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Transport calculations with QuantumATK

The bulk resistivity is an intrinsic property quantifying how strongly a material disrupts a flux of electronic
current. In pristine metals, the main cause of the resistivity at room temperature is electron-phonon
interaction, i.e., electron scattering due to the interaction with the vibrations of the lattice. The higher the
temperature, the larger becomes the vibrational amplitude of the lattice and hence the scattering
probability, leading to linear increase of the resisitivity to the temperature.

This case study aims at introducing the MD-Landauer method, which is a conceptually simple
methodology for calculating the temperature-dependent resistivity based on combined molecular-
dynamics (MD) and electronic-transport calculations within the framework of the Landauer formalism
(check the tutorial Transport calculations with QuantumATK). Despite its simplicity, the MD-Landauer
method has several advantages over other more rigorous methods to calculate bulk resistivities (see, e.g.,

Refs. [ and [2], and also the tutorial Phonon-limited mobility in graphene using the Boltzmann transport
equation), as it takes naturally into account the anharmonic effects in describing lattice vibrations, and is
applicable to non-crystalline systems as well.

The case study consists of three sections, through which we reproduce some results for bulk gold
recently reported in the paper “Electron-phonon scattering from Green’s function transport combined with

Molecular Dynamics: Applications to mobility predictions”[3]. Section 1. Theory and numerical procedure
provides some theoretical and methodological details. Section 2. Calculation setup then describes how to
setup an MD-Landauer calculation in QuantumATK. Finally, Sec. 3. Data analysis is devoted to explaining
how to analyze the data files and compute the resistivity.

The numerical parameters employed in the calculations below have been tuned to achieve a
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compromise between computational efficiency and accuracy. The results will hence slightly differ

from those presented in Ref. 31,

QuantumWise case studies are primarily directed at experienced users of QuantumATK. Instructions
are deliberately concise in order to focus mostly on the science.

For more basic details on how to use QuantumATK, please refer to the tutorials Introduction to
QuantumATK and Transport calculations with QuantumATK.

1. Theory and numerical procedure

MD region
L

The figure above displays an illustrative example of a device configuration modeling bulk gold, for which
the MD-Landauer calculations are performed. There are two semi-infinite electrodes and, in between, a
central region which, importantly, consists of three parts: the MD region with length

L and the electrode copy on its either side. An incoming flux of electrons from one of the electrodes
interacts with phonons in the MD region, and is transmitted with a certain probability to the other
electrode. Assuming that the electrodes and their replicas always remain equilibrium at temperature

T', MD calculations are performed by allowing the atoms to move only in the MD region for a few
nanoseconds, starting with random initial velocities based on the Maxwell-Boltzmann distribution. At the
end of each MD calculations, the transmission coefficient is computed as

I1B;x(T), £] = Tr{G'[E;x(T), LITw(E)G* B x(T), LITx(B)},

where
G"/2[E; x(T), L] represents the retarded/advanced Green’s function, and

I‘L/R(E) is the width in the left/right electrode (see, e.g., Ref. [4] for details of the derivation). Note that
the Green'’s functions and thus the transmission coefficient are both functions of

FE and parametrically depend on the set of displacement coordinates of atoms

x(T) as well as

L. The Landauer formula then provides the conductance as a function of

L and
T

90,7~ = [11Bx(r). ) |- T2 am,
where

nr(E, er, T) represents the Fermi-Dirac distribution function with
€r being the Fermi energy, and

P TG | e
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(- - -) means taking average over a set of MD calculations. The resistance is defined as the inverse of the
conductance, i.e.,

1/9(L,T) =R(L,T)
=R. + pin(T)L,

where the second line defines the one-dimensional (1D) resistivity
p1p(T). The bulk resitivity is then given by

pouk(T) = p1p(T) - A,

where
A is the cross section of the device normal to the transport direction.

Dividing the procedure into three steps as follows will help clarify how to compute the 1D and bulk
resistivies:

Calculation of the lattice
® geometries:

For a given value of

T and a set of values of

L, several MD calculations with random initial velocities are performed. For each calculation, the
last snapshot of the MD run is taken.

