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Abstract

In developing future nano-scale applications in the molecular electronics field, studies of electron
transport through single molecules are of fundamental interest. Since single or multiple molecules
are considered essential building blocks to design and construct these molecular electronics
devices, understanding their electronic and transport properties is required. Enormous theoretical
and experimental studies were carried out to make the molecular junctions and explore their
electrical performance. Within this framework, this thesis addresses some of the fundamental
aspects of transport theory, involving the theoretical and mathematical approaches to investigate
the electron transport via junctions, including a scattering region formed from a single molecule
connected to metal electrodes. The methods used in this research are based on a combination of
density functional theory and its realisation within the SIESTA code, and non-equilibrium Green’s
function embodied in the GOLLUM code to study electrical conductance on a molecular scale. In
this thesis, | focus on various N-Heterocyclic carbenes (NHC) complexes of double NHC-
anchored single-molecule junctions and investigate the mechanism of charge transport through
their molecular junctions. | also study their electronic structure properties, such as the wave
function plot and their binding energetics to electrodes. Experimental measurements and my DFT
simulations revealed a high electrical conductance of monomer and dimer NHC molecular
junctions. Consequently, my simulations provide a novel strategy for designing high conductance
molecular devices using NHCs and are a step along with the roadmap toward future integration of

molecular electronic devices.
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energy plot as a function of distance d. This distance is found to 3.6 A, at approximately 0.2 eV.

Figure 5.1. Schematic illustrations of the monomer molecules in Au junctions for Scenario A, in
which the Au tips connect to the molecules as follows: compounds 1 and 2 (R-biNHC and biNHC)
connect via Au-C bonds, compound 3 (N2F) connects via Au-N bonds, compounds 4 and 5 (o-
S2F and p-S2F) connect via AU-SME DONAS. ........cccveiiiiiiicie e 116
Figure 5.2. Transmission coefficients as a function of energy of the studied molecules in Au
junctions for Scenario A. Zero bias transmission coefficients T (E) of compounds 1, 2, 3, 4 and 5
(R-biNHC, biNHC, N2F, 0-S2F and p-S2F) against electron energy E. The yellow rectangular
box shows that a range of energy within the HOMO-LUMO gap......ccccccovvviirniveneniinsienieeenn 118
Figure 5.3. Schematic illustrations of the monomer molecules in Au junctions for Scenario B. It
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Figure 5.4. Transmission coefficients as a function of energy of the studied molecules in Au
junctions for Scenario B. Zero bias transmission coefficients T (E) of as compounds 1, 2, 3, 4 and
5 (biNHC, R-biNHC, N2F, 0-S2F and p-S2F) against electron energy E in Au metallic junctions.
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Figure 5.5. Schematic illustrations of the monomer molecules in Au junctions for Scenario C. It
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Chapter 1

Molecular Electronics

1.1 Introduction

Molecular electronics is a subfield of nanoscience ! that refers to using individual or multiple
molecules as building blocks to design and construct electrical components or molecular

6 current rectifiers "8, and

electronics devices such as transistors 22, sensors *°, memories
photovoltaics.® The molecular electronics field aims to study the electronic structures and thermal
transport properties of the circuits that use single molecules as the essential building blocks *°.
Molecular electronics is a tremendously appealing subject because of its promise for sub-10nm
electronic switches and rectifiers and its ability to provide sensitive platforms for single-molecule
sensing.! For example, molecular electronics allows researchers to use molecules as electronically
active components for various applications from a technical and practical perspective.'? In
addition, molecular recognition can create precisely crafted molecules with adjustable transport
and desirable electronic characteristics. Moreover, microelectronics component, including SAMs
(self-assembled monolayers) >4 single-molecule devices or carbon nanotube junctions >, hold

the ability to probe room-temperature quantum properties, for instance, quantum interference and

thermoelectricity at molecular scales or on the lowest scales possible.*”%°

The first breakthrough came in 1974 by the Aviram and Ratner molecular current rectifier 2°, while

Polymeropoulos and Sagiv researched the molecular-based tunnel junction (resistors) 30 years
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ago.?! As a standard example, Aviram and Ratner put a single molecule with electron donors and
acceptor compartments between two metal electrodes. They demonstrated that a molecule coupled
to the electrodes either functions as an electrical current conduit or controls the electrodes' charge
transport properties in electronics devices.?? In the 1980s, the innovation of scanning tunnelling
microscopes (STM) 2% and atomic force microscopes (AFM) 24 by Gerd Binnig and Heinrich
Rohrer led to increased attention and significantly expanded this field of molecular electronics.
Due to developments in nanofabrication methods and the quantum theory of electronic transport
during the last decades, it became possible to investigate and understand the fundamental features
of electrical circuits in which molecules are utilised as essential building blocks to study their

electronic transport properties.??%

From a technological point of view, although molecules have several disadvantages, including
instability at high temperatures and fabricating effective molecular junctions, which is challenging
and costly, there are also practical reasons for investigating the use of molecules as the heart of
electrical circuitry in various applications. Consequently, molecular electronics might provide the

following main advantages *:

e The reduced size of small molecules, between 1 and 100 nm, could lead to a higher packing
density of devices with the subsequent advantages in cost and more efficiency.

e Nanoscale self-assembly can make use of unique intermolecular interactions to produce
structures. On the single-molecule scale, molecular recognition may change electrical
behaviour, allowing for switching and sensing.

e The transport, binding, optical, and structural characteristics can be significantly altered by
changing their composition and shape and synthetic molecular mechanisms have advanced

considerably.
20



A key challenge in molecular electronics is the development of device platforms and understanding
mechanisms of molecular charge transport throughout them.?® The molecules sandwiched between
two electrodes are the most common platform, the prototype molecular electronics device, and
widely used construction to visualise the molecule and investigate molecular electronics
characteristics.?”~2° Theoretical approaches have developed in tandem with experimental ones.*
Researchers can now deal with more complex molecules and closely match their calculations to
reality because of advancements in the methodologies used to calculate molecular electrical
characteristics. Density Functional Theory (DFT) is now one of the most reliable and extensively
used theoretical methods for determining the electronic structure of atomic structures and
calculating charge transport in many-body structures. In addition, tight-binding models (TBMs)
are one of the simplest ways of quantum transport modelling small systems.*"'83! These models
allow one to comprehend essential molecule properties and investigate their potential usage as
active components for nano applications. These technologies will enable researcher to understand
basic molecule properties and analyse their possible use as functional components for nano
applications. Combining DFT, implemented in the SIESTA 3 code and TBMs, with the Green's
function formalism of electron transport implemented in the Gollum code later allowed researchers
to practice critical concepts in the quantum transport theory needed to describe fundamental

aspects of molecular junctions in the nanoscale.®

Charge transport mechanisms from one electrode to another via a single molecule are a significant
challenge in developing molecular electrical devices.3*3¢ The meaningful design of molecules as
efficient components is required to approach a commercially practicable state for such devices,
which involves size reduction and efficiency. This thesis investigates the essential features of

enhancing the charge transport properties of molecular junctions. It will investigate the use of
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chemical modification to improve the electrical conductivity of single molecules because the
measured conductance depends on the electrode-molecule contact geometry, and will integrate the
knowledge connections between the theory and the experiment to create and simulate (STM)
devices.'! In general, the subject of molecular electronics is still quite active and prospering despite
four decades of intense advancement. The open quantum system's transport problem is unigue and

complex, opening a bright future for fundamental research and devices application expansion.
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1.2 Thesis Outline

This thesis aims to study the theoretical methodologies for treating electron transport in two-
terminal molecular junctions, using gold electrodes that form gold |molecule| gold structures.
Density functional theory (DFT), implemented mainly in the SIESTA code *?, is one of the main
theoretical techniques that has been used in this thesis, as described in chapter two to study and
understand the electronic properties of the single-molecule junctions. The second method that has
been used in the single-particle transport theory is described in chapter three and is encoded in the
quantum transport code GOLLUM %’ which is a program that computes the transport and thermal
properties based on the theoretical basis of Green’s function scattering formalism and the
transmission coefficient equations. In addition, chapter three briefly describes some basic subjects
related to single-particle transport theory involving the Schrodnger equation and the Landauer
formula for different transport regimes using several examples for different cases of the one-
dimension systems. After introducing the basic chapters about nanoscale methods, which could be
applied to model nano and molecular-scale devices, | will present the theoretical investigations of
the research subject about a series of N-Heterocyclic carbenes molecules in the fourth and fifth
chapters. Chapter 4 focuses on their electronic properties study to probe and understand charge
transport through the NHC molecules. Chapter 5 analyses the charge transport mechanism in

NHC-anchored molecular junctions. Finally, chapter 6 presents conclusions and future works.
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Chapter 2

Density Functional Theory

This chapter introduces a brief overview of the Density Functional Theory (DFT) and SIESTA
(Spanish Initiative for Electronic Simulations with Thousands of Atoms) code involving the
general concepts and numerical applications of the SIESTA DFT code as described below. This
theoretical method is considered the primary tool applied in this research work to study the
electronic structure properties of all studied systems, including the Hamiltonian of the isolated
molecules, wave functions, geometry structure optimisation, binding energies (bond length), and
the transport of electrons through nanoscale scatter or single molecules connected to electrodes or
semi-infinite leads. In order to obtain the structural and electronic information, | shall extract the
Hamiltonian, which can be an output of DFT calculations, of the desired system and then employ
them to investigate the transport properties of the molecular junctions, where the latter part will

discuss in detail in chapter 3.

2.1 Introduction

Theoretical condensed matter physics aims to formulate the fundamental building components of
materials, electrons, and nuclei to explain their electronic properties. The interactions between

electrons and nuclei give rise to a broad spectrum of features in molecules, solids, polymers, and
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other objects. Electronic transport has been a remarkably successful section of condensed matter
that has gotten much attention. However, the enormity of these interactions and the computational
limit of our time make the condensed theoretical matter a very challenging field. In the last 50
years, physicists have devised various methodologies with varying degrees of accuracy, impact,
and size. Molecular Dynamics (MD), Density Functional Theory (DFT), and Tight Binding Theory
(TB) are some of these methodologies.'?

Investigating the behaviour of electrons in the wires can explain the electrical properties of
molecular wires as a simple example. However, it requires a reliable technique to determine the
structural and electrical behaviour to understand molecular electronics devices' behaviour or nano-
scale simulations, which density function theory (DFT) provides. DFT has proven to be one of the
foremost efficient and prospective theories for predicting the electronic structure of the ground
state of several systems, such as atoms, molecules, and crystals, in physics, materials, and
chemistry. The term "density functional theory" refers to the usage of electron density functionals.®
This technique investigate the behaviour of electrons on relatively large-scale calculations of
many-body Schrddinger equation, which are based on the Hamiltonian, which describes the
system.* DFT is commonly used to solve the many-body problem simplified to find Hamiltonian,

eigenvalues, eigenfunctions, and anther properties of the complex systems.
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2.2 Many-body problem

In theoretical solid-state physics and the quantum mechanical behaviour of a physical or chemical
system, involves studying the observable properties of large systems comprising of many atoms,
which could achieve by finding the solution of the Schrdédinger wave equation. The stationary

many-body Schrodinger equation is °

Ay; (71,75, oo, Py Ry, Ry ooy Ryp) (2.1)
= Eapi(F1, 0 oo Py R1y gy oy Rap)
where H is the Hamiltonian operator consisting of M nuclei and N electrons, which include a
complete description of the electronic structure of the system such as the energies and electron
densities, and v, is the wavefunction of electronic r, and nuclear R. The full Hamiltonian operator
of a general approach as the sum of the kinetic energies of the electrons and nuclei (T) and the

Coulomb interactions between them (V) as follows:

N 1
= Z( AL + Z( LS
= -5 Vi -5 Va
o om =14%7 L 2mg
Te Voe T

=1 I#]

1'1

This equation of many-body quantum mechanics interacting particles, which contains at the first
line the kinetic energy and the mutual Coulomb interaction of the electrons, and the second part
are the related terms for the nuclei. The last line describes the Coulomb interaction between the

electrons and the nuclei, which depends on electrons r; and nuclei R; ¢, where i and j denote the
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N-electrons. In addition, m,, R;, and Z,e? are the mass, coordinates, and the charge of the I**
nucleus. Similarly, m;, r; and —e are the mass, coordinates, and the charge of the i** electron.

In general, for any system with more than a few electrons and nuclei, finding the eigenstates and
eigenvalues of the Schrddinger equation becomes impractical. Therefore, to reduce the size of this

problem, an approximation is needed, which is the Born-Oppenheimer approximation.®

2.3 Born-Oppenheimer approximation

The Schrodinger equation for a many-atom molecule can be separated into two equations using a
method known as the Born-Oppenheimer approximation ©: an electronic Schrodinger equation and

a nuclear Schrodinger equation Eqg. 2.2 is as follows:

Hee (1, Rar) = Ectbe (T, Rar)
HNIIJN(RM) = ExYpn(Ry) (2.3)
E.(Ry) is the ground state energy of the electrons for a given set of nuclei coordinates. The effect
of nuclear kinetic energy on electrons is ignored in this assumption, and this is because nuclear
masses are substantially greater than electron masses. The Born Oppenheimer approximation ’
corresponds to ignoring the nuclear kinetic energy. The electron degrees of freedom are considered

in this solution of the Schrédnger equation. Therefore, the Hamiltonian from Eq. 2.3 to be written

for the electrons as

He = Te + f/\;z—e + Vext (2'4)

where V,,; represents an external potential acting on the electrons due to the frozen nuclei. On

other side, some approximations, such as DFT, are required to solve the Schrodinger equation for
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this system. Density functional theory has the advantage of expressing physical quantities in terms

of ground-state density.

2.4 Density Functional theory

One primary theoretical description of nano-scale simulations of electronic structure properties of
atoms and molecules is Density Functional Theory (DFT). It is a first-principles technique to
predict a material's properties with as few approximations as appropriate. It can be applied to find
highly accurate results on smaller systems.®

Hohenberg and Kohn introduced 2 in 1964 the physical theories that underpin DFT's fundamental
assertion by showing that the ground state energy of a system of interacting electrons is a unique
function of the electronic charge density.”® In 1965 Kohan and Sham provided a method to relate
the ground states with interacting particles to a non-interacting particles system through their

charge density. These methods are described in the following two sections.

2.4.1 The Hohenberg-Kohen theorems

The Hohenberg-Kohn (HK) theorem 2 is the cornerstone of density functional theory (DFT). The
critical point of this theorem is that any system of a fully interacting N-electron or travelling in a
potential field is determined by its ground-state energy, which its electron density p(r) defines the
ground state energy of this system. The HK theorem evolved dramatically because two simple
theorems proposed the electron density p(r) as the fundamental variable. The first theorem can be

considered that the Coulomb potential arising from the frozen nuclei of the many-body
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Hamiltonian as a constant external potential (V,,:(r)) has unique correspondence with the
corresponding ground state electronic density.® In other words, the external potential is a unique
functional of the electronic density. To prove this, it starts with the assumption that includes those
two potentials V,,.(r) and V,,.(r), which differ by more than a constant, give rise to the same
ground-state density p(r). It leads to two different Hamiltonians of two different Schrodinger

equations are denoted A and A'.

