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Company background

( QuantumWise )

o We love science/physics - and in particular atomic scale simulations

o Help customers be more successful in atomic-scale modelling

o Internal development of quantum-mechanical simulation engines
combined with community codes in certain areas

o Founded 2008, with Headquarter in Copenhagen, Denmark

o 30 FTEs; majority has a PhD (+3-5/year)

o Salesrepsin USA, Singapore, Japan

o Resellers in India, China, Taiwan, Korea, ...

o Profitable with 30% growth rate — no external capital

":
4“0'/ o More than 300 users worldwide
/ o Rapidly expanding number of
/

academic and industrial users



Atomistix ToolKit (ATK) - ‘

MP perturbation theory,
FHI-aims (full potential)
Abinit (Plane Waves)

ATK-DFT (LCAO)

Correlations:
LDA, GGA, etc

ATK-SE
Empirical potentials

Force fields, glue potentials, ...

T

ATK-Classical

Finite element
Macro

scale
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Number of atoms



Python interface to atomic-scale simulations

Geometry Calculators Dynamics
Energy
Forces
Molecule Geometry DFT Stress Geometry Optimization
Bulk - SemiEmpirical — Molecular Dynamics
Surface configuration Classical (NVE, NVT, NPT)
Device Genetic structure finder

Nudged Elastic Bands
Adaptive Kinetic Monte-Carlo

Band structure
DOS
Complex band structure
Effective band structure
Effective mass
Piezoelectric properties

Forces, stress
Local stress/atoms
Dynamical matrix Transmission spectrum
Elastic constants IV curve
Phonon spectrum/D0OS Local/device DOS

Optical properties Transmission eigenstates
ELF Transmission pathways

‘ Current densit
Bloch states Deformation potential 5

Total energy Mobility Spin transfer torque
Electron density
Potential

Inelastic current




Virtual Nanolab with the Atomistix ToolKit (ATK)

Virtual NanolLab

Build Methods Analyze results

Interfaces DFT 3D visualizations, isosurfaces
Nanotubes Semi-Empirical Manipulate 3D grids :
Nanosheets Classical potentials Band s.tructure, dens_lty of states
Nanopribbons (Abinit) MD trajectory analysis

Molecules

Crystals by symmetry
Cleave surfaces
Polycrystals

Analyze and visualize your data
Produce movies and
animated GlFs

(FHI-Aims)
Non-Equilibrium Green's Functions
(NEGF) formalism




Virtual Nanolab, GUI for ATK and other simulators - ‘

Virtual NanoLab Plugin Library
Customize your setup
with open source plugins

Free for
academics

Online Resources

Virtual NanolLab

Atomic 3D-Builder Atomistic ToolKit Analysis Tools

any input
format — , export any

e format

EXPORT
ANY
FORMAT

OPEN SOURCE
* Easy integration with 3rd-party software

EASY INTEGRATION

* Import and export any file type to use
via open source plugins.

* Allows you to write your own plugins for
specific use
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in other programs:
VASP, ABINIT, GPAW, Siesta,
Quantum Espresso, your code, etc.
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The Schrodinger equation -

Potential Electros ati
energy energy fr
between ions other el ct ons!

Kinetic
energy

2V2 Z,e
o TR

i<j

r—rl

Hy(r,...,r)=E,w(r,...,1,)

In DFT we only need to solve a one-electron Schrédinger equation

2V2
{—hz +V, [n(r)]}wa(r) e v (r)

m

~
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1. The Kohn-Sham functional -
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1. The Kohn-Sham functional

The ground state energy can be found by minimizing the Kohn-Sham functional
with respect to the density.

4 )
Kinetic energy Average repulsion
of non Electrostatic from the other

All the missing terms

interacting ar]\eerl%il]sfrom electrons, called the

electron gas

; 3 Hartree ener
with density n gy

E, [n]=T[n]-e Zj Zn(r) 4. Ly j j ”(’")”(”drdr +E, [n]

—rI

Hey RNy ey

i | r,—rl



2. The Kohn-Sham equations

Calculate the kinetic energy of a non-interaction electron gas
with effective potential Vﬁ (r)
e

h*V?
Hyy==——= 4V, (1)
lel 2m ff
— n(r) — Zl Wa |2
Hlel Wa(r) — ga Wa(") \ oeocc
- Must be the same as .
h2V2 tTe i:len5|ty of the interacting

T = _ electron gas

aeocc

How to find V. (r) such that the density is similar to
the interacting electron gas?



