deprecated)) – The
identifier of the particle type.

removePotential(potential)
Remove a potential from this potential set.

Parameters
potential (TremoloBasePotential) – The potential to be removed, this potential must
have been retrieved by the findPotentials method.

setCoulombSolver(coulomb)
Sets the coulomb potential. Previously set Coulomb solvers will be overwritten.

Parameters
coulomb (CoulombSolver | None) – The new Coulomb solver. Must either be None or
an object that was derived from the CoulombSolver class.

setPreferredUnitSystem(unitSystem)

Set the preferred unit system for this potential set. The choice here may be overridden if some potentials
require a specific unit system.

Parameters
unitSystem (TremoloUnitSystem) – The unit system, e.g. (eVolt, kCalPerMole, SI).

setTags(tags)
Makes this potential set act only on particles with a given tag Note: This operation can not be reverted
easily and will change the names of your particles. Use it only when you are finished building the potential
set!
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Parameters
tags (str | list of type str) – If tags is a string, the potential set acts only on
particles with the given tag, if tag is list of strings of length 2, the potential acts only on
particles with different tags.

supportedElements()

Return the chemical elements that are supported by this potential set. The elements are returned as a list
that contains the element symbols.

Returns
The list of the symbols of the supported elements.

Return type
list of type str

uniqueString()

Return a unique string representing the state of the object.

Usage Examples

Define a potential for Quartz by adding particle types and interaction functions to the TremoloXPotentialSet .

# -------------------------------------------------------------
# Set up a SiO2 Quartz crystal
# -------------------------------------------------------------

# Set up lattice
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

# Define elements
elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,

Oxygen]

# Define coordinates
fractional_coordinates = [[ 0.4697, 0.0000, 0.0000 ],

[ 0.0000, 0.4697, 0.66666667],
[ 0.5303, 0.5303, 0.33333333],
[ 0.4135, 0.2669, 0.1191 ],
[ 0.2669, 0.4135, 0.547567 ],
[ 0.7331, 0.1466, 0.785767 ],
[ 0.5865, 0.8534, 0.214233 ],
[ 0.8534, 0.5865, 0.452433 ],
[ 0.1466, 0.7331, 0.8809 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

(continues on next page)
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# Create the Pedone_2006Fe2 potential by hand, by adding the individual components

potentialSet = TremoloXPotentialSet(name='Pedone_2006Fe2')

# Add the particle types to the potential set
potentialSet.addParticleType(ParticleType(symbol='Si',

mass=28.0855*atomic_mass_unit,
charge=2.4))

potentialSet.addParticleType(ParticleType(symbol='O',
mass=15.9994*atomic_mass_unit,
charge=-1.2))

# Add the pair potentials to the potential set
potentialSet.addPotential(MorsePotential('Si', 'O',

r_0=2.1*Angstrom,
k=2.0067*1/Ang,
E_0=0.340554*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(Repulsive12Potential('Si', 'O',
r_cut=7.5*Angstrom,
c=1.0*Ang**12*eV))

potentialSet.addPotential(MorsePotential('O', 'O',
r_0=3.618701*Angstrom,
k=1.379316*1/Ang,
E_0=0.042395*eV,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom))

potentialSet.addPotential(Repulsive12Potential('O', 'O',
r_cut=7.5*Angstrom,
c=22.0*Ang**12*eV))

# Add the coulomb solver to the potential set
potentialSet.setCoulombSolver(CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2))

# Create the calculator from the potential set
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()
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Notes

This class is used to combine a set of particles and interaction functions into a new potential. It can be used to de-
fine a new potential, based on the implemented potential classes, such as LennardJonesPotential, MorsePotential, or
TersoffSingleTypePotential.

To display the composition of a predefined parameter set, which has been selected in the Script Generator, select
Show default in the Global IO settings of the Script Generator, and send the script to the Editor. This allows you to
edit individual parameter values.

TubeRegion

class TubeRegion(value, start_point, end_point, inner_radius, thickness)
Class for representing a hollow cylinder region of metallic or dielectric material.

Parameters

• value (float | PhysicalQuantity compatible with Volt) – The value that should be assigned
to the tube. Either the voltage or the dielectric constant of the region.

• start_point (PhysicalQuantity of type length) – Vector to the first point defining the
central axis of the tube.

• end_point (PhysicalQuantity of type length) – Vector to the second point defining the
central axis of the tube.

• inner_radius (PhysicalQuantity of type length) – Inner radius of the tube.

• thickness (PhysicalQuantity of type length) – Thickness of the tube wall.

endPoint()

Returns
The end point of the tube.

Return type
PhysicalQuantity of type length

innerRadius()

Returns
The inner radius of the tube.

Return type
PhysicalQuantity of type length

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>, header=True)
Print a string containing an ASCII description of the SpatialRegion.

Parameters

• stream (Stream based object) – The io to write to.

• header (bool) – Option to emphasize the description as a header or not.

startPoint()

Returns
The start point of the tube.
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Return type
PhysicalQuantity of type length

thickness()

Returns
The wall thickness of the tube.

Return type
PhysicalQuantity of type length

uniqueString()

Return a unique string representing the state of the object.

value()

Function for asking for the value of the box region.

Returns
The value of the box region.

Return type
float | PhysicalQuantity compatible with Volt

Usage Examples

Define a dielectric region with dielectric constant 4𝜀0:

dielectric_region = TubeRegion(
value=4.0,
start_point=[1.0, 2.0, 3.0]*Angstrom, end_point=[4.0, 5.0, 6.0]*Angstrom,
inner_radius=3.5*Angstrom,
thickness=1.2*Angstrom

)

dielectric_tuberegion.py

Define two metallic regions where the second metallic region is constructed by cloning the first:

metallic_region1 = TubeRegion(
value=1*Volt,
start_point=[1.0, 2.0, 3.0]*Angstrom, end_point=[4.0, 5.0, 6.0]*Angstrom,
inner_radius=3.5*Angstrom,
thickness=1.2*Angstrom

)

metallic_region2 = metallic_region1(
value=-1*Volt,
inner_radius=1.1*Angstrom,
thickness=0.5*Angstrom

)

metal_tuberegion.py
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Notes

The following spatial regions are available:

• BoxRegion

• SphereRegion

• TubeRegion

TwoParticleCoulombInteractionFFTMethod

class TwoParticleCoulombInteractionFFTMethod(grid_sampling=None)
Calculate two-particle integrals by projecting single-particle orbitals on the real space grid and then evaluating
the integral via Fast Fourier Transform as:

⟨𝜓𝑎𝜓𝑏|𝑉 |𝜓𝑐𝜓𝑑⟩ = Ω
𝑁2

∑︀
G 𝑉 (G)FFT[𝜌𝑑𝑎(r)]*(G)FFT[𝜌𝑏𝑐(r)](G)

where Ω is the supercell volume.

Parameters
grid_sampling (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The grid sampling used to perform the FFT. For the
best performance, use OptimizedFFTGridSampling. Note that the Coulomb integrals are
sensitive to the grid sampling and might require a finer grid than the default values. Default:
The grid sampling set on the calculator. If the

TwoParticleCoulombInteractionPointChargeMethod

class TwoParticleCoulombInteractionPointChargeMethod

Calculate the two-particle integrals in orbital space as:

⟨𝜓𝑎𝜓𝑏|𝑉 |𝜓𝑐𝜓𝑑⟩ =
∑︀

R1,R2
𝑉 (R1 −R2)

∑︀
𝛼∈𝑈(R1)

𝑐*𝑎,𝛼𝑐𝑑,𝛼
∑︀
𝛽∈𝑈(R2)

𝑐*𝑏,𝛽𝑐𝑐,𝛽

where 𝑐 are the wavefunction coefficients in orbital space and 𝑈(R) the orbitals centered on R.

The divergent term R1 = R2 is approximated by averaging on a sphere. This method is computationally very
efficient, but it is a somewhat crude approximation only suitable for large systems (several thousands of atoms).

UFFPotentialBuilder

class UFFPotentialBuilder(use_bonds=None, include_bond_stretching=None, include_bond_angles=None,
include_torsions=None, include_inversions=None, include_lennard_jones=None,
include_electrostatic=None, lennard_jones_cutoff=None,
lennard_jones_smoothing_length=None, electrostatic_pairwise_cutoff=None,
electrostatic_smoothing_length=None, electrostatic_spme_cutoff=None,
electrostatic_accuracy=None, electrostatic_scale=None,
use_electrostatic_direct_sum=None, ignore_missing_types=None)

This object builds a Universal potential using TremoloX.
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Parameters

• use_bonds – Controls if any bonding (stretching, angle, torsion, inversion and hydrogen
bond) terms are to be included. Default: True.

• include_bond_stretching (bool) – Controls if bonding stretching terms are included.
Default: use_bonds.

• include_bond_angles (bool) – Controls if angle bending terms are included. Default:
use_bonds.

• include_torsions (bool) – Controls if bond torsion terms are included. Default:
use_bonds.

• include_inversions (bool) – Controls if bond inversion torsion terms are included.
Default: use_bonds.

• include_lennard_jones (bool) – Controls if Lennard-Jones terms are included. De-
fault: use_bonds.

• include_electrostatic (bool) – Controls if electrostatic terms are included. De-
fault: use_bonds.

• lennard_jones_cutoff (PhysicalQuantity of type distance) – Distance beyond which
the Lennard-Jones terms are truncated. Default: 10.0 * Angstrom.

• lennard_jones_smoothing_length (PhysicalQuantity of type distance) – Distance
over which the Lennard-Jones terms are brought to zero at the cutoff. Default: 2.0 *
Angstrom.

• electrostatic_pairwise_cutoff (PhysicalQuantity of type distance) – Distance at
which the pairwise electrostatic terms are brought to zero in pairwise summation. De-
fault: 12 * Angstrom

• electrostatic_smoothing_length (PhysicalQuantity of type distance) – Distance
over which the electrostatic terms are brought to zero at the cutoff when using the direct
electrostatic sum. Default: 2.0 * Angstrom

• electrostatic_spme_cutoff (PhysicalQuantity of type distance) – Distance at which
the pairwise electrostatic terms are brought to zero in SPME summation. Default: 7.5 *
Angstrom

• electrostatic_accuracy (float) – Sets the relative accuracy of the SPME summa-
tion. Default: 0.0001

• electrostatic_scale (float) – Set the relative strength of the electrostatic terms.
Default: 1.0

• use_electrostatic_direct_sum (bool) – Use the direct Coulomb sum to calculate
the electrostatic terms in MoleculeConfigurations. Default: False

• ignore_missing_types (bool) – Whether or not molecules missing Universal types
are ignored. Default: False

assignAtomTypes(configuration, overwrite=True)
Function that gets the atom types based on the bonding pattern.

Parameters

• configuration (AtomicConfiguration) – The configuration of the system that is
having types assigned. Default: True

• overwrite (bool) – Whether or not the existing Universal types are overwritten.
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checkAtomTypes(configuration, add_missing_terms=False)
Function that tests that each atom has only one valid Universal type.

Parameters

• configuration (AtomicConfiguration) – The configuration whose types are be-
ing checked.

• add_missing_terms (bool) – Whether or not to add terms for missing UFF types.
Default: False

createCalculator(configuration, check_types=True, atomic_charges=None, charge_averaging=None)
Create and return a calculator with the Universal potential.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration the
potential is to be used with.

• check_types (bool) – Flag as to whether or not the correctness of the types are
checked. Default: True.

• atomic_charges (PhysicalQuantity of type charge) – Custom atomic charges to be
used in the potential.

• charge_averaging (NLFlag | None) – The type of averaging of charges to be used,
if any. Accepted values are None, AtomConnectivity to average over atoms bonded to
the same elements and AtomTypes to average over atoms of the same forcefield type.
Default: None.

Returns
The calculator containing the potential.

Return type
TremoloXCalculator

electrostaticAccuracy()

Returns
The relative accuracy of the electrostatic summation for SPME.

Return type
float

electrostaticPairwiseCutoff()

Returns
The cutoff used in pairwise electrostatic summation.

Return type
PhysicalQuantity (length)

electrostaticScale()

Returns
Scaling factor for the electrostatic terms.

Return type
float
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electrostaticSmoothingLength()

Returns
Distance at which electrostatic terms are splined when using direct summation.

Return type
PhysicalQuantity (length)

electrostaticSpmeCutoff()

Returns
The cutoff used in SPME electrostatic summation.

Return type
PhysicalQuantity (length)

ignoreMissingTypes()

Returns
Whether or not missing types are ignored on molecules.

Return type
bool

includeBondAngles()

Returns
Whether or not bond angle terms are included in the potential set.

Return type
bool

includeBondStretching()

Returns
Whether or not bond stretching terms are included in the potential set.

Return type
bool

includeElectrostatic()

Returns
Whether or not electrostatic terms are included in the potential set.

Return type
bool

includeInversions()

Returns
Whether or not bond inversion terms are included in the potential set.

Return type
bool

includeLennardJones()

Returns
Whether or not Lennard Jones terms are included in the potential set.

Return type
bool
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includeTorsions()

Returns
Whether or not bond torsion terms are included in the potential set.

Return type
bool

isUniversalType(type_label)
Function that tests if a type is in the potential

Parameters
type_label (str) – The type being tested.

Returns
Whether or not the tag follows the convention.

Return type
bool

lennardJonesCutoff()

Returns
Distance at which Lennard Jones terms are ignored.

Return type
PhysicalQuantity (length)

lennardJonesSmoothingLength()

Returns
Distance at which Lennard Jones terms are splined.

Return type
PhysicalQuantity (length)

uniqueString()

Return a unique string representing the state of the object.

universalType(index, configuration, add_missing_terms=False)
Gives the Universal type on an atom in a configuration, ignoring other tags.

Parameters

• index (int) – Index of the atom for which the type is sought.

• configuration (AtomicConfiguration) – The configuration containing the atom.

• add_missing_terms (bool) – Whether or not to add terms for missing UFF types.
Default: False

Returns
The type of the atom.

Return type
str

useBonds()

Returns
Whether or not bond terms are included in the potential set.

Return type
bool
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useElectrostaticDirectSum()

Returns
Whether or not direct Coulomb sums are used for molecules.

Return type
bool

Usage Examples

Investigate the diffusion of chloroform molecules in LTA zeolites using the UFF potential.

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------
bulk_configuration = nlread('LTA_Chloroform.hdf5')[-1]

# -------------------------------------------------------------
# UFF Calculator
# -------------------------------------------------------------
potential_builder = UFFPotentialBuilder()
potential_builder.assignAtomTypes(bulk_configuration)
calculator = potential_builder.createCalculator(bulk_configuration)
bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------
initial_velocity = MaxwellBoltzmannDistribution(

temperature=300.0*Kelvin,
remove_center_of_mass_momentum=True

)

method = NVTNoseHoover(
time_step=1*femtoSecond,
reservoir_temperature=300*Kelvin,
thermostat_timescale=100*femtoSecond,
heating_rate=0*Kelvin/picoSecond,
chain_length=3,
initial_velocity=initial_velocity,

)

constraints = [FixCenterOfMass()]

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='LTA_Chloroform_Trajectory.hdf5',
steps=100000,
log_interval=500,
method=method

)
(continues on next page)
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(continued from previous page)

bulk_configuration = md_trajectory.lastImage()

LTA_Chloroform.py LTA_Chloroform.hdf5

Notes

The UFFPotentialBuilder class enables the creation of a TremoloXCalculator that implements the UFF potential of
Rappe, Casewit, Colwell, Goddard and Skiff1. This is a bonded valence forcefield that represents the potential energy
of a molecule as a collection of simple functions based on bond lengths, bond angles, torsion angles, inversion angles
and inter-atomic distances. One of the main advantages of the UFF potential is that it contains data for every atom in
the periodic table, so that appropriate potentials can be approximated for any system. The overall mathematical form
of the UFF potential can be given as:

𝐸(x) =

𝑏𝑜𝑛𝑑𝑠∑︁
𝑖

𝑘𝑖(𝑟𝑖 − 𝑟0)2 +

𝑎𝑛𝑔𝑙𝑒𝑠∑︁
𝑖

𝑘𝑖

𝑚∑︁
𝑛

𝐶𝑛 cos(𝑛𝜃𝑖) +

𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠∑︁
𝑖

𝑘𝑖(1 − cos(𝑛𝑖𝜑𝑖 − 𝛿𝑖))

+

𝑖𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑠∑︁
𝑖

𝑘𝑖

𝑚∑︁
𝑛

𝐶𝑛 cos(𝑛𝜒𝑖)

+

𝑎𝑡𝑜𝑚𝑠∑︁
𝑖𝑗

4𝜀𝑖𝑗

[︃(︂
𝜎𝑖𝑗
𝑟𝑖𝑗

)︂12

−
(︂
𝜎𝑖𝑗
𝑟𝑖𝑗

)︂6
]︃

+

𝑎𝑡𝑜𝑚𝑠∑︁
𝑖𝑗

𝑞𝑖𝑞𝑗
4𝜋𝜖0𝑟𝑖𝑗

Here 𝑟, 𝜃, 𝜑 and 𝜒 represent inter-atomic and bond distances, angles, torsions and inversions respectively in the con-
figuration.

Note: While the UFF potential contains data for atoms across the periodic table, in many cases specific types of
atoms are assumed by the potential. This means that the generated potentials may not be suitable for specific cases. For
instance transition metals are often parameterized based on complexed metal ions, and therefore the generated potential
may not be suitable for simulating a pure metal or metal alloy. As in all simulations, care should be taken to ensure
that the potential is an appropriate choice for the system at hand by reading the original paper.

To create a UFF calculator, an instance of the UFFPotentialBuilder must first be created. The constructor for this
class has a number of options that controls the way in which the calculator is built. Individual types of interactions can
be excluded by setting the include_ options to False. By default all possible terms are included. All valence terms
can also be excluded by setting the argument use_bonds to False. This is appropriate for configurations consisting of
single atoms that are not bonded to each other.

As the UFFPotentialBuilder class uses the bonding in the configuration to determine appropriate potentials,
bonds should be set on the configuration. This can be done with the findBonds() method in either the
MoleculeConfiguration or BulkConfiguration class. This automatically assigns bonds between atoms that are
within the covalent radii of each other. Specific bonds can also be assigned with the setBonds()method, which takes
a list of the indices of pairs of atoms that are to be considered bonded.

There are then a number of options that control the non-bonding interactions. The parameter lennard_jones_cutoff
sets the distance beyond which Lennard-Jones interactions are truncated. To avoid integration problems in molecular
dynamics, Lennard-Jones interactions are brought to zero at the cutoff using a spline function. The width of this spline
can be set using the lennard_jones_smoothing_length parameter.

1 A. K. Rappe, C. J. Casewit, K. S. Colwell, W. A. Goddard III, and W. M. Skiff. Uff, a full periodic table force field for molecular mechanics
and molecular dynamics simulations. J. Am. Chem. Soc., 114(25):10024–10035, 1992. URL: https://pubs.acs.org/doi/abs/10.1021/ja00051a040,
doi:10.1021/ja00051a040.
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Electrostatic interactions are a little more complicated. By default the UFFPotentialBuilder adds a CoulombSPME
electrostatic solver for calculators to be used with a bulk configuration, and a CoulombDSF electrostatic solver to calcu-
lators to be used with a molecule configuration. When adding an CoulombSPME solver the cutoff used for calculating the
real-space interactions can be set using the electrostatic_spme_cutoff argument. Likewise the accuracy of the
smoothed particle mesh Ewald solver can be set using the electrostatic_accuracy argument. In the case where a
CoulombDSF solver is added to the potential, the cutoff used can be set using the electrostatic_pairwise_cutoff
argument. In cases where molecular electrostatics are to be compared with values calculated in a bulk configuration,
an explicit splined Coulomb potential can be used for molecules instead of the damped shifted force potential. In this
case a CoulombN2Spline electrostatic solver can be added by using use_electrostatic_direct_sum argument.
As with the damped shifted force potential the cutoff is controlled using the electrostatic_pairwise_cutoff
argument, and like the Lennard-Jones potential is brought to zero with a spline whose length is defined by the
electrostatic_smoothing_length argument. For all Coulomb solvers the total electrostatic energies and forces
can be scaled up or down using the electrostatic_scale argument.

Once the UFFPotentialBuilder object is instantiated, a calculator is created using the createCalculator method.
This takes a configuration and returns the appropriate UFF calculator for that configuration. To use electrostatic po-
tentials in the calculator, atomic partial charges have to be assigned to each atom. As the UFF forcefield does not
define specific charges, by default charges are calculated with the QEqAtomicCharges class. This implements the
QEq charge equilibration method of Rappe and Goddard2. These charges are then added to the calculator. It is also
possible to add pre-calculated charges from different sources using the atomic_charges argument. This argument
takes a list of charges that have the same ordering as the atoms in the configuration. The partial atomic charges can
also be averaged according to a few different schemes. This is controlled by the charge_averaging parameter, which
takes an NLFlag which indicates the type of averaging. The flag AtomConnectivity averages charges on each atom
based on the element and the other elements it is bonded to. The flag AtomType averages according to the assigned
UFF type.

When creating a UFF calculator for a configuration, the configuration must have the appropriate tags for each atom
type. Tags used by the UFF forcefield all begin with the prefix UFF_. The next two characters in the tag are for the
atomic symbol, followed by a possible character to indicate the hybridization of the atom. In cases where there are atom
types with the same geometry, further characters can indicate the oxidation state of the atoms. Tags can be assigned
manually, or they can be assigned automatically. Automatic typing can be done with the assignAtomTypes method.
This takes the configuration to have types added, as well as a possible flag to overwrite existing types. The atom
types are determined by the element and in some cases the bonding of the atom. The validity of the existing types on
a configuration can be checked by calling the checkAtomTypes method. This method raises a NLValueError if a
problem is found with the tags on the given configuration. The UFF type of a specific atom can also be found using the
universalType method.

Two additional types from the set originally specified in the UFF reference have been added to allow the implementation
of some special cases. As amides in the UFF potential are treated as a special case, the type UFF_C_R_a has been
added to specifically refer to resonant carbons in an amide group. A similar addition has been made to correctly model
aromatic nitrogens. Aromatic nitrogens can be bonded to either two or three other atoms, as in the case of imidazole.
The original UFF_N_R type for aromatic nitrogens has therefore been split into the two types UFF_N_R2 and UFF_N_R3
which represent aromatic nitrogens bonded to two and three other atoms respectively.

2 Anthony K. Rappe and Willian A. Goddard III. Charge equilibration for molecular dynamics simulations. J. Phys. Chem., 95:3358, April 1991.
URL: https://pubs.acs.org/doi/10.1021/j100161a070, doi:10.1021/j100161a070.
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UpdateElectricFieldCorrection

class UpdateElectricFieldCorrection(max_displacement=None)
A class to control the update of Polarization and Born Effective Charges analysis during optimization and molec-
ular dynamics with electric field. The update is controlled by the maximum displacement between two molecular
dynamics or optimization steps.

Parameters
max_displacement (PhysicalQuantity of type length.) – The maximum displacement re-
quired to consider a configuration equivalent to a cached one. For the most accurate results
(i.e., update at every change in configuration), select 0.0 * Ang. For less frequent update,
increase this parameter. Default: 0.0 * Ang

maxDisplacement()

Returns
the maximum atomic displacement to consider two configuration different.

Return type
PhysicalQuantity of type length.

UserDefinedTabulatedPotential

class UserDefinedTabulatedPotential(particleType1, particleType2, fileName, splineType=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• fileName (str) – The name of the file that holds the spline data. It must be a text file
that stores the spline in the following way for not hermitian:

numPoints distance
<energy at 0 * distance>
<energy at 1 * distance>
...
<energy at (numPoints-1) * distance>

and for hermitian:

numPoints distance dfactor
<energy at 0 * distance> <denergy/dr at 0 * distance>
<energy at 1 * distance> <denergy/dr at 1 * distance>
...
<energy at (numPoints-1) * distance> <denergy/dr at (numPoints-1)␣
→˓* distance>

where dfactor is used as a prefactor for the denergy/dr values
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• splineType – The spline interpolation that will be used. Must be one of
the following variables: UserDefinedTabulatedPotential.akima, UserDefinedTabulated-
Potential.bessel, UserDefinedTabulatedPotential.fivepoint, UserDefinedTabulatedPoten-
tial.hermitian, UserDefinedTabulatedPotential.natural.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Read a tabulated potential from a file tab_potential_argon.dat and add it between argon particles.

# Setup an argon crystal.

# Set up lattice
vector_a = [5.316, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.316, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.316]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Argon, Argon, Argon, Argon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.5, 0.5, 0. ],
[ 0.5, 0. , 0.5],
[ 0. , 0.5, 0.5]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

(continues on next page)
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(continued from previous page)

potential_set = TremoloXPotentialSet(name = "argon_tabulated")

# Add default argon particle.
potential_set.addParticleType(ParticleType.fromElement(Argon))

# Add the tabulated potential form the file 'tab_potential_argon.dat'.
potential_set.addPotential(UserDefinedTabulatedPotential(

particleType1='Ar',
particleType2='Ar',
fileName='tab_potential_argon.dat',
splineType='fivepoint'

))

calculator = TremoloXCalculator(potential_set)

bulk_configuration.setCalculator(calculator)

The top of the file tab_potential_argon.dat should look like the following example.

65000 0.0001
0
4e+48
9.765625e+44
7.52670569264e+42
2.38418579102e+41
1.6384e+40
1.83757463199e+39
2.88990463236e+38
5.82076609135e+37
1.41628246459e+37
4e+36
1.27452327084e+36
4.48626619138e+35
1.71687929672e+35
7.05543123135e+34
3.0829386517e+34
# .. continue until the specified number of points is reached.
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Notes

Define a tabulated potential that is read from a file. The tabulated file must be present in your project directory, otherwise
the correct path has to be given.

The first line of the file must contain two entries:

• The number of data points 𝑁 of the tabulation.

• The distance ∆𝑟 between two data points.

The following 𝑁 lines must contain the potential energy values 𝐸𝑖, (𝑖 = 1...𝑁), representing the energy at a particle
distance 𝑟 = 𝑖∆𝑟 .

Possible spline types are

• hermitian

• bessel

• akima

• natural

• fivepoint

If hermitian splines are used, a second column is required in the potential file, which contains the derivative values.

VFFBondBendingPotential

class VFFBondBendingPotential(particleType1, particleType2, particleType3, alpha, delta)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• alpha (PhysicalQuantity of type energy * length**-4) – Potential parame-
ter.

• delta (PhysicalQuantity of type length**2) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a valence force field for silicon:

potentialSet = TremoloXPotentialSet(name='VFF_silicon')
potentialSet.addParticleType(ParticleType(

symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=None,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None,
atomicNumber=14,
tags=[]

))

# Add a VFFBondBendingPotential for Si-Si-Si angles.
potential = VFFBondBendingPotential(

particleType1=ParticleIdentifier('Si'),
particleType2=ParticleIdentifier('Si',),
particleType3=ParticleIdentifier('Si',),
alpha=0.0584121324987*eV/Angstrom**4,
delta=1.84321352251*Angstrom**2,

)
potentialSet.addPotential(potential)

Here, only the VFFBondBendingPotential block of the script is shown. The full script can be found found in the file
silicon_vff1.py.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.
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• This potential is part of the potential functions that are used in valence force fields (VFF)12.

• This potential is calculated as

𝑉 (r𝑖,𝑗 , r𝑗,𝑘) = 𝛼 (cos(𝜃𝑖,𝑗,𝑘)𝑟𝑖,𝑗𝑟𝑗,𝑘 − 𝛿)
2

= 𝛼 (r𝑗,𝑖 · r𝑗,𝑘 − 𝛿)
2

where r𝑖,𝑗 is the distance vector from atom i to atom j, and 𝑟𝑖,𝑗 is the corresponding distance.

VFFBondBendingStretchingPotential

class VFFBondBendingStretchingPotential(particleType1, particleType2, particleType3, alpha, r0, r1, delta)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• alpha (PhysicalQuantity of type energy * length**-4) – Potential parame-
ter.

• r0 (PhysicalQuantity of type length**2) – Potential parameter.

• r1 (PhysicalQuantity of type length**2) – Potential parameter.

• delta (PhysicalQuantity of type length**2) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
1 P. N. Keating. Effect of invariance requirements on the elastic strain energy of crystals with application to the diamond structure. Phys. Rev.,

145:637–645, 1966. doi:10.1103/PhysRev.145.637.
2 Olga L. Lazarenkova, Paul von Allmen, Fabiano Oyafuso, Seungwon Lee, and Gerhard Klimeck. Effect of anharmonicity of the strain energy

on band offsets in semiconductor nanostructures. Appl. Phys. Lett., 85(18):4193–4195, 2004. doi:10.1063/1.1814810.
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Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• This potential is part of the potential functions that are used in valence force fields (VFF)12.

• This potential is calculated as

𝑉 (r𝑖,𝑗 , r𝑗,𝑘) =
𝛼

2
(r𝑗,𝑖 · r𝑗,𝑘 − 𝛿)

[︀
(𝑟2𝑖,𝑗 − 𝑟0) + (𝑟𝑗,𝑘 − 𝑟1)

]︀
where r𝑖,𝑗 is the distance vector from atom i to atom j, and 𝑟𝑖,𝑗 is the corresponding distance.

VFFBondStretchingPotential

class VFFBondStretchingPotential(particleType1, particleType2, alpha, delta, A, epsilon)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 – Identifier of the second particle type.

• alpha (PhysicalQuantity of type energy * length**-4) – Potential parame-
ter.

• delta (PhysicalQuantity of type length**2) – Potential parameter.

• A (PhysicalQuantity of type length**-2) – Potential parameter.

• epsilon (PhysicalQuantity of type length**2) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

1 P. N. Keating. Effect of invariance requirements on the elastic strain energy of crystals with application to the diamond structure. Phys. Rev.,
145:637–645, 1966. doi:10.1103/PhysRev.145.637.

2 Olga L. Lazarenkova, Paul von Allmen, Fabiano Oyafuso, Seungwon Lee, and Gerhard Klimeck. Effect of anharmonicity of the strain energy
on band offsets in semiconductor nanostructures. Appl. Phys. Lett., 85(18):4193–4195, 2004. doi:10.1063/1.1814810.
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setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Set up a valence force field for silicon:

potentialSet = TremoloXPotentialSet(name='VFF_silicon')
potentialSet.addParticleType(ParticleType(

symbol='Si',
mass=28.0855*atomic_mass_unit,
charge=None,
sigma=None,
sigma14=None,
epsilon=None,
epsilon14=None,
atomicNumber=14,
tags=[]

))

# Add a VFFBondStrechingPotential for Si-Si bonds.
potential = VFFBondStretchingPotential(

particleType1=ParticleIdentifier('Si'),
particleType2=ParticleIdentifier('Si'),
alpha=0.205289014474*eV/Angstrom**4,
delta=5.52964056752*Angstrom**2,
A=0.0*1/Angstrom**2,
epsilon=0.0*Angstrom**2,

)
potentialSet.addPotential(potential)

Here, only the VFFBondStretchingPotential block of the script is shown. The full script can be found found in the file
silicon_vff1.py.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• This potential is part of the potential functions that are used in valence force fields (VFF)12.
1 P. N. Keating. Effect of invariance requirements on the elastic strain energy of crystals with application to the diamond structure. Phys. Rev.,

145:637–645, 1966. doi:10.1103/PhysRev.145.637.
2 Olga L. Lazarenkova, Paul von Allmen, Fabiano Oyafuso, Seungwon Lee, and Gerhard Klimeck. Effect of anharmonicity of the strain energy
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• This potential is calculated as

𝑉 (𝑟) = 𝛼
[︀
1 +𝐴(𝑟2 − 𝜖)

]︀ (︀
𝑟2 − 𝛿

)︀2
where r is the bond distance.

VFFCoplanarBondBendingPotential

class VFFCoplanarBondBendingPotential(particleType1, particleType2, particleType3, particleType4, alpha,
delta, epsilon)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• particleType4 (ParticleType or ParticleIdentifier) – Identifier of the fourth
particle type.

• alpha (PhysicalQuantity of type energy * length**-4) – Potential parame-
ter.

• delta (PhysicalQuantity of type length**2) – Potential parameter.

• epsilon (PhysicalQuantity of type length**2) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

on band offsets in semiconductor nanostructures. Appl. Phys. Lett., 85(18):4193–4195, 2004. doi:10.1063/1.1814810.
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Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• This potential is part of the potential functions that are used in valence force fields (VFF)12.

• This potential acts on a quadruple of atoms (i,j,k,l) and it is calculated as

𝑉 (r𝑖,𝑗 , r𝑗,𝑘, r𝑘,𝑙) = 𝛼 (r𝑗,𝑖 · r𝑗,𝑘 − 𝛿) (rℎ,𝑗 · r𝑘,𝑙 − 𝜖)

where r𝑖,𝑗 is the distance vector from atom i to atom j, and 𝑟𝑖,𝑗 is the corresponding distance.

VFFCrossBondStretchingPotential

class VFFCrossBondStretchingPotential(particleType1, particleType2, particleType3, alpha, r0, r1)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• alpha (PhysicalQuantity of type energy * length**-4) – Potential parame-
ter.

• r0 (PhysicalQuantity of type length**2) – Potential parameter.

• r1 (PhysicalQuantity of type length**2) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

1 P. N. Keating. Effect of invariance requirements on the elastic strain energy of crystals with application to the diamond structure. Phys. Rev.,
145:637–645, 1966. doi:10.1103/PhysRev.145.637.

2 Olga L. Lazarenkova, Paul von Allmen, Fabiano Oyafuso, Seungwon Lee, and Gerhard Klimeck. Effect of anharmonicity of the strain energy
on band offsets in semiconductor nanostructures. Appl. Phys. Lett., 85(18):4193–4195, 2004. doi:10.1063/1.1814810.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• This potential is part of the potential functions that are used in valence force fields (VFF)12.

• This potential is calculated as

𝑉 (𝑟𝑖,𝑗 , 𝑟𝑗,𝑘) = 𝛼(𝑟2𝑖,𝑗 − 𝑟0)(𝑟𝑗,𝑘 − 𝑟1)

where 𝑟𝑖,𝑗 is the bond distance between atoms i and j.

VFFModifiedBondBendingPotential1

class VFFModifiedBondBendingPotential1(particleType1, particleType2, particleType3, alpha, delta, A,
epsilon, B, mu)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• alpha (PhysicalQuantity of type energy * length**-4) – Potential parame-
ter.

• delta (PhysicalQuantity of type length**2) – Potential parameter.

• A (float) – Potential parameter.
1 P. N. Keating. Effect of invariance requirements on the elastic strain energy of crystals with application to the diamond structure. Phys. Rev.,

145:637–645, 1966. doi:10.1103/PhysRev.145.637.
2 Olga L. Lazarenkova, Paul von Allmen, Fabiano Oyafuso, Seungwon Lee, and Gerhard Klimeck. Effect of anharmonicity of the strain energy

on band offsets in semiconductor nanostructures. Appl. Phys. Lett., 85(18):4193–4195, 2004. doi:10.1063/1.1814810.
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• epsilon (float) – Potential parameter.

• B (PhysicalQuantity of type length**-2) – Potential parameter.

• mu (PhysicalQuantity of type length**2) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• This potential is part of the potential functions that are used in valence force fields (VFF)12. It is a variant of the
VFFBondBendingPotential.

• This potential is calculated as

𝑉 (r𝑖,𝑗 , r𝑗,𝑘) = 𝛼 [1 +𝐴(cos(𝜃𝑖,𝑗,𝑘) − 𝜖)] [1 +𝐵(𝑟𝑖,𝑗𝑟𝑗,𝑘 −𝑚 𝑢)] (r𝑗,𝑖 · r𝑗,𝑘 − 𝛿)
2

where r𝑖,𝑗 is the distance vector from atom i to atom j, 𝑟𝑖,𝑗 is the corresponding distance, and 𝜃𝑖,𝑗,𝑘 is the angle
between atoms i, j, and k.

1 P. N. Keating. Effect of invariance requirements on the elastic strain energy of crystals with application to the diamond structure. Phys. Rev.,
145:637–645, 1966. doi:10.1103/PhysRev.145.637.

2 Olga L. Lazarenkova, Paul von Allmen, Fabiano Oyafuso, Seungwon Lee, and Gerhard Klimeck. Effect of anharmonicity of the strain energy
on band offsets in semiconductor nanostructures. Appl. Phys. Lett., 85(18):4193–4195, 2004. doi:10.1063/1.1814810.
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VFFModifiedBondBendingStretchingPotential1

class VFFModifiedBondBendingStretchingPotential1(particleType1, particleType2, particleType3, alpha,
r0, r1, delta, A, epsilon)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• alpha (PhysicalQuantity of type energy * length**-4) – Potential parame-
ter.

• r0 (PhysicalQuantity of type length**2) – Potential parameter.

• r1 (PhysicalQuantity of type length**2) – Potential parameter.

• delta (PhysicalQuantity of type length**2) – Potential parameter.

• A (PhysicalQuantity of type length**-2) – Potential parameter.

• epsilon (PhysicalQuantity of type length**2) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.
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Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• This potential is part of the potential functions that are used in valence force fields (VFF)12.

• This potential is a modified version of the VFFBondBendingStretchingPotential. It is calculated as

𝑉 (r𝑖,𝑗 , r𝑗,𝑘) =
𝛼

2
[1 +𝐴(𝑟𝑖,𝑗𝑟𝑗,𝑘 − 𝜖)] (r𝑗,𝑖 · r𝑗,𝑘 − 𝛿)

[︀
(𝑟2𝑖,𝑗 − 𝑟0) + (𝑟𝑗,𝑘 − 𝑟1)

]︀
where r𝑖,𝑗 is the distance vector from atom i to atom j, and 𝑟𝑖,𝑗 is the corresponding distance.

VFFModifiedCoplanarBondBendingPotential1

class VFFModifiedCoplanarBondBendingPotential1(particleType1, particleType2, particleType3,
particleType4, alpha, delta, epsilon, A, mu, B, nu)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• particleType4 (ParticleType or ParticleIdentifier) – Identifier of the fourth
particle type.

• alpha (PhysicalQuantity of type energy * length**-4) – Potential parame-
ter.

• delta (PhysicalQuantity of type length**2) – Potential parameter.

• epsilon – Potential parameter.

• A (PhysicalQuantity of type length**-2) – Potential parameter.

• mu (PhysicalQuantity of type length**2) – Potential parameter.

• B (PhysicalQuantity of type length**-2) – Potential parameter.

• nu (PhysicalQuantity of type length**2) – Potential parameter.

1 P. N. Keating. Effect of invariance requirements on the elastic strain energy of crystals with application to the diamond structure. Phys. Rev.,
145:637–645, 1966. doi:10.1103/PhysRev.145.637.

2 Olga L. Lazarenkova, Paul von Allmen, Fabiano Oyafuso, Seungwon Lee, and Gerhard Klimeck. Effect of anharmonicity of the strain energy
on band offsets in semiconductor nanostructures. Appl. Phys. Lett., 85(18):4193–4195, 2004. doi:10.1063/1.1814810.
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classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• This potential is part of the potential functions that are used in valence force fields (VFF)12.

• This potential acts on a quadruple of atoms (i,j,k,l) and it is calculated as

𝑉 (r𝑖,𝑗 , r𝑗,𝑘, r𝑘,𝑙) = 𝛼 [1 +𝐴(𝑟𝑖,𝑗𝑟𝑗,𝑘 − 𝜇) +𝐵(𝑟𝑗,𝑘𝑟𝑘,𝑙 − 𝜈)] (r𝑗,𝑖 · r𝑗,𝑘 − 𝛿) (rℎ,𝑗 · r𝑘,𝑙 − 𝜖)

where r𝑖,𝑗 is the distance vector from atom i to atom j, and 𝑟𝑖,𝑗 is the corresponding distance.

VFFModifiedCrossBondStretchingPotential1

class VFFModifiedCrossBondStretchingPotential1(particleType1, particleType2, particleType3, alpha, r0,
r1, A, delta)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

1 P. N. Keating. Effect of invariance requirements on the elastic strain energy of crystals with application to the diamond structure. Phys. Rev.,
145:637–645, 1966. doi:10.1103/PhysRev.145.637.

2 Olga L. Lazarenkova, Paul von Allmen, Fabiano Oyafuso, Seungwon Lee, and Gerhard Klimeck. Effect of anharmonicity of the strain energy
on band offsets in semiconductor nanostructures. Appl. Phys. Lett., 85(18):4193–4195, 2004. doi:10.1063/1.1814810.
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• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• alpha (PhysicalQuantity of type energy * length**-4) – Potential parame-
ter.

• r0 (PhysicalQuantity of type length**2) – Potential parameter.

• r1 (PhysicalQuantity of type length**2) – Potential parameter.

• A (PhysicalQuantity of type length**-2) – Potential parameter.

• delta (PhysicalQuantity of type length**2) – Potential parameter.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

• This potential class is a bonded potential. This means it requires a bond topology to be specified on the configura-
tion which the potential should be used for. Bonds can be set using the findBonds() method on configurations
(MoleculeConfiguration, BulkConfiguration, DeviceConfiguration, or SurfaceConfiguration), which automati-
cally adds bonds for atoms which are closer than their combined covalent radii (multiplied by a fuzz_factor
of 1.1 by default). Alternatively bonds can be set manually by passing a list of the atom index pairs that form the
bonds to the setBonds() method on the configuration. If no bonds are specified on the configuration bonded
potentials have no effect.

• This potential is part of the potential functions that are used in valence force fields (VFF)12.

• This potential is a variant of the VFFCrossBondStretchingPotential. It is calculated as

𝑉 (𝑟𝑖,𝑗 , 𝑟𝑗,𝑘) = 𝛼 [1 +𝐴(𝑟𝑖,𝑗𝑟𝑗,𝑘 − 𝛿)] (𝑟2𝑖,𝑗 − 𝑟0)(𝑟𝑗,𝑘 − 𝑟1)

where 𝑟𝑖,𝑗 is the bond distance between atoms i and j.
1 P. N. Keating. Effect of invariance requirements on the elastic strain energy of crystals with application to the diamond structure. Phys. Rev.,

145:637–645, 1966. doi:10.1103/PhysRev.145.637.
2 Olga L. Lazarenkova, Paul von Allmen, Fabiano Oyafuso, Seungwon Lee, and Gerhard Klimeck. Effect of anharmonicity of the strain energy

on band offsets in semiconductor nanostructures. Appl. Phys. Lett., 85(18):4193–4195, 2004. doi:10.1063/1.1814810.
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Vacancy

class Vacancy(site_index=None, unit_cell_index=None)
Defines a vacancy defect. Used as part of a ChargedPointDefect study.

Parameters

• site_index (int) – The index of the atom in the bulk unit cell configuration to be re-
moved to create the vacancy. Default: 0

• unit_cell_index (sequence (size 3) of int) – The index of the unit cell in the
infinite crystal which the vacancy site belongs to. Default: (0, 0, 0)

generateDefectConfiguration(reference_bulk_configuration, supercell_repetitions, use_ghost=None)
Generate the supercell with the embedded defect.

Parameters

• reference_bulk_configuration (BulkConfiguration) – The bulk unit cell
configuration.

• supercell_repetitions (sequence (size 3) of int) – The number of repe-
titions of the bulk unit cell along the (a, b, c) directions.

• use_ghost (bool) – Whether to use a ghost atom at the vacancy defect site (not
referenced for other types of defects).

Returns
The supercell configuration with the embedded defect.

Return type
BulkConfiguration

siteIndex()

Returns
The index of the lattice site which the defect is referenced to.

Return type
int

uniqueString()

Return a unique string representing the state of the object.

unitCellIndex()

Returns
The index of the unit cell in the infinite crystal which the reference site belongs to.

Return type
tuple (size 3) of int
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Notes

The Vacancy object defines a vacancy defect in a material.

A Vacancy can be added to a NamedPointDefect to define a defect for use in a ChargedPointDefectConfiguration
calculation.

See Defining the point defect for a description of how to use this object as part of a ChargedPointDefect study.

VacancyGenerator

class VacancyGenerator(host_configuration, symmetry_tolerance=None)
A class which describes the possible vacancy defects for a given host material.

Parameters

• host_configuration (BulkConfiguration) – The host configuration.

• symmetry_tolerance (PhysicalQuantity of type length) – The tolerance to be used when
determining the symmetries. Default: 0.1 * Angstrom.

filterByDefectGenerators(defect_generators)
Method for filtering a defect generator by keeping the defects that are in one or more other defect generators.

Parameters
defect_generators (list of BaseDefectGenerator) – The list of defect generators
containing the defects to keep after filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByDistinctConfigurations(top_n_configurations)
Method for selecting a number of distinct unique defects using the MTP structural descriptor.

Parameters
top_n_configurations (int) – Number of most distinct configurations.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByLatticeSpecies(element_list)
Method for selecting unique defects by element. Valid only for defect types that are associated with a
lattice site, e. g. Vacancies, but not Interstitials.

Parameters
element_list (PeriodicTableElement | list of PeriodicTableElement) – List of
elements to keep after filtering.

Returns
A filtered defect generator.
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Return type
VacancyGenerator | SubstitutionalGenerator | SplitInterstitialGenerator

filterByLatticeSpeciesAndDistinctConfigurations(top_n_configurations, element)
Method for selecting a number of distinct unique defects using the MTP structural descriptor.

Parameters

• top_n_configurations (int) – Number of most distinct configurations.

• element (PeriodicTableElement) – Element to keep after filtering.

Returns
A filtered defect list.

Return type
VacancyGenerator

filterByPointDefect(point_defects, keep_defects=True)
Method for filtering the generator of unique point defects by selecting a specific defects.

Parameters

• point_defects (Sequence of BasePointDefect) – The sequence of point de-
fects to filter.

• keep_defects (bool) – Whether or not the given defects are to be kept and all other
removed (True) or removed from the generator and all other defect kept (False). De-
fault: True

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterBySymmetryIndex(symmetry_indices)
Method for filtering the list of unique point defects by selecting specific symmetry indices.

Parameters
symmetry_indices (int | list of int) – The list of symmetry indices to keep after
filtering.

Returns
A filtered defect generator.

Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

filterByZPositionInterval(start=None, end=None)
Method for selecting unique defects by their position in an interval of the z axis. Note: The

Parameters

• start (PhysicalQuantity of type length) – The start of the position interval. Default:
0 * Angstrom.

• end (PhysicalQuantity of type length) – The end of the position interval. Default:
length of the cell in z direction.

Returns
A filtered defect generator.
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Return type
VacancyGenerator | SubstitutionalGenerator | InterstitialGenerator
SplitInterstitialGenerator

hostConfiguration()

Returns
The host configuration.

Return type
BulkConfiguration

indices()

Returns
The defect indices for the current defect generator.

Return type
list of int

pointDefects()

Returns
The list of unique point defects.

Return type
Vacancy | Substitutional | Interstitial | DefectCluster | SplitInterstitial

symmetryTolerance()

Returns
The symmetry tolerance.

Return type
PhysicalQuantity of type length

uniqueDefects()

Returns
The list of symmetrically unique point defects with their names and symmetry indices,
ordered by increasing index.

Return type
list of NamedPointDefect

uniqueString()

Return a unique string representing the state of the object.

Notes

The VacancyGenerator object generates the symmetrically unique substitutional defects for a given host material,
by identifying the symmetrically equivalent atoms and positions. The VacancyGenerator object is derived from the
BaseDefectGenerator object, and thus contains the common methods from that object.

To create a VacancyGenerator object, a specific host configuration must be given. Once the generator is created, filters
can be added so that only the desired subset of defects are generated.

The unique defects can be returned with the uniqueDefects method as NamedPointDefect objects, which can be used
as input for a ChargedPointDefectConfiguration object. The defects and generators can also be given to a Defects object
to create the basic defect configurations.
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VampireCMCAnisotropySimulation

class VampireCMCAnisotropySimulation(temperature_range=None, constraint_theta_sampling=None,
constraint_phi_sampling=None, equilibration_time_steps=None,
time_steps_increment=None, loop_time_steps=None,
atoms_output_rate=None)

Parameters

• temperature_range (list | tuple) – The temperature range specified as a list
of equidistantly spaced temperatures like numpy.linspace(0, 1500, 61)*Kelvin
or as a tuple like (0, 1500, 61, Kelvin). Default: numpy.linspace(0, 1500,
61)*Kelvin

• constraint_theta_sampling (list | tuple) – The contraint angle theta sam-
pling specified as a list of equidistantly spaced angles like numpy.linspace(0,
90, 11)*Degrees or as a tuple like (0, 90, 11, Degrees). Default: numpy.
linspace(0, 90, 11)*Degrees

• constraint_phi_sampling (list | tuple) – The contraint phi theta sampling
specified as a list of equidistantly spaced angles like numpy.linspace(0, 90,
11)*Degrees or as a tuple like (0, 90, 11, Degrees). Default: numpy.
linspace(0, 90, 11)*Degrees

• equilibration_time_steps (int) – Number of time steps used for equilibration. De-
fault: 10,000

• time_steps_increment (int) – Statistics are calculated once every
time_steps_increment number of time steps. Default: 1

• loop_time_steps (int) – The number of time steps that statistics are taken over. This
takes place after equilibration. Default: 10,000

• atoms_output_rate (int) – Determines the rate configuration files are outputted as a
multiple of time_steps_increment. If 0, output of configuration data is disabled. Default:
1

atomsOutputRate()

Returns
The atoms output rate.

Return type
int

constraintAnglePhiIncrement()

Returns
The phi angle increment

Return type
PhysicalQuantity of type Degrees.

constraintAnglePhiMaximum()

Returns
The maximum phi angle
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Return type
PhysicalQuantity of type Degrees.

constraintAnglePhiMinimum()

Returns
The minimum phi angle

Return type
PhysicalQuantity of type Degrees.

constraintAngleThetaIncrement()

Returns
The theta angle increment

Return type
PhysicalQuantity of type Degrees.

constraintAngleThetaMaximum()

Returns
The maximum theta angle

Return type
PhysicalQuantity of type Degrees.

constraintAngleThetaMinimum()

Returns
The minimum theta angle.

Return type
PhysicalQuantity of type Degrees

equilibrationTimeSteps()

Returns
The number of equilibration time steps

Return type
int

integrator()

Returns
The integrator

Return type
str

loopTimeSteps()

Returns
The number of time steps used for statistics.

Return type
int

maximumTemperature()

Returns
The maximum temperature.
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Return type
PhysicalQuantity of type temperature

minimumTemperature()

Returns
The minimum temperature.

Return type
PhysicalQuantity of type temperature

temperatureIncrement()

Returns
The temperature increment.

Return type
PhysicalQuantity of type temperature

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

timeStepsIncrement()

Returns
The time step increment.

Return type
int

writeToFile(fd)
Write simulation parameters.

Parameters
fd (File object.) – File object to write to.

VampireConfigurationParameters

class VampireConfigurationParameters(configuration_type=None, periodic_boundary_conditions=None,
system_size=None, particle_size=None,
particle_shape_factor=None)

Parameters

• configuration_type ('full' | 'cylinder' | 'cube' | 'sphere') – The type of
configuration. Default: ‘full’

• periodic_boundary_conditions (list) – Tuple of bool indicating if periodic bound-
ary conditions should be used in the x,y,z directions. Default: [False, False, False]

• system_size (PhysicalQuantity of type length) – List of system size in x,y,z directions.
Default: [10,10,10]*nm

• particle_size (PhysicalQuantity of type length) – Used as radius of cylinder and
sphere, and size of cube. Default: 10*nm
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• particle_shape_factor (list) – List of floats. Modifies the default particle shape to
create elongated particles. Default: [1,1,1]

configurationType()

Returns
The configuration type

Return type
str

particleShapeFactor()

Returns
List of floats between 0.001 and 1.0.

Return type
list

particleSize()

Returns
Particle size

Return type
PhysicalQuantity of type length.

periodicBoundaryConditions()

Returns
List of bool indicating if periodic boundary conditions are used in x, y, z directions.

Return type
list

systemSize()

Returns
List of system size in x,y,z directions.

Return type
PhysicalQuantity of type length.

writeToFile(fd)
Write the configuration information to the file object.

Parameters
fd (File object.) – File object to write to.

VampireCurieTemperatureSimulation

class VampireCurieTemperatureSimulation(temperature_range=None, equilibration_time_steps=None,
time_steps_increment=None, loop_time_steps=None,
atoms_output_rate=None)

Parameters
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• temperature_range (list) – The temperature range specified as a list of equidistantly
spaced temperatures like numpy.linspace(0, 1500, 61)*Kelvin or as a tuple like
(0, 1500, 61, Kelvin). Default: numpy.linspace(0, 1500, 61)*Kelvin

• equilibration_time_steps (int) – Number of time steps used for equilibration. De-
fault: 10,000

• time_steps_increment (int) – Statistics are calculated once every
time_steps_increment number of time steps. Default: 1

• loop_time_steps (int) – The number of time steps that statistics are taken over. This
takes place after equilibration. Default: 10,000

• atoms_output_rate (int) – Determines the rate configuration files are outputted as a
multiple of time_steps_increment. If 0, output of configuration data is disabled. Default:
1

atomsOutputRate()

Returns
The rate at which configuration files are outputted as a multiple of time_steps_increment.

Return type
int

equilibrationTimeSteps()

Returns
The number of equilibration time steps

Return type
int

integrator()

Returns
The integrator

Return type
str

loopTimeSteps()

Returns
The number of time steps used for statistics.

Return type
int

maximumTemperature()

Returns
The maximum temperature

Return type
PhysicalQuantity of type temperature.

minimumTemperature()

Returns
The minimum temperature

Return type
PhysicalQuantity of type temperature.
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temperatureIncrement()

Returns
The temperature increment

Return type
PhysicalQuantity of type temperature.

temperatureRange()

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

timeStepsIncrement()

Returns
The time step increment.

Return type
int

writeToFile(fd)
Write simulation parameters.

Parameters
fd (File object.) – File object to write to.

VampireFieldCoolSimulation

class VampireFieldCoolSimulation(minimum_temperature=None, maximum_temperature=None,
cooling_time=None, cooling_function=None,
applied_field_strength=None, equilibration_time_steps=None,
time_steps_increment=None, loop_time_steps=None, time_step=None,
output_rate=None, atoms_output_rate=None)

Parameters

• minimum_temperature (PhysicalQuantity of type temperature) – The minimum tem-
perature Default: 0 Kelvin

• maximum_temperature (PhysicalQuantity of type temperature) – The maximum tem-
perature Default: 1000 Kelvin

• cooling_time (PhysicalQuantity of type time.) – The cooling time. Default: 100 ps

• cooling_function (str) – The cooling function. This determines the shape of the
temperature vs time profile. This can either be ‘gaussian’, ‘exponential’, ‘double-gaussian’
or ‘linear’. Default: ‘gaussian’

• applied_field_strength (PhysicalQuantity of type Tesla) – The applied field
strength. Default: 4 Tesla

• equilibration_time_steps (int) – Number of time steps used for equilibration. De-
fault: 10,000
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• time_steps_increment (int) – Statistics are calculated once every
time_steps_increment number of time steps. Default: 1

• time_step (PhysicalQuantity of type time.) – The time step used in the simulations
Default: 0.1 fs

• output_rate (int) – Determines the rate output files are outputted as a multiple of
time_steps_increment. Default: 10000

• atoms_output_rate (int) – Determines the rate configuration files are outputted as a
multiple of time_steps_increment. If 0, output of configuration data is disabled. Default:
100000

appliedFieldStrength()

Returns
The applied field strength

Return type
PhysicalQuantity of type Tesla.

atomsOutputRate()

Returns
The rate at which configuration files are outputted as a multiple of time_steps_increment.

Return type
int

coolingFunction()

Returns
The cooling function

Return type
str

coolingTime()

Returns
The cooling time

Return type
PhysicalQuantity of type time.

equilibrationTimeSteps()

Returns
The number of equilibration time steps

Return type
int

integrator()

Returns
The integrator

Return type
str

2162 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

loopTimeSteps()

Returns
The number of time steps used for statistics.

Return type
int

maximumTemperature()

Returns
The maximum temperature

Return type
PhysicalQuantity of type temperature.

minimumTemperature()

Returns
The minimum temperature

Return type
PhysicalQuantity of type temperature.

outputRate()

Returns
The rate configuration files are outputted as a multiple of time_steps_increment.

Return type
int

temperatureIncrement()

Returns
The temperature increment

Return type
PhysicalQuantity of type temperature.

temperatureRange()

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

timeStepsIncrement()

Returns
The time step increment.

Return type
int

totalTimeSteps()

Returns
The total number of time steps
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Return type
int

writeToFile(fd)
Write simulation parameters.

Parameters
fd (File object.) – File object to write to.

VampireHysteresisLoopSimulation

class VampireHysteresisLoopSimulation(temperature=None, maximum_applied_field_strength=None,
applied_field_strength_increment=None,
applied_field_angle_phi=None, equilibration_time_steps=None,
time_steps_increment=None, loop_time_steps=None,
time_step=None, atoms_output_rate=None)

Parameters

• temperature (PhysicalQuantity of type temperature) – The temperature Default: 5
Kelvin

• maximum_applied_field_strength (PhysicalQuantity of type Tesla) – The maximum
strength of the applied external field acting on the system. In this simulation, this max-
imum is the maximum magnitude, and dictates both the maximum and minimum (+/-)
magnetisation in the target direction. Default: 2.0 T

• applied_field_strength_increment (PhysicalQuantity of type Tesla) – The incre-
ment in the strength of the applied external field acting on the system. Default: 0.01
T

• applied_field_angle_phi – The angle rotated away from z-axis Default: 0.1*De-
grees

• equilibration_time_steps (int) – Number of time steps used for equilibration. De-
fault: 10,000

• time_steps_increment (int) – Statistics are calculated once every
time_steps_increment number of time steps. Default: 1

• loop_time_steps (int) – The number of time steps that statistics are taken over. This
takes place after equilibration. Default: 10,000

• time_step (PhysicalQuantity of type time.) – The time step used in the simulations
Default: 1 fs

• atoms_output_rate (int) – Determines the rate configuration files are outputted as a
multiple of time_steps_increment. If 0, output of configuration data is disabled. Default:
1

appliedFieldAnglePhi()

Returns
The angle of the applied fiels away from the z-axis.

Return type
PhysicalQuantity of type Degrees.
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appliedFieldStrengthIncrement()

Returns
The increment in the strength of the applied external field.

Return type
PhysicalQuantity of type Tesla.

atomsOutputRate()

Returns
The rate at which configuration files are outputted as a multiple of time_steps_increment.

Return type
int

equilibrationTimeSteps()

Returns
The number of equilibration time steps

Return type
int

integrator()

Returns
The integrator

Return type
str

loopTimeSteps()

Returns
The number of time steps used for statistics.

Return type
int

maximumAppliedFieldStrength()

Returns
The maximum strength of the applied external field.

Return type
PhysicalQuantity of type Tesla.

temperature()

Returns
The temperature

Return type
PhysicalQuantity of type temperature.

timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time
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timeStepsIncrement()

Returns
The time step increment.

Return type
int

writeToFile(fd)
Write simulation parameters.

Parameters
fd (File object.) – File object to write to.

VampireStaticHysteresisLoopSimulation

class VampireStaticHysteresisLoopSimulation(maximum_applied_field_strength=None,
applied_field_strength_increment=None,
applied_field_angle_phi=None,
equilibration_time_steps=None,
time_steps_increment=None, loop_time_steps=None,
time_step=None, atoms_output_rate=None)

Parameters

• temperature (PhysicalQuantity of type temperature) – The temperature Default: 0
Kelvin

• maximum_applied_field_strength (PhysicalQuantity of type Tesla) – The maximum
strength of the applied external field acting on the system. In this simulation, this max-
imum is the maximum magnitude, and dictates both the maximum and minimum (+/-)
magnetisation in the target direction. Default: 2.0 T

• applied_field_strength_increment (PhysicalQuantity of type Tesla) – The incre-
ment in the strength of the applied external field acting on the system. Default: 0.01
T

• applied_field_angle_phi – The angle rotated away from z-axis Default: 0.1*De-
grees

• equilibration_time_steps (int) – Number of time steps used for equilibration. De-
fault: 10,000

• time_steps_increment (int) – Statistics are calculated once every
time_steps_increment number of time steps. Default: 1

• loop_time_steps (int) – The number of time steps that statistics are taken over. This
takes place after equilibration. Default: 10,000

• time_step (PhysicalQuantity of type time.) – The time step used in the simulations
Default: 1 fs

• atoms_output_rate (int) – Determines the rate configuration files are outputted as a
multiple of time_steps_increment. If 0, output of configuration data is disabled. Default:
1
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appliedFieldAnglePhi()

Returns
The angle of the applied fiels away from the z-axis.

Return type
PhysicalQuantity of type Degrees.

appliedFieldStrengthIncrement()

Returns
The increment in the strength of the applied external field.

Return type
PhysicalQuantity of type Tesla.

atomsOutputRate()

Returns
The rate at which configuration files are outputted as a multiple of time_steps_increment.

Return type
int

equilibrationTimeSteps()

Returns
The number of equilibration time steps

Return type
int

integrator()

Returns
The integrator

Return type
str

loopTimeSteps()

Returns
The number of time steps used for statistics.

Return type
int

maximumAppliedFieldStrength()

Returns
The maximum strength of the applied external field.

Return type
PhysicalQuantity of type Tesla.

temperature()

Returns
The temperature

Return type
PhysicalQuantity of type temperature.
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timeStep()

Returns
The time step.

Return type
PhysicalQuantity of type time

timeStepsIncrement()

Returns
The time step increment.

Return type
int

writeToFile(fd)
Write simulation parameters.

Parameters
fd (File object.) – File object to write to.

VaporPressure

class VaporPressure(solvent, temperature=None, parameters=None)
Calculate the vapor pressure of a liquid.

Parameters

• solvent_components (MoleculeConfiguration | CosmoRealSpecies |
CosmoRSMixture) – The solvent components.

• temperature (PhysicalQuantity of type temperature) – The solvent and vapor tempera-
ture. Default: 298 * Kelvin

• parameters (CosmoRSParameters) – The COSMO-RS parameters

parameters()

Returns
The COSMO real solvent parameters

Return type
CosmoRSParameters

temperature()

Returns
The solvent temperature.

Return type
PhysicalQuantity of type temperature

uniqueString()

Return a unique string representing the state of the object.
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vaporPressure()

Returns
The vapor pressure of each solvent component, ordered by their input order.

Return type
PhysicalQuantity of type pressure

Usage Examples

Calculate the vapor pressure of acetonitrile in a water mixture.

# Load the COSMO species
database = CosmoRSSpeciesDatabase()
water = database.exportSpecies('water')
acetonitrile = database.exportSpecies('acetonitrile')
acetonitrile.setAntoineA(5.93296 * bar)
acetonitrile.setAntoineB(2345.829 * Kelvin)
acetonitrile.setAntoineC(43.815 * Kelvin)

# Create a mixture
mixture = CosmoRSMixture([(water, 0.5), (acetonitrile, 0.5)])

# Determine the vapor pressure.
vapor_pressure = VaporPressure(

mixture,
298*Kelvin,
parameters=CosmoRSParameters(),

)

# Retrieve the vapor pressure of acetonitrile.
p_vap = vapor_pressure.vaporPressure()[1].convertTo(bar)
nlprint(f'The vapor pressure of acetonitrile is {p_vap}')

water_acn_vapor_pressure_example.py

Notes

The VaporPressure object allows calculation of the partial vapor pressure of a substance above its condensed phase.
The partial vapor pressure 𝑝𝑣𝑎𝑝 of a species 𝑖 is calculated according to

𝑝𝑣𝑎𝑝𝑖 = 𝑥𝑖𝑝0 exp

(︂
𝜇𝑠𝑜𝑙𝑣𝑖 − 𝜇𝑔𝑎𝑠𝑖

𝑅𝑇

)︂
Here 𝜇𝑠𝑜𝑙𝑣𝑖 is the pseudochemical potential of solvation of species 𝑖 and 𝜇𝑔𝑎𝑠𝑖 the pseudochemical potential of the gas-
phase with respect to the perfect conductor condensed phase. 𝑝0 is a predefined reference pressure of 1 bar and 𝑥𝑖 the
mole fraction.

If the Antoine parameters are known for the pure substances then the partial pressure, 𝑝𝑝𝑢𝑟𝑒 can be estimated as:

log10(𝑝𝑝𝑢𝑟𝑒) = 𝐴− 𝐵

𝐶 + 𝑇
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Here 𝑇 is the temperature and 𝐴, 𝐵 and 𝐶 are the Antoine equation parameters. Since the partial pressure of a pure
substance in COSMO-RS is defined as

𝑝𝑝𝑢𝑟𝑒 = 𝑝0 exp

(︂
𝜇𝑙𝑖𝑞 − 𝜇𝑔𝑎𝑠

𝑅𝑇

)︂
Rearranging the expression then yields

𝜇𝑔𝑎𝑠 = 𝜇𝑙𝑖𝑞 −𝑅𝑇 ln
𝑝𝑝𝑢𝑟𝑒

𝑝0

This can be used to simplify the calculation of a mixture vapor pressure to the difference in chemical potential between
the solvated and pure liquid states, 𝜇𝑙𝑖𝑞𝑖 . The vapor pressure is then

𝑝𝑣𝑎𝑝𝑖 = 𝑥𝑖𝑝
𝑝𝑢𝑟𝑒
𝑖 exp

(︃
𝜇𝑠𝑜𝑙𝑣𝑖 − 𝜇𝑙𝑖𝑞𝑖

𝑅𝑇

)︃

Using this expression avoids approximating the gas chemical potential and simply estimates the partial pressure based
on the difference between the solvated and pure liquid chemical potentials.

VelocityAutocorrelation

class VelocityAutocorrelation(md, start_time=None, end_time=None, atom_selection=None,
time_resolution=None, info_panel=None)

Class for calculating the velocity auto-correlation function of an MD simulation.

Parameters

• md_trajectory (MDTrajectory | AtomicConfigution) – The MDtrajectory or con-
figuration to calculate the velocity autocorrelation for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame

• atom_selection (PeriodicTableElement | str | list of ints) – Only include
contributions from this selection. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: All atoms.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

data()

Returns
The normalized velocity autocorrelation values.

Return type
array

times()

Return the time values.
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Usage Examples

Load an MDTrajectory and calculate the VelocityAutocorrelation function of the oxygen atoms in the simulation:

md_trajectory = nlread('alumina_trajectory.nc')[-1]

# Calculate the velocity autocorrelation function of the oxygen atoms.
vacf = VelocityAutocorrelation(md_trajectory, atom_selection=Oxygen)

# Get the time and autocorrelation values.
times = vacf.times().inUnitsOf(fs)
vacf_data = vacf.data()

# Plot the data using pylab.
import pylab

pylab.plot(times, vacf_data,
label='Velocity autocorrelation of the oxygen atoms')

pylab.xlabel('t (fs)')
pylab.ylabel('VACF(t)')
pylab.legend()

pylab.show()

velocity_autocorrelation.py

Notes

The VelocityAutocorrelation function is normalized to one at 𝑡 = 0 and weighted with the atomic masses, i.e.

𝑣𝑎𝑐𝑓(𝑡) =

∑︀
𝑖 ⟨𝑚𝑖v𝑖(𝑡) · v𝑖(0)⟩∑︀

𝑖 ⟨𝑚𝑖v2
𝑖 ⟩

.

In practice, the average< ... > runs over all selected atoms 𝑖 in the trajectory, and an additional average over simulation
time is carried out to improve the statistical sampling. That means for a given time difference 𝑡 all image pairs that are
separated by 𝑡 are taken into account in the average, as

⟨𝑚𝑖v𝑖(𝑡) · v𝑖(0)⟩ =
1

(𝑡𝑚𝑎𝑥 − 𝑡)

𝑡𝑚𝑎𝑥−𝑡∑︁
𝑡′=0

v𝑖(𝑡
′ + 𝑡) · v𝑖(𝑡′)

By default, all elements are taken into account, but a specified selection can be given as well. The atom_selection
parameter accepts an element, a tag name, or a list of indices to select atoms for the velocity distribution. This can be
useful, e.g. in the presence of constraints as constrained atoms should be excluded in this analysis.
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VelocityDistribution

class VelocityDistribution(md_trajectory, start_time=None, end_time=None, maximum_velocity=None,
resolution=None, atom_selection=None, time_resolution=None,
info_panel=None)

Class for calculating the velocity distribution of an MD simulation.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the velocity distribution.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame

• maximum_velocity (PhysicalQuantity of type length/time) – Upper limit of considered
velocities. Default: the maximum velocity of the trajectory

• resolution (PhysicalQuantity of type length/time.) – The bin size, which determines
the resolution of the histogram. Default: 0.001 * Angstrom / fs

• atom_selection (PeriodicTableElement | str | list of ints) – Only include
contributions from this selection. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: All atoms.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

data()

Return the velocity distribution histogram.

velocities()

Return the velocity values associated with the histogram.

Usage Examples

Load an MDTrajectory and calculate the VelocityDistribution:

md_trajectory = nlread('alumina_trajectory.nc')[-1]

v_distribution = VelocityDistribution(md_trajectory)

# Get the bin_centers and the histogram of the velocity distribution.
velocities = v_distribution.velocities().inUnitsOf(Ang/fs)
histogram = v_distribution.data()

# Plot the data using pylab.
import pylab

pylab.bar(velocities, histogram, label='Velocity distribution', width=0.001)
pylab.xlabel('v (Ang/fs)')
pylab.ylabel('Histogram')
pylab.legend()

(continues on next page)
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(continued from previous page)

pylab.show()

velocity_distribution.py

Notes

By default, all elements are taken into account.

The atom_selection parameter accepts an element, a tag name, or a list of indices to select atoms for the velocity
distribution. This can be useful, e.g. in the presence of constraints as constrained atoms should be excluded in this
analysis.

VessalPotential

class VessalPotential(particleType1, particleType2, particleType3, k, theta0, rho1, rho2, rmax1, rmax2,
r_cut=None)

Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type. This is the central particle (the vertex) when calculating the angle.

• particleType3 (ParticleType or ParticleIdentifier) – Identifier of the third
particle type.

• k (PhysicalQuantity of type energy) – Potential parameter.

• theta0 (PhysicalQuantity of type angle) – Potential parameter

• rho1 (PhysicalQuantity of type length ) – Potential parameter.

• rho2 (PhysicalQuantity of type length ) – Potential parameter.

• rmax1 (PhysicalQuantity of type length ) – Potential parameter.

• rmax2 (PhysicalQuantity of type length ) – Potential parameter.

• r_cut – Deprecated. This parameter is not used anymore. Please use rmax1 and rmax2
to set the cutoff radius.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.
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getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Notes

The VessalPotential1 defines a screened three-body potential of the form

𝑉𝑖𝑗𝑘(𝑟𝑖𝑗 , 𝑟𝑖𝑘, 𝜃𝑖𝑗𝑘) =
𝑘

8(𝜃𝑖𝑗𝑘 − 𝜋)2
[︀
(𝜃0 − 𝜋)2 − (𝜃𝑖𝑗𝑘 − 𝜋)2

]︀2
exp [−(𝑟𝑖𝑗/𝜌1 + 𝑟𝑖𝑘/𝜌2)] .

At long distances this potential is brought smoothly to zero between the inner cutoff r_i and the outer cutoff r_cut,
using a 5th order spline function. This ensures that there are no discontinuites in the forces as atoms are brought closer
together, and that the energy is properly conserved. The applied potential 𝑈(𝑟) is given as:

𝑈(𝑟) = 𝑉𝑖𝑗(𝑟) × 𝑆(𝑟)

where 𝑉𝑖𝑗(𝑟) is the pair potential and 𝑆(𝑟) is the spline function. The values of the spline function are:

• 1 when 𝑟 ≤ 𝑟𝑖

• In the range [0, 1] when 𝑟𝑖 < 𝑟 < 𝑟𝑐𝑢𝑡

• 0 when 𝑟 ≥ 𝑟𝑐𝑢𝑡

VibrationalDensityOfStates

class VibrationalDensityOfStates(md, start_time=None, end_time=None, atom_selection=None,
time_resolution=None, info_panel=None)

Class for calculating the vibrational density of states of an MD simulation.

Parameters

• md_trajectory (MDTrajectory) – The MDtrajectory to calculate the vibrational den-
sity of states for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame

• atom_selection (PeriodicTableElement | str | list of ints) – Only include
contributions from this selection. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: All atoms.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

1 B. Vessal. Simulation studies of silicates and phosphates. J. Non-Crystal. Solids, 177:103–124, nov 1994. doi:10.1016/0022-3093(94)90520-7.
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frequencies()

Returns
The frequencies associated with the vibrational density of states.

Return type
PhysicalQuantity of type 1/time

vibrationalDensityOfStates()

Returns
The vibrational density-of-states, calculated from the Fourier transformation of the veloc-
ities.

Return type
PhysicalQuantity of type time

Usage Examples

Load an MDTrajectory and calculate the vibrational density of states from the simulation:

md_trajectory = nlread('ag-md.hdf5', class_type=MDTrajectory)[-1]

# Get the vibrational density of states.
vdos = VibrationalDensityOfStates(md_trajectory)

# Get the frequencies associated with the DOS.
frequencies = vdos.frequencies()

# Convert the frequencies to energies in meV.
energies = (frequencies*planck_constant).inUnitsOf(meV)

# Plot the data using pylab.
import pylab

pylab.plot(energies, vdos.vibrationalDensityOfStates(), label='Vibrational density of␣
→˓states')
pylab.xlabel('E (meV)')
pylab.ylabel('S(E)')
pylab.xlim(0,50)
pylab.legend()

pylab.show()

vibrational_dos.py
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Notes

The vibrational density of states is calculated from the Fourier transform of the atomic velocities (cf.1):

𝑆(𝜈) =
2

𝑘𝐵𝑇

𝑁∑︁
𝑖=1

∑︁
𝛼=𝑥,𝑦,𝑧

𝑚𝑖𝑠
𝛼
𝑖 (𝜈),

where

𝑠𝛼𝑖 (𝜈) =

⃒⃒⃒∫︀ 𝑡𝑚𝑎𝑥

0
𝑑𝑡′𝑣𝛼𝑖 (𝑡′)𝑒−𝑖2𝜋𝜈𝑡

⃒⃒⃒2
𝑡𝑚𝑎𝑥

.

The temperature entering the first expression is calculated directly from the velocities during the simulation.

The vibrational DOS are normalized in such a way that the integration over the frequencies (if given in 𝑓𝑠−1 ) gives
the total number of degrees of freedom in the system∫︁ ∞

0

𝑑𝜈𝑆(𝜈) = 3𝑁 .

Apart from the normalization, the vibrational density of states should give similar results as the PhononDensityOfStates
with the important distinction, that in the former, anharmonic effects are seamlessly included. You also have the
possibility to extract the contribution of only a part of the system, specified via the atom_selection parameter.
Moreover, in contrast to the PhononDensityOfStates analysis object, the vibrational density of states can be calculated
for soft systems or even for liquid systems.

In order to sample all relevant vibrations, the system size must be chosen large enough to accommodate vibrational
modes with long wavelengths. The log interval for saving snapshots to the MDTrajectory must be chosen such that the
sampling rate (the reciprocal of the time step times the logging interval) is twice the highest vibrational frequency that
should be included in the density of states. For example, if the time step is 1 femtosecond and the logging interval is
10 steps, then the sampling rate is 100 THz and the maximum frequency in the density of states is 50 THz.

VibrationalInverseParticipationRatio

class VibrationalInverseParticipationRatio(configuration, dynamical_matrix, qpoints=None)
Class for calculating the vibrational inverse participation ratio.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion for which to calculate the vibrational inverse participation ratio.

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix from which to calcu-
late the vibrational inverse participation ratio.

• qpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity |
RegularKpointGrid | sequence of sequence (size 3) of float) – The q-points on which
to calculate the vibrational inverse participation ratio. Default: The Gamma point (0.0,
0.0, 0.0).

1 S.-T. Lin, M. Blanco, and W. A Goddard III. The two-phase model for calculating thermodynamic properties of liquids from molecular dynam-
ics: Validation for the phase diagram of Lennard-Jones fluids. J. Chem. Phys., 2003. doi:10.1063/1.1624057.
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energies()

Returns
The energies for each vibrational mode.

Return type
PhysicalQuantity of type energy

inverseParticipationRatio()

Returns
The vibrational inverse participation ratio for each vibrational mode and q-point. The array
has size (n_qpoints, n_modes)

Return type
ndarray

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

printTable(stream=None, energy_min=None, energy_max=None)
Print a string containing an ASCII table with the vibrational inverse participation ratio data, restricted in
an energy window.

Parameters

• stream (A stream that supports strings being written to using
'write'.) – The stream to write to.

• energy_min (PhysicalQuantity of type energy) – Lower limit of the energy window.
Default: 0 * meV

• energy_max – Upper limit of the energy window. Default: 20 * meV

qpoints()

Returns
The q-points on which to calculate the vibrational inverse participation ratio.

Return type
ndarray

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Calculate the VibrationalInverseParticipationRatio at the Gamma point for silicon bulk with a vacancy defect and print
out information for the most localized state:

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[0., 0., 0. ],

[0.25, 0.25, 0.25]]

# Set up configuration
unit_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

reps = 3
bulk_configuration = unit_configuration.repeat(reps, reps, reps)
bulk_configuration = bulk_configuration.copyAndDeleteAtoms(5)

# Set up calculator
potentialSet = Tersoff_Si_2005()
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(1.0*Angstrom)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# Set up density matrix
dynamical_matrix = DynamicalMatrix(

bulk_configuration,
filename='Silicon_defect.hdf5',
object_id='dynamical_matrix',
repetitions=Automatic,
atomic_displacement=0.01*Angstrom,
acoustic_sum_rule=True,
finite_difference_method=Central,
force_tolerance=1e-08*Hartree/Bohr**2,
processes_per_displacement=None,
log_filename_prefix='forces_displacement_',
use_wigner_seitz_scheme=False,
)

dynamical_matrix.update()

# Compute the vibrational inverse participation ratio
vibrational_ipr = VibrationalInverseParticipationRatio(

configuration=bulk_configuration,
dynamical_matrix=dynamical_matrix

(continues on next page)
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(continued from previous page)

)

print('\nNumber of atoms N:', bulk_configuration.numberOfAtoms())
print(f'Expected IPR for delocalized states 1/N: {1 / bulk_configuration.
→˓numberOfAtoms():.3f}')

# Obtain results
energies = vibrational_ipr.energies().inUnitsOf(meV)
ipr = vibrational_ipr.inverseParticipationRatio()
idx = numpy.argmax(ipr)
print(f'Mode at energy {energies.ravel()[idx]:.2f} meV',

f'has the highest IPR: {ipr.ravel()[idx]:.3f}')

vibrational_ipr.py

Notes

The following definition is used to calculate the vibrational inverse participation ratio for a system of 𝑁 atoms1

𝑝
(𝑛)
𝑖 =

∑︀𝑁
𝑖=1 |u

(𝑛)
𝑖 |4(︁∑︀𝑁

𝑖=1 |u
(𝑛)
𝑖 |2

)︁2
where u(𝑛)

𝑖 are the displacements eigenvectors for the 𝑛-th mode from the DynamicalMatrix. The inverse participa-
tion ratio is 1 for completely localized states and 1/𝑁 for completely delocalized states.

VibrationalMode

class VibrationalMode(dynamical_matrix, configuration=None, kpoint_fractional=None, mode_indices=None)
Class for calculating the vibrational modes of a configuration.

Parameters

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix to use for the calcu-
lation.

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration) – The configuration for which the vibrational modes
should be calculated. If no calculator is attached to the configuration, the calculator from
dynamical_matrix is used. Currently, configuration must be the same as the configuration
from dynamical_matrix and is therefore not needed. Default: The configuration from
dynamical_matrix

• kpoint_fractional (tuple of float) – The kpoint (in fractional reciprocal space
coordinates) for which the vibrational modes should be calculated. Default: The gamma
point (0.0, 0.0, 0.0)

1 S. I. Simdyankin, S. R. Elliott, Z. Hajnal, T. A. Niehaus, and Th. Frauenheim. Simulation of physical properties of the chalcogenide glass
as2s3 using a density-functional-based tight-binding method. Physical Review B, Apr 2004. URL: http://dx.doi.org/10.1103/PhysRevB.69.144202,
doi:10.1103/physrevb.69.144202.
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• mode_indices (list of int) – The indices of the modes (bands) to include. Default:
All modes.

eigenvectors(mode_index=None)
Return the vibration eigenvectors, 𝑢, for the selected k-point and mode indices.

The eigenvectors are solutions to 𝐷𝑢 = 𝜔2𝑢, where 𝐷 is the dynamical matrix, and 𝜔 is the frequency. If
mode_index is not specified all calculated modes are returned.

Note, the mode u[:,i] is the eigenvector corresponding to mode index modeIndices()[i].

Parameters
mode_index (int) – Mode index. Default: All calculated modes.

Returns
Eigenvectors of the vibrational modes

Return type
numpy.array

evaluate(mode_index=None)
Return the vibrational energies at the selected mode index. If mode_index is not specified all mode
energies are returned.

Parameters
mode_index (int) – Mode index. Default: All modes.

Returns
Energies of the vibrational modes.

Return type
PhysicalQuantity of type energy

kPoint()

Returns
The kpoint (in fractional reciprocal space coordinates).

Return type
tuple of float

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

mode(mode_index, temperature=None)
Return the vibrational mode with the specified mode_index. The eigenmode, 𝑣, is obtained from the
eigenvectors, 𝑢, as 𝑣 = 𝑢√

𝑀
𝑠, where the scaling factor, 𝑠 =

√
𝑘𝐵𝑇
𝜔 , gives the amplitude of a classical

oscillator with frequency 𝜔.

Parameters

• mode_index (int) – The mode index. Must be contained in the list returned by
modeIndices().

• temperature (PhysicalQuantity of type temperature) – The temperature used in scal-
ing the amplitude. Default: 300 * Kelvin
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Returns
(N, 3) complex array

Return type
PhysicalQuantity of type length

modeIndices()

Returns
The mode indices.

Return type
list of int

movie(mode_index, mode=None, temperature=None, number_of_frames=None, repeat=None)
Method for generating a trajectory showing the vibrations with the specified mode_index.

Parameters

• mode_index (int) – The mode index. Must be contained in the list returned by
modeIndices().

• mode (PhysicalQuantity of type length) – The mode (N, 3) complex array.

• temperature (PhysicalQuantity of type temperature) – The temperature used in scal-
ing the amplitude. Default: 300 * Kelvin

• number_of_frames (int) – The number of frames in the trajectory. Default: 20

• repeat (tuple of integers) – The number of repetitions along A, B, and C axes.
For molecules this must be (1, 1, 1); for devices (n, m, 1). Default: (1, 1,
1)

Returns
A trajectory.

Return type
Trajectory

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

wavenumbers(mode_index=None)
Return vibrational wavenumbers. If mode_index is not specified all wavenumbers are returned.

Parameters
mode_index (int) – Mode index. Default: All modes.
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Returns
Wavenumbers of the vibrational modes

Return type
PhysicalQuantity of type inverse length

Usage Examples

Calculate the vibrational eigenmodes of a methane molecule using the BrennerCalculator:

# -------------------------------------------------------------
# Molecule configuration, CH4
# -------------------------------------------------------------

# Define elements
elements = [Hydrogen, Carbon, Hydrogen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 11.61454603, 11.09244804, 9.99999993],

[ 10.67862603, 10.93144595, 10.52879495],
[ 9.99999997, 11.75542099, 10.3236729 ],
[ 10.22904002, 10.00000001, 10.1942581 ],
[ 10.87074303, 10.87768505, 11.59731907]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
calculator = BrennerCalculator()

molecule_configuration.setCalculator(calculator)
molecule_configuration.update()

molecule_configuration = OptimizeGeometry(
molecule_configuration,
max_forces=0.001*eV/Ang,
max_steps=200,
max_step_length=0.5*Ang,
trajectory_filename=None,
optimize_cell=False,
optimizer_method=LBFGS(),
)

# -------------------------------------------------------------
# Vibrational modes
# -------------------------------------------------------------
# Compute Hessian by finite difference of forces.
dynamical_matrix = DynamicalMatrix(molecule_configuration, 'ch4.hdf5', object_id=

(continues on next page)
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→˓'dynamical_matrix')

# Vibrational analysis.
vib_mode = VibrationalMode(dynamical_matrix, mode_indices=range(6,15))
vib_mode.nlprint()

vibrationalmode.py

Notes

• For a MoleculeConfiguration, the six lowest vibrational modes have zero-frequency. In the above example, these
modes are not calculated since mode_indices=range(6,15). The six zero-frequency modes correspond to
three rigid translational modes and three rigid rotational modes.

• It is important to do a fine structual relaxation before calculating vibrational (or phonon) modes. This may also
require specifying a higher density_mesh_cutoff in NumericalAccuracyParameters.

VirtualCrystalBasisSet

class VirtualCrystalBasisSet(basis_sets, x=None)
Class providing the virtual crystal approximation basis set.

Parameters

• basis_sets (tuple of two BasisSet instances) – The two basis sets to combine. The
basis sets must have pseudopotentials with the same number of valence electrons.

• x (float) – The relative weight of the first element (between zero and one). Default: 0.5

angularMomenta()

Return the angular momenta of the basis set.

Returns
The angular momentum (azimuthal quantum number) for each orbital.

Return type
list

basisSets()

The constituent basis sets.

Returns
The two basis sets that make up the virtual crystal basis.

Return type
list of two BasisSet instances

dftHalfParameters()

The DFT-1/2 parameters.

Returns
The DFT-1/2 parameters.
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Return type
DFTHalfParameters | Automatic | Disabled

element()

The element for this basis set.

Returns
The atomic element.

Return type
PeriodicTableElement

fillingMethod()

The method using for filling the orbitals.

Returns
The method for filling the orbitals.

Return type
SphericalSymmetric | Anisotropic

filterMeshCutoff()

The cutoff for the filter function.

Returns
The cutoff.

Return type
PhysicalQuantity of type energy

gramSchmidtOrthonormalization()

Whether the basis set has been orthonormalized.

Returns
True if the basis set is orthonormal.

Return type
bool

hubbardU()

The Hubbard U associated with the orbitals.

Returns
The Hubbard U energies either as a PhysicalQuantity with one element for each orbital.

Return type
PhysicalQuantity of type energy.

nlinfo()

Returns
Structured information about the virtual crystal basis set.

Return type
dict

numberOfValenceElectrons()

Function to get the number of electrons in total.

Returns
The total number of valence electrons.
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Return type
int

occupations()

The occupations associated with the orbitals.

Returns
The occupations of the orbitals given as a list of non-negative floats.

Return type
list

onsiteSpinOrbitSplit()

List of spin-orbit splits per orbital.

Returns
Spin-orbit splittings with one element for each orbital.

Return type
PhysicalQuantity of type energy

orbitals()

The orbitals that forms this basis set.

Returns
A list of orbital objects.

Return type
list

projectorShift()

A query method for the pseudopotential projector shift.

Returns
The projector shift energies specified for each angular momentum.

Return type
PseudoPotentialProjectorShift

pseudopotential()

The pseudopotential used in generating the basis set.

Returns
The pseudopotential.

Return type
NormConservingPseudoPotential

uniqueString()

Return a unique string representing the state of the object.

x()

The weight parameter for mixing the elements.

Returns
The weight parameter x.

Return type
float
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Usage Examples

Six Ge1-x with a fixed value for x

# Set x for the alloy Si_x Ge_(1-x)
x = 0.39

# Lattice constant, from http://www.ioffe.ru/SVA/NSM/Semicond/SiGe/basic.html
a = 5.431 + 0.20*(1-x) + 0.027*(1-x)**2

# Setup a BulkConfiguration
lattice = FaceCenteredCubic(a*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Define a basis set for Si.
SiliconBasis = LDABasis.Silicon_DoubleZetaPolarized

# Define a basis set for Ge.
GermaniumBasis = LDABasis.Germanium_DoubleZetaPolarized

# Define the virtual crystal basis set for the Si_x Ge_1-x system.
SiliconVirtualCrystalBasis = VirtualCrystalBasisSet(

basis_sets=[SiliconBasis, GermaniumBasis],
x=x)

basis_set = [SiliconVirtualCrystalBasis]

# Define a calculator and use the virtual crystal basis set.
k_point_sampling = MonkhorstPackGrid(

na=5,
nb=5,
nc=5,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=k_point_sampling,
)

calculator = LCAOCalculator(
(continues on next page)
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basis_set=basis_set,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

# Attach the calculator to the configuration.
bulk_configuration.setCalculator(calculator)

# Calculate the bandstructure.
bandstructure = Bandstructure(

configuration=bulk_configuration,
route=['G', 'X'],
points_per_segment=40,
bands_above_fermi_level=4)

# Calculate the direct and indirect gap.
direct_gap = bandstructure.directBandGap()
indirect_gap = bandstructure.indirectBandGap()

# Print the results.
print('%f\t%f\t%f' % (x, direct_gap.inUnitsOf(eV), indirect_gap.inUnitsOf(eV)))

Six Ge1-x with x ranging from 0 (pure Ge) to 1 (pure Si)

# Define a basis set for Si
SiliconBasis = LDABasis.Silicon_DoubleZetaPolarized
# Define a basis set for Ge
GermaniumBasis = LDABasis.Germanium_DoubleZetaPolarized

# Loop over Si concentration.
x_values = numpy.linspace(0.0, 1.0, 21)

for x in x_values:
# Lattice constant for specific x. From http://www.ioffe.ru/SVA/NSM/Semicond/SiGe/

→˓basic.html
a = 5.431 + 0.20*(1-x) + 0.027*(1-x)**2

# Setup a BulkConfiguration
lattice = FaceCenteredCubic(a*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,

(continues on next page)
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fractional_coordinates=fractional_coordinates
)

# Define the virtual crystal basis set for the Si_x Ge_1-x with the current x.
SiliconVirtualCrystalBasis = VirtualCrystalBasisSet(

basis_sets=[SiliconBasis, GermaniumBasis],
x=x)

basis_set = [SiliconVirtualCrystalBasis]

# Define a calculator.
k_point_sampling = MonkhorstPackGrid(

na=5,
nb=5,
nc=5,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=k_point_sampling,
)

calculator = LCAOCalculator(
basis_set=basis_set,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

# Attach the calculator to the configuration.
bulk_configuration.setCalculator(calculator)

# Calculate the bandstructure.
bandstructure = Bandstructure(

configuration=bulk_configuration,
route=['G', 'X'],
points_per_segment=40,
bands_above_fermi_level=4)

# Calculate the direct and indirect gap.
direct_gap = bandstructure.directBandGap()
indirect_gap = bandstructure.indirectBandGap()

# Print the results.
print('%f\t%f\t%f' % (x, direct_gap.inUnitsOf(eV), indirect_gap.inUnitsOf(eV)))
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Gax In1-x As with x from 0 to 1

The following script sets up a calculation of the bandstructure of Ga(x) In(1-x) As as a function of the Ga concentration
x. In order to obtain physically meaningful results, the spin-orbit interaction is included and the TB09 meta-GGA
exchange-correlation potential is used. The spin-orbit coupling terms are contained in the pseudopotentials. Note that
the pseudopotentials used in this script are not provided as part of QuantumATK. To run this script, the pseudopotentials
have to be downloaded separately, e.g., from http://www.abinit.org/downloads/psp-links/hgh. Save the downloaded
pseudopotentials in the same directory as the script.

# Setup a GaInAs calculation with spin-orbit coupling and TB09 meta-GGA.

#-----------------------------------------------------------------------------
# HGH Basis Set with manually set pseudopotential to include spin-orbit terms.
#-----------------------------------------------------------------------------
ga_basis = BasisLDAPZHGH.Gallium_13_Tier_4(pseudopotential=NormConservingPseudoPotential(
→˓'31ga.13.hgh'))
in_basis = BasisLDAPZHGH.Indium_13_Tier_4(pseudopotential=NormConservingPseudoPotential(
→˓'49in.13.hgh'))
as_basis = BasisLDAPZHGH.Arsenic_5_Tier_4(pseudopotential=NormConservingPseudoPotential(
→˓'33as.5.hgh'))

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = SOMGGA.TB09LDA

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_cutoff=1e-06,
k_point_sampling=(9, 9, 9),
density_mesh_cutoff=300.0*Hartree)

iteration_control_parameters = IterationControlParameters(
max_steps=100,
tolerance=1e-06)

# Loop over Ga concentration x.
for x in numpy.linspace(0.0, 1.0, 21):

# Lattice constant. From http://www.ioffe.rssi.ru/SVA/NSM/Semicond/GaInAs/basic.html
a = 6.0583 - 0.405*x

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(a*Angstrom)

# Define elements
elements = [Gallium, Arsenic]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25 , 0.25 , 0.25 ]]
(continues on next page)
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# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
# Define the virtual crystal basis set for the Ga/In system.
GalliumVirtualCrystalBasis = VirtualCrystalBasisSet(

basis_sets=[ga_basis, in_basis],
x=x)

# Define the complete basis set consisting of the Ga/In virtual crystal basis
# and the ordinary As basis.
basis_set = [GalliumVirtualCrystalBasis, as_basis]

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,
iteration_control_parameters=iteration_control_parameters)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

nlsave('GaInAs_VCA.nc', bulk_configuration)

# -------------------------------------------------------------
# Bandstructure
# -------------------------------------------------------------
bandstructure = Bandstructure(

configuration=bulk_configuration,
route=['X', 'G', 'L'],
points_per_segment=101,
bands_above_fermi_level=All)

nlsave('GaInAs_VCA.nc', bandstructure)

Notes

When constructing a virtual crystal basis set in QuantumATK the following procedure is applied. The virtual crystal
pseudopotential is obtained as a mixture of the two original pseudopotentials provided through the basis sets. The basis
set orbitals will be the sum of the two original basis sets, each evaluated with their original pseudopotential. The total
number of basis orbitals in a virtual crystal basis set will therefore always be larger than the individual basis sets, and
calculations will be more time consuming.
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Viscosity

class Viscosity(md_trajectories, start_time=None, end_time=None, measurement_name='pressure_tensor',
info_panel=None)

Class for calculating the shear viscosity from an MDTrajectory.

Parameters

• md_trajectories (MDTrajectory | list of type MDTrajectory) – The MDTrajectory
the viscosity should be calculated for. This may be given as a single MDTrajectory or as
a list of MDTrajectory objects.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last frame time.

• measurement_name (str) – The name of the measurement in the MDTrajectory that
contains the pressure tensor data.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel

correlationFunction()

Returns
The shear pressure autocorrelation function.

Return type
PhysicalQuantity of type pressure**2

lagTimes()

Returns
The lag times of the shear pressure autocorrelation function.

Return type
PhysicalQuantity of type time

temperature()

Returns
The temperature of the MD simulation.

Return type
PhysicalQuantity of type temperature

uniqueString()

Return a unique string representing the state of the object.

viscosities()

Returns
An estimate of the viscosity using the Green-Kubo formalism as a function of lag time.

Return type
PhysicalQuantity of type time * pressure

viscositiesStandardError()

Returns
The standard error of the mean for the estimated viscosity.
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Return type
PhysicalQuantity of type time * pressure

Usage Examples

This example runs a NVT molecular dynamics (MD) simulation of a Lennard-Jones fluid. The pressure tensor is
recorded at each MD step, using the MDMeasurement measurement hook.

initial_velocity = MaxwellBoltzmannDistribution(
temperature=T,
enforce_temperature=True,
remove_center_of_mass_momentum=True

)

method = NVTNoseHoover(
time_step=10.0*femtoSecond,
initial_velocity=initial_velocity,
thermostat_timescale=1*ps,
reservoir_temperature=T,

)
constraints = [FixCenterOfMass()]

measurement_names = ['pressure_tensor']

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=constraints,
trajectory_filename='ljmd.hdf5',
steps=100000,
log_interval=1000,
measurement_hook=MDMeasurement(measurement_names, call_interval=1),
method=method

)

The shear viscosity is then calculated from the MD trajectory.

viscosity = Viscosity(
md_trajectory,
start_time=10*ps,
measurement_name='pressure_tensor',

)
nlsave('viscosity.hdf5', viscosity)

The script will produce a plot of the estimated viscosity as a function of the maximum lag time as well as a reference
value taken from1.

1 R. Khordad. Viscosity of lennard–jones fluid: integral equation method. Physica A: Statistical Mechanics and its Applications, 387(18):4519
– 4530, 2008. URL: http://www.sciencedirect.com/science/article/pii/S0378437108003270, doi:https://doi.org/10.1016/j.physa.2008.03.025.
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Notes

The viscosity is calculated from the shear pressure using the Green-Kubo relations.2 In the Green-Kubo formalism,
the viscosity is defined as,

𝜂 =
𝑉

𝑘B𝑇

∫︁ ∞

0

⟨𝑃𝛼𝛽(𝜏0)𝑃𝛼𝛽(𝜏0 + 𝜏)⟩d𝜏,

where 𝑉 is the volume of the unit cell, 𝑘B is the Boltzmann constant, 𝑇 is the temperature, 𝑃 is the pressure tensor with
𝑃𝛼𝛽 indicating the off-diagonal elements (shear), the angle brackets represent an ensemble average over trajectories
with time origin 𝜏0, and 𝜏 is the lag time between two pressure tensors. In practice the MD simulations will be of finite
length and the integral must be truncated at finite time.

• As the pressure tensor needs to be recorded with a high frequency (ideally every MD time step) and the trajectories
are often on the time scale of 1 ns, the multiple-tau correlation technique is used to calculate the shear pressure
autocorrelation function.3

• This analysis class is designed to be used with the MDMeasurement hook function. This allows for the pressure
tensor to be recorded at each time step, without saving the full configuration to the MDTrajectory.

• The analysis class can analyze a single trajectory or a list of multiple trajectories. If multiple trajectories are
given, then it is assumed that each trajectory is independent. Additionally, the standard error of the estimated
viscosity, as a function of lag time, can be obtained by calling viscositiesStandardError.

2 Dario Alfè and Michael J. Gillan. First-principles calculation of transport coefficients. Phys. Rev. Lett., 81:5161–5164, Dec 1998. URL:
https://link.aps.org/doi/10.1103/PhysRevLett.81.5161, doi:10.1103/PhysRevLett.81.5161.

3 Jorge Ramírez, Sathish K. Sukumaran, Bart Vorselaars, and Alexei E. Likhtman. Efficient on the fly calculation of time correlation functions in
computer simulations. The Journal of Chemical Physics, 133(15):154103, 2010. URL: https://doi.org/10.1063/1.3491098, doi:10.1063/1.3491098.
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VoidsizeDistribution

class VoidsizeDistribution(md_trajectory, start_time=None, end_time=None, atom_selection=None,
resolution=None, atomic_radii=None, time_resolution=None, info_panel=None)

Calculate the voidsize distribution of an MD trajectory or a configuration.