According to the variational principle to find approximations to the ground state, the energy is
minimal with respect to a wave function variation and represents an upper bound on the ground
state energy E,. By assume the total energy from one of the Schrodnger equations matches the

ground state as follow:

Ey, = <¢o|ﬁ|¢0) < (lpélﬁllp()) (2.5)

This is due to the distinction between the two Hamiltonians,

(¢0|H|¢0> = (1/J0|H’|1/Jo) + (Yol Vext (1) — Vexe (M) |o) (2.6)

Hence

EO < E(’) + (lpOlVext(r) - e:xt(r)w)o) (2-7)

The difference between the two potentials is a direct result of the difference, Hence
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Ey < Eg+ (WolVexe () — Vexe (Mo) (2.8)

By combining the two inequalities mentioned previously, then

Eo + Eg <Ep+ Eg+ (WolVert (™) — Vexe () [ho)

— (YolVext () = Vexe (M) o)
(2.9)

The two terms on the right-hand side add up to zero since and then the two potentials have the

same corresponding electron densities p(r).

f dr p(T‘) (Vext (T) - Velxt (T‘) ) - f dr p(T‘) (Vext (T) - (2-10)
Ve,xt(r)) =0

Substitute Eq. 2.10. into Eq. 2.11 to obtain

E)+ E, < Ey + E (2.11)

As a result, two different external potentials cannot yield the same ground-state density, as
demonstrated by this equation. This conclusion allows us to write the total energy as a function of

the electron density,

E(p(r)) = [ Vexe(m)p(r) dr + F[p(r)] (2.12)
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or equivalently

E(p(r)) = [Vere(r) p(r) dr + (o|T + V]1ho) (2.13)

where F[p(r)] is a unique and universal functional of the electron density for the energy E(p(r)),
which does not depend on the external potential. The exact ground state is the global minimum

value of the functional F[p(r)], and that states the second theorem of the HK.1°

EGo(r) = (w|Alw) > Eo p(r) (214

All ground-state properties of a many-body system may be determined from E(p(r)), and the
ground-state energy E(p(r)) is at its minimum only if p(r) is the ground state charge density.
Consequently, the solution of the HK theorem is based on the minimisation of the ground-state
energy concerning density.!! On the other hand, the HK theorem does not provide guidance on

how to approach the ground-state energy functional; it simply confirms its presence.*?

2.4.2 Kohn-Sham equation

This enables accurate handling of molecular systems in many circumstances that are impossible
with more typical quantum mechanical methods.'® As mentioned in the previous section, obtaining
the ground-state density leads to calculating the ground-state energy. However, the exact form of
the functional F[p(r)] shown in Eq. 2.12 is not known, which the kinetic energy term, as well as
the internal energy of the interacting particles, cannot be represented as a function of density p(r).

Therefore, Kohn and Sham's equation proposed the solution.*? It proposed a method for extracting
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the most significant terms of the ground state energy, namely the kinetic energy and the classical
Coulomb (Hartree) energy and treating them exactly using the HK theorem to construct an

effective single-particle system that reproduces the density of the original, fully interacting system.

The Kohn-Sham method characterises an interacting system of electrons by utilising a non-
interacting auxiliary system in an effective potential V,s¢(r) by replacing the original Hamiltonian
of the system with an effective Hamiltonian at the same ground-state charge density p(r) as the

original system. The effective potential is as follows,

’ p(r')
[r—7'|

(2.15)

Veff(r) = fdr + Vert () + Vie(r)

where the first part is the electrostatic energy from the electron charge density distribution (also
known as Hartree energy), V.. (r) is the external potential due to the presence of stationary nuclei,
and V,.(r) is the exchange-correlation potential, which is the derivative of exchange energy and
describes the remaining contribution of interacting electrons to the exact energy of the system.

6Exc(p(1)) (2.16)

Vee(r) = 5p(r)

As a result, the Hamiltonian of Kohn-Sham yields:

AP () = [ 72 + Ve O] i) = By 317

Eq. 2.17 is the Kohn-Sham equation, where HXS is the kinetic energy of individual particles that
interact with an effective potential, and E; is the system's eigenvalues. The Kohn-Sham

wavefunctions 1;(r) explain the motion of the i*” particle in an effective potential V, (7). The
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Kohn-Sham approach is self-consistent cycle 4, since Verr(r) is dependent on the ground state

density p(r) and the energy E; according to the general scheme illustrated in Figure 2.1.%°

The self-consistent calculation starts by calculating the Hartree potential and the exchange
correlation potential. The Kohn-Sham equations are then solved, yielding a new density. This self-
consistent iterations are repeated many times until requisite convergence terms are satisfied.
Finally, once the initial electronic structure of a system has been determined, the forces on the
nuclei be calculated and new atomic configuration to minimize these forces obtained. The ground
state electronic properties of the system, such as total energy, binding energies, and forces, could

be computed using the obtained ground state geometry.

Initial guess for p(r) e oo ,

Calculate the effective potential

Veff(r) = j-dr’ If(_r;), +Vext(r) + V;cc(r)

‘ Solve Kohn-Sham equation
_hZ
[Zme y2 +Veff(r)l Y;(r) = Eq;(r)

If not converged

Solve for y;(r) and evaluate
p() = Y (I’ —

l

If converged

Output: Hamiltonian, eigenvalues, etc.,

Figure 2.1. A Schematic illustration of the DFT self-consistent cycle
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2.4.3 Exchange-correlation functional

According to the Kohn- Sham approach, the exchange-correlation potential V.. (r) can be defined
as a functional derivative of the exchange-correlation energy E,...'° Since, there is no exact form
to evaluate the exchange-correlation energy, approximation methods and their quality determine
the accuracy of a DFT computation.t” The simplest approximation, is the Local Density
Approximation (LDA), assumes that the density can be treated as a uniform electron gas, which

derives the E,. from the local electron density.

The Local Density Approximation (LDA) is accurate for slowly varying electron densities. ° The
LDA functional can be improved by including the density gradient (Vp) by an alternate
approximation, which is Generalised Gradient Approximation (GGA). There are a variety of
approximations in addition to LDA and GGA, such as the (VDW) approximation, which uses the
Van der Waals energy functional. Although the precision of these approximations varies, they all

produce acceptable results with some systems.?

2.5 SIESTA implementation of DFT

The Spanish Initiative for Electronic Simulations with Thousands of Atoms (SIESTA) 8 code is a
well-known implementation of the DFT. It is a computer program implementation method to
perform electronic structure calculations and molecular dynamics simulations of molecules and
solids. SIESTA employs a variety of approximation approaches to solve the Kohn-Sham

equations, which are explained in the following two sections.
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2.5.1 Pseudopotential approximation

The Kohn-Sham approach has been shown to solve many-body problems, as previously
mentioned. However, solving an eigenvalue problem for a system with many atoms, such as a
molecule, requires a long time on a computer. One method to solve the computational problem is
to reduce the number of electrons by introducing the pseudopotential approximation, in which
norm-conserving pseudopotentials represent the interactions between the electrons and the ionic
cores in SIESTA according to the Troullier-Martins parametrisation.'® This concept's premise is
that the electrons in an atom are divided into two types: core and valence. Core electrons are found
in filled atomic shells, whereas valence electrons are found in partially filled shells. Because core
electrons are spatially restricted around the nucleus, only valence electron states overlap when
atoms are brought together. Hence valence electrons contribute to the formation of molecular
orbitals in most systems. This estimate is since an atom's core electrons do not participate in

chemical bonding and are relatively unaffected by the atom's chemical surroundings.?

As a result, this drastically reduces the number of electrons in a system, lowering the time and

memory requirements for calculating the properties of molecules with many electrons.

2.5.2 Basis Sets

In order to represent the Kohn-Sham wavefunction y; = Z§=1 Cj; @; into an algebraic equation

suitable for efficient implementation on a computer for the SIESTA code, it can be considered that

numerical atomic orbitals (NAO) are localised basis sets in which the valance electronic states are
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Linear Combination of Atomic Orbitals (LCAO) that are constructed from the orbitals of the

atoms.?1:22,

Furthermore, the variational parameters of the construction of these orbitals of the atoms are the
size (number of atomic orbitals per atom), range (spatial extension of the orbitals or the cut-off

radius), and shape (of the radial part). These atom-centred orbitals (such as ¢; is the jt" atom

centred orbital) are denoted by:

Ornm (1) = Run (1 DYin (77) (2.18)

Each basis set is a product of a radial wavefunction R,,;(r) and Y;,,, which is a spherical harmonic.
where I is the index of the atom, [ is the orbital angular momentum is, m is the magnetic quantum

number, and n indicates that the same angular momentum numbers might have many orbitals.

The size of the basis set can be chosen based on available time, computing power, and the level of
accuracy necessary. A single—¢ basis is the minimal basis set which has one radial function per
angular momentum. Multiple—{ have multiple orbitals (n) corresponding to the same angular
momentum with different radial parts. Further accuracy using multiple— polarised basis sets have
shells with varied atomic symmetry allowing for angular flexibility if applying a small electric
field to the orbital. These are obtained by including wave functions with different angular momenta

corresponding to orbitals unoccupied in the atom.?-2
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2.5.3 Calculating binding energy using the counterpoise method

Using the DFT calculations to compute the ground state geometry of different system
configurations allows one to calculate the distance between two different system parts, which
refers to the binding energy of two configurations. However, due to localised basis sets focused
on the nucleus, these calculations are prone to inaccuracies. When atoms are shifted, the basis set
changes, and any error caused by the incompleteness of the basis set will also change. For example,
the artificial strengthening of atomic interaction (such as the overlapping basis sets of closed-shell
atoms) will give inaccurate total energy to the system. In general, the solution to this type of error
has been demonstrated by the basis set superposition error correction (BSSE) 26 or the counterpoise
correction.?’ If two molecular systems, denoted 4 and B, the binding energy of the interaction may

be expressed as:

AE(AB) = E4B — (EA + EB) (2.19)

where E48 is the total energy of the dimer systems A and B, while the total energy of the two
isolated systems is E4 and EB. At this point, the superscript denotes the basis set used in each
calculation such as A is just the basis set of system A is the basis set of B and AB is the combined

basis set of hoth 4 and B.

To perform these corrections that remove the numerical errors in SIESTA calculations, the energy
calculations are carried in the same total basis set AB by employing gost states (basis set functions
which have no electrons or nuclear charge).?® Hence, the total energy of the systems A and B in

the dimer basis is formulated by the following equation,

AE(AB) = Eff — (Ef + E£®) (2.20)
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Where E£ and E4B are the energy of the system A and B evaluated on the basis sets of the dimer?®,
This crucial notion has been effectively used in various systems to produce reliable and realistic

outcomes in this thesis.

2.6 Conclusion

This chapter has reviewed some main general concepts of DFT and the SIESTA code for solving
the many-body Schrédinger equation in terms of the ground-state density such as the Hohenberg-
Kohn theorems, the Kohn-Sham equation. As a solution to the many-body problem of finding the
eigenvalues and eigenstates of the Hamiltonian operator of a system consisting of nuclei and
electrons, some approximations are required, such as the Born-Oppenheimer approximation. Since
the exact form of the exchange-correlation functional (the difference in energy between the non-
interacting and interacting systems) of Kohn-Sham method cannot be determined, approximation
is inevitable. The two most widely used exchange and correlation energies approximations are the
Local Density Approximation (LDA) and the Generalized Gradient Approximation (GGA).
Eventually, the SIESTA DFT code was presented with a few technical aspects such as
pseudopotential approximation and the basis sets as approaches to perform all the electronic

structure calculations, including binding energy simulations.
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Chapter 3

Theory of single-particle transport

As discussed, previous, Density functional calculations have evolved as a required simulation tool
hand in hand with experimental studies, permitting researchers to build a measurable vision of
transport mechanisms in nanoscale junctions and create projections to direct future practical
investigations. In addition, to the structural and electronic information that DFT provides,
involving all the electronic properties derivable from the Hamiltonian of such as DFT code
SIESTA, electron transport theory used within the scattering calculations also enables the building
of a simple tight-binding Hamiltonian using Hiickel parameters that can be applied to some simple
structures as described below in this chapter. Hence, the theory of quantum transport was applied
to one-dimensional crystalline models connected to electrodes to understand some fundamental
concepts of electron transport and illustrate the generic features for estimating the conductance

properties as in the following sections.

3.1 Introduction

The purpose of molecular electronics is to understand the electrical properties of molecular
junctions when a molecule (or suitably small structure) is bound to bulk electrodes, such that
ballistic transport can occur through its energy levels. The composite structure of a nanoscale
device generated by inserting a molecule or other phase-coherent structure between electrodes and

allowing the electrodes to conduct a current into or out of the device is called an open system.!
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The coupling strength between the leads and the molecule is typically weak compared to intra-
electrode or intra-molecule bond strengths, resulting in scattering from the electrode to the
molecule and from the molecule to the electrode. As a result, understanding and calculating the

scattering processes between the electrodes attached to a molecule requires a broad approach.

The modern transport theory used to describe single-molecule junctions is based on scattering
theory and the Landauer formula. The electronic properties of junctions can be studied in various
ways. However, this thesis concentrates primarily on Green's function formalism. Analytical and
numerical methods contribute to investigating the electronic transport properties of single
molecules. One of the simplest methods of quantum transport modelling of small systems utilizes
tight-binding models (TBM), which represent the wave function as a linear combination of atomic
orbitals (LCAQO). TBM is useful because it allows one to develop critical concepts of quantum
transport, which are common to more materials-specific models on density functional theory

(DFT).?3

The first purpose of this chapter is to introduce this theoretical approaches to solving some
problems for different structures systems. The solutions are based on the illustration of
fundamental concepts such as the Schrodinger wave equation and its common property to calculate
the eigenfunction and eigenvalue of the Hamiltonian matrix, which involves various types of one-
dimension crystalline chains such as an infinite linear chain, a finite linear chain, and a periodic
chain of atoms or ring. The second purpose is to provide an overview of the scattering theory and
how it relates to transport properties and Green's function for different transport regimes and
exciting features based on the Landauer formalism for estimating the electrical conductance

properties of materials.
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3.2 Tight-Binding Model

A tight-binding model (TBM) “ is an analytical method describing a structure based on the wave
function of an electron as a linear combination of atomic orbitals (LCAO) of localized states. It
investigates electronic transport properties through the Hamiltonian of a finite set of atomic
orbitals. This approach assumes that tightly bound electrons in a molecule form to allow interaction
with nearest neighbouring atoms only. Finding the exact solution to the Schrédinger wave equation
by the eigenstates and eigenvalues for a system with a small number of electrons such as the
hydrogen atom becomes possible by one of the simplest methods of quantum transport modelling
utilizes tight-binding models (TBM). When expanding the wavefunction over a finite set of atomic
orbitals, the Hamiltonian of the system can be represented in a tight-binding model by using the
general solution of the the time-dependent Schrodnger equation as a linear superposition of the

form °:

OEDRING G
J

where ¢;(r) is the eigenfunction on a particular site j, the wavefunction W(r) can be represented

by a column vector |1pj) consisting of the expansion coefficient 1; and the probability of finding

an electron on site j is |1,bj |2. Hence, the time independent Schrédnger equation can be represented

as a square matrix and consist of matrix elements that couple the components of the system

together as follow:

[H]ly) = E[S]Iy) (3.2)
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where S;; = (¢;]¢:) = [dr¢;"(r) p(r) and Hy; = (¢;|H|p:) = [ dr ;" (DH $; (r).

When [H] and [S] are acquired by evaluating these integrals, the most time-consuming step can

obtain the eigenvalues Ej and ; eigenvector are simple to calculate for satisfying H|1pj) =
Ej|y;).

In what follows, | describe models of different structures consisting of the number of atoms, and
each atom can possess only a single orbital referring as j site. This is a simple way to illustrate the
general concepts and study the quantum properties of linear chains and ring system. For further
simplicity, | shall also assume that atoms interact with nearest neighbour atoms only by
considering that all terms (¢;|H|¢;) with |i — j| > 1 are small and can be neglected. Therefore,
the time dependent Schrddnger equation for a linear atomic chain within this tight-binding model

at site j is given by:

oY, . (3.3)
ih a_tj = &Y = Vi¥je1 —Vj Y1

where g; = Hj; is the on-site energy of atomic orbital j, and H; ;,; = —y; is the coupling between

sites j and j + 1.2

3.3 The two-level system

In order to find the eigenvalues and the eigenvectors of a two-level system of the time independent
Schrédnger equation (eigenvalue problem) H|y;) = E;|;), consider a structure consisting of two

atoms, and each atom possesses a single atomic orbital. The energy of an electron located on both
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atomic orbitals is &4, €,, respectively. The coupling between the two atoms is denoted A. Figure
1.3 show the interaction between the two atoms. The Hamiltonian, in this case, is a 2x2 square

matrix of the form:

- ) o

where the two on-site atomic energy for each atom could be written as (e = 81;—82) and the

eigenvalues are given by:

£ = +/F 1T @5

And then the eigenvectors are column vectors with the condition

¥i P3| vl irve  (3.6)
W:(w%) "¢2>=<¢§> R T Ee

Figure 3.1 shows the amplitude of the eigenvector obtained numerically by the MATLAB

program, and each atom as two circles by a different colour based on the sign and then the radius

-0.7

of the circles represents the magnitude. Two red circles could represent it by [y,) = (_0 7

), and

-0.7

the blue and red circles by [,) = ( 0.7

). These are called the bonding state (symmetric) and the

anti-bonding state (antisymmetric), respectively.!

