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Abstract

In the pursuit of future nano-scale applications within the field of molecular electronics,
extensive investigations into electron transport through single molecules hold
significant importance. As single or multiple molecules serve as crucial building blocks
for designing and constructing molecular electronic devices, comprehending their
electronic and transport properties becomes imperative. Countless theoretical and
experimental studies have been conducted to create molecular junctions and explore
their electrical performance. This thesis focuses on fundamental aspects of transport
theory, employing theoretical and mathematical approaches to investigate electron
transport through junctions, particularly involving a scattering region formed by a single
molecule connected to metal electrodes. The research methods used are based on a
combination of density functional theory, implemented within the SIESTA code, and
non-equilibrium Green's function, realized using the GOLLUM code, to delve into

electrical conductance on a molecular scale.

The objective of this chapter is to address a puzzling paradox concerning meta
connectivity, which exhibits destructive quantum interference (DQI) in a tight binding
model. However, in certain instances, DQI does not manifest in a DFT calculation on
the same system. To shed light on this inconsistency, a selection of molecules is
examined, focusing on the distinction between meta and para connectivity. Two
different types of linkers, thiol (-SH) and methyl sulphide (-SMe), are employed to

couple different molecules to Au electrodes. Through this investigation, we aim to gain



insights into the underlying factors that lead to the observed quantum interference

behaviors.

In project two, we conducted a comprehensive study, combining experimental and
theoretical approaches, to explore charge transport in stacked graphene-like dimers. Our
findings revealed that the interaction between room-temperature quantum interference
and stacking significantly influences their highly non-classical electrical conductance.

Notably, for the molecule CQI-L, the electrical conductance of the dimer exceeds that
of the monomer by a remarkable factor of 25, attributed to the most energetically
favorable stacking interactions. Conversely, for the molecule CQI-H, the dimer's
conductance is approximately 40 times lower than that of the monomer. These results
unequivocally demonstrate that precise control of connectivity to molecular cores,
coupled with stacking interactions between their systems, provides a versatile avenue
for modifying and optimizing charge transfer between molecules. This discovery is
expected to inspire further vigorous research at both macroscopic and microscopic

levels.
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1. The fundamentals of molecular-scale electronics

1.1 Molecular electronics

A single molecule or self-assembled monolayer (SAM) connected to nanoscale
electrodes (also known as ‘leads’) made from various materials such as metals (e.g., Au,
Ag, Cu or and Ni)[3,4], semiconductors (e.g., Si)[5] or carbon (e.g., graphene [6,7] or
carbon nanotubes[8]) are the focus of the scientific field known as molecular electronics.
The number of transistors used in chips doubles every 18 months and their size shrinks
by a factor of two, according to Gordon Moore's 1965 observation. Moore's Law [52]
states that the rate of reduction on a logarithmic scale is exponential. More than fifty
years later, the exponential growth is still present and as components get closer to the
sub-10nm length scale, Moore's Law is beginning to reach its limit. By substituting the
conventional semiconductor with a single molecule, the field of single-molecule
electronics has the potential to provide an alternative to silicon-based devices by
enabling the production of smaller, quicker and more energy-efficient devices. Since
Aviram and Ratner presented the first molecular rectifier [10] as an alternative to silicon
chips in the 1970s, single molecules as building blocks to design and produce molecular
electronic nanoscale devices have been investigated and developed in the intervening
period [1,9,29]. Numerous experimental and theoretical advances in the area of
molecular electronics over recent decades have sparked multidisciplinary research in
chemistry, engineering and physics.

Fundamentally, the field has been developing quickly, because it is thought likely to
offer several benefits relative to the more established complementary metal-oxide
semiconductor (CMOS) technology. The first benefit is the possibility to reduce the size

of two electronic components to less than 10nm, which could enhance circuit integration
13



and result in faster and more energy-efficient performance. The range of their
capabilities as a result of quantum interference, such as conducting wires [11,12]
switches [13,14,6], thermoelectric materials [15,16,17], and negative differential
resistance devices [18,19,20] are their second advantage. Another advantage that could
lead to low-cost manufacturing is the capacity to create molecular devices using
specialised intermolecular interactions. Single-molecule electronics may therefore be a

useful addition to current silicon-based electronics.

polyimide counter

Au electrodes support phosphor
bronze

Fig (1.1): Schematic of a mechanically controllable break junction on a bulk
substrate. In the top panel, a molecule sandwiched between a source and drain

electrode is shown [26].
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How to bridge a single molecule between nanoscale electrodes to examine the electronic
characteristics of systems is one of the main experimental hurdles when creating single-
molecule electronics. Metal-molecule-metal junctions have been constructed for this
purpose using a variety of techniques such as scanning tunnelling microscope break
junctions (STMBJ) [21,22,23], atomic force microscopes (AFM)[29], mechanically
controllable break junctions (MCBJ, Figure 1.1.1), [24,25,26], electro-migration
breakdown [27] and electrochemical depositions [28, 29]. Alongside these experimental
developments, theoretical methods for computing the electronic assembly of atomic
structures such as density functional theory (DFT) have also been developed. One DFT
implementation program that permits the investigation of finite and periodic systems is
the Spanish Initiative for Electronic Simulations with Thousands of Atoms (SIESTA)
[30]. The transport characteristics of molecular devices can be predicted by combining
DFT with the Green's function formalism. The Gollum code [32] which is utilised in the
current study is one way to implement the Green's function formalism. Researchers are
able to create a quantitative picture to comprehend transport features and make
predictions to direct more experimental studies by combining experimental methods
with this theoretical framework. Although there has been a significant increase in
experimental progress regarding molecular electronics, certain issues remain to be
solved and there are areas requiring further research such as robustness, solvent effects

and electric system noise.
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1.2. Molecular junctions

Fig (1.2): Diagram of a single-molecule junction: ar and ar are the left and right
gold electrodes. b and br are the left and right SMe anchor groups. C is central

functional unit (in this case an anthracene) coupled to phenyl rings on both sides.

Molecular junctions (see Figure 1.2) are sensitive to even the smallest adjustments to
their atomic arrangement. Direct contact between the metallic electrode surfaces and the
molecular unit is made possible, for instance, by anchor groups. Practically speaking,
several investigations have shown the impact of various anchor groups on molecular
transport and underlined the significance of their mechanical stability and their
electronic transparency (i.e., weak or strong coupling). Thiol (-S) is the most widely
used anchor group experimentally [33], because of its strong binding energy to gold,
silver and copper electrodes [34]. Aside from thiol terminal groups, which are more
stable and have a higher likelihood of forming junctions, other anchor groups

investigated to date include amines (-NH2), SMe and pyridyl. In addition to anchoring

16



groups, the type of electrode material (which may be metallic or non-metallic) has a
significant effect on molecular transport. The most popular metallic electrodes are Au
[37], Ag [4], Pd and Pt [38]. Due to its qualities as a noble metal, including exceptional
chemical stability, high conductivity and readily obtainable clean surfaces and tips, gold
has been the most commonly employed electrode material to date.

However, there are a number of disadvantages associated with the use of gold
electrodes, including the mobility of surface atoms at room temperature, which results
in thermal fluctuations and instabilities [39]. It is therefore crucial to find alternative
materials. Researchers have sought to develop non-metallic electrodes such as carbon-
based materials [40][41], graphene [42][49] and silicon [5], because they may be able
to take accurate single-molecule electrical measurement using these kinds of electrodes.
These display a variety of intriguing characteristics such as high charge mobility,
stability, mechanical strength and the flexibility of their conjugated structure [41][42].
Recently, the use of superconducting electrodes has also been considered [50], because
these electrodes have their own interference phenomena [51], which when combined
with molecular-scale constructive quantum interference (CQI) and destructive quantum
interference (DQI) can produce unusual interference effects. The fact that molecules can
adopt a multitude of configurations within a junction [17] necessitates consideration of
their molecular conformation [43], which also plays a significant role in molecular
transport. Because of their small size (often as small as one nanometre), the molecules
at the nanoscale device effectively function as an electronic circuit which is extremely
desirable. Additionally, the ability to self-assemble on surfaces enables the molecular
units to spontaneously form ordered structures through non-covalent interactions.
Another crucial element in defining an effective molecular junction is the length
dependency of electron transport via molecules. The current study primarily focuses on

investigating molecules with desirable features, including aromatic chemical
17



compounds. The benzene ring, whose carbon atoms are connected by alternating double
and single bonds, is an example of an archetypal aromatic compound.

In conclusion, anchor groups, molecular wire topologies, length dependency, and
conformation variations are all important elements governing electron transport and
present a multitude of potential regarding the chemical design of single-molecule
devices. However, in electron transport experiments, the conductance of a molecular
junction depends not only on the molecule itself, but also on the molecule's environment
(such as solvents, vacuum or air), as well as on the molecule's contact geometry with

the electrodes, all of which cause significant sample-to-sample fluctuations [44].

1.3. Quantum interference

The regulation of quantum transport across molecular-scale structures is significantly
influenced by quantum interference (QI) [33][45]. Through constructive or destructive
QI, this phenomenon can increase or decrease conductance, respectively [46]. Recently,
academics have investigated QI both theoretically and experimentally [33][47]. The
conductance of benzene rings is a straightforward illustration of QI; meta connectivity
shows in DQI, resulting in low conductance, whereas para connectivity results in CQI
and high conductance. Single-molecule junctions' electrical and thermoelectrical
properties can be controlled by adjusting the connectivity of external electrodes to the
centre rings of carbon-based molecules. To build molecular electrical devices by
chemical alterations, QI therefore offers new potential. One of these consequences the
DQI (described in depth in Chapter 5) is the subject of Chapter 4's discussion. By
markedly lowering the transmission probability compared to junctions that exhibit
constructive interference (CQI) [17,31,45,46,48], this phenomenon has a significant

impact on molecular conductance.
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1.4. Tight-binding model

The tight-binding model (TBM) [12] is an analytical method, which describes a
structure based on the wave function of an electron as a linear combination of atomic
orbitals (LCAQO) of localised states. It investigates electronic transport properties
through the Hamiltonian of a finite set of atomic orbitals. This approach assumes that
electrons in a molecule form tightly bound interactions with only their nearest
neighbouring sites. The exact solution to the Schrdodinger equation is obtained by

computing the eigenstates and eigenvalues.

1.5. Molecular junctions with graphene electrodes

Recently, certain researchers have achieved the creation of molecular junctions by
substituting metal electrodes with graphene counterparts. This substitution is attributed
to the notable dispersive density of states close to the Fermi energy EF in graphene [43],
along with its robust mechanical stability. Moreover, graphene electrodes exhibit the
capability to establish secure connections with individual molecules through covalent
bonds, such as the amide bond [44, 45], and non-covalent interactions, including van
der Waals interactions [46-48] and p-p interactions [49-52]. Owing to the
aforementioned benefits, the utilization of two-dimensional planar graphene electrodes
enables the examination of the inherent characteristics of molecules via non-covalent

interactions with graphene electrodes.
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1.6. Conclusion

This chapter offers a concise overview of the molecular electronics domain,
encompassing a historical perspective and an exploration of advancements in both
experimental and theoretical methodologies. Key determinants affecting charge
transport in molecular junctions are examined. Additionally, the discussion delves into
single-molecule junctions established with graphene electrodes, highlighting their
merits through illustrative examples. Lastly, the chapter provides an examination of

quantum interference effects within molecular devices.

1.7. Thesis outline

The goal of the current study is to investigate theoretical approaches for dealing with
electron transport in two-terminal molecular junctions utilising gold electrodes. As
discussed in Chapter 2, one of the primary theoretical approaches employed in the
current study to investigate and comprehend the electrical characteristics of single-
molecule junctions is density functional theory (DFT), which is primarily implemented
in the SIESTA code [32] The second approach to single-particle transport theory is
described in Chapter 3 and is encoded in the quantum transport code GOLLUM, which
is a program that computes transport and thermal properties based on the theoretical
foundation of Green's functions for a doubly infinite chain and semi-infinite 1D chains

and the transmission coefficient equations. It explores how charges move within

20



individual molecules. Recently, there has been considerable interest in how to facilitate
charge transport using quantum interference phenomena. The electrical and
thermoelectrical properties of the structures under examination, which are depicted in
Chapters 4 and 5, are the two main results that are theoretically investigated within this

framework.
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2. Density Functional Theory

2.1. Introduction

To elucidate the electronic behavior of molecular electronic devices, theoretical
approaches to resolve electronic interaction problems are of fundamental importance.
The interacting many-body Schrodinger equation can be described using several
theoretical methods such as quantum Monte Carlo, wave function methods. Density
Functional Theory (DFT) is one method that physicists and chemists use repeatedly.
This section presents a complete presentation of the Hohenberg-Kohn theorem (1964)
and the Kohn-Sham equation [1,2] which underlie the DFT estimation of the ground
state of organic molecules. The main purpose of this chapter is to briefly introduce the
DFT computational code SIESTA [3], research on the development of molecular
structures, the calculation of charge densities, binding energies, band structures, and the
generation of Hamiltonian operators for subsequent charge transport calculations.

