Inelastic Transport In Molecular Junctions From

First Principles
by |
Sejoong Kim » 85 4
B.S. Physics o
Pohang University of Science and Technology (2006)

Submitted to the Department of Physics
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Physics
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
November 2011
© Massachusetts Institute of Technology 2011. All rights reserved.

-+ Department of Physics
1 /7 ANogediber 28, 2011

Nicola Marzari
Professor of Theory and Simulation of Materials
Ecole Polytechnique Fédérale de Lausanne, Switzerland

y Thysis Supervisor
Certified by......oooo i :
v John D. Joannopoulos

Franm)ir 5,ht/7)av1s Professor of Physics

Thesm Supervisor

d / Krishna Rajagopal
Professor of Physics
Associate Department Head for Education

Accepted by .......... ...







Inelastic Transport In Molecular Junctions From First
Principles
by

Sejoong Kim

Submitted to the Department of Physics
on November 28, 2011, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy in Physics

Abstract

This work is dedicated to development of a first-principle approach to study electron-
vibration interactions on quantum transport properties. In the first part we discuss
a general implementation for inelastic transport calculations based on maximally lo-
calized Wannier functions and non-equilibrium Green’s functions. Our approach is
designed to determine inelastic transport properties such as differential conductances,
inelastic tunneling spectroscopies and nonequilibrium vibrational populations. Our
approach is first applied to benzene molecular junctions connected to cumulene and
carbon nanotube electrodes. In these examples, we discuss the role of the multi-
channel effect and of parity selectrion rules on the polarity of conductance steps, and
the appearance of a non-monotonic behavior in the vibrational population. In the
second part, we extend our formalism to study the effect of the electron-vibration in-
teractions on the local current distribution. Using non-equilibrium Green’s functions,
we derive an expression for the local distribution of the inelastic current. Applying
this to the benzene-cumulene junction, we show that the electron-vibration interac-
tion can lead to a locally inverted current direction and the formation of loop currents.
In the third part, we present a comprehensive study of the elastic and inelastic trans-
port properties of carbon nanotube-zigzag graphene nanoribbon junctions, as realized
in recent experiments, focusing on the local current distribution over the junctions.
We calculate the local distribution of the elastic current to visualize the current in-
jection pattern from the CNT electrodes to the ZGNRs and the current path inside
the ZGNRs. For inelastic transport properties, we find a similarity in the IETS peaks
and the corresponding vibrational configurations for the CNT/ZGNR/CNT junctions
with different widths. As observed in the benzene-cumulene junction, we find that the
inelastic current emerges from a complex network that includes loop currents. Our
method and implementation can be generalized to other types of interactions, and is
not limited to the electron-vibration interactions. Thus our work will be a starting
point to understand the role of different and diverse interaction effects on quantum
transport, using realistic predictive first-principle calculations.
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Chapter 1

Introduction

1.1 Molecular Electronics

Semiconductor-based electronics manufacturers have been competing in order to pro-
duce smaller and faster devices, especially increasing the number of transistors on
integrated circuits. Gordon Moore, the co-founder of Intel predicted that the num-
ber of transistors placed on an integrated circuit would double approximately every
two years. This Moore’s law has well described the history of computing electronic
devices for the past forty years. However, optical lithography used in manufacturing
is approaching its physical limits.

Molecular electronics, which is truly rooted at the nanometer scale, is one of the
candidates that can possibly replace current silicon-based electronics. The idea that
a single molecule could be used as an electronic device was theoretically proposed by
Aviram and Ratner in 1974 [3]. They suggested the concept of a molecular rectifier
that can act as a diode. However, their pioneering idea was not readily realized in
experiments due to the limitations at this time in fabrication and measurement.

In the late twentieth century the first conductance measurement on a single
molecule appeared, and it stimulated scientists and device engineers to study molec-
ular electronics. In 1997 Reed et al. measured conductance through a molecular
junction of gold-sulfur-aryl-sulfur-gold using a mechanically controllable break junc-

tion (MCBJ) technique [80]. They also found a molecular junction that showed neg-
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ative differential resistance (NDR) [14]. For the last decade experimental techniques
have been advanced and many groups have been conducting experiments on single
molecular junctions intensively. Together with experimental achievements, physicists,
chemists, and device engineers have studied physical and chemical properties of single
molecular devices, and have designed new devices based on novel effects of quantum
mechanics. However, there are still many issues to be solved for the real molecular
devices from the organization and interconnection of single molecular transistors, to

room-temperature functionality, to long-term stability.

1.2 Inelastic Transport in Molecular Junctions

Electron-vibration interaction in molecular junctions is one of the most important
issues that should be investigated, since conduction electrons can transfer part of their
energy into local molecular vibrations. Due to this inelastic effect, the configuration
of the molecular junctions may change, and it can lead to malfunctions. In the worst
case the molecular junctions can even break down. In general, since the current
can be changed due to inelastic scattering with local vibrations, the operation and
performance of the molecular electronic device can be significantly affected.

The main feature of an inelastic effect appears as a change in current, or equiva-
lently a differential conductance at a threshold bias voltage which corresponds to the
molecular vibrational energy. In order to understand this feature qualitatively let us
consider a two-terminal geometry where the chemical potential of the left electrode
pr is larger than that of the right electrode pur. When the electron is injected from
the left electrode with energy ¢, the electron may lose its energy ,or not, depending
on this scattering that it experiences in the molecular junction. While elastically
scattered electrons will maintain their original energy e, electrons emitting (absorb-
ing) molecular vibrations hw will have a final energy € — hw (¢ + hw). In order that
the injected electrons can reach the right electrode, the right lead should have empty
states whose energy is the same as the final energy of these conducting electrons.

This is due to the Pauli exclusion principle: Let us focus on a vibrational emission

20



(a) eV < hw (b) eV = hw

[ 153
e e
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Pauli Exclusion Principle

Figure 1-1: Schematic explanation for the opening of inelastic conducting channels.
(a) When the applied bias eV is smaller than the vibrational energy hw, the Pauli
blocking effect prevents incident electrons from moving to the right electrode by
emitting vibrational quanta. (b) When eV > hw, the inelastic transport channel
starts to open.

process, which is dominant at a low temperature which is the case of typical experi-
mental condition. When the bias voltage eV = uj, — g is smaller than a molecular
vibrational energy hw, there is no incoming electron that can find an empty state
in the right electrde to be occupied after emitting a vibrational quantum. Thus for
eV < hw, the current is purely elastic. In contrast, when the bias exceeds the vibra-
tional energy, the inelastically scattered electrons start to contribute to current. This
opening of inelastic conducting channels leads to a change in differential conductance.
The threshold bias voltage for opening the inelastic transport channels is equal to the

molecular vibrational quantum energy hw.

1.2.1 Experiments on inelastic transport

The inelastic transport signal explained above was first measured using a scanning
tunneling microscope (STM) in 1998. Stipe et al. measured the current through an
isolated acetylene absorbed on a copper (100) surface by changing the bias voltage
[91]. They observed a small increase in the differential conductance at a bias voltage
of 358 mV. They identified this threshold as that of the C-H stretching mode of the
acetylene molecule. In order to verify that this conductance increase came truly from
inelastic scattering with the C-H stretching mode, they substituted the hydrogen

atom with a deuterium. The isotope substitution led to a shift in the threshold bias

21
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Figure 1-2: Conductance measurement of a single hydrogen molecule between plat-
inum electrodes. (From Ref.[87]) A differential conductance drop symmetric with
respect to bias polarity is observed.

voltage at which the inelastic transport signal was observed.

Vibration-induced conductance change was also observed in a two terminal geome-
try where a single molecule is directly connected to a source and a drain. In 2002 Smit
et al. attached a single hydrogen molecule between platinum electrodes formed by me-
chanically controllable break junctions (MCBJ) [87]. They found a single pronounced
resonance at 63.5 mV in the differential conductance and its derivative, symmetrically
for both plus and minus bias voltages. They also repeated the same measurement
using the isotopes HD and Ds;. The resonance peaks observed in the experiments
were scaled by the square root of the mass ratio between the hydrogen molecule and
its isotopes. They argued that the longitudinal center of mass motion led to the drop
in the differential conductance. Later, in combination with density-functional theory
calculations, they re-interpreted the conductance drop as the transverse motion of

the hydrogen molecule [25].
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Inelastic transport signals were also reported for more complex organic molecules
such as alkanedithiol, benzenedithiol, phenylene ethynylene and phenylene vinylene
[54, 99, 35, 89, 36]. These experimental results show that one can use inelastic con-
ductance measurement as vibrational spectroscopies. As discussed above, since the
threshold bias voltages for differential conductance changes correspond to molecular
vibrational energies, one can obtain a molecular vibrational spectrum by perform-
ing inelastic current measurements. Specific molecular vibrations or typical chemical
bonding vibrations are known from other types of spectroscopies; for example, IR,
Raman, and high resolution electron energy loss (HREEL) spectroscopies. Com-
paring with these data, one can assign molecular vibration configurations to the
observed vibrational spectrum. Inelastic conductance measurement also provides
a chance to identify molecular vibrations that are not detected in other spectro-
scopies.Spectroscopy based on electron-vibration interactions is called the inelastic

electron tunneling spectroscopy (IETS).

1.2.2 Inelastic transport theory

In order to understand and analyze these experimental results a development in atom-
istic and quantitative theories is needed. Vibration-induced inelastic transport has
been investigated theoretically following two main directions. The first one is to use
a simple model Hamiltonian, e.g. a single electronic level coupled to a single phonon
mode, which is known as the Anderson-Holstein model. Including a charging effect
called Coulomb-blockade, this led to many novel and interesting transport properties
that have been predicted and investigated extensively [50, 49, 51, 19, 28]. However,
the model used in this approach is too simplified to give us a detailed and accurate
theoretic picture that can be used to verify experimental data. Only a quantitative
computational approach, e.g. based on density-functional theory (DFT), can offer a
chance to describe a real system accurately without any adjustable parameters. For
example, one can calculate vibrational spectra by changing molecular configurations,
especially attachment geometries to electrodes, and one could infer the configuration

appearing in the real experiment.
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However DFT itself cannot be used straightforwardly to determine inelastic trans-
port properties, although it can be used to provide accurate system parameters, such
as electronic Hamiltonians, vibrational spectra, and normal mode configurations to
transport theories. For this purpose several theoretical approaches have been pro-
posed. For example Chen et al. studied inelastic effects in atomic wires and simple
organic molecules based on a Fermi-golden-rule expression basedon DFT scattering
states [15, 16, 17]. Similarly Jiang et al. proposed a golden-rule-type method based on
a quantum chemical approach [40]. The non-equilibrium Green’s Function (NEGF)
method in combination with DFT, which is commonly called DFT-NEGF, has been
the most widely used in ab-initio quantum transport problems. This approach is more
powerful than other methods in that it can be applied not just to electron-vibration
interactions, but also to other types of interactions. DFT-NEGF has been successfully
applied to elastic quantum transport for both zero-bias and finite-bias cases [93, §],
and recently it has been extended to include interaction effects like electron-vibration

interactions [72, 27].

DFT-NEGEF requires to use an atomic-like localized basis because in the method a
system should be spatially divided into two electrodes and a molecular conductor. For
this reason most of DFT-NEGF packages have been implemented using a localized
basis set. However, from a computational viewpoint, it is known that a planewave-
based DFT calculation can provide more accurate descriptions in comparison with a
localized basis. Furthermore, while basis functions used in the localized-basis calcu-
lation are determined depending on types of atoms and their configurations of the
system, a planewave basis can describe a given system without making any further
assumption. This is particularly relevant in low dimensional systems, where states
can be spatially extended in vacuum where there is no localized basis set to describe

them.

However, a planewave basis, which is uniform over space, is not suitable to DFT-
NEGF calculations. Mazimally localized Wannier functions(MLWTF), first proposed
by Marzari and Vanderbilt [64], provide a mathematical and numerical formulation

for a unitary transformaton between an delocalized Bloch states and localized states.
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Since the Wannier transformation is an exact unitary mapping, one can construct
a minimal set of atomic-like localized functions within an energy window of inter-
est without losing the accuray of the full planewave-based DFT calculation. The
MLWF approach to quantum transport has been very successfully applied to zero-
bias quantum conductance calculations [57, 56, 2]. The next step to develop the
MLWF approach to quantum transport is to include interaction effects on transport
properties. In this thesis we focus on extending the MLWF-based ab initio quantum
transport approach in order to investigate electron-vibration interaction effects on

molecular junctions.

1.3 Outline

This thesis is organized as follows. In Chapter 2 we first review the basic theory on
first-principles calculations that covers density-functional theory, density-functional
perturbation theory, and maximaly localized Wannier functions. In Chapter 3 non-
equilibrium statistical field theory, which is called the Keldysh formalism, is intro-
duced. Starting from the definition of the non-equilibrium Green’s functions (NEGF),
the perturbative expansion of NEGFs and quantum kinetic equations to determine
NEGFs are discussed. In Chapter 4 we apply the Keldysh formalism to our main
problem, the electron-vibration interaction on molecular junctions. In particular we
discuss how to calculate two types of self-energies by using Feynman diagram rules:
the electrode self-energy and the electron-vibration self-energy. In Chapter 5 the
Meir-Wingreen transport formalism, a general transport theory that can include in-
teraction effects, is first explained. We also discuss how to calculate non-equilibrium
vibration populations excited by conducting electrons. Chapter 6 contains a practical
implementation based on the theories reviewed in the previous chapters. In Chapter
7 we demonstrate our implementation and benchmark calculation results. In Chapter
8 we extend the non-equilibrium Green’s function method to derive a local current
distribution with the electron-vibration interaction inside a molecular conductor. By

revisiting examples in Chapter 7, we discuss how the electron-vibration interaction
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can change local-current patterns. The method developed is comprehensively used
in Chapter 9 to study transport properties of carbon nanotube - zigzag graphene

nanorribon junctions, which have been recently made [42; 41].
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Chapter 2

Electronic Structure Methods

A condensed matter system consisting of interacting electrons and nuclei is governed

by the Schrodinger equation
HY = (He + Hy + Hie) ¥ = EVY, (2.1)

where H., Hn, and H,. are the electron, nucleus, electron-nucleus Hamiltonians,

respectively. They are defined as

Ne

72 Ne 2
. = T.+V.=— v? 2.2
H " sze +Z‘ri_rj| (22)
=1 1<
Moo 7,76
Hy = Tp+V,=— Z SN (2.3)
-1 ZMy 1<J [R; — Ry
6 NTL

z
Hoe = Z Z |R,]f t (2.4)

where m,, M;, and Z; are the electron mass, the nucleus mass, and the nucleus
charge respectively. The equation, which is written in a few lines, seems to be simple.
However, solving the Schrodinger equation for the many-body system turns out to be
an extremely difficult task as the number of electrons and nuclei increase. Thus one

needs to use clever approximations to solve Eq.(2.1) efficiently and accurately.
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2.1 Born-Oppenheimer Approximation

The first approximation is based on the fact that the nuclear motion is much slower
than the electronic one due to their large mass difference. Regarding the nuclei to
be fixed at {R} in the time scale of the fast electronic motion, the instantaneous

Hamiltonian that the electrons feel is

HBo(R) = T.+V,+V, + Vne (25)
e N 7,72,e2 Ne Xn o g7e?
147 I
= 2y
=1 Z]rl—r| ZlRI—RJl ZZIR]—I‘J
(2.6)

where the nuclear configuration {R} comes in as a parametric form. By solving the

time-independent Schrodinger equation,
Hpo(R)Yi(r; R) = &,(R)¢u(r; R), (2.7)

one can have a complete set of eigenstates {¢;(r; R)} that depends parametrically on
the nuclear configuration R. The corresponding eigenvalues {g;(R)} are called adia-
batic energy surfaces. The wavefunction for the coupled system H can be expanded

as a linear combination of {¢;(r;R)},
ZXZ Jibi(r; R). (2.8)

Let us insert this expansion into Eq.(2.1), multiply by ¢;(r;R) on the left, and

integrate out the electronic states. Then one finds that
[T + &(R) = €] x:(R) = — Z Cij(R)x;(R), (2.9)
J
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where

=3 -(Ui(ri R)| Vil R)) v1+Z2M (i(r; R)| V7 [85(r; R)). (2.10)

1

When the off-diagonal term c;4;(R) is ignored, Eq.(2.9) becomes a set of uncoupled
equations,

[Tn + Ei(R) + Cii - 8] Xz(R) =0. (211)

Physically this approximation implies that the electrons in the electronic state v;(r; R)
adiabatically evolve and remain in the same state 1;(r; R) as the nuclei slowly move.

Thus the total wavefunction is given by

This is called the Born-Oppenheimer approximation [6]. The Born-Oppenheimer
approximation is valid when the adiabatic energy surfaces are well separated.

Using the adiabatic principle, one can decouple the equations for electronic states
and nuclear states. However this approximation still requires to solve the many-body
electronic system. since one still has Eq.(2.5), which includes the Coulomb interaction

between electrons.

2.2 Density-Functional Theory

2.2.1 Hohenberg-Kohn Theorems

A key alternative idea to address the many-body equation was suggested by Hohen-
berg and Kohn in 1964 [37]. Their simple but powerful theorem shows that charge
density alone can be a crucial quantity to address the many-body problem.

The first Hohenberg-Kohn theorem shows that there is a one-to-one correspon-
dence between an external potential V.., (r) and the ground state charge density n(r).

One can immediately understand that the external potential V,.;(r) determines the
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ground state charge density n(r). That is simply because one can calculate the ground
state charge density by solving the Hamiltonian fixed by V,,:(r). Hohenberg and Kohn
proved that the inverse statement also holds true, i.e. the ground state charge density
n(r) uniquely determines the external potential V,,;(r). In other words, the exter-
nal potential V.. (r) is a unique functional of the ground state charge density n(r).
Furthermore, once the external potential is determined, then the ground state wave
function ¥ is also in principle obtained. Hence one can conclude that the ground

state wavefunction ¥ is also a unique functional of n(r).

The second Hohenberg-Kohn theorem enables to define the total energy functional
E[n(r)] and use the variational principle to determine the total energy and the corre-
sponding charge density n(r). Based on the fact that the ground state wavefunction
U is a unique functional of n(r), as discussed in the first theorem, one can define a

universal functional F'[n] of n(r),
Fln] = (Y[n)|T, + Vi u[n)), (213)

where T, and V, are kinetic energy and the electron-electron interaction energy op-
erators respectively. It is obvious that F[n] is independent of the external potential
Vezt(r). For a given external potential V,,(r), the total energy functional is written

as

En] = Fn] + /n(r)Vezt(r)dr. (2.14)

This total energy functional has a minimum Fj for the ground charge density n(r).

For any other charge density n'(r),
FEy = E[n] < E[n/]. (2.15)

Therefore ground state properties such as the ground state energy E, and the ground
state charge density n(r) can be obtained by applying the variational principle to the
total energy functional E[n]. The Hohenberg-Kohn theorem provides a conceptual

foundation to simplify the problem of solving the many-body Schrédinger equation
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to one of searching the 3-dimensional charge density to minimize the total energy
functional. However since the explicit form of the univerisal functional F[n] for the
interacting system is unknown, the Hohenberg-Kohn theorem cannot give us a prac-

tical way to solve the many-body system.

2.2.2 Kohn-Sham Equations

For a practical solution, Kohn and Sham proposed to use an auxiliary non-interacting
electron system with an effective potential, instead of dealing with the true interacting
electron system, where the universal functional F'[n] is not known [52]. Their mapping
assumes that the ground state charge density of the original interacting system can
be represented by the auxiliary non-interacting system. The auxiliary non-interacting
system is described by a single-particle Schrodinger-like equation known as the Kohn-
Sham equation,

hQ
Hrsi = {— mV2 + UKsjl Y = ey, (2.16)

2

where vig is an effective Kohn-Sham potential. The ground state wavefunction W

for this non-interacting system is expressed by the Slater determinant,

1
VvV N!

U = det [ih1, ..., U] (2.17)

and its ground state charge density 1s

N
n(r) = Z |y (1)]2. (2.18)

Here {t;} are the N lowest eigenstates of the Kohn-Sham equations.