Figure 3.1. A representation of a two-level system.
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3.4 Infinite chain in one dimension

Consider a periodic system of a doubly infinite chain of atoms with one orbital for each atom as
shown in Figure 3.2, in which g, is a single energy level and —y is the nearest neighbour coupling

between each site.

B W W WEN WS WS
€o €o €o €o €o €o
j—3 j—2 j—1 j j+1 j+2

Figure 3.2. Tight-binding representation of one-dimensional infinite chain with on-site

energies &, and couplings —y.

First, the Hamiltonian that takes the form of an infinite matrix, is given by:

—00
& =y 0 0 0o . ) . .
-y & -y 0 0 . . Yj-1 Vi1 (3.7)
0 =Y & -y 0 . . 1/11 =F l/J]
o 0 v & -—-v . . Y1 Vi1
0 0 0 -y e . .
. +_Oo
Equivalently,
Yl —oo Hypy = EY; (3.8)
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According to the time independent Schrédnger equation, the most general formula of the infinite

chain is given by:

Y —vYji1—vYVPjs = EY; (3.9)

Applying a plane state ® on Eq. 3.9 to calculate the dispersion relation 7 or (band structure) of this
system for the continuous eigenvalues spectrum by substituting y; = e®J into equation Eq. 3.9.

Therefore, the eigenvalues E (k) as a function of k is:

E(k) = €y — 2ycosk (3.10)

This E — k relation (dispersion relation) is shown in Figure 3.3 when plotted as a function of k,
and k is a continuous variable in the range — < k < +m. The eigenvalues of H form a continuous
band of E (k) in this range, and the width energy band is proportional to the hopping integral could

be written as:

Emin SE < Epgx and W = Epip — Engyx =4y (3-11)

The linear chain of Figure 3.2 has a single energy band because each unit cell in Figure 3.3 contains

only a single atomic orbital.
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Bandwidth=4y "

Figure 3.3. The dispersion relation of a linear chain.

3.5 Periodic chain in one dimension

This system forms a ring where each site or atom has a single atomic orbital, and hoping integrals
are g, and —y, respectively. Figure 3.4 shows that this system possesses periodic boundary

conditions when atom N is the nearest neighbour of atom.

Figure 3.4. Tight-binding representation of one-dimensional chain with periodic boundary

conditions of on-site energies &, and couplings —y.
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First, the Hamiltonian matrix that takes the form of one-dimensional chain with periodic boundary

conditions shown in Figure 3.4, is given by:

N 4 -y 21 21
go _y 0 0 0 . . . . (3 12)
-y & -y O 0 . . Yj1 Yj-1
0O -y & =y O . . Y; |=E| ¥
0 0 -y & -y . : Yj+1 Yj+1
0 0 0 -y & . . ] ]

4 v & Yy Yy

Equivalently,
YLy Hypy = Ev; (3.13)

The tight-binding Hamiltonian is the same as in the linear chain system except that atom 1 become

the nearest neighbours of atom N and can be obtained in the form of these equations:

EY1— v, —vYy =E Y, (3.14)
Vi —VYYji-1—VVj1= EY; (3.15)
EYn —Y¥n-1 — YY1 = E Yy (3.16)

This system has the same band structure of the linear chain as in Eq. 3.10 except for the allowed
values of k and still take discrete values. Therefore, the eigenvalue spectrum in a finite system is
separate, and, in this case, degeneracies appear (this means the two eigenvectors have the same
eigenvalues). The amplitudes of eigenvectors could be calculated in an number of ways (because
of the degeneracy in the levels energy system) and the allowed values of k for each solution.

Examples of these solutions are given by °:
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n_ 1 ikyj
Vi =mett,

N
(3.17)
where k,==", n=0123,....N -1
Alternatively, if real states are preferred one can write
Y;" = \/iﬁcos k,j where n=0,1,2,.... N (3.18)
(3.19)

Figure 3.5 represents a ring system consisting of six atoms, then six eigenvectors and eigenvalues
correspond for each atom. Each box shows six values of the amplitude of eigenvectors obtained
numerically by the MATLAB program, and each magnitude represents a circle. The blue and red
circles are positive and negative amplitude, respectively, where the radius of the ring is
proportional to the magnitude of eigenvectors.»®° As mentioned above, the crucial difference for
the ring system compared to the linear chain is that the eigenvalues are degenerate, and therefore

there are two degeneracies in this example: between wavefunctions 2 and 3, and between 4 and 5.
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Figure 3.5. Wavefunctions of the periodic chain of six sites are obtained numerically, with

their energies.

3.6 Bond current

In order to obtain the definition of the bond current between different sites using the time
dependent Schroédnger equation and introduce tight binding description of a quantum system,
consider the one-dimensional infinite chain as shown in Figure 3.6, in which all site energies

g; and all bonds —y; are arbitrary. The time dependent Schrddinger equation for this system is:
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Figure 3.6. Tight-binding representation of one-dimensional chain in which all site energies

g;and all bonds —yj; are arbitrary.

0 .
ih == [p(©) = HIp(0) 429

or equivalently in terms of Hamiltonian matrix elements, &; = H;; and H; j.1 = —v;

(3.21)

d
ih a—tlp(t) =g Y;(t) + Hj j_1j_1(t) + Hj j 1141 (E)

By choosing a particular site j at time t, the probability for finding an electron on this site is

2 .
() = ;O = v;0w;"© (3:22)
Where P; is the average number of electrons on site j. To obtain an expression for the change in

occupation probability on-site j with t as:

i - P(©) = iRy (O 595" (O +9;" (O 95 O] (3.23)

After applying the complex conjugate of the Eq.3.17, which is

ih SO = ~lg W) (O + HY o'y, (O + (3.24)

Hj jah” (O]
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Hence, the change in P;(t) is equal the different between the current into site j and the current out

of site j as:

5 .
50O = % [H*J'J—ﬂ/)j(t)lp*j—l(t) - I#’f‘llpf*(t)l/)j‘l(t)]

Ij—1-j
(3.25)
= [Hyjaath” O%541 (O = H iy (09" O]
ljje1
or equivalently
9 (3.26)

atpj(t) = Ij—l—)j - Ij—>j+1

where I;_;_,; is the bond current from site j — 1 to site j, and I;_, ;4 is the bond current from site
j tosite j + 1, and therefore P;(t) cannot be destroyed; it can flow from one site to its neighbours
(law of conservation of probability). Where the current passing through the bond /;_, _,; at the case

H*; j_1 = Hj_1; can be written:

fj1-5 = %[Hj—lel)j(t)l/J*j_l(t) - H*j—1,jl/Jj*(t)l/Jj_1(t)] (3:27)

And the current passing through the bond I;_,;,, at the case H; ;.1 = —;:

hojr =5 [ ©%11(0) = VO] ©)] (3.28)

Hence,

2y 3.29

57



Therefore, if 1;(t) is an eigenstate of Hamiltonian of the one-dimensional chain shown in Figure
3.2 where for all j, &; = &, and —y; = —y, the plane wave of the system is ; = Ae™™/. In this
case, 1 ()41 = |A|?e™ and then Im[;1p},,] = |A|?sink. That means that all bond currents
carried by this plan wave are equal and the current entering any site is equal to the current leaving
the site, %Pj(t) = 0. Hence from Eq.3.29, the bond current that is carried by this plane wave of

amplitude A is:

2ysink
Lisje1 = Vi:n |A]? = vy |Al?, (3.30)
10E
Vg = 2o E(k) = &y — 2ycosk

where v, is the group velocity of the plane wave e/, and E (k) is the dispersion relation shown

in Figure 3.3. Hence, the plane wave e‘*/ is often normalized with its current flux % to obtain a
k

Nep

unit current, and therefore this state can be written as 148

eiki (3.31)

¢j=\/—v—k
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3.7 Scattering theory of transport in one-dimension

One of the definitions of scattering theory results from the electrons flow process passing through
the scattering region from one electrode to the other, which are modelled as semi-infinite
crystalline leads. A significant scattering occurs inside the scattering region containing the
molecule and nearby surfaces of the electrodes or through nano and molecular scale junctions. In
contrast, the electrodes configure and convey electrons by perfect waveguides without any
scattering. This process could be understood by introducing the Schrédnger equation for the
simplest problem of a single impurity placed between two semi-infinite one-dimensional crystals.
This will introduce the idea of a scattering matrix and an approach for predicting the electrical

conductance by the Landauer formalism.810.1

3.8 Asingle impurity in one dimension.

Consider where the perturbation to the doubly infinite chain is just a single impurity f, at site j =

0 with energy &; with the coupling between each two neighbouring atoms is (—y) as shown in

Figure 3.7.
— -«— —_—
Y; = Ae’™ + Be™J fo @; = Ce™ + De
o 0 -y o -V . 4 i -y 0 ________ 00
&o &o & &o €o
—2 -1 0 1 2

Figure 3.7. Tight-binding representation of a doubly infinite chain containing a single impurity at

sitej = 0.
59



Assuming the two amplitude of the plane waves, which one of them is travelling from left to right,

towards the impurity f, while the other is moving outwards from the impurity f; are ¥; = Ae +

Be ™/ and ¢; = Ce™ + De~™J, respectively, where A, B, C, D are constants.

Therefore, the solution to the tight-binding Hamiltonian of the left of the impurity fy at (j < —1)

isy; = Ae™ + Be~™ where the right of the impurity f is ¢; = Ce™™ + De ™/ at (j > 1).
Then the tight-binding Hamiltonian at (j < —1) could be written for j = —1 as:

Y1 —yYY_2 —vo =EY_, (3.32)

Comparing Eq.3.32 with Eq.3.33

oY1 —v¥_o—vfo=EY_ (3.33)

Hence, f, = ¥ = A + B, and similarly for the amplitude of the plane wave ¢; for j = 1:

Y1 —YP_2 —yYo =E¢_4 (3.34)

Comparing Eq.3.34 with Eq.3.35

EP1—Vfo—v@2=E ¢y (3. 35)

Andyield, f, =¢Yo= C+D.
Since (A + B = C + D), this allows us to write the solution as:

g1 —YY_1 — V@1 = EYy

Yo —yY¥-_1 —vY1 = EYy (3.36)
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This system has the same band structure of the Infinite linear chain as in equation E(k) = &, —

2ycosk.

In what follow, it is helpful to introduce the idea of a scattering matrix using the general solution
(the linear superposition of two plane waves) to the Schrodinger equation of a single impurity
problem. Hence, this solution contains most two arbitrary constants. Thus, if any two constants,

A, B, C and D, are known, then the other two constants are determined.

3.9 Scattering matrix

Assuming the current in the left lead is I, = |A|* — |B|? and the current in the right lead is
Irignt = |C|* — |D|?. Conservation of probability requires such an eigenstate [A|*> — |B|* =

|C]?> — |D|? as shown in Figure 3.7.

Equivalently I, = Ig;gne, the incoming current from both leads is |A|*> + |D|* and the outgoing
current into both leads is |B|? + |C|? and therefore, |A|2 + |D|? = |B|?> + |C]?. Since the plane
wave is normalized to unit current as Eq. 3.31, it can be written as a solution of the time

independent Schrédnger equation for the electron behaving from the left lead by

ik;j —ik;j
Wy = AT+ B where I = |42 — 1512 337
A l

And for the electron behave from the right lead by
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ikpj —ikpj
(p] = C@\/v_Rj n De\/v_R] Where IRL'ght — |C|2 _ |D|2 (338)
R R

Therefore, the scattering region can be described as a matrix based on the relationship between

these constants A, B, C, D as:

B 9 (g):m* D% (g) (3.39)

Hence, the scattering matrix for the system is defined to satisfy: (g) S = (g) and by applying

the Hermitian conjugate yields (B* C*) = (A* D*)ST. Hence, substituting these into Eq.3.39
yields 212

(4 pists(f) =@ b (4) (340)

Therefore, the S matrix is a major concept of scattering theory and conservation of charge, which
implies the scattering matrix to be unitary as SST = 1 13, Hence, the scattering matrix elements

are:

@6 $2)=0) 40
s=(sn s2)=C ) 42

Hence, the physical meaning of S;; =r, is that the reflection amplitude associated with an
incoming plane wave from the left and similarly, S,; = t, is the corresponding transmission
amplitude from the left. In addition, S,, = 77, is that the reflection amplitude associated with an
incoming plane wave from the right and S;, = t’, is the corresponding amplitude of transmission

wave from right to left lead. As consequences of unitarity of the scattering matrix SSt = 1.14
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Hence

(1 0) _ g5t — (r‘* t*) (r t‘) (3.43)

0 1 tr rJ\t r
By multiplication of the matrix, Hence r*r" + t*t = 1, and then r*r =r*r" and t*t =t"t".
Hence, the reflection and transmission coefficients due to an incoming plane wave from the right

and the left, respectively, are
R(E) =r*rand T(E) =t"t (3.44)
R(E)=r"rand T (E) =t"t
R(E)=R(E)and T (E) =T(E)
From the result r**r* + t*t = 1, Hence

R(E) +T(E) = 1 (3.45)

The transmission coefficient T(E) is the transmitted current in the right lead, per unit incident
current in the left lead and R(E) is the reflected current in the right lead, per unit incident current

in the left lead. 11!

A study scattering theory in nano and molecular scale junctions helps calculate the transmission
probability T'(E) of the electron energy when passing from the left lead to the right lead. It allows
predicting through the electron's transport property the electrical conductance of a scattered

connected to two leads via the Landauer formula as the following section.
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3.9 Landauer Formula

Landauer Formula is the classic theoretical model for describing phase-coherent, ballistic transport
regime.® This is the most widely used formula to describe coherent transport in nanoscale devices.
The fundamental assumption behind this method is used the scattering theory of transport as a
conceptual framework to define the electrical conductance and wrote conductance is transmission.*
As a result, this system transport can be described as a quantum mechanical scattering problem

consisting of a scatterer connected to reservoirs via perfect quantum wires or electrodes that act as

waveguides for electrons flow.'® The following section gives an overview of this theory.

Left reservoir

Uy, Ur

R(E) Scattering region ' Right reservoir

Left lead Rightlead |

Figure 3.8. A scattering region (molecule) placed between two leads connecting two reservoirs

with different chemical potentials u; and pg. When an incident wave strikes I with the scatterer

from the left, the wave will be transmitted to the right with probability T = |E|2and then reflected
with probability R = |#|%. Therefore, the incident electrons essential be either reflected or

transmitted for the probability conservationis T + R = 1 as Eq. 3.45.
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Figure 3.8 shows a scatterer is attached to two leads as coherent system in which electrons in the
leads are transmitted in a ballistic way, and therefore no energy is lost in this area. Then, the leads
are connected to two reservoirs with different chemical potentials, u; and ug, to drive electrons
from the left lead to the right lead. The two reservoirs are connected to a source and drain through
contact points, and a small voltage is applied, resulting in eV = u; — ug , which is the difference
between the two Fermi levels. Then the conductance of this system can be written as 16-18;

1 el (3.46)

Vo~ e
In what follows, | derive the Landauer formula, which allows us to calculate the current in Eq.3.46.
A derivation of the Landauer formula for a structure connected to one-dimensional leads is based
on the idea of a perfect reservoir, which can be used to deliver electrons to a scattering region. To
define a perfect reservoir, consider the one-dimensional ring of N sites with periodic boundary

conditions when atom N is the nearest neighbour of atom 1, as shown in Figure 3.4. The eigenstate

for this model is ¥;" = \/iﬁe”‘nf in the energy interval E + AE, where k,, = ZnT” then An =
Y AE where hv,, = Z—i, therefore, the number of states with positive group velocity per unit

hvk

energy is.n*

An N (3.47)
AE ~ huy,

Therefore, the current passing through an arbitrary site in the energy interval AE per one electron

iISAl = %AE, while each state that contains two electrons of opposite spin is

2
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By finding the two ideal reservoirs on the left and right of a scatterer, they fill all right-moving

states and left-moving states with an occupancy determined by the Fermi function f .. (E) of the

left lead the Fermi function fx; . (E) of the right lead.

