Gl 4 sean

alall Ganll y el adadl) 5 50 5
d—loda s

DA 5 delh A IS
BELEIRET PR

A i) iy el @S A ) Al g A g g SV ailadll

as o Lo
il daolr 3 Sl ol L 2 )
dadd obj'-{v\“ 20.-)3 J:’ qu‘"‘“ a3 s Q?ﬁj
sy 5l sbye /osldl) (3

Qa4 (s
Ol e 3 a3l e iy

(2012) b daals ol by gle 8 (g IS
(2016) b dasls H3ulll el ydagle 3 jhuale

o)zl

ol ag o) o
330 o138 il ) 2

21443 ¢ 2022



Republic of Iraq
Ministry of Higher Education and

Scientific Research
University of Babylon
College of Sciences for Women

Department of Laser Physics

Optoelectronic and Thermoelectric

Properties of Nano Molecular Junctions
A Thesis

Submitted to the Council of the College of Sciences for Women,
University of Babylon
In Partial Fulfiliment of the Requirements for the Degree of

Doctor of Philosophy in Laser Physics and its Applications

By
Zainab Abdul-Zahra Abdul-Hassan

B.Sc., Laser Physics and its Applications, University of Babylon (2012)
M.Sc., Laser Physics and its Applications, University of Babylon(2016)

Supervised by

Prof. Dr. Enas Mohammed AL-Robayi

University of Babylon
College of Science for Women
Laser Physics Department

1443 A.H. 2022 A.D.



Dedication
| dedicate this thesis to my father,

Who always dreams of obtaining a
Ph.D.



ACKNOWLEDGMENT

Above all, my great thanks are to ALLAH for his mercy
and blessing.

This thesis would never completed without the excellent supervision and
guidance | received from Prof. Dr. Enas M. AL-Robayi. There are no
words in English to express my gratitude to you. Really you are excellent

supervisor.

| am deeply indebted to the Head of the Laser Physics Department, the
Science for Women for the staff and the dean of the College of

support that provided.

Also, |1 would like to pay my regards to all relatives and friends for the

help they showed at the Department of Laser Physics.

| would like to express my very deep respect and sincere appreciation to
my family, whose patience and moral encouragement gave me so much

hope and support.

Zainab



.« DAl

A a5 Lae ¢ yraal g sraal A5 pSIY) il Sall Jan ) 5 5 Jlae Ciagy

DI o i Sl o2n agh A g kY o2 e Cangdl | jlagili 2 clile s Jsh J8 Gaas

Apaee QL) o (5 siag Ul 4 ) ja 5 Sl 5 Ay el 5 A5 SV g daaS il ailiadd) 4l )

O Aok s At o) AESN 4, Hlas e e 8 padd) (g kel cuilad) 33 e o(g o Adati e
il o) sl

dshall 33l ) &l jind aladinly « BDC (e i sanal 4S5l ailiadll dul 0 o5 il

e uad Apulal) 3aa 5l ) S B Ae ganall el Okl 3l ) Cadi (e sanal) SIS iy 50
8oy ) e a8 (N) e ganall Lnilly Ll BDCg @l yo (30 iy o dased o Lgia Lilian il 5 ¢
OsSE A e sall gl 3 ganll JEE ) s ySI cl 3 aae SIS g Al Bas sl ) Sy J hall
Oe e Jpmnll &3 gl ¢ (Liasi 2) i Jsb el OIS 05008 3wl () (450 e
sg yad) Aasd 53 Al J sl o5 5215 ¢ (a3 5.9) OIS e dsb Jsbl Ll (IN) s 5l
O 8 Lalal yeal Y1 Jie iy sall mead 5 AY) LSSl o) aY) men las a3 (BN)
O A plail) Adluall 5 ¢ (e s X =0.21) 3 a¥) Jshag ¢ (Ui C — C =0.135) s S
Ala o) da 5,k eda < jedal Ay jal) Alia gl (iS5 ey Sl skl L8 13 ¢ (Z) kY]
Lpmadly Ay S palall e @AY LSl Calsally el Jshll e 180

Al a5 Sl

HOMO- cilsads 4 jall Gl w5 Jie 48l 5eSlly 4 pal 4 ySIY) ailadll
A8 5 Al eI Al gall 5 i) (368 ABY) Caday QA 3485 Jall Jalaas LUMO

A e 54 ) el

S Jal AT s il sall e g gl 13 8 Aaaall el a5 Al o A5 S cllall @ el
Jull Jalaa Jo Ll i ol el Jehall ) dege daati 4y, (Sa HOMO il (e
dley HOMO-LUMO 5328 e il Laa ¢ (oSl aaall 5l 518 Ul (815 30 5eSY Joa 5l 5
HOMO-LUMO 3528 musls (0.27) il ddlage el e (IN) s Jsh ol



(S sd 1.241) 3528 Gaals (0.07) 4b S Adia s & o) panll o3 Cua (2,51 EV)
(BN) A jall dlia gl e sl J sl ddasi

138 5 2dall 358 233 A sall Jshll 334 ) ae 431 (BDCg) 5 (BDCy) e saaall Uiyl Jasdl
RCU[PERN (R | FENgY

solaall 0S5 S Sl debas Ll i ¢ (BDCy) de sanall 4yl a5 sl ailiaall Al
A b ol eda CS) i amse b LSl gand S s Jalas o ) ekl ZT
Ay a8 36! asaail e 3 4S8 piliall s3a Caed ¢ @l e e HOMO (o Liageall Jall
el Lt (0.25%10 ° VK™) s 38 el (5N) Jsh¥) el Jshall Jany 40 5l

( 0.90%10° VK™ ) 4la e stia J8 (IN) nad¥) o5 5l

i d aae 33 Gk o (ZT) sohaadl a5 el aLaia D 3 yie doail yind Joad) 138 il Caed
Jshall 8 8303 G (4 N 0.3 () ZT dad @iy o Cun Anl¥) s2a 501 il ) S35 (g 50 S
Sl e BN G IN o sl

¢ Jumil 4 jomy ailiad L) (N) 42 senall o (BDCy) 5 (BDCp) cstie senell 4 jia 2ie Liaa 5
1558 Ol o S Ll 35 Tz 5 L Lebens 38 5 ¢ (B) e sanall (go el 35 48 Ll

Caad G il el Il 0 sSE Of Say ¢ A kY1 e (8 desiall il ) ISl ¢ 1 5al
¢ (LED) ssall @cldl clglill Jie aul o)) Guball sac)y dadipe Jeadl 11 4 Lgial
Lo Bl gl 5 ealll il g ¢ Apuadl) LAY 5 ¢ (FETS) (Slasall Luilall culd ) g 330 5

Allad



Abstract

The field of nanotechnology aims to make electronic components
smaller and smaller, eventually achieving length scales of less than 2
nanometers. This thesis, aims to contribute to the understanding of these
components by investigating the structural, electronic, optical and
thermoelectric properties of a system containing metallic threads that are
joined by a single molecule. The theoretical approach used is a combination
of density functional theory and Greene's equilibrium dispersion theory of

functions.

The structural properties of two groups of Binzodicollagenatphenon
(BDC), using the strategy of increasing the molecular length of both

groups,were investigated.

Group (B) the molecular length was increased by repeating the base unit for

five times, from which we obtained five molecules of (BDCg) compounds.

As for group (N), the length was increased by repeating the base unit, as well
as the number of carbon atoms that form the backbone of the molecule from

two to four carbon atoms.

Electronic, optical and electrical properties such as the distribution of
molecular orbitals, highest occupied molecular orbitals (HOMO)- lowest
unoccupied molecular orbitals (LUMO) gaps, transport coefficient, oscillator
strength, UV spectrum, and thermoelectric properties.

The electronic calculations have demonstrated that the transport
mechanism of charge carriers in this type of molecule is the transport
mechanism dominated by HOMO. Importantly the molecular length not only

affected the transport coefficient and electrical conductivity but also created
il



the quantum size effect, which affected the HOMO-LUMO gap. The shortest
molecular length (1 N) has the highest electrical conductivity (0.27) and the
widest HOMO-LUMO gap (2.51 eV). Whereas, the lowest conductivity
(0.07) and the narrowest gap (1.241 eV) are presented by the longest

molecular junction (5N).

The researcher also notice for the two groups (BDCy) and (BDCpg) that
with the increase in the molecular length, the oscillator strength increased and

this is due to the effect of quantitative size.

For the group's thermoelectric properties (BDCy), The researcher studied the
Seebeck’s coefficient S and the figure of merit (ZT). The results showed that
the sign of Seebeck's coefficient S for all compounds is positive. These results
supported the initial prediction that the transport mechanism is HOMO-
controlled transport. Moreover, these results provided an excellent idea for the

design of thermo-molecular devices.

The results of this work presented an interesting strategy to enhance the ZT

by increasing the number of carbon atoms and base unit frequency.

When comparing the two groups (BDCg) and (BDCy), The researcher found
that group (N) is better in terms of optical properties, as it has a higher
oscillator strength than group (B), and this made it a promising candidate for

using it as an effective laser medium.

Finally, based on the results presented in this thesis, the structures and
molecules studied in this work can be promising candidates for wide
application such as light-emitting diodes (LEDs), field-effect transistors

(FETS), solar cells, and touch screens and laser active medium

IV
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Chapter One General Introduction

1-1 Introduction

Nanoscale research and engineering enable revolutionary discoveries
in both fundamental science and technology, which may have a direct
impact on our daily lives. It is on a level with transistor-based electronics
in terms of size and scope. At its most fundamental level, nanoscale
science is the study of unique phenomena and properties of materials at
extremely small length scales, namely at the nanoscale, which corresponds

to the size of atoms and molecules [1].

The nanoscience revolution has emphasized the critical need for a
more solid quantitative understanding of matter at the nanoscale through
modeling and simulation, since the dearth of quantitative models that
accurately characterize newly reported phenomena has stifled development
in the area. Recently, fundamental modeling tools such as (DFT) and
molecular dynamics have been used to gain new insights in the field of
nanoscience [2]. Increased computing capabilities enabled the modeling
and simulation of complex systems with millions of degrees of freedom as
a result of advancements in computer technology. The entire promise of
modern theoretical and modeling techniques, on the other hand, has not yet

been realized [3].

Controlling individual molecules and their utilization is one of the
scientific ambitions of our age. The realization of this ambition can open
up broad prospects to a miniaturization revolution in electronic devices. In
recent decades, developments in nanofabrication techniques have made
achievable the dream of contacting individual molecules to nano-electrodes
and measuring their electronic transport characteristics [4]. Moreover,

molecules are highly desirable as functional elements in nano-scale devices
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because of their ability to be chemically modified to tune their properties.
Nowadays, these achievements have given rise to the field of molecular

electronics.
1-2 Molecular electronics

Molecular electronics has attracted great attention from a wide
variety of researchers, due to promising applications in nanoscale
electronic devices such as transistors [5, 6], switches [7], rectifiers,
interconnects [8], organic photovoltaic [9], and chemical sensors [10].
Using molecules as electronic elements has many advantages due to their
small sizes, their ability to be self-assemble onto surfaces and the low cost
of producing large numbers of identical molecules [11]. However, realizing
and controlling the connection between the molecule and electrodes has

remained challenging.

