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PREFACE

M odeling and measurement of three-terminal transport through an individ-
ual single-molecule concentrating on vibrational-mode spectroscopy. That
was the research objective | was hired on more than four years ago. But, as usual
with a PhD, the end result turned out to be a little different. | never really got be-
yond the modeling part. During my Master's project | got a taste of measuring
single-molecule devices. | did my time in the cleanroom fabricating samples and
spent weeks in the lab measuring broken devices hoping for the golden sample
that would nally work. While the long measurements were running, | would of-
ten kill the time by doing some calculations to see if we could predict certain fea-
tures of the measurements, usually the vibrational spectrum of the molecule we
hoped we were measuring. But as the project went on, | started to gravitate more
and more towards modeling, often at the expense of measuring. At the end of my
Master's, most of the computers in the student room had been converted into my
personal computing cluster. And this trend never stopped; | have not set foot in-
side a cleanroom since 2006. | guess | just do not have the patience required of a
good experimentalist.

The modeling part, on the other hand, did go beyond the original goal of vibra-
tional-mode spectroscopy. And, luckily for the rest of the group, on a few ded-
icated workstations instead of every temporarily unused computer | could nd.
Vibrational modes are still a large part of this thesis, but | had the opportunity to
study many other effects as well, culminating in what | think was the most exciting
project of my PhD: the design of a single-molecule motor. As a theoristin an exper-
imental group, | was lucky to be in a unique position. Not many theorist have the
chance to come up with a design and then see it made and measured in their own
group. Being surrounded by experimentalists is also a good way for a theorist to
keep it real. It gave me a chance to do a dozen little side-projects that never made
it into this thesis, but from which | learned more than | can tell.

A thesis, like the PhD itself, is never truly nished. Not everything you do in
four years will be a part of it, and of the things that you do write down, many ques-
tions remain. It is a summary of the main results of four years of research ina eld
that existed before and will continue long after a single PhD. So even though this
thesis only has my name on the cover, it was by no means the work of just me. It
would not have been possible without the help and support of many people.
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Mark Ratner, my internship advisor, thank you for your hospitality in letting
me stay with your group in Evanston for over a year in total. That meant a lot to me
for several reasons. And thanks for being such a good advisor while | was there. It
was not always easy to get a hold of you, but once | did, you had the ability to get
me back on track in under ve minutes every time | got stuck.

I would also like to thank the other people in Evanston | had the pleasure of
working with. Jeroen, thanks for helping me get settled when | rst arrived there
and for all the interesting lunch discussions. Gemma and Misha, in particular, |
want to thank for teaching me all about Green's functions. And thanks to all the
others for giving me a wonderful time there.

Being in MED for so many years, | have seen many people come and go. First |
would like to thank the old guard. Kevin and Edgar, my supervisors for my Master's
project, thank you for teaching me the ins and outs of fabricating and measuring
and for keeping me interested in molecular electronics. Edgar, thanks for being our
comic relief. MED has not been the same without you. lulean, thanks for starting
the movie-night tradition. Menno, the guardian of our daily schedule, good luck in
Yale. Christian, our walking library, literature search has become a lot more work
since you left. My old of ce mates, Gijs and Benoit. Benoit, thanks for your desk.
My pile of papers is now almost as high as yours was. And thanks to all the other
people who made MED a pleasure to be in: Anne, Bo, Andreas, Abdulaziz, Saveria
and Monica, Anna, Helena, Jae, Jeroen, Hangxing, and of course the students: the
ever satis ed Dapeng, Hari, Bertolt, David, Elham, Margeaux, and all the others.

A special thanks to Ferry, our group chemist. | think you taught me a lot more
about chemistry than | ever taught you about physics. We started at almost the
same time four years ago, and it is going to take some getting used to the fact that
you are now gone. Good luck to you and Patricia in Boston.



PREFACE vii

This brings me to the current generation of MED. First, Liberato Manna and
our new PlIs: Gary and Sander. Lunch discussions sure have become a lot livelier
with you. Sander, thanks for the fancy slide show. | hope that by the time you read
this your STM will nally have arrived. Our postdocs: Warner, your ability to tell
the most ridiculous stories with a straight face never ceases to amaze. Diana, MED
would be a lot less colorful without you. And of course our Spanish clan: Carlos,
Enrique and Andres. You have brought the Mediterranean spirit, and a lot of good
food, to the group. And then my fellow PhDs: Samir, never a boring moment when
you are around, thanks for the karaoke nights, Alexander, Venkatesh, Harold, Ben,
my current of ce mates: Hidde, always good for a laugh at the coffee table, and
Ronald. And lets not forget the youngest generation: Mickael, our graphics have
sure improved since you arrived, and the Italians: Michele and Anna. And a special
thanks to our support staff: Mascha, Ron, Maria, Irma and Monique. MED would
not be able to exist without you.

During a PhD you never work with just the people in your own group. First
of all  would like to thank the theorists down the hall, in particular Jos' other two
protégés: Chris and Fatemeh. It was nice to be able to bounce ideas off some fellow
theorists, even if you were always trying to steal my computer. Chris, | think we
both learned a lot from all the rubber ducky debugging sessions. Thanks for being
my paranymph and for all our discussions about, well, just about everything. They
were always able to turn a non-productive afternoon into at least a fun one.

On the ground oor we have the people from QT: Lieven Vandersypen, thanks
for being in my committee, and Amelia on the graphene nanogaps project, and
Gilles on the photoconductance project. Across the street are the chemists: Lau-
rens Siebbeles, thank you also for being in my committee, and Ferdinand Grozema,
funny how we keep running into each other, both in Delft and in Evanston. Rienk
and Simge, thanks for making the motor molecules. | sure hope they work. And
from Groningen, Hennie Valkenier, thanks for your help with designing them.
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Hedegard and Jeppe. Many ideas and practical suggestions came from the theo-
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2 1. INTRODUCTION

1.1 MOLECULAR ELECTRONICS

he major challenge in the semiconductor industry today is the inevitable size

limit of silicon-based technology. Since the 1960s, devices have been shrink-
ing at a steady pace, motivated by the ever increasing need for improved perfor-
mance in terms of speed, capacity and ef ciency. However, this downscaling is
now rapidly approaching the atomic limit ! and alternative strategies to achieve
further performance gains are required [ 1]. The strategies currently being explored
focus not only on downscaling as a means to improve performance, but also, or
even primarily, on increasing the functionality of the individual components. Cur-
rent silicon-based technology uses on charge carriers (electrons and/or holes) as
information carriers. One alternative would be to use light to carry or manipu-
late information, which has the advantage of high speed and low dissipation[  2].
Another approach involves using the spin of an electron as an (additional) infor-
mation carrier (spintronics) [ 3-6]. Yet another alternative is using nanoelectrome-
chanical systems (NEMS) as information storage devices or logic operators [ 7].
These alternatives all have in common that they are still based on conventional
bulk semiconductor technology. In this thesis we will focus on an approach that
goes beyond that convention.

Molecular electronics is the logical end result of a process of continuous minia-
turization, as molecules are the smallest entities occurring in nature that can per-
form a speci ¢ function. In nature, it is generally the chemical properties that de-
termine the functionality. For molecular devices however, the electronic proper-
ties are most important. In the case of semiconductors like silicon, these proper-
ties are bulk properties. Changing a single atom or dopant does not signi cantly
change the electronic structure of the device. For a molecule, on the other hand,
these properties are a direct result of the position and type of each individual atom
in the structure. In certain cases, changing even a single atom can turn a con-
ducting molecule into an insulator. There exists a strong correlation between the
electronic and nuclear structure; small perturbations in one can have major im-
plications for the other. The result is a complex spectrum of interacting electronic
and vibrational states.

Coupled with recent advances in synthetic chemistry, this complexity makes
it possible to design and synthesize molecules with an almost unlimited variation
in properties and functionality [ 8, 9]. For example, unsaturated carbon-carbon
bonds or conjugation can be used to create low-lying electronically excited states
that allow optical absorption or emission in the visible spectrum [  10]. Metal cen-
ters or radicals can be included to give the molecule a particular spin and even

1At the time of writing, the half-pitch of a memory cell, i.e., half the distance between identical features
in an array, is 22 nm.
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(a) Mechanically controllable break junction (b) Electromigrated break junction

FIGURE 1.1: Schematic and scanning electron microscope (SEM) pictures of (a) a mechanically con-
trollable break junction, and (b) an electromigrated break junction.

turn it into a magnet [ 11]. Mechanical functionality can be incorporated through
rotational centers or isomerizable double bonds, which has led to considerable
advances in the eld of molecular motors and machines|[ 12, 13]. But most impor-
tantly, molecules are not limited to one of these properties; multifunctionality, and
even interplay between different properties, can be achieved [ 14].

1.2 A SINGLE-MOLECULE DEVICE

Algeady in 1974 the rst molecular electronic device was proposed [ 15]. How-
ver, itwas not until the late 1990s that the rst electronic measurements could
be performed on single molecules [ 16-19]. The challenge lies in coupling macro-
scopic electrodes to a nanometer-sized molecule. In order to achieve this cou-
pling, a nanometer-sized gap, or nanogap, needs to be formed between the two
electrodes, in which a molecule is then deposited. Over the years several differ-
ent techniques have been developed to create such a nanogap, each with its own
advantages and disadvantages.

The scanning tunneling microscope (STM) was the rst probe to be used in
the study of single molecules [ 16, 17, 19, 20]. Single-molecule measurements can
be performed by forming a tunnel contact between an atomically sharp tip and
a molecule lying on top of a conducting substrate. One of the drawbacks of this
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FIGURE 1.2: Artist's impression of a thiol-capped molecule bridging an electromigrated nanogap in a
three-terminal junction.

method is that the junction is always very asymmetrically coupled and susceptible

to drift. The mechanically controllable break junction (MBJ) does not suffer from
these restrictions [ 18, 21, 22]. In a MBJ, the nanogap is formed by translating the
bending a exible substrate into the stretching of two suspended metal electrodes
(see Fig. 1.1b). The ratio of the displacements can be as low as 10 i °, giving rise to
sub-angstrom control over the electrode separation[ 23].

Both the STM and MBJ methods only provide two electrodes to address the
molecule. For many measurements it would be desirable to have a third elec-
trode: the gate. This is provided by the electromigrated break junction (EMBJ, see
Fig. 1.1b) [24-27]. An EMBJ consists of a lithographically de ned metal wire (plat-
inum in Fig. 1.1b) on top of a gate electrode (usually aluminum), separated from it
by an insulating oxide layer. The nanogap is formed by sending a current through
the wire. Through scattering, the electrons transfer momentum to the nuclei, the
so-called “electron wind. If the current density is large enough, the atoms start to
move. The current density is always highest near a constriction, leading to more
atoms being moved there and the constriction getting smaller, which in turn in-
creases the current density and eventually breaks the wire, resulting in a nanogap.
A certain measure of control over the gap can be achieved by carefully ramping the
voltage over the wire while measuring the change in resistance [ 27].

Once the nanogap is formed, molecules can be deposited, usually from solu-



1.3. THESISOUTLINE 5

tion. The molecules are generally capped with thiol or amine anchoring groups

in order to obtain a good coupling with the electrodes. An artist's impression of
the resulting single-molecule junction can be seen in Fig. 1.2. Contrary to an STM
junction, it is not possible in a MBJ or EMBJ to image the molecule directly. Prov-
ing that the desired molecule indeed bridges the nanogap therefore requires the
observation of certain features unique to that molecule, i.e., a molecular nger-
print . A major focus of this thesis is the determination of which properties can
function as a ngerprint and how molecules can be reliably identi ed.

To manipulate the state of a molecule in a junction or measure its properties,
several different probes can be used, the most obvious ones being the electrodes.
The source and drain can be used to apply a bias voltage over the molecule, which
allows us to send a current through the molecule and measure its conductance.
The chemical potentials of the different transitions within the molecule can be
modi ed by applying a voltage to the gate electrode. If (part of) the molecule has
a dipole moment, the gate eld can even be used to exert a force on the molecule.
Apart from electric elds it is possible to apply a magnetic eld in order to manip-
ulate the spin of a molecule. Shining light on the junction can be used to induce
transition through the absorption of a photon. Conversely, light emitted by the
molecule during an electronic transition (electroluminescence) can be measured
in order to obtain more information on the states of the system. Most molecu-
lar properties have a characteristic temperature dependence. Studying how these
properties change while going from cryogenic temperatures to room temperature
is yet another probe into the system. The effect of several of these probes on the
state of the junction, and the transitions between those states, will be discussed in
this thesis.

1.3 THESIS OUTLINE

n this thesis, several theoretical models are developed to describe the previously
mentioned effects. An important distinction must be made between the so-
called toymodels and the ab initio quantum chemistry methods. The former are
simple methods with the minimum number of parameters necessary to model a
particular effect. The latter are full-scale calculations involving the Schrddinger
equation of the entire system. In this thesis both methods are used: toymodels
to obtain a qualitative understanding of single-molecule junctions, and quantum
chemistry methods to quantitatively compare the calculations to measurements.

Chapter 2 introduces the non-equilibrium Green's function (NEGF) method, a
formalism for solving the many-body Schrddinger equation of a non-equilibrium
system coupled to semi-in nite electrodes. An overview of the general formalism
is given, including expressions for calculating the occupation (charge) of and cur-
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rent through the molecule. A special section is dedicated to the calculation of the
vibrational frequencies and normal modes of a molecule and their effect on the
current.

Since the many-body NEGF method is unwieldy for systems approaching the
complexity of real molecules, a more approximate method, the master equation
(ME) approach is developed in Chapter 3. This approach is particularly well suited
to weakly coupled systems. The differences between the NEGF and ME methods
are highlighted, in particular the treatment of vibrational excitations.

In Chapter 4, the methods developed in the previous chapters are applied to
two simple example systems, or toy models: the single-level quantum dot and the
metallic island with a constant density of states (DOS). These two model are espe-
cially relevant for studying capacitive interactions between molecules or metallic
grains.

One of the major factors in uencing the behavior of a molecule in a junction
is its electrostatic environment. Chapter 5 explores the effect of the bias and gate
eld on the molecular states and chemical potentials, and introduces a convenient
formalism to describe these effects in terms of a capacitor network. This formalism
is also particularly useful for describing the capacitive interactions between elec-
trons on the molecule, which lead to characteristic current-voltage (IV) features
such as Coulomb blockade. Apart from interactions within the same molecule,
the electrons also capacitively interact with those on nearby molecules or metallic
grains. These interactions are modeled in terms of the singe-level quantum dot
and metallic island described in chapter 4, and the resulting I1Vs are compared to
measurements yielding good quantitative agreement.

As discussed in the previous section, proof that the desired molecule is being
measured in a junction requires the observation of particular features which can
serve as a molecular ngerprint. Chapter 6 shows that the vibrational spectrum of
amolecule can ful ll thisrole. Comprehensive  abinitio calculations are performed
on several different molecules to obtain their vibrational spectra. Using the ME
approach of chapter 3 the effect of vibrations on both the IV characteristics and
the electroluminescence spectrum is calculated. Comparison to measured spectra
again shows excellent agreement.

In strongly coupled molecules, where the NEGF method is most applicable, vi-
brational excitations affect the IVs in a substantially different way than in weakly
coupled systems. Chapter 7 explores this effect in detail by performing extensive
abinitio calculations which show good agreement with measurements. The differ-
ences between vibrational excitations in weakly and strongly coupled molecules
are discussed and an approximate selection rule is given for excitations in the in-
elastic electron tunneling spectroscopy (IETS) regime.

The different toymodels and ab initio methods developed in this thesis come
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together in Chapter 8, where they are applied to a proposed design for an all-
electric single-molecule motor. In this design, the rotor, which contains a static
dipole moment, is driven by an oscillating gate eld. The potential landscape for
this rotation is determined by the conjugated backbone of the molecule. This con-
jugation allows the real-time measure of the rotation through the modulation of
the conductance. We show that this approach provides unidirectionality and full
control over the speed of rotation.

All ab initio calculations in this thesis have been performed with the Amster-
dam Density Functional (ADF) quantum chemistry package[ 28, 29]. The programs
used to calculate the effects of vibrational excitations in both the NEGF and ME
approach have been developed as modules of this package. Their implementa-
tion details are described in Appendices A, B & C. Finally, Appendix D describes
the implementation of the Langevin equation used to model the dynamics of the
single-molecule motor.
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THE NON-EQUILIBRIUM
GREEN’S FUNCTION APPROACH

In this chapter we introduce the non-equilibrium Green's function method, a for-
malism for solving the many-body Schrédinger equation of a non-equilibrium sys-
tem coupled to semi-in nite leads. An overview of the general formalism s given, af-
ter which the inclusion of capacitive interactions and tunnel couplings is described
in detail. Explicit expressions are given for the properties of interest, such as the
occupation of the levels and the current through the molecule. We also discuss the
calculation of vibrational frequencies and normal modes and their effect on the cur-
rent.

11
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2.1 GENERAL FORMALISM

guantum-mechanical system, such as a single molecule or a quantum dot,

is described by the Schrédinger equation. For a system with a nite number
of particles there exist several methods for solving the (many-body) Schrédinger
equation. The Hartree-Fock (HF) and density-functional theory (DFT) quantum
chemistry methods in particular are popular approaches. However, when we are
studying a single-molecule junction, we are not looking at a nite system. The
molecule is coupled to metallic electrodes, and via those electrodes to a battery,
measurement equipment, etc. Moreover, we are interested in cases where the sys-
tem s notin equilibrium. A bias voltage may be applied over the molecule, causing
currentto ow. In this case the system does not even have a well-de ned ground
state. For such a non-equilibrium system coupled to semi-in nite leads, trying to
solve the Schrédinger equation directly is unfeasible.

In this chapter we will introduce the non-equilibrium Green's function (NEGF)
method, which is our method of choice for solving non-equilibrium many-body
transport problems. The derivation of the general formalism will be brief, for a
complete overview we refer the reader to Refs. [ 1-4]. For a closed system in equi-
librium, the Green's function formalism is simply a rephrasing of (solutions to) the
Schrddinger equation, and therefore just as exact. However, the NEGF method
provides a systematic approach to incorporate non-equilibrium interactions of a
nanoscale system with an in nitely large environment. For practical applications,
several approximations are necessary. First, the metallic electrodes, or leads, are
modeled as in nite reservoirs which are themselves non-interacting and in equi-
librium, i.e., they are notin uenced by the molecule. 1 Note that different leads are
not required to be in equilibrium with each other, otherwise transport would be
impossible. Second, we assume that in the in nite past the system can be parti-
tioned into isolated leads and an isolated molecule, all of which are in equilibrium.
At some point in time the interactions with the leads are turned on adiabatically
and the system evolves to the time of interest. 2 Third, the system is an open quan-
tum system. Electrons can travel from the molecule to the leads and be absorbed
without affecting the state of the leads, thereby irreversibly losing all information
of their dynamics.

With these three approximations it is possible to obtain closed expressions for

1The assumption that the leads are not in uenced by the molecule may seem unjusti ed, since the sur-
face atoms on the leads would most likely feel the effects of the molecule, especially those to which the
molecule is bonded. However, we are not required to partition the system at the interface between the
molecule and the electrode. We can incorporate the rst few layers of the electrode into an ‘extended
molecule, which is then coupled to leads that are suf ciently screened from the molecule.

2AIternativer, itis possible to start with a coupled system at zero bias in the in nite past, and adiabat-
ically increase the bias voltage to its nal value.
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the properties of interest of a molecular junction (occupation of molecular or-
bitals, current, etc). However, for systems approaching the complexity of real
molecules, the equations tend to become unwieldy and computationally expen-
sive as all many-body interactions on the molecule are taken into account explic-
itly. For practical applications, the mean- eld approximation is therefore often
employed. In this approximation the many-body interactions are taken into ac-
count in an averaged way, making ab initio quantum transport problems tractable
at the cost of the loss of certain transport phenomena, most notably Coulomb
blockade. In chapter 3 we will look at an alternative approach to reducing the
complexity of the many-body Green's functions, called the master equation (ME)
approach. This approach allows for certain approximations which make it com-
putationally signi cantly cheaper, yet it retains the many-body character of the
system. Which of these two approximations is applicable to a particular system
depends on the strength of coupling to the leads: for strong coupling the mean-
eld NEGF method tends to give the best results while for weak coupling the ME
approach is the method of choice.

2.1.1 THE SCHRODINGER EQUATION
The starting point for the derivation of any quantum-mechanical formalism is the
Schrédinger equation and, by extension, the Hamiltonian, which, for a molecule
consisting of n electrons and N nuclei, is given by
X p? e2 X X 1

HE ——A— _
im2Me 472 miomayllii rid
X PP @2 XX _Z;Zjo_
im2Mj " 40 g ogar Rji Rjo

2 X X Z;
e _Z; _
[ - = (2.1)
4/40“3“5 rii Rj

where i numbers the electrons with mass me, j numbers the nuclei with mass M;
and charge e Z;, and
pi AR ¢, (2.2)

and similarly for P;. The rstline in the Hamiltonian describes the electrons, the
second the nuclei and the third the interaction between the electrons and the nu-
clei. The number of degrees of freedom in this Hamiltonian is too large for it to
be tractable on all but the smallest systems. Therefore, a number of approxima-
tions have to be made. The rstis to separate the electronic and nuclear degrees
of freedom:

& (r,R)¥a% (r)? n(R). (2.3)
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This approximation is known as the Born-Oppenheimer approximation[  1]. Its jus-
ti cation lies in the fact that the nuclei are much heavier than the electrons (by at
least three orders of magnitude), and therefore move much more slowly than the
electrons. The Hamiltonian governing the electronic wave-functions is

82 e2 X X 1 ez x Xz _
; i Lo (4

X
He & Tt ave. .
e W0 i miomaddtil N A0 mim T RY”

i | 2Me

where RJQ are the instantaneous positions of the nuclei. This Hamiltonian can be
splitinto a single-electron Hamiltonian

X g2 o, e XN _ zZ

Hse /Ej rei , (2.5)
im2me AR m e T RO™
and an interaction Hamiltonian
e X X 1 e? 1X X 1
[ (2.6)

A2 miomardFii Tid AY202 | joelii rio’

The solutions to the single-electron Hamiltonian can be written as a product of
single-particle wave-functions Aki (rio), where k; denotes any possible quantum
number, including spin. Since electrons are fermions, the eigenvalue of the per-
mutation operator, which exchanges two particles, is 1, which means that the
many-electron wave-function is antisymmetric with respect to particle exchange.
This requirement is met by the many-electron wave-functions, which can be writ-
ten as a Slater determinant of the n £ n matrix of single-electron wave-functions:

Eékl(rl) ékl(fz) ékl(rn)z

1 :Akz(rl) Akz(rz) Akz(rn):
©k(r)ﬁEﬁﬁ: ) . .= (2.7)

A, (1) A () o A (rn)

Such a Slater determinant does not include any correlations apart from exchange,
and is therefore still a wave-function of non-interacting electrons. Since the set of

all possible Slater determinants forms a complete basis of the Hilbert space[ 3], the
interacting many-electron wave-function can be written as a linear combination of
non-interacting Slater determinants:

X
ae(r)E  CyOx(r). (2.8)
{k}
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2.1.2 SECOND QUANTIZATION

Since the electrons are indistinguishable, it is generally more convenient to use

a representation in which we only specify how many electrons are in a specic
single-particle state Aki (r), known as second quantization [5]. Using the Dirac no-
tation, we can write - ®

j©k(r)i/Enk1,nk2,...,nkn , (2.9)

where ny; is the occupation number of the single-particle state Aki (r). The ©(r)
are called Fock statesand form a basis of the Fock space which is an “extended'
Hilbert space with a variable number of particles.

In the Fock space, we can de ne operators which either  create (dlz) or destroy
(dAki ) a particle in the single-particle state ,’i\ki (r):

® 5 ¢ ®
dki_nkl,...,nki,...,nkn A 1)% 1i ny Nigre-oNig AL Nk, (2.10a)

®
(2.10b)

n

Sz ® -
di, NigeeoNig ook, &G 1)5Ng N,k i L..,nk

where (j 1)%, with X
sAE N (2.11)
i %G
takes care of the anti-symmetry requirement of the wave-functions. From these
de nitions it is easy to see that

oA — ® Z
d:idki Nicyyee Ny e a Nk /Enki Nicyyee Ny ee N (2.12)

hence we can de ne the occupation number operator
Ak, cfki dy, - (2.13)

Similarly,

N ® i & ®
dkidki nkl,...,nki,...,nkn /El| nki nkl,...,nki,...,nkn , (2.14)

which can be interpreted as the occupation number operator for holes instead of
electrons. We therefore have

di d} Ad dy, /&L (2.15)

More generally, it can be shown that for two arbitrary single-particle states  k; and
kio
73 Y
d, .o Aty 4o, (2.16a)
v %

kP
n__0 A
di,.dyo A& d .dy A0, (2.16b)
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where the curly brackets denote anti-commutators.

The operators d ~and dk. create and destroy a particle with quantum number
ki. We can also de ne eld operators , which create or destroy a particle at position
r:

t X ia ot
ATry&E Ag (r)d, (2.17a)
Ar)E Ay (r)dy, . (2.17b)
ki
Using the eld operators we can transform a single-particle operator from the po-

sition representation to second-quantized form:
Z

. X X aron
AE FrATOANATE A xod] dyo, (2.18)
ki kio i i i
where Z
A k0 B B3 A (1A )A(r). (2.19)
Similarly for a two-particle operator:
Z VA
BA d d OAT(r)AT B r, rOA rOA(r)
X X XX
A By, kokookood d Odkodkoop (2.20)
kl kO kOOkOOO
where
z 3Z IR CILIT N B Pu Y
By, kokoocoodE  d7r dr AL (r)Ao 1 B r,r” Agoor ™ Ayoofr ). (2.21)
R i i i i

Since the single-electron wave-functions Aki (r) are eigenfunctions of Hge with

eigenvalues 2y, the single-electron Hamiltonian can be written as

X

Hse £ 2ivMive (2.22)

i%
where we have now expllcnlydwcludedj the orbital and spin quantum numbers i
and % So far we have taken A;y(r) to be the set of eigenfunctions of the many-
atom single-electron Hamiltonian. However, the set of all possible solutions to the
several single-atom single-electron Hamiltonians also spans the Hilbert space and
can therefore also be used to construct the Fock space. In this basis Hgeis nolonger

diagonal, but of the form
X PN X X
Hse £ 2j3d,dinA (,Haa/d d% (2.23)
i% i %i %64
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where hermiticity of the Hamiltonian requires that ¢ ,i‘%'CECinO,i%' This is the most
general form of the single-electron Hamiltonian in the framework of second quan-
tization. The only assumption here isthat ¢, ; o, mixes different orbital butnot spin
wave-functions, i.e., spin-orbit coupling and magnetic elds are not taken into ac-
count.
The interaction Hamiltonian H; contains a two-particle operator which can be

written as X X X X

Hi /&3 Ui j oo 00 oo%)d %dl@/ad oe/pdjloo%’q (2.24)

i% i0 080000
where
2z Z

3 3, 05t i o &
d’r  d°r As(r)A Q%Or Aoe/pr Ajoog,(r). (2.25)

1
irirg
This Hamiltonian again conserves spin. In the rest of this chapter we will assume

that, in a localized orthonormal basis, Uy ;ay; 09 009p0/E0 when | 64 or i %% /A° The
Hamiltonian then simpli es to

Ui 000 oogypoﬁE4l/ >

XX U
Hi A5 3/4|03/Pd 4 |%dios/pdi03/49
57“03/ s
5 Ui o o 1 . (2.26)
[FARZ:::2

2.1.3 GREEN’S FUNCTIONS

In the context of transport, it is generally most convenient to solve the Schrddinger
equation with the non-equilibrium Green's function (NEGF) method, which we

will brie y introduce here. For a complete derivation of the formalism see Refs.[  1-
3]. The single-particle Green's function is de ned as

i ¢ i D nA R oE
Gijoti to/EiE T di)dy(ty (2.27)

where T is the time-ordering operator, which moves operators at earlier times to
the right. Assuming the Hamiltonian is time-independent, the Green's function
only depends on time time difference t j t° This Green's function can be inter-
preted as a propagator. If we create a particle in state i%attime t° it gives us to the
probability that it is found in state i at time t, i.e., that it propagated from i°toi.
Finding a closed expression for the propagator is the main problem in the Green's
function formalism. Usually we &tart out by approximating the full propagator with

the free propagator g;.jo t t%, i.e., the propagator in the absence of any interac-
tions. The rstorder correction Would be when the particle freely propagates from
state i %at time t%to state i “%at time t°?at which point it interacts with a potential Vv
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and is scattered to state i °Clt then again freely propagates to time t, where it ends
up in state i. Mathematically, the form of this correction is
Z
Gi;iolt i t9 /g ;iolt i t7A dtO(?( gi;iooolt i tOS: Vwogozgiogioltm. t%,  (2.28)
j 000 j 00
where we have integrated over all possible interaction times  t°° This equation can
be simpli ed signi cantly by writing the sums over  i%and i ®°&s matrix products,
and taking the Fourier transform, for which we will use the following convention:
© a Z1 21
F f@t) " fQ)&E dte''ft)E  dte's'f(t) £f (2), (2.29a)
il b il 7
Fi l©f(' )a' f(t)/Ei ' drei e );EE ' ® iI5tf (2) (2.29h)
' 21/4 il ' ' B il 2]/4 ' '
The Fourier transform turns the integral over  t%%into a simple product, and we are
left with
G() Ag()Ag(®)Z()g(®). (2.30)

Where 3 (2), the so-called self-energy; is the sum of all possible interactions. Drop-
ping the explicit dependence on 2 for the moment, the second-order correction to
the propagator is

GAgAg=gAg=g=g. (2.31)

Continuing the iteration to in nite order yields

i ¢
G/EgAgZIgAngA...
FgAg=G. (2.32)

This equation is know as the Dyson equation. It can be solved formally to give

i ¢
GEgili="t (2.33)
Alternatively, we can de ne the self-energy as the reciprocal difference between

the free and the full propagator:
SAgit Gt (2.34)

Although in principle it is possible to analyze the system solely in terms of the
time-ordered Green's function, in practice it is more useful to work with two differ-
ent Green's functions: the lesser Green's function,

ci f il g F
Giio i 7 /g dlyt9di () (2.35)
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and the greater Green's function,

.- ¢ iDA . E
Gho ti t° Eiz di (1)dy(t9 . (2.36)
In terms of these Green's functions we can write Eq. 2.27 as
Gi;ioiti t0¢ﬁEuiti tO¢GiE;i0it OAu o, t¢G¢|0t. & (2.37)
Note that from the de nition of the lesser Green's function, we have
Z
;i (t)i Alim %Gf{i iti t0¢ﬁE :T/GC @). (2.38)

As we will see later, most properties of interest, such as the current, can also be ob-
tained from the lesser Greens fura,ctlon However, itis generally dif cult to obtain a
closed expression for GQ ti t9. Usually itis more convenient to work with either
the retarded Green's funct|on

- ¢ ¢OE
Gho't t° /E,— Wt | t% d (®).dh , (2.39)
or the advanced Green's function,
i ¢ Dn . (OE
Giotit® /EEp(toi ) di(t).dst® (2.40)

where the curly brackets again denote anti-commutators. These Green's functions
are not independent. From their de nitions it is easy to see that

o & &
G||0t|t i Gliotit® ﬁEGHot|t .G‘?,ot.t (2.41)

The Spectral Function
Eq. 2.41 has an important application in the de nition of the spectral function:

i, 1P
Ai;i0t|t /CEF d(t)d

¢ ¢
_Gi_io tit9 GCIOt. t0

i A ¢
.GiA;iO ti t% Giotit°
i > (2.42)
Since it can be shown that in the Fourier domain
A% i (2.43)
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the last line reduces to
1 © A a
AR Ei=Im G"(?) . (2.44)
Ya
For a non-interacting system ( = A0) the spectral function is simply a diagonal ma-
trix with delta functions at the eigenvalues of the Hamiltonian, hence

D (%) £Tr{AC)} (2.45)

is the density of states (DOS) of the system. Since A(?) is related to the imaginary
part of GA(Z), which describes the dissipation of the system, the effect of a non-
zero self-energy is to broaden the delta functions and give a nite lifetime to the
eigenstates of the unperturbed Hamiltonian.

The physical interpretation of the spectral function can be put on a more rigid
footing by considering the uctuation-dissipation theorem. It can be shown [ 2,3]
that for a system in grand-canonical equilibrium with a reservoir with chemical
potential 1 at temperature T, the lesser and greater Green's functions are related
via

GQ(Z)ﬁEie;iFT]TGE(Z). (2.46)

From Eq. 2.42 we therefore have

G%(2) A2vif (2)A(2), (2.47)
and ) ) ¢
GE@)Ei2vi'li £) AQ), (2.48)
where
f(Z)AE% (2.49)
eksT A1

is the Fermi distribution. This shows that, in equilibrium, the lesser Green's func-
tion, corresponding to the expectation value of the occupation number operator,
can be interpreted as a product of the spectral function, containing information on
the density of states, and the occupation probability, given by the Fermi distribu-
tion. As the greater Green's function is proportionaltol  f(2), itcan be interpreted
as referring to holes instead of electrons.