Parameters

• md_trajectory (MDTrajectory | AtomicConfiguration) – The MDTrajectory or
configuration to calculate the coordination number for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame.

• atom_selection (PeriodicTableElement | str | list | None) – Only include contri-
butions between this selection of atoms. The atoms can be selected by element i.e.
PeriodicTableElement, tag or a list of atomic indices. Default: All atoms.

• resolution (PhysicalQuantity of type length) – The bin size, which determines the res-
olution of the voidsize-histogram. Default: 2.0 * Angstrom

• atomic_radii (PhysicalQuantity of type length) – The atomic radii used for calculating
the atomic volumes, which do not contribute to th void volumes. Default: Covalent radii
of the elements.

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No InfoPanel.

data()

Returns
The voidsize-distribution as a histogram.

Return type
array

voidsizes()

Returns
The voidsize-diameters associated with the histogram.

Return type
PhysicalQuantity of type length

Usage Examples

Load an MDTrajectory and calculate the VoidsizeDistribution:

md_trajectory = nlread('alumina_trajectory.hdf5')[-1]

# Calculate the voidsize distribution of the trajectory.
vd = VoidsizeDistribution(md_trajectory)

# Get the time and autocorrelation values.
voidsizes = vd.voidsizes().inUnitsOf(Ang)

(continues on next page)
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histogram = vd.data()

# Plot the data using pylab.
import pylab

pylab.plot(
voidsizes,
histogram,
label='Voidsize distribution'

)
pylab.xlabel('Voidsizes (Ang)')
pylab.ylabel('Distribution')
pylab.legend()

pylab.show()

voidsize_distribution.py

Notes

The voidsize distribution analysis calculates the average diameters of the volume of voids between atoms, primarily
in disordered solid like glasses. The underlying algorithm first creates a Delaunay-triangulation of the selected co-
ordinates, and then calculates the tetrahedral volume of each simplex. This volume is reduced by the overlap of the
volumes of the adjacent vertices with the tetrahedron. The volumes of the vertices are calculated as spheres whose radii
can either be specified as parameters, or are taken from the atomic covalent radii. Finally, the resulting void volumes
are approximated by spheres with equivalent volume, and a histogram of the diameters of these spheres is used as a
measure for the voidsize distribution.

This feature requires the ATK-Classical license feature.

WavefunctionOverlapsAndEnergyDifferences

class WavefunctionOverlapsAndEnergyDifferences(wavefunction_overlaps, energy_differences)
Constructor for WavefunctionOverlapAndEnergyDifferences.

Parameters

• wavefunction_overlap (list of float) – The wave function overlap.

• energy_difference (list of PhysicalQuantity of type energy) – The energy difference
between the states in the overlap.

energyDifferences()

Returns
The energy difference between the states in the overlap.

Return type
list of PhysicalQuantity of type energy

uniqueString()

Return a unique string representing the state of the object.
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wavefunctionOverlaps()

Returns
The wave function overlaps.

Return type
list of float

XRayScattering

class XRayScattering(md_trajectory, start_time=None, end_time=None, pair_selection=None,
maximum_q_value=None, q_resolution=None, cutoff_radius=None, resolution=None,
time_resolution=None, info_panel=None, charges=None, parameters=None)

Class for calculating the total X-ray scattering structure factor from an MD simulation.

Parameters

• md_trajectory (MDTrajectory | MoleculeConfiguration | BulkConfiguration
| DeviceConfiguration | SurfaceConfiguration) – The MDTrajectory or configu-
ration to calculate the X-ray scattering for.

• start_time (PhysicalQuantity of type time) – The start time. Default: 0.0 * fs

• end_time (PhysicalQuantity of type time) – The end time. Default: The last time frame.

• pair_selection (sequence) – Only include contributions between this selection of
atoms. A sequence has to contain two of the following types: Element, tag name, list of
indices, or None. Default: all atoms pairs.

• maximum_q_value (PhysicalQuantity of type inverse length) – The maximum scattering
vector length. Default: 15.0 / Angstrom

• q_resolution (PhysicalQuantity of type inverse length) – The resolution of the X-ray
structure factor curve. Default: 0.05/Angstrom.

• cutoff_radius (PhysicalQuantity of type length) – Upper limit on sampled distances.
Default: Half the diagonal of the unit.

• resolution (PhysicalQuantity of type length) – The bin size determining the resolution
of the underlying radial-distribution-function. Default: 0.05 * Angstrom

• time_resolution (PhysicalQuantity of type time) – The time interval between snap-
shots in the MD trajectory that are included in the analysis.

• info_panel (InfoPanel (Plot2D)) – Info panel to show the calculation progress. De-
fault: No info panel.

• charges (dictionary) – Which charge state to use for the elements. Default: Charge
state 0 for all elements.

• parameters (nested dictionary) – Parameters for the analytic approximation of scat-
tering factors. Default: Parameters taken from P. J. Brown, A. G. Fox, E. N. Maslen, M.
A. O’Keefe and B. T. M. Willis. International Tables for Crystallography (2006). Vol. C,
ch. 6.1, pp. 554-595 [doi:10.1107/97809553602060000600]

data()

Returns
The X-ray scattering structure factor.
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Return type
numpy.ndarray

qRange()

Returns
The list of scattering vector magnitudes.

Return type
PhysicalQuantity of type inverse length

Usage Examples

Load an MDTrajectory and calculate the X-ray scattering structure factor using theoretically determined parameters
approximating atomic scattering factors of the different elements (see Ref.1):

parameters = {
'O': {

'0': [3.0, 13.2, 2.2, 5.7, 1.5, 0.3, 0.8, 32.9, 0.2],
'1-': [4.1, 12.8, 1.6, 4.1, 1.53, 47.0, -20.3, -0.0, 21.9],

},
'Si': {

'0': [5.6, 2.6, 3.0, 38.6, 2.6, 0.9, 1.3, 93.5, 1.2],
'4+': [4.4, 1.6, 3.2, 3.4, 1.1, 0.2, 0.4, 6.6, 0.7],

},
}

charges = {
'O': '0',
'Si': '0',

}

md_trajectory = nlread('SiO2simulation_traj.hdf5', MDTrajectory,)[0]

xray_scattering = XRayScattering(
md_trajectory,
maximum_q_value=15.0 * Angstrom**-1,
q_resolution=0.05 * Angstrom**-1,
cutoff_radius=10 * Angstrom,
time_resolution=399*fs,
charges=charges,
parameters=parameters

)

# Get the q-values and the X-ray structure function.
q_values = xray_scattering.qRange()
s_q = xray_scattering.data()

model = Plot.PlotModel(x_unit=Angstrom**-1)
model.title().setText('X-ray scattering')
model.xAxis().setLabel('q')

(continues on next page)

1 P. J. Brown, A. G. Fox, E. N. Maslen, M. A. O’Keefe, and B. T. M. Willis. Intensity of diffracted intensities. In International Tables for
Crystallography, Set, Volumes A - G, OnlineMRW, pages 554–595. John Wiley & Sons, Ltd, 2006. URL: https://onlinelibrary.wiley.com/doi/abs/
10.1107/97809553602060000600 (visited on 2023-07-27), doi:10.1107/97809553602060000600.
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model.yAxis().setLabel('S(q)')
model.legend().setVisible(True)

line = Plot.Line(q_values, s_q)
line.setLabel('Amorphous hafnia')
model.addItem(line)

# Set the ranges and show the plot
model.setLimits()
Plot.show(model)

xray_scattering.py SiO2simulation_traj.hdf5

Notes

This object calculates the isotropic (i.e. averaged over all scattering angles) X-ray scattering structure factor. It is
therefore predominantly aimed at the characterization of amorphous materials.

The X-ray scattering structure factor is calculated as described in Ref.2:

𝑆(𝑞) =

∑︀
𝛼,𝛽 𝑓𝛼(𝑞)𝑓𝛽(𝑞)(𝑐𝛼𝑐𝛽)1/2𝑆𝛼,𝛽(𝑞)∑︀

𝛼 𝑓(𝑞)2𝛼𝑐𝛼
,

where 𝑐𝛼 and 𝑓𝛼(𝑞) are the mole fraction and scattering factor of element 𝛼.

𝑓𝛼(𝑞) =

4∑︁
𝑖=1

𝑎𝛼,𝑖 exp
[︀
−𝑏𝛼,𝑖(𝑞/4𝜋)2

]︀
+ 𝑐𝛼,

where 𝑎𝛼,𝑖, 𝑏𝛼,𝑖 and 𝑐𝛼 are scattering parameters.

The PartialStructureFactor is calculated from the partial radial distribution functions, 𝑔𝛼,𝛽(𝑟), as follows,

𝑆𝛼,𝛽(𝑞) = 𝛿𝛼,𝛽 + 4𝜋𝜌(𝑐𝛼𝑐𝛽)1/2
∫︁ 𝑟𝑚𝑎𝑥

0

𝑟2[𝑔𝛼,𝛽(𝑟) − 1]
sin(𝑞𝑟)

𝑞𝑟

sin(𝜋𝑟𝑚𝑎𝑥𝑟)

𝜋𝑟𝑚𝑎𝑥𝑟
𝑑𝑟.

If no scattering parameters are provided by the user, the (default) parameters are taken fromPage 2197, 1. This parameter
set contains several charge states for some elements. By default all elements are considered to be charge neutral. The
user may select a different charge state using a dictionary as given in the example above.

If a single pair of elements, or a selection via indices or tags, is specified in the pair_selection parameter, the
PartialStructureFactor of the selected pair is returned.

The cutoff_radius parameter determines the range of the radial distribution function. This parameter might have
an influence on the calculated structure factor at small scattering vectors.

2 G. Gutiérrez and B. Johansson. Molecular dynamics study of structural properties of amorphous al2o3. Phys. Rev. B, 65:104202, Feb 2002.
doi:10.1103/PhysRevB.65.104202.
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ZBLPotential

class ZBLPotential(particleType1, particleType2, A, b, r_i=None, r_cut=None)
Constructor of the potential.

Parameters

• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• A (PhysicalQuantity of type energy * length ) – Potential parameter.

• b (PhysicalQuantity of type length ) – Potential parameter.

• r_i (PhysicalQuantity of type length ) – The inner cutoff radius where the
smoothing of the potential starts. r_i must be smaller than r_cut.

• r_cut (PhysicalQuantity of type length ) – The cutoff radius of this potential.

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Buckingham-type potential for titanium oxide with additional ZBL repulsive term between titanium and oxygen
atoms by adding particle types and interaction functions to the TremoloXPotentialSet.

# Set up lattice
lattice = SimpleTetragonal(4.593*Angstrom, 2.959*Angstrom)

# Define elements
elements = [Titanium, Titanium, Oxygen, Oxygen, Oxygen, Oxygen]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

(continues on next page)
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[ 0.5 , 0.5 , 0.5 ],
[ 0.3051, 0.3051, 0. ],
[ 0.6949, 0.6949, 0. ],
[ 0.8051, 0.1949, 0.5 ],
[ 0.1949, 0.8051, 0.5 ]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='Trinastic_HfOSiTaTi_2013')
potentialSet.addParticleType(ParticleType(

symbol='O',
mass=15.9994*atomic_mass_unit,
charge=-1.2

))
potentialSet.addParticleType(ParticleType(

symbol='Ti',
mass=47.867*atomic_mass_unit,
charge=2.4

))

potential = BuckinghamPotential(
particleType1='O',
particleType2='O',
A=1388.77*eV,
rho=0.3623*Angstrom,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom

)
potentialSet.addPotential(potential)
potential = LennardJonesMNPotential(

particleType1='O',
particleType2='O',
A=0.0*Angstrom**12*eV,
B=175.0*eV*Angstrom**6,
m=12.0,
n=6.0,
r_cut=10.0*Angstrom

)
potentialSet.addPotential(potential)
potential = BuckinghamPotential(

particleType1='O',
particleType2='Ti',
A=5105.12*eV,

(continues on next page)
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rho=0.2253*Angstrom,
r_i=6.0*Angstrom,
r_cut=7.5*Angstrom

)
potentialSet.addPotential(potential)
potential = LennardJonesMNPotential(

particleType1='O',
particleType2='Ti',
A=0.0*Angstrom**12*eV,
B=20.0*eV*Angstrom**6,
m=12.0,
n=6.0,
r_cut=10.0*Angstrom

)
potentialSet.addPotential(potential)
potential = MorsePotential(

particleType1='O',
particleType2='Ti',
r_0=1.96*Angstrom,
k=1.9*1/Angstrom,
E_0=0.3478*eV,
r_i=6.5*Angstrom,
r_cut=7.0*Angstrom

)
potentialSet.addPotential(potential)

# Add the ZBL-potential
# Calculate the ZBL-prefactor A=e**2/(4*pi*eps_0)*Zi*Zj
ZBL_prefactor = elementary_charge**2/(4.0*numpy.pi*vacuum_permitivity)*Titanium.
→˓atomicNumber()*Oxygen.atomicNumber()
ZBL_length = 0.8854*Bohr/(Titanium.atomicNumber()**0.23 + Oxygen.atomicNumber()**0.23)
potential = ZBLPotential(

particleType1='Ti',
particleType2='O',
A=ZBL_prefactor,
b=ZBL_length,
r_i=0.7*Angstrom,
r_cut=2.0*Angstrom

)
potentialSet.addPotential(potential)

potentialSet.setCoulombSolver(CoulombDSF(r_cut=9.0*Angstrom, alpha=0.2))
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setInternalOrdering("default")
calculator.setVerletListsDelta(0.25*Angstrom)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()
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Notes

This potential implements the universal Ziegler-Biersack-Littmark (ZBL) repulsive potential1

𝑉 ZBL =
∑︁
𝑖

∑︁
𝑗>𝑖

1

4𝜋𝜖0

𝑍𝑖𝑍𝑗
𝑟𝑖𝑗

𝜑

(︂
𝑟𝑖𝑗
𝑎𝑖𝑗

)︂
where

𝜑(𝑥) = 0.1818𝑒−3.2𝑥 + 0.5099𝑒−0.9423𝑥 + 0.2802𝑒−0.4029𝑥 + 0.02817𝑒−0.2016𝑥

and

𝑎𝑖𝑗 =
0.8854𝑎0

𝑍0.23
𝑖 + 𝑍0.23

𝑗

.

In TremoloX, the ZBL-potential between a pair of particle types i and j is implemented as follows

𝑉 ZBL
𝑖𝑗 (𝑟𝑖𝑗) =

𝐴𝑖𝑗
𝑟𝑖𝑗

𝜑

(︂
𝑟𝑖𝑗
𝑏𝑖𝑗

)︂
where the constructor arguments A and b correspond to 𝐴𝑖𝑗 and 𝑏𝑖𝑗 .

To obtain the original ZBL-potential, set

𝐴𝑖𝑗 =
𝑍𝑖𝑍𝑗
4𝜋𝜖0

and

𝑏𝑖𝑗 = 𝑎𝑖𝑗 =
0.8854𝑎0

𝑍0.23
𝑖 + 𝑍0.23

𝑗

.

At long distances this potential is brought smoothly to zero between the inner cutoff r_i and the outer cutoff r_cut,
using a 5th order spline function. This ensures that there are no discontinuites in the forces as atoms are brought closer
together, and that the energy is properly conserved. The applied potential 𝑈(𝑟) is given as:

𝑈(𝑟) = 𝑉𝑖𝑗(𝑟) × 𝑆(𝑟)

where 𝑉𝑖𝑗(𝑟) is the pair potential and 𝑆(𝑟) is the spline function. The values of the spline function are:

• 1 when 𝑟 ≤ 𝑟𝑖

• In the range [0, 1] when 𝑟𝑖 < 𝑟 < 𝑟𝑐𝑢𝑡

• 0 when 𝑟 ≥ 𝑟𝑐𝑢𝑡

ZBLStiwePotential

class ZBLStiwePotential(particleType1, particleType2, f, A, B, p, gamma, C, d, r_f=None, r_cut=None)
Constructor of the potential.

Parameters
1 James F. Ziegler and Jochen P. Biersack. Treatise on Heavy-Ion Science: Volume 6: Astrophysics, Chemistry, and Condensed Matter, chapter

The Stopping and Range of Ions in Matter, pages 93–129. Springer US, Boston, MA, 1985. doi:10.1007/978-1-4615-8103-1_3.
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• particleType1 (ParticleType or ParticleIdentifier) – Identifier of the first
particle type.

• particleType2 (ParticleType or ParticleIdentifier) – Identifier of the second
particle type.

• f (PhysicalQuantity of type length**-1) – Potential parameter.

• A (PhysicalQuantity of type energy) – Potential parameter.

• B (PhysicalQuantity of type length**p) – Potential parameter.

• p (int) – Potential parameter.

• gamma (PhysicalQuantity of type length ) – Potential parameter.

• C (PhysicalQuantity of type energy * length ) – Potential parameter.

• d (PhysicalQuantity of type length ) – Potential parameter.

• r_f (PhysicalQuantity of type length ) – Radius in the Fermi function.

• r_cut (PhysicalQuantity of type length ) – Cutoff radius

classmethod getAllParameterNames()

Return the names of all used parameters as a list.

getAllParameters()

Return all parameters of this potential and their current values as a <parameterName / parameterValue>
dictionary.

static getDefaults()

Get the default parameters of this potential and return them in form of a dictionary of <parameter name,
default value> key-value pairs.

getParameter(parameterName)
Get the current value of the parameter parameterName.

setParameter(parameterName, value)
Set the parameter parameterName to the given value.

Parameters

• parameterName (str) – The name of the parameter that will be modified.

• value – The new value that will be assigned to the parameter parameterName.

Usage Examples

Define a Stillinger-Weber potential with additional ZBL repulsive term for silicon by adding particle types and inter-
action functions to the TremoloXPotentialSet.

# -*- coding: utf-8 -*-
# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

(continues on next page)
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# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = TremoloXPotentialSet(name='StillingerWeber_Si_1985')
potentialSet.addParticleType(ParticleType(

symbol='Si',
mass=28.0855*atomic_mass_unit,
atomicNumber=14

))

# Calculate the ZBL-prefactor A=e**2/(4*pi*eps_0)*Zi*Zj
ZBL_prefactor = elementary_charge**2/(4.0*numpy.pi*vacuum_permitivity)*14**2

# Calculate the ZBL-length 0.8854*a_0/(Zi*'0.23 + Zj*0.23)
ZBL_length = 0.8854*Bohr/(14**0.23 + 14**0.23)

potential = ZBLStiwePotential(
particleType1='Si',
particleType2='Si',
p=4.0,
A=15.2855528754*eV,
B=11.6031922834*Angstrom**4,
gamma=2.0951*Angstrom,
C=ZBL_prefactor,
d=ZBL_length,
f=14.0*Angstrom**-1,
r_f=0.95*Angstrom,
r_cut=3.77118*Angstrom

)
potentialSet.addPotential(potential)
potential = Stiwe3Potential(

particleType1='Si',
particleType2='Si',
particleType3='Si',
gamma0=2.51412*Angstrom,
gamma1=2.51412*Angstrom,
l=45.5343*eV,

(continues on next page)
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cosTheta0=-0.333333333333,
type=1,
r_0=3.77118*Angstrom,
r_1=3.77118*Angstrom,
r_13=-1.0*Angstrom

)
potentialSet.addPotential(potential)
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setInternalOrdering("default")
calculator.setVerletListsDelta(0.25*Angstrom)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

Notes

This potential can be used to combine a Stillinger-Weber potential with the universal Ziegler-Biersack-Littmark (ZBL)
repulsive potential 𝑉 ZBL1.

To do so, the ZBLStiwePotential must be used instead of the normal Stiwe2Potential.

The ZBL-potential and the two-body Stillinger-Weber potential 𝑣2 are then mixed as follows

𝑣2(𝑟) = (1 − 𝐹 (𝑟))𝑉 ZBL(𝑟) + 𝐹 (𝑟)𝑣2(𝑟)

where 𝐹 (𝑟) is the Fermi function:

𝐹𝑖𝑗(𝑟) =
1

1 + exp(−𝑓𝑖𝑗(𝑟 − 𝑟𝑓 ))
.

Note, that in this class the constructor arguments C and d correspond to 𝐴𝑖𝑗 and 𝑏𝑖𝑗 .

ZeroVelocities

class ZeroVelocities

Utility for using zero velocities as the starting value in a MolecularDynamics() simulation.

uniqueString()

Return a unique string representing the state of the object.
1 James F. Ziegler and Jochen P. Biersack. Treatise on Heavy-Ion Science: Volume 6: Astrophysics, Chemistry, and Condensed Matter, chapter

The Stopping and Range of Ions in Matter, pages 93–129. Springer US, Boston, MA, 1985. doi:10.1007/978-1-4615-8103-1_3.
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Usage Examples

Perform a molecular dynamics run of a silicon crystal, with the initial velocities of all particles set to zero.

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[-0.009580233862, 0.002314591627, 0.010466101485],

[ 0.259580233862, 0.247685408373, 0.239533898515]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

potentialSet = Tersoff_Si_1988b()
calculator = TremoloXCalculator(parameters=potentialSet)
bulk_configuration.setCalculator(calculator)

# The MD method will use initial velocities corresponding to zero.
method = NVEVelocityVerlet(initial_velocity=ZeroVelocities())

md_trajectory = MolecularDynamics(
bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=500,
log_interval=100,
method=method

)

zero_velocities.py

Notes

Use this object as initial_velocity parameter in the MD method (e.g. NVEVelocityVerlet), when you want to run
an MD simulation with zero initial velocities. This has the same effect as setting initial_velocity to None in the
MD method.
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Functions

DoubleContourIntegralParameters

DoubleContourIntegralParameters(integral_lower_bound=None, circle_eccentricity=None,
logarithmic_bunching=None, circle_points=None,
real_axis_point_density=None, real_axis_infinitesimal=None,
real_axis_kbt_padding_factor=None, fermi_line_points=None,
fermi_function_poles=None)

Deprecated: Use ContourParameters instead.

Representation of the contour parameters when using a double contour.

Deprecated: from v2016.0, use ContourParameters instead.

Parameters

• integral_lower_bound (PhysicalQuantity of type energy) – The distance between the
lowest Fermi-level to the lowest energy circle contour point. Default: 1.5 * Hartree

• circle_eccentricity (float) – The eccentricity of the circle contour. This should be
a float between 0 and 1. 0 is a circle, 1 is a line. Default: 0.3

• logarithmic_bunching (float) – Logarithmic bunching of the circle contour around
the Fermi level. This should be a float between 0 and 1. 0 means no bunching, equidistant
points, 1 means all bunched, centred on the Fermi Level. Default: 0.3

• circle_points (int) – The number of points on the circle contour. Must be at least 3.
Default: 30

• real_axis_point_density (PhysicalQuantity of type energy) – Spacing between the
points on bias window integration line close to the real axis. Default: 0.001 * Hartree

• real_axis_infinitesimal (PhysicalQuantity of type energy) – Small imaginary shift
of the bias window integration line from the real axis. Default: 0.001 * Hartree

• real_axis_kbt_padding_factor (float) – The integration line is extended with the
amount 𝑓𝑘𝑏𝑇 below and above the electrode Fermi levels where 𝑓 is this value. Must be
larger than 0.0. Default: 5.0

• fermi_line_points (int) – The number of points on the straight line from the Fermi
energy level up to infinity. This should be an integer in the range 1 to 11 (inclusive).
Default: 10

• fermi_function_poles (int) – The number of poles of the Fermi function to include.
Determines the imaginary shift of the straight line from the Fermi level to infinity. Must
be positive. Default: 8

Returns
A ContourParameters object consisting of the SemiCircleContour equilibrium contour
and the RealAxisContour Non-equilibrium contour. Both left and right are set.

Return type
ContourParameters
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Notes

This class is deprecated and only included for backwards compatibility.

A DoubleContourIntegralParameters object:

contour_parameters = DoubleContourIntegralParameters(
integral_lower_bound=5.0*Hartree,
circle_eccentricity=0.5,
logarithmic_bunching=0.4,
circle_points=30,
real_axis_point_density=0.002*eV,
real_axis_infinitesimal=1e-05*eV,
real_axis_kbt_padding_factor=0.6,
fermi_line_points=10,
fermi_function_poles=8)

is equivalent to the following ContourParameters object

eq_contour = SemiCircleContour(
integral_lower_bound=5.0*Hartree,
circle_eccentricity=0.5,
logarithmic_bunching=0.4,
circle_points=30
fermi_line_points=10,
fermi_function_poles=8)

neq_contour = RealAxisContour(
real_axis_point_density=0.002*eV,
real_axis_infinitesimal=1e-05*eV
real_axis_kbt_padding_factor=0.6)

contour_parameters = ContourParameters(
equilibrium_contour=eq_contour,
non_equilibrium_contour=neq_contour,
method=DoubleContour())

EstimateBasisSetMeshCutoff

EstimateBasisSetMeshCutoff(basis_set, exchange_correlation=None, kinetic_energy_tolerance=None)
Function for estimating the mesh cutoff required for a basis set

Parameters

• basis_set (a BasisSet object) – The BasisSet to be analyzed

• exchange_correlation (ExchangeCorrelation) – The choice of Exchange-
Correlation for this calculation. Default: The exchange-correlation of the given basis
set.

• kinetic_energy_tolerance (PhysicalQuantity of type energy) – Specify how much
the kinetic energy may change for the calculated cutoff. This energy must be positive.
Default: 0.0015 * Hartree
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Returns
Estimated mesh cutoff for each basis orbital

Return type
PhysicalQuantity of type energy

EstimatePseudoPotentialMeshCutoff

EstimatePseudoPotentialMeshCutoff(pseudopotential, exchange_correlation=None,
kinetic_energy_tolerance=None)

Function for estimating the mesh cutoff required for a pseudopotential

Parameters

• pseudopotential (NormConservingPseudoPotential) – The pseudopotential to be
analyzed

• exchange_correlation (ExchangeCorrelation) – The choice of Exchange-
Correlation for this calculation. Default: The exchange-correlation of the given pseu-
dopotential

• kinetic_energy_tolerance (PhysicalQuantity of type energy) – Specify how much
the kinetic energy may change for the calculated cutoff. This energy must be positive.
Default: 0.0015 * Hartree

Returns
Estimated mesh cutoff for various pseudopotential quantities. The keys in this dictionary are
strings and all values are PhysicalQuantity objects of type energy.

Return type
dict

MakeTrajectory

MakeTrajectory(configuration_list, analysis=None, **kwargs)
Construct a trajectory sequence of configurations, from a given nudged elastic band configuration, or a list of
configurations.

Parameters

• configuration_list (list of configurations | NudgedElasticBand .) – Ei-
ther an explicit list of configurations (each of type MoleculeConfiguration |
BulkConfiguration | DeviceConfiguration | SurfaceConfiguration), or a
NudgedElasticBand configuration object.

• analysis (class) – The analysis class that will be applied across the configurations, e.g.
Forces. Default: No analysis is performed.

• **kwargs – Any additional keyword arguments will be passed to the constructor of the
class given in the analysis argument.
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Usage Examples

Create a Trajectory object from a list of configurations:

# Define elements.
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates.
c0 = [[ 0.00, 0.00, 0.12],

[ 0.00, 0.76, -0.48],
[ 0.00, -0.76, -0.48]]*Angstrom

c1 = [[ 0.00, 0.00, 0.20],
[ 0.00, 0.76, -0.48],
[ 0.00, -0.76, -0.48]]*Angstrom

c2 = [[ 0.00, 0.00, 0.28],
[ 0.00, 0.76, -0.48],
[ 0.00, -0.76, -0.48]]*Angstrom

c3 = [[ 0.00, 0.00, 0.36],
[ 0.00, 0.76, -0.48],
[ 0.00, -0.76, -0.48]]*Angstrom

# Define the coordinate list.
coordinates = [c0, c1, c2, c3]

# Set up a list of configurations.
configuration_list = [ MoleculeConfiguration(elements,c) for c in coordinates ]

# Create a Trajectory only - no analysis.
t = MakeTrajectory(configuration_list)

# Define calculators on each configuration - for analysis.
for c in configuration_list:

c.setCalculator(LCAOCalculator())

# Create a Trajectory with a TotalEnergy analysis carried out on each configuration.
t = MakeTrajectory(configuration_list, TotalEnergy)

maketrajectory1.py

Create a Trajectory object from a NudgedElasticBand object:

# Define elements.
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates.
c0 = [[ 0.00, 0.00, 0.12],

[ 0.00, 0.76, -0.48],
[ 0.00, -0.76, -0.48]]*Angstrom

c1 = [[ 0.00, 0.00, 1.20],
[ 0.00, 0.76, -0.48],

(continues on next page)
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(continued from previous page)

[ 0.00, -0.76, -0.48]]*Angstrom

# Set up a list of configurations.
configuration_list = [ MoleculeConfiguration(elements,c) for c in [c0,c1] ]

# Create the NudgedElasticBand object.
neb = NudgedElasticBand(configuration_list)

# Set a calculator on the configurations in the NEB - for analysis.
neb.setCalculator(LCAOCalculator())

# Create a Trajectory with a TotalEnergy analysis carried out on each configuration.
t = MakeTrajectory(neb, TotalEnergy)

maketrajectory2.py

MemoryUsage

MemoryUsage(configuration, stream=None)
Routine for printing an estimate of the memory usage of a calculation.

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration) – The configuration with attached calculator of type Huckel,
SlaterKoster or LCAO.

Returns
A dictionary with the different terms.

Return type
dict

MetropolisMonteCarlo

MetropolisMonteCarlo(configuration, constraints=None, trajectory_filename=None, steps=None,
max_trial_moves=None, log_interval=None, method=None, random_seed=None,
trajectory_interval=None, trajectory_object_id=None)

Perform a Metropolis Monte Carlo simulation on a configuration using a specified method for carrying out each
Monte Carlo trial move.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration | MDTrajectory | Trajectory) –
The initial configuration or a trajectory. If a trajectory is given, the last configuration will
be used as the initial configuration for this MC run and the trajectory will be appended
to. When a trajectory is used as input, the arguments trajectory_interval and
trajectory_object_id should be None`.
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• constraints (int | FixAtomConstraints | list of int | list of FixAtomConstraints)
– The list of atomic constraints. Note that for the ContinuousRandomNetwork these
constraints are used only for fixing the bonding network (i.e., any atom listed here will
not be allowed to take part in a bond switch move, hence fixing its neighbours). The
coordinates of the atoms are however not constrained in the geometry optimization fol-
lowing a bond switch. If this further constraint is desired, it should be introduced in the
optimize_geometry_parameters input of the ContinuousRandomNetwork object.
Default: No constraints.

• trajectory_filename (str) – The filename of the file to be used for storing the trajec-
tory. This should not be given if configuration is a trajectory. Default: No trajectory will
be written, unless configuration is a trajectory.

• steps (int) – The number of steps to take in the simulation. A smaller number might be
taken if max_trial_moves is reached before the target number of steps. Default: 50

• max_trial_moves (int) – The maximum number of trial moves (accepted or rejected)
to take in the simulation. Default: 100 * steps

• log_interval (int) – The resolution used in writing the log file, where the given num-
ber represents the number of steps performed between each each log file entry. Default:
1

• method (BaseMetropolisMonteCarloMethod) – The method used to take the Monte
Carlo step. Default: ContinuousRandomNetwork()

• random_seed (int) – The random seed used for the Metropolis algorithm. Default:
Generated automatically.

• trajectory_interval (int) – The resolution used in saving steps to a trajectory file.
A value of 1 results in all steps being saved; a value of 2 results in every second step
being saved; etc. If configuration is a trajectory (i.e., this is a restart MC simulation) this
parameter will use the same value as was used in the previous trajectory. Default: Equal
to log_interval.

• trajectory_object_id (str) – The object ID of the trajectory written to trajec-
tory_filename. This should not be given if configuration is a trajectory. Default:
Chosen automatically.

Returns
The Monte Carlo trajectory.

Return type
MDTrajectory | Trajectory

Notes

The MetropolisMonteCarlo() method implements the Metropolis Monte Carlo scheme for sampling thermody-
namic or structural properties. The method takes a class that specifies a set of moves that define the type of Monte
Carlo simulation. These moves are randomly trialed, with each move being accepted or rejected stochastically based
on the change in energy relative to the given temperature. In this way a non-autocorrelated sampling of the initial
configuration, Trajectory or MDTrajectory is generated.

One example of a Monte Carlo model that can be generated with the MetropolisMonteCarlo() is the
ContinuousRandomNetwork model. This model defines moves that alter the bonding of an input configuration, al-
lowing for the generation of amorphous materials.
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MolecularDynamics

MolecularDynamics(configuration, constraints=None, trajectory_filename=None, steps=None,
log_interval=None, method=None, xyz_filename=None, pre_step_hook=None,
post_step_hook=None, write_velocities=True, write_forces=True, write_stresses=None,
domain_decomposition_pattern=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>, trajectory_interval=None,
measurement_hook=None, trajectory_object_id=None, scf_initial_guess=None)

Function for performing a molecular dynamics simulation.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration | MDTrajectory) – The ini-
tial configuration or a trajectory. If a trajectory is given the last configuration will be used
as the initial configuration for this MD run and the trajectory will be appended to. If a
trajectory is given, then trajectory_interval and trajectory_object_id should
be None.

• constraints (list of ints | list of BaseConstraint) – The list of atomic indices, denoting
fixed atoms, or constraint objects, such as RigidBody. Default: []

• trajectory_filename (str | None) – The filename of the file to be used for storing
the trajectory, or None if no trajectory should be written. A trajectory filename should not
be given if configuration is a trajectory. Default: None

• steps (int) – The number of time-steps to take in simulation. Default: 50

• log_interval (int) – The interval at which information, such as time, energy, temper-
ature, etc. is written to the log output. Default: 1

• method (BaseMDmethod) – The molecular dynamics method used for the simulation.
Default: NVEVelocityVerlet

• xyz_filename (str) – The name of the file to be used for storing the xyz trajectory, or
None if no xyz-trajectory should be written. Default: None

• pre_step_hook (function | list of functions | None) – An optional user-
defined function or a list of functions which will be called just before the forces evalu-
ation. The signature of the function requires the arguments (step, time, configuration).
The return status is ignored. Unhandled exceptions will terminate the Molecular Dynam-
ics evaluation. If a list is given the functions will be called in the given order. Default:
None

• post_step_hook (function | list of functions | None) – An optional user-
defined function or a list of functions which will be called just after the forces evaluation.
The signature of the function requires the arguments (step, time, configuration). Optional
arguments include, forces, local_forces (for distributed MD), stress, trajectory (the MD
trajectory), temperature, pressure, potential_energy, and/or kinetic_energy. The return
status is ignored. Unhandled exceptions will terminate the Molecular Dynamics evalua-
tion. If a list is given the functions will be called in the given order. Default: None

• write_velocities (bool) – Write the velocities to the trajectory file every
log_interval steps. If configuration is a trajectory (i.e. this is a restart MD calcu-
lation) this parameter will be the same value as it was in the previous trajectory. Default:
True

• write_forces (bool) – Write the forces to the trajectory file every log_interval steps.
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If configuration is a trajectory (i.e. this is a restart MD calculation) this parameter will
be the same value as it was in the previous trajectory. Default: True

• write_stresses (bool) – Write the stress to the trajectory file every log_interval
steps. A value of None means that write_stresses is True by default for NPT methods
and False otherwise. This is to avoid the additional work of calculating the stress when it
is not needed.

If configuration is a trajectory (i.e. this is a restart MD calculation) this parameter will
be the same value as it was in the previous trajectory. Default: None

• domain_decomposition_pattern (list of type int | Automatic | None) – The pattern
how the domains should be arranged in a parallel simulations. E.g. [1, 2, 4] means 1
domain in A-, 2 in B-, and 4 in C-direction. If Automatic domain decomposition is used,
then the simulation cell will be divided into domains whose edges are as close together in
length as possible. If None is given then domain decomposition will be disabled. Default:
Automatic

• trajectory_interval (int) – The resolution used in saving steps to a trajectory file.
A value of 1 results in all steps being saved; a value of 2 results in every second step being
saved; etc. If configuration is a trajectory (i.e. this is a restart MD simulation) this
parameter will use the same value as was used in the previous trajectory. Default: The
same value as log_interval.

• measurement_hook (function | list of functions | None) – An optional
user-defined function or a list of functions which will be called at the end of each MD
step after all constraints have been applied. The signature of the function requires the
arguments (step, time, configuration). Optional arguments include, forces, local_forces
(for distributed MD), stress, trajectory (the MD trajectory), temperature, pressure, poten-
tial_energy, and/or kinetic_energy. The return value should be a dictionary that maps
string keys to values. The values may be numbers, numpy arrays, or PhysicalQuantities.
These values are stored on the MDTrajectory and may be accessed using the measurement
method. Unhandled exceptions will terminate the Molecular Dynamics evaluation. If a
list is given the functions will be called in the given order. Default: None

• trajectory_object_id (str | None) – The object id of the trajectory written to
trajectory_filename. If a value of None is given, then an object id will be chosen
automatically. Default: None

• scf_initial_guess (UsePreviousConfiguration | DIISExtrapolation) – Deter-
mines how the state of the system at each MD step is used as an initial guess for the
next MD step, in the case when a self-consistent calculation is performed at each step.
UsePreviousConfiguration means that the density matrix (or valence density/wave
functions in a plane-wave calculation) of the previous configuration will be used as an
initial guess for the next SCF calculation. For LCAO and semi-empirical calculations, it
is possible and recommended to use DIISExtrapolation, which calculates an improved
initial guess using the DIIS extrapolation method for the previous density matrices.

This parameter has no effect when the calculator attached to configuration is a force-
field calculator. Default: UsePreviousConfiguration for PlaneWaveCalculator,
DIISExtrapolation(4) for LCAOCalculator and SemiEmpiricalCalculator.

Returns
The molecular dynamics trajectory.

Return type
MDTrajectory
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Usage Examples

Perform a molecular dynamics run of 500 steps of a bulk silicon crystal, using the Stillinger-Weber potential:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.4306]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon]

# Define coordinates
fractional_coordinates = [[0.0 , 0.0 , 0.0 ],

[0.25, 0.25, 0.25],
[0.5 , 0.5 , 0.0 ],
[0.75, 0.75, 0.25],
[0.5 , 0.0 , 0.5 ],
[0.75, 0.25, 0.75],
[0.0 , 0.5 , 0.5 ],
[0.25, 0.75, 0.75]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = StillingerWeber_Si_1985()
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# -------------------------------------------------------------
# Molecular Dynamics
# -------------------------------------------------------------

initial_velocity = MaxwellBoltzmannDistribution(
temperature=300.0*Kelvin,
remove_center_of_mass_momentum=True

)
(continues on next page)
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(continued from previous page)

method = NVEVelocityVerlet(
time_step=1*femtoSecond,
initial_velocity=initial_velocity

)

md_trajectory = MolecularDynamics(
bulk_configuration,
trajectory_filename='trajectory.nc',
steps=500,
log_interval=50,
method=method

)

bulk_configuration = md_trajectory.lastImage()

# Save the final configuration
nlsave('final_configuration.nc', bulk_configuration)

# Get the list of the kinetic energies of the snapshots
kinetic_energies = md_trajectory.kineticEnergies()

# Get the list of the potential energies of the snapshots
potential_energies = md_trajectory.potentialEnergies()

md_example1.py

Usage example of the measurement hook functionality to print the pressure and the cell volume to the log file at each
step (e.g. in an NPT simulation).

# Define a hook function that prints the instantaneous cell volume and the pressure at␣
→˓each MD step
def print_cell_and_stress(step, time, configuration, forces, stress, volume):

# Convert volume to units of Ang**3.
volume = volume.inUnitsOf(Ang**3)

# Calculate the hydrostatic pressure from the stress tensor
pressure = -(stress[0, 0] + stress[1, 1] + stress [2, 2]) / 3.0

# Print the output to the log file
print("| MD step %i: Pressure : %f bar Volume: %f Angstrom**3" % (step,␣

→˓pressure, volume))

# Run the MD simulation
md_trajectory = MolecularDynamics(

bulk_configuration,
constraints=[],
trajectory_filename='trajectory.nc',
steps=200,
measurement_hook=print_cell_and_stress,

(continues on next page)
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(continued from previous page)

log_interval=50,
method=NPTMartynaTobiasKlein()

)

md_example2-full.py

Example of a post-step hook function for MD simulations using a domain decomposition (see Notes below). Here the
z-coordinate of the first atom (index 0) is tethered to a fixed position using a harmonic spring potential. Note, that this
example also works in serial simulations.

def parallelBiasForceHook(step, time, configuration, local_forces):
# Add a bias force to the force acting on the first atom
# in the z-direction.
# First, check if the first atom is in the local domain.
if 0 in configuration.localIndices():

# Get the local index of the atom with first atom.
local_index = numpy.where(configuration.localIndices() == 0)[0]

# Get the local coordinates and calculate the bias force.
local_positions = configuration.localCartesianCoordinates()
bias_force = -0.5*eV/Ang**2*(local_positions[local_index, 2] - 2.0*Ang)

# Add the bias force to the local forces vector.
local_forces[local_index, 2] += bias_force

md_parallel_hook_example.py

Notes

• The MolecularDynamics function returns an MDTrajectory object. After the simulation has completed, you can
extract various properties of the stored snapshots, such as coordinates, forces, or kinetic energies, by using the
MDTrajectory class methods.

• You can perform custom operations on the configuration during the simulation, by using the pre_step_hook or
post_step_hook functionality.

The pre_step_hook one is invoked immediately before the force and stress calculations, which allows you to
modify atomic positions or the cell vectors.

The post_step_hook is invoked after the force and stress calculation, which means that you can modify the
forces and stress, e.g. by adding a bias potential.

The measurement_hook is invoked last. It may return a dictionary that describes the data that should be saved
to the MDTrajectory. The keys of the dictionary should be strings and the values should be numeric (e.g. numpy
array, PhysicalQuantity, integer, or float).

Suitable functions must at least have the signature (step, time, configuration) where step denotes the
integration step number, time is the current simulation time, and configuration is the current configuration.
Optionally, additional arguments forces, local_forces, and stress can be passed. forces is the Physi-
calQuantity array holding the current (global) forces, and stress is the stress tensor. local_forces are the
forces on the atoms in local domain when run in distributed mode (see notes below), otherwise the array is iden-
tical to forces. Note, that you need to modify these two arrays inplace, as the return status of the function is
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ignored. You can use the class methods of the configuration object (see e.g. BulkConfiguration) to perform
operations on the atoms.

Measurement hooks may accept additional arguments beyond what is available to pre- and post-step hook func-
tions:

– temperature, the instantaneous kinetic temperature

– pressure, the instantaneous pressure tensor

– potential_energy, the current total potential energy of the system

– kinetic_energy, the current total kinetic energy of the system

Moreover, it is possible to give a list of hook functions, which will be called sequentially at each MD step.

• Constraints are specified by adding constraint objects, such as FixAtomConstraints, RigidBody, or FixCenterOf-
Mass, to the constraints list.

As an alternative to FixAtomConstraints, you can still use the old way of specifying the atomic indices of the
fixed atoms in the constraints list. When using a thermostat to control the temperature, the reduced number
of degrees of freedom due to the constraints is automatically taken into account.

• The inclusion of a homogeneous external electric field in bulk periodic DFT calculations with periodic boundary
conditions is supported via the object ElectricFieldConstraint. For other geometries (i.e. slab or molecules), it
is also possible to add an electric field by means of metallic regions in the Poisson solver (see Poisson solvers).

Notes for Parallel MD Simulations

MolecularDynamics behaves differently when run in parallel with different types of calculators.

For DFT calculators (e.g. LCAOCalculator) running a MD simulation using more than one MPI process will parallelize
over the energy, force and stress calculations as in a normal DFT calculation on a single configuration. The MD
integration will be carried using an identical copy of the configuration on each process. In this case, when running MD
with custom scripts (e.g. hook functions), you need to ensure that every MPI process follows the exact same behavior
(e.g. when using random numbers, make sure to use a fixed seed).

For force field calculations (i.e. TremoloXCalculator), it is also possible to parallelize over multiple MPI processes.
When more than one MPI process is used (and distributed mode is enabled, see below), the MD simulation will be
executed using a domain decomposition. This means that each MPI process will only contain a sub-region of the
configuration (a domain). The number of atoms in these local domains changes as atoms move across the domain
boundaries during the MD simulation. This mode makes most sense for large configurations (> 10 000 atoms) as the
domain size must be larger than the largest cutoff in the potential. The distributed mode will automatically be triggered
if all of the following conditions are fulfilled:

• There is more than one MPI process

• The number of atoms in the configuration is larger than 1000 atoms per MPI process

• All potential functions in the TremoloXCalculator support MPI

When these conditions are not met, the simulation will fall back to the serial mode. This means that each MPI process
will run the same simulation and no parallel speedup will occur. For smaller system sizes, it may therefore be more
efficient to use a single MPI process but many OpenMP threads instead.

When using hook functions in MD simulations, which are run with a domain decomposition, it is important to note that
there are a few pitfalls, which can decrease the performance:

• Using the forces argument in the signature will trigger gathering of all forces on all processes each time the
hook function is called. Instead you should use local_forces if possible.
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• Calling configuration.cartesianCoordinates() or configuration.velocities() will trigger gath-
ering of all positions respectively velocities on all processes. Instead, you should try to use configuration.
localCartesianCoordinates() or configuration.localVelocities() if possible. These methods will
return the arrays with the only the positions or velocities of the current atoms in the local domain (see the third
usage example above).

NanoRibbon

NanoRibbon(n, m, atom_1=<class 'NL.CommonConcepts.PeriodicTable.Carbon'>, atom_2=<class
'NL.CommonConcepts.PeriodicTable.Carbon'>, bond_length=PhysicalQuantity(1.42086, Ang),
vacuum=PhysicalQuantity(5.0, Ang))

Generate a nano ribbon.

Parameters

• n (positive int) – The first coefficient of the chiral vector.

• m (non-negative int, m > n) – The second coefficient of the chiral vector.

• atom_1 (PeriodicTableElement) – The first element of the lattice cell. Default:
Carbon

• atom_2 (PeriodicTableElement) – The second element of the lattice cell. Default:
Carbon

• bond_length (PhysicalQuantity of type length) – The bond length between neighboring
atoms in the sheet. Default: 1.42086*Angstrom

• vacuum (PhysicalQuantity of type length) – The amount of vacuum that will be added on
top and below the sheet. Default: 5.0*Angstrom

Returns
The created NanoRibbon

Return type
BulkConfiguration

Usage Examples

Define the geometry of a (3,0) Carbon nano-ribbon and repeat it ten times along z-axis:

ribbon = NanoRibbon(3,0)
ribbon = ribbon.repeat(1,1,10)

Notes

The NanoRibbon function generates a BulkConfiguration with a nano-ribbon geometry as specified by the input pa-
rameters.
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NanoSheet

NanoSheet(n, m, atom_1=<class 'NL.CommonConcepts.PeriodicTable.Carbon'>, atom_2=<class
'NL.CommonConcepts.PeriodicTable.Carbon'>, bond_length=PhysicalQuantity(1.42086, Ang),
vacuum=PhysicalQuantity(5.0, Ang))

Generate a nano sheet.

Parameters

• n (positive int) – The first coefficient of the chiral vector.

• m (non-negative int, m > n) – The second coefficient of the chiral vector.

• atom_1 (PeriodicTableElement) – The first element of the lattice cell. Default:
Carbon

• atom_2 (PeriodicTableElement) – The second element of the lattice cell. Default:
Carbon

• bond_length (PhysicalQuantity of type length) – The sheet bond length between neigh-
boring atoms. Default: 1.42086*Angstrom

• vacuum (PhysicalQuantity of type length) – The amount of vacuum that will be added on
top and below the sheet. Default: 5.0*Angstrom

Returns
The created NanoSheet

Return type
BulkConfiguration

Usage Examples

Define the geometry of a (3,0) Carbon-Nitride nanosheet and repeat it ten times along the z-axis:

sheet = NanoSheet(3,0,Carbon,Nitrogen)
sheet = sheet.repeat(1,1,10)

Notes

The NanoSheet function generates a BulkConfiguration with a nano-sheet geometry as specified by the input parameters.

NanoTube

NanoTube(n, m, atom_1=<class 'NL.CommonConcepts.PeriodicTable.Carbon'>, atom_2=<class
'NL.CommonConcepts.PeriodicTable.Carbon'>, bond_length=PhysicalQuantity(1.42086, Ang),
vacuum=PhysicalQuantity(5.0, Ang))

Generate a nano tube.

Parameters

• n (positive int) – The first coefficient of the chiral vector.

• m (non-negative int, m > n) – The second coefficient of the chiral vector.
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• atom_1 (PeriodicTableElement) – The first element of the lattice cell. Default:
Carbon

• atom_2 (PeriodicTableElement) – The second element of the lattice cell. Default:
Carbon

• bond_length (PhysicalQuantity of type length) – The bond length between neighboring
atoms in the sheet. Default: 1.42086*Angstrom

• vacuum (PhysicalQuantity of type length) – The amount of vacuum that will be added on
top and below the tube Default: 5.0*Angstrom

Returns
The created NanoTube

Return type
BulkConfiguration

Usage Examples

Define the geometry of a (3,0) Carbon nano-tube and repeat it ten times along z-axis:

cnt = NanoTube(3,0)
cnt = cnt.repeat(1,1,10)

Notes

The NanoTube function generates a BulkConfiguration with a nano-tube geometry as specified by the input parameters.

OptimizeGeometry

OptimizeGeometry(configuration, max_forces=None, max_stress=None, max_steps=None,
max_step_length=None, constraints=None, trajectory_filename=None,
trajectory_object_id=None, optimize_cell=None, disable_stress=None,
optimizer_method=None, target_stress=None, pre_step_hook=None, post_step_hook=None,
constrain_bravais_lattice=None, trajectory_interval=None, restart_strategy=None,
remove_drift=None, enable_optimization_stop_file=None, write_raw_stress=None,
write_raw_forces=None)

Function for optimizing the geometry and/or the unit cell of the given configuration.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration to be
optimized.

• max_forces (PhysicalQuantity of type force) – The convergence criterion for the atomic
forces. Default: 0.05*eV/Angstrom

• max_stress (PhysicalQuantity of type pressure) – The convergence criterion for the
maximum difference between the internal stress and the target stress. Default: 0.1*GPa

• max_steps (int) – The maximum number of optimization steps. Default: 200
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• max_step_length (PhysicalQuantity of type length) – The maximum step length the
optimizer may take. Default: 0.2*Ang

• constraints (list of integers and Constraints objects) – A list of indices
of the atom with fixed positions and Constraints objects. Default: []

• trajectory_filename (str) – The filename used to store the trajectory. If the value is
None then no trajectory file will be written. Default: None

• trajectory_object_id (str | None) – The object id to use when saving to HDF5.
If the object-id already exists in the given file, it will be overwritten. Default: None

• disable_stress – Deprecated: from v2022.03, use optimize_cell parameter in-
stead.

• optimize_cell (bool) – The lattice vectors for bulk configuration will be change during
the optimization. Enabling the stress calculation for bulk configurations. Default: True
for BulkConfigurations otherwise False

• optimizer_method (FIRE | LBFGS) – The optimization algorithm to use. Default:
LBFGS

• target_stress (PhysicalQuantity of type pressure) – The target internal stress (tensor)
of the system. Can be given as a single value in case of isotropic pressure, or as an internal
stress vector in Voigt notation or as a 3x3-matrix. Default: 0*GPa

• pre_step_hook (A callable function or method) – An optional user-defined
function which will be called just before each optimization step. The signature of the
function requires the arguments (step, configuration). The return status is ignored. Un-
handled exceptions will terminate the optimization. Default: None

• post_step_hook (A callable function or method) – An optional user-defined
function which will be called just after each optimization step. The signature of the func-
tion requires the arguments (step, configuration). The return status is ignored. Unhandled
exceptions will terminate the optimization. Default: None

• constrain_bravais_lattice (bool) – Enable preserving the Bravais lattice symme-
try of the configuration. Default: True if the target_stress is commensurate with the
lattice symmetries

• trajectory_interval (int | PhysicalQuantity of type time) – The resolution used in
saving steps to a trajectory file. This can either be given as an integer (a value of 1 results
in all steps being saved; a value of 2 results in every second step being saved; etc.) or as
a time interval. Default: 1

• restart_strategy (NoRestart | RestartFromTrajectory) – The restart mechanism
based on trajectory data saved in a given file. Default: RestartFromTrajectory()

• remove_drift (bool) – In ab-initio calculations, the sum of the forces along each Carte-
sian direction does not necessarily sum to zero due to numerical inaccuracies. This option
controls if the “drift” in the forces should be removed by subtracting the average force
along each Cartesian direction from all atoms. Default: True

• enable_optimization_stop_file (bool) – Determines whether to enable a file for
stopping the geometry optimization. If True, creation of the stop file will stop the op-
timization at the next step. The name of the stop file will be shown in the log output;
it will be stop-geometry-optimization-uniqueID, where uniqueID is a randomly
generated identifier for this optimization. The file must be created in the current working
directory. Default: True
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• write_raw_stress (bool) – Determines whether the stress will be written in the trajec-
tory before any constraint is applied to the system. If it is True, then in the trajectory, the
stress values before applying any constraint will be saved. However, if it is False, then the
stress values after applying the constraint will be saved in the trajectory. Default: None

• write_raw_forces (bool) – Determines whether the forces will be written in the trajec-
tory before any constraint is applied to the system. If it is True, then in the trajectory, the
forces on the atoms before applying any constraint will be saved. However, if it is False,
then the forces after applying the constraint will be saved in the trajectory. Default: None

Returns
The optimized configuration. The returned configuration is assigned the self-consistent calcu-
lation associated with the final step of the optimization loop.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

Usage Examples

Optimize the geometry of a water molecule:

# Define elements
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.0, -1.70000000e-05, 1.20198000e-01],

[ 0.0, 7.59572000e-01, -4.86714000e-01],
[ 0.0, -7.59606000e-01, -4.86721000e-01]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# Define a calculator
molecule_configuration.setCalculator(LCAOCalculator())

# Perform optimization and store the relaxation trajectory
optimized_configuration = OptimizeGeometry(molecule_configuration,

trajectory_filename='opt.nc'
)

# Save the relaxed configuration
nlsave('optimized_configuration.nc', optimized_configuration)

optimize.py

Optimize a silicon unit cell under a uniaxial tensile stress:

# Set up lattice
vector_a = [0.0, 2.7153, 2.7153]*Angstrom

(continues on next page)
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(continued from previous page)

vector_b = [2.7153, 0.0, 2.7153]*Angstrom
vector_c = [2.7153, 2.7153, 0.0]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = StillingerWeber_Si_1985()
calculator = TremoloXCalculator(parameters=potentialSet)

bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Optimize Geometry
# -------------------------------------------------------------

bulk_configuration = OptimizeGeometry(
bulk_configuration,
max_forces=0.001*eV/Ang,
max_stress=0.0001*eV/Ang**3,
max_steps=200,
max_step_length=0.2*Ang,
constraints=[],
trajectory_filename='opt2.nc',
optimizer_method=LBFGS(),
target_stress=[2.0, 0.0, 0.0, 0.0, 0.0, 0.0]*GPa,
)

# Save the relaxed configuration
nlsave('optimized_configuration2.nc', bulk_configuration)

optimize2.py
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Notes

By default, all cell optimizations are performed under zero stress.

The definition of target stress is that if a single value is given, it will be interpreted as an external pressure value from
which the internal target stress tensor is calculated as

𝜎 =

⎛⎝−𝑝 0 0
0 −𝑝 0
0 0 −𝑝

⎞⎠ .

If a target stress tensor is given, it will be interpreted as internal stress of the system, meaning that a negative entry on
the diagonal will result in a compression in the corresponding direction and vice versa. The target stress may also be
specified in Voigt notation.

By default constrain_bravais_lattice is True when the target_stress is commensurate with the lattice sym-
metries. This means that the Bravais lattice type will not change unless a symmetry breaking internal stress is applied.
If a symmetry breaking target_stress is used then the Bravais Lattice of the configuration is automatically converted
to a UnitCell, to enable changes in the shape of the cell.

Note: The last line of the logging output of OptimizeGeometry provides the tag OPT which can be used to grep for
the current step, volume, max. force, max. stress error and energy / enthalpy.

Optimization simulations can be restarted from a previous run, e.g. if the simulation was interrupted or the optimization
did not converge in the maximum number of steps. The detailed restart behavior is specified and documented in
RestartFromTrajectory.

External electric field

The inclusion of a homogeneous external electric field in bulk periodic DFT calculations with periodic boundary
conditions is supported via the object ElectricFieldConstraint. For other geometries (i.e. slab or molecules), it is also
possible to add an electric field by means of metallic regions in the Poisson solver (see Poisson solvers).

OptimizeNudgedElasticBand

OptimizeNudgedElasticBand(neb, max_forces=None, max_stress=None, max_steps=None,
max_step_length=None, constraints=None, trajectory_filename=None,
trajectory_object_id=None, log_interval=None, spring_constant=None,
climbing_image=None, climbing_image_tolerance=None, preoptimization=None,
optimizer_method=None, log_filename_prefix=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Automatic'>,
pre_step_hook=None, post_step_hook=None, optimize_cell=None,
disable_stress=None, target_stress=None, trajectory_interval=None,
restart_strategy=None, write_raw_stress=None, write_raw_forces=None)

Function for performing a NEB optimization.

Parameters

• neb (NudgedElasticBand) – The nudged elastic band configuration to optimize.

• max_forces (PhysicalQuantity of type eV/Ang) – The maximum forces when the opti-
mization should stop. Default: 0.05*eV/Ang.
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• max_stress (PhysicalQuantity of type pressure) – The convergence criterion for the
maximum difference between the internal stress and the target stress. Default: 0.1*GPa.

• max_steps (int) – The maximum number of steps to take before the NEB relaxation
stops. Default: 200.

• max_step_length (PhysicalQuantity of type length) – The maximum step length the
optimizer may take. Default: 0.2*Ang.

• constraints (list of ints) – List of atom indices that are kept fixed during opti-
mization. Default: [].

• trajectory_filename (str) – The filename used to store the trajectory. If the value is
None then no trajectory file will be written. Default: None.

• trajectory_object_id (str | None) – The object id to use when saving the trajec-
tory to HDF5. Default: None.

• log_interval ([type]) – Deprecated: from v2019.12, use trajectory_interval
instead.

• spring_constant (PhysicalQuantity of type eV/Ang**2) – The spring constant used for
the NEB relaxation. Default: 5.0*(eV/Ang**2).

• climbing_image (bool) – Flag indicating if the climbing image algorithm should be
used to find a transition state. Default: False.

• climbing_image_tolerance (PhysicalQuantity of type eV/Ang) – The tolerance with
which to converge the climbing image. This can be different to the convergence tolerance
of the overall NEB. If climbing_image is False this tolerance is ignored. Default:
Same as the max_forces tolerance.

• preoptimization (bool) – Flag indicating if the endpoints should be optimized before
the NEB optimization. Preoptimization is disabled when restarting. Default: False.

• optimizer_method (FIRE | LBFGS) – The optimizer to use for optimizing the structure.
Default: LBFGS.

• log_filename_prefix (Automatic | str | None) – The logging output from each image
will be written to filenames starting with this value. If it is set to Automatic then the prefix
will be the name of the calling python script. If it is set to None, then all output will be
written to stdout. Default: Automatic.

• pre_step_hook (A callable function or method) – An optional user-defined
function which will be called just before each optimization step. The signature of the
function requires the arguments (step, neb_configuration). The return status is ignored.
Unhandled exceptions will terminate the optimization. Default: None.

• post_step_hook (A callable function or method) – An optional user-defined
function which will be called just after each optimization step. The signature of the func-
tion requires the arguments (step, neb_configuration). The return status is ignored. Un-
handled exceptions will terminate the optimization. Default: None.

• optimize_cell (bool) – If it is None, it will be set automatically according to the
NEB configuration. If the NEB configuration is composed of configurations with the
type MoleculeConfiguration | SurfaceConfiguration | DeviceConfiguration,
it is set False. If the NEB configuration is composed of configurations of the type
BulkConfiguration and the lattice vectors of the configurations are different, it is set
to True; otherwise it is False. Default: None.

• disable_stress – Deprecated: from v2022.03, use optimize_cell parameter in-
stead.
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• target_stress (PhysicalQuantity of type pressure) – The target internal stress (tensor)
of the system. Can be given as a single value in case of isotropic pressure, or as an internal
stress vector in Voigt notation or as a 3x3-matrix. Default: 0*GPa.

• trajectory_interval (int | PhysicalQuantity of type time) – The resolution used in
saving steps to a trajectory file. This can either be given as an integer (a value of 1 results
in all steps being saved; a value of 2 results in every second step being saved; etc.) or as
a time interval. Default: 1.

• restart_strategy (NoRestart | RestartFromTrajectory) – The restart mechanism
based on trajectory data saved in a given file. Default: RestartFromTrajectory().

• write_raw_stress (bool) – Determines whether the stress will be written in the trajec-
tory before any constraint is applied to the system. If it is True, then in the trajectory, the
stress values before applying any constraint will be saved. However, if it is false, then the
stress values after applying the constraint will be saved in the trajectory. Default: None.

• write_raw_forces (bool) – Determines whether the forces will be written in the tra-
jectory before any constraint is applied to the system. If it is True, then in the trajectory,
the forces on the atoms before applying any constraint will be saved. However, if it is
false, then the forces after applying the constraint will be saved in the trajectory. Default:
None.

Usage Examples

Find the reaction path for conversion of ethane to ethene, i.e.

C2H6 → C2H4 + H2

# Find the reaction pathway
optimized_neb = OptimizeNudgedElasticBand(

neb_configuration,
max_forces=0.05*eV/Ang)

neb_c6h6.py

The two following examples demonstrate how to calculate the reaction path for rock-salt to wurtzite in CdSe. The first
example is with a very small unit cell that results in a fully-concerted reaction mechanism, while the second is in a
larger unit cell that first forms a line defect.

# Perform a VC-NEB optimization
neb_configuration = OptimizeNudgedElasticBand(

neb_configuration,
max_forces=0.01*eV/Ang,
max_stress=0.01*GPa,
max_steps=500,
climbing_image=True,
optimize_cell=True,

)

cdse_neb_concerted.py cdse_neb_line_defect.py
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Variable Cell NEB

It is possible to study phase transitions using OptimizeNudgedElasticBand. When a NudgedElasticBand contains
images that are bulk configurations and have different lattice vectors then the generalized solid-state nudged elastic band
method (GSS-NEB)1 algorithm is used. The algorithm optimizes both the atomic and lattice degrees of freedom along
the reaction pathway and can be used to determine the reaction mechanism and energy barrier of a phase change. The
target_stress parameter can be set to apply pressure or arbitrary stress.

There are two important points to be made aware of when using this technique:

1. In order to get an accurate estimate of the energy barrier one must use very large unit cells. This is because if
a small unit cell is used, then all atoms will move during the phase transition. This is almost certainly not the
favorable pathway in real systems. A large enough unit cell should permit the formation of a local nucleation
process that occurs in either the initial or final phase of the material. After the local nucleation event the new
crystal structure should then propagate across the unit cell. For more details, see for instance Sec. III.C. and Fig.
9 in Ref.Page 2228, 1.

2. Great care must be taken when constructing the initial and final images. Just as in the regular NEB algorithm,
the atom indices in the initial and final structure must match. Atom #1 in the initial structure will be moved to
atom #1 in the final structure. This means that you cannot simply take two different crystal structures with the
same number of atoms and expect the resulting pathway to be correct.

Notes on Parallelization

For non-force field calculators, the number of processes used to calculate the energy and forces on each image is
determined by the ParallelParameters object that has been set on the attached calculator. By default, the update is
parallelized over images and then over the per-image energy/force calculation.

For force field calculators, which do not support ParallelParameters, the number of processes per image (PPI) is
automatically determined. In the case where the total number of available MPI processes is equal to or smaller than the
number of interior images the PPI is set to 1. This means that the number of images optimized in parallel corresponds
to the number of available processes. If there are more available processes than interior images, the processes are
distributed across those images. It is generally recommended not to use more MPI processes than interior images but
rely on threading instead.

Care should be taken to ensure that the total number of MPI processes is divisible by the number of “interior” (moving)
NEB images to achieve good load balancing. For example, if there are 7 images total, then 5 of them are interior images
that move during the simulation and the total number of MPI processes should be a multiple of 5. The calculation will
still run if the number of MPI processes is not a multiple of the number of interior images, however, a warning will
be printed and the calculation of some images will be slower than others reducing the parallel efficiency of the overall
calculation.

The output from the calculation will be logged to a separate file for each image whose name is the specified by the
log_filename_prefix parameter with the image number appended to it. If the log files already exist, they will be
appended to.

If preoptimization is selected and there are enough MPI processes for at least two images to be calculated in par-
allel, then the preoptimization will be performed in parallel and its output will be logged to files starting with the
log_filename_prefix followed by “_preoptimization”.

NEB optimizations can be restarted from a previous run, e.g. if the simulation was interrupted or the optimization
did not converge in the maximum number of steps. The detailed restart behavior is specified and documented in
RestartFromTrajectory.

• See also NudgedElasticBand.
1 Daniel Sheppard, Penghao Xiao, William Chemelewski, Duane D. Johnson, and Graeme Henkelman. A generalized solid-state nudged elastic

band method. The Journal of Chemical Physics, 136(7):074103, 2012. doi:10.1063/1.3684549.
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External Electric Field

The inclusion of a homogeneous external electric field in bulk periodic DFT calculations with periodic boundary
conditions is supported via the object ElectricFieldConstraint. For other geometries (i.e. slab or molecules), it is also
possible to add an electric field by means of metallic regions in the Poisson solver (see Poisson solvers).

ParallelEnergyAndForces

ParallelEnergyAndForces(configurations, processes_per_configuration, filenames=None, master_only=True)
Evaluates the energy and forces for a list of configurations in parallel.

Parameters

• configurations (list of configurations (MoleculeConfiguration |
BulkConfiguration | SurfaceConfiguration | DeviceConfiguration)) – A
list of configurations with attached calculators.

• processes_per_configuration (int) – The number of MPI processes to use for cal-
culating the energy and forces on each configuration.

• log_filenames (list of strings) – A list of filenames to log each calculation to. It
must be the same length as the configurations argument. If None is given, then logging
will be performed to stdout. Default: All calculations are logged to stdout

• master_only (bool) – Controls if the master process should be the only rank allowed to
write to the log. Default: True

Returns
A tuple of energies and forces as PhysicalQuantity arrays.

Return type
tuple

Usage Examples

Calculate the potential energy curve and forces for a hydrogen molecule in parallel. At the end of the script, a table of
internuclear distances, energies, and the force is printed to the screen.

# Make a list to hold the configurations.
configurations = []

# Loop over a list of distances between 0.3 and 5.0 Angstrom.
distances = numpy.linspace(0.3, 5.0, 20)
for distance in distances:

# Define elements
elements = [Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.0, 0.0, 0.0 ],

[ distance, 0.0, 0.0 ]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

(continues on next page)
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elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# Define a calculator
molecule_configuration.setCalculator(LCAOCalculator())

# Add the configuration to the list of configurations.
configurations.append(molecule_configuration)

def task_function(configuration, index):
# Compute the total energy.
total_energy = TotalEnergy(configuration)
# Save the result to a file.
nlsave('total_energy_%i.hdf5'%index, configuration)
# Return the calculated total energy.
return total_energy.evaluate()

# Define a list of filenames to save the logging output from each calculation to.
filenames = [ 'total_energy_%i.log' % i for i in range(len(configurations)) ]

# Calculate the energy of each configuration. Each calculation will use 2 MPI processes.
energies = ParallelMapConfigurations(

task_function,
configurations,
processes_per_configuration=2,
filenames=filenames,

)

# Only print on the master process. This prevents the table from being printed multiple␣
→˓times.
if processIsMaster():

print('%10s %12s' % ('distance', 'energy'))
for i in range(len(configurations)):

print('%10.4f %12.3e' % (distances[i], energies[i].inUnitsOf(eV)))

parallelmapconfigurations.py

Notes

It is important to properly coordinate the total number of MPI processes, the processes_per_configuration argu-
ment, and the number of configurations. When ParallelEnergyAndForces is called, the MPI processes are divided
up into NLEngine.numberOfProcesses()/processes_per_configuration sized groups. For example, if there
are 8 MPI processes and processes_per_configuration=2, then 4 groups will be made. However, if there are only
2 configurations in the configurations list then 2 of those groups will be idle.

Ideally, one would pick processes_per_configuration to be the largest number of processes that a single DFT
calculation runs efficiently on. This generally depends on a number of variables including the number of atoms,
basis set size, computer hardware, etc. Then, the total number of MPI processes should be an integer multiple of
processes_per_configuration.
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This function can be used with ATK-ForceFiled calculators as well. However, ATK-ForceField does not currently
make use of MPI. This means that processes_per_configuration should always be set to 1 in order not to have
idle processes.

See also, Notes.

ParallelMapConfigurations

ParallelMapConfigurations(task_function, configurations, processes_per_configuration, log_filenames=None,
scf_restart_step_length=PhysicalQuantity(0.1, Ang), interleaved_split=False,
master_only=True, synchronize_configurations=False)

Applies a function on a list of configurations in parallel.

Parameters

• task_function (function) – The function to apply to each configuration. It takes an
AtomicConfiguration and the index of the configuration in the configurations array as
its arguments. The function can, optionally, return data that will be saved and send to all
processes upon return from ParallelMapConfigurations. Note: The return type needs
to be able to be sent over MPIself. This currently includes most basic datatypes (e.g.
numbers, lists, dicts, numpy arrays) as well as ATK configurations. A pickling error will
be raised if the type is not picklable.

• configurations (list of configurations (MoleculeConfiguration |
BulkConfiguration | SurfaceConfiguration | DeviceConfiguration)) –
list of configurations with attached calculators that is passed to the task_function.

• processes_per_configuration (int) – The number of MPI processes that will be
used to call task_function for each configuration.

• log_filenames (list of strings) – A list of filenames to log each calculation to. It
must be the same length as the configurations argument. If None is given, then all logging
will be performed to stdout. Default: All calculations are logged to stdout

• interleaved_split (bool) – When True, the tasks are distributed amongst the pro-
cesses groups in an interleaved way. If False, the tasks are distributed in a contiguous
manner. Default: False

• master_only (bool) – Controls if the master process should be the only rank allowed to
write to the log. Default: True

• synchronize_configurations (bool) – Ensure that the state of the configurations at
the end of the task is synchronized and distributed across all processes. Default: False

Returns
A list containing the results of applying the task_function to each configuration.

Return type
list
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Usage Examples

Calculate the potential energy curve for a hydrogen molecule in parallel. This example uses TotalEnergy to calculate
the potential energy. The task_function function is passed to ParallelMapConfigurations to perform each
individual energy calculation. Each time task_function is called, it calculates the total energy, saves the TotalEnergy
analysis object to a file, and then returns the total energy. ParallelMapConfigurations collects the returned energies
into an array that is returned when the calculations complete. At the end of the script, a table of internuclear distances
and energies is printed to the screen.

# Make a list to hold the configurations.
configurations = []

# Loop over a list of distances between 0.3 and 5.0 Angstrom.
distances = numpy.linspace(0.3, 5.0, 20)
for distance in distances:

# Define elements
elements = [Hydrogen, Hydrogen]

# Define coordinates
cartesian_coordinates = [[ 0.0, 0.0, 0.0 ],

[ distance, 0.0, 0.0 ]]*Angstrom

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=elements,
cartesian_coordinates=cartesian_coordinates
)

# Define a calculator
molecule_configuration.setCalculator(LCAOCalculator())

# Add the configuration to the list of configurations.
configurations.append(molecule_configuration)

def task_function(configuration, index):
# Compute the total energy.
total_energy = TotalEnergy(configuration)
# Save the result to a file.
nlsave('total_energy_%i.hdf5'%index, configuration)
# Return the calculated total energy.
return total_energy.evaluate()

# Define a list of filenames to save the logging output from each calculation to.
filenames = [ 'total_energy_%i.log' % i for i in range(len(configurations)) ]

# Calculate the energy of each configuration. Each calculation will use 2 MPI processes.
energies = ParallelMapConfigurations(

task_function,
configurations,
processes_per_configuration=2,
filenames=filenames,

)

(continues on next page)
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# Only print on the master process. This prevents the table from being printed multiple␣
→˓times.
if processIsMaster():

print('%10s %12s' % ('distance', 'energy'))
for i in range(len(configurations)):

print('%10.4f %12.3e' % (distances[i], energies[i].inUnitsOf(eV)))

parallelmapconfigurations.py

Notes

It is important to properly coordinate the total number of MPI processes, the processes_per_configuration ar-
gument, and the number of configurations. When ParallelMapConfigurations is calledm the MPI processes are
divided up into groups of MPI processes no larger than processes_per_configuration. For example, if there are
8 MPI processes and processes_per_configuration=2, then 4 groups will be made. If there are 8 MPI Processes
and processes_per_configuration=3 then two groups of 3 process and one goup of 2 processes will be made.

The caller is responsible for choosing settings that guarantee that all groups of MPI processes handle approximately
the same number of configurations. Otherwise, the parallel performance will not be ideal due to load balancing issues.
This typically means that the total number of groups should divide evenly into the total number of configurations.

Ideally, one would pick processes_per_configuration to be the largest number of processes that a single DFT
calculation runs efficiently on. This generally depends on a number of variables including the number of atoms,
basis set size, computer hardware, etc. Then, the total number of MPI processes should be an integer multiple of
processes_per_configuration.

This function can be used with ATK-ForceField calculators as well. However, ATK-ForceField does not currently
make use of MPI. This means that processes_per_configuration should always be set to 1 in order not to have
idle processes.

See also, Notes.

SingleContourIntegralParameters

SingleContourIntegralParameters(integral_lower_bound=None, circle_eccentricity=None,
logarithmic_bunching=None, circle_points=None,
real_axis_point_density=None, real_axis_infinitesimal=None,
real_axis_kbt_padding_factor=None, fermi_line_points=None,
fermi_function_poles=None, contour_type=None)

Deprecated: Use ContourParameters instead.

Representation of the contour parameters when using a single contour.

Deprecated: from v2016.0, use ContourParameters instead.

Parameters

• integral_lower_bound (PhysicalQuantity of type energy) – The distance between the
lowest Fermi-level to the lowest energy circle contour point. Default: 1.5 * Hartree
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• circle_eccentricity (float) – The eccentricity of the circle contour. This should be
a float between 0 and 1. 0 is a circle, 1 is a line. Default: 0.3

• logarithmic_bunching (float) – Logarithmic bunching of the circle contour around
the Fermi level. This should be a float between 0 and 1. 0 means no bunching, equidistant
points, 1 means all bunched, centred on the Fermi Level. Default: 0.3

• circle_points (int) – The number of points on the circle contour. Must be at least 3.
Default: 30

• real_axis_point_density (PhysicalQuantity of type energy) – Spacing between the
points on bias window integration line close to the real axis. Default: 0.001 * Hartree

• real_axis_infinitesimal (PhysicalQuantity of type energy) – Small imaginary shift
of the bias window integration line from the real axis. Default: 0.001 * Hartree

• real_axis_kbt_padding_factor (float) – The integration line is extended with the
amount 𝑓𝑘𝑏𝑇 below and above the electrode Fermi levels where 𝑓 is this value. Must be
larger than 0.0. Default: 5.0

• fermi_line_points (int) – The number of points on the straight line from the Fermi
energy level up to infinity. This should be an integer in the range 1 to 11 (inclusive).
Default: 10

• fermi_function_poles (int) – The number of poles of the Fermi function to include.
Determines the imaginary shift of the straight line from the Fermi level to infinity. Must
be positive. Default: 8

• contour_type (Left | Right) – The side this contour is used for. Default: Left

Returns
A ContourParameters object consisting of the SemiCircleContour equilibrium contour
and the RealAxisContour Non-equilibrium contour.

Return type
ContourParameters

Notes

This class is deprecated and only included for backwards compatibility.

A SingleContourIntegralParameters object

contour_parameters = SingleContourIntegralParameters(
integral_lower_bound=5.0*Hartree,
circle_eccentricity=0.5,
logarithmic_bunching=0.4,
circle_points=30,
real_axis_point_density=0.002*eV,
real_axis_infinitesimal=1e-05*eV,
real_axis_kbt_padding_factor=0.6,
fermi_line_points=10,
fermi_function_poles=8,
contour_type=Right)

is equivalent to the following ContourParameters object
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eq_contour = SemiCircleContour(
integral_lower_bound=5.0*Hartree,
circle_eccentricity=0.5,
logarithmic_bunching=0.4,
circle_points=30
fermi_line_points=10,
fermi_function_poles=8)

neq_contour = RealAxisContour(
real_axis_point_density=0.002*eV,
real_axis_infinitesimal=1e-05*eV
real_axis_kbt_padding_factor=0.6)

contour_parameters = ContourParameters(
equilibrium_contour=eq_contour,
non_equilibrium_contour=neq_contour,
method=SingleContour(direction=Right))

SpecialThermalDisplacement

SpecialThermalDisplacement(configuration, dynamical_matrix=None, temperature=None,
minimum_phonon_energy=None, maximum_phonon_energy=None,
configuration_index=None, fix_electrode_atoms=None)

Generates a temperature dependent displacement and returns the configuration or list of configurations with
displaced atomic coordinates.

Parameters

• configuration (DeviceConfiguration | BulkConfiguration) – The configuration
to displace.

• dynamical_matrix (DynamicalMatrix) – A DynamicalMatrix object constructed
for the same configuration given as input. Default: A default DynamicalMatrix object

• temperature (PhysicalQuantity of type temperature) – The temperature for which to
generate the displacements. Default: 300*Kelvin

• minimum_phonon_energy (PhysicalQuantity of type energy) – Include only phonon
modes with energies above the minimum phonon energy. Default: 1e-3*eV

• maximum_phonon_energy – Include only phonon modes with energies below the mini-
mum phonon energy. Default: 1e-3*eV

• configuration_index (int) – The method can be extended by using configurational
averaging over a small number (four) of different displacement configurations specified
by the configuration index which must be either 0, 1, 2, or 3. Default: 0

• fix_electrode_atoms (bool) – Boolean controling whether the electrodes and elec-
trode extensions should be kept fixed for a device configuration. Default: True

Returns
The displaced configuration or list of displaced configurations.

Return type
DeviceConfiguration | BulkConfiguration
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Usage Examples

Calculate the SpecialThermalDisplacement configuration for bulk silicon and save it to a file:

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------
# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration0 = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = Tersoff_Si_1988b()
calculator = TremoloXCalculator(parameters=potentialSet)
calculator.setVerletListsDelta(0.25*Angstrom)

bulk_configuration0.setCalculator(calculator)
bulk_configuration0.update()

bulk_configuration0 = OptimizeGeometry(
bulk_configuration0,
max_forces=0.001*eV/Ang,
max_stress=0.01*GPa,
max_steps=200,
max_step_length=0.2*Ang,
trajectory_filename=None,
optimizer_method=LBFGS(),
constrain_bravais_lattice=True,

)

# Repeat the configuration 3 times in each direction
bulk_configuration = bulk_configuration0.repeat(3, 3, 3)

# -------------------------------------------------------------
# Dynamical Matrix
# -------------------------------------------------------------
dynamical_matrix = DynamicalMatrix(

(continues on next page)
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configuration=bulk_configuration,
repetitions=(3, 3, 3),
atomic_displacement=0.01*Angstrom,
acoustic_sum_rule=True,
symmetrize=True,
finite_difference_method=Central,
processes_per_displacement=1,
)

# -------------------------------------------------------------
# Special Thermal Displacement
# -------------------------------------------------------------
new_configuration = SpecialThermalDisplacement(

bulk_configuration,
dynamical_matrix,
temperature=300*Kelvin,
phonon_energy_interval=[1e-3, 1]*eV,
)

nlsave('si_special_thermal_displacement.hdf5', new_configuration)

si_special_thermal_displacement.py

Notes

The special thermal displacement (STD) method by Zacharias and Giustino1 provides a simple and efficient way of cal-
culating electron-phonon coupling by using a single (one-shot) frozen-phonon calculation in a supercell of the material.
The method can for instance be used for optical absorbtion spectra including phonon-induced indirect optical transi-
tions, band-gap renormalization at finite temperature for semiconductors and insulators, phonon-limited mobilities,
and electron-phonon coupling effects in device calculations2 . The method can be extended by using configurational
averaging over a small number of different displacement configurations in the same supercell to improve the accuracy
of the calculated properties. The scheme for generating the optimal displaced configurations and its formal justification
are given inPage 2237, 1.

The SpecialThermalDisplacement function requires a bulk configuration or a device configuration with a dynamical
matrix from which the phonons of the system can be calculated. The function returns the displaced configuration or list
of displaced configurations which can then be used to calculate e.g. the OpticalSpectrum at the specified temperature.

1 Marios Zacharias and Feliciano Giustino. One-shot calculation of temperature-dependent optical spectra and phonon-induced band-gap renor-
malization. Phys. Rev. B, 94:075125, Aug 2016. doi:10.1103/PhysRevB.94.075125.

2 Tue Gunst, Troels Markussen, Mattias L. N. Palsgaard, Kurt Stokbro, and Mads Brandbyge. First-principles electron transport with phonon
coupling: Large scale at low cost. Phys. Rev. B, 96(16):161404, oct 2017. arXiv:1706.09290, doi:10.1103/PhysRevB.96.161404.
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TimeStampedForceBiasMonteCarlo

TimeStampedForceBiasMonteCarlo(configuration, constraints=None, trajectory_filename=None, steps=None,
log_interval=None, method=None, pre_step_hook=None,
post_step_hook=None, write_velocities=None, write_forces=None,
write_stresses=None, trajectory_interval=None,
trajectory_object_id=None)

Function for performing a time-stamped force-bias Monte Carlo simulation.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration | MDTrajectory) – The ini-
tial configuration or a trajectory. If a trajectory is given the last configuration will be used
as the initial configuration for this MC run and the trajectory will be appended to. If a
trajectory is given, then trajectory_interval and trajectory_object_id should
be None.

• constraints (list of int | list of FixAtomConstraints) – The list of atomic indices,
denoting fixed atoms, or constraint objects. Default: []

• trajectory_filename (str | None) – The filename of the file to be used for storing
the trajectory, or None if no trajectory should be written. Default: None

• steps (int) – The number of steps to take in the simulation. Default: 50

• log_interval (int) – The resolution used in saving steps to a trajectory file ad writing
the log file, where a value of 1 results in all steps being saved, and e.g. a value of 2
resulting in every other step being discarded. Default: 1

• method (ForceBiasMontCarlo) – The Monte Carlo method used for the simulation.
Default: ForceBiasMonteCarlo

• pre_step_hook (function | list of functions | None) – An optional user-
defined function or a list of functions which will be called just before the forces eval-
uation. The signature of the function requires the arguments (step, time, configuration,
forces, stress). The return status is ignored. Unhandled exceptions will terminate the
simulation. If a list is given the functions will be called in the given order. Default: None

• post_step_hook (function | list of functions | None) – An optional user-
defined function or a list of functions which will be called just after the forces evaluation.
The signature of the function requires the arguments (step, time, configuration, forces,
stress). The return status is ignored. Unhandled exceptions will terminate the simulation.
If a list is given the functions will be called in the given order. Default: None

• write_velocities (bool) – Write the velocities to the trajectory file every
log_interval steps. Since, the time-stamped force-bias Monte Carlo algorithm does
not use velocities explicity, zero velocities will be written. Default: False

• write_forces (bool) – Write the forces to the trajectory file every log_interval steps.
Default: True

• write_stresses (bool) – Write the stress to the trajectory file every log_interval
steps. Default: False

• trajectory_interval (int) – The resolution used in saving steps to a trajectory file.
A value of 1 results in all steps being saved; a value of 2 results in every second step being
saved; etc. If configuration is a trajectory (i.e. this is a restart MC simulation) this
parameter will use the same value as was used in the previous trajectory. Default: The
same value as log_interval.
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• trajectory_object_id (str | None) – The object id of the trajectory written to
trajectory_filename. If a value of None is given, then an object id will be chosen
automatically. Default: None

Returns
The Monte Carlo trajectory.

Return type
MDTrajectory

Usage Examples

Perform a time-stamped force-bias Monte Carlo run of 500 steps of a bulk silicon crystal, using the Stillinger-Weber
potential:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 5.4306]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon]

# Define coordinates
fractional_coordinates = [[0.0 , 0.0 , 0.0 ],

[0.25, 0.25, 0.25],
[0.5 , 0.5 , 0.0 ],
[0.75, 0.75, 0.25],
[0.5 , 0.0 , 0.5 ],
[0.75, 0.25, 0.75],
[0.0 , 0.5 , 0.5 ],
[0.25, 0.75, 0.75]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------

potentialSet = StillingerWeber_Si_1985()
calculator = TremoloXCalculator(parameters=potentialSet)

(continues on next page)
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bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# -------------------------------------------------------------
# Time-Stamped Force-Bias Monte Carlo
# -------------------------------------------------------------

method = ForceBiasMonteCarlo(
reservoir_temperature=500.0*Kelvin,
max_atom_displacement=0.3*Ang,

)

mc_trajectory = TimeStampedForceBiasMonteCarlo(
bulk_configuration,
constraints=[],
trajectory_filename='tfmc_trajectory.hdf5',
steps=500,
log_interval=50,
method=method

)

bulk_configuration = mc_trajectory.lastImage()

tfmc_example.py

Notes

This function performs a time-stamped force-bias MonteCarlo (TFMC) simulation on the given configuration (see1 for
a summary on the TFMC method). The TFMC algorithm essentially consists of a Monte Carlo sampling of the energy
landscape at a given temperature.

For details about the Monte Carlo algorithm and how the simulation parameters are specified see ForceBiasMonteCarlo.

Each Monte Carlo step in the TFMC algorithm is a possible realization of how the atoms might move in the potential
energy landscape, starting from a given configuration. Therefore the simulation bears some similarity to Molecular
Dynamics, and it is even possible to estimate a time step by which subsequent images are separated on average2. The
time step in TFMC is typically a factor of 2-50 larger than in Molecular Dynamics simulations, however, one must keep
in mind that it is not very rigorously defined and primarily suitable for long-timescale-kinetics.

The TimeStampedForceBiasMonteCarlo function returns an MDTrajectory object. After the simulation has completed,
you can extract various properties of the stored snapshots, such as coordinates, or forces, by using the MDTrajectory
class methods.

Similar to MolecularDynamics, you can perform custom operations on the configuration during the simulation by using
the pre_step_hook or post_step_hook functionality.

The pre-step-hook one is invoked immediately before the force and stress calculations, which allows you to modify
atomic positions or the cell vectors.

1 Erik C. Neyts and Annemie Bogaerts. Combining molecular dynamics with monte carlo simulations: implementations and applications. Theor.
Chem. Acc., 132(2):1320, 2012. doi:10.1007/s00214-012-1320-x.

2 Maarten J. Mees, Geoffrey Pourtois, Erik C. Neyts, Barend J. Thijsse, and André Stesmans. Uniform-acceptance force-bias monte carlo method
with time scale to study solid-state diffusion. Phys. Rev. B, 85:134301, 2012. doi:10.1103/PhysRevB.85.134301.
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The post-step-hook is invoked after the force and stress calculation, which means that you can modify the forces
and stress, e.g. by adding a bias potential.

Suitable functions must have the signature (step, time, configuration, forces, stress) where step de-
notes the integration step number, time is the current simulation time, and configuration is the current configura-
tion, forces is the PhysicalQuantity array holding the current forces, and stress is the stress tensor. Note, that you
need to modify these two arrays in-place, as the return status of the function is ignored. You can use the class methods
of the configuration object (see e.g. BulkConfiguration) to perform operations on the atoms.

Moreover, it is possible to give a list of hook functions, which will be called sequentially at each TFMC step.

Only FixAtomConstraints are supported in TFMC simulations.

addDoping

addDoping(configuration, indices, charge, doping_type, tag=None)
Add doping to selected atoms in a configuration.

Parameters

• configuration (AtomicConfiguration) – The configuration to affect.

• indices (ndarray) – The indices of a selection of atoms in the configuration to which
doping should be added.

• charge (float) – The doping charge to apply. This value is interpreted as being in the
unit e/atom.

• doping_type (NType | PType) – The new doping type to apply to the tagged atoms.

• tag (str | None) – The tag to assign to this doping selection.

Usage Examples

Add n-type doping to a selection of atoms in a Si crystal.

# --- Setup a configuration ---
# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 16.291800000000002]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0. , 0. , 0.333333333333],
[ 0. , 0. , 0.666666666667],
[ 0.25 , 0.25 , 0.083333333333],

(continues on next page)
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[ 0.25 , 0.25 , 0.416666666667],
[ 0.25 , 0.25 , 0.75 ],
[ 0.5 , 0.5 , 0. ],
[ 0.5 , 0.5 , 0.333333333333],
[ 0.5 , 0.5 , 0.666666666667],
[ 0.75 , 0.75 , 0.083333333333],
[ 0.75 , 0.75 , 0.416666666667],
[ 0.75 , 0.75 , 0.75 ],
[ 0.5 , 0. , 0.166666666667],
[ 0.5 , 0. , 0.5 ],
[ 0.5 , 0. , 0.833333333333],
[ 0.75 , 0.25 , 0.25 ],
[ 0.75 , 0.25 , 0.583333333333],
[ 0.75 , 0.25 , 0.916666666667],
[ 0. , 0.5 , 0.166666666667],
[ 0. , 0.5 , 0.5 ],
[ 0. , 0.5 , 0.833333333333],
[ 0.25 , 0.75 , 0.25 ],
[ 0.25 , 0.75 , 0.583333333333],
[ 0.25 , 0.75 , 0.916666666667]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

# Add external potential
external_potential = AtomicCompensationCharge()
bulk_configuration.setExternalPotential(external_potential)

# Make a selection of atoms to add doping to
selected_indices = numpy.array([2, 5, 8, 11, 14, 17, 20, 23])

# --- Add doping ---
addDoping(

configuration=bulk_configuration,
indices=selected_indices,
charge=0.000200195107106,
doping_type=N_type,
tag='doping_0'

)

addDoping_example.py

See also ref.dopingcommon.notes.
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allElements

allElements()

Method for obtaining a list of all the elements.

Usage Examples

Loop over all elements and print the element names and masses:

for element in PeriodicTable.allElements():
# Print the element name
print "Element name: ", element.name()
# Print the element mass
print "Element mass: ", element.atomicMass().inUnitsOf(atomic_mass_unit)

Notes

The function is part of the PeriodicTableElement module and can be called via

PeriodicTable.allElements()

amorphousPrebuilder

amorphousPrebuilder(configuration, density=None, sigma=0.1)

Parameters

• configuration (BulkConfiguration) – The base configuration to use when creating
the amorphous structure. The final structure will have the same name of each element and
the same shape unit cell.

• density (PhysicalQuantity of type mass per volume**3) – The density of the amorphous
material. Default: same density as configuration

• sigma (float) – The position of each atom has Gaussian noise added to it. The standard
deviation is sigma times the average volume per atom. Default: 0.1

Returns
The amorphous configuration.

Return type
BulkConfiguration
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Usage Examples

Use the amorphous prebuilder to create an initial configuration for amorphous silica from an initial quartz unit cell:

# Setup a quartz cell.
lattice = Hexagonal(4.916*Angstrom, 5.4054*Angstrom)

elements = [Silicon, Silicon, Silicon, Oxygen, Oxygen, Oxygen, Oxygen, Oxygen,
Oxygen]

fractional_coordinates = [[ 0.4697 , 0. , 0. ],
[ 0. , 0.4697 , 0.666666666667],
[ 0.5303 , 0.5303 , 0.333333333333],
[ 0.4135 , 0.2669 , 0.1191 ],
[ 0.2669 , 0.4135 , 0.547567 ],
[ 0.7331 , 0.1466 , 0.785767 ],
[ 0.5865 , 0.8534 , 0.214233 ],
[ 0.8534 , 0.5865 , 0.452433 ],
[ 0.1466 , 0.7331 , 0.8809 ]]

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Repeat the primitive cell to make a larger configuration.
bulk_configuration = bulk_configuration.repeat(3, 3, 3)

# Make the amorphous SiO2 cell with a density of 2.2 gram/cm**3.
bulk_configuration = amorphousPrebuilder(bulk_configuration, density=2.2*gram/cm**3)

In the full script, this configuration is then equilibrated by a 10 ps NVT molecular dynamics simulation at 2000 K and
a 50 ps NPT molecular dynamics simulation at 1500 K.

amorphous_sio2.py

Notes

The amorphousPrebuilder function creates a rough initial guess for an amorphous structure. The function will return
a new configuration with the same number and type of atoms as the original, but with the unit cell vectors scaled to
give the requested density. Each atom is repositioned along a FCC grid with Gaussian noise added to its position.

The resulting configuration requires additional optimization and equilibration in order to create a realistic amorphous
structure.
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calculateBlochStates

calculateBlochStates(configuration, quantum_numbers=None, quantum_number_reference=None, spin=None,
k_point=None, diagonalization_method=None, density_mesh_cutoff=None)

A method for calculating the real space wave function of multiple Bloch states.

Parameters

• configuration (BulkConfiguration) – The configuration for which the eigenstate
should be calculated.

• quantum_numbers (list of int) – A list of quantum numbers of the desired eigen-
state. Default: [0]

• quantum_number_reference (Absolute | Lumo) – Whether the quantum numbers are
referred to the lowest available energy state (Absolute), or to the lowest unoccupied state
(Lumo). Default: Absolute

• spin (Spin.Up | Spin.Down | Spin.All) – The spin to calculate the states for. Default:
Spin.All

• k_point (list(3) of floats) – The k-point in fractional coordinates that the Bloch
state should be calculated for. Default: [0.0, 0.0, 0.0]

• diagonalization_method – Method used for diagonalizing the hamiltonian.

This parameter allows to choose between a full diagonalization solver and an iterative
subspace solver. The full diagonalization solver evaluates all bands from the lowest energy
one to a given number of bands above fermi level. The iterative subspace solver allows to
evaluate a given number of bands around fermi level, or around an energy of choice.

The full diagonalization solver is more robust, but can be proibitively expensive for very
large systems.

The iterative solver can deal with very large systems (tens of thousands atoms and beyond)
and greatly outperforms when calculating a small number of eigenvalues, but it is also
inherently less robust.

Note: the exact method used when selecting FullDiagonalizationSolver is defined
by the calculator (see AlgorithmParameters). IterativeDiagonalizationSolver
is not supported for PlaneWaveCalculator

Default: FullDiagonalizationSolver

• density_mesh_cutoff (PhysicalQuantity of type energy | GridSampling |
OptimizedFFTGridSampling) – The mesh cutoff to be used to determine the
grid sampling. The mesh cutoff must be a positive energy or a GridSampling object.
Default: Specific for each calculator.

Type
FullDiagonalizationSolver | IterativeDiagonalizationSolver

Returns
The Bloch states.

Return type
A generator of instances of BlochState
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Usage Examples

Create a calculateBlochStates generator for a set of given quantum_numbers and save the results.

# %% BlochStatesGenerator

bloch_states_generator = calculateBlochStates(
configuration=silicon_alpha,
quantum_numbers=(0, 2, 3)

)

for bloch_state in bloch_states_generator:
quantum_number = bloch_state.quantumNumber()
nlsave('results.hdf5', bloch_state, object_id=f'bloch_state_{quantum_number}')

bloch_states_silicon.py

Notes

This method enables to create a generator for multiple BlochState objects according to a set of quantum_numbers.
These quantum_numbers are all specified relative to a quantum_number_reference which can either be the low-
est unoccupied energy state, Lumo, or the lowest available energy state, Absolute. As demonstrated in the Usage
Example, the individual BlochState objects are generated and calculated once looped over and afterwards saved.
calculateBlochStates() is also applicable via the GUI using the analysis BlochStateGenerator.

calculateDefaultContourIntegralLowerBound

calculateDefaultContourIntegralLowerBound(calculator_type, configuration, basis_set=None)
Find the best default density mesh cutoff based on a configuration and basis set.

Parameters

• calculator_type (LCAOCalculator | PlaneWaveCalculator
| SemiEmpiricalCalculator | class:~.DeviceLCAOCalculator |
DeviceSemiEmpiricalCalculator) – The type of calculator.

• configuration (AtomicConfiguration) – The configuration.

• basis_set (BasisSet) – The basis set.

Returns
The maximum default mesh cut-off for all the elements in the configuration.

Return type
PhysicalQuantity of type energy
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calculateDefaultDensityMeshCutoff

calculateDefaultDensityMeshCutoff(calculator_type, configuration, basis_set=None,
wave_function_cutoff=None)

Find the best default density mesh cutoff based on a configuration and basis set.

Parameters

• calculator_type (LCAOCalculator | PlaneWaveCalculator
| SemiEmpiricalCalculator | class:~.DeviceLCAOCalculator |
DeviceSemiEmpiricalCalculator) – The type of calculator.

• configuration (AtomicConfiguration) – The configuration.

• basis_set (BasisSet) – The basis set.

• wave_function_cutoff (PhysicalQuantity of type energy) – The wave function cutoff
to use.

Returns
The maximum default mesh cut-off for all the elements in the configuration.

Return type
PhysicalQuantity of type energy

calculateDefaultExactExchangeGridCutoff

calculateDefaultExactExchangeGridCutoff(calculator_type, configuration, basis_set=None,
wave_function_cutoff=None)

Find the best default exx_grid_cutoff based on a configuration and basis set.

Parameters

• configuration (AtomicConfiguration) – The configuration.

• basis_set (BasisSet) – The basis set.

• wave_function_cutoff (PhysicalQuantity of type energy) – The wave function cutoff
to use.

Returns
The maximum default mesh cut-off for all the elements in the configuration.

Return type
PhysicalQuantity of type energy
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calculateDefaultWavefunctionCutoff

calculateDefaultWavefunctionCutoff(configuration, basis_set=None)
Find the best default density mesh cutoff based on a configuration and basis set.

Parameters

• configuration (AtomicConfiguration) – The configuration.

• basis_set (BasisSet) – The basis set.

Returns
The maximum default mesh cut-off for all the elements in the configuration.