Due to small molecular size, The use of individual molecule as
functional electronic devices was first proposed in the 1970°s [12]. In order
to design and realize molecular devices it is essential to have a good
understanding of the properties of an individual molecule. Within the
framework of molecular electronics, the most important property of a
molecules is:(the conductance and the major question in this field is how
electrons move through molecules). To address this question, extensive
experimental and theoretical studies have been carried out.. Various

measurement techniques have been developed.

The concept of electrons passing through a single molecule comes via
two different approaches [13]. Firstly, transfer of the electrons, which
involves charge moving from one end of the molecule to the other.

Secondly, transport of the charges, which involves current passing through
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a single molecule that is connected between electrodes [14]. These two
approaches are closely related, because both of them attempt to answer the
previous question. From the point of view of fundamental science,
molecular electronics could provide an answer for previous inquiry, and
perhaps be an ideal way to explore the electronic and thermal conductance
through the smallest molecular circuits, where quantum mechanical effects

completely dominate [15].

The variety of molecules organic molecules, together with their
various properties could lead to the discovery of new physical phenomena.
In addition, molecular junctions could also be promising systems to
investigate the basic principles of electron transfer mechanisms [16].
However, there are also other motivations in terms of a technological
viewpoint, which is the use of molecules as electronically active elements
for many applications. One of these reasons is the size, since the typical
size of molecules (between 1 and 10 nm) it could lead to a higher packing
density on a device with subsequent advantages in cost, efficiency and
power dissipation These concepts and many others make molecular
electronics an attractive field of science. Additionally, novel molecular
phenomena such as quantum interference have been identified, opening up
new avenues for molecular design and resulting in proposals for the design
of molecular materials [17] with useful properties such as an enhanced
thermoelectric figure of merit ZT and promisingly high-power factors GS?
[18-19].

When a single molecule is linked to source and drain electrodes, the
electrical conductance of the resulting device is controlled by the quantum
interference pattern formed within the molecule by the source's de Broglie
waves of electrons [20]. Motivated by the goal to increase the performance
of molecular-scale diodes [21], transistors [22,23], switches [24], and

3
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thermoelectric devices [25,26], current research has focused on harnessing

such wave patterns within heterocyclic aromatic molecules.

In this thesis, it has focused on exploring the electronic, spectral,
optical and thermoelectric properties of Binzodicollagenatphenon (BDC)
Compound -based single molecule devices with different structural fathers.
For this goal (BDC)-based molecular junctions are designed by contact the
(BCD) molecules to two gold electrodes. Theoretically, three main
techniques have been used to study the systems in this thesis; the first is the
density functional theory (DFT), which is implemented in the SIESTA
(Spanish Initiative for Electronic Simulations with Thousands of Atoms),
and Gaussian codes [27,28]. The second one is the nonequilibrium Green’s
function formalism of transport theory, The three which is implemented in
the GOLLUM code [29].

1-3 Binzodicollagenatphenon (BDC) Compound

Carbon-based on molecular junctions, such as carbon nanotubes [30]
and graphene sheets [31], which have attracted a lot of interest as they
represent promising candidates in the field of nanoelectronics. Nowadays,
finding functional molecular wires that can connect molecular electronic

devices is the main goal of many of investigations [32].

Bolycyclic hydrocarbons (PAH's) and their derivatives are
particularly attractive, as they contain multiple interference pathways, it
can be influenced by external electrostatic or electrochemical gating [33],
by changing their connections to external electrodes [34, 35] or by

substitution heterogeneous atom [36].
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In our work, we investigate the effect of the increase the molecular
length when the parent is a non-binary aromatic molecule, catalyzed in part

by a desire to understand electron transfer through (BDC) compounds.

The (BDC) compounds are rigid, planar n-conjugated structures, with
molecular cores containing 5- membered rings fused to a 6-membered aryl
ring Which Contains an S in one 5-membered ring and an (O) with the

others [37-38], and a strong ability to electron donation [39, 40].

These properties have led to their use as organic electronic
compounds in dye-sensitive solar cells (DSSC), field-effect transistors
(FET), organic light-emitting diodes (OLED) and charge transfer studies of
single molecules [41,42]. However, the non-binary nature of the central
core, the irregular bonding geometry and the structural rearrangement of
typical stabilization groups in the junction complicate the interpretation of
the charge transfer data. The improvement was achieved using an
alternative, highly conductive carbon-gold anchor using trimethylsilyl-
terminated compounds, which facilitate interpretation of somewhat more
robust data [43, 44].

One consequence of the large conjugate system is that BDC is
typically strongly absorbed in the visible region of the electromagnetic
spectrum. In other words, they are deeply colored [45]. An important topic
that has received wide attention during the past years is the electronic,
electrical and thermal properties of organic nanostructures and the
relationship between them [46]. Nowadays, many researches focus and
search for molecular wires that enable us to obtain optical and
spectroscopic properties such as emission oscillator strength, excitation
energies and molecular orbital character that can offer us promising active

media for laser devices [47,48].
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BDC represents one of the most studied classes of molecular wires
in single-molecule electronics; therefore, porphyrin bands in the sense of
n—n* energy gaps could be an ideal choice and play an important role in

the development of organic optoelectronic applications[49, 50].

Seebeck coefficients and transition are the most important features
of single molecular structures,and the search for ways to alter and control
these  properties Dbecomes an  attractive goal for many
researchers.Therefore, in previous studies,these methods were used by
molecular length change (BDC) method, probing the relationship [51]
between electrical conductivity and thermal energy for BDC-based
devices, which was a useful strategy for defining applications of these
devices. and predict it. J. Song et. al. [52] mentioned the fact that the
strength of the emission oscillator (f.,,) is an important parameter for

evaluating the performance of the effective medium of lasers [53].

Using the density functional theory (DFT) method [54-55], the
strength of the emission oscillator can be obtained from calculations of
electronic structures, thus serving as a rapid screening tool for optical gain
materials. In this work, the number of (BDC) units and the number of
backbone atoms of the molecule were altered in order to increase the
molecular length and structural aspects [55]. Thesis contained not only the
investigation of the effect for different structural features on the Seebeck
and transmission coefficients, but also studied the effect of these features

on the emission oscillator strength value [56,57].
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1-4 Literature Survey

Molecular electronics is one of the most important fields of science that
investigates the electronic transport and thermoelectric properties of

structures in which a single molecule is utilized as a basic building blocks.

1- T. Markussen et al [58], in 2010, have proposed a simple and
general graphical scheme which explains the strong relation between
the structure of molecular junctions and the quantum interference
effect.

2- A. Nataiya and R.Pederson [59], in 2011 gave an overview of the
theoretical methods used to analyze the transport properties of the
metal-molecular junctions in addition to some relevant experiments

and applications.

3- P. Moreno-Garcia et. al. [60], in 2013, have report a combined
experimental and theoretical investigation of the length dependence
and anchor group dependence of the electrical conductance of a
series of oligoyne molecular wires in single-molecule junctions

with gold contacts.

4- H. M. Wen et. al. [61] in 2013, reported the organometallic based
molecular junctions that exhibit a high conductance compared with

their organic analogous.

5- D.C.Milan et. al., [62] , in 2015, have shown not only the solvent
environment but also which is a significant factor to consider in
explaining the conductance properties of single molecule wires, but

also it gives rise to remarkable alterations in attenuation factors.
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6- A. Oday Al-Owaedi et. al. [57] , in 2016, introduced a theoretical

and experimental studies of trans-Ru complexes. They have
interpreted the electronic properties of such molecules in terms of
the transport mechanisms (LUMO-dominated conductance). These
results have significant implications for the future design of

organometallic complexes for studies in molecular junctions.

7- A. Oday Al-Owaedi et. al. [63] ,in 2017, present an investigation

10-

about the important role of the metal complexes inhibiting
orthogonal contacts, which explained the strange high conductance

values of some of organometallic molecules.

P. Sam-angand G. R. Matthew, [64] in 2017 ,showed
characterizing destructive quantum interference in electron
transport. Destructive quantum interference in electron transport
through molecules provides an unconventional route for
suppressing electric current. In this work introduce interference
vectors' for each interference and used them to characterize the
interference. An interference vector may be a combination of
multiple molecular orbitals (MOs), leading to more robust

interference that is likelier to be experimentally observable.

R. J. Davidson et. al. [65], in 2018, to developed a new design
of molecular nano junction depending on organometallic
molecules. They explored the ability to control the orientation of
molecular conductors on the electrode surfaces, which showed only

a single high conductance feature.

C. J. Jud,, [66], in 2020 , have measured the energetic and spatial
distribution of the electronic states, by utilizing a combination of
density functional theory and tight-binding calculations, they

8
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11-

12-

interpret the experimentally obtained electronic structure in terms
of coherent quantum states confined around the circumference of
the m-conjugated macrocycle. These findings demonstrate that large
(53 nm circumference) cyclic porphyrin polymers have the

potential to act as molecular quantum rings.

A. A. Baraa Al-Mammory et. al. [67], in 2021, thermoelectric
Properties of Oligoyne-Molecular Wires. Oligoynes are prototype
molecular wires due to their conjugated system and the coherent
tunneling transport, which aids this type of wires to transfer charges
over long distances. The electric and thermoelectric characteristics
for a series of Oligoyne molecular wires ((n) 3, 5, 7 and 9) are
studied to explore the fundamental transport mechanisms for
electrons crossing through single molecules, we probed both the
electrical conductance and Seebeck coefficient for Au| molecule |Au

configurations using (DFT).

M. Rasool Al-Utayjawee and A. Oday Al-Owaedi, [68], in 2021,
Enhancement of Thermoelectric Properties of Porphyrinbased
Molecular Junctions by Fano Resonances. Single-molecule
porphyrin applications gain attention by using molecules as
elementary blocks of electronic components involving metallic
atoms. Theoretically, one type of molecular-scale porphyrin device
is used in this article, consisting of organometallic single molecules
with different metals (Zn, Mg, Cu and Fe), sandwiched between gold
electrodes bound by thiol anchor groups. The transmission and
Seebeck coefficients for ( Au| molecule |Au ) configurations were

computed using (DFT).
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13- 1. O. Abbas and M. Enas Al-Robayi,[69], in 2022,
Organometallic structures based on (BiCyclobentedine-metal-
anchor groups) molecules can be potent devices for optoelectronics
applications, notably for laser active mediums, because these

structures introduced a high emission oscillator strength (fer,).
1-5 Amis of the Work

This research aims to investigate the electronic and thermoelectric
properties of organic molecular junctions. Also, one of the main goals of
this study is the exploring of some of optical characteristics such as
HOMO-LUMO gap of these devices; Therefore, the goals of this work can

be summarized as following:

1- It is improve and create active laser media that improve the
efficiency an properties of laser devices through the use of molecules
(Benzodichalcogenophene (BDC), where we use the strategy of
change the length of the molecule and comparing them in terms of
optical and structural properties.

2- Understand and study the optoelectronic and thermoelectric
properties to predict the appropriate applications of these molecules
in wide range of electronic and optoelectronic applications, such as
organic solar cells, organic light-emitting diodes, organic field-effect

transistors or active laser mediums.

10
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2-1 Introduction

Quantum chemical calculations can assist researchers in designing
and adapting target molecules while reducing the cost of tests. This is
especially valuable for screening and monitoring high-energy materials
(HEM). Molecular modeling is a collection of strategies for using a
computer to examine chemical problems [70,71]. Clinicians and
computational chemists can use one of four major approaches: Molecular
Mechanics (MM), Semi-Empirical (SE), Ab initio, or Density Functional
Theory (DFT) [72,73].