In this single particle picture, the universal functional F'[n] is decomposed as

F[n] = Ty[n] + En(n] + Eucn], (2.19)
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where Ty[n] is the kinetic energy for the non-interacting system,
h? )
Toln) = To [{va}] = = D 5~ (il V7 [¥a), (2.20)

and Fg[n] is the Hartree interaction energy,

2

e? [ n(r)n(r') )
E = — [ ————drdr". 2.21
uln) = 5 [ S (221)
E.[n], which is called anexzchange-correlation functional, contains the remaining un-
known contributions. From the original definition of the universal function F[n], the

exchange-correlation functional can be re-written as
Ereln] = ((V|Te|¥) = Toln]) + ((Y|Ve|¥) — Exn]) . (2.22)

As seen above, the exchange-correlation functional contains the difference between
the true kinetic energy and the auxiliary non-interacting kinetic energy, and the
difference between the original full many-body interaction energy and the classical

Hartree interaction energy.

Applying the variational principle to the total energy functional, the effective

Kohn-Sham potential vgg(r) can be obtained

SE[n]
on

(2.23)

Vs = Veact(r) + ’UH(r) + Uzc(r) = Velt(r) + / n(_r2/| dr' +

|r
Note that the Kohn-Sham potential depends on the charge density n(r). It implies

that the Kohn-Sham equation should be solved self-consistently.

The exact exchange-correlation functional is still unknown. However, once one can
make a reasonably good approximation on the exchange-correlation functional that is
much smaller than the entire density-functional, the Kohn-sham approach provides us

with a practical and often accurate way to solve the many-body Schrodinger equation.
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2.2.3 Exchange-Correlation Functionals

The crucial part for any practical DFT calculation is to find a physically reasonable
and accurate approximation of the exchange-correlation functional. A simple but
widely used exchange-correlation functional is the local-density approzimation (LDA)
[52]. In LDA, it is assumed that the exchange-correlation energy in a small volume
dr located at r can be replaced by that of the homogeneous electron gas with the

same charge density n(r):

ELDAl) — / n(r)eeln(r)]dr, (2.24)

where e,.[n(r)] is the exchange-correlation energy density per electron of the homoge-
neous electron gas at the charge density n(r), a scalar quantity that was determined
by Ceperley and Alder using accurate quantum Monte Carlo calculations [13]. Thus
the LDA exchange-correlation potential is readily given by

LDA _ SE;>[n]

deze[n(r)]
xc 5” N

= eze[n(r)] + n(r) o

(2.25)

The LDA functional, which is accurate for a slowly varying charge density, has been
successfully applied to a variety of materials, especially weakly correlated materials.
It accurately describes structural and vibrational properties, even if it overestimates
the crystal cohesive and molecular binding energies, due to a comparatively poorer

description of atomic energies [4].

The LDA exchange-correlation functional can be improved by including the gra-

dient of the charge density Vn(r),
EGCGA = /n(r)swc[n(r),Vn(r)]dr, (2.26)

This approximation is called the genearlized gradient approzimation (GGA) [74]. The
GGA functional can generally provide a better description than LDA.
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2.2.4 Planewave Basis Calculation

For periodic bulk solids which contain an infinite number of electrons and ions, it
seems that it would be intractable to solve the Schrodinger or Kohn-Sham equation.
However it turns out that using the translational symmetry of periodic systems makes

the problem simpler. According to Bloch theorem, when a system has a periodic

potential
Hap(r) = [—%vz + v(r)} ¥(r), (2.27)
where
v(r) =v(r+ R) (for all R in a Bravais lattice), (2.28)

the eigenfunction v can be chosen to have the following form:

wnk(r) = eik.runk(r) (229)

unk(r) = unk(r+R). (230)

which is expressed as a lattice-periodic function modulated by a plane-wave envo-
lope €T [73]. The crystal momentum vector k runs over the first Brillouin zone
(BZ). Translational symmetry gives a set of decoupled Schrodinger equations for all

k vectors in the BZ:

2

—%(V + Zk)2 + ’U(I‘) unk(r) = Enkunk(r)a (231)

where {1} satisfy the orthonormality conditions (¥nk|¥ni) = 6nnérir. The prob-
lem of solving the Schrodinger equation for the entire system is replaced by that of
solving a set of decoupled equations, which can then be solved within the primitive
unit cell. When Eq.(2.31) is solved for any k in the BZ, the energy eigenvalues {e.1}
provide the energy bands for the periodic system. Note that in this Kohn-Sham
formulation these correspond to the fictitious Kohn-Sham energies, rather than the

physically correct quasiparticle energies. The electron charge density, which is the

34



most important physical quantity in DFT, can be computed as

1BZ occ

n(r) = Z Z [Unic]?, (2.32)
K n

where the n index is summed over the occupied bands. In principle one has to solve
Eq.(2.31) for the infinite number of k points in BZ. However, in a practical calculation,
a finite number of k-points is used. The number of k-points sampled in the calculation
should be determined such that any physical quantity is well converged within the

desired accuracy.

Practically Eq.(2.31) can be solved by expanding wavefunctions with a chosen set
of basis functions. A planewave basis can be a natural choice because it is consistent
with the periodic boundary conditions used in the calculations and is suitable to
studying the crystalline structure of solids. The wavefunction expanded in planewaves

can be written as
Npw

Yrke(r) =Y Cuie(G)e DT, (2.33)
G

where {G} are the reciprocal lattice vectors. In principle, the ezact wavefunction
is expanded in terms of an infinite number of planewaves. However, any practical
calculation cannot deal with the total Hilbert space spanned by an infinite planewave
basis. Instead, the expansion is taken over a finite number of G vectors that satisfy
5’%|k + G|? < E.u, where Egy is a planewave energy cutoff. This truncation is
reasonable since contribution from larger kinetic-energy G vectors becomes less and
less important in expansion. The error caused by truncation of a planewave basis can
be reduced by increasing the energy cutoff Ec,. In a planewave basis, the Kohn-Sham

equations become algebraic equations in reciprocal space:

h2
> [%“{ + GlPgc +vks(G — G')| cu(k + G) = enica(k + G). (2.34)

GI

A planewave basis has several advantages, especially in comparison with a lo-

calized orbital basis. The accuracy of a calculation can be improved continuously
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and finely by tuning the single parameter E.,;. Furthermore, a planewave basis does
not depend on atomic positions or system structure. Therefore it can deal with all
parts of a inhomogeneous system and different atomic configurations on an equal
footing, without making any further assumption. From a computational viewpoint,
a planewave basis allows to use efficient algorithms like Fast Fourier Transformation
between real and reciprocal space. As a minus, the number of planewaves is larger
than that of localized orbitals, and so it requires larger computational resources and

time that are the prices to pay for accuracy and transferability.

2.2.5 Pseudopotentials

Another major part of a practical DFT calculation is a pseduopotential that effectively
replaces the true potential of the nucleus and the core electrons. If one tries to solve
the eigenfunctions for all the electrons in the presence of the nuclear potential, one
has to use a significant number of planewaves to describe the wavefunction near the
nuclei, considering the nature of the Coulomb potential. Fortunately one does not
have to solve all-electron wavefuctions because the core electrons are tightly bound
to the nuclei and they do not contribute to the physical and chemical properties.
The core electrons just play the role of a screening potential to the nuclei. Thus, in
combination of the nuclear potential and the screening potential of the core electrons,
one can construct a much smoother effective potential for valence electrons. This
is called a pseudopotential. From a computational viewpoint, the pseudopotential
gives us the following advantages: First, since the core electrons are treated as a
screening potential and one solves the many-body Schrédinger equation only for the
valence electrons, one can reduce the number of electrons for the many-body system.
Second, because of its smoothness near the nuclei, the calculation requires a smaller
number of planewaves. As a result a computational speed can be boosted up and a
computational cost can be significantly saved.

One of the widely used approaches in pseudopotential theory is that of norm-
conserving pseudopotentials, where valence pseudopotentials {|1/F)} satisfy the or-

thonormal condition (yf S|¢f %) = §;;. A norm-conserving pseudopotential is gener-
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ated by following the following conditions [31]:

1. All-electron and pseudo eigenvalues agree for the chosen atomic reference con-

figuration.

2. All-electron and pseudo atomic wavefunctions match outside a chosen cut-off

core radius 7.

3. The integrals of the charge density for each wavefunction inside r. agree (norm-

conservation).

4. The logarithmic derivatives of the all-electron and pseudo wavefunctions and

their first energy derivatives agree at r = 7.

However, the norm-conserving pseudopotential scheme does not reduce the cut-
off of the planewaves for valence states at the beginning of an atomic shell, such
as 2p, 3d, and 4f because there are no core states of the same angular momentum
to screen. To solve this issue, D. Vanderbilt introduced ultrasoft pseudopotential
by relaxing the norm-conserving condition [96]. While the all-electron and pseudo
wavefunctions match outside the cut-off core radius 7., the pseudo-wavefunction is
made to be smoother by introducing an augmented charge in the core region, which

is defined as

AQ = / " (dr B () () — U (S (r) (2.35)

where /27 (r) and ¢Y5(r) represent the all-clectron and pseudo wavefunctions. Then
the Schrédinger equation for the ultrasoft wavefunction [¢pY®) is formulated as a

generalized eigenvalue equation,
Higy%) = eaS1yy*) (2.36)

with a generalized orthonormal constraint (1V5|S [Y5) = 6;;. Here S is an overlap

operator defined as

S=T+Y AQLI8H ]l (2.37)

i,9,1
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where I denotes the ions, 7,j are angular momentum quantum numbers, and |3/) is

a projection function of the ion I and ith angular momentum channel.

2.3 Linear Response Theory

When the ground-state charge density is obtained from a DFT calculation, linear
response properties of the system can also be calculated. This procedure is called
density-functional perturbation theory (DFPT). The key quantity to calculate linear-
response properties is the Kohn-Sham orbital variation, or equivalently the charge
density variation with respect to the external perturbation, and DFPT provides a
self-consistent calculation scheme to calculate the charge density variation. Here we
briefly discuss the basic formalism of DFPT and of electron-phonon interactions in

DFPT. For a complete discussion on DFPT see Ref. [4].

2.3.1 Density Functional Perturbation Theory

When the external potential is a differentiable function of a set of parameters A =
{Ai}, the first and second derivatives of the ground state energy can be calculated by

using the Hellmann-Feynman theorem:

oFE . aV,\(I')
o = | Tan, b (2.38)
OE - [OW(r) BV (r) na(r)
8)\2'8)\3' = a/\za)\] nx(r)dr + —5‘)7*8—)\](11‘ (239)

The second derivative of the total energy with respect to the perturbation parameters
{Ai} can be computed with the first order response of the charge density. The charge

density variation can be linearized in terms of the Kohn-Sham orbital variation:

N

An(r) = 2Re Y ¢ (r)Av,(x). (2.40)

n=1
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Here the finite-difference operation A is defined as

o}
Af(r) = ' 8/{-

AN (2.41)

Applying standard first-oder perturbation theory, the Kohn-Sham orbital variation

A, (r) can be determined by the solution of the following equation:

(Hks — €n) |AYn) = — (Avks — Aey) [Yn), (2.42)

where H g is the unperturbed Kohn-Sham Hamiltonian (Eq.(2.16)),

An(r’) dvge(n)
A — 2 /
vis(r) = AV (r) +e o] dr’ + o

An(r) (2.43)
n=n(r)
is the first-order correction to the self-consistent potential and Ae, = (¥,|AVks|in) is
the first-order energy correction to the Kohn-Sham energy eigenvalue €,. Because the

derivative of the self-consistent potential AVkg includes the charge density variation

An(r), Eq.(2.40), (2.42), and (2.43) should be solved self-consistently.

In particular, for lattice dynamics, interatomic force constants can be computed
by calculating the second-order derivative of the Born-Oppenheimer energy surface

E(R) with respect to the nuclear configuration R = {R}:

2E ne R QVne QVn R
OrR) _ [ 2D et [ ) Rr) O 7lR) 5 49
OR;0R, OR OR; OR0R; OR;OR;
where N
- Z]ZJ€2
V., = _ ' 2.45)
I; IR; — Ry| (
is the electrostatic interaction energy between nuclei, and
Ne N,
e n Z]€2
Vie = — _ 2.46
22 R 249)

is the electron-nucleus interaction. The vibrational frequencies w of the nuclear system
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can be calculated by solving the following eigenvalue equation:

1 PER)

det
/3,0, OR,0R,,

=0, (2.47)

where the interatomic force constant is scaled by nuclear masses.

2.3.2 Electron-Vibration Interaction

The electron-vibration interaction Hamiltonian can be written in a second-quantized

form as

Haropn = > 3 oineliqch (Blaw +bav ) (2.48)

kqrv mn

where ¢f" (¢}) is the creation (annhilation) operator for an electron with energy .

Similarly b, (bq,) is the creation (annhilation) operator for a phonon in the vi-
brational mode v with energy wq, at wave vector q. g/’ is the electron-phonon
coupling matrix element. Once the linear response of the charge density is com-

puted from DFPT, the electron-phonon coupling matrix can be calculated from the

derivative of the self-consistent Kohn-Sham potential Avgg as follows:

v _ (1" .
irak = ( ) (YrramlAvsPin), (2.49)

2Wqy

where 1, is the nth Kohn-Sham orbital wavefunction at wavevector k. The self-
consistent Kohn-Sham potential is perturbed with respect to the phonon mode v at

wavevector q:

y ov
Av¥, = ZZ auKS wa), (2.50)

where X, is the eigenvector of the phonon normal mode v at wavevector q, and u,
is the atomic displacement of the nucleus I in the o direction.

As it will be discussed in detail later, a large supercell geometry containing two
electrodes and a conducting molecule is used in our quantum transport calculation.
For this large supercell geometry I'-point sampling can be safely used. In addition lo-

cal vibrations of the conducting molecule are only considered. Therefore by dropping
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the wavevector indices for electrons and vibrations, the electron-phonon interaction

can be written in a simpler form:

Herph —Zng" I e (B +0,), (2.51)

where

2w,

gL”"=< " )1/2 (| A0slibn). (2.52)

2.4 Wannier Functions

As discussed before, a planewave-based DFT calculation has many advantages from
technical and practical viewpoints. However, due to the spatially extended nature
of a planewave basis it is not suitable to the quantum transport formalism based
on Green’s functions, which will be discussed later. This is because the Hamiltonian
should be written in terms of a localized atomic-like basis in order to spatially separate
the system into three parts: a left electrode, a right electrode, and a conductor.
For this reason one needs a mathematical formulation to transform to a localized
representation. In fact, this transformation was originally suggested by Wannier in
1937 [100]. The localized function in real-space, which is called the Wannier function,

is generated by taking the Fourier transform of the extended Bloch functions:

1% 4
fom) = o3 /B e Rk (2.53)

where V is a volume of a real-space primitive cell and R is a Bravais lattice vector.
Since this is an exact unitary transformation, Wannier functions span the same Hilbert
space of Bloch functions. One of the great advantages of Wannier functions is that
Wannier functions are orthonormal, i.e. (Wpr|wnpr/) = Onndrrs. A basis of localized
orbitals can be directly used for the quantum transport calculation, but because
of its non-orthogonality one should include an overlapping matrix between localized
orbitals in the quantum transport formulation. In contrast, Wannier functions, which

are orthonormal by construction, can make calculation and formulation much easier.
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However Wannier functions are not uniquely defined because Bloch function can

have an arbitrary phase,

|thnke) = €k [1hnic), (2.54)

without changing all physical properties. Thus in order to construct well-defined
Wannier functions, some additional criterion is needed. In this work we adopt the
Wannier function construction proposed by Marzari and Vanderbilt first and known as
Mazimally-Localized Wannier function (MLWF) [64]. The Wannier transformation
needs to be generalized by mixing Bloch functions within an isolated group of N

bands:
wnr) = / ZU“lwm ek Rk (2.55)

The construction criterion of MLWF needed to determine the arbitrary UT(#,% is to

minimize the mean square spread of all Wannier functions, which is defined as

N

Q= Z [(r2)n Z wn0|r lwno) — <wn0|r|wn0>2] ) (2.56)

n

A difficulty arises in case of metallic systems where occupied and unoccupied
bands are connected together. In this entangled case a simple unitary transformation
between occupied bands would fail to localize meaningfully wavefunctions in real-
space. Souza et al. proposed a method to select out a mazimally-connected subspace
that is composed of orbitals of a similar character out of the whole entangled manifold
[90]. Extracting the maximally-connected subspace is achieved by minimizing the

gauge-invariant part €2 of the spread functional €:
Q=0 +Q, (2.57)

where

Q=3 |(%)n =D [(Rmlrjon)[*| . (2.58)
Rm

n
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and

Q=" > [(Rm|rjon)*. (2.59)

n Rm#0n

The gauge-invariant part £2; can be written on a regular mesh of k-points:

= —k]; ;Wb [kaAk-%b} , (2.60)
where {b} is a set of vectors pointing to the neighbors of a point k, W}, is a weighting
factor for the corresponding vector b, Ny, is the total number of k-points, P =
> lunk) (Unk| and Owsb = 1 — P¢. The gauge-invariant part ) represents a measure
of the change of character across the BZ, and so one can obtain a subspace composed
of orbitals of similar character by minimizing it.

For the Ny-dimensional original Bloch space {|unk)} at a given k point, the pro-
cedure of minimizing Q; determines the N-dimensional optimally connected subspace
{ugzty

) = 3 U0 ), (2.61)

me Ny

where Uﬁf’ﬁ(k) is a rectangular N x Ny matrix. Once the maximally connected subspace
is built, then MLWF can be constructed by minimizing Q.
MLWFs, which are suitable to our quantum transport calculation, are nowadays

widely used for many reasons:
1. MLWTF's provide a clear picture of chemical bonding.

2. The centers of MLWFs, and their displacement under polarizing field have a
close, formal connection to the macroscopic and microscopic polarization of an

insulating system.

3. The maximal localization can be exploited by diverse methods that rely on

real-space localized basis sets, such as O(/N) methods.

For a detailed review of MLWF on implementatation and its application see Ref. [64]

and [90].
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Chapter 3

Keldysh Formalism

In this chapter we review a diagrammatic perturbation theory based on nonequilib-
rium Green’s Functions (NEGFs), which is known as the Keldysh formalism. The
Keldysh formalism provides a general theoretical method to describe physics un-
der nonequilibrium. This theory is essential to our interests, in which a finite bias
large enough to excite local vibrations is applied to molecular conductors. This non-
equilibrium statistical field theory was originally formulated by Martin and Schwinger
[62], Kadanoff and Baym [44], and Keldysh [46]. For a detailed presentation and

derivation see Ref. [77] and [78], which we follow here.

3.1 Contour-ordered Green’s Functions

Non-Equilibrium Green’s functions are usually called contour-order Green’s functions,
in which two time variables are defined on a contour in a complex plane. The need to
introduce the time contour can be understood by comparing a time-ordered Green’s
function in equilibrium theory [76]. The time-ordered Green’s function G (t,t') at

zero temperature 1s

G(t,t) = % <<I> ‘Twu(t)%(t')

q>> (3.1)

where |®) is a ground state of the system and 7 represents a time-ordering operation.

