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Abstract

This thesis has investigated the electronic properties of organic molecular junctions, which
form gold|single-molecule|gold structures, using a combination of density functional theory
(DFT) and the equilibrium Green’s function formalism of transport theory. The first project
considers the role of symmetric and asymmetric anchor groups for controlling charge transfer
in molecular junctions, and how that relates to the position of the electrode Fermi level relative
to the molecular resonances through various molecules. The results indicated that symmetric
anchors such as thiol and pyridyl yield pinning of the electrode Fermi level to the resonances,
whereas this pinning behaviour does not appear with asymmetric anchors such as pyridyl and
SMe. It is found that changing the basis set has no effect on the transmission curves, when the
pinning occurs, and that is likely due to the shape of the gold surface. This behaviour does not
occur in the absence of the tip gold with using SAMs approach, which clarifies that the shape

of the electrode plays a role in controlling the relative position of its Fermi energy.

The second project concentrates on studying the effect of vibrations of the molecule on electron
transport, and how it controls the value of the Seebeck coefficient. Different side groups are
investigated for a series of fluorene-based molecules. The results indicated that the Seebeck
coefficient of meta-connected molecules is more sensitive to the fluctuations of the side groups
compared to the para case, which means that varying the pendant groups in molecular junctions
can be exploited to control quantum interference (QI) and enhance the thermoelectric
properties. Although C=C and C=N pendant groups behave similarly at room temperature, the
transmission behaviour of the whole molecules different, where most of the curves in the C=N
case have this parallel shape (i.e., the anti-resonance is alleviated), leading to more
enhancement in the Seebeck. In contrast, a less rigid pendant group such as C;3(Fs), results in

a large shift of the resonances causing broader conductance and Seebeck distributions. It is



believed that the charge distribution of fluorine atoms could produce a gating environment on

the backbone of the molecule leading to this large shift.

The final project investigates the electron transport behaviour of para and meta connected
molecules with and without the metal atoms, due to the presence of PdCl,. Introducing a metal
atom into the path of the molecule creates another transmission path, which may play a role in
disrupting or changing the QI. The complex structure of these molecules leads to multiple
binding locations for attachment to gold electrodes and therefore multiple junction
configurations can be formed. The results showed that the addition of the palladium with the
chlorine atoms to the ligand molecules enhanced the conductance for both connectivities
through the SMe anchor group due to the shift of the LUMO resonance to the Fermi energy.

However, the different junction geometries do not enhance the Seebeck value.

VI
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Chapter 1

Introduction and Background

1.1. Molecular Electronics

Today's world is so surrounded by electronic devices that it is difficult to imagine life without
them. There has been a significant advancement in computer efficiency, speed and size from
the earliest computers (ENIAC, 1947) to modern laptops. The evolution of transistor
technology with the ability to increase its number into a small area of a single piece of an
integrated circuit are the key to understand this startlingly rapid improvement. This
miniaturisation process to build small silicon-based electronic devices has been predicted by
Moore’s Law in 1965 [1]. However, the continuing trend in scaling down the dimensions of
the transistors towards the molecular level is extremely challenging [2] and requiring an
enormous effort both technologically and economically. Therefore, the exploration of
alternative fabrication methods is demanded to achieve future generations of electronic
devices. The area of molecular electronics, which builds systems from atoms or molecules,
could be a promising candidate as active components, providing the required size, flexibility

of design, and vast availability using facile bulk synthesis [2].

Molecular electronics might offer various advantages over conventional solid state electronic
devices. The diminutive size of molecules means that their utilisation as electronic circuits
within devices at the nanoscale level, i.e. several nanometres, is extremely attractive, especially
in relation to the cost-effectiveness of scaled-up synthesis, and their capacity to self-form onto

surfaces during which the molecular components self-configure into regular conformations via
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non-covalent attachments. Chemists can create a wide variety of molecular structures, allowing
for rational and systematic modification of molecule properties. As a result, new effects and
physical phenomena not seen in conventional materials have been discovered, such as quantum
interference. For industrial purposes, some compounds can be easily produced in large
quantities, potentially leading to low-cost manufacturing. Furthermore, silicon circuits lose
current and heat at the nanoscale, making them inefficient, and on the other hand, a good
molecular wire would diminish the transit period of typical transistors (~10"** s), decreasing
the time required for a procedure [3]. Nevertheless, appreciation of a single molecule’s
characteristics is paramount in order to produce molecular devices, as the capacity to utilise a
particular intermolecular engagement and to build such devices without error whilst governing
the electron transfer between the molecule and the electrodes is complex, owing to the

molecular size and the lack of stability at elevated temperatures.

1.2. History of Molecular Electronics

The idea that organic molecules can be used in electrical circuits firstly proposed in the late
1950s [4], but the first serious attempt which sparked this filed was published by Aviram and
Ratner in 1974. They discussed theoretically the idea of a molecular rectifier, behaving like a
p-n junction, in which an individual molecule containing an electron donor unit,
tetrathiafulvalene (TTF) and an electron acceptor unit, tetracyanoquinodimethane (TCNQ),
separated by a rigid alkane bridge as an insulator to disconnect the m orbitals of the donor and
acceptor groups [5]. Shortly afterwards, additional interest in this sphere was generated
following the innovation of scanning tunnelling (STM) and atomic force (AFM) microscopies,
in the latter part of the 1980s. Following the work of Aviram, in 1995, Joachim and Gimzewski

[6] reported the initial quantification data relating to the conductance of a single molecule using



an STM-based method. Reed and Tour (1997) subsequently documented the initial transport
study evaluating single-molecule junctions; these scientists employed a mechanical break
junction technique, attaching two electrodes constructed using gold to a molecular conductor
(1,4-benzenedithiol). This generated a symmetrical configuration that could, theoretically, be
incorporated into more involved circuitry [7]. Despite the fact that this measurement has shed
a great deal of light on how charges move via molecular junctions, important details about the
electrical structure cannot be gleaned just from conductance properties. As an example, the p-
type or n-type of molecular junctions. Therefore in 2007, Reddy’s group [8] were the first who
measured the Seebeck coefficients of benzenedithiol, dibezenedithiol and tribenzenedithiol
using STM break junction in order to provide information about the sign of charge carrier and
the relative position of the electrode Fermi energy with respect to the HOMO and LUMO

levels.

Currently, there is swift progress within the sphere of molecular electronics, from both
experimental and academic perspectives in relation to single-molecule junctions derived from
metal-molecule-metal templates. Numerous methodologies have been designed in order to
explore these systems. Such techniques encompass scanning tunnelling microscopy break-
junction (STM-BJ) [9] and mechanically controllable break-junction (MCBJ) [10], wherein

both are based on thousands repeating formation/breaking of single-molecule junctions.

The advances in hypothetical strategies together with practical studies offer dependable and
high standard techniques for computing the electronic configuration of atomic entities.
Moreover, the combination of the theory with the experimental data has provided essential
feedback to obtain a more accurate descriptions of molecular junctions and established a route
for comprehending the characteristics of electron transport within these molecular junctions.
These devices can be appraised using the mixture of academic knowledge and experimental
data; the ultimate objective is to enhance the chemical structure in order to offer the most
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effective electrical and thermal transport properties for making high performance

thermoelectric materials.

1.3. Molecular Junctions
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Figure (1.2): Schematic representing a molecular junction comprising: (a) left and right
electrodes; (b) linker; and (c) core molecule. In this example, the electrodes are gold, a
methyl sulfide (-SMe) is employed as the anchor group, and the central molecule is oligo

(phenylene-ethynylene) (OPE).

The term ‘molecular junction’ refers to the extended metal-molecule-metal configuration. Such
a system includes left and right electrodes, linkers or anchor groups, and the core molecule, as
illustrated in figure (1.2). One of the most important components in building good molecule-
electrode contacts is the electrode material choice. Non-metallic electrode, such as graphene,
considered to be a good electrode candidate for molecular junctions. It has been the subject of

numerous studies in organic-based electronics [11]-[13]. The graphene material is a highly



stable two-dimensional structure composed of covalently bonded carbon atoms; a n-conjugated
configuration confers notable stability and chemical plasticity with high thermal conductivity.
In contrast, metallic electrodes are most frequently chosen, such as gold, silver, copper and
platinum [14], [15]. Gold is often preferred due to its chemical inertness in reactions, chemical
stability, significant conductivity, and the fact that it is straightforward to construct into
numerous formats that facilitate studies. It also has well-developed self-assembling methods
with molecules [16]. The second important element for building molecule-electrode contacts
is the anchoring groups. The chemical nature of the anchor group is selected based on the
characteristics of the electrodes, so a chemical reaction can occur between the molecule and
the electrode by forming a chemical bond. Numerous molecular junctions have been evaluated
in the presence of gold electrodes, incorporating a range of anchoring groups [17]-[19], such
as amine (-NH), thiol (-SH), pyridine (-CsH4N) or nitro (-NOz2), which can be defined as an
atom, or a group of atoms, that are chemically introduced into both ends of a molecular wire to
bind to the source and drain electrodes and enable transport through the molecule. The chemical
binding group's nature has a significant impact on the charge distribution across a molecular
junction and the ultimate energy level alignment (i.e., the relative locations of the
HOMO/LUMO to the electrode Fermi level), and this will be more discussed in chapter 4.
Finally, as part of the process of designing a molecule-electrode contact, the backbone or the
bridge of the molecule can be modified by manipulating molecular structures or conformations,

depending on the goal or the desired outcome for the studied system.

One of the major challenges in single molecule junction research is understanding the
relationships between molecular structure and electronic transport characteristics. Employing
DFT molecular dynamics (MD) on molecular junctions at room temperature is a computational
strategy that can capture some of the conformational variability inherent to the experiments,

such as bond-making/breaking events, compression and extension of the molecule (vibrational



frequencies) and variation of the molecular dihedral angles. All these aspects play a role in
controlling the transport characteristics. As an example, Au-alkanedithiol-Au junction has been
extensively studied to investigate the effect of the stretching of the junction on the conductance
during the MD simulations [20], [21]. As the junction is being stretched, the molecule is
initially bonded to the electrodes through the anchor and then mechanically extended until it
breaks. Thus, when the molecule is compressed at the beginning of pulling, gauche
conformations with low conductance features are adopted, but as the molecule is pulled into a
straight alkane chain, these gauche defects disappear, leading to an increase in the conductance.
The fluctuations of Au-S bond, which anchors the molecule to the gold surface, allow multiple
coordination geometries, and junction compression or elongation during the MD process are
all have influences on the changes in the conductance and Seebeck behaviours. In chapter 5, |
will investigate the vibrational effect of fluorene-based molecule having different side groups
using MD simulation. The addition of side group(s) can play a role in changing or tunning the
single molecule conductance without modifying the molecular backbone structure. In an alkene
chain, for example, the stick-loop side group can be adjusted to produce constructive and
destructive interference patterns [22]. Moreover, Sadeghi et al. [23] obtained that the QI can
be tuned to give low or high conductance (switching behaviour) by only varying the position
and conformation of side groups in OPE-derived molecules. The side group with the presence

of QI can also create a Fano resonance which will be discussed in the following section.

1.4. Quantum Interference

Quantum interference (QI) effects have been the subject of considerable attention within the
domain of charge transport in experimental work at the single molecule level as they offer a

unique opportunity to tune the charge transport through molecular devices and materials at the



phase-coherent scale [24]-[26]. QI can promote or diminish conductance within the molecular
system, effects referred to as constructive (CQI) or destructive (DQI) quantum interference,
respectively [27]. Both academic and practical work have been conducted in relation to QI
since 1988. A straightforward configuration has been employed to assess QlI, i.e., a benzene
ring with para and meta connection patterns (figures 1.3 and 1.4) within a tight binding model.
In this example, a quantum interference feature occurs when electrons with energy E transport
through multiple paths from an origin to another point in the ring and upon arrival at the point
of interest, they merge or superimpose. When the wave functions from the different pathways
are in phase, constructive interference will take place, in contrast, out of phase (i.e. one wave
has a phase shift of m) will give rise to destructive interference cancelling the transmission at a

specific energy (i.e. a zero-transmission node in the HOMO-LUMO gap).

Quantum Interference effects are also present in the case of molecules with pendant groups.
Figure 1.5 shows a simple linear chain with a single site attached. The resulting transmission
in figure (1.6) shows three Breit-Wigner peaks, which are related to the three atomic orbitals
of the sites &;, whereas the peak (resonance) at E = 0.9 and the dip (anti-resonance) at E = ¢,
are called a Fano resonance. The Fano resonance is formed of a resonance followed by an anti-
resonance [28] due to the interference between the discrete state ¢, (the pendant group) and the
continuum state &, (figure 1.5). This type of resonance is of strong interest in designing
molecules for use in thermoelectric materials since it can lead to an enhancement of the

efficiency in single molecule devices [29] if its peak is at the Fermi level.

The room temperature QI in molecular junctions, particularly the anti-resonance, can be
exploited to increase the efficiency of molecular components through enhanced molecular
Seebeck coefficients [30], [31], with the aim of shifting its position towards the metallic
electrodes Fermi level. In other words, boosting the thermopower (Seebeck coefficient) of a

molecular junction can be achieved if the electrode Fermi energy coincides with a steep slope
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of the electron transmission coefficient T(E). There are different strategies to improve the

Seebeck coefficient S [30], one of which is by controlling the position of intra-molecular

energy levels via manipulating the side groups, which has been investigated more in chapter 5.
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Figure (1.3): A 6-atom ring (equivalent to a benzene molecule), which is linked to left and

right electrodes with different types of connection patterns: a) para and b) meta, where &, and

&, refer to the site energies of the atoms in the leads and the molecule, respectively, and

—YLr » —Y and —a represent the coupling between them.
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Figure (1.4): Constructive and destructive transmission curves of the benzene ring shown in

the above figure due to para and meta connectivities, respectively.
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Figure (1.5): A 1-dimensional system consisting of delocalized molecular orbitals (&;)
connected by a coupling « to left and right electrodes with a site energy (&) and hopping
element y, where a discrete energy level (&) is localized and weakly coupled by the bond

(w) to the linear chain system.
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Figure (1.6): The transmission coefficient of the dangling system in figure 1.4, where the

Fano resonance occurs.

1.4. Thesis Outline

The aim of the research presented in this dissertation is to investigate electron transfer within
molecular junctions. The theoretical strategies include two key approaches: density functional
theory (DFT) in combination with the equilibrium Green’s function formalism of transport.
Chapter 2 discusses the physical theories that have been extended and developed to investigate
and understand the electronic properties of molecules, starting by simplifying the Schrddinger
equation using Born-Oppenheimer approximation and ending with Hohenberg-Kohn and
Kohn-Sham theorems, which led to substantial progress in converting DFT to a data processing
code (SIESTA) and hence opened the door to applications for actual physical systems. Next,
as an introduction to molecular junctions, which are made up of a single molecule bridging two

macroscopic electrodes, the flow of electrical currents through a single molecule can be studied
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via a one-dimensional scattering problem. Thus, the transport theory of molecular junction
based on scattering theory and the Green's function technique to calculate the transmission
function are investigated in chapter 3. Chapter 4 looks at the role of anchor groups, and how
they control the charge transfer in a molecular junction, as well as how this relates to the relative
location of the electrode Fermi level to molecular resonances. From this investigation, it is
found that the structure of the junction (the shape of the leads) plays a role on the relative
position of the electrode Fermi level. In chapter 5, | focus on quantum interference effects in
para and meta compounds, with different pendant groups. Besides the connectivity effect, |
investigate the vibrational effects of the pendant groups in electron transport through single
molecule junctions. These effects are important and can enhance the Seebeck coefficient.
Varying the side groups with meta connectivity is shown to have a profound influence on the
transport characteristics of a molecular junction. Chapter 6 studies the transport properties of
para and meta connected molecules with and without the metal atom of PdCl,. The results
reveal that the inclusion of this metal atom in molecular wires causes a shifting of the LUMO
resonance closer to the DFT calculated Fermi energy, resulting in small enhancement in the

conductance. Finally, this thesis is concluded with a summary and future works in chapter 7.
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Chapter 2

Density Functional Theory (DFT)

2.1. Introduction

Over the past 40 years, the field of molecular electronics has taken advantage of expertise from
physics and chemistry to explore and understand the electronic properties of molecules [1].
Hence, many physical theories have been expanded and developed to achieve this goal. One
widely used tool in molecular chemistry is called density functional theory (DFT). The
implementation of DFT is one of the most successful and unbiased tools used in physics,
chemistry and materials science for computing the electronic structure of the ground state of
many body systems, in particular atoms, molecules and the condensed phases [2]-[4]. This
theory incorporates the Kohn-Sham method of fictitious non-interacting electrons to mimic

that of interacting electrons, generating the same density as that of the interacting ones [3], [4].

This chapter is divided into two parts. The first part will introduce the physical theories that
underpin the fundamental assertion of DFT, starting from simplifying the Schrddinger equation
using the Born-Oppenheimer approximation. This is followed by a discussion of the two
theorems; Hohenberg-Kohn and Kohn-Sham [5], which have the significant development to
turn DFT to a data processing code (SIESTA) [4] and opened the door to applications for

realistic models of bulk materials.

