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ABSTRACT

Two dimensional (2D) monolayer (ML) and heterostructure (HS) materials have attracted
much attention in the field of modern technological applications because of their use
in spintonic, electronic, optoelectronic, sensors and memory devices. To gauge the
task played by the crystalline defects in HS is also of compelling by reason of their
peculiar properties. The structural, electronic, magnetic and transport properties of
ML, HS and vacancy defects in HS have been the subject of instense research due
to their applications in many technological purpose. Therefore, in the present work,
we have explored the structural, electronic, magnetic and transport properties of 2D
materials graphene (G) and hexagonal boron nitride (h-BN) ML, G/h-BN HS, and
different possible vacancy defects of boron (B), nitrogen (N) and carbon (C) atoms in
G/h-BN HS using spin-polarized density functional theory (DFT) incorporating van
der Waals (vdW5s) interactions (DFT-D2) approach under computational tools Quantum
ESPRESSO (QE) and BoltzTraP (BTP) software packages. QE is used for the study of
structural, electronic and magnetic properties, and BTP is used for the study of transport

properties of considered materials.

To study the structural properties, firstly we have replicated the optimized and relaxed
structures of graphene, h-BN, G/h-BN HS, 1B vacancy defect in G/h-BN (G/h-BN_1B),
IN vacancy defect in G/h-BN (G/h-BN_1N), nearest neighbour 1B and IN vacancy
defects in G/h-BN (G/h-BN_nBN), alternate zone of 1B and 1N vacancy defects in
G/h-BN (G/h-BN_aBN), 1C vacancy defect in G/h-BN (G/h-BN_1C) and 2C vacancy
defects in G/h-BN (G/h-BN_2C) materials, then studied the stability of these materials
based on their binding energy. They are found to be stable materials. The interlayer
distance of the consistuents of HS are estimated and found that vdWs force exists between
them. Hence, the pristine and vacancy defected HS are appellated stable 2D vdWs HS

materials.

In order to understand the electronic properties of the material, we have performed
electronic band structure calculations. Our findings show that graphene and h-BN are
zero band gap (0 eV) and wide band gap (4.98 eV) materials respectively. They are fairly
acceptable with experimentally reported values. By the conscientious probe, we found
that G/h-BN, and B and N sites vacancy defected G/h-BN materials open small band
gap at K-point in band structure, which are corresponding with the reported value, and
hence they have semimetallic properties. On the other hand, band states of G/h-BN_2C
appear around the Fermi energy level, thus it has metallic properties but G/h-BN_1C
has small band gap of value 0.40 eV at K-point in its band structure, hence it is labeled



n-type semiconductor.

Furthermore, magnetic properties of materials are explored by the analysis of their
density of states (DOS) and projected density of states (PDOS) calculations. Our
calculations suggest that graphene and h-BN are non-magnetic materials, and pristine
G/h-BN HS and vacancy defected all HS have magnetic properties. It has been found
that vacancy defected HS have higher value of magnetic moment than that of pristine
HS. Thus, the study of defected materials is of great interest from magnetic point of

view.

Transport properties of our designed ML, HS and vacancy defects in HS materials are
regarded based on Boltzmann transport equations (BTE) within constant relaxation time
approximation (RTA). For transport properties, we have calculated Seebeck coeflicient
(S), electrical conductivity (o), electronic contribution of thermal conductivity (K) and
thermoelectric power factor (P) by virtue of the effect of temperature at constant energy
(Fermi), and chemical potential (energy) at constant temperature respectively. The
values of S and P are obtained at different temperatures by taking constant energy, and
are supported by the effect of chemical potential on S and P at constant temperature.
The computed values of S and P obtained from the materials we studied, agree with the
reported values of previous studies. Therefore, they are assuring aspirant for use in the

fields of thermoelectricity.
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CHAPTER 1

1. INTRODUCTION

1.1 General Consideration

Scientific discoveries have been made in all areas of c ondensed m atter and material

physics in the decade (Brinkman, 1986). They are important for technological advanc-
ing which enhance the understanding of basis physics of materials. The technological
revolution would be impossible without the continuing increase in our scientific un-

derstanding of materials. The technological impact of advancing is best example in
the areas of condensed matter and material physics based on the electronic, magnetic,
transport and optical properties of materials (Singh, 2006; Mansoori, 2005). Tech-
nology based on electronic, magnetic, transport and optical properties of materials is
accelerating the information age through revolutions in computing, communications and
electronics (Mansoori, 2005; Liang et al., 2020). Electronic components and electronic
devices are becomming rapidly available in the world, which empowered the information
age, are radically changing how we live, interact and accomplish business (Liang et al.,
2020). Therefore, materials are used in the fields of device applications based on their

electronic, magnetic, transport and optical properties.

Conductor and semiconductor materials give an outstanding exhibit of the powerful
interplay between and inter-dependence of science and technology. Materials theory
researches highlights on predicting, modelling, and designing of materials what people
encounter in their daily life. The main basis of understanding materials depends on the
knowledge of their electronic structural properties. The study of materials and their
properties has been ongoing for as long as the existence of human being. Materials
have played an integral role in forming the current society. Materials research area rely
on all branches of science and technology in today’s world, which has helped to make
better connection between them. The properties and interactions of different materials
are different, hence regorous investigations on the materials are essential before using
in the field of devices. Most of the electronic, optoelectronic, spintonic and memory

devices are fabricated by using the monolayer of graphene (G), molybedenum disulphide



(MoS,), hexagonal-boron nitride (h-BN), heterostructure of graphene/h-BN (G/h-BN),
graphene/MoS, (G/MoS;) materials (Castro et al., 2007; Radisavljevic et al., 2012;
Phuc et al., 2018; Yu et al.,, 2013; Roy et al., 2013). Thus, the monolayer and
heterostructure materials have intriguing properties, and hence they are used in academic

as well as industrial sectors.

1.2 Nanomaterials

Materials with physical size dimension in the range 1 nm (1 nm = 10~ m) to 100 nm are
called nanomaterials. Nanomaterials created large surface area, lower density and have
great chemical and physical stability at molecular/atomic level. They have substantial ap-
plications in the fields of nanotechnology (Pankhurst et al., 2003; M. Berger, 2009). The
development of nanotechnology is based on the physical properties and materials dimen-
sions of nanomaterials. Nanomaterials have particular optical, magnetic, electrical and
transport properties. Hence, they have conceivable applications in the fields of medical
and industrial areas, Optical, electronic, sensing and thermoelectric devices (Pankhurst et
al., 2003; Thanh et al., 2014). Basically, nanomaterials are nanostructured and nanopar-
ticle materials. Nanostructured assign to concise dimension’s materials which are assem-
bled of grains in the nanometer size range. On the other hand, nanoparticles (dimension
length < 100 nm) have zero-dimension (0OD), one-dimension (1D), two-dimension (2D)
and three-dimension (3D) such as carbon quantum dot, graphene quantum dot, metal
nanoparticle are OD; wires, rods and nanofibers are 1D; thin-films, thin-plates etc. are
2D; and bulk powders dispersion of nanoparticles, bundles of nanowires, nanotubes and
multinanolayers are 3D of nanoparticles materials (M. Berger, 2009). In the present
work, we have used two dimensional nanomaterials/nanoparticles, which are described

as follows.

1.3 Two Dimensional (2D) Materials

Two dimensional materials are a classification of nanomaterials, made of single layer
crystalline materials of atoms or compounds (Rao et al., 2009). Not every compound
or atom can be made a 2D structure. This is due to the fact that melting temperature
decreases with decreasing in thickness of thin films so that most materials only survive
our ambient conditions by natural passivation of their surfaces. This means, for a material
to be able to sustainably survive as a 2D material, it needs to have a high enough
melting point to survive at a useable temperature and be unreactive with the natural
ambient environment, when reduced to a 2D structure. These materials exhibit unique

structural, mechanical and optoelectronic properties that have a broad set of practical



applications (Wang, Ma, & Sun, 2017), if said materials can be sustainably made.
These properties are much stronger than the same materials bulk counterpart. 2D
materials are mostly made through the process known as exfoliation. The process of
exfoliation is the repeated peeling of layers from a 3D material to produce 2D mateials.
This was first performed in 2004 by Novosolov and co-authors (Novoselov et al., 2004)
on graphite to produce graphene, hence graphene is now used to produce other 2D
materials. Graphene has been developed since 2004, and became more sustainable
for mass production of other 2D materials. Moreover, hexagonal boron nitride (h-
BN) is a 2D material which is structurally similar with grapphene (Goriachko et al.,
2007; Wang, Ma, & Sun, 2017). In the present work, we will be concerned about
the properties of graphene (G), hexagonal boron nitride (h-BN), and their pristine and
vacancy defected heterostructure (HS) materials because these type of materials exhibit
the properties that make them capable of surviving as 2D materials (Novoselov et al.,
2004; Ooi et al., 2005).

1.3.1 Graphene and Hexagonal-Boron Nitride (h-BN) Materials

Carbon is the p-block element in the periodic table having atomic number 6 and atomic
mass 12 with electronic configuration 15225*2p*. Carbon has the possibility of making
a lot of different inorganic and organic compounds because of its 4 valence electrons in
its outermost shell. Carbon has only two naturally occuring crystal structures namely:
graphite and diamond. Graphite is the stock of graphene pilled on the top of each other
which is black whereas diamond is the network of carbon atom arranged in tetrahedron
one after another and is clear. Graphene is made of carbon and is considered as a basic
building block of graphite (Novoselov et al., 2004).

Graphene is a single layer of sp?-bonded carbon atoms compact into benzene ring with
hexagonal structure (Novoselov et al., 2004). Itis a 2D crystalline material. Graphene is
only one atom-thick and is very thin. It is most strongest and is still flexible. Graphene

can be wrapped up into 0D fullerenes, rolled into 1D nanotubes and stacked into 3D
graphite as shown in figure ( 1). The fullerenes C ¢o (Neto et al., 2006) is a graphene

ball looks like a football, consists of some pentagons and some hexagons. The 1D
nanotubes are rolled-up cylinder of graphene and graphite is the stack of graphene
layer one above other. Graphene has been studied theoretically for many years but it
was confined for the first time in 2004 (Novoselov et al., 20 04). Before graphene was

isolated, it was commonly believed that two dimensional (2D) compounds are unstable
and could not exist, but graphene is strong and completely stable. It is super-strong,
super-tensile and highly-transparent (Tran et al., 2019). In, 2010, the Noble prize in

physics was awarded for two physicists Andre Geim and Konstantin Novoselov at the



University of Manchester, England for their "groundbreaking experiments regarding the

two dimensional material graphene" (Cooper et al., 2012).

