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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 (vdWs) 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),
1N vacancy defect in G/h-BN (G/h-BN_1N), nearest neighbour 1B and 1N 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
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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 coefficient
(S), electrical conductivity (σ), 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 d iscoveries h ave b een made i n a ll a reas o f c ondensed matter a nd 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
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(MoS2), hexagonal-boron nitride (h-BN), heterostructure of graphene/h-BN (G/h-BN), 
graphene/MoS2 (G/MoS2) 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 = 10−9 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-
ticlematerials. Nanostructured assign to concise dimension’smaterials which are assem-
bled of grains in the nanometer size range. On the other hand, nanoparticles (dimension
length < 100 nm) have zero-dimension (0D), one-dimension (1D), two-dimension (2D)
and three-dimension (3D) such as carbon quantum dot, graphene quantum dot, metal
nanoparticle are 0D; 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. Thismeans, for amaterial
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
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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 1s22s22p4. 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 sp2-bonded carbon atoms compact into benzene ring with 
hexagonal structure (Novoselov et al., 2004). It is 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 60 (Neto e t a l., 2006) i s 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

3



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. 0D fullerenes (C60) (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 A0,
with area 0.052 nm2 and density of graphene is 0.77 mg/m3 (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
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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 c ircuits, because i t 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 106 Ω−1cm−1, 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.
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h-BN has not formed dangling bonds on the surface. The bond length of B-N atoms is 
1.45 Å, in monolayer h-BN structure (Lynch & Drickamer, 1966), which is formed by 
sp2 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−1K−1 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-BNmonolayers. It has
very impressive physical and chemical properties like physical strength, high electrical
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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-
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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/MoS2 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
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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 a nd m echanical s train, h as c 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
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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-BNHS 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 andmagnetic properties caused by B, N andC 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.
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1.8 Organization of the Thesis

The structure of this thesis is organized as follows:

(i) 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.

(ii) 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.

(iii) 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.

(iv) 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.

12



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 
SiO2 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 106 (Ωm)−1), 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 theK-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/MoS2, 
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 modern 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 105 cm2/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.
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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) andwe briefly described the
density functional theory (DFT). More importantly, we heighlighted howDFT 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 −c

r6 (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; Etotal = EKS−DFT + Edispersion. The KS-DFT
energy with approximated exchange-correlation (XC) functional and Edispersion 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

20



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:

Ĥ = T̂ + V̂ (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:

Ĥtot ψ(x1, x2, ....xN,R1,R2, .....,RM) = Êtotψ(x1, x2, ....xN,R1,R2, .....,RM) (3.2)

where, coordinates xi represent both the position coordinates ri and the spin co-ordinates
si of the N electrons, and the coordinates RI represents the position coordinates of the
M atomic nuclei in the system. For such system the Hamiltonian operator Ĥtot is given
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by:

Ĥtot = −

N∑
i=1

~2

2me
∇2

i −

M∑
I=1

~2

2MI
∇2

I−

N∑
i=1

M∑
I=1

ZI e2

|ri − RI |
+

N∑
j>i

N∑
i=1

e2

|ri − r j |
+

M∑
J>I

M∑
I=1

ZI ZJe2

|RI − RJ |

(3.3)

where indices i, j mention to electrons; I, J mention to nuclei; me indicates to the mass
of electron; MI and ZI 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):

ψtot(x : R) = ψe(x; R) ψN (R) (3.4)

where, ψe(x; R) and ψN (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:

Ĥtot = −

N∑
i=1

~2

2me
∇2

i −

N∑
i=1

M∑
I=1

ZI e2

|ri − RI |
+

N∑
j>i

N∑
i=1

e2

|ri − r j |
(3.5)
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TheHamiltonian (3.5) is completely determined by the number of electrons N , the atomic
positions RI and charges ZI 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:

Êtot =< Htot >=< T > + < Vee > + < Vext > (3.6)

where, the expectation values are taken with respect to ψe. 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:

Vext(r) =
∑

I

ZI

|r − RI |
(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):

ĤψH(r1, r2, ....., rN) = EHψH(r1, r2, ....., rN) (3.8)

where, Ĥ is Hamiltonian of the system given by equation (3.5), EH is Hartree’s energy
and ψH is total wave function of the N electrons which can simply be written as the
product of one electron wave functions (Hartree, 1928):

ψH(r1, r2, ........., rN) = φ1(r1) φ2(r2)..........φN (rN) (3.9)

The minimization of total energy

E= 〈ψH |Ĥ |ψH〉 = 〈ψH | −
1
2
∑N

i ∇
2
i +

1
2
∑N

i, j
1

|ri−rj |
−

∑N
i

∑M
I

ZI

|ri−RI |
|ψH〉 (3.10)

subject to normalization condition∫
ψ∗ψ d3r = 1 (3.11)

gives a set of N-coupled integro-differential equation:(
−

1
2
∇2

i + Vext + VSC

)
φi(ri) = λiφi(ri) (i = 1, ..., N; ε → λi) (3.12)

where,

Vext =
∑

i

∑
I

ZI

|ri − RI |
(3.13)

and

VSC = VH =
∑
j,i

∫
dτj
|φ j(rj)|

2

|ri − rj |
(3.14)

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):

ψHF =
1
√

N!

φ1(r1, s1) φ2(r1, s2) . . . φN (r1, sN )

φ2(r2, s1) φ2(r2, s2) . . . φN (r2, sN )
...

... ·
...

φN (rN, s1) φ2(rN, s2) . . . φN (rN, sN )

(3.15)

Here,
1√
N!

= normalizing factor,
Φi = ith single electron spin-orbital,
ri = position coordinate of ith electron,
si = spin coordinate of ith electron.
By using (3.15) instead of (3.9), we again get N-equations:[

−
1
2
∇2

r −
N∑

i=1

M∑
I=1

ZI

|ri − RI |
+

∑
j,i

∫
dr′φ∗j (r

′)
1

|r − r′|
φ j(r′)

]
φi(r)

−
∑
j,i

[∫
dr′φ∗j (r

′)
1

|r − r′|
φi(r′)sis j

]
φ j(r) = εiφi(r) (3.16)

TheseN coupled equations are calledHF self consistent equations. The third term inLHS
of (3.16) is called Coulomb potential/integral (J) which is similar to Hartree potential
(VH) 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 DFTmethod 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 n0(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 (Ecorr) is defined as the difference between the exact ground state
energy (E0), obtained fromBOA in non-relativistic approach and the ground state energy
is given by HF method (EHF) in infinite basis set limits (Koch & Holthausen, 2015):

Ecorr = E0 − EHF (3.17)

Representing various parameters such as energy, potential, etc. as a functional of ground
state density n0(r). n0(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, n0(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) = N
∑

s1

...
∑
sN

∫
...

∫
|ψ(r1, s1, r2, s2, ...., rN, sN )|

2ds1dr2....drN (3.18)

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→∞) = 0 (3.20)∫
n(r)dr = N (3.21)

Thewave function of N-electron system requires 3N spatial coordinateswhereas 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 themodern formulation ofDFT (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):

5
3

3
10
(3π2)2/3[ρ(r)]

2
3 + vext(r) +

∫
ρ(r′)
|r − r′|

dr′ − µ = 0 (3.22)

The ground state density is obtained by solving this equation (Fermi, 1927; Thomas,
1927). Here, µ 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 ψ (Dreizler & Gross, 2012). A system of N interacting electrons,
total Hamiltonian is given by the sum of kinetic energy (T), electron-electron interaction
energy (Vee), and electron-nuclei interaction energy (Vext) as:

H = T + Vee + Vext (3.23)

In equation (3.23), kinetic energy (T) and electron-electron interaction energy (Vee) are
system independent. They are same for all systems but external potential is given by:

Vext =

N∑
i=1

M∑
I=1

ZI

|ri − RI |
=

N∑
i=1

Vext(ri) (3.24)

where, Vext(ri) =

M∑
I=1

ZI

|ri − RI |
is system dependent external potential on the ith electron

due to Mth 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 υ(r) uniquely determines this potential". Thus, v(r) gives
Hamiltonian Ĥ, 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 , υ1(r), ψ1 and E1 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:

E1 = 〈ψ1 |Ĥ1 |ψ1〉 =

∫
υ1(r)n(r)dr + 〈ψ1 |(T̂ + V̂ee)|ψ1〉 (3.25)

where, Ĥ1, T̂ and V̂ee represent hamiltonian of υ1(r), kinetic energy and interaction
energy operators respectively. Again, if we consider a second potential υ2 (r) which is
not equal to υ1(r) + constant, with ground state wave function ψ2. Then:

E2 =

∫
υ2(r)n(r)dr + 〈ψ2 |(T̂ + V̂ee)|ψ2〉 (3.26)

Here, ψ1 is supposed to be non-degenerate, the variational principle for ψ1 gives rise to
the inequality (Gross et al., 1988):

E1 < 〈Ψ2 | H1 |Ψ2〉 =

∫
υ1(r)n(r)dr + 〈ψ2 |(T +U)|ψ2〉 (3.27)

or,

E1 < 〈Ψ2 | H1 |Ψ2〉 = E2 +

∫
[υ1(r) − υ2(r)]n(r)dr (3.28)

Likewise,

E2 ≤ 〈Ψ1 | H1 |Ψ1〉 = E1 +

∫
[υ2(r) − υ1(r)]n(r)dr (3.29)

where, ≤ is used since Ψ2 is not assumed to be non-degenerate. On adding (3.28) and
(3.29), we get

E1 + E2 < E1 + E2 (3.30)

This contradicts the existence of υ2(r), and is not equal to υ1(r) + constant. But it yields
yet the same n(r) must be wrong. This reflects, there is unique potential υ(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 T[n], potential energy between
electron-electron interactions Vee[n], and exterinal potential energy Vext[n] (Hohenberg
& Kohn, 1964a), i. e.,

Ev[n] = T[n] + Vee[n] + Vext[n] (3.31)
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where,

Vext[n] =
∫

v(r) n(r) dr (3.32)

This shows that Vext[n] is system dependent. To account the other universally valid part,
we define a new HK function as:

FHK[n(r)] = 〈ψ |T̂ + V̂ee)|ψ〉 (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,

Ev[n(r)] =
∫

v(r) n(r) dr + FHK[n(r)] (3.34)

FHK[n(r)] functional is referred to as universal functional as it is independent of N ,
Z , and R0. It has the functionals for T[n] and Vee, 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 Vee[n] and write (Hohenberg & Kohn, 1964a):

FHK[n(r)] =
1
2

∫
n(r) n(r′)
|r − r′|

drdr′ + G[n(r)] (3.35)

where, G[n] is a functional containing T[n] and all the non-classical grants.

The total energy Ev[n] is equal to the ground state energy E0 for the correct n(r). In
order to minimize Ev[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
Ĥ,

∫
n′(r)dr = N . In addition, if ψ′(r) is the trial wave function corresponding to n′(r),

then

〈ψ′|Ĥ |ψ′〉 =
∫

v(r)n′(r)dr + FHK[n′] = Ev[n′] ≥ E0[n] = 〈ψ |Ĥ |ψ〉 (3.36)

In compact form, E0[n] ≤ Ev[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 E0[n] of a system with an external
potential (Vext(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 n0(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:

δ

{
E − µ

[∫
n(r) dr − N

]}
= 0 (3.38)

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

µ =
δE[n(r)]
δn(r)

= vext(r) +
δF[n(r)]
δn(r)

(3.39)

where µ 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).

Ĥs = −
1
2

N∑
i=1
∇i

2 +
N∑

i=1
vs(r) (3.40)

Kinetic energy of this system is:

Ts = 〈ψs | −
1
2

N∑
1
∇2

i |ψs〉 (3.41)
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where the ground state wave function (ψs) can be given by HF theory in the form of
Slater determinant (Kohn & Sham, 1965; Slater, 1937) as:

ψs =
1
√

N!