2. The Kohn-Sham equations

Because the Kohn-Sham functional is variational, we have for the ground state density

OE . [n] 0
n



2. The Kohn-Sham equations -

Because the Kohn-Sham functional is variational, we have for the ground state density

j n(r) +6Exc[n]

O[]
n —O:V(r)—ez | r— rI n

IR—rI



2. The Kohn-Sham equations

| lon potential I | Hartree pot. I | XC potential I

OF,[n] n(r’ ) OF[n]
e —0:>V(r)—ez jlr rI +—§1

IR—rI

Thus, V,;(r) is a functional of n(r)

IV v O ) = &, wa ()
2m

Selfconsistent
equations

n(r)= ZI v, I

aeocc

The Kohn-Sham orbitals are often interpretated as real electrons
and €, are to a good approximation the electron energies



3. Exchange-correlation functionals -

The Local Density Approximation, LDA
E, [n]= _f £ (n(r))dr Perdew-Zunger, PRB 23, 5048 (1981)

The Generalized Gradient Approximation, GGA

_ Perdew-Burke-Enzenhofer,
Exclnl= jgxc (n(r),Vn(r))dr PRL 77, 3865 (1996)

Meta-GGA functionals

Becke-Johnson
Eycln]= jgxc ((r),Vi(r),D)Ar ; chem. Phys., 124, 221101 (2006)

Hybrid functionals

E. [n]l=aE, +(1-a)E,[n]+ E.[n] B3LYP11 -6223'(81-9%23%. 98,



Summary DFT .

®Select an exchange-correlation functional
®Perform a selfconsistent calculation of the density

®(Get total energy, bandstructure, etc.

Summary: https://www.youtube.com/watch?v=Fnr_T1AShksE
Youtube search quantumwisetv DFT three
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Electronic transport in nanostructures

Traditional quantum-based software can model either
isolated molecules or periodic systems

“"" n- -
f.* R

@', AV =
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M. Brandbyge, J.-L. Mozos, P. Ordejon, J. Taylor, K. Stokbro, Phys. Rev. B. 65, 165401 (2002).



NEGF transport methodology -

¢
¢
©
[
: . T
| eft Central region >| Right
electrode electrode

J
144

The system is divided into 3 regions: left, central, right regions

J
144

Properties of left and right regions are calculated using PBC

J
144

The electron density of the central region is donated by the electrode
reservoirs, i.e. open boundary conditions

** The electro-static potential of the central region is obtained from the
density and using the electrode boundary conditions

M. Brandbyge, J.-L. Mozos, P. Ordejon, J. Taylor, K. Stokbro, Phys. Rev. B. 65, 165401 (2002).
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Open boundary conditions -

Left Electrode Central region Right Electrode

Incomming wave

> (H — E) w% — O outgoing wave

outgoing wave >

Hr

«—
«—
My ,
_ > —
— > —
_ > —
—_ > —

Hy Hp
n(r)= [y (E.r| dE+ [jw_(E.,r)| dE

R/

** For efficiency calculate n(r) using NEGF with complex contour integration
M. Brandbyge, J.-L. Mozos, P. Ordejon, J. Taylor, K. Stokbro, Phys. Rev. B. 65, 165401 (2002).



Solving for the electro-statics

Left Central region >| Right
electrode > - electrode
Screening region Screening region

Boundary :Boundary

condition i+ gcondition
Vi (7)) - Voulk (7)
+eV /2 | —eV /2




Self-consistent solution

Central region

Left electrod& , » Right electrode

Poisson solver
e Multigrid, FFT2D,

Non Equilibrium density

* Description of semi-infinite electrodes via self-energies
e Non-equilibrium electron distribution using NEGF

[ M. Brandbyge, J.-L. Mozos, P. Ordejoén, J. Taylor, K. Stokbro, Physical Review B 65, 165401 (2002) ]




Electron transmission coefficients from Kohn-Sham Hamiltonian

Propagation of wave function in nanoscale structure,
Calculation of transmission amplitudes t

Calculation of current,
I =22 [dE(fr(E) — fL(E))Ttot(E)
Tiot(E): Total Quantum Transmission