Finally, the second part will discuss the SIESTA code (Spanish Initiative for Electronic
Simulations with Thousands of Atoms), which has been used extensively throughout this

research work as an efficient theoretical tool to compute the ground state energy and provide

15



us all the physical properties of large systems having thousands of electrons with reasonable

accuracy.

2.2. Many-Body Problem

In quantum statistical mechanics, one of the biggest challenges is solving the Schrodinger
equation for many-body problem with large number of interacting particles, which has become
a goal for physicists and chemists to achieve. The aim is to obtain the observable properties of

such system, which can be accomplished by finding a solution to the Schrédinger equation:

I:I\Ilj (rll ---erl Rl; JRM) = Elp (rll ---;rN'RI' LLLp] RM) (21)

H represents the time-independent Hamiltonian operator, which provides a full description of
the electronic structure of a system, 1 is the total eigenstate that has a set of solutions or
eigenstates ¥, E is the associated energy eigenvalue, r; and R; represent the position of the of
the i — th electrons and I — th nucleus, respectively. For a system consisting of N-electrons
and M-nuclei interacting with each other. The general many body Hamiltonian of such a system

is divided into five elements:

ﬁ = TN + TM + I7N—N + I’)M—M + I?N—M (22)
Tn Tm VN-N VM-m
N
—~ h? h? e2Z,Z
H = —Z vz — V24— Z Z 4]
= zmi ZMI 2 4'77:80'7" — 4'7T€0|R1 R]l
VN-M
NM 2
1 Ze 2.3)

_47'[8 —R
0il=1|l I|
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Here, the Hamiltonian operator expresses the sum of the total energy of such system, including
both kinetic energies of N-electrons Ty and M-nuclei T,,, and the Coulomb interactions
between them (Vy_n » Vs » Vv—m). m; and M; are the mass of the i — th electron and I — th
nuclei, respectively. g, is the dielectric constant of vacuum, Z; is the atomic number of the I —

th nucleus, and e is the electron charge.

As it can be seen from equation (2.3), there are many variables in the Hamiltonian where the
interaction terms cannot be directly uncoupled and solved independently for a system with
more than a few electrons and nuclei, and that makes the Schrddinger equation impractical or
complicated to be solved. In an attempt to tackle this problem, we need to minimize the size of

this equation, which can be achieved through the Born-Oppenheimer approximation [6].

2.3. Born-Oppenheimer approximation

A simple system such as two hydrogen atoms, where each atom has one electron, can be solved
analytically, and the solution to the Schrédinger equation will be an exact. However, for a large
system consists of more than a few electrons and nuclei finding the eigenvalues and eigenstates
of the Schrddinger equation becomes more difficult. Therefore, the traditional Born-
Oppenheimer approximation can solve this issue by separating the nucleon and electron

degrees of freedom and reducing the size of that equation.

This approximation is based on the fact that the mass of the nuclei is approximately three orders
of magnitude larger than the mass of electrons [6]-[8]. The heavier the nuclei are, the slower
they will move compared to electrons, which thus can be treated as almost stationary sources.
In other words, their kinetic and potential energy (T, , V3,) can be negligible. This reduces the

problem to electrons only, and thus equation (2.3) can be written as:
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This simplification by Born-Oppenheimer approximation was the first attempt to reach the aim.
However, further steps are required to solve the Schrodinger equation. Therefore, Hohenberg
and Kohn came up with a method to construct density functional theory (DFT) that determines

all the electronic properties by the ground state density p,(r) [9], [10].

2.4. The Hohenberg-Kohn Theorems

The Hohenberg-Kohn (HK) theorems, a bedrock of modern density functional theory (DFT),
play a fundamental role in the development of DFT. The formulation applies for any system

consisting of electrons moving under the influence of an external potential V,,.(7;).

The Hohenberg-Kohn theorems include two simply stated assertions:

« Theorem 1. If there are two different external potentials (V) and (V,,.>) arising from the
same density p(7), then there will be two Hamiltonians H; and H, with the same ground state
density, but different wavefunctions ¥; and ¥,. From the variational principle, these two
wavefunctions cannot be equal to each other, because they satisfy different Schrodinger
equations, hence they have different Hamiltonians and different ground state energies, meaning
that the ground state electronic density of a system is uniquely determined by only one specific

external potential [10]-[12].

* Theorem 2. Consider the expression for the total energy E of a system with density p:

Ecorat(P) = Tone(p) + V(o) + j dr Vere (N p(F) @.5)

Fy-x(0)
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The Kkinetic energy term T, for interacting systems and the internal interaction of the electrons
I, are treated as the same for the whole system. Therefore, they are called a universal functional
Fy_x(p), depending only on the density p(7). Consequently, if this universal functional is
known, then by minimizing the energy (Eg. 2.5), we can obtain the ground-state of the system,

and all physical quantities of interest could be calculated [10]-[12].

Although the Hohenberg-Kohn theorems are extremely powerful, they do not offer a way of
computing the ground-state density of a system in practice, because the exact form of the
functional Fy_g(p) is not known. The kinetic term and internal energies of the interacting
electrons cannot generally be expressed as functional of the density (i.e., the direct
minimization will not provide us the ground state energy, but by the simpler procedure of

Kohn-Sham).

2.5. Kohn-Sham theorem

Even though the wave function of non-interacting particles is dissimilar from that of the
interacting ones and so is the density, the Kohn—Sham approach is based on the approach that
a fictitious system of the non-interacting particles yields, in such a way, the same density as

that of the interacting particles (a self-consistent method) [2], [5].

The idea of this formalism is to replace the original Hamiltonian of an interacting system with

an effective Hamiltonian (H,sf) of a non-interacting system in an effective external potential
Verr(r;), which has the same ground-state density as the initial interacting system [13], [14].

Since there is no clear procedure for calculating this, the Kohn-Sham method is considered as
an ansatz, but it is considerably easier to solve than the interacting problem. The Kohn-Sham

method is based on the Hohenberg-Kohn universal functional:
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Fy—g[p(7)] = Tine[p(7I]1 4+ Velp(7)] (2.6)

zero for
non—interacting
system

The Hohenberg-Kohn functional for non-interacting electrons has only the kinetic energy, and
the internal interaction of the electrons V, is equal to zero. The energy functional of the Kohn-

Sham functional Fis[p(7)], in contrast to (Eq. 2.5), is given by:

Fislp(7)] = Tuonlp(7)] + Enare[np (7)1 + [ Vere(7) p(7) dF + Exc[p(7)]  (2.7)

where T,,, Is the kinetic energy of the non-interacting system, which is different from T;,,;
(for interaction system) in equation (2.5), Ey..: IS called the Hartree energy, and that is the
classical electrostatic energy or classical self-interaction energy of the electron gas associated
with density p( 7). The last term (E,.) is called the exchange-correlation energy functional,
which is defined as the difference between the kinetic energy for the interacting, non-

interacting systems and the electron-electron interaction energy, as shown in equation (2.8).

Enare[p(7)]

Exelp(7)] = Fy_g[p(#)] = [ EE2LT2 47, 47y — Tro[p(7))] (2.8)

|7y —75|

Since E,.. does not have an exact form, enormous efforts have been directed toward finding a
better approximation. Currently, the functionals can investigate and predict the physical
properties of a wide range of solid-state systems and molecules. For the last three terms in
equation (2.7), the functional derivatives are taken to construct the effective single particle
potential, Vo rr(7):

0Eyarcp(7)] | 0Ey[p(7)]

() ap(7)

Vy Vxc

Veff(f) = Vext(f) + (29)

where, V is the Hartree potential of the electrons, and V. is the exchange-correlation potential.

Then, this potential can be used to calculate the Hamiltonian of the single particle:
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His = Thon + Veyy (2.10)
By utilizing this Hamiltonian, the Schrodinger equation becomes:
[Thon + Verrlhi(r) = g (r) (2.11)

This is known as Kohn-Sham equation, where v; is the wave function of electronic state i, and
g 1Is the Kohn-Sham eigenvalue. The Kohn-Sham approach shows that a complicated
interacting many-body system can be mapped onto a set of simple non-interacting equations
exactly if the exchange-correlation functional is known. However, this functional is not known

exactly, so approximations must be made.

2.5.1. Exchange and correlation

If the exchange correlation functional (E,.) is known precisely, the Kohn-Sham method could
be a powerful approach to obtain an accurate ground-state density. However, as there is no
exact form to evaluate (E,.), this leads to the construction of approximation methods. As a
result, the local density approximation (LDA) and the generalized gradient approximation

(GGA) have become the most commonly used in many body problems [15].

The LDA, that has long been the standard choice [16], is the simplest approximation, in which
the exchange correlation functional (E,.) is based only on the local density. This
approximation is an accurate and powerful functional for systems where the electron density is
not rapidly changing. Moreover, the total correlation energy is overestimated in LDA, and the
total exchange energy is underestimated, which cause errors in some systems, for example,
semiconductors and insulators [17]. Therefore, it is essential to obtain an alternative

approximation such as the generalized gradient approximation (GGA). The GGA to some
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extent is LDA but involves the density with its gradient (the derivative of the density). As a
result of that, it is more accurate approximation compared to LDA functional. To give more

information about these two approximations, the following sections will briefly describe them.

2.5.1.1. Local Density Approximation (LDA)

As mentioned previously, the LDA approximation tends to underestimate distances and angles
of optimized molecular geometries, and it only works accurately for systems where the electron

density is varying slowly. Its functional (EL?4) is given by the expression [5]:
Exlp(M)] = [ p(HELF[p(H] d(7) (2.12)

The term EHSE is known as the exchange-correlation energy of the homogeneous electron gas
with density of p(#). This term can be split into two parts; the sum of the exchange EZ¢E[p(7)],

and the correlation energies EH%E[p(#)], which can be evaluated as:
Ex24 = [d(@)pDEIF [p(M)] + EZF [p(7)] (2.13)

This type of functional performs well in the homogeneous systems with S and P orbitals like
graphene and carbon nanotubes, while for atoms that have d and f type orbitals, a large error

is predicted.

2.5.1.2. Generalized Gradient Approximation (GGA)

Since the LDA approximation fails in situations where the density is changing rapidly, the LDA

has been expanded by involving the derivatives of the density into the functional form of the
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exchange and correlation energies. To perform this is by including the gradient and the higher

spatial derivatives of the total charge density into the approximation.
Le., (Vo)1 IV? p(P)], ...)
EZZ o] = [ p@eid o), [Vp(H)11d(7) (2.14)

This function EZ94 is known as the generalised gradient approximation (GGA). This type of
functional performs well in the non-homogeneous systems, and it tends to overestimate

distances and angles of the optimized molecular geometries.

2.6. SIESTA

SIESTA is an acronym derived from the Spanish Initiative for Electronic Simulations with
Thousands of Atoms. It is a well-known implementation of the DFT method to solve the Kohn-
Sham equations, which is suitable for studying crystals and metallic electrodes and
investigating their electronic properties [4]. Thus, to solve the Kohn-Sham equations, SIESTA

uses various approximation schemes which are discussed in the following section.

2.6.1. The Pseudopotential Approximation

Investigating the electronic properties of typical systems of molecules consist of many atoms
requires large computer time and memory. Therefore, using the pseudopotential approximation

is useful to save time and memory in a simulation.

The pseudopotential approximation was proposed by Fermi in 1934 [18]. The principle of this

approximation is based on replacing the core electrons, which occupy the filled shells of the
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atomic orbitals, and leaving the valance electrons that are arranged in the partially filled outer
shells. The reason for that is because the core electrons are not involved in the interaction
between atoms compared to the valance ones, which are responsible in forming molecular
orbitals via atomic interaction. In other words, core electrons are spatially localized about the
nucleus, and valance electron states overlap when atoms are brought together, which means
that the latter plays an essential role in determining most of the chemical properties. As a result
of that, the significant decrease in the electrons number of a large system would lower the

computational expenses for that system.

2.6.2. Calculating the Binding Energy (B.E)

The binding energy between different parts of configurations can be computed using the DFT
method. This is achieved by calculating the ground state energy of the whole system (E42

and then the energy of the individual components (EZ)( EE). However, this method is subject
to errors when using a DFT code such as SIESTA, which uses localised basis sets that are
focused on the nuclei. The basis-functions of interacted atoms will overlap when they become
close together, causing artificial strengthening of atomic interactions, and this could affect the
total energy of the system and give inaccurate calculation. To solve this type of error, the Basis
Set Superposition Error correction (BSSE) method [19] or the counterpoise correction (CP)

method [20] is instead used.

Consider two systems, which are labelled as A and B as shown in the figure below.
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Figure (2.1): Counterpoise method to calculate the binding energy, where A and B symbolize

to the molecule and the lead, respectively.

The general definition of the binding energy of the interaction is given by:
B.E = AE(AB) = Ef8 — (E£4 + EE)
In contrast, the definition of the binding energy using the counterpoise correction method is:
B.E = AE(AB) = EfF — (Ef + E4P)
where EfZ = represents the total energy of the dimer systems A and B.
EA'B = represents the total energy of system A evaluated in the basis of the dimer.
while E4® = represents the total energy of system B evaluated in the basis of the dimer.

This means that ‘ghost’ states (basis set functions which have no electrons or protons) are used
to evaluate the total energy of the system A or B in the dimer basis. This method provides
reliable and realistic results for the binding energy compared to the general definition [21],

[22].
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2.7. Calculations in Practice

There are several parameters which need to be determined within the SIESTA code to perform
calculations. First, constructing the atomic configuration of the desired system, and then
determining for each component the appropriate pseudopotentials, which can be distinct for
each exchange-correlation functional. Secondly, the accuracy and speed of calculations are
restricted to some parameters such as the type of the basis set, thus, it is important to choose a
suitable basis set for each element. Furthermore, the grid fineness and density convergence
tolerances parameter provide more precise calculations. Finally, the Pulay is another input
parameter to control the convergence. It accelerates or maintains the stability of the

convergence of the charge density in SIESTA.

After choosing the suitable parameters, the next step is finding the charge density for non-
interacting system by using the self-consistency process within SIESTA. According to figure
(2.2), the calculation starts with constructing an initial charge density as a guess to compute
the effective potential, which is the sum of the external potential, Hartree potential and
exchange-correlation potential. After that, a new charge density is obtained by solving the
Kohn-Sham equation, and the next iteration is started and repeated many times till the
necessary convergence criteria is reached, so the ground-state electron density is obtained, and
from that all properties including Hamiltonian, force, energy and wave function, of the ground
state are determined. For the geometric optimization, this process is performed in a loop, which
is controlled via conjugate gradient method (CG) [23], [24] to obtain the minimum ground state
energy and the corresponding atomic structure. Generating the Hamiltonian of a given system

is the key ingredient for the quantum transport calculations in the next chapter.
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Figure (2.2): Schematic of the self-consistency process within SIESTA.
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Chapter 3

Quantum Transport Theory

3.1. Introduction

In molecular electronics, the theoretical study of a single-molecule junction can be treated as a
scattering problem, which consists of three components; the leads (electrodes), the anchor
group (part of the molecule which binds to the electrodes) and the molecule (scattering region).
Since a molecule is connected between the electrodes, charge will travel from one side to the
other. Thus, for designing more efficient materials, the goal is to understand the scattering
process in the electrode junction and molecular bridge and investigate its electrical properties
[1], such as, the transmission coefficient T (E), the thermopower (or Seebeck coefficient S) and
figure of merit ZT. The transmission coefficient T (E), a key quantity of interest, is a property
of the whole system, which includes information about the electrodes, the molecule and the

linkers between them.

In this chapter, first, the scattering matrix will be introduced and followed by the discussion
regarding the Landauer formula, which provides a link between the conductance and the
transmission function. Then, illustrating the general method for computing the transmission
coefficient T(E) in a 1-dimensional system through solving the Schrodinger equation, and for
describing the transmission curve of a system | will examine the Breit-Wigner formula. Finally,
this chapter will discuss the equilibrium Green’s function approach, which is an efficient
method for solving scattering problems and calculating the transmission without explicitly

solving the Schrddinger equation.
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3.2. Scattering matrix
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Figure (3.1): A 1-dimensional system which has a scattering region of N atoms connected by
the hopping elements —a and —p to left and right semi-infinite linear leads of site energyies

g, and g with couplings —y, and —yx, respectively.

The scattering-matrix is an effective tool to calculate the transport properties in scattering
theory, and its calculation can be achieved via solving the time-independent Schrédinger

equation.

First, the most general solution to the Schrédinger equation in the left lead is:

A .. B ..
P = ——elf 4 — etk (3.1

The constants A and B refer to the amplitudes of two waves travelling to the right and left,

respectively, here v; is the group velocity of the plane waves on the left.

The current in the left lead is:

Lere = |A%| — | B (3.2)
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Secondly, from the most general wave function in the right lead is:

0: = Leikrj + ie_ikrj (3.3)
NS Vor
Inght |C2| - |D2| (3'4)

Here, C and D represent the amplitudes of two waves travelling to the right and left,

respectively.

Since the current satisfies the relation (I;of; = Iigne), hence:
|A?| = |B?| = |C?| — |D?| (3.5)
|A%| +|D?| = |B?| +|C?| (3.6)

This expression states that the incoming current is equal to the outgoing current. The left term
(|1A?] + |D?]) refers to the incoming current from both electrodes, and the right term (|B?| +

|C2]) indicates the outgoing current into both electrodes.