Figure 1: Various form of carbon, showing graphene is the building block of all graphite materials: (a)
2D layer of carbon i.e. graphene, (b) stacked of graphene i.e. 3D graphite, (c) rolled-up cylinder of
graphene i.e. 1D carbon nanotubes, and (d) wrapped-up graphene i.e. OD fullerenes (Cgp) (Tetlow et al.,
2014).

The hexagonal lattice of graphene can be treated as two interleaving triangular lattices,
where each carbon atom is separated by 3 neighbouring carbons by a distance of 1.42 A°,
with area 0.052 nm? and density of graphene is 0.77 mg/m> (Gibertini et al., 2010).
Figure (2) shows that, each carbon atom in two sublattices A and B has nearest neighbour

in three different directions.

Figure 2: Triangular sublattice of graphene, where each atom in one sublattice has 3 nearest neighbour
in another sublattice (Cooper et al., 2012).

Graphene carries heat extremely well and is best thermal conductor with the value of

4



conductivity about 5000 W/mK at room temperature (Balandin et al., 2008), which
is 10 times to the value of copper. Because of its super-thermal conduction property,
it can be considered as an exquisite material for thermal management. Since, high
thermal conductivity is beneficial for more compact circuits, because it facilitates the
diffusion of heat to the contact. Further, the charge carrier in a graphene has shown
remarkably high intrinsic mobility with zero effective mass (Neto et al., 2006; Geim &
Novoselov, 2007), so it can travel thousands inter-atomic distances without scattering.
It is basically relativistic particles and is explained by Dirac-like equation. Value of
electrical conductivity is about 10® Q~'em™!, which is 1000 times more than that of
copper (Geim, 2009). Because of the terrific conductive and thermal properties of
graphene, scientists are very excited about the possibility of using graphene as a
replacement of sillicon and microchips. Other most important properties of graphene are
fractional Quantum hall effect (QHE) at room temperature (Neto et al., 2006;
Novoselov et al., 2005), tunable band gap (Liu & Shen, 2009), high elasticity

(Gomeznavarro et al., 2008) etc.

More experimental and theoretical works are undertaken regarding optical, electronic
and magnetic properties of graphene (Valimukhametova et al., 2020; Mikhailov, 2011;
Neupane, et al., 2020). Nowadays, scientists are very excited towards it because of its
excellent mechanical, thermal, electrical and other unique properties. So, graphene is
regarded as rising star of material science and condensed mattter physics. It has many
potential applications such as it can be used to enhance the strength of other materials.
It is useful in microelectroincs, transparent electrodes, super-capacitors, super-small
transister, energy storage devices and many more (Novoselov et al., 2004; Castro et al.,
2007).

Hexagonal-boron nitride (h-BN) is a structurally similar material with graphene but has
diffrent physical and chemical properties (Goriachko et al., 2007; Wang et al., 2017). It
is formed by the arrangement of boron (B) and nitrogen (N) atoms alternately to form

honeycomb lattice structure as shown in figure (3).

Figure 3: Supercell structure of h-BN, where B and N atoms are alternately arranged to form honeycomb
lattice structure.



h-BN has not formed dangling bonds on the surface. The bond length of B-N atoms is
1.45 A, in monolayer h-BN structure (Lynch & Drickamer, 1966), which is formed by
sp? hybridization. On the other hand, B and N atoms are bonded by covalent bonds in
each layer of layered structures, and adjoining layers of h-BN are connected by weak van
der Waals (vdWs) forces (Lynch & Drickamer, 1966; Jin et al., 2009; Nag et al., 2010).
It has attracting physical and mechanical properties such as Young’s modulus nearly
270 Nm~2, thermal conductivity 300 Wm™'K~! at room temperature, and tensile strength
41 MPa (Zhi et al., 2009; Zhou et al., 2014; Zhou et al., 2007) because of its wide band
gap (5.80 eV) and large optical phonon mode (Watanabe et al., 2004). Due to these
properties, it has a growing interest for electronic and optoelectronic devices (Geim &
Novoselov, 2007; Zhang et al., 2016; Wang et al., 2014; Wang et al., 2012; Song et
al., 2010; Tran et al., 2016). Therefore, various theoretical and experimental
research groups have explored the h-BN for its more novel properties. The non-
magnetic nature of h-BN restrict its practical applications in extensively awarding
field of devices applications. So that, researchers (Liu, et al., 2005; Peng, et al., 2005; Si
& Xue, 2007) found that defects in h-BN have unprompted spin magnetization due to
this defected h-BN presents exemplary half-metallic magnetism in a arry of states.
Magnetic materials are more useful in medical, nanoelectronic devices, and industrial
applications (Makarova et al., 2019; Peng et al., 2016). In summary, 2D materials
graphene and h-BN has great attracting properties, due to this they are useful materials in
field of technological a pplications. Hence, in the present work we have used graphene,
h-BN, heterostructure of graphene and h-BN (G/h-BN), and B, N and C sites vacancy

defects in G/h-BN materials for the investigations of their additional physical properties.

1.3.2 Graphene/Hexagonal-Boron Nitride (G/h-BN) Heterostructure Material

The monolayers of 2D material are used to form Heterostructure (HS) materials where
each monolayers are being by van der Waals (vdWs) interactions. These structures
are important as they allow the combination of the extreme properties of individual
2D materials to make a combination of new materials with combined novel proper-
ties (Ramasubramaniam et al., 2011; Ilyasov et al., 2014). These structures are theorised
to revolutionise many aspects of everyday technology, in particular electronics, opto-
electronic and spintonic devices, with graphene based hetereostructures allowing the
creation of efficient, high mobility transistors, allowing the production of even smaller
circuitry (Wang et al., 2017; Yu et al., 2013; Liang et al., 2020).

In the present work, we consider graphene/h-BN (G/h-BN) heterostructure (HS) material
which is formed by direct stacking components of graphene and h-BN monolayers. It has

very impressive physical and chemical properties like physical strength, high electrical



and thermal conductivities, high temperature stability, high sensitivity and mechanical
strength, low noise effect, which are different than its consistuents (Liu et al., 2011; Li
et al., 2015; Wang et al., 2015; Lin et al., 2014; Okada et al., 2014; Beniwal et al.,
2017). Electronic and magnetic properties of G/h-BN are distinct than graphene and h-
BN monolayers. These properties are described by the analysis of their; band structure,
density of states (DOS), and projected (partial) density of states (PDOS)
calculations (Gao et al.,, 2015; Zhang et al., 2015). The electronic and magnetic
properties of materials are great attracted properties in solid state physics because
materials are used in the field of device applications based on these properties. In the
present work, we have created vdWs G/h-BN HS material through graphene and h-BN
with a small value of lattice mismatch (1.4 %) as shown in figure (4), this is approximate
with noted values (Ramasubramaniam et al., 2011; Quhe et al., 2012; Slotman et al.,
2015).

Figure 4: HS of G/h-BN, where vertically stacking configuration of G/h-BN is formed by graphene and
h-BN monolayers with considerable value (1.4 %) of lattice mismatch (Neupane, et al., 2021).

Defects in 2D materials obtained remarkable properties than the pristine form (Hou et
al., 2012; Neupane, et al., 2020, 2021). Hence, we have created the vacancy defects in
G/h-BN vdWs heterostrucure, which are described as follows.

1.4 Defects in 2D Heterostructure Materials

Imperfection is an important property of crystal structure in solid state physics. They are
formed due to the presence of chemical impurities, vacant lattice sites or impurity atom/s

present in structures. The conductivity, colour, luminescence, atomic diffusion, mechan-



ical and plastic properties of many materials arise by impurities or imperfections (Kittel,
2005). Missing of atoms or ions from the lattice surface is called lattice vacancy (Kittel,
2005). The presence of defects in the lattice structure are the propitious access to adjust
and stunt the properties of materials. Thus, defects impact the properties of materials
in solids (Kittel, 2005). The vacancy defects in 2D materials (monolayer (ML) and
heterostructure (HS)) can bear unique properties. They are convenient in technological
applications (Kittel, 2005; Yazyev & Helm, 2007; Neupane, et al., 2020, 2021). In par-
ticular, understanding the electronic, magnetic and transport properties of graphene and
graphene based materials add an opportunity for the researchers. The vacancy defects
in graphene and graphene based 2D materials like graphene/h-BN, graphene/MoS?2 etc.
HS have attracted in various experimental and theoretical studies (Yazyev & Louie,
2010; Hashimoto et al., 2004; Krasheninnikov & Banhart, 2007; Crespi et al., 1996;
Kim et al., 2011; Singh & Kroll, 2009; Faccio et al., 2010). The non-magnetic
materials can be changed into mangetic materials by the presence of vacancy defects
(Neupane, et al., 2020, 2021), such as vacancy defects in graphene induces local
magnetic mo-ments due to the formation of dangling bond around the vacant sites
(Yazyev & Louie, 2010; Hashimoto et al., 2004; Krasheninnikov & Banhart, 2007;
Neupane, et al., 2020; Robertson et al., 2013; Fedorov et al., 2012). Magnetic
materials are useful in modern technological devices. They are used in the fields of
medical, nanoelectronic devices and several industrial applications (Makarova et al.,
2019; Peng et al., 2016). Thus, defects engineering need to construct high-speed
functional devices. Hence, defects in 2D heterostructures have compelling role in the
performance of devices (Huang et al., 2020; Hu et al., 2018; Han et al., 2021).

1.5 Applications of 2D Materials

2D Materials have many applications that can significantly improve modern life and
technology (Wang et al., 2017; Yu et al., 2013; Liang et al., 2020). This is due to their
unique extreme properties. 2D materials can be made light and strong, which allows it
to use in applications such as the construction of vehicles like Aircraft. They can be
made very flexible allowing for the construction of flexible electronics. 2D materials
such as graphene have electrons with an exceptionally large mobility, means that when
used in the construction of computer components such as CPU’s, may lead to a
significant increase in computational speeds. When these materials are used to make
heterostructures, the number of unique useful materials that can exist and exhibit these
extreme properties increases significantly. This is due to the stacking effects allowing

the combination of properties to make customised materials. Combining these materials

allows to make smaller scale electronic devices like transistors by using both n-and



p-type semiconductors of 2D materials.