To predict the properties of the quantum mechanical system, an
equation, describing how the wave function changes with time, is required.
For one particle in one-dimensional system, this equation is the

Schrddinger equation (Time dependent form) [74-75]:

2
ih%q;(;, £) = ——V2W(7,6) + V(R)P(F,t) = H(F DW(F,1)

As
HY(#F)=EY(#t) (2.2)

Where H is the Hamiltonian operator, ¥ is the wave function and E is
the system Eigen value. The Hamiltonian operator (H) consists of two
terms: the Kkinetic energy operator of the electrons and nuclei (T) and

potential energy components operator (V7), as follows:

—_— A~

T=T+v (2.3)

11
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The total Hamiltonian of the molecular system H containing M nuclei

and N electrons can be expressed as follows [76,77]:

electrons nuclei electrons,nuclei electrons
= h2 h?2 Za 1
A= -1 yNv y2_ M ym gz2_yNv yM Za yN gy 1
2m; Zl—l [ 2My ZA—l A =1 ZA—l Tia i=1 Z]>l rij
nuclei
ST, A 2.4
A:1 B>A rAB -------- ( . )

Here Vi is the Laplacian operator, in Cartesian coordinates is defined as:
92 92 9*
Vi=—+—7+
‘ooxE  0y?  0z?

L

Heoia =T+ T, + Ve + Voo + V0, (2.5)

The total kinetic energy is defined in equations (2.4) and (2.5) as the
sum of the electronic (7,) and nuclear (T,,) kinetic energies. The total
potential energy is comprised of three components: attractive interactions
between nuclei and electrons (V,,), repulsive interactions between nuclei
(7,,,), and repulsive electron-electron interactions (¥,,). Zag denotes the
nuclear charges of atoms A and B, respectively; m, denotes the mass of
atom A, ria denotes the distance between nucleus A and electron i, rag
denotes the distance between nuclei A and B; and rj; denotes the distance

between i and j electrons, and ry; = |7, — 7.

The Born-Oppenheimer Approximation allows for the separation of
electronic and nuclear motions in molecules. The molecule's entire wave
function is as follows [72, 73, 77]:

LI"total :‘"Pelectronic ><anucIear. ........... (2.6)
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Chapter Two Density Functional Theory

Due to the fact that the nucleus is far heavier than electrons, nuclear
motion is much slower than electronic motion. When the nucleus's kinetic
energy is ignored, the nucleus's potential energy can be considered
constant. Additionally, the Hamiltonian operator can be devoid of the
nucleus's potential and kinetic energies. The Hamiltonian operator H can be

expressed as follows:

A~

ﬁe:Te + I7ne + Vee .......... (2.7)
2-2 Density Functional Theory

DFT is widely used by physicists and chemists to investigate the
ground-state properties of interacting many-particles systems such as
atoms, molecules and crystals [78]. DFT transforms many-body system
into one of non-interacting fermions in an effective field. In other words,
the electrical properties of many interacting particles system can be

described as a functional of the ground-state density of the system [79].

In 1998 [80], the importance of DFT was confirmed with the Nobel
Prize in Chemistry being awarded to Walter Kohn for his development of
density functional theory. DFT is a reliable methodology which has been
applied to a large variety of molecular systems with a huge number of
books and articles in the literature giving detailed descriptions of the
principles of DFT and its application [78-81]. The beginnings of DFT were
founded upon the Thomas-Fermi model back in the 1920s [82] which
provided the basic steps to obtain the density functional for the total energy
based on wavefunctions [78,81,83]. Further improvement was made by
Hartree, Dirac, Fock and Slater and nearly four decades after the Thomas-
Fermi work. DFT was then given a robust foundation by the Hohenberg-
Kohn theorems and Kohn-Sham method [80, 84].

13



Chapter Two Density Functional Theory

The main aim of this chapter is to give brief introduction to DFT and
outlining the main formalism as a method of finding the solution of the
non-relativistic many-particles time independent Schrodinger equation
TISE, since the properties of a many-electron system can be determined by

using functionals of the electron density.

The researcher will also give a brief summary of the DFT code
‘SIESTA’, which has been used extensively throughout my PhD research

as a theoretical tool to optimise the structures [83-85].
2-3 The Many-Body Problem

This is an approach which aims to solve any system consisting of a
large number of interacting particles. In a microscopic system consisting of
charged nuclei surrounded by electron clouds these interactions such as
electron-nuclei, electron-electron, nuclei-nuclei and electron correlations

are described via Schrodinger equation.

The full Hamiltonian operator of a general system describing these

interactions is[86] :

h2 e?

H=3-

1 Z.e?

1 h2
V2+_Zn—>m |_Znavlzi’n+_

2m, 8mey Tn—rm

471€q |[Th—Rm |

Here, m,, Z» and R, represent the mass, atomic number and position
of the n-th atom in the solid respectively. The position of n-th electron is
denoted by the symbols rn,rm and me is the mass of a single electron.
This Hamiltonian consists of five parts; the electron kinetic energy,
electron-electron interactions, the nucleons kinetic energy, nucleon-nucleon

interactions and electron-nucleon interactions respectively.

14
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Approximately, the mass of nucleons is a few orders of magnitude
higher than that of electron, and in terms of their velocities, the nuclei
could be considered as a classical particle which creates an external
potential, and the electrons as quantum particles are subjected to this
potential [86].

| concept is known as the Born-Oppenheimer approximation [86],
together with an assumption that the nucleon wavefunction is independent

of the electron position, equation (2.8) can then be written as follows:
H:Te+ Ue_e+Ve—nuc ........... (29)

The first part of equation (2.9) presents the kinetic energy of all

electrons, which is described by;

Te=Y, —

f;j Vi (2.10)

2

The electron-electron interaction is represented in the second part of

equation (2.9), which is given by;

2
Ue—e = Zn,m,n:#mm ........... (211)

—Tml|

U._. describes the sum of all potentials acting on a given electron at

position r,, by all other electrons at position 7, .

The third part of equation (2.9) describes the interactions between
electrons and nuclei, which is expressed by;

Ve_nuc:ZN En anC(rn_RN) .......... (2 . 12)

Ve-nuc 1S the interaction between electrons and nuclei; it depends on the

positions of electrons rn and nuclei Ry .

15



Chapter Two Density Functional Theory

The employment of a Born-Oppenheimer approximation [86], allows

the electron and nucleon degrees of freedom to be decoupled.
2-3-1 The Hohenberg-Kohn Theorems

Essentially, density functional theory (DFT) evolved significantly
depending on two ingeniously simple theorems put forward and proved by
Hohenberg and Kohn in 1964 [87]. These theorems are two powerful

statements:

Theorem 1. For any system of interacting particles in an external
potential Ve, the density is uniquely determined. In other words, the

external potential is a unique functional of the density [87].

To prove this theorem, assume that there are two external potentials
Ve and V@, differing by more than a constant, and giving rise to the
same ground state density, po (7). It is clear that these potentials belong to
different Hamiltonians, which are denoted H® and H®, and they give rise
to distinct ground-state wavefunctions ¥ and ¥®@. Since ¥® is not a

ground state of H™, so:

EO=pW | gDy« g @y (2.13)
and, similarly:
EQ =@ |HO |y Oy<p®|g@poy (2.14)

Assuming that the ground states are non-degenerate [88, 89], one could
rewrite equation (2.13) as follows:

(qj(z)lH(l)|qj(2))=(11[/(2)|H(2) | 11[/(2)>+<llu(2) |H(1)_H(2) | ‘P(Z))=E(Z)+Jdr(l/ext(1) (r)—Vex
tAr)por) (2.15)
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and assuming that |[#®) has the same density po(r) as |¥®):
WOHOWN=EDdr(VPere )V ere )po(r) oo, (2.16)

Combining of equations (2.15) and (2.16) leads to,
E(1)+E(2)<E(1)+E(2) ......... (2-17)

This equation proves the two different external potentials cannot

produce the same ground-state density.

Theorem 11: A universal functional F[p] for the energy E[p] could be
defined in terms of the density. The exact ground state is the global
minimum value of this functional. In other words, the ground state energy
of the system is given by the functional F[p]. If the input density and
ground-state density are the same, the functional F[p] would deliver the
lowest energy. Hence, the functional could be minimized by varying the

density to obtain the ground-state energy for the external potential.

The second theorem could be proven by considering the expression for the

total energy, E, of the system with density p.
E[p]:T[,0]+Eint[p]+J.d7'Vext(r)p(r) ......... (218)

The kinetic term, T, and internal interaction of the electrons, E::, depend

only on the charge density, and so are universal.

The first theorem reported that the ground-state density po for a system
with external potential V... and wave function ¥, determines the
Hamiltonian of that system, so for any density, p, and wave function, ¥,

other than the ground state, it could be found

EO:(lIJO|H|lIJO><(l]J|H|l]J>:E ......... (219)
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Hence, the ground-state density, p,, minimizes the functional (equation
2.18). If the functional T[p]+En[p] is known, then by minimizing equation
2.19, the ground-state of the system could be obtained, and then all ground-
state characteristics could be calculated, which are the subject of the

interest.
2-3-2 Kohn-Sham Method and Self-Consistent Field

Kohn and Sham noticed that Hohenberg-Kohn theory is applicable to
both interacting and non-interacting systems. As DFT avoids the
interacting many particle problem. The non-interacting system has one
great advantage over the interacting system as finding the ground-state
energy for a non-interacting system is easier. In 1965, Kohn and Sham
came up with the idea, that it is possible to replace the original Hamiltonian

of the system by an effective Hamiltonian (H.fr) of the non-interacting
system in an effective external potential V(7 ) which gives rise to the

same ground state density as the original system. Since there is no clear
recipe for calculating this, the Kohn-Sham method is considered as an
ansatz, but it is considerably easier to solve than the non-interacting
problem. The Kohn-Sham method is based on the Hohenberg-Kohn
universal density [81, 85, 90,91]:

Fyg[n(M)] = Toge[n(P)] + Uso[n(#)] e (2.20)

The Hohenberg-Kohn functional for non-interacting electrons is
reduced to only the Kkinetic energy. The energy functional of the Kohn-

Sham ansatz Fx_s[n(7)], in contrast to (2.18), is given by:

Fg—s[n(7)] = Tuon[n(7)] + Egare[n(7)] + J Vext(7) n(7) dr

+Ey[n(?) (2.21)
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where T,,,,, is the Kinetic energy of the non-interacting system which
is different than T;,, (for interaction system) in equation (2.18), while
Eyqre 1S the classical electrostatic energy or classical self-interaction
energy of the electron gas which is associated with density n(7). The

fourth term E,.. is the exchange-correlation energy functional and given by:

Enare[n(7)]

j n(Fon(%) - - (2.22)

~ - d—> d—> _ T -
|_r1_r2| rnar, TlOn[n(T)]

1
Exc[n(F)] = FH_K[n(F) _E

The first, second and third terms in the equation (2.21) can be trivially
cast into functional form. In contrast, there is, in general, no exact
functional form for E,.. In the last couple of decades, enormous efforts
have gone into finding a better approximation toE,.. Currently, the
functionals can investigate and predict the physical properties of a wide
range of solid state systems and molecules. For the last three terms in the
equation (2.21), the functional derivatives can be taken to construct the

effective single particle potential V, (7 )[92]:

aEHart [TL( F )] + aExc [n( F )]
on(7) on(7)

Veff(f')) = Vext(F) +

Now, this potential can be used to give the Hamiltonian of the single
particle:

Hy s =Taon *Verr (2.24)
By using this Hamiltonian, the Schrédinger equation becomes:

[Thon + Veff]lPK—S =E%¥Y¢.s (2.25)
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Equation (2.25) is known as Kohn-Sham equation. The ground state
density nXs5(#) corresponds to the ground state wavefunction W5
which by definition minimizes the Kohn-Sham functional subject to the
orthonormalization constraints (¥;|¥;) = &;;; it is found by a self-

consistent calculation [78,92,93,94].