DFT techniques can be used to solve the non-relativistic many-body time-independent
Schrédinger equation (TISE). Important formats are described at the beginning of this
section. This is so that electron density can be used to find properties of multi-electron
systems. Part 2 provides a brief introduction to numerical applications and their DFT
fundamentals, clarifying the challenges and performing accurate calculations of
molecular structures, despite these systems being large. DFT has therefore become one

of the most important techniques in theoretical physics.
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2.2 The Schrodinger Equation

In general, all many-particle systems can be described using the Hamiltonian operator

via a given nonrelativistic Schrodinger equation as follows:

HY,; = E;¥; (2.1)
where ¥; is the wavefunction of the state of the i*® system, E; is the numerical
representation of the energy of the i*" state described by ¥;, and the variable H is the
system consisting of N-electrons and M-nuclei representing the time-independent
Hamiltonian. The details of the Hamiltonian operator for such a system are given by the

notation:

_p2
“o Z Z R e B W R W I G
2m; ZMI 2Lz |7"l - il |7”z RI 2 I#] |R1 - R]

Where # denotes Planck's constant, m; and M; represent the masses of the electron and
nucleus, respectively. Z; is the atomic number of the 1" atom, e signifies the charge of

the electron, r; and, R; represent the positions of the it" electron and I** nucleus.

In equation 2.2, the first two terms depict the kinetic energies of the electron and
nucleus. Subsequently, there are representations for electron-electron interactions,
electron-nucleus interactions, and nucleus-nucleus interactions, in that order. Hence,

equation (2.2) can be alternatively expressed as follows:

H=T,(r) + Ty(R) + Voo (1) + Voy (r, R) + Vyn(R) (2.3)
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2.3. Born-Oppenheimer approximation

The Schrddinger equation (2.1) can only be solved analytically for systems with a few
electrons, like the simple hydrogen atom problem. Based on the fact that the mass of
nucleons is at least three orders of magnitude larger than that of electrons [5] [6], nuclei
can be treated as classical particles that generate a constant external potential and
electrons can be treated as quantum particles sensitive to this potential (i.e., their Kinetic
energy is neglected). Therefore, the electron position does not affect the nucleon wave
function.

Assuming that the nucleon wave function is independent of electron position, this is
called the Born-Oppenheimer approximation [5]. In Formula 2.2, the classical
interacting components of the core potential do not contribute intrinsically to the
electronic description structure. As a result, the electronic Hamiltonian component is

simplified because the electron position does not affect the nucleon wave function.

H,(r, R (1, R) = Eo,(1,R) (2.4)

In this context, the electronic Hamiltonian can be formulated as follows:

Ne (2.5)

i _hZZA2+1Z e’ > Ve ()
= . — _ T;
2m, 4 i 2 i |ri _rjl i ext \Tj

=1
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where the variable v,,.(r;) is the external potential due to the interaction between the
nucleus and the electron. This approximation makes it possible to separate the degrees
of freedom coming from the electron and nucleon. Solving Equations 2.5, even on
modern supercomputers, is still challenging despite the reduced system size due to the
Born-Oppenheimer approximation. Therefore, additional DFT methods are needed such
as Hartree, Hartree-Fock or other quantum-mechanical methods. DFT theory solves this
problem by defining the physical quantity in terms of the ground state density n(r) [7].

Hartree-Fock captures exchange energy but ignores electronic correlation.

2.4 Hohenberg-Kohn theorem approximation

Developed in 1964, the Hohenberg-Korn theorem [1] is a fundamental aspect of the
DFT because it makes it possible to characterise the ground state by the density of
electrons n(r). A multi-electron system interacting with an applied external potential
V..t (1) canemploy this quantity to determine the minimum total energy. The first HK
theorem states that the energy of an atomic system, as well as all other observables, is

unambiguously determined by the electronic density of the system, n(r).

~  —h* QN, 1 N
H= =% Vit 3 ey — ZuVew () (2.6)

_¢
|ri—rj|

According to this theorem, density n(r) is a function of the total energy of a multi-

electron system and is given by:
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Eugnl = Fugln]l + [Veye(r) n(r) dr (2.7)

FukIn]l = Tipen] + E[n] (2.8)

=zero, for
non—interacting
system

The potential energy of a multi-electron interacting system is noted as Fyg. This
theorem is supported by two strong claims:

The ground state density n(r) of each interacting multi-particle system is uniquely
specified concerning the external potential V,,.(r). This equation shows that two
external potentials produce the same ground state density distribution [1,4,8,9]. The
electron density that minimizes the energy of the overall functional is the true electron
density corresponding to the full solutions of the Schrddinger equation. A global
function of energy E[n(r)] can be defined with density n(r). Furthermore, the global
minimum of this function and the density n(r) that minimises the function and
represents the exact ground state density n(r) are known as the exact ground state

energies of the existing system. Outside the perinatal period (V.. (1)) [1,4,8,9].

2.5. The Kohn-Sham approach

Kohn and Sham's strategy [2,10,11] offered a solution to Kohn and Sham's many-body
problem (1965) using independent particle equations for non-interacting electron
systems. For any system of interacting particles, the proposed method produces the same
ground-state density [2][12]. Kohn and Sham proposed that it is possible to replace the
original Hamiltonian of the system with the effective Hamiltonian of the non-interacting

system (H,fr) in the effective external potential V, z¢( 7). Therefore,
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Fug[n] = Tine[n] + Verr (7)[n] (2.9)
Becomes

Fys[n(r)] = Ton[n(r )] + Eygre[p(r )] + f Vext(r) n(r)dr +Ey:[n(r)] (210)

In 2.8. the quantity T, refers to the kinetic energy of non-interacting systems, as
opposed to T;,; (for interactive systems), and Ey .-, Which is associated with the density
n(r), refers to the classical static electron energy or classical self-interaction energy of
electronic gases. The last term, E,.[n(r)], the exchange-correlation energy functional,
gives the difference in kinetic energy between the interacting and non-interacting

systems. The formula is as follows:

Exart[n(r)]
fn(ﬁ n(r;)

|7y — 13

(2.11)

Epo[n(r)] = Fug[n(r) — = drydr, = Tyonln(r)]

2

In this variational equation, both the interacting and non-interacting electron systems
have the same n(r) ground state energy and density. In recent decades, considerable
effort has been made to improve the accuracy of E,..[n(r)].

This capability can now be used to study and predict the physical properties of multiple
molecules and solid-state systems. Therefore, the effective single-particle potential

Vesr (1) is computed for the last three terms in Equation (1). 2.10. Use of function
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derivatives.

0Eyare[n(7)]  0Ex[n(r)] (2.12)
on(r) + on(r)

Veff(r) = Vere (7)) +

Significantly, the single particle's Hamiltonian can be obtained from the
potential V,z¢( 1) as:

HKS = TTLOTL + Veff (213)

The Schrédinger equation changes to:

[Thon + Veff]l'UKS = EWgs (2.14)

This is called the Kohn-Sham equation. The Kohn-Sham approach shows that a complex

many-particle interacting system can be correctly mapped to a set of simple non-

interacting equations if the exchange-correlation function is known. However, because

the exchange-correlation function is unknown, an approximation must be made.
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2.5.1. Exchange and correlation functional

Although DFT is still used on the basis of an approximation of the kinetic energy
function and the exchange-correlation function defined by electronic density, it is a
very reliable and well-established method used in the analysis. Another benefit of DFT
is that the Kohn-Sham equation can reduce the quantum mechanical ground-state
many-body problem to a self-consistent one-electron problem [8]. Although this
approach is technically correct, there is not an exact formula for calculating the
exchange-correlation energy as a function of density. Local density approximation
(LDA) is a long-preferred option among the various forms proposed for exchange and
correlation [13]. Despite its simplicity, LDA predictions provide accurate descriptions
of the atomic structure, elastic and vibrational properties of various systems. However,
LDA generally overestimates the binding energies of molecules and solids. This is
because they do not accurately describe the energetics of chemical reactions (e.g., heat
of the reaction and activation energy barrier). In addition, LDA often places molecular
conformations and crystalline bulk phases in even more imprecise energy orders [14].
Compared to LDA, the Generalized Gradient Approximation (GGA) largely eliminates
these shortcomings [8][15]. For example, it provides a more detailed representation of
the energy barriers in the dissociative adsorption of hydrogen onto metal and
semiconductor surfaces [16]. Local densities and spatial variations in densities are key
components of the gradient correction (GGA) function. Therefore, the two most
commonly used exchange-correlation functional approximations are LDA [13] and
GGA which are based on density and local density, respectively, and use advanced
techniques that incorporate density derivatives. The following sections briefly describe

LDA and GGA.
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2.5.1.1. Local density approximation

The LDA approximation developed by Kohn and Sham [2][10] assumes that the
exchange-correlation function depends only on the local density. The simplest

approximation of this exchange-correlation formula is as follows:

ELPA[n] = f n(r)elom [n( r)]dr (2.15)

The exchange-correlation energy of a homogeneous electron gas with a density of n is
referred to as Ef2™°[n(r)]. It is helpful to separate the contribution into two parts from
ERome n]

Ehome[n] = ERomo[n] 4 Ehomo p] (2.16)

In this situation, the first term Ef™°[n] is related to the exchange energies, whereas
the second term E™°[n] is related to the correlation energies.

In homogeneous systems such as graphene and carbon nanotubes where the electron
density does not change rapidly, the LDA functional is still considered to be correct. For
atoms with d or f orbitals, errors are to be expected because LDA handles homogeneous

systems.

2.5.1.2. Generalized Gradient Approximation
For truly heterogeneous systems where the electron density varies rapidly at the point
(™), the LDA approximation is inaccurate. Therefore, an alternative approximation is
required which probes the electron density gradient, the so-called GGA. Therefore, the

higher spatial derivatives of the total charge density (|7 n(r)|, |[V'? n(r)], ...) enter the
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functional form of the exchange and correlation energies of the GGA approximation.
The functional exchange term, which does not have a closed form in the GGA
approximation, was numerically estimated along with the correlation contribution.
As a result, this fitting process uses a large number of parameterisations. This section
examines one of them, the PBE functional form, proposed by Perdew Burke and

Ernzherhof [15]. The correlation energy is given by:

EZ%n(r)] = [n(r) % n()], [V n(0)|]dr (2.17)

2.6. SIESTA

A Spanish acronym for electron simulation with thousands of atoms (SIESTA) [3] is
able to perform efficient computations in a self-consistent manner in density functional
theory using a linear combination of norm-conserving pseudopotentials and atomic
orbital basis sets (LCAOBS). All of the calculations provided in this work are based on
the SIESTA code, including the electronic properties of the optimal structure of target

molecules such as charge density, binding energy and other aspects.
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2.6.1. The pseudopotential approximation

A pseudopotential or effective potential is an example of an approximation beyond those
of DFT. This is because the SIESTA code requires approximations to produce reliable
calculations. As a result, fewer electrons are used in the simulation, which helps solve
the many-body Schrodinger equation. This approximate concept suggests that atomic
electrons can be classified into two groups.
Core electrons occupy filled atomic orbital shells and valence electrons occupy partially
filled atomic orbitals. As a result, pseudopotentials are created using the non-valence
electrons (also known as core electrons) of atoms and the complex effects of nuclear
motion as a surrogate. This is supported by the observation that core electrons in most
molecules are not involved in chemical bonds that lead to the development of molecular
orbitals. Fermi made this assumption in 1934 [18] and uses a particular kind of
pseudopotential in the calculations. Most chemical properties are primarily determined
by valence electrons. Due to their fast interaction with the nucleus, an approximation
can be made by treating only the valence electrons and removing the core electrons. In
general, valence electrons should be taken into consideration when constructing
molecular orbitals because their states overlap other valence states of neighbouring

atoms.
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2.6.2. Calculating binding energies using the counterpoise

method

By using the DFT approach to determine the ground state energies of various molecules
and the binding energies of various system components, the optimal energies can be
determined. The core-focused localised set of basic functions makes these calculations
error-prone when using the SIESTA code. If the atoms are close together, their basis
functions may overlap, thereby artificially strengthening the connections of the atoms
and giving an erroneous reading of the overall energy of the system. This kind of error
is usually resolved with counterpoise (CP) correction [20] or basis function convolution
error correction (BSSE) [19]. The binding energy of the interaction can be defined as

follows, assuming two molecular systems denoted by the letters A and B:

AE =E4B — (EA + EB) (2.18)

where E4E is the combined system's total energy and E4 and EZ are the isolated
components' total energies respectively. The superscript in the above statement indicates
the basis set that was used in each computation; i.e., A stands for the basis set of system
A, B stands for the basis set of system B, and AB stands for the combined basis set of
systems A and B. Energy calculations should be made using the same total basis set of

the AB system to reduce numerical errors.
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AE=EfE — (E4B + E§B) (2.19)

where EB and EjP represent the energies of systems A and B, respectively, as
determined by the

supersystem. To provide trustworthy and accurate outcomes, this is a vital notion that

has been applied in numerous systems [21,22].
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The illustration of the origin of the basis used in a CP calculation is depicted in the figure

below:

q b C

AB AB AB
EAB EA £ B

Fig (2.1): Utilizing the counterpoise approach for determining binding energy,

wherein symbols A and B represent the molecule and the lead, respectively.