The Keldysh Equation

Eq. 2.47 only holds in equilibrium. For non-equilibrium systems we need another
relation between G€ and G? and Gi , which can be obtained from Langreth the-
orem (see Refs. [2, 3] for a full derivation). This theorem says that for two Green's
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functions A and B, we have

(AB)A EARBA, (2.50a)
(AB)¢ EAPBCAACB! (2.50b)

and consequently
(ABC)® EAPBACS A AABSCI AASBICI . (2.51)

Similar relations hold for the greater Green's functions. Applying these rules to the
Dyson equation (Eq. 2.32) yields

G® EgS A grsAGS AgrsSGi AgSsiGi. (2.52)
Iterating once and grouping terms gives
G ﬁEilAgAZA(bgC(lA SiGHA igAAgAZAgAQ:ZQGi AgrsAghsAGS. (253)
Carrying out this iteration to in nite order results in:
G¢/Ei1AGAzA¢g¢(1Azi G )AGrsSGi . (2.54)

This equation is known as the Keldysh equation. It can be show that, if the system
was non-interacting in the in nite past, i.e., all interactions are contained in the
self-energy, the rst term vanishes [ 2, 3]. Additionally, it can be shown to vanish
when all resonances of the isolated system are broadened by the self-energy [ 6].
The latter will generally hold for the valence electrons in a molecular junction.
Most applications therefore use the reduced form of the Keldysh equation:

GS EGAsSGI (2.55)

In a typical analysis with the NEGF approach, we rst try to nd a closed ex-
pression for gi and Zi . From this we can obtain an expression for G by using
the Dyson equation (Eq. 2.32), which is still valid for the retarded Green's function
according to the Langreth theorem (Eg. 2.50a). Assuming we also have an expres-
sion for =€, we can obtain G from the Keldysh equation. From the lesser Green's
function we can nally calculate the properties of interest, such as the expectation
values of the occupation number operators (Eqg. 2.38).

2.2 THE EQUATION-OF-MOTION METHOD
far we have only looked at how to proceed once we already have expressions
or the retarded Green's function and the self-energy. How to obtain those ex-
pressions still needs to be explained. The method of choice is the equation-of-
motion (EOM) method. In the Heisenberg picture of quantum mechanics, it is not
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the state vectors, but the operators which depend on time:

- — ® it TR L Ht E . Z Zo®
a()y Aa(t) £aer’™ Aelr’a 2 A(t)?2 . (2.56)

From this de nition we can derive an equation of motion for the time-dependent
operator:

(;j—tA(t)/E;—teiﬁH‘Aei gHt /EIEHeiEHIAe‘ gHU, ofHt Al H IEH
i £. o
Eiz ADH (2.57)

where the square brackets denote commutators. Applying this technique to the
de nition| of the¢retarded Green's function (Eq. 2.39) gives us a differential equation

for GiA;io ti t9. Using the Fourier transform turns this into an algebraic equation
in the energy domain via a

©
F iRf(t) Af(), (2.58)

which is easily solved. This is convenient, as both the Dyson and the Keldysh equa-
tion are simple algebraic equations in the energy domain. In practice, only the
lesser Green's function needs to be transformed back to the time domain in order
to obtain the expectation values of the occupation number operators (Eq. 2.38).

2.2.1 NO INTERACTIONS

As we have seenin section 2.1.2, the Hamiltonian for a system with non-interacting

electrons is given by X L

Hs/&E  2yd diz, (2.59)
i%

where i numbers the orbitals (or levels), ¥the spin, and dAiT% and dAis/‘,are the cre-

ation and annihilation operators. Note that this Hamiltonian describes an isolated

molecule without capacitive interactions. The leads are neglected for the moment.

From the Hamiltonian we can obtain the equations of motion for dAiT% and dAi ¥, via

Eq. 2.57:

iRd, (1) & i2i5d (1), (2.60a)
iBdlisu(t) i si(t)- (2.60D)
With these, the EOM for the retarded Green's function is readily found:

. [ ¢ ¢ [ ¢
IBGap ti t0 A i 104 oty ypA2i5G] iap ti t0, (2.61)
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which, after Fourier transforming with respectto  t j t° turns into

Gﬁ/“.i ayp(?) AEE oty ypA 2, 3/4GiA3/4i ap(®), (2.62)
hence
& oty yp
Gyl )ﬁE—' s (2.63)

i “i%

This Green's function is zero when %64 This is a general feature of all Green's
functions which we will study, since, in the absence of spin-orbit coupling and
magnetic elds, processes involving a spin ip are forbidden. We will therefore
use the following compact notation:

0
A ,0%2);5 i (2.64)

Note that this Green's function is unde ned at 2 /23, The retarded Green's func-
tion is therefore generally de ned by taking 2! 2Ai":

i jo
£ I|m 2.65
G ou®) AlIm, (2.65)
where “ is a positive in nitesimal. This results in the following spectral function
(Eq. 2.42):

A joy(2) i ||03/4()| IIQ%(Z)&-- im E'—E..+2-2- (2.66)
i i O o, |,|°,! A Ya(? | 2,9)2A 2 k(i %), (2.

i.e., a diagonal matrix with delta functions at the eigenvalues of the Hamiltonian,
as would be expected.

In the following sections we will drop the explicit ~ dependence of the Green's
functions. Note that for interactions which cause the single-molecule states to
have a nite lifetime, such as tunnel couplings, the corresponding self-energies

have a non-zero imaginary part, and the use of an in nitesimal iS super uous.

2.2.2 CAPACITIVE INTERACTIONS
The Coulomb term in the interaction Hamiltonian adds capacitive interactions be-
tween the electrons, resulting in a Hamiltonian of the following form (see Eq. 2.26)

X, st g X P
Hs & 2i3d,dinA 3 Ui sz opd; 5, di %20 oy o 0. (2.67)
i% 1% %P
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Note that Ujs,js should be zero, otherwise this Hamiltonian contains (unphysical)
self-interactions. The equations of motion for the creation and annihilation oper-
ators in the presence of capacitive interactions are

A !
- X -
iBdL M &1 2iwA Uisgepiiopt) dl (), (2.68a)
A i %P |
R X ,
iBdiv(t) £ 2inA mPUia/4im/Pﬁiﬂs/P(t) diw(t), (2.68D)
%4

where fijs,” d d,%, with Ajs(t) £0. The EOM for the retarded Green's function is
now

& & P
iBGq, 0 e 10 0AZyG Ao ot X U %ioe/pﬁgizgé‘pgi;i%ti t,

j 08/00
(2.69)
where
P& bn. R i OF
G g0, ti 0 Ut Aioep(t)dis(t). G, t7 (2.70)
is the second-order Green's function. After Fourier transforming, we obtain
2: 2 A X (A 2
(i i%)Gi ;iQ‘/a( )Ei,iOA OGPOUi%iO@/pG(iOG/Pgi;io%( )- (2.71)
08/

In order to get a closed expression for GA io,(?), we rsthave to nd an expression
for the second-order Green's function. Employlng the EOM technique once again
yields, in the Fourier domain,

@i 2i5)GPR o (2) At johfjospi A X Ugomps @A @). (2.72)
1923 08/09; - g, i,i0MN; 080 i %41 009000 Gog poy a8+ G\ - .

i 009,000

This in turn depends on the third-order Green's function:

i &L bn. X . Y
G pogi ooy, Li 10 W 1) Aioopnft)oaadt)dis(t), dlo, t0, (273)

the EOM of which is given by
CGi 2w Ggisgéypom ogpg; o, (*) AEEi | O;ﬁ i 009,000 0g/pd

A
A Uj i 00‘3}%)0@?30%0% 00gPORj 08/98 : 0%(2): (2.74)

j 0067000

and so on. For an in nite number of levels, this leads to an in nite hierarchy of
Greenss functions. If the number of levels Ny is nite, and Uj s, A0, the hierarchy
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ends with G((_'_\f)"i)ﬁﬁ(z), since each single-particle state can appear at most once in

the indices of the Green's functions. 3 However, even if the hierarchy is in nite, itis
still possible to obtain a closed expression for Gf\_i o, (?)- We write

A i - . ®¢
Gi 2% Gw,() Atijo 1A Uis?) (2.75)
where - -
N X A X I
" Ujzie U 308,00 U; 5, 00gpoo
Uiy(?) £ il /Pﬁiua/p 1A Mﬁioe/po 1A Mﬁiowpo(lA...)
iop2i 2iv, ioa/pozi iy, joagpoo 2§ 2j
V3 A (2.76)

p AL in/pzi %iy,

is the operator containing all capacitive interactions. Inserting this into the expres-
sion for the Green's function yields

* A 1o+
tij0 X X Ujyoepo,
Gi)s‘.iag/‘1 2)/EZ_I'2|. —ZI.MZA A 0g/p0
' I %1% pm jogpo "1 “i% .
é A
+; ;0
A . (2.77)

T ~
2§ Zimi joapddiyoapd;og0

This equation can be written in the form of a Dyson equation (Eq. 2.32) if we take
Eq. 2.65 for ggj/ﬁ and de ne the (diagonal) capacitive self-energy matrix as

X
§ 0, i 10 Ujygoupai ogp0 (2.78)
i 09/00

Note, however, that even though Eq. 2.77 has the form of a Dyson equation, itis not
an example of a Dyson equation. On the rst line we take the expectation value of
products of terms, while Eq. 2.32 contains products of expectation values. This
difference also has consequences for the Keldysh equation, since it is derived from
the Dyson equation by means of the Langreth theorem. However, the Langreth
theorem only depends on the time-argument of the Green's functions, not on the
fact that they contain expectation values [ 2]. This means that it is still possible to
use the Keldysh equation, provided we only take the expectation value of the nal
result.

If we take all capacitive interactions to be equal, except the self-interaction, i.e.,

(
U i%6A%7
Uj oy 00 AE ) (2.79)
0 otherwise,

SThis is due to the fact that A 3Aj s, Ay,
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Eq. 2.77 becomes ) N
é A
Glha?) & __he (2.80)
T 2j 2j5i UNjs,
~ . P N . L . .
where Njs, i%pem,Nis. In practical applications we are often interested in sys-
tems containing only a single (valence) electron (see, for example, section 4.2).

Such a system can be described by taking the limitof U !'1 . Njg,is now either O
or 1, and we have

8
< %0 3
ETe T Nis, A0,
GiA_iQ%Z),CE Itl.z/.AO ,\I "
' : z; 2ili;/li U A=y Ni%/El,
. ®
1i Niy
Ei JO#. (281)

I "%

2.2.3 TUNNEL COUPLINGS
Let us now look at what happens if we include a tunnel coupling term in the Hamil-
tonian. We will include both couplings to external leads and intra-system cou-
plings, since they can be treated on an equal footing in the upcoming analysis.
The Greenss function hierarchy resulting from these coupling terms can no longer
be solved exactly, so we will consider several approximations to simplify the equa-
tions.

With an intra-system tunnel-coupling term, the Hamiltonian of the system is
given by (see Eq. 2.23)

X oo 1X X o r o oop oo X X PN
Hs&E 2iyd divA 3 Ui s arpd |, di 3 o o0l 0 A éiiodiydis,. (2.82)
% ALY ALY S

Note that the hermiticity of the Hamiltonian requires that éii %/Eg,i“oi ”
The system is coupled to external non-interacting leads, which are described
by
HLE  2aku8l, 5 Conv (2.83)
@Kk
where ® numbers the leads, k the states on the leads, and 3is again the spin of the
electrons. The interaction between the system and the leads is given by

X X PN
H, £ Vek i 78 gy dinAh.c. (2.84)
1% ®k

From the total Hamiltonian we obtain the following equations of motion for
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the creation and annihilation operators of the electrons on the molecule
A !
- X A o
iBAL() Ei 2inA  Uiyiopiiop(t) d, 3/(t)| &i i) |03/4(t)l Vek,i vE ®k3/(t)
7y i0 ®k
2.85a
A ! ( )
iRd: X A { X y X o ~
iBdis(t) £ 2inA  Uigiophiopt) dist)A  éiodiot)A Vg s Carut)
i P i0 @k
(2.85b)
and for the electrons on the leads:
iBED (1) A i2ak ®k3/(t). Vi), (2.86a)
I
X “
iBCaka(t) Aarslorv(t) A Ve ivdiut). (2.86b)
i
It is convenient to also write down the EOM for  Ajs;
3

N o
iBAis(t) £ éiioyd %(t)d a(t)i ¢ l%dl%(t)d-%(t)
i0 o
A

Vi Ot Vel O )

(2.87)

From these equations we get for the retarded Green's function
GAIQB/( ) A |0A i%G |03/( )A /ADU %|0@/QG(|0@/99| ICB/( )A ¢| |0@/ ogiQ;/( )

A

A V®k |3/4G®k |Q3/4( ),

(2.88)
where the last term is easily shown to be
X Ve i
A @k, /4
Cekin®) E - 2. 0| w®)- (2.89)
io © 1 “®k3
De ning the retarded self-energy
o X V(;k i 3/4V®k %
|03/4( )’ V®k,i%v®k,i%g(ék;®k%(2)/E 2—’_| 2 ) (2.90)
K i ek
where

®®0+k kO
9®k ok (P) A ———

(2.91)
I ®Kk ¥
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is the retarded Green's function of the uncoupled non-interacting leads, Eq. 2.88
becomes

(@i 292Gy f?) A oA AT TS @)
! i % i i %4 0%/ (i 9999 ;i %,

iO@/pO
X 1
Ay ,iO%A §™00,(2) Glog ). (2.92)
iOO
In matrix form tTliS can be written as
21i 29,0 ¢ z% @) Ga/(z)/ElA Ggoe/pgs,( ) (2.93)
where A
Gglzo@/pgl ,03/4( )’ U,3/4|oa/pG(| 0@/409, |Qs/4( ): (2.94)

The EOM for the second-order Green's function is

X
A A . A A
26(23%09' o, (%) AL jobMh 0gjpd Az %Géizge/pgi i 03/4(2)/& . Ui3/4-i oogpoGgisgogp% 0909; w,(*)
I

2S¢ omG@R A" V& 5,69
-oooa i 009 (ioe/‘pgiOOQOs/A() o ®K,i ¥ (|0@/P9®k|°%()
|
X 3
. 2)A . .m 2)A
A i 0% DWPG& 39i 00908 : Q;/A(Z) I ¢jog oagp@'gi 309 08/09; +j %(z)

j 000

o 2)A . 2)A
A®k V®k,i06/p(GEi 39®k3/z99i ;i(l%,(z)l V®k,i0@/PGE®)k'iOB/‘p§i ;i(h/l,(z) . (295)

The Hartree-Fock Approximation

At this point it becomes necessary to introduce certain approximations in order
to keep the hierarchy of Green's functions manageable. In the Hartree-Fock (HF)
approximation we simply cut off the hierarchy after rst order by assuming that

2)A A :
G aypgi 09y (2) AEM 00 Glbogay,(2), (2.96)
i.e., we neglect all correlations between the occupation number operators. In ma-
trix form, Eq. 2.88 now becomes
H 1
Ghe 2-2-_“C®---X ®A2|1
WY 2L 240 2y, 0 dwi Xy, (3) (2.97)
®

where §3C/4 is given by Eq. 2.78. This shows that assuming Eq. 2.96 is equivalent
to taking the mean- eld approximation, since only the average of the capacitive
interactions is taken into account. Since the creation and annihilation operators
are de ned as operating on Slater determinants (see section 2.1.2), exchange is
taken into account explicitly in the HF approximation, but all other correlations
are neglected.
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Hartree-Fock Revisited

An alternative to HF would be to not assume Eq. 2.96, but to obtain G(| 0@/P9| oy, ()
from its equation of motion (Eq. 2.95). However, in order to make the EOM man-
ageable, we have to make another approximation. Instead of making approxima-
tions about the capacitive interactions, we now make the following assumptions
about the tunnel couplings (corresponding to the terms on the last two lines of
Eq. 2.95):

; A S A
Gi0% OO%"G‘Eizggi 009,08 : Qa/A(z) I c,inogi oogpﬁgizgog 08/09; +j Q;/A(z) =0 (2.98a)
@A ) ) @A
V(,f)'k’i oe/p(ﬁ(i 00K %9 : Q%(z) i Vex,i OG/AD(G(®k’i 08/09; :j 03/4(2) AEO. (2.98b)

Note that these terms both originate from Eq. 2.87. This approximation is therefore
equivalent to saying that fi;s, still commutes with the Hamiltonian. In other words,
we assume the coupling to be weak enough that the original eigenstates, i.e., those
of the Hamiltonian in Eq. 2.59, are still good eigenfunctions in the presence of tun-
nel couplings.
We still need the EOM for Ggl 09,09ak: IQ,/( ), which is given by
2)A 2)A 2)A
ZGEi ga/p9®k;i 03/4(2) /B e %Ggi g%’?@k;i (1%(2) A _ V®k,i O%Ggi 3e/pgi 00g (1%(2)
X @A
A _ 6| 0% OWP‘G(, 00; 009P@k ; |Q;/A( )i 6| 00; ooﬁ)p(G(l ooq 08/9@xk |Qs/4( )
| -

o @A ) , @A
A@q(o Vo0 0998 00pcoygeic i o) |- Vaki 0G0, 08 gm0, (*) -
(2.99)

As before, we take the terms on the last two lines to be zero by assuming weak
coupling, resulting in

V®k| 009,
(I 06/409®k |Q«x/4( ) 0002 i G(| 0@/})% 009 03/4( ) (2100)
With this approximation, Eq. 2.95 becomes
H X 1 "
210 23i eui Z9 () Gy () AMMijonpd LA Pogsg boppog ovpgy (), (2.101)
where

2 (3)A . 3)A
Ggi gos)‘pom 08/09; +j 03/4(2) Uiwi OWPOG& 3ogpom 08/09; +j 03/4(2)- (2.102)
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Similarly,
" X op o an
21§ 2% i o Zg% ) GéfgogpoRioe/pga/4(2)/E’ﬁif’o%f’ﬁio%’d 1

< (@A
A G gpoq coppog oapgy?):

§ 00820000 (
(2.103)
and so on. Putting this back into Eq. 2.88 results in
P S G L RN
GL(A) A 21 24 ¢wi 2y (3) 1A Uy?) (2.104)
®
where Us,(2) is now given by (compare with Eq. 2.76)
Us(?) A 210 290 ¢ui 23, (]) 23, (2.105)
pAL ®

where 230/4 is the capacitive self-energy (Eq. 2.78). The nal expression for the re-
tarded Green's function is then .
Cu X ﬂi ]_A
A 2 21: 2 . sC. . . ®A 2
Gy, R) A& 21§ 24i 230 éwi Xy, (3) : (2.106)
®

This differs from the HF result given by Eq. 2.97:

H Tia
- ® X i
GRC)E21i 25 55 i cui Z90)
®
Note that Eq. 2.97 is an example of the Dyson equation while Eq. 2.106 is not, as
the expectation value is taken last.
Some texts [2, 3] make the following approximation in addition to Eq. 2.98:

a 2)A ~ s\, 0 A
Vk.i 58 i 0ap9ak;i o *) AEM 0908 Vg i 9 Gpio(%): (2.107)
i.e., correlations between electrons on the molecule and electrons on the leads are
taken into account in an averaged way. Continuing the Green's function hierarchy
results in the following Dyson equation:

A P- A 1 x A ﬂi 1
G E gy i Z90C) (2.108)
®
where D. E
A 2 l2 .o . sC. . ¢l 1
9%() & 21i 2%i 23,i iu (2.109)

is the Green's function of the isolated molecule (compare with Eq. 2.77).
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2.2.4 TAKING THE EXPECTATION VALUE

The main motivation for the Hartree-Fock, or mean- eld, approximation is that it
signi cantly reduces the number of degrees of freedom in the system as the many-
body problem has been transformed back into a single-particle problem. If there
are Ny single-particle states, Eq. 2.97 simply corresponds to invertinga Ny £ Ng
matrix. Eg. 2.106, on the other hand, is still a true many-body Green's function.
This can be seen by writing down the expectation value explicitly. For a general
many-body operator A, the expectation value is given by

. ® XX- - ® ©.°
A neo A ny /ETr DA | (2.110)
({3

where {k} sums over all possible many-body states jnyi, and
174<,koﬁEPk'kojnkihnkoj (2111)

is the many-body density matrix.grrom the de nitiog-of the retarded Green's func-
tion (Eg. 2.39), we can see that n ko*éiA_i w,(?) Nk is non-zero only for those com-

binations of k and k °that differ solely in the occupation of the single-particle states
i%and i%ie.,

ingi A...,njs, AL, ...,nje, AO,...i, (2.112a)
jnya A....niy A0, ... njo, AL, ... (2.112b)

Similarly, frorg the-de nition of the second-order Green's function (Eq. 2.70) we
can see that nko_égizgé‘pgi .io%(z)_nl< is non-zero only for those combinations of  k
and k “where the single-particle state i °%%s occupied:

jinki A...,njs, AL, ... ,nje, AO,...,NjogpoAEL,...i, (2.113a)
jnga A...,nj% A0, ...,nje, AEL,...,njoypoEL, ..., (2.113b)

and so on for the higher-order Green's functions. Note that  jnyi and jnyd always
contain the same number of particles. Since there is only a single  k°for every k
where the expectation value is non-zero, the double sum in Eq. 2.110 turns into a
single sum and we have
X H X ﬂi 1s
Ghu)E Pryo 217 29 Ui cui Z90¢) . (2.114)
K} ® ii0

where X
UiliiQ’/AEi,io Uik, 00 (2.115)
i 00

j ol
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is the energy of the capacitive interaction of the many-body state  jnyi with the
single-particle state i%. Similarly, the second-order Green's function is given by
X ‘H X T[i 1s
G Bpgi0®) B Peko 210 25i UXi cni Z397@) . (2116)
{k:i %2k} ® ii0

where the sum is over all many-body states with i % occupied, and so on for the
higher-order Green's functions. Note that the only difference with Eq. 2.114 is in
the summation over the many-body states. The occupation probabilites Py xocan
be obtained from the lesser Green's function (see chapter 3).

Eq. 2.114 contains a sum over all possible many-body states. If there are Ny
single-particle states, each of which can be either occupied or unoccupied, there
are 2Nk many-body states. Eq. 2.114 therefore corresponds to taking the inverse of
2Nk Ny £ Ny matrices. For many problems, especially ab initio calculations, this
quickly becomes prohibitively expensive, leaving the mean- eld approach as the
only practical alternative. However, even though this makes ab initio transport
problems tractable, many interesting phenomena are lost, most notably Coulomb
blockade. The HF approximation is therefore best suited for the strong-coupling
limit. 4 In this limit the molecular orbitals are hybridized with the orbitals on the
leads, and the occupation of the molecular orbitals is no longer well de ned. Dur-
ing transport, the charge on the molecule therefore does not alternate between in-
teger multiples of e, as it does in the weak-coupling limit, and Coulomb blockade
does not occur.

2.3 CALCULATING THE CURRENT

N ow that we have expressions for the retarded Green's function of a system cou-
pled to non-interacting leads, we can calculate the current. The current  from
a particular lead is given by the rate of change of the occupation number operator
of that lead, multiplied by | e, where we take e to be positive:
d X DAT . E
lo Eie Cany(t)Caka(t)
k%
ieX X * o e .
— Vek,i %5, () dist)i i Vg 3,005, (1) Caka(t)i
K i .
X 3

/e V®k,i %Gﬁ(@k%(t xt) i V(;k,i yG(%k;i %(t xt)

2
K%_i
X n 0

Ei2e  Re Vg 5Gg.ivt.t) (2.117)
k% i

4Note that we only assumed weak coupling in the derivation of Eq. 2.106, not in the derivation of the
HF result (Eq. 2.97).
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where in the last step we have used the fact that
3

Glagrat:t) i GGig(tit) (2.118)
From Egs. 2.89 and 2.90 we have, in the energy domain,

X
k v<;k,i%eék;i%(2>ﬁE §74,2)Gl;4,(). (2.119)

Applying the Langreth theorem (Eg. 2.50b) gives

X )
) V®k,i%ng;i%2)’£E i .us/‘,( )G o.%z)A §, %, (2)Glo; 5,(2), (2.120)

where the lesser self-energy is given by

§°%,) v@k 9V eKi 08k arx?) A o) fe(?), (2.121)
k

with the de nition that

X
i 0?) A2 Vg iy NVewiot (i 2axs)- (2.122)
k

Here we have used the fact that for non-interacting leads in equilibrium Mgyl A&
fo (Peky,), Where f®(2) is the Fermi functiononlead ® (see Eq. 2.47). Similarly,

o = . i ¢
§T(2)” V®k,i3/4V®k,i°%9<§k;®k%(2)/Eili?io%z) 1j fa(?) . (2.123)
k

Without loss of generality, we can split the retarded self-energy (Eqg. 2.90) into areal
and an imaginary part:

=9 NS (2) —rs/() (2.124)
where the imaginary part follows from the requirement that (Eq. 2.41)
=AY =5 @) AR =550) Aiirge). (2.125)
EqQ. 2.117 now be written as

24 © © aa
|%Az.E oAl Re 22 2)G5 () AZC(2)GL(2) . (2.126)
EZ

From Eqg. 2.121, we have © a
Re 5% (2) AQ. (2.127)
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Combined with the fact that

GL()i Ge) AEi2iim G (2) (2.128)
we get for the second term:
© © © 4 i A N e
Tr Re Z37(2)G), (2) ﬁEuiTr M) fe) Gy()i GLE) . (2.129)

For the rst term we make use of the fact that G?/A(Z) is anti-Hermitian, i.e. (see
Eq. 2.35),
Cr2 & aC(2
Gy (?) AEiGy(®). (2.130)

Combined with the cyclic property of the trace, we get

aa

© © © a
Tr Re Zg/ (2)G 7(2) ﬁElETr F% (2)G (%) . (2.131)

The expression for the current from lead ® now becomes:
ieX £ o,  oga
l £— —Tr [5,(2) G%(Z)A fe(?) G%(Z), e . (2.132)
By 2V
If there are only two leads, left and right, conservation of currentdemandsthat | A&
i Ir. The total current can then be symmetrized accordingto | /E'L'z'R,yieIding

jie X z dz _ O L R ¢a
an ST e e es@A e o) B ele)
(2.133)

In the non-interacting case, i.e., the leads are non-interacting and the system
was non-interacting in the in nite past, this equation can be simpli ed consider-
ably. First, using the non-interacting Keldysh equation (Eq. 2.55)

GS, AEGL55GI,, (2.134)

and its counterpart for the greater Green's function,

GE EGhsEGi,, (2.135)
we can write (Eq. 2.41)
i N
G3(2)i GL,e) AGL()i GS() AGYH(R) =5(2)i =5) G%(z)- (2.136)

Second, for non-interacting leads we have (Egs. 2.121 and 2.123)

£ X @
s£e)i =5e) &ii e, (2.137)
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and therefore Ky 1
A 2 - i (2 .7 A 2 ® 2 i(2
G%( ) | G%( ) /‘E | |Gg/4( ) ® r% ) G%( ). (2.138)

Inserting this into Eq. 2.133, grouping terms and making use of the cyclic property
of the trace, we are left with
Z

A G @i =) To?) (2.139)
B % 21, L | R Y\ y .
where © a
Ty() ATt T52)GHE)r5)GLE) (2.140)

is the transmission. Eq. 2.139 is known as the Landauer formula. In the low-
temperature limit, the Fermi functions effectively become step functions. For a
symmetrically biased junction ( 1| A2gj 3eVh, ! r /2 A Je\,), the current then
becomes

e X Z ZFA%EVD

| A d2Ty,(2). (2.141)

h g 2 5eVp
If the transmission does not depend on  Vj,, this can be written as

x 21

| AL L dVgy(V), (2.142)
% i 5V
where
9%(V) AdoTw(2rAeV) (2.143)

. . . 2
is the differential conductance and gg ﬁEZ% is the conductance quantum.

2.3.1 TRANSMISSION THROUGH CONDUCTANCE ORBITALS
Using the cyclic property of the trace, Eg. 2.140 can be written as
Vg q q q Ya
2 L2 A 2 R(2 R(2 i (2 L (2
To?) £Tr T3(3)G5(2) () HR)GLE) 3®)
n 0]
AT ty2)t(2)

X X =
= o) 2, (2.144)

i 0

where q q
ty?) £ TG TRE) (2.145)
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is the (complex) transmission matrix. The off-diagonal elements correspond to

the transmission from orbital i, presumably coupled to the left lead, to orbital i °
presumably coupled to the right. These elements can be further decomposed by
diagonalizing the Green's function via
Gh(2) ACi tGhe)C, (2.146)
where the columns of C are the eigenvectors of GQ(Z). De ning
q
Y3 £ ThHEC, (2.147a)
q
*Be)ACt TR), (2.147b)
we can write X
ti'iQs/A/cE ti,io,j%(z)v (2148)
j
where
x oL 2 ~ 2 oR 2
ti,iO,jS/‘./‘E.0 5% ()G, %) joi (%)
i
AL )G i) a2, (2.149)

is the (complex) transmission from i to i °through conductance orbital j. Since
we use the eigenvectors of the Green's function, as opposed to those of the Hamil-
tonian, which are not necessarily the same, the transmission is decomposed into
contributions from molecular conductance orbitals, not molecular orbitals.

In the calculation of the total transmission (Eq. 2.144), the contributions from
the conductance orbitals are rst summed over before the absolute value is taken.
Since the contributions are complex, they have a phase as well as an amplitude
and can therefore destructively interfere [ 7].

2.3.2 BOND CURRENTS
Following the derivation in Eq. 2.117, we can also write down an expression for the
current from a particular atomic orbital i [8, 9]:

d D“T . E
linEie— df,t)dist)
1 Et i% I |

X n 0o x n o
A2e  Re ¢ iyG(t.t) A Re Vg 388t . (2.150)
io ®k
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The rst term can be interpreted as the current owing to neighboring atomic or-
bitals, while the second corresponds to current owing to the leads. Using the
reduced Keldysh equation (Eqg. 2.55), we can write the rstterm in the summation
as

n [0}
I i, AE2eRe ¢ j0yGbi (1, 1)
e z dz X n £ A ® . o} Y
- —  fe®)Im (iiw Gy)y()GLEA) oy, - (2.151)
B 2%e e

According to the zero-current theorem, in equilibrium, where fL(3) £fr(?), no cur-
rent ows[ 10, 11]. We can therefore write

e dz j ¢ N £ A L . o} 0
li oy, AE2— e fL®)i frC) 1M i Gy ()TM5(2)Gu() oiy,
£ L ey 120 T ) (2.152)
—_ _— i iGg , .
R 21, L I R i1 994
where n o]

E AL oveai (202
Ti o (?) A2Im ¢ oy, Gy (P)Ty()Gu (%) oy,

4

(2.153)

is the transmission between orbitals i and i % In an orthogonal basis, there is no
current ow between orbitals on the same atom and no overlap between orbitals

on different atoms. In such a basis the charge on an atom is well-de ned and can
be directly obtained from the expectation value of the occupation number oper-
ators. The total current between atoms, i.e., the bond current, can then be calcu-
lated by summing Eq. 2.152 over all orbitals on atoms i and i % The bond transmis-
sion can be analogously obtained from Eq. 2.153.

2.4 VIBRATIONAL MODES

far we have ignored the nuclear part of the molecular Hamiltonian (Eqg. 2.1),

nd any effect the nuclei might have on the electronic properties. However, it is
known empirically that vibrational modes of the nuclei, or phonons, can have an
important effect on the transport properties of molecular junctions. In order to de-
scribe these effects, we will rst look at the nuclei separately (Born-Oppenheimer
approximation) and then study the interactions between the nuclei and the elec-
trons.