Density functional theory uses a self-consistent field procedure. For
example, suppose that E,,,+ and E,. can be accurately determined. The
problem is now that V. s¢ cannot be calculated until the correct ground state
density is known and the correct density cannot be obtained from the
Kohn-Sham wavefunctions until equation (2.25) is solved with the correct
Verr. Therefore this circular problem can be solved by carrying out a self-

consistent cycle [80,97,98] as shown in Figure 2.1.
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Construct psendo-potential for each

element

!

[ Pick basis set cutoff energy ]

l

Construct initial density }

pinitial (,,:j

h 4

Calculate the effective potential
Veff(F)

v

Solve Kohn-Sham equation by
diagonalization of the Hamiltonian

W

Calculate the electron density

)

[ Is the solutfion self-consistent? ]
Yes l Inl
Calculate total energy Density mixing to
and force, and then exit generate n"e¥ (r)

Figure 2-1 A Schematic illustration of the self-consistent DFT cycle [95].

According to Figure 2-1, the first step is to generate the pseudo-

potential which represents the electrostatic interaction between the valence
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electrons and the nuclei and core electrons. The next step is to build the
required basis set with a selected kinetic energy cutoff to be inserted in the
basis set; this step is to expand the density functional quantities. Clearly, if
the density is known, the energy functional is fully determined. A trial
electronic density n'™@ (#) is made as an initial guess. This initial guess
Is used to calculate the following quantity:
G = Epgre [ (P)] + Epe [t (] . (2.26)
Then anl+f’;,(?) and the effective potential V.., are calculated. The
effective potential is used to solve the Kohn-Sham equation (2.25) which
leads to finding the electron Hamiltonian. After obtaining the Hamiltonian,
it is diagonalised in order to find the eigenfunctions and the new electron
density n™¢¥(#) . Hopefully, this n™e¥(#) will be closer to true ground
state and is checked. For self-consistency, if this new updated electron
density n™¢¥ (¥) agrees numerically with the density n™¢! (7) used to
build the Hamiltonian at the beginning of the SCF cycle, we have reached
the end of the loop. We then exit, and calculate all the desired converged
quantities, such as the total energy, the electronic band structure, density of
states, etc... Otherwise, the new density n™¢Y () does not agree with the
starting density n'™t@ (), one generates a new input density and starts
another SCF cycle: build the new density-dependent Hamiltonian, solve
and compute the density, and check for self-consistency [80,84,97].

The Kohn-Sham approach clearly shows that a complicated Many
body system can be mapped onto a set of simple non-interacting equations
exactly if the exchange correlation functional is known. However, the
exchange-correlation functional is not known exactly so approximations

need to be made.
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2-4 Schrodinger equation

The Schrodinger equation can be used to describe any system

composed of several non-relativistic particles:

HY, (7, .. v, Ry, R Ry) = E¥ (7 oo T, Ry, Ry. Bay)
.(2.27)

Here, H is the Hamiltonian operator for a system composed of N
electrons and M nuclei that describes the interaction of particles, where Wi
denotes the wave function of the system's i" state and E; denotes the
numerical value of the energy associated with the state denoted by Wi. The

Hamiltonian factor for such a system can be expressed as the sum of five
terms defined in [98,99].

Te '-f'.r u,

. N
P ol e T
T 2m, - ! Zm,, 1 Vi " 4nms, |; —R, | Smi, ]1 -7

Upn

Z Z Z,!Z,.c
8?1'& | -

H—I nEn

Here i and j denote the N-electrons while n and n’ running on the M-
nuclei in the system, m, and m, are the mass of the electron and nucleus

respectively, e and Z, are the electron and nuclear charge respectively. The

position of the electrons and nuclei are denoted as 7 and R,, respectively.

In the equation (2.28), the first and second terms, T, and T, represent
the kinetic energy of electrons and nucleus, respectively. The last three
terms represent the potential part of the Hamiltonian; where Ue, defines the

attractive electrostatic interaction between electrons and nucleus. Electron-
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electron, Ue and nuclear-nuclear, U,, describe the repulsive part of the

potential respectively [98,99].

When solving the Schrodinger equation (Equation 2.27) and knowing
the wave function ¥, all important physical quantities can be calculated.
However, even for modest system sizes - even for a few atoms - the general

problem is virtually impossible even on modern supercomputers [99].

The virtue of density functional theory is that it expresses the physical
quantities in terms of the ground-state density. The electronic density of a
general many body state, characterized by a wave function ¥(r,r,.....r, IS
defined as [100]:

p(r) = [dr drydry ... ... dr; |W(ry, 72,73 v o T
2-5 Time-Dependent Density Functional Theory (TD-DFT)

The time-dependent density functional theory (TD-DFT) extends the
ground-state density functional theory by allowing for the examination of a
system's excited-state features in the presence of time-dependent potentials,
such as electric or magnetic fields. TD-DFT may be used to investigate the
influence of fields on molecules by calculating representative excitation
energies, oscillator strength, wavelength, molecular orbital character, and

electronic transitions of the molecules [101].

The theoretical of TD-DFT based on the Runge-Gross theorem (R-G
theorem) in 1984. The R-G theorem explained the association between the
time-dependent external potential V. (7) and p(#,t) of the system. R-G
theorem designated that when two external potentials V,,..(#) and V7. ()
have an alteration of more than a time-dependent function, their own

electron densities p(7,t) and p' (7, t) are also dissimilar [102].
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Runge and Gross discussed how excited states are obtained using TD-
DFT. The starting point of studying time-dependent systems is the time-
dependent Schrodinger equation. The TD-DFT is straight related to the

Schrodinger equation [ih%‘l’(?,t)= ﬁ‘l’(?,t)] where the

Hamiltonian is known to be [103]:

ﬁ - T + Ve|ec_e|ec + Vext_ (F) .............. (230)

Here, H consists of the kinetic energy operator T electron-electron
repulsion Ve|ec_e|ec (Coulomb operator) and the external potential Vext_ (7).

Where Vext, (17) Is given in the following operators:

Ve ) =YN . Vext.(@) (2.31)

The densities of the system rise from a fixed first state W (t,) =
Y (0). The first state, ¥ ( 0) is arbitrary, it must not be the ground-state

or some other eigen state of the first potential Vext. () = V, (#). The
R-G theorem indicates that there exists an one-to-one correspondence
between the time-dependent external potential Vext. (), and the time-
dependent electron density p(7,t), for systems developing from a fixed

first many-body state. Translation to it, the density determines the external
potential, and next helps in obtaining the time-dependent many-body wave
functions [104].

As this wave-function controls all observables of the system as an

important, the saying point is that all observables are functionals of

p(7,t). The statement of the theorem is the “densities p(7,t) and
p' (7 ,t) evolving from the same initial state W(0) under the effect of two

potentials Vext. () and V7,,,.(#) are always different provided that the
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potentials differ by additional than a chastely time-dependent function
[101,103]:

Vext. (7,t) = V . (F,t)+C) ] (2.32)

Where the C(t) allows increase to wave functions that are different
only by a phase factor e=® therefore, the same electronic density is
stable. R-G theorem states that the density is a functional of the external
potential and of the first wave function on the space of potentials differing
by more than the addition of C(t).

2-6 SIESTA

The DFT electronic structure calculations have been performed using
the SIESTA code[4]. One of the main features of SIESTA is that it is
designed to perform efficient calculations on huge systems consisting of
thousands of atoms, and it uses the standard Kohn-Sham self-consistent
density function method. In addition, the functionals that are used in
SIESTA are the Local Density Approximation (LDA) and the Generalized

Gradient Approximation (GGA). In this section, we will explain
briefly the important methods and how they are used to perform all DFT

calculations.
2-6-1 The Pseudopotential Approximation

In a system that has a large number of atoms containing complex
potentials there is large computational expense for time and memory. One
method to solve the computational problem is to reduce the number of
electrons by introducing the pseudopotential approximation which was
proposed by Fermi in 1934 [105-106].
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This method, has developed from creating non-relativistic empirical
pseudopotentials [107,108] to more realistic ab-initio pseudopotentials
[109-110].

The idea of this concept that the electrons in an atom are split into two
parts, the first is core and the second is valence, where core electrons lie
within filled atomic shells as well as they are spatially localized around the
nucleus. Whereas, the valence electrons are arranged in partially filled
shells, and they are the ones contributing to the formation of molecular

orbitals.

Therefore, this reduces the number of the electrons in a system
considerably. Moreover, in the SIESTA code a special kind of ab-initio
pseudopotential which called the norm-conserving pseudopotential [109] is
carried out. There are many advantages of using pseudo-potentials in the

computational calculations which are:

1- To reduce the number of the electrons which are participating in the
calculations by removing the core electrons from the calculations which
leads to decrease both time and memory required to run the ab-initio
simulation.

2- The total energy scale is greatly reduced when the core electrons are
removed from the calculation and that makes the numerical calculation
of energy differences between atomic configurations much more stable.

3- By introducing pseudo-potentials and replacing the true valence
wavefunctions by pseudo-wavefunctions, to exactly match the true
valence wavefunctions outside of the core or cutoff radius r., but are
nodeless inside. These pseudo-wavefunctions can be expanded using a

much smaller number of the plane wave basis states.

27



Chapter Two Density Functional Theory

4- A further advantage of using pseudo-potentials is that relativistic
effects can be added easily into the pseudo-potential whilst further

treating the valence electrons non—relativistically.

2-6-2 Localised Atomic Orbital Basis Sets (LAOB:S)

One of the most important aspects of the SIESTA code is the type of
the basis function employed in the calculations. It uses a basis set
composed of localised atomic orbitals which compare well with other DFT
schemes which may use a plane wavefunction basis set [111]. The benefits
from using LAOBs are that they provide a closer representation of the
chemical bond; they can allow order-N calculations to be performed and
also it gives a good base from which generate a tight-binding Hamiltonian.
SIESTA uses confined orbitals, i.e. orbitals are constrained to be zero
outside of a certain radius (cutoff radius r.). This produces the desired
sparse form of the Hamiltonian as the overlap between basis functions is
reduced. The atomic orbitals inside this radius are products of a numerical
radial function and a spherical harmonic. The simplest form of the atomic
basis set for an atom (labelled as 1) is called single-¢ (also called minimal)
which represents a single basis function per electron orbital. It is given by

the following equation [112]:

wLo(B)Y=RL(AYL(R) ) (2.33)

where ¥}, (#) is the single basis function which consists of two
parts, the first part is the radial wavefunction R}, and the second part is the
spherical harmonic Y;},,. Minimal or single zeta basis set are constructed by
using one basis function of each type occupied in the separate atoms that
comprise a molecule. If at least one p-type orbital is occupied in the atom,

then the complete set (3p-type) of the functions must be included in the
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basis set. For example, in the carbon atom, the electron configuration is
1s2 252 2p?, therefore, a minimal basis set for carbon atom consists of
1s,2s, 2py, 2p,, and 2p, orbitals which means the total basis functions are

five as shown in Table 2-1 [111].

