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Basic QuantumATK Tutorial

This tutorial is focused on simulating inelastic electron tunneling spectroscopy (IETS) [l for a device
consisting of two one-dimensional (1D) gold electrodes and an H, molecule placed in between. After DFT
calculations of the dynamical matrix and the Hamiltonian derivatives with respect to vibrations of the H,

molecule, IETS is computed and analyzed based on the lowest-order expansion (LOE) [2] and extended
LOE (XLOE) 3] approximations.

It is assumed that you are familiar with QuantumATK. If not, go through the basic QuantumATK
Tutorials first.

Introduction

We consider electron transport through a device consisting of an H, molecule clamped between 1D gold
electrodes. In a spectroscopy experiment, if the applied bias is comparable to the energy of one of the
vibrational modes of the H, molecule, a new inelastic transmission channel opens in which the
transmission of electrons is mediated by the emission of a phonon. The coupling process is due to the
coupling between electronic and vibrational degrees of freedom, that is, to the electron-phonon coupling.
At a voltage where an inelastic channel opens, the derivative of the conductance, i.e., the second-
derivative of the current has a peak. In experiments, IETS is defined by
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dI2/dv?

IETS = — .
dI/dv

and is measured to investigate, e.g., the electron-phonon coupling strength, heating, configuration, and
local doping.

In the tutorial, you will first compute the dynamical matrix and the Hamiltonian derivatives with respect to
vibrations of the H, molecule by DFT calculations, and then calculate and analyze the IETS signal based
on two different approximations: LOE and XLOE. The rest of this tutorial is hence organized as follows:

Device setup,

Calculation of the dynamical matrix and the Hamiltonian derivatives,
Calculation of IETS based on LOE and XLOE,

Analysis of IETS based on the vibrational modes of the H, molecule,
Comparison between the LOE and XLOE results.

o (S e

Device setup

Start up QuantumATK and create a new project. Instead of using % Builder to create the device
configuration, we use the QuantumATK Python script & au-h2-au_0.py, which provides the AulH;|Au
device. Download and save the script in the project folder, and open it from (@ Script Generator.

e Add a|ig New Calculator block and select GGA as the exchange correlation functional in the setting.

The k-point sampling is by default 1x1x93, which should, however, be modified properly if the
device is periodic in the A and/or B directions.

e Set the output-file name “au-h2-au.nc’, and save the python script as “ au-h2-au.py’'.

The python script must now be the same as & au-h2-au.py. To save time, one may just download the
script and use it.

e Send the script to .#, Job Manager and run it.

Calculation of IETS

The IETS calculation requires information of the dynamical matrix, which is defined in terms of the force
for displacing the hydrogen atoms back and forth in each spatial direction. The computation involves six
DFT calculations, which are all independent with each other, and is hence performed efficiently by using

six CPU cores.

e [nthe @ Script Generator, click on [E Analysis from File and select “au-h2-au.nc".

e Add a[[&] Analysis » DynamicalMatrix object and set it as follows:
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[™ Dynamical Matrix - o

Dynamical Matrix
Repetitions | Custom | & Acoustic sum rule
Na [1 _ & symmetrize
Ne | 1 | ™ constrain electrode
Nc [1 [ Equivalent bulk
Finite difference method | Central 2
Atomic displacement | 0.01 | |Ang :
] Max interaction range | 0| |Ang =

Processes per displacement [1 N

Constraints [0,1,23,4589,10,11,12,13 |  Add..

10
™ save [ Print

File |analysis.nc | | - | Label | |

OK

e Addalsoa Analysis > VibrationalModes object and kéep the default settings.

The IETS calculation requires information of the Hamiltonian derivatives as well. This calculation also
consists of six independent parts, and is hence carried out efficiently using six CPU cores.

e Add a Jg] Analysis » HamiltonianDerivatives block and set it as follows:

Hamiltonian Derivatives

Repetitions | Custom =
N | 1 B
Ng | 1 B
Nc [1 B
Atomic displacement ‘ 0.01 ‘ | Ang :
Constraints [0,1,2,34,589,10,11,12,13) |  Add..

[& Equivalent bulk

1o
& save [ Print

File ‘ analysis.nc | - | Label | ‘

e Addan Analysis > InelasticTransmissionSpectrum, choose LOE as the method, and set the rest as

follows:
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I™ Inelastic Transmission - o x

Inelastic Transmission

Method | Lowest Order Expansion (LOE) =

Energy k-point Sampling g-point Sampling

Points | 101 -
Infinitesimal 1e-06 | eV 2
Self-energy calculator Recursion &
Energy zero parameter Average Fermilevel =

Phonon modes |

(o]
& save [ print

File ‘Output.nc | | | Label | |

e Add another [|=] Analysis » TransmissionEigenstates block, and set it in the same way except choosing
XLOE as the method.

e Set the output-file name “analysis.nc’, and save the python script as “ analysis.py’.