2.4.1 NuUCLEI
The nuclear Hamiltonian is given by

X P?
Hn ZE 2|\/|_-AV” (R), (2.154)
j I




38 2. THE NON-EQUILIBRIUM GREEN'S FUNCTION APPROACH

where

" A I#

e2 X X _ Zo _ X _ 1
Zj 1 - - - — _

LZ ZI.OME Rji Rjo i3 liwi R

Vn(R)’ (2.155)

is the potential of the nuclei. This potential reaches a minimum when the nuclei
are at their equilibrium positions  RY. De ning

QARj R°, (2.156)

and expanding the potential around RO gives

0g 1 X X9 i 3¢
Vi AV, A3 M;jM;Q;QjoH; j0A0 Q7 (2.157)
ije

i_of , -
where V9~ V, RO, the rst-order term vanishes at equilibrium, and

A i ¢!
1 d?, ROAQ
Hj jo/&p (2.158)

is the mass-weighted Hessian. This expression is already recognizable as the har-
monic oscillator potential. However, it describes 3 N coupled oscillators. In order
to obtain an expression for the uncoupled potential we have to diagonalize the
Hessian:

1, 1
H AQM 2! 2M2QT, (2.159)

where M and ! are diagonal matrices containing the nuclear masses and vibra-
tional frequencies, respectively, and Q is the mass-weighted normal-mode matrix,
which is normalized via

oM Q' &1 (2.160)

The vibrational modes are all orthonormal to each other. We can therefore uncou-
ple the Hamiltonian by introducing the  normal coordinates q, which are related to
the Cartesian coordinates Q via

X
Qj /E.O- j.jodjo. (2.161)
J

In terms of the normal coordinates, the Hamiltonian reduces to one describing 3 N
uncoupled harmonic oscillators:
X ® ’
0 2 2.2
Hn £VLOA j $pPAZ 2q7 (2.162)
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where d

pi i iB—. (2.163)
The eigenfunctions of this Hamiltonian are products of the single harmonic oscil-
lator wave-functions: e Y . ¢

J

Just like in the case of the electronic wave-functions, it is convenient to use an
occupation number representation. We de ne the following creation and annihi-
lation operators for phonons:

tx i ¢ q ~ i ¢
{An; gy £ njAlAnarqj (2.165a)

O

]
~ i ¢ p___ i ¢
bjAn; qj A& NjAni1qj . (2.165b)

Interms of qj and p; these can be shown to be given by

L e T

bjﬁE P gj i :pj , (2.166a)

R r ?“ i 1

b; £ P qu'—_pj . (2.166b)
]

£ o
Making use of the fact that qj,p; /iR, we obtain the following commutation
relations:

i

bj,bJTo FEt o, (2.167a)
£A . & h,\ N |

bj,bjo & b]T,bJTO A0, (2.167D)

Inserting Egs. 2.166a and 2.166b into Eq. 2.162 yields the following expression for
the nuclear Hamiltonian in the framework of second quantization:
x ’
Ho AVJA™ Bl blbjAS . (2.168)
j

2.4.2 ELECTRON-PHONON COUPLING
The potential describing the interaction between the electrons and the nuclei in
the original Hamiltonian (Eqg. 2.1) is

e X X _ Z;

Ven(r,R) £ - 2.169
en( ) l41/420ijriiRj ( )
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Expanding this potential around R?, in terms of the normal coordinates  q, yields,

0 X i 2¢
Ven(r,q) AVg o (r)A _ gjuj(r)Ao q°, (2.170)

J

i ¢
where the rst term, V2.(r) " Ven "' RO is already included in the electronic
Hamiltonian (Eg. 2.4), and
i
dVen r,R°AQ
uj(r) £ —— i a . (2.171)
qj 4D

¢!

From Egs. 2.166a and 2.166b we have
s

3 .
Brggn
while uj (r ) is a single-electron operator which does notdependon  q. Inthe frame-

work of second quantization, the Hamiltonian describing the electron-phonon
coupling becomes:

X X X 3 !
Heo A o dldiey, bJTAbj : (2.173)
i% 00 j
where s - 7
i A 5 dTALNU; (AR, (2.174)
Yj

So far our treatment of phonons has not distinguished between phonons on
the molecule and phonons on the leads. However, just as with electrons we can
assume the phonons on the molecule to be interacting with an in nitely large
phonon bath on the leads, which is itself non-interacting and in equilibrium. This
interaction is of the form

X X 3 3 . . -
H £ Ag, a5 Adg bJTAbj , (2.175)
i ®
while the phonon bath is described by

. X
Hl £ Bl gdal dg. (2.176)
®l

Including the phonon terms in the full Hamiltonian adds several terms to the equa-
tions of motion of the creation and annihilation operators. First, we have for the
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phonons on the molecule:
3

R R X X -
isbjT(t);Ersjbj*(t); ,i,im/4jd.*3/4(t)dimﬂ,(t). A®|, a®|(t)Aa®|(t) (2.177a)

i% i0

« . X X
iBbj (t) £ B! jbj(t)A ity d 5 (0)d; QZ/A(I)A A®|J ®|(t)Aa®|(t) ,

i% {0
(2.177b)
and on the leads:
irsaT (1) ER @al (1) A®|J b T(t)Ab; (t) (2.178a)
3
iRag (1) A& iR! ®|a®|(t)l\ Ag | b Te)Abj(t) (2.178b)
j
and then for the electrons on the molecule:
A . N
T X N X ot . )
iRd,,(t) A Zi%Ale Ui o0 ap(t) A L% bj(t)Abj(t) d;y,(t)
A . |
X, X o G X
i (;i'iQs/AA R bj(t)Abj(t) Ao, (t)i V®k|%®k3/(t)
i%E j @k
. (2.179a)
X X s 3
iRdis(t) £ 2i%A  Uiggopiiopt) A v bIAB;(t) dis(t)
A . N
X X o . X
A GiimA ey bIO)ADI() dim()A Vg sCekant),
i
i % j @k
(2.179b)
and on the leads:
iBE, o (1) E i2@aly o (D) ‘ ng’i%d?%(t), (2.180a)
X' .
iBCaky(t) Aakulorn(t) A Ve ivdiunt). (2.180b)

i
As these EOMs couple electron and phonon operators, the resulting Green's func-
tions will have a mixed character, containing various combinations of diT%, div,
BJT and Bj. However, it is possible, to a certain extent, to decouple the electronic

and vibrational degrees of freedom by using the Lang-Firsov polaron transforma-
tion [ 4, 12]. In the general this decoupling is not complete, but several approxi-
mations can be made to make the resulting equations tractable. However, there is




42 2. THE NON-EQUILIBRIUM GREEN'SFUNCTION APPROACH

another approach to incorporating vibrational effects in the NEGF formalism that
is particularly suitable in the off-resonance strong-coupling limit [ 13, 14].

2.4.3 INELASTIC ELECTRON TUNNELING SPECTROSCOPY

In the inelastic electron tunneling spectroscopy (IETS) regime, the current through

a molecular junction is dominated by elastic transport, while vibrational effects are
aweak inelastic perturbation. We can therefore expand the Green's function to rst
order in the normal coordinates . Dropping the spin-suf x ~ ¥for the moment, we
obtain

¢

B A, T .
C9eGa) T ggigef (2.181)

A A X
G"¢.a) G, q AOA g — -
i aj qAD
In the off-resonance limit, we expect the Hartree-Fock result to hold for the re-
tarded Green's function (Eq. 2.97). ® The elastic Green's function for both electrons
and phonons is therefore given by
M X ﬂi 1

GAC)” GMe,q A0) £ 21j Hei =) (2.182)
el iq | ell ® . .

Since we have employed the Born-Oppenheimer approximation, it acts on states
that are a product of a single-electron and a single-phonon state (Eq. 2.3). The
elastic Hamiltonian, describing uncoupled electrons and phonons, is given by

X A X X PN X PO

Hel /£ 2i5d],divA ¢iiodydioy A 81 bbj, (2.183)

Y i %4i % 4E i
where we have incorporated the average effect of the capacitive interactions into
the 2,4, The self-energy =®(2) now also couples both electrons and phonons to the
leads.

The vibrational interactions are contained in the inelastic Green's function,

which has a Dyson-like form:

. Mo A f HooH 1.7
1 ¢, dG (2,q) X i
Gi/;\me| 2,0; " qj T /Eq;j o 21 H(@)i =)
aj q4D qj ® q/®
ap Mm@,
'CEGeI(Z)qj - Ge|(2)
.dq‘¢ qAD
|
AEGH () Hinel aj GA), (2.184)

SFar from resonance, i.e., there are no chemical potentials corresponding charge state transitions in-
side the bias window, the charge on the molecule stays approximately constant. Combined with the
fact that off-resonance transport is primarily a feature of strongly coupled molecules, this makes the
mean- eld approximation appropriate.
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where (see Eq. 2.173)
i ¢ XX . 3AT L
Hinel Q] A 1% dioy, bjAbj . (2.185)

i% i0

There is no inelastic contribution from the self-energy as the leads are taken to be
non-interacting. The effect of vibrational modes on the coupling of the molecule
to the leads can be taken into account by partitioning the system in such a way that
part of the leads are considered to be a part of the "extended molecule.
The current is given by Eg. 2.139, which can be written as
eX £ £ o £ a¢
| A dz Tw(*)fL) 1i fr() i Tw(®)frC) 1i fL(®) . (2.186)
E7Z7
Since inelastic processes involve the transfer of energy from the electron to the
molecule or vice versa the energy of the initial and nal state is not necessarily the
same and we can generalize this equation to contain an integral over both 2 and
20[12]:
zZz Z ¢t

"EEX g2 a0 Rz 2P )f a0 R L 2Py By g e
Y

. . (2.187)
L Ry od R L, ,0° ; ; i

where Ty, ™ 2,2 and T3~ - 2,2° are the sum of the elastic and inelastic trans-

mission. The elastic transmission is still given by Eq. 2.140:

LRI, 0% e R LTy 0% e Oy A o R v g2y lp: 207
T 27 AT 20 AT T-(3)G (BT (B)G,(3) + 2 : (2.188)
The energies 2 and 2Care the initial and nal energy of the tunneling electron, ie,

the energy ithad on the rstlead before tunneling and the energy it will have on the
second lead after tunneling. For elastic processes these are obviously the same. For
inelastic processes these are different, hence ', 'R and Gﬁel all have a different
energy dependence. We get for the inelastic transmission [ 13, 14]:
i ¢t __© [ Y I
Ty Rz, 20 T THR)Gh, 2Rl Gy 208" (2.189)
where
00 X 03 X 0
2Xm A nRlj E2PA iR (2.190)
j i
is the sum of the energy of the tunneling electron and the vibrational energy of the
molecule. From this we can see that
X * ’
2% 2/& njin) By, (2.191)
j
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i.e., the electronic energy difference between the initial and nal state equals the
vibrational energy difference. The inelastic transmissionAconEains atracle oveg both
the electronic and vibrational states. The presence of b;r,&bj in Gﬁel 2,qj ensures
that only initial and nal states that differ by one vibrational quantum, and there-
fore by energy B! j, contribute to the inelastic transmission (see Egs. 2.165a and
2.165b). We therefore have x = -
My n{ AL (2.192)
j
For a given set of n; and n? differing by a single vibrational quantum, only one
mode contributes to the transmission with a factor

D -  _-E, q_—
n®b/Ab T A& Ni%n oA njALey ho; o, (2.193)

In order to carry out the trace over the vibrational states we need to know the
occupations of those states. The true non-equilibrium occupations can be ob-
tained with the EOM technique by taking the coupling to the phonon bath in the
leads into account. However, good results can generally already be obtained by
assuming an equilibrium occupation described by the Bose-Einstein distribution.
In the low-temperature limit we can then assume that the initial state is always the
vibrational ground state.
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THE MASTER EQUATION
APPROACH

As the full non-equilibrium Green's function formalism discussed in chapter 2 be-
comes unwieldy for systems approaching the complexity of real molecules, we will
develop an alternative approach in this chapter. The master equation approach is a
considerable simpli cation, yet it retains the many-body character of the system. It
is particularly well suited to weakly coupled systems. Vibrational excitations can be
easily incorporated into the formalism.

47
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3.1 GENERAL FORMALISM

n chapter 2 we saw how the transport properties of a molecular junction can be

obtained from a non-equilibrium Green's function (NEGF) analysis. In the NEGF
approach, the starting pointis a set of single-particle states and a Hamiltonian de-
scribing the interactions between those states. The many-body character of the
system only emerges during the analysis. Sometimes it is even possible to average
the many-body effects and transform the problem back into a single-particle one
using a mean- eld approximation (Eq. 2.97).

The master equation (ME) approach [ 1-3], which we will discuss in this chap-
ter, is in a sense the opposite approach. Here, the starting point is the set of true
many-body states of the system and the transitions between those states. In its
most general form, it is no less exact than the NEGF approach. However, the ME
approach allows for certain approximations which make it computationally a lot
cheaper than the NEGF approach, while retaining the many-body character of the
system.

Even though in practice the starting points are different, we will show how the
master equation can be derived from the NEGF approach, before introducing a
more convenient method based on Fermi's Golden Rule.

3.1.1 OCCUPATION PROBABILITIES

One of the main properties calculated in the NEGF approach is the expectation

yalu%of (sombinagions of) the single-particle occupation number operator, ie.,
N, or NNy, etc, where ki denotes any possible single-particle quantum

number, including spin. * Since ﬁlf A, , only combinations with different indices
ki need to be calculated. And since N, and fy , commute, the order in which they
appear is irrelevant. If there are Ny number operators fiy,, or single-particle states
Ay, (1), the total number of unique combinations N is given by
A
M Ny
Ne ANk ALNK (Nki DAING (N 1)(Nei 2A...£ ¢ A% 1 (3.1
=
The main property to be calculated with the ME approach is the occupation prob-
ability of the different many-body states. Since every single-particle state within
a certain many-body state can be either occupied or unoccupied, there are 2
many-body statesintotal, i.e., one more thanthe number of combinations of num-
ber operators. However, the sum of the occupation probabilities always equals 1,
hence the number of degrees of freedom actually does equal Nc.

Nk

- ®
1k is a set of single-particle quantum numbers specifying a particular many-body state ny . Inthe
notation used in this chapter, amember k; of the set k corresponds a particular value %
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The expectation values of (combinations of) the single-particle number opegA-
tors do not equal the occupation probabilities of the many-body states. Ay, isthe
occupation probability of the single-particle state  k;, not of the many-body state
where just k; is occupied and all other states are unoccupied. However, itis related
to the occupation probabilities via

X
M5 /E Pk, (3.2)
{k:i v2k}

where the summation is over all many-body states jnyi where the single-particle
state ji ¥ is occupied. Similarly,

X
mi%ﬁim/pi Y Pk, (3.3)
{k:iv2k i WP2k}
and so on.? Since these relations are linear, they can be written in matrix form, i.e.,
mi £KP. (3.4)
For a system with three single-particle states, the explicit expression is
o ., 10 10 1

h’l]_l 1 01 01 0 1 Pogo

M 5i 0 1 1 0 0 1 Po1o

1 Aoi 0 0 1 0 0 O Po11
Masi CAB0O 0 0 1 1 1 P100C. (3.5)

M 1A3i 0 0 0 0 1 O P101

hﬁzﬁgi 0 0 00 1 ¥ 110

Mi1A2A3i 0 0 OO O 0 1 P11

Since fermionic single-particle states can be either occupied or unoccupied, we
only need a single bit per occupation number operator. This suggests a binary
encoding for the many-body states. With this encoding we obtain a simple recipe
for K: (
1 i&i%H,
Ki iO/CE : (36)
' 0 otherwise,

where & is the binary “and’ operator. The reverse relationship is simply

PAK ti. (3.7)

2Note that dhis implies weak coupling between the single-particle states, since we assume terms of
the form dAIdAg to be zero. We therefore take Py 0 /+ | 0Py in the expression for the many-body
density matrix (Eq. 2.111).
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For the three-particle case we have

0 1
1 0 12 0 j1 O 1
0 1 {1 0 O i1 1
0 0 1 0 O 0 j1
KitgB0O 0 0 1 j1 j1 1¢ (3.8)
0O 0 0 1 0 j1
0O 0 0O O 1 i1
00 O 0O O 0 1
From this we can see, for example, that
Po11 M 1A MigAoAsi,
/El'ﬁlﬁzi i P111. (3.9)

i.e., the occupation probability of the many-body state where the rst two single-
particle states are occupied equals the expectation value of the product of the
number operators of those states minus the probability that all three states are
occupied, since that is a different many-body state.

Note that the equations above do not give us an expression for Pg. However,
since P represents occupation probabilities, we have

2N 1
Pi A1, (3.10)
i AD
and can therefore write
2N 1
Po A1 P;i. (3.11)

i L

For most systems, the total number of single-particle states is large, and it
would be unfeasible to calculate the occupation probabilities of all possible many-
body states. Fortunately it is generally possible to determine beforehand which
single-particle states will always be occupied or unoccupied, e.g, the core orbitals
in a molecule, or the states on the leads, which are assumed to be in equilibrium.
Only those single-particle states for with the occupation varies during the pro-
cesses of interest have to be taken into account explicitly.

3.1.2 THE MASTER EQUATION

As we saw in the previous section, the occupation probabilities are linear combi-
nations of the expectation values of the number operators, hence the equation of
motion (EOM) for the occupation probabilities also contains linear combinations
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of expectation values. It is therefore always possible to construct an EOM of the
form:

dP X

— /£ (Wia iPjoj Wiy joPj), (3.12)
dt e

where i and i °now number different many-body states. W,;o ; and Wj, joare tran-

sition rates between the states i and i They do not themselves depend on P;, but

are de ned as the rate in the case where the initial state is occupied and the nal

state unoccupied. Eg. 3.12 is known as the master equation, and it can be written
in matrix-vector form:

PAWP, (3.13)
where W is the rate matrix. This matrix has the form
(
WQ i | 6/4-:0,
Wi jo/E p (3.14)

I iOO\N” j 00 i/EiO,
i.e., the element on row i and column i°corresponds to the transition rate from
state i Oto state i. The diagonal contains minus the sums of the columns, which
corresponds to the second termin Eq. 3.12.

In steady state, the occupation probabilities do not change (P A0). Mathemat-
ically, the solution of the master equation then corresponds to the null-space of
W. Since the sums of the columns of W are zero, the null-space always exists. It
should be noted, however, that the null-space is not necessarily one-dimensional.

If the rates into and out of a particular state are zero, any occupation of that state

is stable, even though in reality it would never be occupied. This can be avoided

in practice by either adding a small relaxation rate for every rate, or by solving the
master equation iteratively starting from a well-de ned ground state [ 4] (see also
appendix B).

3.2 THE EQUATION-OF-MOTION METHOD

he expressions for the transition rates, or rate equations, can be obtained from

the equations of motion for the expectation values of the occupation number
operators. To illustrate the similarities and the differences between the ME and
NEGF approaches, we will perform this analysis for the general case. However, for
most systems a more practical method exists to obtain the rate equations, which
we will discuss in the next section.

If the creation and annihilation operators are speci ed in the (orthogonal) ba-
sis of the single-particle states of the isolated molecule, there is no intra-system
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tunneling, i.e., ¢3 Z0. The time evolution of the occupation number operator is
then (see Eq. 2.87):

D E
I Miy(t)i A d L 0dix(t) A d/(Odis(t)
2 x . Db 2
/Eglm V®k,i% di%(t)C®k%(t)
®
_ZZ " (x C e )
AEIE 2—1/4Re ®kv®k,i3/46®k;i3/4() . (315)
Following the derivation in section 2.3, we can write
1/5( ] ¢ Ya X X o 3 . 3 A . i
Re ®V®k,i3/4G®k;i%(2) "Eig ® o i i io(?) qui%Z)Af(@(Z) Gioj5,(*)i Giojs(?)
I
(3.16)
From the weak-coupling approximation, we have OI3/(2) /0 when i 64° i.e.,
Gg/(z) is diagonal in the absence of intra-system tunneling. In the wide-band limit
IIQ3/(2),4E| +; j05i §, i.e., the self-energy is independent of 2, and we obtain
Z
N . 17 d2 X _ o ¢c
Misi Big 27 T (OIS EOREIOIRCNG
1X o 1% @ X ¢
Big MOl o i feC) (CYOTRENOMINCEE)

where on the second line we used Eq. 2.38. Technically speaking, only the imag-

inary part of the self-energy needs to be independent of 2 for this equation to be

valid as the real part only occurs in the expressions for the Green's functions. How-

ever, for simplicity we will assume the real part to be zero. Since the Green's func-

tions are diagonal, GiA%(Z) can be written as (see Eq. 2.114)
*

+
A 1
G (2) £ P —
s 2i 21 jopUiyinminpi §5,()
X 1
£ Py (3.18)
w 2i Ziwi UK,i 8A2)

where the summation is over all possible many-body states jngi, and Uik% is the
total energy of the capacitive interaction of  jnyi with the single-particle state ji %

3From Egs. 2.42 and 2.45 we can see that this corresponds to assuming that the density of states of the
valence electrons in the leads is independent of energy. The calculations in appendix C show that in
the case of gold, this indeed holds for a few eV around the Fermi energy (see Fig. C.3a).
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(Eq. 2.115). With this notation we get (see also Eq. 2.42)

! X
GiA%(z)i Giy,(?) A i 29 Aiy?) AE | 2Yi Pkl/gk%(Z), (3.19)
k
where 1 ]
k 1i% ,
1/%3/42)’452_1/4i ¢2 3 (3.20)
2§ 2jy,i UK, 5

can be interpreted as the effective density of states of the single-particle state i %
when the system is in the many-body state jnyi. Eq. 3.17 now becomes
VA

X 11X 1X I
MisDi £ Peo iy dfe@)y ()i o ipMinbi.  (@.21)
{k} ® ®
Using Eqg. 3.2 and the fact that
V4 Z . Z
Kk I 2 ¢ K 2 2 K 2
d25e,(2) ELAE d?2 1§ fe(?) YAy( YA d fo(?)¥45,(2), (3.22)

this can be written as
Z

fo e X 1X g K
Mig(t)i £ PkE iy 92fe(®)¥4,,()
(ki Y7k} ® .

X 1X i ¢ .
i dz 1j fe(®) ¥45,(), (3.23)

(ki 2k} B e i
which is almost of the form of Eq. 3.12. The only difference being that it is an EOM
for the expectation value of an occupation number operator, not an occupation
probability. This can be remedied by summing the EOMs of all expectation values
making up the occupation probability. However, in order to do so we also need
EOMs for combinations of number operators.

The EOM of the expectation value of the product of two occupation number

operators is given by
4 O, t',cE-2Z 2R(X3 GcA¢ AVZ 0G0 2,)
at is(t)Njop(t)i iz 21,7€ o Vi io! (|m/®®k|%() ®k,i %P (i3/4)®k;im/P()
(3.29)
Within the weak-coupling approximation
% Y. .
Re ~ v?  g@c 2 A;E. XX o , hG(Z)c 2
€ o | OKi% (i Pk vl) ' e oo 109,() G001 5,(%)
5

A f®(2) G(| Qi/pﬂ 00; 3/4( ) 1 (| 03/4% 00; %( ) . (325)
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We therefore have in the wide-band limit

d 1Z 2 X 3 .
g MO Bl A 5o e G ()i Gy ()
1Z 42 3
NG (A - @i
R 2vi ® i jopfe(®) G(i 3/4)ifh/40(2)' G(i a/l)iﬂf/P(z)
1Xj ¢ - .
B, i (A Tayp Mz p(t)i (3.26)
As before, GE?&% 4(?) can be written as (Eq. 2.116)
* +
Ajp
G@A )& p "
(A% 2i 2ini jopUiviomiopi 80,
X 1
fE Pk ——— (3.27)
kiwfak} 20 Ziwi Ui 875,()
hence A X
Gl )i Gty Ei2v  — PAe), (3.28)
{k:i ¥2k i %2k}
resulting in
VA
d . R . X 1X
5 Mis(Onie(t)i £ Peg iy 92 fe)%y)
{kei vavk i P2k } ®
X 1X ®Z [ ¢ .
i Pug Tiw d? 1j fe(®) 5,3
{k:iv2k,i %2k} ®
X 1X ,
A PkE ijwp d2fe(?)Y20,0(?)
{k:i v2k i WPV} ®
X 1x £

. 1% e N
[ P ijgp 02 1 fe(®) %up), (3.29)

“B
{k:i 2k i %P2k } ®

which is again almost of the form of Eq. 3.12. Other combinations of the occupa-
tion number operators yield similar equations. It is easy to see that combining the
EOMs of the expectation values to form EOMs of occupation probabilities results
in the master equation. The transition rate from the many-body state  jngi, where
the single particle state ji ¥ is unoccupied, to jnyoi, where ji % is occupied, is given

Winit jn 'CEE . iP5, d2fe2)¥A, (), (3.30)
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while the reverse rate is given by
z
1X i ¢ 0
AL IREO R o) (3:31)

Note that, since the coupling to the leads is only taken into account to rst order
in the Hartree-Fock approximation, the master equation only contains transition
rates between states differing in the occupation of a single single-particle state. In
this case, ¥4, (?) and % 32(2) differ only in the inclusion of the  Ujs,j3,termin Eq. 3.20,
which is zero as it corresponds to a capacitive self-interaction.

At this point the master equation is not yet computationally easier to solve than
the NEGF approach; the number of equations is the same and they contain similar
integrals. However, the strength of the ME formalism lies in the approximation
that can now be made. In the weak coupling limit (  jis% ¢ ksT), ¥4,,(%) acts as a
delta function and the rates (per lead) become

ankoi 1 jngi E

. ® 3 ’
13,
Winit jn g 1o 2i%AUS, (3.322)
;@ h 3 ‘i
Wj(fkoi! inkiEIT/ 1i fe 2inAU, . (3.32D)

These expressions are easily evaluated, which greatly simpli es the calculations.
In the weak coupling limit this is therefore the method of choice, as the many-
body character of the system, and all capacitive interactions, are fully taken into
account.

3.3 FERMI'S GOLDEN RULE
Ithough the previous sections shows it is possible to obtain the master equa-
ions from the EOMs of the expectation values of the number operators, there
is a more straightforward way to derive them [ 3]. First, we write for the total Hamil-
tonian:
H AHoAHC (3.33)

where Hg is a many-body Hamiltonian we can solve exactly, and  H%is a perturba-
tion. In molecular transport, a logical choice would be
Ho EHsAHL (3.34)

where Hgand H| are the Hamiltonians of the isolated molecule and the leads, re-
spectively (see Egs. 2.82 and 2.83). The perturbation is then given by the inter-
action Hamiltonian H,; (Eq. 2.84). Since the eigenstates of Hp, given by the time-
independent Schrédinger equation

—® —®
Ho Ax Ak Ak (3.35)
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span the Hilbert space, the wave-function in the presence of the perturbation can
be expressed as atime-dependent linear combination of those eigenstates, i.e.,

X LS ®
a () E  ce(t)el B Ay . (3.36)
k

- ®
The probability of nding the system in state A, attime t is given by jo(t)j°.
The equation of motion for the coef cients ¢, (t) can be obtained from the time-
dependent Schrodinger equation:

i5-2a (1) &HA (1)

X i, — ® X j ¢ i, .- ®
(iRcpo(t) A2 ocio(t)) el B Ao £ 2 AHO ¢ (t)el Bkt Ay
kO k
. X iz-zt'»:0:'®
iBoeo(t) £ c(t)ers kot Ao HOA, . (3.37)
k

- ®
If we assume that the systemis in a particular state Ay attime t 4O, i.e., cx(0) A1,
then the EOM becomes, to rstorderin H ©

. L(z 0j 2 )t T — 0:, ®
iBcyo(t) AR VKN k)0 Ao HY Ay (3.38)
which can be solved directly to give

erCoizdt: 1- = — ®
ceo(t) EF——— = Ao HIA, . (3.39)
2o 2k

- ®
Thegprobability of nding the system in state Ao attime t when it was in state
Ay att /O is therefore

in2' 0%k - - - &
in2 K kgD T

joeo(t)j? AA———28 AkoHOAk®2. (3.40)
(Ckoi 2)?

The single-particle states Ak®and Ako®include states on both the molecule and
the leads, and possibly even vibrational excitations. Usually when analyzing a sys-
tem with the ME approach, we are only interested in certain quantum numbers,
e.g, the charge on the molecule, and we therefore want to trace out the other de-
grees of freedom. The probability of a transition from an initial state i toa nal
state f therefore contains a sum over some of the quantum numbers:

32 -2_
X- Z xxsn® Do - B
Piv ¢ £ o, (1) &4 " A, HPA, . (3.41)
ks ki ki 2, i 2

ke 1 7kj
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P R
This sum can be converted to anintegral via !  d2¥(?), yielding
3 .
e L T _
z z i ¢sin® gt -

Pt B4 d2i% () d¥a 2 ———e— f HOQ 2, (3.42)
2 .

2

where %4 (?)) is the density of occupied initial states, while % lzf ¢is the density of
unoccupied nal states. Ordinarily, the term involving the sine is sharply peaked
around 2;, whereas ¥ and the transition matrix element are relatively broad. We
can therefore take them outside the inner integral:

Z - - - Z . zizizi ¢
- sin t
P ¢4 d? f H(ﬂ@?%(zi)l/q(zi) d2—(2_ 22‘3)2
21/ -
/EEA 61 HTT 2 (k1) et (3.43)
where we have used the fact that
Z, 2
dx sin“(x) Y, (3.49)
il x2
The transition rate is now given by
d vt ST e
Wi t° —Py  E=S d2 f H°i®21/a(2)1/2f(2). (3.45)

dt 13

This equation is of the form of Eqg. 3.30 if we take Yx (?) /El/% (2) and (compare
with Egs. 2.121 and 2.122)

2 f H0_®21/:;(2)AE||%1‘®() (3.46)
Similarly, it is of the form of Eq. 3.31 if we take % (2) /El/#nk' (2) and (compare with
Eq. 2.123) - - -
- _ 0_®2 i
2, f H Va (2) /i 5, Li f®(2) . (3.47)

In the weak coupling limit, %4 () is a delta function, and the latter reduces to

21/,
Wi B f 1o ®2

A va (i), (3.48)

an equation known as Fermi's Golden Rule.

Eqg. 3.45 is expressed in terms of the density of occupied initial states and un-
occupied nal states and therefore already contains the occupation probabilities.
In order to obtain transition rates usable in the master equation (Eq. 3.12), these
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probabilities need to be factored out. How this is to be done, however, depends on
how the system is de ned. For example, if we are studying a molecule connected to
semi-in nite non-interacting leads, we are only interested in the occupation prob-
abilities of the states of the molecule. The occupation probabilities of the states on
the lead (determined by the Fermi distribution) are not explicitly taken into ac-
count. The expressions for the transition rates should therefore still contain the
Fermi function (as they do in Egs. 3.30 and 3.31). In other words, we only need to
factor out the occupation probabilities for the states under investigation.

For the transitions discussed so far, the rate equations obtained from Fermi's
Golden rule are equal to the equations obtained from the EOM method. However,
the drawback of the EOM method is that one rst has to go to a single-particle pic-
ture to calculate the rates, and then back to the many-body picture. Moreover, the
relationship between the Hamiltonian describing the transition and the resulting
rate is not obvious. In Fermi's Golden rule, on the other hand, this relationship is
explicit, making it a more natural place to start when considering other processes.
This becomes particularly clear when we include vibrational excitations.

3.4 CALCULATING THE CURRENT
aving obtained expressions for the rate equations, it is possible to calculate
the stationary, or steady-state, occupation probabilities with the master equa-
tion (Eq. 3.12). From the probabilities we can then obtain the properties of interest.
Generally in molecular electronics, this is the current. If the system consists of an
island connected to one or more leads, we can write the rate matrix as

X ®
W AWsA W, (3.49)

®
where Ws contains the inter-island transition rates and W ® the rates involving the
addition or removal of an electron to or from lead  ®. The total current from lead
® is given by the number of electrons per second traveling to the lead minus the
number of electrons coming from the lead, multiplied by e, which we take to be
positive. Using this convention, the general expression for the current is

S TP N R o
le £€SUM  triu W™ j tril W~ P, (3.50)

where triu (W ®) is the upper triangular part of W ®, and tril (W ®) is the lower trian-
gular part.

3.5 VIBRATIONAL MODES

\/brational modes enter into the ME approach in a rather different way than in
the NEGF approach [ 5-12]. We again make the Born-Oppenheimer approxi-
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mation (Eg. 2.3), but we now plug this directly into Fermi's Golden Rule (Eqg. 3.45):

2= = . ®
Wi ¢ /Ef‘t fefn HO |e|n®21/3 (i), (3.51)
where i¢ and fe are the initial and nal electronic states, and i, and f, the nuclear
states. If H%describes an electronic transition, it does not directly affect the nuclear
wave-functions, and we have

= — @, -
Wi, fAEE“ fnin®2 feHOie®21/zf @i). (3.52)

The factor f, in®2 is known as a Franck-Condon (FC) factor. If i, and f, be-
long to the same electronic state, the FC factor is non-zero only when i, and fj
are the same, since the nuclear wave-functions are orthogonal. However, differ-
ent electronic states generally have slightly different vibrational modes. More-
over, the equilibrium positions around which they oscillate can be different. Most
molecules therefore have many non-zero FC factors.

In the ME approach, transitions between vibrational excitations can be taken
into account up to any desired order. Where the IETS method in chapter 2 is most
appropriate for systems with strong electronic but weak vibrational couplings, the
ME approach is almost the direct opposite, as it is most suited to systems with weak
electronic but strong vibrational coupling. Phenomena such as Franck-Condon
blockade* can be easily described with rate equations [ 11].