1.6 Rationale of the Study

Graphene is an atom-thick two dimensional (2D) honeycomb lattice. It has a array of
particular electronic and physical properties. As a carbon material, it is cheap, widely
distributed and abundant in nature. Its remarkable properties such as physical strength,
surface area, conductivity etc. delve into multiple possible applications (Novoselov et al.,
2005; Schedin et al., 2007). Graphene with its high sensitivity towards external charge,
magnetic field and m echanical s train, h as ¢ ontrollably t unable b and s tructure (zero

band gap energy) which deserves its application for industrial sectors like electronic,
spintronics (Han et al., 2014), chemical and gas sensors (Basu & Bhattacharyya, 2012).
Because of tunable graphene bands and well developed experimental techniques at nano
level, doped graphene including other carbon nanomaterials are becoming interesting
areas for material scientists (Chan et al., 2008). Similar like graphene, hexagonal boron
nitride (h-BN) has adorable temperature stability, mechanical strength, and thermal
conductivity properties. Hence, it has budding applications in the fields of electronic,

spintonic and optoelectronic devices (Rubio et al., 1994; Chopra et al., 1995; Henck et
al., 2017).

Heterostructures (HS) are constructed by joining distinct monolayer constituents. They
can tune new properties than their individual counterparts. The vertical stacking con-
figuration of the graphene/hexagonal-boron nitride (G/h-BN) heterostructure open very
impressive perspective because of its imploring physical properties (Liu et al., 2011; Li
et al., 2015; Wang et al., 2015; Lin et al., 2014; Okada et al., 2014; Beniwal et al.,
2017). Structural, electronic, magnetic, optical and transport properties of materials
have great admiring properties in solid state physics because materials are used in the
devices based on these properties. G/h-BN has electro-optical, magnetic (paramag-netic
behaviour at low temperature), electronic and transport properties (Wang, Ma, & Sun,
2017). It is used in field effect transistor (FET), quantum tunneling transistor (QTT),
thermoelectric devices, light emitting diode (LED), solar cell, in-plane pressure sensor
(IPPS), tunneling pressure sensor (TPS) etc. Hence, G/h-BN has wide potential
application and practical significance (Wang, Ma, & Sun, 2017; Neupane, et al., 2021).

Defects are intrinsic properties in the crystaline structure. The presence of defects
(vacancy/impurity) in the materials will access on the localization of electron and phonon
waves in 2D materials, which can bear novel properties (Zhao & Zeng, 2016; Neupane,
et al., 2022). Vacancy defects (boron (B), nitrogen (N) and carbon (C) sites) in G/h-
BN heterostructure (HS) material obtain high-performance functional devices (Huang
et al., 2020; Hu et al., 2018; Han et al., 2021). Therefore, defects in G/h-BN



HS have persuasive role in the performance of electronic, spintonic and opto-electronic
devices (Neupane, et al., 2021, 2022). To the best of our knowledge, investigation of
structural, electronic, magnetic, and transport properties of 2D van der Waals (vdWs)
G/h-BN HS with B, N, and C sites vacancy defects have not been reported in literature.
Hence, in present work we study the effect of B, N, and C sites vacancy defects in G/h-
BN HS through first-principles calculations by employing computational tools Quantum
ESPRESSO (QE)and BoltzTraP (BTP) packages.

1.7 Objectives of the Study

Studying the effect of vacancy defects on 2D HS material graphene/hexagonal-boron
nitride (G/h-BN) is the focus of this research work. Several studies about structural,
electroinc, magnetic, and transport properties on heterostructure materials have been
conducted. however, effect of defects on structural, electronic, magnetic, and transport
properties of 2D HS material G/h-BN at boron (B), nitrogen (N), and carbon (C) sites is
yet to be performed. Therefore, we have explored the structural, electronic, magnetic and
transport properties of G/h-BN HS at B, N and C sites vacancy defects by First-principles
calculations using computational tool Quantum EXPRESSO (QE) and BoltzTraP (BTP)
packages.

General Objective

Study of structural, electronic, magnetic and transport properties of vacancy defected
2D G/h-BN heterostructure materials.

Specific Objectives

* To study the structural properties of 2D G/h-BN heterostructure material by re-
moving 1B atom, 1N atom, nearest neighbour 1B atom and 1N atom, and 1B atom
and 1N atom of alternate zone from the surface of h-BN of G/h-BN, and 1C atom
and 2C atoms respectively from the surface of graphene of G/h-BN.

* To study the electronic and magnetic properties caused by B, N and C sites vacancy
defects on 2D G/h-BN heterostructure material.

* To study the transport properties of B, N and C sites vacancy defects on 2D
G/h-BN heterostructure material.

10



1.8

Organization of the Thesis

The structure of this thesis is organized as follows:

@

(ii)

(iii)

@iv)

In chapter 2, we have discussed the available literatures related to the present work.
The chapter is named as "Literature Review", which aims to prepare the required

background and justify the objectives of the current work.

We have presented the theoretical background, necessary formulas and algorithm
that we have used during the entire work in Chapter 3 "Materials and Methods".
Basic introduction of density functional theory (DFT) with some special features

including the systems under study are discussed in the chapter.

The main findings of this work are presented and discussed in the chapter 4 en-
titled "Results and discussion". Section 4.1 introduces the background for the
whole chapter. We have analyzed the structural properties through the calculations
of total ground state energy and binding energy of pristine and vacancy defects
heterostructure materials in section 4.2. Electronic properties of all considered
materials are investigated by the analysis of their band structure in section 4.3. In
section 4.4, we have investigated the magnetic properties of studied materials by
analyzing their density of states (DOS) and projected density of states (PDOS)
calculations. Additionally, we have studied the transport properties of considered
materials on the basis of their Seebeck coefficient, thermoelectric power factor,
electrical conductivity, and electronic contribution of thermal conductivity in sec-
tion 4.5.

We briefly summarized the conclusions with possible extensions of the work in
future in chapter 5. Finally, the summary is presented in chapter 6 followed by the

references.
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CHAPTER 2

2. LITERATURE REVIEW

2.1 General Consideration

In this chapter, we briefly discussed some literatures relevant to the present work.
We have reviewed the literatures related to two dimensional (2D) materials especially
graphene, hexagonal-boron nitride (h-BN) and their heterostructure (HS) G/h-BN, that
are focused on their structure preparation, properties and applications. They are given

as follows.

2.2 Graphene

Two dimensional (2D) material graphene has attracted tremendous interest due to their
atom-thickness structure and excellent physical properties. Before 2004, theoretical and
experimental scientists convinced that 2D graphene crystal could not be stable at finite
temperature. Geim and Novoselov in 2004, prepared in atom-thickness structure of single
layer of carbon (Novoselov et al., 2004), then accomplished series of studies and found
that honeycomb (hexagonal) structure of graphene was stable at finite temperature
(Tang et al., 2009; Geng et al., 2010; Geim, 2011; Chen et al., 2012). After 2004,
graphene was constructed by various physical and chemical methods such as; Berger et
al. (Berger et al., 2006) and Sutter et al. (Sutter et al., 2008) created the structure of
graphene by metal catalysis method, Geim and Novoselov (Geim & Novoselov, 2007)
created the structure of graphene by mechanical peeling method, Kim et al. (Kim et
al., 2009) created the structure of graphene by chemical vapour deposition (CVD)
method, Biel et al. (Biel et al., 2009) created the structure of graphene by low thermal
expansion method, Jiao et al. (Jiao et al., 2009) created the structure of graphene by
nanotubes cutting method and Yu et al. (Yu et al., 2011) created the structure of
graphene by epitaxial growth method. Later, Wang et al. (Wang & Yu, 2016)

explained in brief about the growth of graphene as a substrates in the materials.
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Because of the increasing area of interest and method of investigations, the subjects
related to graphene and graphene based 2D materials have attracted scientific a nd in-
dustrial communities especially since 2004. The popularity could be understood on the
basis of their applications in moderen technological devices (Wang et al., 2017;
Neupane, et al., 2020, 2021). Magnetic properties of graphene was studied by
Novoselov et al. and Zhang et al. in 2005 (Novoselov et al., 2005; Zhang et al., 2005).
They found that graphene has quantum hall effect at room temperature but has aberrant
properties below 4 K temperature. The electronic properties of graphene was explored
by Partoens and Peeters in 2006 (Partoens & Peeters, 2006), they investigated that
graphene is a zero band gap material having band gap energy 0 eV because band states
of valence band and conduction band are touched in the brillouin zone (BZ) at a high
symmetric K-point on the Fermi energy level where Dirac point (cone) is formed at K-
point of Fermi energy level. Avouris et al. (Avouris et al., 2007) noted that the effective
mass of electron of graphene at Dirac point has zero value, hence electron in graphene
is a massless Dirac fermion. The Castro et al., Zhou et al., and Mattausch and Pankaatov
(Castro et al., 2007; Zhou et al., 2007; Mattausch & Pankratov, 2007) obtained the
results that band gap of graphene and graphene based materials have controlled by
altering the interconnection between graphene and substrate materials even in the
presence of electric field. Also, transmission properties of graphene was studied by
Geim and Novoselov (Geim & Novoselov, 2007), and found that it has bipolar field
effect. In 2007, Tombros et al. (Tombros et al., 2007) examined the electron spin of
graphene and determined graphene has pseudo-magnetic field. They also committed
that electron spin and current are identified in the graphene at room temperature.
Optical properties of graphene was observed by Ni et al. (Ni et al., 2007) and found
monolayer of graphene is colourless material, but optical behaviour of graphene has
occured in the defected system (Ni et al., 2007; Nair et al., 2008; Kuzmenko et al.,
2008). In 2008, Chen et al. and Lherbier et al., and in 2009, Pereira et al. probed the
electrical properties of graphene and determined that mobility of graphene based on
SiO, material has equiv-alent value with of field effect transistor (FET). Hence,
graphene has best conductivity as compared with other known 2D materials at room
temperature (Chen et al., 2008; Lherbier et al., 2008; Pereira et al., 2009). Mechanical
properties of graphene were studied by Lee et al. and Gomez-Navarro et al. in 2008,
they determined, graphene is a unique nanomaterial and it has outstanding mechanical
properties (Lee et al., 2008; Gomeznavarro et al., 2008). Thus, graphene has great
scopes in the fields of device applications.