The python script must be the same as & analysis.py. To save time, one may just download the script
and use it.

e Send the script to ,#, Job Manager and run it.

The calculation will take less than one hour if six CPU cores are used, and save every result in
“analysis.nc".

See InelasticTransmissionSpectrum in QuantumATK Manual, which provides a brief description about
IETS and how it is computed from the dynamical matrix and the Hamiltonian derivatives. See also, e.g.,

Ref. [2] for more details.

Analysis

Vibrational modes of the H, molecule

In the Labfloor, look at the vibrational modes of the H, molecule by selecting the u; 4(r) Vibrational

Mode object in the “analysis.nc” file with the help of Vibration Visualizer plugin.
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LabFloor

Group by | Filename &

-

- analysis

analysis.nc
glD005

ué,q[r)

analysis.nc
glD001

k

E

Computational Chemistry Importer
General Info

Crystal Structure Prediction Scripter...
Export...

Text Representation...

Vibration Visualizer...

There are, in total, six modes: Four transverse modes 0, 1, 2, 3; two longitudinal modes 4 and 5. The two
pairs of modes (0 and 1) and (2 and 3) are, respectively, doubly degenerated. Note that the temperature is
set 7=1000 Kin the movies below to see the vibrations clearly.

Mode 0: 25.44 meV; Mode 1: 25.63 meV (the small energy difference is due to numerical error)

Mode 2: 60.54 meV; Mode 3: 60.56 meV (the small energy difference is due to numerical error)

—— 0@ o——

Mode 4: 127.46 meV
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Mode 5: 264.06 meV

IETS

Then look at IETS. Select one of the T (k,q) InelasticTransmissionSpectrum objects

T(k, q) in LabFloor and click on the Inelastic Transmission Spectrum Analyzer plugin, a new plugin
available from ATK2017.

LabFloor »  Computational Chemistry Importer
Group by |Filename 2 +  General Info
- analysis Crystal Structure Prediction Scripter...
: Export...
.. 7 /s ) -
D*@,J WU T(k,q) T (k,q) Wi k,e u; g(r) Inelastic Transmission Spectrum Analyzer...
e
Text Representation...
analysis.nc  analysis.nc analysis.nc  analysis.nc  analysis.nc
gID000 gID002 qID004 gID005 gID001

Set the panel as follows and click Show.

s Inelastic Transmission Spectrum Analyzer - o x
Plok Settings
Plot type V (LOE) =
0.0000045 S
I ‘ [
Voltage Bias Range 0.0000030 |_\ -
Vo (V) 0.4 2
Vi (V) 0.4 5 0.0000015
Points 1000 |, 0.0000000 \_J
—04 —0.2 0.0 0.2 0.4
Fermi level shift (eV) 0
Temperature (K) 3 40
Phonon modes All =
20
k-points Average 2 S
g-points Average = % o ) T o .
&
[\ g
mj d1fdve [] —20
™ difdv IETS & 0
™ Inelastic (] Elastic [] sum =0 =aa | g2 0.4
Bias voltage (V)
X =1
sou | OO + & BES

Because the density of states (DOS) of the gold electrodes is almost flat within this bias window, there
only exists a minor difference between the LOE and XLOE results. See the discussion below for more
details.
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0.0000045 + |
] L I
__ 0.0000030 |
)
% 0.0000015
0.0000000 ] .
— Inelastic
-0.4 -0.2 0.0 0.2 0.4
40 T T T
Modes 0 and 1
20+ i
> Modes 2 and 3
= |
wn 1 |
= Mode 5
[
_20 L _
_40 I I 1
-0.4 -0.2 0.0 0.2 0.4

Bias voltage (V)
There appear three significant inelastic features (steps in conductance and peaks in IETS). Note that the
inelastic conductance is increased by the coupling to the low-frequency transverse modes 0-3 and

decreased by the coupling to the high-frequency longitudinal mode 5. Analyzing the scattering states
clarifies the reason of the increases.

e Drag the ¢i7k75 TransmissionEigenstates object

ik, in LabFloor into @) Viewer. Then drag the DeviceConfiguration into @) Viewer.

e Go to properties and, under the Isosurface flag, set the Isovalue to 0.5.

The scattering eigenstate has a clear dssymmetry on the gold chain. Hence, it couples only very weakly to
the slike states of the hydrogen atoms. The elastic transmission is thus small. The coupling to the
transverse modes 0-3 can, however, open new inelastic channels and leads to positive steps in
conductance and steps in IETS.