3.5.1 FRANCK-CONDON FACTORS
For a diatomic molecule, the nuclear wave-functions can be approximated to good
accuracy with the well-known one-dimensional quantum harmonic oscillator (see
section 2.4.1):

HAEIp2A L1 %2, (3.53)

where X is the position operator in the basis of the mass-weighted normal coordi-
nates. The wave-functions are given by

3 1 ip_ ¢
~ ® 4 l®x2 Hn ®X
An(x) £ ; e'2 P (3.54)
4 2"n!

where n is the vibrational quantum number, ®'CE!E’ and H,(x) are the Hermite
polynomials. A Franck-Condon factor is the square of the overlap integral of two

4Franck-Condon blockade is the situation where the FC factor corresponding to the vibrational ground
state to ground state transition is close to zero. Only once a vibrationally excited state becomes avail-
able can the electronic transition occur.
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nuclear wave-functions. For two wave-functions A, (x) and Ago(xo) the overlap
integral is given by z,
Inon £ dxA%(x)An(xi d), (3.55)
i1
where d is the difference between the equilibrium positions of both vibrational
states. Since the FC factors represent transition probabilities, the following sum
rule holds:

X = X - =
Inon 24 lnon 2 AL (3.56)
n %0 nAD

In the case where n /&n°/Q, this is simply

' 721 i ¢
lo.0 4 ®(®_4 dxe' %I®OXZA®(Xi dy?
0P .
i Gl z
4 1
PLCKNE ST G
’ bs Ligm
p_ .l ®A® 1 ®
ALV gel 2 Perf@ Ap— dA
2 4 2 " PEeRe
| {7 X/E|1}
=
1,
A qei 377, (3.57)

where ° /Ep ®d, q /EZ—DZ\— and p /E. If ! /! Othen q /&p A1 and the overlap
integral reduces to

1|d2

lo.o A€’ 248 (3.58)
For n,n%6/8, the integral is a bit more involved, but still solvable analytically [  13]:
s
nononl L iea
lhon Aj 1)" ¢ on%n e 4
[r)(n(ﬂ 2g)" X} Niri2s ys{mRr} o q)n%ri2t (i y)t
(i 29)" ™ (°p) (a) (0 56

' D r! SA})(n|r.25)ls| t@(n.r|2t)' t!

where x /E:—k:—g [n, n(ﬂ is the smaller of the two integers n and n® and

(

s PP,
s(nijr) if nj riseven,

iy 200

s(niril) ifnjrisodd.
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For low temperatures ( kgT ¢ 3 ! ) and fast vibrational relaxation times, only
transitions from the ground state to the excited state have to be considered:
s
n! 1.2, X} (°p)ni2s s
|O;n /E(i 1)“ q_el 7P L

—. 3.60
2" s (N 29)! sl (3.60)
In the case where ! /! Othis reduces to
1 Sle2
lon Ep——=¢e'* °", (3.61)
2"n!
and the Franck-Condon factors become
- - 2n
2 2,
Fo;n £ Io;n ICEe| ? F, (362)
where r
° ! d
Ep—=F£ —dAEA—, 3.63
. 19—2 229 Foxg (3.63)

is the electron-phonon coupling, which can be written as the displacement ba—

tween the equilibrium positions divided by twice the zero-point motion xo AE Zﬁ,
Although this expression for the electron-phonon coupling is derived in a com-
pletely different context than the corresponding quantity in section 2.4.2, it does
bear a striking resemblance to Egs. 2.173 and 2.174 if we consider d, the distance
between the equilibrium positions, to be a position operator.

So far we have only taken a single vibrational mode into account. The FC fac-
tors can also be calculated analytically for molecules with many different normal
modes, although the derivation becomes substantially more involved. Details on
how to perform these calculations in a computationally ef cient way can be found
in appendix A.

3.5.2 RELAXATION RATES

Eq. 3.52 describes vibrational transitions that accompany electronic transitions.
However, if the time between successive electronic transitions is suf ciently long,
itis possible for vibrational excitations to decay due to the coupling to the phonon
baths in the leads. The relaxation time can of course be different for every mode,
but no simple model exists to take these differences into account. However, if the
relaxation rate is either much faster or much slower than the electronic transition
rate, asingle relaxationtime ¢ for all vibrational modes is a good approximation[ 9].
Separating the index for the states into an electronic quantum number n and a
vibrational quantum number °, the relaxation rate is given by

1
Wnoq ne ﬁE—Pﬁg, (364)
<
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where -
i kgt
e ke
P & — (3.65)
P i
o0€ B

is the equilibrium occupation of the vibrational excitations according to the Boltz-
mann distribution. The effect of the relaxation rate on the resulting vibrational
spectrum is shown at the end of chapter 6.
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Toy MODELS

In this chapter we develop two toy models: the single-level quantum dot and the
metallic island with a constant density of states. Both models are relevant for study-
ing capacitive interactions between molecules or metallic grains and will return in
chapter 5. For comparison, the models are analyzed with both the non-equilibrium
Green's function approach of chapter 2 and the master equation approach of chap-
ter 3.
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\ i%e keT
i %A kgT /—J

\ oA kgT
O " " " " 1 " 1 1 1 1 1

-10 0 10 -60 -40 -20 0 20 40 60
2% te eVh

(@) (b)

W (%)
lo (arb. units)
o
T

FIGURE 4.1: (a) Transition rate for adding an electron to a single-level quantum dot in the high-
temperature (red line) and low-temperature (green line) limit. (b) Current as a function of voltage for a
single-level quantum dot ( 23, A25, AU A10). The energies are expressed in units of kgT and %i 3, for
the red and green line, respectively.

4.1 THE SINGLE-LEVEL QUANTUM DOT

he single-level quantum dot is the simplest toy model incorporating capaci-

tive interactions. Itis therefore generally the model of choice when illustrating
features such as Coulomb blockade. In the absence of spin-orbit coupling, the
Hamiltonian of the isolated dot takes the following form:

X
H/E 29A05,AURAy A, (4.1)
Y

where ¥ denotes the spin, and ¥adenotes the other spin. Writing down the spin
indices explicitly, we get

H &2.A- A240AURAg. (4.2)

Since2- and 2+ are allowed to be different, this Hamiltonian also describes a system
consisting of two capacitively interacting single-electron dots.

In the following two sections we will study the dynamics of the dot when it is
coupled to the leads. We will rst analyze the system using the non-equilibrium
Green's function (NEGF) approach, and then with the master equation (ME) ap-
proach.
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4.1.1 NON-EQUILIBRIUM GREEN’S FUNCTION APPROACH
The retarded Green's function of the quantum dot described by the Hamiltonian
in Eqg. 4.1 is given by (see Eq. 2.106)

¢ A
Gh(2) E L vl (4.3)
2j 24i UNgi 8%(%)
where X
§50) & §9°¢) (4.9)
®
is the self-energy due to the coupling to the leads. Since fig,is either O or 1, this can
be written as - ® NG
1j A A
A i Ny 7
Gy(2) &£ : (4.5)
T2 20,0 85(2) 20 250 Ui §50)

Interestingly, although Refs. [ 1, 2] obtain a different result for the retarded Green's
function (since they start with Eq. 2.108 instead of Eq. 2.106), after making an ap-
proximation in the self-energy, they do recover Eq. 4.5.

The occupation probabilities can be obtained from the lesser Green's function
via Eq. 2.38. The lesser Green's function itself is given by the Keldysh equation
(Eq. 2.55), wile the lesser self-energy Z%(Z) is given by Eqg. 2.121. In the wide-band
limit, the retarded self-energy (Eq. 2.124) is diagonal, imaginary, and independent
of 2:

i
§7h) A i 051 5, (4.6)
Similarly, the lesser self-energy is

c R
§i ‘ios/‘,(z) FEL ol ® i 3/4f®(2)- (47)

In this limit, the retarded Green's function becomes

- ® - ®
1i Ag Ny,

A
Gy,(?) £ -
T AN i 2ni UASiy

- ®C 2j 2y biy - ® 2j 25 Uj Siy
E1li fy 4—2 — A fiy - 2'3'2, (4.8)
@i 2)?A (i 2%i U)?A B

P .
where j 3, /£ @i 2?4. We then get for the lesser Green's function:

P P
i - ®¢ | H g@f 2 - ® i . gR)f 2
G%(Z)AElli fise MA fise ®i wfe®) | . 4.9)

. L2
@i 29)?A (i 2%i U)2A L
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Via Eq. 2.38, the expectation value of the occupation number operator is given by

Z
i - ®K 97 g2 i el
Miyi 15 g 1 &2 vfe(?)
CREZ 2/4( 2,02 R 1%

X 95 il
A i, 1 —
® % Phaia, Uy 53

(4.10)

and similarly for Mizi. This equation can be written as
i -, ®er X - e X
My £1i iy, — WHCWHA Ay — WAE%AU) (4.11)
i % ® i%®

where ®©Z " ‘o
W (Z%)AE'% E__inlel) 4.12)
R Y. 5 \2 i % 2
i 29)?A ¢
can be interpreted as the transition rate for putting an electron from lead ® with
spin ¥2on the dot. There is no analytical solution to this integral. However, in the
high-temperature limit  j 5,¢ kgT, ¥ (?) effectively becomes a delta function, and
we are left with

Wg (29) AE'B/"f®(2 % (4.13)

Alternatively, in the low-temperature limit, the Fermi function behaves like a step-
function and we have
®Z:
i % te g2 i % B
W®( ) FE—= R 4 o1 /—AGﬁ
LS 22 L
. i ¢
i% 11 u223/Ail®'n’
—-j —arctan —— . (4.14)
B 2 Y A
The transition rates for both the high-temperature and low-temperature limit are
shown in Fig. 4.1a.
Once the transition rates have been calculated, we can solve for s, and hig;i
self-consistently. The transmission can then be calculated straightforwardly from

Eqg. 2.140. In the case of a left and a right electrode, it is given by

Tole) i / o %n. at AR xe @ AR g
) ¢ * T g 27V
A i 29)?A ‘%A'% (i 24i U)?A —'%’é'%

(4.15)
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i.e., aweighted sum of two Lorentzian functions centered around the orbital ener-
giesé% and 25,AU . When 2. /B2, both spins behave the same, and we have M, A&

A . The resulting current, obtained from the Landauer formula (Eq. 2.139), is
shown in Fig. 4.1b.

4.1.2 MASTER EQUATION APPROACH

For a single-level quantum dot, we have four different many-body states:  j0i, cor-
responding to the empty dot, j"i and j#i, corresponding to the singly occupied dot
with energies 2+ and 24, respectively, and j"#i, corresponding to the doubly occu-
pied dot with energy 2- A24AU. The only transitions we take into account are
the transitions involving the transfer of an electron to or from the leads; no spin

ip transitions are allowed. Since the rate equations are obtained from rst-order
perturbation theory, transitions involving the simultaneous tunneling of two elec-
trons are also ignored (see also section 3.2). We therefore have

® ®
Wiy jsi AWjg1 ji A0, (4.16a)
® ®

Wigir jugi AWwir joi 7O (4.16D)

The transition rate for adding an electron to an empty dot from lead  ® can be
obtained from Eg. 3.30, or, equivalently, from Eq. 3.45:

.® Z
I o
W5, i A dTe(*)72(). (4.17)

Following Eq. 3.20, we take the density of states (DOS) of the dot to be a Lorenztian:

1, 2 i I
/z()/EM—q?——q;,ZiZ” A'g : (4.18)

Note that this leads to the exact same rate equation we obtained in the previous
section (Eq. 4.12).

The transition rate for removing an electron from the dot is similar, except we
now need the density of unoccupied states on the leads (see Eq. 3.31). For the high-
temperature limit we get

o ion£ i ¢o
Wity joi B Li fo 2, (4.19)
and for the low-temperature limit
L ® - Wi ¢q
igr 1.1 22,19
we, A2 ZA-arctan — 2 (4.20)

R T 2 i
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Note that in both limits we have
. ®

® ® o
Wiois j"iAWj"i! joi 'CET- (4.22)

The rate equations for the other transitions can be obtained in a similar fash-
ion. Combining all rates, we get the following rate matrix:

0 P 1
i Wi joi - Wigin joi 0
W A& Wioin i 0 ... |9 Wirsin j"i§‘ (4.22)
ot ji 0 i Wi ™
0 Wirin i Wigin i 00 .-
P
where Wigj; j»i /E ®ng! ji» @nd so on. The diagonal contains minus the sum of
the columns (see Eq. 3.12).
If the Hamiltonian is spin-independent, i.e., 2+ A2y, j (g’_.. AEj (g#, etc., we can
combine the j"i and j#i states as follows:
Po £Pjoi, (4.233)
Py AP} i APjs, (4.23b)
P2 AP} (4.23c)
In terms of these states, the rate matrix becomes
0 P
i .. Wlﬂ,[ 0 0
W E®@Wg 1 ... 2o 1A, (4.24)
0 Wy 2 e

Note the factor of 2 in front of W 1 and Wy, 1, resulting from the difference in
multiplicity of the initial and nal state. This is a general feature; if the Hamiltonian
describing the system is spin-independent, it is possible to reduce the size of the
rate matrix by combining certain states. The resulting rate matrix contains the
original transitions rates multiplied by a prefactor which depends on the relative
multiplicities of the states. Calling M; and M; the multiplicity of the initial and
nal state, respectively, this prefactor is

( YoM E M
Ciyg e M T (4.25)
1 otherwise.
Coming back to the single-level dot, the occupation probabilities can be calcu-
lated analytically:

0 1
Wy oWar 1

P . © P ® @Wo 1War 1A, (4.26)
Wa1 e AWo 1 e° Wo 1Wo 2

1

P A
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The current from one of the leads can now be calculated by summing over all the
rates from that lead minus all the rates into that lead. If there are two leads (L and
R), and we take e to be positive, the current from left to right becomes (see Eq. 3.50)

£ i ¢ o

| /Ee | 2Wg (PoA Wi} i Wy , PrA2Wy ,P;
i o]
e 2WE (Poi WR oi W, P1i 2w} 1P,

. L R ..R L . L R ..R L
I0;1\/\/0! 1l I0;1W0! 1 A I1;2W1! 2l l1;2W1! 2
L R L R
WO! 1AWO! 1 Wl! ZA\Nl! 2

FE2e T — (4.27)
10,17 031 A 11,2712
Wai (AW ;" Wh AW,

4.2 THE METALLIC ISLAND

he metallic island with a constant DOS is the second system we will analyze.
The general case is intractable, since it is a many-body system with an in nite
number of single-particle states. However, if the capacitive interactions are large
enough that only a single (valence) electron can be on the island at any one time,
it effectively becomes a single-particle problem again. The Hamiltonian of the iso-
lated island is given by
X X X
HA 2;3A;3%A lim %U Az Nep. (4.28)
i% uil AL
As before, we will study the dynamics of the metallic island when it is coupled
to leads with both the NEGF and ME approaches.

4.2.1 NON-EQUILIBRIUM GREEN’S FUNCTION APPROACH
In the wide-band limit, the retarded Green's function of a metallic island described
by the Hamiltonian of Eq. 4.28 is given by (compare with Eq. 2.81)

1i K
ch e E—— (4.29)
27 2i%A i %
while the lesser Green's function is b
i -, ®¢ i Ofe(2
G AL Nis, ~_oiufeft) (4.30)

2
@i 2i9)?A

From the lesser Green's function we can obtain the occupation probabilities with
Eg. 2.38:

z, _ é P o
o d2 i e ®CL g2 g Dfe?)
Mid SO A LD Nis, o (4.31)

@i 2iw?A 2



72 4. Toy MODELS

1
\ i Lkgl ——
> E / ’
BN = /
- S
= \ SO0F
= 8 /
\ m\ﬂ /
i %(; kBT
i %A kBT
0 " " " " I R n 1 1 1 1 1

-10 0 10 -60 -40 -20 0 20 40 60
tv—te eVh

(@) (b)

FIGURE 4.2: Transition rate for adding an electron to a metallic island in the high-temperature (red
line) and low-temperature (green line) limit. (b) Current as a function of voltage for a metallic island

(23, /25, /AU /10, Yp A0.1). The energies are expressed in units of kgT and %1 3, for the red and green
line, respectively.

The island contains at most one (valence) electron, hence, as the number of lev-

els tends to in nity, any particular  hji becomes vanishingly small, and the self-

interaction introduced by the approximation

. ® - .® X

Ni, Ya N £ hMjopi (4.32)
i &P

becomes negligible. In the limit of a continuous DOS
e X x?%1 o
N £ M A£ d23, 425, M (231, (4.33)
i %P ¥aoil
where Y423, is the density of available states. This density is non-zero only above
a certain effective chemical potential ?* 5, which corresponds to the lowest energy
available for a new electron on the islar&d. For a constant DOS with

o 2 4 1 ‘4
Vi2y) WGty (4.34)
]/:0 23/4> 13/41
we get
9 e x %1 _
N £ %  d2,mMEy)i, (4.35)
A 1y,

and therefore b
dz ®i pfe?)
% iy, i1 2V 2

@i 2%)?A 2

(4.36)
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This can again be written in terms of transition rates:

-.® j -.emX
N E1; N = wh (4.37)
i ®
where b b
Wé,qu i_g?u/@ ! d2fe(?) ! ﬂ‘—'%g_ (4.38)
v B il 1y, 2% 2

@i 2%)?A L

is the rate for putting an electron on the island. The double integral does not have

an analytical solution. However, in both the weak coupling limit (  js,¢ kgT) and
the strong coupling limit( j ,A kgT)itis readily solved. In the weak coupling limit,
the Lorentzian acts like a delta function, and we are left with

. ® Zl

X ;¢ i
WhE Dy a2y,
A 13/4 L,
X g? 8 3 )
/£ EA% loi Y%,AkgTIn 1Ae kT | (4.39)
Ya

In the strong coupling limit, the Fermi function acts like a step function and we get
@ Zi, Z3

x i3 d23 13
W(é/E uu/:o dz /“—'/“3_'

BT P e i
z : M &1
Xi9® “te 1.1 22] 1y,
£ Yy d2 = A = arctan L
Y, i1 2 Y i % ¢
X i i 1 1 oligiy, My o
£ Yy I1®i 1y, ZAZarctan el % A'—/"An%, (4.40)
v B 2 Ya i3 2Ya
where
y A u2i2| 3/d:ﬂz! A u2i1®i 13/(121]2!#
a® & lm 2 in 1A ~ il 1A ———
2l 4y, i % i %
E1. (4.41)

The in nity is a result of the fact that we have taken the bottom of the conduction
band to be at 2 /£ j1 . In reality this is obviously not the case, and we can avoid
the in nity by cutting off the integration at a nite energy. Since the logarithm
increases very slowly with energy, the resulting rate is only weakly dependent on
the value of the cutoff energy. The transition rates for both the high-temperature
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and low-temperature limit (where, for simplicity, we have taken =« %/EO) are shown
in Fig. 4.2a. The transmission can again be obtained from Eq. 2.140:
i 3/ 33 ~®C z 1 i%
To2) E—A % 1 TN i d2y—————=. (4.42)
%AI% Ly, (ziz%)ZA 17%

The resulting current is shown in Fig. 4.2b. Contrary to the single-level quantum
dot (Fig. 4.1b), the onset of the current is not a step function, but a sloped line, the
curvature of which is determined by the value of  %%: the smaller 1/3)®the stralghter
the line. This can be understood by looking _atAt@)e behavior of N . Since W® is
proportionalto ¥, the_lritr@er Yn,the sooner N saturatestol. As thetransmlssmn
is proportionalto1 j N , it too will saturate. The sooner this happens, the more
curved the line.

4.2.2 MASTER EQUATION APPROACH

Since the capacitive interaction between the electrons on a metallic island is in -
nite, we have only three occupation probabilities:  Pjgi, Pj»j, and Pj4. However, as
a metallic island has a continuous DOS, the j"i and j#i states actually correspond
to a combination of in nitely many states. If the DOS is constant in the region of
interest, the density of unoccupied states is given by

Zl . i ¢
) Ay, St i (4.43)
. .
2

where 1 4, is the chemical potential of the rst available transition. In the high-
temperature limit, the Lorentzian again acts as a delta function, and we are left
with [ 3, 4]

[ ¢ v
Yau(2) AT L i 2 B—o (4.44)
1Ae%eT
With this density of states, the rate for adding an electron to the island becomes
i 2
Wigiy i B d2fa(2)¥(2)
& Z
I 1 1
ﬁEE%? d2 —
1Ae*sT 1Ae%eT
i Toiln
‘Efl/zo e - (4.45)

1j e ®sT
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Comparing this rate equation to Eq. 4.13 shows that a metallic island effectively be-
haves as a single-level dot with a ‘modi ed Fermi function." Interestingly, this rate
equation differs from the low-temperature result obtained with the NEGF method.
Using the factthat1 j f (2) Zf (j 2), we obtain for the reverse rate

. ®

| w 1,:1
AEE%)—I °. (4.46)

1®i1"
1j e ka7

®
Wj"i! jOi

In the low-temperature limit, the Fermi function acts as a step function, and
we get for the DOS on the island:

z . Wi Cq

bodzy, i 1.1 22 1, s

1/342)/59/& —1 6 £, ~AZarctan —— . (4.47)
1y, 2% @i 23/4)2A 12_ 2 Ya i

This again leads to the same expression for the transition rate as we obtained with
the NEGF approach in the previous section (Eq. 4.40).
We can now |l the rate matrix:

o P 1
i Wi joi Wisn joi
; A

W /E@Vjoi[ i i (4.48)
Wiair j 0 i
If the system is spin-independent, we can again combine "i and #i states, yielding
vl 1
i 2Wijoir jaii Wiiir joi
wogE ! SO J o 4.49
2Wioir j1i i Wit joi (4.49)
The steady-state occupation probabilities are now trivial to obtain:
M 1
1 Witit ioi
P oW (4.50)
2W]OI! jai W]ll! joi joit jli
and we get for the current:
wbk o wR o owbl o gwR
| /E2e jLit joi “Yjoit jai joil j1i "Yjlit joi (4.51)

2Wioi1 j1i AWjair joi
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CAPACITIVE EFFECTS IN
THREE-TERMINAL JUNCTIONS

In this chapter we explore the effect of the electrostatic environment of a molecule
on the electronic states and the transitions between those states. We show that the
capacitive interactions between the molecule and the electrodes can be conveniently
described in terms of a capacitor network. Interactions with neighboring molecules
or metallic grains give rise to certain particular switching features in the current-
voltage characteristics, which can be described with the single-level quantum dot
and metallic grain models of chapter 4. Comparison of these calculations to mea-
surements shows good quantitative agreement.

Parts of this chapter have been published in Small 6, 174 (2010), and Phys. Rev. B33, 245415 (2011) [L, 2].
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78 5. CAPACITIVE EFFECTS IN THREE-TERMINAL JUNCTIONS

5.1 ELECTROSTATIC ENVIRONMENT

n addition to electronic and vibrational transitions, one of the major factors in-

uencing the behavior of a molecule in a junction is the electrostatic environ-
ment. As we shall see below, the capacitive interactions between the molecule
and its environment in uence the chemical potential differences and therefore
the possible transitions in the junction. In a typical three-terminal junction (see
chapter 1), we have a gate electrode (usually aluminum with an oxide layer for in-
sulation) and a source and drain electrode on top (usually gold) separated by a gap
of a few nanometers. The molecule then bridges the leads and is ideally situated
close to the gate electrode.

The electric eld due to a bias voltage over the leads or a gate voltage on the
gate can be calculated with Maxwell's equations. Since we are only interested in
the electric and not the magnetic eld, the most convenient form is the potential
formulation interms of  free charge and current, which, for linear isotropic materi-

als, takes the form H q
@ Va

re 2r AA2—A Ej—, (5.1)

@ 2y

where A and A are the electric scalar and magnetic vector potential, respectively,

Y4 is the free charge density, and 2 is the relative dielectric constant of the material.

Using the modi ed Lorenz gauge

N
r¢ 2A)A — —A AQ, 5.2
CRAG S (52)
this becomes @ y
i, (¢ 2 . X
For a static potential, gA /EO. This leaves us with
T %
re 2r A ﬁEiZ—, (5.4)

0

an equation known as Poisson's equation, which can be solved using, for example,
the nite-difference method. If there is no free charge in the system, the potential
is determined entirely by the boundary conditions, such as the applied bias or gate
voltage.

Using Poisson's equation, we have calculated the potential in a typical three-
terminal junction for a bias and gate voltage of 1 V (see Fig. 5.1). 1 Itis clear from

1Since Poissons equation is linear, the potential changes linearly with the applied voltage, and the plots
do not change qualitatively for voltages other than 1 V.
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(a) Vi A1V, Vg 0V (b) Vi, A0V, Vg ALV

FIGURE 5.1: Electrostatic potential in an empty three-terminal junction with a 2 nm gap and (a) a sym-

metrically applied bias voltage, and (b) an applied gate voltage of 1 V. The relative dielectric constant of
the oxide is taken to be 2 A10.
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FIGURE 5.2: Electrostatic potential in a three-terminal junction with a molecule and (a) a symetrically
applied bias voltage, and (b) an applied gate voltage of 1 V. The molecule is modeled as a solid rectan-

gular block with a relative dielectric constant 2 A100. For clarity, the contrastin (b) is increased to show
the potential pro le near the molecule.
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FIGURE 5.3: Electrostatic potential in a three-terminal junction due to a charge trap in the gate oxide
(q £ £e). (a) Potential pro le of an empty junction. (b) Potential pro le of a junction with a molecule.
For clarity, the contrast is increased with respect to (a) to show the potential on the molecule.

Fig. 5.1a that, away from the gate, the potential changes linearly with distance be-
tween the source and drain. The potential due to the gate on the other hand (see
Fig 5.1b), is mostly shielded by the leads, and whatever is left inside the gap varies
non-linearly with  x and y. This suggest that any molecule deposited in the gap
feels a complicated, inhomogeneous potential which has to be taken into account
explicitly in any model. However, most molecules measured in these junctions are
conjugated and therefore have a high internal conductance. This means that they
are polarizable and will compensate a potential gradient in their vicinity.

The effect of the polarizability of the molecule can be modeled by introducing
a region in the gap with a large dielectric constant. Fig. 5.2 shows the potential
pro le of such a junction with again an applied bias and gate voltage. It is clear
from this gure that the potential on the molecule is approximately constant, and
that the potential drop occurs solely across the barriers between the electrodes
and the molecule. Since Poisson's equation is linear, the average potential on the
molecule is directly proportional to the bias and gate voltage via

U AReV, A ey, (5.5)

where ® is the bias coupling and ~ the gate coupling. The bias coupling can vary
between j % and %,2 depending on whether the molecule is closer to the source
or drain electrode, and the gate coupling varies between 0 and 1, depending on
the shielding of the electrodes. For Fig. 5.1, ® A0, corresponding to a symmet-
ric coupling the the leads, and ~ A0.1, which is a typical value for three-terminal

2Since electrostatic potentials are only de ned with respect to an arbitrary reference, other conven-
tions for ® are also possible. In the chosen convention, ® 4O corresponds to a symmetrically biased
junction.
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measurements [ 1, 3].

The potential on the molecule is determined not only by the voltages on the
electrodes, but also by the charges on nearby objects in the junction, such as a
neighboring molecule or a charge trap in the gate oxide. The potential pro le of
the latter case is shown in Fig. 5.3 for a charge of ¢ 4 Ae. The polarizability of the
molecule again ensures a constant potential, in this case of approximately 50 mV.
This means that the sudden charging of a charge trap during a measurement would
show up as an effective jump in the gate voltage, something which is indeed ob-
served occasionally [ 1].

5.2 THE CAPACITOR NETWORK APPROACH

Ithough the values for the gate coupling and gate switch in the example cal-

ulations discussed in the previous section correspond well to measured val-

ues [1, 3], the geometry of a molecular junction is generally unknown and accu-
rately modeling the electrostatic environment with the Poisson equation is dif -
cult. However, we have shown that if the molecule is polarizable, it has a well-
de ned potential. For modeling purposes, it is then easier to model the electrodes,
molecules, charge traps etc. as a series of nodes with a particular charge Q; and
voltage Vj, connected to each other with a capacitance c¢;; [4-6]. The analysis of
the resulting capacitor network is centered around the relationship between the
charge and the voltage on neighboring nodes. The induced charge on node i due
to the voltage on node | is given by

i ¢
|
Qij Acij Vii Vi, (5.6)
yielding for the total charge on the node
X i ¢
QA cj ViiVvj. (5.7)
jAa

This can be writtenas Q A£CV, where

(p
i fori Aj,
Cij & k64Cik ! ] (5.8)
i Cij A£jcji fori 64,
is the capacitance matrix. The electrostatic energy of the network is
EALQTV £Q'ci Q. (5.9)

We now split the system into islands ( Q; and V;) and voltage sources (Qy and
Vy). The islands can either be molecules, modeled in this chapter as single-level
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guantum dots, or metallic grains (see chapter 4). The capacitance matrix of the
partitioned system is given by

1
HCn Cyv

CA .
Cvi Cw

(5.10)

It is convenient to describe the islands solely in terms of the charge ( Q)), and the
voltage sources in terms of the voltage ( Vy). From

U T w1

Qi e Ci Cnv 'V (5.11)

Qv Cui Cw Wy '
we get for the induced voltage on the islands:

V| £Ci1Qii ¢ *CivWy. (5.12)

When current is owing, electrons are added to or removed from the islands.
From non-equilibrium statistical mechanics we know that the current is driven
by chemical potential differences. The chemical potential at which a transition
between different charge states occurs is given by the energy difference between

those states:
dE

—. 5.13
aN (5.13)
The energy difference due to a change ¢Q inthe charge is
CEAE;(QACQ)'CT*(QACQ)i 3Q'CI'Q
A¢QTCI'QALeQCciteQ
Ti 1.4,
A¢Q' VAV . (5.14)

If we only charge the islands ( ¢ Q A¢ Q,), while keeping the voltage on the voltage
sources constant (¢ V /¢ Vy), the energy difference becomes

CEACQS 'V, A %¢v.¢
£eQ Cit(QAcyw)AleQlciteq,. (5.15)

5.2.1 THREE-TERMINAL JUNCTION
For a system consisting of just a single island, capacitively coupled to a left, right
and gate electrode (see Fig. 5.4), the capacitance matrices are

i ¢ i ¢
CyACLACRACs, CyvAEiCL iCr iCo. (5.16)
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FIGURE 5.4: Schematic diagram of the capacitor network corresponding to a three-terminal junction.
The island is capacitively coupled to a source, drain and gate electrode.

Distributing the bias voltage V,, symmetrically over the leftand right lead, i.e.,V_ A&
i 2Vp and Vg 2V, yields

C|_' CR
CvW E '2 Vpi CaVg, (5.17)
and therefore o G
QA%eQi =BL=Lvyi CaVy
CcLAcCrACg

Since Q £ jeN, the chemical potential for adding a single electron to the dot is

CE ACQ (5.18)

t(N)" E(N)i E(Nj 1)
P L SaiClevy ACgeV,
N TN 2 o AcgACs' T CLACRACG
AyAU'NG i @V TeV, (5.19)

where 2y is the energy of the N™ quantum level on the island, 3

e?

ugeE——
CcLAcgrACq

(5.20)

is the charging energy,
1 CriCL

- ——F—7F—
2C AcgrACq

(5.21)

31 2N A0 we have a classical island, as the chemical potentials are then fully determined by classical
electrostatics.
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FIGURE 5.5: (a) Current-voltage characteristics as a function of bias and gate voltage. (b) A stability
diagram is a plot of the conductance as a function of bias and gate voltage. The lines in the diagram
are the so-called diamond edges, which correspond to the onset of current. At the crossing point of the
diamond edges, the chemical potential of the dot is on resonance with the chemical potential in the

leads.
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is the bias coupling, and
- £ Ce

CLACrACG
is the gate coupling. Itis only possible to add an electron to the island if the chem-
ical potential in one of the leads ( 2§ gvb, where 2¢ is the Fermi energy) exceeds
the chemical potential on the island, while it is only possible to remove an electron
if the chemical potential on the island exceeds the chemical potential of one of the
leads. This can be done by increasing either the bias or the gate voltage. Once the
chemical potential of the island falls between the potentials of the leads, current
starts owing. A typical plot of the conductance of a single-level quantum dot as
a function of bias and gate voltage is shown in Fig. 5.5. Such a plot is known as a
stability diagram .