In 2009, Neto (Neto et al., 2009) predicted that graphene has magnificent electrical
conductivity (up to 10 (Qm)~"), that is the possibility of electron crossing through

graphene barrier is approximatly 100 percentage, which is due to its distinctive band
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arrangement of the Dirac point. Similarly, Kim et al. (Kim et al., 2009) found
thermal conductivity of graphene, which was high within the range (3000-6000) W/mK
and decreases as the temperature increases. Thus, thermal conductivity of graphene
depends upon its temperature. Moreover, Wang et al., Sepioni et al., and Gomez-Santos
and Stauber (Wang et al., 2009; Sepioni et al., 2010; Gomezsantos & Stauber, 2011)
analyzed the magnetic properties of various form of graphene, they found that oxidized
graphene was existed at ferromagnetism at room temperature while normal graphene
has diamagnetic properties at room temperature and it has paramagnetic behaviour on

low temperature. But, defected graphene has shown the condition of paramagnetism.

Kaloni et al. and Pantha et al. (Kaloni et al., 2014; Pantha et al., 2015) investigated the
electronic and magnetic properties of multilayer graphene and impurity dopped with
graphene at different concentrations through first-principles calcualtions, they found the
distinct electronic and magnetic properties than that of pristine graphene sheet. Hence,
graphene has potential applications in the field of electronic devices. Ne-upane and
Adhikari (Neupane, et al., 2020, 2021) explored the structural, electronic and magnetic
properties of C sites vacancy on graphene using spin-polarized DFT method. They
predicted that defected graphene sheet have metallic and magnetic properties. It means
properties of material were affected by the presence of defects on it surface. From the
study of above literatures, we concluded that graphene has great attraction in indus-trial
as well as academic sectors due to it remarkable optical, mechanical, electrical, thermal
and magnetic properties. Therefore, it is an essential 2D material in the fields of modern

technological devices.

2.3 Hexagonal-Boron Nitride (h-BN)

The monolayer (ML) structure of hexagonal boron nitride (h-BN) was studied by various
theoretical and expermental groups of scientists since 1995, and they came to an end
that it is an essential component in the field of electronic, spintonic and optoelectronic
devices. Nagashima et al. (Nagashima et al., 1995) used multilayers advancement on a
array of metal surfaces to acquire h-BN crystals. Novoselov et al. (Novoselov et al., 2005)
constructed 2D h-BN by using micromechanical peeling method. Later, theoretical and
experimental groups prepared h-BN by considering various methods such as; Pacile
et al. (Pacile et al., 2008) used mechanical separation method, Han et al. and Zhi et
al. (Han et al., 2008; Zhi et al., 2009) used solvent stripping method, Song et al. and
Nag et al. (Song et al., 2010; Nag et al., 2010) used chemical vapour deposition
(CVD) method, and Lin et al. (Lin et al., 2011) used aqueous solvent thermal synthesis
method.

Wu et al. (Wu, Liu, et al., 2005) and Wu et al. (Wu, Peng, et al., 2005) explored the mag-
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netic properties of h-BN material, they found that magnetic properties were developed in
h-BN by the presence of impurity or vacancy defect in it. In 2007, Goriachko et al. (Go-
riachko et al., 2007) examined the lattice structure of h-BN and found that structures of
h-BN and graphene are similar but have different physical and chemical properties.
Zhou et al. (Zhou et al., 2007) investigated the thermal conductivity and tensile strength
of h-BN and found that it has high thermal conductivity and high compressive strength.
Geim and Novoselov (Geim & Novoselov, 2007) studied the optical properties of h-
BN, they predicted that h-BN has excellent photoluminescence property. Magnetic
properties of B and N sites vacancy defects in h-BN material was also examined by
Si et al. (Si & Xue, 2007) and found that they have spontaneous spin magnetization.

Barone et al. (Barone & Peralta, 2008) studied the electro-magnetic properties of h-BN
and then obtained the results, h-BN has wide band gap and non-magnetic properites.

Also, properties of wide band gap h-BN has changed into semimetallic properties by
the influence of applied external electric fi eld. Topsakal et al. (Topsakal et al., 2009)

analyzed the band structure of h-BN by using local density approximation (LDA) and
GW methods, they predicted that wide band gap h-BN material has direct band gap at
high symmetric K-point in band structure. Gao et al. (Gao et al., 2009) measured the
absorption spectrum of infrared, visible and ultraviolet light in h-BN surface in 2009.

They found that infrared and visible light are transmitted through h-BN surface but strong
absorption spectra was formed in h-BN surface due to the presence of ultraviolet light.

Hence, optical properties of h-BN was measured only due to the effect of ultraviolet
light. The mechanical and thermal properties of h-BN were observed by Boldrin et al.

in 2011, Andrew et al. in 2012, Jo et al. in 2013, Zhou et al. in 2014, and Chen et
al. in 2015 respectively, they found that h-BN has high value of Young’s modulus (270

N/m) and thermal conductivity (up to 400 W/mK) at room temperature (Boldrin et al.,
2011; Andrew et al., 2012; Jo et al., 2013; Zhou et al., 2014; Chen et al., 2015). Thus, h-
BN has good mechanical and thermal properties, so it is employed in the area of

technological advancement.

In addition, Cassabo et al. in 2016 (Cassabois et al., 2016), studied the intervalley
scattering in h-BN. They embelished the various rearrangement dynamics of the phonon
models. They suggested that virtual excitonic or real electronic states are presented in
the structural defects. Henck et al. in 2017 (Henck et al., 2017), experimentally explored
the band structure in bulk h-BN, and found that the valence band maxima are detected
around the K-points at 2.5 eV below the Fermi level. This, verify the residual p-type nature
of h-BN. Schuster et al. in 2018 (Schuster et al., 2018), observed the lowest indirect
exciton state in the bulk of h-BN through experimental and computational works. They
obtained that noticeable pointed forms of small pocket with a dispersion band width of

approximately 100 meV, also obtained date approved with previously reported work. In
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2018, Sponza et al. (Sponza et al., 2018) also examined the electronic band structure and
excitonic dispersion of h-BN in single layer and three bulk polymorphs configurations
through ab initio many body perturbation theory. They found that electronic band
gaps are changed direct to indirect from single layer to bulk systems. According to
above discussed literatures, we gather the informations regarding to 2D h-BN material.
Hence, based on the physical and chemical properties, h-BN can be used in the modern

technological devices.

2.4 Heterostructure of Graphene and h-BN (G/h-BN)

Graphene and graphene based 2D heterostructure (HS) materials like G/h-BN, G/MoS,,

G/h-BN/G etc. have substantial appeal in the fields of spintonic, electronic, optoelec-
tronic and memory devices being their outstanding physical properties (Geim &
Novoselov, 2007; Zhang et al., 2016; Wang et al., 2014; Wang et al., 2012; Song et
al., 2010; Tran et al., 2016). Nevertheless, the absence of intrinsic band gap and non-
magnetic identity of graphene (Geim & Novoselov, 2007) curb its prac-tical
applications in extensively advancing field of carbon-based materials because high
speed nanoelectronic and optoelectronic devices require reasonable band gap of mate-

rial. Thus, the various theoretical and experimental researchers created the convincing
band gap of graphene based materials using several techniques (Elias et al., 2009; Liu &
Shen, 2009; Oh et al., 2010; Zhang et al., 2009). Among them, the heterostructure of
graphene sheet with similar structural material h-BN (i.e. G/h-BN) having small
value of lattice mismatch was commonly used in the fields o f m odern technolocical

devices. Therefore, in the present work, we have taken G/h-BN heterostructure material
with small lattice mismatch of value 1.4 %, this is closely agreement with the reported
values (Ramasubramaniam et al., 2011; Quhe et al., 2012; Slotman et al., 2015).

In 2000, Oshima et al. (Oshima et al., 2000) constructed G/h-BN HS, then studied the
influences of graphene sheet with h-BN on its electronic s tructure. They observed the
slightly changed band structure of in HS than the band structure of single graphene sheet.
Okada and Oshiyama, in 2001 (Okada & Oshiyama, 2001) explored the magnetic
properties of G/h-BN material, and found that it has little bit electron ferromagnetic and
antiferromagnetic properties. Many computatioanl and experimental research works
were done by various scientists since 2001 to 2010. Dean et al. 2010 (Dean et al., 2010)
and Mayorov et al. in 2011 (Mayorov et al., 2011), studied the electrical properties of
G/h-BN, and found that weak van der Waals (vdWs) force existed between the layers
of components. h-BN reduced the transport properties of graphene in HS, and hence
mobility of graphene on BN substrate is determined up to 10° cm?/Vs. Decker et al.
and Xue et al. in 2011 (Decker et al., 2011; Xue et al., 2011), also analyzed the band
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structure of G/h-BN, they determined the small band gap energy at a symmetric K-point
on Fermi energy level, which changed the electronic properties of monolayer graphene
superlattice. Natalia Berseneva et al. in 2011 (Berseneva et al., 2011), explored the
magnetic properties of G/h-BN composites material using DFT theory. They found
that half-spin magnetic moment was produced in HS material. In 2012, Yankowitz
et al. (Yankowitz et al., 2012) studied the electronic properties of G/h-BN material
by DFT method, Fermi velocity, states of local density, superlattice features of local
charge density, and electronic band gap of G/h-BN has changed as compared to pristine
graphene supercell structure. These properties tuned electronic properties of G/h-BN in
the fields of device applications. Furthermore, Quhe et al. in 2012 (Quhe et al., 2012),
also observed the band structure of G/h-BN HS using DFT method of calcualtions and
noted that small band gap can be opened at Fermi level, and Yokomizo and Nakamura in
2013 (Yokomizo & Nakamura, 2013), studied the Seebeck coefficeint of the graphene/h-
BN superlattices using first-principles calculations based on the DFT, and found to be
finite energy band gap. Ilyasov et al. in 2014 (Ilyasov et al., 2014), investigated the
electronic, magnetic and transport properties of graphene on h-BN by the effect of
electric field based on DFT-D2 approach. They investigated that established magnetic
moments, band gap, and carrier mobility in the system can be changed due to the impact
of transverse electric field. Hence, they predicted that examined material can be used in

spintronic devices.