Return type
PhysicalQuantity of type energy

calculateDensityMatrix

calculateDensityMatrix(configuration, kpoint=None, spin=None)
Calculate the the Fourier component of the Density Matrix.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration to use
for the calculation.

• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component for which to perform
the calculation. Default: Spin.All

Returns
The density matrix.

Return type
numpy.array

Usage Examples

Evaluate the density matrix of a BulkConfiguration.

density_matrix = calculateDensityMatrix(bulk_configuration)
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Notes

• Extract the Fourier transformed density matrix of a BulkConfiguration.

𝐷(k)𝜇,𝜈 =
∑︁
𝑛

𝑓𝑛𝑐
†
𝜇(𝑛,k)𝑐𝜈(𝑛,k),

where 𝑓𝑛 are Fermi occupation factors and 𝑐𝜈(𝑛,k) are basis function coefficients for eigenstate 𝑛,k , i.e

𝐻(k)c(𝑛,k) = 𝐸𝑛𝑆(k)c(𝑛,k)

• The calculator assigned to the device must be density matrix-based for this function to perform successfully.

• Consider Spin for details on how to handle the spin parameter.

calculateDynamicalMatrixAndOverlap

calculateDynamicalMatrixAndOverlap(configuration, dynamical_matrix=None, kpoint=None)
Calculate the Dynamical (D) and the overlap (S) matrices.

Parameters

• device_configuration (AtomicConfiguration) – The configuration to use for the
calculation.

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix to use in the calcula-
tion.

• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

Returns
D as a PhysicalQuantity array in units of squared energy and S as a numpy.array.

Return type
tuple

Usage Examples

Evaluate on a DeviceConfiguration:

dynamical_matrix, overlap = calculateDynamicalMatrixAndOverlap(device_configuration)

Notes

• The calculator assigned to the device must be density matrix-based for this function to perform successfully.
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calculateEffectiveMassTensor

calculateEffectiveMassTensor(configuration, kpoint=None, spin=None, band_indices=None)

Calculates the effective mass tensor 𝑑2𝐸
𝑑𝑘𝑖𝑑𝑘𝑗

at the given kpoint, spin, and bands.

Parameters

• configuration (BulkConfiguration) – The configuration for which to calculate the
effective mass tensor.

• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component for which to perform
the calculation. Default: Spin.All

• band_indices (list of non-negative int) – Indices of the bands for which to cal-
culate the effective mass tensor. Default: None

Returns
List of effective mass tensors in units of the electron mass 𝑚𝑒 for each requested band.

Return type
list of PhysicalQuantity

Usage Examples

Evaluate the effective mass tensor for a bulk configuration:

effective_mass_tensor = calculateEffectiveMassTensor(
configuration=bulk_configuration,
kpoint=[0.5, 0.5, 0.0],
spin=Spin.Up,
band_indices=[14],
)

effective_mass_xy = effective_mass_tensor[0,1]

Notes

The effective mass tensor is calculated through the second order derivative of the energy band 𝜖𝑛k with respect to the
k vector,

𝑀𝛼𝛽 =
𝜕2𝜖𝑛k
𝜕𝑘𝛼𝜕𝑘𝛽

,

which is a 3x3 tensor. The effective mass tensor 𝛼, 𝛽 is then given by the inverse of M,

𝑚*
𝛼𝛽 = ~2𝑀−1

𝛼𝛽 .

The second order derivative of the energy band is obtained through an expansion of the Kohn-Sham equation in terms
of a momentum displacement 𝛿k. To second order of this expansion, one obtains

𝜕2𝜖𝑛k
𝜕𝑘𝛼𝜕𝑘𝛽

= ⟨𝜓𝑛k
⃒⃒⃒⃒
𝜕2𝐻k

𝜕𝑘𝛼𝜕𝑘𝛽
− 𝜖𝑛k

𝜕2𝑆k

𝜕𝑘𝛼𝑘𝛽
− 𝜕𝜖𝑛k
𝜕𝑘𝛼

𝜕𝑆k

𝜕𝑘𝛽
− 𝜕𝜖𝑛k

𝜕𝑘𝛽

𝜕𝑆k

𝜕𝑘𝛼

⃒⃒⃒⃒
𝜓𝑛k⟩ + 2

∑︁
�̸�=𝑛

⟨𝜓𝑛k
⃒⃒⃒
𝜕𝐻k

𝜕𝑘𝛼
− 𝜖𝑛k

𝜕𝑆k

𝜕𝑘𝛼

⃒⃒⃒
𝜓𝑚k⟩⟨𝜓𝑚k

⃒⃒⃒
𝜕𝐻k

𝜕𝑘𝛽
− 𝜖𝑛k

𝜕𝑆k

𝜕𝑘𝛽

⃒⃒⃒
𝜓𝑛k⟩

𝜖𝑛k − 𝜖𝑚k
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where 𝐻k and 𝑆k are the Fourier components of the Hamiltonian and overlap matrices, respectively.

Special care has is taken to deal with degenerate bands. The degenerate states are first rotated such that the perturbation
becomes diagonal in these states. The sum in above equation then extends only over those states |𝑚⟩ that do not belong
to the set of degenerate states.

calculateEigensolutions

calculateEigensolutions(configuration, kpoint=None, diagonalization_method=None)
Calculates eigenvalues and eigenvectors (in orbital space) for an LCAO or Semi-Empirical calculation.

Parameters

• configuration (BulkConfiguration | MoleculeConfiguration) – The configura-
tion with attached calculator for which the eigenstate should be calculated.

• kpoint (list(3) of floats) – The k-point in fractional coordinates that the Bloch
state should be calculated for. Default: [0.0, 0.0, 0.0]

• diagonalization_method – Method used for diagonalizing the hamiltonian.

This parameter allows to choose between a full diagonalization solver and an iterative
subspace solver. The full diagonalization solver evaluates all bands from the lowest energy
one to a given number of bands above fermi level. The iterative subspace solver allows to
evaluate a given number of bands around fermi level, or around an energy of choice.

The full diagonalization solver is more robust, but can be proibitively expensive for very
large systems.

The iterative solver can deal with very large systems (tens of thousands atoms and beyond)
and greatly outperforms when calculating a small number of eigenvalues, but it is also
inherently less robust.

Note: if FullDiagonalizationSolver all eigenvalues are calculated, regardless the
value of bands_above_fermi_level.

Default: FullDiagonalizationSolver

Type
FullDiagonalizationSolver | IterativeDiagonalizationSolver

Returns
The eigensolutions.

Return type
Eigensolutions
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calculateElectrodeHamiltonianAndOverlap

calculateElectrodeHamiltonianAndOverlap(configuration, kpoint=None, spin=None, contribution=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Left'>)

Calculate the Fourier transformed Hamiltonian (H) and the overlap (S) matrices of the electrode.

Parameters

• configuration (DeviceConfiguration | SurfaceConfiguration) – The configu-
ration to use for the calculation.

• kpoint (tuple of floats) – The kpoint to use for the evaluation as three floats repre-
senting fractional reciprocal space coordinates. Can only be specified for a bulk system.
Default: The Gamma point (0.0, 0.0, 0.0)

• spin (Spin) – The spin flag.

• contribution (Left | Right) – Which electrode (side) should be considered. Only
Left is allowed for a SurfaceConfiguration. Default: Left

Returns
H as a PhysicalQuantity in units of energy and S as a numpy.array.

Return type
tuple

calculateGreenFunctionComponent

calculateGreenFunctionComponent(device_configuration, energy=PhysicalQuantity(0.0, eV), kpoint=None,
spin=<class 'NL.ComputerScienceUtilities.NLFlag.Spin.All'>,
contribution=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Left'>,
eta=PhysicalQuantity(1e-06, Hartree), self_energy_calculator=None)

Calculate the Green Function component, 𝐺Γ𝐺†.

Parameters

• device_configuration (DeviceConfiguration | SurfaceConfiguration) – The
configuration to use for the calculation.

• energy (PhysicalQuantity of type energy.) – Absolute energy for the calculation Default:
0.0 * eV

• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

• spin (Spin.Up | Spin.Down | Spin.All) – The spin flag. Default: Spin.All

• contribution (Left | Right) – Which electrode (side) should be considered. Only the
Left contribution is allowed for a SurfaceConfiguration. Default: Left

• eta (PhysicalQuantity of type energy.) – Complex energy for electrode transform matri-
ces, imag part. Default: 1.0e-6 * Hartree

• self_energy_calculator (RecursionSelfEnergy | DirectSelfEnergy |
KrylovSelfEnergy | SparseRecursionSelfEnergy) – The self energy evalua-
tion strategy to use. Default: A default RecursionSelfEnergy instance.
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Returns
The Green Function Component as an array

Return type
PhysicalQuantity of type inverse energy

Usage Examples

Calculate the left Green’s function component of a DeviceConfiguration:

energy=1.0*eV
G_L = calculateGreenFunctionComponent(device_configuration, energy, contribution=Left)

Equivalent calculation from the basic H, S variables:

energy=1.0*eV
H,S = calculateHamiltonianAndOverlap(device_configuration)
S_L = calculateSelfEnergy(device_configuration, energy, contribution=Left)
S_L = S_L.inUnitsOf(Hartree)
S_R = calculateSelfEnergy(device_configuration, energy, contribution=Right)
S_R = S_R.inUnitsOf(Hartree)

# Setup E*S-H-S_L-S_R
lhs = energy.inUnitsOf(Hartree)*S-H.inUnitsOf(Hartree)
n=S_L.shape[0]
lhs[:n,:n] -= S_L
n=S_R.shape[0]
lhs[-n:,-n:] -= S_R
G = numpy.linalg.inv(lhs)

# Calculate Gamma_L
g_L = 1j*(S_L-numpy.conj(S_L.transpose()))

# Do the G gamma G^dagger
n = g_L.shape[0]
G_L = numpy.dot(numpy.dot(G[:,:n],g_L), numpy.conj(G.transpose())[:n,:])*Hartree

Notes

• Calculates the spectral density matrix components

𝐺𝐿,𝑅(𝐸,k) = 𝐺𝑅(𝐸,k)Γ𝐿,𝑅(𝐸,k)𝐺𝑅(𝐸,k)†,

where 𝐺𝑅 is the retarded Green function and Γ = 𝑖(Σ − Σ†) is the broadening function.

𝐺𝐿,𝑅 are closely related to 𝐺<.

• The calculator assigned to the device must be density matrix-based for this function to perform successfully.

• Consider Spin for details on how to handle the spin parameter.
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calculateHamiltonianAndOverlap

calculateHamiltonianAndOverlap(configuration, kpoint=None, spin=<class
'NL.ComputerScienceUtilities.NLFlag.Spin.All'>)

Calculate the Fourier transformed Hamiltonian (H) and the overlap (S) matrices.

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration to use
for the calculation.

• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component for which to perform
the calculation. Default: Spin.All

Returns
H as a PhysicalQuantity array and S as a numpy.array.

Return type
tuple

Usage Examples

Evaluate a simple molecular system:

hamiltonian, overlap = calculateHamiltonianAndOverlap(molecule_configuration)

Evaluate a bulk system in a non-Gamma kpoint:

hamiltonian, overlap = calculateHamiltonianAndOverlap(bulk_configuration, kpoint=(0.1, 0.
→˓0, 0.0))

Notes

• Calculates Fourier transformed Hamiltonian, 𝐻(k) and overlap matrix 𝑆(k). The real space Hamiltonian is
defined by 𝐻𝑖𝑗 = ⟨𝜑𝑖|�̂�1𝑒𝑙|𝜑𝑗⟩, and the overlap matrix 𝑆𝑖𝑗 = ⟨𝜑𝑖|𝜑𝑗⟩, where 𝜑𝑖 are the basis functions. The
Fourier transform is obtained by summing over all the cells in the periodic system

𝑀(k)𝜇𝜈 =
∑︁
R

𝑀(𝜇,0),(𝜈,R)𝑒
𝑖k·R,

where R is given relative to the central cell, R = 0.

• The calculator must be density matrix-based for this function to perform successfully.

• Consider Spin for details on how to handle the spin parameter.
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calculateLCAOBasisSpilling

calculateLCAOBasisSpilling(configuration, k_point_sampling=None, basis=None,
bands_above_fermi_level=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.All'>,
processes_per_kpoint=None)

Method for calculating the spilling factors per band (and spin) for a given configuration with an attached plane
wave calculator and a given LCAO basis.

param configuration
The configuration with an attached plane wave calculator.

type configuration
BulkConfiguration

param k_point_sampling
The k-point sampling to use in the sum over k. By default, the k-points of the ground
state configuration are used. The eigensystem is solved again, if different k-points
are requested. Default: The Monkhorst-Pack grid used for the self-consistent cal-
culation.

type k_point_sampling
sequence (size 3) of int | MonkhorstPackGrid | KpointDensity

param basis
The LCAO basis to project onto. It must contain basis functions for the elements in
the configuration. If it is set to None, the LCAO basis attached to the calculator of
the configuration is used. Default: None.

type basis
None | BasisSet

param bands_above_fermi_level
The number of bands above the Fermi level to include in the sum. By default all
unoccupied bands present in the ground state calculation are used. The eigensystem
is solved again, if more unoccupied bands are requested. Default: All

type bands_above_fermi_level
All | int

param processes_per_kpoint
The number of processes used for one k-point. Default: None.

type processes_per_kpoint
None | int | Automatic

returns
The spilling factors per band as a numpy array of floats. In the case of a spin-
polarized calculation, the shape is (2, N), otherwise its shape is (1, N).

rtype
numpy.ndarray
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Usage Examples

Calculate the average spilling factor for a Medium and High silicon basis set.

# Set up lattice
lattice = FaceCenteredCubic(5.4306 * Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates,
)

k_point_sampling = MonkhorstPackGrid(
na=7,
nb=7,
nc=7,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=k_point_sampling,
)

# PlaneWaveCalculator with a high wave function cutoff to get a complete plane wave␣
→˓basis.
calculator = PlaneWaveCalculator(

wave_function_cutoff=50*Hartree,
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)
bulk_configuration.update()

# For each band get the LCAO basis spilling factor for a Medium basis.
# Only include the occupied states.
spilling_per_band_medium = calculateLCAOBasisSpilling(

bulk_configuration,
basis=BasisGGAPseudoDojo.Medium,
bands_above_fermi_level=0,

)

# Total averaged spilling.
spilling_medium = spilling_per_band_medium.sum() / spilling_per_band_medium.size

# For each band get the LCAO basis spilling factor for a High basis.
(continues on next page)
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(continued from previous page)

# Only include the occupied states.
spilling_per_band_high = calculateLCAOBasisSpilling(

bulk_configuration,
basis=BasisGGAPseudoDojo.High,
bands_above_fermi_level=0,

)

# Total averaged spilling.
spilling_high = spilling_per_band_high.sum() / spilling_per_band_high.size

print('Spilling per band, Medium (%) : ', spilling_per_band_medium * 100)
print('Spilling per band, High (%) : ', spilling_per_band_high * 100)
print('')
# Print the average spilling factors
print('Average spilling, Medium (%) : ', spilling_medium * 100)
print('Average spilling, High (%) : ', spilling_high * 100)

lcao_basis_spilling.py

The final output of the script is:

Spilling per band, Medium (%) : [[ 0.07159806 0.04691684 0.04034596 0.04223707]]
Spilling per band, High (%) : [[ 0.03255014 0.01255693 0.02256928 0.0250443 ]]

Average spilling, Medium (%) : 0.0502744832443
Average spilling, High (%) : 0.0231801630042

showing that the Medium basis set has a spilling factor of 0.050 % while the High basis has a smaller spilling of 0.023
%. The printed spillings per band show that the lowest band (first index) has the largest spilling factor for both the
Medium and High basis sets.

Notes

Following1, we define the spilling factor for band 𝑖 as

𝑆𝑖 =
1

𝑁𝑘

𝑁𝑘∑︁
𝑘

𝑤𝑘⟨𝜓𝑖(𝑘)|1 − 𝑃 (𝑘)|𝜓𝑖(𝑘)⟩,

where 𝑤𝑘 is the weight of k-point 𝑘 and the projection operator 𝑃 is defined as

𝑃 (𝑘) =
∑︁
𝜇𝜈

|𝜑𝜇(𝑘)⟩(𝑂(𝑘)−1)𝜇𝜈⟨𝜑𝜈(𝑘)|

with |𝜑𝜇(𝑘)⟩ being the Fourier transform of the basis orbital 𝜇 and 𝑂 being the basis orbital overlap matrix defined as

𝑂𝜇𝜈(𝑘) = ⟨𝜑𝜇(𝑘)|𝜑𝜈(𝑘)⟩.
1 D. Sanchez-Portal, E. Artacho, and J. M. Soler. Projection of plane-wave calculations into atomic orbitals. Solid State Communica-

tions, 95(10):685 – 690, 1995. URL: http://www.sciencedirect.com/science/article/pii/003810989500341X, doi:https://doi.org/10.1016/0038-
1098(95)00341-X.
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The total spilling factor is given by the average over the considered bands, i.e.

𝑆 =
1

𝑁𝑏

𝑁𝑏∑︁
𝑖

𝑆𝑖.

The function calculateLCAOBasisSpilling can be used to calculate the completeness of a a particular basis set.
The smaller the spilling factor, the more complete is the basis set.

It also allows for a per band analysis since calculateLCAOBasisSpilling returns the spilling factor for each band.
The number of unoccupied bands included in the calculation can be set in the function call as:

spilling_per_band_high = calculateLCAOBasisSpilling(
configuration,
basis=BasisGGAPseudoDojo.Medium,
bands_above_fermi_level=5,

)

where five unoccupied bands above the Fermi level would be included.

calculateLinearResponseSpinTransferTorkance

calculateLinearResponseSpinTransferTorkance(configuration, energy=None, kpoints=None,
self_energy_calculator=None,
energy_zero_parameter=None, infinitesimal=None)

Calculate the atom-resolved spin transfer torkance in the linear response approximation.

Parameters

• configuration (DeviceConfiguration) – The configuration to calculate the spin
torque transfer torkance. The configuration must have a calculator with non-collinear
spin.

• energy (PhysicalQuantity of type energy) – The energy for which the spin transfer torque
should be calculated. Default: 0.0 * eV

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The k-
points for which the spin transfer torque should be calculated. Default: The Monkhorst-
Pack grid used for the self-consistent calculation.

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy |
SparseRecursionSelfEnergy | KrylovSelfEnergy) – The self energy calcula-
tor to use. Default: RecursionSelfEnergy(storage_strategy=NoStorage())

• energy_zero_parameter (AverageFermiLevel | AbsoluteEnergy) – Specifies the
choice for the energy zero. Default: AverageFermiLevel

• infinitesimal (PhysicalQuantity of type energy) – Small energy, used to move the spin
transfer torque calculation away from the real axis. This is only relevant for recursion-style
self-energy calculators. Default: 1.0e-6 * eV

Returns
A tuple with the total torkance, the torkance per k-point, the k-points and weights used for the
integration.
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Return type
A tuple (torkance, torkance_per_kpoint, kpoints, weights) where torkance is
a (3, natoms)numpy.array, torkance_per_kpoint is a (3, natoms, nk) numpy.array.

Usage Examples

A usage example is shown together with a finite bias calculation in calculateNonSelfConsistentFiniteBiasSpinTransfer-
Torque documentation.

Notes

The linear response spin transfer torkance is evaluated as1:

𝜏𝑎 =
∑︁
𝛼∈𝑎

∑︁
𝛽

ℜ[
𝜕𝜌𝐶𝐷,𝛼𝛽
𝜕𝑉𝑏

𝜎 ×B𝑋𝐶,𝛼𝛽 ]

where 𝜌𝐶𝐷 = 𝜌𝑛𝑒𝑞 − 𝜌𝑒𝑞 is the current driven density matrix2. Assuming a left-right symmetric junction resulting in
a small bias drop ±𝑉𝑏/2, and slowly varying spectral density around the Fermi energy 𝐸𝐹 , we use:

𝜕𝜌𝐶𝐷,𝛼𝛽
𝜕𝑉𝑏

=
1

4𝜋
G0(𝐸𝐹 )[Γ𝑅(𝐸𝐹 ) − Γ𝐿(𝐸𝐹 )]G†

0(𝐸𝐹 )

This is similar, but not identical, to the implementation in the analysis object SpinTransferTorque. Moreover this method
returns the atom-resolved torkance, while SpinTransferTorque evaluates the torkance in real space.

calculateNonSelfConsistentFiniteBiasSpinTransferTorque

calculateNonSelfConsistentFiniteBiasSpinTransferTorque(configuration, biases,
potential_drop_region=None,
potential_profile=None, kpoints=None)

Calculate the atom-resolved spin transfer torque at finite bias, within a non-selfconsistent approximation for the
non equilibrium potential.

The non-equilibrium potential is modelled as a ramp as specified in the parameter potential_drop_region, or as
a user-defined piecewise function as defined in potential_profile.

Parameters

• configuration (DeviceConfiguration.) – The configuration to calculate the spin
torque transfer torkance. The configuration must have a calculator with non-collinear
spin.

• biases – A list of the bias voltages for which the torque should be calculated. Default:
[0.1] * Volt

1 Ivan Rungger, Andrea Droghetti, and Maria Stamenova. Non-equilibrium Green’s Function Methods for Spin Transport and Dynamics, pages
1–27. Springer International Publishing, Cham, 2018. URL: https://doi.org/10.1007/978-3-319-42913-7_75-1, doi:10.1007/978-3-319-42913-
7_75-1.

2 Branislav K. Nikolić, Kapildeb Dolui, Marko D. Petrović, Petr Plecháč, Troels Markussen, and Kurt Stokbro. First-Principles Quantum Trans-
port Modeling of Spin-Transfer and Spin-Orbit Torques in Magnetic Multilayers, pages 1–35. Springer International Publishing, Cham, 2018. URL:
https://doi.org/10.1007/978-3-319-50257-1_112-1, doi:10.1007/978-3-319-50257-1_112-1.
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• potential_drop_region (A list of integers or a list of PhysicalQuantity of type posi-
tion.) – Defines the potential model as a linear ramp, where the potential drop occurs in a
spatial region specified by the input parameters. The parameters can be either the first and
last atom where the potential drop occurs, or the initial and final coordinates along the C
axis for the potential ramp. In an Magnetic Tunneling Junction geometry, the indices or
the z coordinates of the metal atoms at the interface with the insulating barrier should be
used. This argument is mutually exclusive to potential_profile.

• potential_profile (List of (PhysicalQuantity of type length, float)) – Defines the po-
tential model as a piecewise linear function, defined as a list of (coordinate, value) pairs,
where the values define the potential drop in an interval (+𝑉𝑏/2, 𝑉𝑏/2) with 𝑉𝑏 the applied
bias.

For example, a list [(0*Ang, 1), (5*Ang, 1), (10*Ang, 0.), (15*Ang, 0.), (20*Ang, -1.),
(25*Ang, -1.)] represents a potential ramp from 𝑉𝑏/2 to −𝑉𝑏/2 between coordinates 5
and 20 Angstrom, with a flat 0 potential region in the middle. It is required that the leftmost
and rightmost values are 1 and -1 respectively.

This parameter is mutually exclusive to potential_drop_region and can be used to define
more complex potential drop profiles than a single ramp, e.g. in presence multiple tun-
neling barriers.

• kpoints (sequence (size 3) of int | MonkhorstPackGrid | KpointDensity) – The k-
points for which the spin transfer torque should be calculated. Default: The Monkhorst-
Pack grid used for the self-consistent calculation.

Returns
A tuple with the total torque per bias point, the torque per k-point and bias point, the k-points
and weights used for the integration.

Return type
A tuple (torque, torque_per_kpoint, kpoints, weights) where torque and
torque_per_kpoint are a list of PhysicalQuantity of type energy of size (3, natoms) and
(3, natoms, nk) per each bias point.

Usage Examples

In this example we will calculate the spin transfer torque (STT) in a a Fe-MgO-Fe magnetic tunneling junction (MTJ)
for an angle of 90 degree between the magnetization in the fixed (left) and free (right) magnetic regions.

As starting point, we define the configuration and calculate the solution for a parallel spin configuration.

# -*- coding: utf-8 -*-
# -------------------------------------------------------------
# Two-probe Configuration
# -------------------------------------------------------------
# -------------------------------------------------------------
# Left Electrode
# -------------------------------------------------------------

# Set up lattice
vector_a = [2.866, 0.0, 0.0]*Angstrom
vector_b = [0.0, 2.866, 0.0]*Angstrom
vector_c = [0.0, 0.0, 2.866]*Angstrom
left_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)

(continues on next page)
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(continued from previous page)

# Define elements
left_electrode_elements = [Iron, Iron]

# Define coordinates
left_electrode_coordinates = [[ 0.7165, 0.7165, 0.7165],

[ 2.1495, 2.1495, 2.1495]]*Angstrom

# Set up configuration
left_electrode = BulkConfiguration(

bravais_lattice=left_electrode_lattice,
elements=left_electrode_elements,
cartesian_coordinates=left_electrode_coordinates
)

# -------------------------------------------------------------
# Right Electrode
# -------------------------------------------------------------

# Set up lattice
vector_a = [2.866, 0.0, 0.0]*Angstrom
vector_b = [0.0, 2.866, 0.0]*Angstrom
vector_c = [0.0, 0.0, 2.866]*Angstrom
right_electrode_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
right_electrode_elements = [Iron, Iron]

# Define coordinates
right_electrode_coordinates = [[ 2.1495, 2.1495, 0.7165],

[ 0.7165, 0.7165, 2.1495]]*Angstrom

# Set up configuration
right_electrode = BulkConfiguration(

bravais_lattice=right_electrode_lattice,
elements=right_electrode_elements,
cartesian_coordinates=right_electrode_coordinates
)

# -------------------------------------------------------------
# Central Region
# -------------------------------------------------------------

# Set up lattice
vector_a = [2.866, 0.0, 0.0]*Angstrom
vector_b = [0.0, 2.866, 0.0]*Angstrom
vector_c = [0.0, 0.0, 39.06710000000001]*Angstrom
central_region_lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
central_region_elements = [Iron, Iron, Iron, Iron, Iron, Iron, Iron, Iron, Magnesium,␣
→˓Oxygen,

Oxygen, Magnesium, Magnesium, Oxygen, Oxygen, Magnesium,␣

(continues on next page)
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→˓Magnesium,
Oxygen, Oxygen, Magnesium, Magnesium, Oxygen, Iron, Iron,␣

→˓Iron,
Iron, Iron, Iron, Iron, Iron]

# Define coordinates
central_region_coordinates = [[ 0.7165 , 0.7165 , 0.7165 ],

[ 2.1495 , 2.1495 , 2.1495 ],
[ 0.7165 , 0.7165 , 3.5825 ],
[ 2.1495 , 2.1495 , 5.0155 ],
[ 0.7165 , 0.7165 , 6.4485 ],
[ 2.1495 , 2.1495 , 7.8815 ],
[ 0.7165 , 0.7165 , 9.3145 ],
[ 2.1495 , 2.1495 , 10.7475 ],
[ 0.7165 , 0.7165 , 12.9475 ],
[ 2.1495 , 2.1495 , 12.9475 ],
[ 0.7165 , 0.7165 , 15.14285],
[ 2.1495 , 2.1495 , 15.14285],
[ 0.7165 , 0.7165 , 17.3382 ],
[ 2.1495 , 2.1495 , 17.3382 ],
[ 0.7165 , 0.7165 , 19.53355],
[ 2.1495 , 2.1495 , 19.53355],
[ 0.7165 , 0.7165 , 21.7289 ],
[ 2.1495 , 2.1495 , 21.7289 ],
[ 0.7165 , 0.7165 , 23.92425],
[ 2.1495 , 2.1495 , 23.92425],
[ 0.7165 , 0.7165 , 26.1196 ],
[ 2.1495 , 2.1495 , 26.1196 ],
[ 2.1495 , 2.1495 , 28.3196 ],
[ 0.7165 , 0.7165 , 29.7526 ],
[ 2.1495 , 2.1495 , 31.1856 ],
[ 0.7165 , 0.7165 , 32.6186 ],
[ 2.1495 , 2.1495 , 34.0516 ],
[ 0.7165 , 0.7165 , 35.4846 ],
[ 2.1495 , 2.1495 , 36.9176 ],
[ 0.7165 , 0.7165 , 38.3506 ]]*Angstrom

# Set up configuration
central_region = BulkConfiguration(

bravais_lattice=central_region_lattice,
elements=central_region_elements,
cartesian_coordinates=central_region_coordinates
)

device_configuration = DeviceConfiguration(
central_region,
[left_electrode, right_electrode],
equivalent_electrode_lengths=[5.732, 5.732]*Angstrom,
transverse_electrode_repetitions=[[1, 1], [1, 1]],
)

# -------------------------------------------------------------

(continues on next page)
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# Calculator
# -------------------------------------------------------------
#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

LDABasis.Oxygen_SingleZeta,
LDABasis.Iron_SingleZetaPolarized,
LDABasis.Magnesium_SingleZetaPolarized,
]

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = LSDA.PZ

#----------------------------------------
# Numerical Accuracy Settings
#----------------------------------------
device_k_point_sampling = MonkhorstPackGrid(

na=21,
nb=21,
nc=300,)

device_numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=device_k_point_sampling,
)

#----------------------------------------
# Contour Integral Settings
#----------------------------------------
equilibrium_contour = SemiCircleContour(

integral_lower_bound=2.55775293896*Hartree,
)

contour_parameters = ContourParameters(
equilibrium_contour=equilibrium_contour,
)

device_algorithm_parameters = DeviceAlgorithmParameters(
initial_density_type=EquivalentBulk(electrode_constraint_length=3.*Ang)
)

#----------------------------------------
# Device Calculator
#----------------------------------------
calculator = DeviceLCAOCalculator(

basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=device_numerical_accuracy_parameters,
contour_parameters=contour_parameters,
device_algorithm_parameters=device_algorithm_parameters,
)

(continues on next page)
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device_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Initial State
# -------------------------------------------------------------
scaled_spins = [1] * 8 + [0] * 14 + [1] * 8
initial_spin = InitialSpin(scaled_spins=scaled_spins)

device_configuration.setCalculator(
calculator,
initial_spin=initial_spin,

)
device_configuration.update()
filename = 'polarized-0.hdf5'
nlsave(filename, device_configuration)

0-polarized.py

In order to calculate the STT, we need to rotate the spin in the free layer to obtain the desired magnetization direction.
We apply a spin rotation to the previously calculated solution for the parallel configuration. Since we are only changing
the magnetization direction, we can perform a non-selfconsistent update.

Note: For numerical reasons, the torque components are best determined in the layer with spin orientation along z,
therefore it is suggested to rotate the spin in the fixed layer as in this example.

With this configuration we calculate the finite bias STT in a bias interval from -1 to 1 Volt, and for sake of comparison
we also calculate the atom-resolved torkance. These steps are performed in the script below.

# Apply a spin rotation on top of the Polarized collinear solution and
# update non-selfconsistently.
device_configuration = nlread('polarized-0.hdf5', DeviceConfiguration)[-1]
calculator = device_configuration.calculator()
exchange_correlation = NCLDA.PZ
calculator = calculator(

exchange_correlation=exchange_correlation,
iteration_control_parameters=NonSelfconsistent
)

# -------------------------------------------------------------
# Initial State
# -------------------------------------------------------------
# Define the spin rotation in polar coordinates
theta = 90
left_spins = [(i, 1, theta * Degrees, 0 * Degrees) for i in range(8)]
center_spins = [(i, 0, 0 * Degrees, 0 * Degrees) for i in range(8, 22)]
right_spins = [(i, 1, 0 * Degrees, 0 * Degrees) for i in range(22, 30)]
spin_list = left_spins + center_spins + right_spins
initial_spin = InitialSpin(scaled_spins=spin_list)
device_configuration.setCalculator(

(continues on next page)
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calculator,
initial_spin=initial_spin,
initial_state=device_configuration

)

# Update and save.
device_configuration.update()
filename = 'theta-{}.hdf5'.format(theta)
nlsave(filename, device_configuration)

# Calculate and save the atom-resolved torkance.
torkance, torkance_per_kpoint, kpoints, weights =␣
→˓calculateLinearResponseSpinTransferTorkance(

device_configuration)
nlsave('stt-90.hdf5', torkance, object_id='torkance')

# Calculate and save the finite bias torque in a bias range of interest.
biases = numpy.linspace(-1.0, 1.0, 21) * Volt
torque, torque_per_kpoint, kpoints, weights =␣
→˓calculateNonSelfConsistentFiniteBiasSpinTransferTorque(

configuration=device_configuration,
biases=biases,
potential_drop_region=(7, 22))

nlsave('stt-90.hdf5', torque, object_id='torque')
nlsave('stt-90.hdf5', biases, object_id='biases')

finite_bias_stt.py

With the script below we can visualize the total torque integrated in the free layer and compare the atom-resolved torque
with the linear response torkance, evaluated using calculateLinearResponseSpinTransferTorkance.

from matplotlib import pyplot as plt

# Unit conversion from eV to uJ/m^2
surface = 2.866 * 2.866 * 1e-20 # in m * m
conversion = (1 * eV).inUnitsOf(Joule) * 1e6 / surface

filename = 'stt-90.hdf5'
initial_free_layer_site = 22

# Retrieve the saved quantities
torkance_linear_response = nlread(filename, object_id='torkance')[0]
torque = nlread(filename, object_id='torque')[0]
biases = nlread(filename, object_id='biases')[0]

# Plot the torque obtained from the linear repsonse torkance.
total_torkance = numpy.sum(torkance_linear_response[:, initial_free_layer_site:], axis=1)
torque_from_torkance_x = [- total_torkance[0] * bias * conversion for bias in biases.
→˓inUnitsOf(Volt)]
plt.plot(biases, torque_from_torkance_x, '--', label='In-plane torque (linear response)')

total_torque_x = [numpy.sum(x[0, initial_free_layer_site:]) * conversion for x in torque.
(continues on next page)
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→˓inUnitsOf(eV)]
plt.plot(biases, total_torque_x, 'o-', linewidth=2, label='In-plane torque (finite bias)
→˓')

total_torque_y = [numpy.sum(x[1, initial_free_layer_site:]) * conversion for x in torque.
→˓inUnitsOf(eV)]
plt.plot(biases, total_torque_y, 'o-', linewidth=2, label='Out-of-plane torque (finite␣
→˓bias)')

plt.xlabel('Voltage [V]')
plt.ylabel('Torque [uJ/m^2]')
plt.title(r'$\theta = \pi/2$')
plt.legend()
plt.grid()
plt.show()

# Plot the torque per atomic site.
single_bias_point = - 0.6
idx = 4

plt.plot(- single_bias_point * torkance_linear_response[0, :] * conversion, 'o--', label=
→˓'In-plane torque (linear response)')
plt.plot(torque.inUnitsOf(eV)[idx][0, :] * conversion, '*-', label='In-plane torque␣
→˓(finite bias)')

plt.title('Torque at {} V'.format(single_bias_point))
plt.ylabel('Torque [uJ/m^2]')
plt.xlabel('Atom no.')
plt.legend()
plt.grid()
plt.show()

plot.py

Results are shown in the figures below.

The non-linear behavior of the in-plane component for large bias and the quadratic behavior of the out-of-plane com-
ponent are consistent with literature results1,2.

This example runs in about 240 core-hours on a modern HPC cluster, with quite loose numerical parameters. Wallclock
time can be dramatically reduced by massive parallelization, since this kind of calculation scales well.

Note: Results are very sensitive to numerical parameters such as k-point sampling or real axis contour accuracy.
Convergence with respect to those parameters should be carefully checked.

Note that the non-equilibrium contour parameters used to evaluate the density matrix (see ContourParameters) are
taken from the calculator attached to the input configuration.

1 Xingtao Jia, Ke Xia, Youqi Ke, and Hong Guo. Nonlinear bias dependence of spin-transfer torque from atomic first principles. Phys. Rev. B,
84:014401, Jul 2011. URL: https://link.aps.org/doi/10.1103/PhysRevB.84.014401, doi:10.1103/PhysRevB.84.014401.

2 Ivan Rungger, Andrea Droghetti, and Maria Stamenova. Non-equilibrium Green’s Function Methods for Spin Transport and Dynamics, pages
1–27. Springer International Publishing, Cham, 2018. URL: https://doi.org/10.1007/978-3-319-42913-7_75-1, doi:10.1007/978-3-319-42913-
7_75-1.

2266 Chapter 4. QuantumATK Reference Manual

https://link.aps.org/doi/10.1103/PhysRevB.84.014401
https://doi.org/10.1103/PhysRevB.84.014401
https://doi.org/10.1007/978-3-319-42913-7_75-1
https://doi.org/10.1007/978-3-319-42913-7_75-1
https://doi.org/10.1007/978-3-319-42913-7_75-1


QuantumATK V-2023.12 Documentation

Fig. 4.37: Total Spin Transfer Torque integrated in the right metallic layer.

Fig. 4.38: Atom-resolved Spin Transfer Torque at -0.6 Volt evaluated with the finite bias and with the linear response
methods.
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Notes

The spin transfer torque is evaluated in a non-selfconsistent finite bias approximation. The potential drop across the
barrier is represented as a ramp across the tunneling barrierPage 2266, 2, avoiding time consuming and often hard to
converge non-collinear calculations at finite bias. To best approximate the finite-bias potential, the potential ramp must
be defined in between the metal atoms at the interface (included).

The atom-resolved torque on an atom 𝑎 is then calculated as3 :

T𝐶𝐷,𝑎 =
∑︁
𝛼∈𝑎

∑︁
𝛽

ℜ[𝜌𝐶𝐷,𝛼𝛽𝜎 ×B𝑋𝐶,𝛼𝛽 ]

where 𝜌𝐶𝐷 = 𝜌𝑛𝑒𝑞 − 𝜌𝑒𝑞 is the current driven density matrix, given by the difference between the density matrix at
finite bias and at equilibrium.

calculatePhononGreenFunctionComponent

calculatePhononGreenFunctionComponent(device_configuration, dynamical_matrix=None,
energy=PhysicalQuantity(0.0, eV), kpoint=None,
contribution=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Left'>,
eta=PhysicalQuantity(1e-06, Hartree),
self_energy_calculator=None)

Calculate the Phonon Green’s Function Component, 𝐺Γ𝐺†.

Parameters

• device_configuration (DeviceConfiguration) – The configuration to use for the
calculation.

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix to use in the calcula-
tion.

• energy (PhysicalQuantity of type energy.) – Absolute energy for the calculation Default:
0.0 * eV

• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

• contribution (Left | Right) – Which electrode to consider for the evaluation. Default:
Left

• eta (PhysicalQuantity of type energy.) – Complex energy for electrode transform matri-
ces, imaginary part. Default: 1.0e-6 * Hartree

• self_energy_calculator (RecursionSelfEnergy | DirectSelfEnergy |
KrylovSelfEnergy | SparseRecursionSelfEnergy) – The self energy evalua-
tion strategy to use. Default: A default RecursionSelfEnergy instance.

Returns
Phonon Green’s Function Component as an array

Return type
PhysicalQuantity of type energy squared

3 Branislav K. Nikolić, Kapildeb Dolui, Marko D. Petrović, Petr Plecháč, Troels Markussen, and Kurt Stokbro. First-Principles Quantum Trans-
port Modeling of Spin-Transfer and Spin-Orbit Torques in Magnetic Multilayers, pages 1–35. Springer International Publishing, Cham, 2018. URL:
https://doi.org/10.1007/978-3-319-50257-1_112-1, doi:10.1007/978-3-319-50257-1_112-1.
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Usage Examples

Evaluate on a DeviceConfiguration:

phonon_green_function_component = calculatePhononGreenFunctionComponent(device_
→˓configuration)

Notes

• The calculator assigned to the device must be density matrix-based for this function to perform successfully.

calculatePhononRetardedGreenFunction

calculatePhononRetardedGreenFunction(device_configuration, dynamical_matrix=None,
energy=PhysicalQuantity(0.0, eV), kpoint=None,
eta=PhysicalQuantity(1e-06, Hartree),
self_energy_calculator=None)

Calculate the Phonon Retarded Green’s Function.

Parameters

• device_configuration (DeviceConfiguration) – The configuration to use for the
calculation.

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix to use in the calcula-
tion.

• energy (PhysicalQuantity of type energy) – Absolute energy for the calculation Default:
0.0 * eV

• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

• eta (PhysicalQuantity of type energy) – Complex energy for electrode transform matri-
ces, imaginary part. Default: 1.0e-6 * Hartree

• self_energy_calculator (RecursionSelfEnergy | DirectSelfEnergy |
KrylovSelfEnergy | SparseRecursionSelfEnergy) – The self energy evalua-
tion strategy to use. Default: A default RecursionSelfEnergy instance.

Returns
The Phonons Green’s Function as an array

Return type
PhysicalQuantity of type energy squared
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Usage Examples

Evaluate on a DeviceConfiguration:

phonon_green_function = calculatePhononRetardedGreenFunction(device_configuration)

Notes

• The calculator assigned to the device must be density matrix-based for this function to perform successfully.

calculatePhononSelfEnergy

calculatePhononSelfEnergy(device_configuration, dynamical_matrix=None, energy=PhysicalQuantity(0.0,
eV), kpoint=None, contribution=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Left'>,
eta=PhysicalQuantity(1e-06, Hartree), self_energy_calculator=None)

Calculate the Phonon Self Energy.

Parameters

• device_configuration (DeviceConfiguration) – The configuration to use for the
calculation.

• dynamical_matrix (DynamicalMatrix) – The dynamical matrix to use in the calcula-
tion.

• energy (PhysicalQuantity of type energy) – Absolute energy for the calculation Default:
0.0 * eV

• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

• contribution (Left | Right) – Which electrode to consider for the evaluation. Default:
Left

• eta (PhysicalQuantity of type energy) – Complex energy for electrode transform matri-
ces, imaginary part. Default: 1.0e-6 * Hartree

• self_energy_calculator (RecursionSelfEnergy | DirectSelfEnergy |
KrylovSelfEnergy | SparseRecursionSelfEnergy) – The self energy evalua-
tion strategy to use. Default: A default RecursionSelfEnergy instance.

Returns
The Phonon Self Energy as an array

Return type
PhysicalQuantity of type energy squared
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Usage Examples

Evaluate on a DeviceConfiguration:

phonon_self_energy = calculatePhononSelfEnergy(device_configuration)

Notes

• The calculator assigned to the device must be density matrix-based for this function to perform successfully.

calculateRetardedGreenFunction

calculateRetardedGreenFunction(device_configuration, energy=PhysicalQuantity(0.0, eV), kpoint=None,
spin=None, eta=PhysicalQuantity(1e-06, Hartree),
self_energy_calculator=None)

Calculate the Retarded Green’s Function.

Parameters

• device_configuration (DeviceConfiguration | SurfaceConfiguration) – The
configuration to use for the calculation.

• energy (PhysicalQuantity of type energy) – Absolute energy for the calculation Default:
0.0 * eV

• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component for which to perform
the calculation. Default: Spin.All

• eta (PhysicalQuantity of type energy) – Complex energy for electrode transform matri-
ces, imaginary part. Default: 1.0e-6 * Hartree

• self_energy_calculator (RecursionSelfEnergy | DirectSelfEnergy |
KrylovSelfEnergy | SparseRecursionSelfEnergy) – The self energy evalua-
tion strategy to use. Default: A default RecursionSelfEnergy instance.

Returns
The Green’s Function as an array

Return type
PhysicalQuantity in units of inverse energy
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Usage Examples

Calculate the retarded Green’s function for a DeviceConfiguration:

energy=1.0*eV
green_function = calculateRetardedGreenFunction(device_configuration, energy)

Equivalent calculation using basic variables, 𝐻 , 𝑆

energy=1.0*eV
H,S = calculateHamiltonianAndOverlap(device_configuration)
S_L = calculateSelfEnergy(device_configuration, energy, contribution=Left)
S_L = S_L.inUnitsOf(Hartree)
S_R = calculateSelfEnergy(device_configuration, energy, contribution=Right)
S_R = S_R.inUnitsOf(Hartree)

# Setup E*S-H-S_L-S_R
lhs = energy.inUnitsOf(Hartree)*S-H.inUnitsOf(Hartree)
n = S_L.shape[0]
lhs[:n,:n] -= S_L
n = S_R.shape[0]
lhs[-n:,-n:] -= S_R

# Do the inverse
green_function = numpy.linalg.inv(lhs)*Hartree

Notes

• Calculates the Fourier transformed retarded Green’s function of a device. The retarded Green’s function is given
by

𝐺𝑟(𝐸,k) = [(𝐸𝑆(k) −𝐻(k) − Σ𝐿(𝐸 + 𝑖𝜂,k) − Σ𝑅(𝐸 + 𝑖𝜂,k)]−1,

where 𝑆 is the overlap matrix, 𝐻 Hamiltonian, and Σ𝐿,Σ𝑅 are the left and right self energies.

• The calculator assigned to the device must be density matrix-based for this function to perform successfully.

• Consider Spin for details on how to handle the spin parameter.

calculateSelfEnergy

calculateSelfEnergy(device_configuration, energy=PhysicalQuantity(0.0, eV), kpoint=None, spin=None,
contribution=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.Left'>,
eta=PhysicalQuantity(1e-06, Hartree), self_energy_calculator=None)

Calculate the self energy as a numpy array.

Parameters

• device_configuration (DeviceConfiguration | SurfaceConfiguration) – The
configuration to use for the calculation.

• energy (PhysicalQuantity of type energy) – Absolute energy for self energy calculation.
Default: 0.0 * eV
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• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component for which to perform
the calculation. Default: Spin.All

• contribution (Left | Right) – Which electrode (side) should be considered. Only the
Left contribution is allowed for a SurfaceConfiguration. Default: Left

• eta (PhysicalQuantity of type energy) – Complex energy for electrode transform matri-
ces, imaginary part. Default: 1.0e-6 * Hartree

• self_energy_calculator (RecursionSelfEnergy | DirectSelfEnergy |
KrylovSelfEnergy | SparseRecursionSelfEnergy) – The self energy evalua-
tion strategy to use. Default: A default RecursionSelfEnergy instance.

Returns
The self energy as an array.

Return type
PhysicalQuantity of type energy

Usage Examples

Evaluate the self energy of a DeviceConfiguration:

self_energy = calculateSelfEnergy(device_configuration)

Notes

• Evaluate the Fourier transformed self energy of an electrode in a DeviceConfiguration.

• The calculator assigned to the device must be density matrix-based for this function to perform successfully.

• Consider Spin for details on how to handle the spin parameter.

calculateTB09C

calculateTB09C(configuration)
Calculate the c-parameter used in a calculation with a TB09 meta-GGA functional.

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration) – The configuration with attached calculator using the TB09
meta-GGA functional for which the c-parameter should be calculated.

Returns
The c-parameter.

Return type
float
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calculateVelocity

calculateVelocity(configuration, kpoint=None, spin=None, band_indices=None)
Calculates the Bloch-state velocity 1

~
𝑑𝐸
𝑑𝑘 using first order perturbation theory.

Parameters

• configuration (BulkConfiguration) – The configuration for which to calculate the
velocity.

• kpoint (tuple of floats) – The kpoint as three floats representing fractional recip-
rocal space coordinates. Default: The Gamma point (0.0, 0.0, 0.0)

• spin (Spin.Up | Spin.Down | Spin.All) – The spin component for which to perform
the calculation. Default: Spin.All

• band_indices (list of non-negative int) – Indices of the bands for which to cal-
culate the velocity. Default: All bands (range(number_of_bands))

Returns
The velocities for each band.

Return type
numpy.array

Usage Examples

Evaluate the valence band velocity for graphene at the Dirac point:

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=Hexagonal(2.4612*Angstrom, 6.709*Angstrom),
elements=[Carbon, Carbon],
fractional_coordinates=[[ 0.333333333333, 0.166666666667, 0.5 ],

[ 0.666666666667, 0.833333333333, 0.5 ]],
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
calculator = LCAOCalculator()

bulk_configuration.setCalculator(calculator)
nlprint(bulk_configuration)
bulk_configuration.update()

# Fractional k-point, slighly displaced away from the Dirac point.
k = [1./3+0.001, 1./3+0.001, 0 ]

# Calculate the velocity of the band with band-index 3 (valence band)
velocity = calculateVelocity(bulk_configuration, kpoint=k, spin=Spin.Up, band_

(continues on next page)
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(continued from previous page)

→˓indices=[3])
# Take the velocity component along the X cartesian direction.
velocity = velocity[0][0][0]

# Print the result.
print('Fermi velocity of graphene:')
print('v = %.2e m/s' %abs(velocity.inUnitsOf(Meter/Second)))

graphene_velocity.py

Running the script you will get a Fermi velocity of 𝑣𝐹 = 8.4 · 105 m/s, which is close to literature values, genereally
reported to be ≈ 106 m/s.

Notes

• The band velocity, usually defined as 𝑣𝑛(k) = ∇k𝐸𝑛(k) is evaluated using first-order perturbation theory. The
velocity in Cartesian direction 𝛼 of band 𝑛 at wavevector k is:

𝑣𝛼𝑛(k) = ⟨𝜓𝑛(k)|𝜕𝑘𝛼𝐻(k) − 𝜖𝑛(k)𝜕𝑘𝛼𝑆(k)|𝜓𝑛(k)⟩,

where |𝜓𝑛(k⟩ is the Bloch eigenstate in band 𝑛 with energy 𝜖𝑛(k). 𝜕𝑘𝛼𝐻(k) and 𝜕𝑘𝛼𝑆(k) are the derivative of
the Fourier transformed Hamiltonian and overlap matrices with respect to Cartesian component 𝑘𝛼.

center

center(configuration, indices=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.All'>, axes=None)
Return a copy of configuration where atoms at some indices have been centered along some axes.

Parameters

• configuration (AtomicConfiguration) – The configuration to work on.

• indices (None | list of ints) – List of indices to center. Supplying no indices
means that all indices are centered.

• axes (tuple of bools) – The axes to center along. For molecules this refer to the (x,
y, z) directions. For periodic structures it refer to the three lattice directions (A, B, C).

Returns
A configuration with atoms on indices centered along axes directions.

Return type
AtomicConfiguration based.
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changeDeviceLength

changeDeviceLength(device_configuration, length, extreme)
Method to alter the device length. Handles devices with transverse electrode repetitions.

Parameters

• device_configuration (DeviceConfiguration | SurfaceConfiguration) – The
configuration to shrink.

• length (PhysicalQuantity of type length) – The length by which the central region should
be altered.

• extreme (Left | Right) – Which side of the configuration to alter.

Returns
The altered device configuration.

Return type
DeviceConfiguration | SurfaceConfiguration

Usage Examples

Change the device length to the left by 2.0391 Ang.

# --- Create input configuration ---
# Set up lattice
vector_a = [4.07825, 0.0, 0.0] * Angstrom
vector_b = [0.0, 4.07825, 0.0] * Angstrom
vector_c = [0.0, 0.0, 32.626] * Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold,

Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold,
Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0. , 0. , 0.125 ],
[ 0. , 0. , 0.25 ],
[ 0. , 0. , 0.375 ],
[ 0. , 0. , 0.5 ],
[ 0. , 0. , 0.625 ],
[ 0. , 0. , 0.75 ],
[ 0. , 0. , 0.875 ],
[ 0.5 , 0.5 , 0. ],
[ 0.5 , 0.5 , 0.125 ],
[ 0.5 , 0.5 , 0.25 ],
[ 0.5 , 0.5 , 0.375 ],
[ 0.5 , 0.5 , 0.5 ],
[ 0.5 , 0.5 , 0.625 ],
[ 0.5 , 0.5 , 0.75 ],
[ 0.5 , 0.5 , 0.875 ],
[ 0.5 , 0. , 0.0625],

(continues on next page)
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(continued from previous page)

[ 0.5 , 0. , 0.1875],
[ 0.5 , 0. , 0.3125],
[ 0.5 , 0. , 0.4375],
[ 0.5 , 0. , 0.5625],
[ 0.5 , 0. , 0.6875],
[ 0.5 , 0. , 0.8125],
[ 0.5 , 0. , 0.9375],
[ 0. , 0.5 , 0.0625],
[ 0. , 0.5 , 0.1875],
[ 0. , 0.5 , 0.3125],
[ 0. , 0.5 , 0.4375],
[ 0. , 0.5 , 0.5625],
[ 0. , 0.5 , 0.6875],
[ 0. , 0.5 , 0.8125],
[ 0. , 0.5 , 0.9375]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

# Create a basic device configuration.
configuration = deviceFromBulk(

bulk_configuration=bulk_configuration,
electrode_extension_lengths=Automatic,
adjust_cell=True,
use_minimal_electrodes=All

)

# --- Change the device length ---
# Apply the desired extension/retraction to the left side of the central region.
configuration = changeDeviceLength(

device_configuration=configuration,
length=2.0391 * Angstrom,
extreme=Left

)

changeDeviceLength_example.py

Fig. 4.39: a) The input configuration used in the above example.
b) The DeviceConfiguration generated from the example.
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checkNumberOfRepetitions

checkNumberOfRepetitions(configuration,
max_interaction_range=None)

Method for automatic detection of the num-
ber of repetitions.

@param configuration : The configura-
tion for which the repetitions should be
calculated. @type : BulkConfiguration |
MoleculeConfiguration | DeviceConfigura-
tion.

@param max_interaction_range : The
maximum range of the interactions. @type
: PhysicalQuantity of type length. @default

: None (pre-defined interaction range)

@return Tuple with the number of repeti-
tions.

Usage Examples

Calculate and print the automatically detected repetition for a bulk configuration.

# -------------------------------------------------------------
# Bulk configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Calculate the automatically detected repetitions.
repetitions = checkNumberOfRepetitions(bulk_configuration)

# Print the result.
print(repetitions)

(continues on next page)
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(continued from previous page)

# Calculate the automatically detected repetitions, when a maximum interaction
# range is specified.
repetitions = checkNumberOfRepetitions(bulk_configuration,

max_interaction_range=10*Angstrom)

# Print the result.
print(repetitions)

Note that the repetition can also be calculated, when a maximum interaction range is specified as shown in the last two
lines.

counterpoiseCorrected

counterpoiseCorrected(calculator_cls, tag_list)
Create a new class extended with a basis set superposition error (counterpoise) corrector.

Parameters

• calculator_cls (subclass of Calculator) – The class to use as base class for the new
extended calculator.

• tag_list (list of strings) – The list of at least two unique tags to use to split the
configuration.

Usage Examples

Define a counterpoise corrected LCAO calculator

CorrectedLCAOCalculator = counterpoiseCorrected(
LCAOCalculator,
tag_list=['atomgroup_tag_1', 'atomgroup_tag_2'])

calculator = CorrectedLCAOCalculator()

Notes

The calculator must support ghost atoms in order for the counterpoise correction to be applicable.
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createGridSampling

createGridSampling(calculator_type, configuration, basis_set=None, poisson_solver=None,
density_mesh_cutoff=None, exchange_correlation=None)

Create a GridSampling object from the configuration and basis_set, optional the poisson_solver and den-
sity_mesh_cutoff.

Parameters

• calculator_type (LCAOCalculator | PlaneWaveCalculator
| SemiEmpiricalCalculator | class:~.DeviceLCAOCalculator |
DeviceSemiEmpiricalCalculator) – The type of calculator.

• configuration (AtomicConfiguration) – The configuration

• basis_set (BasisSet) – The basis set.

• poisson_solver (PoissonSolver) – The Poisson solver

• density_mesh_cutoff (PhysicalQuantity of type energy.) – The default mesh cut-off
for all the elements in the configuration.

Returns
The grid sampling.

Return type
GridSampling

crystalTrainingRandomDisplacements

crystalTrainingRandomDisplacements(reference_configuration, supercell_repetitions_list=None,
target_sample_size=200,
base_atomic_rattling_amplitude=PhysicalQuantity(0.15, Ang),
max_atomic_rattling_amplitude=PhysicalQuantity(0.4, Ang),
max_cell_rattling_amplitude=0.05, random_seed=None,
strain_included=True, sample_size_per_stage=None,
volume_strain_sample_size=None, system_sizes=None,
log_filename_prefix=None, data_tag=None)

Preset protocol for a random displacement series for training crystalline materials. It contains stages
of small displacements, small displacements with anisotropic strain, small displacements with vol-
ume strain, larger displacements, and larger displacements with anisotropic strain.

param reference_configuration
One or more reference configurations to be used to generate the training set. For
bulk configurations, this is the unit cell from which a supercell can be defined and
additional strain can be applied.

type reference_configurations
BulkConfiguration | sequence of [BulkConfiguration] | Table

param supercell_repetitions_list
The list of supercells to construct for each configuration, given as the number of
repetitions of the bulk unit cell along the (a, b, c) directions. Cannot be specified if
there are molecules in the list of reference configurations. If None: No repetitions.
Default: None
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type supercell_repetitions_list
sequence (size 3) of int | sequence of sequence (size 3) of int

param target_sample_size
The approximate number of training configurations to generate. The actual number
of configurations can be slightly larger than the target. If target_sample_size is
specified volume_strain_sample_size is determined and set automatically. Default:
200

type target_sample_size
int

param base_atomic_rattling_amplitude
The minimum random displacement amplitude of the atomic positions used in the
protocol. Default: 0.15 * Angstrom

type base_atomic_rattling_amplitude
PhysicalQuantity of type length

param max_atomic_rattling_amplitude
The maximum random displacement amplitude of the atomic positions used in the
protocol. Default: 0.4 * Angstrom

type max_atomic_rattling_amplitude
PhysicalQuantity of type length

param max_cell_rattling_amplitude
The maximum value of the strain tensor components in the stages that use anisotropic
strains. Only applies to bulk configurations. Default: 0.05.

type max_cell_rattling_amplitude
float

param random_seed
The random seed used for generating the displacements. If None: Generated auto-
matically. Default: None.

type random_seed
int

param strain_included
If strained configurations will be included. Default: True.

type strain_included
bool

param sample_size_per_stage
The number of training configurations to generate for each stage of random
displacements. It is recommended to use target_sample_size instead. If
sample_size_per_stage is specified, target_sample_size is disabled. Default:
None

type sample_size_per_stage
int

param volume_strain_sample_size
The number of training configurations to generate for each of the 6 parts of volume
strain stage of random displacements in the strained configurations. If not provided
then it depends on sample_size_per_stage. The protocol is used in one stage
which has six different volume strain. The total number of training configurations
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will be around volume_strain_sample size times six, multiplied with the number
of configurations and supercell repetitions. Default: None

type volume_strain_sample_size
int

Parameters
system_sizes – Target number of atoms in the system. If None then
supercell_repetitions_list will be used to do the repetition of the cell. If set,
supercell_repetitions_list will be ignored. Default: None

Usage Examples

Set up a random displacement protocol and generate training data for a Silicon crystal. This will generate 181 training
configurations (including the undisplaced configuration), which provides a basic training dataset for a MTP potential
that can simulate the main properties of the crystal.

# Automatically create a protocol of random displacements and strain for different␣
→˓supercell sizes.
parameters = crystalTrainingRandomDisplacements(

bulk_configuration,
supercell_repetitions_list=[(2, 2, 2), (3, 3, 3)],
sample_size_per_stage=10,

)

# Generate the displaced structures and calculate DFT training data.
mtp_training = MomentTensorPotentialTraining(

filename='Silicon_crystal_mtp_training_testtest.hdf5',
object_id='mtp_training',
training_sets=parameters,
calculator=calculator,
calculate_stress=True,

)

mtp_training.update()

crystal_training.py

Notes

The crystalTrainingRandomDisplacements provides a pre-set list of RandomDisplacementsParameters to set up a basic
training protocol for crystal structures. These parameters can be used in the MomentTensorPotentialTraining class to
generate a training dataset for the machine-learned Moment Tensor Potential (MTP).

The protocol includes different stages of small atomic displacements with and without volume and anisotropic strain,
followed by increasingly larger displacements magnitudes up to max_atomic_rattling_amplitude, with and with-
out anisotropic strain. It is recommended to use various supercell sizes to improve the training of the total energy.
When run in the MomentTensorPotentialTraining, this protocol typically provides a good basic training dataset that
enables stable simulation of the crystal up to moderate temperatures, and a good description of crystal properties, such
as lattice constants, phonons, and elastic constants.
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densityToNumberOfKpoints

densityToNumberOfKpoints(kpoint_density, configuration, parity=None)
Convert a k-point density to numbers of k-points in the kA, kB, and kC directions.

Parameters

• kpoint_density (Non-negative PhysicalQuantity of type length | Non-negative Physi-
calQuantity (3) of type length) – The density of k-points for the kA, kB, and kC directions
specified collectively by one value or individually by three values, e.g., 12*Angstrom or
[10.0, 12.0, 11.0]*Angstrom. A value of 0 ensures that a single grid point will always be
used for the given direction (i.e., Γ).

• configuration (BulkConfiguration) – The configuration whose Brillouin zone
should be resolved.

• parity (None | Odd | Even | list(3) of Odd, Even, and None) – Forces
the number of k-points to be odd or even. It can be specified collectively by one par-
ity flag or individually by a list of three parity flags for the kA, kB, and kC directions.
Default: None (No favored parity)

Returns
A list with the numbers of k-points in the kA, kB, and kC directions.

Return type
array(3) of int

Usage Examples

Calculate the number of k-points in the A, B, and C direction corresponding to a k-point density

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=FaceCenteredCubic(5.4306*Angstrom),
elements=[Silicon, Silicon],
cartesian_coordinates=[[0.0 , 0.0 , 0.0 ],

[1.35765, 1.35765, 1.35765]]*Angstrom
)

# Get the number of k-points for a given k-point density.
[n_kx, n_ky, n_kz] = densityToNumberOfKpoints(9.5*Ang, bulk_configuration)

# Yields [20.0, 20.0, 20.0]

Calculate the odd numbers of k-points corresponding to a k-point density:

[n_kx, n_ky, n_kz] = densityToNumberOfKpoints(9.5*Ang, bulk_configuration, Odd)

# Yields [ 21.0, 21.0, 21.0]

Calculate the numbers of k-points corresponding to an anisotropic k-point density:

[n_kx, n_ky, n_kz] = densityToNumberOfKpoints([7.5, 10.0, 10.0]*Ang, bulk_configuration)

# Yields [ 16.0, 21.0, 21.0]
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Calculate the even numbers of k-points corresponding to an anisotropic k-point density:

[n_kx, n_ky, n_kz] = densityToNumberOfKpoints([7.5, 10.0, 10.0]*Ang, bulk_configuration,␣
→˓Even)

# Yields [ 16., 22., 22.]

Calculate the odd numbers of k-points in the A direction, and even numbers of k-points in the B and C directions
corresponding to an anisotropic k-point density:

[n_kx, n_ky, n_kz] = densityToNumberOfKpoints([7.5, 10.0, 10.0]*Ang, bulk_configuration,␣
→˓[Odd, Even, Even])

# Yields [17.0, 22.0, 22.0]

Notes

The number of k-points are determined by ceiling to the nearest integer, or in the Even/Odd case rounding up to the
nearest even/odd integer.

deviceFromBulk

deviceFromBulk(bulk_configuration, electrode_extension_lengths, adjust_cell=True,
use_minimal_electrodes=<class 'NL.ComputerScienceUtilities.NLFlag._NLFlag.All'>)

Method that takes a bulk configuration and makes a device configuration.

Parameters

• bulk_configuration (BulkConfiguration) – The configuration to create the device
from.

• electrode_extension_lengths (PhysicalQuantity of type length | Automatic) – The
desired equivalent electrode extension length of each electrode. If only one length is given,
a SurfaceConfiguration will be created, if two lengths or the NLFlag Automatic is
given a DeviceConfiguration will be created. If use_minimal_electrodes is False or
Transverse, these values also set the electrode lengths in the transport (C-)direction.

• adjust_cell (bool) – Whether or not to adjust the configuration in the C-direction such
that that the electrodes are centered in their own unit cells. Default: True.

• use_minimal_electrodes (All | Transport | Transverse | None) – Try to
use the minimal electrodes in: all directions (All), the electron transport (C-) direction
(Transport), the transverse (A- and B-) directions (Transverse) or no directions (None).
The electrode extension length (i.e. within the central region) will still be set according
to the values of electrode_extension_lengths. Default: All.

Returns
The created device or surface configuration.

Return type
DeviceConfiguration | SurfaceConfiguration
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Usage Examples

Create a device from a bulk bar of gold, using minimal electrodes in both the (charge) transport and the transverse
directions. The device is extended on the left side by 2.0391 Ang, then retracted on the right side by 2.0391 Ang. The
electrode lengths are also adjusted to be 12.23475 Ang and 16.313 Ang on the left and right sides, respectively.

# --- Create input configuration ---
# Set up lattice
vector_a = [4.07825, 0.0, 0.0] * Angstrom
vector_b = [0.0, 4.07825, 0.0] * Angstrom
vector_c = [0.0, 0.0, 32.626] * Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold,

Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold,
Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0. , 0. , 0.125 ],
[ 0. , 0. , 0.25 ],
[ 0. , 0. , 0.375 ],
[ 0. , 0. , 0.5 ],
[ 0. , 0. , 0.625 ],
[ 0. , 0. , 0.75 ],
[ 0. , 0. , 0.875 ],
[ 0.5 , 0.5 , 0. ],
[ 0.5 , 0.5 , 0.125 ],
[ 0.5 , 0.5 , 0.25 ],
[ 0.5 , 0.5 , 0.375 ],
[ 0.5 , 0.5 , 0.5 ],
[ 0.5 , 0.5 , 0.625 ],
[ 0.5 , 0.5 , 0.75 ],
[ 0.5 , 0.5 , 0.875 ],
[ 0.5 , 0. , 0.0625],
[ 0.5 , 0. , 0.1875],
[ 0.5 , 0. , 0.3125],
[ 0.5 , 0. , 0.4375],
[ 0.5 , 0. , 0.5625],
[ 0.5 , 0. , 0.6875],
[ 0.5 , 0. , 0.8125],
[ 0.5 , 0. , 0.9375],
[ 0. , 0.5 , 0.0625],
[ 0. , 0.5 , 0.1875],
[ 0. , 0.5 , 0.3125],
[ 0. , 0.5 , 0.4375],
[ 0. , 0.5 , 0.5625],
[ 0. , 0.5 , 0.6875],
[ 0. , 0.5 , 0.8125],
[ 0. , 0.5 , 0.9375]]

# Set up configuration
(continues on next page)
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(continued from previous page)

bulk_configuration = BulkConfiguration(
bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

# --- Create Device from bulk ---
# Create the device configuration.
configuration = deviceFromBulk(

bulk_configuration=bulk_configuration,
electrode_extension_lengths=[12.23475, 16.313] * Angstrom,
adjust_cell=True,
use_minimal_electrodes=All

)
# Apply the desired extension/retraction to the left side of the central region.
configuration = changeDeviceLength(

device_configuration=configuration,
length=2.0391 * Angstrom,
extreme=Left

)
# Apply the desired extension/retraction to the right side of the central region.
configuration = changeDeviceLength(

device_configuration=configuration,
length=-2.0391 * Angstrom,
extreme=Right

)

deviceFromBulk_example.py

Fig. 4.40: a) The input configuration used in the above example. b) The De-
viceConfiguration generated from the example.

To create a device with minimal elec-
trodes in only the (charge) transport
or transverse directions, use the flags
Transport or Transverse, respectively.
Example:

# Create a␣
→˓device configuration with␣
→˓minimal electrodes in the␣
→˓transport direction only.
configuration␣
→˓= deviceFromBulk(

bulk_configuration=bulk_
→˓configuration,

electrode_
→˓extension_lengths=[12.
→˓23475, 16.313] * Angstrom,

adjust_cell=True,
use_minimal_

→˓electrodes=Transport
)

# Create a device␣
→˓configuration with␣

(continues on next page)
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(continued from previous page)

→˓minimal electrodes in the␣
→˓transverse direction only.
configuration =␣
→˓deviceFromBulk(

bulk_configuration=bulk_
→˓configuration,

electrode_extension_
→˓lengths=[12.23475, 16.
→˓313] * Angstrom,

adjust_cell=True,
use_minimal_

→˓electrodes=Transverse
)

Notes

• When using Automatic to find suitable electrode lengths, the function will raise an NLValueError if no suitable
electrode lengths could be found.

• The function will always raise an NLValueError if the sum of electrode lengths exceeds the length of the central
region.

• The function automatically adjusts the tags of the original BulkConfiguration to only apply within the central
region of the newly created DeviceConfiguration or SurfaceConfiguraton.

• This function can also be used to create a SurfaceConfiguraton if only one electrode length is given, but
will not add the region of vacuum at the surface. To properly create a SurfaceConfiguraton, use the function
surfaceFromBulk().

fitCell

fitCell(configuration, axes=None)
Adjust the size of the cell to fit the atoms.

Parameters

• configuration (BulkConfiguration) – The configuration.

• axes (3-tuple of bool) – The axes, x, y, z.

Returns
The configuration with the adjusted cell.

Return type
BulkConfiguration
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generateDefectsConfigurations

generateDefectsConfigurations(defects, host_configuration, supercell_repetitions=(1, 1, 1), use_ghost=None)
Utility function to get the configurations associated with the defects. For use with the store framework.

Parameters

• defects (Defects) – The Defects object.

• host_configuration (BulkConfiguration) – The host configuration.

• supercell_repetitions (sequence (size 3) of int) – The number of repeti-
tions of the reference bulk unit cell along the (a, b, c) directions.

• use_ghost (bool) – Whether to use a ghost atom at the vacancy defect site (not refer-
enced for other types of defects).

Returns
A table of defect configurations.

Return type
Table

Notes

The generateDefectsConfigurations is a utility method that converts a Defects object to a table of defect configurations.
The table has one column containing the configurations. A host BulkConfiguration must be supplied from which the
defects are generated. Optionally, supercell repetitions may be given. Ghost atoms can be added to vacancy defects by
setting the use_ghost argument to True.

generateHalfHeuslerAlloy

generateHalfHeuslerAlloy(elements, lattice_constant, atomic_ordering=1)
Algorithm to generate a BulkConfiguration with the structure of a half ternary Heusler alloy with a known
lattice constant. The elements should be given in the order X, Y and Z. The type of atomic ordering should also
be specified.

Parameters

• elements (PeriodicTableElement) – A sequence containing the elements of the con-
figuration, in the order [X, Y, Z].

• lattice_constant (PhysicalQuantity of type length) – The lattice constant of the cho-
sen Heusler alloy/compound.

• atomic_ordering (int) – The type of atomic ordering for the half-Heusler, 1=(XYZ)
2=(ZXY) and 3=(YZX).(see HeuslerAlloyBuilderNotes). Default: 1

Returns
The primitive cell of the Heusler alloy.

Return type
BulkConfiguration
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Usage Examples

Generate the half Heusler alloy NiFeSi:

elements = [Nickel, Iron, Silicon]
lattice_constant = 5.44*Angstrom

configuration = generateHalfHeuslerAlloy(elements, lattice_constant, atomic_ordering=1)

HeuslerAlloy_Half_example.py

Fig. 4.41: Example of a half Heusler configuration. X: Nickel (green), Y: Iron (orange), Z: Silicon (cream). a) primitive
cell, b) conventional cell, c) conventional cell (with equivalent atoms)

See
also
ref.heusleralloycommon.notes.

generateHeuslerAlloy

generateHeuslerAlloy(elements,
lat-
tice_constant,
in-
verse=False)

Al-
go-
rithm
to
gen-
er-
ate
a

BulkConfiguration with the structure of a full ternary Heusler alloy with a known lattice constant. The
elements should be given in the order X, Y and Z. Optionally the inverse Heusler configuration can also be
generated by setting the keyword argument inverse=True.

Parameters

• elements (PeriodicTableElement) – A sequence containing the elements of the con-
figuration, in the order [X, Y, Z].

• lattice_constant (PhysicalQuantity of type length) – The lattice constant of the cho-
sen Heusler alloy/compound.

• inverse (bool) – Create the inverse Heusler configuration Default: False

Returns
The primitive cell of the Heusler alloy.

Return type
BulkConfiguration
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Usage Examples

Generate the full Heusler alloy Fe2MnAl:

elements = [Iron, Manganese, Aluminium]
lattice_constant = 5.6711*Angstrom

configuration = generateHeuslerAlloy(elements, lattice_constant)

HeuslerAlloy_Full_example.py

Fig. 4.42: Example of a full Heusler configuration. X: Iron (orange), Y: Manganese (purple), Z: Aluminium (pink). a)
primitive cell, b) conventional cell, c) conventional cell (with equivalent atoms)

Gen-
er-
ate
the
in-
verse
Heusler
al-
loy
MnV2Al:

elements␣
→˓=␣
→˓[Manganese,
→˓␣
→˓Vanadium,
→˓␣
→˓Aluminium]
lattice_
→˓constant␣
→˓=␣
→˓5.
→˓9218*Angstrom

configuration␣
→˓=␣
→˓generateHeuslerAlloy(elements,
→˓␣
→˓lattice_
→˓constant,
→˓␣
→˓inverse=True)

HeuslerAlloy_Inverse_example.py

Fig. 4.43: Example of an inverse Heusler configuration. X: Manganese (purple), X’: Vanadium (grey), Z: Aluminium
(pink). a) primitive cell, b) conventional cell, c) conventional cell (with equivalent atoms)

See
also
ref.heusleralloycommon.notes.
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generateInitialPopulation

generateInitialPopulation(elements,
pop-
u-
la-
tion_size,
cal-
cu-
la-
tor,
vol-
ume=None,
max_forces=PhysicalQuantity(0.01,
eV
/
Ang),
max_stress=PhysicalQuantity(0.1,
GPa),
max_steps=1000,
max_step_length=PhysicalQuantity(0.2,
Ang),
ex-
ter-
nal_pressure=None,
rng=None,
log_filename_prefix='initial_population_',
max_iterations=100)

Gen-
er-
ates
an
ini-
tial
pop-
u-

lation to be used with CrystalStructurePrediction. Each structure is generated by placing the atoms in a random
unit cell and performing a local geometry optimization (OptimizeGeometry) at the specified pressure. The initial
volume of the unit cell (the volume before optimization) is either given explicitly or roughly estimated from the
covalent radii of the atoms.

Parameters

• elements (list) – A list of elements. Each entry in this list corresponds to one atom.

• population_size (int) – The number of configurations to generate.

• calculator (Calculator) – The calculator used to perform the geometry optimization
calculations.

• volume (PhysicalQuantity of type volume) – An initial guess for the volume of the unit
cell. If None, an initial guess will be made based on the covalent radii of the atoms.

• max_forces (PhysicalQuantity of type force) – The geometry optimization uses this pa-
rameter to determine when the optimization has converged. The max_forces parameter
represents the maximum force on an atom. Default: 0.01*eV/Ang
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• max_stress (PhysicalQuantity of type pressure) – The geometry optimization uses this
parameter to determine when the optimization has converged. The max_stress repre-
sents the maximum deviation from the target stress. Default: 0.1*GPa

• max_steps (int) – The maximum number of optimization steps. Default: 200

• external_pressure (PhysicalQuantity of type pressure) – The target external pressure
of the system. Default: 0*GPa

• rng (numpy.random.RandomState) – The random number generator used to generate
the random number stream. Default: A new random number generator (seeded from OS
entropy pool)

• log_filename_prefix (str | None) – The filename prefix to use when running
in parallel. If None is specified then all logging will be done to stdout. Default:
initial_population_

• max_iterations (int) – The maximum number of iterations used to generate a random
configuration that meets the hard constraints. Default: 100

Returns
A Population object which contains a list of BulkConfiguration objects.

Return type
Population

generateRingConfigurations

generateRingConfigurations(initial_defect_pair, initial_defect_pair_generator, final_defect_pair=None,
final_defect_pair_generator=None)

Form a ring of defects describing the migration mechanism of a substitutional-vacancy pair. The ring is created
by moving the vacancy between positions connecting the initial and final defect pairs. Note that in the definition
of the defect pairs and their generators, the substitutional must come first and the vacancy second.

Parameters

• initial_defect_pair (NamedPointDefect) – Starting point for the ring mechanism
of a vacancy substitutional pair.

• initial_defect_pair_generator (DefectPairGenerator) – The defect list that
produced the starting point of the pair.

• final_defect_pair (NamedPointDefect) – Final point for the ring mechanism of a
vacancy substitutional pair. Default: Same as the initial pair.

• final_defect_pair_generator (DefectPairGenerator) – The defect list that pro-
duced the final point of the pair. Default: Same as the initial generator.

Returns
List of defects containing the initial, intermediate and final states of the ring migration and the
BulkConfigurations created by them.

Return type
list of NamedPointDefect, list of BulkConfiguration
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Usage Examples

Use the generateRingConfigurations function to generate a ring migration path between a substitutional and vacancy
pair. The vacancy is obtained from a VacancyGenerator and the substitutional from a SubstitutionalGenerator. Both
form a pair through the DefectPairGenerator.

substitutionals = SubstitutionalGenerator(host_configuration, Germanium)
vacancies = VacancyGenerator(host_configuration)
pairs = DefectPairGenerator(substitutionals, vacancies, 2 * Ang, 3 * Ang)

defects, configurations = generateRingConfigurations(
initial_defect_pair=pairs.uniqueDefects()[0],
initial_defect_pair_generator=pairs,
final_defect_pair=pairs.uniqueDefects()[1],
final_defect_pair_generator=pairs

)

Notes

In some materials, the most favorable diffusion pathway of a closely associated vacancy impurity (substitutional) pair
is through a ring mechanism. Instead of the substitutional atom directly swapping places with a lattice atom (high
barrier), the vacancy moves along a ring of lattice sites (low barrier) until the substitutional itself can move into the
vacancy, located at a previously inaccessible site (see Fig. 4.44 b).

Fig. 4.44: Substitutional movement without (a) and with (b) ring mechanism.

Without considering the correlated substitutional and vacancy movement, the substitutional would only be able to
oscillate between two positions (see Fig. 4.44 a). As a result, the diffusivity would be severely underestimated.

The generateRingConfigurations function returns a list of consecutive defect pairs as NamedPointDefect representing
the steps of the ring. These defects can be used to calculate formation energies through the ChargedPointDefectConfig-
uration framework and diffusivities via DefectDiffusivity. For simple visualization and NudgedElasticBand generation,
the defect pairs are also returned as BulkConfiguration.
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Note that the host configuration used in the initial defect generation should be a supercell with enough repetitions to
create room for the ring.

genericAlloy

genericAlloy(configurations, percentages, algorithm, repetitions, rng=None)
Create alloy by creating a super cell and mixing the given configurations.

Parameters

• configurations (List of BulkConfigurations) – The configurations to use in the
alloy.

• percentages (List of floats) – The percentages.

• algorithm (FixedFraction | NormalDistribution) – The algorithm to use.

• repetitions (tuple (length 3)) – The repetitions in the A, B, and C directions.

• rng (numpy.random.RandomState) – The random number generator used to gener-
ate the random number stream. If None, a new random number generator stream will
be made with a seed obtained from the operating system’s entropy pool. Default:
numpy.random.RandomState().

Returns
The created alloy.

Return type
BulkConfiguration

Usage Examples

Generate a AuAg alloy with 50/50 composition and repeat the alloy 4x in all dimensions.

# -- Setup initial crystal configuration ---
# Set up lattice
lattice = FaceCenteredCubic(4.07825*Angstrom)

# Define elements
elements = [Gold]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
Au_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Set up lattice
lattice = FaceCenteredCubic(4.0857*Angstrom)

(continues on next page)
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(continued from previous page)

# Define elements
elements = [Silver]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
Ag_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# --- Create an alloy ---
alloy_configuration = genericAlloy(

configurations=[Au_configuration, Ag_configuration],
percentages=[50.0, 50.0],
algorithm=Normal_distribution,
repetitions=(4, 4, 4)

)

genericAlloy_example.py

Fig. 4.45: Example alloy generated by gener-
icAlloy. Yellow: Au, Grey/White: Ag. Note
that the atom distribution is random each time
genericAlloy is run.

Notes

• The percentages must sum up to exactly 100.0.

gridValues

gridValues(data, cell=None, cell_vectors=None,
cell_origin=None, unit=None)

Routine to convert a grid of values contained in a numpy array
to a GridValues object that can be opened in QuantumATK.
The grid data values can be given either as a physical quantity
array or as a plain values (no unit) numpy array.

Parameters

• data (PhysicalQuantity array
or numpy.array) – Either a Physi-
calQuantity array or a plain (no unit)
numpy.array containing the data set
as a 3D grid. If a plain numpy array
is passed, the unit parameter must be

specified.

• cell (BravaisLattice) – A unit cell
object describing the cell dimension
and origin. This option is mutually
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exclusive with a specification made
through the arguments cell_vectors and
cell_origin. The cell must be spec-
ified either through this argument or
cell_vectors/cell_origin.

• cell_vectors (list) – Unit cell vec-
tors, as a list of three vectors. This op-
tion is mutually exclusive with a speci-
fication through the cell argument.

• cell_origin (PhysicalQuantity
array) – Cell origin. If not specified,
the default is (0.0,0.0,0.0)*Bohr, but
only if the cell_vectors argument was
specified. If the cell argument was
specified instead, an error will be
raised. Default: (0.0,0.0,0.0)*Bohr

• unit (Unit) – The unit to assign the
grid. This parameter is only evaluated,
and becomes mandatory, if the data pa-
rameter contains a plain (no unit) array.
If the data parameter already has a unit,
this parameter is ignored.

Usage Examples

As the GridValues class is made for internal use, constructing a generic grid must be done using the function
gridValues():

# Setup generic grid values object with random data.
data = numpy.random.random([30, 30, 30]) * Angstrom**-3
cell = SimpleCubic(4.0*Angstrom)
grid_values = gridValues(data, cell)

isMainProcess

isMainProcess()

Function for querying if a process is the delegator or worker process.

Returns
True if the process is the delegator process in the parallel computation. False if it is a worker
process.

Return type
bool
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localExactExchangeFraction

localExactExchangeFraction(configuration)

Parameters
configuration (BulkConfiguration | MoleculeConfiguration) – The configuration
of the system.

Returns
The local exact exchange fraction as a GridValues object. This is primarily useful for
calculations using hybrid functional and in particular when using HSE06LocalDDH or
HSE06MetallicLocalDDH functionals, where the exact exchange fraction is a local property
and varies over the unit cell. For HSE06 or HSE06DDH functionals a grid with a constant
value will be returned. For non-hybrid functional a zero-valued grid is returned.

Return type
GridValues

Usage Examples

In this example we perform a calculation for a Ag-Si interface using a small SZP basis set. The calculation is performed
using the HSE06MetallicLocalDDH functional.

# Set minimal log verbosity
setVerbosity(MinimalLog)

# %% bulk_configuration

# Set up lattice
vector_a = [3.8400140859116654, 0.0, 0.0]*Angstrom
vector_b = [-2.3513304794962353e-16, 3.8400140859116654, 0.0]*Angstrom
vector_c = [0.0, 0.0, 29.888932833784352]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silver, Silver, Silver, Silver, Silver, Silver, Silver, Silver,

Silver, Silver, Silver, Silver, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0.25 , 0.75 , 0.033457199879],

[ 0.75 , 0.25 , 0.033457199879],
[ 0.25 , 0.25 , 0.101805240653],
[ 0.75 , 0.75 , 0.101805240653],
[ 0.25 , 0.75 , 0.170153281426],
[ 0.75 , 0.25 , 0.170153281426],
[ 0.25 , 0.25 , 0.2385013222 ],
[ 0.75 , 0.75 , 0.2385013222 ],
[ 0.25 , 0.75 , 0.306849362973],
[ 0.75 , 0.25 , 0.306849362973],
[ 0.25 , 0.25 , 0.375197403747],
[ 0.75 , 0.75 , 0.375197403747],

(continues on next page)
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(continued from previous page)

[ 0.25 , 0.75 , 0.421464791126],
[ 0.75 , 0.75 , 0.466887958543],
[ 0.75 , 0.25 , 0.512311125959],
[ 0.25 , 0.25 , 0.557734293375],
[ 0.25 , 0.75 , 0.603157460791],
[ 0.75 , 0.75 , 0.648580628207],
[ 0.75 , 0.25 , 0.694003795624],
[ 0.25 , 0.25 , 0.73942696304 ],
[ 0.25 , 0.75 , 0.784850130456],
[ 0.75 , 0.75 , 0.830273297872],
[ 0.75 , 0.25 , 0.875696465288],
[ 0.25 , 0.25 , 0.921119632704],
[ 0.25 , 0.75 , 0.966542800121]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# LCAOCalculator

#----------------------------------------
# Exchange-Correlation
#----------------------------------------
exchange_correlation = HybridGGA.HSE06MetallicLocalDDH

k_point_sampling = KpointDensity(
density_a=4.0*Angstrom,
density_b=4.0*Angstrom,
density_c=4.0*Angstrom

)

numerical_accuracy_parameters = NumericalAccuracyParameters(
k_point_sampling=k_point_sampling

)

#----------------------------------------
# Basis Set
#----------------------------------------
basis_set = [

GGABasis.Silicon_SingleZetaPolarized,
GGABasis.Silver_SingleZetaPolarized,
]

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,

(continues on next page)
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(continued from previous page)

checkpoint_handler=NoCheckpointHandler
)

# Set Calculator
bulk_configuration.setCalculator(calculator)

bulk_configuration.update()
nlsave('Ag-Si-interface.hdf5', bulk_configuration)

# Calculate local exact exchange fraction
local_exchange_fraction = localExactExchangeFraction(bulk_configuration)
nlsave('Ag-Si-interface.hdf5', local_exchange_fraction)

Ag-Si-interface-HSE06MetallicLocalDDH.py

Results from similar scripts, but with different exchange correlation functionals are shown in the figure below

The HSE06MetallicLocalDDH gives an exchange fraction around 0.257 in the center of the Si part, while it decays to
zero in the center of the metallic Ag part. This means that the (central) Ag is calculated using the PBE functional. Using
HSE06LocalDDH leads to an increased exchange fraction in the Ag region, while HSE06DDH results in a constant
exchange fraction of 0.277, slightly larger than the normal HSE06 value of 0.25. For a GGA calculation the exact
exchange fraction is zero.
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maximumClusterDiameter

maximumClusterDiameter(configuration, selection, maximum_expansion_order=None)
Calculate the starting/default values for the maximum cluster diameters for each expansion order [2, 9] for the
given configuration and atom selection.

Parameters

• configuration (BulkConfiguration) – The configuration.

• selection (sequence of type int) – The selected atoms.

• maximum_expansion_order (int) – If given, return the maximum cluster diameters up
to this order.

Returns
All or a particular maximum cluster diameter.

Return type
dict

mergeCells

mergeCells(first_configuration, second_configuration, merge_axis='A', vacuum=PhysicalQuantity(0.0, Ang))
Merge two BulkConfigurations into a single BulkConfiguration along a given merge axis and separated by a
chosen amount of vacuum. The order is fixed such that the first configuration is always before the second con-
figuration. To reverse the order, simply call this function with the two configurations swapped.

Parameters

• first_configuration (BulkConfiguration) – The first configuration, which is
merged before the second.

• second_configuration (BulkConfiguration) – The second configuration, which is
merged after the first.

• merge_axis (str) – The axis along which to merge. Valid values: ‘A’, ‘B’ or ‘C’.

• vacuum (PhysicalQuantity of type length) – The amount of vacuum to put between the
two configurations.

Returns
The merged configuration.

Return type
BulkConfiguration
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Usage Examples

Merge a silver (Ag) BulkConfiguration with a palladium (Pd) BulkConfiguration.

# --- Create the two configurations ---
# Set up lattice
vector_a = [3.8903, 0.0, 0.0] * Angstrom
vector_b = [0.0, 3.8903, 0.0] * Angstrom
vector_c = [0.0, 0.0, 3.8903] * Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Palladium, Palladium, Palladium, Palladium]

# Define coordinates
fractional_coordinates = [[0. , 0. , 0. ],

[0.5, 0.5, 0. ],
[0.5, 0. , 0.5],
[0. , 0.5, 0.5]]

# Set up configuration
first_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

# Set up lattice
vector_a = [4.0857, 0.0, 0.0] * Angstrom
vector_b = [0.0, 4.0857, 0.0] * Angstrom
vector_c = [0.0, 0.0, 4.0857] * Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silver, Silver, Silver, Silver]

# Define coordinates
fractional_coordinates = [[0. , 0. , 0. ],

[0.5, 0.5, 0. ],
[0.5, 0. , 0.5],
[0. , 0.5, 0.5]]

# Set up configuration
second_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

# Merge the first configuration with the second configuration, in that order, along the 'C
→˓' axis, separated by 0.5 Ang.
merged_configuration = mergeCells(

first_configuration=first_configuration,
(continues on next page)
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second_configuration=second_configuration,
merge_axis='C',
vacuum=0.5 * Angstrom

)

mergeCells_example.py

Fig. 4.46: Example output configuration from the mergeCells usage example, where the blue molecules are Pd and the
grey molecules are Ag.

General

The function mergeCells is a simple utility which can be used to put two BulkConfiguration next to each other,
when there is no need to consider atomic bonding at the interface or periodic boundary conditions not in the merge
direction. This can be useful in cases where a structure such as a nanotube needs to be placed on the surface of a metal
slab.

Notes

• In the MergeCells Builder Plugin, there is the option to set the merge order such that the configuration dropped
on the plugin is placed either “Before” or “After” the active configuration in the Builder stash. This option has
been omitted in the functon mergeCells, as changing the merge order is equivalent to changing the order of the
input.

minimalSurfaceWire

minimalSurfaceWire(bulk_configuration, radius, direction, energy_100, energy_110, energy_111,
cut_perpendicular)

Generate a nanowire by cutting the bulk along the direction.

Parameters

• bulk_configuration (BulkConfiguration) – The configuration to create the
nanowire from.
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• radius (PhysicalQuantity of type length ) – The radius of the wire.

• direction (str) – The wire direction.

• energy_100 (PhysicalQuantity of type energy) – The energy of the 100 plane.

• energy_110 (PhysicalQuantity of type energy) – The energy of the 110 plane.

• energy_111 (PhysicalQuantity of type energy) – The energy of the 111 plane.

• cut_perpendicular (bool) – Only cut perpendicular to the wire direction.

Returns
The nanowire.

Return type
BulkConfiguration

Usage Examples

Create a Ag nanowire with a radius of 7.5 Angstrom in the (100) direction. Repeat the wire in the c-direction 8x to
make the wire more visually obvious.

# --- Create the input configuration
# Set up lattice
lattice = FaceCenteredCubic(4.0857*Angstrom)

# Define elements
elements = [Silver]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# --- Create a nanowire ---
configuration = minimalSurfaceWire(

bulk_configuration=bulk_configuration,
radius=7.5 * Angstrom,
direction='100',
energy_100=1.0 * eV,
energy_110=1.0 * eV,
energy_111=1.0 * eV,
cut_perpendicular=True

)

# Repeat the configuration in the c-direction
configuration = repeat(configuration, na=1, nb=1, nc=8, stack_systems=False)

minimalSurfaceWire_example.py
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Fig. 4.47: Example nanowire generated by minimalSurfaceWire. a) Cross-section,
b) side-view, c) perspective.

Notes

• The required input con-
figuration must be a
BulkConfiguration and
have one of the following
symmetries: Simple cubic,
Face-centered cubic or
Body-centered cubic.

• Wire direction options:
‘100’, ‘110’, ‘111’

mirror

mirror(configuration, indices, normal, u0)
Mirror the elements in rows through the plane given by the surface normal containing the point u0.

Parameters

• configuration (AtomicConfiguration) – The configuration containing the atoms.

• indices (All | sequence of integers) – The indices of the atoms to change.

• normal (sequence) – The plane normal.

• u0 (sequence) – A point in the plane.

Returns
The mirrored configuration.

Return type
AtomicConfiguration

modifyDoping

modifyDoping(configuration, tag, new_charge=None, new_doping_type=None, new_tag=None)
Modify the doping on a configuration.

Parameters

• configuration (AtomicConfiguration) – The configuration to dope.

• tag (str) – The tag of the doping.

• new_charge (float | None) – The new doping charge to apply. This value is inter-
preted as being in the unit e/atom.

• new_doping_type (NType | PType | None) – The new doping type to apply to the
tagged atoms.

• new_tag (str | None) – The new tag to assign to the tagged atoms.

2304 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

Usage Examples

Modify the doping charge, type and tag on the selection of atoms tagged ‘doping_0’.

# --- Setup a configuration ---
# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 16.291800000000002]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0. , 0. , 0.333333333333],
[ 0. , 0. , 0.666666666667],
[ 0.25 , 0.25 , 0.083333333333],
[ 0.25 , 0.25 , 0.416666666667],
[ 0.25 , 0.25 , 0.75 ],
[ 0.5 , 0.5 , 0. ],
[ 0.5 , 0.5 , 0.333333333333],
[ 0.5 , 0.5 , 0.666666666667],
[ 0.75 , 0.75 , 0.083333333333],
[ 0.75 , 0.75 , 0.416666666667],
[ 0.75 , 0.75 , 0.75 ],
[ 0.5 , 0. , 0.166666666667],
[ 0.5 , 0. , 0.5 ],
[ 0.5 , 0. , 0.833333333333],
[ 0.75 , 0.25 , 0.25 ],
[ 0.75 , 0.25 , 0.583333333333],
[ 0.75 , 0.25 , 0.916666666667],
[ 0. , 0.5 , 0.166666666667],
[ 0. , 0.5 , 0.5 ],
[ 0. , 0.5 , 0.833333333333],
[ 0.25 , 0.75 , 0.25 ],
[ 0.25 , 0.75 , 0.583333333333],
[ 0.25 , 0.75 , 0.916666666667]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

# Add external potential
external_potential = AtomicCompensationCharge()
bulk_configuration.setExternalPotential(external_potential)

(continues on next page)
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(continued from previous page)

# Make a selection of atoms to add doping to
selected_indices = numpy.array([2, 5, 8, 11, 14, 17, 20, 23])

# Add doping
addDoping(

configuration=bulk_configuration,
indices=selected_indices,
charge=0.000200195107106,
doping_type=N_type,
tag='doping_0'

)

# --- Modify all aspects of the doping ---
modifyDoping(

configuration=bulk_configuration,
tag='doping_0',
new_charge=0.000400390214212,
new_doping_type=P_type,
new_tag='my_doping'

)

modifyDoping_example.py

See also ref.dopingcommon.notes.

nldelete

nldelete(filename, object_id=None)
Function for deleting NLObjects from HDF5 files.

Parameters

• filename (string) – The file that an object should be removed from.

• object_id (string) – Object_id of the object that should be deleted.

Usage Example

To delete a QuantumATK object with the object_id = 'my_obj' from the file my_file.hdf5 (for reclaiming the
freed space, see nlrepack).

nldelete('my_file.hdf5', object_id='my_obj')

2306 Chapter 4. QuantumATK Reference Manual



QuantumATK V-2023.12 Documentation

nlprint

nlprint(object, stream=None)
Print an ASCII representation of the object to the stream pointed to by stream. A typical usage is to store the
data as an ASCII file and then use a third party application for generating a visualization of the data.

Parameters

• object (QuantumATK object) – The object whose data should be printed.

• stream (python stream) – The stream the data should be printed to. Default:
NLPrintLogger()

Usage Examples

Print the data of a Bandstructure to the screen

# Set up a bandstructure object
bandstructure = Bandstructure(bulk_configuration)
nlprint(bandstructure)

Store the data of an ElectronDifferenceDensity in the file grid.dat

# Set up an electron difference density
electron_difference_density = ElectronDifferenceDensity(molecule_configuration)

# Store grid data on disk
f = open('grid.dat', 'w')
electron_difference_density.nlprint(f)
f.close()

nlread

nlread(filename, class_type=None, object_id=None, read_state=None)
Function for reading configurations and results from files. The following file types are supported: HDF5 (only
from ATK 2017 and later), NetCDF (only from ATK 10.8 and later), GPAW, ASE, XYZ, Python scripts (also
from ATK 2008.10 and earlier), CAR and TRAJ (ASE trajectories).

Parameters

• filename (str) – The file that objects should be loaded from.

• class_type (class) – Only load objects of this type (HDF5, NetCDF and GPAW only).

• object_id (str) – Only load objects that match object_id.

• read_state (bool) – When read_state is True the self-consistent calculation data is
read from configurations when present. Otherwise, configurations will still have a calcu-
lator, but the self-consistent data will not be available.

Returns
A list of the objects loaded from the file.
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Return type
list

Usage Examples

Restore the self-consistent state of a previous calculation (to save the state, see the Usage Examples for the nlsave
function).

# Read self-consistent calculations
molecule_configuration_list = nlread(

'nh3_scf.hdf5',
MoleculeConfiguration

)

# Choose the first configuration in the list
molecule_configuration = molecule_configuration_list[0]

nh3_read.py

Restore the object with object_id = 'id0' from the NetCDF file bandstructure.hdf5 (to save the state, consult
the nlsave function).

molecular_energy_spectrum = nlread(filename='spectrum.nc', object_id='id0')

Restore all MolecularEnergySpectrum objects from the file spectrum.hdf5 and select the first object.

molecular_energy_spectrums = nlread(
'spectrum.hdf5',
MolecularEnergySpectrum
)

molecular_energy_spectrum = molecular_energy_spectrums[0]

More details regarding file IO in QuantumATK can be found here.

nlrepack

nlrepack(path)
Repacks the specified file(s). If path is a directory, it will be walked recursively and all contained hdf5 files will
be repacked. If the reclaimed free space is smaller than 1 MB, the operation is discarded.

Parameters
path (str) – The filename or directory.

Returns
The freed disk space in MB.

Return type
float
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Usage examples

To repack the hdf5 file my_file.hdf5 and reclaim unused space (for deleting QuantumATK objects from hdf5 files
see nldelete)

nlrepack('my_file.hdf5')

or to repack all files in a given directory /my/directory and its subdirectorys.

nlrepack('/my/directory')

nlsave

nlsave(filename, nl_object, object_id='', labels=None, comment=None, hidden=False)
Function for saving the given object to a NetCDF or HDF5 file. This function is collective over all MPI processes.

Parameters

• filename (string) – The full or relative filename path that the QuantumATK object
should be saved to. If no extension is given, then “.hdf5” will be appended to the filename.

• nl_object (A QuantumATK object) – The QuantumATK object that should be saved
to file.

• object_id (string) – A unique identifier that should be attached to the saved object. If
the object_id already exists in the file, the old data will be automatically deleted prior to
saving the new object. Default: '' (an empty string)

• labels – Deprecated: from v2017.0.

• comment – Deprecated: from v2017.0.