In general, the capacitances C., Cr and Cg are unknown. However, the param-
eters®and ~ can be obtained from the slopes of the diamond edges in a stability
diagram (J_rA and £ ). The onset of current corresponds to the situation where the
chemical potential of one of the leads is in resonance with the potential on the
island. We therefore have either

(5.22)

. ¢ _ e
2yAU'NG 1Ti @V eVy EA SV, (5.23)

or i .¢ B e
2NAU N 3§ ®Vyj —eVy A2 Eevb’ (5.24)

hence the bias voltage at one diamond edge is

—i Vg
Vp A=—a—, (5.25)
®A 3
and at the other .
=i Vg
Vi S, (5.26)
2
where .
i ¢
In AN 2FAU NG 5 . (5.27)
We therefore get for the slopes of the diamond edges
o dVy -
t E— i —, (5.28)
dvg — ®A1
and _
+AE (5.29)

®j %
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From the slopes, we can obtain the bias and gate coupling via

1A A+
®/E§iAi o (5.30)
_ P4

s (5.31)

Similarly, 1y can be obtained from the gate voltage of the crossing point. That
point corresponds to situation where the potential on the island is aligned with
both leads and we have

1N E eV, (5.32)

5.2.2 DousLE Dot

For a system consisting of two islands, capacitively coupled to a left, right and gate
electrode, and to each other with a mutual capacitance Cy, (see Fig. 5.6), the ca-
pacitance matrices are

H ol H l
C: iCwm iCi iCrit iCa1
Cy £ , Cv A& , 5.33
"“icw C V™ iCL iCre iCa2 (5-33)
where
C1&AC 1 ACriACciACy, (5.34a)
Cz /ECLZ A CRzA CG2A CM . (5.34b)
The chemical potential for charging the rstisland is
i . ¢ -
11(N1) 22N, AU Nij 5 AUN2 | ®eVyi eV, (5.35)
where
e 1
Ui B —— (5.36)
Cl 1; CM
I GG,
is the charging energy of the island,
Upes L (5.37)
A —=— .
is the capacitive interaction between the islands, and
1Crui CLlA%_,\;(CRli CL1)
® - 5 , (5.38)
2 c

Cii T,
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FIGURE 5.6: Schematic diagram of the capacitor network corresponding to a three-terminal double-
dot junction. Both islands are capacitively coupled to a source, drain and gate electrode, and to each
other with a mutual capacitance Cy;.
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and
_ CgilA %—“gcez
1/E—CZ, (5.39)
Cqi M
11 C,

are the bias and gate coupling, respectively. These parameters can again be ob-
tained from the slopes of the diamond edges via Egs. 5.21 and 5.22.

The chemical potential of the rstisland depends on the charge of the second
island via the capacitive interaction U1,. Charging the second island will therefore
shift the crossing point of the rst. If both crossing points, before and after charg-
ing the second island, can be observed in the stability diagram (or constructed
through extrapolation of the lines), the interaction energy can be obtained from

Ui &£ 1€t Vg, (5.40)

where ¢ Vg is the difference between the gate voltages of the crossing points.

5.3 DoOUBLE-DOT MEASUREMENTS

‘lnctions containing two or more islands (molecules or metallic grains) with a
apacitive interaction have been measured several times. In this section we will
show several of these measurements and discuss the origins of the observed fea-
tures. The systems are described with different combinations of the single-level
quantum dot and metallic grain models of chapter 4.

Fig. 5.7a shows a measured stability diagram of a Mn 2A-complex [ 7]. The junc-
tion is coupled nearly symmetrically to the leads ( ® 4 j0.07) and has a gate cou-
pling of = A0.05. Only one crossing point is visible, to the right of which there is a
Kondo peak. The interesting features of this measurement are the ‘gate switches'
which can be observed on both sides of the crossing point. As noted in section 5.1,
the sudden charging of, for example, a nearby charge trap, appears in the mea-
surement as an effective gate switch. * Since the measurements are performed by
sweeping the bias voltage for every gate point, such a switch would appear as a
vertical line in the stability diagram. Moreover, for stochastic events these switches
appear at random gate voltages, and are not reproducible between different mea-
surements of the same sample. However, a close inspection of Fig. 5.7a reveals
that these switches are not vertical, but diagonal. They appear in several consecu-
tive bias sweeps at different gate voltages, a feature which is reproducible between
different measurements.

4Note that there does not need to be a current ow through the charge trap for the electrostatic envi-
ronment of the molecule to change.
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FIGURE 5.7: (&) Measured and (b) calculated stability diagram of a Mn ZA-complex [ 7] with a gate
switch. A detailed measurement and calculation of the region indicated by the white rectangle is shown

in Fig. 5.8. In the calculation, the rstisland is modeled as a single-level dot which is coupled nearly
symmetrically to the leads ( ® £ j0.07,i | A£2meV and | r ££10 meV) and has a gate coupling of ~ A0.05.
The second island is modeled as a metallic grain which is highly asymmetrically coupled (  ® A {0.22,
" /0.16, L £20'eV and j R £1 meV). The capacitive interaction energy between both islands is

U A22 meV.
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FIGURE 5.8: (a) Measured and (b) calculated stability diagram of the area indicated by the white rectan-
glein Fig. 5.7. (c) Measured and (d) calculated gate traces at-15 and 15 mV bias of the stability diagrams

in (a) & (b). The calculations use the same parameters as in Fig. 5.7.



5.3. DOUBLE-DOT MEASUREMENTS 91

10
100
. »
S Ny
E o >
: — |IE

-100

«
0
3

FIGURE 5.9: Calculated stability diagram with the same parameters as in Fig. 5.7, but where the second
island is modeled as a single-level quantum dot instead of a metallic grain. The white arrows indicate
lines not observed in the measurements in Figs. 5.7a and 5.8a.
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The nature of the switches becomes more clear if we take a closer look at one of
the lines in the stability diagram. Fig. 5.8a shows a detailed measurement of the re-
gion indicated by the white rectangle in Fig. 5.7a. This region shows another cross-
ing point, although certain diamond edges show up as a dip instead of a peak (see
the gate traces in Fig. 5.8c). This suggest that the switch is caused by the charging
of a nearby island which itself also shows Coulomb blockade and through which
current ows. This second island could be another molecule, or perhaps a gold
grain formed during the electromigration of the junction.  ° Both possibilities will
be explored.

A calculated stability diagram © of the junction is shown in Figs. 5.7b and 5.8b.
The rstisland is modeled as a single-level quantum dot and the second as a metal-
lic grain. The on-site charging energy for both islands is taken to be so large that
only one crossing point is visible for each island. The inter-island charging en-
ergy on the other hand is relatively small ( U A22 meV). The negatively sloped (+i )

5The appearance of both diamond edges means that currentis owing through the second island, mak-
ing it unlikely to be a charge trap in the gate oxide.

BAll calculations in this chapter have been performed with the master equation (ME) approach with
level broadening developed in chapter 3. The calculations involving metallic islands use the high-
temperature (Eq. 4.45) or low-temperature (Eq. 4.40) rate equations depending on whether | Ajris
smaller or larger than kgT.
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FIGURE 5.10: (a) Measured and (b) calculated stability diagram ofa[2 £ 2] Coﬂ grid-like molecule [ 1].
The system is modeled as a strongly coupled metallic grain ( ® and ~ unknown as only one diamond
edge isvisible, j | £22 meV and j r £1 meV), while the switch is caused by a weakly coupled single-level
dot (® A& {0.2,” /A0.24,i | A10 eV and j r A2 meV). The interaction energy is U A6 meV.

diamond edge of the second island is much more pronounced than the one with
positive slope (tA). The calculation shows that this means that the metallic grain
is highly asymmetrically coupled ( j_ ¢ iR)- It also means that the average oc-
cupation of the grain is always nearly zero or one, even in the conducting region;
an electron tunneling onto the grain from the left lead will almost immediately
tunnel to the right, while an electron tunneling from the right will stay on the is-
land for a long time before tunneling to the left. The charge of the grain therefore
only changes once we cross the +i diamond edge. It is therefore this diamond
edge which shows up as a switch line in the stability diagram. The switch itself
is caused by the capacitive interaction between the two islands. The magnitude
of this interaction can be estimated from the “gate voltage jump' in the measure-
ments. This jump moves the diamond edges of the molecule in the stability dia-
gram to the right. The interaction energy can be obtained from the gate voltage
jump via Eq. 5.40.

Figs. 5.7b and 5.8b show that the proposed model can accurately reproduce the
observed switch features of the measurement, including the dip at the diamond
edge in the gate trace at negative bias (Figs. 5.8c and 5.8d). This dip is caused not
by a Fano-like resonance, but by the fact that even close to the crossing point of
the grain, the current is still dominated by the dot, due to level broadening. The
reasoning is as follows: to the right of the second crossing point, the metallic grain
is charged and the diamond edges of the dot have switched to the right. If we now
apply a negative bias and cross the diamond edge of the grain, the occupation goes
to zero and the diamond edges of the dot switch back to the left, i.e., further away.
The current therefore goes down, leading to a dip in the differential conductance.
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FIGURES5.11: (a) (c) Measured and (b) calculated stability diagramofa[2 £2] Cog grid-like molecule[ 1].

The system is modeled as two single-level dots: a strongly coupled one ( ® A0.08, A0.01,j | A£10 meV
and j g £0.4 meV) interaction with a weakly coupled one ( ® and ~ unknown, i A£12meV and j r £
0.11 eV) with interaction energy U A5 meV.

So far, we have modeled the second island as a metallic grain. However, if the
second island is actually a molecule, it would be more appropriate to model it as a
single-level dot as well. The calculated stability diagram for this system is shown in
Fig. 5.9. This gure shows several extra lines (indicated by the white arrows) which
do not appear in the measurements in Figs. 5.7a and 5.8a. Combined with the
fact that diagonal gate switches are observed most often in electromigrated break
junctions as compared to mechanical break junctions, the absence of the extra
lines in the measurements strongly suggest a gold grain instead of an additional
molecule as the origin of the observed switching features.

Two other double-dot measurements are shown in Figs. 5.10a and 5.11a, both
involving a [2 £ 2] Coi{ grid-like molecule [ 1]. The rst measurement shows a sin-
gle prominent diamond edge with a step-like line-shape instead of a peak, and a
switch caused by a second weakly-coupled island. A step in the conductance at
the onset of current is consistent with a metallic grain (see chapter 2). The cal-
culation in Fig. 5.10b therefore again combines a single-level dot with a metallic
grain. However, contrary to the measurement in Fig. 5.7, it is the weakly coupled
molecule causing a switch in the strongly coupled gold grain. The second mea-
surement (Fig. 5.11a) shows peaks at the diamond edges of the strongly coupled
island, consistent with a molecule. The island causing the switch is too weakly cou-
pled to distinguish between molecule and gold grain. The calculation in Fig. 5.11b
uses two single-level dots, but modeling the second island as a metallic grain does
not result in a different stability diagram.
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5.4 CONCLUSIONS

n conclusion, we have shown that some peculiar features of measured stabil-

ity diagrams for three-terminal molecular junctions can be accurately modeled
with a capacitor network assuming the presence of more than one molecule or
a molecule and a gold grain in the junction. Systems consisting of two quantum
dots in parallel with a capacitive interaction show excellent agreement between
measurement and calculation. Moreover, the line-shapes in the observed stabil-
ity diagrams allow us to distinguish between molecules and gold grains in certain
measurements.
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VIBRATIONAL EXCITATIONS IN
THE WEAK COUPLING REGIME

In bulk systems, molecules are routinely identi ed by their vibrational spectrum us-
ing Raman or infrared spectroscopy. In recent years, vibrational excitations have
also been observed in low-temperature conductance and electroluminescence mea-
surements on single-molecule junctions and they can provide a similar means of
identi cation. We present a computationally ef cient method for calculating these
excitations in weakly-coupled single-molecule junctions, using a combination of
ab initio quantum chemistry calculations with the master equation approach. In
our method, the entire vibrational spectrum can be taken into account by evaluat-
ing the Franck-Condon factors for an arbitrary number of vibrational quanta. We
nd that the vibrational spectrum is sensitive to the molecular contact geometry
and the charge state, and that it is generally necessary to take more than one vibra-
tional quantum into account. Comparison of our method to recent measurements
on single-molecule junctions by several groups reveals a good quantitative agree-
ment with both the spectroscopic features of the measurements and their current
and voltage dependence.

Parts of this chapter have been published in ACS Nano 2, 1445 (2008) [1] and Phys. Rev. B 81, 205430
(2010) [2].
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6.1 INTRODUCTION

n recent years, vibrational excitations have been observed in conductance mea-

surements on single molecules with scanning tunneling microscopes (STMs) [ 3],
in mechanical break junctions (MBJs) [ 4, 5] and electromigrated break junctions
(EMBJs) [6-8], and in electroluminescence measurements in STMs [ 9-12]. In the
case of single molecules, the simultaneous measurement of the electrical and opti-
cal behavior has the potential to greatly enhance our understanding of nanoscale
junctions, and, through detailed analysis of the vibrational spectrum, to provide
valuable insight into the conformational structure of single molecules in a junc-
tion[ 13].

In bulk systems, molecules are routinely identi ed by their vibrational spec-
trum using Raman or infrared spectroscopy. Measurements by Osorio et al. [8] on
an oligophenylenevinylene (OPV) derivative in an EMBJ reveal a vibrational spec-
trum of 17 modes that is consistent with Raman (for energies above 15 meV) and
infrared (above 50 meV) spectroscopy data. However, the Raman and IR data show
more peaks than are observed in the transport measurement. Moreover, the Ra-
man and IR measurements were performed on polycrystalline samples and KBr
pellets respectively, which do not re ect the conditions of the molecule in the junc-
tion. In principle, calculations can take the molecular environment into account
see chapter 5) and provide selection rules or predict the relative intensity of vibra-
tional excitations in transport measurements.

Theoretical investigations on vibrational excitations in weakly-coupled single-
molecule junctions have so far mainly concentrated on small systems with only
one vibrational mode [ 14-19], although see also Chang et al. [20]. We have de-
veloped a computationally ef cient method based on the master equation (ME)
approach to calculate the vibrational spectrum of a sizeable molecule, using on
ab initio density-functional theory (DFT) calculations to obtain the vibrational
modes (see chapter 3. This method takes the charge state and contact geome-
try of the molecule into account and predicts the relative intensities of vibrational
excitations. In addition, transitions from excited to excited vibrational state are
accounted for by evaluating the Franck-Condon (FC) factors involving several vi-
brational quanta (see section 3.5.1 and appendix A). Our method can therefore
predict qualitatively different behavior compared to calculations that only include
transitions from the vibrational ground state to excited states|[ 19].

6.2 METHOD
f the molecule-electrode coupling isweak ( j ,kgT ¢ ¢ E), and the electron addi-
tion energies ( ¢ E) only allow the tunneling of one electron at a time (sequential
tunneling), the current-voltage (V) characteristics and the electroluminescence
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FIGURE 6.1: Schematic picture of sequential tunneling through a molecular junction. isand jp are

the electronic couplings to the source and drain electrodes, respectively, and ~ ®is the electrostatic cou-
pling to the bias voltage. These quantities can in principle be different for different orbitals. The thick
solid lines represent the HOMO of the 1 A and neutral charge state, and the dashed line represents the
LUMO of the neutral charge state. The thin lines are vibrational excitations. The small vertical arrow at
the top indicates vibrational relaxation, and the wavy line indicates the emission of a photon.
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FIGURE 6.2: The one-, two-, and three-electron states of a single molecule, with an even number of
electrons in the neutral state and a non-degenerate HOMO and LUMO. Vibrational excitations are not
shown. The labels are of the format 2 1Qms, where Q is the charge of the molecule, S the total spin,
and ms the eigenvalue of S;. Electronically excited states are denoted by 0 Transitions from the 1 A
to neutral state are shown in red, transitions from the neutralto 1 | in blue, and the photo-emission
transition is shownin green. ! og @; 1 is the chemical potential for adding or removing an electron, B!

is the photo-emission energy, and ¢2¢y is the exchange energy between the singlet and triplet state of
0° Note that the energy differences are not to scale.
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spectra can be calculated with the ME approach [ 14-23]. In this formalism, a nite
number of molecular states is taken into account, and all processes are described
in terms of transitions between these states at a certain rate.

A schematic picture of the processes in the sequential tunneling (SET) regime
is shown in Fig. 6.1. 1 In this picture, current can ow as soon as the HOMO of the
neutral charge state enters the bias window. When also the LUMO becomes avail-
able, it is possible for the molecule to be in an electronically excited state when an
electron tunnels onto the LUMO instead of the HOMO. If the coupling to the drain
(i o) is weak enough, and the electron stays on the molecule for some time, the ex-
cited state can decay to the ground state and emit a photon (electroluminescence).
The ef ciency of this process is given by the luminescence quantum yield, which is
de ned as the number of emitted photons per transmitted electron. Similarly, itis
possible for the electron to be excited from the HOMO to the LUMO by absorbing
a photon. If the HOMO is unavailable for transport but the LUMO is, then this pro-
cess can lift the Coulomb blockade, allowing currentto ow (photoconductance).

The many-body states of a single molecule with an even number of electrons in
the neutral state, and a non-degenerate HOMO and LUMO are shown in Fig. 6.2.
Ignoring vibrational excitations for the moment, the spin multiplicities of three
charge states and one excited state result in a total of 9 states, and thereforea9 £9
rate matrix. However, assuming states with the same total spin have equal elec-
tronic (j sand j p) and electrostatic ( ®, see chapter 5)° couplings to the leads, and
therefore equal transition rates, 21@ and 21A1 can be combined into 214, 309, 309,

1 i1

2
and %0°, into 20°% and 21} and 217 , into 21’ leaving only 5 states. Since we are

I
now describing the systen12in terms 02f combined states, the transition rates differ
from the original ones in that they have to be multiplied by a prefactor depending
on the multiplicity of the states involved (see Eqg. 4.25). This also carries over into
the case where vibrational excitations are taken into account, as long as they are
spin-independent.

The transition rates themselves depend on the type of transition: tunneling,
photo-emission, or vibrational relaxation (indicated by the arrows in Fig. 6.1). Tun-
neling of electrons to and from the source (S) and drain (D) is responsible for
transitions between states with a different number of electrons on the molecule.
Here we only consider single-electron tunneling events. In the case of charging,

LTechnically speaking, the thick solid lines represent transitions between different many-body states.
However, in a non-interacting single-electron picture, the lines indeed correspond to different molec-
ular orbitals.

2Assuming a symmetric distribution of the bias voltage over the leads, the bias-voltage coupling of the
molecule is given by ® /E% %}S\C—B, where Cg and Cp are the capacitances to the source and drain
electrode, respectively.
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where state n®has one more electron than state n, the transition rate is given by
Wy o EWS AWP where

n! n® n! n®

¢
W3 | 0ACqnoFn. no 2 fS n$ N0 » (6.1)

and correspondingly for W D ,0 Where Cppois a prefactor depending on the relative
multiplicity of n and nO(Eq 4 25), Fnnoare the FC factors, fgis the Fermi distribu-
tion on the source electrode, and ! ¢ nois the chemical potential corresponding to
the transition. Similarly, in the case of discharging, the transition rate is given by
Wpa o AWS, AWE . where

n% n’

i ¢o
qu n/ECnonFnon R l| fs ng nd (6.2)

and correspondingly for WnDQ_ ,- Photo-emission is possible from the singlet ex-
cited state 108 to the ground state 10p (uorescence). Transitions from the triplet
states %09, 20§, and 0°; (phosphorescence) are spin-forbidden, and can only oc-
cur in the presence of spin-orbit coupling. Since phosphorescence occurs on a
much slower timescale than uorescence — and especially considering the fact
that excited electrons can tunnel off the molecule in a junction — we will only take
photo-emission from the singlet state into account. The radiative transition rate

constant from the excited state n°to the ground state n is given by [ 24]
13 ZZ

. - 2
WE  AEFo,— 1
N n TENEN 312 Re3

, (6.3)
where ! is the frequency of the emitted light (determined approximately by the
HOMO-LUMO gap), and 1! is the transition dipole moment. 2 Note that we are
only considering radiative transitions between the excited state and the ground
state. Since the timescale of both the radiative and non-radiative transitions ( 's
to ns) is typically much slower than the charging and discharging timescale (  » ps),
these transitions will have a negligible effect on the occupation probabilities. Only

the radiative transitions are directly observable, while the non-radiative transitions

will usually have an imperceptible effect on the total current. We will therefore
only include the former in the rate equations and ignore the latter. Vibrational
relaxation is taken into account with a single relaxation time for all vibrationally
excited states [17] (see section 3.5.2). Note that this is only a good approximation
when the relaxation rate is either much faster or much slower than all other rates.

3Not to be confused with the chemical potential.
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For the molecules discussed in this chapter, we have calculated the equilib-
rium geometry and the vibrational modes using DFT.  # Although DFT is well-suited
for ground-state calculations, taking excited states into account can be problem-
atic. We have therefore approximated the excited state by forcing the molecule
into a high-spin ( S A1) con guration. Since the equilibrium geometry and the
normal modes only depend on the occupation of the molecular orbitals through
the charge density, and not on the total electron spin, this is not expected to have
a signi cant effect on the vibrational spectrum. The FC factors have been calcu-
lated from the equilibrium geometries and the normal modes by using the method
of Ruhoff and Ratner [ 28, 29] (see appendix A), while the transition dipole mo-
ments have been calculated with time-dependent DFT. This leaves the electronic
and electrostatic couplings, and the position of the Fermi level within the HOMO-
LUMO gap as t-parameters. Note that these parameters depend on the unknown
contact geometry and vary from sample to sample in the measurements (see also
chapter 5). Since extracting the HOMO-LUMO gap from DFT calculations is del-
icate, this value is tted to the measurements as well. These t-parameters only
have a small in uence on the vibrational features of the spectrum, which is the
focus of this chapter.

6.3 CURRENT

We will rst investigate the effect of vibrational excitations on the current by
applying our rate equation method to three molecules of increasing length:

benzenedithiol (BDT, see Figs. 6.3 and 6.4), the oligophenylenevinylene derivative

OPV-3 (see Fig. 6.5), and OPV-5 (see Figs. 6.6 and 6.7).

6.3.1 BDT

The rst system under investigation is a single BDT molecule adsorbed on gold.
This example is used only in order to demonstrate the method, since BDT is gen-
erally not weakly coupled in experiments. We will test the method by studying the

in uence of the number of vibrational quanta, the charge state and the presence of
gold contacts on the stability diagrams. The stability diagrams are calculated with

a symmetric coupling to the leads of ( j A1 meV, ® A0), a gate coupling of = /0.5
and atemperature of T A1.6 K. The resulting stability diagram forthe 1! Otran-
sition in bare BDT with one vibrational quantum (1369 FC factors) is shown in
gure 6.3b. Of the 30 vibrational modes with energies below 200 meV, only three
excitation lines are visible belonging to the -1 state, and four to the neutral state.

4All quantum chemistry calculations have been performed with the Amsterdam Density Functional
(ADF) quantum chemistry package [ 25, 26], using the LDA exchange-correlation potential and the
analytical-second-derivatives module for the vibrational modes[  27].
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FIGURE 6.3: Calculated stability diagram of BDT with increasing numbers of vibrational quanta (1)
forthe (b—d) j 1! Oand(e)0! 1 transition. The white arrows point to the differences between the
diagrams. Since the calculation is symmetric in bias voltage, they are only shown for positive bias. The
molecule in (a) has 36 vibrational modes, 13 of which have a non-zero electron-phonon coupling.
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FIGURE 6.4: Calculated stability diagram of the (b) j 1! Oand (c) 0! A 1 transition in (a) BDT with
two gold atoms on either side to simulate the presence of the leads. Two vibrational quanta are taken

into account ( | A2).
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Taking two vibrational quanta into account (see Fig. 6.3c), reveals ve new ex-
citation lines for the neutral state, three strong lines around 80 meV and two weak
lines around 178 meV (indicated by the white arrows). Taking one more quan-
tum into account (Fig. 6.3d) adds a couple of weak excitation lines for the neutral
charge state around 120 meV, again indicated by white arrows. Forthe0 !A 1 tran-
sition (Fig. 6.3e), quite a few changes are found. The low energy excitations (below
50 meV) are now so weak as to be almost invisible.

In a junction, the molecule is bonded to the metallic leads. We have simulated
this in the calculations by adding two gold atoms to either side of the molecule.
The resulting stability diagrams (with | /2) are shown in Fig. 6.4. These diagrams
are quite different from those of the same charge-state transitions in Fig. 6.3d and
e. Depending on the charge state of the molecule, ve to seven excitations are
visible below 100 meV, but no higher modes are observed. The electron-phonon
couplings for the neutral charge state in the transition of gure 6.4b are shown
in gure 6.8a. Two modes have a large electron-phonon coupling (with coupling
strengths larger than 1), showing that it is necessary for this system to take more
than one vibrational quantum into account[  19].

The calculations show that only a few of the 36 vibrational modes of BDT are
expected to be visible in transport measurements and that they are dependent on
the charge state and sensitive to the contact geometry. For some modes in this
molecule it is necessary to take more than one vibrational quantum into account.
For example, the modes around 80 meV (for | A£2) and 120 meV (for | A£3) are
probably higher harmonics of the strong excitations around 40 meV. The fact that
several other lines stop at this excitation shows that it is also necessary to take the
FC factors for excited vibrational state to excited vibrational state into account.

6.3.2 OPV-3

The second molecule for which we have calculated the vibrational spectrum is
OPV-3. As with BDT, the gold contacts are simulated by adding two gold atoms
to either side of the molecule. The results for two charge-state transitions with
gold and one without are shown in gure 6.5. The calculations take two vibra-
tional quanta into account. Comparing the calculations to those on BDT indicates
that the vibrational spectrum of OPV-3 is less sensitive to both the charge state
and the contact geometry. OPV-3 without gold has more modes at lower energies
than BDT and the modes at higher energies are less suppressed when the two gold
atoms are added. Also, the electron-phonon couplings for OPV-3 are smaller than
for BDT (see gure 6.8b). These trends are not unexpected since OPV-3 is a larger
molecule and the atoms will on average be further away from the leads, leading
to a smaller sensitivity to the contact geometry. Also, since OPV-3 is conjugated,
an extra electron will be delocalized over the entire molecule, and the atomic dis-
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FIGURE 6.5: Calculated stability diagram of (a) OPV-3 for two charge-state transitions with (b) & (c)
and without (d) gold. Two vibrational quanta are taken into account (| A&2).
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FIGURE 6.6: (b) Measured and (c) calculated stability diagram of OPV-5. (c) The dodecane side-arms
of the measured molecule (see Fig. 1 in Ref. [ 8]) are omitted in the calculation and two gold have been
added to either side of the molecule to simulate the presence of the leads.

placements will be smaller, resulting in a smaller electron-phonon coupling. In
the case of OPV-3 we have performed several calculations with different contact
geometries. We nd that adding up to 19 gold atoms on either side of the molecule
has no signi cant effect on the vibrational modes above 20 meV. °

6.3.3 OPV-5

The calculated stability diagram of the third molecule, OPV-5, is shown in Fig 6.6c¢.
The temperature and coupling parameters in the calculation are tted to the ex-
periment (Fig. 6.6b). Although we are unable to determine the charge states in the
measurement, the fact that the degeneracy point is the rst at a negative gate volt-
age suggests aj 1! 0 transition (see also Fig. 3 in Ref. [ 8]). In the calculation, the
non-conjugated dodecane sidearms of the measured molecule are omitted. These
arms are not expected to in uence the electronic transport and will most likely
only affect the low-energy vibrational modes. As with BDT, the contacts are mod-
eled by adding two gold atoms to either side of the molecule. The calculation takes
two vibrational quantum into account, resulting in nearly half a billion FC factors.

5We have also performed measurements on vibrational excitations in OPV-3. However, broadening of
the lines due to large couplings to the leads has prevented us from obtaining measurements with suf-
cient resolution to make a quantitative comparison to the calculations possible. The measurements
do show the same trends as the calculations. None of the samples show any excitations above 30 meV,
and only a few below.
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FIGURE 6.7: Measured and calculated vibrational spectrum of OPV-5. All measured excitations in this
energy range are shown (see Fig. 6.6b). The uncertainties in the measured energies are indicated by
horizontal bars. Both the calculations with (red) and without (green) gold take three vibrational quanta
into account.
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FIGURE 6.8: Calculated electron-phonon couplings ( , , see Eq. A.4) for the vibrational modes of the
neutral charge state in the j 1! O transition for (a) BDT, (b) OPV-3 and (c) OPV-5. All calculations
include two gold atoms on either side of the molecule to simulate the presence of the leads.
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Fig. 6.7 shows the vibrational spectrum of the neutral charge state in Fig. 6.6c.
This calculation only takes transitions from the vibrational ground state to the ex-
cited state into account. Since this results in fewer Franck-Condon factors, up to
three vibrational quanta can be taken into account. The peaks in the spectrum
correspond to the excitation lines in the calculated stability diagram. In the exper-
imental stability diagram, a background conductance makes it dif cult to resolve
all excitation lines at a single color scale, but close inspection reveals 17 modes in
the energy range below 125 meV (see Tab. 1 in Ref. [8] and Fig. 6.7). The energies of
the excitations in the measurement are determined from the bias voltage at which
they cross the diamond edge. Broadening due to the temperature and the leads
introduces an uncertainty, indicated by the horizontal bars in Fig. 6.7.

Fig. 6.7 reveals a close match between the experiment and the calculation with
gold atoms (red line) for the modes between 10 and 80 meV. The calculation shows
several small peaks in this range not observed in the measurement. It should be
noted that in the ME approach, broadening of excitation lines is solely due to tem-
perature. Broadening due to the couplings to the leads is not accounted for.  © Cal-
culations which do take this broadening into account show that these small peaks
are smeared out and the calculation and measurement show the same number of
peaks in the aforementioned range.

The green line in Fig. 6.7 shows the calculation without gold atoms. Compari-
son with the measurement shows a large discrepancy for excitations below 50 meV.
It is clear from this gure that the addition of two gold atoms on either side of the
molecule can already account for most of the in uence of the contact geometry on
modes above 10 meV. The charging energy of an OPV-5 molecule in a junction is an
order of magnitude smaller than the difference between the ionization energy and
electron af nity of the molecule in the gas phase [ 30], probably due to screening
in the leads. While this effect changes the energies of the orbitals, the shape of the
orbitals, and therefore the electron density will remain largely unaffected. Since
the FC factors primarily depend on the difference in electron density between dif-
ferent charge states, we have chosen not to take image charges into account in the
calculations.

The omission of the non-conjugated sidearms from the calculation lowers the
mass of the molecule, which might explain the discrepancy between the calcula-
tion and the measurement for the modes below 10 meV, which involve motions of
the entire molecule. Also, the contact geometry in the measurement is unknown,
so any mode involving a signi cant distortion of the gold-sulfur bond is expected
to be inaccurate. Like OPV-3, the vibrational spectrum of OPV-5 is less sensitive

6In chapter 3 we show that it is possible to include level broadening in the ME approach. However, for
ef ciency reasons we have excluded this from the calculations in this chapter.
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FIGURE 6.9: Molecular structure of the isolated porphyrin derivatives used in the calculations: (a)
ZnEtiol, measured by Qiu etal. [9], and (b) H 2 TBPP, measured by Dong et al. [10].

to the charge state and contact geometry than BDT and the electron-phonon cou-
plings are smaller (see Fig. 6.8c). As in the case of BDT and OPV-3, the calculation
of OPV-5 predicts the intensity of the excitation lines to be much weaker above
30 meV, than below. This is also observed in the measurement. The intensities
gradually increase for energies up to 30 meV, after which they suddenly drop, a
trend also visible in the electron-phonon couplings. For excitations above 80 meV,
the low intensities make a quantitative comparison between the measurement and
the calculation dif cult.

Most of the vibrational modes have electron-phonon couplings below 0.1 and
are not expected to give rise to extra excitation lines when another vibrational
quantum is taken into account. However, the modes at 17 and 27 meV, with cou-
pling strengths of respectively 0.6 and 0.7, are expected to give rise to excitation
lines at 34, 51-54 and possibly 81 meV. These lines are indeed observed in the mea-
surement and the calculation (see Fig. 6.7).

It should be emphasized that in Fig. 6.7 all visible vibrational excitations, for
both the calculation and the measurement, are shown. Comparing the spectrum
to Raman and IR spectroscopy data reveals a close match [ 8], but the optical spec-
tra predict many more modes not observed in the measurement and calculation.
The calculation predicts only a handful visible excitations out of a total of a 129 vi-
brational modes under 150 meV. Our method is thus able to provide what we might
call 'selection rules' for vibrational excitations in single-molecule junctions.

6.4 ELECTROLUMINESCENCE
e will now apply our method to two STM measurements on single porphyrin
derivatives: Zn(ll)-etioporphyrin | (ZnEtiol, see Fig. 6.9a) measured by Qiu
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FIGURE 6.10: (a) Sequential tunneling with one charge state (0) and one excited state (0 % in the bias
window. (b) Sequential tunneling with two charge states (0and 1 i ) and one excited state (0 (5 in the bias
window. The horizontal lines represent transitions between many-body states.

etal. [9], and Meso-tetrakis(3,5-diterbutylphenyl)porphyrin (H > TBPP, see Fig. 6.9b)
measured by Dong et al. [10]. It is known that the relative electronic coupling
strengths to the source (STM tip) and drain (substrate) electrodes greatly affect
molecular electroluminescence [ 31], and in order to suppress quenching due to
the substrate, it is necessary to employ a spacer layer. Qiu et al. have used a thin
Al,O3 Im on the NiAl(110) substrate to act as a spacer layer [ 9]. Although the
electronic coupling to the leads is still highly asymmetric, electroluminescence is
suf ciently enhanced to be observable. Dong et al., on the other hand, have de-
posited several monolayers of H > TBPP, resulting in a nearly symmetric coupling
of the molecule to the leads [ 10]. Since these measurements investigate similar
molecules in different regimes (asymmetric and symmetric coupling), they pro-
vide a good test case for understanding the physics of single-molecule electrolu-
minescence.”’