In addition, Wang et al. in 2016 (Wang et al., 2016), measured the Dirac cone of G/h-
BN HS, and found that G/h-BN has 100 meV to 160 meV energy gaps, it was
reflected that G/h-BN has semimetallic properties. Wang et al. and Yang et al. in 2016
(Wang et al., 2016; Yang et al., 2016), examined the optical properties of G/h-BN
experi-mentally, and found that no impact on the optical properties of it than of
graphene and h-BN. In 2016, D’Souza and Mukherjee (D’Souza & Mukherjee,
2016a) studied the thermoelectric properties of graphene based heterostructure
materials by studying their Seebeck coefficient, electrical conductivity and thermal
conductivity using Boltzmann transport theory (BTT) based on first-principles
calculations. They found that considered systems are good thermal materials and can
be used in the field of thermoelectric de-vices. Aggoune et al. in 2020 (Aggoune et al.,
2020), explored the structural, electronic, and optical properties of periodic G/h-BN
vdWs HS material through density functional and many-body perturbation theory. It
was found that interaction of graphene with h-BN open small band gap (few
hundred meV) in graphene. The size of band gap and optical excitations are
influenced by its stacking configurations. From the band structure calculations, it has
semimetallic properties. The conduction band edge of semimetal has slightly lower
than that of the valence band and has small band gap. Narrow band gap

semiconductors, band edges are close but do not overlap (Saunders, 1973).
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From all above discussion regarding to the related available literatures of the present
work, we conclude that literatures consist of study of structural, electronic, magnetic,
optical and transport properties of graphene, h-BN and HS of graphene/h-BN materials
using fist-principles calcualtions based on DFT method with van der Waals interaction
DFT-D2 approach. But, we could not find the study of structural, electronic, magnetic
and transport properties of boron (B), nitrogen (N) and carbon (C) atoms vacancy defects
in G/h-BN HS material in the literatures yet. Therefore, we focused our attention to
study the structural, electronic, magnetic and transport properties properties of vacancy
defected G/h-BN materials using first-principles calculations using DFT with DFT-D2
method through computational tools Quantum ESPRESSO and BoltzTraP packages.

2.5 Research Gap

From the review of relevant literatures, it has been observed that many experimental
and theoretical works were been carried out to understand the physical properties of 2D
materials especially; monolayers (ML) of graphene and h-BN, and heterostructure (HS)
of these constituents (i.e. G/h-BN HS) (Geim & Novoselov, 2007; Elias et al., 2009;
Liu & Shen, 2009; Oh et al., 2010; Zhang et al., 2009). As well, computational works
were been carried out to understand the structural, optical, electronic, magnetic and
transport properties of graphene, h-BN and G/h-BN HS materials by different groups
using DFT based first-principles calculations (Aggoune et al., 2020; Dean et al., 2010;
Mayorov et al., 2011). 2D (ML, HS and vacancy defects in HS) materials have attracted
in the field of modern technological applications like spintonic, electronic,
optoelectronic, sensors and memory devices. To evaluate the task entertained by the
crystalline defects in HS is also of deciding by reason of their distinct properties. The
structural, electronic, magnetic and transport properties of 2D ML, HS and vacancy
defected HS materials have been the subject of instense research due to their applications
in many technological purpose. In this context, the investigation of structural, electronic,
magnetic and transport properties of vacancy defected G/h-BN HS is relevant to get
more insight about the uses in the areas of electronic, spintonic and optoelectronic
devices. Based on the reported literatures we found that study of structural, electronic,
magnetic and transport properties of boron (B), nitrogen (N) and carbon (C) sites
vacancy defects in 2D van der Waals (vdWs) G/h-BN heterostructure material are not
incorporated. Therefore, in the present work, we explored the effect of B, N and C sites
vacancy atoms on structural, electronic, magnetic and transport properties of G/h-BN HS
material through first-principles calculations by spin-polarized density functional theory
(DFT) with vdWs interactions DFT-D2 method under computational tools Quantum
ESPRESSO and BoltzTraP packages.

18



CHAPTER 3

3. MATERIALS AND METHODS

3.1 General Consideration

In this chapter, we have described the methodology used to accomplish the objectives
of the present work. For this, we begin our explanation from the theoretical background
and then move into the system considered for the present work. Thus, we started our
discussion from Hamiltonian of many body system and its corresponding Schrodinger
equations in which nuclei is assumed to be frozen as compared to electronic motion.
We have also discussed about certain approximation to solve many body Schrodinger
equation, they are; Born Oppenheimer approximation (BOA) (Born & Oppenheimer,
1927), the Hartree’s self consistent field approximation (Hartree, 1928) and Hartree-
Fock (HF) approximation (Fock, 1930). We discussed their limitations also. In addition,
we have explaned Thomas Fermi (TF) method (Fermi, 1927) and we briefly described the
density functional theory (DFT). More importantly, we heighlighted how DFT overcome
such limitations and led to the Kohn-Sham (KS) equations (Kohn & Sham, 1965). In
DFT, electron density is a basis variable so functional of electron density instead of wave
functions in many particle (body) system is superior in many perspectives. Based on
electron density, Schrodinger wave equation of many particle system is solved by using
local density approximation (LDA) and generalized gradient approximation (GGA). The
effect of dispersion interactions in DFT calculations can be achieved either for the long-
ranged interactions into the exchange-correlation functional or by using new-functional
which incorporate the non-local electronic interactions. In normal DFT, an additional
term ;—g (where c is a constant term and r is the inter-particle distance) is added which
describes the asymptotic behaviour of interactions in between the particles at larger
separation. This model called Grimme model of DFT-D2 which is well tested with high
accuracy in different applications (Grimme, 2004). So, total energy is the sum of KS-
DFT energy and dispersion energy that is; Eyp;q; = Exs—prr + Egispersion- The KS-DFT
energy with approximated exchange-correlation (XC) functional and Egispersion is the

empirical dispersion energy term in DFT-D2 gives total dispersion due to all pairs of
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particles (Grimme, 2004). This chapter follows the following organization.

In section 3.2, we have discussed about many body Schrodinger wave equation. Elec-
trons and nuclei are treated as interacting many body particles by using Schrodinger
equation. The accurate solution of Schrodinger wave equation for many nuclei system
is difficult to obtain, hence we require certain apporximations. Among them, Born
Oppenheimer approximation (BOA) is considered to be the simplest. BOA separates
nuclear and electronic equations including external potentials wherever necessary. The
interaction of many-body problem can be converted into non-interacting single particle
problem in both the wave function and density functional theory (DFT) methods of
calculations. The introduction of single particle approximation is given in section 3.3,
and single particle approximation based on wave function approaches are described in
section 3.4. The exact solution of many body Schrodinger wave equation are not deter-
mined by single body approximation based on wave function approach. To reduce the
limitations of non-interacting single particle approximation according to wave function
approach, density functional theroy (DFT) method was introduced based on electron
density as a basic variables which is discussed in section 3.5. DFT method is solved
based on mathematical model of approximation known as Kohn-Sham (KS) formalism.
Exchange-correlation functional term is used in KS potential, which is complex term
and requires approximations. They are called local density approximation (LDA) and
generalized gradient approximation (GGA). Exchange-correlation functional along with
LDA and GGA approximations are explained in section 3.6. The DFT method along
with LDA and GGA works well for the materials having chemical bonding. But, for
van der Waals interactions, we need to adopt some hybrid functional in standard GGA
functionals. Hence, we discussed London dispersion interactions in section 3.7. The
basis sets and pseudopotential used in the present works are discussed in section 3.8.
The details about the simulation and software used in our work are explained in section
3.9, where we have explained the calculation tools and simulations software packages.

Computational details of the present work are given in section 3.10.

3.2 Many Body Schrodinger Wave Equation

Materials are made up of atoms, which contains electrons and nuclei (Kittel, 2005). In
metals, valence electrons are loosely bound to their individual atoms. They are free to
move throughout the volume at solid and behaves almost like gas molecules called as
electron gas. The positive ions at the lattice sites produce attractive potential to the free
electrons and so, they are confined within the boundary of solid and are not allowed to
leak from there. Therefore, interior of the metals behaves like a potential energy box. In

free electron gas model, the movement of electron in a material is equivalent movement
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of free electron gas inside a potential energy box. The gas of free and non-interacting
electrons subject to Pauli exclusion principle is called free electron Fermi gas (Kittel,
2005). A simple demonstration of many body (particle) system (i.e. conductors and

semiconductors) is shown in figure (5).

Figure 5: Filled and dots circles respectively denote ions and electrons, and O denotes the origin.

Classical mechanics can not explain the behaviour of electrons; therefore, one should
use Quantum mechanical approach for the correct description of materials. For this,
a quantum mechanical many body problem consisting of Schrodinger equation for in-
teracting electron and nuclei should be solved (Parr et al., 1989). Many properties
of the interacting systems such as atoms, molecules and solids can be understood by

determining the eigen functions of the Hamiltonian:
H=T+V (3.1)

The solids consist up of mutually interacting electrons and the nuclei, and in general the
dynamics of these particles cannot be treated separately. The Schrodinger equation of

system having N electrons and M nuclei can be written as:
ﬁlOl w(xla-x’é’ '--'xN7 RI’RZa """ ’ RM) = ElOll//(-xbxz’ "'-xN7 R13R27 ---- ’ RM) (32)

where, coordinates x; represent both the position coordinates r; and the spin co-ordinates
s; of the N electrons, and the coordinates R; represents the position coordinates of the

M atomic nuclei in the system. For such system the Hamiltonian operator Hy,, is given
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by:

I:I ) M h v N M Z]€2 Z]Z_]e
mt—_Z 27 _ZZh-l R,| ZZ|I‘,—I‘]| ZZ|R1—RJ|

i=1 I=1 j>i i=1 J>I I=1
3.3)

where indices i, j mention to electrons; /, J mention to nuclei; m, indicates to the mass
of electron; M; and Z; are denoted to the masses and atomic numbers of the nuclei
respectively. The first and second terms in equation (3.3) correspond to the kinetic en-
ergies of electrons and nuclei respectively. The third, fourth and fifth terms respectively
indicate the electron-nucleus, electron-electron, and nucleus-nucleus coulomb interac-
tion energies. The accurate solution of the Schrodinger equation (3.2) for many nuclei
system is difficult to obtain, hence we require certain approximations. Among them,
Born Oppenheimer approximation (BOA) (Born & Oppenheimer, 1927) was considered
to be the simplest.