® (Calculation of the resistance:

For each set of snapshots with a given length

L, the averaged transmission coefficient is computed, which is then used to calculate the
conductance

9(L,T) and the resistance

R(L,T).

Calculation of the finite-temperature
® resistivity:

The 1D and bulk resistivities at the temperature
T are calculated.

The rest of this case study details each step as well as the procedure to construct a device configuration
of bulk gold.

2. Calculation setup

2.1. Construction of the DeviceConfiguration

This subsection presents a detailed how-to guidline for preparing a device configuation of bulk gold,
and finally provides an QuantumATK Python script, & Au100_L3.py. To save time, one may just
download the script and use it.

In the ¥ Builder, go to Add » From Database...and select “ Go/d":
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= Builder -
File Edit Selection View Windows Help

il o OB LO0ETHB®PAC 2 4:

+ Builders

Gold

+ Bulk Tools

+  Coordinate Tools
+  Device Tools

v Graphics

+ Miscellaneous

+  Selection Tools

Stash
Add

Copy
Delete

Gold

i »

Then use the Builders > Surface (Cleave) tool as follows to create a 3x3 Au[100] bulk supercell with a
thickness of 10 layers:

1. Create a [100] surface by setting h=0 and k=I=0.
2. Define the surface lattice vectors by
vi = 3u; and
vy = 3uo.
3. Select “Periodic and normal (electrode)’ and set the thickness to 10 layers.
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« Surface (Cleave) -ax

) ‘ Define the surface
¥ Builders

Miller indices
h k 1

> Icosahedron Builder iE (ol [(ok

Select an atom for the outer layer
P Interface Element  a b ¢

0 Gold 0.000 0.000 0.000
> Nanowire 1Gold | 0500 0500 0000

= 2 Gold 0.500 0.000 0.500

> Nudged Elastic Band 3 Gold 0.000 0500 0.500
» Substitutional Alloy a
> Wulff Constructor

Generic Alloy... ( 1 )

Packmol...

Surface (Cleave)... <= CI i C k

I Next> || cancel

+ Surface (Cleave) -8 x
Finalize output configuration Define surface lattice
+ Automatically update 3D view v = 3w + 0 u
Out-of-plane cell vector vsis - 5 = & i w L
Periodic and normal (electrode) —
X(A) Y(A)
Layers A
1 86513 0.0000
— 2 0.0000 8.6513
Thickness 10} 20.3912 T

A

—
N
N’

H

ORPRARAR

H

7S
RS
RS
S
e

S
SRR

<Back Finish Cancel <Back Next> Cancel

Finally, use the Device Tools » Device from Bulk plugin to create a DeviceConfiguration. Set the length of
both right and left electrodes to be the minimum value 4.07825 A.

+ Device from Bulk - o x

select the electrode lengths from repetition
matches or enter user-specified values.

Left electrode length (&) | 4.07825 v

Right electrode length (A) | 4.07825 v

Press the +/- buttons in one of the rows to increase/
decrease the size of the central region at the
interface of the respective electrode.

The increment can either be given as a length in
Angstrom or as the relative size compared to the
electrode length.

Left 2.0391A 50.00% | = gp

Right 2.0391A 50.00% | |=| op

Cancel OK

Save the device configuration as “Au700_L3.py,” where “L3" indicates

L = 3 in terms of the number of electrode repetitions. Following a similar procedure, one will be able to
easily construct the device configurations for

L =4and

5, and save them with proper file names.

2.2. Setup of the script

Send the device configuration to @ Scripter by clicking [, and add four blocks in the order as follows:
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e [ug New Calculator
* (& Optimization » MolecularDynamics
e [ug New Calculator

U Analysis » TransmissionSpectrum

+ Script Generator - Aul00 L3 T300.py*

File Edit windows Help

Blocks Script

New Calculator Device
[-‘ Mew Calculator
Analysis from File @

MolecularDynamics

Adjust Configuration @ New Calculator
Initial State @ TransmissionSpectrum

Optimization
@ Analysis

Global 10

Default output file |Au100_L3_T300.nc

Script detail Minimal :

v

In the section Global 10 options, change the name of the output file to “Au700_L3_T300.nc.” The
parameters in each block should then be specified as follow.