The calculation of binding energy is shown in Figure 2.1 (a) Basis functions for the
entire system AB, where atoms are represented by red and blue circles. (b) Basis
functions for a single system A. System B is the ghost state represented by the blue
dashed circle. (c) Basis functions for a single system B. Here, system A is in the ghost
state represented by the red dashed circle. In practice, setting the nuclear charge of the
relevant system to zero makes it easier to specify the basis set for the counterweight

calculation.
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2.7 Calculations in practice

In the current study, many steps of transportation calculation are performed using the
SIESTA code. The atomic configuration of the system must be constructed first.
Subsequently, each element requires the correct pseudopotential specific to each
exchange-correlation functional. Regarding computations, accurate computations
require a large amount of memory, so choosing an appropriate basis set is important to
reduce the amount of memory and time required. Including convergence tolerances for
screen frequencies and densities is an alternative way to ensure the accuracy of the
calculations. Furthermore, the Pulay parameter describes the control parameter for the
convergence of SIESTA which accelerates or keeps the convergence of the charge

density stable.

Assuming no interatomic interactions, the next step is to create the desired initial charge
density. With a known pseudopotential, the total charge density is the sum of the
individual charge densities. The self-consistent calculation shown in Fig. 2.8 begins
with the calculation of Hartree and exchange-correlation potentials. Therefore, the
Kohn-Sham equation is solved to obtain the new charge density. The next iteration is
then initiated and repeated until a critical convergence criterion is achieved. This
indicates that the Kohn and Sham ground state orbitals and energies are achieved for

specific atom combinations.

This is another loop managed by the conjugate gradient method [23][24] for geometry
optimisation (i.e., relaxing the atomic coordinates to allow the shape and volume of the

periodic cell to be changed). This gives the equilibrium lattice parameter of the system
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and the minimum atomic ground state energy. Density matrices and Hamiltonian
operators are computed after applying this self-consistent method. This is important

because the quantum transport calculations in the next chapter are based on these.
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Calculate effective potential V,

Outcome Hamiltomian, the total
energy. . _etc

Fig (2.2): Schematic of the self-consistency process within SIESTA
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First, an initial electron density, n;, (r), is assumed (iteration 0). Then, the effective
potential V¢, (r) is constructed using equation (2.13). After that, equation (2.12) will
be solved to find ¢;(r) . Finally, the new output density n,,.(r) is obtained, which
should be the same as the initial one or smaller than a certain small value called
tolerance. If it is not the new electron density will be used and iterated until it is. By the
end of the process, the converged eigenvalues, energies, and eigenfunctions will be

determined, as well as the final density.
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2.8 Conclusion

The many-body Schrédinger equation for the ground state density can only be solved
from the basic ideas of the DFT and SIESTA codes. This includes the Hohenberg-Kohn
theorem and the Kohn-Sham equations considered in this section. Some
approximations, such as the Born-Oppenheimer approximation, are necessary to find
the eigenvalues and eigenstates of the Hamiltonian of the system of nuclei and electrons
as a solution to many-body problems. Because it is difficult to know exactly the shape
of the Kohn-Sham exchange-correlation function (the energy difference between
interacting and non-interacting systems), approximations are unavoidable.

These are essential for the quantum transport calculations in the next chapter. The two
most common approximations for exchange and correlation energies are the LDA and
The GGA. Finally, technical elements such as pseudopotential approximation and basis
functions were introduced into the SIESTA DFT algorithm as a means of performing

all electronic structure calculations, including simulations of binding energies.
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3. Transport theory

3.1. Introduction

Theoretical and experimental studies of molecular electronics have been conducted
[1][2]. That understanding the electron transport characteristics of nanoscale devices
is one of the notable difficulties. When molecules (or other small structures) connect
to the electrodes in this situation, phase-coherent transport can occur due to the
molecules’ energy levels. Because of the scattering processes that occur within the
lead molecule, the contact strength between the molecule and the metal electrode is
crucial in defining the transport parameters, as was described in Chapter 1. Therefore,
Green's functional form is the most popular theoretical approach for examining
scattering processes in these systems.

A key objective of Section 3.2 is to provide background knowledge for evaluating
the Landauer formula. The Landauer equation can be used to explain the flow of
electrical current because the energy of an electron moving through a nanoscale
device is conserved. As a result, it is clear how the characteristics of electron transport
relate to the transmission coefficient of electrons flowing from one conductor to the
next across the scatterer. To calculate the transmission coefficient T(E) for scattering,
the computation of the transmission and reflection amplitudes introduced in Section
3.3 must first be solved. The Green's function approach for various transport systems
is then presented in Section 3.4. Using a one-dimensional system as an example, one
can easily determine a molecular compound's transmission coefficient T(E). By using
a one-dimensional system in which an electron with energy E flows from one

electrode to the other, it is possible to derive the transmission coefficient T(E) of a
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molecular composition.

3.2. The Landauer equation

Interms of the scattering range represented by a Fermi distribution and the transmission
coefficient of the connected electrodes, Landauer's equation [3][4] is a theoretical
standard model for characterising the transport phenomena of non-interacting
electrons. As seen in Figure 3.1, the system is presumed to be composed of two ideal

ballistic electrodes connected to two electron reservoirs and a scattering region.

Left eservoir
i

Right reservoi
h

Fig (3.1): A scattering region linked to two electrodes, which are, in turn, connected
to two reservoirs exhibiting chemical potential u; and ug, .In the system, r is the
amplitude of the transmitted wave and t is the amplitude of the wave that is

reflected as a result of the left-side incident wave.

These reservoirs provide the system with electrons and due to their slightly different

chemical potentials (u;, — ur > 0), electrons are driven from the left to the right
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reservoir. The current (I) in such a system at absolute zero (T = 0 K) results from

electrons travelling to the left in the absence of scattering regimes and is in the energy
range 6E, 81 = evydn, dn= Z—ZcSE. This is the number of electrons that move left for
every unit of the energy interval §E. Group velocity is denoted by vy,

The net current of the electrons is carried in the energy range §E = u;,— ur if the left-

and right-hand electrons are emitted from the reservoir and this results in:
81 = evy, 2 6E = ey, 2 3.1
= ey 9E = eV, 3E (ML _MR) ( . )

The terms are defined as follows: e represents the charge of an electron, vgq is group

velocity, and n is the density of states (DOS).

on on dk on 1
on _on 9k _on 1 (3.2)
0E ok OE Ok hvg

This is a simplified formula for the dimension Whereg—: = i* 2 for spin and group

e 1 dE
velocities v, =~ — From 3.2:
h dk

(3.3)

Hence, formula 3.3 becomes

0l = %e (UL — ug) (3.4)
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If 8V is the voltage equivalent to the difference in chemical potential,

then (u;, — ug) = eéV, obtaining:

6l = — 6V (3.5)

According to Equation 3.5, the conductance of a perfect one-dimensional wire with an

open channel and no scattering region is given by:

This is approximately 77.5uS (or 12.9kQ resistor). The transmitted current will be

-2 . — .
lowered by a factor of T = |t| and the reflected current will be R = |7|? if the system

has a scattering area. This results in a rightward flow of current through the spreader.

51 = % T8V (3.7)

Hence, after dividing the voltage difference:
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c=2L=27 (3.8)

This is the Landauer equation which incorporates conductance G and transfer
probability T and evaluates it using the reservoir's Fermi energy for a one-dimensional
system operating at absolute zero [16]. Specifically, Landauer's equation at finite
temperature yields the net current flowing from the left electrode L to the right

electrode R as

e R GGG (39)

The charge, Planck’s constant, transmission coefficient (T(E)) for the energetic electron
E to go from one line to another within the molecule, and the Fermi distribution function

(FDF) are the key ingredients in the formula above, where.

fur (E) = <1 + e$> (3.10)

In this expression p; , represent the left and right reservoirs' chemical potentials,
respectively. The Boltzmann constant, kg, is 8.62x107-5 eV/K. When the voltage V is
symmetrically applied to the left and right reservoirs, the chemical reaction potentials

will be:
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= Ep +< and pg = Ep — <. So,1=0 when f; (E) = fz (E) (3.11)

This is because the only factors contributing to the net current are the variations in
distributions. Therefore, the current is expressed as follows at absolute zero temperature

and finite voltage:

Er+

ev
1= 207 dET(E) (3.12)
h YEp

2

As a result, the conductance G = I/V is determined by averaging T(E) over an energy

window

(kg T =25meV at ambient temperature) at Fermi energy. The conductivity is as follows

at zero voltage and limited temperature:

1 +0o0 af (E)
G= =G J_dET(E)[— i, (3.13)

An approximately this is a thermal average of T(E) over a window of energy with

width kz T, which at zero temperature reduce to

G = G,T(E) (3.14)
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3.3. Scattering matrix

Scattering Region

Fig (3.2): Hlustrates a system comprising two distinct semi-infinite leads attached
to a scattering region. This system encompasses a scattering arbitrary region with
N sites (j =1, 2, ..., N), connected to one-dimensional leads from both left and right
sides through matrix elements (—a, —f8). The left lead encompasses sites (j = —1, -2,
..., —0), While the right lead includes sites (j = N + 1, N + 2, ..., ). Here, oy

denotes on-site energy, and —yp ; represents the nearest coupling.

Understanding the transmission coefficients that appear in the above mentioned equation
requires the scattering matrix to be computed. This is discovered by first looking at the

solution of the time-independent Schrédinger equation.
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Y = \/%r etkri+ \/%r e tkri (3.15)

where v, is the group velocity of the left electrode, A and B are the amplitudes of the
two incoming and outgoing waves moving from left to right, respectively, and A and
B are the two waves' amplitudes. The energy carried by this eigenstate's current per

unit is:

G liese = 1A% — |BY| (3.16)
The Schrodinger system's solution and accompanying current per unit for the right

electrode is given by:

=L ik D ik
¥ e +ﬁe (3.17)
Irigne = |C? — |D?| (3.18)

where C and D are the two entering and outgoing waves' relative amplitudes as they
travel to the right and left. This probability conservation law is satisfied for all

eigenstates and the current fulfils the connection I; = Ir. Thus we have:

A% = 1B?| = |c?| - |D?| (3.19)

Therefore,

A% +|D?| = |B? + | (3.20)
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The following wavefunctions of the left and right electrodes are connected because

the input current is equal to the output current.

ikj -ikj
Ae'"™ + Be (3.21)

ikj ~ikj
Ce'" + De (3.22)

The incoming and outgoing coefficients must therefore be connected via a 2x2 matrix.

The scattering matrix S (matrix components Sij) satisfies the following conditions:

B S11 512]

ol = Spr Sp [D (3.23)
B = SllA + SlZD (324)
C = Sz]_A + SzzD (325)

It makes sense to use Equation 3.23 because B and C are the amplitudes of the incident
wave which is the plane wave that carries the electrons to the scatterer. On the other
hand, A and D are the amplitudes of the outgoing wave, so that equation (3.23) is of the
form |out> = Sl|in>. To better comprehend the physical significance of the matrix

elements S, it is interesting to consider the following two examples.
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The reflected and transmitted amplitudes are shown by the symbols B =rand C =t in
the first example where A =1 and D = 0. In this equation, t is the transmitted wave's
amplitude and r is the size of the wave's transmitted reflection by the wave coming from

the left.