• hidden (bool) – This flag controls if the object is hidden. Hidden objects do not show
up on the Lab Floor. Default: False

Usage Examples

Save the self-consistent state of a calculation:

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements = [Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates = [[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

calculator = HuckelCalculator()
molecule_configuration.setCalculator(calculator)

# Perform SCF loop
molecule_configuration.update()

(continues on next page)
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# Save state
nlsave('nh3_scf.hdf5', molecule_configuration)

nh3_save.py

Restore the self-consistent state from a saved file, calculate the MolecularEnergySpectrum, and save it to the file
spectrum.hdf5 with object_id = 'id0'. This will overwrite any data in the file spectrum.hdf5 associated
with this object_id.

# Read self-consistent calculation
molecule_configurations = nlread(

'nh3_scf.hdf5',
MoleculeConfiguration
)

molecule_configuration = molecule_configurations[0]

# Calculate the molecular energy spectrum
spectrum = MolecularEnergySpectrum(molecule_configuration)

# Save the molecular energy spectrum
nlsave('spectrum.hdf5', spectrum, 'id0')

nh3_spectrum.py

More details regarding file IO in QuantumATK can be found here.

optimizeBasisSet

optimizeBasisSet(pseudopotential=None, configuration_list=None, configuration_weights=None,
calculator=None, tiers=None, initial_pressure=None, accuracy=None, tmp_directory=None,
filter_mesh_cutoff=None)

Function for optimizing an N tier’ed basis set

Parameters

• pseudopotential (str) – The name of the pseudopotential to use for calculating the
basis set

• configuration_list (list) – Configurations to use for the optimization. Each entry
should be a MoleculeConfiguration or a BulkConfiguration.

• configuration_weights (list of floats) – list of weights for weighting the to-
tal energies of each configuration in the configuration_list Default: [1.0] *
len(configuration_list)

• calculator (LCAOCalculator) – The calculator to use for the calculation Default: A
default LCAOCalculator instance.

• tiers (non-negative int) – Number of tiers to include in the basis set Default: 8

• initial_pressure (PhysicalQuantity of type pressure) – Pressure for confining the ba-
sis set Default: 1.0e8 * Newton * (Meter**-2)
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• accuracy (PhysicalQuantity of type energy) – The criterion for stopping the optimization
of the basis set Default: 1.0e-3 * Hartree

• tmp_directory (string) – Temporary directory for holding the basis sets Default:
'basisset_tmp'

• filter_mesh_cutoff (PhysicalQuantity of type energy) – The cutoff of the basis set
filter Default: 0.0 * Hartree

Usage Examples

Create a Trajectory object from a list of configurations or from a NudgedElasticBand object.

orbitalInfo

orbitalInfo(configuration)
Calculate quantumnumbers of the orbitals

Parameters
configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration to use for
the calculation.

Returns
list with [(i, l, m), ...] for all the orbitals, where i is site, and (l, m) are angular quantum
numbers.

Return type
list of tuples

Usage Examples

Evaluate on a molecule configuration

orbital_info = orbitalInfo(molecule_configuration)

Notes

• Get a list of quantum numbers (𝑖, 𝑙,𝑚) for each basis orbital, where 𝑖 is site index and 𝑙,𝑚 are solid harmonics
angular momenta.

• The calculator assigned to the device must be density matrix-based for this function to perform successfully.
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processIsMaster

processIsMaster()

Function for querying if a process is a delegator or worker process.

Returns
True if the process is the delegator process in the parallel computation. False if it is a worker
process.

Return type
bool

Usage Examples

Printing the total energy to the terminal window. If the program is run in a parallel fashion, the processIsMaster
function can be used to ensure that only the master process prints to the screen.

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Define the calculator
calculator = HuckelCalculator()
molecule_configuration.setCalculator(calculator)

# Print the total energy to the screen
# and avoid writing this for each process.

energy = TotalEnergy(molecule_configuration).evaluate()

if processIsMaster():
print('Total Energy =', energy)

process_is_master.py

Notes

Care should be taken when using the processIsMaster function. Misuse can cause the program to freeze. We
recommend that the this function is used only for printing to the terminal while debugging.
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randomSeed

randomSeed(*args)
Generate a random seed.

If any arguments are specified, they are converted to a valid seed for a random number generator. Identical seeds
will always produce identical random number generators.

If no arguments are specified, an automatically generated unique random seed is returned.

Parameters
args (ints | floats | strings) – The optional arguments.

Returns
The random seed.

Return type
int | numpy.ndarrary

readMetatext

readMetatext(path, object_id)
Read the metatext string from a particular object in a file.

Parameters

• path (str) – The path of the file from which the metatext should be read. Only HDF5 is
supported.

• object_id (str) – The object_id to read the metatext from.

Returns
The metatext string if it exists, otherwise None.

Return type
str | None

readTrainingData

readTrainingData(data_files, calculator, data_classes=None)
Read the training data from file.

Parameters

• data_files (str | list) – Name of the training data file.

• calculator (Calculator) – Calculator to add to the training sets.

• data_classes (list | MomentTensorPotentialTraining | Trajectory |
ConfigurationDataContainer | MDTrajectory | OptimizationTrajectory)
– The type or types of data objects used to construct training sets.

Returns
A list of TrainingSet objects containing the configurations in the files.
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Return type
list

Usage Examples

Read in initial training data from two HDF5 files that are used as input for an active learning simulation.

# Read the initial pre-calculated training data for crystalline and amorphous silicon.
calculator = LCAOCalculator()
training_data = readTrainingData(

['Silicon_Crystal_Training_Data.hdf5', 'Silicon_Amorphous_Training_Data.hdf5'],
calculator,

)

read_training_data.py

Notes

The readTrainingData utility function provides an automated method to read in various forms of training data intended
for MTP training. The output is in the form of a list of TrainingSet objects that can be passed as a parameter to
an MomentTensorPotentialTraining or ActiveLearningSimulation class. The first argument data_files takes a HDF5
file name or list of HDF5 file names from which to read the data. The second argument calculator takes the calculator
that was used to generate the energy, forces and stresses in the training set. Where there is a calculator already set in
the HDF5 file, this will be added in preference to the one specified in calculator.

When the training data is passed to an MomentTensorPotentialTraining the added calculator is checked to see if it is
consistent with the training calculator to determine if the contained energy, force and stress data needs to be recalculated.
When passed to an ActiveLearningSimulation the training data is included without checking for calculator consistency.
Here configurations without energy, force or stress are not included.

readVampireCurieTemperature

readVampireCurieTemperature(dir_path: str)→ SpinDynamicsCurieTemperature
Parse Vampire input and output files from a Curie temperature simulation and gather results in a Curie tempera-
ture data object.

Parameters
dir_path (str) – The path to the Vampire calculation directory.

Returns
The Curie temperature data object.

Return type
SpinDynamicsCurieTemperature
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readVampireHysteresisLoop

readVampireHysteresisLoop(dir_path: str)→ HysteresisLoop
Parse Vampire input and output files from a Curie temperature simulation and gather results in a Curie tempera-
ture data object.

Parameters
dir_path (str) – The path to the Vampire calculation directory.

Returns
The Curie temperature data object.

Return type
HysteresisLoop

readVampireTrajectory

readVampireTrajectory(dir_path: str, trajectory_file_path: str)→ SpinDynamicsTrajectory
Read and parse Vampire output files and create a spin dynamics trajectory object containing the data.

Parameters

• dir_path (str) – The Vampire output directory.

• trajectory_file_path (str) – The path/filename of the HDF5 file to store the trajec-
tory in.

:return The spin dynamics trajectory. :rtype: SpinDynamicsTrajectory

removeDoping

removeDoping(configuration, tag)
Remove doping from the tagged atoms of the configuration.

Parameters

• configuration (AtomicConfiguration) – The configuration to affect.

• tag (str) – The tag of the doped atoms.

Usage Examples

Remove doping on the selection of atoms tagged ‘doping_0’.

# --- Setup a configuration ---
# Set up lattice
vector_a = [5.4306, 0.0, 0.0]*Angstrom
vector_b = [0.0, 5.4306, 0.0]*Angstrom
vector_c = [0.0, 0.0, 16.291800000000002]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

(continues on next page)
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# Define elements
elements = [Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,

Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon, Silicon, Silicon, Silicon, Silicon,
Silicon, Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0. , 0. , 0.333333333333],
[ 0. , 0. , 0.666666666667],
[ 0.25 , 0.25 , 0.083333333333],
[ 0.25 , 0.25 , 0.416666666667],
[ 0.25 , 0.25 , 0.75 ],
[ 0.5 , 0.5 , 0. ],
[ 0.5 , 0.5 , 0.333333333333],
[ 0.5 , 0.5 , 0.666666666667],
[ 0.75 , 0.75 , 0.083333333333],
[ 0.75 , 0.75 , 0.416666666667],
[ 0.75 , 0.75 , 0.75 ],
[ 0.5 , 0. , 0.166666666667],
[ 0.5 , 0. , 0.5 ],
[ 0.5 , 0. , 0.833333333333],
[ 0.75 , 0.25 , 0.25 ],
[ 0.75 , 0.25 , 0.583333333333],
[ 0.75 , 0.25 , 0.916666666667],
[ 0. , 0.5 , 0.166666666667],
[ 0. , 0.5 , 0.5 ],
[ 0. , 0.5 , 0.833333333333],
[ 0.25 , 0.75 , 0.25 ],
[ 0.25 , 0.75 , 0.583333333333],
[ 0.25 , 0.75 , 0.916666666667]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

# Add external potential
external_potential = AtomicCompensationCharge()
bulk_configuration.setExternalPotential(external_potential)

# Make a selection of atoms to add doping to
selected_indices = numpy.array([2, 5, 8, 11, 14, 17, 20, 23])

# Add doping
addDoping(

configuration=bulk_configuration,
indices=selected_indices,
charge=0.000200195107106,
doping_type=N_type,

(continues on next page)
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tag='doping_0'
)

# --- Remove doping
removeDoping(

configuration=bulk_configuration,
tag=['doping_0']

)

removeDoping_example.py

See also ref.dopingcommon.notes.

repeat

repeat(configuration, na=1, nb=1, nc=1, stack_systems=None)
Repeat the BulkConfiguration or BaseProbeConfiguration with the integer values na, nb, and nc along
the three primitive unit cell vectors.

The repeated system is constructed with a cell of the type UnitCell.

Parameters

• configuration (BulkConfiguration | BaseProbeConfiguration) – The configu-
ration.

• na (int) – The repetition along the a-axis. Default: 1.

• nb (int) – The repetition along the b-axis. Default: 1.

• nc (int) – The repetition along the c-axis. Default: 1.

• stack_systems (bool) – If True the basis atoms are repeated as a unit, i.e. a0 and b0 are
repeated as: a0,b0,a1,b1, . . . If False the basis atom are repeated individually, i.e. a0 and
b0 are repeated as: a0,a1,. . . , b0,b1,. . . Default: See the docstring for the configuration’s
repeat method.

Returns
The repeated bulk system.

Return type
BulkConfiguration | BaseProbeConfiguration

rotate

rotate(configuration, indices, angle, axis, u0, rotate_lattice=None)
Rotate the elements in rows the angle theta around the axis (x,y,z) centered at (x0,y0,z0).

Parameters

• configuration (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration) – The configuration contain-
ing the atoms.
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• indices (All | sequence of integers) – The indices of the atoms to change.

• angle (float) – The rotation angle in degrees.

• axis (sequence) – The direction of the rotation axis.

• u0 (sequence) – Point the rotation axis goes through.

• rotate_lattice (bool) – If the lattice should be rotated with the coordinates. Only
applies to BulkConfigurations.

Returns
The rotated configuration.

Return type
AtomicConfiguration

runPackmol

runPackmol(molecules, cell_or_host, tolerance=PhysicalQuantity(2.0, Ang), buffer_size=PhysicalQuantity(2.0,
Ang), maximum_loops=60, random_seed=None)

Run Packmol in a subprocess, interpret the output and return the result as a BulkConfiguration.

Parameters

• molecules (list of (MoleculeConfiguration, int)) – A list of tuples, (Molecules,
Molecules count) to include in the packing.

• cell_or_host (BravaisLattice | BulkConfiguration) – The packing volume or
host configuration.

• tolerance (PhysicalQuantity of type length) – The target minimum intermolecular dis-
tance after packing. Corresponds to the tolerance keyword in packmol.

• buffer_size (PhysicalQuantity of type length) – A buffer of this size is added to the cell
vectors after packing to facilitate periodic boundary conditions.

• maximum_loops (int) – The maximum number of loops in the packing optimization.
Corresponds to the nloop keyword in packmol.

• random_seed (int) – The random seed to give Packmol. Use None to generate a seed
automatically.

Returns
Tuple containing the packed configuration, the success flag from reading the Packmol output
and the Packmol output message.

Return type
tuple(BulkConfiguration, bool, str)
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Usage Examples

The first example demonstrates the packing of 10 CH4 molecules together with 40 H2O in a cube with side-length
40 Angstrom, using a maximum of 30 packing loops, a tolerance of 2 Angstrom and a buffer region size, also of 2
Angstrom (see Notes for further details on these input parameters):

# --------------------------------------------------------------------------
# Methane
# --------------------------------------------------------------------------
# Define elements
elements = [Carbon, Hydrogen, Hydrogen, Hydrogen, Hydrogen]

# Define coordinates
coordinates = [[ -3.67767153e-08, -5.21170217e-07, -1.77696852e-05],

[ 6.30525881e-01, -8.91103633e-01, 2.66535938e-02],
[ -6.29878738e-01, 2.68953440e-02, 8.91606540e-01],
[ -6.30920686e-01, -2.70480029e-02, -8.90758789e-01],
[ 6.30273980e-01, 8.91262502e-01, -2.72895999e-02]] * Angstrom

# Set up configuration
methane = MoleculeConfiguration(

elements,
coordinates

)

# --------------------------------------------------------------------------
# H2O
# --------------------------------------------------------------------------
# Define elements
elements = [Oxygen, Hydrogen, Hydrogen]

# Define coordinates
coordinates = [[ 0.0, 4.0, 0.0],

[ 0.76923955, 4.0, -0.59357141],
[ -0.76923955, 4.0, -0.59357141]] * Angstrom

# Set up configuration
water = MoleculeConfiguration(

elements,
coordinates

)

# Create a list of molecules and their numbers
molecules = [

(methane, 10),
(water, 40)

]

# Define the volume in which the molecules should be packed
u1, u2, u3 = numpy.diag([40.0] * 3) * Angstrom
cell = UnitCell(u1, u2, u3)

# Set the size of the buffer region
(continues on next page)
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buffer_size = 2.0 * Angstrom

# Set Packmol parameters
tolerance = 2.0 * Angstrom
maximum_loops = 30

# Run the Packmol script to generate the packed configuration
packed_configuration, packing_successful, packmol_message = runPackmol(

molecules,
cell,
tolerance,
buffer_size,
maximum_loops,

)

print(f'Packing successful: {packing_successful}')
print(f'Packmol message: {packmol_message}')
print(f'Returned configuration: {packed_configuration}')

runPackmol_molecules_example.py

Fig. 4.48: Example output configuration from runPackmol, where the red-white molecules are H2O and the grey-white
molecules are CH4.

In the code above, the cell is defined as a Unitcell, though any valid BravaisLattice will work, also those that are
non-orthogonal. As an example, try replacing the lines

# Define the volume in which the molecules should be packed
u1, u2, u3 = numpy.diag([40.0] * 3) * Angstrom
cell = UnitCell(u1, u2, u3)

with

# Define the volume in which the molecules should be packed
cell = Triclinic(14.0 * Angstrom, 17.9999 * Angstrom, 22.0 * Angstrom,

45.0 * Degrees, 90.0 * Degrees, 90.0 * Degrees)

The second example demonstrates the packing of four CH4 into a zeolite host configuration (loaded from zeolite_LIT.py,
which can be found as a separate download below), using a maximum of 30 packing loops, a tolerance of 2 Angstrom
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and a buffer region size also of 2 Angstrom:

# Import the host configuration
from zeolite_LIT import zeolite_LIT

# --------------------------------------------------------------------------
# Methane
# --------------------------------------------------------------------------
# Define elements
elements = [Carbon, Hydrogen, Hydrogen, Hydrogen, Hydrogen]

# Define coordinates
coordinates = [[ -3.67767153e-08, -5.21170217e-07, -1.77696852e-05],

[ 6.30525881e-01, -8.91103633e-01, 2.66535938e-02],
[ -6.29878738e-01, 2.68953440e-02, 8.91606540e-01],
[ -6.30920686e-01, -2.70480029e-02, -8.90758789e-01],
[ 6.30273980e-01, 8.91262502e-01, -2.72895999e-02]] * Angstrom

# Set up configuration
methane = MoleculeConfiguration(

elements,
coordinates

)

# Create a list of molecules and their numbers
molecules = [(methane, 4)]

# Set the size of the buffer region
buffer_size = 2.0 * Angstrom

# Set Packmol parameters
tolerance = 2.0 * Angstrom
maximum_loops = 30

# Run the Packmol script to generate the packed configuration
packed_configuration, packing_successful, packmol_message = runPackmol(

molecules,
zeolite_LIT,
tolerance,
buffer_size,
maximum_loops,

)

print(f'packing successful: {packing_successful}')
print(f'packmol message: {packmol_message}')
print(f'Returned configuration: {packed_configuration}')

runPackmol_molecules_with_host_example.py zeolite_LIT.py
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Fig. 4.49: Example output configuration from runPackmol, where the grey-white molecules are CH4. and the sur-
rounding atoms in red and tan belong to the host configuration.

General

Packmol is a utility used in QuantumATK to generate configurations of packed molecules.

Normally, Packmol is available through the Packmol Builder Plugin.

The function runPackmol is meant to be an easy way to add Packmol functionality to a script written within the Quan-
tumATK framework. It takes the same inputs as the Packmol Builder Plugin, which are:

• Arbitrary types and numbers of molecules to be packed.

• The cell into which the molecules should be packed, as a BravaisLattice or a host configuration into which
the molecules should be packed.

• Packing density tolerances, i.e. the minimum acceptable distance between molecules.

• A buffer size to avoid faulty packing at periphery of the cell. (See Notes for details)

• The maximum number of optimization loops performed by Packmol.

For the original article presenting Packmol, see1.

The official homepage of Packmol is (as of 2019) http://m3g.iqm.unicamp.br/packmol/home.shtml

Notes

• Molecules must be given as a list of tuples, in which each tuple contains a pair of values: a molecule and the
number of this molecule.

• Natively, Packmol does not consider packing tolerances across the boundaries of the packing volume (i.e. it does
not support periodic boundary conditions). To overcome this, the original authors suggest to use a buffer region
around the packing volume which is subtracted from the total packing volume. This region will be left empty
after the packing, and it is suggested to use energy minimization and equilibration on the packing volume with
mirror images as a follow-up procedure to remove the empty spaces and complete the packing. In general, a
buffer_size of 2 Angstroms for a cell length of 100 Angstroms is sufficient, though this may need to be increased
for large molecules.

1 Birgin E. G. Martinez L., Andrade R. and Martinez J. M. PACKMOL: a package for building initial configurations for molecular dynamics
simulations. Journal of Computational Chemistry, 30(13):2157–2164, February 2009. URL: https://onlinelibrary.wiley.com/doi/full/10.1002/jcc.
21224, doi:10.1002/jcc.21224.
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• In general, a tolerance of 2 Angstroms is sufficient. Special cases may arise for cyclic systems such as toluene,
which may become linked during packing. In such cases, a larger tolerance is more suitable.

runVampireInSubprocess

runVampireInSubprocess(stream=None, stderr_stream=None)
Run vampire in a subprocess

Parameters

• stream (stream) – The stream to write the Vampire output to.

• stderr_stream (stream) – The stream to write stderr to, only for testing.

saveVerbositySettings

saveVerbositySettings(filename)
Save the verbosity settings for the current session to a file.

Parameters
filename (str) – File where to save the verbosity settings to. If the file exists it will be
overwritten.

Usage Examples

Create a custom dictionary of verbosity settings, apply them to the current QuantumATK Python session, and save the
settings in a JSON file:

# Set custom verbosity settings.
verbosity = {

'TIME_STAMP': False,
'MATRIX_SIZES': False,
'CHECKPOINT_FILE': False,

}
setVerbosity(verbosity)

# Save the verbosity settings in a JSON file.
# Note that this file must be named 'verbosity.json'.
saveVerbositySettings('verbosity.json')

Important: The saved file must be named verbosity.json. Otherwise, QuantumATK will not recognize it as a
file containing verbosity settings. See also the Notes section below.

You can also save the pre-defined MinimalLog verbosity settings:

# Set the MinimalLog verbosity settings.
setVerbosity(MinimalLog)

(continues on next page)
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# Save the MinimalLog verbosity settings in a JSON file.
# Note that this file must be named 'verbosity.json'.
saveVerbositySettings('verbosity.json')

See the section below to learn how to apply the saved verbosity settings to QuantumATK jobs.

Notes

Most parts of the QuantumATK logging output is associated with a “logging region”, see showVerbosityRegions().
The default QuantumATK verbosity mode is True for all logging regions, i.e., to print out all available logging out-
put. However, the verbosity can be manually changed, such that the logging output becomes more condensed, see
setVerbosity().

Whenever running QuantumATK Python, the logging verbosity is set in the following manner:

1. The default verbosity mode is “print everything”; all logging regions are initially verbose.

2. Next, if the file $HOME/.quantumatk/verbosity.json exists, QuantumATK will automatically attempt to
load verbosity settings from it.

3. Next, if a file verbosity.json exists in the current working directory (the directory from which QuantumATK
Python is launched), the verbosity settings in that file are automatically loaded. Any verbosity settings already
loaded in step 2 will be overridden.

4. Finally, if the setVerbosity() function is used in the executed QuantumATK Python script or interactive
session, those verbosity settings are the last ones to be applied. Any verbosity settings already loaded in step 2
or 3 will be overridden.

Note: Steps 2 and 3 in the list above require no user action, except for placing a suitable verbosity.json file in
one or more directories. No need for using the setVerbosity() function in QuantumATK Python scripts, except for
additional tweaking of the verbosity settings.

In both cases, use the saveVerbositySettings() function to create the verbosity.json file.

Tip: Step 2 should be used to automatically apply custom global verbosity settings, while step 3 is used for automat-
ically applying custom local verbosity settings.

scanOverNonLinearCoefficients

scanOverNonLinearCoefficients(number_of_initial_guesses=30, perform_optimization=None,
max_force_rmse_change=None, max_steps=None, random_seed=None,
regularization=None, energy_only=None, radial_function_order=None,
zero_interaction_pairs=None, basis_size=None, inner_cutoff_radii=None,
tapering_cutoff_radii=None, outer_cutoff_radii=None,
mtp_filename_suffix=None, cutoff_function=None, load_energy=None,
load_forces=None, load_stress=None,
ridge_regression_regularization=None,
ridge_regression_cross_validation=None, constant_terms=None,
weights=None, forces_cap=None, data_tags=None,
use_element_specific_coefficients=None, use_gpu_acceleration=None)
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Preset protocol for generating a series of MomentTensorPotentialFittingParameters to scan over different initial
non-linear coefficients.

Parameters

• number_of_initial_guesses (int) – The number of initial guesses used to fit an MTP.

• perform_optimization (bool) – Whether to optimize the non-linear coefficients dur-
ing the fitting. Default: False.

• max_force_rmse_change (int) – The convergence criterion for the change in the
RMSE on the force values between subsequent steps in the optimization of the non-
linear coefficients. Ignored if perform_optimization is False. Default: 0.05 * eV /
Angstrom.

• max_steps (int) – The maximum number of optimization steps to take. Ignored if per-
form_optimization is False. Default: 100.

• random_seed (non-negative int or sequence of non-negative ints) – The
random seed used for generating the initial non-linear coefficients. Default: Generated
automatically.

• regularization (float) – The regularization strength for the optimization. Ignored if
perform_optimization is False. Default: 1.0e-2.

• energy_only (bool) – Whether to only optimize on the energy values. Ignored if per-
form_optimization is False. Default: True.

• radial_function_order (int) – The order of Chebychev polynomials in the expansion
of each radial function. Only used when CutoffFunctionChebyshevExpansion is selected
as cutoff function. Default: 5.

• zero_interaction_pairs (None | Sequence of tuples of PeriodicTableElement) –
If not None, the interactions between the given element pairs will be set to zero.

• basis_size (PredefinedBasisSmall | PredefinedBasisBig | int | str) –
The basis set size to use. If a filename is given the basis is read for this file. Default:
PredefinedBasisSmall.

• inner_cutoff_radii (PhysicalQuantity of type length | dict of{tuple (size 2) of
Element: PhysicalQuantity of type length}) – The inner cutoff radius for each element
pair. If a single value is given, this will be used for all pairs. Default: 0.5 * Angstrom.

• tapering_cutoff_radii (PhysicalQuantity of type length | dict of{tuple (size 2) of
Element: PhysicalQuantity of type length}) – The tapering cutoff radius for each element
pair. If a single value is given, this will be used for all pairs. Default: 0.7 * Angstrom.

• outer_cutoff_radii (PhysicalQuantity of type length | dict of{tuple (size 2) of
Element: PhysicalQuantity of type length}) – The outer cutoff radius for each element
pair. If a single value is given, this will be used for all pairs. Default: 5.0 * Angstrom.

• mtp_filename_suffix (str) – The filename suffix for the fitted MTP parameter set.
Default: Unique name set by MomentTensorPotentialTraining.

• cutoff_function (CutoffFunctionChebyshevOriginal |
CutoffFunctionChebyshevExpansion) – The cutoff function to use. Default:
CutoffFunctionChebyshevOriginal.

• load_energy (LoadQuantityAlways | LoadQuantityNever |
LoadQuantityWhereAvailable) – Whether to use the energy during fitting. De-
fault: LoadQuantityWhereAvailable.
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• load_forces (LoadQuantityAlways | LoadQuantityNever |
LoadQuantityWhereAvailable) – Whether to use the forces during fitting. De-
fault: LoadQuantityWhereAvailable.

• load_stress (LoadQuantityAlways | LoadQuantityNever |
LoadQuantityWhereAvailable) – Whether to use the stress during fitting. De-
fault: LoadQuantityWhereAvailable.

• ridge_regression_regularization (float) – The regularization strength for the
ridge regression model. Default: 1.0e-3.

• ridge_regression_cross_validation (int) – The number of folds for enabling
cross-validation in the ridge regression model. Default: No cross-validation.

• constant_terms (dict of {Element: PhysicalQuantity of type energy}) – The energy
of an isolated atom for each species. Default: Calculated with the fitting calculator. by
MomentTensorPotentialTraining.

• weights (Sequence of PhysicalQuantity of type (1/energy, length/energy,
length**3/energy)) – The weights used for weighting energy, forces and stress [E,
F, S] of every training configuration. If the quantity is not used for fitting or absent from
the data, the corresponding weight is ignored. Default: No weighting.

• forces_cap (PhysicalQuantity of type energy / length) – Configurations with max. force
magnitudes on an atom larger than this value will be discarded from the training data.
Default: 100.0 * eV / Angstrom.

• data_tags (None | str | list) – A single tag or a list of tags identifying the training
sets to be used in the fitting. None results in all available training sets being included.
Default: None.

• use_element_specific_coefficients (bool) – True, if element-specific coeffi-
cients should be used, otherwise False. Default: False.

• use_gpu_acceleration (bool) – Switch GPU acceleration using CUDA on or off. This
requires running the training on a CUDA-enabled GPU. Default: False.

Returns
The non-linear coefficients initial guesses.

Return type
list of MomentTensorPotentialFittingParameters:

Usage Examples

Generate training data for a Silicon crystal and set up a random scan over non-linear coefficients. This will generate 30
separate fits sampling initial guesses for the non-linear coefficients.

# -*- coding: utf-8 -*-
setVerbosity(MinimalLog)

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

(continues on next page)
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# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
k_point_sampling = KpointDensity(

density_a=7.0*Angstrom,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=30.0*Hartree,
k_point_sampling=k_point_sampling,
occupation_method=FermiDirac(25.0*meV),
)

iteration_control_parameters = IterationControlParameters(
tolerance=5e-05,
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
iteration_control_parameters=iteration_control_parameters,
)

# Generate a list of initial guesses for non-linear coefficients.
fitting_parameters_list = scanOverNonLinearCoefficients(

number_of_initial_guesses=30,
basis_size=PredefinedBasisSmall,
mtp_filename_suffix='MTP_fit.mtp',
random_seed=42,
perform_optimization=False,

)

# Define RandomDisplacementsParameters used to generate the training sets.
training_sets = RandomDisplacementsParameters(

reference_configurations=bulk_configuration,
supercell_repetitions_list=[(1, 1, 1), (2, 2, 2)],
sample_size=10,
atomic_rattling_amplitudes=0.15*Angstrom,
cell_rattling_amplitudes=0.07,

(continues on next page)
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)

# Generate the displaced structures and calculate DFT training data.
mtp_training = MomentTensorPotentialTraining(

filename='Silicon_crystal_mtp_training_testtest.hdf5',
object_id='mtp_training',
training_sets=training_sets,
calculator=calculator,
calculate_stress=True,
fitting_parameters_list=fitting_parameters_list,

)
mtp_training.update()

# Determine the best fit and extract its parameters.
best_fit_index = mtp_training.rankFits(

data_tags=None,
weights=[[1, 1, 1], [1, 1, 1]],
statistical_measure=R2Score

)[0][0]

best_fitting_parameters = mtp_training.fittingParametersList()[best_fit_index]

random_scan.py

Notes

The scanOverNonLinearCoefficients function provides a list of MomentTensorPotentialFittingParameters to set up a
sampling of initial guesses. These parameters can be used in the MomentTensorPotentialTraining class to generate
different fits within the machine-learned Moment Tensor Potential (MTP) framework.

The function combines the APIs of NonLinearCoefficientsParameters and MomentTensorPotentialFittingParameters
while providing a simple way of generating a fitting parameters list without the need for scripting a loop. The names
of the MTP potential files will be prepended by an index beginning with the number 0.

After the training has concluded, the fits can be ranked calling the``rankFits()`` method on the MomentTensorPotential-
Training instance. By default the R2 score between reference data and predicted data is used for ranking. Optionally,
weights can be supplied for energies, forces and stresses of training and testing sets. The fitting parameters can be
re-obtained by calling fittingParametersList() and filtering for the desired fit index.

The parameters can also be further optimized by using the corresponding MTP files as input for a second run or be
passed to an ActiveLearningSimulation.

nl_parameters = NonLinearCoefficientsParameters(
perform_optimization=True,
energy_only=True,
regularization=1.0e-3,
initial_coefficients='0_MTP_fit.mtp',

)

fitting_parameters = MomentTensorPotentialFittingParameters(
basis_size=PredefinedBasisSmall,
mtp_filename='MTP_0_optimization.mtp',

(continues on next page)
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non_linear_coefficients_parameters=nl_parameters
)

The fitting of the linear coefficients can be accelerated by running on a GPU. This is particularly beneficial when the
non-linear optimization is switched off via setting perform_optimization=False. To enable GPU acceleration, the
flag use_gpu_acceleration needs to be set to True. To make use of this feature, the calculation needs to be run on
a GPU that supports CUDA-11.8, otherwise it will fall back to the default CPU mode.

selectNEBByBarrier

selectNEBByBarrier(nebs, forward_barrier=True, validate=True)
Out of a given list of NEBs this function will find and return the one with the smallest barrier.

Parameters

• nebs (sequence of NudgedElasticBand) – The nudged elastic band configurations to
select from.

• forward_barrier (bool) – True if the forward barrier is to be calculated from the first
image and transition state. False for the reverse barrier using the last image. Default:
True.

• validate (bool) – If the list of NEBs should be validated to have a transition state before
selection.

Returns
The NEB with the lowest barrier.

Return type
NudgedElasticBand

Notes

The selectNEBByBarrier utility method can be used to select the NudgedElasticBand that has the lowest barrier from
a sequence of NEBs. The option forward_barrier controls whether the barrier of forward reaction or the reverse re-
action is considered. Validation of the NEBs can also be performed before selection. The returned NudgedElasticBand
is the one that has the lowest barrier.

setVerbosity

setVerbosity(verbosity_settings=None, **kwargs)
Set the verbosity of logging output in ATK Python.

Both pre-defined verbosity settings (MinimalLog or SilentLog) or the verbosity of specific logging regions
can be specified.

Information on the logging region that each line in the logging output belongs to can be obtained with
showVerbosityRegions().

Parameters
verbosity_settings (dict) – Dictionary of verbosity settings.
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Usage Examples

Pre-defined verbosity settings

Two pre-defined dictionaries of verbosity settings are available. The MinimalLog provides a minimalistic but useful
QuantumATK logging output:

# QuantumATK verbosity
setVerbosity(MinimalLog)

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Calculator
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)
molecule_configuration.update()

Below is shown a section of the resulting QuantumATK logging output:

+------------------------------------------------------------------------------+
| DiagonalizationSolver parallelization report. |
+------------------------------------------------------------------------------+
| Total number of processes: 1 |
| Total number of k-points: 1 |
| Processes per k-point: 1 |
| Number of process groups: 1 |
+------------------------------------------------------------------------------+

+------------------------------------------------------------------------------+
| Checkpoint Handler |
| Filename : /tmp/checkpoint84760295.nc |
| Interval : 0.5 h |
+------------------------------------------------------------------------------+
| 0 E = -4.24374 dE = 1.000000e+00 dH = 3.517309e-01 |
| 1 E = -3.5362 dE = 7.075433e-01 dH = 2.714105e-01 |
| 2 E = -3.59261 dE = 5.641406e-02 dH = 1.945382e-02 |
| 3 E = -3.46562 dE = 1.269879e-01 dH = 4.965302e-02 |
| 4 E = -3.46231 dE = 3.316244e-03 dH = 3.647576e-03 |
| 5 E = -3.45492 dE = 7.386256e-03 dH = 2.002716e-03 |
| 6 E = -3.45729 dE = 2.373353e-03 dH = 8.340864e-04 |
| 7 E = -3.45728 dE = 1.267347e-05 dH = 8.863979e-05 |
| Calculation Converged in 7 steps |
| |
| Fermi Level = -1.544221 eV |
+------------------------------------------------------------------------------+

The pre-defined SilentLog dictionary completely silences all QuantumATK logging output (verbosity for all logging
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regions is False).

# QuantumATK verbosity
setVerbosity(SilentLog)

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Calculator
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)
molecule_configuration.update()

which results in nothing but a minimal header in the logging output:

+------------------------------------------------------------------------------+
| |
| Atomistix ToolKit 2016.0 |
| |
+------------------------------------------------------------------------------+

Advanced usage

Instruct QuantumATK Python to avoid printing time stamps, the size of density matrices, progress bars, and checkpoint
file information in the logging output:

# QuantumATK verbosity
verbosity = {

'TIME_STAMP': False,
'MATRIX_SIZES': False,
'PROGRESS_BARS': False,
'CHECKPOINT_FILE': False,

}
setVerbosity(verbosity)

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Calculator
calculator = LCAOCalculator()

(continues on next page)
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molecule_configuration.setCalculator(calculator)
molecule_configuration.update()

Note that the verbosity settings are given as a Python dictionary (key–value pairs). Below is shown a section of the
resulting QuantumATK logging output:

+------------------------------------------------------------------------------+
| DiagonalizationSolver parallelization report. |
+------------------------------------------------------------------------------+
| Total number of processes: 1 |
| Total number of k-points: 1 |
| Processes per k-point: 1 |
| Number of process groups: 1 |
+------------------------------------------------------------------------------+
+------------------------------------------------------------------------------+
| Density Matrix Report DM DD |
+------------------------------------------------------------------------------+
| 0 N [ 0.000 , 0.000 , 0.124 ] 5.35681 0.35681 |
| 1 H [ 0.000 , 0.941 , -0.289 ] 0.88105 -0.11895 |
| 2 H [ 0.815 , -0.471 , -0.289 ] 0.88107 -0.11893 |
| 3 H [ -0.815 , -0.471 , -0.289 ] 0.88107 -0.11893 |
+------------------------------------------------------------------------------+
| 0 E = -4.24374 dE = 1.000000e+00 dH = 3.517309e-01 |
+------------------------------------------------------------------------------+
+------------------------------------------------------------------------------+
| Density Matrix Report DM DD |
+------------------------------------------------------------------------------+
| 0 N [ 0.000 , 0.000 , 0.124 ] 5.25696 0.25696 |
| 1 H [ 0.000 , 0.941 , -0.289 ] 0.91429 -0.08571 |
| 2 H [ 0.815 , -0.471 , -0.289 ] 0.91437 -0.08563 |
| 3 H [ -0.815 , -0.471 , -0.289 ] 0.91437 -0.08563 |
+------------------------------------------------------------------------------+
| 1 E = -3.5362 dE = 7.075433e-01 dH = 2.714105e-01 |
+------------------------------------------------------------------------------+

Pre-defined dictionaries of verbosity settings can be combined with keywords, e.g to produce a minimalistic logging
output, but keeping the otherwise silenced SCF_HEADER verbose:

# QuantumATK verbosity
setVerbosity(MinimalLog, SCF_HEADER=True)

It is also possible to specify the verbosity dictionary from scratch, e.g. to produce the equivalent of MinimalLog:

# QuantumATK verbosity
verbosity = {

'TIME_STAMP': True,
'MULLIKEN_REPORT': False,
'PROGRESS_BARS': False,
'SCF_HEADER': False,
'GRID_INFO': False,
'MATRIX_SIZES': False,
'SCF_PROGRESS_END': False,
'GRID_TOOL_INFO': False,

(continues on next page)
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'MEMORY_INFO': False,
'INITIALIZE_HAMILTONIAN': False,

}
setVerbosity(verbosity)

Notes

Most parts of the QuantumATK logging output is associated with a “logging region”, see showVerbosityRegions().
The default QuantumATK verbosity mode is True for all logging regions, i.e., to print out all available logging output.
Use the setVerbosity() function to enable/disable verbosity for specific logging regions.

Information about which logging region each line in the logging output belongs to can be obtained using
showVerbosityRegions().

See also saveVerbositySettings() for saving custom verbosity settings for later use.

The dictionary of the current verbosity settings can be retrieved with getVerbosity().

MinimalLog

The MinimalLog dictionary of verbosity settings is reproduced below:

verbosity = {
'TIME_STAMP': True,
'MULLIKEN_REPORT': False,
'PROGRESS_BARS': False,
'SCF_HEADER': False,
'GRID_INFO': False,
'MATRIX_SIZES': False,
'SCF_PROGRESS_END': False,
'GRID_TOOL_INFO': False,
'MEMORY_INFO': False,
'INITIALIZE_HAMILTONIAN': False,

}

All available logging regions

The following is a list all currently available logging regions:

• ALL

• ATOMIC_CALCULATOR

• ATOMIC_CONFIGURATION

• BANDSTRUCTURE

• BONDS_WARNING

• CALCULATOR_UPDATE

• CHECKPOINT_FILE

• CHEMICAL_POTENTIAL
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• CONTOUR_INFO

• COUNTERPOISE_CORRECTION

• CRYSTAL_STRUCTURE_PREDICTION

• DEATH_DATE

• DELTATEST

• DENSITYOFSTATES

• DEPRECATION_WARNING

• DEVICEDENSITYOFSTATES

• DIAGONALIZATION_INFO

• DYNAMICAL_MATRIX

• EFFECTIVEBANDSTRUCTURE

• ELASTICCONSTANTS

• ELECTRON_PHONON

• FEAST_DIAGONALIZER

• FERMI_LEVEL

• FORCES_CONVERGED

• GRID_INFO

• GRID_TOOL_INFO

• GRIMME2

• GRIMME3

• HAMILTONIAN_DERIVATIVES

• HARMONIC_CALCULATOR

• HTST

• INELASTICTRANSMISSION

• INITIAL_STATE

• INITIALIZE_HAMILTONIAN

• LBFGS_MESSAGE

• LCAO_INITILIZATION

• MATRIX_SIZES

• MD_PROGRESS

• MD_RESTART

• MD_STEP

• MEMORY_INFO

• MEMORY_USAGE

• MOBILITY

• MULLIKEN_REPORT
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• NEB_CONVERGED

• NEB_INFO

• NEB_PARALLEL_INFO

• NEB_PREOPTIMIZATION_INFO

• NEB_STEP

• NEB_WARNING

• NELDER_MEAD

• NLPRINT

• NLREAD_ERROR

• NLREPACK

• NLSAVE_WARNING

• OPTIMIZATION_CELL

• OPTIMIZATION_FORCES_CLASSICAL

• OPTIMIZATION_FORCES_QUANTUM

• OPTIMIZATION_STRESS

• PARALLEL_INFO

• PDOS_WARNING

• PROGRESS_BARS

• RESTART_INFO

• REUSE_ELECTRODE

• SCF_CONVERGED

• SCF_HEADER

• SCF_PROGRESS

• SCF_PROGRESS_END

• SCF_WARNING

• SCFLOOP_INFO

• SLATERORBITAL

• SPINTRANSFERTORQUE

• SPLINE_INTERPOLATION

• STM

• STRESS_CONVERGED

• TIME_STAMP

• TIMING_REPORT

• TRANSMISSIONPATHWAYS

• TRANSMISSIONSPECTRUM
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showVerbosityRegions

showVerbosityRegions()

After calling this function, all logging output will be prepended with the tag of the logging region that the
outputted line belongs to.

These tags can be used to partially enable or disable logging output. See setVerbosity() for more information.

Usage Examples

For all QuantumATK logging output lines, prepend the logging region tag if one exists:

# QuantumATK verbosity
showVerbosityRegions()

# Set up configuration
molecule_configuration = MoleculeConfiguration(

elements=[Nitrogen, Hydrogen, Hydrogen, Hydrogen],
cartesian_coordinates=[[ 0. , 0. , 0.124001],

[ 0. , 0.941173, -0.289336],
[ 0.81508, -0.470587, -0.289336],
[-0.81508, -0.470587, -0.289336]]*Angstrom

)

# Calculator
calculator = LCAOCalculator()
molecule_configuration.setCalculator(calculator)
molecule_configuration.update()

As seen in the example below, the region tags are shown in capital letters at the beginning of lines in the logging output:

CHECKPOINT_FILE ==> +-----------------------------------------------------------
→˓-------------------+
CHECKPOINT_FILE ==> | Checkpoint Handler ␣
→˓ |
CHECKPOINT_FILE ==> | Filename : /tmp/checkpoint22107724.nc ␣
→˓ |
CHECKPOINT_FILE ==> | Interval : 0.5 h ␣
→˓ |
CHECKPOINT_FILE ==> +-----------------------------------------------------------
→˓-------------------+

|--------------------------------------------------|
Calculating Eigenvalues : ==================================================
Calculating Density Matrix : ==================================================

SCF_HEADER ==> +-----------------------------------------------------------
→˓-------------------+
SCF_HEADER ==> | Density Matrix Report DM DD ␣
→˓ |
SCF_HEADER ==> +-----------------------------------------------------------
→˓-------------------+
MULLIKEN_REPORT ==> | 0 N [ 0.000 , 0.000 , 0.124 ] 5.35681 0.

(continues on next page)
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→˓35681 |
MULLIKEN_REPORT ==> | 1 H [ 0.000 , 0.941 , -0.289 ] 0.88105 -0.
→˓11895 |
MULLIKEN_REPORT ==> | 2 H [ 0.815 , -0.471 , -0.289 ] 0.88107 -0.
→˓11893 |
MULLIKEN_REPORT ==> | 3 H [ -0.815 , -0.471 , -0.289 ] 0.88107 -0.
→˓11893 |
MULLIKEN_REPORT ==> +-----------------------------------------------------------
→˓-------------------+
SCF_PROGRESS ==> | 0 E = -4.24374 dE = 1.000000e+00 dH = 3.517309e-01 ␣
→˓ |
SCF_PROGRESS_END ==> +-----------------------------------------------------------
→˓-------------------+

Note: The showVerbosityRegions() function does not show the logging region tag for QuantumATK progress
bars. However, verbosity for these can still be disabled; the region tag is PROGRESS_BARS.

Notes

See setVerbosity() for more information about how to use logging region tags to partially enable or disable Quan-
tumATK logging output.

sort

sort(configuration, indices, priority)
Method to sort the atoms in a configuration according to the fractional coordinates.

Parameters

• configuration (AtomicConfiguration) – The configuration to be sorted(in place).

• indices (All | sequence of integers) – The indices.

• priority (List with the entries 0,1,2 in some order) – The priority of the
different coordinates in the sorting.

Returns
The sorted configuration.

Return type
AtomicConfiguration
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substitutionalAlloy

substitutionalAlloy(configuration, indices, algorithm, percentage, new_element, rng=None)
Create alloy by substituting a percentage of the specified indices with a new element.

Parameters

• configuration (BulkConfiguration) – The configuration to create the alloy from.

• indices (List of integers) – The indices of the atoms to change.

• algorithm (FixedFraction | NormalDistribution) – The algorithm to randomly
change a percentage of the atoms. NormalDistribution means you assign a number [0,1]
from a normal distribution across all atoms and only pick those that have a value below the
given percentage. FixedFraction means if you set 25%, you get 25% of the total number
of atoms changed. The size of the random sample are the percentage of atoms provided,
rounded to nearest integer.

• percentage (float) – The percentage of the atoms that should be changed.

• new_element (PeriodicTable.Element or None (vacancy)) – The element to
change to.

• rng (numpy.random.RandomState) – The random number generator used to gener-
ate the random number stream. If None, a new random number generator stream will
be made with a seed obtained from the operating system’s entropy pool. Default:
numpy.random.RandomState().

Returns
The created alloy.

Return type
BulkConfiguration

Usage Examples

Generate a AuAg alloy with 50/50 composition, by first creating a Ag crystal of the desired size. To affect the entire
crystal, define a selection that contains all Ag atoms for passing to the substitutionalAlloy function.

# --- Create the initial configuration ---
# Set up lattice
vector_a = [8.1714, 0.0, 0.0]*Angstrom
vector_b = [0.0, 8.1714, 0.0]*Angstrom
vector_c = [0.0, 0.0, 8.1714]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silver, Silver, Silver, Silver, Silver, Silver, Silver, Silver,

Silver, Silver, Silver, Silver, Silver, Silver, Silver, Silver,
Silver, Silver, Silver, Silver, Silver, Silver, Silver, Silver,
Silver, Silver, Silver, Silver, Silver, Silver, Silver, Silver]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0. , 0. , 0.5 ],
[ 0. , 0.5 , 0. ],

(continues on next page)
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[ 0. , 0.5 , 0.5 ],
[ 0.5 , 0. , 0. ],
[ 0.5 , 0. , 0.5 ],
[ 0.5 , 0.5 , 0. ],
[ 0.5 , 0.5 , 0.5 ],
[ 0.25, 0.25, 0. ],
[ 0.25, 0.25, 0.5 ],
[ 0.25, 0.75, 0. ],
[ 0.25, 0.75, 0.5 ],
[ 0.75, 0.25, 0. ],
[ 0.75, 0.25, 0.5 ],
[ 0.75, 0.75, 0. ],
[ 0.75, 0.75, 0.5 ],
[ 0.25, 0. , 0.25],
[ 0.25, 0. , 0.75],
[ 0.25, 0.5 , 0.25],
[ 0.25, 0.5 , 0.75],
[ 0.75, 0. , 0.25],
[ 0.75, 0. , 0.75],
[ 0.75, 0.5 , 0.25],
[ 0.75, 0.5 , 0.75],
[ 0. , 0.25, 0.25],
[ 0. , 0.25, 0.75],
[ 0. , 0.75, 0.25],
[ 0. , 0.75, 0.75],
[ 0.5 , 0.25, 0.25],
[ 0.5 , 0.25, 0.75],
[ 0.5 , 0.75, 0.25],
[ 0.5 , 0.75, 0.75]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# --- Generate a substitutional alloy ---
# Create a list of selected atoms. A percentage of these will be
# randomly substituted by the new element.
selection = [0, 1, 2, 3, 4, 5,

6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16,
17, 18, 19, 20, 21,
22, 23, 24, 25, 26,
27, 28, 29, 30, 31]

configuration = substitutionalAlloy(
configuration=bulk_configuration,
indices=numpy.array(selection),
algorithm=NormalDistribution,
percentage=50.0,

(continues on next page)
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new_element=Gold
)

substitutionalAlloy_example.py

Fig. 4.50: Example alloy generated by substi-
tutionalAlloy. Yellow: Au, Grey/White: Ag.
Note that the atom distribution is random each
time substitutionalAlloy is run.

Notes

• The percentage must be a number between 0.0 and 100.0

supercell

supercell(configuration, cell_type=1, remove_overlaps=True)
Create a supercell by expressing the new cell vectors A’, B’ and
C’ as a linear combination of the current cell vectors A, B, and
C from the given configuration. Atoms are added as needed to
reflect the new cell size.

Parameters

• configuration
(BulkConfiguration) – The original
bulk configuration which is to be
transformed.

• cell_type (SUPERCELL_TYPE |
sequence) – The type of cell to

transform into, which can either be an option from SUPERCELL_TYPE or a 3x3 matrix
for a custom transformation matrix.

• remove_overlaps (bool) – Whether
to remove overlapping atoms in the new
configuration.

Returns
The supercell configuration.

Return type
BulkConfiguration
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surfaceFromBulk

surfaceFromBulk(bulk_configuration, electrode_extension_length, vacuum_length)
Method that takes a bulk configuration and makes a surface configuration with some vacuum at the surface.

Parameters

• bulk_configuration (BulkConfiguration) – The configuration to modify.

• electrode_extension_length (PhysicalQuantity of type length | Automatic) – The
desired equivalent electrode extension length of the left electrode.

• vacuum_length (PhysicalQuantity of type length) – The desired vacuum length.

Returns
The surface configuration with adjusted vacuum.

Return type
SurfaceConfiguration

Usage Examples

Create a surface from a bulk bar of gold, with 10 Ang of vacuum at the surface. The surface is also retracted by 4.0782
Ang (always on the left side for SurfaceConfiguration) and the electrode length is adjusted to 12.23475 Ang.

# --- Create input configuration ---
# Set up lattice
vector_a = [4.07825, 0.0, 0.0] * Angstrom
vector_b = [0.0, 4.07825, 0.0] * Angstrom
vector_c = [0.0, 0.0, 32.626] * Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold,

Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold,
Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold, Gold]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0. , 0. , 0.125 ],
[ 0. , 0. , 0.25 ],
[ 0. , 0. , 0.375 ],
[ 0. , 0. , 0.5 ],
[ 0. , 0. , 0.625 ],
[ 0. , 0. , 0.75 ],
[ 0. , 0. , 0.875 ],
[ 0.5 , 0.5 , 0. ],
[ 0.5 , 0.5 , 0.125 ],
[ 0.5 , 0.5 , 0.25 ],
[ 0.5 , 0.5 , 0.375 ],
[ 0.5 , 0.5 , 0.5 ],
[ 0.5 , 0.5 , 0.625 ],
[ 0.5 , 0.5 , 0.75 ],
[ 0.5 , 0.5 , 0.875 ],
[ 0.5 , 0. , 0.0625],

(continues on next page)
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[ 0.5 , 0. , 0.1875],
[ 0.5 , 0. , 0.3125],
[ 0.5 , 0. , 0.4375],
[ 0.5 , 0. , 0.5625],
[ 0.5 , 0. , 0.6875],
[ 0.5 , 0. , 0.8125],
[ 0.5 , 0. , 0.9375],
[ 0. , 0.5 , 0.0625],
[ 0. , 0.5 , 0.1875],
[ 0. , 0.5 , 0.3125],
[ 0. , 0.5 , 0.4375],
[ 0. , 0.5 , 0.5625],
[ 0. , 0.5 , 0.6875],
[ 0. , 0.5 , 0.8125],
[ 0. , 0.5 , 0.9375]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates

)

# --- Create Surface from bulk ---
# Create a surface configuration with some vacuum.
configuration = surfaceFromBulk(

bulk_configuration=bulk_configuration,
electrode_extension_length=12.23475 * Angstrom,
vacuum_length=10 * Angstrom

)
# Apply the desired extension/retraction to the left side of the central region.
configuration = changeDeviceLength(

device_configuration=configuration,
length=-4.0782 * Angstrom,
extreme=Left

)

surfaceFromBulk_example.py

Fig. 4.51: a) The input configuration used in the above example. b) The Sur-
faceConfiguration generated from the example.

Notes

• This function facilitates script-
ing the creation of a surface,
mainly by setting up the vac-
uum at the surface of the in-
put bulk configuration, though
deviceFromBulk() is called
internally to generate the actual
SurfaceConfiguration.

• When using Automatic to find
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suitable left electrode length,
the function will raise an NL-
ValueError if no suitable length
could be found.

symmetrizeConfiguration

symmetrizeConfiguration(configuration, tolerance, primitive=True, maximize_symmetry=False,
use_detect=False, angle_tolerance=None)

Generates a new bulk configuration whose atomic positions and lattice vectors exactly obey the detected space
group symmetries.

Parameters

• configuration (BulkConfiguration) – The configuation to symmetrize.

• tolerance (PhysicalQuantity of type length ) – The symmetry tolerance.

• primitive (bool) – Whether to return a primitive or a standard configuration. Default:
True (primitive).

• maximize_symmetry (bool) – Explicitly use the highest symmetry Bravais lattice for
the symmetrized configuration, which may not match the original Bravais lattice of the
input configuration. Default: False.

• use_detect (bool) – If spglib should be used to detect the symmetry. This parameter is
mutually exclusive with maximize_symmetry. Default: False.

• angle_tolerance (int) – The tolerance of the lattice angles.

Returns
The symmetrized configuration. The number of atoms might change from the original. If
primitive=True this configuration will be the primitive cell.

Return type
BulkConfiguration

Usage Examples

Symmetrize a silicon structure that is close to FCC symmetry.

# Set up lattice
vector_a = [0.02, 2.69, 2.7153]*Angstrom
vector_b = [2.7153, 0.0, 2.7153]*Angstrom
vector_c = [2.7153, 2.7153, 0.01]*Angstrom
lattice = UnitCell(vector_a, vector_b, vector_c)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0.007025069439, 0.006459590918, -0.015020491416],

[ 0.248715281446, 0.28949668641 , 0.238503614316]]

(continues on next page)
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# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# The current bulk_configuration has lattice vectors and atomic positions
# that do not obey FCC symetry. This function will produce a new configuration
# that is perfectly symmetric.
bulk_configuration = symmetrizeConfiguration(bulk_configuration, 0.5*Ang)

symmetrize.py

Notes

The returned configuration will always be the primitive crystal. This means that the number of atoms may change.

If the atomic positions or lattice vectors are significantly far away from their ideal positions, then the detected space
group may not be correct. Increasing the tolerance to a large value (e.g. tolerance=0.5*Angstrom) may be useful.

The Bravais lattice type of the returned configuration will be the type with the highest possible symmetry. This
means that if the initial Bravais lattice is the generic UnitCell the symmetrized configuration might be for exam-
ple, FaceCenteredCubic.

tagPolymerMolecules

tagPolymerMolecules(configuration, minimum_size=0)
Add tags for polymer molecules to a configuration. Molecules above the minimum size will be labeled with the
tag “POLYMER_MOLECULE_#” where “#” is an index starting from 0. Molecules below the minimum size
are labeled with tag “INCLUDED_MOLECULE_#” where # is again an index starting from 0. Structures that
are periodic in any dimension are not tagged.

Parameters

• configuration (BulkConfiguration) – The configuration the tags are being added
to.

• minimum_size (int) – The minimum size of what can be considered a polymer molecule.
Default: 0

Usage Examples

Add tags to a bulk configuration containing polypropylene polymer chains and carbon dioxide molecules to identify
the polymers and molecules in the configuration.

# Load the initial configuration
configuration = nlread('Polypropylene_CO2.hdf5')[-1]

(continues on next page)
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# Count the number of tags currently on the configuration
number_of_tags = len(configuration.tags())
print(f'There are currently {number_of_tags} on the configuration')

# Set polymer tags on the configuration, setting the minimum size to exclude CO2␣
→˓molecules
tagPolymerMolecules(configuration, minimum_size=4)

# Print out the tags and the atoms included in each one
tag_list = sorted(configuration.tags())
for tag in tag_list:

indices = configuration.indicesFromTags(tag)
print(tag)
print(indices)

# Save the tagged configuration
nlsave('Polypropylene_CO2_tagged.hdf5', configuration)

tagPolymerMolecules_Example.py Polypropylene_CO2.hdf5

Notes

When analyzing polymer melt structures, identifying the polymer chains and other components of the system becomes
increasingly difficult as the size of the system grows. The tagPolymerMolecules function assists in this by auto-
matically adding tags identifying the different molecular components of a configuration. This is done by analyzing the
bonding graph and taking each unconnected subgraph to be a different molecule. Components that have periodicity in
any direction, such as a surface are not tagged by this function. A size criteria can also be added to distinguish polymer
chains from other molecular components. This is controlled by the parameter minimum_size. Molecules with fewer
atoms than this size are deemed to be molecules rather than polymer chains. By default this is set to zero, meaning that
all molecules are considered to be polymer chains.

On identifying polymers and molecules the tag POLYMER_MOLECULE_# is placed on each chain, where # is an index
starting from 0. Likewise the tag INCLUDED_MOLECULE_# is placed on molecules. The polymer tag is the default tag
recognized by polymer analysis functions for identifying polymer chains in a configuration.

translate

translate(configuration, indices, du)
Translate the elements with indices by the vector du.

Parameters

• configuration (AtomicConfiguration) – The configuration containing the atoms.

• indices (All | sequence of integers) – The indices of the atoms to change.

• du (PhysicalQuantity of type length ) – The translation vector.

Returns
The translated configuration.

Return type
AtomicConfiguration
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wrap

wrap(configuration, indices, axes=None, min_length=None)
Wrap the atoms with indices into the cell.

Parameters

• configuration (~.AtomicConfiguration) – The configuration containing the atoms.

• indices (All | sequence of integers) – The indices of atoms that should be
wrapped.

• axes (tuple) – A Boolean triple specifying the axes that are wrapped.

• min_length (~.PhysicalQuantity) – The smallest length in order for two atoms position
to be different.

Returns
The wrapped configuration.

Return type
BulkConfiguration

writeVampireFiles

writeVampireFiles(heisenberg_exchange, configuration_parameters, simulation_parameters,
magnetic_anisotropy_energy=None, gilbert_damping=None, stt_parameters=None,
path=None, materials_filename=None, unit_cell_filename=None, include_dmi=None,
unique_magnetic_moment_decimals=2, unique_anisotropy_energy_decimals=2,
non_magnetic_tolerance=None, exchange_coupling_tolerance=None,
dipole_parameters=None)

Function to write Vampire input files. The function will create three files: The input file named ‘input’ file, a
materials file (default name ‘input.mat’), and a unit cell file (default name ‘input.ucf’).

Parameters

• heisenberg_exchange (HeisenbergExchange) – The HeisenbergExchange object
containing information about Jij, magnetic moments and possible DMI.

• configuration_parameters (VampireConfigurationParameters) – Parameter
class describing the configuration to be simulated in Vampire.

• simulation_parameters (VampireCurieTemperatureSimulation |
VampireCurieTemperatureSimulation | . . . ) – Parameter class describing the
simulation to be done in Vampire.

• magnetic_anisotropy_energy (MagneticAnisotropyEnergy) – The MagneticAn-
isotropyEnergy object containing information about anisotropy constants. Default: None,
i.e. zero anisotropy.

• gilbert_damping (GilbertDamping) – The GilbertDamping object containing infor-
mation about damping constant. Default: None, i.e. default damping.

• stt_parameters (Not implemented yet.) – Data in some format describing spin-
transfer-torque. Not implemented yet. Default: None, i.e. zero stt..
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• path (str) – Directory in which to write the files. If the directory does not exist, it will
be created.

• materials_filename (str) – Filename for materials file. Default: input.mat

• unit_cell_filename (str) – Filename for unit cell file. Default: input.mat

• include_dmi (bool) – Boolean controling if DMI should be included, if present in the
heisenberg_exchange input. Default: True

• unique_magnetic_moment_decimals (int | None) – The number of decimals to
round the magnetic moment to in order to group almost identical atoms.

• unique_anisotropy_energy_decimals (int | None) – The number of decimals to
round the anisotropy energy to in order to group almost identical atoms.

• non_magnetic_tolerance (float) – Tolerance for when atoms are considered non-
magnetic. The value corresponds to the magnetic moment in units of Bohr magneton.
Default: 0.1

• exchange_coupling_tolerance (PhysicalQuantity of type energy.) – Only exchange
interactions larger than this tolerance will be included. Default: 0.0 * meV
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CHAPTER

FIVE

TECHNICAL NOTES

5.1 Poisson solvers

5.1.1 The Hartree potential

PDF version

The self-consistent solution of DFT: LCAO, DFT: Plane Wave and Semi Empirical calculators requires the evaluation
of the Hartree potential obtained from a given charge density via the solution of the Poisson equation:

∇2𝑉 𝐻 [𝑛](r) = − 𝑒2

4𝜋𝜖0
𝑛(r)

Note that the Hartree potential has units of energy and represent the potential energy of an electron in the corresponding
electrostatic potential.

The Poisson equation is a second-order differential equation and a boundary condition (BC) is required in order to
fix the solution. The charge density which enters the Poisson equation is evaluate differently in Semi-Empirical and
DFT methods (see The Hartree potential and the electrostatic potential and references therein). However, the Poisson
equation and the BCs formulation are general and valid both for Semi-Empirical and DFT calculators.

In the following sections an overview of the boundary conditions and Poisson solvers available in QuantumATK is
provided.

5.1.2 Boundary conditions

A simulated configuration is enclosed in a bounding box, and the Hartree potential is defined on a regular grid within
this box. At the facets of the bounding box four basic types of BC can be applied: multipole, periodic, Dirichlet and
Neumann.

The following BCs can be imposed on the six facets of the simulation box, with some limitations for specific solvers or
configurations which will be listed in the following sections.

• PeriodicBoundaryCondition BCs enforce periodicity of the solution along opposit facets.

• MultipoleBoundaryCondition BCs are determined by calculating the monopole, dipole and quadrupole moments
of the charge distribution inside the simulation cell, and that these moments are used to extrapolate the value of
the potential at the boundary. They can be used to simulate charged molecules or system with a large dipole
moment which would otherwise require a very large simulation box to allow the potential to go asymptotically
to zero.

• DirichletBoundaryCondition BCs constrain the potential on the exterior boundary points of a facet 𝑆 such that:

𝑉 𝐻(r) = 𝑉0(r), r ∈ 𝑆
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𝑉0 is set to 0 for all configurations except for the electrode facets in a SurfaceConfiguration or a DeviceConfigu-
ration (see Boundary Conditions in NEGF).

In the vacuum facet of a SurfaceConfiguration an arbitrary value can be assigned.

• NeumannBoundaryCondition BCs set a constraint on the normal derivative of the potential on a facet:

n · ∇𝑉 𝐻(r) = 𝑉 ′
0(r), r ∈ 𝑆

Also in this case 𝑉 ′
0(r) = 0, but it is possible to specify a given value for the electric field on the vacuum side of

a SurfaceConfiguration. For the electrode facets in a SurfaceConfiguration or a DeviceConfiguration the value
of the derivative is calculate from the electrode bulk potential (see Boundary Conditions in NEGF).

The BCs are imposed by using the keyword boundary_conditions, supported by any Poisson solver:

poisson_solver = MultigridSolver(
boundary_conditions=[[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()],

[DirichletBoundaryCondition(), DirichletBoundaryCondition()],
[PeriodicBoundaryCondition(), PeriodicBoundaryCondition()]]

)

Note: Periodic or Neumann boundary conditions only determine the Hartree potential up to an additive constant,
which reflects the physics that the bulk electrostatic potential does not have a fixed value relative to the vacuum level.
In this case the potential is internally shifted such that its average is zero.

5.1.3 Boundary Conditions in NEGF

When running NEGF calculations (i.e., DeviceConfiguration or a SurfaceConfiguration), the BCs at the facets where
the electrodes are defined are treated in a special way.

Dirichlet BCs on the left surface of the simulation grid at equilibrium are set as:

𝑉 𝐻(r) = 𝑉 𝐻𝑏𝑢𝑙𝑘,𝑙𝑒𝑓𝑡(r) − |𝑒|𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑,𝑙𝑒𝑓𝑡, r ∈ Ω𝑙𝑒𝑓𝑡

where 𝑉𝑏𝑢𝑙𝑘,𝑙𝑒𝑓𝑡(r) is the electrode bulk Hartree potential, 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑,𝑙𝑒𝑓𝑡 the voltage applied on the left contact, 𝑒 is
the electron charge, and Ω𝑙𝑒𝑓𝑡 the left boundary surface. The electode bulk Hartree potential is pre-calculated at the
beginning of a NEGF calculation.

On the right surface (for devices) we have:

𝑉 𝐻(r) = 𝑉 𝐻𝑏𝑢𝑙𝑘,𝑟𝑖𝑔ℎ𝑡(r) − |𝑒|𝑉𝑏𝑢𝑖𝑙𝑡−𝑖𝑛 − |𝑒|𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑,𝑟𝑖𝑔ℎ𝑡, r ∈ Ω𝑟𝑖𝑔ℎ𝑡

where −|𝑒|𝑉𝑏𝑢𝑖𝑙𝑡−𝑖𝑛 = 𝜇𝑏𝑢𝑙𝑘,𝑟𝑖𝑔ℎ𝑡−𝜇𝑏𝑢𝑙𝑘,𝑙𝑒𝑓𝑡 is the built-in potential due to the difference of chemical potential in the
isolated electrodes at equilibrium. This ensures continuity of the potential between the central region and the electrode
at the boundary.

Neumann BCs can also be specified in the transport direction. In this case the derivative of the potential on the facet
used as constraint is calculated on each point from the electrode bulk potential:

𝑉 𝐻′(r) = 𝑉 𝐻′
𝑏𝑢𝑙𝑘,𝑙𝑒𝑓𝑡(r), r ∈ Ω𝑙𝑒𝑓𝑡

In doing so we enforce continuity of the potential in the central region and in the electrode, apart from a floating rigid
shift.

For surfaces, where only the left electrode is defined, a constant value Neumann BC can be applied on the right facet
of the grid (vacuum region).

Additional information about NEGF calculations can be found in NEGF: Device Calculators.
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5.1.4 Dielectric and metallic regions

A user can define regions within the simulation box to simulate dielectric regions or metallic regions. This feature is
typically used to simulate gated devices. For a metallic region Ω the Hartree potential is fixed to a constrained value
𝑉0 within this region:

𝑉 𝐻(r) = 𝑉0, r ∈ Ω

For a dielectric region Ω with a given relative dielectric constant 𝜖𝑟, the right hand side of the Poisson equation is
modified as:

∇2𝑉 𝐻(r) = − 𝑒2

4𝜋𝜖𝑟𝜖0
𝑛(r), r ∈ Ω

Moreover, QuantumATK allows to specify a relative dielectric constant to be used in the whole simulation box around
the atoms to model an implicit solvent.

5.1.5 Poisson solvers

The following Poisson solvers are supported by QuantumATK:

• FastFourierSolver uses a Fourier Transform with Periodic boundary conditions in all directions. This is a very
fast method and the default when simulating BulkConfiguration with any calculator.

• FastFourier2DSolver can be utilized to simulate DeviceConfiguration with Device calculator. It uses a Fourier
transform in the directions perpendicular to the transport direction, and a real space multigrid method in the
transport direction. It does not support metallic or dielectric region. However, it is fast and accurate and therefore
it is the default method for devices without metallic and dielectric regions.

• MultigridSolver uses a real space multigrid method. It allows for any kind of boundary conditions in all direc-
tions and supports metallic and dielectric regions. It is the default solver for devices with metallic and dielectric
regions. It is an iterative method, therefore it is slighlty less accurate than the FastFourier2DSolver. It requires a
moderate amount of memory, however it is not parallelized and it can be significantly slower than ParallelCon-
jugateGradientSolver and NonuniformGridConjugateGradientSolver on a parallel environment.

• ParallelConjugateGradientSolver uses an iterative solver based on the conjugate gradient method. Similar to the
MultigridSolver, ìt allows for different types of boundary conditions, implicit solvents, and the use of metallic
and dielectric spatial regions to simulate gates. This method is similar to MultigridSolver in terms of accuracy
and outperforms it when running calculations in parallel. The solver utilizes PETSc1 as backengine and it is
parallelized.

• NonuniformGridConjugateGradientSolver is an efficient method for BulkConfiguration and DeviceConfiguration
with a large vacuum in the A and B directions, and as such is particularly suitable for the simulations of low-
dimensional systems (i.e. nanowires, nanotubes, 2D materials). It evaluates the Poisson equation on an auxiliary
non-uniform grid in order to reduce the number of degree of freedoms in the vacuum regions, and it is significantly
faster and less memory consuming than other solvers in such cases. The solver utilizes the conjugate gradient
solver from PETScPage 2351, 1 as backengine and it is parallelized.

• DirectSolver uses a direct real space solver method. It supports all different types of boundary conditions, implicit
solvent, and the use of metallic and dielectric spatial regions. It requires significantly more memory than the other
solver methods and it is slower than the Multigrid and the iterative solvers, but it is exact and can be used as a
robust reference for small systems. The solver utilizes MUMPS2 as backengine and it is parallelized.

1 Satish Balay, Shrirang Abhyankar, Mark F. Adams, Jed Brown, Peter Brune, Kris Buschelman, Lisandro Dalcin, Alp Dener, Victor Eijkhout,
William D. Gropp, Dmitry Karpeyev, Dinesh Kaushik, Matthew G. Knepley, Dave A. May, Lois Curfman McInnes, Richard Tran Mills, Todd
Munson, Karl Rupp, Patrick Sanan, Barry F. Smith, Stefano Zampini, Hong Zhang, and Hong Zhang. PETSc users manual. Technical Report
ANL-95/11 - Revision 3.15, Argonne National Laboratory, 2021. URL: https://www.mcs.anl.gov/petsc.

2 Patrick R. Amestoy, Abdou Guermouche, Jean-Yves L’Excellent, and Stéphane Pralet. Hybrid scheduling for the parallel solution of linear
systems. Parallel Computing, 32(2):136–156, 2006. Parallel Matrix Algorithms and Applications (PMAA’04). URL: https://www.sciencedirect.
com/science/article/pii/S0167819105001328, doi:https://doi.org/10.1016/j.parco.2005.07.004.
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Note: A tight convergence criteria is set internally for all iterative solvers. Sometimes the iterative solver might fail to
converge and a warning is displayed, with an indication of the reached tolerance where applicable. If the error is small
and the selfconsistent loop reaches convergence, the calculation is likely converged to a valid solution.

In the figure below support for the various BCs, spatial regions and implicit solvent for the different Poisson solvers is
summarized.

Fig. 5.1: Support for different BCs, dielectric/metallic regions and MPI parallelization for the available Poisson solvers.

In figures below a benchmark on a Silicon slab is shown, where all available solvers are compared. The structure
is repeated in the A, B direction 1, 2 or 3 times to vary system size. The calculation parameters are chosen such that
the runtime is dominated by the calculation of the Hartree potential and a single selfconsistent step is performed. The
reported time considers only the time spent assembling and solving the Poisson equation, while the memory is the total
system peak memory.

FastFourierSolver and FastFourier2DSolver are the fastest available methods. Nevertheless, since they suffer from
some limitation in the allowed BCs and lack of support for metallic and dielectric regions, they cannot be used for
every possible scenario. For example, they are not suitable to simulate devices with a gate. Furthermore they are not
parallelized and can be outperformed by the iterative solvers if enough processes are available.

The iterative solvers are very flexible and can be used for any kind of system. The MultigridSolver is not parallelized,
but has a very low memory footprint. Therefore it can be preferred for serial calculations, or when memory consumption
is a concern. The ParallelConjugateGradientSolver requires more memory, but supports parallelization and should be
preferred when running on multiple processes. The NonuniformGridConjugateGradientSolver) scales similarly to the
ParallelConjugateGradientSolver since it utilizes the same backengine, and should be preferred when there is vacuum
in A and/or B direction.
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Fig. 5.2: Wallclok time and peak memory consumption as a function of the system size, expressed as number of degrees
of freedom of the real-space grid. All calculations are performed on a single Intel(R) Xeon(R) CPU E5-2650 node using
8 MPI processes. For the DirectSolver only one data point could be computed, due to memory limitation.

Fig. 5.3: Wallclok time and peak memory consumption as a function of MPI processes. All calculations are performed
on a single Intel(R) Xeon(R) CPU E5-2650 node for the slab system repeated twice along A and B (8e6 degrees of
freedom). The MultigridSolver is significantly slower and exhibit no parallel scaling, therefore it is not shown.
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5.2 References

5.3 Occupation Methods

PDF version

This document explains and compares the different occupation methods available in ATK. We suggest these guidelines
for choosing the occupation method, depending on the system of interest:

• Systems with a band-gap (semiconductors, insulators, molecules): Use either Fermi-Dirac or Gaussian smear-
ing with a low broadening, e.g. around 0.01 eV.

• Metals : Use either Methfessel-Paxton or cold smearing with as large a broadening as possible as long as the
entropy contribution to the free energy remains small.

If you are interested in understanding the rationale behind these suggestions, you can read the Background and the
Comparison of smearing methods sections below.

Note: The smearing width of the Fermi-Dirac distribution is roughly a factor of two larger than for the other functions.
Therefore, in order to obtain the samek-point convergence using one of these methods as obtained with the Fermi-Dirac
method one has to use a broadening of twice the size.

5.3.1 Background

Introduction to smearing methods

In ATK-DFT and ATK-SE the central object is the electron density 𝑛(r) which is calculated from the Kohn-Sham
eigenvectors 𝜓𝑛(r) by the expression

𝑛(r) =
∑︁
𝑖

𝑓𝑖|𝜓𝑖(r)|2,

where the index 𝑖 runs over all states and 𝑓𝑖 are the occupation numbers. The latter can be either 1 if the given state
is occupied or 0 if the state is unoccupied. In periodic systems such as bulk materials or surfaces, the sum over states
involves an integration over the Brillouin zone (BZ) of the system:

𝑛(r) =
∑︁
𝑖

∫︁
BZ
𝑓𝑖k|𝜓𝑖k(r)|2𝑑k.

In practice this integration is carried out numerically by summing over a finite set of k-points. For gapped systems
the density and derived quantities, like the total energy, converge quickly with the number of k-points used in the
integration. However, for metals the bands crossing the Fermi level are only partially occupied, and a discontinuity
exists at the Fermi surface, where the occupancies suddenly jump from 1 to 0. In this case, one will often need a
prohibitively large amount of k-points in order to make calculations converge.

The number of k-points needed to make the calculations converge can be drastically reduced by replacing the integer
occupation numbers 𝑓𝑖k by a function that varies smoothly from 1 to 0 close to the Fermi level. The most natural choice
is the Fermi-Dirac distribution,

𝑓𝑖k =
1

𝑒(𝜖𝑖k−𝜇)/𝜎 + 1
,
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where 𝜖𝑖k is the energy, 𝜇 is the chemical potential and 𝜎 = 𝑘B𝑇 is the broadening.

Fig. 5.4 shows the convergence of the total energy of bulk Aluminum, a typical simple metal.

Fig. 5.4: Convergence of the free energy of bulk Aluminum with respect to the k-point sampling using the Fermi-Dirac
occupation function with different broadenings. The free energy difference, ∆𝐹 , is calculated as the difference between
the calculation at the given k-point sampling and one at 35 × 35 × 35.

We see that using 𝜎 = 0.03 eV one needs a 25 × 25 × 25 k-point sampling grid (a total of 15625 k-points) in order to
converge the total energy within 1 meV, whereas using 𝜎 = 0.43 eV the total energy is converged to within 1 meV using
only a 13 × 13 × 13 grid (a total of 2197 k-points). This results in a calculation which roughly is a factor of 7 faster.

Free energy functional

When introducing the Fermi-Dirac distribution one effectively considers an equivalent system of non-interacting elec-
trons at a temperature 𝑇 . This also means that the variational internal energy functional 𝐸[𝑛] that is minimized is
replaced by the free energy functional1

𝐹 [𝑛] = 𝐸[𝑛] − 𝑇𝑆,

where 𝑆 is the electronic entropy. All derived quantities such as the density, total energy, forces, etc., will therefore
depend on the electron temperature 𝑇 . If one is actually interested in simulating a system at finite temperature, then
the free energy is the relevant functional. If that is not the case, the zero-temperature internal energy 𝐸(𝜎 = 0) can
still be extrapolated from the free energy 𝐹 (𝜎), due to the quadratic dependence (to the lowest order) of both𝐸(𝜎) and
𝐹 (𝜎) on 𝜎 by the formula2

𝐸𝜎→0(𝜎) =
1

2
[𝐸(𝜎) + 𝐹 (𝜎)].

1 N. D. Mermin. Thermal properties of the inhomogeneous electron gas. Phys. Rev., 137:A1441–A1443, Mar 1965.
doi:10.1103/PhysRev.137.A1441.

2 M. J. Gillan. Calculation of the vacancy formation energy in aluminium. J. Phys.: Condens. Matter, 1(4):689, 1989. doi:10.1088/0953-
8984/1/4/005.
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Fig. 5.5 shows that, for all the values of the broadening 𝜎 considered, the value of the energy extrapolated to 𝜎 → 0 is
basically spot on the actual value. Using this extrapolation method it is thus possible to do calculations with very high
broadenings, necessary to converge metallic systems, with a reasonable number of k-points and still get an accurate
ground state energy. The extrapolated energy is by default shown in the output when doing a total energy calculation
using QuantumATK. In order to get the value using QuantumATK see TotalEnergy.

Fig. 5.5: Total free and internal energy of bulk aluminum as a function of the broadening of the Fermi-Dirac distribution.
Calculated with a 35 × 35 × 35 k-point sampling.

Unfortunately a similar extrapolation method does not exist for forces and stress. Thus these properties will be those
that correspond to the free energy and will be directly dependent on the chosen broadening. In order to minimize the
errors introduced by the broadening, alternative occupation functions for which the entropic contribution to the free
energy is smaller than for the Fermi-Dirac distribution have been developed.

The different occupation functions are introduced on the basis of considering the density of states given by the expres-
sion

𝜌(𝜖) =
∑︁
𝑖

∫︁
BZ
𝛿(𝜖𝑖k − 𝜖)𝑑k.

Since the k-point integration is in practice carried out as a sum over a finite number of points, one has to replace the
𝛿-function by a smeared function 𝛿(𝑥), whose width will be determined by a broadening 𝜎. With a choice of smearing
function the occupation function is given by

𝑓(𝜖) =

∫︁ 𝜇

−∞
𝛿(𝑥− 𝜖)𝑑𝑥,

where 𝜇 is the Fermi level. Even without directly introducing temperature, one can then show that the functional that
has to be minimized is the generalized free energy34. The generalized temperature is given by the broadening 𝜎 and
smearing method also directly determines the expression for the generalized entropy.

3 M. Weinert and J. W. Davenport. Fractional occupations and density-functional energies and forces. Phys. Rev. B, 45(23):13709–13712, June
1992. doi:10.1103/PhysRevB.45.13709.

4 Allesandro De Vita. The Energetics of Defects and Impurities in Metals and Ionic Materials from First Principles. PhD thesis, University of
Keele, September 1992.
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5.3.2 Comparison of smearing methods

In ATK four different smearing methods are available:

• Fermi-Dirac distribution (FermiDirac)

• Gaussian smearing (GaussianSmearing)5

• Methfessel-Paxton smearing (MethfesselPaxton)6

• Cold smearing (ColdSmearing)7

Warning: While the broadening parameter of the Fermi-Dirac distribution has a real physical meaning and can
actually be associated with an electronic temperature, this is not true for the other smearing methods, for which the
broadening is simply a parameter without a well defined physical meaning!

Fig. 5.6 shows plots of the smeared 𝛿-functions and occupation functions for the different methods.

Fig. 5.6: (a) Plots of the different smeared delta functions, 𝛿(𝑥), and (b) their corresponding occupation functions
𝑓(𝑥), shown as functions of 𝑥 = 𝜖−𝜇

𝜎 .

From the figure we note a few things:

i) The width of the Fermi-Dirac smearing function is larger than all the others. The ratio of the full width at half
maximum between the Fermi-Dirac and the Gaussian smeared 𝛿-function is

𝛼 =
FWHM(Fermi-Dirac)

FWHM(Gaussian)
=

2 cosh−1(
√

2)√︀
ln(2)

≈ 2.117.

5 C. -L. Fu and K. -M. Ho. First-principles calculation of the equilibrium ground-state properties of transition metals: Applications to Nb and
Mo. Phys. Rev. B, 28(10):5480–5486, November 1983. doi:10.1103/PhysRevB.28.5480.

6 M. Methfessel and A. T. Paxton. High-precision sampling for Brillouin-zone integration in metals. Phys. Rev. B, 40(6):3616–3621, August
1989. doi:10.1103/PhysRevB.40.3616.

7 Nicola Marzari, David Vanderbilt, Alessandro De Vita, and M. C. Payne. Thermal Contraction and Disordering of the Al(110) Surface. Phys.
Rev. Lett., 82(16):3296–3299, April 1999. doi:10.1103/PhysRevLett.82.3296.
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This means that in order to get similar k-point convergence as for the Fermi-Dirac method one has to use a
broadening which is a factor of ~2 larger when using one of the other methods.

ii) The Methfessel-Paxton function is special in that the occupations may take unphysical negative values and values
larger than one. For insulators and semiconductors as well as too coarsely sampled metals this may lead to
negative density of states and a negative density, which may cause computational problems.

iii) The cold smearing function is asymmetric but does not attain negative values and problems with negative density
are therefore avoided.

From Fig. 5.7 it can be seen that for the Methfessel-Paxton and cold smearing the free energy, 𝐹 (𝜎), hardly varies with
𝜎. In fact it can be shown that for these two methods 𝐹 (𝜎) only has 3rd and higher order dependences on 𝜎.

Fig. 5.7: Free energy of bulk Aluminum calculated with different occupation methods and values of the broadening
using a k-point sampling of 35× 35× 35. In order to keep the different methods comparable, the broadening has been
multiplied by 2.117 for all but the Fermi-Dirac distribution.

The low 𝜎 dependence on the free energy for Methfessel-Paxton and cold smearing should be carried over in derived
quantities like forces and stress. This is indeed the case as illustrated in Fig. 5.8, which shows the force on the uppermost
atom in a 6 layer Aluminum 111 slab as a function of the used broadening.

We see that for small values of the broadening the outer layers seek to contract, whereas this effect is reversed for the
Fermi-Dirac distribution at a broadening of about 0.75 eV due to the introduced electron gas pressure. For Methfessel-
Paxton and cold smearing the error is neglible for a large range of values for the broadening. This means that one can
efficiently calculate accurate forces (for example, during structural optimizations, ab-initio molecular dyanmics and
phonons calculations) for metals using sizeable broadenings and relatively low k-point samplings.
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Fig. 5.8: Force on the outermost atom in a 6 layer Aluminum 111 slab as a function of the broadening using the different
occupation methods. In order to keep the different methods comparable, the broadening has been multiplied by 2.117
for all but the Fermi-Dirac distribution.

5.3.3 References

5.4 Pseudopotentials and basis sets available in QuantumATK

PDF version

The accuracy of the calculations with the LCAO model in QuantumATK depends on the pseudopotential and basis
sets used for the calculations. In recent years we have put a large effort into providing a robust set which can provide
good accuracy at reasonably computational resources. Thus, there is an evolution in quality of the pseudopotentials
we provide, with the best sets being the SG15 pseudopotentials available from the ATK-2016 release and PseudoDojo
pseudopotentials available from the O-2018.06 release. The theoretical background of the basis sets and pseudopo-
tentials are described in the QuantumATK Manual, and the purpose of this note is to guide the user towards the best
setting.

5.4. Pseudopotentials and basis sets available in QuantumATK 2359
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5.4.1 Pseudopotentials

The pseudopotentials available for the QuantumATK software are listed in the below table. We see that it shows an
evolution with quality of the pseudopotentials for each release. However, not all exchange correlation functionals are
available for each type of pseudopotential. For GGA and SOGGA we recommend to use the PseudoDojo pseudopoten-
tial. For LDA we recommend the FHI pseudopotential. For SOLDA we recommend the OMX, it can also give higher
accuracy for LDA, however, the required mesh cutoff needs to be tested carefully.

Table 5.1: Pseudo- and PAW potential types available for the DFT calcu-
lators.

Name Notes
FHI Trouiller–Martins type.
HGH Hartwigsen–Goedecker–Hutter type.
OMX Fully relativistic. OMX webpage.
SG15 ONCV type, scalar-relativistic (SG15) and fully rela-

tivistic (SG15-SO). SG15 webpage.
PseudoDojo ONCV type, scalar-relativistic (PseudoDojo) and fully

relativistic (PseudoDojo-SO). PseudoDojo webpage.
GPAW PAW potentials. GPAW webpage.
JTH PAW potentials. JTH webpage.
Suggested A mixture of GPAW and JTH, chosen to give optimal

results for each element.

Through the use of the keyword NormConservingPseudoPotential, it is also possible to specify a pseudopotential
from a user-specified file. Not all pseudopotentials are available for all QuantumATK DFT calculators and exchange-
correlation functional types. Please see the following table for details on each of the pseudopotential types:
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Table 5.2: Details about the pseudo- and PAW potential types available
for the QuantumATK DFT calculators.

Name Introduced Basis types XC-types Cutoff [Ha] Accuracy Efficiency
FHI ATK-2008 LCAO, PW LDA, GGA,

MGGA,
HGGA

30-100 Low High

HGH ATK-2011 LCAO, PW LDA, GGA,
MGGA,
HGGA

75-500 Medium Low

OMX ATK-2015 LCAO LDA, GGA,
MGGA

75-500 High Low

OMX-SO ATK-2015 LCAO SOLDA,
SOGGA,
SOMGGA

75-500 High Low

SG15 ATK-2016 LCAO, PW GGA, HGGA 30-220 High Medium
SG15-SO ATK-2016 LCAO, PW GGA,

SOGGA,
HSOGGA

30-220 High Medium

PseudoDojo O-2018.06 LCAO, PW GGA, HGGA 30-125 High Medium
PseudoDojo-
SO

P-2019.03 LCAO, PW GGA,
SOGGA,
HSOGGA

30-125 High Medium

PAW-GPAW Q-2019.12 PW LDA, GGA N/A High Medium
PAW-JTH Q-2019.12 PW LDA, GGA N/A High Medium
PAW-
Suggested

Q-2019.12 PW GGA N/A High Medium

Warning: The higher values for OMX pseudopotentials, about 300 Hartree or more, are especially relevant for
pseudopotentials with semi-core states. They often need these very high mesh cutoffs to give accurate forces.

5.4.2 LCAO basis sets

QuantumATK mainly uses a numerical LCAO basis sets. The accuracy depends on the number of orbitals and the
range of the orbitals. Increasing the number of orbitals and their range decrease the efficiency and increase the memory
requirement. For the latest SG15 and PseudoDojo pseudopotentials we provide basis sets which systematically improve
the accuracy. For the other pseudopotentials the improvement in accuracy is less systematic.

SG15/PseudoDojo

Three different basis sets are available for each element when using the SG15/PseudoDojo pseudopotentials; Medium,
High, and Ultra. All three derive from the numerical atom-centered basis sets of the FHI-aims package, but have been
significantly modified and optimized with respect to computational speed with the DFT: LCAO calculator.

The Medium basis set is default for the SG15/PseudoDojo pseudopotentials, and should be sufficient for most applica-
tions. However, if extreme accuracy is needed, the High and Ultra basis sets add more basis functions at the expense
of increased computational load.
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OMX

The OMX basis sets were developed in Refs.1 and2, and are optimized towards maximum computational speed and
accuracy with the OMX pseudopotentials. The DFT: LCAO calculator offers three different OMX basis set sizes for
most elements; Low, Medium, and High, which include increasingly more pseudo-atomic orbitals in the basis set.
More details are available on the website for the OpenMX database (2013).

FHI

Four different types of basis functions can be used for the FHI pseudopotentials:

• ConfinedOrbital

• AnalyticalSplit

• PolarizationOrbital

• HydrogenOrbital

The basis sets available for FHI pseudopotentials are listed below. They are ordered with increasing number of basis
orbitals – those with more orbitals are often more accurate, at the expense of increased computational load. The DZP
basis set is default.

• SingleZeta: One ConfinedOrbital for each occupied valence orbital in the atom.

• DoubleZeta: One ConfinedOrbital and one AnalyticalSplit for each occupied valence orbital in the atom.

• SingleZetaPolarized: One ConfinedOrbital for each occupied valence orbital in the atom, and one Polariza-
tionOrbital for the first unoccupied shell in the atom.

• DoubleZetaPolarized: One ConfinedOrbital and one AnalyticalSplit for each occupied valence orbital in the
atom. One PolarizationOrbital for the first unoccupied shell in the atom.

• DoubleZetaDoublePolarized: One ConfinedOrbital and one AnalyticalSplit for each occupied valence orbital in
the atom. One PolarizationOrbital and one AnalyticalSplit for the first unoccupied shell in the atom.

Visualizing the basis functions

To see the type of the basis sets it is most easy to plot the basis functions, like this:

• Open the scripter

• Add an LCAOcalculator block from the Calculators section

• Go to the Basis set tab at click the plot widget in the line where you define the basis set.

1 T. Ozaki. Variationally optimized atomic orbitals for large-scale electronic structures. Phys. Rev. B, 67:155108, 2003.
doi:10.1103/PhysRevB.67.155108.

2 T. Ozaki and H. Kino. Numerical atomic basis orbitals from h to kr. Phys. Rev. B, 69:195113, 2004. doi:10.1103/PhysRevB.69.195113.
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You will then get the following plot.
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5.4.3 Accuracy tests for elemental solids

To give an overall idea of the accuracy of each pseudopotential and basis sets we have performed so-called ∆-tests3

(see the web-site Comparing Solid State DFT Codes, Basis Sets and Potentials). These tests checks accuracy for the
pseudopotential and basis set compared with state of the art all-electron calculations. The tests check the accuracy of
the pseudopotential and basis sets in reproducing the equation of state of all the elemental solids in the periodic system
using the GGA-PBE exchange-correlation functional.

3 Kurt Lejaeghere, Gustav Bihlmayer, Torbjörn Björkman, Peter Blaha, Stefan Blügel, Volker Blum, Damien Caliste, Ivano E. Castelli, Stewart J.
Clark, Andrea Dal Corso, Stefano de Gironcoli, Thierry Deutsch, John Kay Dewhurst, Igor Di Marco, Claudia Draxl, Marcin Dułak, Olle Eriksson,
José A. Flores-Livas, Kevin F. Garrity, Luigi Genovese, Paolo Giannozzi, Matteo Giantomassi, Stefan Goedecker, Xavier Gonze, Oscar Grånäs,
E. K. U. Gross, Andris Gulans, François Gygi, D. R. Hamann, Phil J. Hasnip, N. A. W. Holzwarth, Diana Iuşan, Dominik B. Jochym, François
Jollet, Daniel Jones, Georg Kresse, Klaus Koepernik, Emine Küçükbenli, Yaroslav O. Kvashnin, Inka L. M. Locht, Sven Lubeck, Martijn Marsman,
Nicola Marzari, Ulrike Nitzsche, Lars Nordström, Taisuke Ozaki, Lorenzo Paulatto, Chris J. Pickard, Ward Poelmans, Matt I. J. Probert, Keith
Refson, Manuel Richter, Gian-Marco Rignanese, Santanu Saha, Matthias Scheffler, Martin Schlipf, Karlheinz Schwarz, Sangeeta Sharma, Francesca
Tavazza, Patrik Thunström, Alexandre Tkatchenko, Marc Torrent, David Vanderbilt, Michiel J. van Setten, Veronique Van Speybroeck, John M.
Wills, Jonathan R. Yates, Guo-Xu Zhang, and Stefaan Cottenier. Reproducibility in density functional theory calculations of solids. Science, 2016.
doi:10.1126/science.aad3000.
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Table 5.3: Accuracy and performance of PBE pseudopotentials and basis
types available for the DFT calculators. Performance is an approximate
measure of time spent, relative to FHI-DZP. Lower numbers are faster.

Pseudo Basis ∆ (meV) Performance
FHI SZP 39.4 0.5
FHI DZP 18.2 1
FHI DZDP 19.1 2
HGH Tier4 12.8 6
OMX Medium 8.0 3
OMX High 2.2 10
SG15 Medium 3.45 2
SG15 High 1.88 6
SG15 Ultra 2.03 25
SG15 PW 1.32 N/A
PseudoDojo Medium 4.53 2
PseudoDojo High 1.52 6
PseudoDojo Ultra 1.40 25
PseudoDojo PW 1.04 N/A
PAW-GPAW PW 1.44 N/A
PAW-JTH PW 0.86 N/A
PAW-Suggested PW 0.64 N/A

A ∆ value below 2 meV indicates a state of the art DFT calculation. PAW-Suggested is a combination of the two PAW
sets where we have selected the best PAW potential for each element. The performance number given in the Table is
an average indication of how much time a calculation of a 64 atom supercell takes, using the different models relative
to the FHI-DZP model. Lower numbers are faster. There are large variations among the elements and the performance
number should only be used as a rough guide.

5.4.4 Accuracy tests for mixed solids

The ∆-tests are done for ideal systems, in order to illustrate that these results are transferable to general systems we
have performed a number of additional accuracy tests. The first test is for a number Rock Salt (RS) and Perovskite(P)
structures provided in Ref.4. The reference points are FHI-aims all electron calculations. We see the deviations for the
𝑎 (lattice constant), 𝐵 (Bulk modulus) and 𝐸𝑓 (formation energy) compared to the Ref.Page 2365, 4 in the below Table.

4 Kevin F. Garrity, Joseph W. Bennett, Karin M. Rabe, and David Vanderbilt. Pseudopotentials for high-throughput DFT calculations. Compu-
tational Materials Science, 81:446 – 452, 2014. doi:10.1016/j.commatsci.2013.08.053.
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Table 5.4: Accuracy of selected methods in QuantumATK on RockSalt
(RS) geometries4. The formation energy is not available for the Ultra-soft
and PAW plane-wave calculations. The reference is a fully converged all-
electron calculation using FHI-aims.

Pseudo Basis 𝑎 (%) 𝐵 (%) 𝐸𝑓 (%) Source
Ultra-Soft PW 0.13 5.0 N/A Page 2365, 4

PAW PW 0.15 4.5 N/A Page 2365, 4

PseudoDojo Ultra 0.15 1.90 1.83 QuantumATK
PseudoDojo High 0.18 2.12 2.79 QuantumATK
PseudoDojo Medium 0.5 5.32 15.59 QuantumATK
PseudoDojo PW (40 Ha) 0.09 1.86 0.85 QuantumATK
SG15 High 0.3 8.6 4.6 QuantumATK
SG15 Medium 0.6 13.0 12.5 QuantumATK
FHI DZP 3.0 23.2 15.5 QuantumATK

Table 5.5: Accuracy of selected methods in QuantumATK on Perovskites
(P) geometries from Ref.Page 2365, 4

Pseudo Basis 𝑎 (%) 𝐵 (%) 𝐸𝑓 (%) Source
Ultra-Soft PW 0.08 5.5 N/A Page 2365, 4

PAW PW 0.13 6.1 N/A Page 2365, 4

PseudoDojo Ultra 0.13 1.87 0.91 QuantumATK
PseudoDojo High 0.21 3.04 1.18 QuantumATK
PseudoDojo Medium 0.35 3.68 2.73 QuantumATK
PseudoDojo PW (40 Ha) 0.06 0.66 0.23 QuantumATK
SG15 High 0.3 5.7 1.4 QuantumATK
SG15 Medium 0.4 6.4 2.6 QuantumATK
FHI DZP 3.5 18.3 12.8 QuantumATK

5.4.5 Notes for each pseudopotential type

PseudoDojo Pseudopotentials and basis sets

The PseudoDojo are state of the art norm-conserving pseudopotentials including multiple projectors, semi-core states
and non-linear core correction5. They are only provided for the GGA-PBE functional, and comes in both a scalar
relativistic and a fully relativistic version. The latter is used for calculations including spin-orbit. The pseudopotentials
are smooth and all elements converge with a mesh cutoff below 125 Ha.

A large effort has been put into providing high accuracy basis sets. Three sets are provided: Ultra, High and Medium.
The basis sets have been optimized to describe bulk systems, dimers and trimer systems.

Below are given the ∆-tests for the different elements.
5 M.J. van Setten, M. Giantomassi, E. Bousquet, M.J. Verstraete, D.R. Hamann, X. Gonze, and G.-M. Rignanese. The pseudodojo: training

and grading a 85 element optimized norm-conserving pseudopotential table. Computer Physics Communications, 226:39 – 54, 2018. URL: http:
//www.sciencedirect.com/science/article/pii/S0010465518300250, doi:https://doi.org/10.1016/j.cpc.2018.01.012.
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SG15 Pseudopotentials and basis sets

The SG15 are state of the art norm-conserving pseudopotentials including multiple projectors, semi-core states and
non-linear core correction67. They are only provided for the GGA-PBE functional, and comes in a scalar relativistic
and a fully relativistic version. The latter is used for calculations including spin-orbit. The pseudopotentials are smooth
and all elements converge with a mesh cutoff below 220 Ha.

A large effort has been put into providing high accuracy basis sets. Three sets are provided: Ultra, High and Medium.
The basis sets have been optimized to describe bulk systems, dimers and trimer systems.

Below are given the ∆-tests for the different elements.

PAW data sets

For the Projector Augmented Wave (PAW) method, we need data describing the system inside the augmentation sphere
(partial waves, projectors, core densities, . . . ). This is gathered in a PAW data set file. We support data set files in
the .xml format, as specified on the ESL website. We ship two different data sets, the GPAW and JTH8 data sets, for
which we found default wave function cutoffs that are as low as possible without losing accuracy. We made a combined
PAW-Suggested data set for GGA, that gives the best results.

Below are given the ∆-tests for the different elements.
6 D. R. Hamann. Optimized norm-conserving vanderbilt pseudopotentials. Phys. Rev. B, 88:085117, Aug 2013.

doi:10.1103/PhysRevB.88.085117.
7 M. Schlipf and F. Gygi. Optimization algorithm for the generation of oncv pseudopotentials. Computer Physics Communications, 196:36 – 44,

2015. doi:10.1016/j.cpc.2015.05.011.
8 François Jollet, Marc Torrent, and Natalie Holzwarth. Generation of projector augmented-wave atomic data: a 71 element validated ta-

ble in the xml format. Computer Physics Communications, 185(4):1246 – 1254, 2014. URL: http://www.sciencedirect.com/science/article/pii/
S0010465513004359, doi:https://doi.org/10.1016/j.cpc.2013.12.023.
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FHI pseudopotentials and basis sets

The FHI pseudopotentials are the oldest pseudopotentials in QuantumATK. These pseudopotentials are generated with
the Fritz-Haber Institute (FHI) pseudopotential code. They are numerical norm-conserving pseudopotentials with a
single projector for each angular momentum and without semicore states. For a number of elements the exclusion of
semi-core states gives a low accuracy.