The field operator 13 (t) is written in the Heisenberg picture with respect to the sys-
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Figure 3-1: Closed time contour ¢ on which the contour-ordered Green’s function is
defined. It consists of two branches: the forward time branch ¢; and the backward
time branch c,.

tem Hamiltonian ‘H = Hy + V, where Hy is the free particle (quadratic) Hamiltonian
and V is the interaction Hamiltonian. Due to the interaction V' we do not generally
know what the ground state |®) is. The idea to solve for G(¢,t') is to use what we
know very well, that is, information of the noninteracting system in which V' = 0.
When the interaction V' is adiabatically turned on and off, one can use the fact that
the full interacting ground state |®) can be smoothly connected to the free ground
state |®g) at t = oo via the time-evolution operator. In the interaction picture, the

time-ordered Green'’s function G(¢,t') becomes

1 <‘I)0 ’TU (o0, _OO)¢Ho(t)¢Lo(t)' (I)o>
ih (D |U (00, —00)| o) ’

Gt t) = (3:2)

where 1y, evolves with respect to Hy [76]. According to the Gell-Mann-Low the-
orem [76], |®g) at ¢ — —oo is different from |®y) at ¢ — oo by a phase factor,
which appears as the denominator (g |U (00, —00)| p). The time-evolution operator

U (00, —00) in the interaction picture, which is called the S-matrix, is U (oo, —o0) =

Treih [ dtVing (8)

However, this idea cannot be applied to a nonequilibrium situation, where a per-
turbation driving the system out of equilibrium should be kept turned on. A clever
trick to resolve this situation is to introduce a closed time contour, which starts from
—o0, reaches a certain time ¢, and then goes back to —oco. The time contour c has
two branches: a forward branch ¢; from —oo to t, and a backward branch ¢y from

t to —oo, as shown in Fig. 3-1. Along this closed time contour we can define the
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contour-ordered Green’s function

Glr. ) = = (Tl ). (33)

Here 7. is the contour ordering operation, which means that the operator appearing

on the contour ¢ earlier is placed to the right,

&> (r,7) = & (bn (Ul (7)) 7T

G(r,7') =
G<(r,7) = :i:% <7,bl{ (") Yu (T)> T > T

(3.4)

where the upper (lower) sign is for fermions (bosons). G~ and G are named greater
and lesser Green’s functions respectively. Depending on positions of 7 and 7' on the
contour, G(7,7') can become four different Green’s functions. When 7 and 7’ are
located on the forward (backward) branch ¢;, the contour ordering is the same as
the time (anti-time) ordering. If 7 is on ¢;(¢2) and 7' is on cy(c1), 7 always appears
earlier(later) than 7/ on the contour. Thus, for these four cases the contour-ordered

Green’s function G(7,7’) becomes

Gi(r,7") 7,7 € ¢
G(r, 7)1 €, T €

Gr.r) = (r,7) 7 €1, 7 € o (35)

G (1, 7)) T €, 7 €y

\ GHr,7") 7,7 € ¢

where

G, ) =0(r — 7G> (1,7) + 0(' — 7)G=(7,7") (3.6)
Gi(r,7") = 0(r — 7)G=(7,7") + 6(7' — 7)G™ (7, 7). (3.7)

One of the advantages of using contour-ordered Green’s functions is that it can provide
information on the particle density in the non-equilibrium situation. This can be

obtained by taking t' — ¢ in G<(¢,t'),

(n(t)) = (k) = —ihlim G<(¢, ) (38)
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In equilibrium the energy-resolved electron density can be obtained from the Fermi-

Dirac equilibrium distribution ny(¢) = (e#€~# 4 1)~1 and the spectral density A(e).
G<(e) = inp(e)A(e) (3.9)

Because the spectral density can be obtained from the retarded Green’s functions,
Ale) = i[G(e) - G*(e)], | (3.10)

the lesser Green’s function G< does not provide new information on the system in
equilibrium. In contrast, in the case of the nonequilibrium situation, which there is
no universal statistical distribution, the lesser Green’s function G'<, which is natually
included in the contour-ordered Green’s function formalism, is crucial in order to

know the electron density information.

3.2 Ensemble average in non-equilibrium

To proceed we need to obtain an ensemble average under non-equilibrium condition.

First the system Hamiltonian H can be divided as follows,
H(t)=H + H'(t) = Ho + H; + H'(t), (3.11)

where H = Hy + H;. H, is the non-interacting (quadratic) free particle Hamiltonian,
and H; indicates a possible interaction, for example, the electron-vibration interaction
of this study. H'(t) is the Hamiltonian that drives the system out of equilibrium. In
the transport problem, a finite bias corresponds to H'(t). We assume that the system

is in equilibrum for ¢ < t5. Thus the ensemble average for-an operator @ is given by
(0) =Tr[p(H)0], (3.12)

where p(H) = e P /Tr[e PH].
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Let us consider that H’ is turned on at t = ty and kept switched on for ¢ > ¢.
From t = tg the time evolution of the ensemble average is obtained by using the

time-evolved density operator p(t),

p(t) = Ut to)p(H)U' (¢, to), (3.13)

i ot

where U(t, to) = T exp[—+ [, dTH(7)] is the time evolution operator with respect to

the full Hamiltonian H. Thus the ensemble average becomes
(0)(t) = Tr[p(t)O]. (3.14)
This can be readily written in the Heisenberg picture,
(O)(t) = Tr [p(H)Ox(t)] (3.15)

Furthermore Oz can be transformed in the interaction picture with respect to H,

which is time-independent. For the reference time t;, we have
Oxn(t) = VIt t)Ox(t)V(t, to), (3.16)

where
-
V(t,t) = T exp [—%/ dt’H}I(t’)} . (3.17)
to
Here HJ(t) is the operator H'(t) written in the interaction picture with respect to
H. By introducing the closed path ¢ in Fig.(3-2), Eq.(3.16) is equivalently rewritten

as follows [77], .
Onlt) =T [exp (-% / dTH;,(T)> OH(t)} (3.18)

This formulation will be used for the perturbative expansion of the contour-ordered

Green’s functions in the following section.
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Figure 3-2: Closed time contour, starting at the reference time ¢y, changing its direc-
tion at ¢, and returning to t,.

3.3 Perturbative Expansion

In the definition of the contour-ordered Green’s functions Eq. (3.3), the time evolution
of the field operator ¥(t) is governed by the full Hamiltonian H, which cannot be
exactly solved. The key strategy to obtain the contour-ordered Green’s functions
is to rewrite the field operator in the interaction picture with respect to the free-
particle quadratic operator Hy, which is solvable. This transformation enables us to
take advantage of Wick’s theorem and Feynman diagram rules [76].

As an intermediate step one can write the contour-ordered Green'’s function G(r, 7')
in the interaction picture with respect to H by using the formulation discussed in the

previous section,

6ty = 5 (T (o (-3 [@t)) wneh(m) ). 319

We can separate the effect of the time-dependent term H'(t) in the form of the S-
operator, but the field operator is still written with respect to H, which contains
the interaction term H;. By taking the transformation from the interaction picture
with respect to H to one with respect to Hy once again, one can readily write the

contour-ordered Green’s functions in the following way,

6lr) = 5 (T (oxw (= [0+ i) d(oh (7)) ) 620

[ BT ( (=4 fodtHy (0+Hy ( t))wHO(T)wLO(T/)ﬂ
Tr (e—BH)

(3.21)

m|’—‘

The Boltzmann factor e ## is also needed to be expressed in the interaction
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Figure 3-3: Extended contour ¢; including the imaginary time contour ¢, for thermal
statistics.

picture with respect to the free particle Hamiltonian Hy. When we introduce an
imaginary time path ¢, from ¢ty to ty — i3, the Boltzmann factor satisfies the following

relation,

. to—1i83
o—BH _ e—ﬁHo%a exp <_%/ dtH}%(ﬁ)) . (3.22)
to

With this relation, known as the Dyson formula [77], all the operators in the contour-
ordered Green’s functions are written in the interaction picture with respect to Hp.
In the numerator the two contour ordering operations 7, and 7., can be merged by
combining the closed-time contour ¢ and the imaginary-time contour ¢, and defining
a new contour ¢; as shown in Fig. 3-3. On the new contour ¢;, the contour-ordered

Green’s function becomes

) Tr [G—BHOE_ (e(*%fci dtH}'{O(t))e(—%fcdtH;,O(t))wHO(T)wLO(T,))J

GT,T’ = 3 : i (3'23)
(n7) =~ ™ [e‘ﬁHO'ﬁ (e(ﬁftzgﬂﬁdt;{go(t>))]

The contribution of the contour c,, which contains only the interaction H*, indicates
the initial correlation between particles via the interaction H*. If one is interested
only in the physics after the initial correlation is damped out, or in the steady state
situation, one may set to — —oo and safely neglect the contribution of the contour ¢,
[78]. Exploiting the unitarity of the time-evolution operator, the closed-time contour
can be extended to t — co. Thus the time contour to describe the steady state has

two time branches: the upper branch ¢; starting at ¢ — —oo and ending at t — oo,

51



\j

Figure 3-4: The Schwinger-Keldysh contour extended to ¢ = £o0.

and the lower branch c, starting at ¢ — oo and moving back to ¢ — —oo. This time
contour is called the Schwinger-Keldysh contour. To sum up, the contour-ordered
Green’s functions for the steady state is
1 i / i i
G(r,7') = hTr [p(HO)'E (e(_n fcdtHHo(t))e( nfcdtHHo(t))wHo(T)w}io(T’)ﬂ , (3.24)
i

e~ BHy
Trle—AHo]"

where p(Hp) =

Now, the contour-ordered Green’s functions can be expanded in terms of the
unperturbed Green’s functions Gy as one did in equilibrium Green’s function theory

[76]. The unperturbed Green’s function is defined as

Golr. ™) = = (T (7). | (3.25)

where (-++)o = Tr[p(Hp)---]. Because the contour-ordered Green’s functions and
the equilibrium Green’s functions are topologically equivalent except for time order-
ing, Wick’s theorem and Feynman diagrammatic rules can be readily applied. Fur-
thermore, one can write down the Dyson equation for the contour-ordered Green’s

functions,

G('r)'r’) = GO(T’ 7") +/d7’1 /dTgGo(T, TI)E(TI,TQ)G(TQ,TI), (326)

where ¥(71, 72) is the self-energy that contains all possible connected diagrams.
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[ Contour C' | Real Axis t ‘

C=]AB C< = [[AB< + A<B7]
Cr = LATBT
D = fc ABC D= = [[[ATB"C* + A"B<C* + A<B“C"]
D" = ftArBerr
C(r,7") = A(r,7")B(7, 1) C<(t,t') = A<(t,t")B<(¢,t)

Cr(t,t') = A<(t,t)B"(t,t') + A"(t, ) B=(¢,t)
+A"(t,t")B"(t, 1)

C(r,7) = A(r,7)B(7', 1) C<(t,t') = A<(t,t") B~ (¥, 1)

Cr(t,t') = A<(t,t")B*(t',t) + A"(t,t")B<(t',t)

Table 3.1: Several examples of Langreth’s rules
3.4 Langreth’s rules: from contour to real time

We have discussed the systematic perturbative expansion of the contour-ordered
Green’s functions. However, since the time argument for the contour-ordered Green’s
functions lies on the closed-path time contour, one needs to convert to real time in
order to get physical information desired. For example, to access the electron density
of the system, we need to extract the lesser Green’s function G<(t,t') from G(r,7').
This conversion rule is known as Langreth’s rule [33]. Let us consider the following

quantity, defined on the Schwinger-Keldysh contour c,
C(r,7) = /dTlA(T, 1) B(1, 7). (3.27)

According to Langreth’s rule, the lesser and retarded parts of C(7,7') can be calcu-

lated in the following way,

C<(t,t') = /oo dty (A7 (t,t)B<(ty,t') + A<(t, t1)B*(t1, ")) (3.28)
C(t,t) = /OO dty AT (t, 1) B (t1,1'). (3.29)

Note that the contour integral is replaced by the time integral from —oo to co. Table

(3.1) shows several examples of Langreth’s rules.
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3.5 Kinetic Equation

Now we can derive kinetic equations for the retarded, advanced, lesser, and greater
Green’s functions by applying Langreth’s rule to the Dyson equation for the contour-

ordered Green'’s function Eq.(3.26).

For the retarded and the advanced Green’s functions, one can obtain the usual

Dyson’s equation that one may be familiar with in the equilibrium theory [76].

Gr’a(t, t/) = Gg’a(t, t/) + / dtldtQGg'a(t, tl)ZT’“(tl, tQ)Gr’a(tQ, t/) (330)

—00

Similary one can obtain the kinetic equation for the lesser and the greater Green’s

functions, which is named the Keldysh equation. For the lesser Green’s function,

G<(t,t,) = Gé(f,t/) +/ dtldfg [Gg(t,tl)zr(tlﬁtg)G<(t2,t/)

+ Gy(t,t1) 2 (b1, ta) G (ta, t') + G (t, 1) 2% (t1, t2) G (Lo, )]
= G5+G,- X -G +GH-2°-G°+ Gy -2*-G°

Here a shorthand notation for the integral is introduced:

A-B= /oo dt; A(t, t1)B(t, 1) (3.31)

o]

Iterating this equation for G< one can obtain the following closed equation,

Gi=(1+G ¥) G5 (146G ) +G - o< G (3.32)

’

From the Dyson equation Eq.(3.30), (1 + G- X7) -Gy = G" - (G)~! - G5 holds. The
equation of motion for G< leads to (G§)™' - G5 = 0 plus a boundary term introduced
by the inverse of the integral operator. As pointed out in Ref. [24], the boundary
term contains the memory of the initial condition. In the steady state problem, this

initial memory can be neglected. Thus we reach the steady state Keldysh equation
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for the lesser Green’s function

G(tt) = / dt1dt G (t 1)D% (11, 1) G (2, 1), (3.33)

—0oC

For the greater one one can obtain the same form of the Keldysh equation

G (t,4) = / A4t G (8, 1) (b1, )G (9, 1), (3.34)

o

In steady state the Green’s function G(t,t') depends on a time difference ¢t — t'.
Using Fourier tranformations and the convolution theorem, one can obtain the Dyson

equation and the Keldysh equation in energy space,

G (w) = Gy*(w)+ Gy*(w)E(w)GM(w) (3.35)
G (w) = G (W)E7(w)G*w) (3.36)

In the next Chapter we will apply this formalism to nanostructures coupled to two

electrodes and in the presence of electron-vibration interactions.
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Chapter 4

Electron-Vibration Interactions in

Molecular Junctions

In the previous Chapter we reviewed the general formulation for non-equilibrium
Green’s functions, which enables us to calculate physical properties of interacting
system out of equilibrium. In this chapter we calculate the contour-ordered Green’s

functions in the presence of electron-vibration interactions in a two-terminal geometry.

4.1 Hamiltonian

Our system consists of three sub-systems: a left electrode, a right electrode, and
a device region that contains the vibrating molecule. Conducting electrons are as-
sumed to be scattered off by molecular vibrations only inside the device region. In
contrast, electrons in the electrodes are described by non-interacting quasi-particles
with phonons, or between each other (In the latter case, they do, but are renormalized
by DFT). Each electrode plays the role of an electron reservoir in equilibrium. The
chemical potential difference puy — pg leads to the nonequilibrium state in the device
region. The corresponding Hamiltonian is expressed in terms of second quantized

operators as follows:
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H = Hp+ Hjeeqa+ Hr (4.1)

HD = H0+He£7vib+Hvib (42)
Hy = ) ei;dld (4.3)
]
Hyip = Zflwx (ala,\-l- %) (4.4)
A
Hay = >0 Mydid; (af +a)) (4.5)
X Qg
Hicaa = Z ZEGkCLkCc‘:k (46)
a=L,R k
Hr = Z ZZ [Vak,icgkdi’!_ ;k’idICQkJ (47)
a=L.R k 1

Here d; and a’j in Hp are annihilation and creation operators for electrons in the

device region. In this study we choose localized Wannier functions as basis. ¢, and
t

Lk in Hjeqq are annihilation and creation operators for the non-interacting Kohn-

C
Sham electrons in the ath electrode. k is a set of quantum numbers for the electrode
electrons. ay and a.i are the bosonic operators corresponding to the Ath molecular

vibration. Hyp describes the tunneling between the device region and the electrodes.

Vibrating region

Fon

Left electrode 'Right electrode

- .

Central region
(Device region)

Figure 4-1: Schematic geometry of a two-terminal set-up. The electron-vibration
interaction exists only inside the device region.
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Because the electron-vibration interaction Hg_,s does not distinguish between spin

degrees of freedom, the spin index is not explicitly specified.

4.2 Device Green’s function

Now we want to calculate the full device Green’s functions
n_ 1 t
Gyylr, ™) = — <7;di(T)dj(T’)> (4.8)

in the presence of the coupling to electrodes and the interaction with local vibrations.

As seen in the previous chapter, G(7,7’) satisfies the Dyson equation,
G(r, ™) = g(1,7) + [9 - (SDiead + Zviv) - Gl (7, 7") (4.9)

Here G(7,7') can be interpreted as a matrix Green’s function whose (i, j) component is
Gi;(1,7'). gij(7,7') is an isolated device Green’s function when there is no interaction
with electrodes and local vibrations:

gu(r, ™) = = (T i) (4.10)

1 Ho

Here we put the subscript Hy to emphasize that its dynamics is governed solely by Hy.
Yiead 18 the lead self-energy coming purely from coupling with electrodes. ¥, is the
electron-vibration self-energy that is a sum of all the connected irreducible diagrams
containing the electron-vibration interaction [76].

Applying Langreth’s rules and taking the Fourier transformation to the energy
space, the Dyson and Keldysh equations for the device Green’s function are obtained

as

G'(e) = g'(e)+ g (e) [Sleaale) + ()] G (€) (4.11)
G(e) = G'(e)[ERaule) + Z5p(e)] G2(e). (4.12)
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Here we can simplify the Dyson equation further by introducing the non-interacting
device Green’s function Go(7,7’) that is calculated without the electron-vibration

interactions, but only with connections to the electrodes,

Goss(1,7) = = (Ted(r)al(+")) (4.13)

2 Ho+Hrp ‘

Note that the subscript Hy + Hr indicates that the device region is coupled to the
electrodes. For this non-interacting Green’s function one can write down the Dyson

equation for the retarded part,

Gole) = g'(e) + 97 (€)Xieaal€) o (€)- (4.14)

Using the fact that [¢"(¢)] " = [(¢ +i07) — Hy|, Egs. (4.11) and (4.14) are rewritten

as

Gr(e) = ! (4.15)

(6 + 20+) - HO - Zlg‘ead - Z;ib
1

(E + ZO+) - HO - Z;‘ead.

Gr(e) = (4.16)

Rearranging these equations, one can express the Dyson equation for G™(¢) in terms

of Gg(e),

- B 1
O T Le 1

Gyle) + Gy(e)Xr, (e)GT (€). (4.18)

vib

4.3 Self-energy

The next step to obtain the full device Green’s function is to calculate the lead self-
energy and the electron-vibration self-energy. The self-energy in the Dyson equation
is a collection of all the possible irreducible diagrams, in which irreducible means
that the diagram cannot be divided into two pieces by cutting one device Green'’s

function [76]. While the lead self-energy can be exactly calculated when electrons in
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the electrodes are assumed to be in equilibrium, the electron-vibration self-energy is

approximatedly calculated by using diagrammatic perturbation theory.

4.3.1 Lead Self-energy

We first discuss the lead self-energy Zi..q(7, 7). In case of coupling to the electrodes

one can have the following irreducible term,

Eleadzy T, T Z Za )17 T T Z Z *k zgak T, T Vak,j> (419)

a=L,R a=L,R k

where

9ok(7,7) = = (Tecaal(r)ebu (7)) (420

is a free Green’s function for an electron in the ath electrode decoupled to its sur-
rounding. The retarded, advanced, lesser, and greater parts of the lead self-energy

are obtained straightforwardly:

Z;;Zd,ij(e) = Z Z akzgak ak] (421)

a=L R k

Eleadlj() = Z Z akzgak E akv] (422)

a=L,R k

For the electrode assumed to be in equilibrium with the chemical potential p,, the

lesser and greater free electrode Green’s functions are

gan(€) = i2mnp(e — pa)d(e — ar) (4.23)

go(e) = 2m[np(e — pa) — 1] 0(e — €ak)- (4.24)

Thus the lesser and greater parts of the lead self-energy are rewritten as

Sinadif(6) = ) inrle — ma)T5(e) (4.25)
Zl>ead,ij(€) = Z i[nr(e — pa) — 1] I'%(e), (4.26)
a=L,R
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where

[Gle) =2 Z VoriVak j0(e — €ar). (4.27)
k

I'* is called a broadening function because it physically describes broadening of an
electronic level when a level is coupled to electrodes. Using the relation g~ — ¢g< =
g" — g%, the broadening function can be obtained from the retarded and advanced

lead self-energies,
() = i[Eh(e) = Sg(e)] = 1 [E4(e) — (Za(e)']. (4.28)

Once one can calculate the retarded lead self-energy, then one can directly obtain the

broadening function I', and the lesser and greater self-energies £,

4.3.2 Electron-Vibration Self-energy

As stated before, the electron-vibration self-energy consists of all the irreducible con-
nected diagrams. Building blocks of the diagrams are the non-interacting electron

device Green’s function

A 1 ty v
GO,ij(Ta ') = 7 <7::d1(7)dj(7- )>H0+HT ) (4.29)
the unperturbed vibration Green’s function
1
Doa(r, ™) = = (T [adh(1) + ar(7)] [al(™) + ax()] ) . (4.30)

and the vertex factor M*. The retarded and lesser vibration Green’s functions in the

energy representation are

1 1
€ — huwy + 10t -6+hUJ)\+iO+
Dsy(e) = —2mi[(Nx+1)d(e + hwy) + Nad(e — hwy)]. (4.32)

Dy A(e) (4.31)
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Figure 4-2: Lowest-order electron-vibration diagrams: (a) Hartree and (b) Fock. The
arrowed line and wiggly line indicate electronic and vibrational Green’s functions. The
black filled circle represents the vertex factor of the electron-vibration interaction.