φ1(r1, s1) φ2(r1, s2) . . . φN (r1, sN )

φ2(r2, s1) φ2(r2, s2) . . . φN (r2, sN )
...

... ·
...

φN (rN, s1) φ2(rN, s2) . . . φN (rN, sN )

(3.42)

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

Ĥsφi =

[
−

1
2
∇2 + vs(r)

]
φi = εiφi (3.43)

Here, non-interacting potential is given by vs. The kinetic energy Ts[n] and electron
density n(r) are given by using vs. Thus,

Ts[n] = −
1
2

∑
i

〈φi |∇
2 |φi〉 (3.44)

n(r) =
N∑
i

∑
s

|φi(r, s)|2 (3.45)

The definition of kinetic energy Ts[n] requires the existence of non-interacting ground
state with given n(r). Although, here Ts[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 Ts become exact
kinetic energy by taking the correlation part of kinetic energy Tc to the non-classical
contributions. For this, the equation (3.33) can be expressed as (Kohn & Sham, 1965):

FHK[n] = Ts[n] + J[n] + Exc[n] (3.46)

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

J[n] =
1
2

∫
n(r) n(r′)
|r − r′ |

dr dr
′

(3.47)

and Exc[n] is the exchange-correlation energy functional contains Tc[n], the small differ-
ence between T[n] and Ts, and Encl[n], the non-classical contribution to Vee apart from
J[n].

Exc[n] ≡ (T[n] − Ts[n]) + (Vee[n] − J[n]) (3.48)
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Or,

Exc[n] = Tc[n] + Encl[n] (3.49)

By the method of Lagrange’s undetermined multiplier µ, we minimize the energy using
constraint (3.21) and obtain Euler-Lagrange equation as (Agrawal, 2002):

µ = ve f f (r) +
δTs[n(r)]
δn(r)

(3.50)

and finally Kohn-Sham effective potential as:

ve f f (r) = v(r) +
∫

n(r′)
|r − r′ |

dr
′

+ vxc(r) (3.51)

where

ve f f (r) ≡ v(r) +
δJ[n(r)]
δn(r)

+
δExc[n(r)]
δn(r)

(3.52)

and

vxc(r) ≡
δExc[n]
δn

(3.53)

One has to solve N one-electron equations:(
−

1
2
∇2 + ve f f (r)

)
φi(r) = εi φi(r) (3.54)

and using that fact

n(r) =
N∑

i=1

∑
s

|φi(r, s)|2 (3.55)

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 ve f f (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:

E0 =
N∑
i

εi + Exc[n(r)] −
∫

vxc(r) n(r) dr −
1
2

∫
n(r) n(r′)
|r − r′ |

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
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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). LDAworks 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 theHohenberg-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:

E LDA
xc [n] =

∫
n(r)εxc[n(r)]dr (3.57)

where, εxc[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 εxc[n(r)] is the sum
of exchange and correlation parts:

εxc[n(r)] = εx[n(r)] + εc[n(r)] (3.58)

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

E LDA
x [n] =

∫
n(r)εx[n(r)]dr (3.59)

with

εx[n(r)] = −
3
4
(
3
π
)

1
3 [n(r)]

1
3 (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 Ec and over-estimated Ex (Levine et al., 2009; Parr & Weitao, 1994), and (ii)
spherical description of averaged pair density.

3.6.2 Generalized Gradient Approximation (GGA)

LDAassumption 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 Exc incorporates density gradient
corrections in addition to the HEG approximation made by LDA (Perdew & Wang,
1992). Mathematically:

EGGA
xc [n(r)] =

∫
εxc[n(r), |∇n(r)|, . . .]dr . (3.61)

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

energy EGGA
x and correlation energy EGGA

c parts, which is expressed as:

EGGA
xc [n(r)] = EGGA

x [n(r)] + EGGA
c [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 - c

r6 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 Etotal of a system is given by

Etotal = EKS−DFT + Edispersion (3.63)

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

Edispersion = −s6

Nat−1∑
i

Nat∑
j>i

ci j

r6
i j

fdamp(ri j) (3.64)

In equation (3.64), Nat represents the number of atoms in the system, ci j is dispersion
coefficient for atom pair i j 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 fdamp(ri j) is the damping function to avoid singularities at smaller
distances ri j . The damping factor is given as:

fdamp(ri j) =
1

1 + e−d(
ri j
rs
−1)

(3.65)

where rs as the sum of atomic vdWs radii. DFT-D2 approach considers the pairwise
dispersion terms and gives total dispersion due to all pairs of particles. This approach is
widly used because of its simplicity and low computational cost. However, the method
has some limitations like; it only considers the leading dipole-dipole interaction term, and
neglects the many body correlations. Previous studies reveal that the level of accuracy
with DFT-D2 calculations is high comparing to traditionl DFT approaches (Joshi &
Ghosh, 2013). We use DFT-D2 method to study the interactions between graphene (G)
and h-BN in pristine G/h-BN HS, and B, N and C sites vacancy defected G/h-BN HS
materials.

3.8 Basis Sets and Pseudopotentials

Abasis set is the linear combination of a set of basis functions, to createmolecular/atomic
orbitals. Atomic orbitals are a type of basis functions. A basis set is the superposition
of minimum number of basis functions. It represents all of the electrons on each
atom, is called minimal basis set. Depending up on the choice of basis functions, a
number of basis sets are available for the expansion of Kohn-Sham orbitals in Kohn-
Sham method. We use orthogonalized plane wave basis sets within the pseudopotential
scheme, which are popular in the systems where the periodic boundary conditions are
applicable (Blochl et al., 1994; Parmenter, 1952). For a periodic system, the solution of
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Schrodinger equation satisfies the fundamental property of the Bloch’s theorem. It can
be written in the form of (Parmenter, 1952):

Ψ(r) = uk(r)eik.r (3.66)

Here, uk (r)! is the periodic potential which is consistent with the period of the unit 
cell. In this case, the Schrodinger equation can be solved independently for each value 
of K. The function eik.r are called plane waves and k’s are the reciprocal vectors. The 
plane waves are the choice as basis sets for the expansion of wave functions in 

periodic systems. Pseudopotentials are especially used in place of external potential of 
nuclei (Vanderbilt, 1990). Plane waves are orthonormal and independent to the atomic 
positions and energy. In DFT calculations, KS equation is converted to the simple 
matrix eigen value problem for the expansion of coefficients. The plane waves are able 
to perform the correct variational calculations based on a discrete numerical grid 

(Kohn & Sham, 1965; Slater, 1937). The electronic wave functions in a periodic 
system require infinite sum of plane waves which however is not practical for the 
purpose of actual computations. In the real calculations, the wave function should be 
desribed by plane waves within a certain energy cut-off (Ecut ).

In all electron DFT calculations, we need to take wave functions for each of the electrons
(both core and valence) and solve a large number of basis functions. The valence
electrons are responsible for most of the physical and chemical properties of materials,
and participate in bonding between the atoms. During the formation of inter-atomic
bonds, their wave functions change significantly. On the other hand, core electrons
have nothing to do in bonding and their wave functions are only slightly affected during
the interatomic interactions. So, core electrons can be neglected if their screening
effect is included in some effective potential known as pseudopotential. Pseudopotential
replaces the strong electrostatic potential of nuclei and core electrons. This allows the
same wave function outside the core as given by the true wave function to introduce
the real properties. It means pseudopotential simplyfies the problems by retaining
the properties of interest. As we know, a good pseudopotentials should be soft and
transferable (Vanderbilt, 1990). The soft and hard pseudopotentials are defined based
on their cut-off radius. It means hard pseudopotential has short cut-off radius and
soft pseudopotential has long cut-off radius. Short pseudopotential has a less number
of valence electrons and requires less number of plane waves. Among the various
pseudopotentials, norm-conserving pseudopotentials are transferable, which conserves
the electronic charge with respect to the real system (Hamann et al., 1979), but they
require a significant computational cost. The requirement of the computational cost
can be reduced by using ultrasoft pseudopotential (USPPs) (Vanderbilt, 1990). Hence,
in the present work, we used plane wave basis sets for a wave functions and ultrasoft
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pseudopotentials as a pseudopotential.

Here, we have summarized the quantum mechanical methods of calculation for the
solution of many body problem (from single particle SWE to DFTmethod with DFT-D2
approach), which are given as follows:

Figure 6: Summary of Quantum mechanical methods.

3.9 Simulation and Software

We basically discuss about our simulations work and the softwares which are used in
the calculations. We performed first-principles calculations using Quantum ESPRESSO
(QE) software package (Baroni et al., 2005) which is based on the plane wave basis
sets. Here, we have explained the optimization of different parameters under the density
functional theory (DFT) within the framework of DFT-D2. Moreover, We have used
XCrySDen to visualize and interpret the crystal structure, and BoltzTraP software pack-
age (Madsen & Singh, 2006) for the calculations of transport properties of considered
materials. XCrySDen stands for (X-window) Crystalline Structures and Densities is a

40



free software under the terms of GNU general public license (GPL). It is a crystalline
and molecular structure visualisation program. It can visualize the crystal structure from
pw.x input and output file (Kokalj & Mol, n.d.). We have also used Xmgrace to plot the
graphs. Xmgrace is a plotting software in linux operating system used for 2D scientific
plots (Guide, n.d.). It is an open source plotting tools used from high school students
to experienced scientists. It is highly customizable, it has inbuilt language inside it.
Using xmgrace, it is possible to produce good quality plots. Also, we can save the plots
in different format such as EPS, PDF, PNG, JPEG, MIF etc. but, to edit the graph we
need to save it in .agr format. It is one of the best software for two dimensional plots
either using own sets of data or by creating data using formulae button inside it with our
desired accuracy. In addition, we discussed about the different codes and their proposes
required for our calculations.

3.9.1 Quantum ESPRESSO (QE)

Quantum ESPRESSO (QE) is free, open source package. QE be for Quantum opEn-
SourcePackage forResearch inElectronic Structure, Simulation, andOptimization. It is
an integrated suite of computer codes for electronic structure calculations and materials
modeling (Giannozzi et al., 2009). It is very useful for first-principles calculation
in condensed matter physics and material science (periodic and disorder) because, it
contains number of codes for different calculations. QE established on density functional
theory (DFT), basis sets and pseudopotentials. It’s package uses plane wave basis sets
for the expansion of wave function, pseudopotentials (norm-conserving and ultra-soft)
description of electronic-ion interaction and DFT for the description of electron-ion
interactions (Dreizler & Gross, 2012). With the help of QE, we can perform a number
of calculations some of which, related to our research work are listed below:

• Ground state calculations of conductors, semiconductors and insulators including
self-consistent total energies, forces, stresses, etc.

• Calculations of Kohn-Sham orbitals.

• Exchange-correlation functionals of density functional theory DFT (from LDA to
GGA).

• Structural optimization of the system.

Additionally, QE can perform ab-initio molecular dynamics (MD) simulations, which is
on electronic ground state (Born-Oppenheimer). It is also used with fictitious electronic
kinetic energy (Car-Parrinello). QE is equally important in density functional perturba-
tion theory (DFPT), to analyze energy derivatives and related quantities (Baroni et al.,
2001; Giannozzi et al., 2009).
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Figure 7: Quantum ESPRESSO logo (Baroni et al., 2005).

We have calculated the ground state energy of graphene unit cell and boron nitride unit
cell by using both norm-conserving and ultrasoft pseudopotentials respectively along
with plane wave basis sets for the expension of wave function. It was found that ground
state energy of bothmaterials haveminimumenergy values (-22.7979Ry of graphene and
-26.6641 Ry of boron nitride) for ultrasoft pseudopotential rather than norm-conserving.
It means, ultrasoft pseudopotential was more appropriate for the calculations of ground
state energy.