The number of electrons sent from the left and right reservoirs is AI*¢/t = 2 frepe(E)AE and
h

AIRIght — % frignt (E)AE respectively. As shown in Figure 3.8, the current from the left reservoir

can transmit into the right lead through the scattering region and the current from the right reservoir

can reflect into the right lead. Hence, the net electron current in the right lead is 1#2°:

Al = T(E)AI*t — (1 — R(E))AIR9Rt = %[fLeft(E)AE — (349

fright(E)AE]

In the case of R(E) + T(E) = 1, Hence

2
Al = 3 TEYAE fuege(E) = frsgne ()] (450

where T(E) is transmission function of the electron energy is a property of the whole system, which
involves the isolated molecule, leads and the contact between the leads and the molecule which
have Fermi distribution f(E) at the chemical potentials y; and uy entering the left (right) gold
lead from the left (right) reservoir as:

1 (3.51)
(1 + ekt

frere(E) =

1

(1 + e®=Er ") /ksTy

fRight(E) =
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where kg is Boltzmann constant, T is the temperature and Ef** = gz and EF9™ = pg(y,

which are the chemical potential of the left (right) or of the right (left) reservoir, respectively. After

integrating overall energies. Hence

e +oo (3.52)
1=% [ BT [frope(® = fuign (8]

Where e = —|e| is the electronic charge value. When setting the voltage difference V between the
left and right reservoirs to be E-*/* = E, + % and EF9" = E, — % this means at T = 0K and
finite voltage, the current in Landauer description.

EF+% (3.53)

2e
I = - j dE T(E)
EF—%

Consequently, the conductance with finite temperature limit and the zero voltage is

. (3.54)

G==
v

Go T dE T(E) (_aaf ]JSE))FEF

Therefore the Landauer formula constitutes the conductance G proportional to the transmission
2
coefficient evaluated at the Fermi energy in units of 2% as:

G(Er) = Gy T(Er) (3.59)

2
where G, is a conductance quantum unit and given by 2% = 77 u Siemens, where e is the

electron charge and h is the Planck constant.:2
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3.10 Transmission coefficient of an arbitrary scatterer

In order to find the most general equation to calculate the transmission coefficient for any arbitrary
scatterer region connected to one-dimensional different leads. Consider electron transport through
a double infinite chain has an arbitrary scattering region which involves finite chain containing N
sites, whose wave function consists of an incoming wave of unit current from the left by V, and
Vr, which are the group velocities in the left and right lead, respectively.?? Hence, the reflected

and transmitted waves which is given as Figure 3.9.

— < >
elkL/ e_i . . eikRj
Y= J_ \/_ Scattering region p;=t e
— — — a — — —
o 147 YL B 143 143 .
€L €L €L €R €R €R
-2 -1 0 1 N N+1 N+2 N+3

Figure 3.9. Tight-binding model of one-dimensional double-infinite chain with an arbitrary

scattering region.

i e~ ik, ikpj
Then the wavefunctions in the left and right lead are: y; = \/_LJ \/_] and ¢; = te—\/Vf
R

respectively and the wave function in the scattering region will be denoted f; where -« and - g

are the hopping elements connected between the scattering region to site 1 of the left and site N of

the right lead. Therefore, the Schrédnger equation for this structure is
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i<-1  &gyj—vivj1 —vivj1 = EY; (3.56)

j=0 o —viv_1 —afy = Eyy (3.57)

For the scattering region:

j=1 YiLiHufi —apo = Efy (3.58)
2<j<N-1 L Hufi = Efy (3.59)
Jj=N Yl Hyifi — Bon+r = Efy (3.60)
J=N+1  &@ni1—Bfn —VrOn+2 = EQnia (3.61)
JZN+2  @;—Vr@j-1~ VrPj+1 = EQ; (3.62)

Substituting y; = elf_u +r J_ |nto Eq. 3.57 yields
YY1 = afi (3.63)

And substituting ¢; = ti— J_ |nto Eq. 3.60 yields

Yr®N = Bfn (3.64)

Therefore, these two Eq.3.60 and Eq.3.64 relate the wave function on the inside of the scatterer to

the wave function on the outside.! Then based on Eq.3.58 and 3.60 can be written as

f —ay, (3.65)
(E-h)| } |= 5
fn —BPNn+1

Multiplying both sides of Eq.3.65 by the inverse matrix (E — h)~! yields
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f —a, (3.66)

. — g .
fn —BPn+1
911 " 91N
where g =(E—h)™1 = ( o : >and can be written g as the 2 x 2 sub-matrix, which
In1t 7 9NN
is called the Green's function of the isolated scattered region %23, then § = (911 glN) and this
In1 9NN
yields
( —ay ): g1 (fl) (3.67)
—BPNn+1 fn

By solving d = det § = g11 gnn — 91ngna Dased on Eq.3.67 using the most general solution for

e tkLj ikRrj ) .
and making many measurements to obtain the

T N

formula for the transmission coefficient of an arbitrary scatterer connected to one-dimensional

the system; = and ¢; = ti—

leads ! in terms of the Green's function as:

2 2 (3.68)
T(E) = |t|*> = 4 a—sin(kL) ﬁ—sin(kR) g1N|
YL YR
Alisgivenby (4 =1+ x), and x is given by
a? . p? . (3.69)
x=|—etk ) + (—e”‘R >
<VL 911 Va 9NN
BZ
+ ( e FLkR) (g1, gy — 91N9N1)>
YL YR

Where the wave vectors k; and ky of the left and right lead which be obtained as:
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k,(E) = cos‘l(%) and  kg(E) = cos‘l(%) (3.70)

911, Inny 91n» Ina are the elements of the sub-matrix of g;;(E) and is called the Green's function
of the isolated scattered region. The Green's function of a close system defines as the inverse of
the Schrodnger equation[(E—H) gij(E) = I] and could be written in the form of G(E) =
(E — H)™1. From the time-independent Schrédnger equation, the eigenstates |i,,) satisfy the

completeness condition YN_, |y, M, | = I 4 therefore, the Green's function becomes

N (3.71)
G(E) = ) (E = H) ™ [ih,)l
n=1
Consequently, the Hamiltonian operator acting on an eigenvector gives the same wave function of
the corresponding eigenvalue E,,. Hence the components of G (E) satisfy
N
" MW" (3.72)

9i;(E) = nzlm

where (y",) and (1/)"].) are the amplitudes of the eigenstates of the isolated scatterer on sites i and

j respectively, corresponding to eigenvalue E,. Therefore, Eq. 3.72 leads to a reasonable
approximation to describe the Green's function * of a close system. When E is close to an
eigenvalue E,,, then the terms x in Eq.3.68 becomes very large, even in the weak coupling limit
(where the coupling of the isolated scatterer to the leads a and S are small), because g1, gy
9in, gn1 diverge. As a result, the transmission coefficient T(E) is proportional to the element

2
g% in EQ.3.68 of the Green’s function of a close system, then T(E)) will possess a series of peaks

(resonant transport) located at energies close to E,, levels, and the transmission is a maximum. In

addition, the width of each resonance can be determined by the imaginary part of the self-energy
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(I while the peaks shifted slightly by the real part (o) as in Eq. 3.73, in the case of the left side,

by the form:

a’ . 3.73
X, = __elkLgn ( )
YL

a? o a? .
=|——gi1cos(k,) | —i( ——g11sin(k,)
YL YL

or equivalently:

ZL - O—L - l FL (374)

Consequently, the various properties of the formula of the transmission coefficient of an arbitrary
scatterer connected to one-dimensional leads in terms of the Green's function as described in
EQ.3.72 demonstrate how it leads to the on-resonant transport described by the Breit-Wigner

formula and different aspects of quantum interference in coupled structures.t

3.11 Generic features of the Transmission curve

Interest in molecular-scale transport has prompted many studies on the quantum interference
phenomena and its effects on transport and thermoelectric properties. These quantum interference
effects are exhibited as on-resonance (Breit—Wigner resonance) and anti-resonances in transport
curves. Thus, For a broad understanding of these critical features, the following section will
introduce a brief study based on the formula for the transmission coefficient of an arbitrary

scatterer connected to one-dimensional leads.'®
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3.11.1 Breit-Wigner formula (BWF)

Breit-Wigner formula describes the transmission coefficient T(E) through a system simplified to
a single peak form when the energy E of the electron is close to an eigenenergy E,, of the isolated
scatterer. This resonant condition (E close to E,, ) is a consequence of quantum interference, which
could be determined as the two simplest descriptions of constructive and destructive interference.
By substituting Eq. 3.72 of the Green’s function into EQ.3.68 to expresses the Breit-Wigner
formula (BWF) as:

41, Iy (3.75)
(E —Ep)?*+ (I, + I} )?

T(E) =

where E, = (E, — o) and o = g, + ox. If E =E,, the transmission coefficient reaches a
maximum value T (E) and transport is said to be on resonance. In addition, the coupling of the
isolated scatterer to the leads is (I, = I), the transmission coefficient is a maximum (T 4 =
1) in the case of the non-degenerate closed system or identical leads. On the other hand, in the

case (I, # Iz), the maximum value of the transmission coefficient is less than unity and given by

4 TR

— < 1. It is worth noting that the energetic location of the resonance is not equal to the
L

eigenenergy E,, of the isolated scatterer. Instead, it is shifted slightly by o (the real part of the self-
energy), in which the imaginary part of the self-energy ( I, + I’z) control the width of the peak as
Eq.3.74. As resulting in Breit-Wigner resonances, the transmission coefficient of asymmetric

junctions is lower than that of symmetric junctions.

An example of a three-level system is shown in Figure 3.10. Some features are shown in the middle

peak such as narrow resonance arising in the scatterer which is weakly coupled to the leads.>?*
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Consequently, each resonance could be well described by such a Breit-Wigner formula as a

phenomenon of constructive quantum interference (CQI).

0.8

0.6

0.4r

Tmax

T(E)

2 [

o) -1 0 1 2
E(ev)

Figure 3.10. The transmission coefficients T'(E) of three levels system demonstrate a Breit—

Wigner resonance: where the level broadening due to (I") and the shift in the resonances due to
(0). When E = E, + 0, + og + T+ Ty, T(E) = % Therefore, the half-width of resonance

is I, + I'z. Where §E shows the energy level which is much larger than the resonance width. For

symmetrical system, I, = I'g, Tpax = 1.

3.11.2 Anti-resonance

Quantum interference between multiple paths can lead to on-resonances (peaks) or anti-resonances

(dips) in the transmission function T(E) controlling charge transport. Although the resonant
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condition (E close to E},) described by the Breit-Wigner formula is a consequence of constructive
interference, it is worth noting that the formula also contains information about destructive
interference Therefore, in the case of destructive quantum interference, an anti-resonances in the
transmission coefficients appears and then T (E) is destroyed when I}, and I are proportional to
(¥;")? and (¥;")?, respectively. Where (;")? and (y;")* are the amplitudes of the

wavefunctions (i.e., molecular orbital) and therefore Eq. 3.72 could be written I}, as:

I = Ssin(k,) @i (3.76)

Hence, I, and I will vanish if either (1;")% and (y;™)? coincide with nodes (the two paths of the
amplitudes of the wavefunction are out of phase) due to the result of Eq. 3.72, which describe the
Green’s function of the whole combined structure when a wave propagates from nodal atom i to

nodal atom j.%

An example of the transmission coefficient T (E) for a ring consisting of six atoms coupling weakly
to the leads is shown in Figure 3.11. it represents the phenomenon of destructive quantum
interference (DQI), which arises when anti-resonances or a sharp dip occurs in the transmission

probability.
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log T(E)

E (eV)

Figure 3.11. The transmission coefficients T (E) of the ring system demonstrate an anti-resonance:
leading to steep slopes, where the appearance of two peaks rather than six peaks corresponding to

six atoms are the degeneracies concerning their energy eigenvalues.

3.12 Green’s Functions

Green's function of the scatterer emerged as a natural tool for solving the Schrédinger equation for
a scatterer connected to two one-dimensional leads. The relationship between Green's and wave
functions opens the way to using efficient methods of solving scattering problems. Therefore, it is
helpful to understand Green's functions by finding an analytic formula for a different structure.
The following is similar to the route of computing quantum properties when finding the eigenstates
or the eigenvalues in the first section and leads to expressions for Green's functions for these

structures.18
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Hence, the general definition of the Green’s function G (E) belonging to a Hamiltonian H is:

(E1 - H)G(E) =1 (3.77)

where I is the unit matrix, and the solution for this equation can be written as:

G(E) = (E—-H)™! (3.78)

In what follows, this equation will be discussed when H is an infinite matrix corresponding to an

open system; for example, describe Green's function G (E") of a doubly infinite linear chain.

3.12.1 Green’s function of a doubly infinite linear chain

In general, the retarded Green’s function described the response of a system at a point j due to a

source p as shown in Figure 3.13.

— —
Betki Jj=p Ae™ ki
—0o i—V i—Vi—V‘—a—Ya—Ya o)
€o €o € &o €o €o €o

Figure 3.12. Tight-binding model of one-dimensional infinite chain with on-site energies ¢,

and couplings —y.
By nignugnung te rerauonsnip petween Greens tuncuons ana waveruncuons, e rouowing

notation:

— @)
Gip = ¢j1’ (3.79)
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where Gj, is Green’s matrix element belonging to the p™™ column and ;" row, 1/)1@) is the

amplitude of column vector 1@ at site j and therefore can be written Eq.3.77 as

* 3.80
Zl_ H]l Glp(E) :EGJP(E)_SJP ( )

where §;,, is Kronecker delta satisfying §;, = 1if j = pand §;, = 0 if j # p.
Substituting Eq.3.79 into Eq.3.80, yields:

” 3.81
Zl__ Hjl l»l}l(p) — Ell)](p) _ 61- ( )

This is almost identical to the Schrodnger equation, except for the presence of the Kronecker delta

on the right-hand side, then Eq.3.81 can be written as:

j+1
Then the solution to Eq.3.82 is:
1,[)](”) =f; =Be ™ for j<p (3.84)

When j = p + 1, Eq. 3.82 and Eq. 3.83 yield

€ Pp+1 — V¢;gp) —YPps2 = Edpia (3.85)

Since ¢; satisfies Eq.3.81 for all values of j, this yields

&o ¢p+1 - V(Pp - ¢p+2 = E¢p+1 (3.86)

Comparing equations Eq.3.85 and Eq.3.86 yields
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) _
P =, (3.87)
The same procedure is used for j = p — 1, Hence
») _
P =, (3.88)
Therefore, Eq.3.87 and Eq.3.88 yield
») _ —
P =, =f, (3.89)
Aek? = Be~kP vields A = Ce™*P and B = Ce'*?, therefore

¢j = Ce*U-P) and f] = Ce~k(-p) (3.90)

To determine the value of the constant C, Eq.3.82 is satisfied for the case j = p, hence

C= 1 1 (3.91)
" 2iysink  ihv(E)

Where v(E) is the group velocity. Thus, the retarded Green’s function, which the two outgoing

waves from the source p, is is

o iklj-pl (3.92)

Gip(B) =9} = 5 s

Eq.3.92 is not the most general solution because the Schrédnger equation could be added to 1/)]@).

Therefore, the most general solution is:

e iklj-pl (3.93)

_ .5,® ikj —ikj
G, (E)=¢Y;" =———+ Ae'™ + B J
ip (E) Y; ihv(E)+ e + Be
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elk(]_p) e_ik(j_p)
and B = —

e — the Green’s function in this case is called

By choosing A = —
advanced Green’s function, which is the complex conjugate of the retarded Green’s function.!?’

o~ ik@®)j-pl (3.94)

Gp(E) = wj” = = ihw(E)

3.13 Conclusion

This chapter studied electron transport in nanoscale structures by presenting a quantum transport
theory involving the time independent Schrédnger equation to solve the eigenvalue problem for
different one-dimensional crystalline models. The solutions have been presented in a tight-binding
model (TBM) for investigating the common quantum properties of the Schrdédnger wave equation,
such as the eigenfunctions and eigenvalues of the Hamiltonian matrix. In addition, the definition
of bond current between different sites in a quantum system using the time dependent Schrédnger
equation has been explained. To illustrate the main ideas, an overview of the scattering theory
introducing the simplest problem of a single impurity placed between doubly infinite chain one-
dimensional has been illustrated to find the connection between the scattering matrix and the
transport properties. The Landauer formula could estimate the electrical conductance through the
scattering region connected to two electrodes. Hence, the Green's function formalism has
calculated the transmission coefficient for different simple transport regimes and their generic

transport features, such as Breit-Wigner resonances and anti-resonances.