Itis known that plasmons in the substrate and the STM tip can mediate photo-
emission, and, in the case of surface enhanced Raman scattering, this can even be
a powerful spectroscopic tool [ 34]. However, in order to observe electrolumines-
cence originating solely from a single molecule, the signal from plasmons should
be suppressed as much as possible. In the experiments under discussion, several

"The measurement of Qiu et al. [9] has been previously analyzed by Buker and Kirczenow using the
Lippmann-Schwinger Green's function scattering technique [ 32, 33]. However, by employing the ME
approach we can take the entire vibrational spectrum of the molecule into account.
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measures have been taken to this end, including using atomically at substrates
and tungsten STM tips. Also, in the measurements of Qiu et al., applying a series
of high-voltage pulses between the tip and the substrate seems to make the plas-
mon spectrum smoother [ 9]. Although an enhancement of the photo-emission
rate due to the STM tip and the substrate probably still exists, the experiments
show that this enhancement is generally rather structureless and does not affect
the shape of the spectra. Moreover, control measurements in both groups show
that the electroluminescence intensity of the bare surface is much weaker than
that of the molecules [ 9, 10]. We will therefore ignore the effect of plasmons from
now on. 8

Before applying our method to the ZnEtioland H > TBPP porphyrin derivatives,
letus rstconsider afew simple situations which can be solved analytically. We will
ignore vibrational excitations for the moment. In Fig. 6.10(a), the0Oand0 Ostates are
in the bias window and available for transport, whilethe 1 i state remains unoccu-
pied. In Fig. 6.10(b), also the 11 state is available. In both cases we assume the
electronic and electrostatic couplings to the leads to be equal for all states, and the
temperature to be low enough for the Fermi functions to be either 1 or 0. Since
both ZnEtiol and H > TBPP have a (nearly) degenerate LUMO, we double the multi-
plicities of the states involving the LUMO, resulting in the following 5 states: 21A,
10,500 20° and #1i . As a nal approximation, we assume the photo-emission rate
to be much smaller than the charging and discharging rates. It will therefore have
a negligible effect on the occupation probability of the singlet excited state and
can be omitted from the master equation. Since the rates for the singlet and triplet
excited states are now equal, they can be combined into one excited state  80°, pro-
vided they are both in the bias window, leaving only four states to consider: 21A,
10,80% and 411 .

In the case of Fig. 6.10(a), where the *1i state can be ignored, the rate matrix

is:
1
iSis 2ip ip
W/EE@is i2ip 0 A, (6.4)
dis 0 iip
resulting in the stationary occupation probability
0, 1
1 @21 DA
PE——— @A 6.5
9] SAzi D 8l s ( )

8See Ref. B5] for how to include the effects of localized surface plasmons in the rate equation method.
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The current is given by (see Eq. 3.50)

e 10isip

| ﬁE— SPA E- ——— 6.6
Bl SO R 9; SAZI D ( )
and the electroluminescence intensity by
1j 1 2
L= Epogs SISIE (6.7)
43 R9isA2ip

where j g £ BNg, and the factor ;11 is due to the fact that only the singlet, i.e., one
quarter of the states in 80° can emit a photon. This equation shows that electrolu-
minescence can indeed be quenched when the coupling to the drain is too large.
The quantum yield is then

L 1
Q fe— = 1E. (6.8)
I 5ip
In the case of Fig. 6.10(b) where also the #1i state is available, the rate matrix
is: 1
| 5is 2ip iD 0
1 .
W ES % |4|51 2ip N 0 i § 6.9)
4| S iisiip 2ip
41 s is i 3ip

resulting in the stationary occupation probability
0

1 isiD
E(4i sAip)(i sA2ip) %, si, D§ (6.10)

The current is now given by

| /Egi s(5P14 A 4Py A Pyo)
e 2jsip(6isAbip)

— , 6.11
B (4i sAip)(isA2ip) (61D
and the electroluminescence intensity by
1j 2isipiE
L &= Epy , (6.12)
4R @i sA0)( sA2i )
resulting in a quantum yield of
Q&E—IE (6.13)

6i sA5ip
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FIGURE 6.11: (a) Measured conductance of six separate single ZnEtiol molecules (A—F) and the oxide
surface (from Qiu etal. [9]). (b) Calculated conductance of molecule A. The electronic coupling is highly
asymmetric (| sA0.637t eV, p A£10meV),and T A77 K.

Comparing Eq. 6.8 and 6.13 shows that the availability of a second charge state in
the bias window changes the quantum yield by a factor of ﬁﬁ i.e., it always
decreases, with the magnitude of the change being determined by the asymmetry
in the coupling. Although the expression for the change in the quantum yield de-
pends on the particular multiplicities of the states involved, this is a general result,
and can be easily understood. The availability of the second charge state provides
a new non-radiative path for the excited state to decay (via the tunneling of an
electron onto the partially occupied HOMO). This will decrease the probability of
the molecule to be in the excited state, and therefore decrease the electrolumines-
cence. At the same time, the extra charge state also provides what is effectively an
extra conductance channel, thereby increasing the current. Both effects decrease
the quantum yield.

6.4.1 ZNETIOI
The equilibrium con guration of the ZnEtiol molecule obtained from DFT cal-
culations is shown in Fig. 6.9a, where the S, “saddle shape' structure of the iso-

lated molecule is in agreement with the STM topography analysis of Qiu et al. [36].

Fig. 6.11 shows the measured and calculated conductance of the molecule in a
STM junction. Qiu et al. have measured the conductance of six separate single
ZnEtiol molecules (A—F in Fig. 6.11a), of which only A and B were observed to lu-
minesce. These molecules have in common that their conductance plots show two
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FIGURE 6.12: (a) Measured electroluminescence spectrum of ZnEtiol as a function of bias voltage
(from Qiu et al. [9]). (b) Calculated spectrum as a function of bias voltage (77 K, assuming instanta-
neous vibrational relaxation). (c) Calculated current dependence of the 790 nm peak intensity at 2.35 V.
Compare to the insetin (a).
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FIGURE 6.13: (a) Calculated change in the Coulomb potential felt by the ZnEtiol nuclei due to the
emission of a photon. (b)—(d) The three most important vibrational modes responsible for the peaks
around 900 nmin Fig. 6.12b. The motions of the nuclei can be directly related to the potential gradients
in (a).
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peaks within the bias window. This is consistent with the ME model, since both the
HOMO and the LUMO have to be within the bias window for electroluminescence
to be possible, and each will give rise to a peak in the conductance. The calculated
conductance for molecule A is shown in Fig. 6.11b. Since only broadening due to
temperature is taken into account in our approach, and not due to the coupling to
the leads, the calculated conductance peaks are much sharper than the measured
peaks. Itis striking that the relative peak heights of the HOMO and the LUMO are
nearly identical to the measurement, even though the HOMO and LUMO are as-
sumed to couple equally to the leads in the calculation. The difference in peak
height is caused solely by the degeneracy of the LUMO and the multiplicity of the
excited state.

The measured and calculated bias-voltage and current dependence of the elec-
troluminescence spectrumis shown in Fig. 6.12. The gradual increase of the photo-
emission intensity at higher bias voltages in the measurement is not clearly repro-
duced in our calculation, since level broadening is not taken into account. Com-
parison of the calculated spectrum to the measurement, on the other hand, shows
good agreement. Both spectra show several small side-peaks beyond the main
peak at 790 nm and a series of peaks around 900 nm. The temperature of the ex-
perimental setup (77 K) makes the identi cation of individual vibrational modes
dif cult, but the calculation indicates that only a few of the 213 modes are active
in the electroluminescence (see Fig. 6.13). The peak at 790 nm is dominated by
the vibrational ground state to ground state transition, while the peaks at 900 nm
consist of a handful of modes involving pyrrole breathing and twisting modes and
rotations of the methyl/ethyl side-groups. The most important modes can be seen
in Fig. 6.13b—d. The reason for these modes to be active in the electroluminescence
spectrum becomes clear when looking at the change in the Coulomb potential due
to the emission of a photon (Fig. 6.13a). This change is de ned as the change in the
electrostatic potential felt by the nuclei due the difference in the electron charge
density between the ground state and the excited state. The gradient of the poten-
tial, and therefore the force, is largest where the potential suddenly changes sign
(between the red and blue areas in Fig. 6.13a). Comparing the potential gradient
with the most important vibrational modes shows that those atoms move which
are close to a large potential gradient.

Compared to the measurement, the peaks at 900 nm are lower with respect to
the main peak at 790 nm than they are in the measurement. This may in part be
caused by the electroluminescence background due to the NiAl substrate around
that wavelength, or a varying sensitivity of the CCD camera in the spectral range,
but is most likely mainly caused by the limited number of vibrational quanta taken
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into account in the calculation,  resulting in the transitions at higher wavelengths
to be under-represented in the spectrum.

In a different measurement, Qiu et al. report observing equidistant vibrational
features with a peak spacing of 40 82 meV (Fig. 5C in Ref. [9]). They suggest these
peaks are possibly higher harmonics of the same vibrational mode. In the cal-
culation however, none of the vibrational modes has a suf ciently large electron-
phonon coupling ° to produce such a ladder. The calculation does show a series
of different vibrational modes with a non-zero electron-phonon coupling spaced
approximately 40 meV apart.

Besides a dependence on the voltage, Qiu et al. [9] also nd a linear depen-
dence of the photon count on the current (see the inset in Fig. 6.12a). This linear
dependence is reproduced in our calculations (Fig. 6.12c) and can be easily under-
stood. In the case of asymmetric couplings, where the source electrode (STM tip)
is much more weakly coupled than the drain (substrate), the average occupation
of the excited state is nearly zero: it will take a long time for an electron to tun-
nel onto the molecule, but once it is there, it will tunnel off almost immediately.
The coupling of the source electrode ( j s) can be varied by changing the vertical
position of the STM tip. This changes both the current through the molecule and
the photo-emission rate, as the latter is directly proportional to the average occu-
pation of the excited state. Since the ratio between the photo-emission rate and
the electron transmission rate is independent of s (1/4%:—5, this results in a linear
dependence of the photon count on the current. Note that linearly changing the
current by varying  sis only possible when js¢ ip.

6.4.2 H,TBPP

In the measurements of Dong et al. [10], the molecule is coupled almost symmet-
rically to the leads. The equilibrium con guration of the H 2TBPP molecule used
in the calculation is shown in Fig. 6.9(b). The C», conformation, and in particular
the angle between the porphyrin center and the four side-groups, is in agreement
with the STM measurements of Jung etal. [37].

9The number of Franck-Condon factors scales with l”fl' ® [1], where n is the number of vibrational
modes (213 in the case of ZnEtiol, 516 in the case of H 2 TBPP) and| is the number of vibrational quanta
(see appendix A). Memory constraints limit the number of vibrational quanta that can currently be
taken into account to at most two. This is enough to produce all the peaks in the spectra, but the
omission of the vast number of low-intensity higher-order transitions causes the lower energy part of
the spectrum to be under-represented.

10The dimensionless electron-phonon coupling of vibrational mode i isdenedtobe | Ak; |2T|$ [1,

23], where k; is the mass-weighted contribution of the mode to the displacement of the nuclei due
to the transition, and !  is the frequency (see Eq. A.4).
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FIGURE 6.14: (a) Measured electroluminescence spectrum of H >TBPP at positive and negative bias
(from Dong et al. [10]). (b) Calculated electroluminescence spectrum (assuming instantaneous vi-
brational relaxation). The electronic coupling is nearly symmetric ( | g /A&16.41eV,jp A4.81eV), and
T A300 K.

The measured and calculated electroluminescence spectra at positive and neg-
ative bias are shown in Fig. 6.14. Note that electroluminescence at both positive
and negative bias is only expected when the molecule is (nearly) symmetrically
coupled to the leads (see below). The small asymmetry in the coupling causes the
photon count at negative bias to be approximately half that at positive bias. As in
the measurement of Qiu et al. [9], the spectrum consists of a main peak around
658 nm, corresponding to the vibrational ground state to ground state transition,
and then another peak at around 723 nm. As with the ZnEtiol calculation, the
lower-energy transitions are somewhat under-represented in the calculated spec-
trum. The temperature of the experimental setup (300 K) again makes the iden-
ti cation of individual modes impossible, but the calculation predicts only a few
active modes around the energy of the peak at 723 nm. These correspond to pyr-
role breathing and twisting modes — explaining why spectra of the two molecules
are so similar — and to rotations of the side-groups (see Fig. 6.15).

The measured and calculated quantum yields as a function of the bias voltage
are shown in Fig. 6.16. The difference in absolute magnitude between the mea-
surement and the calculation is due to the unknown detection ef ciency in the
measurement, which is taken to be a 100% in the calculation. In both the mea-
surement and the calculation, the quantum yield is zero until an excited state be-
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FIGURE 6.15: (a) Calculated change in the Coulomb potential felt by the H >TBPP nuclei due to elec-
troluminescence from the LUMO. The potential change for the LUMO+1 is similar, but rotated by 90
degrees. (b)—(d) The three most important vibrational modes responsible for the peaks around 723 nm

in Fig. 6.14b.
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FIGURE 6.16: (a) Measured quantum yield of H 2TBPP as a function of bias voltage (from Dong et
al. [10]). (b) Calculated quantum yield, assuming a 100 % detection ef ciency of the emitted photons.
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FIGURE 6.17: Calculated current dependence of H o TBPP at positive and negative bias. The current is
varied by changing the electronic coupling to the STM tip.



6.4. ELECTROLUMINESCENCE 121

S

10710 g

—~| — 1075

2 — 107125
c
]
g
8
2
C
3
[e]
O

550 600 650

Wavelength (nm)

FIGURE 6.18: High energy part of the calculated electroluminescence spectrumof H >TBPP at2.5V as
a function of the vibrational relaxation time. T A15 K for clarity, the other parameters are the same as
in Fig. 6.14b. Note the appearance of peaks at around 600 nm, to the left of the main peak, when the
vibrational relaxation time becomes comparable to the electron transmission rate.

comes available in the bias-voltage window. 1! It then increases until a maximum
is reached when all vibrationally excited states have become available. As noted
above, the quantum yield dependson j p,and noton i s. Since going from positive
to negative bias effectively means switching jp and j s, the maximum value of the
quantum yield changes by a factor of ﬁ and is therefore directly proportional to
the asymmetry in the electronic coupling.

In the measurement, the quantum yield drops when the bias exceeds 3.5V,
which is attributed to damage to the molecules in Ref. [ 10]. This can, however,
also be explained by the appearance of another charge state in the bias window,
which changes the quantum yield by a factor of T,ls}iﬁ With approximately equal
couplings to the source and drain (i s¥%ij p), the quantum yield is reduced by about
50% (as is the case in Fig. 6.16b). However, with very asymmetric, couplings ( i s¢
i D), as is the case in the measurement of Qiu et al. [9], the reduction is expected to
be unobservable.

Dong etal. [10] do not report on the current dependence of the photon count.
However, in the case of symmetric coupling, a linear dependence of the photon

12

11Dong et al. [10] also observe electroluminescence at bias voltages below the photon energy. This is
may be due to higher-order processes, which are not taken into account in the rate-equation for-
malism [ 38]. However, Tian et al. [35] show that it may also be caused by thermally assisted electron
tunneling due to the broad Fermi distribution at 300 K.

12The current dependence of the electroluminescence of H > TBPP in a different experiment is reported
in Ref. [39]. This measurement shows a linear current dependence at positive bias. For negative bias
voltages, no current dependence is shown.
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count on the current, by varying i s with the STM tip, is still expected at positive
bias (see Fig. 6.17). At negative bias, on the other hand, varying the position of
the STM tip equals changing i p, resulting in a decreaseof the photon count with
increasing current, albeit at a lower rate. This is a direct result of the dependence
of the quantum yieldon i p via Q %z 1E.

Since vibrational relaxation is several orders of magnitude faster than photo-
emission (which is of the order of 10 i © s in the measurements and calculations
under discussion), it is assumed in standard uorescence measurements that the
molecule is always in the vibrational ground state before emitting a photon, al-
though at nite temperatures the lowest vibrational excitations can still be occu-
pied, e.g, as observed in anti-Stokes scattering. In transport measurements, how-
ever, even the higher vibrationally excited states are continuously repopulated by
new electrons from the leads. When the electron transmission rate becomes of the
order of the photo-emission rate, vibrational relaxation will not always take place
before the electron leaves the excited state. It is therefore the ratio between the
vibrational relaxation rate and the electron transmission rate, not just the photo-
emission rate, that determines the spectrum. This can be seen in Fig. 6.18, where
we have plotted the high energy part of the emission spectrum of H > TBPP for dif-
ferent values of the vibrational relaxation time. Peaks start appearing to the  left
of the main peak, i.e., at higher energies, as soon as the vibrational relaxation rate
becomes comparable to the electron transmission rate (at around 10 19 s). This
effect may be present in the electroluminescence spectrum measured by Dong et
al. [10] (see Fig. 6.14a), where such a peak can be seen at around 40 nm to the left
of the main peak.

6.5 CONCLUSIONS

n conclusion, we have shown that a computationally ef cient method — all cal-

culations have been performed on commodity hardware — based on the mas-
ter equation approach is able to obtain good agreement with the measured vi-
brational spectra of three different molecules. We nd that the spectrum of a
single-molecule in a junction is sensitive to both the charge state and the con-
tact geometry, although this in uence becomes smaller for larger molecules. Con-
trary to Raman and IR spectroscopy, calculations can take these in uences into
account, provide ‘selection rules' and predict the relative intensity of excitation
lines in transport measurements. Our calculations also show that it is necessary
to take more than one vibrational quantum into account for small molecules, but
that due to decreasing electron-phonon couplings this becomes less important for
larger molecules.

In the case of electroluminescence, our method reproduces the measured bias-
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voltage and current dependence of the spectra for both symmetric and asymmetric
couplings and provides an explanation for the suppression of the quantum yield

at high bias. Although in the measurement of Dong et al. [10] this suppression
may have been caused by damage to to molecules [ 10], a signi cant reduction in
the quantum yield is expected in general for every (nearly) symmetrically coupled
single-molecule junction in the sequential tunneling regime.

Additionally, we have shown that vibrational relaxation rates become impor-
tant when they are comparable to the electron transmission rate, giving rise to
peaks in the spectra at higher energies higher than the HOMO-LUMO gap. How-
ever, a detailed study of this effect requires a more sophisticated model for vibra-
tional relaxation, since a single relaxation time for all vibrational modes is only a
suf ciently accurate approximation when relaxation is either much faster or much
slower than all other rates.
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VIBRATIONAL EXCITATIONS IN
THE STRONG COUPLING REGIME

In this chapter we explore the effect of vibrational excitations on the current-voltage
characteristics of strongly coupled molecules. By combining the mean- eld Green's
function method developed in chapter 2 with ab initio calculations, we are able to
obtain the vibrational spectrum of a prototypical molecular wire in the inelastic
electron tunneling spectroscopy regime. Comparison with measurements and pre-
vious calculations shows excellent agreement. Moreover, we provide approximate
selection rules for vibrational excitations in the this regime. The differences between
these and the selection rules for the weak coupling regime obtained in chapter 6 are
discussed in detail.
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7.1 INTRODUCTION

me of the rst molecules studied in single-molecule junctions were the (con-
Sjgated) oligophenylenevinylene (OPV, see also chapter 6) and oligophenylene-
ethynylene (OPE) derivatives [ 1-3]. Together with (non-conjugated) alkanes these
are the prototypical molecular wires. When these molecules are strongly coupled
to the leads, as is often the case in scanning tunneling microscopes and mechani-
cal break junctions, it is possible to measure the vibrational spectrum with inelas-
tic electron tunneling spectroscopy (IETS) [ 3-5]. In this regime, the method devel-
oped in chapter 6 is not applicable, but by combining the mean- eld Green's func-
tion method developed in chapter 2 with  abinitio density functional theory (DFT)
we are able to calculate the IETS spectrum of OPE-3, obtaining excellent agree-
ment with measurements. As in chapter 6, a detailed study of both the theoretical
method and the resulting spectra enables us to formulate approximate selection
rules for vibrational excitations. However, in the IETS regime these are markedly
different from weak coupling regime.

7.2 METHOD

n the mean- eld approximation (see chapter 2), the Hamiltonian of an isolated
molecule is given by

Hy, %A &, Ac,%, (7.1)

where 2y, is a diagonal matrix conta@ung the energy of the isolated single-particle
states, or orbitals, with spin %, § s, is adiagonal matrix describing the averageca-
pacitive interactions between the orbitals, and ¢ 5, describes the coupling between
the orbitals. There is no coupling between orbitals with different spin. From this
Hamiltonian we obtain the retarded Green's function of the molecule in a junction
via (Eqg. 2.182)
A H X ® ﬂi 1
Gy(®) £ 2Li Hui  85() (7.2)
®

where 8 %2 2) is self-energy describing the couplingto lead ®. The elastic transmis-
sion through the junction can now be calculated with (Eq. 2.140)

a
T%(Z)A:—Fr©| L@)GH(2)i })GLE) |
© a
where  4,(2) £i2Im §L2) isthe imaginary part of the self-energy of the left lead
and similarly for the right lead. Gl (?)is the advanced Green's function, which, in

matrix form, is equal to G%(Z)
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For the calculations in this chapter, the Hamiltonians of both the extended
molecule! and the leads are obtained from the Amsterdam Density Functional
(ADF) quantum chemistry package [ 6, 7]. The Green's functions and self-energies
are then calculated with the non-self-consistent Green's function approach (see
appendix C). In this approach the Hamiltonian of the  isolated extended molecule
is calculated with ADF. Only during the evaluation of the Green's function is the
self-energy due to the coupling with the bulk electrodes included. In general, this
coupling will affect the Hamiltonian of the molecule, but if a suf ciently large part
of the electrodes is included in the extended molecule, it will be a small effect.
However, since this method is only applicable at zero bias. For metallic electrodes,
the bias voltage drop will be across the molecule, so a nite bias will have a strong
in uence on the Hamiltonian no matter how many layers of the electrodes are in-
corporated into the extended molecule. We can therefore only calculate the low-
bias conductance.

In the IETS regime, vibrational excitations give rise to an inelastic contribution
to the transmission, which, for electrons traveling from left to right, is given by
Eg.2.189 8, 9]

i a
T4 R 2T G Leeh, o Rl a0
where
2002 4 njB! | R il j,
j i
and GA o (%) is the inelastic part of the retarded Green's function:

- HisA H

i, ¢ dche,q)" dH(Q)

faj ) —s - AGHA)Y —o
aj qA}J I gm

GA

inel

GAE).

These Green's functions can be easily evaluated numerically. We simply displace
the atoms by a small amount in the direction of the normal coordinate g;j and
calculate the resulting change in H. We can then calculate the contribution to the
zero-bias inelastic transmission for every vibrational mode by evaluating Eq. 2.189
at2 A2 AR! ;2042002 where 2¢ is the Fermi energy of the leads. ? The relative
importance of the different vibrational modes can be expressed as a dimensionless

1The NEGF formalism developed in chapter 2 depends on the assumption that the leads are non-
interacting and therefore not in uenced by the molecule. This is not a good approximation for the
surface atoms of the leads. In practice, calculations therefore usually incorporate the rst few layers
of the leads into an extended molecule, which is then coupled to bulk electrodes (see appendix C).

2Here we assume the molecule to be in the vibrational ground state. The electron coming from the left
electrode has an energy 2 AR! j»of which B! ; is transferred to the molecule so that it ends up on the
right electrode with energy 2g. See also Eq. 2.190.
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guantity by dividing the contribution to the inelastic transmission by the elastic
transmission:
. Tinel (2)

RAO T

(7.3)

7.2.1 THE HYDROGEN MOLECULE
To illustrate these equations, we will rst analyze a two-level system with one vi-
brational mode, i.e., a hydrogen molecule. When the nuclei are at their equilibrium
positions, the mean- eld Hamiltonian is given by (see section 2.4.2):

3 - 3 3

H A2od d1AZed]d, AR! BTOAL A (A, bTAb dld;Ahc,  (7.4)

where we have dropped the spin-suf x ~ ¥for the moment. In the wide-band limit,
where the rst atom is coupled to the left electrode and the second to the right
electrode, both with self-energy sA &£ i Iii , the elastic Green's function (at g AO0) is
given by

K i 1
A 1 2j 20A 5 i
G, (®) £ P 7.5
el() lziZOAiQiUQic',z ié 2i20A|§i (7.5)
The elastic transmission is therefore given by (Eq. 2.140):
© -
Ta(®) AT i '6h@)i "))
ié . i ¢ )
[ARZ (2
@i 20Re)2A 5T (21 201 )?AL
. T2
|
a i 202 2 79

where, in the last step, we have made use of the fact that these expressions are only
applicable in the off-resonance regime ( j2j 208 ¢j A ).
Using Eq. 2.172, we have
H 1 r——
dH 21 s
ClalCR =, didyAnc. (7.7)
dq D R
We therefore get for the inelastic Green's function:
r__ A S &,
a4 1 . §2%i %0 .
B, o AL 2 22 ZioAbi Ad® 2670 20Agi

GA, () Aq



7.2. METHOD

131
resulting in the following expression for rhe elastic transmission (Eq. 2.189):
© LA R~ 2
Tinel (3) A£Tr | Ginel(z)i Gilnell(z) 6 . 6
1. I.
2 5o, C 20PA LA (i20)?A L
R’ ii©2 i 62
(i 20A?PA 5T (i 200 AL
A 24,2 Iy
2! 2 2 ;
2 2,2 l( i 20)°A¢ (7.9)
(i 2020 ¢2
The relative importance of the vibrational modes is now given by Eq. 7.3:
Tinel (2)
R (?) £
Tea(®) . 0 . o
l. l.
Eg:(zi 20PA LA (i 20)°A L ¢
;2 [IFRZ [
B a5 @i 20Re)2A L7 (21 201 ¢)?A'L
T
y2 .2 i AL
B &2 (2 207 ¢?
20,2 (7.10)
YVo—>==. 7.1
R ¢2

Note that far from resonance, this ratio does not depend on the energy difference
iZi 20j [8].

7.2.2 TUNNEL COUPLINGS
Eq. 7.4 can be written as

H A2 (q)A(a), (7.11)
where (see Eq. 2.168)
2 j0(q) i ?od; dioA 3! G A 3%, (7.12)
and A r___
i ¢ 2 e
Gid@) ELj £jo (A = d; djo. (7.13)
i ¢
Since2(q)is O 'q2 , we have
Man T g
— <. (7.14)
dq qAD dq

It is therefore the in uence of nuclear displacements on the tunnel couplings

é
that primarily affects the inelastic transmission.
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Molecular junctions in the strong-coupling regime generally contain conju-
gated molecules. A conjugated molecule is a molecule containing a series of over-
lapping p-orbitals, allowing the delocalization of  ¥xelectrons over (almost) the en-
tire molecule. One way to achieve conjugation is via a series of alternating single
and double bonds in the carbon backbone. These molecules prefer to be planar.

If we take the convention that the molecule is in the  xy-plane, the p-orbitals re-
sponsible for the Y+bonds are the ones perpendicular to the plane, i.e., the p;-
orbitals. Since delocalization allows the Yxelectrons to travel freely through the
molecule, conjugated molecules tend to have a high conductance. The coupling
to the leads is strongest for those orbitals that hybridize with the orbitals on the
leads. We therefore expect the self-energy to couple primarily to the  p-orbitals. If
this is the case, then it is the elements of ¢ corresponding to the p-orbitals that
determine the transmission of the molecule. The 2 p,-orbital is given by

[Spp—

] ® . P e
Aap,(X,y.2) A& 1—/42e'® x2Ay?Az? (7.15)

If we take the x-axis to be the axis connecting two neighboring atoms separated by
adistance d, we have
VA Z VA

p p i ¢
¢»  dx dy dzAsz(x,y,z)AszIxAqux,yAqy,quz, (7.16)

where g, gy and g, are the nuclear displacements of a vibrational mode. The
symmetry of the orbitals ensures that

3

de 21 de¢ i ¢
— O , AO , 7.17
da, dy da, az (7.17)
but q g
b i
— /O , 7.18
3q. 0 % (7.18)

i.e., displacements along the axis connecting two atoms have the largest in uence
on the coupling. It is therefore vibrational modes involving the stretching of Ye
bonds that are expected to be dominant in the IETS spectrum.

7.3 OPE-3

e will now look in detail at the IETS spectrum of a typical conjugated molecu-

lar wire: the oligophenyleneethynylene derivative OPE-3[ 1, 3] (see Fig. 7.1).
The molecule contains three phenyl rings bridged by two ethynyl groups and is
capped with thiol anchoring groups to provide good coupling to the leads. Since
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FIGURE 7.1: Chemical structure of the thiol-capped oligophenyleneethynylene derivative OPE-3.

" 3°,°°°°° (] ° o °
o’ 000 2o °°o
00 & 000 © O cwoeocvmosce Y'°°°
Q00 ° 000 © ‘020
000 o® 09
000 o 09 [ 34
000 " © Qo
(a) Bridge site (b) Hollow site
Bridge site
Hollow site
. . A\
0 100 200 300 40(
Energy (meV)
(c)

FIGURE 7.2: Calculated vibrational spectrum of OPE-3 in the IETS regime the (a) bridge-site and (d)
hollow-site con guration. The peaks in (c) have been broadened by 77 K for clarity. The vibrational
modes corresponding to the four largest peaks of the bridge-site con guration (red line) are shown in
Fig. 7.3.
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FIGURE 7.3: The four dominant vibrational modes in the IETS spectrum of OPE-3 in the bridge-site
con guration (see Fig. 7.2). The modes involve the stretching of (a) the ethynylC | Cbond, (b)theC i S
bond, (c) the phenyl C j C bond, and (d) the ethynyl C j C bond.

Wavenumbers (cm")

500 1000 1500 2000 2500
T T T T T
20 v(8a) v(C=C)
g s | CHip v(18a) |
s
3
)
N§ 1.0
=
05
1 1 1 1 1 1

50 100 150 200 250 300 350
Bias Voltage (mV)

FIGURE 7.4: Measured IETS spectrum of OPE-3 (from Kushmerick etal. [3]).
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we expect the contact geometry to have a strong in uence on the conductance,
we have studied two con gurations: the bridge-site con guration, where the thiol
groups bind to two gold atoms and we have relaxed the molecular con guration
(see Fig. 7.2a), and the hollow-site con guration, where the molecule is perpen-
dicular to the surface and the thiol groups bind to three gold atoms in a tetrahedral
con guration (see Fig. 7.2b). For both con gurations, the extended molecule used
for the transport calculations includes 27 gold atoms of the leads on either side.
This corresponds to three atomic layers, which should provide suf cient screening
from the bulk electrodes.

The calculated IETS spectrum for both con gurations is shown in Fig. 7.2c.
The spectrum is constructed by broadening the peaks obtained from Eq. 7.3 at
the Fermi energy by 77 K for clarity. Both spectra show several peaks below 50
meV, but only the bridge-site con guration (red line) has a peak at 49 meV. Above
100 meV the two spectra are similar, each showing three peaks around 135, 200
and 275 meV, although the peak around 135 meV is weaker in the hollow-site con-
guration (green line). The vibrational modes corresponding to the four largest
peaks in the bridge-site con guration are shown in Fig. 7.3. With the exception
of the mode at 49 meV, these are also the modes responsible for the peaks in the
hollow-site con guration.

A close look at the nuclear displacements in Fig. 7.3 reveals that the dominant
vibrational modes all involve the stretching of ~ ¥+bonds: the ethynyl C j C bond at
49 meV, the Cj S bond at 130 meV, the phenyl C j C bond at 193, and the ethynyl
Cj Cbond at 272 meV. Note that modes involving stronger bonds appear at higher
frequencies, as would be expected. As the mode at 130 meV involves the thiols,
we would expect this mode to be primarily affected by the contact geometry, and
indeed itis more dominant in the bridge-site than in the hollow-site con guration.
However, this is a little misleading, as Fig. 7.2¢ shows the ratio of the inelastic and
elastic transmissions (Eg. 7.3). The actual contribution of the mode at 130 meV
to the inelastic transmission is nearly the same for both con gurations, but the
elastic transmission is three times larger for the hollow-site con guration than for
the bride-site, leading to a lower ratio for the former. Why the mode at 49 meV only
appears in the bridge-site con guration is unclear at present.