=[5z @320

Because waves striking from the left cause reflection (r) and transmission (t),
respectively, the physical meanings of the symbols Si11 and S2; are reflection (r) and

transmission. Case two: In the event that A =0 and D = 1, the new matrix is:

7-[2]

The transmission (t") and reflection (r) amplitudes connected to the wave incident from
the right are the physical meanings of the symbols Si2 and Sz, respectively. The
scattering matrix S is expressed in terms of transmission and reflection coefficients as

follows;|
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_ [511 512]_ r t
S_[Sm S22 _[t r'] (3.28)

From Eq. 3.20,
A*A + D*D = B*B + C*C (3.29)
Therefore
(A D)(D)—(B c) (c) (3.30)
The formula is then entered. 3.28 of 3.30 is written as follows:
(A* D )(D) — (A* D) S's (D) (3.31)

Because this is true for each of A, D, STS, it is the identity matrix and can be written
as follows:

[tr rt] E ltaH(l) (1) (3.32)
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According to scattering theory, the significant transport features are as follows:

2 2] — —
re|+tl=1 > R+T =1 (3.33)

2+ |t?| = "+ T =
r?|+|t?|=1 > R+T =1 (3.34)

0)

where the parameters T and R represent the transmission and the reflection
coefficients, respectively.
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3.4. Green's function

A method for obtaining the system's Green’s function is presented in this section,
which then allows us to compute refection and transmission coefficients of diverse
nanoscale structures. This provides a detailed description of the methods employed,
starting with Green's functions for diverse nanoscale systems. Sections 3.4.1 and 3.4.2
discuss the formalism of Green's function for a straightforward discrete grid in one
dimension. The Dyson equation is then used to integrate these separable lattice
Green’s functions to create the overall system Green function in the following phase

(Sections 3.4.3 and 3.4.4).
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3.4.1. Green's function of a doubly infinite chain

The form of Green's function for a double infinite chain with on-site energies of ¢,
and nearest-neighbour coupling parameter of —y is presented in this section and can
be seen in Figure 3.3 These are perfect crystalline chains that are periodic in the

horizontal transport direction.

oM — - B

0000000

............ i=l2 j=k j=l+1 j=l+1

Fig (3.3): A doubly infinite chain where (gy) denotes on-site energy, and (—y)

denotes the nearest coupling:

The time-independent Schrddinger equation for the system's wavefunction is:

(E-H)p)=0 (3.35)

As an alternative, the answer is the Hamiltonian's (H) Green's function of the system:
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(E-H)G =1 (3.36)

For a finite system where H is a finite matrix, the formal solution of this equation is
given by:

G=(E-H"! (3.37)

For fixed |, the Green's function matrix element ( G;;), can be viewed as representing

the wavefunction at point j resulting from a source at point L.

(E-H) G =6ji (3.38)

6;uis called the Kronecker delta and is 1 if j = [ and 0 otherwise. The Green's function for a
doubly infinite system can be written as:

&Gy VGV Gjoyy +61=E Gy (3.39)

The solution can be simply presented as follows:

AekJ j=1
Gy = (3.40)

Be~ki j<l

The amplitudes of the two waves emanating from the left and right are represented by
the arbitrary constants A and B, respectively. Equation (1) is satisfied by this response.

3.39 The Green's function must continue at the same location when j = [.

G = {Ae”‘j A = qe” ki
jL —

Be~ki B = ae'® (341

Therefore, substituting Eq. 3.41 to Eq. 3.39 yields:

(o~ E)a — yaek —yaeik = -1 (3.42)
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ya(2cosk — 2eik) = -1 (3.43)

1

*= 2iysink (3.44)
1

“ i (3.45)

In this expression, av(E) = 2ysink(E), where v(E) is the group velocity. Combining the
formula's two results (formula 3.45 and 3.41) gives the double infinite chain's Green's

function [5][6].

e Ik®)j-1]

_ l _
Gu=vj = i hv(E) (346)

Thus, as illustrated in Figure 3.2, G, is the delayed Green's function reflecting the
waves resulting from source at j= [.

This equation pertains to the commonly known retarded Green's function.

More generally,

ik (E)]j-1]

Gy=wt="———+ A/ 4 Be~ikJ 3.47
jl l/JJ th(E) + Ae + Be ( )
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3.4.2. Green's function of a semi-infinite one-dimensional
chain

To obtain the Green’s function of the semi-infinite chain, the Green's function is used

along with the double infinite chain issue and the requisite boundary conditions.

Ae~*U=D 4 Rj BetkU=b 4 Rj

< —p

ey wuy ufy By i
o a8

e j= 41 ]=l j:l_l j=P
A

Fig (3.4): The semi-infinite linear chain with potential energy &, and coupling —y

ending at position P.

At location P, this infinite chain must come to an end. The constraint y},, = 0 is
produced as a result of the fact that Green's function vanishes at position P + 1 and that

no points exist between P + 1 and P+1> 0.

For such a system, there will be a reflected wave R; = Ae~*/ . In light of this, the generic

Green's function at Gps1 is expressed as:
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eik(P+1—l)

Gpoy= ———+ AP+ = @ (3.48)
ihv

This yield:

— _pik[2(P+1)-1]
A=-¢ (3.49)

So, the general delayed Green's function for a semi-infinite linear chain is:

etklj-ll _p-ikj(j+l) pik(2(P+1))
g = (3.50)

ihv

This satisfies 1! = 0 and y?** = 0.
P+1 J

etk (P+1)-1] _ e—ikj(P+1)e—ikl
gP+1,
l

’

ihv

because the absolute value will vanish as the Green’sfunction vanishes at site P.

The Green's function ending at point P with a source of [ is:

eikli-ll  _ g=ikj(j+l) pik(2(P+1))

gjt=
ihv (3.52)
From the boundary conditions where [ = P:
1-e2ik  ik(eik _ oik) (3.52)

.gp,p - i2ysink B i2ysink
i2sink terminates at the dominator when (e=* —e') =i2sink. This shows that the

Green’s function on the terminal site p is:
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eik
pp = —— (3.53)

This is known as the ‘surface Green's function’ for semi-infinite chains.

3.4.3 One-dimensional scattering region.

For a system with two one-dimensional tight binding semi-infinite leads coupled by a
scatter, the goal of this section is to derive the complete Green's function. According to

Figure 3.5, both leads have the same on-site energy (&,) and hopping elements (—y) .

Scattering Region

Fig (3.5): A one-dimensional scattering region attached to one-dimensional leads

using a tight-binding model.
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This infinite system's Hamiltonian is represented as an infinite matrix as follows:

0

o O O O
o O O O O

0 —-v e —vy 0
10 -y & —a 0 | _ (H.v,
H = 0 0 —«a & —V 0 - (VCT HR) (3'54)
0

0 0 0 —y o

0
0

0 0 0 0 -y g v
0
00 0 0 0 e

°
\

For the left lead and right lead in this matrix, H. and Hr are their respective Hamiltonians
and Vc is the coupling matrix that connects them. Thus, it is not possible to directly solve
the following equation to get the Green's function of this issue because it is a matrix with

infinite elements.

G = (E — H)! (3.56)

It is useful to look at the Green's function g of the decoupled two semi-infinite leads:

_ Y (91 O
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Then Dyson's equation can be utilised to obtain Green’s function after

accounting for the interaction:
G=(gt-V1 (4.58)

The interaction between the two leads is described by the operator V in the
following form:

V= (0 ) (4.59)

Subsequently, by resolving Dyson's equation, Green's function for this system is
revealed:

! —ye~k a
G = m( o _ye—ik> (4.60)

G The Fisher-Lee relation can be used to determine the transmission (£) and reflection
(r) amplitudes after obtaining the Green's function for this system. This connects the

scattering amplitudes of a scattering problem to Green’s function. Fisher-Lee

relationships are provided by:

r = iflVGo,o -1 (4.61)

t =ihvGon+1 eik (4-.62)
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The same process can be used to obtain these coefficients for particles travelling from
the right. These coefficients' amplitudes correspond to particles impacting from the

left. These coefficients provide the following definition of probability:

R=[r| (3.63)

T=12| (3.64)

Finally, by constructing the full scattering matrix and using the Landauer formula, it is

possible to calculate the zero-bias conductance of the junction.
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3.5 conclusion

This chapter delves into the examination of electron transport in nanoscale structures,
employing a quantum transport theory based on the time-independent Schrodinger
equation. The approach is applied to diverse one-dimensional crystalline models, and
their eigenvalue problems are solved using a tight-binding model (TBM). Through this,
common quantum properties, such as eigenfunctions and eigenvalues of the Hamiltonian

matrix, are investigated.

Additionally, the concept of quantum system is explained using the time-dependent
Schrédinger equation. To illustrate these concepts further, the scattering theory is
introduced with a focus on a doubly infinite chain one-dimensional structure. This
provides insights into the relationship between the scattering matrix and transport

properties.

To estimate the electrical conductance through the scattering region connected to two
electrodes, the Landauer formula is employed. Moreover, the Green's function formalism
is utilized to calculate the transmission coefficient for various simple transport regimes

and their generic transport characteristics.
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4. Quantum interference in polycyclic aromatic molecules

4.1 Introduction

One of the key challenges in the field of molecular electronics is to gain a deeper
understanding of the fundamental behaviour of electron transport through single-
molecule junctions. To expand our knowledge, multiple experimental methods have
been developed to establish contact with individual molecules. It has become
increasingly apparent in recent years that the electronic properties of a molecular
junction are determined by the whole system, including the metal-molecule-metal
combination. A single-molecule junction comprises three constituents, specifically the
molecular bridge, the two electrodes and the two anchors. An anchor is employed to bind
the molecule to the electrodes. The essential charge-transport features of a junction are
significantly influenced by the electronic connection between its individual components
[6]. This raises an important question: what occurs when an isolated single molecule is
brought into contact with metal (e.g., gold) electrodes? An isolated molecule contains a
set of discrete energy levels, which are known as frontier orbitals (e.g., the HOMO and
LUMO), whereas metal electrodes consist of a band structure that includes a continuous
range of states, with a precisely defined Fermi energy. When these two components are
brought into proximity, they interact with each other, resulting in various physical
effects. For example, there is a transfer of charge between the two systems, which means
that donating or withdrawing electrons from the molecule affects both the energy levels
of the molecule and the contact. As a result of this charge transfer, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) may

be displaced upwards or downwards, causing a more pronounced or less pronounced
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slope in the transmission function at the Fermi level [7]. The chemical bonds in the

anchor group, which chemically bind the molecules to the

electrodes, also influence the position of the molecular orbitals in relation to the
electrodes' Fermi level. The aim of this chapter is to resolve the following paradox: why
does meta connectivity show destructive quantum interference in a tight binding model,
but in certain cases, does not show DQI in a DFT calculation on the same system? To
answer this question, a family of molecules is selected to study the difference between
meta and para connectivity with two different types of linkers, such as thiol (-SH) and

methyl sulphide (-SMe), which couple different molecules to Au electrodes.

4.2 Quantum interference

Quantum interference (QI) effects have attracted significant interest in the area of charge
transport at the single-molecule level owing to their exceptional potential to modulate
the charge transport across molecular materials and devices at a phase-coherent level in
experimental studies [8]-[10]. I can either increase or decrease conductance in molecular
systems, a phenomenon known as constructive (CQI) or destructive (DQI) quantum
interference, respectively [11]. Since 1988, extensive theoretical and experimental
research has been carried out on QIl. To illustrate QI, a simple setup can be utilised,
consisting of a benzene ring connected to electrodes via para and meta connectivity (see
Figure 4.1) within a tight binding model. In this instance, a quantum interference effect

arises when electrons of energy E move through various paths from one point to another
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in the ring and when they reach the point of exit, they can interfere constructively or

destructively.

4.3 Tight binding calculation

The tight-binding model (TBM) or the linear combination of atomic orbitals (LCAO)
method represents an approach to compute electronic band structures by employing a set
of wave functions derived from the superposition of wave functions of isolated atoms
situated at each atomic site. In the TBM, it is posited that electrons can interact with their
nearest neighbor sites1l-3. In actuality, atomic wave functions exhibit an exponential
decay as the distance increases. Consequently, it is a judicious approximation to account
solely for the nearest neighbor interaction in describing the system. The equation

representing the time-dependent Schrédinger equation is provided as follows:

-
H(x)lzu(x,t) =1 halp(x,t) (41)

In this expression, ¥ represents the wave function of the quantum system, 7 is the

reduced Planck constant (%), and H corresponds to the Hamiltonian, defined as follows:

—j2
H(x) = %VZ + V(x) (42)
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We assume the wave function as a product of spatial and temporal terms:

Yty = Pnbin (4.3)

The Schrédinger equation transforms into a pair of ordinary differential equations:

1 d IE

TP =—— 4.4

H(t) dt ® h ( )
And
The solution to equation (4.1) is

—iEt
lzu(x’t) = Cb(x)e h (4.6)
The most general solution is a linear combination of these solutions:
ﬁ:
Yo = 2j¥ Piwe (4.7)

The wave function W(x) can be expressed as a linear superposition of the form:

Yoo = 2% P (4.8)
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@) is a localized basis function on a particular site j, ¥; and is the time-independent

amplitude of the wave function on site j, and the probability of finding an electron on

site j is |¥;|2. The Hamiltonian matrix elements can be expressed as:

Hij = (®y) [HIDyr) = dxPicy" H @ (4.9)

The following section describes the model of chain of atoms, with a single orbital on
each atom. Since the electrons interact with its nearest neighbour sites, all terms

(Pi(x) |H| P () With [i — j| >1 are small, and therefore neglected.