Higher accuracy basis sets called multiple-¢ are formed by adding
another radial wavefunctions for each included electron orbital. Double
basis sets are constructed by using two basis functions of each type for each

atom.

For carbon atom, a double zeta basis contains ten basis function

corresponding to ten orbitals which arels,1s’,Zs,Zs’,pr,Zp;,Zpy,Zply,

and 2p,. For further accuracy, polarisation effects are included in double-¢
polarised basis sets obtained by including wavefunctions with different
angular momenta corresponding to orbitals which are unoccupied in the

atom.

A polarization function is any higher angular momentum orbital used
in a basis set which is unoccupied in the separated atom. As an example,
the hydrogen atom has only one occupied orbital type that is s-type.
Therefore, if p-type or d-type basis functions were added to the hydrogen
atom they would be known as polarization functions. Carbon atoms with

polarization functions include d-type and f-type basis functions.

29
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Table (2-1): Examples of the radial basis sets functions per atom used in SIESTA

code for different precisions of the split valence basis sets [111].

Single-¢
Double-¢
Single-{ | Double-{ Polarised
Atom/Basis Functions <7 7 (S7P) Polarised
(SZ) (DZ) § D7P)
H1 /1s 1 2 4 5
C®/1s 25 2p,2p,2p, 4 8 9 13
N7/1s 252p,2p,2p, 4 8 9 13

Assuming the core electrons (non-valence electrons) of an atom are
less affected by the chemical environment than the valence electrons. This
is so-called as split valence basis set. For example, the carbon atom, a split
valence double zeta basis set would consist of a single 1s orbital, along
with 2s, 2s’and 2py, 2py, 2py, 2py, 2p,, 2p, orbitals, for a total of 9 basis
functions. The basis functions in a split valence double zeta basis set are
denoted 1s,2s,2s’, 2py, 2py, 2py, 2Py, 2D, ,2p;. In case of molecules,
molecular orbitals can be represented as Linear Combinations of Atomic
Orbitals (LCAO-MO) given by [112,113]:

L

i) =) an Wy(7)

v=1

where ¢; represents the molecular orbitals (basis functions), ¥, are
atomic orbitals, a,; are numerical coefficients and L is the total number of

the atomic orbitals.
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2-6-3 SIESTA Basis Sets

It is self-evident that the Hamiltonian must be diagonalised in order to
find the wave functions. This operation entails the inversion of a large
matrix, the computing time of which scales according to the number of
non-zero members. As a result, for efficient calculations, the Hamiltonian
must be sparse with a large number of zeros. SIESTA makes use of a
Linear Combination of Atomic Orbitals (LCAQ) basis set, which is formed
from the atoms' orbitals and is required to be zero after a predetermined
cut-off radius. As the overlap between basis functions decreases, the former
produces the needed sparse form of the Hamiltonian, while the latter
permits even a small basis set to yield properties similar to those of the
examined system. The simplest basis set for an atom is called a single
basis, which corresponds to a single basis function, W.u(r) per electron
orbital (i.e. 1 for an s-orbital, 3 for a p-orbital, etc.). In this case each basis
function consists of a product of one radial wave function, @;,, and one

spherical harmonic Y;,,:

Youm(™) =035, (1) Y (6,0) (2.35)

The radial part of the wave function is found by using the method
proposed by Sankey [113,114], where the Schrodinger equation is solved
for the atom placed inside a spherical box. It is under the constraint to

vanish at a cut-off radius r.. This constraint produces an energy shift oE
within the Schrddinger equation such that the eigen functions first node

occurs at e

d> I(l+1)

— gt H V()| 05, = (e + SE)R, ()
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For higher accuracy basis sets (multiple-C), additional radial wave
functions can be included for each electron orbital. The additional radial
wave functions, phil, for i > 1, are calculated using a split-valence method.

This involves defining a split valence cut off for each additional wave

function rsi , SO it is split into two piecewise functions: a polynomial below

the cut-off and the previous basis wavefunction above it:

l 2 i
: r'(a, — b,r*) r<r,
@;”(r) = { s nl nl s

i i—1
nl Ts <r< s

The additional parameters are found at the point r} where the

wavefunction and its derivative are assumed continuous.

Further accuracy (multiple-{ polarized) can be obtained by including
wave functions with different angular momenta corresponding to orbitals
which are unoccupied in the atom. This is done by solving (Eqg. 2.37) in an
electric field such that the orbital is polarized or deformed due to the field
(see [115] for details) so a different radial function is obtained. This is now
combined with the appropriate angular dependent spherical harmonic
which increases the size of the basis. Table (2.1) shows the number of basis
orbitals for a selected number of atoms for single-{, single- { polarized,

double- { and double- { polarized.
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Table (2-2): Examples of the radial basis functions per atom as used within the
SIESTA for different degrees of precisions[69].

Basis Set H C Au
Single-§ 1= (1 x 1s) 4= (1x25+3x%2p) 6=(1%6s+5x5d)
(S2)
Double-¢ 2= (2 x 1s) 8= 12 =
(D2)
(2x2s +6x%2p) (2 x 6s + 10 x 5d)
Single-{ 4=(1x1s+3%x2p) | 9 = 9=
Polarised (1x2s+3%x2p+5x3d) | (1% 65+5x5d+3%6p)
XZ2S+a3XZ2n+oX X bSs+oXod+3X
(SZP) P P
Double-g 5=(2x1s+3x2p) | 13 = 15 =
Polarised . .
(2x25+6x2p+5%3d) | (2%65+10x5d+3x6p)
(DZP)

2-6-4 Structure Optimisation

In this thesis, the SIESTA code is used to obtain the ground state

energy of different atomic configurations, and then obtain the relaxed

structure of the systems. This means that SIESTA can provide us the

energy as a function of the atomic coordinates (position of atoms). The

structure optimisation (also known as geometry optimisation) contains

three options; relaxing atomic coordinates, allowing periodic cell shapes

and volumes to change.
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In case of full optimisation, the three options can be employed
together, which leads to the minimum energy of the atoms in the system
and the equilibrium lattice parameters of the systems. Performing the
relaxation of the atomic positions allows atoms to move until the residual
force between all atoms is smaller than the required convergence tolerance
ineV/A.

In structural optimisation the force is the key quantity and this force
could be calculated numerically by taking the approximate numerical
derivatives of the total energy with respect to the positions. This method is

applied in SIESTA using the Hellmann-Feynman theorem [116].
2-7 The Exchange Correlation Functional

There are numerous proposed forms for the exchange and correlation
energy in the literature. The first successful - and yet simple - form was the
Local Density Approximation (LDA) [117, 118], which depends only on

the density and is therefore a local functional.

Then the next step was the Generalized Gradient Approximation
(GGA) [119-120], including the derivative of the density it also contains

information about the neighborhood and therefore is semi-local.

LDA and GGA are the two most commonly used approximations to
the exchange and correlation energies in density functional theory.

There are also several other functionals, which go beyond LDA and
GGA. Some of these functionals are tailored to fit specific needs of basis
sets used in solving the Kohn-Sham equations (Eq. 2-25) and a large
category are the so called hybrid functionals (eg. B3LYP, HSE [121] and
Meta hybrid GGA [122, 123]), which combine the LDA and GGA forms.
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One of the latest and most universal functionals, the Van der Waals
density functional (vdW-DF) [124], contains non-local terms and has
proven to be very accurate in systems where dispersion forces are
important [125,126].

The following sections will briefly describe the Local Density

Approximation and the Generalized Gradient Approximation.
2-7-1Local Density Approximation (LDA)

Based on Kohn-Sham method, the functional E,. functional could be
calculated in a homogenous electron gas to approximate the many body
particle problem as a simpler system [84]. Kohn-Sham demonstrated that
by slowly varying the density of a system, the E,.. functional at point 7 can
be considered as acting in a uniform density. Therefore the E, . functional
can be represented by a uniform electron gas E™O[n(#)] with a

density n( 7).

In general the LDA will not work for systems which are dominated
by electron-electron interactions. However, LDA supposes that the density
is a constant in the local region around any considered position and it is
given by [81,95]:

ELPA[n(#)] = [ Elomo[n(#)|n(#)d7. .. (2.38)

The exchange-correlation energy EX™O[n(#)] can be split into two
terms as the sum of the exchange EM™°[n(#)] and the correlation

energies E°™o[n( 7 )] which can be found separately as:

ERomo[n(#)] = EROmO[n(#)] + ERomO[n(#)] ... (2.39)
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The exchange term can be found analytically; it is well known and can

be found in many textbooks [81-95]. and it is given by:
Efmoln(#)] = -2 Ayvs L (2.40)

The correlation energy (ER°™°[n(7#)]) term cannot be obtained
analytically, but it can be calculated accurately using numerical methods.
The most common and accurate method was proposed by Ceperly and
Alder (CA) [127] using quantum Monte-Carlo simulations. There are
several different interpretations of the Monte Carlo data, for example, the
most used was calculated by Perdew and Zunger (PZ), who fitted this

numerical data to an analytical expression and obtained [128,129]:

(—0.048 + 0.031In(r,) — 0.0116 7, + 0.002 In(r,) if 7, < 1Y

Ehemo[n(7#)] = i B 0.1423 o } .....(2.41)
(1+1.9529 /1, + 0.3334, Yo

here r, is the average radius of the electrons in the homogenous

electron gas and defined as (ﬁ)l/ 3

The LDA is a simple and well known powerful functional, it is
considered to be accurate for graphene and carbon nanotubes or where the
electron density is not rapidly changing. A larger error is expected for
atoms with d and f orbitals. This functional to some extent has many
pitfalls, for example the band gap in semiconductors and insulators is
usually not accurate with a large error (in the range of 0.5 to 2eV or 10-
30%). For this reason it is highly advisable to seek better functionals
[128,130,131].
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2-7-2 Generalized Gradient Approximation

GGA extends LDA by including the derivatives of the density into
the functional form of the exchange and correlation energies. In this case
there exists no closed form for the exchange part of the functional, hence it
has to be calculated along with the correlation contributions using
numerical methods. Just as in the case of the LDA there exist many
parameterizations for the exchange and correlation energies in GGA [132-
133].

LDA and GGA are the two most commonly used approximations for
the approximation of exchange-correlation energies in the DFT. Also, there
are several other functionals, which go beyond LDA and GGA. In general,
there is no robust theory of the validity of these functionals. It is
determined via testing the functional for various materials over a wide

range of systems and comparing results with reliable experimental data.
2-7-3 The Hybrid Functional

The hybrid functionals are extremely good at accurately representing a
wide variety of molecular characteristics. Calculating the exact (Hartree-
Fock) exchange in big molecules and solids, particularly in systems with
metallic properties, is computationally expensive. The most widely used
hybrid functional, BsLYP, employs Becke's 1988 exchange function (EZ88)
and Lee Yang and Parr's correlation function (EL'P) as gradient
adjustments to the LSDA exchange and correlation functions, respectively
[135-101].