The basis sets provided with the FHI pseudopotentials use generic parameters, which are not optimized for each element
and generally not of high accuracy. However, the basis sets and pseudopotentials are rather efficient and for some
elements can give satisfactory accuracy. We only recommend the SZP and DZP basis sets. Below are given ∆ values
for these settings and the table can be used to estimate the accuracy of the model for various elements.

OMX Pseudopotentials and basis sets

The OMX pseudopotentials are from the OpenMX packages. They are fully relativistic, multiple projectors and with
semi-core states. Thus, these are generally high accuracy pseudopotentials which can be used for both LDA, GGA and
spin-orbit calculations. The drawback of the pseudopotentials is that they for some elements require very high mesh
cutoffs.

The basis sets provided are from the original openMX package. This means that they are not calculated on the fly, and
therefore only accurate for the exchange-correlation potential for which they were calculated. Thus, if other exchange-
correlation functionals than LDA-PZ or GGA-PBE are used, the accuracy will be lower. For our other pseudopotentials
the basis sets are generated on the fly with the selected exchange-correlation potential, thus, even if the pseudopotential
is not generated for the exchange-correlation functional the basis set will conform to the exchange-correlation func-
tional.

For the OMX pseudopotentials, we have defined two basis set types, Medium and High. It is also possible for the user
to define custom basis sets through the atomic_species keyword, see OpenMXBasisSet.

The basis sets was pre-calculated using GGA-PBE or LDA-PZ and included together with the pseudopotential. Thus,
if other exchange-correlation functionals than LDA-PZ or GGA-PBE are used, the accuracy will be low.

For the other pseudo potentials the basis sets are calculated on the fly, using the selected exchange-correlation potential.
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i.e. only core electrons are treated with the GGA-PBE functional, while valence electrons are treated with the selected
exchange-correlation functional.

Below we provide the ∆ values for the Medium and High basis sets. For the High basis set we also provide the ∆ value
when a 100 Ha mesh cutoff is used. This, gives an indication for which elements the default mesh cutoff needs to be
increased.

HGH Pseudopotentials and basis sets

The Hartwigsen–Goedecker–Hutter (HGH) type pseudopotentials are also norm-conserving pseudopotentials, how-
ever, include multiple projectors and semi-core states. The pseudopotentials use analytical functions which are slightly
lower accuracy than numerical pseudopotentials. These pseudopotentials require high values for the mesh cutoff for
some elements.

For each pseudopotential we provide a hierarchy of basis sets. The basis sets were optimized to describe the total energy
of dimers with different bondlengths. This was an early version of our basis set optimization tool and not all elements
are well described.

Generally the pseudopotentials and basis sets have better accuracy than the FHI pseudopotentials but can be computa-
tionally heavy and require high mesh cutoffs. The sets are only provided for backwards compatibility and are no longer
recommended.
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5.4.6 References

5.5 Doping methods available in QuantumATK

PDF version

The effect of electrostatic doping is generally modelled by either increasing (n-doping) or decreasing (p-doping) the
number of electrons of the system with respect to the neutral case. QuantumATK offers two general methods to intro-
duce electrostatic doping. Both lead to the same additional electrons (holes) introduced in the system, but differ in the
way these extra electrons (holes) are redistributed within it.

5.5.1 General background

In QuantumATK the ElectronDensity of the system is expressed as a sum of two contributions:

𝜌(r) = ∆𝜌(r) +

𝑁𝑎𝑡𝑜𝑚𝑠∑︁
𝑖

𝜌𝑎𝑡𝑜𝑚𝑖 (r).

∆𝜌(r) is the ElectronDifferenceDensity, which for a neutral system integrates to zero:∫︁
∆𝜌(r) 𝑑𝑟 = 0.

∑︀𝑁𝑎𝑡𝑜𝑚𝑠

𝑖 𝜌𝑎𝑡𝑜𝑚𝑖 (r) is the sum of the densities associated with the individual atoms. For a neutral system, this sum
integrates to the total number of electrons 𝑁 :

𝑁𝑎𝑡𝑜𝑚𝑠∑︁
𝑖

∫︁
𝜌𝑎𝑡𝑜𝑚𝑖 (r) 𝑑𝑟 = 𝑁.
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It follows that the number of electrons in a generic system with charge𝑄, which is the integral over the electron density
in real space, can be also expressed as:∫︁

𝜌(r) 𝑑𝑟 = �̃� +

𝑁𝑎𝑡𝑜𝑚𝑠∑︁
𝑖

∫︁
𝜌𝑎𝑡𝑜𝑚𝑖 (r) 𝑑𝑟

where �̃� are the extra electrons leading to a charge 𝑄 = −𝑒 · �̃� . It follows that∫︁
∆𝜌(r) 𝑑𝑟 = �̃� .

In QuantumATK, the system can be doped in two different ways, either by adding an Explicit charge or by adding Atomic
compensation charges. The former modifies the value of �̃� , whereas the latter modifies the value of𝑁 . However, both
lead to the following result:

−𝑒
∫︁

∆𝜌(r) 𝑑𝑟 = 𝑄.

5.5.2 Explicit charge

An explicit charge can be added by setting the charge parameter to a value 𝑄 in the LCAOCalculator. In this case, �̃�
is set to a non-zero value �̃� = −𝑄/𝑒. The total number of electrons in the system is then determined by∫︁

𝜌(r) 𝑑𝑟 = �̃� +

𝑁𝑎𝑡𝑜𝑚𝑠∑︁
𝑖

∫︁
𝜌𝑎𝑡𝑜𝑚𝑖 (r) 𝑑𝑟 = �̃� +𝑁.

Note: There are two important consequences of using this method:

• The densities of the individual atoms 𝜌𝑎𝑡𝑜𝑚𝑖 (r) are those associated with the individual neutral species;

• The extra charge is not bound to any atom. Therefore, it will redistribute in order to minimize the total energy
of the system.

5.5.3 Atomic compensation charges

Using the AtomicCompensationCharge method, �̃� is set to zero, but the density of the i-th atom is rescaled by a factor:

𝑐𝑖 =
�̃�𝑖 + 𝑛𝑖
𝑛𝑖

.

where 𝑛𝑖 and 𝑛𝑖 are the number of valence electrons and the extra compensation charge associated with the i-th isolated
atom. The individual values of �̃�𝑖, and therefore the individual coefficients 𝑐𝑖, can be set arbitrarily from atom to atom,
even within the same chemical species. For sake of comparison, we assume here that they are all the same and that
they sum up to �̃� :

𝑁𝑎𝑡𝑜𝑚𝑠∑︁
𝑖

�̃�𝑖 = �̃�.

In this case, the integral of the total density can be expressed as a sum over the individual densities∫︁
𝜌(r) 𝑑𝑟 =

𝑁𝑎𝑡𝑜𝑚𝑠∑︁
𝑖

∫︁
𝜌𝑎𝑡𝑜𝑚𝑖 (r) 𝑑𝑟
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where

𝜌𝑎𝑡𝑜𝑚𝑖 (r) = 𝑐𝑖 · 𝜌𝑎𝑡𝑜𝑚𝑖 (r)

Due to the use of the rescaled atomic densities 𝜌𝑎𝑡𝑜𝑚𝑖 (r), the electronic density of the system will be the same as that
obtained using an explicit doping:

𝑁𝑎𝑡𝑜𝑚𝑠∑︁
𝑖

∫︁
𝜌𝑎𝑡𝑜𝑚𝑖 (r) 𝑑𝑟 =

𝑁𝑎𝑡𝑜𝑚𝑠∑︁
𝑖

∫︁
𝑛𝑖
𝑛𝑖
𝜌𝑎𝑡𝑜𝑚𝑖 (r) 𝑑𝑟 +

𝑁𝑎𝑡𝑜𝑚𝑠∑︁
𝑖

∫︁
𝜌𝑎𝑡𝑜𝑚𝑖 (r) 𝑑𝑟 = �̃� +𝑁

Note: Using this method, the extra charge is introduced by modifying the densities of the individual atoms. As a
consequence:

• The extra electron density will be bound to those atoms for which 𝑛𝑖 ̸= 0;

• The electrostatic potential will be locally modified in the vicinity of such charged atoms, becoming more attractive
(repulsive) if 𝑛𝑖 > 0 (𝑛𝑖 < 0).

5.6 Optical response functions

PDF version

The optical response functions couple an external electric field, 𝐸ext, with the internal electric field arising from the
response of the crystal. It is convenient to introduce the displacement field, D, which determines the electric field from
external charges, 𝜌ext. The displacement field is related to the internal electric field, E, through the polarization, P:

D = 𝜖0E + P,

where −P is the electric field from the internal charges, 𝜌𝑖𝑛𝑡.

The polarization is related to the dipole moment of the material, p,

P ≡ p/𝑉,

where 𝑉 is the volume of the material.

5.6.1 Linear response coefficients

The linear response coefficients 𝜒 (susceptibility), 𝜖𝑟 (dielectric constant), and 𝛼 (polarizability) relate the electrody-
namic quantities outlined above to each other:

P = 𝜖0𝜒E,

D = 𝜖𝑟𝜖0E,

p = 𝛼E.
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Optical conductivity

For a perturbation E(r) = E0 exp(iq · r), the linear response current in the long wave-length limit (𝑞 ≪ 1/𝑎 , where
𝑎 is the lattice constant) is given by1:

j(r, 𝜔) = 𝜎(𝑞 = 0, 𝜔)E(r, 𝜔),

where 𝜎 is the optical conductivity.

Units

The unit of the linear response coefficients are:

Coefficient Unit
𝛼 C2/Nm5

𝜖𝑟 1
𝜒 1
𝜎 C2/Nsm2

Relation between the linear response coefficients

All the response coefficients follow from the susceptibility, 𝜒:

𝜖𝑟(𝜔) = (1 + 𝜒(𝜔)),

𝛼(𝜔) = 𝑉 𝜖0𝜒(𝜔),

𝜎(𝜔) = −𝑖𝜔𝜖0𝜒(𝜔).

The derivation of the last relation can be found in2.

5.7 Hybrid Functionals

PDF version

Hybrid functionals are exchange-correlation functionals that take into account exact Fock exchange1. There are different
approaches as to how to mix in the exact exchange. The method we implemented in our PlaneWaveCalculator code
is the HSE functional described in23.

1 N. Wiser. Dielectric constant with local field effects included. Phys. Rev., 129:62–69, Jan 1963. doi:10.1103/PhysRev.129.62.
2 Richard M. Martin. Electronic structure: Basic theory and practical methods. Cambridge University Press, New York, 2004. ISBN 0-521-

78285-6.
1 Axel D. Becke. A new mixing of hartree–fock and local density-functional theories. The Journal of Chemical Physics, 98(2):1372–1377, 1993.

URL: https://doi.org/10.1063/1.464304, doi:10.1063/1.464304.
2 Jochen Heyd, Gustavo E. Scuseria, and Matthias Ernzerhof. Hybrid functionals based on a screened coulomb potential. The Journal of

Chemical Physics, 118(18):8207–8215, 2003. URL: https://doi.org/10.1063/1.1564060, doi:10.1063/1.1564060.
3 Jochen Heyd, Gustavo E. Scuseria, and Matthias Ernzerhof. Erratum: “hybrid functionals based on a screened coulomb potential”

[j. chem. phys. 118, 8207 (2003)]. The Journal of Chemical Physics, 124(21):219906, 2006. URL: https://doi.org/10.1063/1.2204597,
arXiv:https://doi.org/10.1063/1.2204597, doi:10.1063/1.2204597.
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5.7.1 Background

The HSE functional is an adaptation of the PBE0 functional4, where the exchange-correlation energy is defined as:

𝐸PBE0
𝑥𝑐 =

1

4
𝐸HF
𝑥 +

3

4
𝐸PBE
𝑥 + 𝐸PBE

𝑐 .

The exact-exchange energy 𝐸HF
𝑥 is defined in terms of the Kohn-Sham orbitals as:

𝐸HF
𝑥 = −𝑒

2

2

∑︁
k𝑛

∑︁
k′𝑛′

𝑤k𝑓k𝑛𝑤k𝑓k′𝑛′

∫︁∫︁
𝜓*
k𝑛(r)𝜓k′𝑛′(r)𝜓*

k′𝑛′(r′)𝜓k𝑛(r′)

|r′ − r|
𝑑r𝑑r′, (5.1)

and is very expensive to evaluate.

For periodic systems, the exact-exchange energy converges very slowly with the distance. For this reason Heyd et
al.Page 2379, 2 suggested splitting up the exchange in a long- and short-range part (defined by a screening length parameter
𝜇). In which only for the short range part exact exchange is mixed:

𝐸HSE
𝑥𝑐 =

1

4
𝐸HF,sr,𝜇
𝑥 +

3

4
𝐸PBE,sr,𝜇
𝑥 + 𝐸PBE,lr,𝜇

𝑥 + 𝐸PBE
𝑐 .

The most general version of this functional depends on two parameters, the screening length 𝜇, and the mixing fraction
𝛼, which was 1

4 in the PBE0 functional:

𝐸HSE
𝑥𝑐 (𝜇, 𝛼) = 𝛼𝐸HF,sr,𝜇

𝑥 + (1 − 𝛼)𝐸PBE,sr,𝜇
𝑥 + 𝐸PBE,lr,𝜇

𝑥 + 𝐸PBE
𝑐 .

5.7.2 ACE Implementation

To include the exact exchange energy in the total energy functional in a DFT calculation one needs to add a non-
local orbital dependent exact exchange potential, 𝑉 HF

𝑥 [𝜓k𝑛(r)] =
𝛿𝐸HF

𝑥

𝛿𝜓*
k𝑛(r)

to the Hamiltonian when solving the Kohn-
Sham equations. Even though only action of the exchange potential operator is needed when iteratively solving for
eigensolutions, the evaluation of the operator is still very expensive compared to the other parts of a DFT calculation,
and it has to be carried out several times in the iterative process.

However, using the Adaptively Compressed Exchange operator method5 we avoid the expensive re-evaluations of the
exchange operator in the subsequent steps in the iterative eigensolver. In this approach the exact-exchange operator
𝑉 HF
𝑥 is applied once to the current best estimate for the ground state wave-functions, |𝜓𝑖⟩,

|𝑊𝑖⟩ = 𝑉 HF
𝑥 |𝜓𝑖⟩, for 1 < 𝑖 ≤ 𝑁.

From these 𝑊 states, a set of so-called ACE projectors |𝑝𝑖⟩ are constructed. The projection operator:

𝑉 ACE
𝑥 =

∑︁
𝑖

|𝑝𝑖⟩⟨𝑝𝑖| ,

has the same action as 𝑉 HF
𝑥 on states in the subspace spanned by the wave functions and can be proven to a good

approximation for states that are close to the subspace. The advantage is that 𝑉 ACE
𝑥 is much cheaper to apply (same

computational complexity as the pseudopotential) in the following uses of the Hamiltonian. Note, however, that to
construct the ACE projectors, one needs to fully evaluate the action of the full exact exchange operator, 𝑉 HF

𝑥 , a process
which is still very expensive and scales as

𝑇 ∝ 𝑁k̃×𝑁k×𝑁2
bands×𝑁G log(𝑁G),

4 John P. Perdew, Matthias Ernzerhof, and Kieron Burke. Rationale for mixing exact exchange with density functional approximations. The
Journal of Chemical Physics, 105(22):9982–9985, 1996. URL: https://doi.org/10.1063/1.472933, doi:10.1063/1.472933.

5 Lin Lin. Adaptively compressed exchange operator. Journal of Chemical Theory and Computation, 12(5):2242–2249, 2016. PMID: 27045571.
URL: http://dx.doi.org/10.1021/acs.jctc.6b00092, doi:10.1021/acs.jctc.6b00092.
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where𝑁k̃ is the number of symmetry-reduced k-points,𝑁k is total number of unreduced k- points,𝑁band is the number
of occupied bands and 𝑁G is the number of plane wave basis functions.

Instead of only using the ACE operator for a single SCF iteration it has proven more efficient to keep the operator fixed
and do a full self-consistent cycle before updating the ACE projectors from the most recent Kohn-Sham wave functions.

Fig. 5.9: A flowchart diagram showing the double self-consistency loop structure used in ACE hybrid functional cal-
culations.

In QuantumATK ACE hybrid functional calculations therefore employs a double self-consistent loop algorithm, see Fig.
5.9. Starting from a reasonable initial guess for the wave functions |𝜓𝑖⟩, we construct the ACE projectors and perform
a regular DFT SCF loop in which the ACE operators are added to the Hamiltonian and are kept constant. The resulting
wave functions are then used to update the ACE projectors and a new SCF loop is started. In this way the ACE operator
adaptively improves every outer iteration and the process is continued until the exact exchange energy of the system is
converged, in which case the ACE operator will be identical to the real exact exchange operator6. The tolerance on the
exchange energy and the number of outer scf loops taken can be set on IterationControlParameters.

6 Lin Lin and Michael Lindsey. Convergence of adaptive compression methods for Hartree-Fock-like equations. arXiv:1703.05441 [math],
March 2017. arXiv: 1703.05441. URL: http://arxiv.org/abs/1703.05441 (visited on 2018-02-02).
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5.7.3 Usage Examples

Running a calculation with HSE is as simple as setting the correct exchange_correlation on the
PlaneWaveCalculator. By choosing:

exchange_correlation = HybridGGA.HSE06
calculator = PlaneWaveCalculator(exchange_correlation=exchange_correlation)

the standard HSE06 parameters are chosen, i.e. screening_length=0.11*Bohr**-1 and exx_fraction=0.25.

One can set custom values for these parameters by choosing:

exchange_correlation = HybridGGA.HSECustom(screening_length=0.14*Bohr**-1, exx_
→˓fraction=0.20)
calculator = PlaneWaveCalculator(exchange_correlation=exchange_correlation)

By default the first SCF loop will have ACE projectors that are set to zero. In a lot of cases it makes sense to start from
a PBE calculation, this can be done as follows:

calculator = PlaneWaveCalculator(exchange_correlation=GGA.PBE)
configuration.setCalculator(calculator)
configuration.update()

new_calculator = calculator()(exchange_correlation=HybridGGA.HSE06)
configuration.setCalculator(new_calculator, initial_state=configuration)
configuration.update()

When restarting, the wave functions of the old configuration will be used to construct ACE projectors, and an exact
exchange contribution will already be present in the first SCF loop.

5.7.4 References

5.8 NEGF Convergence Guide

Version: 2018

Downloads & Links

PDF version atk_transport_calculations ATK Reference Manual

QuantumATK delivers a market-leading and highly optimized implementation of the non-equilibrium Green’s function
(NEGF) method for electron transport calculations. Even so, achieving fast and reliable convergence of the NEGF
calculation to obtain the electronic ground state can sometimes be challenging. This guide therefore provides a list of
action points for troubleshooting poorly converging NEGF calculations.
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What does it mean that my calculation did not converge?

Just like in standard calculations for periodic bulks, the NEGF device calculator uses the self-consistent field (SCF)
method to iteratively search for the electronic ground state. In each step of the SCF cycle, the electronic structure
problem is solved and the total energy is computed. The calculation is converged when the energy change between
SCF iterations falls below some tolerance, that is, when the self-consistent electron density is found.

If the calculation does not converge, it means that the self-consistent solution to the electronic structure problem (the
ground state) was not found within the allowed number of SCF iterations. Your task is then to modify the NEGF
calculation such that it will converge, before moving on to analysis.

Tip: QuantumATK issues a warning if the calculation did not converge The QuantumATK calculator log will
contain the following warning message whenever a calculation did not properly converge:

################################################################################
# #
# Warning: The calculation did not converge to the requested tolerance! #
# #
################################################################################

Checking the QuantumATK log for such warnings is an essential habit, as the results are probably not useful if the
calculation was not converged. The log stream is sent to the system stdout and/or to a file, depending on how the job is
executed. From the O-2018.06 release, the log-file will also contain a Convergence Report with detailed information,
if the calculation did not converge.

5.8.1 Introduction

As outlined above, it is important that the device calculation converges to the ground state. When this does not happen in
a zero-bias calculation, the reason is usually either an improper setup of the device configuration or suboptimal settings
in the NEGF device calculator. Finite-bias calculations may sometimes present additional convergence problems that
we here address as well.

Troubleshooting steps

The lists below give a troubleshooting guide for both zero-bias and finite-bias calculations.

• Zero-bias NEGF calculations

– 1. Increase the length of the device central region

– 2. Increase the length of the electrodes

– 3. Check that the boundary conditions are correct

– 4. Increase the number of k-points

– 5. Use the EquivalentBulk method for the initial density

– 6. Increase the electron temperature

– 7. Improve the accuracy of the contour integral
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– 8. Try a different Poisson solver

– 9. Increase the density mesh cut-off energy

• Finite-bias NEGF calculations

– 1. Always restart from a converged calculation

• SCF iteration control parameters

– 1. Maximum steps

– 2. Pulay mixing

– 3. Tolerance

5.8.2 Zero-bias NEGF calculations

1. Increase the length of the device central region

A very common cause of convergence difficulties is that the central region of the device is too short. Specifically, it is
too short for the carriers in the central region to screen the electrode from the effects of the interface. In other words, the
NEGF formalism requires that the electrostatic potential is equilibrated and become flat before reaching the electrode.
If that is not the fulfilled, the NEGF algorithm will not be able to match it to the bulk-like electrode. In this case the
remedy is simple – make the central region longer.

Note: For more information on the importance of screening, please see the page describing the NEGF: Device Cal-
culators.

In the figure below, we show the Hartree Difference Potential for a device with metal on the left and silicon on the right.
The vertical line indicates the interface between the two materials.

Fig. 5.10: A plot of the Hartree Difference Potential along the silicon screening region length. Note how 80 Å is not
sufficient to allow the potential to become flat.

2384 Chapter 5. Technical Notes



QuantumATK V-2023.12 Documentation

On the plot we see that the potential is not flat 80 Å of silicon away from the interface, but from 100 Å, it is. On the
metal side, we see that just a few Ångstrom are enough to screen the interface and make the potential flat, as expected.

It is possible to decrease the length of the depletion region, i.e. the length of the semiconductor where screening takes
place, by adding doping, or if already doped, by increasing the doping level. In the figure below, we show the depletion
length vs. the doping level for silicon.

Fig. 5.11: A plot of screening (depletion) length vs. doping concentration. For instance, a doping of 1019 cm-3 corre-
sponds to a depletion length of around 100 Å.

2. Increase the length of the electrodes

Another common cause of convergence issues is the size of the electrodes. It is very important that the electrodes
are long enough to ensure that there is no direct interaction between second-nearest neighboring cells in the transport
direction. Phrased another way; there must be no interaction between the electrode extension and the first periodic
image of the electrode. A good rule of thumb is that the electrode should be more than twice as long, in the transport
direction, as the longest basis function in the basis set. The length of the basis functions can be seen by plotting them
in the New Calculator widget.

A more thorough test is to use the Electrode Validator tool in NanoLab. To use it, first do the self-consistent calculation
of the electrode, then select the resulting BulkConfiguration on the LabFloor, and click on the Electrode Validator tool
in the plugin bar on the right. NanoLab will then inform you whether the electrode is valid, i.e. long enough to fulfill
the above criterion.
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3. Check that the boundary conditions are correct

The next item on the list is to make sure that the calculation uses a Poisson solver with the correct boundary conditions.
The boundary conditions should be periodic in A and B if the device is to be modeled in that way, and they should be
Neumann if there is a gate in that direction. Finally, there should be Dirichlet boundary conditions in the C-direction.

4. Increase the number of k-points

The next thing to check is the k-point sampling in the transport direction. In order to match the Fermi levels between
the electrode and the central region, it is important that the electrode k-point grid is very dense along the C-direction
(the transport direction). The default density along the C-direction is 150 (compared to between 2 and 7 otherwise)
and it is sometimes necessary to increase it even more. Note that, in most cases, the calculation of the electrodes is an
insignificant part of the total NEGF calculation time, so there is in general no need to worry about the performance of
this part.

It is also important to check that the number of k-points in the two transverse directions is reasonably converged. If they
are too low in a way that leads to unphysical results, this can also hamper convergence. In the figure below, we show an
example of how the computed Fermi level may depend on the number of k-points in the transverse directions. In this
case, we would expect 1, 2 and possibly 3 k-points to give quite bad results, and possibly have convergence problems,
whereas from 5 and up, the results are reasonably converged.

Fig. 5.12: The Fermi level depends on the number of k-points. Here we show the dependence along the non-transport
A and B directions.
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5. Use the EquivalentBulk method for the initial density

Next option is to try changing the calculation of the initial density to EquivalentBulk , instead of the default
NeutralAtom . The default behavior is to create the initial guess for the density as a direct sum of the neutral atom
densities. EquivalentBulk does a self-consistent calculation instead, where the central region is treated as a bulk
configuration, and uses the resulting density as the initial guess for the NEGF calculation. Note that this calculation
can be quite demanding, and may not be as efficiently parallelized over many computing cores as the NEGF calculation
itself.

The NeutralAtom method works just fine in most cases, but for some systems it is necessary to use EquivalentBulk
to start the device calculation from a better initial guess. However, if your electrodes are not identical and/or you use a
Hückel model, it is most likely not an advantage to use EquivalentBulk .

6. Increase the electron temperature

Particularly in metals or small-gap semiconductors, convergence can be hampered if the states close to the Fermi level
are not adequately described. If this is the case, these states will shift between being occupied and unoccupied, leading
to convergence problems. This can be mitigated by increasing the temperature (width) for the electron occupation
function, and/or trying one of the non-default occupation functions. Note that higher temperatures can lead to slight
inaccuracies in the results, as described on the main page about Occupation Methods.

7. Improve the accuracy of the contour integral

When setting up the calculator in NanoLab, the lower bound of the contour integral is automatically set so low that it
encompasses all the valence states in the elements in the configuration. This fact is quite important, and the next thing
to do, is to check that this is indeed the case. If you are in doubt, make a DOS calculation of your material to identify
the deepest valence states and their energy, and verify that the lower bound of the contour integral is lower in energy
than these states.

Sometimes, convergence can be improved by increasing the number of points in the semicircle part of the default
SemiCircleContour or switching to the OzakiContour, where the number of poles (equivalent to contour points)
can be increased more easily, as there is only one parameter to adjust. Note that each contour point/pole must be
calculated separately, like k-points, and the computational cost is thus approximately linear in the number of contour
points/poles. For more information, see the manual pages on the NEGF: Device Calculators and the two types of
contour integrals: SemiCircleContour and OzakiContour.

Fig. 5.13: Sketch of the contour integral when using the semicircle contour. See the manual page for more details.
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8. Try a different Poisson solver

Convergence can also be helped by changing the Poisson Solver, e.g. from MultigridSolver to
ParallelConjugateGradientSolver, as they use different numerical methods. This means the numerical
noise in the calculated electrostatics will be different, which can in turn affect convergence in systems with
more complicated electrostatics, such as gates. Note also that for larger calculations, which are run in parallel,
ParallelConjugateGradientSolver will usually be faster.

9. Increase the density mesh cut-off energy

The final thing to check for a zero-bias calculation is the density mesh cutoff. As with k-points in the transverse
direction, it should be high enough to provide physically correct results. Ensuring that it is properly converged with
respect to the quantity of interest will also help with convergence. In the figure, we show how the Fermi level depends
on the mesh cutoff, and it is seen how very low mesh cutoffs can give an inaccuracy in the determination of the Fermi
level. However, note also the difference in scale between this and the figure with k-points above.

Fig. 5.14: The computed Fermi level depends on the grid mesh cut-off.
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5.8.3 Finite-bias NEGF calculations

In general, finite-bias calculations are harder to converge than zero-bias, and all of the points above apply also in this
case. However, there is one further thing to try, which will be explained in the next section, and should be tried as the
first thing if the zero-bias calculation converged nicely.

1. Always restart from a converged calculation

A finite-bias calculation should always restart from a converged calculation with a lower, or zero, bias. If it does not
converge, it will often help to decrease the bias difference. For instance, if you want to do a 0.4 V calculation starting
from zero bias, the best approach is to do it incrementally, e.g. in steps of 0.1 V. This example script will do exactly
that: iv.py

# Set bias
# Positive: Forward
# Negative: Reverse

bias_list = [0.10, 0.20, 0.30, 0.40]*Volt

# Read DeviceConfiguration
zero_bias_file = 'device_zero_bias.hdf5'
device_configuration = nlread(zero_bias_file, DeviceConfiguration)[-1]

for bias in bias_list:
if processIsMaster():

print("Bias is now: ", bias )
# Get the calculator
calculator = device_configuration.calculator()

# Set the bias voltage
calculator=calculator(electrode_voltages=(bias/2, -bias/2))

# Attach the calculator and use the old initial state
device_configuration.setCalculator(
calculator(),
initial_state=device_configuration)

device_configuration.update()
nlsave('device_bias_%.2f.hdf5' % bias.inUnitsOf(Volt), device_configuration)

This approach becomes even more relevant for higher biases, where shorter increments might be needed to achieve
convergence. So in the case above, maybe 0.1 and 0.2 V converge, but 0.3 V do not. It would then be recommended
to try 0.25 V, starting from 0.2 V and using increments of 0.05 V from there. Whether this approach is practical, of
course depends on the system under study and the final bias you wish to achieve.
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5.8.4 SCF iteration control parameters

If you have already verified that the physical model employed in your NEGF calculation is sane and appropriate (cf.
the preceding sections), but the calculation still fails to converge, tuning the parameters that control the SCF loop is the
last option.

The SCF parameters are defined in the IterationControlParameters class in ATK Python – navigate to the Iter-
ation control parameters tab in the New Calculator widget to adjust the settings.

1. Maximum steps

Even a healthy and well-behaved NEGF calculation can sometimes converge slower than expected towards the ground
state, and may therefore require extra SCF steps to converge correctly.

• In such cases, simply increase the parameter Maximum steps.

• However, first consult the QuantumATK log file from the failing calculation to check that the SCF loop is actually
well-behaved, that is, converging towards a reasonable ground state. If not, additional SCF steps are not likely
to solve the problem – consider instead adjusting the Pulay mixing.

What is a reasonable ground state?

First of all, Band energies and Hamiltonian matrix elements should converge steadily towards constant values. In-
spect the ATK log file: Look for the lines reporting after each SCF iteration the band energy E and the differences in
energy (dE) and Hamiltonian matrix elements (dH) from the previous SCF iteration. In a terminal this may conveniently
be done using the grep command:

user@machine $ grep dE atk.log
| 0 E = -70.6148 dE = 5.719151e-01 dH = 7.266251e-01 |
| 1 E = -56.8671 dE = 1.374766e+01 dH = 5.675282e-01 |
| 2 E = -58.5695 dE = 1.702319e+00 dH = 1.737177e-01 |
| 3 E = -59.6745 dE = 1.105067e+00 dH = 9.875918e-02 |
| 4 E = -59.3529 dE = 3.216787e-01 dH = 4.048304e-02 |
| 5 E = -59.0695 dE = 2.833359e-01 dH = 2.447425e-02 |
| 6 E = -59.2082 dE = 1.386839e-01 dH = 2.978777e-03 |

(continues on next page)
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(continued from previous page)

| 7 E = -59.0397 dE = 1.684759e-01 dH = 1.492602e-02 |
| 8 E = -59.078 dE = 3.826926e-02 dH = 1.691435e-03 |
| 9 E = -59.05 dE = 2.800614e-02 dH = 2.041091e-03 |
| 10 E = -59.0559 dE = 5.931576e-03 dH = 1.624175e-03 |
| 11 E = -59.0553 dE = 6.427625e-04 dH = 2.825693e-04 |
| 12 E = -59.0543 dE = 1.008929e-03 dH = 1.880459e-04 |
| 13 E = -59.0542 dE = 1.964723e-05 dH = 6.034241e-05 |

• The energy and Hamiltonian differences dE and dH should decrease steadily towards the specified tolerance (10-4

by default).

• The energy may oscillate in the beginning of the SCF cycle, but should eventually converge to a constant value.

Secondly, Mulliken populations should be physically reasonable. Inspect the Density Matrix Report for the last few
SCF iterations in the ATK log file. For each atom, the quantities DM and DD are reported. The former is the trace of
the device density matrix (the Mulliken populations) while the latter is the difference between DM and the neutral-atom
charge on the atom (as given by the pseudopotential).

• Atoms in the same local environment should have approximately the same occupation.

• Variations should be systematic and physical, e.g., in an oxide we would expect extra electrons on the oxygen
atoms and fewer on the more electropositive neighbors.

• Charge should not build up near the electrodes.

In the example below, we see how these points are fulfilled:

+------------------------------------------------------------------------------+
| Density Matrix Report DM DD |
+------------------------------------------------------------------------------+
| 0 Si [ 1.907 , 1.100 , 1.564 ] 3.89764 -0.10236 |
| 1 Ni [ 0.001 , -0.000 , 2.342 ] 18.21499 0.21499 |
| 2 Si [ 0.001 , 2.201 , 3.120 ] 3.89379 -0.10621 |
| 3 Si [ 0.001 , -0.000 , 4.675 ] 3.89556 -0.10444 |
| 4 Ni [ 0.001 , 2.201 , 5.453 ] 18.21180 0.21180 |
| 5 Si [ 1.907 , 1.100 , 6.231 ] 3.89446 -0.10554 |
| 6 Si [ 0.001 , 2.201 , 7.787 ] 3.89564 -0.10436 |
| 7 Ni [ 1.907 , 1.100 , 8.565 ] 18.21115 0.21115 |

• The Mulliken population is approximately the same for all Ni and all Si atoms, respectively.

• We see that all Si atoms have a slightly negative value of DD, while the Ni atoms have a corresponding positive
value of twice the size.

• The atoms close to the electrode boundary (those with lowest indexes) do not show unphysically large Mulliken
populations.
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2. Pulay mixing

The SCF loop uses a PulayMixer to generate the electron density in each SCF step, by mixing densities from previous
steps into the guess for the current step. The Damping factor parameter controls the fraction of the current density
guess which is added to the mix in the next step, i.e. a small damping factor will reduce changes in density between
SCF steps. History steps controls the number of previous steps to use densities from.

The default Pulay mixing parameters should in general give a fast and stable SCF convergence, but sometimes a bit of
tweaking can be useful:

• Try first to decrease the Damping factor to 0.05 or even 0.01. This should in particular help in case of metallic
states at the Fermi level and is helpful when the convergence history exhibits oscillating behavior.

• Try to set the option restart_strategy to AdaptiveHistoryRestart. This is especially effective when the con-
vergence history shows many contiguous steps where the error does not change significantly.

• Changing the number of History steps can improve convergence. A shorter history, e.g. 10 steps, can be
especially helpful when doing a bias sweep. Sometimes increasing the number of History steps may also slightly
improve convergence, but will also increase the memory consumption.

3. Tolerance

The SCF loop keeps going until the accuracy tolerance or the maximum number of steps is reached. This tolerance is
measured on both the total band energy and the Hamiltonian matrix elements – in both cases the absolute difference
from one SCF step to the other must be below the specified tolerance in order for the calculation to be considered
accurate and converged.

• Increasing the Tolerance above the default value may in rare cases be needed to get the NEGF calculation to
converge, but it may also lead to an inaccurate ground state. A high tolerance should therefore only be used as
a last resort! In fact, it is more common to tighten the SCF tolerance (lowering it to e.g. 10-6) to improve the
accuracy of the converged ground state.

5.8.5 Contact support

If everything fails, write a post on the online QuantumATK Forum (https://forum.quantumatk.com) or contact Quan-
tumATK support (quantumatk-support@synopsys.com). In both cases, please attach your ATK script and log file.

5.9 Spin-Polarized NEGF Convergence Guide

Version: O-2018.06

Downloads & Links

PDF version atk_transport_calculations NEGF Convergence Guide femgofe ATK Reference Manual

QuantumATK delivers a market-leading and highly optimized implementation of the non-equilibrium Green’s func-
tion (NEGF) method for spin-polarized electron transport calculations. Achieving fast and reliable convergence of the
NEGF calculation to obtain the electronic ground state can sometimes be challenging as discussed in NEGF Conver-
gence Guide for spin-unpolarized devices. This guide provides additional guidance when dealing with spin-polarized
devices, e.g., magnetic tunnel junctions (MTJ), see also femgofe.
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5.9.1 Systems investigated

• Fe(001)|MgO reference structure

• Fe(001)|MgO|Fe(001) magnetic tunnel junction (MTJ)

Computational parameters for the reference Fe|MgO structure

• 1 × 1 lateral unit cell Fe(001)|MgO.

• Dielectric layer: 13 MgO monolayers.

• Ferromagnetic metal: 7 Fe monolayers.

• Norm-conserving pseudopotential: SG15.

• LCAO basis set: Medium.

• K-points mesh: 21 × 21 × 1.

• Mesh cutoff: 150 Hartree.

• SCF threshold: 105 Hartree

• Forces threshold: 0.05 eV/Å.

• Geometry optimization: full relaxation of Fe and MgO structure and lattice parameters.

Computational parameters for the Fe|MgO|Fe device

• Basic parameters

– 2 × 2 lateral unit cell Fe(001)|MgO|Fe(001) junction.

– Dielectric spacer: 13 MgO monolayers.

– Norm-conserving pseudopotential: SG15.

– LCAO basis set: Medium.

– Mesh cutoff: 150 Hartree.

– SCF threshold: 105 Hartree.

• Structural parameters taken from a reference Fe(001)|MgO structure

– Bulk Fe lattice parameter: 𝑎Fe = 3.00 Å.

– Fe-O separation distance: 𝑑Fe−O = 2.11 Å.

– Mg-O separation distance: 𝑑Mg−O = 2.18 Å.
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• Parameters that have been varied

– Electrodes

∗ Length: 4 or 6 Fe monolayers

– Bias voltage

∗ Voltage range: 0.0, 0.05 and 0.1 V, as set in the IVCharacteristics study object.

– K-point sampling

∗ Device calculations: 11 × 11 and 15 × 15.

∗ Electrode calculations: 11 × 11 × 151 and 15 × 15 × 151.

– Mixing parameters

∗ Damping factor: 0.1 and 0.05.

∗ Number of history steps: 20 and 12.

5.9.2 Calculating the self-energy matrix

• Green’s-function matrix

ΣL (ΣR) is the self-energy matrix of the left (right) electrode.

1. Method overview

• Equilibrium part

– RecursionSelfEnergy: iterative scheme.

– SparseRecursionSelfEnergy: sparse-matrix version of RecursionSelfEnergy.

• Non-equilibrium part

– RecursionSelfEnergy.

– SparseRecursionSelfEnergy.

– KrylovSelfEnergy: iterative Krylov subspace method. The parameter 𝜆min determines the size of
the subspace - only modes with a decay slower than 𝜆min are included.

– DirectSelfEnergy: direct diagonalization scheme - all modes included.
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2. Practical methods

• In practice, RecursionSelfEnergy and SparseRecursionSelfEnergy are the methods of choice for both
equilibrium and non-equilibrium calculations.

• The best method for equilibrium and non-equilibrium calculations in terms of speed and memory footprint can
be chosen by using DevicePerformanceProfile to analyze the performance of the device calculation.

5.9.3 Zero and finite-bias convergence: mixing parameters

• General considerations

– All calculations converge, independently on the parameters used.

– The convergence is almost unaffected by the variation of the computational parameters.

– Convergence at finite bias voltages is much faster than at zero bias, because the density matrix from
the most close bias voltage is used as the initial state.

• If slightly less aggressive mixing parameters are used compared to the default ones (lower damping_factor
and number_of_history_steps), the convergence at zero (finite) bias voltage is slightly slower (faster).
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• Increasing the k_point_sampling along A and B from 11×11 to 15×15 results in a slightly slower convergence
at zero bias voltage, but in a faster convergence at finite bias voltages.

5.9.4 Zero and finite-bias convergence: electrode-length and k-point sampling

• Increasing the electrode length from 4-layers to 6-layers results in a slightly slower convergence at zero-bias
voltage. Convergence at finite-bias voltages is very similar.

• The 6-layers electrode calculations are more memory intensive than the 4-layers electrode calculations. In case
of insufficient memory, it is possible to reduce the memory footprint by re-evaluating the self-energies at each
SCF step storage_strategy=NoStorage().

5.9.5 Electrode validator

• The electrode validator allows one to check if the electrode repetition is sufficiently long in the C direction. The
length of the electrode ultimately depends on the basis set used in the calculations.

• In the present calculations, the four-layers electrode is slightly too short and some matrix elements are discarded.
For production calculations with Fe electrodes and the SG15-Medium pseudopotential/basis set, a 6-layers elec-
trode should be used.
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5.9.6 Contact support

If you failed to converge your device calculation even after following our guidelines, write a post on
the online QuantumATK Forum (https://forum.quantumatk.com) or contact QuantumATK support (quantumatk-
support@synopsys.com). In both cases, please attach your QuantumATK script and log file.

5.10 Noncollinear spins and spin transfer torque in devices

Version: P-2019.03

Downloads & Links

PDF version atk_transport_calculations ATK Reference Manual Technical note

Click here to download a PDF note that documents how the density functional noncollinear spin formalism is imple-
mented in QuantumATK, and how the spin transfer torque (STT) is computed for spintronic two-probe devices.

5.11 Parallelization of QuantumATK calculations

Downloads & Links

PDF Basic QuantumATK Tutorial ATK Reference Manual

ATK uses a range of parallelization techniques to distribute computational workload over a number of computing cores
(CPUs). This may either reduce the total wall-clock time or reduce the per-core peak memory requirement. We will
here explore the basics of how to parallelize QuantumATK calculations, both for bulk systems and for NEGF device
calculations.

ATK offers multi-level parallelization and will by default try to distribute the computing workload in the best way
possible. However, manual tuning of parallelization settings may sometimes be beneficial. In this case, the Quantu-
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mATK user needs to be aware of an important distinction between two very different ways to “measure” the effect of
parallelization:

Efficiency
If efficiency is the goal of a particular parallelization scheme (which it often is), the speed-up per
extra CPU should be as high as possible. That is, a calculation that takes 1 hour in serial (on a single
CPU) should ideally take 15 minutes on 4 CPUs. Parallelization efficiency is therefore important if
efficient use of CPU resources is more important than the wall-clock time spent on the calculation.

Time-to-result
If the goal of parallelizing over several CPUs is to get the calculation to finish as fast as possible, one
will usually choose to compromise on efficiency. For example, parallelizing a bulk calculation with
4 k-points over 40 CPUs will rarely give a speed-up of 40 compared to running the calculation on 1
CPU. However, it will in most cases still lead to a significant reduction of the wall-clock time, by a
factor of maybe 10-20 depending on the system. This may therefore result in a less efficient paral-
lelization scheme, when comparing the total CPU-time to the wall-clock time, but may be preferred
if getting the result quickly is more important than very efficient use of computing resources.

5.11.1 Unit-of-work

When distributing an entire QuantumATK calculation over a number of CPUs, the smallest “package” of computational
workload that is conveniently assigned to a single CPU is one “unit-of-work”. Importantly, this entity is not the same
for bulk and device (NEGF) calculations.

Bulks Devices (NEGF)
1 k-point 1 contour point

For a bulk calculation, the natural unit-of-work is one single k-point: A bulk calculation with 4 irreducible k-points is
efficiently parallelized over 4 CPUs, and QuantumATK will automatically assign one k-point to each CPU, provided
4 CPUs are available.

For device calculations, one NEGF contour integration point is the fundamental unit-of-work. Contributions to the
density matrix from all transverse k-points (𝑁𝑘, orthogonal to the transport direction) must be evaluated at each contour
energy point (𝑁𝑒, usually equal to 48), so the total workload consists of 𝑁𝑘 × 𝑁𝑒 units of work. QuantumATK will
automatically distribute these over the available CPUs as efficiently as possible. Obviously, the contour integration is
fully distributed if 𝑁𝑘 ×𝑁𝑒 CPUs are available (one contour point on each CPU).

5.11.2 Parallelization levels in QuantumATK

The QuantumATK calculator engines contain several layers of algorithms that can benefit from parallelization in dif-
ferent ways. QuantumATK can parallelize over both MPI processes and threads.
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MPI parallelization

The message passing interface (MPI) protocol is used to distribute work units as individual computing processes on
individual CPUs, and also allows for assigning multiple processes to each work unit. Moreover, each MPI process may
be further distributed in a hybrid parallelization scheme by employing shared-memory threading of each process, see
below.

Threading

Threading allows for distributing the work load of each computing process (each MPI process) over several CPUs in a
shared-memory fashion. Using threading can be advantageous if either

1. There are more CPUs available than units-of-work: If full MPI parallelization uses less than half of the computing
resources, threading may be used to utilize the remaining resources.

2. The simulation memory requirement needs to be reduced: Using threading instead of MPI processes can often
reduce the memory footprint at the cost of longer time-to-result.

The number of threads is automatically controlled by QuantumATK so as to make the best use of the available resources,
taking into account the number of MPI processes used. An example for submission to SLURM is given below:

#!/bin/bash

# Job name
#SBATCH --job-name test
#SBATCH --tasks=16 # Number of MPI ranks
#SBATCH --cpus-per-task=2 # Number of cores per MPI rank
#SBATCH --nodes=2 # Number of nodes
#SBATCH --tasks-per-node=8 # How many tasks on each node
#SBATCH --ntasks-per-socket=4 # How many tasks on each socket
#SBATCH --partition=xeon16
# Export all environment variables
#SBATCH --export=ALL

export ATK_EXE=/home/user/QuantumATK/QuantumATK-P-2019.03/bin/atkpython
export MPI_EXE=/home/user/QuantumATK/QuantumATK-P-2019.03/libexec/mpiexec.hydra
export SNPSLMD_LICENSE_FILE=27020@hostname

export MKL_DYNAMIC=TRUE

${MPI_EXE} -n 16 -ppn 8 ${ATK_EXE} test.py > test.log

The QuantumATK log file lists the number of threads used by each MPI process under the “CPU Information” header.
In general, the number of processes multiplied by the number of threads per process should equal the total number of
available physical processors on the machine, for maximum efficiency.

QuantumATK will automatically detect how many threads can be safely used, but if you want to set the maximum num-
ber of threads per process to a smaller value, this can be done by exporting the environment variable MKL_NUM_THREADS,
e.g., export MKL_NUM_THREADS=2 if you wish to have no more than 2 threads per process even if more cores are avail-
able.

Warning: Setting MKL_DYNAMIC=FALSE will not disable threading, but only the ability of MKL to dynamically
adjust the number of threads for maximum efficiency. If you wish to disable threading, you should set export
MKL_NUM_THREADS=1.
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ATK-DFT

For regular ATK-DFT calculations, it is very efficient to parallelize over k-points, and this will always be prioritized. In
all cases, QuantumATK will automatically determine the optimal parallelization strategy based on the available CPU
cores. Additionally, it will print a warning if the specifics of the calculation makes it impossible to use an optimal
parallelization with the current number of CPU cores. In this case, it will be more efficient to change the number of
CPU cores to better match the calculation, such as making sure the number of CPU cores is a divisor of the total number
of k-points.

Warning: The automatic parallelization scheme in QuantumATK is built on the assumption that you have enough
(infinite) memory available. You should therefore check the settings for memory-intensive calculations to ensure
that the calculations run with optimal efficiency.

In more advanced calculations, such as NEB and AKMC, further levels of parallelization can be used to increase
efficiency. We will get back to this at the end of this document.

5.11.3 Bulk calculations

As mentioned above, the fundamental unit-of-work for a bulk calculation is one single k-point. Default parallelization
settings will automatically assign 1 k-point per MPI process, if possible. However, 2 k-points cannot be optimally
distributed on 3 cores (1 core would be idle), but they can actually be distributed on 4 cores by assigning 2 cores to
work on each k-point. This is illustrated in the figure below.

Fig. 5.15: Matrix illustrating how QuantumATK distributes the workload in the case of a bulk calculation with 2
irreducible k-points.

The matrix shows how QuantumATK will automatically distribute the workload in the case of a bulk calculation with
2 irreducible k-points. Each filled circle represents a k-point, i.e., one unit-of-work. Blue, red, and green colors indicate
that 1, 2, and 3 processors are used per k-point, respectively. The black dashes indicate that one CPU will be idle if the
calculation is parallelized over 3 or 5 processors.
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Processes per k-point

The matrix in Fig. 5.15 shows that choosing the number of computing cores, 𝑁MPI, to be either 1 or a multiple of the
number of k-points, 𝑁𝑘, leads to a parallelization scheme that utilizes all the allocated cores. With 4, 6, 8, etc. cores,
the workload for each k-point is automatically shared by several cores. However, this kind of parallelization can also
be selected manually by the user.

The DiagonalizationSolver calculates the density matrix by direct diagonalization of the Hamiltonian matrix, and
the solver accepts the parameter processes_per_kpoint, which sets the number of MPI processes assigned to work
on each k-point. In the matrix in Fig. 5.15, processes_per_kpoint is 1, 2, and 3 for blue, red, and green circles,
respectively.

While processes_per_kpoint = Automatic is the default, it is easy to set it using the Script Generator.

Open the Calculator settings window, and select Algorithm Parameters. Make sure DiagonalizationSolver

is chosen as eigenvalue solver, and click the Parameters button to open a small window that allows you to manually
set the number of processes per k-point.

Exercise I: Non-default number of processes per k-point

• Open the QuantumATK Builder, click Add → From Database, and add the Silver bulk configuration to

the Stash.

• Use the Bulk Tools→Repeat plugin to double the size of the configuration along all directions (2x2x2 repetition).

• Send the silver bulk to the Script Generator, and double-click the New Calculator icon to add the

default ATK-DFT calculator to the script.

• Double-click the added calculator to open the calculator settings window. Select Algorithm Parameters and click
the Parameters button.
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• Then change the number of processes per k-point from Automatic to 2, and click OK. Also close the calculator
settings window.

Tip: The DiagonalizationSolver also accepts the parameter bands_above_fermi_level, which is by default
set to All bands. Explicitly setting this parameter to a positive integer can often be used to speed up the ATK-DFT
calculation. However, be aware that too small values of bands_above_fermi_level will lead to inaccuracies in the
diagonalization routine.

• Finally, send the script to the Editor to see how the parameter processes_per_kpoint is set in the script.

The script will look like shown below.

1 # -*- coding: utf-8 -*-
2 # -------------------------------------------------------------
3 # Bulk Configuration
4 # -------------------------------------------------------------
5

6 # Set up lattice
7 lattice = FaceCenteredCubic(8.1714*Angstrom)
8

9 # Define elements
10 elements = [Silver, Silver, Silver, Silver, Silver, Silver, Silver, Silver]
11

12 # Define coordinates
13 fractional_coordinates = [[ 0. , 0. , 0. ],
14 [ 0. , -0. , 0.5],
15 [ 0. , 0.5, -0. ],
16 [ 0. , 0.5, 0.5],
17 [ 0.5, 0. , -0. ],
18 [ 0.5, 0. , 0.5],
19 [ 0.5, 0.5, -0. ],
20 [ 0.5, 0.5, 0.5]]
21

22 # Set up configuration
23 bulk_configuration = BulkConfiguration(
24 bravais_lattice=lattice,
25 elements=elements,
26 fractional_coordinates=fractional_coordinates
27 )
28

29 # -------------------------------------------------------------
30 # Calculator
31 # -------------------------------------------------------------

(continues on next page)
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(continued from previous page)

32 k_point_sampling = MonkhorstPackGrid(
33 na=3,
34 nb=3,
35 nc=3,
36 )
37 numerical_accuracy_parameters = NumericalAccuracyParameters(
38 k_point_sampling=k_point_sampling,
39 )
40

41 density_matrix_method = DiagonalizationSolver(
42 processes_per_kpoint=2,
43 )
44 algorithm_parameters = AlgorithmParameters(
45 density_matrix_method=density_matrix_method,
46 )
47

48 calculator = LCAOCalculator(
49 numerical_accuracy_parameters=numerical_accuracy_parameters,
50 algorithm_parameters=algorithm_parameters,
51 )
52

53 bulk_configuration.setCalculator(calculator)
54 nlprint(bulk_configuration)
55 bulk_configuration.update()
56 nlsave('Silver.hdf5', bulk_configuration)

• Notice lines 41–43, where processes_per_kpoint=2 is set for the DiagonalizationSolver. This defines
the density matrix method that is passed on to the AlgorithmParameters object, which is eventually given as
an option for the LCAOCalculator.

• If you have MPI installed on your machine, you should try to run the calculation with parallelization over 2 cores.
Use either the Job Manager, or run the script directly from Command-line.
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$ mpiexec -n 2 atkpython Silver.py > Silver.log

• In any case, you will the following DiagonalizationSolver parallelization report in the QuantumATK job
logfile, here named Silver.log:

+------------------------------------------------------------------------------+
| DiagonalizationSolver parallelization report. |
+------------------------------------------------------------------------------+
| Total number of processes: 2 |
| Total number of k-points: 14 |
| Processes per k-point: 2 |
| Number of process groups: 1 |
+------------------------------------------------------------------------------+

Speed-up and peak memory reduction

The figure below illustrates how the calculation wallclock time and peak memory requirement of a simple ATK-DFT
calculation may both be reduced by using MPI parallelization. The bulk calculation has 4 irreducible k-points.

In Fig. 5.16, blue triangles indicates wallclock time and red circles indicate the peak memory requirement on each
core. Horizontal blue lines indicate 100%, 50%, 25%, and 12.5% of the wallclock time without parallelization (1 MPI
process). They indicate perfect efficiency for 1, 2, 4, and 8 MPI processes.

It is clear that a significant speed-up is gained with 2–4 MPI processes, and that using 4 cores (such that each k-point
fits onto a single core) reduces the wallclock time by almost a factor of 4. However, 5–7 MPI processes bring no further
performance gains, because the extra cores are largely idle (there are only 4 k-points to distribute). A significant speed-
up occurs with 8 MPI processes (on 8 cores), where the value of processes_per_kpoint automatically switches
from 1 to 2, such that all 8 cores can do useful work. With this in mind, the green circles indicate the most efficient
choices for the number of MPI processes.
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Fig. 5.16: Wallclock time and peak memory requirement when parallelizing a simple bulk calculation using MPI.
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Regarding peak memory, the most significant memory reduction happens already with 2 MPI processes. The smallest
peak memory is obtained with processes_per_kpoint larger than 1, i.e., 8 MPI processes. Bear in mind that the
amount of peak memory reduction obtainable by workload distribution is highly system dependent. Large systems will
usually offer better opportunities for reducing the memory footprint this way.

5.11.4 NEGF calculations

In a SurfaceConfiguration or in a DeviceConfiguration, the system is effectively treated as infinite along the C cell
vector, and as periodic along the A and B cell vectors. The 3D Brillouin zone typical of a BulkConfiguration is thus
projected onto a 2D Brillouin zone associated with the periodically repeated system in A and B. The electronic structure
of the system is thus solved in a way analogous to a BulkConfiguration in A and B, but in a different way along C.

The GreensFunction method uses a block tridiagonal inversion method used to calculate the Green’s function and
lesser Green’s function at each at each 𝑘-point and at each energy 𝜀. The lesser Green’s function is then used to obtain
the full density matrix of the system �̂�:

�̂� = − 1

𝜋

∫︁ ∫︁
Im𝐺<(𝜀, 𝑘) 𝑑𝜀 𝑑𝑘

where 𝐺<(𝜀, 𝑘) is the lesser Green’s function. In QuantumATK, the meaning of 𝜀 depends on whether the system is
at equilibrium or out-of-equilibrium:

• Equilibrium : 𝜀 is a complex energy and the Green’s function is obtained using complex contour integration

• Non-equilibrium : 𝜀 is a real energy and the Green’s function is obtained using real contour integration

In practice, the integration is carried out considering a double weighted sum over two discrete sets of 𝑘-points 𝑁𝑘 =
[𝑘1, . . . , 𝑘n] and energies 𝑀𝜀 = [𝜀1, . . . , 𝜀m]

�̂� = − 1

𝜋

𝑁𝑘∑︁
𝑖=1

𝑤𝑘,𝑖

𝑀𝜀∑︁
𝑗=1

𝑤𝜀,𝑗Im𝐺
<(𝜀𝑗 , 𝑘𝑖)

Note: Since the evaluation of the Green’s function at non-equilibrium is done using real contour integration, many
more 𝜀-points are needed! This also means the calculation can potentially scale to many more processes.

The evaluation of each element𝐺<𝑖,𝑗 is the computationally intensive part of the whole procedure and takes approxima-
tively the same time for both i and j, so the double sum can be conveniently rewritten as a single sum over a generalized
set of contour points 𝑁𝑘 +𝑀𝜀 = [𝑥1, . . . , 𝑥n+m], which refer both to energies and 𝑘-points:

�̂� = − 1

𝜋

𝑁𝑘+𝑀𝜀∑︁
𝑖=1

𝑤𝑘,𝜀,𝑖Im𝐺
<(𝑥𝑖)

Each contour point can be regarded as the unit of work in a NEGF calculation.

Automatic distribution of contour points

By default, QuantumATK tries to distribute the contour points in a NEGF calculation on as many processes as possible.
The evaluation of each contour point is done independently, which implies the following distribution rules for𝑁𝑘×𝑀𝜀

contour points:

• 𝑁𝑀𝑃𝐼 = 𝑁𝑘 ×𝑀𝜀 : An optimal distribution of 1 contour point per process is achieved

• 𝑁𝑀𝑃𝐼 <= 𝑁𝑘 × 𝑀𝜀: QuantumATK will calculate groups of 𝑁𝑀𝑃𝐼 processes stepwise. If 𝑁𝑀𝑃𝐼 is not a
dividend of 𝑁𝑘 ×𝑀𝜀, some processes will be partially idle.

• 𝑁𝑀𝑃𝐼 > 𝑁𝑘 ×𝑀𝜀 : There will not be any improvement compared to the ideal case, but more memory will be
available for each contour point.
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Processes per contour point

The option processes_per_contour_point allows to control the number of processes used to solve each indi-
vidual unit of work. In a device or surface calculation, it can be set in the Script Generator by opening the

Calculator settings window, and selecting Device Algorithm Parameters. Make sure GreensFunction is chosen as
the method, and click the Parameters button to open a small window that allows you to manually set the number of
processes per contour point.

The default value processes_per_contour_point = 1 provides the maximum efficiency in the calculation. For
very large calculations, setting processes_per_contour_point to a number larger than 1 allows you to increase
the available memory per individual unit of work beyond that available for a single process. As an example, suppose
you have 𝑁𝑘 ×𝑀𝜀 contour points and 𝑁𝑘 ×𝑀𝜀 processes, each one having a maximum memory available which is
only half of that required to solve a contour point. In this case, by setting processes_per_contour_point = 2, two
groups of (𝑁𝑘 ×𝑀𝜀)/2 will be solved in a stepwise fashion by using two cores per unit of work, effectively doubling
the memory available per contour point.
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Speedup in a device calculation

Fig. 5.17 shows the parallel scaling of a NEGF calculation of a Ag/Si(100) interface, similar to the one considered in the
paper “General atomistic approach for modeling metal–semiconductor interfaces using density functional theory and
non-equilibrium Green’s function”1. The system is calculated at equilibrium using𝑁𝑘 = 10 𝑘-points in the irreducible
2D Brillouin zone, and𝑀𝜀 = 48 𝜀-points on the complex contour for the evaluation of the equilibrium Green’s function.
This results in a total of 𝑁𝑘 ×𝑀𝜀 = 480 contour points.

Fig. 5.17: Solid lines: wallclock time when parallelizing a NEGF calculation using MPI, for different values of the
option processes_per_contour_point. Dashed lines: ideal scaling of the NEGF calculation based on the time
obtained for the minimal number of processes for each value of processes_per_contour_point.

The number of processes𝑁𝑀𝑃𝐼 has been chosen to be always a divisors of 480, to avoid the presence of idle processes
during the calculation. It can be seen that the speedup is close ideal for all the different number of processes considered.
As expected, the total walltime for processes_per_contour_point = 2 (processes_per_contour_point = 4)
is around two (four) times larger that for processes_per_contour_point = 1 using the same number of processes,
because 2 (4) blocks of 240 (120) units of work are solved stepwise. However, the memory available per unit of
work is two (four) times larger for processes_per_contour_point = 2 (processes_per_contour_point = 4)
compared to processes_per_contour_point = 1.

1 D. Stradi, U. Martinez, A. Blom, M. Brandbyge, and K. Stokbro. General atomistic approach for modeling metal-semiconductor interfaces
using density functional theory and nonequilibrium green’s function. Phys. Rev. B, 93:155302, Apr 2016. doi:10.1103/PhysRevB.93.155302.
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5.11.5 Examples of multi-level parallelisms in QuantumATK

In the preceding sections, we have discussed the basics of how MPI parallelism can be used to distribute the workload of
individual QuantumATK calculations for bulks and devices. However, QuantumATK also offers advanced multi-level
parallelism, where the workload of composite calculations may be distributed from the highest level of a hierarchic
workflow all the way down to the lowest level, where only one unit-of-work is left.

Such composite calculations include nudged elastic band (NEB) calculations, IV-curve calculations, adaptive kinetic
Monte Carlo (AKMC) simulations, and Crystal Structure Prediction using a genetic algorithm, amongst others.

All such methods require a workflow involving calculations for several different structures at the same time, and often
quite many of them. Multi-level parallelization makes it possible to run several different calculations for several different
structures at the same time, thereby reducing the time-to-result.

Multi-level parallelism is of course automatically enabled if the number of assigned MPI processes is sufficient.
However, the Parallel Parameters calculator settings may be used to manually set the desired scheme for multi-level
distribution of the workload.

Nudged elastic band calculations

Consider first an example of QuantumATK multi-level parallelization of NEB calculations, here using 64 MPI processes
in total. The calculation for each of the 4 NEB images has 2 irreducible k-points. The figure below shows how the full
NEB calculation is parallelized over first images and then over k-points for each image.
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• Parallelization level I: 64 CPUs are distributed over 4 groups with 16 CPUs for each group, where each group is
assigned to a single NEB image. Setting the number of CPUs per group is automatically done by QuantumATK.

If needed, you may explicitly set the number of MPI processes per NEB image in the QuantumATK
Scripter (Processes per NEB image), or set it in the script as follows: parallel_parameters =
ParallelParameters(processes_per_neb_image=16).

• Parallelization level II: If the QuantumATK calculator for the NEB calculation uses 𝑁𝑘 k-points for the Bril-
louin zone integration, e.g., 𝑁𝑘 = 2, each image group can be divided into 2 groups with 8 CPUs per k-point.
QuantumATK automatically sets this parallelization.

If needed, you may also set the number of MPI processes per k-point manually in the QuantumATK
Scripter (New Calculator → Algorithm Parameters → DiagonalizationSolver Parameters).

• Parallelization level III: QuantumATK automatically sets this parallelization.

I-V curve calculations

Computing an I-V curve requires a number of NEGF device calculations at different biases. Multi-level parallelism is
therefore used to distribute the workload over bias points and NEGF contour points for each bias.
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• Parallelization level I: 192 CPUs are distributed over 2 groups with 96 CPUs per group, where each group is
assigned to a single bias calculation. Setting the number of CPUs per group is automatically done by Quantu-
mATK.

If needed, you may explicitly set the number of MPI processes per bias point in the QuantumATK
Scripter (Processes per bias point), or set it in the script as follows: parallel_parameters =
ParallelParameters(processes_per_bias_point=96).

• Parallelization level II: If the QuantumATK calculator for the I-V Curve calculation uses 𝑁𝑒 = 48 energy
points for the NEGF contour integration, and 𝑁𝑘 = 2 k-points for the 2D Brillouin zone integration at a given
energy, each bias group can be divided into 96 groups with 1 CPU per contour (k, energy) point. QuantumATK
automatically sets this parallelization.

If needed, you may also set the number of MPI processes per con-
tour point manually in the script as follows: parallel_parameters =
ParallelParameters(processes_per_bias_point=96, processes_per_contour_point=1).

Adaptive Kinetic Monte Carlo simulations

The AKMC method is an obvious candidate for multi-level parallelization. A number of saddle searches must be carried
out, and QuantumATK will by default try to fully distribute the workload. We will here consider AKMC calculations
using ATK-DFT, as efficient parallelization is most important in this case, though AKMC with ATK-ForceField also
benefits from parallelization.
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• Parallelization level I: 192 CPUs are distributed over 48 groups with 4 CPU per group, where each group
is assigned to a single saddle point search. Setting the number of CPUs per group is automatically done by
QuantumATK.

If needed, you may explicitly set the number of MPI processes per saddle search in the QuantumATK
Scripter (Processes per saddle search), or set it in the script as follows: parallel_parameters =
ParallelParameters(processes_per_saddle_search=4).

• Parallelization level II: If the QuantumATK calculator for the AKMC calculation uses 𝑁𝑘 k-points for the
Brillouin zone integration, e.g., 𝑁𝑘 = 2, each image group can be divided into 2 groups with 2 CPUs per
k-point. QuantumATK automatically sets this parallelization.

If needed, you may also set the number of MPI processes per k-point manually in the QuantumATK
Scripter (New Calculator → Algorithm Parameters → DiagonalizationSolver Parameters).

• Parallelization level III: QuantumATK automatically sets this parallelization.

Crystal Structure Prediction

A genetic algorithm relies on continuously evolving and improving improving generations of candidate minimum-
energy configurations. Each generation consists of several (sometimes hundreds or thousands) of different configura-
tions that all need to be geometry optimized. Multi-level parallelism will therefore give a significant speed-up for such
calculations in most cases.
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• Parallelization level I: 192 CPUs are distributed over 48 groups with 4 CPUs per group, where each group is
assigned to an individual configuration calculation. Setting the number of CPUs per group is automatically done
by QuantumATK.

If needed, you may explicitly set the number of MPI processes per individual configuration
in the QuantumATK Scripter (Processes per individual), or set it in the script as follows:
parallel_parameters = ParallelParameters(processes_per_individual=4).

• Parallelization level II: If the QuantumATK calculator for the Crystal Structure Prediction calculation uses 𝑁𝑘
k-points for the Brillouin zone integration, e.g., 𝑁𝑘 = 2, each image group can be divided into 2 groups with 2
CPUs per k-point. QuantumATK automatically sets this parallelization.

If needed, you may also set the number of MPI processes per k-point manually in the QuantumATK
Scripter (New Calculator → Algorithm Parameters → DiagonalizationSolver Parameters).

• Parallelization level III: QuantumATK automatically sets this parallelization.

5.11.6 References

5.12 Performance troubleshooting guide

Downloads & Links

PDF version ATK Reference Manual

In this tutorial, you will learn which are the main parameters to tune for improvimg ATK performance for various
systems. In order to get the highest possible performance of your calculations, ATK provides an array of different al-
gorithms and utilizes both MPI and shared-memory threading for parallelization. As already mentioned in the technical
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note Parallelization of QuantumATK calculations, MPI parallelization will ususlly give the best speedup of calcula-
tions, while threading of processes can often reduce the memory footprint.

Getting the absolute peak performance out of any high performance software requires somewhat deep knowledge of
both the calculation in question, and the hardware used. It is therefore important to optimize your QuantumATK
simulation with respect to hardware used and parallelization method. However, the following sections give some tips
for QuantumATK algorithms and options that may also help in fixing issues with memory or speed.

5.12.1 Running out of memory?

General indications

• Try to disable store_grids in AlgorithmParameters, this will lower the memory slightly, and will reduce the
calculation time very little.

• Disabling store_basis_on_grid in AlgorithmParameters will reduce the memory significant, and if the matrix
size of the system is small, it can have negative effect on the performance. This parameter is by default turned
off, if the configuration is large, so it might already be disabled. If running in parallel, the memory reduction
will be lower per core, since the memory is distributed.

– If running in parallel with more than two processers, try setting the algorithm in IterationControlPa-
rameters to ParallelPulayMixer.

Specific for molecules and bulk configurations

• If the matrix size is very large, consider setting density_matrix_method in AlgorithmParameters to Diago-
nalizationSolver(processes_per_kpoint=2). This will reduce the memory usage per mpi-process by a factor of
2. Try to increase processes_per_kpoint, if the problem persist.

• If the calculation is very large, and the calculation is run in parallel over many nodes, it can be worth trying set-
ting density_matrix_method in AlgorithmParameters to ChebyshevExpansionSolver. When run in massive
parallel, this will reduced the memory usage dramatically, however it is also slow compared to ordinary routines.

Specific for device configurations

• Try setting storage_strategy in SelfEnergyCalculator to StoreOnDisk or NoStorage. This will reduce the
memory significantly, but will also cost performance for the latter. If running in parallel, the memory reduction
will be lower per core, since the memory is distributed.

• The device has a wide cross section, try setting equilibrium_method and/or non_equilibrium_method to
SparseGreensFunction

• If run in parallel, setting equilibrium_method and/or non_equilibrium_method to SparseG-
reensFunction(processes_per_contour_point=2) will help. If the problem persist, try setting pro-
cesses_per_contour_point=4.
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5.12.2 Want to make it run faster?

General indications

• If the calculation requires the usage of the multigrid method, as in the presence of gates, it is possible to consider
DirectSolver for the possion_solver. It will require significant more memory, but the overhead is memory
distributed so if running in parallel it can be worth to try it.

• Set store_basis_on_grid in AlgorithmParameters to True. This will make the calculation run faster - and have
moderate, but distributed memory overhead.

Specific for molecules and bulk configurations

In ATK 2015 two new parameters have been introduced for density_matrix_method in AlgorithmParameters: pro-
cesses_per_kpoint and bands_above_fermi_level.

1 algorithm_parameters = AlgorithmParameters(
2 density_matrix_method=DiagonalizationSolver(
3 bands_above_fermi_level=20,
4 processes_per_kpoint=2
5 ),
6 )

• With processes_per_kpoint you can specify the number of mpi-processes to use per k-point allowing you for
an extra level of parallelization.

The next figures shows the time for a full SCF run for a InGaAs bulk configuration using 32 k-points. By default, you
will be able to parallelized at most over 32 mpi-processes (red line). A quick way to check how many k-points are used
in the calculation you can run the following script:

1 mk = MonkhorstPackGrid(4,4,4)
2 irriducible_kpoints = mk.kpoints()
3 print(len(irreducible_kpoints), ' irreducible kpoints')

By specifying processes_per_kpoint you are now able to push your parallelizatio even further (blue line).

• The total number of bands used in the calculation is defined by the size of the basis set. By defaults all empty
bands are included. However, including all these bands in the calculation does not improve the accuracy while
it will slow down considerably you simulations. Set bands_above_fermi_level to specify the number of empty
bands to be used. In the example above, you can see that using all bands (green point) will double the computa-
tional time.

Note:

• The optimal number of empty bands to be used depends on several factor, including the electron temperature
specified in the LCAO calculator.

• The performance improvement increase with the system size. For small systems, < 100 atoms, you can keep the
default parameter.
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Fig. 5.18: Benchmark plot for InGaAs alloy run on Xeon E5-2687W @ 3.1GHz 16 cure/node cluster. Timing corre-
sponds to a full SCF cycle (converged in 19 steps).
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Specific for device configurations

There are indeed many parameters that you can tune in order to get the optimal performance for a device configuration.
Which are the parameters to tune? This really depends on the system you are investigating and the methods you are
using.

5.13 Study objects

In QuantumATK version 2018, a new type of calculation object has been introduced: the study object. Study objects
have been designed to facilitate both long-running calculations and complex studies of a particular type of system. The
defining feature of a study object is that it is made up of a number of smaller interdependent tasks. The number and
nature of the tasks (e.g., whether they are homogeneous or heterogeneous), and the dependencies between them, will
depend on the particular type of study.

The study object can execute its tasks either in serial or in parallel. If the program is terminated before the calculation
finishes (e.g., the requested wall time given to a job scheduler was insufficient) then it can be automatically resumed
from the already completed tasks by running the same script again.

In order to support this resuming, the study object takes care of writing its results to disk on-the-fly. This means that
all study objects require a filename and object_id (see nlread for more details). Since all the results are saved
automatically, it is not necessary (or allowed) to call nlsave on a study object. Saved study objects can then be read
normally with nlread.

In addition to providing support for resuming execution, study objects also allow for the user to modify and update
existing calculations. When any existing study object is modified the previously calculated data is reused (when ap-
propriate), which greatly improves performance. For example, the IVCharacteristics study object allows for additional
voltage points to be added to a pre-existing calculation. This means that an initial rough calculation can be quickly
refined.

Note: In contrast to Analysis objects, study objects do not perform any calculation when the object is constructed;
instead, the object’s update method must be called first. Similarly, when adding or modifying data points in a study
object, update must be called before the new points will be calculated and the changes will be available for any post-
processing methods.

For a full list of study objects see the Study section of the reference manual.

5.13.1 Restart example

As an example, consider this simple script carbon-chain-ivcharacteristics.py, which applies the
IVCharacteristics study object to the model system of a carbon chain. It runs in a few minutes, but to show
the restart capability of study objects, we purposefully interrupted it. The first log file therefore show the first 3 tasks
being executed, as it was interrupted during the third task:

+------------------------------------------------------------------------------+
| Executing task 1 / 22: |
| Update configuration |
| Gate voltage: 0.0 V |
| Left electrode voltage: 0.0 V |
| Right electrode voltage: 0.0 V |
| Log to: ivcharacteristics_Vgs_0.0_Volt_Vds_0.0_Volt.log |

(continues on next page)
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(continued from previous page)

+------------------------------------------------------------------------------+
+------------------------------------------------------------------------------+
| Executing task 2 / 22: |
| Calculate TransmissionSpectrum |
| Gate voltage: 0.0 V |
| Left electrode voltage: 0.0 V |
| Right electrode voltage: 0.0 V |
| Log to: ivcharacteristics_Vgs_0.0_Volt_Vds_0.0_Volt.log |
+------------------------------------------------------------------------------+
+------------------------------------------------------------------------------+
| Executing task 3 / 22: |
| Update configuration |
| Gate voltage: 0.0 V |
| Left electrode voltage: 0.1 V |
| Right electrode voltage: 0.0 V |
| Log to: ivcharacteristics_Vgs_0.0_Volt_Vds_0.1_Volt.log |
+------------------------------------------------------------------------------+

To continue the calculations, we simply execute the same script in the same directory, giving this information in the
log-file:

+------------------------------------------------------------------------------+
| Executing task 1 / 20: |
| Update configuration |
| Gate voltage: 0.0 V |
| Left electrode voltage: 0.1 V |
| Right electrode voltage: 0.0 V |
| Log to: ivcharacteristics_Vgs_0.0_Volt_Vds_0.1_Volt.log |
+------------------------------------------------------------------------------+
+------------------------------------------------------------------------------+
| Executing task 2 / 20: |
| Calculate TransmissionSpectrum |
| Gate voltage: 0.0 V |
| Left electrode voltage: 0.1 V |
| Right electrode voltage: 0.0 V |
| Log to: ivcharacteristics_Vgs_0.0_Volt_Vds_0.1_Volt.log |
+------------------------------------------------------------------------------+
+------------------------------------------------------------------------------+
| Executing task 3 / 20: |
| Update configuration |
| Gate voltage: 0.0 V |
| Left electrode voltage: 0.2 V |
| Right electrode voltage: 0.0 V |
| Log to: ivcharacteristics_Vgs_0.0_Volt_Vds_0.2_Volt.log |
+------------------------------------------------------------------------------+

Note how the total number of tasks has decreased by two, as the first two tasks were successfully completed in the first
run, and QuantumATK simply starts from the task that was interrupted. In this case, we chose to interrupt it and restart
it a second time, while letting the third run finish. The full log-files can be found here:

• carbon-chain-ivcharacteristics_run_1.log

• carbon-chain-ivcharacteristics_run_2.log
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• carbon-chain-ivcharacteristics_run_3.log

5.14 Molecular Dynamics

5.14.1 Introduction

QuantumATK makes Molecular Dynamics (MD) simulations very simple: Just add the desired calculator and a
Molecular Dynamics block to your configuration and start the simulation! There are, however, some guidelines re-
garding which parameters and settings are the most suitable ones for different types of simulations.

MD simulation is a technique to simulate the motion of atoms and molecules under predefined conditions, such as
temperature, pressure, stress, external forces, etc. MD simulations can therefore be used to study dynamical processes
at the nanoscale and to calculate a broad range of properties, e.g. phase diagrams, diffusion coefficients, or various re-
sponse functions, as well as static quantities such as radial distribution functions, coordination numbers, elastic moduli,
etc.

5.14.2 Methodology

MD essentially utilizes the numerical solution of Newton’s equations of motion for a set of atoms from a given initial
configuration. This is commonly achieved via numerical integration by discretizing time into small intervals called
the time step using integrators such as the velocity verlet algorithm1. The interactions between the atoms, i.e. the
interatomic forces, can be calculated based on various methods, ranging from Density Functional Theory (DFT) to
classical potentials. These forces determine the acceleration of the atoms and allow the positions and velocities to
propagate towards the next time step. Repeating this procedure many times yields a series of snapshots, describing the
trajectory of the system in phase space, which can be analyzed to extract the desired properties.

Before setting up the simulation you need to decide what type of calculation you are interested in. Should the total
energy be conserved, as in an isolated system? Should the temperature be kept constant to mimic the coupling of the
system to a heat bath? Is the system exposed to any external pressure or stress? Based on these considerations, a suitable
set of simulation parameters should be selected: Time step size, number of integration steps (duration of simulation),
integration algorithm, initial temperature, constraints, etc.

Similar to a real experiment, some empirical knowledge and experience is required for performing MD simulations.
In these notes, you will get to know the basic ingredients of MD simulations for running MD simulations with the
QuantumATK MolecularDynamics module. A tutorial to try out MD can be found in this link: basic_md_tutorial.

5.14.3 NVE Simulations

As mentioned previously, MD simulations are based on the solution of Newton’s equations of motion. In the purest
form, an MD simulation reproduces an NVE ensemble (also called the microcanonical ensemble) where the number
of atoms N, the volume V, and the total energy E are conserved. These conditions correspond to a completely isolated
system.

1 W. C. Swope, H.C. Andersen, P.H. Berens, K.R. Wilson: A computer simulation method for the calculation of equilibrium constants for the
formation of physical clusters of molecules: Application to small water clusters. J. Chem. Phys. 76, 637 (1982)
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Setting Up the Geometry

The primitive unit cell of the material to be simulated could have non-orthogonal cell vectors. Although it is possible
to perform MD simulation on such cells, it is often more convenient to use orthogonal cells (in particular when the cell
size is supposed to change during the simulation).

Furthermore, it is useful to increase the size of the structure to include more atoms. This generally improves the average
of the measured observables and reduces finite size effects due to interaction of atoms in a small simulation cell with
their periodic images. (Ideally, the lengths of the cell vectors should be larger than twice the interaction range of the
potential).

Setting up the Calculation Script

In the MolecularDynamics, the value of Log Interval determines how often the snapshots of the current configu-
ration are written to disk. A too small value can decrease the speed of the simulation and, in the case of large systems,
produce huge output files.

Tip: In most MD applications it is not necessary to record snapshots at a high frequency, unless you explicitly want
to analyze high-frequency oscillations.

Setting Initial Velocity type to Maxwell-Boltzmann at a Temperature of T Kelvin will create the random initial
velocities of the atoms drawn from a Maxwell-Boltzmann distribution corresponding to a temperature of T Kelvin. It is
also useful to remove the centre of mass motion of the cell. The Time step is a crucial parameter in MD simulations
as it determines the accuracy and efficiency of the numerical integration scheme.

The central point is that a larger time step, although it may at first glance improve the efficiency of the simulation,
increases the error in the numerical integration scheme of the equations of motion. The underlying assumption that the
atomic forces are approximately constant during one integration step is not valid any more. Essentially, the chosen time
step should be small enough to resolve the highest vibrational frequencies of the atoms (i.e. it should be much smaller
than the smallest vibrational period), so if you have light atoms (e.g. hydrogen), you will generally be required to use
a smaller time step than if you have only heavy atoms (such as gold). A smaller time step size may also be necessary
if you have different elements in your calculation, if the temperature is high, or if the atoms are far away from their
equilibrium configuration, i.e if large forces act on the particles. For most systems a safe choice to start with, if you do
not know what time step to use, is 1 fs. Larger time step values can then be assessed by monitoring the conservation of
the total energy in an NVE simulation under the conditions of interest.

Another very important aspect of performing MD simulations is to be aware that it may take some time before a
system is equilibrated to the chosen external temperature, pressure, etc. This is important because any measurement
of observables should only be carried out after the system is equilibrated (unless you are specifically interested in non-
equilibrium phenomena). In general, equilibration times of MD simulations can vary over a wide range up to several
hundreds of nanoseconds (e.g. in biological molecules or polymer systems) and depend essentially on the longest
relaxation time present in the system. You should therefore always check carefully that the observables of interest have
reached a stationary state in your simulations.
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5.14.4 NVT Simulations

The NVT ensemble is also called the canonical ensemble and the main difference to the microcanonical NVE ensemble
is that the system is not isolated any more but can exchange energy with a surrounding virtual heat bath.

Setting Up the Script

QuantumATK offers four possibilities for NVT simulations: 1) NVT Berendsen2 , 2) NVT Nose Hoover3 , 3)
Langevin4 and 4) NVT Bussi Donadio Parinello5. Each of them implements the coupling to the heat bath in a dif-
ferent way. Although the best choice depends on the system and the particular application at hand, the Nose Hoover
algorithm can generally be considered the most reliable method for this task.

NVT Nose Hoover Simulations

The Thermostat timescale value determines how quickly the system temperature approaches the reservoir temper-
ature. The Heating rate parameter can be used to linearly increase or decrease the temperature during the simulation
(cf. NVTNoseHoover in the reference manual). The Thermostat chain length parameter determines how many
subsequent thermostats are invoked to control the temperature. The default value of 3 should work well in most cases
- only if you experience a strong, persistent oscillation in the temperature should this value be increased to achieve a
more stable simulation.

As mentioned, how fast the temperature of the system approaches the target temperature can be controlled via the ther-
mostat timescale parameter. In general, a small thermostat timescale parameter causes a tighter coupling to the virtual
heat bath and a system temperature that closely follows the reservoir temperature. Such a tight thermostat coupling is
typically accompanied by a more pronounced interference with the natural dynamics of the particles, however. There-
fore, when aiming at a precise measurement of dynamical properties, such as diffusion or vibrations, you should use a
larger value of the thermal coupling constant or consider running the simulation in the NVE ensemble to avoid artifacts
of the thermostat.

NVT Berendsen and Langevin Simulations

Aside from the Nose-Hoover chain thermostat you can also select two other NVT algorithms, NVT Berendsen (cf.
NVTBerendsen in the reference manual) and Langevin (cf. Langevin in the reference manual).

The Berendsen thermostat implements an algorithm which is in some situations more stable, as it effectively suppresses
temperature oscillations. The drawback is that in contrast to the Nose-Hoover thermostat, it does not exactly reproduce
a canonical ensemble, although the deviations are typically small. Effectively this means that observables (such as
the velocity distribution) do not have the correct distribution. For this reason it should, if at all, only be used for
equilibration simulations, primarily in cases where a more robust temperature control is required.

The third thermostat type that you can choose for NVT simulations is the Langevin algorithm. This algorithm solves
the Langevin equationPage 2421, 4, which explicitly includes friction as well as stochastic collision forces into Newton’s
equations of motion to mimic the interaction with particles of the heat bath.

Unlike the other thermostat types, the Langevin thermostat individually couples each particle to the heat bath. This
produces a very tight coupling, as if the system were immersed in a virtual, viscous medium, but it also suppresses
the natural dynamics in a more pronounced way. For this reason, the Langevin thermostat should primarily be used to
generate structures or to sample an ensemble rather than to calculate dynamical properties.

2 J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and J. R. Haak: Molecular-Dynamics with Coupling to an External Bath. J.
Chem. Phys. 81, 3684 (1982).

3 G. J. Martyna, M. L. Klein, M. Tuckerman: Nosé–Hoover chains: The canonical ensemble via continuous dynamics. J. Chem. Phys. 97, 2635
(1992)

4 W. F. van Gunsteren, H. J. C. Berendsen: A leap-frog algorithm for stochastic dynamics. Mol. Sim. 1, 173 (1988)
5 Giovanni Bussi, Davide Donadio, and Michele Parrinello: Canonical sampling through velocity rescaling. J. Chem. Phys. 126(1):014101,

(2007).
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In a Langevin NVT simulation, the degree of coupling can be set by the Friction parameter. It is defined in inverse
time units, meaning that it works in the opposite way compared to the coupling parameters of the Berendsen or Nose
Hoover thermostat. Increasing the friction value therefore causes a tighter coupling to the heat bath and a more severe
modification of the dynamics.

NVT Bussi Donadio Parrinello

As we mentioned earlier, NVT Berendsen thermostat doesn’t sample the correct canonical ensemble. How-
ever, a stochastic variant of NVT Berendsen is the NVT Bussi Donadio Parrinello thermostat (cf.
NVTBussiDonadioParrinello in the reference manual), which correctly samples the canonical ensemble along with
the other advantages of NVT Berendsen thermostat.

5.14.5 NPT Simulations

There are three possibilities to run isothermic-isobaric (NPT ) simulations: The NPT Berendsen2 (cf. NPTBerendsen
in the reference manual), the NPT Martyna Tobias Klein6 (cf. NPTMartynaTobiasKlein in the reference manual)
and the NPT Bernetti Bussi7 algorithm (cf. NPTBernettiBussi in the reference manual). The NPT Berendsen
method works via the same principle as the corresponding NVT integrator and therefore does not exactly reproduce the
correct physical ensemble, although, again, the deviations are typically small for large unit cells.

For production simulations, it is recommended not to use the NPT Berendsen barostat. The NPT Bernetti Bussi
method is usually a better choice. It is a stochastic variant of the Berendsen barostat which rescales the unit cell
stochasticaly so as to sample the NPT ensemble properly even for very small unit cells.

Similar to the thermostat time scale, the Barostat time scale parameter can be used to set how quickly the system
pressure approaches and oscillates around the target pressure.

In the workflow block in NanoLab, the Reservoir Pressure group box allows you to set the pressure and choose
whether you want to use isotropic or anisotropic pressure coupling. Isotropic pressure is a suitable choice if isotropic
systems, such as liquids or crystals with cubic symmetry, are simulated. Here, the pressure is calculated as 𝑃 =
(𝑃𝑥𝑥 + 𝑃𝑦𝑦 + 𝑃𝑧𝑧)/3, with 𝑃𝑖𝑗 = −𝜎𝑖𝑗 being the components of the pressure tensor, obtained from the stress tensor
𝜎. All cell vectors will be changed by the same factor, which preserves the shape of the cell. For anisotropic systems,
which may have different moduli in different directions, you should uncheck the Isotropic Pressure box. This
means that all active components 𝑃𝑖𝑗 of the pressure tensor pressure are coupled independently, and the cell vectors
can respond separately to the external pressure. Individual components can be switched on and off via the Pressure
Coupling check boxes.

Moreover, instead of a single external pressure value, you can also specify independent reference stress values for each
component to simulate for instance mechanical shear or creep experiments. The NPTMartynaTobiasKlein entry
in the QuantumATK Reference Manual and the tutorial creep_experiment_cu_polycrystal provide a more detailed
explanation of this functionality.

A typical application of NPT simulations is to simulate phase transitions, e.g. from 𝛼- to 𝛽-quartz, by performing a
series of simulations at different temperatures and measuring the average cell volume as a function of the temperature,
as reported in Ref.8.

6 G. J. Martyna, D. J. Tobias, and M. L. Klein: Constant pressure molecular dynamics algorithms. J. Chem. Phys. 101, 4177 (1994)
7 M. Bernetti, and G. Bussi: Pressure control using stochastic cell rescaling. J. Chem. Phys. 153, 114107 (2020)
8 M. H. Müser, and K. Binder: Molecular dynamics study of the - transition in quartz: elastic properties, finite size effects, and hysteresis in the

local structure. Phys. Chem. Minerals 28, 746 (2001)
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5.14.6 Non-Equilibrium Simulations

In non-equilibrium simulations, a temperature gradient is enforced or strain is applied to study a material’s behaviour
out of equilibrium.

The NonEquilibriumMomentumExchange algorithm simulates a heat flow from a hot region to a cold region and
can be used to calculate the thermal conductivity (cf. NonEquilibriumMomentumExchange in the reference manual
for a usage example).

In a stress-strain calculation the cell is extended or strained in one direction and the resulting stress in that direction is
then recorded(cf. StrainConfigurationHook in the reference manual for a usage example).

5.14.7 MD Simulations with Constraints

It is possible to fix the positions of selected atoms while running MD simulations. The easiest way to set such constraints
is to add a tag to the selected atoms to be constrained in the configuration (using the Builder tool or the Configuration
block in the Workflow Builder).

Then, in the Molecular Dynamics widget, click on Add Constraints to select the tag and apply the needed con-
straints. You can select between Fixed atoms and Rigid body constraints. The former type fixes all atoms in the
respective group to their initial positions or constrains their movement in the X, Y, or Z direction by selecting Fixed
X, Fixed Y, or Fixed Z, respectively. The Rigid constraint type treats all atoms within this group as a rigid body. This
means that these atoms move collectively according to the force on their center of mass. In the current implementation
only translational motions are possible, whereas rigid body rotations are deactivated.

When using constraints, at least one atom must remain unconstrained. The thermostat will automatically adapt to the
reduced number of degrees of freedom due to the constraints.

Note, however, that some features in the MD Analyzer are not designed to work with constraints.

Note: It is generally not recommended to perform constant pressure/stress (i.e. NPT ) simulations in the presence of
constrained atoms, as the stress contribution arising within the constrained parts of the system is not removed from the
overall stress tensor.

5.14.8 Device Configurations

Performing an NVE/NVT simulation of a DeviceConfiguration essentially works in the same way as for a BulkCon-
figuration. The atoms inside the electrode extensions in the central region are automatically fixed by constraints to
preserve compatibility with the electrodes. Although it is technically also possible to perform constant pressure/stress
(i.e. NPT) simulations of DeviceConfigurations, such calculations are not recommended, due to the presence of
constraints.

5.14.9 Molecules

Isolated molecules in gas phase can be simulated under NVE/NVT ensemble. Molecule simulations can be setup within
MoleculeConfiguration or BulkConfiguration. When using BulkConfiguration, care must be taken to specify a box
size large enough to account for the finite size effects when periodic boundary condition is applied.
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5.15.1 Defining defects

Introduction

The entry point to calculating charged point defect properties with QuantumATK is a set of objects called defect
Generators. They generate a dictionary of abstract defect definitions (NamedPointDefect) based on the symmetry of
the supplied reference or host BulkConfiguration.

Defect generator types

The defect generator types are:

• VacancyGenerator for vacancy defects that remove an atom from the host lattice.

• SubstitutionalGenerator for substitutional defects that replace an element in a lattice site.

• InterstitialGenerator for interstitial defects occupying empty spaces between lattice sites. The positions that
atoms can occupy are calculated using Voronoi geometry analysis. Atoms can be placed either on Voronoi
vertices, faces or ridges.

• SplitInterstitialGenerator for split interstitial defects. These are interstitial defects that make extra room by
displacing a lattice atom out their site.

• DefectPairGenerator for site defects paired with another point defect. This generator is constructed using the
generators for the two point defects in the pair.

Defect generator usage

The defect generators always generate all possible defects of the selected type. Symmetrically equivalent defects are
then sorted into groups that are assigned unique symmetry indices. Note that within each group the defects are sorted
with respect to their distance to the unit cell center, the closest one being first.

After the initial generation, the defects can be filtered based on various selection criteria:

• filterBySymmetryIndex is intended to pick particular defects by symmetry.

• filterByLatticeSpecies is intended to select defects by the original element at the defect site.

• filterByPointDefect is intended to explicitly include or exclude defects in a provided list of defects.

• filterByDistinctConfigurations uses a structural descriptor to select a number of the most distinct defect
configurations.

• filterByZPositionInterval picks only those defects in the given z coordinate interval.
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5.15.2 Pristine Reference Configuration

The PristineConfiguration is used to calculate all the reference data of the original, defect-free configuration. This is
used in the point defect calculation to provide the reference material and its relevant properties, such as total energy and
band gap. Parameters that are common in the calculation of many defects are also stored in the PristineConfiguration
class. These include parameters such as the supercell size of the defect, the reference calculator and the type of charge
correction to apply to the defect. In this way consistency can be assured when calculating a series of defects.

When calculating the band gap, the PristineConfiguration has the option to use a different calculator specifically for
the band gap. This can be useful where an appropriate calculator for the band gap, such as the LCAOCalculator using
HSE06, may be too computationally expensive for calculating all of the defect properties for the series of defects. While
a supercell is often used for the defect calculation, the band gap is calculated using the unit cell of the pristine material.
This means the band gap calculator can be significantly more computationally demanding than the reference energy
calculator, as it is applied to a smaller configuration.

Vibrational modes can also be optionally calculated for the pristine material. If calculated, the vibrational modes can
be used to estimate the vibrational enthalpy and entropy of the material, which contributes to the formation free energy
of the defect. As with the band gap a specific phonon calculator can be given as input. Typically this is used where
another less computationally demanding calculator is known to give good estimates of the vibrational modes. This may
be a Moment Tensor Potential (MTP) based TremoloXCalculator that was trained on the types of defects being studied.
Calculating the vibrational modes in the pristine material will also enable calculating the same vibrational modes in
the defect.

Charge Correction Schemes

In density functional theory (DFT) calculations the structure in the BulkConfiguration is considered to be the funda-
mental repeat unit of the extended material. Placing a defect in this structure implies that the defect is similarly repeated
throughout the material, giving an artificially high concentration of defects. The problem is compounded when adding
charges to the defect, as these charges are also repeated throughout the material. In DFT calculations this non-neutral
charge is handled by adding a compensating background charge to the material. This conceptual difference between an
isolated defect and a repeated periodic defect gives rise to some artifacts in the calculation that need to be corrected.

When performing accurate defect calculations it is first important to make sure that the defect configuration is large
enough so that the atomic structure around the defect is not effected by its repeated copies. This applies to both charged
and neutral defects. This means that a supercell of the original pristine material is likely needed to remove structural
interactions between defects.

In the case of charged defects the added background charge and periodic defect charges also need to be corrected. One
method to do this is the scheme of Freysoldt, Neugebauer and Van de Walle (FNV) [FNVanDWalle09]. This correction
is specified in the ChargedPointDefectConfiguration class by passing as input the IsotropicFiniteSizeCorrectionPa-
rameters class. In this method the corrections are separated into long-range and short range terms. The long range
interactions between defects are modeled assuming a Gaussian model charge at the defect. Interactions between de-
fects are then calculated via Ewald summation. A short-range correction is also made by comparing the model charge
to the difference between the defect and pristine potentials. At distances far from the defect this should be constant.
The average value of the potential difference then gives an additional alignment correction. Both of these corrections
take into account the dielectric constant of the pristine material in determining the electrostatic energies.

Using this correction scheme the formation energy of the defect at a given charge state 𝐸𝑓 (𝑋𝑞) can be given as:

𝐸𝑓 (𝑋𝑞) = 𝐸𝑡𝑜𝑡(𝑋
𝑞) − 𝐸𝑏𝑢𝑙𝑘 −

∑︁
𝑖

𝑛𝑖𝜇𝑖 + 𝑞(𝐸𝐹 + 𝜇𝑒 + 𝛿𝑞/𝑏) − 𝐸𝑞𝑙𝑎𝑡 (5.2)

Here 𝐸𝑡𝑜𝑡 gives the DFT energy of the defect and pristine bulk materials respectively, 𝜇𝑖 is the chemical potential of
each element, 𝑛𝑖 is the change in the number of each element, 𝐸𝐹 is the Fermi energy, 𝜇𝑒 is the electronic chemical
potential 𝛿𝑞/𝑏 is the short range potential correction term and 𝐸𝑞𝑙𝑎𝑡 is the long range correction term. The Fermi energy
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is set to the reference for the chemical potential, generally the valence band maximum. The addition of the electronic
chemical potential allows for modeling changes in the Fermi level due to doping or other causes.

In addition to electronic corrections an additional finite size correction can be added to correct for a change in stress
[FGH+14]. Adding a defect to the periodic unit cell adds additional stress to the structure. In the isolated defect this
stress is normally dissipated in the surrounding pristine material. Given the bulk modulus of the pristine material 𝐵,
the additional correction due to elastic interactions can be estimated as:

𝐸 =
𝑉

2𝐵
(𝑃 − 𝑃0)2

Here 𝑉 is the volume of the defect unit cell and 𝑃 −𝑃0 is the difference in pressure calculated in the defect and pristine
materials.

5.15.3 Chemical Potentials in Compound Materials

Defects in materials often exist in equilibrium with other materials. These materials can be the reservoir for the defect
elements. For the formation energy to correctly reflect the equilibrium of elements in defects and in their respective
reservoir, the energy of the atoms in this reservoir needs to be included. This is done by calculating the chemical
potential of each element in the defect. Using this, the change in free energy between the reference state and the defect
can be calculated. For compound materials, the total energy of a compound material is always smaller than the sum of
the chemical potentials of the individual elements.

In the defect framework there are two ways to specify a chemical potential for an element. The first way is to calculate
the atomic energy based on calculations of a suitable elemental reference material. This is done through the Calculat-
edChemicalPotential class. The choice of this material may be influenced by the kind of element reservoir that may be
present in the device. In these calculations the atomic energy is simply defined as the average energy of an atom. This
energy includes both the energy required to form a single atom, as well as the formation energy required to form the
reference material. Optionally vibrational energies can also be included, so that an entropy per atom can also be calcu-
lated. Potentials defined in this way can be used to model element rich environments for defects. For instance in silicon
carbide, if the chemical potential for silicon is defined in this way it models a silicon rich environment, where bulk
silicon acts as the reservoir for silicon. If all elements are defined in this way it gives elemental reference conditions.
Here the total energy of the material is given as the sum of the atomic chemical potentials and the heat of formation.
In silicon carbide this leads to the expression:

𝐸𝑆𝑖𝐶 = 𝜇𝑒𝑆𝑖 + 𝜇𝑒𝐶 + 𝑑𝐻𝑆𝑖𝐶

Here 𝑑𝐻 is the heat of formation and 𝜇𝑒 is the elemental chemical potential. In this reference state it is assumed that
each element can be exchanged with a corresponding elemental reservoir.