Selecting a specific atom situated at site j, the time-dependent Schrédinger equation is

subsequently expressed as follows:

0w
ih—t =¥+ Hjj W (O+H; 1P (8) (4.10)

Where ¢; = Hj; is the onsite energy of atomic orbital j.
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Fig (4.1): TBM constructive and destructive transmission curves of the benzene

ring shown in the above panel with para and meta connectivity, respectively.

The top panel of Figure 4.1 shows the different connectivity of benzene. Meta
connectivity is defined by injecting electrons at atom number 1 and collecting electrons

at atom number 3, whereas para connectivity is defined by injecting electrons at atom
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number 1 and collecting electrons at atom number 4. The bottom panel of figure 4.1
shows that within a TMB, meta connectivity shows DQI, whereas para connectivity
shows CQI. In the tight binding case, it is possible to explore certain concepts. Here we
are looking at the effect of connectivity to the electrode. When considering the meta
connectivity compared with the para connectivity, the transmission coefficient is quite
different. In the meta case, there is a dip in the middle of the HOMO-LUMO gap, which
is a signature of DQI but there is no dip in the para case. This is a prediction from TB
theory which now compare with DFT. Although, TBM has been shown to pick up the
main features of the DFT [12,16], we now show that in this case, DFT does not show

DQI with meta connectivity.

4.4 DFT calculation

In this section, computations are performed on benzene with meta- and para-
connectivity using various linkers between the benzene core and the anchor
groups. The calculations were conducted using SIESTA, a software program
designed for density functional theory (DFT) calculations. DFT is a method that
solves the many-body Schrédinger equation by transforming it into a non-
interacting electron problem. Initially, the molecules undergo relaxation by
calculating the wavefunction and energies for a specific configuration. The atomic
positions are adjusted iteratively to minimise the total energy of the system, with
subsequent energy and wavefunction calculations performed for the updated
coordinates. This iterative process continues until the forces acting on each atom
fall below a certain tolerance threshold (0.01 eV/A). For each molecule, several
wavefunctions are presented around Fermi energy. For most of the molecules, the
transmission properties are mainly determined by the HOMO and LUMO, because

the Fermi energy lies in between them [12]-[16].
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Fig (4.2): DFT-based transmission functions for Benzene with two triple bonds (a)

meta connectivity (b) para connectivity.

The top panel of Figure 4.2 shows how benzene is linked to the electrode in a junction
via meta and para connectivities. There are certain agreements and disagreements with

the TB results in Figure 4.1. The blue curves have the same qualitative behaviours. Also,
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the red curves are lower than the blue curves. However, surprisingly, the red curve from
DFT does not show a sharp DQI feature near the middle of the HOMO-LUMO gap. To
solve this mystery, | shall examine a series related molecules with different types of
linkers connected to the central core. In the case of oligoyne linkers formed from a chain
of carbon atoms connected by triple bonds. It is important to note that triple bonds have

sigma bond in addition to Py and P bonds.
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The studied molecular cores are as follows:

»

a- Benzene

b- Naphthalene

c- Anthracene .. .I .I

Fig (4.3) The chemical structures of the (a) benzene, (b) naphthalene, (c)

d- Tetracene

anthracene and (d) tetracene.



4.5 Theory of room-temperature QI effects.

Before computing transmission coefficients, it is useful to explain a simple orpital
product rule. Transmission of electrons whose energy resides inside the energy gap
between the HOMO and LUMO is mediated by tunnelling and the appearance of DQI
or CQI can be understood qualitatively by examining the inter-orbital QI between the
HOMO and LUMO. To understand why this is the case, note the if the coupling between
the molecule and the electrode is weaker, the effect of QI on transport properties can be
predicted by examining the Green’s function G (Er) for the isolated molecule. The

transmission amplitude of an electron with energy Er from site i to j is then proportional

, _\" 7o}
to | G;;(Er)|*, where G; j(Er) =

n=1 Ep—én

In this expression, ¢ is the amplitude of the n™ molecular orbital (MO) on site i and &,
is the corresponding MO energy level. If the Fermi energy is located within the HOMO-
LUMO gap, then as a first approximation, one can retain only HOMO and LUMO states

in the above sum, because they correspond to the smallest denominators and the largest

1
values of

E—— Furthermore, for a qualitative discussion, it is useful to consider the case
F~€¢n

where Er is placed in the middle of the HOMO-LUMO gap.[17]-[22], in which case we

obtain

HOMO 4 HOMO __ #LUMO 4LUMO
PR P M i

where A is one half of the HOMO-LUMO gap.

87



Clearly, if ¢pfOMOpIOMO = ¢ UMO ¢ UMO ‘then G, ;(Er) =~ 0 and DQI occurs. More

generally, we can say that if the HOMO product ¢{/°"° ¢ 7°M© has the same sign as the
LUMO product ¢;"™° $+UM°  then there will be a tendency for the HOMO product to
cancel the LUMO product and G; ; (Er) will be smaller than the case where the products
have opposite signs. In other words, if the HOMO product ¢{°M° ¢$1°° has the same
sign as the LUMO product ¢;7° ¢ M9, then DQI is a possibility, whereas CQI is

more likely when the products have opposite signs.

For a molecule whose structure is invariant under a 1800 rotation about a vertical axis,
its molecular orbitals are either symmetric or anti-symmetric under such a rotations. If
the HOMO and LUMO have opposite symmetries, then CQI is likely, whereas if they

have the same symmetry, DQI is likely. This is the case for the molecules shown below.

To understand why the HOMO and LUMO have opposite symmetries, consider starting
from two decoupled carbon chains, each with their individual MOs. Now select one MO
from each chain, lying closest to the HOMO-LUMO gap of the molecule. These ‘chain
MOs’ forma two-level system, which are coupled by the central core of the molecule. If
the coupling is denoted A, then the HOMO-LUMO gap of the two-level system is 2A
and the HOMO and LUMO of the molecule are bonding and anti-bonding combinations
of the ‘chain MOs’. Consequently, the HOMO and LUMO have opposite symmetries.
Furthermore, the coupling A between the chains is expected to become weaker as the
number of rings in the central core increase and therefore as shown in the table below,

the HOMO-LUMO gap (2A) decreases as the number of rings increases.
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Benzene Naphthalene Anthracene Tetracene
-1.44
<
-1.61

Structur
es

E(eV)
LUMO

-1.45

E(eV) -1.51 -1.46 -1.44

Fig (4.4): Frontier molecular orbitals of the four studied molecules with their
eigenvalues obtained from DFT, where red represents to positive, and blue

indicates negative regions of the wave functions.

The product rule enables molecules to be identified which may exhibit DQI rather than
CQI. Regarding the orbital product rule, here an example of the HOMOs and LUMOs
of these two molecules, where red indicates positive amplitude and blue a negative
amplitude. The orbital product rule tells us that it is necessary to look at the signs of
those amplitudes at the very end of the molecules. The p orbital is parallel to the plane

of benzene, and this is why orbitals are picked out.

Looking at the left molecule (Benzene), two is apparent that the energy level difference
between 1.61 and 1.44 is approximately 2A =0.17eV. With regards to the next molecule,

the difference between 1.51 and 1.45 is 2A =0.06eV. Therefore, the energy level
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splitting for that molecule is much smaller and, therefore, the coupling between two
alkyne chains is becoming weaker. Finally, with regards to the right one (the last
molecule, Tetracene), they are almost decoupled and the difference between them is

zero.[12]-[14].

0.09

0.08
0.07
0.06
0.05
0.04
0.03

0.02

Coupling between two linkers (eV)

1 2 3 4
Number of rings

Fig (4.5) Correlation between the coupling of two linkers (measured in electron

volts) and the number of rings.

The two-level model is associated with the HOMO-LUMO gap (Highest Occupied
Molecular Orbital - Lowest Unoccupied Molecular Orbital) gap. As per the two-level
model, the connection between the two sides can be associated with the energy disparity
between the bonding and anti-bonding energy levels divided by two. The diminishing
coupling with an increasing number of rings in the central core is depicted in Figure 4.6.

This trend is evident in the molecular orbitals displayed in Figure 4.5, where there is a
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significant amplitude on the benzene core but a notably smaller amplitude in the central

cores of the other molecules.

A= bonding energy — anti bonding energy
- 2

4.6 Frontier molecular orbitals and Green's function.

HOMO and LUMO for the naphthalene molecule are depicted in Figure 4.6 [17]. The
molecular orbitals of a molecule can form various paths for the flow of electricity,

depending on their connectivity to external electrodes.

Drain 7; Drain ;
g A b
RO i
Source 7; Source 1;
(4.6a) (4.6b) (4.6¢)

Fig (4.6): Frontier molecular orbitals. (4.6a) A lattice representation and frontier
molecular orbitals of Naphthalene; (4.6b) HOMO wave function for Naphthalene;

(4.6¢) LUMO wave function for Naphthalene.
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The above product rule describes the effect of "inter-orbital QI" provides insight into the
connection between molecular orbitals and quantum interference. As an example, Figure
4.6 shows that, the HOMO product M0 (1) pHOMO (r,)]) (i.e. —*—) is positive,
whereas the LUMO product UM (1) YLUMO (r,) (i.e. —*+) is negative, so this
connectivity exhibits CQI and allows for high electrical conductance, which depends on
the amplitude of the wave function at the source and drain. Despite the simplicity of this
product rule, its qualitative predictions have been successfully validated against

experimental data [25].

4.7 Transmission coefficient

In this section, the transmission coefficients T(E) for the above molecule with different
anchors and linkers are computed using DFT. The steps for calculating the transmission
coefficient are as follows. First, the molecule is relaxed using SIESTA. Finally, the T(E)
for molecules with different anchors are computed, and CQI or DQI features are

identified for para and meta connectivities.
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4.7.1 Transmission coefficient for the benzene core with

different linkers connected to gold electrodes:

E-EXTT (eV)

Fig (4.7) DFT-based transmission functions for Benzene with two triple bonds (a)

meta connectivity (b) para connectivity.
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(a) (b)

E-EXT (eV)

Fig (4.8) DFT-based transmission functions for Benzene connected to the gold via

SMe-anchor at different connectivities (a) meta connectivity (b) para connectivity.

94



(a) (b)

-2 -1 0 1 2 3
E-EX"T (eV)

Fig (4.9) DFT-based transmission functions for Benzene connected to the gold via
Sulphur (S)-anchor at different connectivities (a) meta connectivity (b) para

connectivity.
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(a) (b)

Fig (4.10) DFT-based transmission functions for Benzene connected to the gold via
double-bonded alkene chain at different connectivities (a) meta connectivity (b)

para connectivity.
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Figure 4.7 shows the transmission coefficients T(E) for a benzene core with different
linkers to gold electrodes. Surpisingly, the meta connectivity in Figure 4.7b shows no
DQI dip, whereas the meta connectivities in all other cases shows a DQI dip. This
suggests that the absence of the DQI dip in Figure 4.7a is associated with the presence
of the oligoyne linker, which in this case is connected to the gold electrode by a gold-
carbon bond. This leads us to the conjecture that the absence of a DQI dip is associated
with the fact that the oligoyne possesses two pi systems. One of these is associated with
p: orbitals, which couple to the p, system of the benzene ring and the other consists of
py orbitals, which are orthogonal to the p; system of the benxene ring, but could couple
to the sigma orbitals of the benzene ring. If the p, system exhibits a DQI dip,
transmission through the py system creates a parallel transmission path which hides the

dip.

Changing to SME and sulfur linkers containing an extra benzene rings, as in Figures
4.8b and 4.9b, means that the py orbitals of the oligoynes couple only weakly to the p;
system of the benzene rings in the linkers and therefore their ability to create a parallel
transport path is diminished and the DQI dip is revealed. In other words, the two
benzenesin the linkers act like py filters such that only transport via the p, system is
relevant. This conceptual framework is further evidenced by Figure 4.10b, in which the
linkers are formed from double-bonded alkene chains, which only contain a p; system.

In this case, the DQI dip is clearly evident.
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4.7.2 Transmission coefficient for the benzene with an

increasing number of central rings:

E-E.TT (eV)

Fig (4.11) DFT-based transmission functions for Benzene with two triple bonds (a)

meta connectivity (b) para connectivity.
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(b)

-8 . :
-1 0 1 2 3

E-EX"T (eV)

Fig (4.12) DFT-based transmission functions for Naphthalene with two triple bonds

(a) meta connectivity (b) para connectivity.
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Fig (4.13) DFT-based transmission functions for Anthracene with two triple bonds

(a) meta connectivity (b) para connectivity.
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E-EXTT (eV)

Fig (4.14) DFT-based transmission functions for Tetracene with two triple bonds

(a) meta connectivity (b) para connectivity.
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Transmission through the sigma system of the central rings is expected to decrease with
the length of the core is increased, so if the absence of a DQI dip is due to the py system
of the oligoyne linkers coupling to the sigma system, then the effect of this parallel
transmission path should decrease as the number of rings is increased. This is clearly
shown in Figure 4.11b, where a DQI dip is not present for the shorter cores in Figures

4.11b and 4.12b, but is clearly visible for the longer cores of Figures 4.13b and 4.14b.