In this work, we have used Quantum ESPRESSO package (codes) based on DFT within
the framework of DFT-D2 approximation. We have taken plane wave basis sets for the
expansion of wave function and ultra-soft pseudopotentials with scalar relativistic for
first-principles calculations to find binding energy and optimized geometries of pristine
graphene (G), pristine h-BN, HS of G/h-BN, and B, N and C sites vacancy defects in
G/h-BN HS materials. Also, we use this package (codes) to calculate the band structure,
density of states (DOS), projected density of states (PDOS). Then, we can predict the
electronic and magnetic properties of considered materials. The main components of
this packages related to our work are as follows:

PWscf

Plane Wave self-consistent field (PWscf) was introduced by Baroni et al . (Baroni et al.,
2001). This code is used to perform different self-consistent calculations of electronic-
structure properties using a plane wave (PW) basis sets, and both norm-conserving,
and ultrasoft pseudopotentials (USPPs) using different matrix diagonalization methods.
PWscf is used for the self consistency calculations, structural relaxation, electronic struc-
ture calculations and variable cell molecular dynamics. During structural optimizations,
we used Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm (Pfrommer et al., 1997)
to take into account of the ion dynamics.

The input file of QE consists of the following main parameters (Baroni et al., 2005):
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• calculation: It represents the type of calculation, what we need, to be performed
like relax, scf, nscf, bands etc. For example, if we choose sc f as the calculation,
then it tells PWscf that this will be self consistent field calculation for the total
energy.

• ibrav: It gives the information about different types of bravais lattice for the
system chosen. There are 14 different types of bravais lattice. To define these
bravais lattice, ibrav is assigned from 1 to 14. For example, ibrav = 1 gives
cubic structure and ibrav = 4 gives hexagonal structure. Also, we can generate our
desired crystal structure by giving ibrav = 0 without mentioning cell dimension but
CELL-PARAMETER is necessary. In our system we used ibrav = 4 to represent
the hexagonal structure of graphene, boron nitride, and heterostructure of graphene
and hexagonal-boron nitride structures.

• nat: It represents total number of atoms to be used in the simulating cell. Unit
cell of graphene contains 2 atoms. So, we choose nat = 2 for unit cell. Also,
we performed further calculations in 4×4 supercell which contains 32 atoms.
For this we choose nat = 32. When the 4×4 supercell structure of graphene
is combined with the 4×4 supercell structure of hexagonal-boron nitride to form
heterostructure of graphene hexagonal-boron nitride. For this we choose 32 carbon
atoms, 16 boron atoms, and 16 nitrogen atoms altogether 64 number of atoms in
the heterostructure.

• ntype: It tells us that the number of types of atoms used in simulating cell. In our
case, ntype = 3, it means carbon atoms in graphene structure, boron and nitrogen
atoms in hexagonal boron nitride structure.

• ecutwfc: It is the kinetic energy cut-off, which truncates the total electronic wave
function expanded in terms of infinite plane wave function by PWscf codes, during
the calculations, under periodic boundary condition of simulating cell. After the
value of cut-off energy, the convergence will not affect. Larger the value of cut-off
will increase the accuracy and also it needs more computational cost. It is given
in the unit of kinetic energy (Ry). In our case, we have obtained the same value
ecutwfc = 35 Ry by optimization of unit cell of graphene and hexagonal boron
nitride.

• celldm(i): i = 1, 2, 3 specifies the lattice parameters of the crystal. They are given
in atomic units. On the other hand, i = 4, 5, 6 denotes the cosines of angle between
each pair of lattice vectors. In our case, celldm (1) = a, celldm (2) = b

a , and celldm
(3) = c

a (for hexagonal lattice a = b), where a, b, c are the lattice vectors along X,
Y, Z direction respectively.
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• Atomic_Species: It referes to the name of atoms with their symbol, their atomic
mass (in amu) and name of pseudopotential (PPs) file. For example: In our
case, carbon, boron and nitrogen are respectively specified as C 12.01 C.pbe-
n-rrkjus_psl.1.0.0.UPF, B 10.8100 B.pbe-n-rrkjus_psl.0.1.UPF, and N 14.0100
N.pbe-n-rrkjus_psl.0.1.UPF respectively.

• Atomic_Positions: They represent the position coordinates of the atoms used in
simulating cell to define proper structure.

• k-points: K-points are the number of sampling points in the reciprocal space. They
are used to calculate the actual self consistent minimization of energy. Generally,
k-points are taken from convergence test. In our case, we have taken (22×22×1)
and (6×6×1) k-points respectively for unit cells of ML graphene and hexagonal-
boron nitride, and 4×4 supercell structure of graphene hexagonal-boron nitride
HS.

PostProc

The PostProc module holds huge number of codes for post processing. It helps us
to analyze the data obtained by PWscf calculations. Basically, we use these codes
to calculate band structure, DOS, PDOS. These codes extract the specific data files
produced by PWscf calculation, some important codes are as follows:

• bands.x: This code extracts the data files produced by PWscf calculation and
reports its eigen values at different k-points with comparable energies values.

• plotband.x: This code writes the output of bands.x file in a simple format which
can be plotted easily by plotting programs like xmgrace or gnuplot and finally it
gives band structure.

• dos.x: This code is used for the calculations of density of states (DOS) at distinct
k-points.

• projwfc.x: This code is used to calculate projections of wave function over atomic
orbitals that performs population analysis and calculates projected (partical) den-
sity of states (PDOS). It helps us to find the contribution of density of states due
to different atomic orbitals like s, p, d, f etc.

3.9.2 BoltzTraP

BoltzTraP is the code for calculating band structure dependent quantities which is based
on the smoothed Fourier interpolation of bands. This is the program which contains
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BoltzmannTransportProperties to calculate the semi-classic transport properties (Mad-
sen & Singh, 2006). The input files for BoltzTrap are constructed from Quantum
ESPRESSO code. In order to run the program we need a file named A.intrans, that
contains the parameters for BoltzTraP, where A represents the name of directory. Simi-
raly, we need the files A.energy and A.struct for band structure and crystal structure
respectively. The A.intrans file contains several informations like Fermi energy level,
energy grid, energy span around Fermi level, total number of electrons in the systems,
numbers of lattice points per k-point, energy range of chemical potential, and maximum
temperature with temperature grid as shown in figure (8).

Figure 8: Screenshot of A.intrans file obtained from QE. This file gives the information of Fermi energy
of substance under study and is the input file for BoltzTraP to calculate transport properties of material.

These parameters are required for BoltzTraP input file. After that we have run the
BoltzTraP by using src and x_trans files, (src and x_trans files are existed in BoltzTraP
package) then obtained A.trace file. The traces of conductivity tensors are obtained
in A.trace file. The A.trace file includes; energies, temperatures, Seebeck coefficient
at different temperatures, ratio of electrical conductivity to the relaxation time, Hall
coefficient, ratio of electronic part of thermal conductivity to relaxation time, specific
heat capacity, susceptibility and doping concentrations values of materials. The sample
of output A.trace file is shown in figure (9).

Figure 9: Screesshot of A.trace file obtained fromBoltzTraP. This file contains all the calculations results
regarding transport properties of material.

Thefirst column in the figure (9) represents energy in the unit ofRydberg. Second column
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gives temperature value in Kelvin. Most important parameter, Seebeck coefficient can be
obtained from fifth column at different temperature values in V

K . The ratio of electrical
conductivity to the relaxation time can be obtained from the sixth column in 1

Ωms .
Similarly, Hall coefficient in m3

C , and ratio of electronic part of thermal conductivity to
relaxation time in W

mKs can be obtained from columns seven and eight respectively. One
can get specific heat capacity in J

molK and molar susceptibility m3

mol from columns nine
and ten respectively. Therefore, we can explore the transport properties of materials by
employing the calculated results obtained in A.trace file.

3.10 Computational Details

We have used spin-polarized DFT method incorporating van der Waals (vdWs) inter-
actions DFT-D2 appoach for the study of structural, electronic, magnetic and transport
properties of graphene hexagonal-boron nitride (G/h-BN) HS, and boron (B), nitrogen
(N) and carbon (C) atoms vacancy defects in G/h-BNHSmaterials. Computations works
are done by using Quantum ESPRESSO (Giannozzi et al., 2009) and BoltzTraP (Madsen
& Singh, 2006) codes. PBE form of GGA functional (Perdew et al., 1996) was used for
the calcualtions of electronic exchange and correlation effect in our systems. We have
used Rappe-Rabe-Kaxiras-Joannopoulos (RRKJ) model (Grimme, 2004) of ultrasoft
pseudopotentials (USPPs) from the official website of Quantum ESPRESSO (Baroni et
al., 2005; Giannozzi et al., 2009) USPPs accounts the chemically active valence elec-
trons. Thus, USPPs included the effect of chemically active valence electrons in our
entire calculations. While doing so, the electronic configurations of C, B and N atoms
1s22s22p2, 1s22s22p1, 1s22s22p3 are treated explicitly as valence electrons in the pseu-
dopotentials description of C, B and N. The interaction effect of inner cores of C, B and
N atoms are replaced by ultrasoft pseudopotentials.

During the calculations, the structures are conceded to relax under Broyden-Fletcher-
Goldfarb-Shanno (BFGS) (Pfrommer et al., 1997) scheme. For the structure optimiza-
tion and relaxation, we have used the value of change of total energy between two scf
steps is less than 10−4 Ry, and each component of force acting is less than 10−3 Ry/Bohrs.
Self consistent total energy calculations have been done atfter the relax calculations. For
this the brillouin zone (BZ) of graphene and hexagonal-boron nitride are sampled in K-
space using Monkhorst-Pack scheme (Monkhorst & Pack, 1976) with suitable number
of mesh of K-points. They are determined from the convergence test. We have also
used Marzarri-Vanderbilt (MV) (Marzari et al., 1999) method of smearing with a small
smearing width of 0.001 Ry.The david diagonalization method along with plain mixing
mode and mixing factor of default value 0.6 are chosen for self consistency.
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3.10.1 Construction ofGraphene (G) andHexagonal-BoronNitride (h-BN)Mono-
layers

Graphene (G) and hexagonal-boron nitride (h-BN) have two dimensional (2D) lattice
structures with a basis of two atoms in the primitive unit cells. For the construction of
input file of unit cells of graphene and h-BN, we have taken the distance between two
carbon atoms, a0 = 1.42 Å, in graphene which was determined experimentally (Neto et
al., 2009), and distance between boron and nitrogen atoms, a0 = 1.45 Å in h-BN, which
approaches with the reported value (Y. Liu et al., 2014). The unit cell of ML (specially
graphene and BN) can be constructed using QE codes by taking ibrav = 4 (as a bravais
lattice index) in the input file since graphene and BN are hexagonal structures. celldm (3)
= c

a , celldm (2) = b
a , and celldm (1) = a are taken in the input file as the parameters. Where,

a, b and c represent the lattice constants in Bohr along X, Y and Z-directions respectively.
We have taken b = a in the hexagonal structure. To avoid the probability of interaction
between two periodic graphene layer, and two periodic h-BN layer respectively in Z-
directions, we took the distance between two consecutive layer by 18 Å. In the input
file, ATOMIC_SPECIES for each atoms are defined by their atomic symbol keep to
by atomic mass (in amu) and ultrasoft pseudopotentials. For example carbon, boron,
and nitrogen atoms are mentioned as C 12.01 C.pbe-n-rrkjus_psl.1.0.0.UPF, B 10.8100
B.pbe-n-rrkjus_psl.0.1.UPF, and N 14.0100 N.pbe-n-rrkjus_psl.0.1.UPF respectively,
where 12.01 amu is atomic mass of carbon atom and C.pbe-n-rrkjus_psl.1.0.0.UPF is its
pseudopotential description; 10.8100 amu is atomic mass of boron atom and B.pbe-n-
rrkjus_psl.0.1.UPF is its pseudopotential description, and 14.0100 amu is atomic mass
of nitrogen atom and N.pbe-n-rrkjus_psl.0.1.UPF is its pseudopotential description.