For the isolated vibration Ny obeys the Bose-Einstein distribution ng(fu)) = 67;51;_—1
In reality the molecule is mechanically coupled to bulk phonons in the electrodes. In
addition, when conducting electrons are scattered off by the molecular vibrations due
to the electron-vibration coupling, the electrons can emit or absorb molecular vibrons.
As a result, the vibron population can deviate from Bose-Einstein equilibrium. These
effects may result in two changes in the vibrational Green’s function: a vibrational
frequency shift wy — wy + Aw,, and a finite lifetime ¢0* — in. The delta-function
may be replaced by Lorentzian with the broadening correponding to the lifetime. In
the weak coupling regime one might use the same form of the unperturbed Green’s
function as a first approximation, except for the nonequilibrium vibron occuption
Ny # np(hwy). This is called the vibronic quasiparticle approzimation [82]. We will

discuss how to calculate the non-equilibrium vibron occupation number Ny in the

next chapter.

With these components one can generate a variety of diagrams by following Feyn-
man rules as one does in the equilibrium theory [9]. Because the exact self-energy
includes an infinite number of irreducible digrams, it is impossible to calculate the
exact self-energy. For a real calculation we have to replace the exact self-energy by
an approximate one. In this study the lowest-order diagrams, which are in the second
order of M?*, are considered: Hartree and Fock diagrams in Fig. 4-2. We discuss sev-
eral methods to calculate the full device Green’s functions with these two diagrams.

They are different in terms of the order of M* and the summation of the diagrams.
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Lowest-order approximation

The simplist way to calculate the self-energy is just to compute the Hartree and Fock
diagrams by using Go,; and Dy, in the second order of the electron-vibration inter-
action M*. This approximation can be valid in the weak coupling regime. According

to Feynman rules, the Hartree and Fock terms are evaluated to be

S = —i2) MMDy(\e=0)Tr [G5(r =07 =0)M*],  (4.33)
Soine) = ZZ M*Do (7, 7")Go (7, 7 ) M. (4.34)
A
The factor 2 in the Hartree diagram accounts for the spin degeneracy in the electron

loop in the diagram. The subscript (2) indicates that these diagrams are second order

in the vertex factor M?*.

When Langreth’s rule is applied, the Hartree term is written as

H,zr * d€ /\
Soe = —QZZ}M / MM [GS ()] (4.35)
Sia = =2y MMDyS(A\e=0)Tr [G5(0,00M*] = 0. (4.36)

Note that the Hartree retarded contribution is energy-independent, which means
that it gives a static correction to the electronic potential. The lesser and greater

contributions identically vanish.
In the energy representation the Fock term reads
T . 00 dsl T T
S = i3 [ MM DiE - )G ) + Diy(e - 1G] M
)\ — 0
- (4.37)

e 9] d /
Sinim(E) = iy / %M Dgi(e = )Gy (Y M. (4.38)
A —00

In fact the retarded Fock term can be expressed in terms of the lesser and greater
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ones via the Kramers-Kronig relation as follows:

- 1 1 , ,
ONE )—5[25;(2 255(2](5)—57{6, [Efg () — Shs (e )} (€), (4.39)

where
Mo () (&) = %79 /_ h de’si,(—i/—)s (4.40)

is called the Hilbert transformation.

With the lowest-order irreducible diagrams one can calculate the full device Green’s

function Gj; in two ways. The first one is to insert 37, ) = i o)t b vib,(2) INEO iy

mb

in the Dyson equation Eq.(4.17). Essentially this solution is the same as a geometrical

series, obtained by expanding Eq.(4.18) iteratively,

G'(e) = Gi+GoXiy G+ GoZlin ) GoZm,2)Go + -+ (4.41)

= [(Gg)-l - E:)ib,(Q)] G1BA( ) (4.42)

With G75,4(g) the lesser and greater ones are readily obtained from the Keldysh
equation Eq.(4.12),

GE5(e) = Glaale) [Shisle) + Tl (©)] Glpale) (4.43)
This is called the first Born approximation.

The second method is to truncate the geometrical series Eq.(4.41) and to keep the

lowest-order term only,
G'(g) = Gy + GoZrip 2Go = Glay (4.44)

Similarly for the lesser and greater Green’s functions one can keep up to the lowest-

order term,

G™<(e) = GyZinaGo + GTZ;:(Q Gy + G, EZQGQ +GoXng @ = G(z) (e) (4.45)
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Throughout this study we call this the lowest-order expansion [72, 27].

However, one should be very careful in using these approximated Green’s func-
tions. One should make sure whether the approximation used in the theory is physi-
cally reasonable. For our problem, where a finite-bias current will be calculated, the
most important criterion is that the current conservation must hold, together with
the approximation to calculate self-energy and the Green’s function. Unfortunately
the first Born approximation, which is often used in equilibrium theory, does not
guarantee current conservation. In constrast, when the current is calculated up to
the lowest order of the electron-vibration interaction M* with Gy ) and G , 1t sat-
isfies the current conservation condition. We will discuss this issue in detall in the

next chapter.

Self-Consistent Born Approximation

One can further improve the Green’s function calculation together with the Hartree
and Fock diagrams. Let us replace the non-interacting device Green’s function Gf~'<

by the full Green’s function G™>< in the Hartree and Fock diagrams,

ZZbTSCBA = —21'2% OOQWM/\TY[G<(5,)]7 (4.46)
A
Slisena® = 150 [ M [Dhe =G + Dis(e - )0 (] M
N Yoo
(4.47)
EE;SE‘BA(E) = ZZ/ MAD S(e — )G ()M (4.48)
With the Dyson and Keldysh equations
G'(e) = Gole) + Go(e)Xi(e)GT(e) (4.49)
G=(e) = G'(e) [Eaale) + T3 (e)] G*(e). (4.50)

one has a closed set of the equations for G™>< and X7 to be solved in a self-

consistent way. This self-consistent calculation method is called the self-consistent
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Born approzimation (SCBA). From a viewpoint of the diagrammatic perturbation,
this approximation includes more diagrams than the first Born approximation or the
lowest-order expansion. Moreover, because the SCBA satisfies the current conserva-
tion, it is a relevant approximation to a finite-bias transport problem. In this study
the lowest-order expansion and the self-consistent Born approximation are adopted

for the electron transport calculation.
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Chapter 5

Quantum Transport with

Electron-Vibration Interactions

The Landauer-Biittiker formalism is the basic quantum mechanical description for the
electron transport, and has been widely used in many nanoscale transport problems.
However it is suitable only to non-interacting electrons or quasiparticles. In 1992 Y.
Meir and N. S. Wingreen developed a generalized transport formalism that enables
us to take into account interaction effects on transport properties [65]. The Meir-
Wingreen transport formalism, which we want to discuss here, can deal not only with
electron-vibration interactions, but also with a variety of interactions, from electron-
electron to electron-photon interactions in nanoscale systems. The ingredients for
the Meir-Wingreen formalism are non-equilibrium Green’s functions and self-energies
coming from the interactions and the coupling to electrodes, which have been dis-
cussed in the last two chapters. In this chapter we provide a brief derivation of the
Meir-Wingreen transport formula, and discuss the current conservation condition and

non-equilibrium vibrational populations within the formalism.
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5.1 Meir-Wingreen Transport Formalism

5.1.1 Derivation

The system Hamiltonian is the same as our Hamiltonian introduced in the previ-
ous Chapter except that the electron-vibration interaction is replaced by a general

interaction Hamiltonian H,,;,

H = Hp+ Hieaa + Hr (5]_)
Hp = Y eydid;+ Hm({d],d;}) (5.2)
0]
Hieat = 3 D cakciycar (5.3)
a=L,R k
Hr = 30 S0 [Vakichds + Vi dlcar] (5.4)
a=LR k 3

When [, is defined as the electron current entering the ath electrode, it can be

calculated as

d ie
Io = e <@Na> =7 ([H, Na]) (5.5)
1€ .
= —E Z [‘/ka,n<cl];adn> - l/ka,n <dleka> (56)
k,n

where No =3, c,Tmcka, and k is a set of quantum numbers for the electrode electron,

including the spin quantum number o =1, ].

When we define the following contour-ordered Green’s functions

Cusal7,7) = =2 (Tda(r)ela(r)) (5.7)
Cran(r 7)) = —%%<7;cka(T)dL(T’)>, (5.8)

70



one can notice that

Caaltt) = Fela(0da(0) (59
Gran(t,t) = %(dj,(t)cka(t». (5.10)
Thus, the current expression becomes
I = =€) [VianGrralt:t) = Vi nGron(t,1)] (5.11)
k,n
S ManGal®) ~ VianGanl@)] . (512)
- k,n

From the Dyson equation or the equation of motion technique [39] one can evaluate
Grka(T,7') and Gran(r,7") in terms of full device Green’s functions Gy, (7, 7') and

free electrode Green’s functions g (7, 7'),

Gn,ka(T) TI) = Z /Tl Gnm(Ta Tl)vktx,mgka(’rly 7-/) (513)

Gka,n(TaT/) = Z/Tlgka(T>Tl)‘//g*a,men(Tlv7-,)' (514)

Using Langreth’s rules and the convolution theorem, the lesser parts of G, ka(7,7')

and Gian(7,7') are

Ciral8) = D Vi [Crn(©)g5a(€) + Gri(€)gha(e)] (5.15)

Cran(®) = D Viam [95a(€)Grn(€) + 9ia(6) G (e)] (5.16)

Let us insert Eq.(5.15) and (5.16) into Eq.(5.12). Using the relation G" — G* =
G~ — G< and the definition of the electrode self-energy that we discussed in the last
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chapter, one can find that

la = gﬁ?/_(: 'g;i‘ ; (22 mn(E)Grmle) = T (€) G ()] (5.17)
= X [ Ensie6%e) - 56 E), (5.18)

where X5~ are the lesser and greater ath electrode self-energies. The factor 2 ac-
counts for the spin degree of freedom. This is the Meir- Wingreen transport formula
[65].

This formula is readily applied to the energy current carried by the conducting

electrons. The power transferred into the ath electrode P, is

f;:<%H%%=%[:;%mpg@mﬂ@—zﬁdGﬂdk (5.19)

5.1.2 Non-interacting Case

As a sanity check one can apply Eq. (5.18) to the case where there is no interaction

in the device region, H;,; = 0. The Dyson and Keldysh equations read

Gole)
Gy =(e) = Gole) [0 + 7] Gile), (5.21)

[e +i0% — Hp — T (e) — The)] (5.20)

where the subscript 0 indicates the non-interacting system. Recalling that

Yir(e) = inp(e —pLr)TLr(e) (5.22)

SLr(€) = il (e—prr) = 1TLr(e), (5.23)

the non-interacting current is straightforward calculated as

lo = QE ) s—in [S2(6)G<(e) = B5()G7 (¢)] (5.24)
— _2_hg _°° '(21_; Tr [TLGyTRGY] (€) [nr(e — pr) — nr(e — pg)] . (5.25)
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The transmission probability function T'(¢) = Tr[[' GiTrGE] (¢) is known as the
Fisher-Lee relation [26]. For simplicity let us consider a very small bias regime eV’ =
pr — pr < 1 at zero temperature. If we assume that the transmission probability
function T(¢) is almost constant at the energy range between py = g+ €V/2 and
i = i — eV/2, the current might be approximated as I(V) ~ 2T(u)eV. Therefore

the zero-bias conductance is
G=——+"= T( ) (5.26)

The Meir-Wingreen transport formula recovers the Landauer-Biittiker one for the

non-interacting case.

5.1.3 Current Conservation

As we pointed out in the last chapter, the approximation adopted for the interacting
self-energy calculation should satisfy the current conservation. Here we want to find
out an explicit condition that the approximated self-energy should satisfy for the
current conservation from the Meir-Wingreen formula. The current conservation is

stated as I} = —Ig in our definition of the current. Let us calculate

ntin = X % [ ETEE6E - a6 E) (5.27)
a=L,R -
= X[ L -

A 271' znt) G<(€) - (Et<ot x5

int

)G~ (e)], (5.28)
where 705 = £7°° + X5 + X7.°. Here we claim that
Tr[E5,(e)G™(e) — E5u(e)G7 ()] = 0 (5.29)

for any energy e. In order to prove this cancellation, one can use the Keldysh equation

G><(e) = G ()T <Ge), (5.30)
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and the following relation
(G = (G = (GG = GI)NGY) T =5, - T (5.31)

The second relation is immediately derived from the fundamental relation G" — G =

G” — G<. With these relations one can show as follows:

Tt [S5,G° - £5,G7) = Tr[S3,G755,G° — £5,G750,GY) (5.32)
= Tr[(E5,+(G) 7 = (G)7Y) GTSE,Ge

~ILG (Z+ (G (GG (5.33)

= Tt[(G" -G S5, - S5 (GT =G =0, (5.34)

where the cyclic property of the trace operation Tr [AB] = Tr [BA] is used. Therefore

the current conservation condition is simplified as

*d
L+ln=2 [ Ens> 6<() £ 55,67 ()] = 0 (5.35)

int wnt
h J_ 2n

With this explicit condition we can check whether the approximations introduced in

the last Chapter satisfy the current conservation.

Current Conservation within the SCBA

Recalling the lesser and greater electron-vibration self-energies in the SCBA
Sonle) = Z Efib,,\(E)
A
= Y MMNAGS(e = hwy) + (Ny +1) GS(e + hwn)] M (5.36)
A
Towle) = Z Z;‘b,/\(e)
A

= Y MANGZ (e + ) + (Ny + 1) G (e — hwn)] M, (5.37)
A
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the current conservation condition becomes

Ip+1g = %; b —;%Tr [M*(N\G=(2 — hwy) + (Nx + 1)G< (e + Awy)) M G (¢)]
—Tr [M)‘ (NAG” (€ + hwy) + (N + 1)G” (e — hwy)) M/\G<(€)] (5.38)

= 0. (5.39)

One can realize that Eq.(5.38) vanishes by changing the integral variable ¢ — € + fuwy

and using the cyclic property of the trace operation.

Current Conservation within the 1BA

By analogy with the SCBA, the current conservation condition for the first Born

approximation is readily written as

Laln = 27 S0 MG~ hon) + (Mo DG+ Fion)) MGy (0]
~Tr [M* (N\G (e + hwy) + (Ny + 1)G3 (€ — hwy)) M*Gipa(e)]  (5.40)
£ 0. (5.41)

Since G7p3(e) # Gy =(€), Eq.(5.40) is nonzero in general.

Current Conservation within the LOE

Up to the lowest order of M?*, the current conservation condition turns out to be

I+Ig ~ IO +10+ 17 + 1 (5.42)
2¢ [ de
= 2 T[S0 G @+ SheG e (549

Notice that II(-JO) + 1}{” = 0. Because the lowest-order diagrams are

Sone(E) = ZM* [INAGS (e — Fwy) + (Ny + 1) G5 (e + hwa)] M™ - (5.44)
A

Srem(E) = D MMNAGE (e + hwy) + (Na + 1) G (€ — huy)] M, (5.45)
A
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the current conservation rule reads

2¢ [*d
P+ = F _ iTr [M* (N1GF (€ = Twn) + (Na + 1) G5 (€ + ) MAG5 (<))
—Tr [M* (N)G3 (e + Awy) + (Ny + 1)Gy (€ — Awy)) M G5 ()] (5.46)

= 0. (5.47)

Thus one can conclude that current is conserved in the lowest-order expansion.

5.2 Non-Equilibrium Vibrational Occupations

One of the most important issues to address is the non-equilibrium vibron popula-
tion induced by conducting electrons. Vibrational occupation is determined by two
competing mechanisms. The first one is an energy exchange with the conducting
electrons, via electron-vibration interactions. The electrons can be scattered off by
emitting or absorbing molecular vibrational quanta. Whether the conducting elec-
trons heat up or cool down the molecular junction depends on the relative strength
between vibrational emission and absorption rates. The second mechanism is the
vibration decaying to heat reservoirs. Since the molecule is mechanically connected
to bulk electrodes, the locally excited vibraions can decay to bulk phonons. This
argument can be formulated in a rate equation for the vibrational occupation N

[27],

d P
=N = -h;*; — 3 (N = ng (hwy)) (5.48)
= (Na+1)Ex— N\Ay =7 (Ny — np (hwy)) (5.49)

where Py is the power transferred from electrons to the vibrational mode A, and 7, is
a decaying rate of the mode A\ by coupling to bulk vibrations. ng is the Bose-Einstein
distribution of the heat reservoir. % is further expressed in terms of emission and

absorption rates Fy and Ay. (N, + 1)FE), is vibrational excitation by conducting elec-

trons which lose their energy in this emission process. Likewise, NyA, describes a
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vibrational de-excitation process in which electrons get energies from local vibrations.
The third term corresponds to coupling between local vibrations and bulk phonons.
This coupling keeps local vibrations equilibrated with heat reservoirs (bulk phonons).
Unlike absorption (emission) processes that always decrease (increase) local vibrons,
the coupling to heat reservoirs can either decrease or increase the populations, de-
pending on the difference between N, and ng(hw,). If the local vibration is beyond
the equilibrium value ng(fw,), the local vibration is decayed into heat reservoirs. In
contrast, if the vibrating molecule is cooled down below the equilibrium occupation
npg(hwy) due to the interactions with electrons, heat reservoirs supply a vibrational
energy to local vibrations in order to make the molecule in equilibrium with the

Bose-Einstein distribution.

The steady state solution for Eq.(5.48) is immediately obtained as

ng (th) va + E

N, —
4 Ay 47— E)

(5.50)

Note that the steady state solution does not always exist. If Ey > Ay + vy, the
solution for Eq.(5.48) is exponentially growing as a function of time, which implies a

vibrational instability.

5.2.1 Emission and Absorption Rates

By analogy with current conservation one can consider energy conservation, i.e.
PL+PR+Pm’b:PL+PR+ZP)\:0~ (5.51)
A

Note that P, (a = L, R, vib) is defined as the power transferred nto the electrodes

or the molecular vibration. Using the relation Eq.(5.29) one can find that

2 [ de
A= / 5o Tr [Z5nG(e) = Z5pa G (e)] (5.52)
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H Bs (harmonic coupling)

Figure 5-1: Local vibrations coupled to bulk phonons (heat bath).

In the SCBA scheme, using Eq.(5.36) and (5.37), it can be re-expressed as

Py

"™ = (Ny+1 ﬁ/ —TI M G<(€+MA)MAG>( )]

_N*ﬁf_m 5 Tr [M*G<(e — hw )M*G” (¢)] . (5.53)

The emission and absorption rates for mode A are identified as

Agess = 2 / f—iT [MAGS(e = ) MG ()] (5.55)

In the lowest-order expansion, G*< is replaced by G '=:

Eyv@ = / —Tl M G<(E+ fw;\)M)‘Gg‘(s)] (5.56)

Are) = 5/ Efn [MPG§ (e — hua) M*GF (€)] - (5.57)

5.2.2 Vibrational Decay Rates

In order to obtain vibrational decay rates, let us consider a situation where local-

ized vibrations are harmonically coupled to bulk phonons (heat reservoir). Localized
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molecular vibrations and bulk phonons are described by collections of harmonic os-

cillators in the second quantized form:

3n

1

Hs =Y hw (bfbi + 5) (5.58)
i=1

1
Hp = E koo, (clck + 5) , (5.59)
k

where b;(b]) and ck(cL) are annihilation (creation) operators for localized vibrations
and bulk phonons respectively. The molecule consists of n atoms. In this study, it is

assumed that local vibrations are harmonically coupled to bulk phonons:

n N
He = Z Z Z Z Uic,jB%iadip (5.60)

i=1 a=z,y,z j=1 B=1,y,2

n N
= D> > D UiagsQiaQis (5.61)
i=1 a=z,y,z j=1 B=x,y,2
where g;o is the a-direction Cartesian coordinate of ith atom in the molecule. Sim-
ilarly g, represents the j-direction Cartesian coordinate of jth atom in the bulk
electrode. w4, ;s is the (harmonic) interatomic force constant between the molecule
and the electrode. Ui, jg, GQia, and ng are mass-renormalized interatomic force con-

stant and coordinates defined as follows:
Uia,j8

vagva (

Qicx = mqia (5-63
(
(

Uinjg =

Qs = /Midip-

One may use the Fermi golden rule to calculate harmonic vibrational decay rates.