Relating outgoing amplitudes to incoming amplitudes requires constructing the scattering

matrix, which is often called the ‘s-matrix’:

B S11 512]
el =ls s S ) G2
|out) |ln)
B = SllA + SIZD (38)
C = 521A + SzzD (39)

Consider the case where a unit current plane wave arrives only from the left, so that A = 1 and
D =0,then B = rand C = t, where r is the amplitude of the reflected wave on the left, and

t is the amplitude of the transmitted wave on the right. With this choice of A and D, this yields:
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el=[sal= [

(3.10)

The physical meaning of S, is the reflection amplitude (r) as a result of a wave coming in

from the left, and S, is the transmission amplitude (t).

Now, consider the case where a unit current plane wave comes only from the right, so that D =

landA=0,thenB =t"and C = r’.

o=l =12

Hence S;, =t" and S,, =1’

This shows that the physical meaning of the s-matrix elements are as follows:

s=(sn )= 7)

Taking the Hermitian conjugate of the scattering matrix equation (3.7) results in:

(4* D*STS <A> =(B* C") (B)
D)~ C
Where STS is the unitary matrix [2], so that STS =1
r t"\(r t'y_(1 O
(t* r*) (t r')_(O 1)
In terms of scattering theory:

|r?|+|t?| =1 =2 R+T=1

P2+t =1 > R +T =1

where the transmission and reflection denoted by T = |t|?and R = |r|?.
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Knowledge of the scattering matrix opens the door to predict the electrical conductance of a

scatterer joined to semi-infinite electrodes via the Landauer formula.

3.3. The Landauer Formula

\ /’\//ﬁ’/ N ———— /
! ﬁ t :
Left — : Z / PR Right
reservoir Left lead ) Scattering Region 3 Right jead eservoir
T =/ t )/\ T
L ‘ R
/ e —‘\. \‘/ \

Figure (3.2): A mesoscopic quantum mechanical scatterer in contact with macroscopic

electrodes from both sides, where these electrodes are linked to left and right reservoirs with
chemical potentials u;and ug. By applying a small voltage, eV = (u;, — ug), some of the
incident wave packet (1) which hits the scatterer from the left will be reflected (r) and others

will be transmitted to the right side (t).

The Landauer formula [3]-[6] is a standard theoretical model to describe the transport
phenomena within ballistic mesoscopic systems. It is an expression for the electric conductance
[7], [8], and it can be used if the scattering is only elastic, where the energy of the electron
passing through the molecule does not change. To derive this formula, consider a 1-
dimensional system consisting of a scattering region attached from both sides to two electrodes,
which are considered to be ballistic conductors, meaning they have no scattering, hence the
transmission probability is one. These electrodes are connected to external reservoirs, which

feed electrons of energy E into the system (Fig. 3.2). When the chemical potentials of both
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reservoirs are identical, then the current I = 0, thus they should be differed slightly by applying
small voltage, u;, > ur = (u, — ug) = 6E > 0, to allow the flow of electrons from the left to

the right side via the scattering region (the molecule).

To compute the current in such a system, the first step is to analyse the incident electric current

(61) that provided by the chemical potential difference.

on on
81 = evy a—ESE = evy, a—E(,uL — Ugr) (3.17)

where, the electron charge and the group velocity represented by (e and vg), respectively.
(0n/0E) is the density of state, which is the number of states (dn) per unit energy (9E) and

can be expressed by using the chain rule for differentiation as:

On_ (anak) on 1

on _ 1 . 1dE h . - . )
where Pyl the group velocity v, = P and h = pyul This simplifies equation (3.18) to:

on 2 3.19
0E  v;h (3.19)
Z2e 2e?
ol = n (up — Hg) = TSV (3.20)

where (u;, — ug) = edV is the voltage in the reservoirs produced by the difference in the

potentials, and h is Planck’s constant.

From (3.20) we can consider two situations: Firstly, if the system has no scattering region, the

conductance would be:

§I  2e?
G = W = T (3.21)

For an open channel, this corresponds to the conductance of a quantum wire G, where:
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2e?
Go = T ~ 77.48 us

Secondly, in the presence of the scattering region, if there is a unit incident current from the
left electrode (i.e., A = 1,D = 0 in equation (3.7)), the current in the right electrode is given
by:

2

2e
o0l = W T(E) 6V (3.22)

Consequently, the electrical conductance in this case can be written as:

¢=31_2 .. 3.23
- =2 1) (3:23)
G = G, T(E) (3.24)

This equation (3.24) is known as the Landauer formula for a 1-dimensional system in the limit
of zero voltage and zero temperature, where T'(E) is the transmission coefficient (electron

transmission probability) through the molecule [9].

At finite temperature and zero voltage the electrical conductance can be written as:

+00
I df (E)
G = V= Gy J dE T(E) <— T) (2.25)
As — %ﬁf) represents a normalised probability distribution with a width of the order kzT, the

above integral refers to a thermal average of T(E) over an energy range of order kzT, where

kg is Boltzmann constant, and T is absolute temperature.

At finite voltage and finite temperature, the current passing from left to right lead is defined as:

2e "
=% | aET®RE - ) (226)
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f(E) is the Fermi-Dirac probability distribution function of left and right electrodes:

1
fiB) =1 T oG- 0 IR (E)=1 + e(E-#r/kpT)

(3.27)

If f.(E) = fr(E), then the chemical potentials of left and right reservoirs are equal (i, = ug),

and thus the current passing through the system is equal to zero.

At zero temperature and finite voltage (applied voltage) where u; = Ep + % and ugp = Ep +

%, this yields the current:

evp
Erp+ 2

2e
I =— j dE T(E) (3.28)

h
ev
Ep—=2

The transmission coefficient T'(E) is a property of the whole system, which includes the leads,
the molecule and the contact between the leads and the molecule. Following section will

illustrate the mathematical process to derive this important quantity.

3.4. A general scatterer connected to semi-infinite leads

The structure below shows a combination of a scattering region containing N atoms with site
energy &, labelled j = 1,2, ... N, where this scatterer linked to left and right electrodes by

couplings —a and —f , respectively.
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f;j = complicated

1 1 % 1 e o
¥j == (e +reihal) ¢; = —— (tel*a)

N VPR
-a
. . . Scattering . . .
Region
YL YL '
-00 -2 -1 0 1 N+1 N+2 N+3 +00

Figure (3.3): A scattering region of N sites in contact by the hopping elements —a and —f to
left and right semi-infinite linear leads of site energyies &, and &g with couplings —y; and

—Yg. The wave function 1; is chosen to corresponds to a unit incident current from the left.

The aim is to solve the time-independent Schrddinger equation of such a system.
H[Y) = E |§)
Or, in another form Yie_wHyY, = EY; (3.29)

The solution to the left and right electrodes will be denoted by ;and ¢;, respectively.

However, f; refers to the solution of the scattering region.

With these symbols, the Schrddinger equations for the system are written as:

e —viWj-1 — VW41 = EY; for j=-1,-2,..— (3.30)
etPo — Vi1 —afy = E for j=0 (3.31)
Y Hifi =Ef; for j=2,....N (3.33)
Y Hyi fi — Bowsr = Efy for j=N (3.34)
ErPn+1 — Bfv — VYr®n+2 = Ednia for j=N+1 (3.35)
ERP; — VYrPj-1 — Yr®j+1 = E@; for j=N+2,N+3,..00 (3.36)
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To the left of the scattering region, the general solution is:
Y, = i{e”‘” +re~ikLi} (3.37)
e
However, the general solution to the right of the scattering region is:
¢; = i{te”‘*“'} (3.38)
' Vo
where r and t are the reflection and transmission amplitudes. The v, and vy are the group
velocity of the left and right leads, respectively.
Substituting (3.37) into (3.30), and (3.37) into (3.31) yields:
E =¢, — 2y, cosk; (3.39)
Y1 = afy (3.40)
Similarly, substituting (3.36) into (3.33) and (3.34) results in:
E = ep — 2ygcos kg (3.41)

Yr®N = Bfn (3.42)

It can be seen from equations (3.39) and (3.41) that the wave vector k in the left lead is unequal
to that in the right lead (i.e., non-symmetric junction). Furthermore, equations (3.40) and (3.42)
describe that the wave function on the inside of the scatterer (i.e., f; and fy) is related to the

wave function on the outside (i.e., Y, and ¢y).

Note that equations (3.32) and (3.34) can be written in a matrix form as:

fl Gll GIZ . . GIN —all)o
. 021 GZZ . . GZN O
f). — . . :
: : : 0
fn Gn1 Gnz .. .. Gy —BPn+1
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By selecting the top and bottom rows of the matrix above, this yields:

]]::/] - [g,lvll CG;,lvx] [_;’Z,lf)vjl] (3.43)

G11, G1n, Gy1, Gyy are the elements of the sub-matrix of the green’s function of the isolated

region G;;. Solving equation (3.43) will results in the transmission coefficient equation [3]:

GNl 2 GNl 2
A | =R |

T(E) = 4

(3.44)

a? sin kLl f? sin le
YL 14::

L
R

Gyi is the green’s function of the scatterer = G;; = (EI — H)™', where H is the

Hamiltonian of the isolated region, and it is a finite matrix.

A=1+X

—a2 . —_p2 2 p2
where, X = — (% et Gy, ) - (% e R Gyy ) + (%f—ReNkﬁkR)) (G11Gyn — GinGra)

Notice that X depends on the self energies (X, and Xy) due to left and right leads which are

defined as:

2 2
—-a® . -p° .
ZL = elkL ) ZR = _elkR
YL YR

The wave vectors of the left and right leads are:

ki (E) = cos™* (gzL;f) and kr(E) = cos™ (ng;:)

Equation (3.44) is the most general formula to calculate the transmission probability of any

scattering region connected to left and right electrodes.
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3.5. Generic features of the Transmission curve

Quantum interference [9] is the primary characteristic of electron transport via single
molecules. Numerous studies on the guantum interference phenomenon and its impact on
transport and thermoelectric properties have been motivated by interest in molecular-scale
transport. The transmission function T'(E’) can exhibit on-resonance (Breit-Wigner resonance)
or anti-resonance (decreased transmission) as a result of quantum interference in multi-
branched structures. Breit-Wigner resonance and anti-resonance [10]-[12] are manifestations
of QI effects in transport curves of single molecules. For a thorough comprehension of these
crucial features, this part will involve a brief discussion regarding the properties of these

different kinds of resonances.

3.5.1. Breit-Wigner resonance

b 4 I Ir 14
€o €0 €1 €o €o
\ J \ J
Y Y
Left Lead Right Lead

Figure (3.4): A 1-dimensioal system consists of a scattering region of a single atom with a
site energy &, in contact by the couplings I';, and I'; with left and right leads ¢, linked by the

hopping element y.
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The structure above shows a finite linear chain of five atoms, in which each atom occupies a
single atomic orbital as expressed in figure (3.4). The one-site energy of the leads (1,2 and 4,5)
is equal to &, = 0, and their nearest neighbour coupling is y = —1, whereas the single impurity
in site (3) has an energy level that sets to e, = —0.5, and it is linked to the left and right leads

with couplings I, = Iz = —0.3.

Calculating the transmissions coefficient for such a system yields the graph below, which
illustrates a Lorentzian shape (Bright-Wigner resonance). This resonance happens when the
energy E of the incident electron resonates with an energy level E,, of the isolated region, and

the simplest description of this is provided by the Breit-Wigner formula [9]-[11]:

AT, Tx
(E — En)? + (I + TR)?

T(E) = (3.45)

e [ and I’z represent the coupling strength, which link the scattering region to left and
right leads, respectively. The width of the resonance is controlled by the coupling T. If
I" is strongly coupled to the scattering region, the width of the resonance will be broad,
and if it is weakly coupled, then the resonance will be narrow.

e E isthe energy of an electron passing through the system.

e E,=E,— (X, —Xz) where E, refers to the eigenenergy of the molecular orbital
shifted slightly by an amount of the self-energies (¥;, — £z) due to the coupling to the

electrodes.

Features of the Breit-Wigner formula:

e If I}, = Iz (symmetric junction), and the energy of the electron passing through the
system equals to the eigenenergy of the molecule (i.e.E = E,,), then the transmission

can reach its maximum T,,,,(E) = 1, as shown in figure 3.5.
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o If I} « Iy (non-symmetric junction), the maximum value of the transmission would

be less than unity, T,,,, = (4Tx/T1) < 1 (Figure 3.6).

E (eV)

Figure (3.5): A plot of the Breit-Wigner resonance for the system shown in figure 3.4, where

Tmax(E) = 1 when (I, =Tz and E = E,,).

2 . 0 1 2
E (eV)

Figure (3.6): A plot of T(E) versus E shows that the height of the resonance is less than unity

when [}, < T.
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3.5.2. Anti-resonance

Figure (3.7): A tight-binding ring with 6 atomic orbitals &, in contact with semi-infinite
leads &, to the positions i and j by the couplings I, and I'; from left and right sides. This odd-

odd connection (1 and 3) is known as meta connectivity.

Consider a two semi-infinite leads where one is attached to the position i = 1, and the other is
attached to a different atom j (i and j label atomic orbitals at specific locations within a ring of

6 atoms), figure (3.7).

Imagine a standing wave of an electron of energy E propagates the upper and lower branches
of the ring, starting from the point i. If the second lead is located at a node (i.e. j = 3 or 5),
then the two paths have different lengths, and the propagated waves will superimpose and
coincide at the nodal point (out of the phase) resulting in an anti-resonance feature where the

transmission coefficient T (E) vanishes, as shown below.

The Bright-Wigner formula can also provide an information about this important feature. The

molecule-electrode coupling strength I, and I'; are proportional to (¢]")?, (o} 2 respectively,
where ¢;" and ¢} represent the amplitudes of the nth molecular orbital on atoms i and j and

evaluated at the contacts. Thus, the Green’s function G(j,i) = ¢['¢}/(E — E,) is the
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amplitude of a de Broglie wave at j, due to a source at i, and it clearly vanishes when ¢} or

@] coincide with nodes [9].

-2 -1‘.5 1 05 O 0;5 1 1;5 2
E (eV)
Figure (3.8): The anti-resonance feature where the transmission curve drops to the zero as a

result of the destructive quantum interference.

3.6. Green’s functions

Previously when we solved the time-independent Schridinger equation for a system that
consists of a scatterer connected to semi-infinite leads, the Green’s function arose naturally and

took the form:
Gij = (EI —H)_l

This is satisfied when the Hamiltonian H is a finite matrix corresponding to a closed system
such as the scattering region. However, when H is an infinite matrix (i.e. for an open system),
this form cannot be used, because it cannot be contained within any available computer
memory. Consequently, it is necessary to obtain expressions for the Green’s function of an

infinite and a semi-infinite system, without explicitly performing the inversion of a matrix. The
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benefit of computing the Green’s functions [1], [13], [14] is an efficient method for solving
scattering problems without explicitly solving the Schrédinger equation. This section will

introduce the Green’s function method to solve different transport systems.

3.6.1. Green’s functions of a doubly infinite linear chain

Consider an open linear chain of sites (atoms) labelled j, in which each site has a single atomic

orbital of energy &,, with nearest neighbour coupling —y, as shown above in figure (3.9).

Source
Be—ikj Aeikj
-——— R
-co 0 & 4 €0 =Y. o i 4 0 Y 0 +00
Jj—1 J Jj+1

Figure (3.9): A tight binding model of infinite 1-D linear crystalline chain of atoms labelled

J with site energy &, connected to each other by the coupling —y.

The time-independent Schrodinger equation is:
H[p) = E [¢)
(E-HP)=0 (3.46)
The equation for a Green’s function of a system described by a Hamiltoinan H is defined as:
(E—H)gj = 6j (3.47)

Hence, the equation for a Green’s function for an infinite linear chain becomes:
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€09ji —Y9j-1,1—Y9Gj+1. = Egji — §; (3.48)

1 if j=1
where § is kronecker delta = &;; = or (3.49)
0 if j#l

The Green’s function is a wavefunction due to a source, so introducing a source at site j gives

the solutions:

Aetti for j =1
91 = o (3.50)
Be~ ki for j <l

where A and B are the amplitudes of two outgoing waves due to an excitation (a source) at

point j.
Since the Green’s function must be continuous at j = [, we can rewrite the solutions as:

Aetkl where A =D e ik
gjilj=1 =

(3.51)
Be ik where B = D ekl
Thus, g;; = D. Substituting these into (Eq. 3.48) yields.
D (eo — 2ycosk — 2yisink — E) =-1 (3.52)
E

Here, (E(k) = gy — 2ycos (k)) called the ‘dispersion relation’ which is useful to obtain the

eigenvalues of such a system.
D(E — 2yisink — E) = —1

11
- 2yisink  ihv(E)

(3.53)

d ink
where, v(E) = d—E = (ZV‘:"

” ) is the group velocity.
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Now, substituting the result of D into one of the guess solutions to obtain the Green’s function
of a doubly infinite linear chain:

pik(E)j-1l

G (E) = Tho(E)

(3.54)

where, k(E) = cos™? (%)

It is important to note that the resulting Green’s function in equation (3.54) is called a ‘retarded

Green’s function’ G (R)

i (E), and it is not the most general solution. The most general Green’s

function is defined as:

pikE)j-1l

Gjl(E) = W-F

W (3.55)

This means any solution of the Schrdodinger equation could be added to ;. For example, if one

—[e*G=D 4 ¢=ik(=D)]

chooses ¥; = , the corresponding general Green’s function would be called

ihv

an ‘advanced Green’s function’ and takes the form:

— e ik(B)|j-1

(4) _
Gy (E) = ihv(E)

(3.56)

This is the one in which there are two waves coming from +co and disappear down at point j,

which means j is a sink not a source in this situation.
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3.6.2. Green’s function of a semi-infinite linear chain

«—  — —> —

w}m -— C(e—ik(j—m) +R}) lp}?n = C(eik(j—m) + R])

A

o000 0 000 0

j:m-2 j:m-l j':m j=m+1 j=m+2 J:m+3 sees J= l

Figure (3.10): A tight binding model of a 1-D semi-infinite chain of atoms labelled j with a

site energy &, and hopping element —y.