In addition to calculating the chemical potential, the chemical potential can also be directly specified using the Refer-
enceChemicalPotential class. Here the entropy and enthalpy of the element can be specified for a specific temperature.
Note that the enthalpy here must include the energy of forming an isolated atom, as well the the reservoir formation
energy. Using this definition of the chemical potential it is possible to provide other reference environments. One pos-
sible reference environment is the heat of formation reference conditions. Here the heat of formation of the material
is evenly distributed among the available atoms. This assumes that each element is exchanged with a reservoir of the
same materials as the defect. In silicon carbide the silicon heat of formation chemical potential 𝜇𝑓 would then be:

𝜇𝑓𝑆𝑖 = 𝜇𝑒𝑆𝑖 +
1

2
𝑑𝐻𝑆𝑖𝐶

A third possible reference for specific element rich environments would be to assume the potential for the rich element
is the elemental potential. The heat of formation for the material is then distributed to the remaining elements. This
assumes that one element is exchanged with an element specific reservoir, whereas the other elements are exchanged
with the host material. This gives a poor environment for the other elements that do not have their own reservoir. In
silicon carbide the carbon poor chemical potential 𝜇𝑝𝐶 in a silicon rich environment can be given as:

𝜇𝑝𝐶 = 𝐸𝑆𝑖𝐶 − 𝜇𝑒𝑆𝑖 = 𝜇𝑒𝐶 + 𝑑𝐻𝑆𝑖𝐶
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5.15.4 Charged Point Defect Calculation

The charged point defect structure and its properties is calculated with the ChargedPointDefectConfiguration object.
This object requires a pristine configuration, a defect definition and a sequence of atomic chemical potentials for the
elements in the defect. The calculation of the defect is started by calling the update method on the object. Once the
defect calculation is complete a number of methods on the object are available for querying the results of the calculation.
These include the optimized defect configuration, symmetrically equivalent representations of the defect, the defect
formation energy and concentration and the electron trap levels of the defect. Alternatively the defect calculation can
be analyzed in the Charged Point Defect Analyzer.

Defining defects

The definition of a defect required for the ChargedPointDefectConfiguration object is a NamedPointDefect. These can
be generated for a specific host configuration using the defect generators.

Defect Relaxation

In the ChargedPointDefectConfiguration object there are two independent relaxation cycles that can be enabled or
disabled. This allows doing relaxation away from the minimum with a computationally cheaper method, such as an
MTP, and then fully relaxing the structure with the appropriate reference calculator. The first is a pre-relaxation step.
This takes a separate pre-relaxation calculator and optionally a OptimizeGeometryParameters. The second step is a
relaxation step, which is performed with the reference energy calculator. A separate OptimizeGeometryParameters can
also be given for this stage. Note that during the relaxation it is not possible to relax the cell, as the cell size is set by
the pristine material.

During optimization the charge state closest to zero is performed first. This step always performs the requested pre-
relaxation and relaxation steps. The subsequent charge state relaxations are then started from the nearest relaxed charge
state. If a TremoloXCalculator is given as the pre-relaxation calculator this step is ignored, as these calculators cannot
model different charge states. For other calculators the pre-relaxation step, if enabled, is performed before the relaxation
step.

To stop the defect structure from possibly drifting during the relaxation, it can be beneficial to fix an atom during
optimization. The atom selected to be fixed is one of the atoms furthest from the defect, so that the defect itself is able
to fully relax. Adding small random displacements to the initial configuration can also aid optimization in breaking
symmetry and moving it off potential saddle points.

Formation energy

The formation energy is a measure of the energy required to create the defect in the given host material using the defined
atomic reservoirs. The formation energy also depends on the charge state, the temperature and the electronic chemical
potential. The general formula for the defect formation internal electronic energy is given in equation (5.2). Adding
vibrational modes to the calculation also adds vibrational internal energy and entropy contributions. In this case the
total formation free energy 𝛿𝐻𝑓 is given as:

𝛿𝐻𝑓 = 𝛿𝑈𝑒𝑙𝑒𝑐 + 𝛿𝑈𝑣𝑖𝑏 − 𝑇𝛿𝑆𝑣𝑖𝑏

Without vibrational corrections the formation free energy is calculated as the change in the electronic formation internal
energy.

The formation free energy is calculated using the formationFreeEnergy method on the ChargedPointDefectConfig-
uration object. This method has a number of options depending on the specifics of the defect. The electronic chemical
potential can be specified with the argument electronic_chemical_potential. The reference for the electronic
chemical potential can also be given with the electronic_chemical_potential_reference. Here the reference
for the electronic chemical potential can be either the valence band edge or the conduction band edge. In cases where
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a different band gap calculator was used, the energy of charged defects needs to be corrected for the different band gap.
The alignment is specified the the defect_type argument. Here the defect can be specified as a deep level defect, a
shallow acceptor or a shallow donor. This changes whether the defect energy is aligned with the Fermi level, valence
band maximum or conduction band minimum respectively. Finally the vibrational corrections, where available, can be
included or excluded with the argument include_vibrations.

Defect Concentration

Where defects are in equilibrium with the surrounding atomic reservoirs, the concentration of the defect is directly
related to the formation energy. The concentration of a defect 𝑋 in charge state 𝑞 can be calculated with the
concentration method using the following equation (see also [Meh07b]):

𝐶𝑋𝑞 =
(︁ 𝑛
𝑉

)︁
𝜃 exp

(︃
𝑆𝑓𝑋𝑞

𝑘𝐵

)︃
exp

(︃
−
𝐸𝑓𝑋𝑞

𝑘𝐵𝑇

)︃

where

• 𝑛 is the number of defect sites in the supercell.

• 𝑉 is the volume of the supercell.

• 𝜃 is the number of internal degree of freedom, for example, the number of possible spin states.

• 𝑆𝑓𝑋𝑞 is the vibrational formation entropy.

• 𝑘𝐵 is the Boltzmann constant.

• 𝐸𝑓𝑋𝑞 is the formation internal energy.

• 𝑇 is the Temperature.

One can also obtain the intrinsic concentration with the intrinsicConcentration method which is just the sum of
the concentrations of all charge states available on the ChargedPointDefectConfiguration.

Symmetry of the Defect

In each point defect calculation the symmetry of the defect is analyzed. Here the symmetry operations of the orig-
inal pristine material are used to determine the symmetrically equivalent defect structures, as well as the number of
symmetry operations that produce each defect configuration. This can be useful for identifying if two seemingly dif-
ferent defects are actually symmetrically equivalent representations of the same defect. The symmetrically equivalent
defect configurations can be accessed using the symmetricDefect method on the ChargedPointDefectConfiguration
object. For each defect configuration the center of the defect is also calculated by calculated the center of the modified
atoms in the defect material. The symmetrically equivalent positions of the the defect can also be accessed using the
symmetricDefectPosition method.

When deciding the supercell repetitions of the pristine material for the defect, it is important to preserve the Bravais
lattice symmetry of the pristine material. Breaking the symmetry of the Bravais lattice by providing different numbers of
repetitions in symmetrically equivalent directions can produce materials with different symmetry, breaking the validity
of the symmetry analysis. Such repetitions can also introduce directional artifacts in the calculation. As an example,
bulk silicon has a simple cubic conventional Bravais lattice. Here each direction is symmetrically equivalent. Using
1x2x3 repetitions to create the defect supercell breaks this Bravais lattice type, as now each direction is not equivalent.
There is a different distance to the repeated defect in each direction. Using a 2x2x2 defect repetition maintains the
Bravais lattice symmetry, as there is still an equivalent distance to the repeated defect in each direction. Breaking the
Bravais lattice symmetry can also cause the detection of symmetrically equivalent transition paths to fail.
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Ghost atoms

The basis set used in the DFT calculations depends on the atoms included. In the case of vacancy defects, this means
that the basis set functions centered on the defect are normally removed when the defect is calculated. This can lead to
errors in the energy in cases where the surrounding atoms are stabilized by basis functions belonging to the vacancy site
atom. To alleviate this problem a ghost atom can be placed at the defect site during the defect DFT calculations. This
maintains the full basis set from the pristine material, allowing a more direct comparison. In geometry optimizations
the ghost atom is kept at the vacancy defect center.

Ghost atoms are only supported for vacancy defects. Ghost atoms also cannot be used when calculating transition
paths. This is because the ghost atom cannot be included in the transition state. For other defects basis functions are
added as well as removed, and so the same basis set cannot be re-created with ghost atoms. In these cases increasing
the basis set size can give more accurate defect energies as it reduces the dependence of the energy on specific basis
functions.

Interfaces and amorphous materials

Modeling defects at interfaces and in amorphous materials brings additional challenges. These materials often
have low or no symmetry, meaning that in each configuration a large number of different defects may be possi-
ble. In the defect generators there are two specific methods that are useful for filtering defects in low symme-
try configurations. The first method, filterByZPositionInterval allows selecting defects in a particular slice
along the C direction. The enables selecting defects at a particular depth at the interface. Secondly, the method
filterByDistinctConfigurations allows selecting for the most diverse set of defects up to a certain number in a
set of defects. It does this by assigning similarity scores using atom-based descriptors [SGS+13]. This can reduce the
number of possible defects while still spanning the space of possible defects.

Another difficulty with calculating defects at interfaces is with the charge correction. This correction assumes an
isotropic material. At interfaces, especially where there is a significant change in the dielectric constants between the
two materials, this correction may break down. This is a problem for accurate formation energies of charged point
defects. Neutral defects do not require the same energy correction.

5.15.5 Analyzing charged point defect calculations

The results of charged point defect calculations can be analyzed in the Charged Point Defect Analyzer.

Opening defects in the analyzer

The analyzer can be opened by double-clicking on a ChargedPointDefectConfiguration object in the Data Tool. Mul-
tiple defects can be opened in the analyzer by selecting the defects and right-clicking to bring up the context menu, and
then selecting to open in the analyzer. New defects can be easily added by dragging them onto the Defects collection in
the Defects tab. Once loaded into the analyzer the defects can be renamed by clicking on the name. Allowing multiple
defects to be loaded into the analyzer makes it simple to compare the results of calculations on different defects. Defect
calculations that only differ in the supercell size can also be merged into one defect record in the analyzer. This is most
useful for comparing the scaling behavior of the formation energy with defect supercell size.

An example results file can be downloaded here. This file contains two vacancy defects in SiC calculated with LCAO-
PBE. These defects can be opened in the analyzer.
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Comparing defect configurations

In the Compare tab the configurations of two different defects can be shown and inspected. This allows easy visual-
ization of the two defect structures, so that similarities and differences between different defects can be observed. In
the analyzer the symmetry representation and unit cell translation within the supercell can be selected. Using these
it is possible to visually see if two defects are symmetrically equivalent. This is most useful in the case of interstitial
defects, where defects starting from different positions may relax into common structures.

Analyzing trap levels

Trap levels can be analyzed in both the Formation Energy and Trap Levels tabs. In the Formation Energy tab the change
in formation Helmholtz energy with electronic chemical potential is plotted for each charge state. The intersections
between these lines show the trap levels in the defect. Optionally the lowest stable charge state (SCS) can also be plotted.
Different temperatures can be given at which to plot the formation Helmholtz energy. The finite size corrections can
also be added or removed from the plotted formation energy. In the plot the valence and conduction bands are also
show with blue shaded areas, showing whether or not the trap levels occur in the band gap.

The following plot shows a typical result for a defect calculation in silicon carbide. Here the -2 to +2 charge states are
calculated, giving 4 stable transitions shown by the dashed lines. The intersections showing unstable transitions are
also marked with a circle.

Fig. 5.19: Plot showing the formation energies of a carbon vacancy in silicon carbide.

In the Trap Levels tab the trap levels can also be directly plotted for each defect. This allows direct comparison of the
trap levels for different defects. Here the relevant supercell size can be selected. Selecting a specific supercell size
will show the trap levels of defects with that specific supercell size. Selecting largest will show the trap levels of the
largest supercell size for each defect. As with the formation energy, different temperatures can be given and the finite
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size effects added or removed. It is also to plot both the stable transitions and unstable integer transitions. Unstable
transitions are shown in dashed lines.

The following plot shows a typical result for a defect calculation in silicon carbide. Here the -2 to +2 charge states are
calculated for a carbon vacancy at both the h and k sites.

Fig. 5.20: Plot showing the trap levels of carbon vacancies in silicon carbide.

Analyzing defect concentrations

In the Concentration tab the concentration of each defect can be plotted with respect to temperature. The intrinsic
concentration, which takes into account the concentration of each charge state, is also shown. A temperature range and
number of steps can be given to set the temperatures of interest. The relevant electronic chemical potential at which
to calculate the concentration can also be given. The concentrations can either be plotted in temperature / concentra-
tion or inverse temperature / log concentration units. The latter is often more useful for showing large differences in
concentration between defects. In this plot a fit of the data to the Arrhenius equation is also shown.

The following plot shows the calculated concentrations of a carbon vacancy in silicon carbide plotted in inverse tem-
perature / log concentration units. Here the electronic chemical potential set to the mid-gap level.
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Fig. 5.21: Plot showing the concentrations of each charge state and the intrinsic concentration of a carbon vacancy in
silicon carbide.
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Checking the validity of charge corrections

When applying a charge correction to the defect formation energy it can be important to check the validity of the
approximations in the correction for the individual defect charge states. In the case of the FNV correction it is assumed
that the material is isotropic, and that the charge is located primarily at the defect site. The validity of the charge
correction can be inspected using the Charged Point Defect Analyzer. By clicking on the Band Shift Correction tab you
can inspect the value of the short range potential away from the defect. This potential should plateau at the correction
value. By calculating the defect at different sizes it is also possible to check the scaling behavior of the defect. The short
range potential scales in general as 1/𝐿3 while the long range correction scales as 1/𝐿. If the correction is applied
correctly extrapolating the formation energy out to infinite size should give the same formation energy. This can be
inspected in the analyzer by selecting the Finite Size Scaling tab.

The following plots show some examples of calculations of carbon vacancies in silicon carbide. In the first figure a plot
of the defect potential and the Gaussian correction potential is shown. Note that at larger distances from the defect in
the middle of the plot, the differences between these two potentials is constant. This indicates that the Gaussian charge
distribution is effectively correcting the potential from the defect at long range. The value of the potential here also
gives the short range correction for the defect formation energy. In the second plot the scaling of the formation energy
with system size is shown. Note that at the extrapolated infinite size, the corrected and uncorrected formation energies
agree. This indicates that the corrections are able to effectively calculate the infinite size limit of the defect formation
energy.

Fig. 5.22: Plot showing the defect potential correction for a +2 carbon vacancy in SiC. The flat potential away from the
defect indicates that the short-range potential correction is valid for this defect.
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Fig. 5.23: Plot showing the convergence of the formation energy of a -2 carbon vacancy in SiC with defect supercell
size. The convergence of the corrected and uncorrected energies at infinite size shows the corrections are effectively
correcting the periodic effects in the defect calculation.
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Viewing the defect report

In the Defect Report tab a textural representation of some information in the defect calculations can be generated.
This includes data such as formation energies, concentrations and trap levels. In the analyzer the electronic chemical
potential and temperature can be set at which to generate the information. This text output can be used as input for
further analyses of the defects.

5.15.6 Defect migration

The migration of a defect within its host material is studied with the DefectMigrationPaths class. It takes as input two
updated ChargedPointDefectConfiguration objects which will serve as the initial and final state of the transition. The
object will calculate all possible transitions between the geometry optimized defects using their symmetry information.
Optionally, the minimum and maximum travel distance may be specified.

The migration paths are obtained in the form of NudgedElasticBand configurations using the generateNEBs method.
The calculator should be set using the neb_calculator argument instead of the setCalculator method of the NEB.
This will make sure, numerical accuracy parameters stay consistent for DFT calculators. If the default calculator is
used, endpoint data (energies, forces, stresses) will be taken from the defects, so they do not get re-calculated as part
of the NEB, thus saving time.

The NEBs are then optimized with OptimizeNudgedElasticBand. The endpoints need not be optimized if the calculator
is the same one used in ChargedPointDefectConfiguration, unless the symmetry is broken by the choice of repetitions
as this could lead to finite size effects and structural artifacts. If the calculator was changed, e.g. when pre-optimizing
with a forcefield calculator, optimizing the endpoints may improve convergence of the NudgedElasticBand. Since it is
important for the accurate determination of migration barriers to obtain a valid transition state, the climbing_image
setting should always be set to True.

5.15.7 Diffusivity of defects

In order to calculate the diffusivity of a certain defect, the optimized NudgedElasticBand and the two ChargedPointDe-
fectConfiguration used to construct it need to be passed to the DefectDiffusivity class. It will then extract the transition
state structure and calculate all data necessary such as the formation energy and vibrational corrections, if requested.
These settings are taken from the input ChargedPointDefectConfiguration. Note that finite size corrections of the charge
are currently not included in the diffusivity, since the position of the charge is ill-defined at the transition state.

To obtain the diffusivity for a defect 𝑋 in charge state 𝑞 one calls the calculateDiffusivity method which imple-
ments the following equation (see also [Meh07a]):

𝐷𝑋𝑞 =
𝑎2

2𝑑
𝑍𝑓𝜈0 exp

(︂
𝑆𝑚𝑋𝑞

𝑘𝐵

)︂
exp

(︂
−𝐸

𝑚
𝑋𝑞

𝑘𝐵𝑇

)︂
,

where

• 𝑎 is the migration/hopping distance.

• 𝑑 is the dimensionality of the diffusion.

• 𝑍 is the number of adjacent sites to which the diffusion species can jump.

• 𝑓 is the correlation factor.

• 𝜈0 is the attempt rate.

• 𝑆𝑚𝑋𝑞 is the migration entropy.

• 𝐸𝑚𝑋𝑞 is the migration energy.
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The attempt rate 𝜈0 depends on the vibrational spectrum of the initial state {𝜈𝑖} and the spectrum at the transition state
{𝜈′𝑖}:

𝜈0 =

∏︀𝑁
𝑖 𝜈𝑖∏︀𝑁−1
𝑖 𝜈′𝑖

.

The migration entropy is calculated as described in PhononDensityOfStates.

5.15.8 Analyzing Diffusion Results

The results of a DefectDiffusionRates calculation can be shown in the Defect Diffusion Rates Analyzer. This can be
opened by simply double clicking on the corresponding results object in the Data Tool.

An example results file can be downloaded here. This file contains the diffusion paths of Si and C vacancies in SiC.
This was calculated with a Moment Tensor Potential (MTP) that was trained on defects in SiC. This can be opened in
the analyzer.

The Defect Diffusion Rates Analyzer shows information regarding the different calculated diffusion paths. The figure
below shows the analyzer with data from calculations on silicon and carbon vacancies in silicon carbide.

Fig. 5.24: The Defect Diffusion Rates Analyzer with data from calculations on vacancy diffusion in SiC.

In the top left panel is a graph view of the diffusion network. Here, each defect is shown as a filled circle. The
lines indicate possible transitions between defects. The open circles represent self diffusion paths, where one defect
transitions to the same type of defect at a different site. Depending on the defects selected, there can be one or more
isolated graphs showing the connections between defects. In the example, as carbon vacancies cannot transition to
silicon vacancies, two isolated graphs are shown.

In the a panel shows information about each defect diffusion path. This shows the forward reaction barrier, the forward
transition energy, and the forward and reverse diffusivities for each transition path. These numbers can be used for
further calculations on the defect dynamics, such as kinetic Monte Carlo simulations. The parameters used to calculate
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the diffusivity can be accessed and modified by pushing the Diffusivity Parameters button. This data can also be
exported to CSV or XLSX format by right clicking on the panel.

At the bottom of the analyzer is shown the NEB for the selected defect transitions. Transitions can be selected by
selecting either one of the transition lines in the transition graph, or selecting the corresponding data row in the data
table. Visualizing the NEB allows inspecting the transition path and the likely transition state.

5.16 𝐺0𝑊0 calculator in QuantumATK

In QuantumATK we implemented a 𝐺0𝑊0 method, which takes initial Kohn-Sham wave functions and energies, and
calculates new quasi-particle energies using many-body perturbation theory1. In this document, we will try to explain
the particular algorithm that is implemented in QuantumATK and how to use it.

Standard GW implementation work purely in imaginary frequency space, and have a scaling with system size of𝑂(𝑁4).
Recently, an imaginary time to imaginary frequency method has been developed2, which scales as 𝑂(𝑁3).

We have combined this approach using an LCAO basis with the PARI approximations as described in3. Although it
formally scales with system size as 𝑂(𝑁3), in practice, for small-to-medium sized systems it scales as 𝑂(𝑁2), since
the dominating calculations (polarizability and self-energy) scale as 𝑂(𝑁2).

5.16.1 Imaginary time and frequency grid

First we need to define the imaginary time and frequency grids {𝜏𝑖, 𝜔𝑘}. These are optimized to be a non-homogeneous
grid to represent MP2 correlation energy as best as possible given an analytic form of the polarizability in imaginary
time and frequency:

𝜂[𝛾, 𝜔](𝑥) =
1

𝑥
− 1

𝜋

𝑁𝜔∑︁
𝑘=1

𝛾𝑘

(︂
2𝑥

𝑥2 + 𝜔2
𝑘

)︂2

𝜂[𝜎, 𝜏 ](𝑥) =
1

2𝑥
−

𝑁𝜏∑︁
𝑖=1

𝜎𝑘𝑒
−2𝑥|𝜏𝑖|

The grids are found by minimizing the 𝐿2 norm of the cost functions over the range 𝑥 ∈ [𝑒min, 𝑒max] where 𝑒min is the
lowest possible transition and 𝑒max is the highest.

Optimization is non-linear, and we use a Levenberg-Marquardt algorithm starting from pretabulated initial guesses to
find the best possible grid in the interval. This calculation takes up some time, and this is indicated in the log output
when running the calculation.

On the GWCalculator, you can use the parameter tau_precision_parameter to influence how many frequency
and time points will be used. If the parameter, which is a double, is set to 1.0, the optimization will be done starting
from the initial value that contains the most points, which will lead to the most accurate result. If 0.0 is chosen for the
parameter, the grid with the least number of points will be chosen. For any value in between an intermediate number
of points is selected.

1 Giovanni Onida, Lucia Reining, and Angel Rubio. Electronic excitations: density-functional versus many-body green’s-function approaches.
Rev. Mod. Phys., 74:601–659, Jun 2002. URL: https://link.aps.org/doi/10.1103/RevModPhys.74.601, doi:10.1103/RevModPhys.74.601.

2 Peitao Liu, Merzuk Kaltak, Jiř'ı Klimeš, and Georg Kresse. Cubic scaling gw: towards fast quasiparticle calculations. Phys. Rev. B, 94:165109,
Oct 2016. URL: https://link.aps.org/doi/10.1103/PhysRevB.94.165109, doi:10.1103/PhysRevB.94.165109.

3 Xinguo Ren, Florian Merz, Hong Jiang, Yi Yao, Markus Rampp, Hermann Lederer, Volker Blum, and Matthias Scheffler. All-electron periodic
g0w0 implementation with numerical atomic orbital basis functions: algorithm and benchmarks. Phys. Rev. Mater., 5:013807, Jan 2021. URL:
https://link.aps.org/doi/10.1103/PhysRevMaterials.5.013807, doi:10.1103/PhysRevMaterials.5.013807.
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5.16.2 Coulomb integrals and Polarizability using Auxiliary Basis Sets and PARI

The screened (𝑊𝛼𝛽;𝛾𝛿) and unscreened (𝑉𝛼𝛽;𝛾𝛿) Coulomb integrals, and the polarizability (Π𝛼𝛽;𝛾𝛿), are 4-index prop-
erties. Calculating them directly this way would have unfortunate scaling properties, both for computation time and
storage. To avoid this we represent them in auxiliary basis space, in a similar way as in our LCAO-Hybrid code. As
auxiliary basis set we use the on-site products of the LCAO basis set, and define the general product of two basis
function as:

𝜑𝐴𝛼 (r−R𝐴)𝜑𝐵𝛼 (r−R𝐵) =
∑︁

𝑀∈[𝐴,𝐵]

∑︁
𝜇∈𝑀

𝐶𝜇𝛼𝛽𝑃𝜇(r−R𝑀 ) ,

where the auxiliary basis functions, 𝑃𝜇(r) are centered on either of the sites the LCAO basis functions are centered on.
This is called the pair-atom resolution of identity (PARI) approximation4.

If we use this, the Coulomb integral is reduced from a four-index to a two-index quantity:

𝑉𝛼𝛽;𝛾𝛿 ≈ 𝐶𝜇𝛼𝛽𝑉𝜇𝜈𝐶
𝜈
𝛾𝛿

5.16.3 Greens functions in imaginary time

Before starting on the actual GW calculation, we do a normal DFT calculation, using any xc-functional. Afterwards,
the Greens functions are constructed from the converged Kohn-Sham orbitals, in imaginary time as:

𝐺(𝑖𝜏)𝛼𝛽 = Θ(𝜏) 𝐺+(𝑖𝜏)𝛼𝛽 + Θ(−𝜏) 𝐺−(𝑖𝜏)𝛼𝛽 ,

with

𝐺+(𝑖𝜏)𝛼𝛽 = 𝑖
∑︁
k𝑛

𝑤k 𝑓(𝜖0k𝑛)
[︀
𝜓0
k𝑛

]︀
𝛼

[︀
𝜓0
k𝑛

]︀*
𝛽
𝑒−|𝜖0k𝑛−𝜖

0
𝐹 |𝜏 ,

𝐺−(𝑖𝜏)𝛼𝛽 = 𝑖
∑︁
k𝑛

𝑤k

[︀
1 − 𝑓(𝜖0k𝑛)

]︀ [︀
𝜓0
k𝑛

]︀
𝛼

[︀
𝜓0
k𝑛(r′)

]︀*
𝛽
𝑒−|𝜖0k𝑛−𝜖

0
𝐹 |𝜏 ,

where {𝜓0
k𝑛, 𝜖

0
k𝑛} are the solutions to the Kohn-Sham problem. This step scales as𝑂(𝑁3) with system size and linearly,

𝑂(𝑁𝑘), with the number of k-points. Here {𝛼, 𝛽} are indices for the normal LCAO orbitals.

The number of bands that are included in the Greens function calculation is determined by the input parameter
energy_cutoff on the GWCalculator. When the GWCalculator is created it checks the eigenvalues of the DFT
calculation in the Γ point, and determines the number of bands that are below the energy_cutoff. These bands are then
used in the construction of the Greens functions. This is done because our LCAO basis sets are not made to describe
highly excited states, and including all of them might give rise to issues.

5.16.4 Polarizability in imaginary time

The polarizability is defined as a four-index object in function of the Greens function in imaginary time:

Π𝛼𝛽;𝛾𝛿(𝑖𝜏) = 𝑖𝐺+
𝛼𝛾(𝑖𝜏)𝐺−

𝛽𝛿(−𝑖𝜏) .

Using the PARI approximation and introducing the auxiliary basis indices as {𝜇, 𝜈} this becomes:

Π𝜇𝜈(𝑖𝜏) = 𝑖
∑︁
𝛼𝛽

∑︁
𝛾𝛿

𝐶𝜇𝛼𝛽𝐺
+
𝛼𝛾(𝑖𝜏)𝐺−

𝛽𝛿(−𝑖𝜏)𝐶𝜈𝛾𝛿 .

4 Peize Lin, Xinguo Ren, and Lixin He. Efficient hybrid density functional calculations for large periodic systems using numerical atomic
orbitals. Journal of Chemical Theory and Computation, 17(1):222–239, 2021. PMID: 33307678. URL: https://doi.org/10.1021/acs.jctc.0c00960,
arXiv:https://doi.org/10.1021/acs.jctc.0c00960, doi:10.1021/acs.jctc.0c00960.
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This is a real space object, which for periodic systems has translations that are not included to keep the notation simple.
The whole object is Born-von Karman periodic, so that it scales with the k-point sampling chosen by the user. This
means that the calculation scales lineary with the number of k-points. If there is no sparsity, the scaling with system
size is 𝑂(𝑁2) because of the PARI approximation, which is much more favorable than the 𝑂(𝑁4) scaling for this step
when calculated directly in frequency space.

5.16.5 Transform from imaginary time to imaginary frequency

We now have the polarizability on an imaginary time grid, but we need it in (imaginary) frequency space to calculate
the screened Coulomb potential. Both time and frequency grids are non-homogeneous/non-regular and in order to
transform, we need custom transforms.

To get the best possible result we optimize a cosine transform that is optimal to transform the analytic form of the
polarizability from time to frequency and backPage 2438, 2, i.e.:

Π𝜇𝜈(𝜔𝑘) =

𝑁𝜏∑︁
𝑖=1

𝛾𝑘𝑖 cos (𝜔𝑘𝜏𝑖)Π𝜇𝜈(𝜏𝑖) .

with 𝛾 chosen to minimize:

𝜂(𝑥, 𝛾) =
2𝑥

𝑥2 + 𝜔2
𝑘

−
𝑁𝜏∑︁
𝑖=1

𝛾𝑘𝑖 cos (𝜔𝑘𝜏𝑖)𝑒
−𝑥𝜏𝑖 .

5.16.6 Dielectric tensor and screened Coulomb potential

To calculate the dielectric tensor we transform to frequency space and k space representation:

𝜖𝜇𝜈(q, 𝑖𝜔) = 𝛿𝜇𝜈 − 𝑉
1
2
𝜇𝜅(q)Π𝜅𝜆(q, 𝑖𝜔)𝑉

1
2

𝜆𝜈(q)

The inverse of the dielectric tensor is then used compute the screened coulomb potential:

𝑊𝜇𝜈(q, 𝑖𝜔) = 𝑉
1
2
𝜇𝜅(q)𝜖−1

𝜅𝜆 (q, 𝑖𝜔)𝑉
1
2

𝜆𝜈

Once this is calculated for all q points we transform back real space and imaginary time:

𝑊𝜇𝜈(q, 𝑖𝜔) →𝑊𝜇𝜈 [T](𝑖𝜏)

5.16.7 Exchange and correlation Self-energy calculation

Once we have the screened Coulomb potential, we can use it to calculate the self-energies in imaginary time. But we
need to split it up in separate exchange and correlation parts:

Σ𝑥𝛼𝛽 = 𝑖
∑︁
𝛾𝛿

∑︁
𝜇𝜈

𝐶𝜇𝛼𝛾𝑉𝜇𝜈𝐶
𝜈
𝛽𝛿𝐺

+
𝛾𝛿(𝜏 = 0) ,

and

Σ𝑐𝜇𝜈(𝜏) = 𝑖
∑︁
𝛾𝛿

∑︁
𝜇𝜈

𝐶𝜇𝛼𝛾�̃�𝜇𝜈(𝑖𝜏)𝐶𝜈𝛽𝛿𝐺𝛾𝛿(𝑖𝜏) .

where �̃� = 𝑊 − 𝑉 . This is done because otherwise 𝑊 (𝑖𝜔) would not decay in frequency space, and the cosine
transform back to 𝑖𝜏 would be impossible.
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This calculation is similar to the one we have in LCAO with Hybrids, the only change is that it needs to be done at
all time points. The scaling, for a non-sparse hamiltonian is again 𝑂(𝑁2) with system size, and since we are using
Born-von Karman boundary conditions the scaling with the number of k-points is linear.

This is the point where the heavy calculations end, and if you call update() on the calculator, this is where it stops, and
the self-energy will be stored in imaginary time and real space for use in post-processing analysis objects.

5.16.8 Solving the quasi-particle equation to get the band energies

To get the correction to the band energies, we first project the self-energies on the Kohn-Sham bands. For this we
Fourier transform the self-energy to the desired k-point and calculate:

Σ𝑐𝑛𝑛(k, 𝑖𝜏) =
∑︁
𝛼𝛽

[︀
𝜓0
k𝑛

]︀
𝛼

Σ𝑐𝛼𝛽(k, 𝑖𝜏)
[︀
𝜓0
k𝑛

]︀
𝛽
.

We can now symmetrize and anti-symmetrize the band self energies and cosine and sine transform them to imaginary
frequency space and add them back together:

Σ𝑐𝑛𝑛(k, 𝑖𝜔) =

𝑁𝜏∑︁
𝑖=1

𝛾𝑘𝑖 cos (𝜔𝑘𝜏𝑖) [Σ𝑐𝑛𝑛(k𝑖𝜏) + Σ𝑐𝑛𝑛(k,−𝑖𝜏)]

+ 𝑖
∑︁
𝑖=1

𝜆𝑘𝑖 sin (𝜔𝑘𝜏𝑖) [Σ𝑐𝑛𝑛(k, 𝑖𝜏) − Σ𝑐𝑛𝑛(k,−i𝜏)] .

To find the correct band-energy for band 𝑛 we need to solve the following root-finding problem:

𝜔 = 𝜖0𝑛 − 𝑣𝑥𝑐𝑛 + Σ𝑥𝑛𝑛 + Re [Σ𝑐𝑛𝑛(𝜔)] ,

where 𝜔 is on the real axis now. The 𝜔 that solves this equation is the 𝐺0𝑊0 quasi-particle energy. It is important to
note that this equation is solved on the real frequency axis. To get the self-energy in real frequency we have to do an
analytic continuation, by using the continued fraction representation of the self-energy:

Σ𝑛𝑛(𝜔) ≈ 𝑎1
1+

𝑎2(𝜔 − 𝜔1)

1+
. . .

𝑎𝑁𝜔
(𝜔 − 𝜔𝑁𝜔−1)

1 + (𝜔 − 𝜔𝑁𝜔 )𝑔𝑁𝜔+1(𝜔)

This procedure is in the Analysis objects that are support for GW, which are Bandstructure, DensityOfStates,
ProjectedDensityOfStates, FatBandstructure, Eigenvalues and EffectiveMass.

5.16.9 Schematic view of the algorithm

5.16.10 Usage Examples

To run a GW calculation one first has to construct a regular LCAOCalculator, which is then set on a GWCalculator
object. We have found that we get the best results when we start from an HSE06 calculation:

lcao_calculator = LCAOCalculator(
basis_set=BasisGGAPseudoDojo.High,
exchange_correlation=HybridGGA.HSE06)

gw_calculator = GWCalculator(
lcao_calculator,
energy_cutoff=50*eV,
processes_per_frequency_point=2,
tau_precision_parameter=1.0,

(continues on next page)
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Fig. 5.25: A flowchart diagram showing how the GW calculations is done, and the quasi-particle energies are calculated.

(continued from previous page)

greens_function_tolerance=0.0,
polarizability_tolerance=0.0,
coulomb_tolerance=0.0,
self_energy_tolerance=0.0,
relative_tolerance=0.0)

bulk_configuration.setCalculator(gw_calculator)
bulk_configuration.update()

Once the update function is called, the self energies are calculated and stored on the GWCalculator object. To get the
bandstructure or density of states we just call the standard analysis objects:

bandstructure = Bandstructure(bulk_configuration, bands_above_fermi_level=4)
nlsave("gw_bandstructure.hdf5", bandstructure)

pdos= ProjectedDensityOfStates(
bulk_configuration,
MonkhorstPackGrid(21,21,21),
projections=ProjectOnShellsBySite,
bands_above_fermi_level=4)

nlsave("gw_pdos.hdf5", pdos)
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5.16.11 References
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CHAPTER

SIX

ATOMIC DATA

This appendix collects atomic data for elements and parameters for built-in basis sets in QuantumATK.

6.1 Element data

Table 6.1: Atomic data.

Z Symbol Name Electron configuration Valence configuration Valence charge U / eV
1 H Hydrogen 1s1 1s1 1 12.848
2 He Helium 1s2 1s2 2 9.0
3 Li Lithium [He]2s1 2s1 1 3.469
4 Be Beryllium [He]2s2 2s2 2 5.935
5 B Boron [He]2s2 2p1 2s2 2p1 3 8.0
6 C Carbon [He]2s2 2p2 2s2 2p2 4 10.207
7 N Nitrogen [He]2s2 2p3 2s2 2p3 5 11.052
8 O Oxygen [He]2s2 2p4 2s2 2p4 6 13.625
9 F Fluorine [He]2s2 2p5 2s2 2p5 7 15.054
10 Ne Neon [He]2s2 2p6 2s2 2p6 8 9.0
11 Na Sodium [Ne]3s1 3s1 1 2.982
12 Mg Magnesium [Ne]3s2 3s2 2 4.623
13 Al Aluminium [Ne]3s2 3p1 3s2 3p1 3 5.682
14 Si Silicon [Ne]3s2 3p2 3s2 3p2 4 6.964
15 P Phosphorus [Ne]3s2 3p3 3s2 3p3 5 9.878
16 S Sulfur [Ne]3s2 3p4 3s2 3p4 6 9.205
17 Cl Chlorine [Ne]3s2 3p5 3s2 3p5 7 10.292
18 Ar Argon [Ne]3s2 3p6 3s2 3p6 8 9.0
19 K Potassium [Ar]3d0 4s1 4s1 1 3.702
20 Ca Calcium [Ar]3d0 4s2 4s2 2 3.977
21 Sc Scandium [Ar]3d1 4s2 4s2 3d1 3 9.0
22 Ti Titanium [Ar]3d2 4s2 4s2 3d2 4 9.0
23 V Vanadium [Ar]3d3 4s2 4s2 3d3 5 9.0
24 Cr Chromium [Ar]3d4 4s2 4s2 3d4 6 9.0
25 Mn Manganese [Ar]3d5 4s2 4s2 3d5 7 9.0
26 Fe Iron [Ar]3d6 4s2 4s2 3d6 8 9.0
27 Co Cobalt [Ar]3d7 4s2 4s2 3d7 9 9.0
28 Ni Nickel [Ar]3d8 4s2 4s2 3d8 10 9.0
29 Cu Copper [Ar]3d10 4s1 4s1 3d10 11 9.0
30 Zn Zinc [Ar]3d10 4s2 4s2 3d10 12 9.0
31 Ga Gallium [Ar]3d10 4s2 4p1 4s2 4p1 3 5.936

continues on next page
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Table 6.1 – continued from previous page
Z Symbol Name Electron configuration Valence configuration Valence charge U / eV
32 Ge Germanium [Ar]3d10 4s2 4p2 4s2 4p2 4 6.608
33 As Arsenic [Ar]3d10 4s2 4p3 4s2 4p3 5 8.399
34 Se Selenium [Ar]3d10 4s2 4p4 4s2 4p4 6 9.121
35 Br Bromine [Ar]3d10 4s2 4p5 4s2 4p5 7 8.823
36 Kr Krypton [Ar]3d10 4s2 4p6 4s2 4p6 8 9.0
37 Rb Rubidium [Kr]4d0 5s1 5s1 1 2.495
38 Sr Strontium [Kr]4d0 5s2 5s2 2 3.749
39 Y Yttrium [Kr]4d1 5s2 5s2 4d1 3 9.0
40 Zr Zirconium [Kr]4d2 5s2 5s2 4d2 4 9.0
41 Nb Niobium [Kr]4d4 5s1 5s2 4d3 5 9.0
42 Mo Molybdenum [Kr]4d5 5s1 5s1 4d5 6 9.0
43 Tc Technetium [Kr]4d5 5s2 5s2 4d5 7 9.0
44 Ru Ruthenium [Kr]4d7 5s1 5s2 4d6 8 9.0
45 Rh Rhodium [Kr]4d8 5s1 5s1 4d8 9 9.0
46 Pd Palladium [Kr]4d10 5s0 4d10 10 9.0
47 Ag Silver [Kr]4d10 5s1 5s1 4d10 11 9.0
48 Cd Cadmium [Kr]4d10 5s2 5s2 4d10 12 9.0
49 In Indium [Kr]4d10 5s2 5p1 5s2 5p1 3 5.53
50 Sn Tin [Kr]4d10 5s2 5p2 5s2 5p2 4 4.297
51 Sb Antimony [Kr]4d10 5s2 5p3 5s2 5p3 5 7.657
52 Te Tellurium [Kr]4d10 5s2 5p4 5s2 5p4 6 8.985
53 I Iodine [Kr]4d10 5s2 5p5 5s2 5p5 7 9.448
54 Xe Xenon [Kr]4d10 5s2 5p6 5s2 5p6 8 9.0
55 Cs Caesium [Xe]5d0 6s1 6s1 5p6 7 9.0
56 Ba Barium [Xe]5d0 6s2 6s2 5p6 8 9.0
57 La Lanthanum [Xe]5d1 6s2 6s2 5d1 3 9.0
58 Ce Cerium [Xe]4f2 5d0 6s2 6s2 4f2 4 9.0
59 Pr Praseodymium [Xe]4f3 5d0 6s2 6s2 4f3 5 9.0
60 Nd Neodymium [Xe]4f4 5d0 6s2 6s2 4f4 6 9.0
61 Pm Promethium [Xe]4f5 5d0 6s2 6s2 4f5 7 9.0
62 Sm Samarium [Xe]4f6 5d0 6s2 6s2 4f6 8 9.0
63 Eu Europium [Xe]4f7 5d0 6s2 6s2 4f7 9 9.0
64 Gd Gadolinium [Xe]4f7 5d1 6s2 6s2 5d1 4f7 10 9.0
65 Tb Terbium [Xe]4f9 5d0 6s2 6s2 4f9 11 9.0
66 Dy Dysprosium [Xe]4f10 5d0 6s2 6s2 4f10 12 9.0
67 Ho Holmium [Xe]4f11 5d0 6s2 6s2 4f11 13 9.0
68 Er Erbium [Xe]4f12 5d0 6s2 6s2 4f12 14 9.0
69 Tm Thulium [Xe]4f13 5d0 6s2 6s2 4f13 15 9.0
70 Yb Ytterbium [Xe]4f14 5d0 6s2 6s2 4f14 16 9.0
71 Lu Lutetium [Xe]4f14 5d1 6s2 6s2 5d1 4f14 17 9.0
72 Hf Hafnium [Xe]4f14 5d2 6s2 6s2 5d2 4 9.0
73 Ta Tantalum [Xe]4f14 5d3 6s2 6s2 5d3 5 9.0
74 W Tungsten [Xe]4f14 5d4 6s2 6s1 5d5 6 9.0
75 Re Rhenium [Xe]4f14 5d5 6s2 6s2 5d5 7 9.0
76 Os Osmium [Xe]4f14 5d6 6s2 6s2 5d6 8 9.0
77 Ir Iridium [Xe]4f14 5d7 6s2 6s2 5d7 9 9.0
78 Pt Platinum [Xe]4f14 5d10 6s0 6s1 5d9 10 8.604
79 Au Gold [Xe]4f14 5d10 6s1 6s1 5d10 11 8.604
80 Hg Mercury [Xe]4f14 5d10 6s2 6s2 5d10 12 9.0
81 Tl Thallium [Xe]4f14 5d10 6s2 6p1 6s2 6p1 3 9.0

continues on next page
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Z Symbol Name Electron configuration Valence configuration Valence charge U / eV
82 Pb Lead [Xe]4f14 5d10 6s2 6p2 6s2 6p2 4 9.0
83 Bi Bismuth [Xe]4f14 5d10 6s2 6p3 6s2 6p3 5 9.0
84 Po Polonium [Xe]4f14 5d10 6s2 6p4 6s2 6p4 6 9.0
85 At Astatine [Xe]4f14 5d10 6s2 6p5 6s2 6p5 7 9.0
86 Rn Radon [Xe]4f14 5d10 6s2 6p6 6s2 6p6 8 9.0
87 Fr Francium [Rn]7s1 7s1 6p6 7 9.0
88 Ra Radium [Rn]7s2 7s2 6p6 8 9.0
89 Ac Actinium [Rn]7s2 6d1 7s2 6d1 3 9.0
90 Th Thorium [Rn]7s2 6d2 7s2 6d2 4 9.0
91 Pa Protactinium [Rn]7s2 5f2 6d1 7s2 6d1 5f2 5 9.0
92 U Uranium [Rn]7s2 5f3 6d1 7s2 5f3 6d1 6 9.0
93 Np Neptunium [Rn]7s2 5f4 6d1 7s2 5f4 6d1 7 9.0
94 Pu Plutonium [Rn]7s2 5f6 7s2 5f6 8 9.0
95 Am Americium [Rn]7s2 5f7 7s2 5f7 9 9.0
96 Cm Curium [Rn]7s2 5f7 6d1 7s2 5f7 6d1 10 9.0
97 Bk Berkelium [Rn]7s2 5f9 7s2 5f9 11 9.0
98 Cf Californium [Rn]7s2 5f10 7s2 5f10 12 9.0
99 Es Einsteinium [Rn]7s2 5f11 7s2 5f11 13 9.0
100 Fm Fermium [Rn]7s2 5f12 7s2 5f12 14 9.0
101 Md Mendelevium [Rn]7s2 5f13 7s2 5f13 15 9.0
102 No Nobelium [Rn]7s2 5f14 7s2 5f14 16 9.0
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6.2 Built-in parameter sets in ATK-SE

6.2.1 Slater–Koster basis sets

Table 6.2: Self-consistent Slater–Koster DFTB style parameters for elec-
tronic structure and total energy calculations. The basis set directory is
used together with the functions DFTBDirectory and PairPotential. Some
parameter sets are extensions to a base set, given in the Requires column;
the base set is loaded automatically.

Basis set directory Requires Elements Reference
“cp2k/scc/” H, C, N, O, P, S, Zn cp2k.org
“cp2k/si-d/” H, O, Si cp2k.org
“dftb/hfo-1-1/” Hf, O Elstner et al.1; Franke et al.2
“dftb/matsci-0-3/” Al, O, H | Al, Si, O, H | Cu, Si,

Al, Na, O, H | Ti, P, O, N, C, H
| O, N, C, B, H | Al, O, C, H |
Si, P, N, O, C, H

dftb.org

“dftb/mio-1-1/” H, C, N, O, S, P dftb.org
“dftb/pbc-0-3/” Si, F, O, N, C, H | Fe - Fe dftb.org
“dftb/auorg-1-1/” mio Au - (H, C, N, O, S, Au) dftb.org
“dftb/borg-0-1/” mio B - (H, B) dftb.org
“dftb/chalc-0-1/” mio As - (S, H, As) dftb.org
“dftb/halorg-0-1/” mio F, Cl, Br, I, C, N, O, H, P, S dftb.org
“dftb/hyb-0-2/” mio Ag - (O, C, H, Ag) | Ga - (As,

S, O, C, H, Ga) | Si - (Ag, Ga,
As, S, Si) | As - (S, H, As)

dftb.org

“dftb/magsil-1-1/” matsci Mg - (Si, O, H, Mg) dftb.org
“dftb/miomod-hh-0-1/” mio H - H dftb.org
“dftb/miomod-nh-0-1/” mio N - H dftb.org
“dftb/siband-1-1/” Si, O, H dftb.org
“dftb/tiorg-0-1/” mio Ti - (C, H, N, O, S, Ti) dftb.org
“dftb/trans3d-0-1/” mio Sc - (H, C, N, O, Sc) | Ti - (H,

C, N, O, Ti) | Fe - (H, C, N, O,
Fe) | Co - (H, C, N, O, Co) | Ni
- (H, C, N, O, Ni)

dftb.org

“dftb/znorg-0-1/” mio Zn - (C, H, N, O, S, Zn) dftb.org

Important: The parameters in the dftb directory are distributed by the dftb.org consortium under the Creative Com-
mons Attribution-ShareAlike 4.0 International License. The use in part or in whole of this data is permitted only under
the condition that the scientific background of the Licensed Material will be cited in any publications arising from its
use. The required references are specified in the links to the corresponding dftb.org page, for each of the parameter sets
in the table above.

1 M. Elstner, D. Porezag, G. Jungnickel, J. Elsner, M. Haugk, Th. Frauenheim, S. Suhai, and G. Seifert. Self-consistent-charge density-functional
tight-binding method for simulations of complex materials properties. Phys. Rev. B, 58:7260–7268, Sep 1998. doi:10.1103/PhysRevB.58.7260.

2 Dennis Franke, Christian Hettich, Thomas Köhler, Marcus Turowski, Henrik Ehlers, Detlev Ristau, and Thomas Frauenheim. Density functional
based tight-binding parametrization of hafnium oxide: simulations of amorphous structures. Phys. Rev. B, 98:075207, Aug 2018. URL: https:
//link.aps.org/doi/10.1103/PhysRevB.98.075207, doi:10.1103/PhysRevB.98.075207.
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https://www.cp2k.org/
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https://doi.org/10.1103/PhysRevB.58.7260
https://link.aps.org/doi/10.1103/PhysRevB.98.075207
https://link.aps.org/doi/10.1103/PhysRevB.98.075207
https://doi.org/10.1103/PhysRevB.98.075207
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Table 6.3: Self-consistent Slater–Koster DFTB style parameters for elec-
tronic structure and total energy calculations using the Hotbit format. The
basis set directory is used together with the functions HotbitDirectory and
PairPotential.

Basis set directory Elements Reference
“hotbit/standard” H, C, N https://github.com/pekkosk/hotbit
“hotbit/standard” H, C, O https://github.com/pekkosk/hotbit
“hotbit/standard” C, Au https://github.com/pekkosk/hotbit
“hotbit/standard” Na https://github.com/pekkosk/hotbit
“hotbit/inofficial” Na, Cl https://github.com/pekkosk/hotbit
“hotbit/inofficial” Mg https://github.com/pekkosk/hotbit
“hotbit/CC_pi” C (𝜋-model

faked as H)
https://github.com/pekkosk/hotbit

Table 6.4: NRL style parameters for electronic structure and total energy
calculations.

Basis set name Elements Reference
NRLParameters.Si_sp Si Bernstein et al.3
NRLParameters.Si_spd Si Bernstein et al.Page 2449, 3

NRLParameters.Au Au Kirchhoff et al.4
NRLParameters.C C Papaconstantopoulos et al.5
NRLParameters.Ge_sp Ge Bernstein et al.6
NRLParameters.Ge_spd Ge Bernstein et al.6
NRLParameters.Al Al Yang et al.7
NRLParameters.SiC_sp Si, C Bernstein et al.8
NRLParameters.SiC_spd Si, C Bernstein et al.8

3 N. Bernstein, M. J. Mehl, D. A. Papaconstantopoulos, N. I. Papanicolaou, Martin Z. Bazant, and Efthimios Kaxiras. Energetic, vibrational, and
electronic properties of silicon using a nonorthogonal tight-binding model. Phys. Rev. B, 62:4477–4487, Aug 2000. doi:10.1103/PhysRevB.62.4477.

4 F. Kirchhoff, M. J. Mehl, N. I. Papanicolaou, D. A. Papaconstantopoulos, and F. S. Khan. Dynamical properties of au from tight-binding
molecular-dynamics simulations. Phys. Rev. B, 63:195101, Apr 2001. doi:10.1103/PhysRevB.63.195101.

5 D. A. Papaconstantopoulos, M. J. Mehl, S. C. Erwin, and M. R. Pederson. Tight-binding hamiltonians for carbon and silicon. MRS Proc.,
491:221, 1997. doi:10.1557/PROC-491-221.

6 N. Bernstein, M. J. Mehl, and D. A. Papaconstantopoulos. Nonorthogonal tight-binding model for germanium. Phys. Rev. B, 66:075212, Aug
2002. doi:10.1103/PhysRevB.66.075212.

7 Sang H. Yang, Michael J. Mehl, and D. A. Papaconstantopoulos. Application of a tight-binding total-energy method for al, ga, and in. Phys.
Rev. B, 57:R2013–R2016, Jan 1998. doi:10.1103/PhysRevB.57.R2013.

8 N. Bernstein, H. J. Gotsis, D. A. Papaconstantopoulos, and M. J. Mehl. Tight-binding calculations of the band structure and total energies of
the various polytypes of silicon carbide. Phys. Rev. B, 71:075203, Feb 2005. doi:10.1103/PhysRevB.71.075203.
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Table 6.5: Non-self-consistent Slater–Koster parameters for electronic
structure calculations.

Basis set name Elements Reference
Bassani.AlP_Basis Al, P Janchu et al.9
Bassani.InAs_Basis In, As Janchu et al.Page 2451, 9

Bassani.GaP_Basis Ga, P Janchu et al.Page 2451, 9

Bassani.GeH_Basis Ge, H Janchu et al.Page 2451, 9

Bassani.GaSbH_Basis Ga, Sb, H Janchu et al.Page 2451, 9

Bassani.InPH_Basis In, P, H Janchu et al.Page 2451, 9

Bassani.InSb_Basis In, Sb Janchu et al.Page 2451, 9

Bassani.AlPH_Basis Al, P, H Janchu et al.Page 2451, 9

Bassani.Ge_Basis Ge Janchu et al.Page 2451, 9

Bassani.AlAs_Basis Al, As Janchu et al.Page 2451, 9

Bassani.InP_Basis In, P Janchu et al.Page 2451, 9

Bassani.GaAsH_Basis Ga, As, H Janchu et al.Page 2451, 9

Bassani.SiH_Basis Si, H Janchu et al.Page 2451, 9

Bassani.CH_Basis C, H Janchu et al.Page 2451, 9

Bassani.AlAsH_Basis Al, As, H Janchu et al.Page 2451, 9

Bassani.AlSbH_Basis Al, Sb, H Janchu et al.Page 2451, 9

Bassani.GaPH_Basis Ga, P, H Janchu et al.Page 2451, 9

Bassani.InAsH_Basis In, As, H Janchu et al.Page 2451, 9

Bassani.AlSb_Basis Al, Sb Janchu et al.Page 2451, 9

Bassani.GaSb_Basis Ga, Sb Janchu et al.Page 2451, 9

Bassani.GaAs_Basis Ga, As Janchu et al.Page 2451, 9

Bassani.C_Basis C Janchu et al.Page 2451, 9

Bassani.InSbH_Basis In, Sb, H Janchu et al.Page 2451, 9

Bassani.Si_Basis Si Janchu et al.Page 2451, 9

Boykin.SiH_Basis Si, H Boykin et al.10, Zheng et al.11

Boykin.InAs_Basis In, As Boykin et al.12

Boykin.Si_Basis Si Boykin et al.Page 2451, 10

Boykin.GaAs_Basis Ga, As Boykin et al.Page 2451, 12

Boykin.Ge_Basis Ge Boykin et al.Page 2451, 12

Hancock.C_basis C (𝜋-model) Hancock et al.13

Shinomiya.SiGe_Basis Si, Ge Shinomiya et al.14

Smidstrup.ZnO_H Zn, O, H Smidstrup15

Vogl.InAsH_Basis In, As, H Vogl et al.16

Vogl.InAs_Basis In, As Vogl et al.Page 2451, 16

Vogl.GaP_Basis Ga, P Vogl et al.Page 2451, 16

Vogl.GeH_Basis Ge, H Vogl et al.Page 2451, 16

Vogl.GaSbH_Basis Ga, Sb, H Vogl et al.Page 2451, 16

Vogl.InPH_Basis In, P, H Vogl et al.Page 2451, 16

Vogl.AlP_Basis Al, P Vogl et al.Page 2451, 16

Vogl.InSb_Basis In, Sb Vogl et al.Page 2451, 16

Vogl.ZnSeH_Basis Zn, Se, H Vogl et al.Page 2451, 16

Vogl.AlPH_Basis Al, P, H Vogl et al.Page 2451, 16

Vogl.Ge_Basis Ge Vogl et al.Page 2451, 16

Vogl.AlAs_Basis Al, As Vogl et al.Page 2451, 16

Vogl.ZnTe_Basis Zn, Te Vogl et al.Page 2451, 16

Vogl.InP_Basis In, P Vogl et al.Page 2451, 16

Vogl.GaAsH_Basis Ga, As, H Vogl et al.Page 2451, 16

Vogl.SiH_Basis Si, H Vogl et al.Page 2451, 16

Vogl.CH_Basis C, H Vogl et al.Page 2451, 16

continues on next page
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Table 6.5 – continued from previous page
Basis set name Elements Reference
Vogl.AlAsH_Basis Al, As, H Vogl et al.Page 2451, 16

Vogl.ZnTeH_Basis Zn, Te, H Vogl et al.16

Vogl.GaAs_Basis Ga, As Vogl et al.16

Vogl.AlSbH_Basis Al, Sb, H Vogl et al.16

Vogl.ZnSe_Basis Zn, Se Vogl et al.16

Vogl.Sn_Basis Sn Vogl et al.16

Vogl.GaPH_Basis Ga, P, H Vogl et al.16

Vogl.SnH_Basis Sn, H Vogl et al.16

Vogl.AlSb_Basis Al, Sb Vogl et al.16

Vogl.GaSb_Basis Ga, Sb Vogl et al.16

Vogl.C_Basis C Vogl et al.16

Vogl.InSbH_Basis In, Sb, H Vogl et al.16

Vogl.Si_Basis Si Vogl et al.16

6.2.2 Extended Hückel basis sets

• Hoffmann basis set parameters

• Müller basis set parameters

• Cerda basis set parameters

Hoffmann Hückel basis set parameters

The Hoffmann Hückel basis set parameters. The unit of 𝐸ion is eV, while the units of 𝑤𝑖 and 𝜂𝑖 are Bohr−3/2 and
Bohr−1, respectively.

H Z = 1 CerdaHuckelParameters.Hydrogen_C2H4_Basis 𝑁𝑉 = 1.1988
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
1 0 -17.8384 0.50494 0.87223 𝑈 = [12.848] eV

𝐸𝑉 𝐴𝐶 = -6.2568 eV

9 J.-M. Jancu, R. Scholz, F. Beltram, and F. Bassani. Empirical spds* tight-binding calculation for cubic semiconductors: general method and
material parameters. Phys. Rev. B, 57:6493–6507, Mar 1998. doi:10.1103/PhysRevB.57.6493.

10 T. B. Boykin, G. Klimeck, and F. Oyafuso. Valence band effective-mass expressions in the sp3d5s* empirical tight-binding model applied to a
si and ge parametrization. Phys. Rev. B, 69:115201, 2004. doi:10.1103/PhysRevB.69.115201.

11 Y. Zheng, C. Rivas, R. Lake, K. Alam, T. B. Boykin, and G. Klimeck. Electronic properties of silicon nanowires. IEEE Transactions on
Electron Devices, 52(6):1097–1103, 2005. doi:10.1109/TED.2005.848077.

12 Timothy B. Boykin, Gerhard Klimeck, R. Chris Bowen, and Fabiano Oyafuso. Diagonal parameter shifts due to nearest-neighbor displacements
in empirical tight-binding theory. Phys. Rev. B, 66:125207, Sep 2002. doi:10.1103/PhysRevB.66.125207.

13 Y. Hancock, K. Saloriutta, A. Uppstu, A. Harju, and M. J. Puska. Spin-Dependence in Asymmetric, V-Shaped-Notched Graphene Nanoribbons.
J. Low Temp. Phys., 153(5):393–398, 2008. doi:10.1007/s10909-008-9838-y.

14 Timothy B. Boykin, Gerhard Klimeck, R. Chris Bowen, and Fabiano Oyafuso. Nonorthogonal tight-binding molecular dynamics for si(1-x)ge(x)
alloys. Mem. Fac. Engrg. Okayama Uni., 35:63–75, 2001. URL: http://ousar.lib.okayama-u.ac.jp/15358.

15 Søren Smidstrup. –. Master’s thesis, Aalborg University, 2005.
16 P. Vogl, Harold P. Hjalmarson, and J. D. Dow. A Semi-empirical tight-binding theory of the electronic structure of semiconductors†. J. Phys.
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B Z = 5 CerdaHuckelParameters.Boron_BN_wurtz_Basis 𝑁𝑉 = 3.82181
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
2 0 -22.6243 0.66811 1.60645 𝑈 = [8, 8, 8] eV
2 1 -16.6839 0.87705 1.63627 𝐸𝑉 𝐴𝐶 = -6.0 eV
3 2 -9.36241 0.70894 0.89284

B Z = 5 CerdaHuckelParameters.Boron_BN_hexag_Basis 𝑁𝑉 = 3.82181
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
2 0 -21.7174 0.66811 1.60645 𝑈 = [8, 8, 8] eV
2 1 -14.1676 0.99022 1.63627 𝐸𝑉 𝐴𝐶 = -6.0 eV
3 2 -5.55352 0.6544 0.89284

C Z = 6 CerdaHuckelParameters.Carbon_graphite_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.8
2 0 -

19.8892
0.76422 2.0249 𝑈 = [10.0082, 10.0082,

10.0082] eV
2 1 -13.08 0.27152 1.62412 0.73886 2.17687 𝐸𝑉 𝐴𝐶 = -7.36576789 eV
3 2 -

2.04759
0.49066 1.1944

C Z = 6 CerdaHuckelParameters.Carbon_diamond_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.8
2 0 -

21.3959
0.71927 2.0029 𝑈 = [9.99619, 9.99619,

9.99619] eV
2 1 -

15.2271
0.55108 1.63935 0.53135 3.48317 𝐸𝑉 𝐴𝐶 = -9.432846 eV

3 2 -
4.06791

0.88307 0.86366

C Z = 6 CerdaHuckelParameters.Carbon_GW_diamond_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.8
2 0 -

22.5994
0.77991 2.10199 𝑈 = [10.009, 10.009,

10.009] eV
2 1 -

14.7745
0.09615 1.00122 0.93068 2.16332 𝐸𝑉 𝐴𝐶 = -9.4142981 eV

3 2 -
3.42637

0.69317 0.91626

C Z = 6 CerdaHuckelParameters.Carbon_GW_SiC_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.8
2 0 -

19.4265
0.77991 2.10199 𝑈 = [10.207, 10.207,

10.207] eV
2 1 -

12.8029
0.09614 1.00122 0.93069 2.16335 𝐸𝑉 𝐴𝐶 = -6.14175 eV

3 2 -
1.62663

0.69317 0.91626
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C Z = 6 CerdaHuckelParameters.Carbon_C2H4_Basis 𝑁𝑉 = 3.60238
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.8
2 0 -

18.4006
0.7449 2.04927 𝑈 = [10.207, 10.207,

10.207] eV
2 1 -

12.3453
0.74031 1.71703 0.3554 3.31214 𝐸𝑉 𝐴𝐶 = -6.2568 eV

3 2 -
3.53572

0.76455 0.94043

N Z = 7 CerdaHuckelParameters.Nitrogen_BN_wurtz_Basis 𝑁𝑉 = 4.17819
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
2 0 -27.127 1 2.74251 𝑈 = [11.052, 11.052,

11.052] eV
2 1 -

17.5276
1 2.26145 𝐸𝑉 𝐴𝐶 = -6.0 eV

3 2 -
5.60857

0.37978 0.62169

N Z = 7 CerdaHuckelParameters.Nitrogen_BN_hexag_Basis 𝑁𝑉 = 4.17819
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
2 0 -

26.4216
1 2.74251 𝑈 = [11.052, 11.052,

11.052] eV
2 1 -

17.0156
1 2.26145 𝐸𝑉 𝐴𝐶 = -6.0 eV

3 2 -
3.59026

0.51048 0.62169

Al Z = 13 CerdaHuckelParameters.Aluminium_fcc_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
3 0 -

12.9807
0.72564 1.62763 𝑈 = [5.9724, 5.9724,

5.9724] eV
3 1 -

8.90927
0.71507 1.28508 𝐸𝑉 𝐴𝐶 = -5.74486 eV

3 2 -
4.66958

0.77928 0.88276

Al Z = 13 CerdaHuckelParameters.Aluminium_AlP_GW_Basis 𝑁𝑉 = 2.82759
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
3 0 -

14.3073
0.72564 1.62763 𝑈 = [5.682, 5.682,

5.682] eV
3 1 -

9.67525
0.71507 1.28508 𝐸𝑉 𝐴𝐶 = -6.4482586

eV
3 2 -

4.88276
0.77928 0.88276
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Al Z = 13 CerdaHuckelParameters.Aluminium_AlAs_GW_Basis 𝑁𝑉 = 2.81319
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
3 0 -

14.7568
0.72564 1.62763 𝑈 = [5.682, 5.682,

5.682] eV
3 1 -

10.2301
0.71507 1.28508 𝐸𝑉 𝐴𝐶 = -6.8946 eV

3 2 -4.7515 0.77928 0.88276

Si Z = 14 CerdaHuckelParameters.Silicon_diamond_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
3 0 -

18.0388
0.65715 1.78044 𝑈 = [7.08, 7.08, 7.08]

eV
3 1 -

11.8203
0.81839 1.61427 𝐸𝑉 𝐴𝐶 = -7.756917 eV

3 2 -6.3232 0.56273 0.79668 0.65807 2.49718

Si Z = 14 CerdaHuckelParame-
ters.Silicon_GW_diamond_Basis

𝑁𝑉 = 4.0

n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
3 0 -

18.1026
0.70366 1.83611 𝑈 = [7.08252, 7.08252,

7.08252] eV
3 1 -11.253 0.0277 0.78901 0.98313 1.70988 𝐸𝑉 𝐴𝐶 = -7.67047 eV
3 2 -

5.34706
0.68383 0.68292 0.46957 1.72102

Si Z = 14 CerdaHuckelParameters.Silicon_GW_SiC_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
3 0 -

19.4736
0.70366 1.83611 𝑈 = [6.964, 6.964,

6.964] eV
3 1 -

11.9665
0.0277 0.78901 0.98313 1.70988 𝐸𝑉 𝐴𝐶 = -6.14175 eV

3 2 -
6.45414

0.68383 0.68292 0.46957 1.72102

P Z = 15 CerdaHuckelParameters.Phosphorus_AlP_GW_Basis 𝑁𝑉 =
5.172410000000001

n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
3 0 -

20.9897
0.64007 1.9419 𝑈 = [9.878, 9.878,

9.878] eV
3 1 -

12.8889
0.71876 1.68957 0.344 3.05784 𝐸𝑉 𝐴𝐶 = -6.4482586

eV
3 2 -

3.60739
0.79107 0.89643
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P Z = 15 CerdaHuckelParame-
ters.Phosphorus_GaP_GW_Basis

𝑁𝑉 = 5.13542

n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
3 0 -

21.3273
0.64007 1.9419 𝑈 = [9.88788, 9.88788,

9.88788] eV
3 1 -

13.1613
0.71876 1.68957 0.344 3.05784 𝐸𝑉 𝐴𝐶 = -6.88753 eV

3 2 -
4.58537

0.79107 0.89643

P Z = 15 CerdaHuckelParameters.Phosphorus_InP_GW_Basis 𝑁𝑉 = 5.44879
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
3 0 -

21.2204
0.64007 1.9419 𝑈 = [9.878, 9.878,

9.878] eV
3 1 -

13.2123
0.71876 1.68957 0.344 3.05784 𝐸𝑉 𝐴𝐶 = -6.92207 eV

3 2 -
4.89407

0.79107 0.89643

Sc Z = 21 CerdaHuckelParameters.Scandium_hcp_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

8.36905
0.65566 1.41412 𝑈 = [4.36767, 4.36767,

8.58] eV
4 1 -

5.82003
0.66104 1.16027 𝐸𝑉 𝐴𝐶 = -6.4737072 eV

3 2 -
8.36623

0.58803 1.39314

Sc Z = 21 CerdaHuckelParameters.Scandium_bcc_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

8.27398
0.65566 1.41412 𝑈 = [4.39116, 4.39116,

8.58] eV
4 1 -

5.68802
0.66104 1.16027 𝐸𝑉 𝐴𝐶 = -6.470326 eV

3 2 -
8.43933

0.58803 1.39314

Ti Z = 22 CerdaHuckelParameters.Titanium_hcp_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

7.84958
0.45558 0.89722 𝑈 = [4.11888, 4.11888,

9.386] eV
4 1 -

7.32609
0.49494 1.00909 𝐸𝑉 𝐴𝐶 = -5.5560624 eV

3 2 -
9.42441

0.28536 1.15327 0.81231 2.63915
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Ti Z = 22 CerdaHuckelParameters.Titanium_fcc_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

7.70802
0.45558 0.89722 𝑈 = [4.13142, 4.13142,

9.386] eV
4 1 -

7.21524
0.49494 1.00909 𝐸𝑉 𝐴𝐶 = -5.4606502 eV

3 2 -
9.27229

0.28536 1.15327 0.81231 2.63915

Ti Z = 22 CerdaHuckelParameters.Titanium_bcc_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

7.61918
0.45558 0.89722 𝑈 = [4.11491, 4.11491,

9.386] eV
4 1 -7.129 0.49494 1.00909 𝐸𝑉 𝐴𝐶 = -5.881899 eV
3 2 -

9.08015
0.28536 1.15327 0.81231 2.63915

V Z = 23 CerdaHuckelParameters.Vanadium_bcc_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -7.902 0.88449 1.51793 𝑈 = [4.8865, 4.8865, 10.1]

eV
4 1 -

5.37821
0.66078 1.30693 𝐸𝑉 𝐴𝐶 = -5.8156347 eV

3 2 -
9.44229

0.62062 1.68218

Cr Z = 24 CerdaHuckelParameters.Chromium_bcc_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

8.07927
0.64199 0.99961 𝑈 = [4.41663, 4.41663,

10.75] eV
4 1 -

7.26305
0.58547 1.10362 𝐸𝑉 𝐴𝐶 = -5.6996914 eV

3 2 -
10.7296

0.33576 1.45656 0.7694 3.27523

Mn Z = 25 CerdaHuckelParameters.Manganese_fcc_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

8.93247
0.60538 1.39823 𝑈 = [4.98099, 4.98099,

11.35] eV
4 1 -

6.56812
0.59765 1.20449 𝐸𝑉 𝐴𝐶 = -5.921038 eV

3 2 -
10.8763

0.3231 1.52037 0.78115 3.44592
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Mn Z = 25 CerdaHuckelParameters.Manganese_bcc_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

9.14276
0.60538 1.39823 𝑈 = [4.91258, 4.91258,

11.35] eV
4 1 -

6.92114
0.59765 1.20449 𝐸𝑉 𝐴𝐶 = -5.91948471 eV

3 2 -
11.2151

0.3231 1.52037 0.78115 3.44592

Fe Z = 26 CerdaHuckelParameters.Iron_bcc_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

9.39204
0.5892 1.4884 𝑈 = [5.13145, 5.13145,

11.92] eV
4 1 -

6.66953
0.59596 1.25262 𝐸𝑉 𝐴𝐶 = -5.20999981 eV

3 2 -
11.4024

0.26494 1.48912 0.82466 3.3483

Co Z = 27 CerdaHuckelParameters.Cobalt_fcc_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

9.90499
0.53969 1.48379 𝑈 = [5.18117, 5.18117,

12.47] eV
4 1 -

6.97352
0.59446 1.2556 𝐸𝑉 𝐴𝐶 = -4.95579 eV

3 2 -
11.7395

0.24393 1.4872 0.84379 3.41646

Co Z = 27 CerdaHuckelParameters.Cobalt_hcp_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

10.0487
0.53969 1.48379 𝑈 = [5.14334, 5.14334,

12.47] eV
4 1 -

7.18148
0.59446 1.2556 𝐸𝑉 𝐴𝐶 = -5.0868314 eV

3 2 -
11.7495

0.24393 1.4872 0.84379 3.41646

Ni Z = 28 CerdaHuckelParameters.Nickel_fcc_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

9.7934
0.60557 1.58729 𝑈 = [5.36667, 5.36667,

12.99] eV
4 1 -

6.69928
0.61588 1.29812 𝐸𝑉 𝐴𝐶 = -4.6469427 eV

3 2 -
11.7794

0.29586 1.63992 0.81374 3.94689
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Cu Z = 29 CerdaHuckelParameters.Copper_fcc_Basis 𝑁𝑉 = 11.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

10.5742
0.6063 1.69318 𝑈 = [4.34198, 4.34198,

11.22] eV
4 1 -

6.86172
0.63888 1.33731 𝐸𝑉 𝐴𝐶 = -5.1780533 eV

3 2 -
12.8961

0.32382 1.79662 0.82655 5.14331

Zn Z = 30 CerdaHuckelParameters.Zinc_fcc_Basis 𝑁𝑉 = 12.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

12.9625
1 2.36615 𝑈 = [4.98932, 4.98932,

13.99] eV
4 1 -

9.23345
0.4167 1.63016 𝐸𝑉 𝐴𝐶 = -6.67286 eV

3 2 -18.035 0.15524 2.01067 0.87781 3.565

Ga Z = 31 CerdaHuckelParameters.Gallium_fcc_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

14.5101
0.67038 2.03484 𝑈 = [6.32012, 6.32012,

6.32012] eV
4 1 -

8.56214
0.71632 1.63083 𝐸𝑉 𝐴𝐶 = -5.6833707 eV

4 2 -
3.16883

0.89901 0.90717

Ga Z = 31 CerdaHuckelParameters.Gallium_GaP_GW_Basis 𝑁𝑉 = 2.86458
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

16.3708
0.67038 2.03484 𝑈 = [5.936, 5.936,

5.936] eV
4 1 -

10.0152
0.71632 1.63083 𝐸𝑉 𝐴𝐶 = -6.88753 eV

4 2 -
3.79622

0.89901 0.90717

Ga Z = 31 CerdaHuckelParameters.Gallium_GaAs_Basis 𝑁𝑉 =
3.7153800000000006

n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

17.2549
0.57998 1.93753 𝑈 = [5.936, 5.936, 5.936]

eV
4 1 -

11.2889
0.64383 1.58044 𝐸𝑉 𝐴𝐶 = -7.60579 eV

4 2 -
6.68155

0.65154 0.9494
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Ga Z = 31 CerdaHuckelParameters.Gallium_GaAs_GW_Basis 𝑁𝑉 = 2.97286
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

16.9187
0.67038 2.03484 𝑈 = [5.936, 5.936,

5.936] eV
4 1 -

10.7539
0.71632 1.63083 𝐸𝑉 𝐴𝐶 = -7.41 eV

4 2 -
3.96693

0.89901 0.90717

As Z = 33 CerdaHuckelParameters.Arsenic_AlAs_GW_Basis 𝑁𝑉 =
5.1868099999999995

n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

21.9456
0.54624 2.19335 𝑈 = [8.399, 8.399,

8.399] eV
4 1 -

13.0744
0.7307 1.9686 𝐸𝑉 𝐴𝐶 = -6.8946024 eV

4 2 -
3.38857

0.9902 0.94359

As Z = 33 CerdaHuckelParameters.Arsenic_GaAs_Basis 𝑁𝑉 = 4.28462
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

20.6851
0.62857 2.2775 𝑈 = [8.399, 8.399, 8.399]

eV
4 1 -

12.1021
0.999 2.28904 𝐸𝑉 𝐴𝐶 = -7.60579 eV

4 2 -
3.36392

0.9902 1.67268

As Z = 33 CerdaHuckelParameters.Arsenic_GaAs_GW_Basis 𝑁𝑉 = 5.02714
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

22.1472
0.54624 2.19335 𝑈 = [8.399, 8.399,

8.399] eV
4 1 -

13.1706
0.7307 1.9686 𝐸𝑉 𝐴𝐶 = -7.41 eV

4 2 -4.137 0.9902 0.94359

As Z = 33 CerdaHuckelParameters.Arsenic_InAs_GW_Basis 𝑁𝑉 = 5.40319
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
4 0 -

22.0247
0.54624 2.19335 𝑈 = [8.399, 8.399,

8.399] eV
4 1 -

13.2078
0.7307 1.9686 𝐸𝑉 𝐴𝐶 = -7.5043 eV

4 2 -4.6414 0.9902 0.94359
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Y Z = 39 CerdaHuckelParameters.Yttrium_fcc_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

8.45573
0.66414 1.62475 𝑈 = [4.21408, 4.21408,

6.529] eV
5 1 -

5.03686
0.72293 1.30361 𝐸𝑉 𝐴𝐶 = -6.0 eV

4 2 -
8.01171

0.68038 1.58038

Y Z = 39 CerdaHuckelParameters.Yttrium_hcp_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

8.47712
0.66414 1.62475 𝑈 = [4.18435, 4.18435,

6.529] eV
5 1 -

5.08407
0.72293 1.30361 𝐸𝑉 𝐴𝐶 = -6.0 eV

4 2 -
7.99731

0.68038 1.58038

Zr Z = 40 CerdaHuckelParameters.Zirconium_hcp_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

8.21277
0.66589 1.56164 𝑈 = [4.48138, 4.48138,

7.307] eV
5 1 -

6.00133
0.53606 1.2688 𝐸𝑉 𝐴𝐶 = -5.9781231 eV

4 2 -
9.03884

0.61574 1.66473 0.64065 5.0542

Zr Z = 40 CerdaHuckelParameters.Zirconium_fcc_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

8.08839
0.66589 1.56164 𝑈 = [4.32906, 4.32906,

7.307] eV
5 1 -

5.73102
0.53606 1.2688 𝐸𝑉 𝐴𝐶 = -5.9683992 eV

4 2 -
8.94122

0.61574 1.66473 0.64065 5.0542

Zr Z = 40 CerdaHuckelParameters.Zirconium_bcc_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

7.8852
0.66589 1.56164 𝑈 = [4.55723, 4.55723,

7.307] eV
5 1 -

5.58256
0.53606 1.2688 𝐸𝑉 𝐴𝐶 = -6.026187 eV

4 2 -
8.74286

0.61574 1.66473 0.64065 5.0542
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Nb Z = 41 CerdaHuckelParameters.Niobium_bcc_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

7.83515
0.78125 1.66071 𝑈 = [4.34576, 4.34576,

6.92] eV
5 1 -

5.03085
0.68753 1.27372 𝐸𝑉 𝐴𝐶 = -5.79099796 eV

4 2 -
9.3306

0.68669 1.85049

Mo Z = 42 CerdaHuckelParameters.Molybdenum_bcc_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

8.36662
0.83018 1.72218 𝑈 = [4.26433, 4.26433,

7.689] eV
5 1 -

5.39352
0.72696 1.3365 𝐸𝑉 𝐴𝐶 = -5.194213 eV

4 2 -
10.8671

0.67217 1.9978

Tc Z = 43 CerdaHuckelParameters.Technetium_hcp_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

8.50569
0.77154 1.64956 𝑈 = [5.02966, 5.02966,

9.207] eV
5 1 -

5.74739
0.63636 1.36162 𝐸𝑉 𝐴𝐶 = -7.5148955 eV

4 2 -
11.4215

0.45903 1.87926 0.66939 3.90392

Tc Z = 43 CerdaHuckelParameters.Technetium_fcc_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

8.2267
0.77154 1.64956 𝑈 = [5.02277, 5.02277,

9.207] eV
5 1 -

5.70711
0.63636 1.36162 𝐸𝑉 𝐴𝐶 = -7.4558211 eV

4 2 -
11.3582

0.45903 1.87926 0.66939 3.90392

Ru Z = 44 CerdaHuckelParameters.Ruthenium_hcp_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

9.32602
0.60076 1.63558 𝑈 = [4.16207, 4.16207,

8.907] eV
5 1 -

6.34065
0.58839 1.37066 𝐸𝑉 𝐴𝐶 = -5.5914432 eV

4 2 -
12.4218

0.27066 1.71196 0.80993 3.31356
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Ru Z = 44 CerdaHuckelParameters.Ruthenium_fcc_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

8.84268
0.60076 1.63558 𝑈 = [4.19692, 4.19692,

8.907] eV
5 1 -

6.06874
0.58839 1.37066 𝐸𝑉 𝐴𝐶 = -5.1774836 eV

4 2 -
11.9364

0.27066 1.71196 0.80993 3.31356

Rh Z = 45 CerdaHuckelParameters.Rhodium_fcc_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

9.22928
0.72992 1.86894 𝑈 = [4.56908, 4.56908,

9.455] eV
5 1 -

5.15799
0.71084 1.40344 𝐸𝑉 𝐴𝐶 = -4.9623528 eV

4 2 -
12.433

0.41591 2.00068 0.70707 4.15195

Pd Z = 46 CerdaHuckelParameters.Palladium_fcc_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

9.07916
0.63338 1.77352 𝑈 = [5.772, 5.772, 9.047]

eV
5 1 -5.8727 0.64064 1.43651 𝐸𝑉 𝐴𝐶 = -4.387488 eV
4 2 -

12.3746
0.31704 1.9082 0.78406 3.88573

Ag Z = 47 CerdaHuckelParameters.Silver_fcc_Basis 𝑁𝑉 = 11.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

10.3592
0.61985 1.91661 𝑈 = [5.06366, 5.06366,

10.48] eV
5 1 -

6.20001
0.66651 1.50982 𝐸𝑉 𝐴𝐶 = -5.43566 eV

4 2 -
14.5109

0.28692 2.01944 0.80921 4.14345

Cd Z = 48 CerdaHuckelParameters.Cadmium_fcc_Basis 𝑁𝑉 = 12.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

12.3344
0.60994 2.10439 𝑈 = [5.21713, 5.21713,

11.64] eV
5 1 -

7.85805
0.5758 1.66558 𝐸𝑉 𝐴𝐶 = -5.7843316 eV

4 2 -
19.8661

0.93688 14.8833 0.32073 2.31681
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In Z = 49 CerdaHuckelParameters.Indium_fcc_Basis 𝑁𝑉 = 3.0000000000000004
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

13.9371
0.59101 2.11757 𝑈 = [5.83205, 5.83205,

5.83205] eV
5 1 -

8.22964
0.71392 1.84269 𝐸𝑉 𝐴𝐶 = -5.904437 eV

5 2 -
3.54891

0.61732 1.02658

In Z = 49 CerdaHuckelParameters.Indium_InP_GW_Basis 𝑁𝑉 = 2.55121
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

15.9796
0.59101 2.11757 𝑈 = [5.53, 5.53, 5.53]

eV
5 1 -

9.05671
0.71392 1.84269 𝐸𝑉 𝐴𝐶 = -6.92207 eV

5 2 -
3.77804

0.61732 1.02658

In Z = 49 CerdaHuckelParameters.Indium_InAs_GW_Basis 𝑁𝑉 =
2.5968099999999996

n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
5 0 -

16.4496
0.59101 2.11757 𝑈 = [5.53, 5.53, 5.53]

eV
5 1 -

9.83157
0.71392 1.84269 𝐸𝑉 𝐴𝐶 = -7.5043 eV

5 2 -3.6995 0.61732 1.02658

W Z = 74 CerdaHuckelParameters.Tungsten_bcc_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
6 0 -

10.5819
0.80244 2.30427 𝑈 = [4.69614, 4.69614,

8.228] eV
6 1 -

5.53905
0.68049 1.72283 𝐸𝑉 𝐴𝐶 = -5.6645015 eV

5 2 -
10.7394

0.69067 2.3028

Re Z = 75 CerdaHuckelParameters.Rhenium_hcp_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
6 0 -

10.004
0.20733 1.6507 0.84382 2.6424 𝑈 = [4.80643, 4.80643,

8.704] eV
6 1 -

5.98158
0.76128 1.58733 𝐸𝑉 𝐴𝐶 = -5.453634 eV

5 2 -
11.3579

0.65008 2.33586
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Ir Z = 77 CerdaHuckelParameters.Iridium_fcc_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
6 0 -

12.1196
0.64865 2.32336 𝑈 = [4.88371, 4.88371,

9.555] eV
6 1 -

6.44135
0.69422 1.80105 𝐸𝑉 𝐴𝐶 = -4.2382022 eV

5 2 -
13.1059

0.32075 2.16073 0.77521 4.01172

Pt Z = 78 CerdaHuckelParameters.Platinum_fcc_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
6 0 -

11.7091
0.65212 2.32872 𝑈 = [3.97472, 3.97472,

8.579] eV
6 1 -

6.08105
0.7288 1.77159 𝐸𝑉 𝐴𝐶 = -4.0783659 eV

5 2 -
13.301

0.38501 2.30384 0.74491 4.63467

Au Z = 79 CerdaHuckelParameters.Gold_fcc_Basis 𝑁𝑉 = 11.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 2.3
6 0 -

12.1342
0.60326 2.31605 𝑈 = [4.37908, 4.37908,

9.852] eV
6 1 -

6.73967
0.62661 1.74458 𝐸𝑉 𝐴𝐶 = -4.8533 eV

5 2 -
14.0257

0.37598 2.32731 0.79437 5.44496

Müller Hückel basis set parameters

The Müller Hückel basis set parameters. The unit of𝐸ion is eV, while the units of 𝑤𝑖 and 𝜂𝑖 are Bohr−3/2 and Bohr−1,
respectively.

H Z = 1 HoffmannHuckelParameters.Hydrogen_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
1 0 -13.6 1 1.3 𝑈 = [12.848] eV

𝐸𝑉 𝐴𝐶 = 0.0 eV

He Z = 2 HoffmannHuckelParameters.Helium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
1 0 -23.4 1 1.688 𝑈 = [9] eV

𝐸𝑉 𝐴𝐶 = 0.0 eV

Li Z = 3 HoffmannHuckelParameters.Lithium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -5.4 1 0.65 𝑈 = [3.469, 3.469] eV
2 1 -3.5 1 0.65 𝐸𝑉 𝐴𝐶 = 0.0 eV
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Be Z = 4 HoffmannHuckelParameters.Beryllium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -10 1 0.975 𝑈 = [5.935, 5.935] eV
2 1 -6 1 0.975 𝐸𝑉 𝐴𝐶 = 0.0 eV

B Z = 5 HoffmannHuckelParameters.Boron_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -15.2 1 1.3 𝑈 = [8, 8] eV
2 1 -8.5 1 1.3 𝐸𝑉 𝐴𝐶 = 0.0 eV

C Z = 6 HoffmannHuckelParameters.Carbon_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -21.4 1 1.625 𝑈 = [10.207, 10.207] eV
2 1 -11.4 1 1.625 𝐸𝑉 𝐴𝐶 = 0.0 eV

N Z = 7 HoffmannHuckelParameters.Nitrogen_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -26 1 1.95 𝑈 = [11.052, 11.052] eV
2 1 -13.4 1 1.95 𝐸𝑉 𝐴𝐶 = 0.0 eV

O Z = 8 HoffmannHuckelParameters.Oxygen_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -32.3 1 2.275 𝑈 = [13.625, 13.625] eV
2 1 -14.8 1 2.275 𝐸𝑉 𝐴𝐶 = 0.0 eV

F Z = 9 HoffmannHuckelParameters.Fluorine_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -40 1 2.425 𝑈 = [15.054, 15.054] eV
2 1 -18.1 1 2.425 𝐸𝑉 𝐴𝐶 = 0.0 eV

Ne Z = 10 HoffmannHuckelParameters.Neon_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -43.2 1 2.879 𝑈 = [9, 9] eV
2 1 -20 1 2.879 𝐸𝑉 𝐴𝐶 = 0.0 eV

Na Z = 11 HoffmannHuckelParameters.Sodium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -5.1 1 0.733 𝑈 = [2.982, 2.982] eV
3 1 -3 1 0.733 𝐸𝑉 𝐴𝐶 = 0.0 eV
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Mg Z = 12 HoffmannHuckelParameters.Magnesium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -9 1 1.1 𝑈 = [4.623, 4.623]

eV
3 1 -4.5 1 1.1 𝐸𝑉 𝐴𝐶 = 0.0 eV

Al Z = 13 HoffmannHuckelParameters.Aluminium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -12.3 1 1.167 𝑈 = [5.682, 5.682]

eV
3 1 -6.5 1 1.167 𝐸𝑉 𝐴𝐶 = 0.0 eV

Si Z = 14 HoffmannHuckelParameters.Silicon_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -17.3 1 1.383 𝑈 = [6.964, 6.964] eV
3 1 -9.2 1 1.383 𝐸𝑉 𝐴𝐶 = 0.0 eV

P Z = 15 HoffmannHuckelParameters.Phosphorus_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -18.6 1 1.75 𝑈 = [9.878, 9.878]

eV
3 1 -14 1 1.3 𝐸𝑉 𝐴𝐶 = 0.0 eV

S Z = 16 HoffmannHuckelParameters.Sulfur_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -20 1 2.122 𝑈 = [9.205, 9.205] eV
3 1 -11 1 1.827 𝐸𝑉 𝐴𝐶 = 0.0 eV

Cl Z = 17 HoffmannHuckelParameters.Chlorine_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -26.3 1 2.183 𝑈 = [10.292, 10.292]

eV
3 1 -14.2 1 1.733 𝐸𝑉 𝐴𝐶 = 0.0 eV

K Z = 19 HoffmannHuckelParameters.Potassium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -4.34 1 0.874 𝑈 = [3.702, 3.702] eV
4 1 -2.73 1 0.874 𝐸𝑉 𝐴𝐶 = 0.0 eV

Ca Z = 20 HoffmannHuckelParameters.Calcium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -7 1 1.2 𝑈 = [9, 9] eV
4 1 -4 1 1.2 𝐸𝑉 𝐴𝐶 = 0.0 eV

2466 Chapter 6. Atomic data



QuantumATK V-2023.12 Documentation

Sc Z = 21 HoffmannHuckelParameters.Scandium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -8.87 1 1.3 𝑈 = [9, 9, 9] eV
4 1 -2.75 1 1.3 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -8.51 0.422783 4.35 0.72757 1.7

Ti Z = 22 HoffmannHuckelParameters.Titanium_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -8.97 1 1.075 𝑈 = [9, 9, 9] eV
4 1 -5.44 1 1.075 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -10.81 0.420607 4.55 0.783913 1.4

V Z = 23 HoffmannHuckelParameters.Vanadium_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -8.81 1 1.3 𝑈 = [9, 9, 9] eV
4 1 -5.52 1 1.3 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -11 0.475509 4.75 0.705213 1.7

Cr Z = 24 HoffmannHuckelParameters.Chromium_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -8.66 1 1.7 𝑈 = [9, 9, 9] eV
4 1 -5.24 1 1.7 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -11.22 0.505792 4.95 0.674723 1.8

Mn Z = 25 HoffmannHuckelParameters.Manganese_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -9.75 1 0.97 𝑈 = [9, 9, 9] eV
4 1 -5.89 1 0.97 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -11.67 0.513906 5.15 0.692909 1.7

Fe Z = 26 HoffmannHuckelParameters.Iron_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -9.1 1 1.9 𝑈 = [9, 9, 9] eV
4 1 -5.32 1 1.9 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -12.6 0.5505 5.35 0.626 2

Co Z = 27 HoffmannHuckelParameters.Cobalt_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -9.21 1 2 𝑈 = [9, 9, 9] eV
4 1 -5.29 1 2 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -13.18 0.567865 5.55 0.605856 2.1
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Ni Z = 28 HoffmannHuckelParameters.Nickel_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -10.95 1 2.1 𝑈 = [9, 9, 9] eV
4 1 -6.27 1 2.1 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -14.2 0.549306 5.75 0.60817 2.3

Cu Z = 29 HoffmannHuckelParameters.Copper_Basis 𝑁𝑉 = 11.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -11.4 1 2.2 𝑈 = [9, 9, 9] eV
4 1 -6.06 1 2.2 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -14 0.593322 5.95 0.574421 2.3

Zn Z = 30 HoffmannHuckelParameters.Zinc_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -12.41 1 2.01 𝑈 = [9, 9] eV
4 1 -6.53 1 1.7 𝐸𝑉 𝐴𝐶 = 0.0 eV

Ga Z = 31 HoffmannHuckelParameters.Gallium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -14.58 1 1.77 𝑈 = [5.936, 5.936] eV
4 1 -6.75 1 1.55 𝐸𝑉 𝐴𝐶 = 0.0 eV

Ge Z = 32 HoffmannHuckelParameters.Germanium_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -16 1 2.16 𝑈 = [6.608, 6.608]

eV
4 1 -9 1 1.85 𝐸𝑉 𝐴𝐶 = 0.0 eV

As Z = 33 HoffmannHuckelParameters.Arsenic_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -16.22 1 2.23 𝑈 = [8.399, 8.399] eV
4 1 -12.16 1 1.89 𝐸𝑉 𝐴𝐶 = 0.0 eV

Se Z = 34 HoffmannHuckelParameters.Selenium_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -20.5 1 2.44 𝑈 = [9.121, 9.121] eV
4 1 -14.4 1 2.07 𝐸𝑉 𝐴𝐶 = 0.0 eV

Br Z = 35 HoffmannHuckelParameters.Bromine_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -22.07 1 2.588 𝑈 = [8.823, 8.823] eV
4 1 -13.1 1 2.131 𝐸𝑉 𝐴𝐶 = 0.0 eV
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Rb Z = 37 HoffmannHuckelParameters.Rubidium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -4.18 1 0.997 𝑈 = [2.495, 2.495]

eV
5 1 -2.6 1 0.997 𝐸𝑉 𝐴𝐶 = 0.0 eV

Sr Z = 38 HoffmannHuckelParameters.Strontium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -6.62 1 1.214 𝑈 = [9, 9] eV
5 1 -3.92 1 1.214 𝐸𝑉 𝐴𝐶 = 0.0 eV

Zr Z = 40 HoffmannHuckelParameters.Zirconium_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -9.87 1 1.817 𝑈 = [9, 9, 9] eV
5 1 -6.76 1 1.776 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -11.18 0.622416 3.835 0.578216 1.505

Nb Z = 41 HoffmannHuckelParameters.Niobium_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -10.1 1 1.89 𝑈 = [9, 9, 9] eV
5 1 -6.86 1 1.85 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -12.1 0.640101 4.08 0.551601 1.64

Mo Z = 42 HoffmannHuckelParameters.Molybdenum_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -8.34 1 1.96 𝑈 = [9, 9, 9] eV
5 1 -5.24 1 1.9 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -10.5 0.589879 4.54 0.589879 1.9

Tc Z = 43 HoffmannHuckelParameters.Technetium_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -10.07 1 2.018 𝑈 = [9, 9, 9] eV
5 1 -5.4 1 1.984 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -12.82 0.5715 4.9 0.6012 2.094

Ru Z = 44 HoffmannHuckelParameters.Ruthenium_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -10.4 1 2.08 𝑈 = [9, 9, 9] eV
5 1 -6.87 1 2.04 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -14.9 0.534242 5.38 0.636789 2.3
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Rh Z = 45 HoffmannHuckelParameters.Rhodium_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -8.09 1 2.135 𝑈 = [9, 9, 9] eV
5 1 -4.57 1 2.1 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -12.5 0.580698 4.29 0.568498 1.97

Pd Z = 46 HoffmannHuckelParameters.Palladium_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -7.32 1 2.19 𝑈 = [9, 9, 9] eV
5 1 -3.75 1 2.152 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -12.02 0.526436 5.983 0.637334 2.613

Cd Z = 48 HoffmannHuckelParameters.Cadmium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -11.8 1 1.64 𝑈 = [9, 9] eV
5 1 -8.2 1 1.6 𝐸𝑉 𝐴𝐶 = 0.0 eV

In Z = 49 HoffmannHuckelParameters.Indium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -12.6 1 1.903 𝑈 = [5.53, 5.53] eV
5 1 -6.19 1 1.677 𝐸𝑉 𝐴𝐶 = 0.0 eV

Sn Z = 50 HoffmannHuckelParameters.Tin_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -16.16 1 2.12 𝑈 = [4.297, 4.297] eV
5 1 -8.32 1 1.82 𝐸𝑉 𝐴𝐶 = 0.0 eV

Sb Z = 51 HoffmannHuckelParameters.Antimony_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -18.8 1 2.323 𝑈 = [7.657, 7.657] eV
5 1 -11.7 1 1.999 𝐸𝑉 𝐴𝐶 = 0.0 eV

Te Z = 52 HoffmannHuckelParameters.Tellurium_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -20.8 1 2.51 𝑈 = [8.985, 8.985] eV
5 1 -14.8 1 2.16 𝐸𝑉 𝐴𝐶 = 0.0 eV

I Z = 53 HoffmannHuckelParameters.Iodine_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -18 1 2.679 𝑈 = [9.448, 9.448] eV
5 1 -12.7 1 2.322 𝐸𝑉 𝐴𝐶 = 0.0 eV
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Cs Z = 55 HoffmannHuckelParameters.Caesium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -3.88 1 1.06 𝑈 = [9, 9] eV
6 1 -2.49 1 1.06 𝐸𝑉 𝐴𝐶 = 0.0 eV

La Z = 57 HoffmannHuckelParameters.Lanthanum_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -7.67 1 2.14 𝑈 = [9, 9, 9] eV
6 1 -5.01 1 2.08 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -8.21 0.776515 3.78 0.458609 1.381

Ce Z = 58 HoffmannHuckelParameters.Cerium_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.97 1 1.799 𝑈 = [9, 9, 9, 9] eV
6 1 -4.97 1 1.799 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -6.43 1 2.747
4 3 -11.28 1 3.907

Sm Z = 62 HoffmannHuckelParameters.Samarium_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.86 1 1.4 𝑈 = [9, 9, 9, 9] eV
6 1 -4.86 1 1.4 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -6.06 0.718435 2.747 0.444722 1.267
4 3 -11.28 0.735406 6.907 0.459703 2.639

Gd Z = 64 HoffmannHuckelParameters.Gadolinium_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -5.44 1 1.369 𝑈 = [9, 9, 9] eV
5 2 -6.06 0.718435 2.747 0.444722 1.267 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 3 -11.28 0.735406 6.907 0.459703 2.639

Yb Z = 70 HoffmannHuckelParameters.Ytterbium_Basis 𝑁𝑉 = 16.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -5.35 1 1.54 𝑈 = [9, 9, 9, 9] eV
6 1 -5.35 1 1.54 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -5.21 0.706344 2.81 0.48343 1.216
4 3 -13.86 0.746226 8.629 0.456538 3.198

Lu Z = 71 HoffmannHuckelParameters.Lutetium_Basis 𝑁𝑉 = 17.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -6.05 1 1.666 𝑈 = [9, 9, 9, 9] eV
6 1 -6.05 1 1.666 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -5.12 0.704411 2.813 0.488008 1.21
4 3 -22.4 0.733001 9.136 0.445901 3.666
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Ta Z = 73 HoffmannHuckelParameters.Tantalum_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -10.1 1 2.28 𝑈 = [9, 9, 9] eV
6 1 -6.86 1 2.241 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -12.1 0.610612 4.762 0.610612 1.938

W Z = 74 HoffmannHuckelParameters.Tungsten_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -8.26 1 2.341 𝑈 = [9, 9, 9] eV
6 1 -5.17 1 2.309 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -10.37 0.668535 4.982 0.542438 2.068

Re Z = 75 HoffmannHuckelParameters.Rhenium_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -9.36 1 2.398 𝑈 = [9, 9, 9] eV
6 1 -5.96 1 2.372 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -12.66 0.637752 5.343 0.565763 2.277

Os Z = 76 HoffmannHuckelParameters.Osmium_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -8.17 1 2.452 𝑈 = [9, 9, 9] eV
6 1 -4.81 1 2.429 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -11.84 0.637195 5.571 0.559795 2.416

Ir Z = 77 HoffmannHuckelParameters.Iridium_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -11.36 1 2.5 𝑈 = [9, 9, 9] eV
6 1 -4.5 1 2.2 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -12.17 0.635059 5.796 0.555605 2.557

Pt Z = 78 HoffmannHuckelParameters.Platinum_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -9.077 1 2.554 𝑈 = [8.604, 8.604, 8.604]

eV
6 1 -5.475 1 2.554 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -12.59 0.633378 6.013 0.551281 2.696

Au Z = 79 HoffmannHuckelParameters.Gold_Basis 𝑁𝑉 = 11.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -10.92 1 2.602 𝑈 = [8.604, 8.604, 8.604]

eV
6 1 -5.55 1 2.584 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -15.07 0.644177 6.163 0.535576 2.794
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Hg Z = 80 HoffmannHuckelParameters.Mercury_Basis 𝑁𝑉 = 12.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -13.68 1 2.649 𝑈 = [9, 9, 9] eV
6 1 -8.47 1 2.631 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -17.5 0.643776 6.436 0.521481 3.032

Tl Z = 81 HoffmannHuckelParameters.Thallium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -11.6 1 2.3 𝑈 = [9, 9] eV
6 1 -5.8 1 1.6 𝐸𝑉 𝐴𝐶 = 0.0 eV

Pb Z = 82 HoffmannHuckelParameters.Lead_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -15.7 1 2.35 𝑈 = [9, 9] eV
6 1 -8 1 2.06 𝐸𝑉 𝐴𝐶 = 0.0 eV

Bi Z = 83 HoffmannHuckelParameters.Bismuth_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -15.19 1 2.56 𝑈 = [9, 9] eV
6 1 -7.79 1 2.072 𝐸𝑉 𝐴𝐶 = 0.0 eV

Th Z = 90 HoffmannHuckelParameters.Thorium_Basis 𝑁𝑉 = 0.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 3 -9.64 0.768182 4.477 0.42669 1.837 𝑈 = [9, 9, 9, 9, 9] eV
7 0 -5.39 1 1.834 𝐸𝑉 𝐴𝐶 = 0.0 eV
7 1 -5.39 1 1.834
6 2 -10.11 0.761171 2.461 0.407085 1.165
5 3 -9.64 0.768182 4.477 0.42669 1.837

U Z = 92 HoffmannHuckelParameters.Uranium_Basis 𝑁𝑉 = 0.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
7 0 -5.5 1 1.914 𝑈 = [9, 9, 9, 9] eV
7 1 -5.5 1 1.914 𝐸𝑉 𝐴𝐶 = 0.0 eV
6 2 -9.19 0.760793 2.581 0.412596 1.207
5 3 -10.62 0.784411 4.943 0.390806 2.106
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Cerda Hückel basis set parameters

The Cerda Hückel basis set parameters. The unit of 𝐸ion is eV, while the units of 𝑤𝑖 and 𝜂𝑖 are Bohr−3/2 and Bohr−1,
respectively.