80



3.14 Bibliography

1. Lambert, C. J. (2021). Quantum Transport in Nanostructures and Molecules: An introduction to
molecular electronics. 10P Publishing.

2. Burke, K. (2012). Perspective on density functional theory. The Journal of chemical
physics, 136(15), 150901.

3. Spiegelman, F., Tarrat, N., Cuny, J., Dontot, L., Posenitskiy, E., Marti, C., Simon, A., and
Rapacioli, M. (2020). Density-functional tight-binding: Basic concepts and applications to
molecules and clusters. Advances in Physics: X, 5(1), 1710252.

4. Sadeghi, H. (2016). Theory of electron and phonon transport in nano and molecular quantum
devices: design strategies for molecular electronics and thermoelectricity. Lancaster
University (United Kingdom).

5. Atkins, P. W., and Friedman, R. S. (2011). Molecular quantum mechanics. Oxford university
press.6. Rae, A. 1. (2005). Quantum physics: a beginner's guide. Simon and Schuster.

7. Sutton, A. P. (1993). Electronic Structure of Materials. ProQuest Ebook Central.

8. Manrique, D. Z., Huang, C., Baghernejad, M., Zhao, X., Al-owaedi, O. A., Sadeghi, H.,
Kaliginedi, V., Hong, W., Gulcur, M., Wandlowski, T., Bryce, M. R., and Lambert, C. J.
(2015). A quantum circuit rule for interference effects in single-molecule electrical junctions.
Nature Communications, 6, 6389.

9. Chelikowsky, J. R. (2019). Introductory Quantum Mechanics with MATLAB®: For Atoms,
Molecules, Clusters, and Nanocrystals. 224.

10. Brouwer, P. W. (1998). Scattering approach to parametric pumping. Physical Review B,
58(16), R10135-R10138.

11. Datta, S. (1997). Electronic transport in mesoscopic systems. Cambridge university press.

12. Fagas, G., Kozorezov, A. G., Lambert, C. J., Wigmore, J. K., Peacock, A., Poelaert, A., and
Hartog, R. den. (1999). Lattice-dynamics of a Disordered solid-solid Interface. Physical
Review B, 60(9), 6459-6464.

13. Wang, K. (2018). DNA-Based Single-Molecule Electronics: From Concept to Function.
Journal of Functional Biomaterials, 9(1), 8.

14. Fisher, D. S., and Lee, P. A. (1981). Relation between conductivity and transmission matrix.
Physical Review B, 23(12), 6851-6854.

15. Battiker, M., Imry, Y., Landauer, R., and Pinhas, S. (1985). Generalized many-channel
conductance formula with application to small rings. Physical Review B, 31(10), 6207—6215.

81



16

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27

. van Wees, B. J., van Houten, H., Beenakker, C. W. J., Williamson, J. G., Kouwenhoven, L. P.,
van der Marel, D., and Foxon, C. T. (1988). Quantized conductance of point contacts in a
two-dimensional electron gas. Physical Review Letters, 60(9), 848-850.

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

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

Hou, S. (2019). Theory of molecular-scale transport in nanojunctions. Lancaster University
(United Kingdom).

Agrait, N., Yeyati, A. L., and van Ruitenbeek, J. M. (2003). Quantum properties of atomic-
sized conductors. Physics Reports, 377(2-3), 81-279.

Buttiker, M. (1986). Four-Terminal Phase-Coherent Conductance. Physical Review Letters,
57(14), 1761-1764.

Rubio, G., Agrait, N., and Vieira, S. (1996). Atomic-Sized Metallic Contacts: Mechanical
Properties and Electronic Transport. Physical Review Letters, 76(13), 2302-2305.

Lambert, C. J., and Liu, S.-X. (2018). A Magic Ratio Rule for Beginners: A Chemist’s Guide
to Quantum Interference in Molecules. Chemistry - A European Journal, 24(17), 4193-4201.

Wu, Q. (2018). Theory of molecular-scale transport in graphene nanojunctions. Lancaster
University (United Kingdom).

Lambert, C. J. (2012). Basic concepts of quantum interference and electron transport and in
single-molecule electronics. Chemical Society Reviews, 18.

Sam-ang, P. (2018). Projector-based Electron Transport Calculations.

. Odashima, M. M., Prado, B. G., and Vernek, E. (2016). Pedagogical introduction to

equilibrium Green’s functions: Condensed matter examples with numerical implementations.
Revista Brasileira de Ensino de Fisica, 39(1).

82



Chapter 4

Electronic structure investigation of Double N-Heterocyclic Carbene Anchors

The following research was carried out in collaboration with the experimental group led by
Professor Zhong-Ning (State Key Laboratory of Structural Chemistry, Fujian Institute of Research
on the Structure of Matter, Chinese Academy of Sciences), who synthesised the studied molecules
and Professor Wenjing Hong (State Key Laboratory of Physical Chemistry of Solid Surfaces,
College of Chemistry and Chemical Engineering, iChEM, Xiamen University), who conducted the

experiments.

This chapter uses the theoretical tools outlined in chapters 2 and 3 to provide thorough theoretical
investigations of a series of N-Heterocyclic carbenes complexes as precursors of double NHC-
anchored single-molecule junctions (see Figure. 4.1). This study contains seven molecules
involving monomer and dimer molecules. The monomers and dimers configurations use different
anchor groups, including direct carbon contact (C), methyl sulphide (SMe), pyridyl (Py) and a
five-membered ring. Since these molecules have several possible binding sites to gold electrodes,
identifying their strongest-binding contact required two steps. First, | study the geometric
electronic structures of the isolated molecules. Next, I introduced a gold tip and scanned it across

the molecules to find the sites with the strongest binding energies. In chapter 5, this information
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provides a starting point for computing the electrical conductances of molecules, when contacted

to two gold electrodes.

4.1 Motivation

The fabrication of highly conductive and stable molecular devices is critical for the future
development of single-molecule electronics. N-Heterocyclic carbenes (NHCs) are commonly used
as versatile ligands in transition metals due to their high stability and conductivity. NHC-anchored
plays a significant role in developing new sensors, electronics, and nanomaterials. NHCs have
proven to be particularly beneficial ligands on nanoscale particles and surfaces. Weidner et al.
revealed in 2011 that NHCs could act as ligands on gold surfaces.! Crudden et al. demonstrated
self-assembled monolayers (SAMs) of NHCs to be exceptionally stable under chemical and
physical stress.? NHC—metal interactions have been described by McBreen and Nuckolls and their
co-workers as potentially available replacements to thiols (—SH).® Although thiols are the most
widely employed as ligands for gold surfaces, acting as an anchor for functional groups with
beneficial properties primarily because of the strong covalent S—Au bond and the efficient
electronic coupling associated with it, the lack of long-term thermal stability and low conductivity
of the S-Au interface limit the applications needed for modern electronics. The NHC-Au linkage
is relatively stable under ambient conditions that affect the S-Au connection.* However, the
formation of molecular junctions with both NHC anchors remains challenging due to the high
chemical reactivity of free carbene. Our joint experiment demonstrates a novel strategy to fabricate
NHC-anchored molecular devices using a photo-induced transmetalation reaction of air-stable

silver compounds. It reveals that double NHC-anchored, single-molecule junctions can be
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fabricated, with high electrical conductance °, measured using scanning tunnelling microscope-

based break junction (STM-BJ) technique and predicted using density functional theory (DFT).

4.2 Introduction

The construction of robust and highly conductive molecular junctions is crucial for the future
development of single-molecule electronic devices. According to studies of single molecules
trapped between two metallics, the type of anchor groups, the molecular length, the nature of
spacers, and the electronic structures of the aromatic subunits are all factors that affect charge
transfer via these molecular devices electrodes.® The most common fabrication techniques are two-
terminal junctions in electrode-molecule-electrode, with either a single molecule or a self-
assembled monolayer (SAM) as the active component. Hence, one of the typical approaches for
measuring single-molecule conductance is to place a pair of electrodes on a solid substrate and
then use appropriate anchoring groups to connect the molecule to the electrodes.” Controlling
charge transport in molecular junctions is an efficient molecular design approach that involves
changing the anchoring group that connects the molecule to the metal—the anchoring group act as
yet another electron-donating or accepting substituent. When assembling molecules into an actual
junction, the choice of anchoring chemistry has a strong influence on the coupling strength
between the metal and the electrodes, which significantly impacts the device's chemical stability
and its charge transport properties.®® Thiol (-SH), pyridine (-Py), and amine (-NH2) moieties are
the most widely used anchoring groups in charge transport studies of single-molecule junctions
because of their stable binding to metals (often gold electrodes) and good electrical coupling in

nanoscale junctions with contact to leads. In addition, a thioether (-SMe) anchor group was also
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employed as strong Au-S interactions.’®!! It has been demonstrated that molecular junctions
constructed using covalent Au—C o-bonds of ethynyls as anchor groups coupled to gold electrodes
show strong electronic coupling between molecules and gold electrodes, leading to reasonably
high charge transport. However, there are only limited covalent Au—C bonding approaches to
coupling molecular backbones to electrodes. To form highly conductive Au-C contacts, the strong
o-bonds of N-heterocyclic carbene (NHC) ligands allow the creation of strong carbon-metal

o-bonds when they coordinate with transition metals.'?*3

One of the two terminals of a single molecule conducting wire was recently replaced by NHC °
and showed higher conductance than non-covalent anchors. Since NHCs couple to gold electrodes
via covalent Au—C o-bonds, the fabrication of single-molecule junctions with both NHCs anchors
could lead to high conductance; however, this possibility remains unexplored high chemical
reactivity of free carbene. It is found that molecular junctions with NHCs as anchor groups possess
high conductances. Density-functional-theory calculations show that these high values are due to
strong Au-C bonds, which fix the dibenzofulvene in the nanogap and provide strong coupling with
gold electrodes.*** For this study, | shall compute the wave function and two types of binding
energy to examine the electronic properties of the monomer and dimer molecules of N-heterocyclic
carbene (NHC) groups using the DFT code SIESTA ¢ and Gollum " transport code by employing

a theoretical model described in chapters 2 and 3, respectively.

4.3 Studied Molecules

In order to measure the molecular electronic properties placed between two gold electrodes, it is
vital to use a reliable source of electronic and structural data. The utilisation of density functional
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theory calculations DFT, as mentioned in chapter 2, contributed to collecting information about
these properties regarding the ground-state density. The optimum geometries and ground state
Hamiltonian of each studied structure were self-consistently calculated using the DFT code
SIESTA, which employs Troullier-Martins pseudopotentials 8 to account for the core electrons
and a local atomic-orbital basis set to construct the valence states. To study the optimum
geometries and ground state Hamiltonian of each structure of the isolated molecules were obtained
by relaxing the molecules until all forces on the atoms were less than 0.01 eV/A, as shown in
Figure 4.1. A double-zeta polarisation basis set, norm-conserving pseudopotentials, an energy cut-
off of 250 Rydbergs defining the real space grid were used. The local density approximation (LDA)
with Ceperley-Alder (CA) parameterisation was chosen as the exchange-correlation functional. |
also computed results using GGA with the Perdew-Burke-Ernzerhof parameterisation (PBE) *°

and found that the resulting electronic properties were comparable with those obtained using LDA.

Figures 4.1 and 4.2 below illustrate the studied structures with the same dibenzofulvene backbone
and different anchor groups, wherein Figure 4.1 represents the monomer molecules R-biNHC and
biNHC, and N2F with pristine pyridine (2Py) anchor groups, while 0-S2F and p-S2F with pristine

methyl sulphide (2SMe) anchor groups, respectively.

On the other hand, Figure 4.2 represents dimer molecules including 2Ag-2biNHC and 2Au-
2biNHC with a bridging atoms such as silver (Ag) and gold (Au) with two biNHC molecules

respectively. All these molecules were slightly twisted after relaxation, as shown in Figure 4.1.
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biNHC N2F

0-S2F p-S2F

Figure 4.1. Fully relaxed isolated molecules. Top panel. Monomer molecules including R-
biNHC, biNHC and N2F with pristine pyridyl anchor groups (2Py). Lower panel. Monomer
molecules including 0-S2F and p-S2F with pristine thioether anchor group (2SMe). Key: C =

dark grey, H = white, N = blue, S = light yellow.
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2Ag-2biNHC 2AuU-2biNHC

Figure 4.2. Fully relaxed isolated molecules. Dimer molecules including 2Ag-2biNHC and 2Au-
2biNHC with bridging atoms such as Ag and Au respectively Key: C = dark grey, H = white, Ag

= light grey and Au = dark yellow.

4.4 Frontier orbitals of the molecules

This section will address the wavefunction of the seven compounds (see Figures 4.1 and 4.2) as
orbitals of isolated molecules. Frontier orbitals HOMO (Highest occupied molecular orbitals) and
LUMO (lowest unoccupied orbitals), which are the levels around Fermi energy and whose wave
function is primarily focused on the molecule, maybe the most common participants in the
transport. The methods of the orbital visualisation of wavefunction outlined in chapter 2 were used
to obtain more knowledge of the electronic properties of the studied structures. The frontier orbital
of these molecules is shown in Figures 4.3-4.9, where the highest occupied molecular orbitals
(HOMO), lowest unoccupied orbitals (LUMO), HOMO-1 and LUM+1, along with their energies,

are presented. The red and blue colours correspond to the regions in the space of positive and
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negative orbital amplitude. The plots below show iso-surfaces of the HOMO, LUMO, HOMO-1

and LUMO+1 of isolated monomer and dimer molecules.

e Monomer case:

1. R-biNHC

Er=-3.31eV

HOMO-1= -3.17 eV LUMO+1= —-1.41¢eV

Figure 4.3. Wave function plot of R-biNHC. Top panel: Fully optimised geometry of R-biNHC.
Lower panel: HOMO, LUMO, HOMO-1 and LUMO+1 plots of R-biNHC molecule along with

their energies (monomer case).
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2. biNHC

Er=-3.31eV

HOMO= -3.23 eV LUMO= -2.38¢eV

HOMO-1= —-3.17 eV LUMO+1= —1.41eV

Figure 4.4. Wave function plot of biNHC. Top panel: Fully optimised geometry of biNHC.
Lower panel: HOMO, LUMO, HOMO-1 and LUMO+1 plots of biNHC molecule along with

their energies (Monomer case).
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3. N2F

Er= —4.36¢eV

HOMO= —5.17 eV LUMO= —-3.03 eV
HOMO-1= —5.26 eV LUMO+1= —-1.84 ¢V

W T

Figure 4.5. Wave function plot of N2F. Top panel: Fully optimised geometry of N2F. Lower

panel: HOMO, LUMO, HOMO-1 and LUMO+1 plots of N2F molecule along with their

energies (mMonomer case).
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4. 0-S2F

Er= —4.16 eV

HOMO= —4.43 eV LUMO=-2.51 eV

HOMO-1= —4.59 eV LUMO+1= —1.29eV

Figure 4.6. Wave function plot of 0-S2F. Top panel: Fully optimised geometry of 0-S2F.
Lower panel: HOMO, LUMO, HOMO-1 and LUMO+1 plots of 0-S2F molecule along

with their energies (monomer case).
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5. p-S2F

Er= —3.84¢eV

HOMO= —4.65¢eV LUMO= -2.59¢eV

HOMO-1= —4.75¢eV LUMO +1= —1.54 eV

Figure 4.7. Wave function plot of p-S2F. Top panel: Fully optimised geometry of p-S2F. Lower
panel: HOMO, LUMO, HOMO-1 and LUMO+1 plots of p-S2F molecule along with their energies

(monomer case).
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e Dimer case:

6. 2Ag-2biNHC

Er= -2.64¢eV

LUMO= -2.65 eV

HOMO-1= -3.49 eV LUMO +1= —2.47 eV

Figure 4.8. Wave function plot of 2Ag-2biNHC. Top panel: Fully optimised geometry of 2Ag-
2biNHC. Lower panel: HOMO, LUMO, HOMO-1 and LUMO+1 plot of 2Ag-2biNHC molecule
along with their energies (dimer case).
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7. 2Au-2biNHC

Er=—-2.18¢eV

HOMO= -3.42 eV LUMO= -2.15 eV

HOMO-1= —-3.50 eV LUMO +1= —2.15eV

Figure 4.9. Wave function plot of 2Au-2biNHC. Top panel: Fully optimised geometry of 2Au-
2biNHC. Lower panel: HOMO, LUMO, HOMO-1 and LUMO+1 plots of 2Au-2biNHC

molecule along with their energies (dimer case).
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4.5 Binding energy on a gold substrate

In section 2.5.3 (chapter two), the counterpoise method was described, which removes basis set
superposition errors (BSSE) 2, through the DFT calculations to compute the distance between two
parts of the system or referred to as binding energy between two configurations. To calculate the
optimum binding distance between the molecule and Au (111) surfaces, or the binding distance d,
which is defined as the distance between the gold surface and the anchor group, consider
compound 2 (biNHC molecule see Figures 4.1) is defined as an entity A and the gold electrode as
entity B. The ground state energy of the total system is calculated using SIESTA 6 and is denoted
EZE for A and B. The energy of each entity is then calculated on a fixed basis, which is achieved
using ghost atoms in SIESTA. Hence, the energy of the individual 1 in the presence of the fixed
basis is defined as EfZ and for the gold as E4Z. The binding energy is then calculated using the

following equation:

B.E = AE(AB) = EAB — E£ — EB (4.1)

The optimized geometry of the isolated monomer and dimer molecules was obtained in the prior
studied molecules section to model the electrode geometry. Then their geometry is bound to a gold
electrode via the most favourable site or based on the anchor groups. By considering the nature of
the binding depending on the gold surface structure, | calculated the binding to Au pyramid on a
surface with the anchor atom binding at a ‘top’ site and then varied the binding distance d. In the
following section, the binding energies are calculated to find the optimum distance between the
Au electrode and anchor groups for each configuration (see Figures 4.1 and 4.2) and then only
investigate those who possess the highest binding energies employing two different techniques

involving: 3-D and 1-D binding energy simulations.
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45.1 3-D binding energy simulations

To find the optimum distance between the Au electrode and the anchor group for each of the seven
studied molecules involving monomer and dimer molecules, | need to search mainly for all the

potential strong binding energies between the Au and anchor groups.

In this section, as the targeted molecules could have more than one potential location (i.e.,
atom/atoms) to act as an anchor group then the whole backbone of the molecule requires to be
scanned searching for possible anchors points. Therefore, | first examined the effect of varying the
positions of the Au tip by placing the tip at different positions around the molecular backbone.
Second, for every single location, the molecule's binding energy (B.E) (see section 4.4) was
calculated using the counterpoise method. Finally, I plotted all the possible positions of varying
the gold tip as a function of the number of binding locations (number of steps). Consequently, the

strongest binding energy values are signified as the most favourable positions (i.e., anchor groups).

Figure 4.10 below illustrates the 3-D binding energy method; it shows the Au tip placed at 300

different positions around compound 3 (N2F molecule) to find the most favourable positions.

300 steps of move in &0 AuTip
3-D F

Molecule

Figure 4.10. Sampling of the Au tip position around the molecular backbone searching for the

strongest binding locations, (an example).
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The binding energy (i.e., the difference in total energy with the Au tip at different positions) was
calculated foremost for three molecules including compounds 1, 2 or 4 and 5 (R-biNHC and
biNHC or 0-S2F and p-S2F) as these molecules have the same potential anchor groups and then
computed secondly for compound 3 (N2F molecule). In each case, the binding energy (B. E) was
calculated to find the preferred position which provides stable junctions for conductance studies.
The first step in this process is to find the most favourable positions and then obtain the favourable
binding energy between the Au electrode and the molecule. For compounds 1 and 2 (R-biNHC
and biNHC molecules), these two molecules have the same molecular structures. As a result, |
shall investigate only the three-dimensional binding energy of compound 2 (biNHC molecule), on

the Au substrate.

To obtain the most favourable binding positions of gold electrodes to compound 2 (biNHC
molecule see Figures 4.1), the molecule was scanned by placing the Au tip in 350 positions around
the molecule. Figure 4.11 shows many bindings of the Au tip at different positions on compound
2 (biNHC molecule). Clearly, the strongest binding occurs at positions 80, 90 and 250. The
binding energy for 80 and 90 positions is each approximately equal to 1.6 eV, while for 250 it is
about 0.2 eV (red arrows). Positions 80, 90 correspond to Au-C bond, while the weaker 250
position corresponds to the case where the tip binds to the five-membered ring as shown in the top
panel of Figure 4.11. These binding energies show that the Au-C bond is more than eight times
stronger than the Au-five-membered ring bond. These preferred binding sites are also common

features of R-biNHC, 2Au-2biNHC and 2Ag-2biNHC.
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biNHC

2 | | 1 | ! |
0 50 100 150 200 250 300 350

number of steps

Figure 4.11. Top panel: Compound 2 (biNHC molecule) configuration at the Au-tip interface for
three different positions: Au-C and Au-five-membered ring. Lower panel: 3-D binding energy
plot as a function of Au-tip at 350 positions. 80 and 90 sites possess the stronger binding energy
of Au-C bond, at approximately 1.6 eV. The 250 site possesses weaker binding energy of Au-five-

membered ring bond, at approximately 0.2 eV/.

The second scan finds the strongest bindings of compound 4 or 5 (0-S2F or p-S2F molecule), to
the Au tip. These molecules have the same molecular structure and anchor group (i.e., SMe).
Consequently, I shall investigate the three-dimensional binding energy of compound 5 (p-S2F
molecule), only as shown in Figure 4.12. This molecule has been scanned by the Au tip again in

350 locations. Figure 4.12 demonstrates that there are three strong binding energies in the energy
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spectrum, labelled 125, 225 and 310, correspond to Au-SMe bonds and Au-five-membered-ring
bonds. Furthermore, it also shows that the binding energy of the Au-SMe is stronger than the Au-

to-five-membered ring bond (0.3 and 0.2 eV respectively, red arrows).
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Figure 4.12. Top panel: Compound 5 (p-S2F molecule) configuration at the Au-tip interface for
three different positions: Au-SMe and Au-five-membered ring. Lower panel: 3-D binding energy
plots as a function of Au-tip at 350 positions. 125 and 225 sites possess stronger binding energy
of Au-SMe bond, at approximately 0.3 eV/. The 310 site possesses weaker binding energy of Au-

five-membered ring bond, at approximately 0.2 eV.

The above approach (3-D scan simulations) has been repeated for compound 3 (N2F molecule).

Figure 4.13 proves that the Au-N bond has the strongest dips in the energy spectrum. In this case,
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compound 3 (N2F molecule) has been scanned by the Au tip in 300 different locations. Figure
4.13 illustrates many binding energies at different positions. However, the three strongest bonds
are approximately 50, 190 and 270 sites, and these locations correspond to the bounds of Au-N
and Au-five-membered rings. The dips demonstrate that the binding energy of Au-N is almost

twice as strong the Au-five-membered ring, where the binding energies are found to be 0.5 and 0.2

eV, respectively.
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Figure 4.13. Top panel: Compound 3 (N2F molecule) configuration at the Au-tip interface for
three different positions: Au-N and Au-five-membered ring. Lower panel: 3-D binding energy
plots as a function of Au-tip at 300 positions. The 50 and 190 sites possess stronger binding energy
of Au-N bond, at approximately 0.5 eV. The 270 site possesses weaker binding energy of Au-five-

membered ring bond, at approximately 0.2 eV.
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4.5.2 1-D binding energy simulations

After determining the three strongest binding locations in the energy spectrum for each molecule.
The three locations (i.e., the minimum of the binding energy curve), correspond to either direct-C
(Au-C), or pyridyl (Au-N) or methyl sulphide (Au-SMe), or Au-five-membered ring of the studied
molecules. The next step is to determine the most favourable separation distances between the Au-
tip and the anchor group (location), for this purpose | shall use 1-D scanning simulations. The
binding distance d is defined as the distance between the gold surface and the anchor group (i.e.,
carbon/nitrogen/sulphide/5-membered ring). Here, by using the 1-D scan method four separation
distances are found corresponding to Au-C, Au-N, Au-SMe and Au-five-membered ring. Figure
4.14 elucidates the separation distance between Au and the covalent bond to be approximately 2.3
A with a binding energy of 1.6 eV. Similarly, the separation distance between Au and SMe group
is found to be 2.7 A with energy of roughly 0.3 eV as shown in Figure 4.15. 1-D energy scan

results of methyl sulphides and direct contact (Figures 4.14 and 4.15), strong.?%??

Furthermore, the separation distance between Au and N is found to be 2.2 A with minimum energy
of roughly 0.5 eV as shown in Figure 4.16, which is consistent with literature studies.?>?* Finally,
the separation distance between Au and the five-membered ring is found to be 3.6 A with minimum

energy of roughly 0.2 eV as shown in Figure 4.17.
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Figure 4.14. Right panel: Molecule configuration at the Au lead interface, compound 2 (biNHC
molecule), a carbon atom linked to Au electrode. Left panel: An example of binding energy plot

as a function of distance d. This distance is found to 2.3 A, at approximately 1.6 eV.
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3 4
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Figure 4.15. Right panel: Molecule configuration at the Au lead interface, compound 5 (p-S2F
molecule), a sulphide (SMe) linked to Au electrode. Left panel: An example of binding energy

plot as a function of distance d. This distance is found to 2.7 A, at approximately 0.3 eV.
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Figure 4.16. Right panel: Molecule configuration at the Au lead interface, compound 3 (N2F
molecule), a Py linked to Au electrode. Left panel: An example of binding energy plot as a

function of distance d. This distance is found to 2.2 A, at approximately 0.5 eV.
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Figure 4.17. Right panel: Molecule configuration at the Au lead interface, compound 5 (p-S2F
molecule), a five-membered ring linked to Au electrode. Left panel: An example of binding

energy plot as a function of distance d. This distance is found to 3.6 A, at approximately 0.2 eV.
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The 3-D scanning simulations established the three strongest binding energy locations in the
energy spectrum that correlated to direct-C (Carbon atom), pyridyl (Nitrogen atom), methyl
sulphide (SMe group), and five-membered ring of the studied structures as shown in Figures 4.11
- 4.13. Consequently, determining the optimum separation distance and binding energy values for
each molecule became achievable via 1-D scanning simulations as shown in Figures 4.14 - 4.17.
Table 4.1 represents the optimum separation distance and the values of binding energy of 3-D/1-
D results of the studied structures of the monomer molecules such as compounds 1, 2, 3, 4 and 5
(R-biNHC, biNHC, N2F, 0-S2F and p-S2F molecules). Thus, their binding energy values from

3-D/1-D scanning simulation are identical.

Table 4.1. Summarises the optimum separation distance d and the binding energy (B.E) of 3-

D/1-D scanning simulations of the studied molecules.

Contact B.E(eV) B.E(eV) d(A)
3-D 1-D

Au-C 1.6 1.6 2.3

Au-N 0.5 0.5 2.2

Au-SMe 0.3 0.3 2.7

Au-five-membered ring 0.2 0.2 3.6

The binding energy between the electrode and studied molecules plays a crucial role in keeping an
approximate distance between the anchor group and the closest gold atom. In addition to the

substantive changes in transport depending on the structural detail, such as the molecular
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conformation in the junction, very large differences in the single-molecule conductance follow
from simple bonding considerations. A critical insight of early molecular transport examinations
is the anchor group determines the dominant orbital of conductance and even to modify the
dominant transport mechanism. Then, it can be attributed to the greater charge transferred due to
the stronger binding energy (B. E). A deep understanding of these details will guide the design of

molecular electronic devices and improve their performances.t?42

4.6 Conclusion

In this chapter, the electronic properties of the isolated molecules were modelled using density-
functional theory. The monomer and dimer molecules have several possible binding sites, and
therefore the process of identifying them was divided into two stages. First, | scanned the whole
molecule in 3-D with a gold tip to find the strongest-binding contact points. 3-D binding energy
simulations examined the three strongest binding energy locations with a gold tip correlated to
direct-C (Carbon atom), pyridyl (Nitrogen atom), methyl sulphide (SMe group), and five-
membered rings. The second stage of the binding-energy simulations determined the optimum
separation distance between the electrodes and the different anchor groups and their binding
energy value after finding the most favourable location for each molecule (1-D binding energy
simulations). In addition, the binding energy values between the gold electrodes and the different
anchor groups calculated by the 3-D/1-D binding energy simulation were excellent agreement.
These binding-energy simulations identified different binding scenarios for forming molecular

junctions, which will be used in chapter 5, in order to study their transport properties.
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Chapter 5

Highly Conductive Single-molecule Junctions with Double N-Heterocyclic Carbene Anchors

This work was a collaboration between the group of Prof. Zhong-Ning (State Key Laboratory of
Structural Chemistry, Fujian Institute of Research on the Structure of Matter, Chinese Academy
of Sciences), who synthesised the studied molecules, and the group of Prof. Wenjing Hong (State
Key Laboratory of Physical Chemistry of Solid Surfaces, College of Chemistry and Chemical
Engineering, iIChEM, Xiamen University), who conducted the experiments. Theoretical work was

carried out at Lancaster University.

5.1 Introduction

This chapter builds upon the results of chapter 4, which investigated the electronic properties of
monomer and dimer of N-Heterocyclic Carbenes. The present chapter aims to calculate their
electrical conductances, which are obtained by evaluating the transmission coefficient T (E) at the
Fermi energy. Based on the results of their binding geometry for each component using the 1-D
and 3-D energy scan simulations in chapter 4 (see Figures 4.11-4.17), the gold-molecule binding
configurations can adopt different binding scenarios. In what follows, after determining the
optimum separation distance d for each component using binding energy simulations, the fully

DFT optimised structures (the relaxed geometry of each isolated molecule, see Figures 4.1 and
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4.2) are attached to Au electrodes then the studied molecule is again fully optimised employing
SIESTA code * to build a gold-molecule-gold junction. These optimised systems were then used
to calculate the transmission coefficient T (E’) for the monomer junction of each compound 1, 2, 3,
4 and 5 (R-biNHC, biNHC, N2F, 0-S2F and p-S2F), while the spin polarised transport
calculations are needed in the dimer junction of each compound 6 and 7 (2Ag-2biNHC and 2Au-

2biNHC, due to the metal ions (i.e., Ag and Au).

At the end of this work, | compare experimental measurements with my theoretical transport
properties. This comparison will include not only their electrical conductances, but also the degree
of level broadening. The latter is obtained theoretically from the widths of transmission resonances
for all monomers and dimers of NHC-anchored molecular junctions. These electric properties of
the seven different types of NHC molecular junctions were modelled using a combination of

density functional theory and quantum transport theory described in chapters 2 and 3, respectively.