After the construction of unit cells, we have to determine important parameters like
kinetic energy cut-off (ecutwfc), k-points (nk x , nky, nkz), and lattice parameter (a).
These parameters are calculated from convergence test which are briefly described as
follows.

3.10.2 Convergence Tests

We separately determined the three basic parameters namely kinetic energy cut-off
(ecutwfc) which is cut-off for wave function expansion, k-points which measures how
our discrete grid nearly represents the continuous integral over the brillouin zone (BZ),
and lattice parameter (a) which gives cell dimension in first-principles calculations.
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Kinetic Energy Cut-off

In Quantum ESPRESSO codes, the plane wave self consistent calculations implements
the infinite basis function which are plane wave expansion of ground state wave function
and of electronic wave function under the periodic boundary conditions. The plane wave
expansion of electronic wave function is given by Bloch’s theorem (Parmenter, 1952)
as:

Ψ(r) = uk(r)eik.r (3.67)

Here, Ψ(r) and uk(r) are the electronic wave function and periodic function as in lattice
respectively. We truncated the uk(r) to make it finite known kinetic energy cut-off
(ecutwfc). To find the value of ecutwfc, we have performed the sc f calculations by
using experimental values of lattice parameter a = 4.65 Bohr for graphene and a = 4.70
Bohr for boron nitride respectively. The arbitrary value of k-points as (25×25×1) for
different value of ecutwfc (10, 15, 20, 25, 30, 35, 40, 45, 50) are taken in both the
materials. Finally we obtained total ground state energy of graphene for each value of
ecutwfc using executable pw.x command. The graph between total sc f energy (in Ry)
and corresponding ecutwfc is shown in figure (10).

Figure 10: Graph between total energy and kinetic energy cut-off of graphene unit cell.

From the figure (10), the value of total energy is almost constant after the value of energy
cut-off is 30 Ry, so we have chosen energy cut-off = 35 Ry for upcoming calculations.
Similar results is obtained in h-BN structure. As the value of ecutwfc is known, we then
predicted the value of charge density cut-off (ecutrho) which is 10× ecutwfc in the case
of ultrasoft pseudopotentials. Thus, ecutrho 350 Ry is used in our calculations.
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Convergence of K-points

The points in the momentum space are called K-points. The exact self consistent
minimization of energy calculations will be performed by using K-points. We have
replaced the continuous integral over the brillouin zone by finite sum over discrete
values of k-points in our calculations. To optimize k-points, we used ecutwfc = 35
Ry, ecutrho = 350 Ry and experimental value of lattice parameter (a) = 4.65 Bohr for
graphene and 4.70 Bohr for boron nitride structures respectively. Then, we performed
sc f calculations for different values of k-points (6, 8, 10, 12, 14, 16, 18, 20, 22, 24).
Finally, we obtained total energy of graphene for each value of k-points and we have
plotted the graph between total energy with number of k-points. Nature of graph is
shown in figure (11).

Figure 11: Graph between total energy and number of K-points of graphene unit cell.

Figure (11) shows that, the total energy is almost constant after the value of K-points
(20×20×1). So, by calculating successive energy difference between two K-points, we
have chosen the K-point grid as 22×22×1. Similar result is obtained for boron nitride
structure. Therefore, we used 22×22×1 k-points value in graphene and h-BN structures
in further calculations.

Lattice Parameter (a)

After the optimization of kinetic energy cut-off and k-points, we proceeded to find the
optimized lattice parameter (a) of graphene and h-BN. For this, we used the optimized
value of ecutoff = 35 Ry, ecutrho = 350 Ry, and k-points (nk x , nky ,nkz) = (22×22×1) in
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the input file, and then we performed self consistent calculations for different value of
lattice parameter (4.40, 4.45, 4.50, 4.55, 4.60, 4.65, 4.70, 4.75, 4.80, 4.85, 4.90) Bohrs
respectively. Finally, we got total energy for each value of lattice parameter and then
we plotted a graph of total energy versus lattice parameter (a). The graph between total
energy and corresponding lattice parameter of graphene unit cell is shown in figure (12).

Figure 12: Graph between total energy and lattice parameter a of a graphene unit cell.

From figure (12), it is seen that for the value of lattice parameter of graphene unit cell 
is (a) = 4.65 Bohr, at total minimum energy. This value is similar to the result obtained 
by Pantha et al. (Pantha et al., 2015) for the unit cell of graphene, and it is also 
comparable with the experimentally reported value (Chan et al., 2008). Similarly, 
lattice parameter of boron nitride unit cell is found to be (a) = 4.68 Bohr. This 
value is also comparable with the reported value (Ooi et al., 2005). The value of 
lattice parameter depends upon the number of atom per unit cell. Therefore, for 2×2, 
3×3 and 4×4 supercell structures of graphene and h-BN, we have chosen the value of 
lattice parameter as 9.30 Bohrs, 13.95 Bohrs and 18.60 Bohrs respectively.

After the calculations of ecutwfc, k-points and lattice parameter, we used these parame-
ters on input file is called optimized input of graphene and h-BN. The relax calculations 
are done by using optimized input file of graphene and h-BN respectively. From the 
optimized and relaxed graphene unit cell structure, the distance between any two nearest 
carbon atom is found to be 1.4207 Å. This is fairly aggrement to the experimentally 
reported value 1.42 Å, (Neto et al., 2009). Similarly, the distance between boron and 
nitrogen atoms from the optimized and relaxed unit cell structure of boron nitride is 
estimated 1.4542 Å, which is closely agreeable with the experimentally reported value 
1.45 Å (Liu et al., 2014). Therefore, we have constructed the 4×4 supercell struc-
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tures of graphene and hexagonal-boron nitride. For this, optimized primitive unit cell
of graphene and h-BN are extended along X and Y-directions by using XCrySDen
respectively as shown in figure (13).

Figure 13: Optimized and relax 4×4 supercell structures of: (a) graphene, (b) hexagonal-boron nitride
(h-BN).

The optimized geometries of different supercell are obtained from relax calculations and
hence, we have calculated total energy from sc f calculations using pw.x executable.
Then, the stability of pure graphene sheet and hexagonal boron nitride are studied using
the informations obtained from relax and sc f calculations.

3.10.3 Construction ofPristine andVacancyDefectedGraphene/Hexagonal-Boron
Nitride (G/h-BN) Heterostructures

Two different chemical bonded materials are combined together to form heterostructure 
(HS) material. The HS materials have diffrent physical and chemical properties than 
their constituents (Wang et al., 2017). In the present work, we have combined the 
structural similar materials graphene (G) and h-BN at diffrent orientations to form G/h-
BN HS material. The vertical stacking (graphene is combined with h-BN where 
graphene is at top position and h-BN is as a base) configuration of G/h-BN 
heterostructure material is more stable than that of other configurations. So, we have 
chosen 4×4 supercell structure of graphene and 4×4 supercell structure of h-BN 
materials are vertically stacking to form G/h-BN HS materials, where G/h-BN contains 
64 atoms (32 carbon atoms, 16 boron atoms and 16 nitrogen atoms in HS materials) as 
shown in figure (14). Then, relax calculations are performed to get optimized G/h-BN 
heterostructure, and then total energy is calculated from sc f calculations using pw.x 
executable.
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Figure 14: 4×4 supercell structures of graphene and h-BN are combined to form vertical stacking G/h-BN
heterostructure material (Neupane, et al., 2021).

Further, we have prepared the boron (B), nitrogen (N), and carbon (C) sites vacancy de-
fected materials from the optimized-relaxed G/h-BN HS. For this, we have constructed
1B vacancy defect in G/h-BN HS (G/h-BN_1B), 1N vacancy defect in G/h-BN HS
(G/h-BN_1N), nearest neighbouring 1B and 1N atoms vacancy defects in G/h-BN HS
(G/h-BN_nBN), and alternate zone of 1B and 1N atoms vacancy defects in G/h-BN HS
(G/h-BN_aBN) from the surface of h-BN of G/h-BN HSmaterial respectively. Also, we
have created 1C vacancy defect in G/h-BN HS (G/h-BN_1C), and 2C vacancy defects
in G/h-BN HS (G/h-BN_2C) materials by removing one carbon and two carbon atoms
respectively from the surface of graphene of G/h-BN HS material. Then, relax calcula-
tions are performed to get optimized-relaxed vacancy defected G/h-BN heterostructures.
The optimized-relaxed B and N sites vacancy defected G/h-BN materials are shown in
figure (15) and C sites vacancy defected G/h-BN materials are shown in figure (16).
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Figure 15: B and N sites vacancy defected G/h-BN HS: (a) G/h-BN_1B, (b) G/h-BN_1N, (c) G/h-
BN_nBN, and (d) G/h-BN_aBN HS materials (Neupane, et al., 2021).

Figure 16: C sites vacancy defected G/h-BN HS: (a) G/h-BN_1C, and (b) G/h-BN_2C HS materials (Ne-
upane, et al., 2022).

To avoid the interactivity between adjacent heterostructures, vaccum length of HS (pris-
tine and defected) is made large enough i.e. 18 Å along Z- axis. We have also developed
the band structure of G/h-BN, and B, N and C sites vacancy defected G/h-BN materials.
For this, we have chosen Γ–M–K–Γ high symmetric points in X-axis. We have also
taken 100 K-points in the specific direction of unchangeable brillouin zone (BZ) in order
to obtain band structure graph using pw.x and bands.x executable. After that we per-
formed post processing calculations to extract the data for band plotting using executable
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plotband.x command. Further, we have estimated the total DOS of considered HS. For
the calculations of DOS, first we performed non-self consistent field (nsc f ) calculations
using pw.x executable. To run nsc f calculations we took just double number of k-point
grid than sc f calculations in order to obtain fine DOS. Then, we performed DOS and
projections of wave functions over atomic orbitals (PDOS) calculations using dos.x and
projwfc.x executable. The PDOS calculations help to find the contribution of differ-
ent orbitals on DOS. In addition, we have studied the transport properties of pristine
and vacancy defected G/h-BN HS materials using BoltzTraP computational codes by
dot intrans and dot trans executable. Transport properties of considered materials are
estimated through the parameters of Seebeck coefficient, thermoelectric power factor,
electrical conductivity and electronic contribution of thermal conductivity. The more
details about band, DOS, PDOS, and transport properies calculations of pristine and
vacancy defects in G/h-BN HS are discussed in ’Results and Discussion’ chapter.
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1 General Consideration

The main findings of the present work have been discussed in this chapter. Also, we
have performed the comparision of our obtained results with available experimental
reported values. The main aim of our work is to study structural, electronic, magnetic
and transport properties of G/h-BN heterostucture (HS) material, and B, N and C sites
vacancy defected G/h-BN HS materials. Computational works are carried out through
Quantum ESPRESSO (QE) and BoltzTraP (BTP) software packages, on the basis of
spin-polarized density functional theory (DFT) within the frame work of van der Waals
(vdWs) corrections DFT-D2 approach, and Boltzmann transport equations (BTE). To
obtain the optimized kinetic energy cut-off, k-points and lattice parameters, convergence
tests have been performed. It gives the most stable structural configurations at minimum
ground state energy. We study the band structure, DOS and PDOS of heterostructures
we considered in the present work. The electronic and magnetic properties of examined
materials are investigated based on band, DOS and PDOS calculations. BoltzTraP
package can be used to estimate the transport properties of materials on the basis of their
Seebeck coefficient (S), electical conductivity σ

τ , thermal conductivity κ
τ , theromelectric

power factor P = S2σ
τ , figure of merit ZT = S2σT

κ , Hall coefficient RH , and chemical
potential µ. Transport properties of graphene, h-BN, G/h-BN HS, and B, N and C
sites vacancy defected G/h-BN HS materials are investigated through the calculations
of their Seebeck coefficient, electical conductivity, electronic contribution of thermal
conductivity, theromelectric power factor.