H Z = 1 MullerHuckelParameters.Hydrogen_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
1 0 -13.606 1 1 𝑈 = [12.848] eV

𝐸𝑉 𝐴𝐶 = 0.0 eV

He Z = 2 MullerHuckelParameters.Helium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
1 0 -24.979 1 1.618 𝑈 = [9] eV

𝐸𝑉 𝐴𝐶 = 0.0 eV

Li Z = 3 MullerHuckelParameters.Lithium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -5.342 1 0.645 𝑈 = [3.469, 3.469] eV
2 1 -3.499 1 0.524 𝐸𝑉 𝐴𝐶 = 0.0 eV

Be Z = 4 MullerHuckelParameters.Beryllium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -8.416 1 0.944 𝑈 = [5.935, 5.935] eV
2 1 -5.632 1 0.875 𝐸𝑉 𝐴𝐶 = 0.0 eV

B Z = 5 MullerHuckelParameters.Boron_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -13.462 1 1.265 𝑈 = [8, 8] eV
2 1 -8.432 1 1.134 𝐸𝑉 𝐴𝐶 = 0.0 eV

C Z = 6 MullerHuckelParameters.Carbon_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -19.376 1 1.576 𝑈 = [10.207, 10.207] eV
2 1 -11.072 1 1.435 𝐸𝑉 𝐴𝐶 = 0.0 eV

N Z = 7 MullerHuckelParameters.Nitrogen_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -26.223 1 1.885 𝑈 = [11.052, 11.052] eV
2 1 -13.841 1 1.728 𝐸𝑉 𝐴𝐶 = 0.0 eV

O Z = 8 MullerHuckelParameters.Oxygen_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -34.024 1 2.192 𝑈 = [13.625, 13.625] eV
2 1 -16.768 1 2.018 𝐸𝑉 𝐴𝐶 = 0.0 eV
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F Z = 9 MullerHuckelParameters.Fluorine_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -42.791 1 2.497 𝑈 = [15.054, 15.054] eV
2 1 -19.865 1 2.305 𝐸𝑉 𝐴𝐶 = 0.0 eV

Ne Z = 10 MullerHuckelParameters.Neon_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
2 0 -52.529 1 2.802 𝑈 = [9, 9] eV
2 1 -23.141 1 2.59 𝐸𝑉 𝐴𝐶 = 0.0 eV

Na Z = 11 MullerHuckelParameters.Sodium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -4.955 1 0.832 𝑈 = [2.982, 2.982] eV
3 1 -2.976 1 0.611 𝐸𝑉 𝐴𝐶 = 0.0 eV

Mg Z = 12 MullerHuckelParameters.Magnesium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -6.886 1 1.076 𝑈 = [4.623, 4.623] eV
3 1 -4.169 1 0.862 𝐸𝑉 𝐴𝐶 = 0.0 eV

Al Z = 13 MullerHuckelParameters.Aluminium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -10.706 1 1.347 𝑈 = [5.682, 5.682] eV
3 1 -5.713 1 1.019 𝐸𝑉 𝐴𝐶 = 0.0 eV

Si Z = 14 MullerHuckelParameters.Silicon_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -14.792 1 1.588 𝑈 = [6.964, 6.964] eV
3 1 -7.585 1 1.256 𝐸𝑉 𝐴𝐶 = 0.0 eV

P Z = 15 MullerHuckelParameters.Phosphorus_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -19.221 1 1.816 𝑈 = [9.878, 9.878] eV
3 1 -9.539 1 1.478 𝐸𝑉 𝐴𝐶 = 0.0 eV

S Z = 16 MullerHuckelParameters.Sulfur_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -24.019 1 2.035 𝑈 = [9.205, 9.205] eV
3 1 -11.601 1 1.691 𝐸𝑉 𝐴𝐶 = 0.0 eV
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Cl Z = 17 MullerHuckelParameters.Chlorine_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -29.196 1 2.25 𝑈 = [10.292, 10.292] eV
3 1 -13.78 1 1.9 𝐸𝑉 𝐴𝐶 = 0.0 eV

Ar Z = 18 MullerHuckelParameters.Argon_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
3 0 -34.759 1 2.461 𝑈 = [9, 9] eV
3 1 -16.083 1 2.105 𝐸𝑉 𝐴𝐶 = 0.0 eV

K Z = 19 MullerHuckelParameters.Potassium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -4.013 1 0.858 𝑈 = [3.702, 3.702, 3.702]

eV
4 1 -2.599 1 0.671 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -1.581 1 0.364

Ca Z = 20 MullerHuckelParameters.Calcium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -5.321 1 1.067 𝑈 = [9, 9, 9] eV
4 1 -3.573 1 0.893 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -3.337 1 1.906

Sc Z = 21 MullerHuckelParameters.Scandium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -5.717 1 1.136 𝑈 = [9, 9, 9] eV
4 1 -3.739 1 0.951 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -9.353 0.4599 3.807 0.701847 1.455

Ti Z = 22 MullerHuckelParameters.Titanium_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -6.039 1 1.195 𝑈 = [9, 9, 9] eV
4 1 -3.863 1 0.998 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -11.043 0.468935 4.218 0.685904 1.664

V Z = 23 MullerHuckelParameters.Vanadium_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -6.325 1 1.248 𝑈 = [9, 9, 9] eV
4 1 -3.963 1 1.041 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -12.549 0.474002 4.6 0.677004 1.846
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Cr Z = 24 MullerHuckelParameters.Chromium_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -6.583 1 1.296 𝑈 = [9, 9, 9] eV
4 1 -4.042 1 1.077 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -13.909 0.474986 4.978 0.67298 2.022

Mn Z = 25 MullerHuckelParameters.Manganese_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -6.84 1 1.344 𝑈 = [9, 9, 9] eV
4 1 -4.12 1 1.113 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -15.27 0.480857 5.318 0.665802 2.176

Fe Z = 26 MullerHuckelParameters.Iron_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -7.079 1 1.388 𝑈 = [9, 9, 9] eV
4 1 -4.183 1 1.145 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -16.541 0.484872 5.653 0.660825 2.325

Co Z = 27 MullerHuckelParameters.Cobalt_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -7.309 1 1.431 𝑈 = [9, 9, 9] eV
4 1 -4.237 1 1.174 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -17.77 0.485886 5.996 0.658846 2.476

Ni Z = 28 MullerHuckelParameters.Nickel_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -7.532 1 1.473 𝑈 = [9, 9, 9] eV
4 1 -4.284 1 1.203 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -18.969 0.486001 6.339 0.658001 2.625

Cu Z = 29 MullerHuckelParameters.Copper_Basis 𝑁𝑉 = 11.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -7.755 1 1.515 𝑈 = [9, 9, 9] eV
4 1 -4.331 1 1.232 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -20.188 0.486895 6.676 0.656859 2.768

Zn Z = 30 MullerHuckelParameters.Zinc_Basis 𝑁𝑉 = 12.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -7.96 1 1.553 𝑈 = [9, 9, 9] eV
4 1 -4.361 1 1.251 𝐸𝑉 𝐴𝐶 = 0.0 eV
3 2 -21.294 0.48724 7.015 0.656323 2.911
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Ga Z = 31 MullerHuckelParameters.Gallium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -11.554 1 1.808 𝑈 = [5.936, 5.936] eV
4 1 -5.674 1 1.314 𝐸𝑉 𝐴𝐶 = 0.0 eV

Ge Z = 32 MullerHuckelParameters.Germanium_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -15.158 1 2.024 𝑈 = [6.608, 6.608] eV
4 1 -7.329 1 1.55 𝐸𝑉 𝐴𝐶 = 0.0 eV

As Z = 33 MullerHuckelParameters.Arsenic_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -18.916 1 2.222 𝑈 = [8.399, 8.399] eV
4 1 -8.984 1 1.757 𝐸𝑉 𝐴𝐶 = 0.0 eV

Se Z = 34 MullerHuckelParameters.Selenium_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -22.862 1 2.409 𝑈 = [9.121, 9.121] eV
4 1 -10.681 1 1.949 𝐸𝑉 𝐴𝐶 = 0.0 eV

Br Z = 35 MullerHuckelParameters.Bromine_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -27.013 1 2.588 𝑈 = [8.823, 8.823] eV
4 1 -12.438 1 2.131 𝐸𝑉 𝐴𝐶 = 0.0 eV

Kr Z = 36 MullerHuckelParameters.Krypton_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
4 0 -31.373 1 2.762 𝑈 = [9, 9] eV
4 1 -14.264 1 2.306 𝐸𝑉 𝐴𝐶 = 0.0 eV

Rb Z = 37 MullerHuckelParameters.Rubidium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -3.752 1 0.977 𝑈 = [2.495, 2.495, 2.495]

eV
5 1 -2.452 1 0.774 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -1.636 1 0.523

Sr Z = 38 MullerHuckelParameters.Strontium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -4.856 1 1.187 𝑈 = [9, 9, 9] eV
5 1 -3.299 1 1 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -3.179 1 1.694
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Y Z = 39 MullerHuckelParameters.Yttrium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -5.337 1 1.279 𝑈 = [9, 9, 9] eV
5 1 -3.515 1 1.079 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -6.799 0.601963 2.554 0.577964 1.068

Zr Z = 40 MullerHuckelParameters.Zirconium_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -5.735 1 1.36 𝑈 = [9, 9, 9] eV
5 1 -3.694 1 1.151 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -8.461 0.650366 2.769 0.508286 1.224

Nb Z = 41 MullerHuckelParameters.Niobium_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -5.923 1 1.403 𝑈 = [9, 9, 9] eV
5 1 -3.757 1 1.186 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -10.001 0.685854 2.955 0.461902 1.333

Mo Z = 42 MullerHuckelParameters.Molybdenum_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -6.112 1 1.446 𝑈 = [9, 9, 9] eV
5 1 -3.819 1 1.221 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -11.541 0.71711 3.126 0.426065 1.408

Tc Z = 43 MullerHuckelParameters.Technetium_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -6.3 1 1.49 𝑈 = [9, 9, 9] eV
5 1 -3.882 1 1.256 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -13.08 0.742534 3.293 0.39875 1.468

Ru Z = 44 MullerHuckelParameters.Ruthenium_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -6.488 1 1.533 𝑈 = [9, 9, 9] eV
5 1 -3.945 1 1.291 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -14.62 0.779822 3.429 0.367916 1.453

Rh Z = 45 MullerHuckelParameters.Rhodium_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -6.677 1 1.576 𝑈 = [9, 9, 9] eV
5 1 -4.008 1 1.326 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -16.16 0.80486 3.577 0.347939 1.452

6.2. Built-in parameter sets in ATK-SE 2479



QuantumATK V-2023.12 Documentation

Pd Z = 46 MullerHuckelParameters.Palladium_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -6.865 1 1.619 𝑈 = [9, 9, 9] eV
5 1 -4.07 1 1.362 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -17.7 0.814894 3.746 0.337956 1.501

Ag Z = 47 MullerHuckelParameters.Silver_Basis 𝑁𝑉 = 11.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -7.054 1 1.662 𝑈 = [9, 9, 9] eV
5 1 -4.133 1 1.397 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -19.24 0.824441 3.912 0.328777 1.545

Cd Z = 48 MullerHuckelParameters.Cadmium_Basis 𝑁𝑉 = 12.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -7.242 1 1.706 𝑈 = [9, 9, 9] eV
5 1 -4.196 1 1.432 𝐸𝑉 𝐴𝐶 = 0.0 eV
4 2 -20.78 0.823957 4.094 0.324983 1.64

In Z = 49 MullerHuckelParameters.Indium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -10.141 1 1.934 𝑈 = [5.53, 5.53] eV
5 1 -5.368 1 1.456 𝐸𝑉 𝐴𝐶 = 0.0 eV

Sn Z = 50 MullerHuckelParameters.Tin_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -13.043 1 2.129 𝑈 = [4.297, 4.297] eV
5 1 -6.764 1 1.674 𝐸𝑉 𝐴𝐶 = 0.0 eV

Sb Z = 51 MullerHuckelParameters.Antimony_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -16.026 1 2.305 𝑈 = [7.657, 7.657] eV
5 1 -8.143 1 1.863 𝐸𝑉 𝐴𝐶 = 0.0 eV

Te Z = 52 MullerHuckelParameters.Tellurium_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -19.122 1 2.47 𝑈 = [8.985, 8.985] eV
5 1 -9.54 1 2.036 𝐸𝑉 𝐴𝐶 = 0.0 eV

I Z = 53 MullerHuckelParameters.Iodine_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -22.344 1 2.626 𝑈 = [9.448, 9.448] eV
5 1 -10.971 1 2.198 𝐸𝑉 𝐴𝐶 = 0.0 eV
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Xe Z = 54 MullerHuckelParameters.Xenon_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
5 0 -25.699 1 2.776 𝑈 = [9, 9] eV
5 1 -12.444 1 2.352 𝐸𝑉 𝐴𝐶 = 0.0 eV

Cs Z = 55 MullerHuckelParameters.Caesium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -3.365 1 1.031 𝑈 = [9, 9, 9] eV
6 1 -2.286 1 0.845 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -1.844 1 0.906

Ba Z = 56 MullerHuckelParameters.Barium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.287 1 1.236 𝑈 = [9, 9, 9] eV
6 1 -3.063 1 1.071 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -4.143 1 1.96

La Z = 57 MullerHuckelParameters.Lanthanum_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.637 1 1.318 𝑈 = [9, 9, 9] eV
6 1 -3.233 1 1.142 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.316 0.593989 3.153 0.611989 1.338

Ce Z = 58 MullerHuckelParameters.Cerium_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.697 1 1.335 𝑈 = [9, 9, 9, 9] eV
6 1 -3.261 1 1.157 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.359 1 2.027
4 3 -11.95 1 4.22

Pr Z = 59 MullerHuckelParameters.Praseodymium_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.466 1 1.288 𝑈 = [9, 9, 9, 9] eV
6 1 -3.29 1 1.127 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.376 1 2.055
4 3 -12.94 1 4.415

Nd Z = 60 MullerHuckelParameters.Neodymium_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.518 1 1.303 𝑈 = [9, 9, 9, 9] eV
6 1 -3.318 1 1.187 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.373 1 2.08
4 3 -13.892 1 4.619
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Pm Z = 61 MullerHuckelParameters.Promethium_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.586 1 1.317 𝑈 = [9, 9, 9, 9] eV
6 1 -3.346 1 1.201 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.353 1 2.103
4 3 -14.901 1 4.81

Sm Z = 62 MullerHuckelParameters.Samarium_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.616 1 1.331 𝑈 = [9, 9, 9, 9] eV
6 1 -3.375 1 1.216 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.32 1 2.122
4 3 -15.719 1 4.991

Eu Z = 63 MullerHuckelParameters.Europium_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.663 1 1.345 𝑈 = [9, 9, 9, 9] eV
6 1 -3.403 1 1.231 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.276 1 2.14
4 3 -16.451 1 5.165

Gd Z = 64 MullerHuckelParameters.Gadolinium_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -5.033 1 1.427 𝑈 = [9, 9, 9, 9] eV
6 1 -3.431 1 1.246 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.22 1 2.155
4 3 -17.079 1 5.33

Tb Z = 65 MullerHuckelParameters.Terbium_Basis 𝑁𝑉 = 11.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.753 1 1.371 𝑈 = [9, 9, 9, 9] eV
6 1 -3.46 1 1.261 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.156 1 2.169
4 3 -17.707 1 5.495

Dy Z = 66 MullerHuckelParameters.Dysprosium_Basis 𝑁𝑉 = 12.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.797 1 1.383 𝑈 = [9, 9, 9, 9] eV
6 1 -3.488 1 1.276 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.084 1 2.181
4 3 -18.246 1 5.654
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Ho Z = 67 MullerHuckelParameters.Holmium_Basis 𝑁𝑉 = 13.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.84 1 1.396 𝑈 = [9, 9, 9, 9] eV
6 1 -3.516 1 1.291 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -7.004 1 2.19
4 3 -18.733 1 5.808

Er Z = 68 MullerHuckelParameters.Erbium_Basis 𝑁𝑉 = 14.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.882 1 1.408 𝑈 = [9, 9, 9, 9] eV
6 1 -3.545 1 1.306 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -6.917 1 2.199
4 3 -19.174 1 5.96

Tm Z = 69 MullerHuckelParameters.Thulium_Basis 𝑁𝑉 = 15.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.924 1 1.42 𝑈 = [9, 9, 9, 9] eV
6 1 -3.573 1 1.32 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -6.824 1 2.205
4 3 -19.571 1 6.109

Yb Z = 70 MullerHuckelParameters.Ytterbium_Basis 𝑁𝑉 = 16.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -4.965 1 1.432 𝑈 = [9, 9, 9, 9] eV
6 1 -3.601 1 1.335 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -6.726 1 2.21
4 3 -19.929 1 6.256

Lu Z = 71 MullerHuckelParameters.Lutetium_Basis 𝑁𝑉 = 17.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -5.411 1 1.526 𝑈 = [9, 9, 9, 9] eV
6 1 -3.63 1 1.35 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -6.622 1 2.213
4 3 -20.313 1 6.404

Hf Z = 72 MullerHuckelParameters.Hafnium_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -5.725 1 1.598 𝑈 = [9, 9, 9] eV
6 1 -3.658 1 1.365 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -8.141 0.636594 3.337 0.545652 1.505
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Ta Z = 73 MullerHuckelParameters.Tantalum_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -5.979 1 1.658 𝑈 = [9, 9, 9] eV
6 1 -3.757 1 1.417 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -9.569 0.673894 3.478 0.495922 1.606

W Z = 74 MullerHuckelParameters.Tungsten_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -6.196 1 1.711 𝑈 = [9, 9, 9] eV
6 1 -3.836 1 1.463 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -10.963 0.705262 3.609 0.456169 1.683

Re Z = 75 MullerHuckelParameters.Rhenium_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -6.386 1 1.76 𝑈 = [9, 9, 9] eV
6 1 -3.902 1 1.503 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -12.348 0.732016 3.734 0.424009 1.742

Os Z = 76 MullerHuckelParameters.Osmium_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -6.556 1 1.804 𝑈 = [9, 9, 9] eV
6 1 -3.958 1 1.54 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -13.737 0.757831 3.851 0.394912 1.782

Ir Z = 77 MullerHuckelParameters.Iridium_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -6.71 1 1.845 𝑈 = [9, 9, 9] eV
6 1 -4.006 1 1.574 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -15.136 0.779917 3.968 0.37096 1.813

Pt Z = 78 MullerHuckelParameters.Platinum_Basis 𝑁𝑉 = 10.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -6.875 1 1.888 𝑈 = [8.604, 8.604, 8.604]

eV
6 1 -4.034 1 1.593 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -

16.528
0.79785 4.084 0.351934 1.84

Au Z = 79 MullerHuckelParameters.Gold_Basis 𝑁𝑉 = 11.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -7.037 1 1.931 𝑈 = [8.604, 8.604, 8.604]

eV
6 1 -4.068 1 1.615 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -

17.922
0.813667 4.2 0.335863 1.861
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Hg Z = 80 MullerHuckelParameters.Mercury_Basis 𝑁𝑉 = 12.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -7.104 1 1.953 𝑈 = [9, 9, 9] eV
6 1 -4.117 1 1.66 𝐸𝑉 𝐴𝐶 = 0.0 eV
5 2 -19.434 0.809955 4.353 0.331981 1.979

Tl Z = 81 MullerHuckelParameters.Thallium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -9.827 1 2.191 𝑈 = [9, 9] eV
6 1 -5.235 1 1.656 𝐸𝑉 𝐴𝐶 = 0.0 eV

Pb Z = 82 MullerHuckelParameters.Lead_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -12.486 1 2.386 𝑈 = [9, 9] eV
6 1 -6.527 1 1.88 𝐸𝑉 𝐴𝐶 = 0.0 eV

Bi Z = 83 MullerHuckelParameters.Bismuth_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -15.189 1 2.56 𝑈 = [9, 9] eV
6 1 -7.788 1 2.072 𝐸𝑉 𝐴𝐶 = 0.0 eV

Po Z = 84 MullerHuckelParameters.Polonium_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -17.965 1 2.72 𝑈 = [9, 9] eV
6 1 -9.053 1 2.245 𝐸𝑉 𝐴𝐶 = 0.0 eV

At Z = 85 MullerHuckelParameters.Astatine_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -20.827 1 2.87 𝑈 = [9, 9] eV
6 1 -10.337 1 2.45 𝐸𝑉 𝐴𝐶 = 0.0 eV

Rn Z = 86 MullerHuckelParameters.Radon_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
6 0 -23.783 1 3.014 𝑈 = [9, 9] eV
6 1 -11.647 1 2.556 𝐸𝑉 𝐴𝐶 = 0.0 eV

Fr Z = 87 MullerHuckelParameters.Francium_Basis 𝑁𝑉 = 1.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
7 0 -3.209 1 1.131 𝑈 = [9, 9, 9] eV
7 1 -2.205 1 0.939 𝐸𝑉 𝐴𝐶 = 0.0 eV
6 2 -1.931 1 1.258
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Ra Z = 88 MullerHuckelParameters.Radium_Basis 𝑁𝑉 = 2.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
7 0 -4.048 1 1.346 𝑈 = [9, 9, 9] eV
7 1 -2.934 1 1.177 𝐸𝑉 𝐴𝐶 = 0.0 eV
6 2 -4.108 1 2.113

Ac Z = 89 MullerHuckelParameters.Actinium_Basis 𝑁𝑉 = 3.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
7 0 -4.381 1 1.433 𝑈 = [9, 9, 9] eV
7 1 -3.098 1 1.253 𝐸𝑉 𝐴𝐶 = 0.0 eV
6 2 -6.843 1 2.12

Th Z = 90 MullerHuckelParameters.Thorium_Basis 𝑁𝑉 = 4.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
7 0 -5.31 1 1.742 𝑈 = [9, 9, 9, 9] eV
7 1 -3.345 1 1.256 𝐸𝑉 𝐴𝐶 = 0.0 eV
6 2 -4.98 0.624003 2.811 0.503002 1.554
5 3 -6.03 0.58187 5.475 0.547877 2.863

Pa Z = 91 MullerHuckelParameters.Protactinium_Basis 𝑁𝑉 = 5.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
7 0 -5.41 1 1.699 𝑈 = [9, 9, 9, 9] eV
7 1 -3.375 1 1.286 𝐸𝑉 𝐴𝐶 = 0.0 eV
6 2 -5.07 0.617317 2.894 0.511263 1.595
5 3 -7.63 0.594817 5.659 0.530836 2.991

U Z = 92 MullerHuckelParameters.Uranium_Basis 𝑁𝑉 = 6.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
7 0 -5.51 1 1.728 𝑈 = [9, 9, 9, 9] eV
7 1 -3.406 1 1.315 𝐸𝑉 𝐴𝐶 = 0.0 eV
6 2 -5.1 0.622063 2.944 0.509052 1.611
5 3 -9.045 0.592502 5.885 0.530449 3.135

Np Z = 93 MullerHuckelParameters.Neptunium_Basis 𝑁𝑉 = 7.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
7 0 -5.61 1 1.756 𝑈 = [9, 9, 9, 9] eV
7 1 -3.436 1 1.345 𝐸𝑉 𝐴𝐶 = 0.0 eV
6 2 -5.095 0.615803 3.017 0.516835 1.646
5 3 -10.35 0.519698 3.254 0.600651 6.068
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Pu Z = 94 MullerHuckelParameters.Plutonium_Basis 𝑁𝑉 = 8.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
7 0 -5.71 1 1.681 𝑈 = [9, 9, 9, 9] eV
7 1 -3.467 1 1.375 𝐸𝑉 𝐴𝐶 = 0.0 eV
6 2 -5.06 0.609204 3.085 0.525176 1.677
5 3 -11.585 0.509646 3.364 0.608577 6.241

Am Z = 95 MullerHuckelParameters.Americium_Basis 𝑁𝑉 = 9.0
n l 𝐸𝑖𝑜𝑛 𝑊1 𝜂1 𝑊2 𝜂2 𝛽 = 1.75
7 0 -5.8 1 1.704 𝑈 = [9, 9, 9, 9] eV
7 1 -3.497 1 1.405 𝐸𝑉 𝐴𝐶 = 0.0 eV
6 2 -5.01 0.596362 3.169 0.539327 1.719
5 3 -12.75 0.496199 3.457 0.620249 6.392
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SEVEN

SENTAURUS MATERIALS WORKBENCH REFERENCE MANUAL

Table of Contents

• Sentaurus Materials Workbench Reference Manual

– Introduction

– Material specifications

– Bandstructure calibration

– Single defect specification and convergence studies

– Multilayer Builder

– GrainBoundaryScattering

– Full SMW package

7.1 Introduction

Sentaurus Materials Workbench helps you to create material references and to set up input files for atomistic calcula-
tions using DFT calculations, or empirical potentials, or both. It can automate defect generation and includes several
techniques and recipes to increase the accuracy of calculations. Furthermore, from the atomistic calculation results,
Sentaurus Materials Workbench analyzes the results and generates the Sentaurus model parameters that can be used
for different TCAD tools, but in particular for band structure generation needed for Sentaurus Device.

Note: The SMW scripts need to import the package explicitly. In other words, be sure to include a from SMW import
* at the beginning of the scripts.

There are different modules or workflows under Sentaurus Materials Workbench. The following content describes its
main capabilities.
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7.2 Material specifications

Using MaterialSpecifications objects you can define computational settings for your calculations. Sentaurus Materials
Workbench comes with a MaterialSpecificationsDatabase with predefined MaterialSpecifications for industry relevant
materials. This database should be the starting point for most applications.

• MaterialSpecifications

• MaterialSpecificationsDatabase

7.3 Bandstructure calibration

Class SentaurusBandstructureCalibration is used to obtain optimized parameters for bandstructure models (e.g., ef-
fective mass, k.p) available to the Sentaurus tools by calibrating model bands to first-principles values. The typical
calibration workflow is:

1. Atomistic nanowires or nanoslabs are built with SMW and its DFT bandstructure is calculated. Users input the de-
sired crystal orientations and dimensions (height and width for nanowires, thickness for nanoslabs). All surfaces
are passivated with hydrogen.

2. Finite-element meshes, corresponding to the atomistic nanostructures, and model bandstructures are automati-
cally calculated with Sentaurus tools. Sentaurus Process is used to create structure meshes and Sentaurus
Band to calculate model bandstructures.

3. SMW adjusts the model parameters (effective masses or k.p parameters) iteratively, following a conjugate-gradient
minimization algorithm, until the band dispersion from Sentaurus Band matches the DFT bandstructure. Pa-
rameters for bulk silicon are used as initial guess.

Class SentaurusBandstructureCalibration supports Silicon rectangular nanowires (Wire) and nanoslabs (Slab). Cali-
bration of both conduction (effective-mass model, SentaurusWireEffectiveMassModel) and valence bands (k.p model,
SentaurusWireKdotPmodel) are available for nanowires. Only calibration of valence bands (SentaurusSlabKdotP-
model) is supported.

• Wire

• Slab

• SentaurusBandstructureCalibration

• SentaurusWireEffectiveMassModel

• SentaurusWireKdotPmodel

• SentaurusSlabKdotPmodel

7.4 Single defect specification and convergence studies

Formation energies and trap energy levels for a variety of defects and supercell sizes can be done with Charged-
PointDefect. An overview of how to specify particular defects and perform convergence studies can be read at the
ChargedPointDefect Notes.

The available defect classes are:

• DefectCluster

• Interstitial

• SplitInterstitial
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• Substitutional

• Vacancy

All to be run with:

• ChargedPointDefect

7.5 Multilayer Builder

For an overall explanation on the multilayer builder features see Notes.

The available classes are:

• AmorphousLayer

• CrystalLayer

• MultilayerBuilder

• VacuumLayer

7.6 GrainBoundaryScattering

The GrainBoundaryScattering calculates grain boundary resistances and specific resistivities of metal grain boundaries.
For an overall explanation on the grain boundary scattering features see Notes.

The available classes are:

• GrainBoundaryGenerator

• GrainBoundaryScattering

7.7 Full SMW package

7.7.1 SMW

Classes

AlloyLayer

class AlloyLayer(material_specifications, length=None, cleave_plane=None, plane_indices=None,
tolerance=None, displacement_vector=None, percentage=None,
substitutional_element=None, alloy_method=None, number_of_generations=None,
population_size=None, random_seed=None, **kwargs)

Class to specify a crystalline alloy layer materials in the MultilayerBuilder.

Parameters

• material_specifications (MaterialSpecifications) – A descriptor of a bulk
material, plus the information needed to perform the calculations.

• length (PhysicalQuantity of type length | None) – Deprecated. use plane indices instead.
Default: None
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• cleave_plane (sequence of length 3) – The Miller indices of the layer.

• plane_indices (tuple) – The start and end atomic plane indices from the cleaved con-
figuration, e.g., [0, 1], both inclusive. 0 always corresponds to the bottom layer of the
configuration.

• tolerance (float) – The (logarithmic) detection tolerance used to define atomic planes.
Range [-10, 4].

• displacement_vector (sequence of length 2 | None) – This surface vector is
added to the fractional coordinates of the layer configuration.

• percentage (float) – The percentages of the atoms that should be changed.

• substitutional_element (PeriodicTableElement) – The element to change to.

• alloy_method (EvolutionarySQS | SubstitutionalAlloyNormalDistribution
| SubstitutionalAlloyFixedFraction | None) – The alloy method to generate
the alloy configuration. Options are EvolutionarySQS or SubstitutionalAlloyFixedFrac-
tion or SubstitutionalAlloyNormalDistribution. In EvolutionarySQS method, a special
quasi-random structure (SQS) is generated using genetic optimization. NormalDistribu-
tion means you assign a number [0,1] from a normal distribution across all atoms and only
pick those that have a value below the given percentage. FixedFraction means if you set
25%, you get 25% of the total number of atoms changed. The size of the random sample
are the percentage of atoms provided, rounded to nearest integer. SubstitutionalAlloy
method. Default: SubstitutionalAlloyFixedFraction.

• number_of_generations (int) – This parameter is valid if alloy_method is Evolution-
arySQS. The number of times the population should be evolved.

• population_size (int) – This parameter is valid if alloy_method is EvolutionarySQS.
The number of individuals which are part of a population. The population size must be
at least 5, but it is recommended to use a large population size (>= 20) to obtain higher
quality results.

• random_seed (int | array of ints | None) – Random seed used to initialize the
pseudo-random number generator. Can be any integer between 0 and 2**32 - 1 inclusive,
an array (or other sequence) of such integers, or None. If random_seed is None, then it
will be generated using values from the system entropy pool.

• kwargs (dict) – Deprecated keyword arguments.

alloyMethod()

Returns
The alloy method to generate the alloy configuration. Options are EvolutionarySQS or
SubstitutionalAlloyFixedFraction or SubstitutionalAlloyNormalDistribution. In Evolu-
tionarySQS method, a special quasi-random structure (SQS) is generated using genetic
optimization. NormalDistribution means you assign a number [0,1] from a normal distri-
bution across all atoms and only pick those that have a value below the given percentage.
FixedFraction means if you set 25%, you get 25% of the total number of atoms changed.
The size of the random sample are the percentage of atoms provided, rounded to nearest
integer. SubstitutionalAlloy method.

Return type
EvolutionarySQS | SubstitutionalAlloyNormalDistribution | SubstitutionalAlloyFixed-
Fraction | None

displacementVector()
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Returns
This surface vector is added to the fractional coordinates of the layer configuration.

Return type
sequence of length 2 | None

entry()

Returns
The entry.

Return type
HKMGEntry

classmethod entryType()

The type of entry to instantiate.

Returns
The entry type.

Return type
InterfacesEntry-based

length()

Returns
The target length (thickness) of the layer.

Return type
PhysicalQuantity of type length

materialSpecifications()

Returns
The descriptor of a bulk material, plus the information needed to perform the calculations.

Return type
MaterialSpecifications

newElement()

Returns
The element to change to.

Return type
PeriodicTableElement | None (vacancy)

numberOfGenerations()

Returns
This parameter is valid if alloy_method is EvolutionarySQS. The number of times the
population should be evolved.

Return type
int

percentage()

Returns
The percentages of the atoms that should be changed.

Return type
float | sequence of floats
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populationSize()

Returns
This parameter is valid if alloy_method is EvolutionarySQS. The number of individuals
which are part of a population. The population size must be at least 5, but it is recom-
mended to use a large population size (>= 20) to obtain higher quality results.

Return type
int

randomSeed()

Returns
Random seed used to initialize the pseudo-random number generator. Can be any integer
between 0 and 2**32 - 1 inclusive, an array (or other sequence) of such integers, or None.
If random_seed is None, then it will be generated using values from the system entropy
pool.

Return type
int | array of ints | None

substitutionalElement()

Returns
The element to change to.

Return type
PeriodicTableElement | None (vacancy)

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Example of a customized AlloyLayer object to generate an Iron cobalt alloy layer with 30% of Cobalt concentration.

custom_layer = AlloyLayer(
MaterialSpecificationsDatabase.MRAM_MATERIALS['Iron cobalt (alloy)'],
percentage=30,
substitutional_element=Cobalt,
length=10.0*Angstrom,
miller_indices=(1, 0, 0),
alloy_method=EvolutionarySQS,
)

alloy_layer_example.py
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Notes

The AlloyLayer class defines how an alloy layer should be generated by the MultilayerBuilder. The alloy layer can
be generated using the EvolutionarySQS or substitutionalAlloy method. The EvolutionarySQS is based on the special
quasi-random structure (SQS) method1. Currently an alloy layer can only have binary composition, i.e. at maximum
be composed of two elements.

Note: The grometry optimization is performed using the material_specifications.relaxationCalculator()
calculator. This is normally a machine-learned moment tensor potential (MTP) force-field calculator.

AmorphousLayer

class AmorphousLayer(material_specifications, length, method=None, random_seed=None,
melt_temperature=None, melt_time=None, quench_temperature=None,
quench_rate=None, time_step=None, max_retries=None)

Class to represent an amorphous layer material in MultilayerBuilder.

The amorphous layer is generated using a melt-quench MD procedure. First the system is melted and equilibrated
at a high temperature. Then it is quenched from the melt_temperature to the quench_temperature at a rate of
quench_rate. Then the system is quenched to zero Kelvin using a geometry optimization.

Parameters

• material_specifications (MaterialSpecifications) – A descriptor of a bulk
material, plus the information needed to perform the calculations.

• length (PhysicalQuantity of type length) – The target length (thickness) of the layer. A
length of zero will generate the smallest possible layer. Default: 10 * Angstrom.

• method (MolecularDynamicsMeltQuench | TimeStampedForceBiasMonteCarloMeltQuench )
– Technique to perform the amorphization and associated parameters. Default:
MolecularDynamicsMeltQuench .

• random_seed (int | array of ints | None) – The random seed for the initial
structure generation via packmol. Can be any integer between 0 and 2**32 - 1 inclusive,
an array (or other sequence) of such integers, or None.

• melt_temperature (PhysicalQuantity of type temperature) – Suggested melt tempera-
ture. Default: 3500 * Kelvin.

• melt_time (PhysicalQuantity of type time) – The length of the melt MD simulation.
Default: 40 * ps.

• quench_temperature (PhysicalQuantity of type temperature) – The target temperature
during the quenching MD simulation. Default: 300 * Kelvin.

• quench_rate (PhysicalQuantity of type temperature per time) – The rate of tempera-
ture change during the quenching. This rate will be used to calculate the length of the
quenching MD simulation. Default: 64 * Kelvin / ps.

• time_step (PhysicalQuantity of type time) – Time step per iteration. Default: 1.0 * fs.
1 A. van de Walle, P. Tiwary, M. de Jong, D.L. Olmsted, M. Asta, A. Dick, D. Shin, Y. Wang, L.-Q. Chen, and Z.-K. Liu. Efficient stochastic gener-

ation of special quasirandom structures. Calphad, 42:13 – 18, 2013. URL: http://www.sciencedirect.com/science/article/pii/S0364591613000540.
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• max_retries (int) – Maximum number of tries to satisfy amorphous quality. Default:
30.

amorphousDensity()

Returns
The mass density of the amorphous material.

Return type
PhysicalQuantity of type mass / volume

length()

Returns
The target length (thickness) of the layer.

Return type
PhysicalQuantity of type length

materialSpecifications()

Returns
The descriptor of a bulk material, plus the information needed to perform the calculations.

Return type
MaterialSpecifications

method()

Returns
The method to perform amorphization

Return type
TimeStampedForceBiasMonteCarloMeltQuench | MolecularDynamicsMeltQuench

stoichiometry()

Returns
The dict to map element to stoichiometric number.

Return type
dict

uniqueString()

Return a unique string representing the state of the object.

Usage Example

Example of a customized AmorphousLayer object to generate an amorphous silica layer.

custom_layer = AmorphousLayer(
MaterialSpecificationsDatabase.MULTILAYER_MATERIALS['Silica'],
length=10.0*Angstrom,
melt_temperature=6000*Kelvin,
melt_time=60*picosecond,
quench_temperature=1000*Kelvin,
quench_rate=60*Kelvin/picosecond,
time_step=0.5*femtosecond,

)
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amorphous_layer_example.py

Notes

The AmorphousLayer class defines how an amorphous layer should be generated by the MultilayerBuilder. The amor-
phous structure is generated using runPackmol based on material_specifications.amorphousDensity() and
material_specifications.elementsWithStoichiometry(). A melt quench procedure is carried out starting
from the optimized packmol configuration. The parameters in the melt-quench protocol can be specified via the method
parameter, which can take a MolecularDynamicsMeltQuench, TimeStampedForceBiasMonteCarloMeltQuench, or Em-
piricalAmorphizationMethod object.

Note: An initial optimization is done on the configuration obtained from runPackmol using
material_specifications.quickOptimizerCalculator(). This is usually a robust force-field calculator.
Another geometry optimization is performed using material_specifications.amorphizationCalculator().
The MD simulations and final optimization of the amorphous configuration are performed using the
material_specifications.amorphizationCalculator() calculator. This is normally a machine-learned
moment tensor potential (MTP) force-field calculator.

The first step is to melt the structure. This is done by running a NVT MD simulation at a temperature of
melt_temperature for time of melt_time. This temperature should be hot enough to ensure that the material can
thoroughly melt.

The second step is quenching. A NVT MD simulation is run starting at a temperature of melt_time and cooling at a
rate of quench_rate until the temperature is equal to the quench_temperature.

Note: A slower quenching rate may give more realistic amorphous structures, but it is not often possible to simulate
experimental cooling rates due to the number of MD steps that would be required.

The final step is geometry optimization, which represents instantaneous quenching from the quench_temperature to
zero Kelvin.

The melt-quench protocol is repeated for up to max_retries iterations, specified in the amorphous method, until a
final configuration without coordination defects is obtained.

CrystalLayer

class CrystalLayer(material_specifications, length=None, cleave_plane=None, plane_indices=None,
tolerance=None, displacement_vector=None, **kwargs)

Class to specify layer materials in MultilayerBuilder.

Parameters

• material_specifications (MaterialSpecifications) – A descriptor of a bulk
material, plus the information needed to perform the calculations.

• length (PhysicalQuantity of type length | None) – Deprecated. use plane indices instead.
Default: None

• cleave_plane (sequence of length 3) – The Miller indices of the layer.
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• plane_indices (tuple) – The start and end atomic plane indices from the cleaved con-
figuration, e.g., [0, 1], both inclusive. 0 always corresponds to the bottom layer of the
configuration.

• tolerance (float) – The (logarithmic) detection tolerance used to define atomic planes.
Range [-10, 4].

• displacement_vector (sequence | PhysicalQuantity of type length | None) – This sur-
face vector is added to the layer configuration.

• kwargs (dict) – Any deprecated keyword arguments.

displacementVector()

Returns
This surface vector is added to the fractional coordinates of the layer configuration.

Return type
sequence of length 2 | None

entry()

Returns
The entry.

Return type
HKMGEntry

classmethod entryType()

The type of entry to instantiate.

Returns
The entry type.

Return type
InterfacesEntry-based

length()

Returns
The target length (thickness) of the layer.

Return type
PhysicalQuantity of type length

materialSpecifications()

Returns
The descriptor of a bulk material, plus the information needed to perform the calculations.

Return type
MaterialSpecifications

uniqueString()

Return a unique string representing the state of the object.
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EmpiricalAmorphizationMethod

class EmpiricalAmorphizationMethod(amorphous_quality=None, max_retries=None, melt_quality=None,
max_melt_retries=None, melt_temperature=None, melt_time=None,
quench_temperature=None, quench_rate=None,
defect_optimization_retries=None, time_step=None, cut_off=None,
random_seed=None)

Base class for melt/quench amorphization methods

Parameters

• amorphous_quality (float) – Expected quality for the amorphous material, 0 to 1. 1
being free of defects. Default: 0.75

• max_retries (int) – Maximum number of tries to satisfy amorphous quality Default:
2

• melt_quality (float) – Requested percentage of melted material Default: 0.35

• max_melt_retries (float) – Maximum number of tries to melt the material with the
requested quality Default: same as max_retries

• melt_temperature (PhysicalQuantity of type temperature) – Suggested melt tempera-
ture Default: 5000*Kelvin

• melt_time (PhysicalQuantity of type time) – The length of the melt MD simulation.
Default: 40*picosecond

• quench_temperature (PhysicalQuantity of type temperature) – The target temperature
during the quenching MD simulation. Default: 300*Kelvin

• quench_rate (PhysicalQuantity of type temperature per time) – The rate of tempera-
ture change during the quenching. This rate will be used to calculate the length of the
quenching MD simulation. Default: 400*Kelvin/picosecond

• defect_optimization_retries (int) – Number of optimization tries requested after
melt to decrease the number of defects in the amorphous sample. Default: 20

• time_step (PhysicalQuantity of time time) – Time step per iteration Default: 1*fem-
tosecond

• cut_off (PhysicalQuantity of type length.) – Cut off radius to consider when building the
empirical potentials. Default: Second nearest neighbor in associated bulk configuration.

• random_seed (int) – Random seed Default: 1234

amorphousQuality()

Returns
requested amorphous quality

Return type
float

cutOff()

Returns
Che cut off value defining the local environment

Return type
PhysicalQuantity of type length
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defectOptimizationRetries()

Returns
Number of tries requested to decrease defects.

Return type
int

maxMeltRetries()

Returns
requested maximum number of melt tries

Return type
int

maxRetries()

Returns
requested number of maximum tries

Return type
int

meltQuality()

Returns
requested melt quality

Return type
float

meltSteps()

Returns
The calculated number of melt steps.

Return type
int

meltTemperature()

Returns
requested melt temperature

Return type
PhysicalQuantity of type temperature

meltTime()

Returns
requested melt time

Return type
PhysicalQuantity of type time

quenchRate()

Returns
requested quench rate

Return type
PhysicalQuantity of type temperature per time
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quenchTemperature()

Returns
requested quench temperature

Return type
PhysicalQuantity of type temperature

randomSeed()

Returns
random seed

Return type
int

timeStep()

Returns
returns time step

Return type
int

uniqueString()

Return a unique string representing the state of the object.

FET2DAtomisticParameterExtraction

class FET2DAtomisticParameterExtraction(filename, object_id, channel_material_name,
contact_material_name, channel_thickness, maxE,
contact_orientation, channel_configuration,
contact_configuration, run_pe=True, run_sb=True,
number_of_processes_per_task=None, log_filename_prefix='')

Check configuration input.

Parameters

• filename (str) – The full or relative filename path the study object should be saved to.

• object_id (str) – The name of the study that the study object should be saved to within
the file. This needs to be a unique name in this file.

• channel_material_name (str) – The name of the channel material.

• contact_material_name (str) – The name of the contact material.

• channel_thickness (int) – The thickness of the channel in monolayers.

• maxE (PhysicalQuantity of type energy) – The upper energy limit for valley detection.
Determines the number of LocalBandstructures (NBands) that will be used for band pa-
rameter extraction. The algorithm will try to find at least one set of band parameters before
this limit is used to break off the search.

• contact_orientation (sequence of int) – The Miller indices for the contact sur-
face towards the channel.

• channel_configuration (BulkConfiguration) – The bulk configuration for the
channel material.
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• contact_configuration (BulkConfiguration) – The bulk configuration for the con-
tact/metal material.

• run_pe (bool) – If True, the parameter extraction task will be performed. Default: True

• run_sb (bool) – If True, the Schottky barrier extraction task will be performed. Default:
True

• number_of_processes_per_task (int | None | ProcessesPerNode) – The number of
processes that will be used to execute each task. If the total number of process does not
divide evenly into the tasks, some tasks may have less than this number of processes. If
None, all available processes execute each task collaboratively.

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output of
the study. If LogToStdOut, all logging will instead be sent to standard output.

bandGap()

Returns
Calculated bandgap.

Return type
PhysicalQuantity of type energy

channelMaterialName()

Returns
The name of the channel material.

Return type
str

channelThickness()

Returns
The thickness of the channel in monolayers.

Return type
int

contactMaterialName()

Returns
The name of the contact material.

Return type
str

contactOrientation()

Returns
The Miller indices for the contact surface towards the channel.

Return type
sequence of int

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study
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electronAffinity()

Returns
Calculated electron affinity.

Return type
PhysicalQuantity of type energy

extractionResults(heavyweight=False)
Returns all results for finished tasks.

Parameters
heavyweight (bool) – If True, reads heavyweight data from workflow tasks.

Returns
Results of finished tasks.

Return type
dict

filename()

Returns
The filename where the study object is stored.

Return type
str

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

maxE()

Returns
The upper energy limit for valley detection.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Get only the printable results from the extraction results - plain text.

Returns
The study information.

Return type
dict
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nlinfoHtml()

Get only the printable results from the extraction results - rich text.

Returns
The study information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfBands()

Returns
Calculated number of bands.

Return type
int

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

permittivity()

Returns
Calculated dielectric constant / permittivity.

Return type
float

qatkBands()

Returns
Calculated QATK bands - input for SWB.
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Return type
str

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

schottkyBarrier()

Returns
Calculated Schottky barrier.

Return type
PhysicalQuantity of type energy

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

tasknameForResult(name)
Check for a particular result from this object, including anything in the workflow tasks.

Parameters
name (str) – The name of the result to get.

Returns
The name of the task that contains the result for the given name.

Return type
str

thickness()

Returns
Calculated layer thickness in micrometers.

Return type
PhysicalQuantity of type length

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.
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Usage Examples

Example 1. Perform an extraction of parameters and material properties in QuantumATK needed to run the Sentaurus
Workbench model calibration and device characterization. The materials used are MoS2 for the 2D channel and gold
for the contacts. The channel width is 1 ML.

from QuantumATK import *
from AddOns.FET2D.Study.FET2DAtomisticParameterExtraction import␣
→˓FET2DAtomisticParameterExtraction

# Channel configuration
# Set up lattice
lattice = Hexagonal(3.1881795204035988*Angstrom, 11.057859406824896*Angstrom)

# Define elements
elements = [Sulfur, Molybdenum, Sulfur, Sulfur, Molybdenum, Sulfur]

# Define coordinates
fractional_coordinates = [[ 0.333333333333, 0.666666666667, 0.609057255744],

[ 0.666666666667, 0.333333333333, 0.75 ],
[ 0.333333333333, 0.666666666667, 0.890942744256],
[ 0.666666666667, 0.333333333333, 0.109057255744],
[ 0.333333333333, 0.666666666667, 0.25 ],
[ 0.666666666667, 0.333333333333, 0.390942744256]]

# Set up configuration
channel_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Contact configuration
# Set up lattice
lattice = FaceCenteredCubic(4.07825*Angstrom)

# Define elements
elements = [Gold]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
contact_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# Define the Parameter Extraction Study Object.
parameter_extraction = FET2DAtomisticParameterExtraction(

filename='fet2d_parameter_extraction_1642514327.22.hdf5',
object_id='FET2DAtomisticParameterExtraction_0',

(continues on next page)
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(continued from previous page)

channel_material_name='MoS2',
contact_material_name='Gold',
channel_thickness=1,
maxE=1.1 * eV,
contact_orientation=(0, 0, 1),
channel_configuration=channel_configuration,
contact_configuration=contact_configuration,
log_filename_prefix_default='fet2d_parameter_extraction_',

)

# Start the calculations.
parameter_extraction.update()

# Extract the results.
parameter_extraction_results = parameter_extraction.extractionResults()

Example1.py

Starting configurations

In principle, any BulkConfiguration can be used as the channel_configuration and contact_configuration,
but care should be taken that the channel configuration can be meaningfully repeated in the C-direction and periodic in
the A-B plane. Ideally, both the channel and contact configurations should also be kept to a minimal size for maximum
computational efficiency.

Extended results

In addition to numerical material properties and model calibration parameters,
FET2DAtomisticParameterExtraction also contains extended results in the form of NLObjects. These can
be queried from the FET2DAtomisticParameterExtraction object using the extractionResults() method, which
returns a dictionary:

mos2_band_structure = parameter_extraction.extractionResults()['bandstructure']

These can also be unpacked in Nanolab via the right-click context menu when a
FET2DAtomisticParameterExtraction is selected, and can be sent for further analysis in, e.g., the Builder,
Viewer or a dedicated analyzer plugin. Available NLObjects:

• PE_bulk_configuration [BulkConfiguration] - The configuration of the 2D channel with an LCAO calcula-
tor, used for extracting most of the channel material parameters.

• bandstructure [Bandstructure] - The band structure of the PE_bulk_configuration.

• eigenvalues [Eigenvalues] - The eigenvalues of the PE_bulk_configuration.

• electron_density [ElectronDensity] - The electron density of PE_bulk_configuration, used to estimate the
real channel thickness.

• hartree_difference_potential [HartreeDifferencePotential] - The potential used to calculate the dielec-
tric constant of the 2D channel.

• PW_bulk_configuration [BulkConfiguration] - The configuration used to calculate the electron affinity of
the 2D channel, with a plane-wave calculator.
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• PW_DOS [DensityOfStates] - The density of states used to calculate the electron affinity.

• Ch_Ct_initial [BulkConfiguration] - The initial channel-contact interface configuration used calculate the
Schottky barrier.

• Ch_Ct_interface [BulkConfiguration] - The geometry-optimized version of Ch_Ct_initial.

• fat_bandstructure [FatBandstructure] - The band structure used to calculate the Schottky barrier.

See also fet2d_general.

FET2DDeviceSetupParameters

class FET2DDeviceSetupParameters(gate_type, lgate, gate_material_name, ttox, oxide_material_name, til,
lcontact, lspacer, lbackgate=PhysicalQuantity(0.0, mum),
tbox=PhysicalQuantity(0.0, mum), ch_dop=PhysicalQuantity(0.0, 1 /
cm**3), sd_dop=PhysicalQuantity(0.0, 1 / cm**3),
nit=PhysicalQuantity(0.0, 1 / cm**3), nit_bg=PhysicalQuantity(0.0, 1 /
cm**3), mumax=PhysicalQuantity(50.0, cm**2 / V / s))

Serializable container for parameters to set up a 2DFET device.

Parameters

• gate_type (enum) – The gate type from GATE_TYPES.

• lgate (PhysicalQuantity of type length) – The length of the top gate.

• gate_material_name (str) – The name of the gate material.

• ttox (PhysicalQuantity of type length) – The thickness of the top oxide.

• oxide_material_name (str) – The name of the oxide material.

• til (PhysicalQuantity of type length) – The thickness of the insulating layer between the
top oxide and the channel.

• lcontact (PhysicalQuantity of type length) – The length of the contact.

• lspacer (PhysicalQuantity of type length) – The length of the spacer.

• lbackgate (PhysicalQuantity of type length) – The length of the back gate.

• tbox (PhysicalQuantity of type length) – The thickness of the bottom oxide.

• ch_dop (PhysicalQuantity of type inverse volume) – The doping concentration of the
channel.

• sd_dop (PhysicalQuantity of type inverse volume) – The doping concentration of the
source and drain.

• nit (PhysicalQuantity of type inverse volume) – The interface trap concentration of the
top oxide.

• nit_bg (PhysicalQuantity of type inverse volume) – The interface trap concentration of
the bottom oxide.

• mumax (int) – The scattering limited mobility, a parameter used in SDevice.

chDop()

Returns
The doping concentration of the channel.

2508 Chapter 7. Sentaurus Materials Workbench Reference Manual



QuantumATK V-2023.12 Documentation

Return type
PhysicalQuantity of type inverse volume

gateMaterialName()

Returns
The name of the gate material.

Return type
str

gateType()

Returns
The gate type.

Return type
enum

lbackgate()

Returns
The length of the back gate.

Return type
PhysicalQuantity of type length

lcontact()

Returns
The length of the contact.

Return type
PhysicalQuantity of type length

lgate()

Returns
The length of the top gate.

Return type
PhysicalQuantity of type length

lspacer()

Returns
The length of the spacer.

Return type
PhysicalQuantity of type length

mumax()

Returns
The scattering limited mobility, a parameter used in SDevice.

Return type
int

nit()

Returns
The interface trap concentration of the top oxide.
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Return type
PhysicalQuantity of type inverse volume

nitBg()

Returns
The interface trap concentration of the bottom oxide.

Return type
PhysicalQuantity of type inverse volume

nlinfo()

Create a nicely formatted dict for presentation in the gui.

Returns
The study information.

Return type
dict

oxideMaterialName()

Returns
The name of the oxide material.

Return type
str

sdDop()

Returns
The doping concentration of the source and drain.

Return type
PhysicalQuantity of type inverse volume

tbox()

Returns
The thickness of the bottom oxide.

Return type
PhysicalQuantity of type length

til()

Returns
The thickness of the insulating layer between the top oxide and the channel.

Return type
PhysicalQuantity of type length

ttox()

Returns
The thickness of the top oxide.

Return type
PhysicalQuantity of type length

uniqueString()

Return a unique string representing the state of the object.
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Usage Examples

Fig. 7.1: Visualization of the device setup used in Example 1. Yellow areas are contacts (metals), bright green areas
are spacers (none/vacuum), the orange area is the gate (metal), blue areas are oxides, the dark-green area is the repre-
sentative insulating layer (none/vacuum) between the oxide and the channel and the dark blue area is the 2D channel.

Ex-
am-
ple
1.
Set
up
a
cus-
tom
de-
vice
de-
sign
based
on
Fig-
ure
1.

from␣
→˓QuantumATK␣
→˓import␣
→˓*
from␣
→˓AddOns.
→˓FET2D.
→˓Study.
→˓FET2DDeviceSetupParameters␣
→˓import␣
→˓FET2DDeviceSetupParameters

→˓#␣
→˓Define␣
→˓the␣
→˓device␣
→˓setup␣
→˓parameters.
→˓

device_
→˓setup␣
→˓=␣
→˓FET2DDeviceSetupParameters(
␣
→˓␣
→˓␣
→˓␣
→˓gate_
→˓type=GATE_
→˓TYPES.
→˓SINGLE_
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→˓GATE,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓lgate=0.
→˓008␣
→˓*␣
→˓um,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓gate_
→˓material_
→˓name=
→˓'Gold
→˓',
→˓

␣
→˓␣
→˓␣
→˓␣
→˓ttox=0.
→˓0025␣
→˓*␣
→˓um,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓oxide_
→˓material_
→˓name=
→˓'SiO2
→˓',
→˓

␣
→˓␣
→˓␣
→˓␣
→˓til=0.
→˓002␣
→˓*␣
→˓um,
→˓

␣
→˓␣
→˓␣
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→˓␣
→˓lcontact=0.
→˓015␣
→˓*␣
→˓um,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓lspacer=0.
→˓008␣
→˓*␣
→˓um,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓lbackgate=0.
→˓034␣
→˓*␣
→˓um,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓back_
→˓gate_
→˓material_
→˓name=
→˓'Gold
→˓',
→˓

␣
→˓␣
→˓␣
→˓␣
→˓tbox=0.
→˓0025␣
→˓*␣
→˓um,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓ch_
→˓dop=0.
→˓0␣
→˓*␣
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(continued from previous page)

→˓cm**-
→˓3,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓sd_
→˓dop=0.
→˓0␣
→˓*␣
→˓cm**-
→˓3,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓nit=0.
→˓0␣
→˓*␣
→˓cm**-
→˓3,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓nit_
→˓bg=0.
→˓0␣
→˓*␣
→˓cm**-
→˓3,
→˓

␣
→˓␣
→˓␣
→˓␣
→˓mumax=50.
→˓0␣
→˓*␣
→˓cm**2␣
→˓/
→˓␣
→˓V␣
→˓/
→˓␣
→˓s,
→˓

)

Example1.py
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Gate types

Variable name Description
GATE_TYPES.SINGLE_GATEAn FET with a single gate on top of the channel.
GATE_TYPES.DOUBLE_GATEAn FET with one gate on top of the channel and a longer ‘back gate’ below the channel. This

choice also enables additional device dimensions, such as the back gate overlap length, to be set.

See also fet2d_general.

FET2DSentaurusDeviceCharacteristics

class FET2DSentaurusDeviceCharacteristics(filename, object_id, device_setup, model_calibration_results,
workfunction=None, number_of_processes_per_task=None,
log_filename_prefix=None)

Executes device characteristics task.

Parameters

• filename (str) – The full or relative filename path the study object should be saved to.

• object_id (str) – The name of the study that the study object should be saved to within
the file. This needs to be a unique name in this file.

• device_setup (FET2DDeviceSetupParameters) – The device setup.

• model_calibration_results (dict) – The output of a
FET2DSentaurusModelCalibration.extractionResults() call.

• workfunction (PhysicalQuantity of type energy) – The effective work function
of the gate/backgate in the device.

• number_of_processes_per_task (int | None | ProcessesPerNode) – The number of
processes that will be used to execute each task. If the total number of process does not
divide evenly into the tasks, some tasks may have less than this number of processes. If
None, all available processes execute each task collaboratively.

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output of
the study. If LogToStdOut, all logging will instead be sent to standard output.

channelMaterialName()

Returns
The name of the channel material.

Return type
str

channelThickness()

Returns
The thickness of the channel in monolayers.

Return type
int
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contactMaterialName()

Returns
The name of the contact material.

Return type
str

contactOrientation()

Returns
The Miller indices for the contact surface towards the channel.

Return type
sequence of int

cv()

Getter for cv

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

deviceSetup()

Returns
The device setup.

Return type
FET2DDeviceSetupParameters

extractionResults()

Returns
All results excluding NL objects.

Return type
dict

filename()

Returns
The filename where the study object is stored.

Return type
str

idvd_0()

Getter for idvd_0

idvd_1()

Getter for idvd_1

idvd_2()

Getter for idvd_2

idvd_3()

Getter for idvd_3
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idvg()

Getter for idvg

idvgVariables()

Returns
The Id-Vg variables.

Return type
dict

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

maxE()

Returns
The upper energy limit for valley detection.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Get only the printable results from the extraction results - plain text.

Returns
The study information.

Return type
dict

nlinfoHtml()

Get only the printable results from the extraction results.

Returns
The study information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()
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numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

processVariables()

Returns
The process variables.

Return type
dict

resultsToTransfer()

Returns
A copy of the relevant results from model calibration calculation.

Return type
dict

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.
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workfunction()

Getter for workfunction

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

Usage Examples

Example 1. Perform device characterization based on manually defined model calibration results.

from QuantumATK import *
from AddOns.FET2D.Study.FET2DDeviceSetupParameters import FET2DDeviceSetupParameters
from AddOns.FET2D.Study.FET2DSentaurusDeviceCharacteristics import␣
→˓FET2DSentaurusDeviceCharacteristics

# Define previous model calibration results.
model_calibration_results = {

'channel_material_name': 'MoS2',
'contact_material_name': 'Gold',
'channel_thickness': 1,
'maxE': 1.1 * eV,
'contact_orientation': (0, 0, 1),
'NBands': 8,
'chi': 4.25 * eV,
'eps': 3.38,
'H': 0.0006516 * um,
'BG': 1.699 * eV,
'PhiSB': 0.276 * eV,
'WF': 4.5 * eV,
'NPparLEV': '1.215:1.215',
'UpperEnergyValley': 'valley0:valley1:valley2:valley3:valley6:valley7',
'EMparUEV': '0.801:0.801:0.801:0.801:1.311:1.311',
'g_cal': '0.210575',
'LowerEnergyValley': 'valley4:valley5',
'Eshift': '0.139',
'EMperpUEV': '1.081:1.081:1.081:1.081:0.714:0.714',
'V0f_cal': '1',
'NUpBands': '6',
'EMperpLEV': '0.484:0.484',
'EMparLEV': '0.484:0.484',
'NLowBands': '2',
'Bf_cal': '0.987581',
'NPparUEV': '1.773:1.773:0.433:0.433:1.155:1.155',
'Tf_cal': '1.75296',
'k_cal': '17.7495',

}

# Define the device setup parameters.
device_setup = FET2DDeviceSetupParameters(

gate_type=GATE_TYPES.SINGLE_GATE,
lgate=0.008 * um,
gate_material_name='Gold',

(continues on next page)
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(continued from previous page)

ttox=0.0025 * um,
oxide_material_name='SiO2',
til=0.002 * um,
lcontact=0.015 * um,
lspacer=0.008 * um,
lbackgate=0.034 * um,
back_gate_material_name='Gold',
tbox=0.0025 * um,
ch_dop=0.0 * cm**-3,
sd_dop=0.0 * cm**-3,
nit=0.0 * cm**-3,
nit_bg=0.0 * cm**-3,
mumax=50.0 * cm**2 / V / s,

)

# Define the Device Characteristics Study Object.
device_characteristics = FET2DSentaurusDeviceCharacteristics(

filename='fet2d_device_characterization_1642515686.31.hdf5',
object_id='FET2DSentaurusDeviceCharacteristics_0',
device_setup=device_setup,
model_calibration_results=model_calibration_results,
log_filename_prefix_default='fet2d_device_characterization_',

)

# Start the calculations.
device_characteristics.update()

# Extract the results.
device_characteristics_results = device_characteristics.extractionResults()

Example1.py

If a FET2DSentaurusModelCalibration is available, the model calibration results can be defined as

model_calibration_results = model_calibration.extractionResults()

where model_calibration is an instance of FET2DSentaurusModelCalibration that has completed all of its
calculations.

Example 2. Perform a chained model calibration and device characterization study based on manually defined param-
eter extraction results.

from QuantumATK import *
from AddOns.FET2D.Study.FET2DDeviceSetupParameters import FET2DDeviceSetupParameters
from AddOns.FET2D.Study.FET2DSentaurusDeviceCharacteristics import␣
→˓FET2DSentaurusDeviceCharacteristics
from AddOns.FET2D.Study.FET2DSentaurusModelCalibration import␣
→˓FET2DSentaurusModelCalibration

# Define previous parameter extraction results.
parameter_extraction_results = {

'channel_material_name': 'MoS2',
(continues on next page)

2520 Chapter 7. Sentaurus Materials Workbench Reference Manual



QuantumATK V-2023.12 Documentation

(continued from previous page)

'contact_material_name': 'Gold',
'channel_thickness': 1,
'maxE': 1.1 * eV,
'contact_orientation': (0, 0, 1),
'NBands': 8,
'chi': 4.25 * eV,
'eps': 3.38,
'H': 0.0006516 * um,
'BG': 1.699 * eV,
'qatk_bands': '0.367\n1.081\n1.923\n0.989\n0.346\n0.801\n1.773\n0.989\n0.254\n1.081\

→˓n0.618\n0.989\n0.346\n0.801\n1.773\n0.989\n0.367\n1.081\n1.923\n0.989\n0.344\n0.801\n0.
→˓433\n0.989\n0.254\n1.081\n0.618\n0.989\n0.344\n0.801\n0.433\n0.989\n0.452\n0.484\n0.
→˓911\n0.85\n0.485\n0.484\n1.215\n0.85\n0.527\n0.484\n1.589\n0.85\n0.485\n0.484\n1.215\
→˓n0.85\n0.312\n0.714\n0.542\n0.989\n0.204\n1.311\n1.155\n0.989\n0.713\n0.714\n1.153\n0.
→˓989\n0.204\n1.311\n1.155\n0.989',
'PhiSB': 0.276 * eV,

}

# Define the Model Calibration Study Object.
model_calibration = FET2DSentaurusModelCalibration(

filename='fet2d_model_calibration_1642515594.46.hdf5',
object_id='FET2DSentaurusModelCalibration_0',
workfunction=7.835 * eV,
parameter_extraction_results=parameter_extraction_results,
log_filename_prefix_default='fet2d_model_calibration_',

)

# Start the calculations.
model_calibration.update()

# Extract the results.
model_calibration_results = model_calibration.extractionResults()

# Define the device setup parameters.
device_setup = FET2DDeviceSetupParameters(

gate_type=GATE_TYPES.SINGLE_GATE,
lgate=0.008 * um,
gate_material_name='Gold',
ttox=0.0025 * um,
oxide_material_name='SiO2',
til=0.002 * um,
lcontact=0.015 * um,
lspacer=0.008 * um,
lbackgate=0.034 * um,
back_gate_material_name='Gold',
tbox=0.0025 * um,
ch_dop=0.0 * cm**-3,
sd_dop=0.0 * cm**-3,
nit=0.0 * cm**-3,
nit_bg=0.0 * cm**-3,
mumax=50.0 * cm**2 / V / s,

)

(continues on next page)
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(continued from previous page)

# Define the Device Characteristics Study Object.
device_characteristics = FET2DSentaurusDeviceCharacteristics(

filename='fet2d_device_characterization_1642515596.36.hdf5',
object_id='FET2DSentaurusDeviceCharacteristics_0',
device_setup=device_setup,
model_calibration_results=model_calibration_results,
log_filename_prefix_default='fet2d_device_characterization_',

)

# Start the calculations.
device_characteristics.update()

# Extract the results.
device_characteristics_results = device_characteristics.extractionResults()

Example2.py

If a FET2DAtomisticParameterExtraction is available, the parameter extraction results can be defined as

parameter_extraction_results = parameter_extraction.extractionResults()

where parameter_extraction is an instance of FET2DAtomisticParameterExtraction that has completed all
of its calculations.

Analysis

The results of a device characterization can be summarized in Nanolab using the 2DFET Characteristics plugin. The
summary includes plots of the drain current to gate voltage (𝐼𝐷 − 𝑉𝐺) relation in both logarithmic and linear scale,
the drain current to drain voltage (𝐼𝐷 − 𝑉𝐷) relation at four different gate voltages and the gate capacitance to gate
voltage (𝐶𝐺 − 𝑉𝐺) relation. Using the plotting framework, these plots can be stored, edited or combined across
different calculation runs. Additional calculation results from the Sentaurus Workbench calculation, such as .plt files
and the actual Sentaurus Workbench project, will also be available at the end of a calculation, but are not handled by
QuantumATK or Nanolab.

Fig. 7.2: Example of the Analysis tab in the 2DFET Characteristics plugin.

See also
fet2d_general.

FET2DSentaurusModelCalibration

class FET2DSentaurusModelCalibration(filename,
ob-
ject_id,
pa-
ram-
e-
ter_extraction_results,
num-
ber_of_processes_per_task=None,
log_filename_prefix=None)
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Check con-
figuration
input.

Parameters

•
filename
(str)
–
The
full
or
rel-
a-
tive
file-

name path the study object should be saved to.

•
object_id
(str)
–
The
name
of
the
study
that
the
study
ob-
ject
should
be
saved
to
within
the
file.
This
needs
to
be
a
unique
name
in
this
file.

•
parameter_extraction_results
(dict)
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–
The
out-
put
of
a
FET2DAtomisticParameterExtraction.extractionResults()
call.

•
number_of_processes_per_task
(int
|
None
|
ProcessesPerNode)
–
The
num-
ber
of
pro-
cesses
that
will
be
used
to
ex-
e-
cute
each
task.
If
the
to-
tal
num-
ber
of
pro-
cess
does
not
di-
vide
evenly
into
the
tasks,
some
tasks
may
have
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less
than
this
num-
ber
of
pro-
cesses.
If
None,
all
avail-
able
pro-
cesses
ex-
e-
cute
each
task
col-
lab-
o-
ra-
tively.

•
log_filename_prefix
(str
|
LogToStdOut)
–
File-
name
pre-
fix
for
the
log-
ging
out-
put
of
the
study.
If
LogToStdOut,
all
log-
ging
will
in-
stead
be
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sent
to
stan-
dard
out-
put.

bfcal()

Getter for Bf_cal

channelMaterialName()

Returns
The name of the channel material.

Return type
str

channelThickness()

Returns
The thickness of the channel in monolayers.

Return type
int

contactMaterialName()

Returns
The name of the contact material.

Return type
str

contactOrientation()

Returns
The Miller indices for the contact surface towards the channel.

Return type
sequence of int

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

deviceStructureVariables()

Returns
Device structure variables.

Return type
dict

eMparLEV()

Getter for EMparLEV
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eMparUEV()

Getter for EMparUEV

eMperpLEV()

Getter for EMperpLEV

eMperpUEV()

Getter for EMperpUEV

eshift()

Getter for Eshift

extractionResults()

Returns
All results excluding NL objects.

Return type
dict

filename()

Returns
The filename where the study object is stored.

Return type
str

gcal()

Getter for g_cal

kcal()

Getter for k_cal

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

lowerEnergyValley()

Getter for LowerEnergyValley

maxE()

Returns
The upper energy limit for valley detection.

Return type
PhysicalQuantity of type energy

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None
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nLowBands()

Getter for NLowBands

nPparLEV()

Getter for NPparLEV

nPparUEV()

Getter for NPparUEV

nUpBands()

Getter for NUpBands

negfVariables()

Returns
Input variables for NEGF.

Return type
dict

nlinfo()

Get only the printable results from the extraction results - plain text.

Returns
The study information.

Return type
dict

nlinfoHtml()

Get only the printable results from the extraction results.

Returns
The study information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int
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objectId()

Returns
The name of the study object in the file.

Return type
str

qatkBands()

Returns
QATK bands.

Return type
dict

resultsToTransfer()

Returns
A copy of the relevant results from parameter extraction calculation.

Return type
dict

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

tfcal()

Getter for Tf_cal

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.

upperEnergyValley()

Getter for UpperEnergyValley

v0f_cal()

Getter for V0f_cal

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.
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Usage Examples

Example 1. Perform model calibration to extract the parameters used to run device characterization, with manually
defined parameter extraction results.

from QuantumATK import *
from AddOns.FET2D.Study.FET2DSentaurusModelCalibration import␣
→˓FET2DSentaurusModelCalibration

# Define previous parameter extraction results.
parameter_extraction_results = {

'channel_material_name': 'MoS2',
'contact_material_name': 'Gold',
'channel_thickness': 1,
'maxE': 1.1 * eV,
'contact_orientation': (0, 0, 1),
'NBands': 8,
'chi': 4.25 * eV,
'eps': 3.38,
'H': 0.0006516 * um,
'BG': 1.699 * eV,
'qatk_bands': '0.367\n1.081\n1.923\n0.989\n0.346\n0.801\n1.773\n0.989\n0.254\n1.081\

→˓n0.618\n0.989\n0.346\n0.801\n1.773\n0.989\n0.367\n1.081\n1.923\n0.989\n0.344\n0.801\n0.
→˓433\n0.989\n0.254\n1.081\n0.618\n0.989\n0.344\n0.801\n0.433\n0.989\n0.452\n0.484\n0.
→˓911\n0.85\n0.485\n0.484\n1.215\n0.85\n0.527\n0.484\n1.589\n0.85\n0.485\n0.484\n1.215\
→˓n0.85\n0.312\n0.714\n0.542\n0.989\n0.204\n1.311\n1.155\n0.989\n0.713\n0.714\n1.153\n0.
→˓989\n0.204\n1.311\n1.155\n0.989',
'PhiSB': 0.276 * eV,

}

# Define the Model Calibration Study Object.
model_calibration = FET2DSentaurusModelCalibration(

filename='fet2d_model_calibration_1642514480.76.hdf5',
object_id='FET2DSentaurusModelCalibration_0',
workfunction=7.835 * eV,
parameter_extraction_results=parameter_extraction_results,
log_filename_prefix_default='fet2d_model_calibration_',

)

# Start the calculations.
model_calibration.update()

# Extract the results.
model_calibration_results = model_calibration.extractionResults()

Example1.py

If a FET2DAtomisticParameterExtraction is available, the parameter extraction results can be defined as

parameter_extraction_results = parameter_extraction.extractionResults()

where parameter_extraction is an instance of FET2DAtomisticParameterExtraction that has completed all
of its calculations.
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See also fet2d_general.

GrainBoundaryScattering

class GrainBoundaryScattering(configuration, filename, object_id, grain_boundary_generators,
kpoint_density=None, optimization_region_length=None,
optimize_geometry_parameters=None, energies=None,
transmission_kpoint_density=None, self_energy_calculator=None,
infinitesimal=None, passivate_electrode_surfaces=None,
device_algorithm_parameters=None, contour_parameters=None,
relaxation_calculator=None, log_filename_prefix=None,
number_of_processes_per_task=None)

Class for performing a grain boundary scattering study.

Parameters

• configuration (DeviceConfiguration) – The device configuration with attached
calculator for which to perform the study. The configuration must include at least one
metallic region acting as the gate.

• filename (str) – The full or relative filename path the Study object should be saved to.
See nlsave().

• object_id (str) – The name of the study that the Study object should be saved to within
the file. This needs to be a unique name in this file. See nlsave().

• grain_boundary_generators (list or Table of GrainBoundaryGenerator) – List or
Table of GrainBoundaryGenerator to generate the device grain boundary structures.

• kpoint_density (PhysicalQuantity of type length.) – The k-point density to be used for
the self-consistent DFT-NEGF calculation. Default: 4.0 * Ang

• optimization_region_length (PhysicalQuantity of type length) – The length along
the transport direction of the region to be optimized within the central region of the device.
Note that the length of the optimization region is automatically capped to keep the given
electrode extensions fixed on either side. Default: 10.0 * Ang

• optimize_geometry_parameters (OptimizeGeometryParameters) – The parame-
ters to use for optimizing the geometry. Note that constraints, pre_step_hook and
post_step_hook must be left unset. Also note that max_stress, target_stress,
restart_strategy and enable_optimization_stop_file do not have any effect
since stress is not optimized, and the restart mechanism within OptimizeGeometry() is
disabled. Default: OptimizeGeometryParameters()

• energies (list of PhysicalQuantity of type energy) – A list of the energies for which the
TransmissionSpectrum at each voltage should be calculated. Default: Energy range
that covers the bias window, plus 30𝑘𝐵𝑇 .

• transmission_kpoint_density (PhysicalQuantity of type length.) – The k-point den-
sity to be used for the transmission spectrum calculations. Default: 7.0 * Ang

• self_energy_calculator (DirectSelfEnergy | RecursionSelfEnergy |
SparseRecursionSelfEnergy | KrylovSelfEnergy) – The SelfEnergyCalcula-
tor to be used for the TransmissionSpectrum calculation at each voltage. Default:
RecursionSelfEnergy(storage_strategy=NoStorage())
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• infinitesimal (PhysicalQuantity of type energy) – Small positive energy, used to move
the TransmissionSpectrum calculation at each voltage away from the real axis. This is
only relevant for recursion-style self-energy calculators. Default: 1.0e-6 * eV

• passivate_electrode_surfaces (bool) – Whether the left and right surfaces of the
central region of the device along the transport direction should be passivated when ex-
tracting the central region for optimization. Default: False.

• device_algorithm_parameters (DeviceAlgorithmParameters) – The DeviceAl-
gorithmParameters used for the device simulation Default: The default of the calculator.

• contour_parameters (ContourParameters) – The parameters used for the complex
contour integration for the device calculation. Default: The default of the calculator.

• relaxation_calculator (Calculator) – The calculator used for relaxing the atomic
coordinates of the bulk configuration and of the grain boundary configurations. The
calculator must contain a basis set for the elements in the configuration. Note that
the calculator is taken as a reference corresponding to the bulk unit cell given in
bulk_configuration; the density_mesh_cutoff and k_point_sampling parame-
ters of the NumericalAccuracyParameters of the calculator will be scaled consistently
with the supercell size. The k_point_sampling will be scaled to maintain the k-point
density approximately equal to the reference.

• log_filename_prefix (str | LogToStdOut) – Filename prefix for the logging output of
the calculations, each to be stored in a separate file. If LogToStdOut, all logging will
instead be sent to standard output. Default: 'grain_boundary_scattering_'

• number_of_processes_per_task (int) – The number of processes that will be used
to execute each task. If this value is greater than or equal to the total number of available
processes, each single task will be executed collaboratively over all processes. Otherwise,
a delegator-worker scheme is used; in this case, one process will be set aside as the delega-
tor, and the remaining ones will be grouped into workers and execute tasks concurrently.
Default: All available processes execute each task collaboratively.

addGrainBoundaryGenerator(grain_boundary_generator=None)
Add a grain boundary generator to the list of grain boundary generators.

Parameters
grain_boundary_generator (GrainBoundaryGenerator) – The grain boundary gen-
erator to generate the device grain boundary structures.

calculateMayadasShatzkesResistivityVsGrainBoundarySize(bulk_resistivity, bulk_mean_free_path,
grain_boundary_lengths,
grain_boundary_weights=None,
temperature=PhysicalQuantity(300.0,
K), spin=<class
'NL.ComputerScienceUtilities.NLFlag.Spin.Sum'>,
fermi_shift=PhysicalQuantity(0.0,
eV))

Calculate the resistivity vs. grain boundary size based on the Mayadas and Shatzkes model. Returns a list
of resistivities corresponding to the valus of the GB lengths.

Parameters

• bulk_resistivity (PhysicalQuantity of type Meter / Siemens) – The bulk resistiv-
ity of the material without grain boundaries.

• bulk_mean_free_path (PhysicalQuantity of type length) – The bulk resistivity of
the material without grain boundaries.
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• grain_boundary_lengths (PhysicalQuantity of type length) – List of grain bound-
ary lengths. The GB lengths are the average characteristic dimension of the grain
boundaries.

• grain_boundary_weights – The weight factors for the individual
grain boundary specific resistances. Default: list of equal weights, i.e.
numpy.ones(number_of_grain_boundaries)

• temperature (PhysicalQuantity of type Kelvin) – The electrode temperatures.

• spin (Spin.Up | Spin.Down | Spin.Sum) – The spin component to query result for.
Default: Spin.Sum

• fermi_shift (PhysicalQuantity of type energy) – Manuel shift of the Fermi level
shift. Default: 0.0 * eV

Returns
The resistivity vs. grain boundary size based on the Mayadas and Shatzkes model.

Return type
PhysicalQuantity of type Meter/Siemens

calculatedGrainBoundaries()

Returns
The list GrainBoundaryGenerator descriptions for which all the calculation results are
present in the cache.

Return type
list of GrainBoundaryGenerator

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

electrodeTotalEnergies(contribution=None)
Retrieve the total energies for the specified electrode.

Parameters
contribution (Left | Right) – The electrode for which to get the energy.

Returns
The total energies. If not available, returns list of None.

Return type
list of TotalEnergy | None

electrodeTransmissionSpectra(contribution=None)
Retrieve the transmission spectra for the specified electrode.

Parameters
contribution (Left | Right) – The electrode for which to get the transmission.

Returns
The transmission spectra. If not available, returns list of None.

Return type
list of TransmissionSpectrum | None
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energies()

Returns
The list of energies used for the TransmissionSpectrum calculation.

Return type
list of PhysicalQuantity of type energy

filename()

Returns
The filename where the study object is stored.

Return type
str

formationEnergies()

Returns
A list of GB formation energies for all the grain boundaries. If a grain boundary calculation
is not finished, a None will be returned in the list for that grain boundary. The GB formation
energy calculated as (E_device / N_device - E_elec / N_elec), where E_device is the total
energy of the device configuration, E_elec is the energy of the electrodes, and N_device,
N_elec are the number of atoms in the device and electrodes.

Return type
PhysicalQuantity of type energy | None

formationEnergiesBulk()

Returns
A list of GB formation energies for all the grain boundaries calculated from the relaxed
bulk grain boundary configuration. If a grain boundary calculation is not finished, a None
will be returned in the list for that grain boundary. The GB formation energy calculated as
(E_device / N_device - E_elec / N_elec), where E_device is the total energy of the device
configuration, E_elec is the energy of the electrodes, and N_device, N_elec are the number
of atoms in the device and electrodes.

Return type
PhysicalQuantity of type energy | None

grainBoundaryGenerators()

Returns
All the grain boundary generators given as input.

Return type
GrainBoundaryGenerator

infinitesimal()

Returns
The small positive energy used to move the TransmissionSpectrum calculation away
from the real axis for the case of a recursion-style self-energy calculator.

Return type
PhysicalQuantity of type energy

kpointDensity()

Returns
The kpoint density given as input.
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Return type
PhysicalQuantity of type length.

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

optimizationRegionLength()

Returns
The length along the transport direction of the optimization region. Note that the optimiza-
tion region might be capped in order to keep at least one repeat of the minimal electrode
fixed on either side.

Return type
PhysicalQuantity of type length

optimizeGeometryParameters()

Returns
The parameters used for optimizing the geometry.

Return type
OptimizeGeometryParameters
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passivateElectrodeSurfaces()

Returns
Whether the left and right surfaces of the central region of the device along the transport
direction are passivated when extracting the central region for optimization.

Return type
bool

reflectionCoefficients(temperature=PhysicalQuantity(300.0, K), spin=<class
'NL.ComputerScienceUtilities.NLFlag.Spin.Sum'>,
fermi_shift=PhysicalQuantity(0.0, eV))

Retrieve the GB reflection coefficient for all the grain boundary generators.

Parameters

• temperature (PhysicalQuantity of type Kelvin) – The electrode temperatures.

• spin (Spin.Up | Spin.Down | Spin.Sum) – The spin component to query result for.
Default: Spin.Sum

• fermi_shift (PhysicalQuantity of type energy) – Manuel shift of the Fermi level
shift. Default: 0.0 * eV

Returns
The GB reflection coefficients calculated as r = 1 - R_elec / R_device, where R_device,
R_elec = (R_left + R_right)/2 are the resistances of the device, and the average of left and
right electrodes, respectively.

Return type
list of float | None

relaxedGrainBoundaryDevice(grain_boundary_generator)
Retrieve the relaxed device configuration.

Parameters
grain_boundary_generator (GrainBoundaryGenerator) – The grain boundary gen-
erator for which to get the device configuration.

Returns
The relaxed device configuration. If not available, returns None.

Return type
DeviceConfiguration | None

resistances(temperature=PhysicalQuantity(300.0, K), spin=<class
'NL.ComputerScienceUtilities.NLFlag.Spin.Sum'>, fermi_shift=PhysicalQuantity(0.0, eV))

Retrieve the GB scattering resistance for all the grain boundary generators.

Parameters

• temperature (PhysicalQuantity of type Kelvin) – The electrode temperatures.

• spin (Spin.Up | Spin.Down | Spin.Sum) – The spin component to query result for.
Default: Spin.Sum

• fermi_shift (PhysicalQuantity of type energy) – Manuel shift of the Fermi level
shift. Default: 0.0 * eV

Returns
The GB scattering resistance calculated as R_device - 0.5*(R_left + R_right), where
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R_device, R_left, R_right are the resistances of the device, and left and right electrodes,
respectively.

Return type
list PhysicalQuantity of type 1/Siemens | None

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

selfEnergyCalculator()

Returns
The SelfEnergyCalculator used for the TransmissionSpectrum calculation.

Return type
DirectSelfEnergy | RecursionSelfEnergy | SparseRecursionSelfEnergy |
KrylovSelfEnergy

specificResistivities(temperature=PhysicalQuantity(300.0, K), spin=<class
'NL.ComputerScienceUtilities.NLFlag.Spin.Sum'>,
fermi_shift=PhysicalQuantity(0.0, eV))

Retrieve the GB area specific resistivity for all the grain boundary generators.

Parameters

• temperature (PhysicalQuantity of type Kelvin) – The electrode temperatures.

• spin (Spin.Up | Spin.Down | Spin.Sum) – The spin component to query result for.
Default: Spin.Sum

• fermi_shift (PhysicalQuantity of type energy) – Manuel shift of the Fermi level
shift. Default: 0.0 * eV

Returns
A list with the specific resistivity for each grain boundary, calculated as (R_device -
0.5*(R_left + R_right)) * A, where A is the cross sectional area, and R_device, R_left,
R_right are the resistances of the device, and left and right electrodes, respectively.

Return type
list PhysicalQuantity of type Meter^2/Siemens | None

totalEnergies()

Retrieve the total energies for the device configurations.

Returns
The total energies. If not available, returns list of None.

Return type
list of TotalEnergy | None

totalEnergiesBulk()

Retrieve the total energies for the bulk GB configurations.

Returns
The total energies. If not available, returns list of None.

Return type
list of TotalEnergy | None
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totalEnergyInitialBulk()

Retrieve the total energies for the initial bulk configuration.

Returns
The total energy If not available, returns list of None.

Return type
list of TotalEnergy | None

transmissionKpointDensity()

Returns
The kpoint density for the transmissson calculations given as input.

Return type
PhysicalQuantity of type length.

transmissionSpectra()

Retrieve the transmission spectra

Returns
The transmission spectra. If not available, returns list of None.

Return type
list of TransmissionSpectrum | None

uniqueString()

Return a unique string representing the state of the object.

unrelaxedGrainBoundaryDevice(grain_boundary_generator)
Retrieve the unrelaxed device configuration.

Parameters
grain_boundary_generator (GrainBoundaryGenerator) – The grain boundary gen-
erator for which to get the device configuration.

Returns
The unrelaxed device configuration. If not available, returns None.

Return type
DeviceConfiguration | None

update()

Run the calculations for the study object.

updatedGrainBoundaryDevice(grain_boundary_generator)
Retrieve the updated, and optimized device configuration

Parameters
grain_boundary_generator (GrainBoundaryGenerator) – The grain boundary gen-
erator for which to get the device configuration.

Returns
The optimized device configuration. If not available, returns None.

Return type
DeviceConfiguration | None

weightedReflectionCoefficient(grain_boundary_weights=None, temperature=PhysicalQuantity(300.0,
K), spin=<class 'NL.ComputerScienceUtilities.NLFlag.Spin.Sum'>,
fermi_shift=PhysicalQuantity(0.0, eV))

Retrieve the weighted reflection coefficient.
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Parameters

• grain_boundary_weights – The weight factors for the individual
grain boundary specific resistances. Default: list of equal weights, i.e.
numpy.ones(number_of_grain_boundaries)

• temperature (PhysicalQuantity of type Kelvin) – The electrode temperatures.

• spin (Spin.Up | Spin.Down | Spin.Sum) – The spin component to query result for.
Default: Spin.Sum

• fermi_shift (PhysicalQuantity of type energy.) – Manuel shift of the Fermi level
shift. Default: 0.0 * eV

Returns
The weighted GB specific resistance, calculated as sum(r_i * w_i) / sum(w_i), where r_i
is the specific resistances and w_i are the weight factors.

Return type
PhysicalQuantity of type Meter^2/Siemens

weightedSpecificResistivity(grain_boundary_weights=None, temperature=PhysicalQuantity(300.0,
K), spin=<class 'NL.ComputerScienceUtilities.NLFlag.Spin.Sum'>,
fermi_shift=PhysicalQuantity(0.0, eV))

Retrieve the weighted specific resistivity.

Parameters

• grain_boundary_weights – The weight factors for the individual
grain boundary specific resistivities. Default: list of equal weights, i.e.
numpy.ones(number_of_grain_boundaries)

• temperature (PhysicalQuantity of type Kelvin) – The electrode temperatures.

• spin (Spin.Up | Spin.Down | Spin.Sum) – The spin component to query result for.
Default: Spin.Sum

• fermi_shift (PhysicalQuantity of type energy) – Manuel shift of the Fermi level
shift. Default: 0.0 * eV

Returns
The weighted GB specific resistivity, calculated as sum(r_i * w_i) / sum(w_i), where r_i
is the specific resistivities and w_i are the weight factors.

Return type
PhysicalQuantity of type Meter^2/Siemens

Usage Example

This example script shows how to perform a grain boundary scattering calculation of Copper with two different grain
boundaries considered. The grain boundaries are specified using the GrainBoundaryGenerator objects.

from QuantumATK import *
from SMW import *

# -------------------------------------------------------------
# Bulk Configuration
# -------------------------------------------------------------

(continues on next page)
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(continued from previous page)

# Set up lattice
lattice = FaceCenteredCubic(3.61496*Angstrom)

# Define elements
elements = [Copper]

# Define coordinates
fractional_coordinates = [[ 0., 0., 0.]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
k_point_sampling = MonkhorstPackGrid(

na=11,
nb=11,
nc=11,
)

numerical_accuracy_parameters = NumericalAccuracyParameters(
density_mesh_cutoff=85.0*Hartree,
k_point_sampling=k_point_sampling,
)

calculator = LCAOCalculator(
numerical_accuracy_parameters=numerical_accuracy_parameters,
)

bulk_configuration.setCalculator(calculator)

# -------------------------------------------------------------
# Grain Boundary Scattering
# -------------------------------------------------------------
# Grain boundary generators.
grain_boundary_generators = []

# Grain Boundary Generator 0
grain_boundary_generator = GrainBoundaryGenerator(

rotation_axis=[1, 1, 1],
rotation_angle=60.00*Degrees,
sigma=3,
boundary_plane=[-1, -1, -1],
minimum_electrode_length=5.0*Angstrom,
buffer_layer=15.0*Angstrom,
overlap_distance=0.5*Angstrom,

)
grain_boundary_generators.append(grain_boundary_generator)

(continues on next page)
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(continued from previous page)

# Grain Boundary Generator 1
grain_boundary_generator = GrainBoundaryGenerator(

rotation_axis=[0, 0, 1],
rotation_angle=36.87*Degrees,
sigma=5,
boundary_plane=[-2, -1, 0],
minimum_electrode_length=5.0*Angstrom,
buffer_layer=15.0*Angstrom,
overlap_distance=0.5*Angstrom,

)
grain_boundary_generators.append(grain_boundary_generator)

# Optimization parameters.
optimize_geometry_parameters = OptimizeGeometryParameters(

max_forces=0.05*eV/Angstrom,
max_steps=200,
max_step_length=0.2*Angstrom,
optimizer_method=LBFGS(),

)

# Calculate scattering.
grain_boundary_scattering = GrainBoundaryScattering(

configuration=bulk_configuration,
filename='Copper-Grain-Boundary-Scattering.hdf5',
object_id='grainboundaryscattering',
grain_boundary_generators=grain_boundary_generators,
kpoint_density=4.0*Angstrom,
optimization_region_length=10.0*Angstrom,
optimize_geometry_parameters=optimize_geometry_parameters,
energies=numpy.linspace(-0.1, 0.1, 21)*eV,
transmission_kpoint_density=12.0*Angstrom,
self_energy_calculator=RecursionSelfEnergy(),
infinitesimal=1e-06*eV,
log_filename_prefix='grainboundaryscattering_',
number_of_processes_per_task=1,

)
grain_boundary_scattering.update()

grain_boundary_scattering.py

Notes

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

The GrainBoundaryScattering object allows the user to study electonic transport and scattering properties of metal
grain boundaries in an automated work flow. The purpose is to bundle a number of individual tasks into a single work
flow. The grain boundaries are specified using GrainBoundaryGenerator objects, which can generate a device config-
uration from a bulk configuration of a cubic lattice type. As seen in the example above, the GrainBoundaryScattering
is thus constructed with a bulk configuration and a list of GrainBoundaryGenerator objects.
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The work flow is the following:

• Initially the bulk configuration is optimized in order to minimize the forces and stress.

For each grain boundary structure the following tasks will be performed:

• Construct the device configuration using the GB generator and the relaxed bulk configuration.

• Convert the device configuration to a bulk configuration as in OptimizeDeviceConfiguration.

• Perform structural relaxation of the bulk configuration as in OptimizeDeviceConfiguration. Only the central
atoms around the grain boundary will be relaxed. The length of the region with structural relaxations is deter-
mined by the input parameters optimization_region_length.

• Convert the relaxed bulk configuration to a device configuration.

• Perform a self-consistent DFT-NEGF calculation for the relaxed device configuration.

• Total energy of relaxed DeviceConfiguration.

• Total energy of electrode configuration.

• TransmissionSpectrum calculation for the device configuration, 𝑇𝑑𝑒𝑣(𝐸)

• TransmissionSpectrum calculation for the pristine (electrode) structure (‘Sharvin resistance’), 𝑇𝑒𝑙𝑒𝑐(𝐸)

The grain boundary resistance is calculated as1

𝑅𝐺𝐵 = 𝑅𝑑𝑒𝑣 −𝑅𝑒𝑙𝑒𝑐 =
1

𝐺𝑑𝑒𝑣
− 1

𝐺𝑒𝑙𝑒𝑐

where

𝐺𝑑𝑒𝑣 =

∫︁
𝑇𝑑𝑒𝑣(𝐸)

(︂
−𝜕𝑓(𝐸)

𝜕𝐸

)︂
𝑑𝐸

is the device conductance obtained from the device transmission function, 𝑇𝑑𝑒𝑣(𝐸), and the energy derivative of the
Fermi-Dirac distribution function. Similarly the electrode conductance and resistance can be obtained from the elec-
trode transmission function. The electrode transmission represents the transmission through a pure metal without any
defects or grain boundaries.

The specific resistivity is determined as

𝛾 = 𝑅𝐺𝐵 ·𝐴

where A is the cross-sectional area.

The grain boundary reflection coefficient is defined as

𝑟 = 1 − 𝐺𝑑𝑒𝑣
𝐺𝑒𝑙𝑒𝑐

A weighted reflection coefficient can be obtained as

⟨𝑟⟩ =

∑︀
𝑖 𝑤𝑖𝑟𝑖∑︀
𝑤𝑖

where the sum runs over all the considered grain boundaries. 𝑟𝑖 and𝑤𝑖 are the reflection coefficient and relative weight
of the i’th grain boundary. The weighted resistivity is defined by a similar equation. The weights, or distribution,
of different defects depends on the experimental conditions (metal type, growth conditions etc.) and will be user
determined.

1 Mathieu César, Dongping Liu, Daniel Gall, and Hong Guo. Calculated resistances of single grain boundaries in copper. Phys. Rev. Applied,
2:044007, Oct 2014. URL: https://link.aps.org/doi/10.1103/PhysRevApplied.2.044007, doi:10.1103/PhysRevApplied.2.044007.
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The conductivity as function of grain boundary size can finally be obtained from the Mayadas and Shatzkes model as

𝜎 = 𝜎0 · 3

(︂
1

3
− 𝛼

2
+ 𝛼2 − 𝛼3 ln(1 +

1

𝛼
)

)︂

𝛼 =
𝑙0
𝐿𝑔

⟨𝑟⟩
1 − ⟨𝑟⟩

where 𝑙0 is the bulk mean free path, 𝐿𝑔 the average grain size, and 𝜎0 is the bulk conductivity in the absence of grain
boundaries. The bulk conductivity and mean free path are user inputs, but can be calculated from the Mobility object.

References

MaterialSpecifications

class MaterialSpecifications(pristine_configuration, supercell_repetitions=None,
formation_energy_calculator=None, relaxation_calculator=None,
band_gap_calculator=None, phonon_calculator=None,
quick_optimizer_calculator=None, amorphization_calculator=None,
amorphous_density=None, atomic_chemical_potentials=None,
dielectric_constant=None, bulk_modulus=None,
assumed_formation_entropy=None, assumed_transition_prefactor=None,
first_nearest_neighbor=None, second_nearest_neighbor=None, color=None,
sentaurus_material_name=None, optimize_geometry_parameters=None,
symmetry_tolerance=None, layer_indices=None, use_ghost_atoms=None,
random_seed=None, periodic_charge_correction=None,
stress_correction=None, elements_with_stoichiometry=None,
substitutional_percentage=None, substitutional_element=None)

A class defining a bulk material to use in an SMW simulation. The class encapsulates the structure of the pristine
unit cell and all the technical options needed to perform the calculations.