5.2 Transmission coefficient T(E)

The transmission coefficient curves T(E), will be obtained using the Gollum transport code 2
which utilises the Green’s function scattering approach  combined with density functional theory
to compute transport properties of a wide variety of nanostructures by employing theoretical
models described in chapter 3. Once T(E) is computed, I can calculate the zero-bias electrical
conductance G using the Landauer formula (see section 3.9, in chapter 3). The transmission
coefficients T(E) were calculated for the studied structures of monomer and dimer molecules
based on the 1-D and 3-D energy scan results (three strongest binding energies), shown in chapter

4 (see Figures. 4.11- 4.13). Although the LUMO resonance is predicted to be pinned near the Fermi
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Level (E — ERFT = 0eV) of the electrodes for these seven junctions, previous comparisons
between theory and experiment 4 suggest that better agreement is obtained when the Fermi level
is taken closer to the mid-gap. The absolute position of the electrodes' Fermi level cannot be
predicted, since it depends on the electrodes' local geometry and the surrounding nano-
environment, which change frequently during a real STM-BJ experimental measurement.
Therefore, molecular conductance cannot be precisely measured, but information about it can be
deduced from the behaviour of T(E) curve within the HOMO-LUMO gap, where Ey is most
commonly seen.”® However, in the current study, the DFT-predicted Fermi level (E — ERFT =
0 eV) yields a good agreement with STM measurements, as we will see in section 5.4 (Theory
versus experiment). In addition, the pinning of the LUMO resonance close to the Fermi energy
accounts for the different conductance values for NHC-anchored single-molecule junctions, which

are in reasonable agreement with earlier experimental and theoretical results.51°

In the following transport calculations of the monomer and dimer molecules in Au junctions, |
examined three binding scenarios based on the 1-D and 3-D energy scanning results. The
transmission coefficient curves T (E) were calculated for the monomer molecules firstly in three

scenarios: A, B, and C and then dimer molecules secondly as follows:

5.2.1 Transport calculations of monomers

1-D and 3-D scan simulations exhibited the most three energetically favourable locations and
binding distances between the Au electrode and the end group of the studied molecules as shown

in chapter 4 (see Figures 4.11-4.17). The transmission coefficient T (E") for the corresponding three
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dips (minimum energy), is going to be calculated and presented in three scenarios A, B, and C.

Table 5.1 illustrates the three scenarios.

Table 5.1. Summarises the three scenarios A, B, and C and the bond nature based on the three

strongest binding energies for compounds 1, 2, 3, 4 and 5 (R-biNHC, biNHC, N2F, 0-S2F and p-

S2F), and describe their symmetric/ asymmetric structures.

Scenario Bond nature Compound Symmetric/ Asymmetric
A Both contacts : Au-C, Au- biNHC/R-biNHC, N2F symmetric
N and Au-SMe and S2F/p-S2F
B Top contact: Au-five- bINHC/R-biNHC, N2F asymmetric
membered ring. Bottom and 0-S2F/p-S2F
contact : Au-C, Au-N and
Au-SMe
C 90 degrees between the two biNHC/R-biNHC  and asymmetric

contacts. 6 nitrogen atoms
(Au-N), and Au-C

N2F, 0-S2F/p-S2F

I shall begin with scenario A, where the contacts (electrodes), attach to the same anchor group.

The Au tips bind to a carbon atom directly to form a direct-C contact (Au-C), while in the pyridyl

case the contact is via the N atom (Au-N). Similarly, with the methyl sulphide group, it happens

via the S atom (Au-SMe). It should be note that scenario’s A junctions are symmetric (i.e.,

electrodes connect to the same anchor groups). However, the case is different in scenario B, which
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means the two electrodes do not attach to the same anchor group (i.e., asymmetric systems). The
top Au contact attaches to the five-membered ring for all the monomer molecules, whereas the
bottom contact binds to either C or N or SMe atom/s. For scenario C, there is 90 degrees between
the two contacts for all the studied molecules which connect to the same position between gold
leads and different anchors (symmetric structures), all these details are shown in Table 5.1. To
have insight view about the 3 scenarios, | shall discuss them in more details/Figures in the next

section.

5.2.2 Transport according to the three scenarios
Scenario A:

Figure 5.1 shows schematic illustrations of the monomer molecules in Au junctions for scenario
A. This scenario corresponds to the strongest binding between the molecule and electrodes, as
shown in chapter 4 (see Figures 4.11-4.13). Figure 4.14 exhibits that compounds 1 and 2 (R-
biNHC and biNHC), both bind to Au contact via a carbon atom (Au-C) with a separation distance
of 2.3 A, while compound 3 (N2F), binds via a pyridyl anchor (Au-N) with a separation distance
of 2.2 A (see Figure 4.16), and for compounds 4 and 5 (0-S2F and p-S2F), Au binds to a thioether
group (Au-SMe), with the distance 2.7 A (see Figure 4.15), these details also summarise in Table

4.1.

115



Figure 5.1. Schematic illustrations of the monomer molecules in Au junctions for Scenario A, in
which the Au tips connect to the molecules as follows: compounds 1 and 2 (R-biNHC and
biNHC) connect via Au-C bonds, compound 3 (N2F) connects via Au-N bonds, compounds 4

and 5 (0-S2F and p-S2F) connect via Au-SMe bonds.

Figure 5.2 shows the transmission coefficients T(E) as a function of energy for scenario A
monomer molecules. These curves demonstrate that the transport here is a LUMO-dominated at
the DFT-predicted Fermi energy (E — ERFT= 0 eV). The transmission coefficient T(E) curve
calculates based on the bond nature that shown in Table 5.1, where diverse curves of the different
colours correspond to different molecular junction of scenario A, as illustrated in Figure 5.2. One
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would expect a LUMO-dominated transport for compounds 3, 4 and 5 (N2F, 0-S2F and p-S2F)
due to the presence of the pyridyl and methyl sulphide anchor, respectively. However, it seems in
the case of compounds 1 and 2 (R-biNHC and biNHC), the junctions still show a LUMO

dominated transport and they terminated with carbon atom (direct-C) to Au.

It is worth noting the conductance depends on the magnitude of the transmission coefficients
T (Er). Therefore, the conductance of the monomer molecules in Au junctions, which include
compounds 1, 2, 3, 4 and 5 (R-biNHC, biNHC, N2F, 0-S2F and p-S2F), is calculated at the
DFT-predicted Fermi energy (E — ERFT=0 eV) to be 1071G,, 1072G,, 107*G,, 103G, and
107>G,, respectively. As a result, the compound 1 (R-biNHC molecule) has the highest
conductance value for the covalent bond Au—-C compared to other monomer molecules values in
Au junctions for scenario A, such as the compound 5 (p-S2F) has the lowest conductance's
molecule for the methyl sulphide (SMe) terminal group*!. It can be attributed to that the binding

energy of Au-C is stronger than that Py and SMe (see Table 4.1).7:12°15

117



== R-biNHC —bhiNHC — N2F 0-S2F = p-S2F

I
|
|
_8 1 1 I 1 ‘

2 15 1 0.5 0

E —ERTT (eV)

Figure 5.2. Transmission coefficients as a function of energy of the studied molecules in Au
junctions for Scenario A. Zero bias transmission coefficients T'(E) of compounds 1, 2, 3, 4 and 5
(R-biNHC, biNHC, N2F, 0-S2F and p-S2F) against electron energy E. The yellow rectangular

box shows that a range of energy within the HOMO-LUMO gap.

Scenario B:

This scenario corresponds to the second strongest binding as shown in chapter 4 (see Figures 4.11-
4.13), where Au tip binds to (the five-membered ring) from one side end and in between the two
anchors from the other end with separation distance of 3.6 A for all monomer molecules in scenario
B as shown in Tables 4.1 and 5.1. In this scenario the top contact is always to the five-membered
ring for all molecules whereas the bottom contact is as follows for compounds 1 and 2 (R-biNHC
and biNHC): between the two lower rings pointing towards two carbon atoms (Au-C), compound
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3 (N2F): between the two lower rings pointing towards the two pyridyl atoms (Au-N), compounds
4 and 5 (0-S2F and p-S2F): between the two lower rings pointing towards the two thioether atoms

(Au-SMe) as illustrated in Figure 5.3.

Figure 5.3. Schematic illustrations of the monomer molecules in Au junctions for Scenario B. It
illustrates that the top contact is always to the five-membered ring for all molecules whereas the
bottom contact as follows for compounds 1 and 2 (R-biNHC and biNHC): between the two lower
rings pointing towards two carbon atoms (Au-C), compound 3 (N2F): between the two lower
rings pointing towards the two pyridyl atoms (Au-N), compounds 4 and 5 (0-S2F and p-S2F):

between the two lower rings pointing towards two thioether atoms (Au-SMe).

Figure 5.4 illustrates the transmission coefficients T (E) calculations as the energy of electron
function for the monomer molecules in scenario B. These transport simulations show that this case

is a LUMO-dominated level at the DFT-predicted Fermi energy (E — E2FT=0 eV) (black dashed
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line) for all these junctions of scenario B. The transmission coefficient T'(E") curve calculates based
on the binding energy type at the case of the five-membered ring bond as shown in Tables 4.1 and
5.1, where the different curves correspond to the Au junctions of scenario B, as illustrated in Figure
5.4. The magnitude of the transmission coefficients at the DFT-predicted Fermi energy (E —
ERFT= 0 eV) is proportional to the conductance; hence, for compounds 1 and 2 (R-biNHC and
biNHC) junctions have the higher conductance value, which is around 101G, then compound 3,

4 and 5 (N2F, 0-S2F, and p-S2F) junctions of roughly 1072G,, 1073G, and 10~3G, respectively.
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Figure 5.4. Transmission coefficients as a function of energy of the studied molecules in Au junctions
for Scenario B. Zero bias transmission coefficients T (E) of as compounds 1, 2, 3, 4 and 5 (biNHC,
R-biINHC, N2F, 0-S2F and p-S2F) against electron energy E in Au metallic junctions. The yellow

rectangular box shows a wide range of energy within the HOMO-LUMO gap.
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Scenario C:

Figure 5.5 illustrates scenario C, which is corresponding to the weakest binding between the
molecule and electrodes, as shown in chapter 4 (see Figures 4.11-4.13). There is 90 degrees
between the two Au electrodes when they contact the molecule for all molecules studied in this
scenario. For compounds 1 and 2 (R-biNHC and biNHC molecules), the contact points are the
six nitrogen atoms (Au-N), while for compounds 3, 4 and 5 (N2F, 0-S2F and p-S2F molecules),

the contact points are carbon atoms (Au-C), as shown in Table 5.1.

o ol @ o ¥ Y X
S 1) SV & SV
R-biNHC biNHC N2F 0-S2F p-S2F

Figure 5.5. Schematic illustrations of the monomer molecules in Au junctions for Scenario C. It
illustrates Au contact points to the anchor groups where is approximately 90 degrees between the
two contact points and as follows for compounds 1 and 2 (R-biNHC and biNHC): Au-N,

compound 3 (N2F): Au-C, compounds 4 and 5 (0-S2F and p-S2F):(Au-C).

Figure 5.6 illustrates the transmission coefficients T(E") as an energy of electron function for the
monomer molecules in scenario C. The mechanism of charge transport through all these junctions
of scenario C is a LUMO-based conduction mechanism at the DFT-predicted Fermi energy (E —

ERFT=0 eV) (black dashed line).
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Hence, transmission coefficient T (E) curves calculate based on binding the energy type that shown
in Tables 4.1 and 5.1. Again, at the DFT-predicted Fermi energy (E — ERFT=0 eV), compound 1
(R-biNHC) possesses the highest conductance value which is roughly 1071°G, while the
conductance for compounds 2 and 4 (biNHC and 0-S2F) (red and yellow), is slightly lower around
1072G,. Compounds 3 and 5 (N2F and p-S2F) (blue and green), have the lowest conductance

around 1073G,.
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Figure 5.6. Transmission coefficients as a function of energy of the studied molecules in Au
junctions for Scenario C. Zero bias transmission coefficients T (E) of compounds 1, 2, 3, 4 and 5
(R-biNHC, biNHC, N2F, 0-S2F and p-S2F) against electron energy E in Au metallic junctions. The

yellow rectangular box shows that a range of energy within the HOMO-LUMO gap.
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From all transmission curves in scenarios A, B and C, | find that scenario A is the energetically
most favoured, because of its strong binding energy values and, therefore, may possess a high
conductance. This is attributed to the most favourable positions relating to either different anchor
groups or the other binding sites (i.e., Au-C or Au-five-membered ring), as shown in Tables 4.1
and 5.1. It is noteworthy that the order of the transmission coefficients for this scenario C does not
follow those scenarios A and B and track the experimental order. Therefore, | do not consider this
scenario further. The previous transmission curves T'(E) calculated for the monomer molecules
obtained using these two scenarios A and B for a wide range of Fermi energy window (indicated
by yellow rectangular boxes in Figures 5.2 and 5.4) depends on the three strongest binding energies
as shown in chapter 4 (see Figures 4.11- 4.13). Hence, my simulations predict that the conductance
of the monomers follows the order of compounds 1, 2, 3, 4 and 5 (R-biNHC > biNHC > N2F >
0-S2F > p-S2F), in excellent agreement with the experimentally measured trend as we will see

later.

5.2.3 Spin polarisation

To study the structure-property relation in these metallic-molecular junctions based on the
electronic structure, spin-polarised calculations based on the density functional theory play a
critical role.*®. Many useful approximations have been used in these calculations, such as the local
density approximation (LDA), which depends locally on the spin densities, and the generalised
gradient approximation (GGA), which also depends on the gradients of the spin densities. Besides

the transport code Gollum, specifically designed for such spin-polarised calculations.!” Therefore,
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using spin-dependent density functional computing, molecules' geometric, electrical, magnetic

properties are thoroughly investigated in the current research.

Since atoms often are magnetic, when an external magnetic field is supplied to an electronic
system, the electron spin and the electronic orbital current are typically coupled.*® In other words,
spin effects are generally observed in electron-transfer processes in magnetic materials or systems
containing heavy atoms that enable spin-orbit coupling. Alexandre reported a chemical route to
spintronics devices in which efficiency and performance may be tuned by the appropriate choice
of molecules and end groups.!’ Several spintronics investigations have briefed electrons' selective
spin transmission through gold's self-assembled monolayers of double-stranded DNA or by
sandwiching single dsDNA between two electrodes.'®?° Using the Landauer-Biittiker formula and
the Green's function technique, Gui-Fang discovered spin-dependent conductance and spin-
polarisation. They demonstrated that dSDNA might act as a spin-filter for both spin-up and spin-
down electrons. Furthermore, investigating the influences of electron-vibration interaction on the
spin-selective transport in dSDNA and therefore enhancing the spin polarisation to bring a series

of new spin-splitting transmission modes in the HOMO-LUMO gap.?*

As a result, spin polarised transport calculations are needed in some special studied structures of
this work containing metal atoms. In the following section, all the electron transmission coefficient

T (E) are computed as the average spin-up and spin-down transmission coefficients.
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5.2.4 Transport calculations of dimer molecules

As the dimer molecule compounds 6 and 7 (2Ag-2biNHC and 2Au-2biNHC), which is a
monomer or molecular complex formed by the joining of two identical molecules, is positively
charged (cation) (i.e., Ag+ or Au+), a negatively charged counterion (an ion with the opposite
charge (anion) of another ion of the substance (cation.) is needed to keep the whole system neutral
or maintain the electrical neutrality.?> Here, this anion (trifluoromethanesulfonate) signified by
(OTf-) or CF3SOs— is employed as a counterion.?® Figure.5.7 illustrates an example of a dimer

molecule and a nearby counterion.

3

2AuU-2biNHC OT{— counterion

Figure 5.7. Examples of molecular geometries for the dimer. Left panel: an isolated dimer molecule

compound 7 (2Au-2biNHC). Right panel: shows a counterion (i.e., OTf{-).
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5.2.,5 Spin-dependent transport calculations of dimer molecules

Since the dimer compounds 6 and 7 (2Ag-2biNHC and 2Au-2biNHC) contain metal atoms, as
shown in chapter 4 (see Figure 4.2), spin polarised transport calculations were carried out. It used
the Gollum method to compute the spin-dependent transmission coefficients T (E) for electrons of
energy E passing from the left gold electrode to the right electrode. In general, one expects the
conductance to be dominated by resonant transport either through the HOMO or the LUMO state
of the molecule. These reveal that the calculated transmission for spin-up (T,,,, (E) and spin-down
(Tgown (E) show that the LUMO resonance is split as expected due to the charge transfer from the
metal atom to the rest of the molecule, which positions the resonance close to the Fermi energy

(E — ERFT=0 eV). The average spin-up and spin-down transmission coefficients as a function of

Tup (E)+T gown(E)

energy is then given by >

. Figures 5.8 and 5.9 show the average spin-polarised

transmission coefficient results of the two dimers 2Au-2biNHC and 2Ag-2biNHC, respectively.
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Figure 5.8. Spin-polarised transmission coefficients, spin-up (T, (E), spin-down (Tgown(E) and

Tup (E)+T gown(E)

, for the binding configuration of compound 7 (2Au-2biNHC) with the OTf- counterion.