On the other hand, since both the p;and py MOs of oligoyne linkers are delocalized along
the length of the oligoyne and do not decay with length, we expect the py system to play
a significant role even when the length of the oligyne is increased. This feature is clearly

evidenced by the absence of a DQI dip in all the transmission coefficients of Figure 4.15.
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4.7.3 Transmission coefficients for the benzene cores with

oligoyne linkers of different lengths

‘\YZ%

Single tnple boad
Two triple boads
Three tniple boods
Four triple bond

Fig (4.15) Transmission coefficients T(E) for the benzene cores with oligoyne
linkers of different lengths (a) single triple bond (b) two triple bonds (c) three triple

bonds (d) four triple bonds.

Enhancing the length considerably has a notable dampening effect on sigma transport.
Even with an increased length of the triple bond, the absence of Destructive Quantum
Interference (DQI) suggests that the contribution does not originate from sigma

transport.
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4.7.4 Transmission coefficients for the benzene with an
increasing number of central rings connected to gold via

SMe-anchor:

ey Meta

.8 A A
-3 -2 -1 0 1 2 3

E-EXFT (eV)

Fig (4.16) DFT-based transmission functions for Benzene connected to the gold via

SMe-anchor at different connectivities (a) meta connectivity (b) para connectivity.
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E-EP"T (eV)

Fig(4.17) DFT-based transmission functions for Naphthalene connected to the
gold via SMe-anchor at different connectivities (a) meta connectivity (b) para

connectivity.
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5 2 -1 0 1 2
E-EXTT (eV)

Fig (4.18) DFT-based transmission functions for Anthracene connected to the
gold via SMe-anchor at different connectivities (a) meta connectivity (b) para

connectivity.
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Fig (4.19) DFT-based transmission functions for Tetracene connected to the gold
via SMe-anchor at different connectivities (a) meta connectivity (b) para

connectivity.
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Expanding the central ring with SME linkers demonstrates a consistent observation of
Destructive Quantum Interference (DQI) in all instances. By filtering out the py orbitals,

we can bring to light the existence of DQI.

What causes the appearance of a dip in the HOMO-LUMO gap when the linker is
altered? When switching to a different linker, the pi orbital becomes perpendicular to
the benzene molecule. Both benzene structures function as linkers, connecting the
central ring to the electrode. Despite the electrode sending a distinct type of P orbital,
the benzene acts as a filter. Following the filtration process involving the phenyl ring,
only the p; orbital remains. Consequently, Destructive Quantum Interference (DQI)
becomes apparent. This process resembles the purification of quantum interference. The

presence of influences from other pi orbitals would obscure the observation of DQI.
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4.8. Conclusion

In this work, | investigated charge transport through molecular junctions with gold
electrodes using density functional theory (DFT). The DFT results show that there are
two approaches to attain Destructive Quantum Interference (DQI). One of the strategies
is to extend the length of the central rings. The second strategy is to utilize different

types of linkers to prevent the inclusion of py orbitals in the linkers.

This chapter suggests that a tight-binding theory based on a single level per atomic site
will predict the qualitative features of a DFT calculation or a laboratory study of
transport through related molecular cores, provided the linkers contain only a single pi
system. This is illustrated in Figure (4.17-4.20), where each liker contains only a single
pi system. Alternatively, if more than one pi system is present in the linkers, the tight
binding model should be increased in complexity by assigning more than one level to

each atomic site.
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5. Quantum interference-controlled conductance
enhancement in stacked graphene-like dimers

5.1 Introduction

Research has shown that when two monomers are placed in series, to form a dimer, the
electrical conductance is decreased compared to that of the monomer. However, in the
study [1,3], conflicting results were observed. For instance, when two anthanthrene
monomers are pi stacked and the resulting dimer studied using a scanning tunneling
microscopic break junction, the conductance is found to increase by a factor of 25
compared to the monomer. Interestingly the conductance of the dimer is found to be lower
than that of the monomer when the connectivity of external electrodes to the monomer
core is changed. This feature has been proven both theoretically and experimentally [4,5].
Therefore, it is clear that charge transfer between molecules can be optimized and
modified if synthetic control of connectivity to the molecular core is combined with

stacking between the monomers.

Pi stacking is of great importance in chemistry, biology, and organic optoelectronic.
Charge transfer between molecules can improve the efficiency of organic optoelectronics
such as field-effect devices [8,9] photovoltaic devices [ 6,7] and light-emitting materials.
Electron transport through vertically stacked two-dimensional (2D) van der Waals (vdW)
heterostructures is only possible through stacking interactions. Furthermore, by adopting
a variety of stacking configurations, one can alter a variety of properties, depending on

the AA, AB, or twisted—angle stacking configuration of bilayer graphene [8-10].
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The presence of conjugated central units in anthanthrene and pyrene suggests that these
graphene-like molecules can be used as a model to study inter-molecular charge
transport and quantum state regulation via stacking. Their connection to external
electrodes is advantageous since they can be fabricated with atomic accuracy through
chemical synthesis, Thus it is easy to switch intramolecular quantum interference (QI)
between CQI and DQI by adjusting the connectivity. Indeed, the study of QI effects in
monomer-molecules and dimers is now possible experimentally using monomer-

molecule junctions [10-15].

Unlike in the past, where experiments show that QI can be used to regulate the flow of
charge and energy through monomer-molecules, lately it was confirmed that these
quantum effects can be translated into self-assembled molecular layers (SAMs) hence
ushering the new era of designing 2D organic materials, whose room temperature

transport properties are governed by quantum interference [16-18].

The presence of intermolecular interactions is a major feature that is not featured in
monomer—molecule junctions. Therefore, there is a need for clarification about the
interplay between QI and stacking interactions, in order to achieve the goal of utilizing

quantum—enhanced SAMS in real devices [20-22].

The following study shows that even at room temperature, this interplay can lead to

highly non-classical behavior in electron transport properties [18,19].

114



5.2 Studied molecules:

(a) (b) (c)

Molecule CQI-L Molecule CQI-H Connectivity site definition

Fig (5.1): Molecular structures. (a, b) Structures of molecules Constructive
Quantum interference- Low Conductance (CQI-L) and Destructive Quantum
Interference- High Conductance (CQI-H). (c) Sketch of an anthanthrene core with

connectivity site definition.
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Fig (5.2): Top and side views of the three archetypal stacking patterns for the

molecule CQI-L.

5.3 Finding and discussing:

Exploring the orbital interactions of these monomers when coupled in various stacking
configurations is intriguing. The impact of stacking them together is noteworthy. In the
case of AA stacking, the transition from Constructive Quantum Interference (CQI) to
Destructive Quantum Interference (DQI) occurs. This transformation is substantiated in
my calculations, where the product rule indicates that HOMO and LUMO possess

opposite symmetries, resulting in observable destructive quantum interference.
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Transmission in Density Functional Theory (DFT): In AA stacking, a noticeable dip is
observed, indicating a correspondence to Destructive Quantum Interference (DQI)
within the HOMO-LUMO gap. Interestingly, in the cases of AB2 and AB1, the electrical
conductance of AB2 surpasses that of AB1. When the monomers are significantly
separated, each maintains isolated orbitals, and all orbitals are doubly degenerate. As
they come closer, treating the degenerate pairs as a two-level system reveals that the

splitting between the two levels serves as a measure of the coupling between them.
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Fig. 5.3: The mechanism underlying a stacked dimer's increased conductance. (a)
Monomer and dimer anthanthrenes' transport characteristics. (b) Transmission
coefficients for the CQI-L monomer and dimers with AA, AB1 and AB2 stacking.

(¢) The CQI-L monomer's frontier molecular orbitals, including HOMO-1,
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HOMO, LUMO, and LUMO+1. (d) Dimerization induces HOMO and LUMO
splitting into pairs of bonds and antibonds. (e-g) HOMO-2 to LUMO+2 energy
level evolution for the AA, AB1 and AB2 stacking as a function of the vertical

distance between the two monomers.

Examination from a theoretical perspective of dimers' increased conductivity. Room-
temperature QI between the systems of the pi stacked monomers is the cause of this
distinctly non-classical behavior. The bipartite nature of the anthanthrene core is what
essentially drives QI effects in the monomers. Carbon atoms can be thought of as "green"
or "yellow" sites, with "green" sites connecting to "yellow" sites only and vice versa, as
illustrated in the left panel of (Fig. 5.3a), in a straightforward Hiickel (i.e. tight-binding)
description of charge transfer across the system. CQI may result from an electron being
injected through a "green" site (such as site a) and collected via a "yellow" site (such as
site b). [20, 27, 37, and 38]. We explore a basic tight binding model with only nearest-
neighbor couplings to emphasize the interaction between QI and stacking interactions.
The 'yellow' and 'green' sites in the right panel of (Fig. 5.3a) show that the AA stacked
dimer is still a bipartite lattice in this instance. Due to the fact that the collecting and
injecting sites are both "green," the route shown by the red arrows from site an of the
lower monomer to site b of the upper monomer now relates to DQI. As a result, it is
anticipated that for AA stacking, the conductance of the dimer will be less than that of
the monomer [26,27]. There are other stacking configurations that can be used in a real
experiment, and AA stacking is not always preferred. Since our experimental
measurements and DFT modeling show that the anthanthrene dimer's most-probable
conductance is a factor of 25 higher than that of the monomer, even though this

straightforward example is useful for illuminating the interaction between QI and
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stacking interactions, it is not a good representation of those results. The transmission
coefficient T(E) representing electrons of the energy E traveling through the molecular
junctions depicted in (Fig. 5.3b) was estimated using DFT in conjunction with the
quantum transport code Gollum [31] to shed light on the cause of this substantially non-
classical conductance rise. Three paradigmatic stacking patterns were taken into
consideration to characterize the transmission through the dimer; these are designated
as AA, ABI and AB2 in (Figure 5.2). The resulting transmission coefficients close to
the center of the HOMO-LUMO gap are sensitive to the type of stacking mode, as
illustrated in (Fig. 5.3b). The dimer's (green curve) mid-gap transmission coefficient for
AB2 stacking is substantially higher than the monomer's (yellow curve). In contrast to
AA stacking, where it may be greater or lower depending on the energy E, AB1 stacking
almost exactly matches that of the monomer. At room temperature, AA is extremely
rare, and the conductance of AB2 stacked dimers dominates the Boltzmann distribution
weighted conductance (Fig. 3f). This is because the ground states of fully relaxed ABI
and AB2 stacking are less energetic than AA stacking by 0.48 eV and 0.52 eV,
respectively (Fig. 5.2).

We start by thinking about the monomer in order to comprehend the geometry of these
curves. An orbital product rule [39,40] states that each molecular orbital's contribution
to charge transport is influenced by the color of the orbitals on sites a and b, which are
coupled to the electrodes. The lowest unoccupied molecular orbit (LUMO) for the
monomer depicted in Fig. 3¢ has different signs (A) at the two ends, resulting in CQI,
as indicated by the flat mid-gap transmission curve (yellow in Fig. 5.3b), while the
highest occupied molecular orbit (HOMO) is the same color denoted by (S) at the two

ends (a and b). However, because LUMO+1 and LUMO have dissimilar symmetries
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(i.e., distinct colors at the two ends), they interact negatively at energies in the HOMO-

LUMO gap immediately beneath LUMO, causing an anti-resonance in the yellow curve.

To grasp the shapes of the dimer transmission curves, let's begin with the scenario of
AA stacking. In this case, the transition from Constructive Quantum Interference (CQI)
in a monomer to Destructive Quantum Interference (DQI) in the dimer occurs, as
illustrated in the case of stacked benzenes discussed in section 8 of the Supplementary
Information. This transition results in a transmission dip at E-E°"7=0.3 eV in the purple
curve in Fig. 5.3b. The mechanism behind this shift can be elucidated by examining the
molecular orbitals of the dimer. As two monomers approach each other and the distance
between them diminishes, the n-n interaction induces the formation of pairs of bonding
and anti-bonding orbitals in the dimer. As depicted in Fig.5.3d, the new Lowest
Unoccupied Molecular Orbital (LUMO) and the new Highest Occupied Molecular
Orbital (HOMO) of the dimer both exhibit the same color (S) at the injecting and
collecting ends (indicated by blue circles), giving rise to DQI in the dimer.