Parameters

• pristine_configuration (BulkConfiguration) – The reference bulk unit cell con-
figuration to be used to generate the supercell configuration.

• supercell_repetitions (sequence (size 3) of int) – The number of repeti-
tions of the reference bulk unit cell along the (a, b, c) directions. Default: (1, 1, 1)

• formation_energy_calculator (Calculator) – The calculator used for calculating the
formation energy of the defect charge states. All total energies, band positions and
finite-size corrections are calculated using this calculator. The calculator must con-
tain a basis set for the elements in both the defect and pristine configurations. Note
that the calculator is taken as a reference corresponding to the bulk unit cell given in
bulk_configuration; the density_mesh_cutoff and k_point_sampling parame-
ters of the NumericalAccuracyParameters of the calculator will be scaled consistently
with the supercell size. The k_point_sampling will be scaled to maintain the k-point
density approximately equal to the reference. The k-point grid will always be shifted such
that the Gamma point is included, i.e., shift_to_gamma=True. Default: The calculator
given in relaxation_calculator. At least one of the two calculators must be provided.

• relaxation_calculator (Calculator) – The calculator used for relaxing the atomic co-
ordinates of the defect supercells. The calculator must contain a basis set for the elements
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in the defect configuration. Note that the calculator is taken as a reference correspond-
ing to the bulk unit cell given in bulk_configuration; the density_mesh_cutoff
and k_point_sampling parameters of the NumericalAccuracyParameters of the
calculator will be scaled consistently with the supercell size. The k_point_sampling
will be scaled to maintain the k-point density approximately equal to the ref-
erence. The k-point grid will always be shifted such that the Gamma point
is included, i.e., shift_to_gamma=True. Default: The calculator given in
formation_energy_calculator. At least one of the two calculators must be provided.

• band_gap_calculator – The calculator used for calculating the band gap in which the
transition levels will be placed. The calculator is only used for the pristine configura-
tion, so only needs to contain a basis set for the elements in this configuration. Note
that the calculator is taken as a reference corresponding to the bulk unit cell given in
bulk_configuration; the density_mesh_cutoff and k_point_sampling parame-
ters of the NumericalAccuracyParameters of the calculator will be scaled consistently
with the supercell size. The k_point_sampling will be scaled to maintain the k-point
density approximately equal to the reference. The k-point grid will always be shifted such
that the Gamma point is included, i.e., shift_to_gamma=True. Default: The calculator
given in formation_energy_calculator.

• phonon_calculator – The calculator used for performing phonon calculations. The
calculator must contain a basis set for the elements in the defect configuration. Note
that the calculator is taken as a reference corresponding to the bulk unit cell given in
bulk_configuration; the density_mesh_cutoff and k_point_sampling parame-
ters of the NumericalAccuracyParameters of the calculator will be scaled consistently
with the supercell size. The k_point_sampling will be scaled to maintain the k-point
density approximately equal to the reference. The k-point grid will always be shifted such
that the Gamma point is included, i.e., shift_to_gamma=True. Default: The calculator
given in relaxation_calculator.

• quick_optimizer_calculator (Calculator) – The calculator used for fast initial opti-
mization of amorphous packmol structures. This should typically be a force field calcula-
tor since the optimization of packmol structure procedure requires many force evaluations.
Default: None

• amorphization_calculator (Calculator) – The calculator used for producing amor-
phous structures. This should typically be a force field calculator since the amorphization
procedure requires many force evaluations. Default: None

• amorphous_density (PhysicalQuantity of type mass per volume) – The target density of
this material when producing amorphous structures. If not value is given, then the density
will be the same as the pristine configuration. Default: None

• atomic_chemical_potentials (list of AtomicChemicalPotential | None) – The
atomic chemical potential for each element of interest. See the documentation of
AtomicChemicalPotential for details on how to define the atomic chemical poten-
tial for a species, and how the default values are calculated. Default: None; all necessary
atomic chemical potentials calculated using the default configurations.

• dielectric_constant (float) – The dielectric constant of the pristine material. Only
needed to calculate the finite-size electrostatic energy correction terms. Default: 1.0

• bulk_modulus (PhysicalQuantity of type pressure) – The bulk modulus of the pristine
material. Only needed to calculate the finite-size elastic energy correction term. Default:
100.0 * GPa

• assumed_formation_entropy (PhysicalQuantity of type entropy) – The assumed for-
mation entropy of all defects calculated for this material. Setting this parameter will
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disable all phonon contributions to the defects. Default: Phonon contributions will be
calculated.

• assumed_transition_prefactor (PhysicalQuantity of type frequency) – The as-
sumed prefactor for all transition paths calculated for this material. Setting this parameter
will disable the prefactor calculation from the vibrational frequencies at the minima and
saddle point for all transition paths. Default: The prefactors will be calculated from the
vibrational frequencies at the minima and saddle point.

• first_nearest_neighbor (PhysicalQuantity of type length) – The distance for first
nearest neighbors in the material Default: Distance automatically calculated.

• second_nearest_neighbor (PhysicalQuantity of type length) – The distance for sec-
ond nearest neighbors in the material Default: Distance automatically calculated.

• color (Valid color in hexadecimal format as str) – A representative color for
this material. Default: “#FFFFFF”

• sentaurus_material_name (str) – The material name for Sentaurus tools. A typical
use is when writing parameters for other Sentaurus (Process, Device) tools. This param-
eter is only needed when providing parameters for other tools. Otherwise it can be left
empty. But if a name is not provided, an exception/error will be raised when used by
functions providing parameters for other Sentaurus tools. Default: None

• optimize_geometry_parameters (OptimizeGeometryParameters) – The parame-
ters to use for optimizing the geometry. Note that pre_step_hook and post_step_hook
must be left unset. Default: OptimizeGeometryParameters()

• symmetry_tolerance (PhysicalQuantity of type length.) – The tolerance to be used
when determining the symmetries. Default: 0.1 * Angstrom

• layer_indices (list of type list of type int) – A list of lists that contain the
indices of the atoms that belong in each layer. If None is given (default), then this is not
a multilayered material. Default: None

• use_ghost_atoms (bool) – If set to True ghost atoms are to be used. Default: False

• random_seed (int) – Random seed to be used when needed for simulations. Default:
1234

• periodic_charge_correction (ModelChargeCorrection | False) – Charge correc-
tion flag. False to disable. Default: ModelChargeCorrection() (Correction is on, gaussian
width is fitted)

• stress_correction (ImageStressCorrection | False) – Type of stress correction
applied to defects. False to disable Default: False

• elements_with_stoichiometry (dict) – A dict of elements and stoichiometry of the
elements that is used for amorphorization.

• substitutional_percentage (float) – The percentages of the atoms that should be
changed.

• substitutional_element (PeriodicTableElement) – The element to change to.

amorphizationCalculator()

Returns
The reference calculator used for performing amorphization calculations.

Return type
Calculator | None
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amorphousDensity()

Returns
The target density of this material when producing amorphous structures.

Return type
PhysicalQuantity of type mass per volume

assumedFormationEntropy()

Returns
The assumed formation entropy of all defects calculated for this material. If None, the
phonon contributions are calculated explicitly.

Return type
PhysicalQuantity of type entropy | None

assumedTransitionPrefactor()

Returns
The assumed prefactor for all transition paths calculated for this material. If None, the pref-
actors are calculated explicitly from the vibrational frequencies at the minima and saddle
point.

Return type
PhysicalQuantity of type frequency | None

atomicChemicalPotentials()

Returns
The list of atomic chemical potentials for each element.

Return type
list of AtomicChemicalPotential

bandGapCalculator()

Returns
The reference calculator used for calculating the band gap in which the transition levels
will be placed.

Return type
Calculator

bulkModulus()

Returns
The bulk modulus of the pristine material.

Return type
PhysicalQuantity of type pressure

color()

Returns
The color of the material.

Return type
str
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description()

Returns
The description of the material.

Return type
str

dielectricConstant()

Returns
The dielectric constant of the pristine material.

Return type
float

elementsWithStoichiometry()

Returns
Different elements with stoichiometry.

Return type
dict | None

firstNearestNeighbor()

Returns
The first nearest neighbor distance associated to this system.

Return type
PhysicalQuantity of type length

formationEnergyCalculator()

Returns
The reference calculator used for calculating the formation energy of the defect charge
states.

Return type
Calculator

layerIndices()

Returns
The indices of the atoms in each layer.

Return type
list of type list of type int

name()

Returns
The name of the material, mostly used for displaying purposes. This name might not be
unique for different specifications. Do not use for indexing purposes.

Return type
str

nlprint(stream=<_io.TextIOWrapper name='<stdout>' mode='w' encoding='utf-8'>)
Prints a summary of material specifications.
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optimizeGeometryParameters()

Returns
Parameters required to optimize the geometry.

Return type
OptimizeGeometryParameters

periodicChargeCorrection()

Returns
The type of charge correction used for calculations

Return type
ModelChargeCorrection

phononCalculator()

Returns
The reference calculator used for performing phonon calculations.

Return type
Calculator

pristineConfiguration()

Returns
The reference bulk unit cell configuration used to generate the supercell configuration.

Return type
BulkConfiguration

quickOptimizerCalculator()

Returns
The reference calculator used for performing amorphization calculations.

Return type
Calculator | None

randomSeed()

Returns
The random seed. None if it changes between simulations.

Return type
int

relaxationCalculator()

Returns
The reference calculator used for relaxing the atomic coordinates of the defect supercells.

Return type
Calculator

secondNearestNeighbor()

Returns
The second nearest neighbor distance associated to this system.

Return type
PhysicalQuantity of type length
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sentaurusMaterialName()

Returns
The name to be used for this material in Sentarus tools

Return type
str

setDescription(description)

Parameters
description (str) – The description of the material.

stressCorrection()

Returns
The Type of image stress correction used for calculations

Return type
ImageStressCorrection | None

substitutionalElement()

Returns
The substitutional element for this layer as defined by the material specification.

Return type
class:~.PeriodicTableElement

substitutionalPercentage()

Returns
The percentage of the element in the pristine material that will be replaced.

Return type
float

supercellRepetitions()

Returns
The number of repetitions of the reference bulk unit cell along the (a, b, c) directions.

Return type
tuple (size 3) of int

symmetryTolerance()

Returns
The tolerance to be used when determining the symmetries.

Return type
PhysicalQuantity of type length.

uniqueString()

Return a unique string representing the state of the object.

useGhostAtoms()

Returns
whether ghost atoms are being used

Return type
bool
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MaterialSpecificationsDatabase

Table 7.1: Database of MaterialSpecifications.

Name Structure # atoms Calculator Calculate phonons Details
AlAs_216_DFT_SCAN AlAs 216 LCAO Generally applicable high-precision parameters for defects in AlAs.
AlN_300_DFT_SCAN AlN 300 LCAO Generally applicable high-precision parameters for defects in AlN.
Aluminum_256_DFT_SCAN Al 256 LCAO Generally applicable high-precision parameters for defects in Aluminium.
Cobalt_256_DFT_SCAN Co 256 LCAO Generally applicable high-precision parameters for defects in Cobalt.
Copper_256_DFT_SCAN Cu 256 LCAO Generally applicable high-precision parameters for defects in Copper.
GaAs_216_DFT_SCAN GaAs 216 LCAO Generally applicable high-precision parameters for defects in GaAs.
GaN_300_DFT_SCAN GaN 300 LCAO Generally applicable high-precision parameters for defects in GaN.
Germanium_216_DFT_SCAN Ge 216 LCAO Generally applicable high-precision parameters for defects in Germanium.
Gold_256_DFT_SCAN Au 256 LCAO Generally applicable high-precision parameters for defects in Gold.
HfO2_324_DFT_SCAN HfO2 324 LCAO Generally applicable high-precision parameters for defects in Hfo2.
InAs_216_DFT_SCAN InAs 216 LCAO Generally applicable high-precision parameters for defects in InAs.
InP_216_DFT_SCAN InP 216 LCAO Generally applicable high-precision parameters for defects in InP.
Iridium_256_DFT_SCAN Ir 256 LCAO Generally applicable high-precision parameters for defects in Iridium.
Iron_250_DFT_SCAN Fe 250 LCAO Generally applicable high-precision parameters for defects in Iron.
MgO_216_DFT_SCAN MgO 216 LCAO Generally applicable high-precision parameters for defects in MgO.
Palladium_256_DFT_SCAN Pd 256 LCAO Generally applicable high-precision parameters for defects in Palladium.
Platinum_256_DFT_SCAN Pt 256 LCAO Generally applicable high-precision parameters for defects in Platinum.
Ruthenium_288_DFT_SCAN Ru 288 LCAO Generally applicable high-precision parameters for defects in Ruthenium.
SiC_2H_300_DFT_SCAN SiC 300 LCAO Generally applicable high-precision parameters for defects in SiC_2H.
SiC_4H_256_DFT_SCAN SiC 256 LCAO Generally applicable high-precision parameters for defects in SiC_4H.
SiC_6H_384_DFT_SCAN SiC 300 LCAO Generally applicable high-precision parameters for defects in SiC_6H.
SiO2_243_DFT_SCAN SiO2 243 LCAO Generally applicable high-precision parameters for defects in SiO2.
Silicon_216_DFT_SCAN Si 216 LCAO Generally applicable high-precision parameters for defects in Silicon.
TaN_270_DFT_SCAN TaN 270 LCAO Generally applicable high-precision parameters for defects in TaN.
Tantalum_250_DFT_SCAN Ta 250 LCAO Generally applicable high-precision parameters for defects in Tantalum.
TiN_216_DFT_SCAN TiN 216 LCAO Generally applicable high-precision parameters for defects in TiN.
Titanium_200_DFT_SCAN Ti 200 LCAO Generally applicable high-precision parameters for defects in Titanium.
Tungsten_250_DFT_SCAN W 250 LCAO Generally applicable high-precision parameters for defects in Tungsten.
ZrO2_324_DFT_SCAN ZrO2 324 LCAO Generally applicable high-precision parameters for defects in ZrO2.
Alumina Al2O3 240 TremoloX X
Hafnia HfO2 96 TremoloX X
Hafnia_MTP HfO2 96 TremoloX X
Hafnia_cubic HfO2 24 TremoloX X
Hafnia_orthorhombic HfO2 24 TremoloX X
Hafnia_triclinic HfO2 102 TremoloX X
Ruthenium_MTP Ru 16 TremoloX X
Scandium_MTP Sc 16 TremoloX X
Silica SiO2 72 TremoloX X
Silica_Cristobalite SiO2 48 TremoloX X
Silica_MTP SiO2 72 TremoloX X
Silicon_Forcefield Si 16 TremoloX X
TitaniumNitride_MTP TiN 64 TremoloX X
Tungsten W 8 TremoloX X
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MolecularDynamicsMeltQuench

class MolecularDynamicsMeltQuench(amorphous_quality=None, max_retries=None, melt_quality=None,
max_melt_retries=None, melt_temperature=None, melt_time=None,
quench_temperature=None, quench_rate=None, time_step=None,
random_seed=None)

Base class for melt/quench amorphization methods

Parameters

• amorphous_quality (float) – Expected quality for the amorphous material, 0 to 1. 1
being free of defects. Default: 0.75

• max_retries (int) – Maximum number of tries to satisfy amorphous quality Default:
30

• melt_quality (float) – Requested percentage of melted material Default: 0.35

• max_melt_retries (float) – Maximum number of tries to melt the material with the
requested quality Default: same as max_retries

• melt_temperature (PhysicalQuantity of type temperature) – Suggested melt tempera-
ture Default: 5000*Kelvin

• melt_time (PhysicalQuantity of type time) – The length of the melt MD simulation.
Default: 40*picosecond

• quench_temperature (PhysicalQuantity of type temperature) – The target temperature
during the quenching MD simulation. Default: 300*Kelvin

• quench_rate (PhysicalQuantity of type temperature per time) – The rate of tempera-
ture change during the quenching. This rate will be used to calculate the length of the
quenching MD simulation. Default: 400*Kelvin/picosecond

• time_step (PhysicalQuantity of time time) – Time step per iteration Default: 1*fem-
tosecond

• random_seed (int) – Random seed Default: 1234

amorphousQuality()

Returns
requested amorphous quality

Return type
float

maxMeltRetries()

Returns
requested maximum number of melt tries

Return type
int

maxRetries()

Returns
requested number of maximum tries

Return type
int
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meltQuality()

Returns
requested melt quality

Return type
float

meltSteps()

Returns
The calculated number of melt steps.

Return type
int

meltTemperature()

Returns
requested melt temperature

Return type
PhysicalQuantity of type temperature

meltTime()

Returns
requested melt time

Return type
PhysicalQuantity of type time

quenchRate()

Returns
requested quench rate

Return type
PhysicalQuantity of type temperature per time

quenchTemperature()

Returns
requested quench temperature

Return type
PhysicalQuantity of type temperature

randomSeed()

Returns
random seed

Return type
int

timeStep()

Returns
returns time step

Return type
int
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uniqueString()

Return a unique string representing the state of the object.

Example

This class is to be used as a method of amorphize:

method = MolecularDynamicsMeltQuench(amorphous_quality=0.75)
amorphous = amorphize(reference, method, 'amorphous-Si.hdf5', 'amorphous')

MultilayerBuilder

class MultilayerBuilder(filename, object_id, layers, surface_vectors, relaxation_calculator=None,
kpoint_density=None, relaxation_length=None, interaction_length=None,
optimize_geometry_parameters=None, annealing_parameters=None,
max_iteration_annealing_parameters=1, select_from_different_cut_plane=False,
log_filename_prefix=None, add_passivation=False,
add_bridging_oxygen_atoms=True, defect_fuzz_factor=None)

Constructor for the MultilayerBuilder object. A multilayer builder is a multilayer configuration composed of
crystalline, alloy, amorphous, or vacuum layers. The lateral dimensions (a and b unit cell vectors) are specially
chosen to minimize the strain while meeting certain constraints (e.g. minimum and maximum sizes).

Parameters

• filename (str) – The full or relative path to save the results to. See nlsave().

• object_id (str) – The object id to use when saving. See nlsave().

• layers (list of type CrystalLayer | AmorphousLayer | VacuumLayer | AlloyLayer)
– The list of layers to create the multilayer builder from.

• surface_vectors (PhysicalQuantity of type length) – The pair of vectors the define
the lateral dimensions of the multilayer builder. The vectors may be given as 2d or 3d
vectors, but the z components must be zero. If no surface vectors are given, then lowest
strain surface vectors are selected automatically.

• relaxation_calculator (Calculator | list | None) – The calculators to use
when relaxing the atomic positions at the interfaces. If a single calculator is given it
is used for all interfaces. Giving a list of calculators allows a different calculator for each
interface and skips optimization of each material. If no additional relaxation is desired,
then None can be given. Default: None

• kpoint_density (PhysicalQuantity of type length) – The target k-point sampling den-
sity. Default: 4.0 * Angstrom

• relaxation_length (PhysicalQuantity of type length | list of PhysicalQuantity of type
length | None) – The distance around the interfacial plane that is relaxed with the relaxation
calculator. Can be specified as one value, or a list of values for each interface. Default:
4.0 * Angstrom

• interaction_length (PhysicalQuantity of type length | list of PhysicalQuantity of type
length | None) – The distance around the interfacial plane within which atomic interactions
will be included during the interface optimization. Can be specified as one value, or a list
of values for each interface. Default: 8.0 * Angstrom
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• optimize_geometry_parameters (OptimizeGeometryParameters) – The optimize
geometry parameters to use when optimizing the atoms at each interface. Note
that restart_strategy does not have any effect since the restart mechanism within
OptimizeGeometry() is disabled. Default: OptimizeGeometryParameters()

• annealing_parameters (list of type AnnealingParameters) – The parameters
for the interface annealing workflow. If None, no annealing MD is run.

• max_iteration_annealing_parameters (list or single of type int) – The
maximum iteration parameter which is used to run multiple interface annealing workflow.
If provided one value then it will use it for different interface. If a list is provided then it
will use according to the order of the interface. If nothing is provided then it is 1. Default:
1

• select_from_different_cut_plane (Bool) – If True, the algorithm will scan over
different cut-planes in the amorphous layer and use the one which results in the lowest
number of coordination defects at the interface. Default: False

• add_passivation (Bool) – If True, the algorithm will passivate Si atoms in Si and SiO2
layer. Default: False

• log_filename_prefix (str or None) – Prefix for the filenames where the logging
output for each calculation is stored. If a value of None is given then all logging output is
done to stdout. Default: "multilayer_builder_"

• defect_fuzz_factor (float) – The fuzz factor used for the bond calculation to deter-
mine the coordination defects. Default: 1.15

Parm add_bridging_oxygen_atoms
The parameter adds oxygen atoms between neighboring under-coordinated Silicon atoms.

addBridgingOxygenAtoms()

Returns
If True, it adds oxygen atoms between neighboring under-coordinated Silicon atoms.

Return type
bool

addPassivation()

Returns
If true, the under coordinated silicon atoms is passivated with hydrogen.

Return type
bool

blocks()

Returns
A list of the block configurations.

Return type
list of type BulkConfiguration

configuration()

Returns
The multilayer builder configuration

Return type
BulkConfiguration
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defectFuzzFactor()

Returns
The fuzz factor used for the bond calculation to determine the coordination defects.

Return type
float

dependentStudies()

Returns
The list of dependent studies.

Return type
list of Study

filename()

Returns
The filename where the study object is stored.

Return type
str

interactionLength()

Returns
The interaction length.

Return type
list of PhysicalQuantity of type length

kpointDensity()

Returns
The k-point density of the relaxation calculator.

Return type
PhysicalQuantity of type length

layerIndices()

Returns
A list containing the indices of each layer.

Return type
list of type list of type int

layers()

Returns
The layers of the multilayer builder.

Return type
list of type CrystalLayer | AmorphousLayer | AlloyLayer | VacuumLayer

logFilenamePrefix()

Returns
The filename prefix for the logging output of the study.

Return type
str | LogToStdOut
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materialSpecifications(**kwargs)

Parameters
kwargs (dict) – A list of keyword arguments to pass to MaterialSpecifications.
By default the relaxation_calculator will be used for the
formation_energy_calculator, relaxation_calculator, and
phonon_calculator. The optimize_geometry_parameters will default to the
values passed to MultilayerBuilder. The supercell_repetitions defaults to (1,
1, 1). The pristine_configuration will be the multilayer configuration.

Returns
The MaterialSpecifications for this multilayer configuration.

Return type
MaterialSpecifications

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the Study object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberOfProcessesPerTask()

Returns
The number of processes to be used to execute each task. If None, all available processes
should execute each task collaboratively.

Return type
int | None | ProcessesPerNode

numberOfProcessesPerTaskResolved()

Returns
The number of processes to be used to execute each task. Default values are resolved based
on the current execution settings.

Return type
int

objectId()

Returns
The name of the study object in the file.

Return type
str

optimizeGeometryParameters()

Returns
The optimize geometry parameters.

Return type
OptimizeGeometryParameters

relaxationCalculator()

Returns
The relaxation calculators, with one calculator per interface.
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Return type
list

relaxationLength()

Returns
The relaxation length.

Return type
list of PhysicalQuantity of type length

saveToFileAfterUpdate()

Returns
Whether the study is automatically saved after it is updated.

Return type
bool

uniqueString()

Return a unique string representing the state of the object.

update()

Run the calculations for the study object.

Usage Example

Use the MultilayerBuilder object to generate a Si-SiO2-HfO2-TiN High-k metal gate (HKMG) stack:

from SMW import *

# Define each layer in the multilayer structure.
layers = []
annealing_parameters = []
relaxation_calculator = []
amorphous_method = MolecularDynamicsMeltQuench(

melt_temperature=3500*Kelvin,
melt_time=40.0*ps,
quench_temperature=300*Kelvin,
quench_rate=2*37*Kelvin/ps,
time_step=1.0*fs,
max_retries=30,
random_seed=1234,

)

material = MaterialSpecificationsDatabase.HKMG_MATERIALS['Silicon']()
layer_0 = CrystalLayer(

material,
length=10.0*Angstrom,
miller_indices=(1, 0, 0),
)

layers.append(layer_0)

material = MaterialSpecificationsDatabase.HKMG_MATERIALS['Silica'](
amorphous_density=2.200*gram/cm**3,

(continues on next page)
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(continued from previous page)

elements_with_stoichiometry={Silicon: 1, Oxygen: 2},
)

layer_1 = AmorphousLayer(
material,
length=10.0*Angstrom,
method=amorphous_method,
)

layers.append(layer_1)

material = MaterialSpecificationsDatabase.HKMG_MATERIALS['Hafnia (monoclinic)'](
amorphous_density=9.390*gram/cm**3,
elements_with_stoichiometry={Hafnium: 1, Oxygen: 2},
)

layer_2 = AmorphousLayer(
material,
length=10.0*Angstrom,
method=amorphous_method,
)

layers.append(layer_2)

material = MaterialSpecificationsDatabase.HKMG_MATERIALS['Titanium nitride'](
amorphous_density=5.210*gram/cm**3,
elements_with_stoichiometry={Titanium: 1, Nitrogen: 1},
)

layer_3 = AmorphousLayer(
material,
length=10.0*Angstrom,
method=amorphous_method,
)

layers.append(layer_3)

# -------------------------------------------------------------
# Setup annealing parameter used for optimizing interfaces.
# -------------------------------------------------------------
initial_velocity = MaxwellBoltzmannDistribution(

temperature=600.0*Kelvin,
remove_center_of_mass_momentum=True,
random_seed=None,
enforce_temperature=True,

)

method = Langevin(
time_step=1*femtoSecond,
reservoir_temperature=600*Kelvin,
friction=0.05*femtoSecond**-1,
initial_velocity=initial_velocity,

)
md_steps = 40000
annealing_parameters.append(

AnnealingParameters(
md_method=method,

(continues on next page)
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md_steps=md_steps
)

)

initial_velocity = MaxwellBoltzmannDistribution(
temperature=600.0*Kelvin,
remove_center_of_mass_momentum=True,
random_seed=None,
enforce_temperature=True,

)

method = Langevin(
time_step=1*femtoSecond,
reservoir_temperature=600*Kelvin,
friction=0.05*femtoSecond**-1,
initial_velocity=initial_velocity,
heating_rate=-50*Kelvin/picoSecond,

)
md_steps = 10000
annealing_parameters.append(

AnnealingParameters(
md_method=method,
md_steps=md_steps

)
)

Si_SiO2_calculator = TremoloXCalculator(QuantumATK_MTP_Si_SiO2_2022())
relaxation_calculator.append(Si_SiO2_calculator)
HfO2_SiO2_calculator = TremoloXCalculator(QuantumATK_MTP_HfO2_SiO2_2022())
relaxation_calculator.append(HfO2_SiO2_calculator)
HfO2_TiN_calculator = TremoloXCalculator(QuantumATK_MTP_HfO2_TiN_2022())
relaxation_calculator.append(HfO2_TiN_calculator)

surface_vectors = [[ 11.520042257735, 0. ],
[ 7.680028171823, -7.680028171823]]*Angstrom

multilayer_builder = MultilayerBuilder(
filename='HKMG_builder.hdf5',
object_id='multilayer_builder',
layers=layers,
surface_vectors=surface_vectors,
relaxation_calculator=relaxation_calculator,
annealing_parameters=annealing_parameters,
max_iteration_annealing_parameters=1,
select_from_different_cut_plane=True,

)
multilayer_builder.update()
nlsave('HKMG_builder.hdf5', multilayer_builder.configuration())

HKMG_builder_example.py
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Use the MultilayerBuilder object to generate a MgO-FeCo-Ta-FeCo-MgO Magnetoresistive RAM (MRAM) stack:

from SMW import *

# Define each layer in the multilayer structure.
layers = []
relaxation_calculator = []

material = MaterialSpecificationsDatabase.MRAM_MATERIALS['Magnesium oxide']()
layer_0 = CrystalLayer(

material,
length=10.0*Angstrom,
miller_indices=(1, 0, 0),
)

layers.append(layer_0)

material = MaterialSpecificationsDatabase.MRAM_MATERIALS['Iron cobalt (alloy)'](
substitutional_percentage=30.000,
substitutional_element=Cobalt,
)

layer_1 = AlloyLayer(
material,
length=10.0*Angstrom,
miller_indices=(1, 0, 0),
)

layers.append(layer_1)

material = MaterialSpecificationsDatabase.MRAM_MATERIALS['Tantalum']()
layer_2 = CrystalLayer(

material,
length=10.0*Angstrom,
miller_indices=(1, 0, 0),
)

layers.append(layer_2)

material = MaterialSpecificationsDatabase.MRAM_MATERIALS['Iron cobalt (alloy)'](
substitutional_percentage=30.000,
substitutional_element=Cobalt,
)

layer_3 = AlloyLayer(
material,
length=10.0*Angstrom,
miller_indices=(1, 0, 0),
)

layers.append(layer_3)

material = MaterialSpecificationsDatabase.MRAM_MATERIALS['Magnesium oxide']()
layer_4 = CrystalLayer(

material,
length=10.0*Angstrom,
miller_indices=(1, 0, 0),
)

layers.append(layer_4)
(continues on next page)
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FeCo_MgO_calculator = TremoloXCalculator(QuantumATK_MTP_FeCo_MgO_2022())
relaxation_calculator.append(FeCo_MgO_calculator)
FeCo_Ta_calculator = TremoloXCalculator(QuantumATK_MTP_FeCo_Ta_2022())
relaxation_calculator.append(FeCo_Ta_calculator)
FeCo_Ta_calculator = TremoloXCalculator(QuantumATK_MTP_FeCo_Ta_2022())
relaxation_calculator.append(FeCo_Ta_calculator)
FeCo_MgO_calculator = TremoloXCalculator(QuantumATK_MTP_FeCo_MgO_2022())
relaxation_calculator.append(FeCo_MgO_calculator)

surface_vectors = [[ 2.977768076933, 0. ],
[ 0. , 2.977768076933]]*Angstrom

mram_builder = MultilayerBuilder(
filename='MRAM_builder.hdf5',
object_id='multilayer_builder',
layers=layers,
surface_vectors=surface_vectors,
relaxation_calculator=relaxation_calculator,
annealing_parameters=None,
max_iteration_annealing_parameters=0,

)
mram_builder.update()
nlsave('MRAM_builder.hdf5', mram_builder.configuration())

MRAM_builder_example.py

Notes

Note: Study objects behave differently from analysis objects. See the Study object overview for more details.

The MultilayerBuilder class is designed to create an optimized multilayered material of low strain. The following types
of layers are supported: CrystalLayer, AlloyLayer, AmorphousLayer.

This study object supports resuming tasks from the geometry optimization step that they left off at. This means that a
job should resume from the previous step in case it is terminated in the middle of a geometry optimization.

The relaxation_length and interaction_length can be tuned according to the need of the interface. If the layer
thickness is less than the relaxation_length then the optimization will not be done for the interface.

Since in particular the generation of amorphous layers and interfaces is stochastic, the recommended workflow is to
create a series of candidate multilayer configurations, inspect these for structural defects, and use the best resulting
configuration for further simulations.

To run the MultilayerBuilder efficiently in parallel we recommend using the OpenMP parallelization.

7.7. Full SMW package 2561



QuantumATK V-2023.12 Documentation

High-k metal gate (HKMG) stack

The HKMG configuration is created in three main steps. In the first step, a configuration is created for each layer.
For crystal layers, the surface vectors and user given length are used to make a crystal of low strain. For amor-
phous layers, a random amorphous structure is generated in a simulated melt-quench process. This protocol uses
the amorphization_calculator specified in the MaterialSpecifications of the layer multiple times and picks the
configuration which has the lowest number of defects. In the second step, the layers are combined to form interfaces.
The atoms near the interfaces (layer boundaries) are optimized using the relaxation_calculator. Additionally, a
series of annealing simulations can be run on the layer boundaries to reduce the number of coordination defects at the
interfaces to create more realistic interface structures. In the third step the optimized interfaces are combined into the
final gate stack configuration, which can be accessed using the configuration() method.

Magnetoresistive RAM (MRAM) stack

The MRAM configuration can be created, using a similar protocol as described above. The builder for this type of
stack is primarily designed to work with CrystalLayer and AlloyLayer types. By default, interfaces are not annealed,
but this can be activated if needed. The final MRAM stack configuration can be accessed using the configuration()
method.

Note: To achieve both high accuracy and short simulation times the multilayer builder primarily uses the machine-
learned moment tensor potentials (MTP). MTP calculators are used for amorphization as well as optimizing and an-
nealing the alloy layer and interfaces. The implementation and supported materials are mainly targeted at HKMG stack
configurations and MRAM stack configuration. For HKMG, pre-trained models for the amorphization of silica, hafnia
and titanium nitride, as well as the interfaces between these materials are provided. For MRAM, pre-trained models
of iron cobalt alloy with cobalt concentration up to 50% and the interfaces between MgO-FeCo, FeCo-Ta and Feco-W
are provided. These models can be extended by other force fields in a custom script.

SentaurusBandstructureCalibration

class SentaurusBandstructureCalibration(bandstructure_model, max_steps=50, sband_file='sband.cmd',
sprocess_file='sprocess.cmd',
structure_mesh_file='structure_msh.tdr',
optimization_parameters=None)

Fit a bandstructure model.

Parameters

• bandstructure_model (SentaurusSlabKdotPmodel | SentaurusWireKdotPmodel
| SentaurusWireEffectiveMassModel) – A model bandstructure to fit.

• max_steps (int) – The maximum number of optimization steps. Default: 50

• sband_file (str) – Writes a Sentaurus Band input file, with the optimized parameters,
to this path. Default: “sband.cmd”

• sprocess_file – Writes a Sentaurus Process input file, used for structure generation, to
this path. Default: “sprocess.cmd”

• structure_file (str) – Writes a Sentaurus Structure Mesh (TDR) file to this path.
This file is required by Sentaurus Band. Default: “structure_msh.tdr”
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calibratedModelBands()

Returns
array Sentaurus Band before postprocessing.

Return type
array of size number kpoints x number of bands, PhysicalQuantity of type energy

fitPathDFTBands()

Returns
Selected DFT bands for fitting. This model only fit few top valence bands. Returns a
tuple (DFT bands, HOMO energy), with - DFT bands: PhysicalQuantity of type energy,
size number of kpoints x number of selected bands. - HOMO energy: The energy of the
HOMO state at Gamma. PhysicalQuantity of type energy.

Return type
tuple of length 2.

fitPathKpoints()

Returns
array of DFT kpoints

Return type
array of size number kpoints x 3, PhysicalQuantity of type inverse length,

fitPathModelBands()

Returns
array of Sentaurus Band bandstructure after postprocessing.

Return type
array of size number kpoints x number of bands, PhysicalQuantity of type energy,

modelParameters()

Returns
The fitted bandstructure model parameters. The exact meaning of these values will vary
based upon the model that is being fit.

Return type
array

optimizationParameters()

Returns
The parameters used for optimization

Return type
OptimizationParameters

parametersList()

Returns
A list of lists of parameters and their fitting errors

Return type
list of list

uniqueString()

Return a unique string representing the state of the object.
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Usage example for nanowire k.p calibration

The atomistic generation of the nanowire (Wire), the DFT self-consistent convergence, and DFT bandstructure calcu-
lation (WireBandstructure) is:

from QuantumATK import *
from SMW import *

filename_dft ='wire_dft.hdf5'
filename_bands ='wire_bandstructure_kp.hdf5'

# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

wire_configuration = Wire(
bulk_configuration,
wire_orientation='<100>/<110>',
height=5 * nm,
width=6 * nm
)

# Passivate with hydrogen
wire_configuration.passivate()

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
# Basis set.
basis_set = basicBasisSet()

# Exchange correlation.
exchange_correlation = LDA.PZ

# Numerical accuracy.
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=MonkhorstPackGrid(na=1, nb=1, nc=11),
)

# Calculator.
(continues on next page)
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calculator = LCAOCalculator(
basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,

)
wire_configuration.setCalculator(calculator)
wire_configuration.update()
nlsave(filename_dft, wire_configuration, object_id='wire_tag')

# -------------------------------------------------------------
# Bandstructure
# -------------------------------------------------------------
wire_configuration = nlread(filename_dft, object_id='wire_tag')[0]

wire_bandstructure = WireBandstructure(
wire_configuration=wire_configuration,
max_kpoint=0.2,
number_kpoints=51,

)
nlsave(filename_bands, wire_bandstructure, object_id='bandstructure_tag')

wire_bandstructure_example.py

Use class SentaurusBandstructureCalibration to obtain optimized k.p model parameters (𝛾1, 𝛾2, 𝛾3,∆so, see
sband_wire_kp.cmd) that reproduce the DFT bandstructure.

from QuantumATK import *
from SMW import *

filename_bands ='wire_bandstructure_kp.hdf5'

# -------------------------------------------------------------
# Band Calibration
# -------------------------------------------------------------
# Load reference bandstructure
wire_bandstructure = nlread(filename_bands, object_id='bandstructure_tag')[0]

# Setup model.
wire_model = SentaurusWireKdotPmodel(

reference_bandstructure=wire_bandstructure,
fit_energy_window=0.05 * eV,
fit_weights=0.1

)

# Band calibration.
calibration = SentaurusBandstructureCalibration(

bandstructure_model=wire_model,
max_steps=100,
sband_file='sband_wire_kp.cmd',
sprocess_file='sprocess_wire_kp.cmd',
structure_mesh_file='structure_msh_wire_kp.tdr',

)
# Relevant data is serialized to hdf5 for later use

(continues on next page)
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nlsave(filename_bands, calibration, object_id='bandcalibration_tag')

wire_calibration_kp_example.py

At the end of the calibration process, input files for the Sentaurus tools with the calibrated modes are generated:

sprocess_wire_kp.cmd

sband_wire_kp.cmd

Fig. 7.3 shows the evolution of the calibration process.

Fig. 7.3: DFT (black) vs. calibrated k·p bands (red) for a nanowire. Initial, final, and three intermediate steps of the
calibration process are shown. The calibration window (blue rectangle) is defined by parameters fit energy window and
max kpoint.
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Usage example for nanowire effective-mass calibration

Use class SentaurusBandstructureCalibration to obtain optimized effective-mass model parameters (see
sband_wire_effmass.cmd) that reproduce the DFT bandstructure.

from QuantumATK import *
from SMW import *

filename_dft ='wire_dft.hdf5'
filename_bands ='wire_bandstructure_effmass.hdf5'

# -------------------------------------------------------------
# Bandstructure
# -------------------------------------------------------------
wire_configuration = nlread(filename_dft, object_id='wire_tag')[0]

wire_bandstructure = WireBandstructure(
wire_configuration=wire_configuration,
max_kpoint=0.5,
number_kpoints=100,

)
nlsave(filename_bands, wire_bandstructure, object_id='bandstructure_tag')

wire_bandstructure_effmass_example.py

from QuantumATK import *
from SMW import *

filename_bands ='wire_bandstructure_effmass.hdf5'

# -------------------------------------------------------------
# Band Calibration
# -------------------------------------------------------------
# Load reference bandstructure
wire_bandstructure = nlread(filename, object_id='bandstructure_tag')[0]

# Setup model.
wire_model = SentaurusWireEffectiveMassModel(

reference_bandstructure=wire_bandstructure,
fit_k_window=0.55 * Angstrom**-1

)

# Band calibration.
calibration = SentaurusBandstructureCalibration(

bandstructure_model=wire_model,
max_steps=100,
sband_file='sband_wire_effmass.cmd',
sprocess_file='sprocess_wire_effmass.cmd',
structure_mesh_file='structure_msh_wire_effmass.tdr',

)
# Relevant data is serialized to hdf5 for later use
nlsave(filename, calibration, object_id='bandcalibration_tag')
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wire_calibration_effmass_example.py

At the end of the calibration process. Input files for the Sentaurus tools with the calibrated modes are generated:

sprocess_wire_effmass.cmd

sband_wire_effmass.cmd

Usage example for slab k.p calibration

The atomistic generation of the nanoslab (Slab), the DFT self-consistent convergence, and DFT bandstructure calcula-
tion (SlabBandstructure) is:

from QuantumATK import *
from SMW import *

filename = 'slab_case1_calibration.hdf5'

# -------------------------------------------------------------
# Nanoslab
# -------------------------------------------------------------
# Set up lattice
lattice = FaceCenteredCubic(5.4306*Angstrom)

# Define elements
elements = [Silicon, Silicon]

# Define coordinates
fractional_coordinates = [[ 0. , 0. , 0. ],

[ 0.25, 0.25, 0.25]]

# Set up configuration
bulk_configuration = BulkConfiguration(

bravais_lattice=lattice,
elements=elements,
fractional_coordinates=fractional_coordinates
)

slab_configuration = Slab(
bulk_configuration,
slab_orientation='<100>/<100>',
thickness=5 * nm
)

# Passivate with hydrogen
slab_configuration.passivate()

# -------------------------------------------------------------
# Calculator
# -------------------------------------------------------------
# Basis set.
basis_set = basicBasisSet()

# Exchange correlation.
(continues on next page)
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exchange_correlation = LDA.PZ

# Numerical accuracy.
numerical_accuracy_parameters = NumericalAccuracyParameters(

k_point_sampling=MonkhorstPackGrid(na=11, nb=11, nc=1),
)

# Calculator.
calculator = LCAOCalculator(

basis_set=basis_set,
exchange_correlation=exchange_correlation,
numerical_accuracy_parameters=numerical_accuracy_parameters,

)
slab_configuration.setCalculator(calculator)
slab_configuration.update()
nlsave(filename, slab_configuration, object_id='slab_tag')

# -------------------------------------------------------------
# Bandstructure
# -------------------------------------------------------------
slab_configuration = nlread(filename, object_id='slab_tag')[0]
slab_bandstructure = SlabBandstructure(

slab_configuration=slab_configuration,
max_kpoint=0.2,
number_kpoints=51,
calculate_2D_dispersion=False

)
nlsave(filename, slab_bandstructure, object_id='bandstructure_tag')

# -------------------------------------------------------------
# Band Calibration
# -------------------------------------------------------------
# Load reference bandstructure
slab_bandstructure = nlread(filename, object_id='bandstructure_tag')[0]

# Setup model.
slab_model = SentaurusSlabKdotPmodel(

reference_bandstructure=slab_bandstructure,
fit_energy_window=0.1 * eV,
fit_weights=0.1

)

# Band calibration.
calibration = SentaurusBandstructureCalibration(

bandstructure_model=slab_model,
max_steps=100,
sband_file='sband_slab_case1.cmd',
sprocess_file='sprocess_slab_case1.cmd',
structure_mesh_file='structure_msh_slab_case1.tdr',

)
# Relevant data is serialized to hdf5 for later use
nlsave(filename, calibration, object_id='bandcalibration_tag')

(continues on next page)
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slab_calibration_kp.py Use class SentaurusBandstructureCalibration to obtain optimized k.p model parameters
(𝛾1, 𝛾2, 𝛾3,∆so, see sband_slab_case1.cmd) that reproduce the DFT bandstructure.

At the end of the calibration process, input files for the Sentaurus tools with the calibrated modes are generated:

sprocess_slab_case1.cmd

sband_slab_case1.cmd

Slab calibration evolution shows the evolution of the calibration process.

Slab calibration evolution

SentaurusSlabKdotPmodel

class SentaurusSlabKdotPmodel(reference_bandstructure, fit_energy_window=PhysicalQuantity(0.1, eV),
fit_weights=0.1, sprocess_executable_path='sprocess',
sband_executable_path='sband')

6-band k.p model for nanoslab valence bands.

Parameters

• reference_bandstructure (SlabBandstructure) – The bandstructure to fit the
model to.
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• fit_energy_window (PhysicalQuantity of type energy.) – Width of the energy window
to fit, measure from the top of the valence band. Default: 0.1 eV

• fit_weights (float) – All points within the energy window, e=[0 eV,
fit_energy_window], are associated with weights that decay exponentially. This pa-
rameter controls the decay, such that the top and bottom of the window have weights,
exp(-e/fit_energy_window), equal to 1 and fit_weights, respectively. Default: 0.1

• sprocess_executable_path (str) – Path to Sentaurus Process executable. Default:
“sprocess”

• sband_executable_path (str) – Path to Sentaurus Band executable. Default: “sband”

SentaurusWireEffectiveMassModel

class SentaurusWireEffectiveMassModel(reference_bandstructure, fit_k_window=None,
initial_valley_center=None, valley_radii=[PhysicalQuantity(0.07,
1 / Ang), PhysicalQuantity(0.07, 1 / Ang)],
sprocess_executable_path='sprocess',
sband_executable_path='sband')

Model for calibrating the effective-mass model (Sentaurus Band) for the conduction band of nanowires.

Parameters

• reference_bandstructure (WireBandstructure) – The DFT bandstructure to fit the
model to.

• fit_k_window (PhysicalQuantity compatible to units of Ang^-1.) – Defines the max-
imum wavevector to use during fitting. Value must be larger than initial_valley_center.
Default: None. In this case, the DFT k-mesh is used as the fitting window.

• initial_valley_center (PhysicalQuantity compatible to units of Ang^-1.) – Initial
guess for the position of the off-Gamma valley. Default: None. In this case, it’s internally
set to 0.15 * (2*pi/a_wire).

• valley_radii (List (length 2) of PhysicalQuantity compatible to units of Ang^-1.) –
Extension of regions around the Gamma and off-Gamma valleys (center at 0 and ini-
tial_valley_center, respectively) where the fitting is performed. Default: [0.07*Ang^-1,
0.07*Ang^-1]

• sprocess_executable_path (str) – Path to Sentaurus Process executable. Default:
“sprocess”

• sband_executable_path (str) – Path to Sentaurus Band executable. Default:
“sband”
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SentaurusWireKdotPmodel

class SentaurusWireKdotPmodel(reference_bandstructure, fit_energy_window=PhysicalQuantity(0.1, eV),
fit_weights=0.1, sprocess_executable_path='sprocess',
sband_executable_path='sband')

6-band k.p model for nanowire valence bands.

Parameters

• reference_bandstructure (WireBandstructure) – The DFT bandstructure to fit the
model to.

• fit_energy_window (PhysicalQuantity of type energy.) – Width of the energy window
to fit, measure from the top of the valence band. Default: 0.1 eV

• fit_weights (float) – All points within the energy window, e=[0 eV,
fit_energy_window], are associated with weights that decay exponentially. This
parameter controls the decay; the top and bottom of the window have weights, exp(-
e/fit_energy_window), equal to 1 and fit_weights, respectively. Default: 0.1

• sprocess_executable_path (str) – Path to Sentaurus Process executable. Default:
“sprocess”

• sband_executable_path (str) – Path to Sentaurus Band executable. Default:
“sband”

Slab

class Slab(bulk_configuration, slab_orientation=None, thickness=None)

Parameters

• bulk_configuration (BulkConfiguration) – Bulk configuration for the material.

• slab_orientation (str) – String that defines the orientation of the surface unit cell.
Supported values: ‘<100>/<100>’, ‘<100>/<110>’, ‘<110>/<100>’, ‘<110>/<110>’. De-
fault: ‘<100>/<100>’

• thickness (PhysicalQuantity of type length.) – Thickness of the slab (target value).
Default: 5 nm

addBonds(bond_list)
Add bonds.

Parameters
bond_list (numpy.ndarray) – The list of bonds to add.

addTags(tags, indices=None)
Add a set of tags to atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms.

• indices (list | int | None) – The list of indices to match atoms against. De-
fault: All indices.
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atomicMasses()

Returns
The masses of the atoms in the configuration.

Return type
PhysicalQuantity of type mass

atomicNumbers()

Returns
The list of atomic numbers associated with the elements.

Return type
list of ints

basisDirection()

Returns a directions of lattice vectors.

Return type
float numpy array of size 3 by 3.

bonds()

Get the list of bond connections that can be used for bonded potentials in ATK-ForceField.

The connectivity indices refer to the wrapped configuration.

Returns
An array with the the two atom indices for each bond along with the vector which periodic
images this bond connects.

Return type
array

bravaisLattice()

Returns
The bravais lattice of the configuration.

Return type
BravaisLattice

calculator()

Returns
The calculator attached to the configuration, i.e. the calculator that will be used for both
simulation and analysis.

Return type
Calculator

cartesianCoordinates()

Returns
The Cartesian coordinates of the atoms as an nx3 array.

Return type
PhysicalQuantity of type length

center(x_axis=True, y_axis=True, z_axis=True)
Create a new BulkConfiguration by centering the atoms and the vacuum around the system.

The centered system is constructed with a cell of the type UnitCell.
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Parameters

• x_axis (bool) – Boolean indicating if the system should be centered along the x-axis.
Default: True.

• y_axis (bool) – Boolean indicating if the system should be centered along the y-axis.
Default: True.

• z_axis (bool) – Boolean indicating if the system should be centered along the z-axis.
Default: True.

Returns
The centered bulk system.

Return type
BulkConfiguration

cleave(h=1, k=0, l=0, max_perpendicular_repeats=100, outer_atom_index=0,
surface_transformation=None, layers=None, top_vacuum=None, bottom_vacuum=None,
outer_atom_placement=None)

Method to cleave the bulk system along the plane given by the Miller indices h, k, and l. Per the usual
convention, the Miller indices defined a plane in the conventional unit cell.

Parameters

• h (int) – The first Miller index. Default: 1.

• k (int) – The second Miller index. Default: 0.

• l (int) – The third Miller index. Default: 0.

• max_perpendicular_repeats (int) – The maximum number of times the crystal
lattice should be repeated in order to become perpendicular to the surfaces plane. Will
throw an exception if it is not possible. These repetitions are only used when layers is
None. Default: 100

• outer_atom_index (int) – The index of the configuration which should be the outer
atom in the surface. This is the atom which intersects the cleave plane. Default: 0

• surface_transformation (array of type float) – A 2x2 array that trans-
forms the lattice vectors perpendicular to the surface normal (i.e. the surface vectors).
This defaults to the identity matrix, which leaves them unchanged. If the values are
non integral, this will result in a strained surface. Default: [[1, 0], [0, 1]]

• layers (float) – The number of atomic layers in the repeated structure. By default
the smallest number of layers that yields perpendicular unit cell (c-axis purely along
the z-axis) is used. Default: None

• top_vacuum (PhysicalQuantity of type length) – The vacuum padding to add to the
top of the cell. Default: 0.0*Angstrom

• bottom_vacuum (PhysicalQuantity of type length) – The vacuum padding to add to
the bottom of the cell. Default: 0.0*Angstrom

• outer_atom_placement (float) – The fractional c-coordinate of the outer atom.
By default the location of this atom will be at c=1.0 if no top or bottom vacuum is
used. If vacuum is used, then the atom will be located at the correct place in the unit
cell to accommodate the vacuum settings. Default: None

Returns
The cleaved bulk configuration.
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Return type
BulkConfiguration

coarseGrainDescriptors()

Returns
The list of either elements or coarse grain particles for each element. Isotopes are returned
as just their base element, UnitedAtoms and Particle are given as their specific type.

Return type
list of type ParticleDescriptor or PeriodicTableElement

copy()

Returns
A copy of the current configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndDeleteAtoms(indices)
Create a new configuration by deleting some atoms from this configuration.

Parameters
indices (list of int) – The indices of the atoms to delete.

Returns
The configuration with some atoms deleted.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndMerge(other)
Create a new configuration by merging this configuration with another configuration.

Parameters
other (MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration) – The other configuration.

Returns
The merged configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndShiftAtoms(displacement, indices=None)
Create a new configuration with some atoms translated.

Parameters

• displacement (PhysicalQuantity of type length) – The displacement that should be
applied to the atom positions.

• indices (list of int) – The indices to shift. Default: All.

Returns
The configuration with the translation applied.
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Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

deleteAtoms(indices)
Delete atoms from the configuration by specifying their indices.

Parameters
indices (array of int) – The indices to delete.

deleteBonds(bond_list=None, pair_selection=None)
Delete bonds connected to atomic indices.

Parameters

• bond_list (A two-dimensional sequence) – The pairs of bonds indices.

• pair_selection (list | None) – Specifies two groups between which bonds are
delete. Selectable groups are elements, index lists, tag names, or None (all atoms).

dielectricRegions()

Returns
The dielectric regions in the configuration.

Return type
list of BoxRegion | SphereRegion | TubeRegion

directions()

Return the directions of slab unit cell.

Return type
3-tuple of numpy arrays.

elements()

Returns
The elements in configuration.

Return type
list of PeriodicTableElement

externalPotential()

Returns
The external potential present on the configuration.

Return type
AtomicShift | AtomicCompensationCharge | None

findBonds(fuzz_factor=1.1, pair_selection=None, periodic_boundaries=None)
Find bonds in the configuration according to the combined covalent radii of the element pairs, multiplied
with a fuzz factor. Optionally, find bonds only between two specified sub-groups of atoms. The bonds are
primarily used in to set the topology of bonded potentials in the TremoloX-calculator.

Parameters

• fuzz_factor (float) – The factor by which the covalent radii are multiplied to de-
termine the cutoff distance for a bond.
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• pair_selection (list(2) of type PeriodicTableElement, list of int, or str) – Specifies
two groups between which bonds are detected. Selectable groups are elements, in-
dex lists, tag names, or None (all atoms). By default bonds between all atoms in the
configuration are taken into account.

• periodic_boundaries (3-tuple of bool) – The periodic boundaries Default:
The periodic boundaries for the configuration.

fixedSpinDirections()

Returns
The fixed spin directions for the configuration.

Return type
FixedSpin | None

fractionalCoordinates()

Returns
The fractional coordinates of the bulk configuration as a nx3 array.

Return type
array of floats

generateShifts()

Method for generating a list of origin shifts along all 3 lattice directions.

It will create a list of 27 shifts of the supercell origin (-1 to 1) in the three periodic directions.

Returns
The array of shifts

Return type
PhysicalQuantity of type length

ghostAtoms()

Returns
The list of ghost atoms.

Return type
list of ints

improperDihedralIndices()

Returns
The list of atom indices for each improper dihedral or None if no improper dihedrals are
defined. Improper dihedrals are mainly used in bonded force fields.

Return type
numpy array | None

indicesFromIsotopes(isotopes)

Parameters
isotopes (list of type PeriodicTableElement or Isotope) – The isotopes to
select.

Returns
The indices of the selected isotopes.

Return type
list of type int
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indicesFromTags(tags=None)
List the indices associated with a given collection of tags.

Parameters
tags (list | str) – A list of tags for which all matching indices should be extracted.

Returns
The list of indices corresponding to the specified tag name(s).

Return type
list of ints

magneticMoments()

Returns
The magnetic moments of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type Bohr magneton.

massDensity()

Returns
The mass density.

Return type
PhysicalQuantity of type mass per volume

maxXcoordinate()

Returns
Maximum value for the slab x coordinate (height)

Return type
PhysicalQuantity of type length

maxYcoordinate()

Returns
Maximum value for the slab y coordinate (width)

Return type
PhysicalQuantity of type length

maxZcoordinate()

Returns
Maximum value for the slab z coordinate (thickness)

Return type
PhysicalQuantity of type length

merge(other)
Merge configuration with another configuration.

Parameters
other (MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration) – A different configuration.

metallicRegions()

Returns
The metallic regions for the configuration.
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Return type
list of BoxRegion | SphereRegion | TubeRegion

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

nlinfo()

Returns
The configuration information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AtomicConfiguration object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger().

numberOfAtoms()

Returns
The total number of atoms in the configuration.

Return type
int

partialCharges(indices=None)
Get the list of partial atomic charges that can be used for representing electrostatic interactions in ATK-
ForceField.

Parameters
indices (list | int | None) – The indices for which to return the partial charges.
Default: All indices.

Returns
A PhysicalQuantity array of the atomic partial charge for each atom.

Return type
PhysicalQuantity of type charge | None

particleDescriptors()

Returns
The list of particle descriptors for each atom. This should return the exact same list as was
given in the constructor argument “elements”.

Return type
list of type ParticleDescriptor or PeriodicTableElement

static periodicBoundaries()

Returns
The periodic boundary conditions of the configuration.
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Return type
list

primitiveVectors()

Returns
The primitive lattice vectors.

Return type
PhysicalQuantity of type length

reciprocalVectorLengths()

Return the reciprocal lattice vectors of the slab.

Return type
list of float.

reciprocalVectorsMatrix()

Return the reciprocal lattice vectors of the slab.

Return type
float numpy array of size 3 by 3.

reduce(na=1, nb=1, nc=1, stack_systems=True)
Reduce the BulkConfiguration with the integer values na, nb, and nc along the three primitive unit cell
vectors. The reduced system is constructed with a cell of the type UnitCell.

Parameters

• na (int) – The repetition along the a-axis. Default: 1.

• nb (int) – The repetition along the b-axis. Default: 1.

• nc (int) – The repetition along the c-axis. Default: 1.

• stack_systems (bool) – If True the basis atoms are reduced as a unit, i.e. a0 and b0
are reduced as: a0,b0,a1,b1, . . . If False the basis atom are reduced individually, i.e.
a0 and b0 are reduced as: a0,a1,. . . , b0,b1,. . . Default: True.

Returns
The reduced bulk system.

Return type
BulkConfiguration

removeTags(tags=None, indices=None, purge=False)
Remove a set of tags from atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms. Default: All tags.

• indices (list | int) – The list of indices to match atoms against. Default: All
indices.

• purge (bool) – When removing tags from the configuration, delete the tag completely
when not associated with any atoms anymore. Default: False.

repeat(na=1, nb=1, nc=1, stack_systems=True, transfer_density_matrix=True)
Repeat the BulkConfiguration with the integer values na, nb, and nc along the three primitive unit cell
vectors. The repeated system is constructed with a cell of the type UnitCell.

Parameters
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• na (int) – The repetition along the a-axis. Default: 1.

• nb (int) – The repetition along the b-axis. Default: 1.

• nc (int) – The repetition along the c-axis. Default: 1.

• stack_systems (bool) – If True the basis atoms are repeated as a unit, i.e. a0 and
b0 are repeated as: a0,b0,a1,b1, . . . If False the basis atom are repeated individually,
i.e. a0 and b0 are repeated as: a0,a1,. . . , b0,b1,. . . Default: True.

• transfer_density_matrix (bool) – If True, the density matrix (or rather the
schroedinger container) of the non-repeated system is used to set up the density matrix
of the repeated system. Default: True.

Returns
The repeated bulk system.

Return type
BulkConfiguration

scalePartialCharges(scale_factor, indices=None)
Scale the partial charges with a given scale factor. These partial charges are used with Forcefield calcula-
tors.

Parameters

• scale_factor (float) – The factor for scaling charges.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

scalePrimitiveVectors(scale_a=None, scale_b=None, scale_c=None)
Scale the length of each lattice vector. The fractional coordinates of the atoms and the Bravais lattice type
will be remain unchanged if possible.

Parameters

• scale_a (float) – The scaling factor for the a-axis to apply. Default: 1.0.

• scale_b (float) – The scaling factor for the b-axis to apply. Default: 1.0.

• scale_c (float) – The scaling factor for the c-axis to apply. Default: 1.0.

scaleVolume(scaling_factor)
Scale the volume of the crystal by an isotropic expansion of the lattice vectors. The fractional coordinates
of the atoms and the Bravais lattice type will be unchanged.

Parameters
scaling_factor (float) – The scaling factor to apply. A value of 1.01 leads to a 1%
increase in the volume.

sentaurusSlabParameters()

Returns
Packed parameters for a slab

Return type
SentaurusSlabParameters

setBonds(bond_list, skip_checks=False)
Set the bonds on the configuration. The bonds are primarily used in to set the topology of bonded potentials
in the TremoloX-calculator.

Parameters
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• bond_list (list(n, 2) | list(n, 5) | None) – A list which contains for each
bond the indices of the two connected atoms. Optionally, three more integers can be
specified for each bond, which must be between -1 and 1, and which denote to which
neighboring image cell the bond is connected. Without these additional indices, the
minimum image convention is obeyed.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setBravaisLattice(bravais_lattice, conserve_coordinates=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Cartesian'>, skip_checks=False)

Change the bravais lattice.

Parameters

• bravais_lattice (BravaisLattice) – The new lattice.

• conserve_coordinates (Cartesian | Fractional) – The type of coordinates to
conserve.. Default: Cartesian.

• skip_checks (bool) – If True, ignores bond connectivity and input argument checks.
Default: False.

setCalculator(calculator, initial_state=None, initial_spin=None)
Attach a Calculator to the configuration which will be used in calculations involving the configuration.

Parameters

• calculator (Calculator | None) – The calculator object that should be attached to the
configuration.

• initial_state (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration with a calculator | None)
– The initial state to be used for this configuration. Default: No initial state.

• initial_spin (InitialSpin | None) – The initial InitialSpin object to be
used for this configuration. Default: InitialSpin(), except when used
with a calculator of type HuckelCalculator, SlaterKosterCalculator,
SemiEmpiricalCalculator, DeviceHuckelCalculator,
DeviceSlaterKosterCalculator, DeviceSemiEmpiricalCalculator. In
this case InitialSpin([0., 0., ...]) is used, i.e. the scaled spins for each atom
are set to 0.

setCartesianCoordinates(cartesian_coordinates, indices=None, skip_checks=False)
Set the Cartesian coordinates of the atoms.

Parameters

• cartesian_coordinates (PhysicalQuantity of type length) – The new coordinates
of the atoms in each image.

• indices (list) – The indices of the atoms to set the positions of. Default: All
indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setDielectricRegions(dielectric_regions)
Set the dielectric regions for the configuration.
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Parameters
dielectric_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
dielectric regions to set.

setExternalPotential(external_potential)
Set an external potential on the configuration that will be used in calculations involving the configuration.

Parameters
external_potential (AtomicShift | AtomicCompensationCharge) – The external
potential to apply.

setFractionalCoordinates(fractional_coordinates, indices=None, skip_checks=False)
Set the Cartesian coordinates of the atoms.

Parameters

• fractional_coordinates (array of floats) – The new coordinates of the
atoms as a nx3 array.

• indices (array of ints | None) – The indices of the atoms to set the positions
of. Default: All indices.

• skip_checks (bool) – If True, ignores bond connectivity and input argument checks.
Default: False.

setImproperDihedralIndices(improper_dihedral_indices)
Set the list of atom indices for each improper dihedral in bonded force fields.

Parameters
improper_dihedral_indices (list or array with shape (m, 4) | None) –
The list of the 4 indices defining the connectivity for each improper dihedral or None to
delete the current dihedral connectivity.

setMagneticField(magnetic_field)
Set local magnetic field. The spins will be forced to point in the directions given by the magnetic_field
object. The magnetic field can be defined for each atom. This only has an effect for Noncollinear or
Spinorbit calculations.

Parameters
magnetic_field (FixedSpin) – The magnetic field to be applied.

setMagneticMoments(magnetic_moments=None, skip_checks=False)
Function to set magnetic moments on the configuration.

Parameters

• magnetic_moments (PhysicalQuantity of type Bohr magneton.) – The mag-
netic_moments to set on the configuration. Has the dimensionality nx3. Default:
None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setMetallicRegions(metallic_regions)
Set the metallic regions for the configuration.

Parameters
metallic_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
metallic regions to set.
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setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setPartialCharges(charge_list, indices=None, skip_checks=False, update_calculator=True)
Set the partial charges on the configuration. The partial charges are used primarily to model electrostatic
interactions in the TremoloX-calculator.

Parameters

• charge_list (PhysicalQuantity of type charge | None) – A list of atomic
partial charges which contains a charge for each atom.

• indices (list | int | None) – The indices for which to set the partial charges.
Default: All indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

• update_calculator (bool) – Whether or not to update and attached Forcefield cal-
culator with the new charges. Default: True.

setPrimitiveVectors(a, b, c, conserve_coordinates=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Cartesian'>, skip_checks=False)

Set the primitive lattice vectors for the configuration. This will change the BravaisLattice to a
UnitCell. By default the Cartesian coordinates are not changed, which means that the relative positions
of the atoms will change when the lattice vectors change.

Parameters

• a (PhysicalQuantity of type length) – The first lattice vector.

• b (PhysicalQuantity of type length) – The second lattice vector.

• c (PhysicalQuantity of type length) – The third lattice vector.

• conserve_coordinates (Cartesian | Fractional) – The type of coordinates to
conserve. Default: Cartesian.

• skip_checks (bool) – If True, ignores bond connectivity and input argument checks.
Default: True.

setVelocities(velocities=None, skip_checks=False)
Function to set velocities on the configuration.

Parameters

• velocities (PhysicalQuantity of type velocity | None) – The velocities to set on the
configuration. Has the dimensionality nx3. Default: None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

shiftAtoms(displacement, indices=None, skip_checks=False)
Shift atoms by indices.

Parameters
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• displacement (PhysicalQuantity of type length | array) – The displacement that
should be applied to the atom positions. Can be given as cartesian or fractional coor-
dinates.

• indices (NoneType | list of ints) – The indices to shift.

• skip_checks (bool) – True, if all consistency checks should be skipped.

shiftPartialCharges(total_charge, indices=None)
Shift the partial charges so that their sum is the given total charge value. These partial charges are used
with Forcefield calculators.

Parameters

• total_charge (PhysicalQuantity of type charge) – The new total charge.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

sortAlongC()

Method for sorting the atoms along C.

surfaceOrientation()

Returns
Surface orientation as miller indices

Return type
list of floats of size 3

symbols()

Returns
The element symbols of the configuration.

Return type
list of str

tags(indices=None)
List the tags associated with a given collection of indices. The list returned is the set union of tags asso-
ciated with the given indices. If no collection of indices is provided, then all tags on the configuration are
returned.

Parameters
indices (list | int) – The indices to check. Default: All indices.

Returns
The set union of tags present on the provided indices.

Return type
set

toMoleculeConfiguration()

Method for converting the BulkConfiguration to a MoleculeConfiguration.

Returns
The molecule configuration corresponding to the original bulk with the unitcell removed.

Return type
BulkConfiguration

7.7. Full SMW package 2585



QuantumATK V-2023.12 Documentation

uniqueElements(ordered=False)

Parameters
ordered (bool) – If the elements should be returned in ascending order by atomic number.

Returns
The unique elements contained in the configuration.

Return type
list of PeriodicTableElement

uniqueString()

Return a unique string representing the state of the object.

update(force_restart=False)
A self-consistent solution is generated, using the currently set calculator.

Parameters
force_restart (bool) – Force the self-consistent calculation to restart. Default: False.

velocities()

Returns
The velocities of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type velocity

xDirection()

Returns
Direction in x axis as miller indices

Return type
list of floats of size 3

SlabBandstructure

class SlabBandstructure(slab_configuration, max_kpoint=None, number_kpoints=None,
calculate_conduction_band=None)

Holds bandstructure and other support information about the region of the 2D Brillouin zone used by Sentaurus
Band.

Parameters

• slab_configuration (Slab) – Bulk configuration for the nanoslab.

• max_kpoint (float) – Maximum wavevector in fractional coordinates of 2*pi/a0. a0
is the larger between the two surface lattice constants. Follows Sentaurus Band variable
Kmax. Default: 0.2

• number_kpoints (int) – Number of points in the interval [0, max_kpoint]. It sets Sen-
taurus Band variable Nk = 2*number_kpoints - 1. Default: 101

• calculate_conduction_band (bool) – If conduction bands are calculated. If True,
calculate conduction bands, otherwise, valence bands are calculated. Default: False
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calculateConductionBand()

Returns
If True, conduction bands are calculated. False, valence bands are calculated.

Return type
bool

conductionBandEdge()

Calculate the conduction band edge.

Returns
The conduction band edge.

Return type
PhysicalQuantity of type energy

directBandGap()

Calculate the direct band gap.

Returns
The direct band gap.

Return type
PhysicalQuantity of type energy

energyZero()

The energy zero is equal to the Fermi level. For fixed spin moment calculations it is the average of the
Fermi level for spin up and spin down.

Returns
The energy zero.

Return type
PhysicalQuantity of type energy

evaluate(spin=None)
Return the bandstructure for a given spin.

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the bandstructure should be returned
for. Must be either Spin.Up or Spin.Down, or for noncollinear calculations Spin.All.
Default: Spin.All

Returns
The eigenvalues for the specified spin. The shape is (K, B) or (S, K, B) where S is the
number of spins, K is the number of k-points, and B is the number of bands.

Return type
PhysicalQuantity of type energy | list of PhysicalQuantity of type energy

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
All

Returns
The Fermi level in absolute energy.

7.7. Full SMW package 2587



QuantumATK V-2023.12 Documentation

Return type
PhysicalQuantity of type energy

fermiTemperature()

Returns
The Fermi temperature used in this bandstructure.

Return type
PhysicalQuantity of type temperature

indirectBandGap()

Calculate the indirect band gap.

Returns
The indirect band gap.

Return type
PhysicalQuantity of type energy

interpolationMethod()

Returns
The method used for the bandstructure calculation.

Return type
None | Full | KDotPExpansion1D | KDotPExpansion3D

kpoints()

Returns
The list of 3-dimensional fractional k-points at which the energies of the bands are calcu-
lated. The shape is (K, 3) where K is the number of k-points.

Return type
list of lists of floats

maxKpoint()

Returns
Maximum wavevector in fractional coordinates of 2*pi/a0. a0 is the larger between the
two surface lattice constants. Follows Sentaurus Band variable Kmax.

Return type
float

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

method()

Returns
The method used for the bandstructure calculation.

Return type
None | Full | KDotPExpansion1D | KDotPExpansion3D

Deprecated: Use interpolationMethod() instead.
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nlinfo()

Returns
Structured information about the Bandstructure.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberKpoints()

Returns
Number of points in the interval [0, max_kpoint]. It sets Sentaurus Band variable Nk =
2*number_kpoints - 1. Default: 101

Return type
int

processesPerKPoint()

Deprecated: from v2019

Returns
The number of processes per k-point used in the calculation.

Return type
int > 0

route()

Returns
The route through the Brillouin-zone as a list of symmetry points of the unit cell.

Return type
list of str

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

slabConfiguration()

Returns
The slab configuration

Return type
Slab

uniqueString()

Return a unique string representing the state of the object.
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valenceBandEdge()

Calculate the valence band edge.

Returns
The valence band edge.

Return type
PhysicalQuantity of type energy

TimeStampedForceBiasMonteCarloMeltQuench

class TimeStampedForceBiasMonteCarloMeltQuench(amorphous_quality=None, max_retries=None,
melt_quality=None, max_melt_retries=None,
melt_temperature=None, melt_steps=None,
quench_temperature=None, quench_rate=None,
random_seed=None)

Parameters

• amorphous_quality (float) – Expected quality for the amorphous material, 0 to 1. 1
being free of defects. Default: 0.75

• max_retries (int) – Maximum number of tries to satisfy amorphous quality Default:
2

• melt_quality (float) – Requested percentage of melted material Default: 0.35

• max_melt_retries (float) – Maximum number of tries to melt the material with the
requested quality Default: same as max_retries

• melt_temperature (PhysicalQuantity of type temperature) – Suggested melt tempera-
ture Default: 5000*Kelvin

• melt_steps (int) – Number of Monte Carlo steps during melting Default: 2000

• quench_temperature (PhysicalQuantity of type temperature) – The target temperature
during the quenching MD simulation. Default: 300*Kelvin

• quench_rate (PhysicalQuantity of type temperature) – The rate of temperature change
per step during the quenching. This rate will be used to calculate the length of the quench-
ing MC simulation. Default: 0.3 Kelvin

• random_seed (int) – Random seed Default: 1234

amorphousQuality()

Returns
requested amorphous quality

Return type
float

maxMeltRetries()

Returns
requested maximum number of melt tries

Return type
int
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maxRetries()

Returns
requested number of maximum tries

Return type
int

meltQuality()

Returns
requested melt quality

Return type
float

meltSteps()

Returns
The melt Monte Carlo steps

Return type
int

meltTemperature()

Returns
requested melt temperature

Return type
PhysicalQuantity of type temperature

quenchRate()

Returns
requested quench rate

Return type
PhysicalQuantity of type temperature

quenchTemperature()

Returns
requested quench temperature

Return type
PhysicalQuantity of type temperature

randomSeed()

Returns
random seed

Return type
int

uniqueString()

Return a unique string representing the state of the object.
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Example

This class is to be used as a method of amorphize:

method = TimeStampedForceBiasMonteCarlo(amorphous_quality=0.75)
amorphous = amorphize(reference, method, 'amorphous-Si.hdf5', 'amorphous')

VacuumLayer

class VacuumLayer(length)
Class to represent a vacuum layer in MultilayerBuilder.

Parameters
length (PhysicalQuantity of type length) – The target length (thickness) of the layer. A length
of zero will generate the smallest possible layer.

length()

Returns
The target length (thickness) of the layer.

Return type
PhysicalQuantity of type length

uniqueString()

Return a unique string representing the state of the object.

Wire

class Wire(bulk_configuration, wire_orientation=None, height=None, width=None)

Parameters

• bulk_configuration (BulkConfiguration) – Bulk configuration for the material.

• wire_orientation (str) – String that defines the orientation of the nanowire. Sup-
ported values: ‘<100>/<100>’, ‘<100>/<110>’, ‘<110>/<100>’, ‘<110>/<110>’, which
indicate transport/sidewall directions. Default: ‘<100>/<100>’

• height (PhysicalQuantity of type length.) – Height of the nanowire (target value). De-
fault: 5 nm

• width – Width of the nanowire (target value). This is along the sidewall direction. De-
fault: 5 nm

addBonds(bond_list)
Add bonds.

Parameters
bond_list (numpy.ndarray) – The list of bonds to add.
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addTags(tags, indices=None)
Add a set of tags to atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms.

• indices (list | int | None) – The list of indices to match atoms against. De-
fault: All indices.

atomicMasses()

Returns
The masses of the atoms in the configuration.

Return type
PhysicalQuantity of type mass

atomicNumbers()

Returns
The list of atomic numbers associated with the elements.

Return type
list of ints

bonds()

Get the list of bond connections that can be used for bonded potentials in ATK-ForceField.

The connectivity indices refer to the wrapped configuration.

Returns
An array with the the two atom indices for each bond along with the vector which periodic
images this bond connects.

Return type
array

bravaisLattice()

Returns
The bravais lattice of the configuration.

Return type
BravaisLattice

calculator()

Returns
The calculator attached to the configuration, i.e. the calculator that will be used for both
simulation and analysis.

Return type
Calculator

cartesianCoordinates()

Returns
The Cartesian coordinates of the atoms as an nx3 array.

Return type
PhysicalQuantity of type length
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center(x_axis=True, y_axis=True, z_axis=True)
Create a new BulkConfiguration by centering the atoms and the vacuum around the system.

The centered system is constructed with a cell of the type UnitCell.

Parameters

• x_axis (bool) – Boolean indicating if the system should be centered along the x-axis.
Default: True.

• y_axis (bool) – Boolean indicating if the system should be centered along the y-axis.
Default: True.

• z_axis (bool) – Boolean indicating if the system should be centered along the z-axis.
Default: True.

Returns
The centered bulk system.

Return type
BulkConfiguration

cleave(h=1, k=0, l=0, max_perpendicular_repeats=100, outer_atom_index=0,
surface_transformation=None, layers=None, top_vacuum=None, bottom_vacuum=None,
outer_atom_placement=None)

Method to cleave the bulk system along the plane given by the Miller indices h, k, and l. Per the usual
convention, the Miller indices defined a plane in the conventional unit cell.

Parameters

• h (int) – The first Miller index. Default: 1.

• k (int) – The second Miller index. Default: 0.

• l (int) – The third Miller index. Default: 0.

• max_perpendicular_repeats (int) – The maximum number of times the crystal
lattice should be repeated in order to become perpendicular to the surfaces plane. Will
throw an exception if it is not possible. These repetitions are only used when layers is
None. Default: 100

• outer_atom_index (int) – The index of the configuration which should be the outer
atom in the surface. This is the atom which intersects the cleave plane. Default: 0

• surface_transformation (array of type float) – A 2x2 array that trans-
forms the lattice vectors perpendicular to the surface normal (i.e. the surface vectors).
This defaults to the identity matrix, which leaves them unchanged. If the values are
non integral, this will result in a strained surface. Default: [[1, 0], [0, 1]]

• layers (float) – The number of atomic layers in the repeated structure. By default
the smallest number of layers that yields perpendicular unit cell (c-axis purely along
the z-axis) is used. Default: None

• top_vacuum (PhysicalQuantity of type length) – The vacuum padding to add to the
top of the cell. Default: 0.0*Angstrom

• bottom_vacuum (PhysicalQuantity of type length) – The vacuum padding to add to
the bottom of the cell. Default: 0.0*Angstrom

• outer_atom_placement (float) – The fractional c-coordinate of the outer atom.
By default the location of this atom will be at c=1.0 if no top or bottom vacuum is
used. If vacuum is used, then the atom will be located at the correct place in the unit
cell to accommodate the vacuum settings. Default: None
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Returns
The cleaved bulk configuration.

Return type
BulkConfiguration

coarseGrainDescriptors()

Returns
The list of either elements or coarse grain particles for each element. Isotopes are returned
as just their base element, UnitedAtoms and Particle are given as their specific type.

Return type
list of type ParticleDescriptor or PeriodicTableElement

copy()

Returns
A copy of the current configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndDeleteAtoms(indices)
Create a new configuration by deleting some atoms from this configuration.

Parameters
indices (list of int) – The indices of the atoms to delete.

Returns
The configuration with some atoms deleted.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndMerge(other)
Create a new configuration by merging this configuration with another configuration.

Parameters
other (MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration) – The other configuration.

Returns
The merged configuration.

Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

copyAndShiftAtoms(displacement, indices=None)
Create a new configuration with some atoms translated.

Parameters

• displacement (PhysicalQuantity of type length) – The displacement that should be
applied to the atom positions.

• indices (list of int) – The indices to shift. Default: All.

Returns
The configuration with the translation applied.
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Return type
MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration

deleteAtoms(indices)
Delete atoms from the configuration by specifying their indices.

Parameters
indices (array of int) – The indices to delete.

deleteBonds(bond_list=None, pair_selection=None)
Delete bonds connected to atomic indices.

Parameters

• bond_list (A two-dimensional sequence) – The pairs of bonds indices.

• pair_selection (list | None) – Specifies two groups between which bonds are
delete. Selectable groups are elements, index lists, tag names, or None (all atoms).

dielectricRegions()

Returns
The dielectric regions in the configuration.

Return type
list of BoxRegion | SphereRegion | TubeRegion

elements()

Returns
The elements in configuration.

Return type
list of PeriodicTableElement

externalPotential()

Returns
The external potential present on the configuration.

Return type
AtomicShift | AtomicCompensationCharge | None

findBonds(fuzz_factor=1.1, pair_selection=None, periodic_boundaries=None)
Find bonds in the configuration according to the combined covalent radii of the element pairs, multiplied
with a fuzz factor. Optionally, find bonds only between two specified sub-groups of atoms. The bonds are
primarily used in to set the topology of bonded potentials in the TremoloX-calculator.

Parameters

• fuzz_factor (float) – The factor by which the covalent radii are multiplied to de-
termine the cutoff distance for a bond.

• pair_selection (list(2) of type PeriodicTableElement, list of int, or str) – Specifies
two groups between which bonds are detected. Selectable groups are elements, in-
dex lists, tag names, or None (all atoms). By default bonds between all atoms in the
configuration are taken into account.

• periodic_boundaries (3-tuple of bool) – The periodic boundaries Default:
The periodic boundaries for the configuration.
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fixedSpinDirections()

Returns
The fixed spin directions for the configuration.

Return type
FixedSpin | None

fractionalCoordinates()

Returns
The fractional coordinates of the bulk configuration as a nx3 array.

Return type
array of floats

generateShifts()

Method for generating a list of origin shifts along all 3 lattice directions.

It will create a list of 27 shifts of the supercell origin (-1 to 1) in the three periodic directions.

Returns
The array of shifts

Return type
PhysicalQuantity of type length

ghostAtoms()

Returns
The list of ghost atoms.

Return type
list of ints

improperDihedralIndices()

Returns
The list of atom indices for each improper dihedral or None if no improper dihedrals are
defined. Improper dihedrals are mainly used in bonded force fields.

Return type
numpy array | None

indicesFromIsotopes(isotopes)

Parameters
isotopes (list of type PeriodicTableElement or Isotope) – The isotopes to
select.

Returns
The indices of the selected isotopes.

Return type
list of type int

indicesFromTags(tags=None)
List the indices associated with a given collection of tags.

Parameters
tags (list | str) – A list of tags for which all matching indices should be extracted.
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Returns
The list of indices corresponding to the specified tag name(s).

Return type
list of ints

magneticMoments()

Returns
The magnetic moments of the atoms. Has the dimensionality nx3.

Return type
PhysicalQuantity of type Bohr magneton.

massDensity()

Returns
The mass density.

Return type
PhysicalQuantity of type mass per volume

maxXcoordinate()

Returns
Maximum value for the slab x coordinate (height) :rtype: PhysicalQuantity of type length

maxYcoordinate()

Returns
Maximum value for the slab y coordinate (width)

Return type
PhysicalQuantity of type length

maxZcoordinate()

Returns
Maximum value for the slab z coordinate (thickness)

Return type
PhysicalQuantity of type length

merge(other)
Merge configuration with another configuration.

Parameters
other (MoleculeConfiguration | BulkConfiguration | DeviceConfiguration |
SurfaceConfiguration) – A different configuration.

metallicRegions()

Returns
The metallic regions for the configuration.

Return type
list of BoxRegion | SphereRegion | TubeRegion

metatext()

Returns
The metatext of the object or None if no metatext is present.
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Return type
str | None

nlinfo()

Returns
The configuration information.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AtomicConfiguration object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger().

numberOfAtoms()

Returns
The total number of atoms in the configuration.

Return type
int

partialCharges(indices=None)
Get the list of partial atomic charges that can be used for representing electrostatic interactions in ATK-
ForceField.

Parameters
indices (list | int | None) – The indices for which to return the partial charges.
Default: All indices.

Returns
A PhysicalQuantity array of the atomic partial charge for each atom.

Return type
PhysicalQuantity of type charge | None

particleDescriptors()

Returns
The list of particle descriptors for each atom. This should return the exact same list as was
given in the constructor argument “elements”.

Return type
list of type ParticleDescriptor or PeriodicTableElement

static periodicBoundaries()

Returns
The periodic boundary conditions of the configuration.

Return type
list

primitiveVectors()

Returns
The primitive lattice vectors.
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Return type
PhysicalQuantity of type length

reduce(na=1, nb=1, nc=1, stack_systems=True)
Reduce the BulkConfiguration with the integer values na, nb, and nc along the three primitive unit cell
vectors. The reduced system is constructed with a cell of the type UnitCell.

Parameters

• na (int) – The repetition along the a-axis. Default: 1.

• nb (int) – The repetition along the b-axis. Default: 1.

• nc (int) – The repetition along the c-axis. Default: 1.

• stack_systems (bool) – If True the basis atoms are reduced as a unit, i.e. a0 and b0
are reduced as: a0,b0,a1,b1, . . . If False the basis atom are reduced individually, i.e.
a0 and b0 are reduced as: a0,a1,. . . , b0,b1,. . . Default: True.

Returns
The reduced bulk system.

Return type
BulkConfiguration

removeTags(tags=None, indices=None, purge=False)
Remove a set of tags from atoms matching a collection of indices.

Parameters

• tags (list | str) – The list of tags to add to matching atoms. Default: All tags.

• indices (list | int) – The list of indices to match atoms against. Default: All
indices.

• purge (bool) – When removing tags from the configuration, delete the tag completely
when not associated with any atoms anymore. Default: False.

repeat(na=1, nb=1, nc=1, stack_systems=True, transfer_density_matrix=True)
Repeat the BulkConfiguration with the integer values na, nb, and nc along the three primitive unit cell
vectors. The repeated system is constructed with a cell of the type UnitCell.

Parameters

• na (int) – The repetition along the a-axis. Default: 1.

• nb (int) – The repetition along the b-axis. Default: 1.

• nc (int) – The repetition along the c-axis. Default: 1.

• stack_systems (bool) – If True the basis atoms are repeated as a unit, i.e. a0 and
b0 are repeated as: a0,b0,a1,b1, . . . If False the basis atom are repeated individually,
i.e. a0 and b0 are repeated as: a0,a1,. . . , b0,b1,. . . Default: True.

• transfer_density_matrix (bool) – If True, the density matrix (or rather the
schroedinger container) of the non-repeated system is used to set up the density matrix
of the repeated system. Default: True.

Returns
The repeated bulk system.

Return type
BulkConfiguration
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scalePartialCharges(scale_factor, indices=None)
Scale the partial charges with a given scale factor. These partial charges are used with Forcefield calcula-
tors.

Parameters

• scale_factor (float) – The factor for scaling charges.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

scalePrimitiveVectors(scale_a=None, scale_b=None, scale_c=None)
Scale the length of each lattice vector. The fractional coordinates of the atoms and the Bravais lattice type
will be remain unchanged if possible.

Parameters

• scale_a (float) – The scaling factor for the a-axis to apply. Default: 1.0.

• scale_b (float) – The scaling factor for the b-axis to apply. Default: 1.0.

• scale_c (float) – The scaling factor for the c-axis to apply. Default: 1.0.

scaleVolume(scaling_factor)
Scale the volume of the crystal by an isotropic expansion of the lattice vectors. The fractional coordinates
of the atoms and the Bravais lattice type will be unchanged.

Parameters
scaling_factor (float) – The scaling factor to apply. A value of 1.01 leads to a 1%
increase in the volume.

sentaurusWireParameters()

Returns
Packed parameters for a wire

Return type
SentaurusWireParameters

setBonds(bond_list, skip_checks=False)
Set the bonds on the configuration. The bonds are primarily used in to set the topology of bonded potentials
in the TremoloX-calculator.

Parameters

• bond_list (list(n, 2) | list(n, 5) | None) – A list which contains for each
bond the indices of the two connected atoms. Optionally, three more integers can be
specified for each bond, which must be between -1 and 1, and which denote to which
neighboring image cell the bond is connected. Without these additional indices, the
minimum image convention is obeyed.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setBravaisLattice(bravais_lattice, conserve_coordinates=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Cartesian'>, skip_checks=False)

Change the bravais lattice.

Parameters

• bravais_lattice (BravaisLattice) – The new lattice.
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• conserve_coordinates (Cartesian | Fractional) – The type of coordinates to
conserve.. Default: Cartesian.

• skip_checks (bool) – If True, ignores bond connectivity and input argument checks.
Default: False.

setCalculator(calculator, initial_state=None, initial_spin=None)
Attach a Calculator to the configuration which will be used in calculations involving the configuration.

Parameters

• calculator (Calculator | None) – The calculator object that should be attached to the
configuration.

• initial_state (MoleculeConfiguration | BulkConfiguration |
DeviceConfiguration | SurfaceConfiguration with a calculator | None)
– The initial state to be used for this configuration. Default: No initial state.

• initial_spin (InitialSpin | None) – The initial InitialSpin object to be
used for this configuration. Default: InitialSpin(), except when used
with a calculator of type HuckelCalculator, SlaterKosterCalculator,
SemiEmpiricalCalculator, DeviceHuckelCalculator,
DeviceSlaterKosterCalculator, DeviceSemiEmpiricalCalculator. In
this case InitialSpin([0., 0., ...]) is used, i.e. the scaled spins for each atom
are set to 0.

setCartesianCoordinates(cartesian_coordinates, indices=None, skip_checks=False)
Set the Cartesian coordinates of the atoms.

Parameters

• cartesian_coordinates (PhysicalQuantity of type length) – The new coordinates
of the atoms in each image.

• indices (list) – The indices of the atoms to set the positions of. Default: All
indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setDielectricRegions(dielectric_regions)
Set the dielectric regions for the configuration.

Parameters
dielectric_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
dielectric regions to set.

setExternalPotential(external_potential)
Set an external potential on the configuration that will be used in calculations involving the configuration.

Parameters
external_potential (AtomicShift | AtomicCompensationCharge) – The external
potential to apply.

setFractionalCoordinates(fractional_coordinates, indices=None, skip_checks=False)
Set the Cartesian coordinates of the atoms.

Parameters

• fractional_coordinates (array of floats) – The new coordinates of the
atoms as a nx3 array.
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• indices (array of ints | None) – The indices of the atoms to set the positions
of. Default: All indices.

• skip_checks (bool) – If True, ignores bond connectivity and input argument checks.
Default: False.

setImproperDihedralIndices(improper_dihedral_indices)
Set the list of atom indices for each improper dihedral in bonded force fields.

Parameters
improper_dihedral_indices (list or array with shape (m, 4) | None) –
The list of the 4 indices defining the connectivity for each improper dihedral or None to
delete the current dihedral connectivity.

setMagneticField(magnetic_field)
Set local magnetic field. The spins will be forced to point in the directions given by the magnetic_field
object. The magnetic field can be defined for each atom. This only has an effect for Noncollinear or
Spinorbit calculations.

Parameters
magnetic_field (FixedSpin) – The magnetic field to be applied.

setMagneticMoments(magnetic_moments=None, skip_checks=False)
Function to set magnetic moments on the configuration.

Parameters

• magnetic_moments (PhysicalQuantity of type Bohr magneton.) – The mag-
netic_moments to set on the configuration. Has the dimensionality nx3. Default:
None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

setMetallicRegions(metallic_regions)
Set the metallic regions for the configuration.

Parameters
metallic_regions (list of BoxRegion | SphereRegion | TubeRegion) – The list of
metallic regions to set.

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

setPartialCharges(charge_list, indices=None, skip_checks=False, update_calculator=True)
Set the partial charges on the configuration. The partial charges are used primarily to model electrostatic
interactions in the TremoloX-calculator.

Parameters

• charge_list (PhysicalQuantity of type charge | None) – A list of atomic
partial charges which contains a charge for each atom.

• indices (list | int | None) – The indices for which to set the partial charges.
Default: All indices.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.
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• update_calculator (bool) – Whether or not to update and attached Forcefield cal-
culator with the new charges. Default: True.

setPrimitiveVectors(a, b, c, conserve_coordinates=<class
'NL.ComputerScienceUtilities.NLFlag._NLFlag.Cartesian'>, skip_checks=False)

Set the primitive lattice vectors for the configuration. This will change the BravaisLattice to a
UnitCell. By default the Cartesian coordinates are not changed, which means that the relative positions
of the atoms will change when the lattice vectors change.

Parameters

• a (PhysicalQuantity of type length) – The first lattice vector.

• b (PhysicalQuantity of type length) – The second lattice vector.

• c (PhysicalQuantity of type length) – The third lattice vector.

• conserve_coordinates (Cartesian | Fractional) – The type of coordinates to
conserve. Default: Cartesian.

• skip_checks (bool) – If True, ignores bond connectivity and input argument checks.
Default: True.

setVelocities(velocities=None, skip_checks=False)
Function to set velocities on the configuration.

Parameters

• velocities (PhysicalQuantity of type velocity | None) – The velocities to set on the
configuration. Has the dimensionality nx3. Default: None.

• skip_checks (bool) – Skip argument type checking and just directly assign the value.
Default: False.

shiftAtoms(displacement, indices=None, skip_checks=False)
Shift atoms by indices.

Parameters

• displacement (PhysicalQuantity of type length | array) – The displacement that
should be applied to the atom positions. Can be given as cartesian or fractional coor-
dinates.

• indices (NoneType | list of ints) – The indices to shift.

• skip_checks (bool) – True, if all consistency checks should be skipped.

shiftPartialCharges(total_charge, indices=None)
Shift the partial charges so that their sum is the given total charge value. These partial charges are used
with Forcefield calculators.

Parameters

• total_charge (PhysicalQuantity of type charge) – The new total charge.

• indices (list | int | None) – The indices for which to set the total charge. De-
fault: All indices.

sortAlongC()

Method for sorting the atoms along C.
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surfaceOrientation()

Returns
Surface orientation as miller indices

Return type
list of floats of size 3

symbols()

Returns
The element symbols of the configuration.

Return type
list of str

tags(indices=None)
List the tags associated with a given collection of indices. The list returned is the set union of tags asso-
ciated with the given indices. If no collection of indices is provided, then all tags on the configuration are
returned.

Parameters
indices (list | int) – The indices to check. Default: All indices.

Returns
The set union of tags present on the provided indices.

Return type
set

toMoleculeConfiguration()

Method for converting the BulkConfiguration to a MoleculeConfiguration.

Returns
The molecule configuration corresponding to the original bulk with the unitcell removed.

Return type
BulkConfiguration

uniqueElements(ordered=False)

Parameters
ordered (bool) – If the elements should be returned in ascending order by atomic number.

Returns
The unique elements contained in the configuration.

Return type
list of PeriodicTableElement

uniqueString()

Return a unique string representing the state of the object.

update(force_restart=False)
A self-consistent solution is generated, using the currently set calculator.

Parameters
force_restart (bool) – Force the self-consistent calculation to restart. Default: False.

velocities()

Returns
The velocities of the atoms. Has the dimensionality nx3.
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Return type
PhysicalQuantity of type velocity

xDirection()

Returns
Direction in x axis as miller indices

Return type
list of floats of size 3

WireBandstructure

class WireBandstructure(wire_configuration, max_kpoint=None, number_kpoints=None)
Holds the bandstructure and other supporting information.

Parameters

• wire_configuration (Wire) – Bulk configuration for the nanowire.

• max_kpoint (float) – Maximum wavevector in fractional coordinates of 2*pi/a0. a0
is the larger between the two surface lattice constants. Equivalent to Sentaurus Band
variable Kmax. Recommended values are 0.2 for the k.p calibration model and 0.5 for the
effective-mass model. Default: 0.5

• number_kpoints (int) – Number of points in the interval [0, max_kpoint]. It sets Sen-
taurus Band variable Nk = 2 * number_kpoints - 1. Recommended values are, at least, 50
for the k.p calibration model and 100 for the effective-mass model. Default: 100

conductionBandEdge()

Calculate the conduction band edge.

Returns
The conduction band edge.

Return type
PhysicalQuantity of type energy

directBandGap()

Calculate the direct band gap.

Returns
The direct band gap.

Return type
PhysicalQuantity of type energy

energyZero()

The energy zero is equal to the Fermi level. For fixed spin moment calculations it is the average of the
Fermi level for spin up and spin down.

Returns
The energy zero.

Return type
PhysicalQuantity of type energy
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evaluate(spin=None)
Return the bandstructure for a given spin.

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the bandstructure should be returned
for. Must be either Spin.Up or Spin.Down, or for noncollinear calculations Spin.All.
Default: Spin.All

Returns
The eigenvalues for the specified spin. The shape is (K, B) or (S, K, B) where S is the
number of spins, K is the number of k-points, and B is the number of bands.

Return type
PhysicalQuantity of type energy | list of PhysicalQuantity of type energy

fermiLevel(spin=None)

Parameters
spin (Spin.Up | Spin.Down | Spin.All) – The spin the Fermi level should be returned
for. Must be either Spin.Up, Spin.Down, or Spin.All. Only when the band structure is
calculated with a fixed spin moment will the Fermi level depend on spin. Default: Spin.
All

Returns
The Fermi level in absolute energy.

Return type
PhysicalQuantity of type energy

fermiTemperature()

Returns
The Fermi temperature used in this bandstructure.

Return type
PhysicalQuantity of type temperature

indirectBandGap()

Calculate the indirect band gap.

Returns
The indirect band gap.

Return type
PhysicalQuantity of type energy

interpolationMethod()

Returns
The method used for the bandstructure calculation.

Return type
None | Full | KDotPExpansion1D | KDotPExpansion3D

kpoints()

Returns
The list of 3-dimensional fractional k-points at which the energies of the bands are calcu-
lated. The shape is (K, 3) where K is the number of k-points.

Return type
list of lists of floats
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maxKpoint()

Returns
Maximum wavevector in fractional coordinates of 2*pi/a0. a0 is the larger between the
two surface lattice constants. Equivalent to Sentaurus Band variable Kmax.

Return type
float

metatext()

Returns
The metatext of the object or None if no metatext is present.

Return type
str | None

method()

Returns
The method used for the bandstructure calculation.

Return type
None | Full | KDotPExpansion1D | KDotPExpansion3D

Deprecated: Use interpolationMethod() instead.

nlinfo()

Returns
Structured information about the Bandstructure.

Return type
dict

nlprint(stream=None)
Print a string containing an ASCII table useful for plotting the AnalysisSpin object.

Parameters
stream (python stream) – The stream the table should be written to. Default:
NLPrintLogger()

numberKpoints()

Returns
Number of points in the interval [0, max_kpoint]. It sets Sentaurus Band variable Nk = 2
* number_kpoints - 1.

Return type
int

processesPerKPoint()

Deprecated: from v2019

Returns
The number of processes per k-point used in the calculation.

Return type
int > 0
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route()

Returns
The route through the Brillouin-zone as a list of symmetry points of the unit cell.

Return type
list of str

setMetatext(metatext)
Set a given metatext string on the object.

Parameters
metatext (str | None) – The metatext string that should be set. A value of “None” can
be given to remove the current metatext.

uniqueString()

Return a unique string representing the state of the object.

valenceBandEdge()

Calculate the valence band edge.

Returns
The valence band edge.

Return type
PhysicalQuantity of type energy

wireConfiguration()

Returns
Associated wire configuration

Return type
Wire

Functions

amorphize

amorphize(configuration, method, filename, object_id, amorphous_density=None,
optimize_geometry_parameters=None)

Amorphizes the configuration using a particular method and saving the temporal results (for restarting or visu-
alization) in filename

Parameters

• configuration (BulkConfiguration) – The configuration to amorphize, with an at-
tached calculator

• method (TimeStampedForceBiasMonteCarloMeltQuench |
MolecularDynamicsMeltQuench ) – Amorphization method.

• filename (str) – File name to save restart information

• object_id (str) – Identification (label) for objects saved in the filename

• amorphous_density (PhysicalQuantity of type mass per volume) – The target density
of the amorphous structure. If not value is given, then the density will be the same as the
configuration. Default: None
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• optimize_geometry_parameters (OptimizeGeometryParameters) – Options to be
used during final optimization step Default: OptimizeGeometryParameters defaults

Returns
An amorphized configuration

Return type
BulkConfiguration

Example

This function requires the specification of a particular method to produce the amorphous material:

method = MolecularDynamicsMeltQuench(amorphous_quality=0.75)
amorphous = amorphize(reference, method, 'amorphous-Si.hdf5', 'amorphous')
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