MD section

The set of two blocks, and , in the section (1) highlighted in yellow, is meant to account for the MD
calculations.

Script

@owice

|l New Calculator

, 1

| 1% MolecularDynamics (1)
@ New Calculator

(2)

E TransmissionSpectrum

Open the |ag New Calculator block, then select ATK-ForceField from the available Calculators, and set
“"EAM_Au_Sheng_2071T" [5]'in Parameter set.
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New Calculator

Calculators
() ATK-DFT: LCAO

Potential Settings
Parameter set | EAM_Au_Sheng_2011

() ATK-SE: Extended Hiickel
() ATK-SE: Slater-Koster

Literature References

sheng, HW and Kramer, MJ and Cadien, A and Fujita, T and Chen, MW, Highly
) optimized embedded-atom-method potentials for fourteen fec metals, Physical
@® ATK-ForceField Review B, 83, p. 134118, 2011.
) FHI-aims
Additional Info
Calculator settings

Potential

(o]
® save ©& print

File [Au100_L3_T300.n¢ J [...| Label | ]

Estimate Memory Usage

O Note

|ﬂ

For QuantumATK-versions older than 2017, the ATK-ForceField calculator can be found under the
name ATK-Classical.

In the || MolecularDynamics block, choose the Langevin thermostat [6] and set the rest of the MD
parameters as shown below.

E® Molecular Dynamics -0 x
Molecular Dynamics Langevin
Type Langevin . Time step | 1| |Fs .
Steps |5000 Reservoir temperature| 300 K
Log interval |100 Friction

| 0.01| |[1/Fs *

| Save trajectory |traject0ry.nc

Final temperature

| 300 K

Add Constraints

Fix center-of-mass

Initial Velocity

Type ‘Maxwell-Boltzmann

Temperature

300| K *

~/ Remoye center-of-mass momentum

1o

v/ Save Print

File [Au100_L3_T300.nc

| I__abel| |

O Important

|W

In order to describe a random distribution of initial velocities in the MD simulations, remember to set
the initial velocity type to Maxwell-Boltzmann.

Landauer calculation section

The set of two blocks, |z and , in the section (2) highlighted in yellow is meant to account for the
DFTB-based transport calculations based on the Landauer approach.
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Script

@ Device
gl New Calculator
ﬁx‘ MolecularDynamics

(1)

m New Calculator

@ TransmissionSpectrum

(2)

I T
Click on the [az] New Calculator block. Select “ATK-SE Slater_Koster (Device)' from the list of available
Calculators and set up the parameters as shown below.

™ New Calculator

Calculators
ATK-DFT: LCAO (Device)
ATK-SE: Extended Hiickel (Device)
(®) ATK-SE: Slater-Koster (Device)
ATK-Classical

Calculator settings
Basic device
Contour integral parameters
Device algorithm parameters
Electrode parameters
Iteration control parameters
Mumerical accuracy parameters
Parallel parameters
Poisson solver
slater-Koster basis set

Estimate Memory Usage

Basic Settings

$| Broadening K .

10 ‘ Hartree 3

Occupation method | Fermi Dirac
Density mesh cut-off |
Spin Unpolarized .

No SCF iteration

Left electrode voltage | 0‘ \ .
Right electrode voltage | 0‘ \" =
k-point Sampling

Grid type ‘ Monkhorst-Pack grid 2 | Preset densities ¥

Periodic (v ks (v kg M ke

Density (A) 2.75379 2.75379 27.2611
(¢ sampling | 25| 2. ’ 42| 2 sync
Number of symmetry reduced k-points: 84 shift to ™ Show

10
[vf save [+ Print

File |Au100_L3_T300.n¢ | .. Label |

O Important

Remember to untick “No SCF iteration” to carry out the calculations self-consistently.

Click on the ||&| TransmissionSpectrum object, and set the parameters as shown below.
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I™ Transmission Spectrum - ox

Transmission Spectrum
Energy Range

Eo (eV) | 02|

Er (ev) | 02|

Points |51

Energy zero parameter | Average Fermi level .