E™ = (1 - a)EFP4 + a EfF + bES®® + cEL'P + (1 — )ELSPA ...(2-42)
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The three parameters are: a=0.20, b=0.72 and c¢=0.81. Where’a'
specifies the amount of exact exchange, and ‘b’ and ‘c’ control the

contribution of exchange and correlation, respectively.
2-8 Theory of Quantum Transport

The purpose of molecular electronics is to gain an understanding of
the electrical properties and behavior of molecular junctions. One of the
difficulties is delivering molecular structures of electrode blocks for the
purpose of examining their electrical properties. Connection In general, the
force between the molecule and the metal electrode has a significant role.
In determining the transport properties of a lead | molecule | lead frame as a
result of scattering processes within the lead | molecule | lead frame. The
primary theoretical way for understanding scattering in this System is using

the Green's function formalities [115].

Our objective in this section is to gain a general understanding of
Landauer's formalism, and we will begin with a simple derivation of the
Landauer formula. A one-dimensional construction is presented to
demonstrate the overall methods utilized in the description. Transport in
arbitrarily complex-geometry intermediate conductors. Assume this
procedure. The interaction between carriers and inelastic processes is
negligible, which is a well-known fact for molecules less than 3nm in

length at ambient temperature [103].
2-8-1 Green’s Function Scattering Formalism

We apply a Green function scattering formalism to determine the
transmission coefficient of a molecule coupled to semi-infinite leads. This
IS a continuation of the next chapter's discussion of calculating the

electronic structure of an isolated molecule using DFT. The isolated

38



Chapter Two Density Functional Theory

molecule's properties and the interaction between the molecule and the
electrodes have an effect on the open system's electronic properties. As a
result, transport models must account for both aspects in order to
comprehend the electron scattering process between the two electrodes
[114].

To begin, it is necessary to determine the scattering matrix for a basic
one-dimensional system. This section will detail the approach employed.

Due to the fact that Green's function will be employed in the derivation.
2-8-1-1 Perfect One-Dimensional Lattice

In this section will discuss what the Green’s function looks like for a
simple one dimensional lattice with on-site energies &, and real hopping

parameters as shown in Figure (2-2 ).

i 4

VYo VYo Ve VYa~ o
- 00— 0000 0=
£ & & € & E E

(o]

Z—-1 2 Z+1

Figure (2-2 ) One-dimensional periodic lattice tight-binding approximation with

on-site energies &, and hopping parameters y[114].

The Schrédinger equation describes the wave function of the system
with Hamiltonian H[ 114,115],

Ay=Ey (2.43)

Wave function ¥, it is expanded into a one-dimensional orthogonal

localized basis set |z " ):
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W)y= Yy lz'y (2.44)

Substituting (Eq. 2.44) in (Eq. 2.43) and multiply the result by |z) we get:

XH, Y, =Ey, L (2.45)
Hence,
H,,={z|H]zY L (2.46)

The matrix form of the Hamiltonian can be simply written:

- Y 0 O

_| 7V & -y 0
=10 g =y (2.47)

0 O -y -

the Schrddinger equation (Eq. 2.43) can be expanded at a lattice site z in

terms of the energy and wave function 1, (Eq. 2.44) [114].

(E-Hy=0 . (2.48)

EoW, —YY,01 —YW,—1 = EY, eeennnn(2.49)

By using the wave function as given by Block’s theorem for the

: N 1
perfect lattice chain which has the form 1, = — e'*?  where —r < k <

N7
1. The Schrodinger equation (2.49) can be solved to give the dispersion

relation:
E=¢,—2ycosk . (2.50)

Where we introduced the quantum number, k, commonly referred to
as the wavenumber[104,114].
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To calculate the retarded Green’s function g(z, z'), which is closely

related to the wave function, the following equation is solved:
(E-H)g(zz)=6,,, . (2.51)

Physically, the lagging Green’s function, g (z, z), describes the
response of a system at point z due to a source at point z. Intuitively, would
expect such excitation to give rise to two waves, which travel outward from

the excitation point, with amplitudes A and B as shown in Figure 2- 3[114].

Z:g Z’_Z Z’»l Z-2 Zyy Zy) Zs3
*«-— Lo o o o o o Eo— >
A B
z=12'
_7

Figure (2-3) Retarded Green’s function of an infinite one-dimensional lattice. The
excitation at z =z ' causes waves to propagate left and right with amplitudes A and

B respectively[114].

These waves can be expressed simply as:
g(z,z") = Be*? z > 7'
g(z,z2)=Ae ®z<27 L (2.52)

In this equation, the solution satisfies (Eq. 2.51) at every point except
z = z '. To overcome this, the Green’s function must be continuous (Eq.

2.53), so the two are equal at z = z '[114]:
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lg(z, Z,)]z=z' ot = [9(z, ZI)]z=z' right e (2.53)
Be'* = Ae ™™ = A= Be*** .. (2.54)

By substituting (Eq. 2.61) into the Green’s function (Eq. 2.52), we will find

as shown:

g(z,z") = Be** = Beikz' gik(z=2)) 7 >

g(z',z) = Be?ikz' g=ikz = Boikz' oik(z'=2) 5 < ,# (2.55)
We can rewrite (Eq. 2.55) as:

g(z',z) = Betikz'giklz=z'| (2.56)

To find the value of the constant B, we use equation (2.51) and use Eq.
(2.49) which for z = z' given[114].:

(¢, — E)B —yBe* —yBet* =1 ... (2.57)

yB(Zcosk — Zeik) =1

1 1

- 2iysink - ihvg

where the vq group velocity, found from the dispersion relation equation
(2.51), is:

__ 10E(k) _ 2iysink

Vg = P T (2.58)
We can rewrite the retarded Green’s function as shown:

R( N = L ik|z-Z|
g (z—2") = etlz=z, (2.59)

thg
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The literature [138,139] shows a more extensive derivation. The next
step is to submit a file defect in the lattice to create a scattering area and

then the transmission coefficient can be calculated.

To Calculate the Green’s function for in this problem, we can get the
scattering amplitudes. So, form a solution Equation (2.51), which is given

as follows:
G=E-BD)* . (2.60)

This equation can be singular if the energy E is equal to the
Hamiltonian eigenvalues H, to deal with this, it is practical to consider the

limit;
Gy =lim,_o(E-H+m)™* .. (2.61)

Here n is a positive number and G+, G- is the retarded (advanced)
Green's function. The sign of the positive infinitesimal 1 determines the
type of solution which is either a retarded (-) or advanced (+) Green
function. Generally, the methodology of computing electron transport is
focused on computing a Green function for the infinite system, which

includes the leads and the scattering region [136,137].

In the case where there is no coupling between the molecule and the

leads, a = 0, the Green’s function can be given as:

elk

_ 14 _ (9. O
g - O _ﬁ - (0 gR> .......... (262)
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If we consider a switch on of the interaction, then to obtain the
Green’s function of the coupled leads of this system, G, Dyson’s equation

IS written:

Gl=@?-vn (2.63)

where V is the operator that describes the interaction connecting the

leads, which has the form:

0 % 0 «a
V= =\ <) 2.64
(VJ 0) (o) 269
The solution to Dyson's equation, (Eg. 2.63) reads:
B 1 ye
G = a2y 2o 2k ( o ye‘ik) .......... (2.65)

The only step left is to calculate the transmission, t, and reflection, r,
amplitudes from the Green's function (Eq. 2.65). This is done by taking
advantage of the Fisher-Lee relation [116] that relates the scattering
amplitudes of a scattering problem to Green's function of the problem.
Since A = B = 1/ihvg , the equation (2.66) gives a definition for the
transmission and reflection coefficients, equations (2.67) and (2.68): The

Fisher-Lee relations in this case state that:

G11 = ihzg 147

Gyi=—tek (2.66)
ihvg

r=ihy, G, —-1 (2.67)

And
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t = ihvg Gzyleik .......... (268)

Therefore, these amplitudes will be corresponded to particles incident
from the left. On the other hand, particles are travelling from the right side,
which means these expressions could be used for transmission t’ and
reflection r’ amplitudes. According to these coefficients above, the
probability can be defined: T = tt*, R = rr*. Consequently Thus, the
transmission probability for this case can be given as:

O.2

r=——s— .. (2.69)

(yz_ aZ)Z +O’2

The parameters in this equation are o = 2yasink, and if o = y that
means the transmission T=1. In the case when a. is greater or smaller than v,
which leads to create scattering region, and could be resulted to the

transmission T < 1.
2.8.2 The Landauer formula

Standard theoretical model to describe the transport phenomenon in
ballistic mesoscopic the systems are Landauer's formula [138], a method
applicable to phase cohesive systems. First of all, we assume that the
system connects two large Scattering tanks, as shown in Fig. 2.4, in this
case all are inelastic relaxation processes are limited to tanks [114].
Therefore, the electron is transferred passage through the system is formed
as a quantum mechanical scattering problem. The second important
assumption is that this system is connected to external tanks by an ideal

quantum wire, which acts as a waveguide for electron waves.
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1 1 1 1
Left contact: Left ! Scatterer : Right :nght contact
1 electrode 1 electrode 1
I I 1 I
I I 1 I
I 1 1 I
1 1
I 7 I
$§ — { I
pp ! _— 1 MR
I — ]
I r ]
] I
I I 1 I
I 1 1 I
I 1 ] I

Figure (2-4): Shows a mesoscopic scatterer connected to the contacts by ballistic
filaments. The u; and ug represent the chemical potential at the contacts. When
the incident wave packet hits the scatterer on the left, it will be sent with
probability T= tt ", it is reflected with probability R = rr" where, t, t ,randr"
represent the transmission and reflection amplitudes from left to the right and vice

versa. It requires the conservation of charges T + R = 1[139].

Mesoscopic scattered as shown in Fig.2-4, connected to two electron

tanks, and these reservoirs have slightly different chemical potentials
Uy — up = OE > 0, and it causes electrons to move from the left to the
right tank. We will discuss the solution to one channel open to one
electron: the incident electric current &I which is generated by the

chemical potential gradient, as indicated by:
on on
81 = ey, Py OFE = ev, Y (up — ug) (2.70)

The charge of the electron is (e), the group velocity is v,. i.e. the
velocity of electron, and dn/dE is density of states per unit length in the
lead in the energy window that can be determined by the chemical

potentials from contacts:

an on dk __on 1

ﬁzaﬁ—aﬁ ......... (2.71)
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As in one-dimension, after including a factor of 2 of the rotation

G 1 o : e
dependency i = — When we substitute into equation (2.71), we will find

on 1 1 . . . . )
thatﬁ = - @’ which simplifies the equation (2.70) to:

ol = Z_he(,LlL - ,UR) = % ov. (272)

Where &6V is the voltage generated by the chemical potential

mismatch. From Eq.(2.72) it is clear that in the absence of a scattering

. i : . 2e?
region, the conductance of a quantum wire with one open channel is Te f

now we consider a scattering region, the current collected in the right

contacts will be:

2 e? 51 2 e?
ol = 7 T(,u)6V = v G = - T(‘Ll) ........ (2.73)

This equation is the Landauer formula, which relates the conductivity

G of a mesoscopic scatterer to the transmission probability T of the
electrons passing through it. ~ Where T (i) is the transmission coefficient

as a function of the chemical potential p and the quantum conductance G,

represented by 2e’h. The quantity G, includes the factor of 2 in the
formula to include spin degeneracy [114,140].