3.2.1 Born-Oppenheimer Approximation (BOA)

Born-Oppenheimer approximation (BOA) (Born & Oppenheimer, 1927), also called
adiabatic approximation, is the simplest approximation used for dealing with atoms,
molecules of many body systems. This approximation separates the whole atomic

system into two sub-systems: electrons system and another nuclei system.

Even for simplest nuclei, the weight of proton (lightest nucleus) is approximately 1836
times that of an electron. This implies that in comparison to electrons, nuclei is taken
to be stationary. Then, the electronic wave function depends only on the position of the
nuclei and is independent upon their momenta. Thus, the total wave function can be

written as (Born & Oppenheimer, 1927):

Yror(x : R) = Ye(x; R) Yn(R) (3.4)

where, ¥.(x; R) and ¥5(R) are electronic and nuclear wave function respectively. Here,
the electronic wave function depends parametrically on the nuclear coordinates, which
is also called the zeroth order BOA. Also, the kinetic energy of nuclei is negligible
as compared to that of electrons and the nuclei-nuclei interacting energy is a constant.
Therefore, constant term can be dropped from Hamiltonian because it doesn’t change

the nature of wave function. Then, under BOA, total Hamiltonian (3.3) reduces to:

N FLZ N M 2162 N N 62
Hy=-) —V?>— — +  E— (3.5
YT Liom, ;IZ::‘ Iri — Ry| ;; |ri —r;



The Hamiltonian (3.5) is completely determined by the number of electrons N, the atomic
positions R; and charges Z; of the nuclei. A result of applying the Born Oppenheimer
approximation to Hamiltonian of equation (3.3) is the removal of the nuclear coordinates
from many particle wave functions as given in equation (3.5). The total energy of the

electronic system is given as:
Eipt =< Hypt >=<T >+ < Voo >+ < Vopy > 3.6)

where, the expectation values are taken with respect to ¢.. It does not indicate that the
energy is independent of nuclear coordinates, rather the interaction between the electrons

and nuclei is only included as an interaction with the external potential:

Z
Ve (x) = Z - —IR,| (3.7)

The electronic coordinates in (3.5) are coupled and variables cannot be separated. Thus,
it is not possible to get the exact solution in such cases. So, we use single particle

approximation based on wave function approach and DFT method.

3.3 Single Particle Approximation

Although, BOA (Born & Oppenheimer, 1927) reduces the complexity of the Schrodinger
wave equation by separating it into the electronic and nuclear parts of Hamiltonian. The
solutions are still complicated due to unknown electron-electron interactions. This
problem can be further resolved by replacing interacting electrons into a system of
non-interacting electrons where every electron moves under the influence of effective
potential created by nuclei and the remaining electrons. This leads to a single particle
picture and also called independent electron/particle approximation. There are mainly
two approaches for using independent particle approximation instead of many body

problem. They are called wave function method and density functional theory method.

3.4 Wave Function Approach

In order to solve the many body Schrodinger wave equation by single particle approx-
imation based on wave function approach, we can use Hartree (Hartree, 1928) and

Hartree-Fock (Fock, 1930) approximations. They are described as following.
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3.4.1 Hartree’s Self-Consistent Field Approximation

This is a simplest approach to solve Schrodinger equation by self-consistent field approx-
imation method which assumes that, in an atom with N-electrons, each electron moves
independently in the central field generated by the nucleus as well as resting (N — 1)
electrons. And, the motion of individual electron is driven by a one particle Schrodinger
equation (Hartree, 1928). Using Hartree’s central field approximation, the Schrodinger

wave equation for the N electrons system is given by (Hartree, 1928):

Hyy(r1, 12, ... tN) = Egyu(ry, 12, ..., IN) (3.8)

where, A is Hamiltonian of the system given by equation (3.5), Ey is Hartree’s energy
and Yy is total wave function of the N electrons which can simply be written as the

product of one electron wave functions (Hartree, 1928):
Y, T2, e ,IN) = ¢1(r1) ¢a(r2)......... oN(rN) (3.9

The minimization of total energy

E= WalHln) = Wnl = 3NV + 158, e - 2N 27 wllvw)  (3.10)

subject to normalization condition

gives a set of N-coupled integro-differential equation:
1
(—EV,-Z + Vext + Vsc) ¢i(ri) = A;¢i(r;) (i=1.,N;e—>4) (312

where,

%xt:ZZI:mf—lRll (3.13)

and

()2
Vsc = Vy = Z / dr; ||‘i;(_rJ2!| (3.14)

J#i

N equations (3.12) are called Hartree equations. They are solved in self-consistent
manner. This method fails to satisfy the anti-symmetricity of fermionic wave function

because wave function of N electrons is taken only the simple product of one electron
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wave functions as in (3.9). In addition, though this method takes into account the
interaction of an electron with other electrons and nuclei on an average by considering

coulomb interactions, it fails to explain the exchange and correlation terms.

3.4.2 Hartree-Fock (HF) Approximation

To overcome the limitations of Hartree’s method, Fock corrected this method by taking
into account of spin direction of electrons and maintained anti-symmetric wave function
by expressing approximate wave-function in the Slater determinantal form as shown in
equation (3.15) (Fock, 1930; Slater, 1937):

¢1(r1, s1)  ¢a(r1,s2) ... on(ry,sy)

1 | ¢2(r2,51) ¢o(ra,s2) ... on(rz, sn)
YHF = — . ] ] (3.15)
VN! : :
Pn(rN, s1) Po(rn,s2) ... oN(EN. SN)
Here,
ﬁ = normalizing factor,
®; = i'" single electron spin-orbital,
= position coordinate of i electron,
s; = spin coordinate of i’ electron.
By using (3.15) instead of (3.9), we again get N-equations:
——v2 ZZ .- R | +Z/dr¢ () '|"’J( ﬂ $i(r)
i=1 =1 1T
gk / 1 ’
- Z l/ v () e il )s,-sj] ¢;(r) = €i(r) (3.16)

J#l

These N coupled equations are called HF self consistent equations. The third term in LHS
of (3.16) is called Coulomb potential/integral (J) which is similar to Hartree potential
(Vg) as introduced earlier in (3.14). It arises due to interaction between interpenetrating
charge distributions. The last term of LHS is a purely quantum phenomena arised due
to anti-symmetric nature of wave function for fermions, called exchange potential (K).
The integration of equation (3.16) performed over only the spin variables implies that

only the occupied spin-orbitals with parallel spins contribute to exchange potential (K).

The integro-differential form is a main difficulty in HF equations to solve. As the number
of electrons in the system increase, the Slater determinant increases in dimensions,
thereby making the calculations demanding. Although, HF wave function satisfies anti-

symmetric nature of fermionic particles, as required by the Pauli exclusion principle, and
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also takes into account of correlation effect of electrons with parallel spins, the motion
of electrons with opposite spins is yet to be understood. As a result, the energy obtained
from HF method differs from exact energy eigen value obtained from BO approximation
by solving Schrodinger equation. In order to deal with such problems, number of
methods have been developed, among them DFT method is the most popular one, for the

study of ground-state properties of a many body system (Dirac, 1930; Capelle, 2006).

3.5 Density Functional Theory (DFT)

DFT is a most popular and greatly accepted quantum mechanical approach applicable
for matter to explore the electronic structure of atoms, molecules, and the condensed
phases (Koch & Holthausen, 2015; Capelle, 2006). DFT assumes the ground state den-
sity no(r) as a single variable to describe many body interacting particles. The functional
of electron density can describe all the ground state and excited state electronic proper-
ties of solids, molecules and other finite systems. The electronic density contains details
information of many body wave functions and reduces the degree of freedom. For an
example, a single DFT based Schrodinger equation solves N-electron system, instead of
3N degree of freedom in case of wave functions method. The fundamental concept of
DFT was first introduced by Thomas and Fermi in 1927 (Thomas, 1927; Fermi, 1928).
Later, the exchange and correlation terms were introduced by Dirac (Dirac, 1930) and
the approximation is named as Thomas-Fermi-Dirac (TFD) known as DFT approxima-
tion. However, it has been in widely used after the breakthrough of Hohenberg-Kohn
theorems (Hohenberg & Kohn, 1964b) and Kohn-Sham approach (Kohn & Sham, 1965).

The most eccentric feature of DFT is that, it takes into account the electron correlation
arises due to interaction between the electrons of the parallel as well as antiparallel spins.
The correlation energy (E.,,,) is defined as the difference between the exact ground state
energy (Ep), obtained from BOA in non-relativistic approach and the ground state energy
is given by HF method (EgF) in infinite basis set limits (Koch & Holthausen, 2015):

Ecorr = Eo — Egr (3.17)

Representing various parameters such as energy, potential, etc. as a functional of ground
state density ng(r). ng(r) is very convenient for one. It is used to deal with the many body
interacting systems which is the underlying principle of DFT. Thus, ny(r) determines all

information of the many body wave functions for ground state and all excited states.

According to the definition, electron density n(r) represents the probability of finding
an electron in a certain volume element dr. It can be obtained by the integration of

wave function over all spin and space coordinates except the first one as below (Koch &
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Holthausen, 2015):

n(r):NZ...Z/.../|w(r1,s1,r2,sz,....,rN,sN)|2ds1dr2....drN (3.18)
S SN

Electrons are identical and are not distinguished. The probability of finding any electron
in dr is equal to N times the probability of finding one electron. It is called probability
density, n(r) which is referred to as electron density. It has to be positive for all r, zero

at infinity, and do integration gives total number of electrons N. Mathematically:

n(r) = 0 (3.19)
n(r — o) =0 (3.20)
/ n(r)dr = N (3.21)

The wave function of N-electron system requires 3N spatial coordinates whereas electron
density needs only 3-spatial coordinates for any system with any number of electrons.
With the application of DFT, the computational cost and the time can be reduced to huge

extent.