Infinitesimal 1e-06| eV :

&
v

Self-energy calculator | Krylov
k-point Sampling
Grid type  Monkhorst-Pack grid ;| | Preset densities ¥

Periodic v ks v kg

Density (A) 13.7689 13.7689
o sampling | 10 10 sync
Mumber of symmetry reduced k-points: 15 Show

P More options

(o]
~ Save ' Print

File  |Au100_L3_T300nc | |..| Label | |

The choice of the “Krylov’ method is of particular importance as it accelerates the convergence in the
SCF calculations.

2.3. Edit the python script

Making fully use of GUI supported by QuantumATK, the device configuration has been so far constructed
with the necessary calculators and analyzer attached. The MD-Landauer method for computing the
conductance, resistance, and resistivity, however, requires performing the calculation, for each of given
values of

L and

T, several times to obtain averaged transmission coefficient

(Z1E;x(T), L]). To this end, the python script needs to be slightly modified by hand.

By clicking the [ icon, send the script to @ Editor. Highlight the whole script and press the Tab key on
your keyboard to indent every line. Then edit the script as shown below, and save it as
“Au100_L3_T300.py’ To make sure that there is no mistake in your code, download & Au100_L3_T300.py
and compare the two scripts.
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1# -*- coding: utf-8 -*-

2

3 for run in range(0,10):

4

5 [ e R
6 # Two-probe Configuration

7 A e T T
8

9 A R R T T
10 # Left Electrode

11 A e e
12

13 # Set up lattice

14 vector a = [8.65127469112, 0.0, 0.0]*Angstrom

15 vector b = [0.0, 8.65127469112, 0.0]*Angstrom

16 vector ¢ = [0.0, 0.0, 4.07825]*Angstrom

17 left electrode lattice = UnitCell(vector a, vector b, vector c)

3. Data analysis

Click the [ icon, send the script to #, Job Manager, and run it. The calculation takes 5-6 hours on 8
cores. The set of transmission coefficients should then be averaged for the analysis. This section hence
focuses on how to analyze the results and obtain the 1D and bulk resistivities.

3.1. Transmission functions, conductance, and resistance
QuantumATK provides a useful plugin to make comparison of the transmission functions. Select all the

transmission functions T (k, €) in LabFloor and click the compare Data... button in Plugin Bar.
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'300) - Virtual NanoLab

Project Files

® | abFloor
@ |Filter...| ' Text  *||Filetypes v| Groupby |Filename
Builder ¥ AU100_L3 T300

e
~ Name v
@ = Au100_L3_T300.log R S T
1D003
Scripter © B Au100_L3 T300.nc g

B Au100_L3 T300py

=2 = AU100_L3_T300.temp.lo
L3 T300emp log T (k,0)
= 4 run.seript

Custom trajectory.nc
Scripter Au100_L3_T300.nc

.E gID023

Editor

< ey ~ ey
Au100_L3_T300.nc [l Au100_L3_T300.nc Jll Au100_L3 T300.nc Jll Au100_L3 T300.nc
gID007 gID011 giD015 gID019

T (k,€)

T (k,€)

Au100_L3_T300.nc Jll Au100_L3_T300.nc
giD039

YYVVYVYVVY

Bader Charge Analysis
Computational Chemistry Importer
Electrode Validator

General Info

HTST Rates

IV-Generator

Projected DOS-Generator
Thermoelectric Coefficients

1D Projector...

2D Plot...

2D Plotter.

Bandstructure Analyzer (11)...
Bandstructure Analyzer...

Compare Data...

®

Jobs

Complex Bandstructure Analyzer...

Crystal Structure Prediction Scripter...

Deformation Potential Analyzer...

A window will pup up and display all the transmission functions
{TE;x(T), [,]}X(T for

)
T = 300 Kand
L=23.