Landauer's formula has been generalized in more than one open case
Buttiker channel [141]. In this case, the transmission coefficient is replaced
by the sum of all the transmission amplitudes describing electrons coming
from the left-hand contact and arriving to the right contact. Landauer's
formula (Eq. 2.73) for many open channels and then it becomes:

o1

2 e? 2 2e?
=G="Vt] = = T
6V - G - h l,]|tl,]| - h Tr(tt ) ........ (2.74)
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Here, &;; represents the transmission amplitude that describes the

scattering from j™ channel from the left leads to i channel is for the right
lead and G is the electric conductance. According to the definition of
transmission amplitude, reflection amplitudes r;; can be entered to describe
the scattering processes where the particle is scattered to the same lead
from which it came, here rj; distinguish probability a particle arriving at
channel j is reflected back on channel i of the same lead. By combining the
transmission and reflection amplitudes, we can produce the scattering

matrix we call the S matrix, which connects the states coming from the left

lead to the right and vice versa as follows:

S = (T t,) ......... (2.75)

t r

In this equation, r and t denote left-handed electrons, while r' and t'
denote right-handed electrons. When we return to (Eq 2.74), we see that r,
t, r', and t' are matrices of multiple open channels that can be complicated
in the presence of a magnetic field. The following section calculates S for
the system's retarded Green function G(E). G(E) is derived by coupling the
Green function of the leads to the Green function of the scattering region
using Dyson's equation. The S matrix is an important component of
scattering theory. In other words, it is useful not only in describing linearity

transport, but also in other problems such as adiabatic pumping [139,140].
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3-1 Introduction

In molecular electronics, the aim is to understand electrical properties of
molecular junctions; where a molecule (or sufficiently small structure) is
bound to bulk electrodes so that ballistic transport can occur through its
energy levels. The coupling strength between the leads and the molecule is
usually small compared to the intra-electrode or intra-molecule bond
strengths, which introduces a scattering process from the electrode to the
molecule and from the molecule to the electrode. Since this system is not
periodic, the electronic properties are no longer well described by the band
structure, as calculated by the DFT method in Chapter 2. For this reason, a
general approach is needed to understand the scattering process in the
electrode junction and the molecular bridge. This can be achieved through the

Green's function formalism.
3-2 Theoretical Building and Configuration:(Avogadro program)

To obtain the structure of all the systems in the thesis, the Avogadro
program is used. Avogadro is an advanced molecular editor and visualizer
designed for cross-platform use in computational chemistry, molecular

modeling, bioinformatics, materials science and related fields (Figure 3-1).

It provides high-quality flexible rendering and a robust additional
structure [141]. Avogadro offers a semantic chemical generator and platform
for visualization and analysis. For users, it offers an easy-to-use generator,
integrated support for downloading from popular databases such as Pub-
Chemistry and Protein Data Bank, extraction of chemical data from a variety

of formats, including computational chemistry output, and native semantic
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support for the CML file format. For more theoretical details about Avogadro

and what it offers, see [142].
Tool

Figure( 3-1) : Atomic building capabilities and tools using Avogadro[142].
3-3 Calculations of electrical and thermoelectric properties

To determine the electrical conductivity of the molecular, it is placed
between two pyramidal gold electrodes and then allowed to relax to form the

necessary shapes.

The transmission coefficient of a structure can be defined as the
amplitude and intensity of the transmitted wave in comparison to the incident
wave when waves propagate in a non-contact medium [99]. In non-relativistic
quantum mechanics, the transmission coefficient and its corresponding
reflection coefficient are used to describe the behaviour of a wave incident on
a barrier. The transfer coefficient quantifies the likelihood of a particle

tunnelling through a barrier. The transmission coefficient expresses the
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probability flow of the transmitted wave in comparison to the incident wave's
flow [143,144].

The structure's transmission coefficient is positioned between two
electrodes. T(E) is a transmission coefficient that quantifies the transfer of
energy from E electrons to another electrode. The Hamiltonian H and the

interference matrices S [144] were used to determine T(E).

T(E), which characterizes the spread of energy electrons from left to right
electrode, was determined by first collecting their Hamiltonian and related
nested matrices using SIESTA and then using and Gollum's code [145,146] to

calculate T(E) using the relationship:
T = Trace{lx(E)GR(E)[,(E)GRT(E)} ... (3.1)

In this expression,

Le®=i(Ze®-Z'®) (3.2)

Equation (3.2) describes the level broadening due to the coupling between
left (L) and right (R) electrodes and the central scattering region, »;; r(E) are

the retarded self-energies associated with this coupling and:
GR=(ES—H-=-Y,—Yp) L (3.3)

GR is the retarded Green’s function, where H is the Hamiltonian and S is
the overlap matrix (both obtained from SIESTA). Electrical conductivity
means flow of electric current through a material. When a current of one

Ampere passes through a component across which a voltage of one Volt
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exists, then the electrical conductance ( G = I /E ) of the component is one

Siemens (S) [140, 147].

The electrical conductance G(T) and the thermopower as a function of

the temperature T was computed from the formula:

15(T) = [ (E = Ep)"T°(E) (— = ;E)) dE. (3.4)
Where
f(E) = [eFE=ED) 117, (3.5)

where T?(E) is the transmission coefficient, and ¢ represents spin [T, |]
of transport of electrons passing through the single-molecule from one
electrode to another [148], F (E) is the Fermi distribution function, f=1/ksT,
Er is the Fermi energy, kg is Boltzmann constant, T is the temperature. The

electrical conductance G(T) has been calculated by using Landauer formula:
G=G, [ dET(E)[-df(E)/dE] e (3.6)

Substitute an equation (3.4) into an equation (3.6) we get:

G(T) = G-L-(T) (3.7)
where
Gy = (2%) ............. (3.8)

Is the quantum of conductance, h is the Planck’s constant, e is the
electron charge. Since the quantity (-df(E)/dE) is the a probability distribution
peaked at
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E = Er with a width on the order KgT, the previous expression shows that G/G,
IS obtained by averaging T(E) over an energy range on the order KgT in the
vicinity of E = E¢[148,149]. It is well known that the Fermi energy predicted
by DFT is not reliable, and therefore, the plots G/G, have been shown later as
a function of Ex — ERFT. Then, the thermopower S(T) is given by[150,151]:

S(Ty= — =~ (3.9)

eTL-

3-3-1 Thermoelectric coefficients

When a system is subjected to a temperature difference AT and a voltage
difference AV, the thermoelectric effect occurs. This results in the passage of
an electric current | and a heat current @ through a device. According to
Buttiker, Imry, Landauer, et al. [149-152], the electric current | and heat
current Q passing through a device are proportional to the voltage difference
AV and temperature differential AT. Thus, the thermoelectric coefficients G,
L, M, and K are used to connect both currents to temperature and potential
differences [150]:

I\ _ (G L\ (AV
(Q) - (M K) (AT) ............ (3.10)
We can write the equation in another form:
2 e
(I')_ (O (AV) (3.11)
Q h elL, %Lz AT) )
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Here, T represents the reference temperature, as well as the transport at

room temperature through the single molecules are coherent in phase, with

moments L, = L} + LY. (n=0,1,2), where L,, is written as (3.7).

We can rewrite equation (3.11) in the terms of the electrical conductance
(G) (electrical resistance R = 1/G), thermopower (S = —AV/AT) , Peltier
coefficient (71), and the electronic contribution to the thermal conductance

(ke), as shown:

L

i1 _t
(AQ'V> = | K _im (AIT) = (ﬁ /f) (AIT) ............ (3.12)
G G

The electrical conductance, G is given by the Landauer formula: G(T) =

(%) L-(T) ,This parameter is described in an equation (3.10).

Thermal energy is given in this case: Seebeck's modulus is a measure of
how much of the thermoelectric potential is induced in response to
temperature difference across a substance. It can also be defined as the
thermal energy and thermoelectric sensitivity of a material, and is measured in
volts per kelvin (V/K) in Sl units. The Seebeck modulus of a substance is
calculated from equation (3.12) when a small temperature gradient is applied

to a substance such as [153]:

__v_ 1L
S=-L==0 e (3.13)

where AT is the small temperature difference between the two ends of a

material and AV is the thermoelectric voltage visible at the ends.
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Furthermore, the Peltier modulus is the inverse of the Seebeck modulus,
as it is determined by flowing current through two junctions, resulting in a
temperature difference. The Peltier effect was discovered in 1834 by physicist
Peltier. This is not the same as Joule heating, despite appearances. In joule
heating, the current simply raises the temperature of the material through
which it passes, whereas in Peltier effect devices, a temperature differential is
generated, with one junction being colder and the other becoming hotter.
Peltier coolers, while not as efficient as some other types of coolers, are
precise and simple to control and adjust. Peltier effect devices are used in a
variety of microelectronic devices, including microcontrollers and central
processing units in computers (CPUs). The Peltier effect occurs when an
electric charge flows through a junction between two different conductors and
generates or absorbs heat [18]. It is mostly used by computer enthusiasts to
bypass microprocessors in order to increase performance without triggering
CPU overheating or process failures. The Peltier coefficient is defined as the
amount of heat that is transported solely as a result of the charge current in the

absence of a temperature difference:

Q 1L
M= ()ar=0 =7 L—Z = -sT (3.14)

And the electronic contribution to the thermal conductance (k) (and the
thermal conductance k. is defined as the heat current due to the temperature

drop in the absence of an electric current) is given:

k, = —(%)120 = — (L2 - i—i) - - (1 + SZKGT) ......... (3.15)
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Therefore the evaluation of S or IT gives an idea of how well the device
will act as a heat driven current generator or a current driven cooling device.
An additional quantity, the thermoelectric figure of merit, ZT [151] can also be

defined in terms of these measurable thermoelectric coefficients, from the

2
above equations, the figure of merit ZT = % can be written as:

1
ITo = — . (3.16)

-1
2
L1

From classical electronics, ZT is derived by finding the maximum
induced temperature difference produced by an applied electrical current in
the presence of Joule heating. Let us consider a current carrying conductor
placed between two heat paths with temperatures T, and Tg, and electrical
potentials V_ and Vj respectively. The thermoelectric figure of merit can be
determined by finding the maximum induced temperature difference of the
conductor due to an electrical current. Define Q as the heat gain from the path
L to R, and then from Eq. (3.12) i.e.:

Q=TMNI-KAT (3.17)

Q This heat transfer will cause the left path to be cold and the right path
to be hot heat, with a result that AT increases. The amount of Joule heating
can be expressed as @, = RI?, which is proportional to the electrical
resistance and the square of the current. This Joule heating will also affect the

temperature difference induced by the heat transfer, and therefore in the steady
state case[152]

R I?

NI—KAT==— (3.18)
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where, R/2 is the sum of two parallel resistances (internal and external

resistances). After rearranging this, the temperature difference is:

1 RI?
AT = — (I - T) .......... (3.19)
This expression shows how the temperature difference depends on the
current. To find the maximum temperature difference a differentiation Eqg.