In section 4.2, we have discussed the structure and stability of pure graphene (G) and
hexagonal-boron nitride (h-BN) monolayers (ML), graphene/hexagonal-boron nitride
(G/h-BN) heterostructure (HS), and B, N and C atoms vacancy defected G/h-BN HS
materials. In section 4.3, we have examined the electronic properties of considered
materials on the basis of their band structure calculations. In section 4.4, we have
explored the magnetic properties of graphene ML, h-BNML, G/h-BN HS, and B, N and

55



C atoms vacancy defected G/h-BN HS on the basis of their DOS and PDOS analysis.
Section 4.5 is dedicated to transport properties of materials. The finding of the present
work covers the following topics.

• Structural stability of monolayer (ML), different stacking configurations of het-
erostructure (HS) and vacancy defects in HSmaterials is determined based on their
total ground state energy and binding energy. We have computed the total ground
state energy and binding energy of graphene (G) and h-BN supercell structures,
heterostructure of G/h-BN HS, 1B defect in G/h-BN HS (G/h-BN_1B), 1N defect
in G/h-BN HS (G/h-BN_1N), nearest neighbour 1B and 1N defects in G/h-BN
HS (G/h-BN_nBN), alernate zone of 1B and 1N defects in G/h-BN HS (G/h-
BN_aBN), 1C defect in G/h-BN HS (G/h-BN_1C), and 2C defects in G/h-BN HS
(G/h-BN_2C) materials. The monolayer (ML) of graphene and h-BN supercell
structures, vertical stacking configuration of G/h-BN HS, and B, N and C atoms
vacancy defected G/h-BN HS materials are found to be stable.

• The nature of material is predicted on the basis of its electronic properties. Here,
we have predicted the electronic properties of graphene and h-BN ML, and G/h-
BN, G/h-BN_1B, G/h-BN_1N, G/h-BN_nBN, G/h-BN_aBN, G/h-BN_1C and
G/h-BN_2C HS materials on the basis of their band structure calculations. We
found that graphene is a zero band gap and h-BN is a wide band gap materials as
reported in previous works (Novoselov et al., 2004; Watanabe et al., 2004). The
pristine (non-defected) G/h-BN, and B and N sites vacancy defects in G/h-BN
materials have semimetallic properties. On the other hand, G/h-BN_1C opens
small energy band gap of 0.40 eV at K-point of band structure. Hence, it is
called an n-type semiconductor. But, band states of G/h-BN_2C HS material are
appeared around the Fermi energy level in band structure. Hence, it has metallic
properties.

• Magnetic properties (magnetic moment) of spin-polarized system are affected by
the distribution of up-and down-spin states of electrons in the orbitals of atoms
present in their DOS and PDOS plots. Hence, we have investigated the magnetic
properties of considered ML and HS (pristine and vacancy defected) materials
through the analysis of their DOS and PDOS. It is found that graphene and h-
BN have non-magnetic properties, while G/h-BN, and B, N and C sites vacancy
defected HS have magnetic properties.

• Thermoelectric materials are explored based on their transport properties. Here,
we have studied the transport properties of considered ML supercell structures,
pristine HS, and vacancy defected HS materials based on the calculations of their
Seebeck coefficient, electrical conductiviy, electronic contribution of thermal con-
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ductivity and thermoelectric power factor, they are found to be good thermoelectric
materials.

4.2 Structural Properties

Surface engineering properties of materials are called structural properties. They are
used for the purpose of designing the new materials with desired properties as there is
an excellent correlation of structure and properties of materials (Novoselov et al., 2004;
Ooi et al., 2005). In this section, we discuss the structural properties of graphene, h-BN,
HS of G/h-BN, and vacancy defected G/h-BN HS materials.

4.2.1 Graphene (G) and Hexagonal-Boron Nitride (h-BN) Supercell Structures

Structures of graphene and h-BN are similar but they have different physical and chemical
properties. Structure and stability of pure graphene and hexagonal boron nitride (h-BN)
are described as follows.

Graphene

Graphene’s structure can be formed by two carbon atoms bounded covalently per unit 
cell with a carbon to carbon bond length of (a) = 1.42 Å (Novoselov et al., 2004; Singh 
& Kroll, 2009). Graphene is made of a set of sp2 hybridised carbon atoms which form 
four bonds each, three σ bonds, one with each neighbour, and one π orientated out of 
plane (Novoselov et al., 2004; Neto et al., 2009; Wang, Ma, & Sun, 2017). Supercell 
structure of 2D graphene is fabricated by advancing its unit cell along X and Y-
directions. Here, we discuss equilibrium configuration of graphene and binding energy 
of carbon atom in unit cell and supercells containing 2, 8, 18 and 32 number of carbon 
atoms, because stability of materials are predicted based on their binding energy. The 
binding energy Eb of graphene is estimated by:

Eb = NEC − Eg (4.1)

where, EC and Eg respectively represent the ground state energy of isolated carbon atom
and pure graphene sheet. N is the total number of carbon atoms in a graphene supercell.
We have estimated the binding energy per carbon atom using the relation:

(Eb)percarbonatom =
NEC − Eg

N
(4.2)
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Before calculating binding energy, we have performed the relax and self consistant field
(scf) calculations of isolated carbon atom to get total energy of isolated carbon on same
dimension of unit cell and each graphene 2×2, 3×3 and 4×4 supercells. Also, we have
relaxed each supercell until the convergence is achieved. Then, we have performed scf
calculations to get total energy for different supercells containing 2, 8, 18 and 32 number
of carbon atoms. Unit cell and supercell structures of graphene sheet are shown in figure
(17).

Figure 17: The unit and supercell structures of graphene: (a) A unit cell, (b) 2×2 supercell, (c) 3×3
supercell, and (d) 4×4 supercell.

The total ground state energy, calculated binding energy and binding energy per carbon
atom are illustrated in table (1) below.

Table 1: Total ground state energy (Ry), energy of isolated carbon atom (Ry), binding energy of carbon
atom (eV) and binding energy per carbon atom (eV/atom) graphene sheet containing 2, 8, 18 and 32
number of carbon atoms.

Number of Total Energy Energy of isolated Binding energy of B. E. per carbon
carbon atoms (Ry) carbon atom (Ry) carbon atom (eV) atom (eV/atom)

C2 -22.7979 -10.9785 11.4362 5.7181
C8 -99.4452 -11.8519 62.9680 7.8710
C18 -223.7507 -11.8438 143.6473 7.9804
C32 -397.7808 -11.8437 255.4406 7.9825

From table (1), it is seen that (from numerical calculation), the binding energy increases
with increase in the number of carbon atoms. Higher the value of binding energy, more
stable the system. Thus, the graphene with large number of carbon atoms is more stable
than with less number of carbon atoms. We found that, the binding energy per carbon
atom is almost constant at 18 and 32 numbers of carbon atoms. The binding energy per
carbon atom of 2×2, 3×3 and 4×4 supercells have 7.8710 eV/atom, 7.9804 eV/atom, and
7.9825 eV/atom values respectively, they are analogous with 7.7890 eV/atom, 7.9010
eV/atom and 7.9040 eV/atom reported values by Pantha et al. (Pantha, Khaniya, &
Adhikari, 2015). We concluded that graphene with 3×3 and 4×4 supercells are more
stable than smaller sized supercells. With reference to available reported value, the
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binding energy per carbon atom for pure graphene sheet (7.9825) eV/atom) containing
32 number of carbon atom agrees within 0.88 % to the previously reported value of
7.9100 eV/atom by Bhattacharya et al. (Bhattacharya et al., 2010) and within 0.62 %
to the value 8.0300 eV/atom reported by Oli et al. (Oli et al., 2013). Therefore, 4×4
supercell structure of pure graphene is a stable material. It can be used for further
calculations.

Hexagonal Boron Nitride (h-BN)

If we assume hexagonal boron nitride (h-BN) as the structure of graphite (Song et al., 
2010). It contains strong in-plane covalent bondings and weak van der Waals (vdWs) 
interplanner bonding. The unit cell of h-BN is formed by covalently bonded one boron 
atom and one nitrogen atom together. It is found that bond length between nearest B-N 
atoms of optimized structure of unit cell has 1.45 Å. This is fairly close with the 
reported value 1.45 Å, (Liu et al., 2014). Structural (geometrical) optimization gives the 
strain free lattice constants, atomic coordinates leading to minimum energy 
configuration. Once all the parameters (lattice parameters, kinetic energy cut-off, k-
points and atomic coordinates) required in the input files are fixed. We have carry out 
relax calculations of the unit cell. It makes small deviates in the atomic coordinates 
allowing stable and minimum ground state energy of crystal structure. It means, 
relaxation further gives more minimum energy configuration.

After relaxation, self consistent field (scf) calculations were performed to find the total
energy of the system. By extending periodically the unit cell along X- and Y-axes using
XCrySDen (Kokalj & Mol, n.d.); we obtained 2×2, 3×3 and 4×4 supercell structures of
2D h-BN which are illustrated in figure (18).

Figure 18: The unit and supercell structures of h-BN: (a) A unit cell, (b) 2×2 supercell, (c) 3×3 supercell,
and (d) 4×4 supercell.

Here, 2×2 supercell contains 4 boron (B) and 4 nitrogen (N) atoms, 3×3 supercell con-
tains 9 boron and 9 nitrogen atoms, and 4×4 supercell contains 16 boron and 16 nitrogen
atoms. Then, the stability of the supercells are determined from the calculations. Once

59



the equilibrium configuration of supercells are achieved after the relaxation operations,
scf are performed to get total ground state energies of the systems. Thus, the stability of
h-BN sheets are then calculated using the relation:

Eb = N(EB + EN ) − Eh−BN (4.3)

where, Eb and Eh−BN respectively represent the binding energy and ground state energy
of h-BN supercell under consideration. Let, N is the number of boron atoms and nitrogen
atoms in the same supercell. Positive value of binding energy Eb means bounded system
can exist in nature. Similarly, the binding energy per boron-nitrogen pair can be estimated
as:

(Eb)BN =
Eb

N
=

N(EB + EN ) − Eh−BN

N
(4.4)

Energies of isolated boron and nitrogen atoms are estimated usig the same method as
the complex one. Energy of an isolated boron and nitrogen atoms are found to be EB =
-5.9234 Ry and EN = -19.8117 Ry respectively. The total ground state energy, calculated
binding energy and binding energy per B-N atoms are given in table (2).

Table 2: Total ground state energy (Ry), binding energy (eV), and binding energy per B-N atoms (eV/atom)
for h-BN sheet containing 2, 8, 18 and 32 number of B-N atoms.