0.20 : . Transmlssmln Spectrum

— Au100_L3_T300.nc - giD003
— Au100_L3_T300.nc - giD007
015|| — Au100_L3_T300.nc - giDO11
~— Au100_L3_T300.nc - giD015
— Au100_L3_T300.nc - giD019
010l| — AuU100_L3_T300.nc - giD023
— Au100_L3_T300.nc - giD027
~— Au100_L3_T300.nc - giD031
0.05 L — Aul00_L3_T300.nc - giD035
— Au100_L3_T300.nc - giD039

E (eV)
o
o
o

=0.05

=0.10

=0.15

-0.20

T(E)

16.0 16.2 16.4 16.6 16.8 17.0 17.2

To compute the average of them, download the script & analysis.py and run it as atkpython analysis.py
in the same directory of the nc. The analysis will finish in a few seconds, and provide a list of information

about the length of the MD-region, and the averaged conductance and resistance:
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>. LXTerminal
File Edit Tabs Help

| Lenght of the MD region
| Averaged conductance
| Averaged resistance

12.23475 Ang
0.000651443815697 Siemens
1535.05179711 Ohm

Total Per Step

File I0, nlread
Loading Modules + MPI

There also appears a pup-up window, in which black lines show the transmission coefficients as before,
and a thick red line represents their average

(Z1E;x(T), L]).

0.20

0.15

0.10

0.05

0.00

Energy (eV)

—-0.05

—-0.10

-0.15

16h6 16.8 1720 17.2
Transmission coefficient

—-0.20
16.0 6.

yS]
=
of
=y

3.2. Resistivity

To compute the resistance at
T = 300 K also for
L =0, 4, and 5, download the scripts , , and

. Runthem as atkpython Au160 Lx Txxx.py , and analyze the results. One will then

obtain a list of resistances, indicating the linear dependence of the resistance on
L:

Length of the MD-region, Resistance
L

(# of electrode

repetitions) () @
0 0 1482.9
3 12.235 1535.1
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Length of the MD-region, Resistance
4 16.313 1555.2
5 20.391 1571.9

The resistance for
L = 0 is computed using the script

, Which implements no MD calculation, and

because of it, is hence named with “70.” This script aims at evaluating the contact resistance.

Let us then compute the 1D and bulk resistivities, which requires the value of the cross section. Noting the
primitive vectors defined in lines 14 and 15 of “Au700_L3_T300.py," i.e.,

[8.65127469112, 0.0, 0.0]*Angstrom
[0.0, 8.65127469112, 0.0]*Angstrom

14 vector a =
15 vector b =

the cross section, in this case, is given by
A=

|lvector_a

[

|lvector_b

||=74.84 A

2_Using this value, and also the values of

L and resistance listed in the table above, one can evaluate the 1D and bulk resistivities at

T = 300 K. To this end, download

, and, after entering the values in the table into the

INPUT SECTION of the script, run it as atkpython resistivity.py .

9 cs_area = 8.65127469112**2

10 lengths list = [0,12.235,16.313,20.391]

11 resistances list = [1482.9,1535.1,1555.2,1571.90]
12 output filename = 'resistivity.png’

The script interpolates the data points by means of the least squares method and provides the values of
the contact resistance, as well as the 1D and bulk resistivities at

T = 300 K:

>. LXTerminal
File Edit Tabs

Help

| Contact resistance: 1482.64 Ohm
| 1D resistivity: 4.38e+10 Ohm/Meter
| Bulk resistivity: 3.28e+12 Ohm*Meter
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1580

1560} |
S
o 1540+ 1
Q
j
3
2 1520 :
)
o
R. = 1482.64 Q)
1500 oo (T=300) = 4.38e+10 Q/m |
pbulk(T: 300) = 3.28e-08 Q- m
1480 : : : :

0 5 10 15 20 25
Length of the MD region (A)

A red diamond in the figure below is the bulk resistivity at
T = 300 K, and is compared with purple points representing the results of the MD-Landauer calculations

shown in Fig. 7(b) of Ref. [7]. Because of the reduced numerical condition employed in this case study,
there exists a small difference. The figure also displays black squares representing the experimental

result [7], and proves the qualitative agreement with the MD-Landauer result.

=—a Experiment

e—e MD-Landauer (Ref. [cMPS+17])
4+ ¢ MD-Landauer (present calculation)

Bulk resistivity x10~® (©2-m)

O 1 1 L 1 L 1 L
100 150 200 250 300 350 400 450 500
Temperature (K)
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