Comparison of the calculated spectrum to the measurement by Kushmerick et
al. [3] (see Fig. 7.4) and previous calculations by Paulsson et al. [10] shows excellent
agreement. Both the calculation and measurement show three dominant peaks
above 100 meV with the same relative intensity. Kushmerick et al. assign the peak
at 274 meV to the Cj C bond stretch (Fig. 7.3d) and the peaks at 138 and 196 meV
to phenyl breathing modes (Fig. 7.3b & ¢). These are the same modes obtained
from the calculation, although we ascribe the peaks in the spectrumtothe C | S
and Cj C bond stretches resulting from the phenyl breathing mode rather than to
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FIGURE 7.5: (a) Geometry of the molecule used in the Franck-Condon (FC) calculation. Two gold
atoms have been added to either side of the molecule to simulate the presence of the leads. The red
and blue lines are equipotential lines corresponding to the difference in the Coulomb potential be-
tween the neutral and the charged molecule. (b) Calculated electron-phonon couplings (green lines)
and FC spectrum (red line) of OPE-3 in the weak coupling regime. The FC spectrum contains all transi-
tions involving four vibrational quanta from the vibrational ground state of the neutral molecule to the
vibrationally excited states of the charged molecule. As in Fig. 7.2, the spectrum has been broadened
by 77 K for clarity.

the breathing mode itself.

The measured and calculated IETS spectra of OPE-3 are markedly different
from measured and calculated spectra of the similar OPV molecules in the weak
coupling regime studied in chapter 6. For comparison, we have calculated the
electron-phonon coupling , and Franck-Condon (FC) spectrum for OPE-3 in the
weak coupling regime (see Fig. 7.5). The result bears no resemblance to the IETS
spectrum in Fig. 7.2. Only the modes below 50 meV give rise to a large electron-
phonon coupling, while almost nothing is visible above 50 meV. This can be un-
derstood by looking at the de nition of | in the weak coupling regime (Eq. 3.63 in
section 3.5.1 and Eq. A.4 in appendix A). The charging and discharging of a weakly
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coupled molecule causes a displacement of the nuclei from one equilibrium posi-
tion to the other. Only those normal modes whose nuclear displacements mimic
the change in the equilibrium positions will contribute to the vibrational spec-
trum. 3

For a conjugated molecule, where the electrons in the HOMO and LUMO are
delocalized over the entire molecule, the change in the charge density due to the
addition or removal of an electron tends to result in a slight expansion or con-
traction of the entire molecule. This can be see in Fig. 7.5a, where we have plot-
ted the difference in the Coulomb potential between the neutral and the charged
molecule. The vibrational modes excited by such a transition will therefore pre-
dominantly be those modes whose displacements involve the entire molecule, and
not just certain subgroups or particular bonds, i.e., those modes where the entire
molecule stretches or bends. These modes have long wavelengths and low ener-
gies, so typically only modes below 50 meV give rise to a non-zero electron-phonon
coupling. This is clear in the case of OPE-3 (Fig. 7.5), but also for benzenedithiol
and the OPV derivatives (see Fig. 6.8 in chapter 6).

In the IETS regime, on the other hand, the molecules are strongly coupled to
the leads and the current is dominated by elastic off-resonance transport. The
charge of the molecule does not change by integer multiples of e during trans-
port, but stays approximately constant. The assumption is that electrons traverse
the junction too quickly for the nuclei to reach a new equilibrium position. As the
transmission depends on the electronic coupling of consecutive  ¥+bonds, changes
in the coupling constants due to the stretching of particular bonds will the domi-
nant mechanism behind features in the IETS spectrum.

7.4 CONCLUSIONS

I n conclusion, we have shown that zero-bias mean- eld Green's function method
can be used to calculate the IETS spectrum of a single-molecule junction. Com-
parison of calculations on OPE-3 with measurements and previous calculations
shows excellent agreement. As expected from theoretical arguments, the domi-
nant modes in the spectrum all involve the stretching of the  “+bonds responsi-
ble for conductance, a trend which can be used as a selection rule for vibrational
modes in the IETS regime. This result stands in marked contrast to the selec-
tion rules in the weak coupling regime, where it is predominantly the low-energy
modes which are responsible for the vibrational spectrum.

3Mathematically, we transform the Cartesian 3 N -vector containing the nuclear displacements to the
basis of the normal modes. This is the Duschinsky transformation discussed in appendix A. The
electron-phonon coupling of a particular normal mode is directly proportional to the contribution
of that mode in the new basis (see Eq. A.4).
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AN ALL-ELECTRIC
SINGLE-MOLECULE MOTOR

Many types of molecular motors have been proposed and synthesized in recent years,
displaying different kinds of motion, and fueled by different driving forces such as
light, heat, or chemical reactions. In this chapter, we propose a new type of molecu-
lar motor based on electric eld actuation and electric current detection of the rota-
tional motion of a molecular dipole embedded in a three-terminal single-molecule
device. The key aspect of this all-electronic design is the conjugated backbone of the
molecule, which simultaneously provides the potential landscape of the rotor orien-
tation and a real-time measure of that orientation through the modulation of the
conductivity. Using quantum chemistry calculations, we show that this approach
provides full control over the speed and continuity of motion, thereby combining
electrical and mechanical control at the molecular level over a wide range of temper-
atures. Moreover, chemistry can be used to change all key parameters of the device,
enabling a variety of new experiments on molecular motors.

Parts of this chapter have been published in ACS Nano 4, 6681 (2010) [1].
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8.1 INTRODUCTION

M otivated by examples found in nature, and propelled by recent advances in
synthetic chemistry, the eld of molecular motors is rapidly developing into

a major area of research [ 2-13]. Molecular motors are (supra-)molecules that are
able to convert energy into continuous directional motion of one molecular com-
ponent relative to another. For a molecule to be able to function as a motor, at
least two (meta)stable conformations are required, separated by energy barriers.
The height of these barriers should be several times larger than kgT, to prevent
thermal uctuations from setting the molecule into random motion. To perform
work, the transitions between the states should be unidirectional, which has so far
been achieved in a few systems [ 4-6, 8]. Most experiments to date have been per-
formed on large assemblies of molecules [ 2-6, 8], although some examples have
been studied where scanning tunneling microscopy was used to either manipu-
late or detect the motion on the single-molecule scale[ 7,9, 11, 13].

In this chapter, we propose a conceptually new design for a molecular motor,
which enables the simultaneous driving and detection of the motion of a single-
molecule motor at the nanoscale (see Fig. 8.1). The rotating moiety is equipped
with a permanent electric dipole moment and is part of a conjugated molecule,
which is suspended between two metallic contacts above a gate electrode. By mod-
ulating the electric eld generated by the gate, the dipole rotor can be driven to
rotate with a speed controlled by the frequency of the gate eld[ 14]. As it rotates,
the rotor repeatedly switches between two stable states, each corresponding to a
planar conformation where the molecule is fully conjugated. The unique aspect
of this design is that by applying a small bias between the metallic contacts and
measuring the current through the molecule, we can determine the position of the
rotor, since a lowering of the conjugation during rotation has a dramatic effect on
the conductance.

Structure 1 (see Fig. 8.2) is a simple example of a molecular dipole motor. It
consists of three basic components: a dipole rotor, axles, and anchoring groups.
The bidentate mercaptothiophene anchoring groups connect the molecule to the
source and drain electrode, and are designed to provide good conductance and
to limit conformational changes near the contact surface.[ 15] The ethynyl groups
connected to the anchoring groups act as an axle about which the central an-
thracene moiety can rotate. The chemical design of these axles determines the
height and shape of the rotational barrier potential. Finally, the anthracene rotor
in between the axles interacts with an external electric eld throughthecyano( i)
and methoxy ( iA) substituents, which induce a dipole moment  p. The dipole mo-
ment can be tuned by choosing different combinations of electron-withdrawing or
electron-donating substituents and varying the distance between them.
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FIGURE 8.1: Design of a molecular motor with a permanent electric dipole moment. The motor con-
sists of anchoring groups connecting the conjugated backbone to the leads, allowing the measurement
of the low-bias conductance, and a dipole rotor which can be driven by the oscillating gate eld under-

neath.
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FIGURE 8.2: Proposal for a molecular dipole motor: structure 1 (9,10-bis((5-mercapto-3-thiophen-3-
yl)ethynyl)-6,7-dimethoxyanthracene-2,3-dicarbonitrile). The blue ~ +i and red A symbols denote the
partial charges inducing the dipole moment of the rotor, and the green arrow shows the axis facilitating
arotation of the rotor with an angle  ®.

We note that, in principle, it is also possible to use a magnetic eld to drive a
molecule with a magnetic dipole moment. However, the energy range accessible to
a high-spin molecule ( S Z5) in alarge magnetic eld ( jBj £10 T)is limited to about
U A ! (B /E & meV, whereas the energy range of a molecule with a large electric
dipole moment ( p 410 D)in alarge electric eld ( jEj £1 V nm™) can be as large
asU A jp ¢E A 8200 meV. Moreover, electric elds can easily be applied locally in
a molecular junction via a gate electrode. Solving Poisson's equation for a typical
geometry in an electromigrated break junction (EMBJ) with a gap separation of
2 nm yields an electric eld of jEj %1V nm™ at the position of a molecular dipole
due to the gate electrode for a gate range of §5 V. The calculated gate coupling
at that position ( — 4A0.1) corresponds well to typical values in measurements on
single-molecule devices [ 16].

To analyze the behavior of the motor and to check whether its motion is de-
tectable through current measurement, we have performed quantum chemistry
calculations and classical Langevin simulations.
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FIGURE 8.3: The rotational barrier potential (bottom) and normalized zero-bias off-resonance con-
ductance (top) of structure 1 obtained from DFT calculations as a function of the rotation angle ~ ® of
the dipole rotor, in the case where p Ay A0 and py AO, pur A j45. The red and green lines show the
tsto Egs. 8.1 and 8.2 of the barrier potential and conductance, respectively.
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8.2 BARRIER POTENTIAL AND CONDUCTANCE

U sing density-functional theory (DFT 1) and the non-equilibrium Green's func-
tion method (NEGF, see chapter 2 and appendix C), we calculate the rota-
tional barrier potential and the zero-bias off-resonance conductance as a function

of the rotation angle of the rotor ( ®) and the anchoring groups ( W), where ® and p
are de ned with respect to the direction of the electric eld (vertical in the gures

in this chapter).

Since conjugated molecules prefer to be planar, we expect the rotational bar-
rier potential U" to have a sin?(®; W) dependence on the rotation angle, where
the potential has a minimum when the molecule is planar (  ® Ap) and a maximum
when the rotor is perpendicular to the anchoring groups (  ®; W 4 8§90%). In a junc-
tion the binding angles of the left and right anchoring groups might be different,
i.e., W 64, and the barrier potential is the sum of the contributions from the left
and right axle:

oy D0 2 Uo . 2
u (®)/E7SII’] (®j LI|)A7SIFI (®j ur)
r

1
A r U
BEE A2 (i cosui w). B

il
AUgcos( i w)sin® @i ——

Note that this shifts the minima of the potential and lowers the barriers between
them, but it does not change the sinusoidal behavior of the potential. This behav-
ior can be clearly seen in Fig. 8.3, where the barrier potential obtained from DFT
has been plotted in the case of p Ay, A0 and y A0%, u, A& j45%. Both plots have
been tted with Eq. 8.1 using the same value for U (139 meV).

For a conjugated molecule, conductance takes place primarily via the HOMO
or LUMO, which consist of a hybridization of the p  ;-orbitals on the carbon and sul-
fur atoms of the backbone. Since the dipole rotates around the ethynyl “axles’ we
expect the conductance to be proportional to the overlap betweenthe p  ;-orbitals
on the backbone. To rst order, this overlap is proportional to cos ~ 2(®; ), which
has also been observed in measurements [ 19-21]. Therefore, since a dipole motor
has two axles, the conductance is expected to be proportional to cos *(®; ), or,
when y, 64 :

G(®) » cosz(®i M) d)cosz(®i Hr), (8.2)

where each axle contributes a factor of cos 2(®) to the conductance. Since the peaks
in G(®) become narrower when L, 64, the conductance is slightly more sensitive

LAll quantum chemistry calculations have been performed with the Amsterdam Density Functional
package [17, 18], using the PW91 exchange-correlation potential and a triple- 3 doubly polarized basis
set.
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to the rotation angle. However, the overall behavior of the potential and the con-
ductance do not change when | 64, and the proposed actuation and detection
principle should work for a large variety of experimental con gurations.

This can again be clearly seen in Fig. 8.3, where the conductance obtained from
NEGF has been plotted for p, A, A0 and y, A0, p, 4 {45%. The strong depen-
dence of the conductance on the rotation angle allows it to be used as a measure of
the rotation. Note that the minima of the conductance correspond to the maxima
of the barrier potential.

8.3 DRIVING AND DYNAMICS

For an electric eld to rotate a dipole, the torque exerted by the eld,

duP(®)
d®

P@® A p JE(t)jsin(®), (8.3)

should exceed the restoring torque in the molecule,

du’ (®)

¢ (®)7 1

/U sin@2(®i ), (8.4)

for all values of ® before the rotor crosses the maximum of the rotational barrier
potential: - =
p JEjsin(®), Ugsin2(®; p)). (8.5)

In the case where P 45" the critical eld is lowest ( jEj /E]%), while for p A0* or
i A90* it is twice as large.

Since thermal uctuations are important, and often dominant for nanoscale
devices, the dynamics of a molecular motor at temperatures above the quantum
level splitting are most appropriately described by the Langevin equation|[ 22-24]:

d2@(t) de(t)
| ———= A ®)ALP@®1)i °——AR(t), 8.6
gz B @AL®I T — (t) (8.6)
where ® is the rotation angle of the dipole rotor, | is the moment of inertia, ° isa

friction coef cient due to the coupling of the molecular motion to the phonon bath
of the electrodes and the interaction between the dipole and the metallic surfaces
[25], and R(t) is a Gaussian distribution describing the thermal uctuations, with
awidth of 2 kg T ° [23] (see appendix D).

In Eg. 8.6, the moment of inertia, height of the rotational energy barrier, and
the dipole moment of structure 1 are calculated using DFT, leaving only the fric-
tion coef cient ° as a free parameter. In the limit of small oscillations around the
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FIGURE 8.4: An electric dipole near a dielectric surface (dashed line), with the corresponding image
dipole. r is the distance between the center of the dipole and the surface, while  d is the diameter of the
dipole itself.

potential minima, ° enters into the solution of Eq. 8.6 as an exponential decay fac-
tor of el o't This suggests de ning ko ﬁEc—, where ko is the vibrational relaxation
rate. For structure 1, we nd | ,CE2.66¢10%I a.u. (6.77¢10% kg m?), U} A139 meV
for-3.21 kcal mol %, corresponding to a torque of at most 2.23 £ 10%° Nm), and
p A12.6 D. The vibrational relaxation rate ko is chosen to be 10° Hz. Although it
is possible to estimate certain contributions to the relaxation rate [ 25], this rather
slow rate has been chosen because it represents a worst-case scenario from a de-
vice standpoint (slow relaxation ampli es thermal uctuations). The results in this
chapter show, however, that even in this case the molecular motor can be driven
and its motion can be measured.
The position of a molecular dipole rotor as a function of an oscillating electric

eld is shown in Fig. 8.5. The anchoring groups are taken to bind under an angle

of p 45" with respect to the direction of the eld, as this results in the small-
est gate voltage required to drive the motor. It is clear from this gure that the
motor is unidirectional, and can therefore perform work. This holds even when

1 645, although the critical eld may then be larger (by at most a factor of two).
The only two cases where the motor would not be unidirectional are  p £0* and
1 AE90F (within about 5 * at 15 K due to thermal uctuations), as the rotor is then

in the top (or bottom) dead center corresponding to the minimum or maximum

of the barrier potential, where the direction of motion is random. Though unidi-
rectional, the direction of motion will of course depend on the orientation of the
molecule in the junction. For example, when 4 j45* the direction of motion will
be counterclockwise.

Since the proposed design calls for an electric dipole close to metallic surfaces,
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one could in principle expect image charges to have an important effect on the po-
tential landscape. However, as long as the distance between the gate and the cen-
ter of the dipole rotor is larger than the diameter of the dipole, this has a negligible
effect on the barrier potential. A schematic picture of a dipole near a dielectric
surface, with the corresponding image dipole, is shown in Fig. 8.4. De ning 2 ,4E2d—r
and p Aarctan(? sin(®)), the torque on the dipole due to static interactions with
the image dipole is given by

2 . . :
1 sin(2® cos(®)sin
i g e e (@)
4 8r3 11 22c082(®) 2 2 1A22sin?(®)
Inthelimitof 2! 0, thisreduces to
2 .
p‘ sin(2®)
E | . 8.8
gy 16r3 88
Since ¢, j ‘é—%, the angular dipole image potential is
U AUgsin?(®), (8.9)
where 5
1
Uo P (8.10)

4Y,2 16r3°
In this limit, for a system with  p A£10 D and r Z£1 nm, Ug ¥ 3.90 meV. For most

molecular motors this effect will be negligible, since the rotational barrier potential
typically exceeds 100 meV.

8.4 DETECTION OF THE ROTATION

To show how the rotational motion can be unambiguously detected, we have
calculated the rotation angle ® and conductance due to an oscillating gate
eld as a function of time. For T A15 K, the rotation angle and the conductance
for structure 1 are shown in Fig. 8.6 for a gate eld with an amplitude just below
(red line) and just above (green line) the critical value ( »0.4 V nm™ for p £45%),
which is well within the range accessible in current three-terminal devices. The
rapid ip of the rotor (Fig. 8.5¢ & d) is visible as a vertical line in the rotation an-
gle and as a switch in the conductance. While the potential changes with time, at
any instance the rotor executes a Brownian motion around the equilibrium posi-
tion, with the exception of the (nearly instantaneous) switch. The characteristics of
Fig. 8.6 therefore do not change if the driving frequency is different, as long as it is
lower than the relaxation rate ( E 10° Hz). This means that we have full control over
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FIGURE 8.5: Dynamics of a dipole rotor in an electric eld. (a)—(h) The position ® of the dipole ro-
tor as a function of time (top) due to an oscillating gate eld (bottom). The rotor has been depic ted
schematically as seen along the rotation axis (see Fig. 8.1 for comparison), where the anchoring groups
are shown in yellow, and the positive and negative partial charges of the dipole are shown in red and
blue, respectively. When the eld is zero, the rotor is in the equilibrium position (a) ( ® /E45%). As soon
as the eld is turned on, the rotor feels a torque and starts to rotate (b). For this particular con gur a-
tion, the torque becomes maximal at  ® /£90%, precisely when the restoring torque in the molecule is
also maximal (c). The rotor now accelerates and ips (d), ending up in the next equilibrium position
when the eld has vanished (e). The gate eld then changes sign, and the process repeats (f)—(h).

the speed of motion, and therefore over the power output of the molecular mo-
tor, up to the GHz regime. At very low frequencies, the motor can even be driven
statically as a switch.

Two features in the conductance plots in Fig. 8.6 enable us to distinguish be-
tween a rotating and a non-rotating molecular motor: the period and the time-
reversal symmetry. While the period of the conductance is equal to that of the
driving eld for a merely oscillating motor, for a rotating motor it is half as long.
More importantly, the conductance for a rotating motor is not symmetric under
time-reversal. The reason for this can be seen in Fig. 8.7, which shows hysteresis
in the conductance as a function of the applied eld: after the rotor ips, the eld
has to change sign for the rotor to return to its original position. Although the gate
eld may have an in uence on the conductance besides the rotation of the dipole
rotor, the time-reversal asymmetry in the conductance will still be present, and is
therefore the hallmark of a molecular dipole motor.

8.5 TEMPERATURE DEPENDENCE

he temperature of 15 K used in the calculation of Figs. 8.6 and 8.7 should be
comaared to the quantum-mechanical level splitting of the rotor vibrations

(CEAR 2Ug/1, where | is the moment of inertia). For the structure 1 the level-
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FIGURE 8.6: The gate eld, rotation angle, and normalized conductance as a function of time for struc-
ture 1 in the con guration of Fig. 8.5. The red line corresponds to the situation where the eld is too
weak to drive the motor into rotation, and the green line to when it is just strong enough. For the rst

0.5 ms the eld is in the “wrong” direction, pushing the rotor counterclockwise instead of clockwise,
and the conductance traces overlap since no rotation takes place. After that, the eld is in the “right”
direction, the motor starts to rotate, and the conductance traces start to deviate from each other. The
dashed line indicates the amplitude of the critical eld ( »0.4 V nm™1). In the case of a rotating motor,
the conductance has a period that is half that of the driving eld and is no longer symmetric under time
reversal (see Fig. 8.7).




150 8. AN ALL-ELECTRIC SINGLE-M OLECULE MOTOR

1 .
[}
Q
e
<
&
=]
e}
c
o
O
Forward
Backward

0.5 L

180
3 —
2 o -
<

_180 | 1

-0.5 0 0.5
Field (V nm 1)

The red line corresponds to the forward sweep of the eld (negative to positive), and the blue line to

E FIGURE 8.7: The rotation angle and normalized conductance as a function of the applied gate eld.
the backward sweep. Both the rotation angle and the conductance clearly show hysteresis.
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FIGURE 8.8: Design of a molecular dipole motor capable of room temperature operation. (a) Struc-
ture 2 (2,7-bis((E)-2-(5-mercaptothiophen-3-yl)vinyl)-9,10-dimethoxypyrene-4,5-dicarbonitrile). The
pyrene rotor has a dipole moment ( p) of 9.8 D. (b) Normalized conductance as a function of time at
temperatures of 15, 77, and 300 K. The driving frequency is the same as in Fig. 8.6, but the amplitude of
the eldis .75V nm 1 at300K,2.75Vnm™' at 77K, and 3.25Vnm™? at 15 K.
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splitting is 0.533 meV (6.19 K). As long as kgT is higher than the level splitting,
the motor behaves classically, but at lower temperatures a quantum mechanical
description becomes necessary. For example, at liquid helium temperatures, the
motor will exhibit temperature-independent zero-point oscillations with an esti-
mated amplitude of 2.5 *. This leads to variations in the conductance which may
be observable in the current noise.

At higher temperatures, thermal uctuations cause the rotor to ip at a lower
value of the gate eld, making the difference between the conductance of the ro-
tating and non-rotating motor less pronounced. Our calculations show that struc-
ture 1 should still be operational at 77 K, but at room temperature it will rotate
freely, even in the absence of a driving force. To allow operation at room tempera-
ture, a molecule with a higher rotational barrier potential is required. An example
of such a design is shown in Fig. 8.8a (structure 2). Compared to structure 1, we
have substituted the ethynyl groups in the axles by ethenyl and the anthracene ro-
tor by a pyrene analogue. The axis of rotation is now located on the single bond
between the ethenyl groups and the pyrene rotor. We have chosen pyrene in-
stead of anthracene to minimize the steric hindrance between the rotor and the
axles. These changes result in a 5-fold increase of the rotational barrier poten-
tial (U{) /E691 meV or 15.9 kcal mol™1), preventing the motor from rotating freely
at room temperature. The normalized conductance as a function of time for this
molecule is shown in Fig.8.8b for different temperatures. It is clear from this g-
ure that the motor can still be driven and measured at temperatures up to 300 K,
although the critical eld at this temperature (1.75V nm 1) may be challenging for
current three-terminal devices.

8.6 CONCLUSIONS

e have shown that the use of an electric eld to drive a molecular dipole mo-

tor provides unidirectionality and complete control over the speed of rota-
tion, while the conductance provides a real-time measure of the motion. The pro-
posed molecule is easily synthesized and the parameters are such that it should
be measurable in current electromigrated break junction setups. An important as-
pect of our design is the versatility offered by chemical synthesis. In particular,
the barrier height, the dipole moment, and the moment of inertia of the rotor can
all easily be changed. Our motor therefore constitutes a well-de ned nanoelec-
tromechanical system suitable for studying molecular motion over a wide range of
temperatures, encompassing both the classical and quantum regime.
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FRANCK-CONDON FACTORS

The method described in this appendix has been implemented as the module  FCF in the Amsterdam
Density Functional (ADF) quantum chemistry package [ 1, 2].
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A.1 POLYATOMIC MOLECULES
n section 3.5.1 an expression was derived for the Franck-Condon (FC) factors of
a diatomic molecule. We will now generalize this result to polyatomic molecules.
A molecule with N atoms generally has 3N degrees of freedom and therefore also
No ZA3N vibrational modes. If the molecule is not bounded to a surface, but in free
space, then the rotational and translational degrees of freedom do not give rise to
vibrations, and we are left with No 3N j 6 modes. Since most modes will involve
the motion of many nuclei, it is convenient to express the nuclear wavefunctions
in terms of the generalized coordinates of the normal modes ( q), instead of the
3N -dimensional Cartesian coordinates of the nuclei ( x), using

1
q£L™M 2x, (A1)

where L is the mass-weighted normal mode matrix with LTML 41, and M is a
diagonal matrix containing the masses of the nuclei.

In general, states with different equilibrium positions will have different vibra-
tional modes. This causes the normal modes of initial state to no longer be orthog-
onal to the normal modes of the nal state, which means that the Franck-Condon
factors are no longer separable into products of one-dimensional overlap integrals,
an effect known as the Duschinsky mixing effect[ 3]. The normal modes of the ini-
tialand nal states are now related via

q°£JqhKk, (A.2)
where J £LY L is the Duschinsky rotation matrix, and
1j ¢
K ALTMZ 'xoi x3, (A.3)

is the nuclear displacement vector. In order for this expression to be valid, the
center of mass for both states should coincide. In practice, the geometry opti-
mizations preceding frequency calculations may introduce an effective rotation of
one of the equilibrium geometries with respect to the other, leading to an unphys-
ical displacement vector. We can correct for this by rst rotating the geometries
to obtain a maximal overlap [ 4]. From the displacement vector we can de ne the

electron-phonon coupling for polyatomic molecules as

r
|

Ji E z'—Bki- (A.4)

In terms of the normal mode coordinates g, the nuclear wavefunction is given
by [5] )
1 Maeri)"s 1 M T

e' 27 ""H, j 2q , (A.5)

An(Q)/‘Eﬁﬁ e
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where n is a vector containing the vibrational quantum numbers, and

ya o o
2"/£ 2", nlE ni,  Ha(X)&E Hp (Xi). (A.6)
i AL i AL i AL

i is adiagonal matrix containing the reduced frequencies:

! .
i /EE'. (A7)
The overlap integral now becomes
1 z
Inon Ap—=dqAJ((JqAk)A,(q). (A.8)
det(J)
In the case where n /&n /0, solving the integral is again straightforward:
v
ﬁ 2N det(i %) L ogigT opa, ST, 1’- &
lo:0 £ —i ¢ge2” ! el L (A.9)

det' J'JT; A

There are several different methods that can be used to evaluate the overlap
integral for n, n%6/4. Here we will use the recursion relations for Ruhoff and Rat-
ner [6, 7]. First we de ne the following quantities:

1 ¢ 1
AE2 %23 T R T % 1, (A.10a)
) 5
1 i ¢
ba2 % 1; 33T %A, 1T 0k, (A.10b)
1 ¢, 1
ca22' 3T 9A i 2, (A.10c)
1 ¢
dE2 23794 1T %, (A.10d)
1 ¢ 1
EA4i 2 TR, 1T %, (A.10e)
We then have the recursion relation
S
1 ndi1
lo,...on% ... nﬁoo ..... 0Nm,...NNo &ﬁbmlngll'& no Am,mln%iZ
ng, m
S ___
A LS ”E Am,kAAkmI
AL Mo 2 i L0y 1
S
Xe Nk
A —5 3EkmIng i 1ny; 1 (A.11)

kA Mm
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forn% EO, and

S
1 Nnmi 1
lo,... 0N 430-M96 0,0.0Nm e iNo 'q':ﬁz—n_dmlnmi 1A N Cmmlng 2
m
o
X Nk Cmk Ack,m
A — I 1ngil
kamA1 NMm 2 ’
S —
Ne n? L
A _EEm,klnIOj Lnmi 1 (A.12)
kAamA1 m
for nm E 0, where
|n0mi1/E|o ..... ondi 1,08 4;...n850,...0Nm ..o ! (A.13)
and
Ingil;mil'cEIO ..... ony,...., ngjl ..... N0 10, 0N m i Lo (A.14)

In the case of low temperatures and fast relaxation times, we are usually only in-
terested in transitions from the ground state to the rst excited state:

d
l0:0.....0nm.0...., oﬁEﬁ%b;o- (A.15)

When the number of modes is small, or when we are only interested in certain
individual Franck-Condon factors, the recursion relations can also be used directly
for larger values of n and n® In general, however, the number modes is too large
for this to be ef cient. We will therefore use the two-dimensional array approach

of Ruhoff and Ratner [ 6, 7].

A.2 THE TwO-DIMENSIONAL ARRAY APPROACH

he set of overlap integrals of all possible combinations of n and n%ormsa2No.-

dimensional array of in nite size in every dimension. However, as can be seen
from Eq. 3.62 in section 3.5.1, for large values of n; and ni0 the overlap integrals
tend to become vanishingly small and only a nite number of vibrational quanta
needs to be taken into account. The sum rule in Eq. 3.56 can be used to determine
how many quanta are needed. As soon as the sum over n or n%approaches unity,
all signi cant integrals have been calculated.

In implementations, keeping track of the Franck-Condon factors witha2  No-
dimensional array is inconvenient, since computers are generally better suited to
two-dimensional arrays, or matrices. We will therefore introduce the mappings

M Mil
n{" p, pi n, (A.16)
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Algorithm 1 position( No,l,n): calculate the position p corresponding to the u
quantum numbers n.
P( N(No,I)
i(1
while | E0do
ifn; EO0then
1C1in
end if
if| E0then
pP( pi S(Neji,ljl)
end if
i(iA1

end while

Algorithm 2 level(No,p): calculate the level | corresponding to the position p.
(0
while p E N(Ne,1) do
I( 1AL
end while

Algorithm 3 branch(No.,p): calculate the branch b corresponding to the position
p.
b( 1
I ( level(Ne,p)
if| E0then
q( N(No,Ij 1)A1
while g C p do
b( bA1
a( N(no,li 1)AS(b,I)
end while
end if
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Algorithm 4 state(No,p): calculate the quantum numbers n corresponding to the
position p.
n( (0,...,0)
a( p
I ( level(No,p)
NO( No
+( 0
while| E0do
b ( branch(N&,q)
i( N&jbA1
Nigs ( NjazAL
forj A0! 1 1do
a( ai SN, j)AS(,j)i Sbi 1,j)
end for
a( agi Sbj 1,1)
(11
NO( b
£( Noj NO
end while

where p is a positive integer which uniquely determines the set of quantum num-
bers in the state n. The de nition of the mapping M is centered around the con-
cept of levels. A levels is de ned as the sum of the quantum numbers  n, i.e.,

o

| £ nj. (A.17)
i /A
Different combinations of quantum numbers will correspond to the same level.
The total number of combinations for a particular level is given by

A !
No AI il
S(No, 1) &£ | . (A.18)
The total number of combinations in all levels up to and including | is given by
A !
X , No Al
N (No,I)E  S(No,i)/E . (A.19)

i AD |

Using the quantities Sand N we can de ne the mapping M with algorithm 1.
This algorithm assigns the position p £1to 0, p /2 to (0,...,0,1), p £No A1 to
(1,0,...,0),p £No A210 (0,...,0,2), p £ANANNAD) 45 (50, 0), and so0 on. The
indices p are sorted by level: rstthe one belongingto | 4O, then the ones belong-
ing to | /1, etc. Since the overlap integrals of states with levels ( 121) only depend
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Algorithm 5 nextstate(N.,l,®,! ,n): calculate the next list of quantum numbers,
i.e., with position pA 1. ®and! are the indices of the rst and last non-zero ele-
mentsin n, respectively.

if n1 A then
®( No
' ( No
I( 1A1
ni( 0
nNo( |
else
if ne A&l then
ne( O
®( ® 1
ne( 1
if| E 1then
' ( No
n (i1
else
1 (®
end if
else
n1( onjiAl
if (1 E1)and (! G¢No)then

ne( niil
n (0
1 ( No

else
ne(onrjl
ifn A0 then

P(1i1

end if

end if

end if
end if
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onthosewith (19 1;1), 1% 2,1), 1% 1;1; 1), 0%1; 1),and (1% 2), we can calculate
all Franck-Condon factors in the right order simply by looping over p and p°

The reverse mapping M1, which we need to obtain the quantum numbers  n
corresponding to the position p, is a bit more involved. We will simply state the
algorithms here, for details see Ref. [ 7]. First we need to obtain the level | cor-
responding p (algorithm 2). We then calculate the branch index b, which corre-
sponds to the index of the rst non-zero quantum number (algorithm 3). Finally
we can de ne the mapping M ! (algorithm 4).