Consider a 1-dimentional semi-infinite as shown in figure (3.10), which terminates at site j =
l. The aim is to obtain the Green’s function for such a system. Firstly, it should be noted that
the boundary condition at point j = [ satisfies that the Green’s function must vanish on the first

missing atom (i.e., at pointj =1 + 1).

Ve =0 (3.57)

It can be noticed that a reflected wave will be created because of an impinging plane wave on
the end of the lead. This reflected wave, R; = Ae~%J can be chosen such that equation (3.57)

is satisfied. One can choose:

plk(+1-m) 4 go-ik(+1) — (3.58)
A = —pik(l+2-m) (3.59)
Hence,
R; = —e~ik(itm=21-2) (3.60)
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This reflected wave can be added to the retarded Green’s function to obtain the Green’s

function of the semi-infinite chain.

ik(B)|j=ll _ p—ik(j+m—21-2)

ihv(E)

e

Gip(E) = (3.61)

This satisfies the boundary condition ¥,;,; = 0 and ll}]l-+1 =0.

Hence, the Green’s function at the end of this semi-infinite lead (i.e. on the terminal site 1) is:

oik
Gu(E) = - > (3.62)

Gy (E) is called the ‘surface Green’s function’ of a semi-infinite lead.

3.6.3. Green’s function of 1-dimensional scattering problem

Scattering
/~ Region ™\
= § = 4 —a =¥ =&
------- © 0 0 0 0O O
-00 -1 0 K1 N/ N+1 N+2 +00

Figure (3.11): Tight binding model of a one-dimensional scattering region coupled by
hopping element —a and attached to semi-infinite leads of atoms with a site energy ¢, and

coupling —y.
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To calculate the Green's function of a system consisting of a scattering region linked with two
semi-infinite leads, we need to connect the Green's functions of each separated system of such

a structure.

Consider the case where there are two semi-infinite 1-dimensional leads attached to each other
by a coupling (—y) with site energy (&,) and coupled to a scattering region by hopping element

(—a), as shown in figure (3.11).
To solve this scattering problem, let us first write its Hamiltonian form:
E =Y 0 0 0 O
( 4 & Y 0 0 O \‘
0 -y & —a 0 0 |_ (HL Vc)
0 —-a & -y O vt Hpg
\ 0 0 0 -y & - /
0 0 0 0o -y -~

Here, H, and Hy represent the Hamiltonians of left and right electrodes, respectively, and the

(3.63)

coupling element connecting these two leads is V..

To calculate the total Green's function of the whole system, we need to obtain the Green's
function of each component of this problem. First, in the case of decoupled system (i.e., when

a = 0).

g 0 0
g=<0 gs 0) (3.64)

0 0 gr

where, g, and gy refer to the ‘surface Green's function’ of left and right semi-infinite leads,

and g is the Green's function of the scattering region, which have been defined previously as:
9L =9gr=—"" (3.65)
gs = (E—Hg)™! (3.66)
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Here, H, is the Hamiltonian of the scatterer (closed system), and it is a finite matrix.

Secondly, in the case of coupled system (i.e., when a # 0), the total Green’s function can be

computed using Dyson’s equation.
G=(g -1 (3.67)

where the operator VV describing the connection between the two leads.

'=( o) (o ) (3:68)

By solving Dyson's equation (3.67), the Green's function of the whole system will be:

1 ye‘ik —a
G = —( _ik> (3.69)

VZe—Zik _a2 —a ye

The remaining step is to find the transmission (t) and the reflection (r) amplitudes of such a

scattering problem which can be calculated using the Fisher-Lee relation.
r = ihVG0,0 - 1 (370)
t = ihvGg ., € (3.71)

These amplitudes are related to travelled particles from the left lead, and similar definitions can

be used for incident particles from the right lead.
Based on these amplitudes, the probability in both sides can be written as:
T=1t]? , T =]|t'|? (3.72)

R=1r|> , R =|r'|? (3.73)
Eventually, this is the general 1-dimentionasiol approach which Gollum [15] generalises to

expand it in 3-dimensional for any arbitrary system [16].

53



Bibliography:

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Lambert, C.J., 2021. Quantum transport in nanostructures and molecules. IOP

Publishing.

Wang, K., 2018. DNA-based single-molecule electronics: from concept to
function. Journal of functional biomaterials, 9(1), p.8.

Landauer, R., 1988. Spatial variation of currents and fields due to localized scatterers in

metallic conduction. IBM Journal of Research and Development, 32(3), pp.306-316.

Buttiker, M., Imry, Y., Landauer, R. and Pinhas, S., 1985. Generalized many-channel
conductance formula with application to small rings. Physical Review B, 31(10), p.6207.

Datta, S., 1997. Electronic transport in mesoscopic systems. Cambridge university

press.

Landauer, R., 1987. Electrical transport in open and closed systems. Zeitschrift fir
Physik B Condensed Matter, 68(2), pp.217-228.

Segal, D., Nitzan, A. and Hanggi, P., 2003. Thermal conductance through molecular
wires. The Journal of chemical physics, 119(13), pp.6840-6855.

Famili, M., 2018. Theory of molecular scale thermoelectricity. Lancaster University
(United Kingdom).

Lambert, C.J., 2015. Basic concepts of quantum interference and electron transport in

single-molecule electronics. Chemical Society Reviews, 44(4), pp.875-888.

Wang, R.N., Dong, G.Y., Wang, S.F., Fu, G.S. and Wang, J.L., 2016. Impact of contact
couplings on thermoelectric properties of anti, Fano, and Breit-Wigner resonant
junctions. Journal of Applied Physics, 120(18), p.184303.

Garcia-Suarez, V.M., Ferradas, R. and Ferrer, J., 2013. Impact of Fano and Breit-Wigner
resonances in the thermoelectric properties of nanoscale junctions. Physical review
b, 88(23), p.235417.

Claughton, N.R., Leadbeater, M. and Lambert, C.J., 1995. Theory of Andreev
resonances in quantum dots. Journal of Physics: Condensed Matter, 7(46), p.8757.

54



[13]

[14]

[15]

[16]

Odashima, M.M., Prado, B.G. and Vernek, E., 2016. Pedagogical introduction to
equilibrium  Green's functions: condensed-matter examples with numerical

implementations. Revista Brasileira de Ensino de Fisica, 39.

Economou, E.N., 2006. Green's functions in quantum physics (\Vol. 7). Springer Science

& Business Media.

Ferrer, J., Lambert, C.J., Garcia-Suarez, V.M., Manrique, D.Z., Visontai, D., Oroszlany,
L., Rodriguez-Ferradas, R., Grace, |., Bailey, S.\W.D., Gillemot, K. and Sadeghi, H.,
2014. GOLLUM: a next-generation simulation tool for electron, thermal and spin
transport. New Journal of Physics, 16(9), p.093029.

Sanvito, S., Lambert, C.J., Jefferson, J.H. and Bratkovsky, A.M., 1999. General Green’s-
function formalism for transport calculations with spd Hamiltonians and giant
magnetoresistance in Co-and Ni-based magnetic multilayers. Physical review B, 59(18),
p.11936.

55



Chapter 4

The role of anchor groups in controlling the transport of

single molecule junctions

4.1. Introduction

One of the main challenges in molecular electronic research is understanding the fundamental
behaviour of electronic transport through single-molecule junctions [1], [2]. To enhance this
knowledge, various experimental approaches for contacting single molecules have been
developed [3], [4]. In recent years, it has been obvious that the electronic properties of a
molecular junction are treated as a result of the entire (metal-molecule—metal) system, which
has to be considered in order to comprehend the variables that influence charge transfer [5]. A
single-molecule junction consists of three components: the molecular bridge, the electrode and
the anchor (part of the molecule which binds to the electrode). The electronic coupling between
each component has a significant impact on the fundamental charge-transport properties of the
junction [6]. This begs the question: what happens when an isolated molecule and metal

electrodes (such as gold) are brought into contact?

The isolated molecule has a discrete set of energy levels called frontier orbitals (HOMOs and
LUMOs), whereas the metal electrodes have a band structure consisting of a continuum of
states with a well-defined Fermi energy. Bringing these two components close together causes
an interaction between them, leading to different physical effects, for example, the charge

transfers between the two systems, and hence electron donating to or withdrawing from the
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molecule affects the energy levels of both the molecule and the contact. Due to this transfer of
the charge, the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) could be shifted up or down, resulting in a larger or smaller slope in the
transmission function at the Fermi level [7]. The position of molecular orbitals relative to the
Fermi level of the electrodes are therefore influenced by the type of the chemical bonds in the

anchor group, which bind the molecules chemically to the electrodes.

The aim of this chapter is to investigate the reason behind the pinning of the DFT-predicted
Fermi energy (0 eV) to the resonances. In particular, | shall determine anchor groups tune the
position of the electrode Fermi level relative to the molecular resonances such as thiol (-SH),

methyl sulfide (-SMe), and pyridyl (Py), which couple different molecules to Au electrodes.

4.2. Molecular Structures

Herein, the model systems consist of three different molecules with symmetric couplings at
each end, where the DFT Fermi energy can pin to one of the resonances as in the case of a)
Octane-dithiol (ODT), b) OPE-dithiol and c¢) 4,4 -Bipyridine. For asymmetric linkers,
anthracene-based molecule has been studied theoretically and experimentally with both
symmetric and asymmetric anchors [8]-[10]. Therefore, in this study | chose anthracene to be
terminated by different anchors: d) Anthracene (Py-SMe) and e) Anthracene (Py-thiol), as

illustrated in figure (4.1).
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Figure (4.1): Atomic structures of: a) Octane-dithiol, b) OPE-dithiol, c) 4,4 -Bipyridine,

d) and e) Anthracene core with (Py-SMe) and (Py-thiol) anchors, respectively.

4.3. Theoretical Method

To obtain the optimum geometry of these molecules, DFT calculations with the GGA-PBE
exchange correlation functional [11] were performed with a plane wave cut-off of 150
Rydbergs as implemented in the SIESTA package [12], [13]. A double-zeta polarized atomic-
orbital basis set (DZP) was applied for all atoms except the gold atom where it has a double-
zeta basis set (DZ). For each structure, the geometry optimization is performed to a force
tolerance of 0.01 eV /A. It is important to find the optimum dihedral angle between the two
pyridyl rings of the 4,4 -bipyridine molecule, and this is done by calculating the total energy
for different rotated angles starting from 0° to 360°. The optimum angle is found to be around
30° (figure 4.2). Furthermore, the counterpoise [14], [15] method (CP) in chapter 2 (section
2.6.2) is utilized to compute the binding energy (B.E) or the optimum bond length between the

anchor groups and the gold atom of the tip lead. In my DFT calculations, the optimum
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separation distances between N-Au, S-Au and SMe-Au bonds are determined to equal 2.34,

2.44 and 2.64, at -0.39eV, -1.30eV and -0.5eV, respectively (figures 4.3, 4.4, 4.5).

After all the geometries were relaxed and the binding geometry calculated, | connected each
side of the molecules with a gold pyramid tip linked with five layers of Au (111), where each
layer has 5x5 Au atoms. Then, the transport properties of the molecular junctions were
calculated using the Green’s function formalism as implemented in the transport Gollum

package [16].
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Figure (4.2): The curve illustrates the evaluated total energy at each torsion angle 6 from 0°
to 180°, where the optimum angle is determined to be at 30°. Right panel shows the dihedral

angle between the two pyridyl rings (red line).
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Figure (4.3): Binding energy versus distance between the N-Au, where the optimum ground

state energy is determined at distance d = 2.3A.
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Figure (4.4): Binding energy versus distance plot between the S-Au, where the optimum

ground state energy is determined at distance d = 2.4A
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Figure (4.5): Binding energy versus distance between the SMe-Au, where the optimum

ground state energy is determined at distance = 2.64, and the angle between C-S-Au=150°.

4.4. Results and discussion

4.4.1. The effect of anchors on the electrode Fermi level (Ef)

Based on density functional theory (DFT), varying the anchor groups of single molecules to
external electrodes can be used to control their electrical conductance [17], [18]. The relative
position of the metal Fermi level (Er) in the transmission function, when the molecules are
coupled to electrodes, is usually dependant on the anchor groups attached to the ends of that
molecule. For example, molecules with thiol (-SH) anchor group, such as OPE-dithiol and
octane-dithiol, result in HOMO dominated transport, meaning that E is located close to the
HOMO resonances (figure 4.6 and 4.7). In contrast, bipyridine with pyridyl anchors attached

to Au leads yields LUMO dominated transport (figure 4.8), and so the transmission
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significantly relies on the position of the lowest unoccupied molecular orbital (LUMO). On the
other hand, in the case of different anchor groups connected to a molecule such as anthracene
with Py-SMe, the Fermi energy of the gold electrode is found to be located near the LUMO
resonance, resulting in LUMO dominated transport (figure 4.9), whereas in anthracene with
(Py-thiol) linkers the position of the Fermi level sits in the middle of the HOMO-LUMO gap
(figure 4.10). All these results show that the coupling to the leads can have a profound effect
on the level alignment (i.e. the molecular orbitals), causing a shift in the resonances with respect

to E of the electrode.

[ Y i

1 2 3
E-EXT (eV)
Figure (4.6): The transmission curve of octane-dithiol, and the transport is HOMO

dominated since the tail of the HOMO peak is closer to the electrode Fermi energy (Ep =

OeV).
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Figure (4.7): The transmission curve of OPE-dithiol, and the transport is HOMO dominated

since the HOMO resonance is closer to the electrode Fermi energy (Er = 0eV).
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Figure (4.8): The transmission curve of bipyridine, and the transport is LUMO dominated

since the LUMO resonance is closer to the electrode Fermi energy (Er = 0eV).
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Figure (4.9): The transmission curve of anthracene Py-SMe, and the transport is LUMO

dominated since the LUMO resonance is closer to the electrode Fermi energy (Er = 0el).
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Figure (4.10): The transmission curve of anthracene Py-thiol with the position of the Fermi

level of the electrode in the middel of the HOMO-LUMO gap.
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4.4.2. Transmission behaviour

To understand the transmission behaviour of these different molecules, | plotted their frontier
orbitals with their energy levels in the gas phase, as shown in figure (4.11). It can be noticed
that in the case of alkane, OPE and bipyridine the eigenvalues of the HOMO and HOMO-1 are
not well separated because of the degeneracy, and therefore the HOMO resonances in the
transmission curves do not possess a single Lorentzian shape. To have normal bright-Wigner
resonances, the separation of the eigenvalues should be greater than the coupling between them.
Thus, if the energy levels are closed together, they mix and result in a resonance that can have

any shape, which means the bright-Wigner Formula is not valid in this situation.

For the anthracene transmission, the HOMO resonance with (Py-thiol) coupling does not reach
the unity compared to anthracene (Py-SMe). This can be explained through the feature of the
Breit-Wigner formula in chapter 3 (section 3.5.1). If I}, > Iy, the peak of the molecular
resonance would be less than unity, Ty, = (4Tx/T) < 1. The idea is that if there are
asymmetric anchor groups, the coupling between them would be similar or different depending
on their behaviour. Pyridyl and thiol have large difference in their behaviours, where one acts
as a donor while the other behaves as an acceptor, and this might the reason for why the HOMO
is less than unity. However, when the couplings are asymmetric, but they behave similarly,
then this will not have a large effect in the Breit-Wigner formula. For this reason, in the case
of (Py-SMe), the couplings are similar in their behaviours where both tend to act as donors (as

shown in section 4.4.5), and therefore the resonances tend to reach the unity.
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Figure (4.11): Frontier molecular orbitals of the studied five molecules in the gas phase with
their eigenvalues obtained from DFT, where red corresponds to positive and blue to negative
regions of the wave functions. HOMO and HOMO-1 in alkane, OPE and bipyridine are not

separated well where the Their eigenvalues are very close to each other.