The DFT can be extended to deal with large number of systems including spin-polarized
systems, multicomponent systems such as nuclei and hole droplets (Capelle, 2006). In
1965, Hohenberg and Kohn published a paper on inhomogeneous electron gas which
served as a basis for the modern formulation of DFT (Hohenberg & Kohn, 1964a). It gave
validity to DFT as a fundamental theory. Further, Kohn along with Sham, introduced
the concept of atomic orbitals and effective potential in 1965 (Kohn & Sham, 1965) and
made DFT applicable to computation. All of these revolutions were possible only after
Thomas and Fermi gave the path through their theory in 1927 (Fermi, 1927).

3.5.1 Thomas-Fermi (TF) Model

Thomas-Fermi (TF) model (Fermi, 1927) is considered as the root of modern DFT. It
considered electrons as non-interacting inhomogeneous gas and is based on the semi-
classical approach in which the kinetic energy of the system of electrons is approximated

as the explicit functional of density. The Thomas-Fermi equation can be expressed
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as (Fermi, 1927; Thomas, 1927):

r—r'|

The ground state density is obtained by solving this equation (Fermi, 1927; Thomas,

3 10(37r2)2/ 3] + veu(r) + / —u=0 (3.22)

1927). Here, u is Lagrange multiplier, it is analogus to chemical potential. Though,
this theory is a step forward towards DFT, it has certain limitations too. It does not
incorporate the actual shell structure of atoms and binding of molecules. Only after 37
years, Hohenberg and Kohn (Hohenberg & Kohn, 1964a) gave more reliable theoretical

basis for modern DFT.

3.5.2 Hohenberg-Kohn (HK) Theorems

Hohenberg-Kohn theorems are regarded as the heart of DFT (Hohenberg & Kohn,
1964a). These theorems were published in 1964 and proved the exactness and feasibility
of using n(r) instead of y (Dreizler & Gross, 2012). A system of N interacting electrons,
total Hamiltonian is given by the sum of kinetic energy (7'), electron-electron interaction

energy (V,.), and electron-nuclei interaction energy (V,,;) as:
H=T+V,, + V. (3.23)

In equation (3.23), kinetic energy (7') and electron-electron interaction energy (V,,) are

system independent. They are same for all systems but external potential is given by:

M
S n-Ri|

M
where, V,(r;) = Z |r—IR| is system dependent external potential on the i'" electron
i — Ky

N
Vext =
i=1 1

R1| Z Ve (1) (3.24)

1
1

due to M nuclei present in the system. Hohenberg-Kohn (HK) theorems are two types.

They are described as follows.

First Hohenberg-Kohn (HK) Theorem

It states that "the ground state density n(r) of a bound system of interacting electrons
in some external potential v(r) uniquely determines this potential". Thus, v(r) gives
Hamiltonian A, and n(r) find out N and v(r). Hence, n(r) determines all the proper-
ties of ground state of the system. We prove this theorem for non-degenerate ground

state system. It also can be further generalized to degenerate ground state as well.
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Consider n(r), N, v((r), ¥ and E; be non-degenerate ground state density, number of
electrons, ground state potential, wave function and ground state energy of a system
respectively (Hohenberg & Kohn, 1964a). Then:

E = WlHilvn) = / v @n()dr + Wl + Volvn) (3.25)

where, H,, T and V,, represent hamiltonian of v(r), kinetic energy and interaction
energy operators respectively. Again, if we consider a second potential v, (r) which is

not equal to v(r) + constant, with ground state wave function . Then:

E; = / vaOn(E)dr + Wal(F + Vo)) (3.26)

Here, ¢ is supposed to be non-degenerate, the variational principle for | gives rise to
the inequality (Gross et al., 1988):

E| < (V2| H1|¥2) = /vl(r)n(r)dr + (|(T + U)|y2) (3.27)
or,

E; < (Y| H|Y2) = E> + /[vl(r) — ua(r)]n(r)dr (3.28)
Likewise,

E, < (Wi | Hi|Y1) =E1 + /[vz(r) —vi(r)]n(r)dr (3.29)

where, < is used since ¥, is not assumed to be non-degenerate. On adding (3.28) and
(3.29), we get

Ei+E,<E +E (330)

This contradicts the existence of v,(r), and is not equal to v (r) + constant. But it yields
yet the same n(r) must be wrong. This reflects, there is unique potential v(r) which

leads to the ground state density n(r) and the converse is also true.

Using this theorem, we can calculate the total energy of the system in terms of density.
After minimizing this functional we find the ground state energy. The total energy is
given by the sum of total kinetic energy of electrons 7T'[n], potential energy between
electron-electron interactions V,.[n], and exterinal potential energy V,.,[n] (Hohenberg
& Kohn, 1964a), i. e.,

Ey[n] = T[n] + Vee[n] + Vex([n] (3.3D
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where,
Vextln] = /v(r) n(r) dr (3.32)

This shows that V,,,[n] is system dependent. To account the other universally valid part,

we define a new HK function as:

Fux[n(r)] = WIT + Vo)) (3.33)

reasonalble for any number of the particles and any external potential v(r). Therefore,

the energy functional, E[n(r)], in equation (3.31) becomes,

EWMH=/WﬂMﬂM+EmM®] (3.34)

Fyk[n(r)] functional is referred to as universal functional as it is independent of N,
Z, and Ry. It has the functionals for T[n] and V,., the explicit forms of which are
totally unknown. If it were known exactly, the exact solution of Schrodinger equation
would have been obtained without any approximations. For convenience, we remove the

classical Coulomb energy from V,.[n] and write (Hohenberg & Kohn, 1964a):

Faxln(0)] = +

3 / wr) nl) drdr’ + G[n(r)] (3.35)

r —r'|
where, G[n] is a functional containing 7'[n] and all the non-classical grants.

The total energy E,[n] is equal to the ground state energy E for the correct n(r). In
order to minimize E,[n], we apply the variational principle. For this, let n’(r) be the trial
density satisfying the necessary boundary conditions; n’(r) > 0, and for the Hamiltonian
H, f n’(r)dr = N. In addition, if ¥/(r) is the trial wave function corresponding to n’(r),
then

W'|Aly") = /V(r)n'(r)dr + Fux[n'] = E,[n] = Eo[n] = (y|H|Y) (3.36)

In compact form, Ey[n] < E,[n’].

Second Hohenberg-Kohn (HK) Theorem

The second Hohenberg-Kohn (HK) theorem, commonly known as HK variational prin-
ciple. It states that "the exact ground state energy Ep[n] of a system with an external
potential (V,,(r)) is given by global minimum value of the energy functional E[n(r)]

and the density that minimizes the functional is the ground state density ng(r)".
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The minimization of energy functional is required for ground state density within the

constraint
N[n] = /n(r) dr=N (3.37)

We use Lagrangian undetermined multipliers method and take the stationary principle.

It has to satisfy the ground state density as:

6{E—,u[/n(r)dr—N]}:O (3.38)

Solving for undetermined multiplier u, we get the Euler-Lagrange equation:

_OE[n(r)] oF [n(r)]
= T(r) = Vex(T) + —(5n(r) (3.39)

where p is the chemical potential. Explicit forms of functionals introduced in HK theo-

rems is unknown and this scheme is not practically useful without further development.

3.5.3 Kohn-Sham (KS) Formalism

Kohn and Sham (Kohn & Sham, 1965), led to the establishment for the application
of DFT in computational modern physics and chemistry by introducing the concept of
atomic orbitals (one electron functions) in 1965. Hence, the exact kinetic energy can be
calculated, leaving only a small residual correlation term which is obtained separately.
Kohn and Sham considered non-interacting particle approximation instead of interacting
many body problems, by taking exchange-correlation functional. From which it gives

exact ground state electron density n(r).

N N
PRZEDRAC (3.40)
i=1

i=1

ﬁrz_

| =

Kinetic energy of this system is:

1 N
Ty = (Wl = 5 ) Vilus) (3.41)
1
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where the ground state wave function () can be given by HF theory in the form of
Slater determinant (Kohn & Sham, 1965; Slater, 1937) as:

p1(r1,51)  Pa(ri,s2) ... on(risn)
1 | ¢2(r2,51) ¢2(r2,52) ... on(r2, sn)
f=— 3.42
SRR : - (342
ON(EN, $1) Pa(TN, 52) ... @N(TN, SN)

where, orbitals ¢; are N lowest eigen states of single electron Hamiltonian. We have

Hp; = [—%Vz + Vs(l’)] ¢i = € (3.43)

Here, non-interacting potential is given by v;. The kinetic energy T;[n] and electron

density n(r) are given by using vy. Thus,

1
Tiln] = =5 D (61l V210) (3.44)

N
nw) =) ) loirs)P (3.45)

The definition of kinetic energy 7[n] requires the existence of non-interacting ground
state with given n(r). Although, here T;[n] is uniquely defined for density. This is not
the exact kinetic energy. Kohn and Sham (Kohn & Sham, 1965) applied very clever
idea to deal with such problems. They rewrite the problem such that 7, become exact
kinetic energy by taking the correlation part of kinetic energy 7, to the non-classical

contributions. For this, the equation (3.33) can be expressed as (Kohn & Sham, 1965):
Fuk(n] = Ts[n] + J[n] + Exc[n] (3.46)

with J[n] is the classical Coulomb part defined by:

J[n] = 1 / wr) n(r) dr dr’ (3.47)

2 Ir —r'|

and E,.[n] is the exchange-correlation energy functional contains 7,.[n], the small differ-
ence between T'[n] and T, and E,.[n], the non-classical contribution to V,, apart from
J[n].