When we are calculating Franck-Condon factors for increasing values of p and
pC itis rather inef cient to use the mapping M ! directly. A better approach would
be to calculate the quantum numbers n with position p directly from those with
position pj 1 (see algorithm 5). The direct mappings may then be useful after
the calculation of the Franck-Condon factors to determine which combination of
states belongs to a particular factor.

Implementing the method is now straightforward. Starting from the ground-
state to ground-state overlap integral (Eqg. A.9), we simply loop over p and p° ob-
tain the quantum numbers from algorithm 5 and calculate the Franck-Condon fac-
tors from the recursion relations (Egs. A.11 and A.12).

A potential drawback of the two-dimensional array method is that it may not
scale well to systems with large numbers of Franck-Condon factors. For highly
symmetric molecules this can be partly remedied by excluding modes with zero
electron-phonon coupling from the calculation. However, large molecules are not
generally very symmetric. In large conjugated molecules, where the valence elec-
trons are delocalized over the entire molecule, the nuclear displacements due to
an electronic transition will typically be small, resulting in small electron-phonon
couplings. For such molecules, one or two vibrational quanta are often already suf-
cient to obtain the spectrum. However, if a molecule has many modes of which
only a few are dominant, many vibrational quanta may be needed even though
most of the Franck-Condon factors will be vanishingly small. For such systems a
binary tree method, as described in for example Ref. [ 7], will be a better approach.
For the calculations presented in this thesis however, the two-dimensional array
approach was still suf cient.

We have implemented the method described in this appendix asthe ~ FCFmod-
ule in the Amsterdam Density Functional (ADF) quantum chemistry package[ 1, 2].

A.3 EXAMPLE

Az an example of a calculation with the FcFmodule, we will look at the emission
pectrum of the triplet to singlet transition in the organic light-emitting diode

(OLED) Pt(4,6-dFppy)(acac) (see Fig. A.1a). The emission spectrum was measured
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(a) Pt(4,6-dFppy)(acac)

o T=300K

480 520 nm 560 = T=20K
solvent: n-octane N é

2N, L=

z . \Ptio;é) <
E : : 2
5 : £
8 g w

e N ~ Aol .«MM o e

» 20000 18000 16000
22000 20000 cm’ 18000 Frequency (cmi 1)
(b) Measurement (c) Calculation

FIGURE A.1: (b) Measured [8] and (c) calculated emission spectrum of the triplet to singlet transition

in (a) Pt(4,6-dFppy)(acac). The frequency calculations have been performed with the Analytical Sec-
ond Derivatives module of ADF [ 1, 2, 9], using the BP86 exchange-correlation potential and a double- 3
singly polarized basis set. The location of the main peak in the calculation (20048 cm | 1) is shifted by
7% with respect to the measurement (21461 cm i 1),
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by Raush et al. [8] at both room temperature and 20 K (Fig. A.1b). The calculated
emission spectrum (Fig. A.1c) was obtained by computing the Franck-Condon fac-
tors for the transition of the vibrational ground state of the triplet electronic state
to the vibrationally excited states of the singlet electronic state with up to ve vi-
brational quanta, yielding just over 92 million factors in total. These factors were
then combined into a histogram as a function of energy and broadened with kgT.
As can be seenin Fig. A.1, the calculation shows excellent agreement with the mea-
surement.

We thank Kento Mori for providing this example.
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B

VIBRATIONAL EXCITATIONS IN
THE MASTER EQUATION
APPROACH

The method described in this appendix has been implemented as the module  VIBRATE in the Amster-
dam Density Functional (ADF) quantum chemistry package [ 1, 2].
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B.1 STRUCTURE OF THE RATE MATRIX

n this appendix we describe the implementation of the master equation (ME)
approach developed in chapter 3 and used in chapter 6, with a special focus on
the incorporation of vibrational excitations.
As discussed in section 3.1.2, the rate matrix has the following form:

Wia i 642

Wi i o/E |!:> . ) (Bl)
i iOMi! joo | A~

The (off-diagonal) element on row i and column i°corresponds to the transition

from state i°to state i. This is the rst term in the master equation (Eq. 3.12). The

diagonal contains minus the sum of the columns, i.e., minus allthe rates from state

i . This is the second term in the master equation. Note that from its structure, it is

clear that W is diagonally dominant, i.e.,

- - x - =
Wi, Wi o (B.2)

T i%E
for all i. This means that the diagonal can be used as a preconditioner in iterative
methods (see next section).

When incorporating vibrational excitations, the many-body states are combi-
nations of electronic and vibrational states. In general, only a few electronic states
need to be considered (see chapter 6). However, for ab initio calculations on single
molecules, many vibrationally excited states may need to be taken into account.
For such systems, the most convenient form of the rate matrix is a block matrix.
In this form, every off-diagonal block corresponds to a transition between differ-
ent electronic states, while the elements within that block correspond to transi-
tions between different vibronic states. The latter depend on the Franck-Condon
(FC) factors (see Eg. 3.52), which can be calculated in advance with the method
described in appendix A. The diagonal block contains vibronic transitions within
the same electronic state, i.e., vibrational relaxation rates (see section 3.5.2). The
diagonal itself still contains minus the sum of the columns.

Since different electronic states might have a different multiplicity, due to de-
generacy or a difference in spin, the off-diagonal blocks are multiplied by a prefac-
tor depending on the relative multiplicity (Eq. 4.25).

When a large number of vibrational quanta is taken into account, most FC fac-
tors will be (close to) zero. This means that the rate matrix will be sparse and that
memory can be conserved by using a sparse matrix storage scheme. Additionally,
taking advantage of the sparsity of W can speed up the calculation of the steady-
state occupation probabilities. In our implementation, we use the modi ed com-
pressed sparse column (MCSC) storage scheme. In this scheme, the diagonal of
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W is stored separately as a non-sparse vector since it will be used as a precondi-
tioner. The non-zero elements of W are stored ordered column by column in a
one-dimensional array. For each element, the corresponding row index is stored
in a separate array. A third array nally contains the offsets corresponding to the
rst non-zero element in each column. Implementations for this storage scheme
of both the construction of W and linear operations such as matrix-vector multi-
plication are simple and ef cient.

The steady-state occupation probabilities can be obtained by calculating the
null-space of W, after which the properties of interest can be calculated. However,
the latter generally require matrices containing the rates due to, for example in the
case of the current, only a single lead (see section 3.4). In practice, we therefore
store the rates due to different processes in separate matrices. Only in the calcula-
tion of the null-space are they combined into the total rate matrix W.

B.2 CALCULATING THE NULL-SPACE

Snce W is generally large and sparse, an iterative method for nding the null-
pace will be more ef cient than a direct method. The method of choice is the
bi-conjugate gradient stabilized method (Bi-CGSTAB) [ 3]. Like the bi-conjugate
gradient (Bi-CG) and the conjugate gradient squared (CGS) methods, it is appli-
cable to non-symmetric linear systems, but has faster and smoother convergence.
Compared with these two, its implementation also tends to be simpler and uses
less memory than the more general generalized minimal residual method (GM-
RES).

Like many iterative methods, the convergence of the Bi-CGSTAB method can
be accelerated considerably by the use of a preconditioner. Since W is diagonally
dominant, the inverse of the diagonal is a good approximationof ~ Wi !, and we can
use the Jacobi preconditioner:

(ao

VT Wi i 6/&,
Kj i o/E i . (B.3)
0 otherwise.
This is one of the main reasons for choosing the MCSC storage scheme, as the
diagonal of W is readily accessible for the construction of K.

One of the most important factors determining fast convergence to a correct
solution is the choice of the initial guess of the occupation probabilities of the
many-body states (including both electrons and phonons). Since the system is de-
scribed in terms of many-body states with different energies, we expect the equili-
birium occupation probabilities of the  closedsystem to be governed by the Boltz-
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mann distribution:

(B.4)

As the main approximation in the derivation of the ME approach is weak coupling,
this should be a good initial guess for the coupled system. If we need the steady-
state occupation probabilities for many closely related systems, for example, when
calculating the current-voltage characteristics, the best choice for the initial guess
is usually the converged result of the previous calculation. If the relevant param-
eter, such as the voltage, changes slowly between calculations, we expect the new
occupation probabilities to differ only slightly from the old ones. In practice we
therefore use the Boltzmann distribution as the initial guess at the start of a calcu-
lation, and subsequently use the previously converged probabilities for the follow-
ing points.

The use of a physically plausible initial guess has another important bene t.
As discussed in section 3.1.2, it is possible for the null-space of W to be multi-
dimensional if the rates into and out of a particular state are (close to) zero. In that
case any possible occupation of that state is stable, even though in reality it would
never be occupied. This is especially problematic for highly excited vibrational
states, as their FC factors are generally small. At low temperatures, the Boltzmann
distribution ensures that these states will never be occupied and that the resulting
steady-state occupation probabilities will be physically acceptable.
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C

THE NON-SELF-CONSISTENT
GREEN’S FUNCTION APPROACH

The method described in this appendix has been implemented as the module ~ GREENin the Amsterdam
Density Functional (ADF) quantum chemistry package [ 1, 2].
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@) (b)

FIGURE C.1: (a) Geometry of the extended molecule used in the calculation of a benzenedithiol (BDT)
junction. The molecule is shown in green, while the left and right contact regions are shown in red and
blue, respectively. (b) The 9-atom surface layer of the gold contacts. The molecule in (a) is situated in a
hollow-site con guration.

C.1 THE EXTENDED MOLECULE

his appendix describes the implementation of the non-self-consistent Green's

function approach used in chapters 7 and 8. Non-self-consistent means that
the (in nite) leads are not taken into account in the otherwise self-consistent cal-
culation of the Hamiltonian. A direct consequence of this approach is that it is not
possible to include a bias voltage. Only zero-bias equilibrium properties, such as
the transmission, can be calculated. These, however, can be calculated to any ac-
curacy desired. Even though the in nite leads are not included in the calculation,
the effect of the leads on the molecule can be taken into account by including a
signi cantly large portion of the leads inthe  extended molecule (see Fig. C.1). Such
aportionis called a principal layer ,! and it needs to be large enough that the atoms
on one side are not in uenced by whatever is attached to the atoms on the other
side. In the case of gold, three atomic layers per principal layer generally suf ce.

For an isolated, possibly in nite, system in a non-orthogonal basis, the Green's
function is given by

G(z) A(zSi H)' 1, (C.1)

lTechnicaIIy, a principal layer is a layer that is large enough that there is no direct coupling between
electrons on one side of the layer and the other. This is not necessarily larger than the screening
length in the material. However, for metals such as gold the screening length is less than one atomic
layer and we will therefore ignore the distinction in this appendix.
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where S is the overlap matrix and H is the Hamiltonian. The Green's function is
speci ed as a function of the complex energy z A2 Ai” . We recover the retarded
and advanced Green's functions depending on whether ~ is positive or negative
in nitesimal (see Eq. 2.65):

G @) £ lim, G(2 Ain), (C.2a)

G (2)/E,Iling_ G(RAI"). (C.2b)
We now assume the system consists of two semi-in nite leads (on the left and
right) bridged by an extended molecule. The leads are far enough apart that there

is no coupling between the atomic orbitals on one lead and the other. The Hamil-
tonian therefore has the form

0 1
He ¢l O
HAEQ imi Hem i emrA (C.3)
0 el H
| C‘MR R

and similarly for the overlap matrix. We now get for the retarded Green's function
on the extended molecule:
3.

| 1 ,i 1
Gh,) £ 'GY%,0) f A

i §0()i 8R() (C.4)

where
G ACSemi Hem)' ! (C.5)

is the Green's function of the isolated extended molecule, and the self-energies are
given by

§12) EEmL C)GLR)ES, @), (C.6a)
§AC) Eivr()GAR)ZT (), (C.6b)
with
emL(®) A2SuL Aime, (C.7a)
EMR(2) A2 SuR A (R. (C.7b)

In the non-self-consistent approach, GEM (@), 8 f(z) and § é(z) are all obtained from
separate calculations Only when calculating the transport properties are they
brought together. M(Z) is easny obtalned from a calculation of the isolated ex-
tended molecule. Obtaining gA L (3) and §R(2) on the other hand, involves calcu-
lating a semi-in nite system.



172 C. THE NON-SELF-CONSISTENT GREEN'S FUNCTION APPROACH

FIGURE C.2: Geometry of the lead used in the calculation of the self-energies. The lead consists of two
surface layers, left (red) and right (blue), and a bulk layer (green). Each principal layer in turn consists
of three atomic layers (see Fig. C.1b). This should be suf cient to ensure that the Hamiltonian of the
central (green) layer is a bulk Hamiltonian.

C.2 CALCULATING THE SELF-ENERGY

I n a localized basis, the Hamiltonian of the one-dimensional semi-in nite lead
on the right has a band-diagonal tight-binding form:

0 Hs i¢ése O 0 ¢¢]¢
icks He iées O ¢
0 i¢ky He ¢
Hg & BB I ¢BB , (C.8)
0 0 i¢dlg He

where Hpg is the Hamiltonian of a single principal layer in the bulk and Hsis the
Hamiltonian of the principal layer on the surface. For the left lead, the surface
Hamiltonian is on the bottom right instead of the top left. By choosing the prin-
cipal layers large enough, it is always possible to ensure that the coupling beyond
nearest neighbor vanishes.
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The Green's function for the lead is given by 2

0 .
As Bs 0 0 e’
B A B 0 ¢
o BT A B
Gr(2) , (C.9)
0 0 BT A
where we have used the following abbreviations:
A/AEzSgi Hg, (ClOa)
B £zSgsA ¢ B, (C.10b)
As/AzSsi Hs, (C.10c)
BS/[EZSSBA ¢, SB- (ClOd)
The surface Green's function is now given by
N i1
1
Gs(2) £ Asi BsGa(2)B{ (C.11)

where Gg(z) is the Green's function of a principal layer in the bulk. However, since
the surface layer is generally part of the extended molecule (see Fig. C.1a), the sec-
ond term in this equation, BSGB(Z)B;, is equal to the self-energies in Eq. C.6. The
expression for bulk Green's function is similar to the surface Green's function:

3 .

Ge(2) £ A BGa(z)BT ', (C.12)

but since Gg(z) appears on both the left-hand side and the right-hand side, we
cannot evaluate it directly. The form of Eq. C.12 suggests an iterative approach:
we start with Ai ! as the initial guess and keep iterating until the result converges.
Physically this corresponds to adding a single principal layer during each iteration.
There is, however, a faster way of calculating the self-energy, where each iter-
ation effectively doubles the number of principal layers [ 3, 4]. Using the iteration

2This notation suggest that GRg(z) is Hermitian, which is obviously incorrect as it is a function of the
complex energy z /22 Ai” . However, since we take the limit of ! OA the error introduced by a non-
zero value of © can be made arbitrarily small by choosing ~ small enough [ 3].
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10

DOS (arb. units)
Transmission

FIGURE C.3: (a) DOS and (b) transmission of a gold wire calculated with the geometry of Fig. C.2. The
energy range is § 2 eV around the Fermi energy (-5.314 eV).

equations
Xi X 1Z] X 1, (C.13a)
Yi AYi;1Z1 LY (C.13b)
Zi ABZi;1i Xii1Z 4 Yiai YiiazZd X (C.13¢)
Xi X, 1Ziii11Xii 1 (C.13d)
Yi AYi, 1Ziii11\7ii 1 (C.13e)
Zi BZi;1i X, 1Zii111\7ii 1 (C.13f)

with starting conditions  Xo /B, Yo £B T, Zo /A, Xo /Bs, Yo £BJ and Zo £As, we
get

Ge(z) £Z} L, (C.14a)
Gs(z) £Zi L, (C.14b)

for the bulk and surface Green's functions, respectively. These expressions are valid
for the right lead. For the left lead we need to make the substitutions B $ BT and
Bs$ B; in the equations above.

We now have expressions for the bulk and surface Green's functions and for
the self-energy. What remains is the calculation of A, B, As and Bs. These can
be obtained from a calculation of a chain of three principal layers (see Fig. C.2).
The Hamiltonian of the central layer (green) is the bulk Hamiltonian Hg, while the
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Transmission

Z(eV)

FIGURE C.4: Transmission of a benzenedithiol junction calculated with the geometry of Fig. C.1a. The
HOMO of the molecule is situated at -5.539 eV, while the LUMO is at -2.354 eV.

Hamiltonian of the left (red) and right (blue) layer is the surface Hamiltonian Hg
of the right and left lead, respectively. We make the assumptionthat B ABsg, which
means that they are both given by the coupling between the surface and bulk layer.

A non-SCF Green's function calculation starts with a self-consistent calculation
of a chain of principal layers (Fig. C.2). From this calculation we obtain the matri-
ces A, As and B, which are then used to calculate the self-energies. These only
have to be evaluated once for every energy, as they do not depend on the extended
molecule. We then do a self-consistent of the isolated extended molecule (Fig. C.1),
from which we obtain the Hamiltonian ~ Hgy. This Hamiltonian is combined with
the self-energies to obtain the Green's function of the extended molecule GéM ®).
From this Green's function we can nally obtain the quantities of interest: the den-
sity of states (DOS, see Eq. 2.45):

1_0© ©, aa
D(2)/Ei;Tr Im Ggy(®)Sem (C.15)
4
and the transmission (see Eq. 2.140):
© oA Ria\i :
T () AT i “(*)Ggu(®)Semi "(*)Ggm(*)Sem - (C.16)

C.3 EXAMPLE
y using the chain geometry of Fig. C.2 as the extended molecule, it is possible
to calculate the DOS and transmission of a gold wire. The results are shown in
Fig. C.3. The DOS is approximately constant over a large energy range around the
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Fermi energy, which gives justi cation to the use of the wide-band limit in chapter
3 and 5. The transmission shows plateaus at integer values, as is expected for an
atomic wire.

A striking feature in Fig. C.3 is the presence of several sharp peaks in the DOS
coinciding with dips in the transmission. These peaks correspond to localized
states on the extended molecule which are not broadened by the self-energies.
This is most likely caused by the fact that the calculations do not use a true bulk
Hamiltonian, which leads to slight mismatches at the interfaces.

As an example of a calculation of a molecular junction, the transmission of
benzenedithiol in the geometry of Fig. C.1a is shown in Fig. C.4 (compare with
Refs. [6—7]). The peaks in the transmission correspond to the HOMO and LUMO
of the molecule. Conduction will be primarily through the HOMO as it is situated
closest to the Fermi energy of the leads. The sharp peaks and dips in the transmis-
sion are again caused by localized states in the leads.
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D.1 THE HARMONIC OSCILLATOR

n chapter 8 we model the dynamics of a single-molecule motor. Due to the small

size of the system, the dynamics of the rotor are dominated by thermal uctua-
tions. The dynamics of such a system are best described by a stochastic differential
equation known as a Langevin equation [ 1, 2]. Since a system close to equilibrium
with a single degree of freedom, such as a rotation angle, can be described as a
harmonic oscillator, we will study the Langevin equation for this case in detail.

The second-order differential equation for a damped harmonic oscillator in the

presence of thermal noise is given by

mx(t) £i°x(t)i kx(t)AR(t), (D.1)

where m is the mass of the oscillator, ° is the damping coef cient, and k is the
spring constant. The thermal uctuations are modeled by  R(t), which is a random

variable with zero mean and no correlations describing white noise, i.e.,
hR(t)i A0, D.2a
- i(0&® i O¢ ( )
Rt)Rt° Aqt tjt”. (D.2b)

The physical origin of R(t) is the coupling of the system to the environment, which

is responsible for both the thermal uctuations and the damping coef cient °.
Hence, according to the uctuation-dissipation theorem [ 1], °© and q are related.
This relationship can be made explicit by calculating the expectation value of the
kinetic energy and relating it to the temperature.

D.1.1 NOISE AMPLITUDE
The general solution of Eq. D.1is

X(t) AX 1€l Tt AXpeli 11t

1 t ~ A P8 = - i ¢
A———  dt%i ADEORO, g%l DGR (D3)
2mil 0 0
— ° P 4kmj °2 . .
where ~ A5, ! A——, and X; and X; are constants of integration deter-

mined by the initial conditions. Differentiating once with respect to time gives the
velocity:

v(t)” x(t) A Al )Xl ~Ai XAG ;i )Xpeli

P Zt i
A _A.” at%t AN OR
mi:
. t — . i
i |2m|i|l. dt % i”)(“to)R'tO¢. (D.4)
. 0
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Since the expectation value of R(t) vanishes, we obtain for the expectation value of

the velocity o ¢
twt)iEe ' vie' tAvyel !t (D.5)

where Vq (j ~ Ail )Xy and Vo £(j ~ Aj il )X5. The variance of R(t) does not van-
ish, so we get expectation value of v (t)?

- @ i o ¢
v(t)2 A 2 t'vie? tAv,el 21t A2V v,

=g 262t Zy i s
: (|4m/3;:!2) dt0  gro%i (2t % it (2t Y t°9R'to¢R't0&A
! 0 0 A
=2l 2 iobi
i (|4m|2:!2) tdto tdto%i T(2ti % 1% it (2t 18 togthoﬂ?tho&A
! 0 0 j
AT e g gl o
! 0 0

6 e
Using the factthat R 't° thog /Eq+ O] tog, this simpli es to
- ® ; o ¢
v(t)2 A 2 t'vie?! tAv,el 21t A 2viV,
. Z
(G Air)? tdtoez(i ~Ain)(ti 9
4m21 2 4
. VA
(i iit)? tdtoez(i “iin)(ti 19
4m212

—24,2Z¢ _
Al 0dtoeiz(“to). (D.7)

iq

9omar 2
Solving the integrals and combining terms with similar exponents results in

@ i L ¢
v(t)2 A 2tV tAV,el 21 A2V v,
M, 2 H —24, 2

q : 2t — ; . :
AW TAe' COS(2! t)A' Sln(2! t)| (D8)
For long times, the exponential decay dueto ~— dominates and we have
- ® q | 2 q
tI!|{n v(t) /E4m2! 5= /E2m° . (D.9)
i 1.7 2%
In thermal equilibrium, sm v ﬁEQkBT, so
q A2kgT®. (D.10)

This relationship is exact for the harmonic oscillator, but also a good approxima-
tion in the case of more complicated potentials [ 2].
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D.1.2 PosITION NOISE

With the amplitude of the noise known, it is possible to calculate the variance of
the position, i.e., the position noise. As the expectation value of R(t) vanishes, we
get for the expectation value of x(t) (see Eq. D.3)

M (t)i EXqel AR X, el 1, (D.11)
However, R(t)R t” does notvanish, sowe have

O ® i . ¢
x(t)2 e 2t x,e?! LA Xoel 2 tA2X Xy
7

; q tdtoez(‘ “Ain)(ti 19

4m?21 2
i C; . tdtoez(i i i!)(titcﬁ
4m4!
q o 27 (1 t9
AW o dte! LR (D.12)
hence
- ® an 3 ’
14 9
q 1 Ul 2 - U —2A| zﬂﬂ
EWW .TAeth _COS(Z! t)| ! Sln(2| t)| - . (DlS)
For long times, the oscillations vanish and we are left with
Y2(t) E—I P g kel (D.14)
K marz =2 a2 ke Tk '

which is an interesting result as it shows that the position noise is dependent on
neither the mass nor the damping, but just the spring constant and the tempera-
ture.
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SUMMARY

his thesis aims to give a theoretical overview of electrical and mechanical ef-

fects in single-molecule junctions. As the name implies, single-molecule junc-
tions are devices that can probe the functionality of single molecules. Chapter 1
gives a brief overview of how single molecules can be contacted by electrodes in
experiments. Although already proposed in 1974, the rstelectrical measurements
on single molecules where not performed until the last decade of the previous
century. The initial attempts to understand the behavior of these molecules were
based on the mesoscopical theory of quantum dots. However, molecules differ
from quantum dots in many ways, not least because they exhibit mechanical mo-
tion, in the form of vibrations and even conformational changes, which allow a
molecule to function, for example, as a motor. This thesis explores in detail several
ways in which molecules differ from quantum dots, and how these differences can
be exploited in useful ways.

In chapter 2 we develop a theory for describing the behavior of single-molecule
junctions, based on the non-equilibrium Green's function (NEGF) formalism. This
formalism allows us to obtain approximate solutions to the Schrédinger equation,
the governing equation in quantum mechanics, for in nitely large and possibly
non-equilibrium systems. The starting point in NEGF is the single particle; its in-
teractions with other particles in the system are gradually included up to the order
and accuracy desired. This works particularly well for molecules that are strongly
coupled to the leads, where the current-carrying electrons only feel the average
effect, or mean eld, of the electrons on the molecule. For weakly coupled sys-
tems, however, the interactions on the molecule need to be taken into account to
all orders. Itis then more convenient to start with the many-body states of the sys-
tem, instead of the single-particle states, and to describe the dynamics in terms
of transitions between those states. This approach is the master equation (ME)
formalism, the subject of chapter 3. Although in practical applications the starting
points are very different, the ME approach is closely related to the NEGF approach.
We show this explicitly by deriving the former from the latter.

Both approaches are applied to two simple example systems, or toy models
in chapter 4: the single-level quantum dot and the metallic island with a con-
stant density of states (DOS). These models are particularly useful for describing
capacitive interactions in molecular junctions. Chapter 5 shows that molecules
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in a junction are in uenced not only by their electrostatic interactions with the
electrodes, but also by the charging and discharging of neighboring molecules or
metallic grains. These interactions lead to speci c features in the current-voltage
(IV) characteristics of the junction, from which we can obtain information about
the electrostatic environment of the molecule. We show that these effects can be
conveniently described in terms of a capacitor network.

Although electrostatically single molecules behave similar to quantum dots,
mechanically they are quite different. Each molecular species has a unique vi-
brational spectrum. This fact is routinely exploited to identify molecules in solu-
tion or gas phase. In chapter 6 we show that the vibrational spectrum can also
be used to " ngerpint' a weakly-coupled single molecule in a conductance mea-
surement. Selection rules for vibrational excitations are provided by the Franck-
Condon (FC) factors corresponding to a particular electronic transition. This is
also true for the spectrum of the light emitted from a single molecule. We obtain
excellent agreement between our ab initio calculations and conductance and elec-
troluminescence measurements.

The effect of vibrational excitations on the conductance of strongly-coupled
molecules differs fundamentally from the case of weakly-coupled molecules. In
chapter 7 we show that it is also possible to identify strongly-coupled molecules
from the vibrational spectrum obtained in inelastic tunneling spectroscopy (IETS)
measurements. However, the (approximate) selection rules are markedly different.
Our abinitio calculations again show good agreement with measurements.

The electrical and mechanical effects described in this thesis come together
in chapter 8, where we propose a design for an all-electric single-molecule motor.
By applying an oscillating gate eld, we can exert a force on a rotor containing
a permanent electric dipole moment, and, under the right circumstances, drive
it into a unidirectional motion. The key aspect of this design is the conjugated
backbone of the molecule, which simultaneously provides the potential landscape
of the rotor orientation and a real-time measure of that orientation through the
modulation of the conductivity. Using quantum chemistry calculations, we show
that this approach provides full control over the speed and continuity of motion,
thereby combining electrical and mechanical control at the molecular level.
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it proefschrift probeert een theoretisch overzicht te geven van elektrische en

mechanische effecten in juncties van enkele moleculen. Zoals de naam al
doet vermoeden kunnen deze juncties gebruikt worden om de functionaliteit van
individuele moleculen te bestuderen. In hoofdstuk 1 staat een kort overzicht van
de verschillende experimentele methoden waarmee een molecuul tussen elektro-
den kan worden geplaatst. Moleculaire juncties zijn voor het eerst voorgesteld in
1974, maar het heeft tot het eind van de vorige eeuw geduurd voordat er voor het
eerst elektrische metingen aan individuele moleculen konden worden gedaan. De
eerste pogingen om het gedrag van deze moleculen te begrijpen waren gebaseerd
om de mesoscopische theorie van de quantum dots . Echter, moleculen verschillen
op een aantal belangrijke punten van quantum dots , niet in het minst omdat ze
kunnen bewegen. Men kan hierbij denken aan trillingen, maar ook aan struc-
turele veranderingen waardoor een molecuul bijvoorbeeld als een motor kan func-
tioneren. In dit proefschrift worden de verschillen tussen moleculen en quantum
dots bestudeerd en wordt er gekeken naar hoe deze verschillen kunnen worden
geéxploiteerd.

In hoofdstuk 2 wordt een theorie ontwikkeld om het gedrag van moleculaire
juncties te beschrijven. Deze theorie is gebaseerd op het non-equilibrium Green's
function (NEGF) formalisme. Dit formalisme maakt het mogelijk om, bij benader-
ing, oplossingen te vinden van de Schrodinger vergelijken voor oneindig grote sys-
temen die bovendien (eventueel) uit evenwicht zijn. Het uitgangspunt binnen
NEGF is een enkel deeltje; de wisselwerkingen met andere deeltjes worden meege-
nomen tot de gewenste orde of nauwkeurigheid. Dit werkt bijzonder goed voor
moleculen die een sterke elektrische koppeling naar de elektroden hebben, en
waar de valentie elektronen slechts het gemiddelde effect, of mean eld , van de
andere elektronen voelen. Voor zwak gekoppelde systemen daarentegen moeten
de interacties tot op alle ordes worden meegenomen. Het is dan in de praktijk
handiger de many-body toestanden van het systeem als uitgangspunt te nemen in
plaats van de enkele deeltjes. De dynamica van het systeem wordt dan beschreven
in termen van transities tussen deze many-body toestanden. Deze benadering
wordt het master equation (ME) formalisme genoemd en is het onderwerp van
hoofdstuk 3. Alhoewel de uitgangspunten verschillen bestaat er een nauw verband
tussen NEGF en ME, wat expliciet aantonen door ME af te leiden uit NEGF
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Beide benaderingen worden in hoofdstuk 4 toegepast op twee simpele voor-
beeldsystemen, of toy models: de single-level quantum dot en het metallic island
met een constante density of states(DOS). Deze modellen vinden hun toepassing
in het beschrijven van de capacitieve interacties in moleculaire juncties. In hoofd-
stuk 5 laten we zien dat moleculen niet alleen beinvioed worden door elektro-
statische interacties met de elektroden, maar ook door het laden en ontladen van
naburige moleculen of metaalkorreltjes. Deze wisselwerkingen zorgen voor spec-

i eke kenmerken in de stroom-spanning eigenschappen van de junctie, waaruit

we informatie kunnen halen over de elektrostatische omgeving van het molecuul.
We laten tevens zien dat deze interacties op een handige manier kunnen worden
beschreven in termen van een netwerk van condensatoren.

Alhoewel het elektrostatische gedrag van moleculen lijkt op dat van  quantum
dots, is hun mechanische gedrag zeer verschillend. Elk type molecuul heeft een
uniek vibrationeel spectrum. Voor moleculen in oplossing or in de gas fase wordt
dit feit geregeld uitgebuit om hen te identi ceren. In hoofdstuk 6 laten we zien
dat het vibrationele spectrum ook gebruikt kan worden om een “vingerafdruk' te
maken van zwak gekoppelde moleculen in elektrische geleidingsmetingen. Selec-
tieregels die bepalen welke trillingen betrokken zijn bij welke elektrische transi-
tie worden gegeven door de Franck-Condon factoren. Dit gaat ook op voor het
spectrum van licht dat wordt uitgezonden door moleculen in elektroluminescen-
tie. Onze ab initio berekeningen komen goed overeen met de metingen.

Het effect van mechanische trillingen op de geleiding van sterk gekoppelde
moleculen verschilt fundamenteel van dat van sterk gekoppelde moleculen. In
hoofdstuk 7 laten we zien dat het ook mogelijk is moleculen te identi ceren aan
de hand van het vibrationele spectrum in inelastic tunneling spectroscopy (IETS)
metingen, hoewel de selectieregels voor de trillingen beduidend anders zijn. Ook
in dit geval zien we een goede overeenkomst tussen onze ab initio berekeningen
en de metingen.

De elektrische en mechanische effecten die in dit proefschrift zijn beschreven
komen bij elkaar in hoofdstuk 8, waar we een ontwerp presenteren voor een elek-
trische motor bestaande uit een enkel molecuul. De rotor in het molecuul bevat
een permanente elektrische dipool. Met een oscillerend gate-veld kan een kracht
worden uitgeoefend op de rotor, die een permanente elektrische dipool bevat, en
kan het molecuul worden aangedreven als motor. Het belangrijkste aspect van
het ontwerp is de conjugated backbone van het molecuul, die tegelijkertijd ver-
antwoordelijk is voor de potentiaal die de oriéntatie bepaald als voor de modu-
latie van de geleiding, waardoor de rotatie real-time kan worden gemeten. Met
behulp van kwantum-chemische berekeningen laten we zien dat dit ontwerp ons
volledige controle geeft over de snelheid en de continuiteit van de beweging en op
deze manier elektrische en mechanische combineert op de nanometerschaal.
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