4.4.3. Seebeck behaviour
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Figure (4.12): The Seebeck behaviour of the studied molecule, a) Octane-dithiol, b) OPE-
dithiol, c) 4,4 -Bipyridine, d) and e) Anthracene core with (Py-SMe) and (Py-thiol) anchors,
showing its sign and magnitdue depending on the position of the DFT electrode Fermi energy

(0eV).
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The transmission coefficient T(E) of a molecular junction can provide information regarding

the Seebeck coefficient (S) via the Mott formula [19]:

m2k3T (9 1In(T(E))
h 3|e|< OE )E_E

=Ef
where kg is the Boltzmann constant, T is an absolute temperature, and e is the electron charge.
From this equation, S has a negative sign and is proportional to the slope of T(E) at Er. This
means that when the HOMO peak is nearest to the Fermi energy Er, T (E) has negative slope
at Er and S is then positive, whilst when the LUMO resonance is closest to Er, T(E) has
positive slope at E and S is therefore negative. In figure (4.12), the Seebeck coefficient has
been evaluated at the electrode’s Fermi level (Er = 0el”) to obtain its sign and magnitude for
each molecule. Looking at the Seebeck coefficient of a system can give an insight of how to
control the position of the Fermi energy in order to design a good thermoelectric material. It
can be seen that the symmetric coupling to the leads has a pinning behaviour, where the position
of Er indicates HOMO dominated transport (positive sign of S) such as OPE-dithiol and
octane-dithiol or LUMO dominated transport (negative sign of S) as shown in bipyridine and
anthracene (Py-SMe), and these are in a good agreement with the obtained sign of the Seebeck
in the experimental studies [9], [20]. Due to the pinning, any external effect would be added to
the backbone of these molecules would not shift the E to a different position. In contrast, the
position of the E in the presence of asymmetric coupling, e.g. anthracene with Py-thiol, is
located in the middle of the gap and does not seem to pin to the HOMO or LUMO resonance.
This might give a scope to modify the Seebeck if we add some external potential to the
asymmetric molecule [21], which could shift the resonances in some way with respect to the
Fermi energy, leading to a change in the sign of the Seebeck coefficient. The idea of this
asymmetric coupling could be exploited in order to produce a large effect in the Seebeck

coefficient with a combination of the quantum interference effect.
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4.4.4, Energy shifting
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Figure (4.13): The resonances of molecules a, b and ¢ with symmetric anchors are pinned to

the Er = 0eV/, whereas d and e with Py-SMe and Py-thiol (asymmetric anchors) the

transmission are shifted up and down with changing the basis sets from 0.02 to 0.005 Ry.

To further understand why the Fermi energy behaves as it does in terms of the DFT calculation,
| have investigated the transport properties of these molecules for different parameterizations

of the calculates. The first is the nature of the basis set used in the calculation. The energy shift
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parameter in SIESTA determines the spatial confinement of the numerical atomic orbitals,
giving us an option to change the cut-off radius of all the atoms in a fixed manner. To examine
this effect, | increased the length of the confinement to see how it changes the behaviour of the
calculation. A short confinement basis set corresponds to an energy shift of 0.02 Rydbergs, and

a large confinement basis set to an energy shift of 0.005 Ry.

In the case of the anthracene molecule with different anchor groups, the transmission curves
with different confinements have the same shape, and as the basis set is changed, the
transmission resonances are shifted up in energy and the Fermi energy is shifted away from the
LUMO resonance (figure 4.13). The position of the electrode Fermi energy here is dependent
on the parametrization of the basis set. The interesting thing then when the same range of basis
sets are used to calculate octane-dithiol, OPE-dithiol and bipyridine, the results show that the
position of the Fermi energy is not dependent on the basis set (i.e. E is always fixed to that
position). Therefore, it is inferred that with symmetric anchor groups at both ends of a
molecule, changing the basis set does not have an effect on the Fermi energy location, and the
pinning to the resonances whether HOMO or LUMO dominates. On the other hand, the energy
levels are shifted by varying the basis set when the anchor groups are asymmetric, resulting in
different Fermi energy positions like in anthracene case. It seems that adding SMe or thiol to

the other side of the anthracene breaks the pinning behaviour caused by Py linker (figure 4.13).

If I relate the transmission behaviour of bipyridine and anthracene (Py-SMe) to their energy
levels in the gas phase (table 4.14), | find similar trend in the energy shifting of both cases (i.e.,
the energy shifting of bipyridine in the gas phase follows the same behaviour as in anthracene
(Py-SMe). In terms of the transmission behaviour, we expect in both molecules a relative shift
in the position of the HOMO and LUMO with respect to the Fermi energy for different basis

sets. It should mean that the position of the Fermi energy is dependent on the basis sets in both

70



molecules. However, the transmission of bipyridine does not show that; the transmission curves

look the same, and the electrode Fermi energy sits on the same location (figure 4.13 b).

Bipyridine m LUMO

0.02 Ry -5.23 -1.91
0.01 Ry -5.72 -2.38
0.005 Ry -5.97 -2.62
Anthracene LUMO
Py-SMe
0.02 Ry -4.09 -2.65
0.01 Ry -4.51 -3.06
0.005 Ry -4.73 -3.29

Table (4.14): The table shows the energy levels of bipyridine (top one) and anthracene (Py-

SMe) (bottom one) in the gas phase with different basis sets.

To investigate why this pinning behaviour occurs, | looked at how the charge on molecules
changes when they are connected to the gold electrodes, and how this is affected by varying
the basis set in the calculation. This can be studied within the density functional theory (DFT),
which provides information through population analysis (a tool for counting electrons in the

system).
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4.4.5. Population analysis

There are different methods for counting electrons in a DFT calculation: Mulliken population
analysis [22], Hirshfeld population analysis [23] and Voronoi population analysis [24].
Hirshfeld and VVoronoi are considered to be more accurate methods for computing the charge
transfer, where they are based on partitioning the space into regions for each atom to calculate
electron density. In contrast, the Mulliken approach is based on the linear combination of

atomic orbitals (LCAO), and it is less accurate compared to the other two.

Table (4.15) shows the behaviour of charge distribution in Mulliken, Hirshfeld and Voronoi
for octane-dithiol with different basis sets. The total number of electrons for the isolated A gas-
phase octane-dithiol has 60 electrons, and therefore the extra electrons are gained from the gold
leads. It can be seen, as we increase the confinement of the basis set from 0.02 to 0.005 Ry, the
Mulliken population shows similar behaviour, where octane-dithiol always gains electrons
from the gold. The Hirshfeld and VVoronoi both have a negative charge in all the three basis
sets, meaning that the electrons transfer from the gold to the molecule. This is a good example
of a robust conclusion regarding the populations of this molecule. Similar behaviour occurs
with OPE-dithiol (table 4.15), which is straightforward to interpret in terms of thiol anchor
group. In the gas phase, thiol has one electron from the connected hydrogen atom, but it is
assumed to lose that electron due to the cleaved hydrogens, forming an efficient electronic
coupling with the gold electrodes [25]. This means that sulfur atoms here behave as an acceptor
(i.e., charge is transferred from the gold to the molecule), and the pinning of the Er to the

HOMO is due to strong S-Au covalent bonding.
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Mulliken | Hirshfeld

0.02 Ry 60.692 -0.615 -0.637
0.01 Ry 60.541 -0.454 -0.483

0.005 Ry 60.493 -0.388 -0.421

OPE-dithiol | Mulliken | Hirshfeld

0.02 Ry 112.875 -0.806 -0.837
0.01 Ry 112.661 =0.292 -0.62
0.005 Ry 112.566 -0.474 -0.514

Table (4.15): The charge distribution for octane-dithiol (tope one) and OPE-dithiol (bottom

table) at different basis sets using Mulliken, Hirshfeld and VVoronoi methods.

In the bipyridine case, Hirshfeld and VVoronoi populations show identical trends in all the basis
sets (table 4.16), where the charges transfer from the molecule onto the gold (positive sign).
The bipyridine has a lone pair at the ends of the HOMO orbital with two extra electrons (figure
4.11), and these extra electrons will be donated once the gold leads attached to the molecule.
However, the Mulliken population here behaves differently upon changing the basis sets. The
total number of electrons for the isolated molecule (i.e., bipyridine) is 58 electrons, so with a
short basis set (0.02 Ry) this total has increased by almost 0.017 electrons, meaning that the

gold donated some electrons to the molecule, whereas with longer basis sets (0.01 & 0.005 Ry)
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the electrons transferred from the molecule to the gold, as shown in the table (4.16). This means
that Mulliken population is less accurate, because the electron transfer should not be positive

and negative in the same basis set.

Bipyridine | Mulliken | Hirshfeld | Voronoi
N-Au=(2.3A)

0.02 Ry 58.017 0.045 0.012
0.01 Ry 57.911 0.186 0.18

0.005 Ry 57.842 0.26 0.276

Table (4.16): The charge distribution for bipyridine (strongly coupled) at different basis sets

using Mulliken, Hirshfeld and VVoronoi methods.

Anthracene Mulliken | Hirshfeld | Voronoi
Py-thiol

0.02 Ry 143.483  -0.422 -0.453
0.01 Ry 143.36 -0.273 -0.297
0.005 Ry 143.289  -0.195 -0.207

Table (4.17): The charge distribution for anthracene (Py-thiol) at different basis sets using

Mulliken, Hirshfeld and VVoronoi methods.
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In the case of asymmetric anchor groups, e.g. anthracene (Py-thiol), the charge transfers from
the gold electrodes (negative sign) to the molecule in all the basis set (table 4.17). This means

that the effect of thiol anchor is stronger than Py.

In anthracene (Py-SMe), table (4.18) shows different direction of the charge transfer when
changing from 0.02 to 0.01 Ry, wherein the molecule gained electrons (negative sign) with
short basis set (0.02 Ry), whilst with the other basis sets (0.01 & 0.005 Ry) it had positive

charge (donating electrons).

Anthracene Hirshfeld | Voronoi
Py-SMe

0.02 Ry 150.131  -0.087 -0.125
0.01 Ry 149.929 0.126 0.123
0.005 Ry 149.833 0.213 0.226

Table (4.18): The charge distribution for anthracene core with (Py-SMe) anchors at different

basis sets using Mulliken, Hirshfeld and VVoronoi methods.

The interesting thing here is the change in the sign of the charge distribution. It is expected that
the general trend would be the same whether gaining or losing electrons, but here in the case
of (Py-SMe), there is different direction of the charge transfer between 0.02 Ry and the other

two.

Anthracene has different anchor groups, so how do different anchor groups behave in a single
molecule? We have shown that pyridyl (Py) acts as a donor anchor and thiol behaves as an

acceptor, but SMe needs to be tested. A methyl sulfide (-SMe) linker consists of a sulfur atom
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attached to a methyl group (one carbon atom bonded to three hydrogen atoms —CH;). Due to
that, SMe is weakly coupled to the gold electrode compared to thiol. To understand the effect
of SMe anchor on the charge distribution, I linked OPE molecule to SMe from both sides and
calculated Mulliken, Hirshfeld and VVoronoi populations for the same chosen basis sets (see
table 4.19). In OPE-SMe, the charge transfers from the gold to the molecules (negative sign)
with both 0.02 Ry and 0.01 Ry basis sets similarly to the behaviour of the thiol anchor. However
for the long basis set (0.005 Ry), the charge transfers to the gold (positive charge). Here, SMe
anchor behaves as an acceptor or a donor depending on the basis set. For this reason, SMe in
anthracene molecule tends to act as an acceptor (negative charge) with short basis set (0.02
Ry), but as the basis set is increased, pyridyl and SMe both behave as a donor. It seems that the
donating effect from the Py anchor maybe stronger than the accepting effect from the SMe,

resulting in LUMO dominated transport.

Bipyridine and anthracene (Py-SMe) behave similarly in terms of the charge transfer (i.e. both
donating electrons to the electrodes with long basis sets), and also, | show similar behaviour of
their energy shifting in the gas phase. The only difference between the two is that the former
shows pinning although with increasing the basis sets, while the latter does not show this
pinning behaviour. Due to that, | need to explore the reason behind the pinning in the bipyridine

transmission.
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Figure (4.19): The top panel illustrates the charge distribution of OPE-SMe anchors at both

sides, and the bottom panel shows its transmission behaviour with different basis sets.

4.4.6. The pinning in bipyridine molecule

For the further analysis of the bipyridine junction, we want to understand the cause of the Fermi
energy pinning to the LUMO by comparing the transmission behaviour and the charge

distribution between strong and weak coupling to the electrodes.

Figure (4.20) show the transmission behaviour of bipyridine with weak coupling (34) at the

basis sets 0.02, 0.01 and 0.005 Ry. In comparison to the transmission curves in strong coupling

(2.3A) (see figure 4.13 b), we can see that the basis set behaviour becomes dependant on the
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contact distance. Due to the pinning, the increase in the basis set does not have an effect on the
transmission behaviour in the strong coupling case, whereas in the weak contact the resonances

are shifted with having long basis sets.
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Figure (4.20): The behaviour of the transmission curves For bipyridine at different basis sets
with weak contact to the electrodes (34). Increasing the binding distance between the gold

leads and the anchor removes the pinning behaviour.

Furthermore, the behaviour of the charge distribution persists at weak coupling (table 4.21).
The Hirshfeld and Voronoi populations in both coupling (strong and weak) present that the
charge transfers out from the molecule into the gold (positive sign). In the weak contact, we
can see that Mulliken population agrees with Hirshfeld and VVoronoi and shows the same trend

(donating electrons) with changing the basis sets.
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Bipyridine Voronoi
(N-Au=3A)

0.02 Ry 57.902 0.082 0.054
0.01 Ry 57.849 0.138 0.121
0.005 Ry 57.833 0.15 0.148

Table (4.21): The charge distribution for bipyridine (weakly coupled) at different basis sets

using Mulliken, Hirshfeld and VVoronoi methods.

The interesting thing between both coupling is the pinning of the E to the LUMO, which only
occurs in strong contact between Au-N, and that might be the clue to explain the cause of the
pinning in DFT. The DFT calculation always predicts this pinning of the bipyridine to the
LUMO resonance, which results in a high conductance. However, based on the experimental
measurements the fully-extended bipyridine molecule between the two electrodes indicates low
conductance value, and the high conductance is just a result of the bipyridine binding to the
electrodes with tilt angle (the pyridyl ring is lying co-facially on the gold contact) [26]-[28].
This means that in the case where Au-N bond is perpendicular to the conducting pi-system, the
DFT electrode Fermi energy should be located in the middle of the HOMO-LUMO gap near

the LUMO resonance to have a good agreement with the experimental result.
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4.4.7. Self-Assembled Monolayers (SAMs)

In this section, | am going to use periodic gold electrodes with bipyridine and anthracene in
order to test if the periodicity causes pinning to the resonance or not. There are two types of
systems in SIESTA to simulate molecular electronics. The first type is called a supercell
approach or non-periodic system, where we define a molecule suspended between two
electrodes in a 1-dimentional unit cell. This unit cell has to be large enough, so there is no
interaction to the neighbouring unit cell. This approach is what | have used so far to generate
the transmission coefficient. The second type is called a self-assembled monolayers (SAMs).
It assumes that the molecules are isolated on their own unit cell and repeated in 2-dimensional
layer. On other words, the unit cells of the extended molecule should be calculated in 2D space.
This means that the leads have to be periodic in X and Y directions, while the transport axis (Z

direction) is not periodic.

Figure (4.22) illustrates the transmission curves of bipyridine using periodic and non-periodic
flat leads. It can be seen, the E does not pin to the LUMO resonance in both cases. The shift
is due to the difference of the LUMO level relative to the Fermi energy of the periodic and non-
periodic gold. In contrast, the pinning behaviour occurs for both periodic and non-periodic
system only in the case of adding an extra gold atom as a tip to the same leads structure (figure
4.23). The properties of the tip or under coordinated gold atom is different from the gold atom
in the bulk. The under coordinated atom has a weaker bond with the neighbouring gold atom
and may cause charge transfer to the molecule, leading to a shift of the LUMO in the opposite
direction close to the Er. This may not happen in the electrode flat surface, because it does not
have the same ability to share electrons. The bulk surface of the gold is usually neutral, then
we would expect a small charge on the N to cause a weak (or an electrostatic) interaction

between the two objects (the molecule and the lead). However, the bipyridine molecule does
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not bind to a flat surface, so the under coordinated gold atom (or the tip) is important here since

it makes the molecule bind.