Cell size Number of Total ground Binding energy Binding energy per B-N
B and N atoms energy (Ry) B.E. (eV) atoms (eV/atom)

1×1 2 -26.6641 12.6248 6.3124
2×2 8 -106.6563 50.5345 6.3168
3×3 18 -239.9766 113.7145 6.3175
4×4 32 -426.6251 202.1592 6.3175

Table (2) shows that total binding energy increases with the increase in the number of
boron and nitrogen atoms while the ground state energy decreases with the increase
in the size of the supercell. It is also found that binding energy per B-N atoms of
h-BN supercells have higher values than that of unit cell, and binding energy of h-BN
supercells per pair of B-N have almost constant value. The binding energy per B-N
atoms of 4×4 h-BN supercell is comparable with the experimentally reported binding
energy 6.6000 eV of h-BN (Zunger, 1974). Also, the estimated binding energy value of
h-BN is comparable with reported values of graphene (Zunger, 1974; Bhattacharya et
al., 2010; Oli et al., 2013). Therefore, 4×4 supercell h-BN structure is a stable, and is
used for further calculations.
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4.2.2 Graphene/hexagonal-Boron Nitride (G/h-BN) Heterostructure

The graphene based G/h-BN heterostructure (HS) material is modelled using optimized
and relaxed 4×4 supercell structure of graphene and 4×4 supercell structure of h-BN
with appreciable lattice mismatch (1.4 %) in the present work. This value is approximate
with the reported value (Ramasubramaniam et al., 2011; Quhe et al., 2012; Slotman et
al., 2015). After that we have performed relax calculations of G/h-BN HS for the
appropriate adjustment of atomic coordinates in the structure. The relaxed structure of
G/h-BN is illustrated in figure (19).

Figure 19: Optimized and relaxed G/h-BN heterostructure (Neupane, et al., 2021).

We have estimated the distance between nearest two B atoms of h-BN in G/h-BN to
be 2.48 Å, this is approximate with the values of graphene (2.46 Å) and h-BN (2.50
Å) (Aggoune et al., 2018). Thus, the adjustment of graphene sheet and h-BN are
suitable in G/h-BN (Woods et al., 2014). We found the interlayer distance between
graphene and h-BN in G/h-BN is 3.28 Å. This lies within 1.50 % with the previously
obtained value (Ramasubramaniam et al., 2011; Aggoune et al., 2020). Hence, van der
Waals (vdWs) interaction exists in between graphene and h-BN surfaces of G/h-BN
heterostructure.

The stability of materials is determined by the value of their binding energy. Higher the
value of binding energy (higher negative energy value in the present work), more stable
is the system. Thus, we have determined the stability of G/h-BN HS material by finding
its binding energy (formation energy) using equation (4.5) (Vu et al., 2020):

(Eb)G/h−BN =
EG/h−BN − EG − Eh−BN

A
(4.5)

where, EG/h−BN , EG and Eh−BN represent the total ground state energy of G/h-BN,
graphene, h-BN respectively. Let A be the area occupied by G/h-BN. The obtained
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binding energy of G/h-BN is -41.88 meV/Å2. This value is comparable with -19.49 
meV/Å2 (Peng et al., 2018) and -31.88 meV/Å2 (Li et al., 2018) values of other 2D 
heterostructure materials. The negative binding energy of material reflects that it is 
strongly stable at ground state. Therefore, we concluded that G/h-BN is a stable 2D 
vdWs HS material. The estimated parameters regarding to the structural properties of
G/h-BN are presented in table (3).

Table 3: Total ground state energy Et (Ry), binding energy Eb (meV/Å2), defect formation energy Ed

(eV), Interlayer distance r (Å), distance between two carbon (C-C) atoms in graphene dCC (Å), and
distance between boron and nitrogen (B-N) atoms dBN (Å) in h-BN of HS materials (Neupane, et al.,
2021, 2022).

HS materials Et (Ry) Eb (meV/Å2) Ed (eV) r (Å) dCC (Å) dBN (Å)
G/h − BN - 790.6591 - 41.8802 - 3.2824 1.4201 1.4514

G/h − BN_1B - 771.5331 - 30.3612 0.1912 3.2928 1.4208 1.4612
G/h − BN_1N - 770.0864 - 38.8331 0.1542 3.2927 1.4206 1.4521

G/h − BN_nBN - 763.3113 - 23.7924 0.3612 3.3304 1.4203 1.4622
G/h − BN_aBN - 763.2466 - 28.8342 0.3216 3.3221 1.4203 1.4623
G/h − BN_1C - 779.0212 - 28.3008 0.1843 3.2923 1.4312 1.4510
G/h − BN_2C - 767.1102 - 22.8206 0.2444 3.3312 1.4314 1.4511

4.2.3 Vacancy Defected G/h-BN Heterostructures

In this section, we have studied the structural properties of B, N and C sites vacancy
defects in G/h-BN HS material. At first, we have constructed 1B defect in G/h-BN
(G/h-BN_1B), 1N defect in G/h-BN (G/h-BN_1N), nearest neighbour 1B and 1N de-
fects in G/h-BN (G/h-BN_nBN), alternate-zone of 1B and 1N defects in G/h-BN (G/h-
BN_aBN), 1C defect in G/h-BN (G/h-BN_1C), and 2C defects in G/h-BN (G/h-BN_2C)
HS materials by detaching 1B atom, 1N atom, nearest neighbour 1B and 1N atoms,
alternate-zone of 1B and 1N atoms from h-BN of G/h-BN HS, 1C atom and 2C atoms
from graphene of G/h-BN HS material respectively. Then, relax calculations of these
materials are performed, since proper atomic coordinates are determined by relax calcu-
lations. The optimized and relaxed B and N sites vacancy defects in G/h-BN structures
are shown in figure (20), and C sites vacancy defects in G/h-BN structures are emblished
in figure (21).
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Figure 20: Optimized and relaxed B and N atoms vacancy defected G/h-BN HS materials: (a) G/h-
BN_1B HS, (b) G/h-BN_1N HS, (c) G/h-BN_nBN HS, and (d) G/h-BN_aBN HS materials (Neupane, et
al., 2021).

Figure 21: Optimized and relaxed C atom vacancy defected G/h-BN HS materials: (a) G/h-BN_1C HS,
and (f) G/h-BN_2C HS materials (Neupane, et al., 2022).

Binding energy of materials are used to predict their stability. Binding energy of G/h-
BN_1B, G/h-BN_1N, G/h-BN_nBN, G/h-BN_aBN, materials are calculated by using
equation (4.6), and ofG/h-BN_1C andG/h-BN_2Cmaterials by using equation (4.7) (Vu
et al., 2020; Neupane, et al., 2022):

(Eb)(G/h−BN)d =
E(G/h−BN)d − EG − E(h−BN)d

A
(4.6)
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(Eb)(G/h−BN)d =
E(G/h−BN)d − E(G)d − Eh−BN

A
(4.7)

where, E(G/h−BN)d , EG, E(h−BN)d , E(G)d , Eh−BN and A denote the total ground state 
energy of B, N and C sites vacancy defected G/h-BN materials, graphene sheet, vacancy 
defected h-BN, vacancy defected graphene sheet, pristine h-BN sheet, and area occu-
pied by vacancy defected heterostructure materials. The obtained binding energy of 
G/h-BN_1B, G/h-BN_1N, G/h-BN_nBN, G/h-BN_aBN materials are -30.36 meV/Å2, 
-38.83 meV/Å2, -23.79 meV/Å2, -28.83 meV/Å2 respectively (Neupane, et al., 2021), 
and of G/h-BN_1C and G/h-BN_2C are -28.30 meV/Å2 and -22.82 meV/Å2 respec-
tively (Neupane, et al., 2022). These values are comparable with the reported values 
-31.88 meV/Å2 and -19.49 meV/Å2 of other 2D HS materials (like of SiC/graphene HS, 
Chalcogenides/arsenene HS) (Peng et al., 2018; Li et al., 2018). Therefore, our 
above mentioned materials are mightily stable at ground state. Among the materials, we 
considered to study G/h-BN_1N has highest and G/h-BN_2C has lowest stability. Higher 
the value of binding energy (higher negative values) reveals that they are energetically 
stable at ground state and exist in nature. We also correlated the binding energy values 
of vacancy defected materials with the value of pristine G/h-BN material and found that 
pristine G/h-BN is more stable than defected materials.

In addition, we have estimated the interlayer distance between the constituents of G/h-BN 
is found to be 3.28 Å, and vacancy defected G/h-BN_1B, G/h-BN_1N, G/h-BN_nBN, 
G/h-BN_aBN, G/h-BN_1C and G/h-BN_2C are found to be 3.29 Å, 3.29 Å, 3.33 Å, 3.32 
Å, 3.29 Å, and 3.33 Å, respectively. They are also comparable with the values 3.80Å, 
and 3.33Å, of other 2D HS materials (like of SiC/graphene, Chalcobenides/arsenene, 
graphene/h-BN HS) (Li et al., 2018; Aggoune et al., 2020). It seems that interlayer 
distances of defected G/h-BN materials are increased than that of pristine G/h-BN. 
Also, interlayer distance of defected materials are found to be increased with increasing 
vacancy atom/atoms in G/h-BN HS. Hence, the compactness of material increases with 
decreasing the defects concentration, and van der Waals interaction (force) exists in 
between the consistents of HS. Therefore, based on the estimation of binding energy and 
interlayer distance, we concluded that vacancy defected HS are stable 2D van der Waals 
HS materials.

In the defected system, it needs to calculate and analyze the defect formation energy
because it is also used to predict the stability of materials. Defect formation energy of
defected materials are calculated using equation (4.8) (Hou et al., 2012):

(Et) f = (Et)d − [(Et)p + naµa + nbµb + ncµc] (4.8)
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where, (Et) f , (Et)d, (Et)p, na, nb, nc, and µa, µb, µc denote the total defect formation
energy of a G/h-BN HS material, total ground state energy of defected G/h-BN HS
material, total ground state energy of pristine G/h-BN HS material, number of B atom
vacancy, N atom vacancy, C atom vacancy in G/h-BN HS material, and chemical
potential of B atom, N atom, C atom/s in G/h-BN HS material respectively.

It is found that (Et) f of G/h-BN_1B, G/h-BN_1N, G/h-BN_nBN and G/h-BN_aBN
have values 0.19 eV, 0.15 eV, 0.36 eV and 0.32 eV respectively (Neupane, et al., 2021).
And of G/h-BN_1C and G/h-BN_2C materials have values 0.18 eV and 0.24 eV respec-
tively (Neupane, et al., 2022). Lower defect formation energy reflects, materials will
be more favorable for the computational work (Hou et al., 2012). The estimated defect
formation energy of our study materials are low which reveals that they are suitable
materials for the computational research work, and hence these materials are structurally
stable and existable in nature. It is seen that single atom vacancy defected HS are more
suitable for computational work than double atoms vacancy defected HSmaterials, since
less amount of energy is used to remove the atom from its pristine structure. There-
fore, from the analysis of structural properties of pristine G/h-BN and vacancy defected
G/h-BN HS materials, they are found to be stable vdWs HS materials. The estimated
parameters related to structural properties of vacancy defected G/h-BNHS are illustrated
in table (3).

4.3 Electronic Properties

The hardness of solid state matter found on the relative compactness of the constituent
atoms (Kwon & Savitskii, 2001). The configuration of electrons of atoms in a material
can be predicted by it’s energy bands (band structure), thus giving the clear picture of
electronic properties of the material (Parmenter, 1952). The energy bands can either
be mixed, forbidden or empty, based on which we can say either a solid is a conductor,
semiconductor or insulator. Further study of band structure is one of the most broadly
used way to study electronic properties of materials (Kittel, 2005). We adopted spin-
polarized density functional theory (SDFT) technique (among different techniques like
muffin tin approximation, green function approximation, tight binding approximations,
nearly free electron approximation) for the calculations of band structures.