Tiot(E) = Tr[t't](E)



|-V Characteristics of a molecule -
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Apply bias -
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Apply bias -
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Apply bias -
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Apply bias -
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Apply bias -
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Apply bias -
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http://quantumwise.com/documents/ATK_Publication_List.html

[@ QuantumWise: Scientific Publications Firefo
Filer Rediger Vis Historik Bogmasrker Funktioner Hjaelp
@ - 2y | httpy//www.quantumwise.com/documents/ATK Publication_Listhtml 7 - | |l Transtatorfar 5 Customized Web Search o Ea
2| Mest besegte | | 1gang med Firefox 5., Seneste nyheder
ik
|| QuantumWise: Scientific Publications | -

ntum
Qua WlilSE/. Publication list:

+200 scientific articles published with ATK in 2015
215 scientific articles published with ATK in 2014

205 scientific articles published with ATK in 2013 -
1. Karamdel, M. Damgharan, F. AmanA:.l:;agman CF.Dec 8. Yeop Majls | Dependence of Band Strof s 1'96 scienti Cles pUthhed W]th ATK in 201 2 :I
| - w00 140 scientific articles published with ATK in 2011
Hong Li, ¥in Yan, Guangfu Luo, Rui Gin, Gihang Liu, Lili Yu, Chengyong Xu, Jiaxin || Functionalized Metaliic S 90 SC]entifiC articles published W]th ATK '|n 2010

Zheng, Jing Zhou, Jing Lu, Zhengxiang Gao, Shigeru Nagase & Wai Ning Mei Single-Molecule Organic

[Abstract] [EibTeX] s 1200 in total (s nce 2006)

14UV 111 Ltolal HCC ZUvV0)
Y.W. Li, Z.L. Yin, J.H. Yao, X.5. Deng & C.L. Yang Effect of CO adsorption DK !

Fe-porphyrin molecular wire

[Abstract] [BibTeX]

Chen Ling-Ma, Ma Song-Shan, Ouyang Fang-Ping, Wu Xiao-Zan, Xiao Jin & Xu Hui Negative differential resistance behaviour in N-doped crossed graphene 2010 Chinese Physics B DOl URL
nanoribbons Vol. 19(3), 037301

[Abstract] [BibTeX]

Ebrahim Madimi, Philipp Planitz, Rolf Ottking, Karsten Wieczorek & Christian First Principle Calculation of the Leakage Current Through Si0_2 and Si0_xN_y 2010 IEEE Transactions on Electron Devices Dol
Radehaus Gate Dielectrics in MOSFETs Vol. 57(3), 690-695

[Abstract] [BibTeX]

E. Nadimi, P. Planitz, R. Ottking, M. Schreiber & C. Radehaus Single and Multiple Oxygen Vacancies in Ultrathin 502 Gate Dielectric and Their || 2010 IEEE Electron Device Letters Dol
Influsnce on the Leakage Current: An Ab Initio Investigation Vol. 31(8), 881-883

[Abstract] [BibTeX]

Yun Ren, Ke-Qiu Chen, Jun He, Li-Ming Tang, Anlian Pan, B.S. Zou & Yan Zhang Mechanically and electronically controlled molecular switch behavior in a 2010 Appl. Phys. Lett. DOl URL
compound molecular device Vol. 97(10), 103506-3 -

Feerdig
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Metal-Semiconductor Schottky contact -

Ag

‘ EN 7y ®,,= Ideal barrier height
$Bo O Vi O, = Effective barrier height
J B VF Eclq V,; = build in potential
._._l____._._._______.____1g____._._______._._______ gy Vo= potentil (E-E)
Eyl/q
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Model Ag(100)/Si(100) investigated using DFT+NEGF

Merrd I YT YT YT YY) oo »a ¢ oo ool oRightdw)
1 g 77777777777777777777777777777777777777777777 >J

two-probe
WSi(lUU) P

®DFT+NEGF formalism™: exact representation of the non-periodic interface
® Meta-GGA functional®™*: correctly accounts for the silicon band gap (Eg =1.17 eV)

®Effective doping of the silicon side using localized charges on the Si atoms

Stradi et. al. Phys. Rev. B 93, 155302 (2016)

*Brandbyge et al. Phys. Rev. B 65, 165401 (2002)
** Tran, Blaha Phys. Rev. Lett.102, 226401 (2009)