As a function of the vertical distance between the monomers, (Figs. 5.3e—5.3g) depict
the evolution of the dimer's energy levels for each of the three archetypal stacking
configurations. This demonstrates how the pairs of degenerate energy levels—one from
each monomer—split when the distance shrank from 5 A to 3 A. The inter-monomer
coupling matrix and the unit matrix are virtually equivalent for AA stacking. As a result,
only the coupling between an orbital on one monomer and its partner orbital on the other
monomer is non-zero since monomer orbitals are orthogonal. As a result, monomer
levels transform into pairs of dimer levels, and the AA-stacked dimer's spectrum only
displays a minimal level repulsion. The LUMO+1, LUMO+2, LUMO+3, and LUMO+4

are located, respectively, at 3.6 A. Despite the high couplings between each pair of the
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energy levels, the DQI feature in the HOMO-LUMO gap in (Fig. 5.3b) lowers the
conductance for AA stacking Even at the ideal distance of roughly 3.5 A, (Figure 5.3f)
for the AB1-stacked dimer demonstrates that the HOMO and LUMO are practically
degenerate, showing a very weak coupling between the two HOMOs and two LUMOs
in the dimer. As a result, in the blue transmission curve of (Fig. 5.3b), the DQI
characteristics that were immediately below the LUMO and immediately above the
HOMO (in the yellow curve) are no longer visible. The HOMOs are weakly coupled
and the LUMOs are highly coupled for the AB2-stacked dimer, in contrast (Fig. 5.3g).
As a result, the DQI dip is eliminated since the weakly linked HOMOs barely affect the
transport. The green transmission curve in (Fig. 5.3b), on the other hand, has a greater

value due to the stronger coupling between the LUMOs.
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5.4 Transmission function calculations of the molecule CQI-L

based on AB2 stacking:

Shifting top molecule down:

0.0A
:_ : ) - ' rm\ ¥ :/ =
t@ A gt Eﬂ\ et ﬁ u
. A | 7 FLNN, T | ‘-)—’)—L R 7 L LS
e W o N ; T
‘ Pl
054 1 154 A
10°-
10721
—— _4-
m 10
P~ 119704
Single
-8 0.0 A
107° 4 0.5 A
1.0 A
= 1.5 A
10719- 2.0 A
—0.5 0.0 5 1.0 1.5

0
E—ER™ (eV)

Fig. 5.4: Transmission functions 7(E) based on AB2 stacking of the molecule CQI-
L corresponding to the different top molecule shifts (down: 0.0 A, 0.5 A, 1.0 A, 1.5

A and 2.0 A, respectively).
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Shifting top molecule up:
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Fig. 5.5: Transmission functions 7(E) based on AB2 stacking of the molecule CQI-
L corresponding to the different top molecule shifts (up: 0.0 A, 0.5 A, 1.0 A, 1.5 A

and 2.0 A, respectively).
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Shifting top molecule left:
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Fig. 5.6: Transmission functions 7(E) based on AB2 stacking of the molecule CQI-

L corresponding to the different top molecule shifts (left: 0.0 A, 0.5 A, 1.0 A, 1.5 A

and 2.0 A, respectively).

125




Rotating top molecule:
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Fig. 5.7 Transmission functions 7(E) based on AB2 stacking of the molecule CQI-

L corresponding to the different top molecule rotations (0.0°, 5.0°, 10.0°, 15.0° and

30.0°, respectively).
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The robustness of the dimer state with high conductance is remarkable. This
phenomenon is not confined to AB2 stacking and is able to persist even when the top
monomer is shifted or rotated. As illustrated in (Fig. 5.4-5,7), the higher conductance of
the dimer can remain even when the shifting distance is up to 2.0 A or the degree of
rotation is up to 15.0°. This finding indicates the strong stability of the dimer state with
high conductance. It is worth noting that this robustness might be attributed to the
mteractions between the two monomers, such as the Van der Waals force between them.
As a result, the dimer state can maintain its high conductance even when the two
monomers are slightly displaced or rotated. As the interelectrode distance changes, the
two dimers can slide relative to each other resulting in a single trace from a high-to-low
conductance state. However, due to the limitation of the device, the conductance of an
AA stacked dimer is much lower than that of a monomer, so the AA stacking cannot be
detected beyond this limitation. The transition between high and low conductance states
is an important process to consider in materials science. This transition is considered to
be a change from AB2 stacking to AB1 stacking. In AB2 stacking, adjacent layers of
molecules are stacked in alternating directions, while in AB1 stacking, adjacent layers
are stacked in the same direction. This transition is critical in determining the properties
of the material, as it affects the electronic structure and band gap of the material.
Additionally, this transition is thought to be responsible for changes in the optical and
electrical properties of the material. As a result, understanding the mechanism of the

transition is important for designing materials with desired properties.
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5.5 Transmission function calculations of the molecule CQI-H

based on AB2 stacking:

Rotating top molecule:
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Fig. 5.8 Transmission functions 7(E) for AB stacking of the molecule CQI-H
corresponding to the different top molecule rotations (0.0°, 15.0°, 30.0°, 45.0°, 60.0°

and 90.0°, respectively).
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Shifting the top molecule to the right:
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Fig. 5.9 Transmission functions 7(E) for AB stacking of the molecule CQI-H
corresponding to the different top molecule shifts (right: 0.0 A, 1.0 A, 2.0 A, 3.0 A,

4.0 A, 5.0 A and 6.0 A, respectively).
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5.6 Comparison of DFT results with experimental results for

molecule CQI-L
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Fig. (5.10) Charge transmission between monomer and dimer molecules as seen in Circuits
with monomers (top) and dimers (bottom) are shown schematically in (a). (b) monomer

molecule and dimer theoretical transmission spectra. (¢) Junction conductance-
displacement histograms built from around 4500 individual traces with a bias of 0.1 V. (d)
Transmission coefficients regarding the conductance of the monomer (yellow) and dimer

(green) of CQI-L molecules.

For organic molecules resembling graphene, the passage of electrical current from one
monomer to another in a dimer via pi-pi stacking is seen in (Figures 5.10a) (lower) and
(5.10b) (right). The electrical conductance of two identical conductors connected in
series is typically lower than that of a monomer conductor (Fig. 5.10a), which is
consistent with the idea that two-series resistors typically have lower electrical
conductance than a monomer resistor. Accordingly, earlier research showed that a

dimer's conductance is typically lower than that of the corresponding monomer, even
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when quantum effects are present [3,25,27]. Noting how closely related the conductance
mechanism of traditional electrical circuits and the charge transport mechanism of the
dimer different. Using a combination of the scanning tunneling microscope break
junction (STM-BJ) technique [28-30] and density functional theory (DFT) [31], we
examine charge transport through a graphene-like dimer in (Fig. 5.3b). We find that,
depending on the QI pattern and stacking configuration, the dimer's conductance can be
up to 25 times greater than that of the monomer. Even though other dimer systems also
exhibit quantum interference, the conductance of the dimer is typically lower than that
of the monomer. For instance, periodic decreases in dimer conductance brought on by
mechanically regulated quantum interference have been observed [26] for an oligo-
phenylene-ethynylene (OPE3) pi-conjugated molecular system. Our system's
anomalous conductance rise also differs from conductance superposition in monomer-
molecule circuits with parallel paths [32].

The selected monomer is shown as CQI-L (a constructive QI molecule with a
comparatively low conductance) in (Fig. 5.3b) left and is depicted in the inset of (Figs.
5.3d) and 1. Its acetylthiol terminal groups [19], which connect the molecule to external
electrodes, are attached to an anthanthrene core, which resembles graphene. As
illustrated in (Fig. 5.3d), this CQI-L monomer exhibits CQI as demonstrated in a prior
study [20], but with a comparatively low (L) conductance when current is injected and
collected via the triple bonds attached to the anthanthrene core. The conductance of a
molecular junction is repeatedly measured as a function of tip-substrate displacement
using the STM-BJ approach to produce conductance versus displacement traces. In a
1,2,4-trichlorobenzene (TCB) solution, the molecular connections are specifically
generated and broken As a result, it is possible for one monomer to bridge the space

between the two points or for two separate monomers to bind to different tips, allowing
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current to flow from one electrode to the other by pi -pi stacking. The junctions' typical
individual traces under 0.1 V of bias are shown in (Fig. 5.10c¢), inset. It is possible to see
the conductance features below Go at particular molecular values as well as the features
at integer multiples of Go (Go = 2 e’h). The pink traces represent the tunneling
degradation following the breakage of an Au atomic contact in a pure solvent, whereas
the conductance plateaus corresponding to the molecular conductance are detected in
solution with the target molecules. To create the conductance histograms, hundreds to
thousands of such conductance traces are utilized. A chemical named CQI-L is shown
in two-dimensional (2D) conductance-displacement histograms in (Figure 5.10c). The

Lorentzian fitting peak can be seen as a low conductance peak at ~ 2.0x 10° Gy (=~0.16

nS). This is in line with the conductance that a monomer CQI-L molecule would most
likely have, according to earlier research [19]. A second conductance peak, which is
more than 25 times greater than the conductance of the monomer, can be seen in addition

to this monomer conductance peak at ~5.0x10° Go (=3.9 nS) (Fig. 5.10c). This

improvement is in line with what we predicted theoretically, as illustrated in (Fig. 5.10d).
Theoretical simulations shown in (Fig. 5.3d), which plots the conductance versus the
Fermi energy Er (relative to the DFT-predicted Fermi energy ErP") for the monomer
(yellow curve) and dimer (green curve), the high conductance state of the molecule CQI-

L can therefore be attributed to -stacked dimers (Fig. 5.10b right).
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5.7 Comparison of DFT results with experimental results for

molecule CQI-H:
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Fig. 5.11: Charge transport of a comparative molecule CQI-H. (a) 2D conductance-
displacement histograms for CQI-H at a bias of 0.1 V. The number of counts
normalized to the number of curves seen in the histograms is displayed on the color
wheel. (b) using the molecule CQI-H as a model, a diagram is shown to show
monomer-molecule and dimer connections. (¢) monomer molecule and dimer

theoretical transmission spectra.

Comparative system's charge transport. By adjusting the connection of the
anthanthrene core to the electrodes, it is possible to manage the above-increased
conductance of the dimer in comparison to the monomer. Consider the monomer in (Fig.

5.11c¢) (left), where the triple bonds connect to the locations denoted by the letters ¢ and
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d, to demonstrate this property. According to Ref. [20], (Fig. 5.1a-5.1b), this monomer
(labeled CQI-H and a constructive QI molecule with a comparatively high conductance)
demonstrates CQI and has a greater (H) conductance than the CQI-L monomer of (Fig.
5.1b) (left). In accordance with the theoretical transmission coefficient of (Fig. 5.11b), as
well as other studies [20], In contrast to the molecule CQI-L, a second conductance peak

that is roughly 40 times smaller than the monomer conductance arises at ~2.5X 1078 Gy (
~ (.20 nS), (Fig. 5.11a). In this instance, the dimer conductance is anticipated to be lower

than the monomer conductance, as shown by comparison with the mid-gap theoretical
transmission curve of the dimer (green curve in Fig. 5.11b). Once more, as the bias
voltage is raised, the ratio of the low conductance rises, demonstrating that the high
conductance results from the monomer state. This is more proof that the dimer is
responsible for the low conductance of the molecule CQI-H and it is in line with the
theoretical model in (Fig. 5.11b), which shows that the lower conductance dimer has a
longer molecular length than a monomer-molecule. Theoretical calculations reveal that
the dimers of the molecule CQI-H with various stacking configurations do not generally
exhibit the higher conductance than the monomer due to the lower conductance of the

dimer.
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5.8 Transmission function calculations of the molecule CQI-L

connecting to the electrodes on both sides:
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Fig. 5.12: The transmission spectra of the molecule CQI-L, connected to the
electrodes on both sides, are examined in the presence of another interacting

molecule.

If the monomer connects with electrodes, the scenario changes when another molecule
stacks onto the monomer. However, these transmissions or configurations remain
constant, as the upper molecule interacts very weakly with the electrode. Consequently,

it makes only a minimal contribution to the electrode.
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5.9 Conclusion

In conclusion, we have given a combined experimental and theoretical investigation of
charge transport in stacked graphene-like dimers and shown that the interaction between
room-temperature quantum interference and stacking controls their highly non-classical
electrical conductance. The electrical conductance of the dimer for the molecule CQI-L
can be 25 times greater than that of the monomer thanks to the most energetically
favorable stacking interactions. In contrast, the conductance of the dimer is around 40
times less for the molecule CQI-H than that of the monomer. This demonstrates
unequivocally that logical control of connectivity to molecular cores combined with
stacking interactions between their systems offers a general route to modify and optimize
charge transfer between molecules, which will encourage vigorous research at both

macroscopic and microscopic levels.
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6. Conclusions and Future works

6.1. Conclusions

In this thesis, electrical properties diverse molecular devices have been thoroughly
examined through several methodologies. Chapter 2 introduces the application of density
functional theory and the Green's function scattering formalism to analyze these
properties. Furthermore, in Chapter 3, a straightforward tight-binding approach is

employed to explore the underlying concepts.