8/11



Detailed analysis of transmission: Comparison between LOE and XLOE

In the same window of the Inelastic Transmission Spectrum Analyzer plugin, now choose Transmissions
in Plot type, set the options as shown below, and click Show. In this case, one will look at the positive
symmetric and asymmetric parts of the inelastic transmission:

Inelastic Transmission Spectrum Analyzer

Plot Settings

Plot type Transmissions

Current method . — Positive, symmetric
— Positive, asymmetric

0.02

evel shift (ev) ‘ f:‘

Temperature (K ‘70‘

Transmission
°
°
5]

\

Phonon modes All

k-points Average k=

g-points Average

Transmissions —0.04
[ Elastic
™ Inelastic - Positive symmetric

—0.06
[T Inelastic - Negative symmetric

& Inelastic - Positive asymmetric vy 03 ) o1 00 o1 02 03 04

("] Inelastic - Negative asymmetric Energy (eV)

sv HOO +« BEA

To understand some details of the transmission, note that, in either LOE or XLOE, the current as a function
of the bias voltage

V and the temperature

T reads

IV, T) = 5 [TV, T) T, (er) + TV, T) T, er)

where

e is the Fermi energy, and the rest of the new symbols are defined as follows: In either approximation,
the universal functions appear in the same form,

Go Z hw, hwy + oeV
Isym T —_— 0= h — h -
(v, T) o= +o(fw)y + ceV) <c0t TG cot kT ,
eV, T) 25—2 / de[np(e — eV) — np(e)] - He[np(e' — wy) — np(e' + wy)] (),

where

Go = 2€?/h is the conductance quantum,

np(+) is the Fermi-Dirac distribution function, and

Ho[+](€) means the Hilbert transform. In XLOE, the transmission functions are given by

T, (e) =Tr[MyAL(ur) MyAr(uur)] + Im By(e),
T,2¥™(€) =2Re Bj(e),

with
pr =€,
pr =€ £ fwy,
AL(e) = G(e)T ()G (e),
and

By(e) = Tr[My\ARr(ur)T1(kr) G (11r) MaAR(ur) — MAG*(ur)T 1(1r) Ar(1er) My AL (1)) -

9/11



This XLOE expression of the transmission functions reduces to the LOE expression by setting

Uz = g = €. Importantly, in the expression of the current, note that the Green'’s function, the self-
energies, and the spectral functions in the transmission functions are evaluated at two different energies
€r & hw) in XLOE, whereas they are all evaluated at the same energy

€rin LOE. See Ref. 3] for more details.

For direct comparison between the LOE and XLOE results, see here below the inelastic transmissions for
each phonon mode. The lines of positive/negative (a)symmetric transmissions indicate the plots of

7;(‘1)31”"(6) as functions

€ with setting

ur = € £ hw,. The positive and negative (a)symmetric parts are exactly the same in LOE by definition,
but different in XLOE.

0.035 Symmetric Asymmetric
g 0.025L - - meode 0, - (LOE) | g 0.0001 — - mode 0, - (LOE)
& oo20p {@ 00000}
£ 0015} E _0.0001}
% 0.0101 E 0.0002
£ 0.005} = [
0.000 |- —0.0003 |
—0.005 I L . —0.0004 . . ! ! I I I
-0. 0.1 0.2 0.3 0.4 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
0.035 T
0.030 — mode 0, + (XLOE) 0.004 | — mode 0, + (XLOE)
- . - - mode 0, - (XLOE) - — - mode 0, - (XLOE)
5 0025} 1 & o002} 1
8 0020} 1 8
£ oo1s5| £ 0000¢
c c
© 0.010} © -0.002 -
=
0.005 F |
—0.004 | ',
0.000 L | | | T T T | | Y I I I I
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
Energy (eV) Energy (eV)
. Symmetrlc . 0.014 . Asymmetrlc .
— mode 5, + (LOE) — mode 5, + (LOE)
8 g 0010¢ 1
a & o008 i
E £ 0.006 |
wn wn
5 S 0.004 }
° °
= = 0.002 1
0.000 +
-0.4 -0.3 -0.2 -0.1 0.0 01 0.2 0.3 0.4
0.015 T
— mode 5, + (XLOE)
0.010 | — - mode 5, - (XLOE)
s s
2 2 0.005] 1
A A
= £ 0000 @ _Tm==Il7 @ e
w w
5 S -0.005k
= £ Teel
-0.010f s
1 L 1 L 1 L L _0015 1 L 1 L 1 L 1
-0.4 -0.3 -0.2 -0.1 0.0 01 0.2 0.3 0.4 -0.4 -0.3 -0.2 -0.1 0.0 01 0.2 0.3 0.4
Energy (eV) Energy (eV)

The LOE and XLOE results are in good agreement in areas where the transmission varies slowly as a
function of

€. Around -0.11 eV, however, the wide-band approximation in LOE, i.e., the approximation

Uz, = g = €, breaks down due to the presence of a resonance in the DOS of the 1D gold chain. As a
result, there appears a difference between the LOE and XLOE results. The symmetric and asymmetric
inelastic transmissions for mode 5 show the difference very clearly. The single peak at-0.11 eV in LOE
splits into two peaks in XLOE; the separation is about 264 meV, which corresponds to the phonon energy
of mode 5.
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