When the ith molecular vibrational state is occupied, the decay rate at which the
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vibration decays by exciting bulk phonons is given by

2 . _
Tsopai = 7_11 > Ip(klHcli)s]® 8 (hi — huwi) | (5.66)

kebath

where |i)s = b]]0) and |k)5 = c}|0). Here |0) represents a vacuum state. After some

lengthy algebra, Eq.(5.66) can be re-expressed as follows:

1 — —
T bath = —;XiT ImII" (w;) X, (5.67)

7

where X; is the normal mode vector of the ith local vibration. IT"(w) is the retarded
heat bath self-energy, which is defined as

! Ut

) = U(W +in)? — Hp

(5.68)

In fact, one can easily notice that the system discussed here is essentially the same
as the lead-conductor-lead geometry in the electron transport problem. II” is the me-
chanical counterpart to the electronic lead self-energy ¥"(¢). The numerical method
to calculate X7 (¢) can be directly applied to IT" calculation. For a detailed derivation,

see Appendix A.
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Chapter 6

Numerical Implementation

In this chapter we discuss the numerical implementation and technical issues for a non-
equilibrium Green’s function formulation in combination with DFT. The calculation

consists of three parts:

1. The first part is a planewave-based DFT calculation. By solving the Kohn-Sham
equation we construct a self-consistent charge density, a self-consistent potential,
and an electronic Hamiltonian. Using density-functional perturbation theory
the vibrational spectra of a molecule, and the electron-vibration interactions

are obtained.

2. The second part constructs maximally localized Wannier functions. As seen in
the past Chapters, the Meir-Wingreen transport formula needs an atomic-like
localized basis or localized states. Bloch orbitals used in the DFT calculation
do not meet this condition. Once the unitary mapping into Wannier functions
is constructed, the electronic Hamiltonian and the electron-vibration interac-
tions in the Bloch representation can be transformed into those in the Wannier

representation.

3. The last part is to calculate the electrode and the electron-vibration self-energies,
and the device Green’s functions from the Hamiltonain in the Wannier repre-

sentation.

81



eserisso 2 WANNIERSO

Bloch functions |“mk," &b @ b= Wannier transformation
: \ Vo[ sk —ikR
Electrenic Hamiltonian <'3,"m 'H|1r n >‘!..MA_M R T /"7 [._. {'"n"l"“""'] ¢ dk
Ul S TSN v RZ m
Electron-vibration Interaction g

3 “® Wannier functions |-'nR)

- ‘® Wannier transformation matrix Uy

)

Kinetic Equations
i Y ® i § ipm 1 Dyson Equation
| Hamiltenian in MLWFs i G w) = Gplw) = GL ) E,, (w) G (w)

i L]
| Hinn = wtm] Ml - 2. Keldysh Equation

— / G (@) = 6 (w) ¥

6 Self -energy
,-/- Dvip = 'W\O | C’- 5
(/

o
Current Calculafion

Joh - it
M, = V 2oy emlAYalwnd
¢ Dty

|
% ™ dw o . o
Licifi= _[ —Tr [EX ()G (w) - T3 w)G 7 (w)] |
- .

b o 27

Figure 6-1: Road map for ab initio inelastic transport calculation based on Wannier
functions.

The first step in performing these calculations is to decide the supercell geometry
from which Hamiltonian matrices are extracted. Although the system in theory is
composed of the device region containing a vibrating molecule, and two semi-infinite
electrodes, one has to use a finite size supercell in any practical calculation. We
will first discuss how to decide the size of the device region in the supercell. For the
electrodes we will introduce the concept of a principal layer [55], which is the building

block of the semi-infinite electrode.

6.1 System Partitioning

The system Hamiltonian #H for the two-terminal geometry is written as

Hi Hic 0
H=| Her He Her |- (6.1)
0 Hpe Hr
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where Hy, Hgr, and Hc represent the non-interacting Hamiltonian matrices for the
left and the right electrode, and the device region. Note that H¢ corresponds to Ho
in Eq. (4.3). Hr(r)c is the coupling matrix between the left (right) electrode and the

central region.

6.1.1 Device Region

Note that the device region does not consist of only the conducting molecule. In
general the device region is required to be larger than the vibrating molecules by

considering the following conditions.

1. The central region needs to be large enough to make a direct coupling between
the electrodes zero, Hrr = Hrr = 0. This can be achieved by including some
surface atoms of the electrodes into the central region and defining them as an

extended molecule.

2. The electrode Hamiltonian Hy g is assumed to be the same as the bulk Hamil-
tonian. If the device region is not sufficiently large, the potential profile of the

electrode close to the device region may deviate from the bulk one.

3. For an elastic quantum conductance calculation, the former conditions are suffi-
cient to decide the optimal size of the device region. However, remembering that
the Meir-Wingreen formulation assumes that the interaction is confined only in
the device region, the electron-vibration coupling matrix should be zero outside
the device region. In other words, when Pc denotes a projection operator onto

the device region, He;_vipy = PoHei—vis P should be satisfied.

6.1.2 Principal Layer

In principle left and the right electrodes are semi-infinite, but in a real DFT calcula-
tions it is impossible to include a semi-infinite lead in the supercell. However, it turns

out that we can model a semi-infinite electrode by using surface Green’s function
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no interaction

E

principal layer

Figure 6-2: An infinite electrode consisting of a repeated array of principal layers.
The principal layer interacts only with its nearest neighbor.

techniques. We can have a hint from tight-binding calculations. Recalling the tight-
binding model, one can reproduce an entire band structure at any k-point by knowing
on-site energies of orbitals and hopping parameters between neighboring orbitals. We
can use this idea. For a localized basis |w,,) a Hamiltonian matrix (w,,|H|w,) con-
verges to zero as the distance between two localized basis functions increases. Based
on this localization property of the basis function, one can define a principal layer by
combining adjacent unit cells in order to satisfy the condition that the principal layer
interacts only with the nearest neighboring principal layer. More precisely, when |w;)
denotes the jth localized orbital in the ith principal layer, (wﬂ?—[]w};ﬂ) = 0 holds
for the principal layers. So, the principal layer should be large enough to reproduce
the band structure of the electrode accurately. The lead Hamiltonian, which is con-
structed by translating the principal layer repeatedly, can be written in the form of

a tri-digonal block matrix,

0 0 0 )
fHUO fHDl 0 0
?{lead = 0 H011 HDO HOI 0 B (62)
OB B R W
0 0 0 )

Here H® represents the block matrix between localized functions in the same principal

layer, i.e. HY = (wi |H|wi). HO (HO = (Wi, |H|wit)) is the interaction block
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Hre

Figure 6-3: (a) Actual two-terminal geometry. The left and right electrodes do not
interact with each other. (b) Supercell geometry used in DFT calculation. The
principal layers for the left and right electrode interact with each other in a periodic
image. This interaction gives H'Y = HY = H]".

matrix between neighboring principal layers. H and H°!, corresponding to the on-
site energy and the hopping parameter in the simplest tight-binding model, are the
master keys to enable us to access all the electronic properties of the electrode. The

entire system Hamiltonian reads

[~ 0 0 o0
HO HO 0 0
Hy Hie O 0 HO HP Hie 0
Her He Her | = 0 0 Her He Her O
0 Hre Hr 0 0 0 Hpe HY HY
0
0

o O O

(6.3)

oS D e 0

0 0 0 HE' H
0o 0 0 0

6.1.3 Supercell Calculations

As discussed before, what one needs to obtain are H%, HY, Hic, He, Her, HY.
and H%. For this purpose one can construct a supercell that is composed of the

principal layers for the left and the right electrodes and the device region. Thanks
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to the large size of the supercell one can safely use I'-point sampling. Let us restrict
ourselves to considering the case that the left and right electrodes are of the same
kind, that is, HY = H%. In a real system, principal layers for the left and the right
electrodes do not interact with each other because of the long device region. However
because we adopt I'-point sampling with periodic-boundary conditions in the DFT
calculation, the principal layers of the left and the right electrodes interact with each
other’s periodic image. This interaction actually gives H¥' and H%. The Hamiltonian

obtained in the supercell calculation is as follows:

HPY Hie HO
Hsupercell = HCL HC HCR ) (64)
HO Hpe HO

where HY = NP, H® = HUT = 1% and H'® = HY = HI°. One can, there-
fore, construct all the parts of the entire Hamiltonian Eq.(6.3) from a single I'-point

calculation.

6.2 Hamiltonian in a Wannier Basis

In the I'-point formalism, the integration over the first Brillouin zone is dropped, so
the Wannier transformation becomes a pure matrix multiplication. Let rectangular
U%s and square U denote the disentanglement matrix used to extract the maximally-
connected subspace from the the entire entangled Bloch space, and the Wannier
unitary matrix acting on the maximally-connected subspace respectively. Using these

two transformations Wannier orbitals |w,) are obtained from Bloch states |¢;):

’wﬂ> = ZUmwaM)] (65)

= Z (U*U)., 1), (6.6)

J
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where |¢;) is the Bloch state. The electronic Hamiltonian and the electron-vibration

interaction can be written in the Wannier representation.

He = Y HunChon (6.7)
Hetmos = .3 Mi,chen <bi+b,\>, (6.8)
A mmn
where
Hun = (Wil|Helwn) (6.9)
= D (U™U),, WilHelwy) (UU) (6.10)
tJ
MY, = —h—(w |AV w,) (6.11)
R . A
=\ 5o 2 WRU), AV ) (UT),. (6.12)
ij

Here AV* is the derivative of the self-consistent potential with respect to the normal
mode A of the molecular vibration. ¢,(c!,) is the annihilation (creation) operator
for the Wannier function |w,). Similarly by(b}) denotes the annihilation (creation)

operator for the vibrational mode A.

6.3 Lead Self-energy

In the theory Chapter we used the eigenstate representation for the electrode to cal-
culate lead self-energies. Instead of diagonalizing the semi-infinite electrode Hamilto-
nian, we can equivalently compute the lead self-energy by using the lead Hamiltonian

in a localized basis representation. Once the system Hamiltonian H is obtained, the
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retarded Green’s function for non-interacting electrons is defined as

9. Ylc Yir
[(e+i07) =H] | Gty G Gen | =T (6.13)
Gre Y9re YR

where 7 is the identity matrix in the Wannier basis. After some algebra, one finds

that the non-interacting device Green’s function is

Gy(e) = G(e) = [(e +in) — He — S — SR 77, (6.14)
where
o= H L H (6.15)
L CL( T i00) =, LC, .
1
T = ) 1
R HCR(E 0T = ,HRHRC (6.16)

Since H g is semi-infinite it is impossible to calculate the lead Green’s function
9r.rle) = [(e+1i0T) — Hpp)~" directly. Luckily what one has to compute is not
g7 r(€) itself, but its sub-matrix. That is because the localized functions in the device
region are coupled only to the finite range of the electrodes close to the conductor,
that is, the outmost principal layer. When P and P{* denote the projection operators
onto the first principal layers of the left and the right leads next to the device region,
the coupling matrices with the device region can be re-written as Hyc = ’POL’H Lc and

Her = HCRP§. Therefore, the electrode self-energies can be expressed as

1
S, = HePE T _HLPOL’HLC, (6.17)
1
o= HCRP§(€+Z,O+)_HRP§HRC. (6.18)
The sub-matrix Py ’R(M—_HMPJ‘ R is called the surface Green’s function. The

surface Green’s function can be numerically calculated in several ways. In this study

we use an efficient and fast iterative method suggested by Sancho et al[83, 84, 85].
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In a principal layer representation for the electrode, the lead Green’s function G' =

[e — H] ! satisfies the following equation,

c — HOO _fH01 0 . GOO GOI GO?

__7_[011L e — HOO —HOl . GlO Gll G12
=7.  (6.19)

0 _7_[01]‘ € — fHOO . GQO G21 G22

Here the surface Green’s function Po('g:r;alr)_—ypo is G, which will be numerically
calculated below. From Eq. (6.19) one can obtain the following relations between the

block Green’s functions G™?,

GP = [e—HO]" +#GY (6.20)
G = GO 4 G0y > (6.21)
where
ty = [e—HO] O (6.22)
fo = [e—H"®] TH (6.23)

By iterating Eq. (6.21) 7 times, one can show that

G =t,G"¥0 + {iGnHi’O? (6.24)
where
t, = [1 —ti 1t — Ei—lti—l}_l t (6.25)
tio= [1—tioadig— t~i~1t¢f1}_1 . (6.26)
(6.27)
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Using Eq. (6.21) and Eq. (6.24) with n = 2%, one can solve G'° recursively in the

following manner,

G = t,G% + £,G*° (6.28)
= (to + fot1)G® + £, GY° (6.29)
= (to+iots + - +Io L t:) GO+ [[HG*O (6.30)

k=0

This recursive calculation will be repeated until ||t;|| and Hﬂ” are lesser than a certain

threshold. In this limit Eq. (6.28) becomes
G0 = (to+toty + -+ 1t t;1t)GP = TG, (6.31)

Inserting Eq. (6.31) into Eq. (6.20), one can finally obtain

1

G e) = [e = H® = HO'T]” (6.32)

6.4 Green’s function and Current Calculations

When system parameters such as the electronic Hamiltonian H, the electron-vibration
interaction He;_yi, and the vibrational spectra fw, are computed, the next task is
to calculate the full interacting Green’s function that enables us to obtain transport

properties.

6.4.1 Discretizing Energy Space

For the numerical calculation, Green’s functions and self-energies, which are functions
of the energy ¢, are required to be discretized. The energy grid size should be small
enough to capture all the detailed physics. For example, in order to distinguish
vibrational spectra ranging from tens to hundreds of meV, the energy grid may be
chosen to be less than 1 meV. If the Green’s function has a very sharp resonant

structure, one has to use an energy grid smaller than the width of the resonant
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peak. Furthermore, the thermal smearing in the Fermi-Dirac distribution should be
captured properly by using a fine energy mesh. On the other hand, one has to take
into account the fact that using too fine energy mesh makes the numerical calculation
slower and increases the computational cost. Thus the size of the energy grid should

be tuned by considering these two issues.

6.4.2 Self-consistent Calculation

Figure 6-4 summarizes the self-consistent calculation procedure for the Green’s func-

tions. As an initial input the non-interacting Green’s functions are used.

-1

Gole)

[(e +i0%) — He — T} — TF]
G5le) = Gy(e) [EL(e) + ZR(e)] Gile). (6.34)

(6.33)

As discussed before, the electron-vibration self-energies are computed at the level
of Hartree and Fock diagrams, Eq.(4.46)-(4.48). The Green’s functions are updated
by using Dyson and Keldysh equations Eq.(4.49) and (4.50). When O, is the ob-
ject calculated in the nth iteration, self-consistency is tested by using the following

convergence criterion:

HOH - OTL-HH = Z Z lon(el) - On+1(5i)’jk < Aconv» (635)
i jk

where Ay is the convergence threshold. If the convergence criterion is not satisfied,
the object that will be used in the next iteration is prepared using a linear mixing

scheme,

(1= B)On+ BOn11 = Onya, (6.36)

where (3 is tuned for the better convergence.

For nonequilibrium vibration populations one can add another self-consistent loop
to the Green’s function calculation loop, as seen in Fig. 6-5. The equilibrium occupa-

tion given by Bose-Einstein distribution is used in the very first run. With the mth
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nonequilibrium vibration population Nj ., one can calculate the Green’s function
well converged in a self-consistent way. Using Eq.(5.48) the (m + 1)th vibration pop-
ulation Ny 41 is updated. Until convergence for vibrational occupations is achieved,
this nested self-consistent iteration continues. Once well converged Green’s functions
and nonequilibrium population are ready, then physical observables such as the cur-
rent and the spectral density of the central region are straightforwardly calculated

from the Meir-Wingreen formulation.

System Parameters
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Figure 6-4: Flowchart for SCBA. Here an equilibrium vibrational population is as-
sumed.
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Figure 6-5: Nested self-consistent calculation loop for non-equilibrium vibrational
occupation.
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Chapter 7

Application: Carbon-based

molecular junction

In this Chapter we present two applications of our ab initio inelastic transport ap-
proach. As a first application we calculate inelastic transport properties of a benzene
molecule connected to monoatomic carbon chains (cumulenes). For this benchmark
system we apply both the SCBA and the LOPT for equilibrium and non-equilibrium
solutions. As a second example we replace cumulene with (3,3) single-wall carbon
nanotube (CNT). In this molecular junction we focus on the calculation of realistic
decay rates and non-equilibrium vibration populations. Technically, all DFT cal-
culations are performed using the Perdew-Zunger local density approximation[75],

norm-conserving pseudopotentials[95], and a plane-wave basis with a cutoff of 55 Ry.

7.1 Cumulene - CsH,; - Cumulene

We first study a benzene molecule connected to a monoatomic carbon chain. It is
known that cumulene is subject to Peierls distortion: It readily becomes dimerized
and opens an energy band gap favored by a lower energy structure. We thus freeze

the structure of cumulene and use it as a metallic electrode.
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Figure 7-1: Band structure of cumulene for a two-atom unit cell. (Red dots: direct
DFT calculation; black solid lines: Wannier interploted bands). (a) p-type Wannier
function at an atomic site (b) o-like Wannier function at a mid-bond site.

7.1.1 System Details

We construet two p-orbitals and one o-like mid-bond Wannier functions (see Fig.
7-1) for this electrode. The two p-orbitals, p, and p,, are perpendicular to the trans-
port direction, which is along the z-axis in our calculation. Figure 7-1 shows the
band structure of cumulene. The energy bands are obtained either from a direct
planewave-based DFT calculation, or by Wannier band interpolation, and are in ex-
cellent agreement. While the lowest energy band originates from o-orbitals, p-orbitals
give rise to doubly degenerate m-bands around the Fermi level, and transport prop-
erties at the Fermi energy are characterized by these two m-bands.

Figure 7-2 shows the supercell geometry used in the transport calculations. The
benzene molecule alone is allowed to vibrate. The device region, containing the
vibrating region and part of the cumulene, is taken to be large enough to make sure
that there is no direct coupling between electrodes, and that the electron-vibration

coupling is zero outside the device region. For the benzene molecule, p,-type Wannier
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Figure 7-2: The supercell used in the calculation. The coordinate system is indicated
in the right top. Only the benzene (CgHy) is allowed to vibrate. One principal layer
contains six carbon atoms. The device region is taken large enough to make sure that
there is no electron-vibration interaction outside the device region.

(a)

& >
L
.
“3 A L
b
v

6’

Figure 7-3: Wannier functions of the benzene molecule. (a) o-like Wannier function
between carbon and carbon atoms, (b) o-bond between carbon and hydrogen atoms
, and (¢) 7 orbital at each carbon atomic site.

functions on carbon atoms and o-like Wannier functions on C — C and C — H bonds

are constructed, as illustrated in Fig. 7-3.

7.1.2 Equilibrium Vibrations

The differential conductance G = dI/dV and its derivative dG/dV are calculated us-
ing either the SCBA or the LOPT scheme. Temperature is taken to be kg7 = 1meV.
As seen in Fig.7-4, these two approximations display essentially perfect agreement.
Four conductance changes are observed in the differential conductance curve of Fig.
7-4. The corresponding inelastic transport signals due to electron-vibration inter-

actions appear as peaks in the d*I/dV? plot. The peak position on the bias axis
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Figure 7-4: Differential conductance G = dI/dV and its derivative dG/dV with equi-
librum vibrationl populations calculated using LOPT (black solid line) and SCBA
(red dashed line). At lower bias two differential conductance increases are observed.
At higher bias, two large conductance drops occur. These conductance changes cor-
respond to peaks in dG/dV .

corresponds to the vibrational energy involved in the electron-vibration scattering
events. From four peaks observed in Fig. 7-4 one might conclude that there are four
active vibrational modes, but there is a shoulder on the right side of the third peak.

This may indicate that there is a fifth active vibrational mode.

To investigate which vibrational modes participate in inelastic transport, we per-
formed modewise calculation by keeping only one particular vibrational mode. For
clarity the elastic contribution is excluded in the modewise calculation. These calcu-
lations show that there are five major peaks in dG/dV (Fig. 7-5). The corresponding
vibrational configurations of these five active modes are also shown in Fig. 7-5: While
two upward peaks are out-of-plane vibrations, three downward peaks correspond to

in-plane motions.

Thus, electron-vibration interactions can lead to both differential conductance

rises and drops. This simultaneous occurrence can be understood from scattering

98



L.l r¢U!
o {J\ —~—

g el
4 1
UL S
!