4.3.1 Band Structure Calculations

Calculations of band structure of solids come from the solution of Schrdinger equation
within the crystal potential. Considering the Kohn Sham equation with effective crystal
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potential ve f f (r) and energy eigen values εi:(
−
~2

2me
∇2 + ve f f (r)

)
ψi(r) = εi ψi(r) (4.9)

To solve this equation within the crystal, we need to know the nature of effective crystal
potential. The nature of such effective crystal potential was given by Bloch. According
to Bloch theorem, the crystal potential is a periodic potential (Blochl et al., 1994;
Parmenter, 1952) i.e. ve f f (r = ve f f (r + Rl) and there always exists a vector k such that
the translation of wave function by a lattice vector Rl is equivalent to multiplying by the
phase factor, eik .Rl . Mathematically (Parmenter, 1952):

ψk(r + Rl) = eik .Rlψk(r) (4.10)

The wave vector defined in a Bloch theorem is a good quantum number for a periodic
system. As seen in equation (4.10) if k satisfies Bloch theorem, (k + Rl) also satisfies
Bloch theorem, where Rl is the reciprocal lattice vector. Hence, all possible values of
k can be confined to the unit cell of reciprocal lattice (i.e. confined to the first brillouin
zone). In the present work, we have used Quantum ESPRESSO codes (Giannozzi et al.,
2009) to calculate band structure of our systems by characterizing the behavior of solids
in a first brillouin zone (BZ). The first BZ of our considered heterostructures (hexagonal
lattice) with Γ–M–K–Γ high symmetric points is shown in figure (22), where Γ is the
center of the zone, M and K are two end points of the sides of any face.

Figure 22: Brillouin zone (BZ) of hexagonal crystal structure showing highly symmetric points Γ–M–
K–Γ, where Γ is the center of the zone, M and K are two end points of the sides. a∗, b∗ and c∗ represent
the reciprocal lattice vectors along X-, Y- and Z-directions respectively.

For each points on the BZ there are different values of K and for each K, there are many
eigen values of Hamiltonian that are labeled as εn(k), where n is the band index. A
plot of εn(k) versus K is called the band structure (Huat et al., 2014). Therefore, Bloch
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theorem greatly facillitates the solution of Kohn Sham equations leading the calculations
of band structure of solids.

The band structure and density of states calculations involve the integration over BZ.
The structure of BZ differs with structure of primitive cell of crystal. There are several
methods to perform such integrations over the first BZ, such as Gaussian-broadened
sampling integration (Elsasser et al., 1994), Fermi-Dirac-broadened sampling integra-
tion (Kratzer & Neugebauer, 2019), and Tetrahedron integration (Blochl et al., 1994).
In our calculations, Quantum ESPRESSO uses the modified tetrahedron method which
was the modified version of tetrahedron method bt Blochel et al. (Blochl et al., 1994).
The possibility of translation symmetry in crystaline solid allows us to define a quantum
number called crystal momentum K. Therefore, wave functions ψn(k) and energy eigen
values εn(k) are found to be depend on band index n and crystal momentum vector K.
The modified tetrahedron method involves the BZ integration by the division of irre-
ducible BZ into several tetrahedrons in which energy eigen values and matrix elements
are linearized in K (Blochl et al., 1994). Energy eigen values and matrix elements are
calculated for the k-points which lie at the corners of these tetrahedrons and rest of the
eigen values and matrix elements are for whole tetrahedrons are obtained by linear inter-
polation and integration over that tetrahedron (Blochl et al., 1994). Finally integration
is obtained by summing over all tetrahedra.

Band Structure Calculations of Graphene and h-BN

We have performed the band structure calculations of monolayer graphene sheet and
h-BN by taking the high symmetry points Γ–M–K–Γ on the first brillouin zone (BZ) of
hexagonal lattice as shown in figure (22), for which we have taken high symmetric 100
k-points along this specific direction in order to find fine band structure. Each carbon
atom in graphene consists of four valence electrons. Valence electrons in 2s, 2px and
2py orbitals of three carbon atoms interact with its three nearest neighbour carbon atoms.
An electron in 2pz orbital of carbon atom overlaps with the electron of nearest 2pz orbital
of other carbon atoms. The band structure of graphene emanating from 2pz-orbital of
carbon atoms because electronic properties of graphene are predicted by mobile (loosely
bounded) electrons of carbon atoms (Novoselov et al., 2004, 2005). The band structure
plots of 4×4 supercell of graphene and 4×4 supercell of h-BN monolayers are shown in
figure (23). Where, high symmetric points in the direction of irreducible BZ are taken
in X-axis and their corresponding energy are taken in Y-axis.
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Figure 23: Band structure of graphene and h-BN supercells in spin-polarized calculations, where the
Fermi level is set to zero: (a) band structure plot of 4×4 graphene supercell structure, (b) band structure
plot of 4×4 h-BN supercell structure (Neupane, et al., 2021).

In figure (23a), the Fermi energy level is denoted by horizontal dotted line. The region
above the horizontal dotted line is called conduction band and below the horizontal
dotted line is called valence band. Band states in the conduction band indicates to π∗

band and band states in the valence band indicates to π band. These π∗ and π bands
of 4×4 graphene supercell are meet at high symmetric K-point on the Fermi energy
level, known as Dirac point (cone) as shown in figure (23a). Hence, valence band and
conduction band of graphene supercell do not overlap. Hence, it has zero band gap
energy. It indicates that graphene is a zero band gap material. The estimated band
gap energy of graphene is Eg = 0 eV. This is fairly in aggreement with experimentally
reported value (Novoselov et al., 2004). Graphene is a zero band gap semiconducting
material.

In spite of numerous studies that has been done on h-BN till date, nature of h-BN is very
controversial with the doubtful band gap. Previously calculated reports suggest that the
gap ranges from 3.0 eV to 7.5 eV (Ooi et al., 2005; Abdellaoui et al., 1997; Solozhenko
et al., 2001; Watanabe et al., 2009), this might be due to the use of different simulation
methods, eventhough such a huge variations seem quite confusing. In the mean time,
nature of band structure also seems debatable with some reports suggesting the bands to
be direct; while other report to be opposite, indirect, leading to ambiguous conclusions.
Therefore, we have performed the band structure calculations of pristine h-BN taking
the high symmetry points Γ–M–K–Γ on the first (BZ) of hexagonal lattice as shown
in figure (23b). Where high symmetric points are plotted in X-axis and represents the
high symmetric points and energy values are taken in Y-axis. The horizontal dotted line
indicates Fermi enery level which separates the electronic bands. We observed that top
of the valance band and bottom of conduction band are located at Γ symmetric point
of 4×4 h-BN supercell. It indicates the direct nature of band structure with band gap
energy of 4.98 eV value. Our estimated band gap lies within the range of experimentally
band gap (Watanabe et al., 2004). h-BN is a wide band gap material.
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Band Structure Calculations of G/h-BN HS

Band structure calculations of van der Waals (vdWs) G/h-BN heterostructure (HS)
material are performed by defining highly symmetric points on the edge of brillouin
zone (BZ). A sampling path of Γ–M–K–Γ is used for band structure calculations. The
K-path is shown in figure (22), and the resulting band structure is shown in (24a), where
X-axis represents different symmetric points of BZ and Y-axis represents energy value
with reference taken as Fermi energy.

Figure 24: Band structure of vdWs G/h-BN heterostructure in spin-polarized calculations: (a) band
structure plot of G/h-BN HS, (b) zoom scale band structure plot of G/h-BN HS, where small band gap is
appeared at high symmetric K-point in the first BZ (Neupane, et al., 2021).

In band structure, estimated bands of G/h-BN appeared as a superposition of its con-
stituents. This is because the covalent bonds within the layers are not changed in the
establishment of the HS. Fermi energy and total ground states energy of graphene are
-2.54 eV and -397.7808 Ry, and of h-BN are -3.20 eV and -426.6251 Ry respectively,
while that of G/h-BN are -1.26 eV and -790.6591 Ry. That means, Fermi level shifted
towards the conduction band in HS material. Hence, there will be a chance to flow the
electrons from valence to conduction band. Hence, it has metallic nature. Moreover, we
carefully observed band states around the Fermi energy level. It is found that a small
band gap of value 2.60 meV open at K-point in the band state of graphene as shown in
figure (24b), because there will be a weak interactions existing in beween graphene and
h-BN supercells. Hence, GGA calculations with PBE exchange correlation showed the
narrow band gap of 2.60 meV, obtained at top of the valance band and bottom of con-
duction band, which are located at K-point of first BZ. Therefore, by the analysis of band
structure, we predicted that vdWs G/h-BNHS has semimetallic properties.The materials
having more than 400 meV band gap energy values, they are called semiconductor.
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Band Structure Calculations of B, N and C Sites Vacancy Defected G/h-BN HS

For the study of our queries on the nature of defected G/h-BN HS with B, N and C sites
vacancy atoms, we need to calculate their band structures. So, electronic properties of B,
N and C atoms vacancy defected G/h-BN HS materials are determined by the inspection
of their band structure. Band structure of defected G/h-BN HS materials with B, N and
C sites vacancy atoms are illustrated in figures (25), (26) and (27) respectively. We have
selected 100 K-points on the specific position of invariant BZ by taking Γ–M–K–Γ high
symmetric points are taken in X-axis and the energy values are taken in Y-axis. The
horizontal dotted line detaches the electronic bands (i.e. region above the horizontal
dotted line is called conduction band, and below horizontal dotted line is called valence
band). In this work, we have separately studied the band structures of B, N and C atoms
vacancy defected HS materials. We found that band states of h-BN in the valence band
are very approaching (0.01 eV) to the Fermi energy level. But in conduction band,
they appear slightly away (1.70 eV) from the Fermi energy level as shown in figure
(25a) (Neupane, et al., 2021). It reflects that p-type Schottky contact has preeminent
role than n-type Schottky contact. Therefore, h-BN opens band gap of value 1.71 eV
in G/h-BN_1B HS (Neupane, et al., 2021). Nevertheless, band states of graphene are
unmoving and seems as like in band plot of G/h-BN HS. We intensely analyzed the
band plot of G/h-BN_1B, it is found to be 9.75 meV band gap energy at high symmetric
K-point as shown in figure (25b) (Neupane, et al., 2021). Similarly, we have developed
and analyzed the band structure of G/h-BN_1N HS material as shown in figure (25c),
where 2.45 eV energy gap is obtained by the cause of the contributions of n-type and
p-type Schottky contacts in bands structure (Neupane, et al., 2021). The p-type and
n-type Schottky contacts have values 2.45 eV and 0 eV respectively (Neupane, et al.,
2021), hence n-type Schottky contact has presiding role in G/h-BN_1N. In addition,
we conscientiously invistigated the effect of graphene in band structure of G/h-BN_1N.
Band gap energy 33.84 meV found at high symmeric K-point in band structure as shown
in figure (25d) (Neupane, et al., 2021). Because of two alike C atoms exposed to two
distinct electrostatic potentials caused by B and N atoms, small band gaps are obtained
in B and N sites vacancy defected materials. Therefore, G/h-BN_1B and G/h-BN_1N
materials have semimetallic properties. We also compared the band gap energy of G/h-
BN_1B and G/h-BN_1N with non-defected G/h-BN, and found that band gap energy
of G/h-BN_1B and G/h-BN_1N have slightly higher values than of G/h-BN, but band
gap created by h-BN in defected materials have lower values than of G/h-BN, which are
summarized in table (4).
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Figure 25: Band structures of B and N sites vacancy defected vdWs G/h-BN heterostructure in spin-
polarized calculations: (a) band structure of G/h-BN_1B HS, (b) zoom scale band plot of G/h-BN_1B
HS, (c) band structure of G/h-BN_1N HS, (d) zoom scale band plot of G/h-BN_1N HS. In zoom scale of
band plots, small band gap is appeared at high symmetric K-point in the first BZ (Neupane, et al., 2021).