In terms of the anthracene on the other hand, the gold Fermi energy does not pin to the LUMO
in both geometries either periodic or non-periodic. The SMe anchor here has no option to
contact directly to the flat surface because of the methyl group which would hit the surface

(figure 4.24).
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Figure (4.22): The comparison between the transmission curves of bipyridine in periodic and
non-periodic system. The electrode Fermi energy (0 eV) does not pin to the LUMO
resonance in both cases: periodic and non-periodic system, which may be due to the absence

of the tip gold.
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Figure (4.23): The comparison between the transmission curves of bipyridine in periodic and
non-periodic system with adding a tip. It seems that the Fermi energy 0 eV does pin to the

resonance in the presence of the under coordinated gold atom.
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Figure (4.24): The transmission curves of anthracene in periodic and non-periodic system
with adding a gold tip. SMe anchor seems to break the pinning behaviour despite the

existence of the under coordinated gold atom.
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4.5. Conclusion

In conclusion, this chapter has studied the impact of different anchor groups, thiol (-SH),
methyl sulfide (-SMe), pyridyl (Py), (Py-SMe) and (Py-thiol), in controlling the location of the
electrode Fermi energy (Er) with respect to the relative energy levels. The results showed that
molecules with thiol anchor group yields HOMO dominated transport, whilst pyridyl anchor
group results in LUMO dominated transport, and the Er in both cases sits exactly on the
resonances, which does not agree with the experimental studies in the literatures. It is known
that Kohn-Sham DFT eigenvalues underestimates the HOMO-LUMO gap and therefore the
position of the E predicted by DFT is not reliable. However, the pinning behaviour is not due
to DFT inherent error. In the case of thiol, the pinning of E to the HOMO resonance is due to
the cleaved hydrogen atoms which forming a strong S-Au covalent bond. In contrast, the
pinning caused by the pyridyl anchor is likely due to the presence of the tip gold. The nature
of the modelling of the junction is important and plays a role for controlling the relative position
of the electrode Fermi level. For example, self-assemble monolayers approach with an extra
under-coordinated gold atom have indicated the pinning behaviour of the Fermi level in both
periodic and non-periodic systems. In contrast, this behaviour does not occur in the absence of
this add atom. | think that the under coordinated atom, which has a weaker link with the
neighbouring gold atom, might produce an opposite charge transfer for the molecule, causing
the LUMO to move towards the Er. On the other hand, it is obvious that adding SMe or thiol
anchors on one side of the anthracene molecule leading to remove the pinning behaviour caused

by Py anchor.
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Chapter 5

The effect of vibrations on the Seebeck coefficient in

molecular junctions

5.1. Introduction

Identification of techniques for controlling the thermopower (Seebeck coefficient) of single
molecules is an essential step in developing extremely efficient thin-film thermoelectric
materials [1]-[5]. Quantum interference (QI) phenomena is a key factor in determining electron
transport across single molecules [6], [7], and it can be found in para- and meta-connected
molecules, where constructive (CQI) and destructive quantum interference (DQI) occur [8].
The constructive (destructive) QI results in a low (high) thermoelectrical properties. This is
attributed to the anti-resonance, a distinct feature of destructive interference, which can
enhance the Seebeck coefficient [9]. Since the thermopower (S) is strongly affected by QI, the
ability to control QI in single molecules is of fundamental interest in providing new techniques
for improving the performance of molecular-scale devices [10], [11]. Towards this goal,
previous work [1] investigated the sensitivity of quantum interference (QIl) to the nature of
bridged biphenyl molecules with para and meta connectivities to pyridyl anchor groups, and
the experimental data within a tight-binding model has shown that QI phenomena in bridged
biphenyl derivatives and associated meta molecular connectivity can be exploited to improve
thermoelectric performance in molecular junctions. However, since the previous DFT based
theoretical model could not explain the trends of the Seebeck coefficient in experimental
measurements, this suggests that other properties not included in the model could be
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responsible. By looking at that set of molecules [1], the only difference apart from the
connectivity is the bridging atoms, some of which possess pendant groups. This has opened the
door to explore the effect of pendant groups on quantum interference. The motivation in this
present work is to investigate the vibrational effect of the side groups which could be playing
a role in terms of QI. The idea is that the thermopower S can be controlled by the pendant
groups attached to the centre core of fluorene-based molecules, and the amount they vibrate
can enhance or decrease the Seebeck coefficient. Therefore, | model four molecules, the design
of which were proposed by Gunnar Olsen of Durham University who synthesized the series of
molecule in the previous study [1]. The backbone of these molecules is the same to that ones
in the previous study [1], with connected large side groups to the bridging atom (figure 5.1),
and again there is a para and meta connected for the two different pendant groups. The
difference between C=C and C=N bonds is the dipole moment in the C=N due to the opposite

charges between carbon and nitrogen atom, which might influence the vibrations.

5.2. Molecular Structures
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Figure (5.1): Structures of the molecules discussed in this work, where the molecular design
consists of C=C and C=N side groups connected to fluorene-biphenyl unit with meta (1),

(2) and para (3), (4) connectivities to pyridyl anchor groups.

5.3. Theoretical Method

The density functional code SIESTA [12], [13] was used to compute the optimum geometry of
each of the isolated molecules (figure 5.1). The process is described in chapter 4, but here |
used a double-zeta (DZ) basis set for all atoms with the LDA-CA approximation [14], [15] to
describe the exchange correlation functional. The dihedral angle between the two hexagonal
rings is determined to be at 30°, as shown in figure (5.2), and the method to calculate this angle
is mentioned in chapter 4. After completing the molecules relaxation process, the binding
energy is calculated, figures (5.3 and 5.4). This calculation has been done using the
counterpoise method (CP) [16], [17], which discussed in detail in chapter 2 (section 2.6.2). The
optimum separation distance of the pyridyl anchor group in para connectivity is found to equal
d = 2.2A with a binding energy of about —0.86 eV, whereas in meta connectivity the optimum
separation distance of the same anchor is determined to be d = 2.7A, at approximately
—0.175 eV. The molecules were then placed between (111) gold electrodes which is modelled
with pyramid tips linked to 5 layers each containing 25 atoms to compute the transmission

coefficient T (E) and the Seebeck coefficient S using the quantum transport code Gollum [18].

89



-5094.5

-5094.52 -

-5094.54 |

-5094.58

-5094 6

-5094.62 -

Total energy (eV)

-5094.64 &

-5094.66 [

-5094.68 * 2 S 2 * = . .
0 20 40 60 80 100 120 140 160 180
6 (°)
Figure (5.2): Left panel shows the torsion angle (red line) between the two hexagonal rings.

Right panel illustrates the ground state energy curve for each torsion angle of the

phenylpyridyl anchor group, and the optimum angle is determined to be at 30°.
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Figure (5.3): Binding energy versus distance plot of meta-connected molecule 1, where the

optimum ground state energy is determined at distance d = 2.7A.
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Figure (5.4): Binding energy versus distance plot of para-connected molecule 3, where the

optimum ground state energy is determined at distance d = 2.2A.

5.4. Results and Discussion

5.4.1. Varying the side groups

The DFT calculation of the optimum configurations (i.e. before vibrating the pendant groups)
demonstrates quantum interference (QI) effects, including DQI in the meta-connected
molecules (1 and 2) and CQI in the molecules of para connectivity (3 and 4) (see figures 5.5
and 5.6). This disagrees in comparison to the DFT result of the previous study [1], where none
of the bridging atoms that possess pendant group such as CH, and CMe, group showed DQI
features. Moreover, the tight-binding model of the meta case proved that the system with no

bridging atom produces DQI, which turns to CQI when the system has a bridging atom [1].
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This suggests that the introduced tight-binding model [1] is no longer valid, because it does not

reproduce what is happening here for these new set of molecules.

Here, the aim again is to investigate the sensitivity of quantum interference (QIl) to the
vibrational effect of these new pendant groups, and then explore how these fluctuations would
impact the Seebeck coefficient. The process in this present work was started by varying the
bond length of the C=C and C=N bonds in the side groups attached to the molecules in figure
(5.1), and then computing the transmission and Seebeck coefficients for each configuration.

The C=C and C=N bonds have been compressed and stretched in a series of equal lengths

starting from 0.94 to 1.7A, while the rest of the molecule is fixed. The results of the transport
calculations in the meta case (compounds 1 and 2) show that the HOMO levels are moving
upwards in energy with the anti-resonances into the gap with increasing the length of the triple
bonds, while the LUMO resonances are pinned near the Fermi energy of the gold electrode due
to the contact to the pyridyl anchor group, leading to a reduced HOMO-LUMO gap (figure
5.7). In the para case (compounds 3 and 4) similar behaviour is occurring; the HOMO
resonances are slightly shifted with the Fano line shape, which appear clearly in the mid gap

with increasing the stretch of both side groups (figure 5.8).

By looking at the Seebeck calculations (figures 5.7 and 5.8) of both meta and para
connectivities, the change in the meta is shown to be much larger than in the para due to the
presence of the sharp transmission dip at the centre of the HOMO-LUMO gap. To show this
more clearly, | evaluated the Seebeck coefficient at the Fermi energy E = —0.25¢eV as a
function of the pendant groups variation (d) (figure 5.9). The bond length is varied between 0.9
and 1.9A with size step equals to 0.1A. As can be seen, there is a definite trend for the Seebeck
in the meta-connected molecules (red line) to decrease by a significant amount compared to
the Seebeck in the para-connected molecules (blue line). As long as the para case has no anti-

resonance feature, the Seebeck value remains fairly constant until a resonance comes close to
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the chosen Fermi energy. The Fano resonance [19], [20] is important if it happens to be close
to the electrode Fermi level, which can enhance the results, but here in our case it does not play
a role for enhancing the Seebeck coefficient. In summary, the Seebeck coefficient of meta-
linked molecules is sensitive to the change of the bond length in the connected side groups,
whereas the sensitivity in the para case is much weaker. Consequently, the vibrational effect in

the meta shows more enhancement in the Seebeck in comparison to the para case (figure 5.9).
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Figure (5.5): The first and second columns illustrate the transmission and Seebeck
coefficients of the meta molecules (1and 2), where we have destructive quantum interference
feature DQI. The position of the electrode Fermi energy Er = 0eV sits near the LUMO

resonance due to the contact to the pyridyl anchor group.
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Figure (5.6): The first and second columns illustrate the transmission and the Seebeck
coefficients of the para case (3 and 4) with constructive quantum interference feature CQI.
The position of the electrode Fermi energy Er = 0eV/ locates near the LUMO resonance due
to the contact to the pyridyl anchor group. The small resonance in the middle of the HOMO-

LUMO gap of the transmission curves (between -1 and -1.5 eV) is the Fano resonance.
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Figure (5.7): The first and second columns show the shift of the transmission and the

Seebeck curves in the meta case when the C=C and C=N bonds of the pendant groups are
varied between 0.9A and 1.7A. It can be seen that the shift of the HOMO resonance increases

with increasing the triple bond length of the side group.
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Figure (5.8): The first and second columns show the shift of the transmission and the
Seebeck curves in the para case when the C=C and C=N bonds of the pendant groups are
varied between 0.9A and 1.7A. It can be seen that the shift of the HOMO resonance does not
increase with increasing the triple bond length of the side group compared to the meta
connectivity. The Fano line shape near the HOMO resonance does not enhance the Seebeck

because it happens away from the electrode Fermi energy OeV.
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Figure (5.9): The Seebeck values at E = —0.25 eV as a function of changing the bond
length (d) of C=C and C=N from d=0.9 A to 1.9 A in both para and meta case. The meta
connectivity shows more sensitivity to the vibrations of the triple bonds compared to the para

connectivity.

5.4.2. Tight-binding Model

As mentioned above, these molecules do not behave like the previous studied molecules [1],
and therefore, | need to reveal the evolution of transport properties with varying the pendant
groups via their tight-binding models. This process is divided into several steps. The first, is to
examine the optimum configration (figure 5.10 a) and understand the effect of side groups on
QI. Hence, | constructed a tight-binding representation with similar core structure, where each
site has an energy &, = 0 with coupling y = —1. The second step is to simulate the variation
of the bond length used in the DFT based calculations, and this is achieved by changing the

bond a (green line) between the end atoms of the side group to three different lengths (0.9,
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1.2, 1.7) (figure 5.10 b). Finally, the end atoms in the pendant group (orange colour) are set to

have different energy level &, = 0.7 to mimic the C=N bond in the DFT (figure 5.10 c).

In the case of (a), the para connectivity results in CQI with a Fano resonance in the HOMO-
LUMO gap, whereas the meta connection pattern leads to DQI, which occurs at the centre of
the HOMO-LUMO gap (i.e. E = 0). This means the results of (a) agree with the results from
the DFT calculation shown in figures (5.7) and (5.8). It is noticeable that the Fano line shape
appears in the para case, and this attributed to the interaction between the continuum state (the
molecule backbone) and the discrete state (the pendant group) [11], [21]. In the DFT
calculation, the Fano resonance is likely to be the small peak near the HOMO resonance,
because when the length of those bonds (C=C and C=N) is stretched, this small resonance
starts to shift into the gab and becomes more prominent (figure 5.8). Ultimately in the cases of
(b and c), changing the length of the bond a (green line) leads to shift the resonances in both
para and meta transmissions (figure 5.11), which agrees with the transmission behaviour in the

DFT calculation (figures 5.7 and 5.8).

From the tight binding transmission curves, | can also examine the Seebeck behaviour. Since
the transmission curve in the para case is almost flat across most of the HOMO-LUMO gap,
and there is not a large change in the gradient with changing the coupling strength «, | would
expect a low Seebeck coefficient. On the other hand, for the meta case, the anti-resonance
(which has a large gradient) would produce a large Seebeck coefficient, as illustrated in figure

5.12 which shows similar trends to the DFT results in figure (5.9).
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Figure (5.10): Tight binding model of a fluorene-biphenyl unit with a 1-dimensional side
group. (a) All nearest neighbour bonds between atoms are equal to y = —1, and all site
energies &, are zero. (b) as for (a), but the bond « is set to three different values (0.9, 1.2 and

1.7). (c) as for (b), but the orange atoms in the side group have site energy &, = 0.7.
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Figure (5.11): (a) Constructive and destructive QI in para and meta connection patterns,
respectively, with the presence of the Fano-resonance in the para case. (b) and (c) show the
shift of the resonances due to changing the bond « from 0.9 to 1.7. The difference between

(b) and (c) is that in (b) all site energies &, are zero, while in (c) the side group has a site

energy €, = 0.7 as shown in figure (5.10), and this shifts the anti-resonance away from 0 eV.
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Figure (5.12): Case b and c show the evaluated Seebeck at E = —0.25 eV as a function of

changing the bond length « from 0.7 to 1.5. In case (b) all site energies &, are zero to mimic
the C=C, while in case (c) the side group has a site energy &, = 0.7 to mimic the C=N. Both
cases show similar trends to the DFT calculations where the Seebeck behaviour in the meta

case enhances more with the vibrations of the bond a compared to the para connectivity.

5.4.3. Molecular Dynamics Simulations (MD)

The conclusion of the DFT calculations at zero temperature illustrates that the value of the
Seebeck is very strongly dependant on the fluctuation of the side groups with the meta position
rather than the para case. This would beg the questions: if we carry out a realistic fluctuation
of those pendant groups will that produce a large effect, and to what extent the C=C and C=N
bonds can be stretched at room temperature? To address these questions, | applied the
molecular dynamics simulation [22], [23] within SIESTA for only meta-connected compounds.
This simulation tool is dealing with solving Newton equations to study the physical behaviour

and interactions of atoms and molecules over a set period of time, providing insight into the
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system's dynamical evolution [24]. The type of this run in SIESTA is called nose, where 1
carried out 5000-time steps with an initial temperature to the system (270 K), target temperature
(300 K), and 1.0 fs is the length of the time step. It is important to consider that adding the
whole gold leads to the molecules in the MD simulation is computationally expensive, and
therefore, only the fixed gold pyramid tips were attached to them. Then, the remaining layers
of the electrodes were built to compute the transmission T (E") and the Seebeck S coefficients

using the quantum transport code Gollum [18].

800 ~

200 -

) 120 121 122 123 124 125 1.26 115 1.16 117 118 119 120 1.21 122
d(A) d(A)
Figure (5.13): A histogram plot shows the frequencies of the C=C bond (left histogram) and
the C=N bond (right histogram) obtained from 5000 geometries using MD simulations with
300K. The C=C is stretched between 1.20 A and 1.26 A, while the C=N vibrates between

1.15 A and 1.22 A.
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The data of the histograms in figure (5.13) shows the frequencies of the triple bond (C=C and
C=N) at room temperature, which are calculated from 5000 geometries of the meta
compounds. The width of both histograms indicates the range of the bond stretching. For
example, the C=C is stretched between 1.20 A and 1.26 A, while the C=N vibrates between

1.15 A and 1.22 A. The highest peak of the histograms represents the most probable value of

the data set.

If | relate the information in figure 5.13, which is obtained from the MD simulations to the
simple picture of the energy curve at zero Kelvin (figure 5.14), where the molecules are in their
optimum configurations, and the ground state energy is calculated for different bond lengths of
the triple bonds, we can find that both triple bonds behave similarly whether at OK or 300K.
The range of bond stretching accessible at room temperature agrees with that at zero
temperature. Moreover, the most probable values in the histograms (the highest peaks) agree
with both optimum lengths of the triple bonds at 0 eV. This correlation between optimum
calculation and MD simulations proves that the behaviour of those triple bonds at room
temperature follow the prediction of what we expect from the simple calculation at OK, and

this makes the calculation from the MD simulation more reliable.
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Figure (5.14): The ground state energy for the meta connected molecules as a function of the
bond length d (C=C left panel and C=N right panel). The red dashed line is the thermal
energy kg T, which is the energy available for the system at room temperature. The stretching

limit of the triple bonds in both calculations (OK and 300 K) agree with each other.