0.2 T Mofles 1 I !
50.73 meV Mode 11
99.28 meV

Mode 19 ]

1478 meV
) PR A— - ..,.,M“W.\i S S

2 —

Moaode 17

dG/dVv (267/h V')
s

_0[3 — 138.19 meV Mode 25 —
A 194.09 meV
- /}:r"" . -
04~ <7 '
I NV —
05k L2
L | I | L | | | | A‘
0 0.05 0.1 0.15 0.2 0.25
Bias (V)

Figure 7-5: dG/dV in modewise calculation. Five active vibrational modes are found.
The corresponding vibrational configuration are illustrated. While the first two active
modes leading to conductance jumps are out-of-plane motions, the three conductance-
drop modes correspond to in-plane vibrations.

theory and transmission eigenchannels[59, 71], following Ref.[38]. As seen in Fig.
7-6, let us consider an electron injected from the left electrode on a left-incident ith
eigenchannel |U%) at energy e. If there is no scattering with molecular vibrations,

this electron contributes to elastic conductance

Gno el—vib =— GO Z 72_>R(5)1 (71)

7

where Gy = 2—22 and T} _,g(¢) is the elastic transmission probability of ¥ (¢)). Now

let us consider that the electron on a left-incident ith eigenchannel |¥¢ (¢)) is scattered
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Figure 7-6: Schematic representation of inelastic scattering in the presence of electron-
vibration interactions. Solid arrows indicate transmission eigenchannels.

off to a right-incident jth eigenchannel |\I!“}'1(b — hw)) by emitting a vibrational quanta
hw. The outgoing state of | (e — fw)) can go either to the left electrode or to
the right one. Since conductance measured in the right lead is considered here, the
probability to move back to the right electrode for |‘I‘fq(5—hu)) is given by its reflection
probability R%(s — hw). If Pi,; denotes a probability that [W7()) is scattered to

| W% (e — hw)), then the total conductance can be computed as:

Gei—véb - GU Z (1Z‘P1—>j) E%R(E)
b3 P RA(E) - hw)] | 12

Thus, the conductance change is given by

AG = Ge.!——m'b - Gno el—vib

= Z Go Z Pinsi (Rhp(e — Aw) — 77[%—»}1(5))\‘ (7.3)

&

ZGG > Pisi (Rh(er) - ﬂgﬁ(e,v))] . (7.4)

L J
Let us examine these relations in detail. First, transmission and reflection probabili-
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(a) Major channel: |¥q)

(b) Minor channel: |¥,)
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Figure 7-7: Cumulene-benzene-cumulene system has two transmission eigenchannels.
The major channel consists of p, orbitals on the cumulene electrodes and the benzene
molecule. p, on the cumulene leads and ¢ bonds on the benzene constitute the minor
eigenchannel.

ties are approximated by those at Fermi energy ep (Since vibrational energies are gen-
erally small, one might expect that transmission and reflection probabilities would not
change significantly over [ep — fuw, e+ hw]). Now, note that conductance can increase
or decrease depending on the relative magnitude of Pi_,; (R (er) — T7_ p(er)). , and
that while ('RJ;{(EF) — 7_2_“;3(5;‘)) does not depend on a vibrational configuration,
Picsy o | (WRIHA_ | ¥3) [

is determined by the electron-vibration interaction matrix.

, which can be calculated from Fermi golden rule[60, 66],

For the cumulene-benzene-cumulene system, it is found that there are two trans-
mission eigenchannels: the major transmission channel |¥} p) with T/, =T}, =
0.741 and the minor channel |¥7 ) with 77, , = T7,, = 0.004. p. orbitals on the
cumulene wire and the benzene molecule constitute the major transmission eigenchan-
nel [} p). py, orbitals on the cumulene wire and ¢ bonds of the benzene molecule

contribute to the minor transmission channel |3 p). In addition, while |} p) is
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symmetric with respect to the zz-plane, ]\I/% r) 1s anti-symmetric. In other words,
when P,, denotes the reflection operator with respect to zz-plane, PZII\IJIL R = |YLg)

and P, |02 5) = —|¥3 1) hold.

The first two active vibrational modes A = 5,11, shown in Fig. 7-5, which lead to

differential conductance jumps, show anti-symmetric vibrational motion with respect
A=5,11

to the za-plane. Then, the corresponding electron-vibration interactions H;,_,., sat-
isfy
A=5,11 B A=5,11 7
Hervip = ~ Py i Lo (7.5)
Because of these reflection symmetries,
119/2=5,11 1,1 2 12 /A=5111 7,2
(WrlHo i VL) = (WalHe 0w Y1) = 0, (7.6)

i.e. scattering from | ¥} to |4} is prohibited. Since (R% — T1L5) = (RL — TR, 5) =

0.255, one obtains a differential conductance rise

AG = Go [P} (RE - Tion)
+PI (R = T2up)| > 0. (7.7

In contrast, the last three active modes A = 17,19 and 25 are symmetric with respect
to the zz-plane:
PA=IT1925 _ B 9 A=1719.25 55 (7.8)
- T zZx: .

el—uvib el—vib

Therefore, one has these reflection selection rules:

(WIS 08) = (W20 = o, (7.9

el—vib el—vib

: A=17,19,25 A=17,19,2 : :
Since P15, > Pyos"®® from numerical calculation, then one finds the three

differential conductance drops

AG = Gy PSP (RE —TEp)
Fpiness p2 TLQ_)R)] <0, (7.10)
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Figure 7-8: Inelastic transport calculations with nonequilibrium vibrational popula-
tions (blue solid line: LOPT; red dashed line: SCBA; black dot-dashed line: equilib-
rium case). (a) differential conductance, (b) second derivative of the current, and (c)
vibration populations..

where (RL — T, gz) = —0.482 and (R% — T2, z) = 0.992. More generally this multi-
channel analysis shows that differential conductance rises and drops can occur at the

same time.

7.1.3 Non-Equilibrium Vibrations

Next, let us take into account the effect of nonequilibrium vibrational populations
on transport properties. This situation corresponds to the case where the decay rate
of a molecular vibration to its surrounding is larger than the emission rate due to
electron-vibration scattering. In order to compare equilibriuxﬁ and nonequilibrium
vibration cases the decay rate hy, = 0.1 meV is chosen for all vibrational modes;
This condition will be relaxed in the next example.

As shown in Fig. 7-8 (a), nonequilibrium effects lead to larger slopes in comparison
with the equilibrium case. Furthermore, the differential conductance change increases
at the threshold bias voltage. These two changes appear as (1) the finite dG/dV value
between peaks and (2) increased peak heights in Fig. 7-8 (b). When the bias exceeds
the threshold voltage equal to the vibrational energy, the vibrational population starts

to increase as observed in Fig. 7-8 (c). This is because of the increase in phase
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Figure 7-9: Differential conductance for different decay rates (black solid line: fivyy =
0.1 meV; red solid line: Ay, = 1 meV; green solid line: Ay, = 10 meV; blue solid
line: equilibrium case (fiy, — 00)).

space of conducting electrons that can emit molecular vibration quanta. Recalling
that electron-vibration scattering is roughly proportional to N,, increased vibration
populations enhance inelastic transport signals in return. Last, We also considered
transport calculations where we change the decay rate. Figure 7-9 shows that the

differential conductance approaches the equilibrium case as the decay rate increases.

7.2 CNT(3,3) - CgH, - CNT(3,3)

In the previous benchmark, the cumulene wire, subject to Peierl’s instability, was
frozen in order to keep its metallic character, and a decay rate for molecular vibrations
was used as a parameter. Here we replace the cumulene wire by a metallic (3, 3) carbon
nanotube (CNT), which is mechanically stable. Using this electrode we derive a fully
ab initio approach to calculate non-equilibrium populations under electron-vibration

Interactions.
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Vibrating region

Figure 7-10: (3,3) CNT - Benzene - (3,3) CNT supercell geometry used in the decay
rate calculations. The vibrating region contains a benzene molecule and three relaxed
surface CNT layers.

Carbon-based nanostructures, such as CN'T and graphene, could become new plat-
forms for future nanotechnology applications due to their excellent electronic prop-
erties. Recently carbon-based nanojunctions have been experimentally fabricated:
a pure carbon chain connected to graphene[43] or CNTs[7], and organic molecules
coupled to CNT electrodes with amide linkages[30]. These experimental achieve-
ments stimulated theoretical and computational studies on carbon-based nanodevices
(45, 63]. In particular, a benzene molecule connected to CNT electrodes (which is
the system of our interest) was suggested as a molecular switch, operated by control-
ling the relative angle between m-orbitals of the benzene and the w-oribtal manifold
of CNT electrodes [63]. Functionality and performances of molecular devices are
strongly affected by molecular geometries or anchoring points to the electrodes, and
they may be affected by vibrations induced by conducting electrons. In the worst

case, the local heating may break down the junctions.

7.2.1 System Details

In our work, we choose a vibrating region by defining an extended molecule in which
a benzene and the outmost relaxed CNT layers are included. This extended molecule
is seamlessly connected to the bulk CNT electrodes. The vibrating region contains 56
atoms in total, and these correspond to 168 vibrational modes. Figure 7-10 illustrates

the supercell geometry used in the decay rate calculations: It contains the extended
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molecular region

—————

Figure 7-11: Molecular region containing a benzene molecule, anchoring carbon
atoms, and hydrogen atoms saturating the CNT edge.

molecule and two mechanical principal layers[55] for bulk phonons.

We proceed as follows. First, by allowing only the extended molecule to vibrate,
the electron-vibration interaction H_.q, the vibrational spectrum {Aw,}, and the
corresponding normal modes are calculated. For the decay rates the interatomic force
constants for the entire supercell in Fig. 7-10 are calculated. From this interatomic
force constants one can extract the harmonic coupling matrix He between the ex-
tended molecule and the bulk electrodes. In addition, we take a peridoic unit cell of

the bulk (3,3) CNT and calculate its interatomic force constants Hp.

7.2.2 Decaying Rates

The calculated decay rates are shown in Fig. 7-12 (a). Note that the decay rates are
written in units of eV (of multiplying by £). While most of the decay rates are of
the order of 1072 to 1072 eV, there are few modes with much smaller rates. These
small decay rates can arise for two reasons. First, as seen in Fig. 7-12 (a), decay
rates start to increase significantly from mode 153 on. These vibrational modes
(between 153 and 168) have energies higher than the highest (3,3) CNT phonon
energy. Recalling that decay processes based on the harmonic coupling essentially
correspond to one wibration to one phonon transitions, there are no bulk phonons
to which the vibrational modes lying outside the band width of bulk phonons can
transfer their vibrational energies. Once the anharmonic coupling that makes one
vibration to multi-phonons transition possible is taken into account, these modes

may have larger decay rates. However, this correction is beyond our work.
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Figure 7-12: (a) Decay rates for each vibrational mode of the (3,3) CNT-Benzene-
(3,3) CNT junction. (b) Decay rate vs. localization (see the text for the definition).
Decay rates are plotted in a logarithmic scale.

Second, notice that among the vibrational modes whose energies lie inside the
bulk phonon dispersions, some of them still have small decay rates. Most of them
correspond to vibrations that are localized inside the benzene molecule, or to wagging
motions of the surface hydrogen atoms. DBecause these motions are spatially well
separated from bulk phonons, one may expect that they are less coupled to bulk
phonons. In order to measure how localized these modes are inside the molecule, we
define the benzene molecule, two anchoring carbon atoms, and the surface hydrogen
atoms as the molecular region as seen in Fig. 7-11. When P,; denotes a projection
operator onto the molecular region, one can find out how localized the vibration is

inside the molecular region from [Py/|A)|* where |)) indicates the vibrational state for
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Figure 7-13: Nonequilibrium vibrational populations for the most excitable modes as
a function of a bias voltage.

the normal mode A\. We call |P|A)|? the localization measure. Figure 7-12 (b) shows
a relation between the localization measures and decay rates. When the vibration
is localized in the molecular region, or equivalently |Pas|\)|? approaches 1, its decay

rate becomes smaller.

Except for modes between 153 and 168, the majority of the vibrational modes
overlap with the phonon dispersions of the CNT electrodes. This happens thanks
to the same chemical character between hydrocarbon molecules and carbon-based
electrodes. If we were to consider organic molecules attached to a metal electrode
such as gold or platinum, the large mass difference between atoms in the molecule
and those in the electrode would make most of the molecular modes to lie outside
the electrode phonon dispersions. Therefore, most of the vibrational modes would
have very small decay rates, significantly increaseing the probability of the molecular

junction to break down.
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Figure 7-14: Vibrational configurations for the most excitable modes in Fig. 7-13.

7.2.3 Non-Equilibrium Vibration Populations

Together with Eq. (5.48), we can calculate nonequilibrium vibrational populations.
Vibrational occupations will start to increase as the bias voltage exceeds their cor-
responding threshold voltages. While in the vicinity of the threshold voltage the
vibrational populations increase linearly, nonlinear effects can appear at higher bias
voltages. For low-energy modes vibrational populations monotonically increase with
the bias; However, non-monotomic populations are observed for some of the high-
energy modes. These trends are shown in Fig. 7-13, where vibrational populations
for some of the highly excitable modes are illustrated. The mode 1, which is low-
energy, shows monotonically increasing behaviors. For the other high-energy modes,
their populations increase, then decrease in a certain bias voltage range, and then
start to increase again.

One can hint at a qualitative explanation for this cooling behavior examining the

local density of states in the device region, as recently reported in Ref. [81]. As
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Figure 7-15: Density of states for the device region. Close to the equilibrium Fermi
level, one resonance peak is found.

observed in Fig. 7-15, there is one resonant peak located at a energy higher than
feq, Which is the common Fermi level before the bias is applied. Figure 7-16 shows
absorption and emission processes where electrons can exploit the resonant density of
states for different bias voltages. Red and blue lines indicate absorption and emission
processes respectively. For a very small bias none of the electrons can access the
resonant peak, as seen in Fig. 7-16-(a). When the bias increases, the absorption
process using the resonant peak starts to take place, but the electrons participating
in the emission process cannot reach the resonance (See Fig. 7-16-(b)). Therefore
the absorption rate A, becomes enhanced, so it may lead to a decrease in vibrational
populations. For a higher biases such that the resonant peak is located between left
and right chemical potentials, the emission process using the resonance is activated,
leading to enhanced emission rates, as shown in Fig.7-16-(c). When the bias increases
more, another resonant emission process becomes possible, as shown in Fig. 7-16-(d),
while the resonant absorption process at which the electrons are reflected back to the
left lead is prohibited due to Pauli blocking. As a result, the emission rate becomes
more enhanced in comparison to the absorption one, and vibrational populations may
increase again in this bias range. As an illustratative example, Fig. 7-17-(b) shows

the absorption and emission rates for mode 156. One can clearly observe that the bias
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Figure 7-16: Possible absorption (red arrow line) and emission (blue arrow line)
processes via the resonant peak as the bias voltage increases.

voltages for which the absorption and emission rates get enhanced are different: The
slope of the absorption rate curve first increases around 0.4 V, but then decreases
at 0.7 V. By contrast, the emission rate linearly increases up to 0.8 V, and at a
bias larger than 0.8 V its slope also increases. Difference between bias voltages at
which absorption and emission rates become enhanced results in the observed cooling

behavior in the intermediate bias range.

For low-energy modes whose energies are much smaller than the broadening of
the resonant peak, the intermediate cooling regime may not distinctly appear. For
example, see Fig. 7-17-(a) the absorption and emission rates for mode 1. Unlike
mode 156, the absorption and emission rates show quite similar dependence on the

bias voltage, implying that the cooling behavior is not observed.

Last, not every high-energy mode goes necessarily through a cooling down phase,

since vibrational populations are determined by the interplay of absorption, emission,
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Figure 7-17: Absorption (red dashed line) and emission (blue solid line) rates for (a)
the vibrational mode 1 (low-energy mode) and (b) 156 (high-energy mode)

and decay rates. When the decay rate -y, is larger than the difference between the
absorption and emission rates Ay — F), the steady state solution can be approximated
as

Ey

nB(hw,\) + E,
— " ~nglhw,) + —. 7.11
YA+ Ay — E, a(fw) YA ( )

Wy =
In this case, the dependence of the vibrational population on the bias voltage becomes
similar to that of the emission rate, and the cooling behavior does not appear.
Finally, we would like to stress the importance of the mass ratios between the
conducting molecule and electrodes. As pointed out above, since the band width
of bulk phonons in the electrodes gets narrower as the atomic mass of electrodes
increases, a molecular junction connected to electrodes consisting of heavier atoms
will have less opportunities to thermalize. To demonstrate this mass ratio effect, we
calculate the total vibrational energy stored in the vibrating region by increasing the
mass of the atoms in the carbon electrode to be e.g. silicon or germanium. As shown

in Fig. 7-18, the junction with a larger mass ratio has more vibrational energy, and

higher probability to break down due to heating effects.
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Figure 7-18: Total vibrational energy stored in the vibrating region, as a function of

the mass of the electrode atom (black solid line: carbon; red dashed line: silicon; blue
dot-dahsed line: germanium).
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Chapter 8

Inelastic Local Currents in

Molecular Electronics

Nanoscale electronics has been intensively developed over the last decade thanks to
advancements in fabrication and measurement technologies. Molecular and atomic
conductors, which are regarded as the smallest devices, are actively investigated as
candidates for future nanoscale devices [1]. However, there are still many issues to be
resolved both experimentally and theoretically.

The effect of electron-vibration interactions on molecular conductors is one of the
main issues that have been recently investigated [29]. This is because current-driven
atomic excitations might lead to changes in molecular configurations and geometries,
thereby affecting performance and functionality of the device. Furthermore, since
electron-vibration interactions act as scattering mechanisms, the /- characteristics
also change. However, most of the theoretical work has focused on studying the prop-
erties of the net current, and understanding and describing the microscopic picture
of inelastic local currents has been rarely attempted.

The spatial and local distributions of elastic currents have been studied in various
systems, for example, imaging of the local current in a quantum point contact [94],
a disordered quantum wire under a magnetic field [20], a quantum Hall geometry in
a two-dimensional electron gas [21], and the formation of a local loop current and a

magnetic moment in the Cgy molecule[67]. In particular, local current profiles have
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been calculated in order to investigate quantum interference in molecular junctions
[88]. This is particularly since one can interpret quantum interference by applying
the concept of Feynman paths to the visualized local current [22].

In this study we derive the expression for the local current profile in a nanoscale
junction in the presence of electron-vibration interactions. Considering a weak cou-
pling regime, we calculate the local current up to the second order in the electron-
vibration interaction by using non-equilibrium Green’s functions [79]. Furthermore,
we provide a simplified expression of the local current that approximately holds when
the electronic structure changes slowly in comparison with a typical vibrational energy
[72]. As an illustrative example we calculate the local current profile for a benzene
molecule connected to carbon monoatomic chains to show how the local current dis-

tribution can be affected by electron-vibration interactions.

8.1 Local current operator

The average local current can be readily calculated by taking a time derivative of the

electron number operator at the site m [88]:

([) = —2 <5t [Z c:f(t)ci(t)] > - %Z<[czci,7{D]>, (8.1)

i€m

where 7 indicates localized orbitals located at the site m. In this letter, we have
used the mazimally localzied Wannier functions as localized orbitals [64]. Hp is the
Hamiltonian for the device region including electron-vibration interactions, Hp =
Seicle + Mg Viscles + 20 S0 M (b + bl)clc;. Here ¢; and ¢ are electronic
annihilation and creation operators for the ith localized orbital, and by and bi‘\ are
vibronic annihilation and creation operators for the Ath vibrational mode. ¢; is the
on-site energy for the ith orbital, V;; is the hopping parameter between the ith and jth
orbitals, and M’\ is the electron-vibration coupling term. Unless a spin-orbit coupling
is considered, electron-vibration interactions do not distinguish between spin degrees

of freedom, and so the spin index is not explicitly indicated here (Hence the factor two
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in the current expression). Equation (8.1) can be written as (I,) = 32, S, (L),

where (I,,,,,) is the local current from site n to site m,

Unn) = 2¢ > [(VyGiilt t) = V;iG55(t,1))

iEm
JEN
n#m

Z MG (t,t) — MALGR(t, )}] : (8.2)

where G35(t,t) and G7\;(t,t) are the lesser part of the contour-ordered Green’s func-

tions [33]

Gylr, ™) = =2 (T {eln). () }) (8.3)
Gy (1) = =1 (T, (b +8) (el })

Under steady state, Eq.(8.2) becomes
(Inm) = I, + IV, (8.5)

where

e = ZZ / de (ViiGsi(e) — V;iGi(e)) (8.6)

iEm ];Eén

o= TN [ 5 M@ - MGhE) 67
i€EM jeEn
n¥Em

The local current is thus decomposed into two parts I¢. and I%%. In the first part

mn
Iel

e ., when the hopping parameters between two localized orbitals Vj; are fixed, the

electron-vibration interaction can still change the correlation function between or-
bitals Gf] The other physical effect of the electron-vibration interaction is that

it can modulate the hopping parameters, which are roughly determined by overlap
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between localized orbitals. One can note that the second part I”% includes this con-
tribution, since M;\] (b,\ + b:&) describes the hopping parameter variation due to the
electron-vibration interaction. Recalling the net current measured in the electrode,
the second part is newly introduced for the local current. In order to calculate the
local current profile with electron-vibration interactions, one might be tempted just
to replace the non-interacting Green’s function by the full Green’s function G< in the
elastic local current expression. However, Eq.(8.2) points out that this replacement

would be incorrect, and hopping modulation due to vibrations should be included.