In the chapter 4, it is proposed that a tight-binding theory, which involves a single level
per atomic site, can effectively capture the qualitative aspects of both DFT calculations
and laboratory studies concerning transport through related molecular cores. This holds
true as long as the linkers solely consist of a single pi system. On the other hand, when
the linkers possess more than one pi system, the tight-binding model needs to be enhanced
in complexity by assigning multiple levels to each atomic site. This adjustment is
necessary to accurately account for the additional intricacies introduced by multiple pi

systems in the linkers.

In chapter 5, | conducted a comprehensive investigation, combining experimental and
theoretical approaches, to explore charge transport in stacked graphene-like dimers. my
findings reveal that the interplay between room-temperature quantum interference and
stacking interactions plays a pivotal role in governing their profoundly non-classical
electrical conductance. For the specific molecule CQI-L, the electrical conductance of the
dimer surpasses that of the monomer by an impressive factor of 25, thanks to the favorable
stacking interactions that occur energetically. Conversely, the molecule CQI-H exhibits

a dimer conductance that is approximately 40 times lower than that of the monomer. This
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compelling evidence indicates that by strategically controlling the connectivity to
molecular cores while considering their stacking interactions, we can create a versatile
approach to modify and optimize charge transfer between molecules. These findings are

expected to inspire vibrant research efforts at both macroscopic and microscopic scales.

6.2. Future works

In my research work, | delved into exploring the electrical conductance of various
molecules connected to gold electrodes. Looking ahead, there are certain aspects that
warrant deeper investigation. One crucial aspect involves understanding the connectivity
effects on quantum transport through the polycyclic aromatic molecules, considering
different aromatic rings. [1] Specifically, 1 am intrigued by examining the impact of
substituting SMe with alternative anchor groups like amino (NH2), direct carbon-gold
(C), and thiol (S) bonds in relation to the electrodes [2,3]. These inquiries open up
promising avenues for future studies. In recent developments, researchers have been
exploring alternative electrode materials for molecular electronics, particularly the use of
graphene electrodes. This intriguing avenue offers promising possibilities for various
projects. However, it's important to address certain challenges, such as the need for novel
anchor groups to ensure a coherent electron transport at the molecule-graphene interface.
Nevertheless, due to graphene's exceptional properties, it presents itself as an excellent

candidate for an electrode material in the field of molecular electronics.[8][15].

In the realm of molecular electronics, there remain intriguing and significant questions
that require exploration. One such query pertains to how chemical modifications of
molecules and electrodes can lead to profound changes in their electrical properties.
Additionally, investigating the impact of alternative electrode materials on molecular

electronics, like graphene, silicene , platinum and, palladium [16,17], or even
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superconducting electrodes [14][15], is highly valuable, as they introduce novel
interference effects. These avenues hold great promise for future research and the
development of extraordinary and unprecedented molecular-scale devices. For instance,
graphene stands out due to its remarkable properties and diverse potential applications,
such as sensing applications [13]. Its unique characteristics, including a simplified metal-
molecule interface, a wide electrochemical potential window, low electrical resistance,
and well-defined redox peaks, enhance sensitivity [14]. Moreover, graphene's high
thermal conductivity makes it an attractive material for managing and dissipating heat in
high-density devices. In the field of nanoelectronics, another intriguing topic is the study
of hybrid systems that incorporate superconducting (S) and ferromagnetic (F) materials,
particularly for their relevance in spintronics applications. Spintronic devices capitalize
on spin-polarized currents and magnetic fields, which both influence superconducting
transport. These investigations open up exciting possibilities for advancing technology

and understanding novel electronic phenomena [19].

In this particular study in Chapter 5, it would be valuable to explore the m-stacking
phenomenon among these molecules in greater depth. Understanding the electron
transport mechanisms and how different configurations influence quantum interference
(QI) [4][6] is essential. When parallel m-stacked molecular systems exhibit weak
interactions, they may display low conductance due to destructive interference.
Interestingly, this reduction in conductance could potentially lead to increased
thermopower. Additionally, investigating the impact of various metal ions trapped in the
complex, such as Zn, Fe, Cu, Co, Ni, and Mn, is of utmost significance, as charge
transport depends not only on the ligand nature but also on the type of metal ion present.
The choice of metal atom can tune the molecular energy levels relative to the Fermi

energy of the electrodes [7]. It would be intriguing to calculate the charge transfer of these
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different metal elements and explore how the electron transfer between the metal and the
molecular backbone affects transmission and Seebeck behaviors. Furthermore, the
presence of palladium attached to two CI atoms allows the application of a reduction
process by removing both Cl atoms. This process might shift the position of the electrode
Fermi energy closer to the Fano resonance, potentially leading to further enhancement in
conductance. These investigations hold significant promise for advancing our

understanding of electron transport and behavior in the studied molecular systems [7].

Finally, this thesis has focussed on QI in electronic systems. However, interference is a
generic property of waves and therefore it would be interesting to explore these ideas to
molecular-scale and meso-scale vibrational properties [23]. Such a study would be
particularly timely, because it has only recently become possible to measure the thermal

conductance of a single molecule [24].

145



Bibliography:

[1] C. J. Lambert, Quantum Transport in Nanostructures and Molecules. 10P

Publishing, (2021).

[2] F. Chen, X. Li, J. Hihath, Z. Huang, and N. Tao, “Effect of anchoring groups on
singlemolecule conductance: Comparative study of thiol-, amine-, and carboxylic-

acidterminated molecules,” J. Am. Chem. Soc., 128, (49), 15874-15881, (2006).

[3] Al-Khaykanee, M.K., Ismael, A.K., Grace, I. and Lambert, C.J., Oscillating
Seebeck coefficients in m-stacked molecular junctions. RSC Advances, 8(44), 24711-

24715, (2018).

[4] Shen, P., Huang, M., Qian, J., Li, J., Ding, S., Zhou, X.S., Xu, B., Zhao, Z. and
Tang, B.Z., Achieving efficient multichannel conductance in through-space

conjugated single-molecule parallel circuits. Angewandte Chemie, 132(11), 4611-

4618, (2020).

[5] Markin, A., Ismael, A.K., Davidson, R.J., Milan, D.C., Nichols, R.J., Higgins, S.J.,
Lambert, C.J., Hsu, Y.T., Yufit, D.S. and Beeby, A., Conductance Behavior of
Tetraphenyl-Aza-BODIPYs. The Journal of Physical Chemistry C, 124(12), 6479-

6485, (2020).

146



[6] Al-Galiby, Q.H., Sadeghi, H., Algharagholy, L.A., Grace, I. and Lambert, C.,
Tuning the thermoelectric properties of metallo-porphyrins. Nanoscale, 8(4), 2428-

2433, (2016).

[7] Lu, Y., Merchant, C.A., Drndic, M. and Johnson, A.C., In situ electronic
characterization of graphene nanoconstrictions fabricated in a transmission electron

microscope. Nano Letters, 11(12), 5184-5188, (2011).

[8] S. Bailey, D. Visontai, C. J. Lambert, M. R. Bryce, H. Frampton, and D. Chappell,
“A study of planar anchor groups for graphene-based single-molecule electronics,” J.

Chem. Phys., 140, 5, (2014).

[9] Barreiro, A., Borrnert, F., Rummeli, M.H., Buchner, B. and Vandersypen, L.M.,
Graphene at high bias: Cracking, layer by layer sublimation, and fusing. Nano Letters,

12(4), 1873-1878, (2012).

[10] X.H. Zheng, G.R. Zhang, Z .Zeng, V.M. Garcia-Suarez, C.J .Lambert, Effects of
antidots on the transport properties of graphene nanoribbons. Phys. Rev. B 80 (7),

075413, (2009).

[11] Q. Wu, H. Sadeghi, V. M. Garcia-Suarez, J. Ferrer, and C. J. Lambert,
“Thermoelectricity in vertical graphene-C60-graphene architectures,” Sci. Rep., 7,

11680, (2017).

[12] M. Pykal, P. Jurecka, F. Karlicky, and M. Otyepka, “Modelling of graphene

functionalization,” Phys. Chem. Chem. Phys., 18, (9), 6351-6372, (2016).

147



[13] M. S. Artiles, C. S. Rout, and T. S. Fisher, "Graphene-based hybrid materials and
devices for biosensing,” Advanced Drug Delivery Reviews., 63, (14-15), 1352- 1360,

(2011).

[14] C.G. Peterfalvi, L. Oroszlany, C.J. Lambert and J. Cserti, Intraband electron

focusing in bilayer graphene, New J. Phys 14 063028 (2012).

[15] V. M. Garcia-Suarez, A. R. Rocha, S. W. Bailey, C. J. Lambert, S. Sanvito, and
J. Ferrer, “Single-channel conductance of H 2 molecules attached to platinum or

palladium electrodes,” Phys. Rev. B, 72, (4,) 45437, (2005).

[16] VM Garcia-Suérez, AR Rocha, SW Bailey, CJ Lambert, S Sanvito, J Ferrer,
Conductance oscillations in zigzag platinum chains. Phys. Rev. Lett. 95 (25), 256804,

(2005).

[17] CJ Lambert, R Raimondi, V Sweeney, AF Volkov, “Boundary conditions for
quasiclassical equations in the theory of superconductivity,” Phys. Rev. B 55 (9), 6015,

(1997).

[18] M. Eschrig, A. Cottet, W. Belzig, and J. Linder, “General boundary conditions
for quasiclassical theory of superconductivity in the diffusive limit: Application to

strongly spin-polarized systems,” New J. Phys., 17, 8, (2015).

[19] NR Claughton, M Leadbeater, CJ Lambert, Theory of Andreev resonances in

quantum dots. J. Phys.: Condensed Matter 7 (46), 8757 (1995).

148


http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitationReport&qid=30&SID=Y2oEMmgEILD4Ii43jmJ&page=1&doc=4
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitationReport&qid=30&SID=Y2oEMmgEILD4Ii43jmJ&page=1&doc=4

[20] N. L. Plaszko, P. Rakyta, J. Cserti, A. Kormanyos, and C. J. Lambert , Quantum
interference and non-equilibrium Josephson current in molecular Andreev

interferometers. Nanomaterials 10 1033 (2020).

[21] P. Rakyta, A. Alanazy, A. Korméanyos, Z. Tajkov, G. Kukucska, J. Koltai, S.
Sangtarash, H. Sadeghi, J. Cserti and C.J. Lambert, Magic number theory of
superconducting proximity effects and Wigner delay times in graphene-like

molecules. J. Phys. Chem C. 123 6812 (2019) .

[22] A Kambili, G Fagas, VI Fal'ko, CJ Lambert, Phonon-mediated thermal
conductance of mesoscopic wires with rough edges. Phys. Rev. B-Condensed Matter

60 (23), 15593-15596 (1999).

[23] N. Mosso, H. Sadeghi, A. Gemma, S. Sangtarash, C. Lambert, and B. Gotsmann,

Thermal transport through single molecule junctions. Nanoletters 19 (11) 7614-7622

(2019).

149



	Bibliography                                                                                                 110
	5. Quantum Interference-controlled conductance enhancement                                in stacked graphene-like dimers                                                                113
	Bibliography 137
	6. Conclusions and Future works 142
	2. Density Functional Theory
	2.1. Introduction
	2.2 The Schrödinger Equation
	2.3. Born-Oppenheimer approximation
	2.4 Hohenberg-Kohn theorem approximation
	2.5.1.2. Generalized Gradient Approximation

	2.6. SIESTA
	2.6.1. The pseudopotential approximation

	2.7 Calculations in practice
	2.8 Conclusion
	Bibliography:

	3. Transport theory
	3.1. Introduction
	3.4. Green's function
	3.4.2. Green's function of a semi-infinite one-dimensional chain
	4.5 Theory of room-temperature QI effects.

	Bibliography:

	Fig. 5.3: The mechanism underlying a stacked dimer's increased conductance. (a) Monomer and dimer anthanthrenes' transport characteristics. (b) Transmission coefficients for the CQI-L monomer and dimers with AA, AB1 and AB2 stacking. (c) The CQI-L mon...
	5.6 Comparison of DFT results with experimental results for molecule CQI-L
	5.7 Comparison of DFT results with experimental results for molecule CQI-H:
	Comparative system's charge transport. By adjusting the connection of the anthanthrene core to the electrodes, it is possible to manage the above-increased conductance of the dimer in comparison to the monomer. Consider the monomer in (Fig. 5.11c) (le...
	Bibliography:
	Bibliography: (1)