Band bending as function of doping - j;o
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Calculated I-V characteristics y
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! D >

QuantumWise 12 July 2016 39




Qutline

l Simulation of Batteries | ,_



Operation of a Li ion battery .

discharge

pm—

cathode Li* conducting anode
(LICoO,) electrolyte (graphite)



Electron transport across Li202/Li2C03 interface -

“*Import/create Li,O, and Li,CO; bulk structures

»Cleave surfaces :
’ Tutorial Tuesday

“+Create Li,0,/Li,CO; interface 18-20

“Create device and optimize geometry

“Calculate electronic transport properties

"_n .-
L e B ) =0
Rimgr——— gy gty -t
Do o X
B LRy *ow = e —8 4" L

¥ )
r——t——¢ *_.:fﬁrﬁjﬁ_* '
. s L -5 -9 \{ . L -

.
-"_a
Ll ] -

Yedilfana et al. JPCC (2015)



Li2C02/Li202 projected density of states

QuantumWise
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Calculation of reaction barrier using NEB

Reactant Transition State Product

Transition State

Energy

Reactant

N _ . >
AN Sht ey

44



Li diffusion path

“Li diffusion along y axes:

*Barrier 0.41 eV

0086 55 10 15 20 25 30 35 40
Reaction coordinate (A)

“Li diffusion along z axes:

<Barrier 2.31 eV

0.5

0‘00 1 2 3 4 = G T 8

Reaction coordinate (A)

BPOO +& BEAY b owm®

——— [ HEm B



Calculate the reaction rates using harmonic transition state theory

ile Projects View Tools Windows Help

Project Files ¥ LabFloor 2 B HTST Rates [=
= jet % ]| File types - || Group by |Filename = HTST Event Information
iilder

B Tutoriall_FePO4/PBE/neb_11 Forward Event
“ Name e o o Prefactor 1.000e+13 1/s
@ ] Li_metal.py kyrar " N Barri 0.4048 eV
5 Gitacantics HTS'T ’\’ ’\J arrier . e
cripter B MGGA .
E B EJ NEB neb_11.nc neb_11.nc ReverseEvent
o ] NEB_IDPP.nc giD002 qlDo00 giDoo1 Prefactor 1.000e+13 1/s
= Arrhenius Plot - neb_11.nc Eanler 000y

ustom
. Temperature (K
cripter 00 P 3353)

1000 250 200 Rate

5
— 1013 L =
L ‘[ — Forward Reaction Temperature | 300.0 g K
107 = Reverse Reaction Forward Rate  1.584e+06 1/s

=ditor Reverse Rate 1.881e+06 1/s

101]
@ [ Lo Plot Options
g . Min. Temperature E K
Jobs 710
%) =]
= Max. Temperature -3400 K
4 B 10° P =
]
@ « [l [q Arrhenius Plot ]
c 7 Al =
o 10
2 F=]
ERes ] 10° Export...
o
. PyConsole...
10
Text Representation...
104 by
103 .
10°
1 2 3 4 5
Inverse Temperature (K!) le-3

[

00 +& BE ]

Barrier ki sr @ 300 K
y direction 0.41 eV 1.6 10 s
z direction 2.31eV 1.5102%6s1

See Tutorial: Calculating Reaction Rates using Harmonic Transition State Theory
http://docs.quantumwise.com/tutorials/neb_htst.html



Tutorials available at QuantumWise
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& Tutorials
Getting started
Tips and tricks
VNL tasks and workflows
ATK explained
Semiconductors
Batteries and energy storage
Complex interfaces

Tubes, ribbons and other 1D
nanostructures

Graphene and other 2D
materials

Phonons and thermal
transport

Molecular dynamics
Spintronics

Molecular electronics

n

Materials, surfaces and
chemistry

FHI-aims calculations

VNL as GUI for Quantum
ESPRESSO

VNL as GUI for VASP
VNL as GUI for LAMMPS

Work in progress

Complete list
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Getting started

Tips & tricks
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ATK explained

Semiconductors

Batteries and energy storage

Complex interfaces
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Graphene and other 2D materials

Phonons and thermal transport

Molecular dynamics

Spintronics

Malecular electronics

Materials, surfaces and chemistry
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Youtube videos: QuantumWiseTV
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