Exc[n] = (T[n] = Ty[n]) + (Veeln] = J[n]) (3.48)
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Or,
Eyc[n] = Te[n] + Epci[n] (3.49)
By the method of Lagrange’s undetermined multiplier i, we minimize the energy using

constraint (3.21) and obtain Euler-Lagrange equation as (Agrawal, 2002):

_ 6T;[n(r)]
M= Veff(l') + T(r) (3.50)

and finally Kohn-Sham effective potential as:

Verf(r) = v(r) + / l:(_rg,ldr'+vxc(r) (3.51)

where

6J[n(r)] = 6Er[n(r)]

Veff(l') = v(r) + 6n(r) + 5n(r) (3.52)
and
poo(r) = OBl (3.53)
on

One has to solve N one-electron equations:

(—%VZ + Veff(l')) ¢i(r) = € ¢;(r) (3.54)

and using that fact

N
n(r)= > > 1gi(r, ) (3.55)
i=1 s

Three equations (3.51), (3.54) and (3.55) are called self-consistent Kohn-Sham equa-
tions (Kohn & Sham, 1965). They have to be solved self-consistently. To solve this,
one begins with by assuming n(r), and construct v, ¢(r) from (3.51) and find a new
n(r) from (3.54) and (3.55). This process is repeated until it converges. Eventually, the

ground state energy is obtain by the formula:

N

Eo = Z & + Ex[n(r)] — / Vee(r) n(r) dr — % / %dr dr’ (3.56)

As we discussed above, exchange and correlation (XC) term is the crucial quantity to

manage the exactness of the calculations. For this, good approximations are required

33



to solve Kohn-Sham based density functional theory (KS-DFT). In this way, Kohn-
Sham approach relies on some empirical quantities in addition to the universal energy

functional which is independent to the material under study.

Solution of KS Equation

The Kohn-Sham approach (Kohn & Sham, 1965) is based on the self-consistent iterative
process. It removes one type of problem by an another type by replacing real interacting
electrons with a system of non-interacting electrons. The KS equations are solved self-
consistently by using the relationship in between ground state energy/electron density
and KS potential. The process begins with the initial choice of electron density, based
on superposition of electron density of individual atoms, which uniquely determine the
KS potential and solves KS equations with this potential. The self-consistent conditions
of the system are checked upon finding this new density, where we compare the new and
old density/energy or forces by subtracting the new values from the corresponding old
ones. Once the difference is smaller than some defined threshold. The system is said
to be conversed and the desired properties can be extracted. On the other hand, if the
difference is above the threshold value, the density from the previous iteration is mixed
with the new ones, and go through the repeated process until satisfying the conditions
of convergence. To solve KS equation, we need to obtain KS potential. KS potential
consists of external, Hartree potential and exchange-correlation potentials (Kohn &
Sham, 1965). Among them, exchange-correlation potential is complex term and requires

different approximations, which are described as follows.

3.6 Exchange-Correlation (XC) Functional

Calculation of electron charge density is an important task in Kohn-Sham ansatz. It
could be found by solving self-consistent method, which howerver requires KS poten-
tial. KS potential is equal to the sum of external, Hartree and exchange-correlation (XC)
potentials (Kohn & Sham, 1965). Among these potential, XC term is very complex and
requires approximations. We first include the simple and mostly widly used approxima-
tions for XC functionals; local density approximation (LDA) and generalized gradient
approximation (GGA). The required additions like London dispersion interactions have

been considered acccording to their relevancy in the present work.
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3.6.1 Local Density Approximation (LDA)

LDA considers a uniform distribution of electron density, where exchange-correlation
(XC) term obey the law of homogenous electron gas (HEG). LDA works well for a system
of slowly varying density. It covers a wide range of systems where either the electronic
system is not too strongly correlated or the electrons in the system feel constant external
potential. It is one of the popular traditional methods for geometrical optimization and
electronic structure calculations in case of the systems, where the XC energy is local in

nature.

The concept of uniform electron density in LDA is consistent with Thomas-Fermi
model (Fermi, 1928), and the Hohenberg-Khon themorems (Hohenberg & Kohn, 1964b),
where the electrons are treated as homogeneous electron gas. In case of inhomogeneous
system, LDA approximates XC functional as an integral over space with a local function
of the charge density at each point. Because of elimination of errors in XC terms, LDA
is successful to carry very good results than generally expected. For a system of HEG,

the total XC functional is givn as:

ELPAL] = / n(r)ere [n(r)]dr (3.57)

where, €..[n(r)] is a functional, it allows the XC energy per particle in a HEG with
electron density n(r). The exchange-correlation energy per particle €,.[n(r)] is the sum

of exchange and correlation parts:

€xc[n(r)] = &[n(r)] + &[n(r)] (3.58)

The analytical expression of exchange energy functional (Dirac, 1930) is:

ELPA[p) = / n(r)e [n(r)]dr (3.59)

with

W=

)] = =3 n (o) (3.60)

On the other hand, the analytical expression of correlation energy density for HEG is
very complicated, and known only for high and low density limits. At low density
limit, correlation energy becomes simply the electrostatic energy of point charges, and
dominates over the exchange energy. Reversely, at the high density regime, correlation

energy becomes less relevant over the exchange energy.

The correlation energy of HEG at the moderate density has been accurately calculated
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by Quantum Monte-Carlo (QMC) simulations (Ceperley & Alder, 1980). Interpolated
values from these simulations are used in later development of LDAs like Vosko-Wilk-
Nusair (VWN) (Vosko et al., 1980), Perdew-Zunger (PZ81) (Perdew & Zunger, 1981),
Cole-Perdew (CP) (Cole & Perdew, 1982), and Perdew-Wang (PW92) (Perdew & Wang,
1992).

The real systems are far from the assumptions of homogeneous electron density and
hence the fundamental approximation of LDA is not correct. Accurate description for
many real systems could be understood by (i) systematic cancellation of error: under-
estimated E. and over-estimated E, (Levine et al., 2009; Parr & Weitao, 1994), and (ii)

spherical description of averaged pair density.

3.6.2 Generalized Gradient Approximation (GGA)

LDA assumption of homogeneous electron gas is far from the reality and can not cover the
inhomogeneous electron density of real systems in which distribution of electron is not
uniform. It means, electron density n(r) undergoes rapid changes such as in molecules.
LDA fails in such cases since the energy given out by true density is approximated
with the energy given by a local constant density in LDA. To overcome the limations of
LDA, a new approximation was developed which described the non-homogenity of true
electron density through the gradient. This is called generalized gradient approximation
(GGA). So in GGA, exchange-correlation functional E,. incorporates density gradient
corrections in addition to the HEG approximation made by LDA (Perdew & Wang,
1992). Mathematically:

ESSAn(r)] = / exe[n(r), |Va(r)], ...]dr. (3.61)

Similar to LDA, the exchange-correlation energy ESY4 of GGA contains exchange

energy ECY4 and correlation energy ESC4 parts, which is expressed as:
E;fn(n)] = EF9[n(r)] + EZA[n(r)] (3.62)

There are many different exchange-correlation functionals of the GGA type. Some of
popular functionals among them are proposed by Perdew and Wang (PW92) (Perdew
& Wang, 1992). In 1996, Perdew, Burke and Ernzerhof purposed a XC funtional in
GGA is called PBE functional with GGA (Perdew et al., 1996). Further, exchange part
of Becke’s formula (Becke, 1988) was combined with Perdew’s formula (Perdew, 1986)
of correlation. And it also with the correction functional of Lee, Young and Parr (Lee
et al., 1988) to give BP88 and BLYP type of GGA functionals. All these functionals

generally work well for the materials having chemical bonding like covalent, ionic,
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metallic or hydrogen. Among in all functional, XC of PBE with GGA give accurate
results for most of the periodic systems. In the present work, we have used PBE form
of GGA in our calculations because DFT with PBE have given minimum ground state
energy of considered systems than the other fonctionals used in the system of our work.
In addition, for van der Waals (vdWs) interactions, however, either we need to adopt
some hybrid functionals or add some semi-emprical terms in standard GGA with PBE
functionals. Therefore, in the present work, we adopted London dispersion interactions
in GGA with PBE functional of DFT is called DFT-D2 approximation.

3.7 London Dispersion Interactions

Density functional theory (DFT) explains the condensed matter physics and quantum
chemistry problems with reasonable accuracy based on widly used approximations,
LDA and GGA. However, these functionals do not incorporate non-local interactions
between the electrons, which are important in chemically non-bonded systems such as
bio-molecular systems, atomic packing of crystals, and host guest interactions in gaseous
bindings (Israelachvili & Tabor, 1972). These non-local interactions are defined by van
der Waals (vdWs) interactions. vdWs interaction includes three different terms known
as Keesom, Debye and London interactions (Israelachvili & Tabor, 1972; Ulman et
al., 2014). The Keesom term includes the interactions between the permanent dipoles.
the The interaction between permanent dipoles and induced dipoles in the system were
described by Debye. London dispersion term includes the interactions between instan-
taneously induced dipoles in the system (Grimme, 2006; Ulman et al., 2014). Among
the three different type of interactions, London dispersion interactions is found to be
the major contributor of vdWs interactions between the different layers of heterostruc-
ture materials (Grimme, 2004; Piacenza & Grimme, 2005), which is one of the prime

concerns of the present work.

London dispersion interactions are caused by the effect of charge fluctuations at one
region of the system to the electrons residing anywhere on the system. They are
weak, attractive and long-ranged. Some of the models to incorporate the dispersion
forces (Grimme, 2006; Klimevs & Michaelides, 2012) are still underway to find more

effective and cheap algorithms.

Methods to treat vdWs interactions is one of the popular areas in last decade. Grimme’s
model of DFT-D is well tested (Grimme, 2004) with high accuracy in different appli-
cations (Piacenza & Grimme, 2005; Parac et al., 2005). This method has an additional
term - in normal DFT, where c is a constant term and r is the inter-particle distance
between the diploes. It takes care of asympotic behaviour of interactions in between the

particles at larger separation. It is also noted that normal DFT accounted the system of
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smaller value of r. Hence, total energy E;,q of a system is given by

Eiotal = Exs-prr + Edispersi(m (3.63)

In equation (3.63), Exs_prr is the KS-DFT energy with approximated XC functional
and Egispersion is the empirical dispersion energy term. The dispersion energy term in
DFT-D2 approach (Grimme, 2006) is given by:

Nar_l Nat

'l
Edispersion = =S¢ Z Z _6fdamp(rij) (364)

r

i j>i Cij

In equation (3.64), N,; represents the number of atoms in the system, ¢ is dispersion
coefficient for atom pair ij calculated from a relation coupling ionization potentials and
static polarizabilites of isolated atoms. Similarly, s is a global scaling factor for the kind
of DFT we use and fyump(r;;) is the damping function to avoid singularities at smaller
distances r;;. The damping factor is given as:

1

Jaamp(rij) = (3.65)

et
where rg as the sum of