8.2 Lowest-order Perturbation

Assuming weak electron-vibration coupling, Green’s functions can be expanded up to
the second order of the electron-vibration coupling M?*. Using Dyson and Keldysh
equations for the contour-ordered Green’s functions, the correlation function G< in
Eq.(8.6) is found to be

G~ Gy + G(<2), (8.8)

where

Gy = GoEiaGs + G i Go + GoEg,Go, (8.9)

2

where GG indicates the non-interacting Green’s function that includes only the cou-
pling to the electrodes. The electron-vibration self-energies up to the second order
are given by
1 .
S = g (RTR TG - (T -1 ) + 2 (5.10)
S5p = ) MM mGE (e Fhwy) + (na+ 1) Gy (e £ hwy)] MY (8.11)

vib

A
Sro= —; (%Z/%Tr [MPA,(e)] fa(s)> , (8.12)

where H {f} indicates the Hilbert transform, n, is the vibrational population for

mode A, and f,(¢) = f(¢ — po) is the Fermi-Dirac function for the electrode a.
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37, is the Hartree diagram contribution, which does not have an energy dependence.
Therefore I¢, can be further decomposed into a non-interacting part and a correction
due to electron-vibration interactions:

Iel Iel (0) + Iel (2) (813)

mn ?

where

. de
Iniégo) = ZZ/ VwGoﬂ £) — ‘/jiGé,ij(E)) (8.14)

€M jeEn
n#Em

. de
e = XY [ (4650 - Vi6hu@). (619

i€m jEn
n#m

The vibronic contribution I® can be obtained by using the S-matrix expansion or

equation-of-motion technique. The final expression reads

I~ 2 ZZZ © IMYCEA(E) — MAGE(E)] (8.16)

€M jEN
n#EmM

where
i de’ , ,
z/\](a) ﬁZM:;m[ % 6,im<)GOn]( €>D§(E)
+G0 im ( ) 0<,nj (E - E’) Dg (EI)
+G01m( ) gnj( —EI)D;(EJ)
de
G (©) [ 5265, (01 D3 0)]. (5.17)
and
1 1
Dr/a _ _ ’
G TN Fy sy (8.18)
D3(e) = —i2m[nyd (e F hwy) + (na + 1) 8 (£ £ Aw,)] (8.19)

are free non-equilibrium Green’s functions for the vibrational mode A.

119



8.3 Wide-band limit

One might further approximate Eqgs. (8.14) and (8.15) by replacing G and 'p=r g
by Go(er) and I'n=p r(eF) at the common Fermi energy er. This is called the lowest-
order expansion in the wide-band limit (LOE-WBL) [72, 27, 97, 34]. This approxi-
mation is useful because a typical vibrational energy is smaller than the energy scale
where the electronic structure changes. Moreover, LOE-WBL also provides an ap-

proximate expression of the bias dependence in the current expression. IXOF reads

Lo = GoVy Y T, (8.20)
€m jEn
n#Em
+GoV Y > Z v T + (2na + 1) TE] (8.21)
i€Em jeEn
n#m
>0 27;‘;’"% K (eV,wy) (8.22)
iem jin
+ Z Z Z Eilyi] ev) W)\) (823)
€Em jEN
n#m
+GV Y > Z +(2ny + 1) TRE] (8.24)
e
+ Z Z 27?1)/17?1 17 eVa wz\) (825)
1EM 7‘3;:’;
+> Y 27;’;’5” G (eV,wy). (8.26)
e e
where
Toi = 2ViIm [Ar], (8.27)
T = 2ViyIm [GeM AL + ALM G (8.28)
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T = 2ViIm [GEM ReGoM AL

+ALM ReGuMGR]
+Vilm [GyM AL MGy
+GEMPALMAGE] (8.29)
Tom s = ViRe [GEM? [ALM M Ag — ApM AL
+ [ApMM AR — ARMPAL] MAGE] (8.30)
Toys = Viglm [CoM? (ALMP AR + ApMPAL)
+ (ALM M Ap + AgMPAL) MAGE] (8.31)
7?5]/\ = 2M;Im [ALly; (8.32)
it = 2MAIm [ReG" M A + ALM*ReG™] (8.33)
7?;:1/); = MjRe [ALMP AR — ARM/\AL]]-Z- (8.34)
T2 = MIm [ALMP Ag + ARMPAL] (8.35)
4 de
A A
TH = (@%:/%Tr (MM, (e)] fa(€)> , (8.36)

where Aa—r r = GiI'wG¢ is the spectral function originating from the left or right
electrode, and Go = 2¢€?/h. Green’s functions and spectral functions are calculated
at e except for the spectral functions in Eq. (8.36). This is because the spectral
function in Eq. (8.36) does not have a finite support [34], so LOE-WBL cannot
be applied to these terms. Equations (8.21), (8.22), and (8.23) originate from I¢

mn?

while Egs. (8.24), (8.25), and (8.26) come from I%2. The functions K (eV,w,) and
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G (eV,w,) are defined as follows:

2 hwy — eV Fuww Vv

K (eV, w’\) - ﬁi (eﬂ(ﬁw;\~eV? -1 eﬁ(hw,\)\+:-Vf -1 + Qn)\ev> (8'37)
2 d

G(eViw) = F [ -1 E) - fle=—eV)]
xHe {f (€' = un) = f (' + hwn)} (&) (8:38)

When compared with the total current measured in the electrode [72, 27, 97, 34], each
term in JLOF can be separatively and meaningfully discussed. Equation (8.20) corre-
sponds to the elastic local current when the electron-vibration interaction is absent.
Equations (8.28) and (8.32) are quasi-elastic correction due to the Hartree diagram,
while Egs. (8.29) and (8.33) correspond to quasi-elastic contributions coming from
the Fock diagram. Energy levels renormalized due to the electron-vibration inter-
actions lead to these quasi-elastic contributions, which are linearly proportional to
the bias voltage. Equations (8.22) and (8.25) are symmetric under the change in the
polarity of the bias voltage, V' — —V. Meanwhile, Eqs (8.23) and (8.26), which are
negligible for a symmetric junction, show asymmetric bias dependence. Equations
(8.37) and (8.38) and their derivatives show singular behaviors, for example, a step
or a peak structure, which indicate the onset of real vibrational scattering at the
threshold voltage eV = hw,. Note that Egs. (8.23) and (8.26) vanish in a symmetric

molecular junction, where couplings to the left and right electrode are equal.

8.3.1 Example: Cumulene - C¢H, - Cumulene

As an illustrative example we calculate the local current profile for a benzene molecule
connected to a cumulene mono-atomic carbon chain (See Fig.8-1 for the atomic con-
figuration and the coordinate system). This system was investigated in our recent
work in which an ab initio inelastic quantum transport formalism based on Wannier
functions was developed [47].

This system has two elastic conducting channels: the major channel |¥;) consist-

ing of p. orbitals in the cumulene and the benzene molecule, and the minor channel
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Figure 8-1: Local profiles for elastic current and inelastic currents induced by five
active modes. Green and gray spheres indicate hydrogen and carbon atoms. The
arrow scale is arbitrary chosen for better illustration.

|¥,) composed of p, orbitals on the cumulene wire and o-type midbond states on
the benzene molecule. Their transmissions coefficients are 7, = 0.741 and 75 = 0.004
respectively.

When the differential conductance G and its derivative dG/dV are calculated,
five active vibrational modes are found (see Fig.7-5). In the first two active modes
leading to upward peaks in dG/dV', atoms move out of the plane on which the benzene
molecule lies. The other three downward peaks correspond to in-plane motions where
carbon-carbon bonds inside the benzene molecule and between the benzene and the

cumulene chain vibrate.

Figure 8-1 shows the local current profiles for the elastic contribution and the
five active modes at the bias voltage 0.2V. In-plane vibrations (mode 17, 19, and
25) induce current flow along carbon-carbon bonds. The current patterns of these
in-plane motions are the same as that of the elastic current. In other words, in-plane

motions just enhance or reduce the local profile of the elastic current. Note that
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Figure 8-2: Local current profile for mode 11. 7 orbitals at carbon atoms and o
orbitals at carbon-carbon and carbon-hydrogen mid-bond sites are indicated.

o-type mid-bonds do not participate in local currents of in-plane motions.

In contrast, the local currents for out-of-plane vibrations (mode 5 and 11) show
a different profile since the inelastic current can flow via o-bonds. This behavior is
much clearer for mode 11. Most current flows along the 7 orbitals at carbon atoms for
mode 5, with ¢ bonds contributing to small residual current for mode 5. In constrast,
the significant amount of current for mode 11 is transferred to the right cumulene
chain via c-oribtals. One of the interesting features for mode 11 is that the local
current between 7 and 3 orbitals flows in the direction opposite to the total current
direction (from left to right), as seen in Fig.8-2. Different from other modes, the
current reaching w4 orbital passes through the o4 and o7 orbitals. Furthermore one

can notice that there are local loop currents, i.e. among 7y, 04, and 3.

The difference in the local current patterns between in-plane and out-of-plane
motions can be understood from symmetry consideration. Regarding the parity sym-

metry with respect to zz-plane, whose operator is denoted by P.., out-of-plane and
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in-plane vibrations are anti-symmetric and symmetric respectively:

P MSUPE = ARl (8.39)
P MATITIO2BDT o pA=171925 (8.40)

Furthermore, the major and minor conducting channels are symmetric and anti-

symmetric under the parity operation P,

P.l¥a) = —|¥y). (8.42)

This symmetry condition implies that the transition between |¥) and |¥,) is forbid-
den for the in-plane vibrations. Thus |¥;) and |U;) are not mixed together by the
in-plane vibrations, and the current profiles of the in-plane motions follow the elastic

current.
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Chapter 9

Transport properties of CNT-GNR

junctions

Since the experimental realization of graphene [70, 69, 102], intense experimental and
theoretical studies have been conducted in order to unveil its exceptional electronic
properties and find out the possibility to use it as a platform for future devices and
integrated circuits [68]. Graphene nanoribbons (GNRs), which have also been inves-
tigated, are regarded as candidates for interconnectors of graphene-based integrated
circuits. Moreover, because of their peculiar electronic and spin transport properties,
GNRs themselves have been studied to use as field effect transistors and spintron-
ics devices. From the experimental viewpoint, it has been a challenge to produce
smooth and defectless graphene, and its derivatives, in a controlled fashion. Several
methods have been proposed for graphene and GNR production, from lithographic
patterning [5, 32] to chemical methods [92, 58, 11] and nano-etching [23, 18, 10]. In
particular, lithographic methods have been quite successfully employed to produce a
wide graphene sheet (> 20 nm) [5, 32]. Chemical vapor deposition has been used for
bulk production of GNRs (to the order of grams per day) [11]. These existing meth-
ods, however, are not useful to control edge smoothness and width, and especially to
produce narrow nanoribbons at the sub-10 nm scale.

Recently experimental techniques to make narrow GNRs have been proposed and

demonstrated by unzipping carbon nanotubes (CNTs): Those have been cut longitu-
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Figure 9-1: Classification of a zigzag nanoribbon by using the number of zigzag carbon
chains. The given nanoribbon has 6 zigzag carbon chains as indicated. It is denoted
by (N=6) ZGNR in this study.

dinally by using a solution-based oxidative process [53], plasma etching after partial
embedding in a polymer film [42], and intercalation followed by exfoliation [12]. Fur-
thermore, the group of Dai has demonstrated that well aligned GNR arrays can be
produced by using plasma etching, because the initial alignment of CNT arrays can
be maintained while CNTs are embedded in the polymer film, they are partly etched

by plasma, and are transferred to another substrate [41].

Unzipped CNTs have been experimentally used to make CNT-GNR and CNT-
GNR-CNT junctions [41]. The experimental realization of CNT/GNR junctions has
stimulated theoretical investigations on their electronic properties and the possibility
of using them as nano-devices such as heterojunction field-effect transistors (101, 61],

magnetoresistive devices [86, 98], and nanosensors [48].

Differently from these works that have calculated total zero-bias elastic condunc-
tances, we present here ab initio transport calculations on armchair CNT (ACNT)-
zigzag GNR (ZGNR)-ACNT junctions that focus on the local current distribution
over the junctions. In the following section we show the local current distribution of
the elastic current through the junctions in comparison with that of pristine ZGNRs.
Next we investigate inelastic transport properties and the effect of vibrations on the

local current distribution by introducing electron-vibration interactions.
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Figure 9-2: Configurations of (4,4) CNT/ZGNR/(4,4) CNT junctions. Starting from
a single carbon chain (polyacetylene), the zigzag nanoribbon in the central region
becomes wider by adding a carbon chain one by one.

9.1 CNT/ZGNR/CNT junction

Figure 9-2 shows the configurations of (4,4) CNT/ZGNR/(4,4) CNT junctions ex-
ploredin this study. Starting from a single 7-atom carbon chain with hydrogen ter-
minations (i.e. polyacetylene), the ribbon is subsequenctly widened by adding other
carbon chains, one by one. In this study, the number of zigzag carbon chains, N, is
used in order to classify zigzag nanoribbons in the conductor region. For example, Fig.
9-1 is the (N=6) ZGNRs, according to our classification. DFT calculations are per-
formed using the Perdew-Zunger local density approximation [75], norm-conserving

pseudopotentials [95], and a plane-wave basis with a cutoff of 55 Ry.
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Figure 9-3: The local distribution of elastic currents through (4,4) CNT/ZGNR/(4, 4)
CNT junctions.

9.2 Elastic Current

Using the local current expression discussed in the previous chapter, we have first
calculated the local distribution of elastic currents in the (4,4) CNT/ZGNR/(4,4)
CNT junctions. Figure 9-3 shows the local elastic currents for ZGNRs from N = 1
to N = 8 The electronic properties of carbon-based materials around the Fermi
energy are mainly determined by the 7 orbitals of the carbon atoms, it is observed
that local currents mostly flow via 7m-type Wannier functions at carbon atoms. For

polyacetylene (N=1), there is only one m-orbital bridge in the conductor region, along
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Figure 9-4: Local density of states for (a) (N=4) ZGNR and (b) (N=6) ZGNR
junctions. (a)-(1): high local density of states concentrated on the outmost carbon
chains of the (N=4) ZGNR junction. (a)-(2): local density of states for a pristine
(N=4) ZGNR. (a)-(3): local current distribution for for a pristine (N=4) ZGNR. (b)-
(1): local density of states concentrated on the outmost carbon chains of the (N=6)
ZGNR junction. (b)-(2): local current distribution for for a pristine (N=6) ZGNR.

which the elastic current flows as shown in Fig. 9-3-(a). In the case of the (N=8)
ZGNR junction, which is a pristine (4,4) nanotube, a homogeneous elastic current

along zigzag carbon lines is observed.

9.2.1 Edge current in ZGNR

For 2 < N < 7, most of the elastic current flows along the nanoribbon edges. Due to
symmetry, the same amount of edge currents are observed for (N=even) nanoribbons,
which have symmetric edges. Even for N = odd > 3 nanoribbons whose edges are
asymmetric, almost the same amount of current is observed at both edges. The edge
current at zigzag nanoribbons agrees with the well-known fact that currents at the

Fermi level flow along the edges for pristine zigzag graphene nanoribbons. The edge
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Figure 9-5: Local current distributions for the (N=4) ZGNR connected to (3, 3) and
(5,5) CNT electrodes.

state of the finite ZGNR between CNT electrodes, however, is more localized than
that of a pristine infinite ZGNR. In order to see this difference, we have calculated
the local density of states for both cases. Figure 9-4-(a) illustrates the isosurface of
the local density of states for the (4,4) CNT/(N=4) ZGNR/(4,4) CNT junction and
the pristine (N=4) ZGNR. While the isosurface for the pristine ZGNR spreads out
over the whole region of the nanoribbon, the (4,4) CNT/(N=4) ZGNR/(4,4) CNT
junction has a well-connected local density of states that are concentrated at the
outmost single carbon chain. In fact, for very narrow zigzag nanoribbons like (N=4)
ZGNR, the concept of an edge state is meaningless because the spatial dispersion of
the edge state in the transverse direction is comparable to the width of the narrow
nanoribbon. Moreover, as demonstrated in Fig. 9-4-(a)-(1), the elastic current for
the (N=4) nanoribbon is almost uniformly distributed over the whole ribbon. In
contrast, in the case of the (4,4) CNT/(N=4) ZGNR/(4,4) CNT junction, a sharp
edge current flowing via the outmost carbon line can be generated even for a narrow
zigzag nanoribbon. Similarly, Fig. 9-4-(b) illustrates the isosurfaces of the local
density of states for a pristine (N=6) ZGNR and a (4,4) CNT/(N=6) ZGNR/(4, 4)
CNT junction. Just like the (4,4) CNT/(N=4) ZGNR/(4,4) CNT junction, an edge
state localized at the outmost carbon chain is clearly formed. In contrast to the
(N=4) nanoribbon, one can observe that the (N=6) nanoribbon has an edge state
mostly located at the outermost benzene chain (two zigzag carbon chains).

We also checked whether this feature is observed when ZGNRs are connected to
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Figure 9-6: Local current distributions for (4,4) CNT/(N=4) ZGNR/(4,4) CNT
junction with different lengths. I, and I, represent currents flowing along the
outmost carbon chain and the inner one respectively.

smaller and larger CNT electrodes. Figure 9-5 shows the local current distributions
for the (N=4) ZGNR connected to (3,3) and (5,5) CNT electrodes. It is clearly seen
that both systems have edge currents mostly concentrated on the outermost carbon
chains.

One might guess that this feature gets weaker as the length of ZGNRs in the
central region increases, sine the bulk properties of the ZGNRs are recovered as the
finite ZGNRs in the central region get longer. Because the current inside the ribbon
is larger than the edge current for the bulk ZGNRs, as observed in Fig. 9-4-(a)-(3),

A similar current distribution will be observed for a long ZGNR junction. In order to
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Figure 9-7: Local current distribution in the interface between the CNT electrode
and the ZGNR. The elastic current from the CNT electrode converges to the central
region indicated by the blue box. The current is re-distributed to the ZGNR edges.

verify this hypothesis, we have calculated local current distributions while increasing
the length of the nanoribbon. In Fig. 9-6, (a), (b), (¢), and (d) represent the local
current distributions when the ZGNR part consists of 4, 7, 9, and 11 unit cells. When
Iut and I;,, denote currents flowing along the outermost carbon edge and the inner
carbon line, the ratio I, /I, is also calculated. As the size of (N=4) ZGNR increases,
the ratio I,/ 1;, gets smaller and approaches that of the infinite bulk ZGNR, 0.73. In
particular, for the 11-unit-cell ZGNR, the ratio /I, is smaller than unity, which

means that this junction no longer has a well-localized edge current.
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Figure 9-8: The ratio of the current in the lower region /., to that in the upper
region I,,. Deep inside the CNT electrode Igoyn /1., is unity. Before entering the
edges, lqown/lup gradually increases to 2.77.

9.2.2 Current injection to edge states

Next let us focus on how the elastic current is injected into the zigzag nanoribbon in
the central region. Figure 9-7 illustrates the current injection patterns at the interfaces
of CNT/(N=4) ZGNR and CNT/(N=6) ZGNR. It is shown that the current at the
CNT electrodes is not directly injected to the edges, but a large amount of the current
from the CNT electrodes first converges to the center of the interface between the
CNT and the ZGNR. Then the current is re-distributed to the edges. As seen in Fig.
9-3-(h), the elastic current is uniformly distributed deep inside the CNT electrode far
away from the central region. Approaching the interface, some of the current flowing
along the upper part of CNT moves to the lower part of CNT. To illustrate this, we
have calculated the ratio of the lower current /44, to the upper current I, for CNT-

(N=6) ZGNR as shown in Fig. 9-8. As expected, I, and I m, are equal inside the
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CNT electrode, which is distant from the ZGNR by 5 unit cells (approximately 124).
The ratio youwn/Iup gradually increases up to 2.77 before the current is distributed to

the edges.