Bond | Min. d(&) | Max. d(A) | Difference

c=c | 120 1.26 0.06

C

N 118 122 0.07

Table (5.15): This data is obtained from the two histograms in figure (5.12). It indicates the
minimum and maximum C=C and C=N bonds at room temperature and the difference
between them.
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The difference between maximum and minimum lengths for these bonds at room temperature
is very small around 0.01 A, as shown in table (5.15). The fluctuation of these pendant groups
is pretty much identical due to the similarity between them as both are 1-dimensional triple
bonds. As a result of this, there is not a large shift in the position of their anti-resonance, and
hence, there is no big change in the Seebeck curves (figure 5.16). These pendant groups were
rather similar and simple, so this suggests studying a more complex side group, which could
produce a greater effect. Therefore, | investigated a pendant group that has a larger charge
distribution, pentafluorobenzene C,5(Fs), (compound 5, figure 5.17), and compared its
transport behaviour with the series of molecules. It is expected that the fluctuation of the charge
of 10 fluorine atoms may produce an electrostatic effect on the energy levels of the molecule,

resulting in a larger shift of the transmission curve.

The MD simulation provided a series of snapshots of the studied systems, which include bond
stretching as well as twisting of the molecules. For each snapshot, | computed the transmission
and the Seebeck coefficients. Figure (5.17) demonstrates a set of 213 transmission and Seebeck
curves plotted from 5000 geometries in the MD simulation for molecules 1, 2 and 5 (each curve
has a time step interval of 1.0fs). These transport calculations reveal that the spread of the
HOMOs and their anti-resonances into the gap in Fluorobenzene case is a quite large compared
to the other two pendant groups (compounds 1 and 2). By looking at the transmissions
behaviour of these three molecules, the anti-resonance feature at the gap centre has been
maintained in both molecules whose C=C and Fluorobenzene side groups, whereas most of
the transmission curves in the case of C=N pendant have a parallel shape, which means the

anti-resonance starts to alleviate in most of the transmission curves.
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Figure (5.16): The transmission and Seebeck curves of the above configurations (left
molecule 1 and right molecule 2), which include the maximum and minimum C=C, C=N
bond lengths at room temperature. The difference between maximum and minimum lengths
for these triple bonds at room temperature (300K) is very small around 0.01 A, therefore the

transmission curves do not show a large shift between them.
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Figure (5.17): Transmission and Seebeck through the meta compounds (1, 2 and 5) for 213
different geometries obtained from molecular dynamics calculations.
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For further investigation, the conductance and Seebeck values are obtained at a Fermi energy
value of Er = —0.25eV and plotted as a histogram (figure 5.18). The C=C case (i.e.
compound 1) has the narrowest conductance distribution (grey bins) where the range values is
between = (—3.4G, and —4.7G,). In contrast, the width of the C=N histogram or compound
2 (red dashed bins) is larger from = (=3G, to —5.4G,), but the fluorobenzene case (yellow
bins) has the largest conductance distribution between =~ (—=3G, and —6G,) with the most
probable value around —4G,. The Seebeck histograms follow the same trend as the
conductance, where the largest distribution is related to the molecule with fluorobenzene

pendant group with a range from = (=74.7 uV /K to =260 uV /K).

100

65 -60 -55 50 -45 -40 -35 -30 -300 -250 -200 -150 -100 -50

log G/G, S (uVIK)

Figure (5.18): The conductance (left) and Seebeck (right) histograms evaluated at £ =

—0.25 eV for the meta-connected compounds (1, 2 and 5) at room temperature.

The change in the conductance is probably related to the torsion angle dependence in the
molecules. The larger the torsion angle, the lower the conductance in the molecule [25]-[27].
According to the histograms in figure (5.19), it seems that the C=N and (C¢Fs), Side groups
cause the end rings to rotate between 0° and 180°, leading to a broad conductance distribution.

Conversely, having a narrow conductance distribution in the compound 1 might attributed to
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the limited size of the dihedral angle (less than 110°). This may be due to the dipole moment
impact between the C-N and C-F atoms, which may produce an electrostatic effect on the
backbone of the molecules and force the pyridyl ring to rotate more compared to molecule 1,

where the C-C has not dipole moment.

left torsion angle right torsion angle

! :
N 2 | N2
5 5

N
60 80 100 120 140 160 180

(%) (°)

Figure (5.19): The histograms illustrate the rotation size of the torsion angle 8 within the
phenylpyridyl unit in both sides of the compounds (1, 2 and 5) during the vibrational effect at

room temperature using MD simulations.

Table (5.20) shows the average of the conductance and Seebeck values obtained at the Fermi
energy = —0.25 eV at room temperature. From the average calculation, the change in the
Seebeck is quite large for different pendant groups, in contrast the change in the conductance

is not so large. The Seebeck coefficient is proportional to the derivative of the logarithmic

a1In(T(E))

transmission function (S X — o

) , and thus a small change in the gradient would
E=Ef

have a much bigger effect when we take the average, whereas the conductance (G) would not

because it is just a single magnitude of the transmission probability T (E), G o« T(Eg).
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By comparing the conductance and the Seebeck values obtained from the optimum
configuration (at OK) with the average at room temperature (300K), | find that the average
tends to enhance the conductance in the three molecules in comparison to the optimum values,
and the Seebeck shows similar trends (table 5.20). However, there is a decrease in the average
Seebeck of compound 5 compared to the optimum, which is due to the shift of resonances close
to the HOMO rather than the LUMO. Hence, if the Fermi energy is shifted further to the middle

of the gap, then I would obtain a very different behaviour in the Seebeck coefficient.

Optimum configuration The average
Log G /Gy S(uV/K) Log G /Gy S (uV/K)
-4.55 -113.39 -3.93 -134.25
-4.34 -132.32 -3.92 -147.27
-4.50 -166.88 -4.18 -158.82
5

Table (5.20): (left table) The conductance and seebeck values for the compounds (1, 2 and 5)
at E = —0.25 eV in the optimum configration (i.e.at 0K) compared to the average
conductance and seebeck for the same compounds at E = —0.25 eV in room temperature

(right table)

5.5. Conclusion

This chapter has studied the effect of vibration of the pendant groups on the transport behaviour

in five compounds. Compounds 1-4 have similar pendant groups, which contain C=C and
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C=N bonds, whereas compound 5 is linked to pentafluorobenzene (C4Fs), Side group. The
calculations were divided into two parts: studying the vibrational effect at zero Kelvin for
compounds 1-4, and then carrying out a molecular dynamic simulation for meta compounds (1
2 and 5). The results of first part show quantum interference (QI) phenomena in the presence
of the side group, where destructive and constructive QI are found in the meta and para
connectivities, respectively, in agreement with the tight-binding model. It is found that varying
the pendant groups in molecular junction can be exploited to control the QI and enhance its
thermoelectric properties. According to the DFT calculation at zero temperature, the Seebeck
coefficient of the meta-connected molecules is strongly sensitive to the fluctuations of the side
groups compared to the para case. The MD simulation results revealed that the vibrational
effect in compound 1 and 2 is very similar in the terms of the C=C and C=N bond stretching
vibrations. However, in terms of the transport behaviour, the conductance and Seebeck
distributions in compound 2 are wider than in compound 1, and the average Seebeck has shown
a large difference in favour of C=N pendant group. However, the fluctuations in a more
charged pendant group such as pentafluorobenzene resulted in a very large shift in the position
of its anti-resonance, causing broader conductance and Seebeck distributions, with a higher
average Seebeck compared to the other two compounds. Finally, by relating the molecular
dynamics results to the zero temperature calculations, | show that they produce similar trends,
and since this approach can capture some of the conformational variability inherent to the
experiments as mentioned in chapter 1, it could be employed to examine the design of
molecules before carrying out the experimental work in order to improve them and exploit the

sensitivity of the Seebeck value in meta connected systems.
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Chapter 6

The conductance behaviour of pendant trans-coordinated

palladium complexes

6.1. Introduction

Over the past decade, the ability to measure the conductance of individual molecules has led
to a greater understanding of structure property relations, revealing the importance of how
anchor groups impact quantum interference [1]-[7]. Such investigations have been dominated
by pure organic conjugated molecules (e.g. OPE’s) [8]-[10]. However, the inclusion of metal
ions in molecular wires has often proved to be alluring due to the potential to enhance or gate

conductance by external stimuli [11], [12].

The metal complexes that have been measured in a molecular junction can be separated into
two groups: those where the metal ion is directly in the linear conductance path [13], [14] or
the metal ion is coordinated pendant to the conductive path [15]. The former cases have shown
that the inclusion of the metal could achieve conductance enhancement or redox gating [16]—
[18] whilst the latter had either no impact or showed a large destructive quantum interference

feature [15].

With this in mind, a series of molecules has been designed by Ross Davidson at the university
of Durham to test whether the introduction of a metal atom with a d-orbital can alter the
guantum transport and quantum interference of a molecule. These molecules can be seen in

Figure 6.1. The ligand (LP and LM) provides a conjugated backbone resulting in a conductive
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path that exists with or without the coordinated metal. In the case of the complexed Pd” and
Pd™ the metal ion is co-ordinated between the nitrogen atoms of the pyridine rings and the aim
is to understand if this part of the molecule is directly involved or pendant to the conductive

path.

Figure (6.1): Ball and stick representation of the molecules L”, LM, Pd” and Pd™. Colour
representation: hydrogen (white), carbon (grey), nitrogen (Blue), sulfur (yellow), chlorine

(green) and palladium (dark grey).
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6.2. Molecule Isomers

This chapter will focus on the theoretical electron transport behaviour of these four molecules
with the aim of calculating both the conductance G and Seebeck coefficient S. The optimum
geometry of each isomer of the molecules was calculated using the density functional code
SIESTA with the same parameters as described in chapter 4 (section 4.2). In the case of the
ligand molecules (LP and LM) the chemical structure makes it possible for the geometry to
change as the nitrogen atom of the pyridine unit can either point inwards to the centre of the
molecule or point outwards. This is important as pyridine can act as an anchor unit with gold
attaching to the nitrogen atom. | identify three possible configurations of L" due to the
orientation of the pyridine; 1 — both pyridines pointing inwards, 2 — both pyridines pointing
outwards and 3 — one pyridine pointing in and one points out. The second important orientation
is that of the methyl group, which has its minimum energy when it is aligned with the plane of
the pyridine ring. Therefore, for molecule L” the methyl group can point left or right, and this
leads to 3 possible orientations; A — left and right, B — right and right and C right and left. |
also consider the case when the methyl groups are rotated out of the plane by 90 which is
geometry D. The corresponding relaxed optimum geometry of each of the 12 isomers can be
seen in figure 6.2 along with the ground state energy Eq4 relative to the minimum energy OeV.
In this series the geometry 3C has the lowest energy which is the case of the pyridines pointing
in opposite directions and may be due to an interaction between the nitrogen and the hydrogen
on the opposite ring. Note, that the energy difference to 3A and 3B is very small (0.01eV)

which shows orientation of the methyl groups is less important.
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Figure (6.2): Possible isomers of the LP molecule including their ground state energy Egq
relative to the minimum 0 eV, where isomer is 3C has the lowest energy. The figure shows
different position of SMe group with 1 — both pyridines pointing inwards, 2 — both pyridines

pointing outwards and 3 — one pyridine pointing in and one points out.

In figure 6.3, | repeat the process for the LM molecule. Again, there are the same three
configurations of the pyridine rings (1-3), however due to symmetry there is an extra
orientation D for the methyl group in the case of geometry 3. Orientation E again corresponds
to the methyl groups rotated 90° out of the plane. The lowest energy isomer is 3C with the

pyridine rings pointing in opposite directions.
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Figure (6.3): Possible isomers of the LM molecule including their ground state energy Eq
relative to the minimum 0eV, where isomer 3C has the lowest energy. In this study I applied
the calculation for the geometries in the third panel, which are more likely to happen in the

junction since they possess low ground state energy.

In the case of the complex molecules Pd” and PdM, the orientation of the pyridine rings is fixed
so only the methyl groups are free to move. As before we assume four different positions A-
D, where for Pd” A — left and right, B — left and left, C — right and left and D — methy! rotated
90° out of the plane. For Pd the orientations are A — up and up, B — up and down, C — down
and down and D — rotated 90° to the plane. The energy difference from the minimum is small

except in the case of the isomer D.
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Figure (6.4): Possible isomers of the Pd” and Pd™ molecules including their ground state
energy relative to the minimum OeV. The SMe groups are rotated to different position around
the sulfur atom. The energy difference from the minimum is small except in the case of the

isomer D.

6.3. Binding to gold electrodes

To model the expected behaviour in a molecular junction, the next step is to understand how
the molecule can attach to the electrodes. To achieve this, the binding energy between the
molecule and a gold electrode was calculated. The system was treated as a two-component
object, where the gold electrode is A, and the molecule is B. Due to basis set superposition
errors (BSSE), when using localized basis sets, | used a counterpoise method to evaluate the

binding energy Esindg. This is given by the following equation:

120



Epina = EAf — (EA® + E£P)

where E£F is the ground state energy of the gold electrode (A) and molecule (B), E£8 is the
energy of the gold (A) in the basis of the dimer AB and E4® is the energy of the molecule in
the basis of the dimer AB. To find the optimum binding geometry | relaxed the position of the
molecule relative to a single fixed gold electrode using SIESTA, so that all forces were less
than 0.01eV/A. Here, the gold electrode consisted of 3 layers of (111) gold containing 25 atoms
with a surface of pyramidal gold atoms to mimic the behaviour of an STM measurement. For
the LM and LP ligand molecules, I identify three possible ‘contact’ sites for the attachment of a
gold electrode and the results can be seen in figure 6.5. The first contact site is the SMe anchor
group and in the case of the methyl group being aligned with the pyridine ring the binding
energy is -0.23eV for L” and -0.18eV for LM, however in the case of the methyl group being
rotated out of the plane the binding energy increases to -0.45eV for L” and -0.34 for LM. This
result predicts that upon binding, it is more energetically favourable for the methyl group to

rotate out of the plane of molecule upon binding to the tip gold atom.

The second contact site is the nitrogen atom of the pyridine ring, however the nature of the
contact to the gold depends on the orientation of the pyridine ring for the given isomer. In the
case when the nitrogen is pointing outwards (e.g. L°(2)) the nitrogen atom is in the ‘ortho’
position for binding and gives a binding energy of -0.52eV for L? and -0.58eV for LM. When
the nitrogen atom is pointing inwards (e.g. L” (1)) the gold can bind to it when the plane of the
molecule is parallel to the gold surface. The gold — nitrogen binding distance is 2.55A for L"

with a binding energy of -0.3eV with similar values for LM,
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Binding Energy = -0.45eV Binding Energy = -0.52eV Binding Energy = -0.30eV

o 3
Binding Energy = -0.18eV Binding Energy = -0.34eV Binding Energy = -0.58eV  Binding Energy = -0.33eV

Figure (6.5): Binding energy of L” and LM molecule contacted to a gold electrode in four
different locations. In the case of the SMe being aligned with the pyridine ring the binding
energy is -0.23eV for LP and -0.18eV for LM, however in the case of the methyl group being

rotated out of the plane the binding energy increases to -0.45eV for LP and -0.34 for LM,

The same procedure was applied to the complex molecules Pd” and PdM. In this case there is
no binding to the ortho position as the pyridine rings are fixed. This means that there are two
contact locations for the complex molecules and the results can be seen in Figure 6.6. The first
location is again via the SMe group and as for the ligand molecules the optimum binding energy
occurs when the methyl group rotates out of the plane, with a value of -0.46eV for Pd® and -
0.21eV for PdM. The second location is again the middle of the molecule, however this time
the binding site is the chlorine atom attached to the palladium atom and the lead is at right
angles to the plane of the molecule. This gives a binding energy of -0.67 eV for both Pd” and

PaM.

122



Now, depending on where the gold lead attaches to the molecule, this means that there are
multiple junction geometries that can form. For example, the Pd” molecule, the left electrode
attaches to the left SMe, and the right electrode could attach to the right SMe, this would be a
para-para (p-p) connection. A second geometry forms when the left lead attaches to the left
SMe group and the right lead contacts to central chlorine atom which would be a para-middle
connection (p-mid) and the third geometry forms when the left lead attaches to one of the
chlorine atoms and the right lead attaches to the other chlorine atom which would be a middle-
middle connection (mid-mid). In this geometry the transport is through the plane of the

molecule.
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Binding Energy = -0.21eV Binding Energy = -0.46eV Binding Energy = -0.67eV
m N
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Binding Energy = -0.15eV Binding Energy = -0.21eV Binding Energy = -0.67eV

Figure (6.6): Binding energy of Pd” and Pd™ molecule to a gold electrode. The optimum
binding energy occurs when the methyl group rotates out of the plane, with a value of -0.46eV

for Pd® and -0.21eV for PdM. The binding energy for Au-Cl is -0.67 eV for both Pd” and PdM.
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6.4. Results and Discussion

6.4.1. Electron transport calculations

As a first example | compare the behaviour of the complex Pd® (C) and Pd™ (C) with the ligands
L" (1C) and LM (1C), the isomer label is in the bracket and corresponds to figure 6.2-4. The
molecules were attached to gold electrodes via the SMe anchor groups in the optimum binding
position as calculated previously with the resulting junction geometries for the para-para
connectivities shown in figure 6.7a and b and the meta to meta in 6.7c and d. The transmission
coefficient T(E) for each of these geometries was calculated using Gollum and the results can
be seen in Figure (6.8). The comparison between the para connected ligand L (black line) and
complex Pd” (blue line), shows that in both cases the Fermi energy (E-E£° = 0eV) sits in the
HOMO-LUMO gap. In this case the transmission through the ligand is smaller than the
complex, this is due to the HOMO LUMO gap of the complex molecule being smaller than the

ligand meaning that the complex enhances the conductance.