(3.19) with respect to the electric current is made:

0AT IT-IR

—=——=0 L (3.20)

Finally by writing back I = TI/R and substituting Eq. (3.14) into Eq.
(3.19), for the maximum of the temperature different we get[154,156]:

12 S2T2¢g

(AT)max = RR 2R e (3.22)

(AT)pmax _ S°T?G 1

I
I

|
N
~3
N
)
N\

; S=-ZT
2 2
LZr=22-2 (3.23)

Yielding a dimensionless number that can be used to characterize the
efficiency of a molecular device.
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3-4 Electronic, Optical and Spectral Calculations

3-4-1 HOMO, LUMO and H-L Gap

The most significant molecular orbitals are HOMO and LUMO, where
HOMO denotes the highest occupied molecular orbital and LUMO denotes
the lowest unoccupied molecule orbital. The most significant molecular MOs
orbitals are referred to as frontier orbitals since they are found at the
molecules' electrons' extremes. HOMO, the highest energy orbital containing
electrons, is the electron donor orbital. LUMO, on the other hand, is the
lowest energy orbital with space for electrons. The energy (H-Lgap) is defined
as [104,155]: the difference in energies between the HOMO and LUMO

levels.

(H—-1L) Egap — Egyomo — ELumo (3.24)

Not only do HOMO and LUMO and their associated energy gap
determine the method by which molecules interact with other species, but the
energy gap also helps characterize the chemical reaction and Kkinetic stability
of the molecule. A molecule with a small frontier orbital gap is highly
polarizable and is often associated with strong chemical reactivity and low
Kinetic stability; this type of molecule is sometimes referred to as a soft
molecule [155,156]. When an electron is transported to a higher energy state,
there by filling the empty molecular orbitals, the ensuing state is referred to as
the excited state (Figure 3-2). The energy difference between the HOMO and
LUMO states is referred to as the HOMO - LUMO gap [155].
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Figure (3-2): HOMO and LUMO levels of a single molecule[155].

The circle represents an electron in an orbital when light of a high
enough frequency is absorbed by an electron in the HOMO, it is excited to the
LUMO.

3.4.2 Fermi energy and Fermi level

The Fermi energy is a quantum mechanical notion that often refers to
the energy difference between the highest and lowest occupied single-particle
states in a quantum system of non-interacting fermions at absolute zero
temperature. The lowest occupied state in a Fermi gas is assumed to have zero
kinetic energy, but the lowest occupied state in a metal is commonly regarded
to be the bottom of the conduction band [103]. Intriguingly, the word "Fermi
energy" is frequently used interchangeably with another but closely related
notion, the Fermi level (also called electrochemical potential), there are some
critical distinctions between the Fermi level and Fermi energy, at least in the
context of this article. While the Fermi energy is specified exclusively at
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absolute zero, the Fermi level is defined at any temperature. The Fermi energy
is a difference in energy levels (often equal to kinetic energy), whereas the
Fermi level is a total energy level that includes both kinetic and potential
energy. The Fermi energy can be defined only for non-interacting fermions
(for which the potential energy or band edge is a static, well-defined quantity),
whereas the Fermi level (for which the electrochemical potential of an
electron remains well defined even in complex interacting systems at

thermodynamic equilibrium) cannot be defined equilibrium.

Overlap

Fermi level Bandgap

Electron Energy

Metal Semiconductor Insulator

Figure (3-3): Fermi energy level of the metal, semiconductor and insulator[103].

Given that the energy of the highest occupied single particle state in a
metal at absolute zero is the Fermi level, the Fermi energy in a metal is the
energy difference between the Fermi level and the lowest inhabited single

particle state at zero temperature, as seen in figure (3-3). Fermi energy level at

temperature is given by: F(E) = [ef(E~FF) 4+ 1]71 Where f (E) is the Fermi
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function, g =1/kgT, Ef is the Fermi energy, kg is Boltzmann constant, T is the

temperature.

The Fermi energy, which is the fundamental anisotropy principle in DFT,
is utilized to determine the direction of an electron cloud's departure. It is
constant over all dimensions and may be calculated using the following
equation [157]:

Ee=|2|vey (3.25)

Where E is the energy and N is the number of electrons. Theoretically, Fermi

energy is relating as in the following equation [160]:

1
EF = E (EHOMO + ELUMO) ......... (3.26)

Band theory can be used to explain the electrical conductivity of
materials. In band theory, each electron's energy level is represented by a
horizontal line. Due to the fact that any solid substance has a significant
number of electrons with varying energy levels, the combinations of these
energy levels form two continuous energy bands referred to as the valence
band and the conduction band. The energy difference between the two bands
denotes the electron-restricted zone. In band theory, the electrons bound to
particular atoms or interatomic bonds are considered to be in the valence band.
When an electric field is applied, electrons that may freely flow within the
core are said to be in the conduction band. The pattern of bands in a solid in
Figure (3.3) identifies three distinct types of materials: insulators,

semiconductors, and metals.
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3-4-3 Electronic Transitions

UV or visible ray absorption results in the stimulation of external
electrons. There are three types of electronic transitions: those involving p, s,
and n electrons, those involving charge transfer electrons, and those involving
d and f electrons. When an atom or molecule absorbs energy, the electrons in
its ground state are promoted to the excited state. Atoms in a molecule can
rotate and vibrate in relation to one another. Additionally, these vibrations and
rotations have distinct energy levels, which might be thought of as a dense
existence atop each electrical level. UV and visible rays are absorbed by some
functional groups in organic compounds that contain valence electrons with a
low excitation energy. The spectrum of the chromosphere-containing
molecule is complicated [158,159]. The electronic transitions between p, s,

and n electrons are depicted in (Fig. 3-4).

Gmianti—bunding

:r:*(anti—hnnding

* 4
N l M= O

. N —= T =
Z L N i o
% f (non-bonding)
L oI

m (bonding)

o (bonding)

Figure (3-4): The electronic transitions of p, s, and n electrons [159].
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3-5 Self-Consistency Process

After establishing the system's atomic configuration, we require the
appropriate pseudo-potentials for each element, which can vary for each cross-
correlation function. Additionally, a suitable base set selection must be made

for each item in the account.

In the event of comprehensive optimization, the three alternatives can be
combined to obtain the system's least energy and equilibrium network
parameters. The process for relaxing the atomic locations allows the atoms to
migrate until the remaining force between all the atoms is less than the needed
affinity tolerance in eV/, as seen in (Figure 3-5). Force is the essential quantity
in structural optimization, and it may be numerically determined by taking the
approximate numerical derivatives of the total power with respect to positions.
SIESTA implements this strategy using the Hellmann-Feynman theorem
[141,142]. We can enhance the computational accuracy and cost by doing two
test calculations. Other input parameters affect the calculation's accuracy, such
as the precision and density of the k-grid points used to evaluate the
integration. Then, assuming that there is no interaction between the atoms, we

generate the initial charge density.

Due to the fact that the pseudopotentials are known, this step is
straightforward, and the total charge density is equal to the sum of the atomic
densities. The self-consistent computation (Figure 3-5) begins with the
Hartree-potential and exchange correlation potentials being calculated. Due to
the fact that the density is represented in real space, the Hartree-potential is
determined by solving the Poisson equation using either the multiple mesh
approach [148] or the rapid Fourier transform method [102]. We begin the
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next iteration after solving the Kohn-Sham equations and obtaining a new
density (r). Iteration is complete when the required convergence requirements
are met. SIESTA offers extra density matrix mixing choices per cycle. |
employ the Pulay [141] mixing approach in particular, in which the new
density is mixed not just with the old, but also with a linear mixture of the
preceding n densities. As a result, we obtain the ground state Kohn-Sham
orbitals and energy of a certain atomic arrangement. The operation described
above is repeated in another loop, which is controlled by the conjugate
gradient method [141,142], which is used to determine the minimal ground
state energy and related atomic configuration. After achieving self-
consistency, an additional subroutine is called to extract the Hamiltonian and

nested matrices from the LCAO basis for use in scattering calculations.
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Figure (3-5): Schematic of the self-consistency process within SIESTA[142].
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3-6 The Programs

The method presented so far in this chapter is quite powerful, and has
been used in many areas of mesoscopic transport in the last decade. It has
been successfully applied to molecular electronics [160,161,162], spintronics
[163,164] and mesoscopic superconductivity [165-166]. The method has also
been extended for finite bias employing the non-equilibrium Green's function
technique [167]. A Hamiltonian, which describes our system, can be created
manually or can be an output of a numerical calculation, such as HF, DFT
code or density functional tight-binding method. In this section, a theoretical
background of the steps, procedures and computational programs that used to
calculate the electronic, thermoelectric, optical, spectral and structural

properties of all systems under investigation in this thesis.
3-6-1 SIESTA

All calculations were carried out by the implementation of DFT in the
SIESTA code. It is used to obtain the relaxed geometry of the discussed
structures and also to carry out the calculations to investigate their electronic
properties. SIESTA is an acronym derived from the Spanish Initiative for
Electronic Simulations with Thousands of Atoms. It is a self-consistent
density functional theory technique which uses norm-conserving pseudo-
potentials and a Linear Combination of Atomic Orbital Basis set (LCAOB) to
perform efficient calculations [168]. The SIESTA code is used to obtain the
ground state energy of different atomic configurations, and then obtain the
relaxed structure of the systems. This means that SIESTA can provide us the
energy as a function of the atomic coordinates (position of atoms) [169]. The

structure optimization (also known as geometry optimization) contains three
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options; relaxing atomic coordinates, allowing periodic cell shapes and
volumes to change. In case of full optimization, the three options can be
employed together, which leads to the minimum energy of the atoms in the
system and the equilibrium lattice parameters of the systems. Performing the
relaxation of the atomic positions allows atoms to move until the residual
force between all atoms is smaller than the required convergence tolerance in
eV/A, as shown in Figure 3.5. In structural optimization the force is the key
quantity and this force could be calculated numerically by taking the
approximate numerical derivatives of the total energy with respect to the
positions. This method is applied in SIESTA using the Hellmann-Feynman
theorem [170]. There are two different modes to perform DFT simulations
using SIESTA one a conventional self-consistent field diagonalisation method
to solve the Kohn-Sham equations and two by direct minimization of a

modified energy functional.

3-6-2 GOLLUM Code

GOLLUM is a program written by Fortran that computes the electrical
and thermal transport properties of multi-terminal nano-scale systems. The
program can compute transport properties of either user-defined systems
described by a tight-binding (or Huckel) Hamiltonian. The program has been
created to interface easily with any DFT code and uses a localized basis [150].
It currently reads information from SIESTA [147]. Plans to produce interfaces
to other codes like FIREBALL are underway. GOLLUM is based on
equilibrium transport theory, meaning that it consumes much less memory
than NEGF (non-equilibrium Greens function) codes. The program has been

designed for user-friendliness and takes a considerable leap towards the
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realization of ab initio multi-scale simulations of conventional and more
sophisticated transport functionalities. GOLLUM delivers functionalities,
reads either Tight-Binding or DFT Hamiltonians, simulates multi-terminal
devices, computes the full scattering matrix and charge transport, number of
open scattering channels, transmission and reflection coefficients, shot-noise,
computes heat transport, thermal conductance and thermo power (Seebeck
coefficient), peltier coefficient, computes spin transport, computes zero-
voltage as well as I-V curves, computes band-structure of the leads and DOS
in the scattering region [146,153,171].

3-6-3Gaussian Code

Gaussian Code is a very high-end quantum chemical software package,
available commercially through Gaussian, Inc. The Software runs on virtually
all computer platforms, including Microsoft Windows. In addition, it can be
accessed through Web based, interface tools such as Web MO. Gaussian is the
most powerful software available to, educators and student researchers
through the North Carolina School Computational, Chemistry server.
Currently, Gaussian09 (GQ9) is available. The "09" refers to the year 2009 in

which the software was published. G09 is not the most recent version [172].
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