9.3 Inelastic current

On the top of the elastic transport properties investigated in the previous section,
we here study the inelastic transport properties by using the ab initio method that
we have developed throughout this work, and the expression for the local inelastic
current distribution. First we calculate the derivative of the differential conductance
dG/dV, which is known as the inelastic tunneling spectroscopy signal (IETS), for
each (4,4) CNT/ZGNR/(4,4) CNT junction in order to find out active vibrational
modes leading to conductance steps. Next we investigate how the electron-vibrational

interaction changes the local current distribution.

9.3.1 Inelastic tunneling spectroscopy signal (IETS)

Figure 9-9 shows the derivative of the differential conductance dG/dV for the poly-
acetylene and polyacene junctions. It is observed that there are two and three large
peaks for the polyacetylene and polyacene junctions, respectively. The vibrational
configurations for two major peaks of the polyacetylene junction are illustrated above
the dG/dV graph in Fig. 9-9. Basically, they correspond to bond-alternating longitu-
dinal vibrations, which can lead to large modulations in hopping parameters between
Wannier functions. While mode 108 is concentrated inside the polyacetylene, a sur-
face vibration of the CNT electrode has a large contribution to mode 142. Compared
with Fig. 9-3-(a), the surface atom vibration matches the main path of the elastic
current. Conducting electrons, therefore, can have more chances to interact with local
vibrations. It qualitatively explains why vibrational mode 142 leads to the largest
conductance peak.

For the polyacene junction, mode 150 has transverse vibrations of the CNT surface

layer, but there is no vibration inside polyacene. For mode 157, the vibration is
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Figure 9-9: The derivative of the differential conductance dG/dV for the (a) poly-
acetylene and (b) polyacene junctions. The vibrational configurations for major peaks
in dG/dV of the polyacetylene and the polyacene are indicated above and below the
graph respectively

concentrated on the interfacial region and a part of the polyacene close to the CNT
electrode. Compared with vibrational mode 150, mode 157 can be characterized more
by a longitudinal vibration than a transverse one. Mode 176 shows a longitudinal
stretching vibration of the polyacene.

The IETS graphs for the (N=3) to (N=T7) ZGNR junctions show qualitatively
similar trends to that of the polyacene junction, as shown in Fig. 9-10. Major IETS
peaks occur at three bias voltages, at which the polyacene junction also has three
distinct peaks: 170 meV, 185 meV, and 196 meV. These three voltage values are

indicated by red, blue, and green dashed lines in Fig. 9-10.
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Figure 9-10: The derivative of the differential conductance dG/dV for the (N=3) to
(N=7) ZGNR junctions.

Figure 9-11 illustrates some of the active vibrational modes that lead to main
peaks for the (N=4) to (N=6) ZGNR junctions. The left, center, and right columns
in Fig. 9-11 correspond to three main peak regions indicated by the red, blue, and
green dashed lines in Fig. 9-10. The modes in the left panel, whose energies are
approximately 170 meV, can be characterized by transverse vibrations whose large
contributions come from the surface layer of the CNT electrode and the interface. In
contrast, the modes in the right column are longitudinal stretching vibrations of the
zigzag nanoribbons. Their vibrational energies are about 196 meV. The modes in
the central panel show mixed behaviors of the modes in the left and right columns;

for example, a mixture of longitudinal and transverse vibrations, or a combination
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(a) (N=4) ZGNR

Figure 9-11: The examples of the vibrational modes for the (N=4) to (N=6) ZGNR
junctions. The left, center, and right panels correspond to regions indicated by the
red, blue, and green dashed lines in Fig. 9-10.

of vibrations in the surface layer and the central region. This change in vibrational

configurations resembles that of the polyacene junction.

9.3.2 Local distribution of inelastic current

Although the ZGNR-CNT junctions show similar trends in IETS, the local distri-
butions of inelastic currents are not totally similar. We have found that the local
inelastic current patterns for the ZGNR-CNT junctions in our study can be cate-
gorized as two sub-groups. First, the local distributions of the inelastic current for
the (N=1) to (N=4) ZGNR junctions are the same as that of the elastic current
(Compare Fig. 9-3 and Fig. 9-12), apart from the current direction. Therefore the
inelastic current for the (N=1) to (N=4) ZGNR junctions just enhances or dimin-

ishes the elastic current. The only difference is that one edge current is larger than
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Figure 9-12: The local distributions of the inelastic current for the (N=1) to (N=4)
ZGNR junctions.

the other for the (N=1) ZGNR junction, which has asymmetric edges.

In contrast to the wuni-directional current distribution of the (N=1) to (N=4)
ZGNR junctions, the inelastic currents for the (N=>5) to (N=7) ZGNR junctions
exhibit more complex local current patterns. The representative feature of their
inelastic currents is a formation of loop currents, as seen in Fig. 9-13. The loop
currents are generated inside the nanoribbon, at the CNT surface layers, or at the
CNT electrodes. Moreover, the inelastic current can flow not just along edges but
also through the inside of the nanoribbons. For example, the inelastic current for the
(N=6) ZGNR junction flows not along the edges, but along inner carbon chains next
to the edges, as indicated by black boxes in Fig. 9-13-(b).

One might guess that this sharp distinction between two sub-groups comes from
a difference in the curvature of the nanoribbons (the wider nanoribbon is more bent
since it has more carbon chemical bonds with the CNT electrodes). Figure 9-14
shows how much each nanoribbon junction is bent. As an indirect check on this
speculation, we have performed the same current calculation on ZGNR~(3,3) CNT
junctions whose cross sections are illustrated in Fig. 9-15.  First, the elastic cur-

rent distributions for the ZGNR-(3,3) CNT junctions have the same features that
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Figure 9-13: The local distributions of the inelastic current for the (N=5) to (N=7)
ZGNR junctions.

we observed in the ZGNR-(4,4) CNT junctions: (1) edge currents are formed at the
outmost carbon chains and (2) currents first converge to the center, and are dis-
tributed to the edges (See Fig. 9-16). However, we could not find the same trend
on the inelastic current distribution observed in the (4,4) CNT/ZGNR/(4,4) CNT
junctions, and especially the curvature effect. It is true that there is a simiarity in the
inelastic current distribution in comparison with the (4,4) CNT/ZGNR/(4,4) CNT
junctions: for example, one edge carries larger inelastic current than the other for
for the (N=3) and (N=5) ZGNR junctions, as illustrated in Fig. 9-17. In addition,

although the loop current formation is not observed, non-unidirectional current is
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(a) N=3 (b) N=4 (c) N=5

Figure 9-14: Cross sections for the (N=3) to (N=7) ZGNR connected to (4,4) CNT.

(a) N=3 (b) N=4 (c) N=5

Figure 9-15: Cross sections for the (N=3) to (N=>5) ZGNR connected to (3,3) CNT.

locally formed in the (N=3) and (N=5) ZGNR junctions, as indicated in Fig. 9-17.
The (3,3) CNT/(N=4) ZGNR/(3,3) CNT CNT junction, in contrast, does not pos-
sess those features, but its inelastic current distribution simply resembles that of the
elastic current. This observation implies that it might not be true that the curva-
ture effect leads to two sub-groups in the inelastic current distributions for the (4,4)
CNT/ZGNR/(4,4) CNT junctions. It might be system-specific, but not generic.
Nevertheless we have confirmed that the electron-vibration interaction can lead to
more complex inelastic current distributions than elastic ones, leading, for example,

to locally reversed current directions, or to the formation of loop currents observed

in (4,4) CNT/ZGNR/(4,4) CNT junctions.
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Figure 9-16: The local distribution of elastic currents through the ZGNR-(3,3) CNT
junctions.
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Chapter 10

Summary

In this work we develop an ab-initio approach to study vibration-induced inelastic
transport properties of molecular and nanoscale systems. Our method is based on
planewave-based DFT calculations and the Meir-Wingreen transport formalism with
non-equilibrium Green’s functions. We use maximally localized Wannier functions as
a localized basis set, as required for Green’s function methods. Due to the exact uni-
tary transformation between eigenstates and maximally localized Wannier functions,
the accuracy of planewave-based DFT calculations can be preserved throughout the
process. The electron-vibration self-energy, which captures the physics of inelastic
transport, is calculated using both the lowest-order perturbative expansion and a
self-consistent approach. We confirm that these two approximations can guarantee
the current conservation. Furthermore, we also calculate non-equilibrium vibrational
populations induced by conducting electrons, with vibrational absorption and emis-
sion rates, and decay rates to bulk phonons. These rates can be calculated within
Green'’s function methods.

In order to test our implementation, we investigate inelastic transport properties,
such as a differential conductance and its derivative with respect to a bias voltage,
and nonequilibrium populations for benzene molecular junctions connected to mono-
atomic carbon chain (cumulene) and (3,3) CNT electrodes. We observe steps in the
differential conductance at the threshold bias voltage corresponding to the vibrational

energies. These steps imply that new conducting channels open up by accompanying
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a real emission of vibrational energy. From these signals we identify active vibra-
tional modes that participate in opening the inelastic conduction channels. For the
cumulene-benzene junction, there are five active vibrational modes, among which two
out-of-plane vibrations and three in-plane ones lead to upward and downward con-
ductance steps respectively. Using standard scattering theory, it is shown that the
polarity of these conductance steps is the result of a competition between two elastic
conducting channels. This multichannel effect is generic, so it is possible that upward
and downward steps can be observed in any other system. By replacing the cumu-
lene chain by the (3,3) CNT electrode, we calculate the nonequilibrium vibrational
populations of the benzene molecule. The decay rates of the molecular vibrations are
calculated within harmonic coupling theory to bulk phonons of the CNT electrodes.
It is found that some of the vibrational modes have small decaying rates. This can
be qualitatively explained, considering that these modes are located outside the CNT
phononic band, and are localized inside the molecule. Furthermore, some high-energy
vibrational modes are found to cool down in a certain range of bias voltages, which
is understood in terms of a resonant structure in the density of states around the
Fermi energy. These findings are in a good agreement with other theoretical and

computational works.

Next we focus on the local distribution of inelastic currents inside a molecular
conductor. While the local elastic current has been theoretically studied in many
nanoscale systems, it has rarely been attempted to understand how local current dis-
tributions are changed under the electron-vibration interaction. In order to answer
this question, we derive an analytic expression for a correction to the local current
distribution due to electron-vibration interactions using non-equilibrium field theory.
By revisiting the cumulene-benzene junction, we find that out-of-plane active vibra-
tional modes can induce a non-trivial local current distribution, different from the
elastic current distributions. Unlike elastic currents flowing through 7-orbitals, o-
orbitals can contribute to inelastic current paths, as well as m-orbitals. Furthermore,
it is observed that the inelastic current direction is locally inverted inside the molecule

and loop currents between 7 and o orbitals are formed. These features differ from
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the uni-directional elastic current.

Motivated by recent experimental advancements to produce narrow GNRs by un-
zipping CNTs, we study transport properties of CNT/ZGNR/CNT junctions using
the approach we developed. In particular we focus on the local current distribution in
the junctions and inelastic transport properties. First, we calculate the local distri-
bution of the elastic current to visualize the current injection pattern from the CNT
electrodes to ZGNRs and the current path inside ZGNRs. Regarding inelastic trans-
port properties, we find that CNT/ZGNR/CNT junctions with different widths show
major peaks in inelastic tunneling spectroscopy signals, at three similar bias voltages.
The corresponding vibrational configurations are also qualitatively similar. When
it comes to the local current distribution, it is observed that the electron-vibration
interaction can lead to a complex current network such as the locally inverted cur-
rent direction and the formation of loop currents, as shown in the cumulene-benzene
junction.

The relevance of the method developed throughout this work can be seen from
several viewpoints. First, our approach is the first attempt to combine planewave-
based DFT calculation and inelastic quantum transport theory. Considering the fact
that the planewave-based DFT calculation can describe electronic properties more
accurately than those based on a localized orbital basis, we believe that our approach
can provide accurate and reliable descriptions on transport properties of nanoscale
systems. Furthermore, because it can be generalized to other types of interactions,
it can act a starting point to extend the existing Wannier-based transport formalism

to study various transport phenomena in the presence of other interactions.
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Appendix A

Vibrational Decaying Rates

A.1 The Hamiltonian of system in the presence of

a heat bath

Let us define a classical, harmonic Hamiltonian

3n
1 . 1 o
HS = Z gmqu + Z 51)7;]'(]1'(]]' (Al)
im1 i
3n
1. : 1
=) 5 @05 + > 5@V Qi (A.2)
-1 7

where Q; = /m;q; and Vi; = v;;//mym;. The normal modes and its eigen-frequencies

are determined by solving the eigenvalue equation
VX =uwlX,. (A.3)

In the normal mode representation, the Hamiltonian becomes

Hs = SOTXXTQ+ 2Q7X [W35,] X7Q (A4)
= 507G+ 507 [45,) Q. (A5)
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Hs

EHBS

Figure A-1: Schematic diagram of system and heat bath Hamiltonians.

are coupled via Hps = HLB.

where
o
Q=]
_an_
| |
X = Xl XQ X?m
1 |
Q = X'Q.

By defining the annihilation and creation operators as

Wi ~ 1 -

L= 220, 4 44 ——P.

bi rit i g b
L 1 -

o= 20, —i ] —P
i om0 W g o

Two parts

(A.6)

(A7)

(A.8)

(A.9)

(A.10)

where 151 = 151», the system Hamiltonian is written in terms of harmonic oscillators:

3n
1
Hs = huw (b}bi + 5) .

i=1
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Likewise, the heat-bath Hamiltonian reads
3N 1
— . T
Hp = ; hioy (cjcj + 5) : (A.12)

Note that the bar is used to distinguish quantities for the heat bath and those for
the system. The coupling Hamiltonian can also be written in the second-quantized

normal mode representation,

3n 3N

Hps +Hsp = D) uiad (A.13)
T
= 2> UsQ0, (A.14)
=D <Z Uinikam> Q@ (A.15)
kK m [N

> h
= > (Z Uia‘Xikam> VooV -2-5— (bk + bl) (em+ch),
k. m %,j m

(A.16)

where U;; = u;;/+/m;m; is the mass-renormalized interatomic force constant between

the system and the heat bath.

A.2 Decay rates

The decay rates of the kth local vibration in the system into the heat reservoir may

be calculated using Fermi golden rule:

2
[k bath = 7 |8(m|Helk)s)® 6 (A — hwg) (A.17)

meEbath
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Using Eq.(A.16), it becomes

2m . _ 1
Peobarn = =~ (Z Ui XuXjm Y Ulananm> —50 (@ ~ wi) (A.18)
mé&bath

i In k

27 o 1
= -Z Z Xik <Z Uiij Z ijXnm) Xlkyd ((Dm - wk)(AIQ)
il 7n k

mé&bath

Here the following relation holds:

. A2
wk+10+)2~’HBLn (A.20)

This can be proved by diagonalizing the heat-bath Green’s function 1/ [(wy + i07)? — Hp]:

1 B 1 .
. [(wk+i0+)2_HB]jn = Im;XJm( ; men (AQI)

- 1 1 _
= 1 Xim - XT
o g 20y’ <wk +10T — @, wi 4+ 00T + wm> mn

(A.22)
s - 1 B
= 73 Z ijXnmc—D;(S(wk — W) (A.23)
Therefore the decaying rate is
1 - -
isbath = —w—kaT [UImG(wi) U] Xy, (A.24)

1

T —
where G = o7,
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Appendix B

Derivation of Eq.(8.17)

The lesser Green’s function in the vibronic contribution I¥%

mn?

: <(bA +b1) C;Ci> (r) = lim, Gy, (7, 7') (B.1)

1
—T!

>t

is calculated up to the first order of the electron-vibration interaction M?*. This can
be obtained in two ways: (1) the S-matrix expansion and (2) the equation of motion

technique.

B.1 S-matrix expansion

When the operators in G; »;(7,7’) are written in the interaction picture with respect

to the free-particle Hamiltonian Ho = 3. e,clc; + D ik Vijele;, Giry(r,7') becomes
/ . ( b bT IAVA
Gi(r) = =7 (T{e(r) (br +8}) (7)) (7)
l

= (T {setn) (+8) (e}, (B2)

where

S = e,%fcdtﬂ/(t)e—%fcdt’ﬂl(t) (B.3)

~ e bl ) (1 - %/dtﬁi(t) + O(M2)> , (B.4)
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where the bar on the operators indicates that the operators are written in the inter-
action picture with respect to Ho. Here Hi(t) is the electron-vibration interaction,
and H' is the coupling Hamiltonian to the electrodes, which drives the device out of

equilibrium.

The zeroth order term is

GO, (r,7) = —%<ﬁ{qﬁ)@k+@>ﬁﬂéhﬂ}% (B.5)
= (T {emden}) (i), ®o

where the subscript 0 indicates that the operators are written in the Heisenberg
picture with respect to the non-interacting Hamiltonian Ho + H’. In the last line the
fact that electrons and vibrations are decoupled in the zeroth order is used. Since

< <b y+ bf\)> =0, GEO/\) ; (7,7') vanishes. Thus nontrivial terms start at the next order:
0 :

Gi,)\j (7'» 7")

Q

(4) [z

A omn

x <7; { (bx + bL) (t)eh ()en(t)

x TC{(bA/+b£,) (t) (bﬁbl) (r’)}>0. (B.8)

Using Wick’s theorem|[77], the four-point function is expanded in terms of two-point

propagators:

(Te{ehOeaenel(m)}) = (@) Goim (1.8) Goy (£.7)
—(ih)2G0)nm (t, t) GO,ij (T, T/) ,
(B.9)
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where Go; (7,7') = _% <7Z {Ci(T)C;(T,)}>0

Therefore it is concluded that

Gi,)\j (T,T ~ lh/dtZM [GOzm T, t)G(]n] (t 7')

'—'2G0,nm (ta t) GO,ij (Ta T )] D)\ (t) T/) ) (B]'O)

where
Da(t,7') = —% <7§ { (bx + bg,) (t) (bA + b§> (T')}>O , (B.11)

Note that the factor two accounts for the spin degree of freedom. By applying Lan-
greth’s rule for analytic continuation to the contour-ordered Green’s function[33, 77,

one can obtain Eq.(8.17).

B.2 Equation-of-motion technique

Equation (8.17) can be obtained alternatively by using the equation-of-motion[77].
Taking a time derivative with respect to 7 on G, ; (7,7'), one might obtain the

equation of motion for 7 on G, »; (1, 7'):

0 /
El: (l?gﬂ - wl> Gy = 0.1 —1)08; <bA + b§>
+ Z /dTlEil (7,71) Giag (11, 7')
1 C

+3 MY G (7, 7) (B.12)

LA

where 6. (7 — 7’) is defined as

)
0(r—7") 7,7 € forward time branch

0 (T —7")=q—=6(r—7) 7,7 € backward time branch (B.13)

0 otherwise.
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In energy space, the equations of motion for the retarded and lesser parts are

S (b= Vi) Gl = (br+bl)dy

l

and

l

o N ~r
+ E P 1 T E M) IN A
]

Using Eq.(B.14), Eq.(B.15) is further shown to be

<
1,Ag

LA
(B.14)
ST(edu—Va - SR GR, = Y SiGh, + Y MYGS-
l LN
(B.15)
+ Z z G(izmM:\r;n (TIL/\’,/\j
N myn
+D 0N Gl Miy G- (B.16)
N omn

Gy »; and <b A+ bf\> are calculated to the zeroth and first order of M* respectively

First, since ih4 (by(t)) = 0 for the steady state, one finds

<bA + b§>

12 de
EZM;\J gaéij(g) (B.17)
ij
, de "
—zZM%/%Géij(s)D,\(O). (B.18)
ij
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Second, Green’s functions can be calculated as follows:

Gz)\' JAJ ( )

where Q) = by + bl.

G?X,Aj(f)

Q

Q

| i (Qudanve)

| aei10uQu o) ()
Y [ng] (e = h/.u,\)nA%—Géij (e + hw)) (n,\+1)}
i [ EDIEGE (e <) (B.19)

/ dte’=t "0 (—t) [Gry (1) = G s (1)]

i [ e [i@a@nte (dett)
F(@Qu(DQ) (a0 (B.20)
s [ e (o ) 650
+elET i, GE () + e (ny 4 1) GE (1)

(B.21)
oy /_ L G (e — )DY(E)

o0

+Gg e —€ "\Ds (€' (B.22)

Inserting Eq.(B.18), (B.19), and (B.22) into Eq.(B.16), one can recover Eq.(8.17).
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