The shape of the HOMO resonance is also different for the complex Pd” which has a Fano line
shape (E-Ef° = -1eV) in comparison to the Lorentzian shape of the LUMO resonance. This can
be explained by the orbitals of the molecule which are shown in Figure (6.9), here the HOMO
orbital is localized on the metal complex of Pd” in comparison to the delocalized nature of the
LUMO. Figure (6.8) also shows the behaviour for the meta connected molecules LM and Pd™,
which show a similar pattern to the para molecules, that the conductance of the complex PdM
is greater than that of the ligand LM. The HOMO orbital is again localized for the complex and
produces a Fano line shape. It should also be noted that the conductance of LM < L? and PdV <

Pd®.
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Figure (6.7): Molecule junction geometry for (a) Pd” para-para (p-p), (b) L” para-para (p-p),

(c) PdM meta-meta (m-m) and (d) LM meta-meta (m-m).
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Figure (6.8): Zero bias transmission coefficient T(E) for molecules (a) L” and Pd” and (b)

molecules LM and PdM contacted to gold electrodes via the SMe anchor groups. The HOMO

LUMO gap of the complex molecules is smaller than the ligand, meaning that the complex
enhances the conductance. The shape of the HOMO resonance is also different for the

complex which has a Fano line shape due to the localized orbitals in figure (6.9).
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Therefore, these transmission curves show that the complex, does not alter the transport path
through the molecule, and the small enhancement in conductance is due to a shifting of the

molecular orbitals and the change in the HOMO-LUMO gap size.

Figure (6.9): HOMO and LUMO orbitals of molecules (a) Pd”, (b) L?, (c) Pd™ and (d) LM,
where the results show a localization of the HOMO orbital on the metal complex of Pd” and
PdM, and this is producing a Fano line shape near the HOMO resonance as shown in figure

(6.8).

6.4.2. Multiple Conductance Groups

Having investigated the general nature of transport through the four molecules when contacted
through the SMe anchor groups, | now calculate the behaviour depending on the multiple
junction configurations that can be formed. For the complex Pd” there are three possible

junction geometries, 1-the para-para (p-p) connection through the right and left SMe groups,
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2- the para-middle (p-mid) connection where one lead attaches to an SMe group and the second
contacts to a chlorine atom of the metal complex and 3 — the middle-middle (mid-mid)
connection where the leads attach to the two chlorine atoms and the transport is through the
plane of the molecule. The transmission curves for these three geometries can be seen in figure
6.10 and show the general trend Gmid-mid > Gp-mid > Gp-p. This can be explained by the shorter

distance for the path of the electrons though the molecule [19].
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Figure (6.10): Zero bias transmission coefficient T(E) against electron energy E for three
different binding configurations of Pd®, and the curves show the general trend Gmig-mid > Gp-
mid > Gp-p . The para-para (p-p) connection through both SMe groups, the para-middle (p-mid)
connection where one lead attaches to an SMe group and the second contacts to Cl atom, and
the middle-middle (mid-mid) connection where the leads attach to the two chlorine atoms.
The decrease in the distance between the left and right electrodes results in an increase in the

transmission coefficient, as shown in mid-mid case where the contact via the Cl atoms.

Figure 6.11 shows the transmission behaviour for the meta-complex Pd, again it has three
different junction geometries, 1 — contact through the meta connected SMe groups (m-m), 2 —
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the meta-SMe and the chlorine atom (m-mid) and 3 — the chlorine to chlorine (mid-mid). The
same pattern emerges with the mid-mid having the highest conductance. Note, that in the case
of transport through the plane the conductance value is similar for both Pd” and Pd as it is no

longer connected through a para or meta connection.
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Figure (6.11): Zero bias transmission coefficient T(E) against electron energy E for three
different binding configurations of Pd™, and the curves show the general trend Gmig-mid > Gp-
mid > Gp-p . The meta-meta (m-m) connection through both SMe groups, the meta-middle (m-

mid) connection where one lead attaches to an SMe group and the second contacts to ClI

atom, and the middle-middle (mid-mid) connection where the leads attach to the two Cl
atoms. The decrease in the distance between the left and right electrodes leads to an increase

in the transmission coefficient, as shown in mid-mid case where the contact via the Cl atoms.

Figure 6.12 shows the transmission for molecule L. For the lowest energy isomer, there are
five possible junction geometries. 1 — left lead and right lead contact to left and right SMe

groups (p-p), 2 — left lead contacts to the nitrogen atom in the ortho position and the right lead
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to the right SMe group (0-p), 3 — left lead contacts to the left SMe group and the right lead
contacts the nitrogen atom in the middle of the molecule (p-mid) 4 — left lead connects to the
ortho nitrogen and the right lead contacts to the middle nitrogen atom (0-mid) and 5 — left and
right lead contact to the middle nitrogen atoms so that transport is through the plane of the

molecule.

The p-p connection gives similar behaviour to the o-p, which is expected, the p-mid and o-mid
also have similar conductance behaviour and finally the mid-mid gives the highest

conductance.

-1
E-E¢ (eV)

Figure (6.12): Zero bias transmission coefficient T(E) against electron energy E for five
different binding configurations of L". The curve of mid-mid contact via the two Cl atoms
shows the highest conductance, whereas the lowest conductance is due to the p-p connection
via the SMe anchors and the o-p connection via the nitrogen atom in the ortho position and

the right SMe group.
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The transport through the LM molecule (figure 6.13) shows similar behaviour, although in this
case the m-m gives a lower conductance than the m-o. Transport through the middle of the

molecule again gives the highest conductance.

-2 -1 0 1

E-E. (eV)

Figure (6.13): Zero bias transmission coefficient T(E) against electron energy E for different
binding configurations of LM. The transmission curve of mid-mid contact via the two ClI
atoms shows the highest conductance due to the shorter distance for the path of the electrons
though the molecule, whereas the transmission curve of m-m connection via the SMe groups

gives the lowest conductance.

6.4.3. Conductance and Seebeck values

The conductance and Seebeck values are evaluated at room temperature for two different Fermi
energies. the original DFT calculated Fermi energy Er° and EF'=Eg-0.5eV. Typically, DFT
tends to incorrectly predict the position of the Fermi energy and therefore, | evaluate at two

values with EF* chosen to be close to the middle of the HOMO-LUMO gap. Typically, the
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results show that in the case of the complex molecules (Table 6.1 and 6.2) there are three
conductance groups as expected from the transmission curves and for the Fermi energy in the
middle of the gap all the groups give a low value for the Seebeck coeffiecent (< 20uV/K) with

a negative sign to demonstrate LUMO dominated transport.

Table 6.3 and 6.4 show the conductance and Seebeck values for the ligand molecules, in this
case there are five geometries, but they tend to give three conductance groups with the sme-
sme contact (p-p) and sme-ortho contact (p-0) giving the lowest. The mid-mid gives the highest
conductance and the sme-mid (p-mid) and ortho-mid (o-mid) a value in the middle. As was the
case for the complex molecules the Seebeck values in the HOMO-LUMO gap are again very

small (< 20pV/K) and negative.

Log G(EF°) /Go | S(EF®) ImVIK | Log G(EFY) /Go | S(EFY) /ImV/K
p-p -2.82 -337.0 -4.51 -11.0
p-mid -2.32 -110.7 -3.27 -14.5
mid-mid -0.87 -33.3 -1.36 7.6

Table (6.1): Conductance and Seebeck values at the two Fermi energies E2 = 0 eV and
EL = —0.5 eV for the Pd” molecule for three different contact geometries. The Fermi energy
E2 = 0 eV is the DFT electrode fermi energy, which is not relaible. The results show small
increase in the conductance between the p-p and mid-mid connections at E} = —0.5 eV. The

shorter the distance for the path of the electrons though the molecule, the higher the

transmission and thus the conductance.
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Log G(EF%) /Go | S(EF°) /uV/K | Log G(EFY) /Go | S(EFY) /uV/K
m-m -5.26 -84.1 -5.60 -8.4
m-mid -3.18 -38.5 -3.58 -8.4
mid-mid -0.81 -22.0 -1.25 -10.6

Table (6.2): Conductance and Seebeck values at the two Fermi energies E2 = 0 eV and

E} = —0.5 eV for the Pd™ molecule for three different contact geometries. The Fermi energy

EX = 0 eV is the DFT electrode fermi energy, which is not relaible. The results show small

increase in the conductance between the m-m and mid-mid connections at EX = —0.5 eV'.

Log G(EF®) /Go | S(EF%) /uV/K | Log G(EFY) /Go | S(EFY) /uV/K
p-p -4.65 -49.9 -5.21 3.7
p-o -4.51 -84.4 -5.18 -2.1
p-mid -3.44 116 -3.66 6.7
o-mid -2.96 -5.2 -3.03 -2.0
mid-mid -1.88 -21.3 -2.27 -9.4

Table (6.3): Conductance and Seebeck values at two Fermi energies E2 = 0 eV and EL =

—0.5 eV for the L molecule of five different contact geometries (p-p), (p-0), (p-mid), (o-

mid) and (mid-mid). The p-p and p-o give the lowest conductance, the mid-mid contact gives

the highest conductance, and the p-mid and o-mid have a value in the middle. The Seebeck

results do not show enhancement.
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Log G(EF) /Go | S(EF®) /uV/K | Log G(EFY) /Go | S(EF) /uV/K
m-m -6.17 -38.1 -6.67 -9.5
m-o -5.29 -70.2 -6.51 -25.5
m-mid -2.14 -23.6 -2.35 5.8
0-mid -3.15 -7.6 -3.24 -2.8
mid-mid -1.98 -17.4 -2.23 -5.5

Table (6.4): Conductance and Seebeck values at two Fermi energies E2 = 0 eV and E} =
—0.5 eV for the LM molecule of five different contact geometries (m-m), (m-0), (m-mid), (o-
mid) and (mid-mid). The m-m and m-o give the lowest conductance, the mid-mid contact
gives the highest conductance, and the m-mid and o-mid have a value in the middle. The

Seebeck results do not show large enhancement (all are less than 20uV/K).

6.4.4. Pendulum behaviour of the Complex molecules

Previous work [20], [21] has shown that changing the geometry of a molecular complex with
localized orbitals can shift the position of the ‘Fano’ resonance as the complex moves relative
to the molecule. | therefore, investigate if the chlorine atoms attached to the palladium atom
can modify the transport behaviour by moving them in a ‘pendulum’ motion. First, the energy
barrier for this rotation is calculated. The chlorine atoms are rotated by an angle 6 around the
N-N axis of PdP and PdM, (6 = 0° is the optimum geometry). Figure 6.14 shows the Energy
barrier to rotation is low in both the Pd” and Pd™ molecules (< 0.05eV) for angles between

0=10 and -50°.
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Figure (6.14): Ground state energy as a function of rotation angle 0, where the Cl atoms are
rotated around the N-N bond in both Pd® and PdM. For simplicity, 8 = 0° is the optimum

angle of PdCI, at the optimum geometry.

| then calculate the transmission coefficient T'(E) as a function of the rotation angle 6, and the
results for the Pd” molecule are shown in Figure 6.15. This shows that only the HOMO
resonance (which has the Fano line shape) changes with the rotation angle and zooming in on
this region shows that the width of this resonance changes and is also shifted by approximately
0.2eV. However, this shifting happens well away from the Fermi energy and therefore | expect
that this motion does not play any role in the molecular conductance. | find similar behaviour

for the equivalent calculation of the Pd™ molecule.
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Figure (6.15): (left) T(E) against energy E for rotation angle 6 about the equilibrium position
0° in molecule PdP. (right) Zoom in on HOMO resonance with the Fano line shape. The
overall results are not affected by this shift in the Fano resonance, because it happens away

from the electrode Fermi energy.

6.5. Conclusion

| have studied a series of palladium complexes to determine how the addition of the complex
to the ligand can modify the electron transport behaviour in terms of quantum interference. |
show that the transport behaviour for the case when the junction is formed through attachment
to the SME anchor groups follows the expected behaviour in the case of the ligand molecules.
The para connected L" gives a higher conductance than the meta connected LM, and in the case
of the addition of the palladium complex the conductance is enhanced for both. The fact that
the conductance of the meta-complex is lower than the para shows that the addition of the
palladium atom does not disrupt the transport path, which is through the ligand part of the

molecule.
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The complex structure of these molecules leads to multiple binding locations for attachment to
gold electrodes and therefore multiple junction configurations can be formed. Therefore, |
expect the measurement of these molecules to show multiple measured conductance values.
However, the fact that the Fermi energy sits in the middle of the transport gap and the complex
only introduces a Fano resonance at a much lower energy, which is not greatly modified by the
pendulum motion of the chlorine atoms, the Seebeck coefficient is predicted to be small for all
four molecules. The different junction geometries do not enhance the Seebeck value either.
Finally, the predicted pendulum motion of the chlorine atoms is shown to modify the behaviour
of the HOMO resonance, but this feature happens well away from the Fermi energy, so it is
expected not to play a role in the conductance or thermoelectric response of the complexed

molecule.
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Chapter 7

Summary and Future works

This thesis has theoretically investigated the thermoelectric behaviour of single molecules
using density functional theory (DFT) in combination with Green’s function scattering
techniques. Their electrical conductance G and the Seebeck S coefficient have been evaluated
with the aim of understanding fundamentals of their transport properties, which may underpin
future designs for high performance thermoelectric materials. However, if we are interested in
increasing the efficiency of molecular nanodevices, we need to do more than merely calculate
the G and S. The technical applicability of these devices is governed by their thermoelectric
efficiency, which is characterised by the dimensionless figure of merit ZT, defined by
ZT = GS*T/(GE + GhM), where GZ and GP' are electron and phonon thermal
conductance, respectively. For the first suggestion, it would be of interest to compute the
thermal conductance for the series of molecules that have been studied in this thesis. The
approach to performing phonon transport calculations an extensions of methodologies
developed for phonon transport in inhomogeneous media [1] and is almost identical to that of

the electron transport calculation but with a few different input parameters [2].

The figure of merit should be larger than unity for an efficient thermoelectric device, and
therefore, enhancement of G and S and suppression of thermal conductance are needed for
efficient conversion of heat into electricity. Several parameters can modify the thermoelectric
properties of molecular junctions such as the length of the molecule, the chemical nature of the

anchor groups or the presence of the side groups. The Fano resonance feature in chapter 5 had
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no role in enhancing the Seebeck coefficient, because of the simple structure of the pendant
group and its lack of degrees of freedom. Thus, the chemical modification of the side group to
be more complicated will offer many degrees of freedom to manipulate and then tune this

resonance to be near the Fermi level of the electrodes [3], [4].

Another suggestion for this research is to change the molecular core structure to have two
positions of pendant groups. Since one position of a side group has an important influence on
the electron transport due to quantum interference effects, | think that adding two of them may
enhance the thermopower even more [5]. According to this study [6], it has been shown that
thermal conductance is suppressed with increasing the number of differing length pendant
branches in molecules (a molecular Christmas trees). Furthermore, Charge transfer complexes
[7] by adding an electron acceptor molecule (TCNQ) or donor (TTF) are another mechanism

for regulating quantum interference.

In chapter 6, I have investigated the transport properties of para- and meta-connected molecules
with and without metal atoms (i.e. PdCl,), and the results showed that the presence of this
metal atom in molecular wires results in a slight increase in the conductance due to the shift of
the LUMO resonance to the Fermi energy. In this project it might be useful to think about
studying the m-stacking of these molecules in more detail, understanding electron transport
through them, and how different configurations may control QI [8]-[10]. The weak interaction
between parallel m-stacked molecular systems may exhibit low conductance due to the
appearance of destructive interference feature, and the decrease in conductance might indicate
an increase in the thermopower. Moreover, the charge transport depends not only on the nature
of ligands but also on the type of metal ion entrapped in the complex, thus studying a series of
different metal ions, such as Zn, Fe, Cu, Co, Ni and Mn, is of fundamental interest to investigate
their effect on electron transport. It has been found that the molecular energy levels can be tuned

relative to the Fermi energy of the electrodes through the choice of the metal atom [11]. Besides
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that, it would be interesting to calculate the charge transfer of these different metal elements,
and study how the electron transfer between the metal and the molecular backbone would affect
the transmission and the Seebeck behaviours. Furthermore, since the palladium is attached to
two Cl atoms we can apply a reduction process by taking off both Cl atoms, which may cause
a shift in the position of the electrode Fermi energy to the other side near the Fano resonance,

leading to more enhancement in the conductance [11].

The other possibility to improve this work is to investigate other types of molecules containing
Pt and Pd atoms for different connectivity [12], [13]. Platinum is more than 60% heavier than
palladium, and thus it would be interesting to understand the role of the mass of the metal atom

in terms of the thermal conductance.

Finally, alternative electrode materials for molecular electronics such as using graphene
electrodes in all these projects is another interesting point to consider. Graphene as an electrode
requires new anchor groups capable of preserving coherent electron transport across the
molecule-graphene interface, and its unique properties make it an ideal electrode material for

molecular electronics [14]-[16].
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