Three curves represent the spin-up, spin-down and the average of them: blue, red, and orange curves

respectively.
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Figure 5.9. Spin-polarised transmission coefficients spin-up (T, (E), spin-down (Tg,u,(E) and

M, for the binding configuration of compound 6 (2Ag-2biNHC) with the OTf-

counterion. Three curves represent the spin-up, spin-down and the average of them: blue, red, and

orange curves respectively.

5.2.6 Fluctuations of OTf-counterion

| examined the effect of varying the positions of OTf— counterion, by placing the OTf- counterion
at 12 different positions around the dimer, as shown in Figure 5.10, and in each case computed the
spin-polarised transmission coefficient T(E). Figure 5.11 shows the average spin-polarised
transmission coefficient T(E) as a function of energy for different orientations of OTf— with
compound 7 (2Au-2biNHC dimer). Similarly, Figure 5.12 shows the average spin-polarised

transmission coefficients of OT{— with compound 6 (2Ag-2biNHC dimer). Therefore, the average
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spin-polarised transmission coefficient T(E) as a function of energy for fluctuations of OTf—
counterion with compounds 6 and 7 (2Ag-2biNHC and 2Au-2biNHC) are almost identical

compared to those results in Figures 5.8 and 5.9.

12 steps of
move in 3D

2Au-2biNHC

Figure 5.10. Sampling the OTf- counterion position around the dimer 2Au-2biNHC. (For clarity

the electrodes are not shown and only 6 positions are shown).
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Figure 5.11. Orange curves show the average spin-polarised transmission coefficient T(E) as a

function of energy for a selection of the 12 possible configurations of OTf- counterion bound

to compound 7 (2Au-2biNHC dimer).

130



o 2k
= E
)
S
4t ]

2 -15 -1 -05 0 0.5 1
E — EPFT (eV)

Figure 5.12. Orange curves show the average spin-polarised transmission coefficient T(E) as a
function of energy for a selection of the 12 possible configurations of OTf- counterion bound to

compound 6 (2Ag-2biNHC dimer).

5.2.7 Comparison of transmission functions of monomers and dimers

In this section, | shall compare the average spin-polarised transmission coefficients T(E) as a
function of the energy of the two dimers, compounds 6 and 7 (2Ag-2biNHC and 2Au-2biNHC),
with those in Figure 5.2 of the five monomers, compounds 1, 2, 3, 4 and 5 (R-biNHC, biNHC,
N2F, 0-S2F and p-S2F) that shown in scenario A. The combined results are shown in Figure 5.13
which displays the room-temperature electrical conductance of the monomer and dimer molecules

in Au junctions. This Figure exhibits a LUMO-dominated transport of the DFT-predicted Fermi
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energy (E — ERFT=0 eV). As a result, compound 1 (R-biNHC molecule) still has the highest
conductance value compared to other monomer and dimer molecules. On the other hand, the
conductance of compound 6 (dimer 2Ag-2biNHC) is similar to that of compound 7 (dimer 2Au-
2biNHC) are around 10~*2 G, and 10~** G, at the DFT-predicted Fermi energy (E — ERFT=0
eV) respectively. However, the conductance of monomer compound 2 (biNHC) is significantly

higher than the dimer ones.

0 T T T T T
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Figure 5.13. Transmission coefficients of the studied molecules in Au junctions. Zero bias
transmission coefficients T'(E) of compounds 1, 2, 3, 4 and 5 (biNHC, R-biNHC, N2F, 0-S2F
and p-S2F) (as monomers), and compounds 6 and 7 (2Ag-2biNHC and 2Au-2biNHC) (as

dimers), against electron energy E in Au metallic junctions (scenario A).
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5.3 Broadened molecular orbital of monomers and dimers

This section investigates the critical feature of the transmission curves T (E) related to the Breit-
Wigner formula (BWF), which is reported as an analytical model applied to a three-level system
using the tight-binding model in chapter 3 (section 3.11.1) Eq. 3.70, representing the on-resonance
transmission for electrons of energy E passing from a one lead to another one via a molecule. In
general, the Breit-Wigner formula could describe any individual peak of transmission T'(E’) curves
if the energy E of the electron is close to an eigenenergy of the isolated molecule and if the spacing
level 6 of the isolated molecule is larger than the width of the resonance called the broadening

level (I' = I}, + If), due to the contact with the left and right electrodes.

Based on my calculations, the electron transport of the studied junctions is mainly LUMO-
dominated. Herein, the transmission coefficient T (E) curves in scenario A are satisfied the Breit-
Wigner resonances condition, which means the broadening level I' = I} + I'zon resonances (the
width of the peak), is smaller than the energy spacing level (differences between the eigenenergy

which shifted slightly by the real part of the self-energy due to the contacts).

Figure 5.14 illustrates an example of broadened molecular orbital for a monomer molecule such
as compound 3 (N2F) against the electron energy E. Hence, if the case here is not symmetric ([}, #
Iz), then T'(E) will possess a peak (resonances) located at energies close to the eigenenergy of the
isolated molecule. Then the maximum value of the transmission coefficient is less than the unity.
The half-maximum width of the peak ( I} + I) that the molecular level obtains in virtue of the
coupling to the electrodes can be used as a measure of the strength of the electrodes-molecule
coupling. Since the left and right electrodes (source and drain) are gold, the level broadening (I" =

I, + I%) is approximately independent of energy. This is a good approximation for the case of

133



gold, whose relatively local density of states is in the vicinity of the Fermi energy®*? as illustrated

in Figure 5.14.

0.6

T(E)

0.2

0 0.05 0.15
E-E) (V)

Figure 5.14. Example of broadened molecular orbital I' = I} + I'; value of compound 3 (N2F)
against electron energy E in Au metallic junctions with respect to the DFT-predicted Fermi energy

(E — EPFT=0eV).

Herein, I calculate the broadened molecular orbital values I' = I + Iz for compounds 1, 2, 3, 4
and 5 (biNHC, R-biNHC, N2F, 0-S2F and p-S2F) (as monomers), and compounds 6 and 7 (2Ag-
2biNHC and 2Au-2biNHC) (as dimers), as shown in Figures 5.15 and 5.16, respectively. The
most significant feature to observe is that, of the case depicted in Figure 5.14, transport is
dominated by a single level, particularly the one closest to the gold Fermi level. Furthermore, in
all those cases the, the transmission resonances near the DFT-predicted Fermi energy (E — ERFT=0

eV) could be fitted using the Breit-Wigner formula Eq. 3.70 described in chapter 3. For symmetric
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junctions in a specific energy window, which justifies the usage of the single-level model (a simple
theoretical model, that assumes transport is phase coherent.?* The broadened molecular orbital
values I' = [}, + I of the monomer and dimer were calculated and fitted as shown in Figures 5.15
and 5.16. In addition, Table 5.3 summarises the detail of this study, and it is worth mentioning that
the theoretical broadened molecular orbitals tended to be slightly smaller than the experimental

ones, as we will see in the comparison section.

135



5.3.1 Broadened molecular orbital of monomers
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Figure 5.15. Broadened molecular orbital I' = I; + Iz values of compounds 1, 2, 3, 4 and 5 (R-

biNHC, biNHC, N2F, 0-S2F and p-S2F) against electron energy E in Au metallic junctions

(scenario A).
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5.3.2 Broadened molecular orbital of dimers
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Figure 5.16. Broadened molecular orbital I' = I} + Iz values of compounds 6 and 7 (2Ag-

2biNHC and 2Au-2biNHC) against electron energy E in Au metallic junctions.
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Table 5.2. Summarises the theoretical results for broadened molecular orbital values of
coupling strength I' = [}, + Iz for the monomer (scenario A ) and dimer junctions that shown

in Figures 5.15 and 5.16.

Compound I (eV)
R-biNHC 0.013
biNHC 0.100
N2F 0.082
0-S2F 0.073
p-S2F 0.024
2Ag-2biNHC 0.014
2Au-2biNHC 0.010

This Table 5.2 summarises the theoretical results obtained the values of the electronic couplings
between the molecule and the source and the drain electrodes I and I, for the monomer and

dimer junctions as shown in Figures 5.15 and 5.16.
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5.4 Theory versus experiment

This chapter compares the theory and experiment of some electronic properties, including the
broadened molecular orbitals and conductance G features of STM formed from NHC complexes-

based molecules with different anchor groups.

The calculated room-temperature electrical conductance G (in units of quantum point conductance

2
Gy = 2% = 77 u Siemens), corresponding to the magnitude of the transmission coefficients for

the NHC-anchored molecular junctions series are shown in Figure 5.17 below. All results for
conductance are obtained from the transmission curves evaluated at the DFT predicted Fermi
energy, (E — ERFT = 0eV). The DFT-predicted Fermi energy at zero sits close to the LUMO
resonance in all monomer and dimer of NHC-anchored molecular junctions and therefore leads to
high conductance values for the two scenarios A and B as in Figures 5.2 and 5.4 and that depends
on the strongest binding energies as a result from 1-D and 3-D scan simulations as shown in chapter
4 (see Figures 4.11-4.13). As expected from experimental results, the conductance, of compounds
1 and 2 (R-biNHC and biNHC) are significantly higher than that of molecules with 2-pyridyls
compound 3 (N2F) or 2-methylmercaptophenyls compound 4 (0-S2F) as anchoring groups. The
conductance of 2-methylmercaptophenyls 5 (p-S2F) anchored molecules was even too low to be
measured.?®?” The compound 2 (biNHC) possessed a conductance three times higher than that of
compound 4 (0-S2F). Experimental results also demonstrate that the conductance value of
compounds 6 and 7 (2Ag-2biNHC and 2Au-2biNHC) are 107382 i, and 10~*24 G, respectively,

as shown in Figure 5.17.
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Figure 5.17. Comparison between experimental and theoretical conductance of the studied
molecules: compounds 1, 2, 3, 4 and 5 (R-biNHC, biNHC, N2F, 0-S2F and p-S2F) (as
monomers), and compounds 6 and 7 (2Ag-2biNHC and 2Au-2biNHC) (as dimers) obtained at
the DFT-predicted Fermi level (E — E2FT=0eV). Note: (The conductance of compound 5 (p-S2F)

was undetectable experimentally).

Furthermore, The other property related to the broadened molecular orbitals values I' = I} + I
of three monomer compounds 2, 3 and 4 (biNHC, N2F and 0-S2F). Experimentally broadened
molecular orbitals indicate slight differences to the theoretical broadened molecular orbitals values
as reported in Table 5.3. These results prove that the introduction of NHCs as anchor groups is a

promising solution for the construction of highly conductive molecular junctions.
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Table 5.3. A comparison Table of theoretical and experimental broadened molecular orbital

ITheo. and Tgyp 0f monomer molecules. Note: (The broadened molecular orbital I' of the

compounds 2, 3 and 4 (biNHC, N2F and 0-S2F) was only measured experimentally).

Compound I'theo. (€V) Texp. (€V)

biNHC 0.100 0.184+0.100
N2F 0.082 0.084+0.055
0-S2F 0.073 0.085+0.048

5.5 Conclusion

In this chapter, using a combination of experimental STM-based transport measurements and DFT-
based transport calculations, | have discussed the transport properties of the NHC-anchored single-
molecule junctions. The 1-D and 3-D binding-energy scan simulations in chapter 4 exhibited three
binding scenarios, A, B and C, for forming different molecular junctions. Thus, for all transmission
curves in scenarios A, B and C, | find that scenarios A is the most energetically favourable due to
the stronger binding energy values. Due to these high binding energies, this scenario also exhibits
a high conductance. This is attributed to the most-favourable position corresponding to either
different anchor groups or binding sites (i.e., Au-C). The theoretical transport calculations proved

the mechanism of charge transport through NHCs molecules is most likely a LUMO-based
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conduction mechanism. In addition, A and B scenarios predict that the conductance of the
monomers follows the order of compounds 1, 2, 3, 4 and 5 (R-biNHC > biNHC > N2F > 0-S2F

> p-S2F), which is in an excellent agreement with the experimentally measured trend.

On another side of this study, with the dimer molecules compounds 6 and 7 (2Au-2biNHC and
2Ag-2biNHC), since they include Au and Ag metal atoms, spin polarisation simulations were
carried out to determine their spin-polarised transmission coefficients. For the positively charged
compounds 6 and 7 (dimers 2Ag-2biNHC and 2Au-2biNHC), OTf- was employed as a
counterion to achieve overall charge neutrality and examined varying its different positions around
the dimer and then the resulting in variation in the transmission curves. Furthermore, a
combination of experiment investigation and DFT calculations revealed the theoretical broadened
molecular orbitals of monomers and dimers tended to be slightly smaller than the experimental

through NHC-anchored molecular junctions.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis focused on electron transport theory in molecular scale quantum devices and
experimental modelling to study the electronic structure of various molecules as a new robust
molecular design strategy for future applications, aiming to improve the efficiency of
thermoelectric devices. To obtain an insight into the different physical properties of the studied
molecules as building blocks to perform other device functions when connected to metal electrodes
and build a nanoscale circuit, | investigated their electronic structures and electrical properties by
using self-consistent density functional theory (DFT) as implemented in the SIESTA code, and
Gollum's implementation of the Green's function method as discussed in Chapters 2 and 3

respectively.

In the fourth chapter, | studied several symmetric molecules to demonstrate a general principle for
molecular-scale quantum transport, which opens up new material design and discovery routes.
Various NHC complexes of double NHC-anchored single-molecule junctions were developed and
produced. A combination of the density-functional theory method and experimental measurements
was used to model the transport properties of the seven molecular junctions. | investigated the
charge transport properties of the NHC-anchored molecular junctions starting with the electronic

structure properties involving the wave function plots and the binding geometry. The monomer
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compounds 1, 2, 3, 4, and 5 (R-biNHC, biNHC, N2F, 0-S2F, and p-S2F) have multiple potential
binding sites; accordingly, the procedure of determining them was divided into two steps. First, |
used a gold tip to scan the entire molecule backbone in 3-D to allocate the strongest-binding contact
spots (3-D binding energy simulations). After determining the most energetically favourable site
for each molecule, the second stage of the binding-energy simulations is to determine the optimum
separation distance between the electrodes and the various anchor groups and their binding energy

value (1-D binding energy simulations).

In the fifth chapter, three scenarios, A, B and C, were suggested based on the most energetically
favourable configurations (gold-molecule contact). Comparing theory against experiment, the
theoretical suggested scenarios A and B proved to be in excellent agreement with the experimental
measurements. For the positively charged dimers 2Au-2biNHC and 2Ag-2biNHC, OTf- was
employed as a counterion to achieve overall charge neutrality. Since they contain Au and Ag metal
atoms, spin polarisation simulations were carried out to determine their spin-polarised
transmission coefficients. Since the location of the OTf— counterion is unknown, | examined the
effect of varying its positions by placing the counterion at different positions around the dimer.
Furthermore, the experimental and theoretical broadened molecular orbitals I" showed a slight

difference between the theory and experiment.
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6.2 Future work

This thesis used theoretical methods and experimental measurements to predict the electrical
properties of NHC-anchored molecules attached to gold leads. One may consider expanding these
results in various directions for future work. For example, it is interesting to develop this research
into other transport properties, such as the thermoelectrical properties and the stability of these
configurations, such as the Seebeck coefficient or thermopower 13 (which is related to the slope
of the transmission coefficient curve), for which more research into nanoscale and molecular-scale
phonon transport is required.*> Nevertheless, various strategies are needed to suppress the phonon
transport part to reach the ultimate goal, high thermoelectric performance materials. This aim could
be achieved by including a new design for a different types of electrodes, molecules, and surfaces
to enhance the electron transport contribution in single-molecule junctions. Another interesting
point is to explore the theoretical simulations when the gold electrodes are changed by other metals
or different electrode materials for molecular electronics, such as superconducting electrodes at
low temperatures ©, involving platinum, palladium 7® and iron ° or combinations of electrode
materials.® Graphene possesses unique properties, that makes it a promising electrode material for
molecular electronics in the future.*>!? In the case of using graphene as an electrode, it is pivotal
to design new anchor groups for attaching to graphene 2 that preserve coherent electron transport

across the molecule-graphene interface.
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