In addition, we have analyzed the band structure calculations of G/h-BN_nBN and G/h-
BN_aBN materials which are illustrated in figure (26). Highly symmetric points are
taken in X-axis and energy values are taken in Y-axis. Also, horizontal dotted line
separates the electronic bands in it. We have determined the band states of h-BN in
both G/h-BN_nBN and G/h-BN_aBN materials. It is found that they locate closer to the
Fermi energy level. Hence, n-type and p-type Schottky contact are formed and found to
be 0.35 eV and 1.76 eV of G/h-BN_nBN and of 0.69 eV and 1.22 eV of G/h-BN_aBN
respectively. Thus, total band gap energy obtained by h-BN in G/h-BN_nBN and G/h-
BN_aBN materials are 2.11 eV and 1.91 eV values respectively. These values are also
smaller than that of G/h-BN. It is also observed that n-type Schottky contact are formed
in both materials. We precisely calculated the band gap energy of G/h-BN_nBN and
G/h-BN_aBN, and found 1.71 meV and 2.73 meV values at high symmetric K-point as
shown in figures (26b) and (26d) respectively. Small band gaps are opened in all B and
N atoms vacancy defected materials because two unequal C atoms have a equivalent
chemical condition. Hence, electronic bands in graphene can go through weakeing at
K-point, by forbidding the opening of band gap. Therefore, G/h-BN_1B, G/h-BN_1N,
G/h-BN_nBN and G/h-BN_aBN are semimetallic materials.
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Figure 26: Band structure of B and N sites vacancy defected vdWs G/h-BN heterostructure in spin-
polarized calculations: (a) band structure of G/h-BN_nBN HS, (b) zoom scale band plot of G/h-BN_nBN
HS, (c) band structure of G/h-BN_aBN HS, (d) zoom scale band plot of G/h-BN_aBN HS. In zoom scale
of band plots, small band gap is appeared at high symmetric K-point in the first BZ (Neupane, et al., 2021).

Moreover, we have examined the band structure of G/h-BN_1C and G/h-BN_2C HS
materials for the study of their electronic properties, which are shown in figure (27) (Ne-
upane, et al., 2022). The symmetric points that we choose in order to calculate band
structure are Γ–M–K–Γ taken in X-axis and their energy values taken in Y-axis. Fermi
energy level is noted by horizontal dotted line, it distinguishes the electronic bands. The
band gap energy of 5.97 eV (Neupane, et al., 2022) is established by h-BN in G/h-BN_1C
HS, which is the sum of p-type and n-type Schottky contacts of values 2.28 eV and 3.69
eV respectively. Likewise, we have computated the band gap energy of G/h-BN_2C
by the effect of h-BN and found to be 5.99 eV, this is also due to the sum of n-type
and p-type Schottky contacts of values 3.63 eV and 2.35 eV respectively. We have
compared the calcualted band gap energy of G/h-BN_1C and G/h-BN_2C materials
with that of pristine G/h-BN, and found that G/h-BN_1C has slightly higher value than
that of pristine HS material because dangling bonds are formed at graphene surface of
G/h-BN HS material by 1C vacancy atom. But G/h-BN_2C has lower value than that of
G/h-BN. By careful inspection, 1C vacancy atom in graphene of HS disturbs the specific
symmetries. Hence, linearly crossing bands present around the Fermi energy level of
G/h-BN_1C as shown in figure (27a). We noted that electronic bands associated with
dangling bond and revived C-C bond of vacancy develop close to the top of valence
band and in the conduction band of G/h-BN_1C HS material as shown in (27a)-(27b).
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Hence, G/h-BN_1C has obtained small band gap of value 0.40 eV at K-point in the
Fermi energy level of band structure. Thus, G/h-BN_1C is semiconducting in nature.
In G/h-BN_2C, no states are attached with dangling bond but reconstructed C-C bond
come about on all sides of vacancy atoms. So that band states are elevated in the vicinity
of Fermi energy level as illustrated in figures (27c)-(27d). 2C vacancy atoms in graphene
of HS interrupts the specified symmetries. The linearly crossing bands are presented at
Fermi energy level. They limits the vacancy states correlated to the flat bands observed
in band gap. Thus, G/h-BN_2C has continious energy bands at the Fermi enery level.
And hence it has zero band gap energy. Therefore, by the analysis of band structure
calculations, we found that G/h-BN_2C HS material has metallic properties.

Figure 27: Band plots of C atom/s vacancy defected vdWs G/h-BN HS in spin-polarized calculations:
(a) band structure of G/h-BN_1C HS , (b) zoom scale band plot of G/h-BN_1C HS, (c) band structure of
G/h-BN_2C HS, (d) zoom scale band plot of G/h-BN_2C HS (Neupane, et al., 2022).

Data regarding to electronic properties of B, N and C sites vacancy defected materials
are summarized in table (4).

73



Table 4: Fermi energy (E f ), band gap energy of graphene in heterostructure (HS) (EG), band gap energy
of h-BN in HS (Eg), change of band gap energy value of h-BN in HS from the calculated band gap energy
value (4.98 eV) of monolayer (ML) h-BN (Ecg) of G/h-BN, G/h-BN_1B, G/h-BN_1N, G/h-BN_nBN,
G/h-BN_aBN, G/h-BN_1C and G/h-BN_2C HS materials (Neupane, et al., 2021, 2022).

ML and HS materials E f (eV) EG (meV) Eg (eV) Ecg (eV) Nature of materials
Graphene - 2.18 - - - zero band gap
h-BN - 3.20 - - - wide band gap

G/h-BN - 1.26 2.60 3.78 1.20 semimetallic
G/h-BN_1B - 2.18 9.75 1.71 3.27 semimetallic
G/h-BN_1N - 1.04 33.84 2.45 2.53 semimetallic
G/h-BN_nBN - 1.31 1.71 2.11 2.87 semimetallic
G/h-BN_aBN - 1.31 2.73 1.91 3.07 semimetallic
G/h-BN_1C - 1.65 0.40 eV 5.97 - 0.99 semiconductor
G/h-BN_2C - 1.64 - 5.99 - 1.01 metallic

4.4 Magnetic Properties

Magnetic properties of materials are great enticing properties because modern tech-
nological devices await on the magnetic materials. Magnetic materials have budding 
employment in the various distinct areas. They are used in biomedicine, catalysis, 
molecular biology, biochemistry, diagnosis, nanoelectronic materials, sensors: mag-
netic and pressure sensors, and computers (Makarova et al., 2019; Peng et al., 
2016). In this work, we have investigated the magnetic properties of monolayers 
(ML) graphene (G) and h-BN, and heterostructure (HS) G/h-BN, G/h-BN_1B, G/h-
BN_1N, G/h-BN_nBN, G/h-BN_aBN, G/h-BN_1C and G/h-BN_2C materials by the 
analysis of DOS and PDOS calculations. They are described as follows.

4.4.1 Estimation of DOS and PDOS

DOS is one of very useful quantities that we frequently encounter in electronic structure 
calculations of solids. It is defined as the number of electronic states per unit energy 
range per unit cell. It gives an idea about the presence of quantum states in a materials. 
It provides an insight of different electronic and magnetic properties of solids and is of 
immense importance in condensed matter physics (Liu, et al., 2005; Neupane, et al., 
2020). DOS also helps to find out different thermodynamic properties such as internal 
energy, the number of particles, thermal conductivity and specific heat c apacity. The 
nature of materials also depends on the value of DOS. Zero value of DOS means, no 
states are occupied at the energy level. It is called a forbidden gap. On the other hand,
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high value of DOS reflects that many band states are available to occupy in a particular
energy level (Kittel, 2005). DOS counts the number of energy states closeby a given
energy value in computational physics and chemistry. It means DOS represents the
electronic eigen states in energy space of a molecule. Magnetic properties of materials
are predicted using certain measuring parameters, which are determined through DOS
calcualtions. Therefore, DOS aids in the prediction of magnetic properties of matter
with the calculations of certain measuring parameters. The magnetic moment (µ) is
given by DOS calculations of the system considered. The total magnetic moment of
materials is defined by µ = mµB, here m denotes the number of unpaired electrons, µB is
given in SI unit of Bohr magneton. m is calculated on the basis of presented spin states
of electrons in the orbitals of atoms present in DOS plot of material.

The DOS projected over any arbitrary state is called PDOS. PDOS calculations are used
to investigate the contributions of all individual orbitals of atom in total DOS (TDOS) of
material. PDOS grants the relative aiding to TDOS. Hence, it assists to examine impact
of each atom or molecule in the whole systems. In present work, we have performed
spin-polarized DFT level of approximation for the calculations of DOS and PDOS of
graphene and h-BNML supercell structures, pristine G/h-BN HS, and B, N and C atoms
vacancy defects in G/h-BN HS materials. The up-and down-spin states of electrons
in the orbitals of atom present in material gives up-DOS (Du) and down-DOS (Dd)

respectively:

m =
∫ ∞

−∞

(Du(ε) − Dd(ε))dε (4.11)

Equation (4.11) shows if DOS for up-spin electrons and DOS for down-spin elctrons are
equal i.e. symmetrical, system will be non-magnetic. If DOS for up-spin electrons is
not equal to that for down-spin electrons i.e. asymmetrical, system will be magnetic.
Therefore, symmetrically distributed spins-state in the orbitals of atom present in the
material reavels that material has non-magnetic properties. It means distrubuted up-and
down-spin states of electrons in the orbitals of atom has zero value of total spin (Kittel,
2005). On the other hand, unpaired up and down spins states in the orbitals of atoms
present in the material are asymmetrically distributed, causing magnetic moment and
hencematerial has magnetic properties (Kittel, 2005). The detail discussions about DOS
and PDOS calculations of considered materials are given as below.

DOS and PDOS Calculations of Graphene and h-BN Monolayers (ML)

To study the magnetic properties of graphene and h-BN ML supercell structures, we
have performed spin-polarized DFT method of calculations. At first, we have calculated
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the DOS of up and down spins of graphene supercell to explore its magnetic properties.
We have plotted the DOS of up and down spin states of graphene as shown in figure
(28a). The states above and below the horizontal line respectively represent up-spin and
down-spin. It is seen that up and down spin are symmetrically distributed around the
Fermi level showing non-magnetic substance i.e. magnetic moment is zero. DOS of
up and down spin states meet at a Fermi energy level, and hence DOS of graphene is
equal to zero. In order to investigate the magnetic properties of h-BN ML supercell by
the analysis of DOS calculations of it. DOS calculations of presented up and down spin
states of electrons in the orbital of atoms are separately shown in figure (28b), where
Fermi energy is represented by the vertical dotted lines as reference. The forbidden gap
corresponding to that in band structure is given by the gap around the Fermi level. In
figure (28b), left hand side from the reference level represents valance band whereas
right hand side represents the conduction band. The DOS plot of h-BN supercell is found
to be perfectly symmetric of up-spin and down-spin as shown in (28b), representing the
non-magnetic nature. We have also determined the band gap energy of h-BN and found
to be 4.98 eV, it shows that h-BN is a wide band gap semiconductor. Thus, pristine h-BN
sheet is a non-magnetic and wide band gap semiconducting material, which agrees with
previously reported work (Ooi et al., 2005).

Additionally, for details study of DOS of graphene and h-BNML, we have computed the
projected density of states (PDOS) of different orbitals of carbon atoms in graphene, and
orbitals of boron and nitrogen atoms in h-BN. To observe the contributions of valence
electrons in PDOS calculations of present work, we have used ultrasoft pseudopotentials
(USPPs). The electronic configuration of carbon, boron and nitrogen atoms (valence
electrons) are [C] 2s22p2, [B] 2s22p1 and [N] 2s22p3 respectively. Valence electrons
present 2p and 2s orbitals of C, N and B atoms. So, we have calculated the contributions
of only those two orbitals in PDOS of graphene and h-BN. We found that 2p orbitals
of carbon atoms in graphene, and 2p orbitals of boron atoms as well as 2p orbitals of
nitrogen atoms in h-BN have significant contributions in total DOS, which appear at
periphery of Fermi energy level. 2s orbitals of carbon atoms in graphene, and boron
and nitrogen atoms in h-BN have negligible effect to generate the magnetic moment in
materials.
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Figure 28: DOS calculations of 2D graphene and h-BN ML: (a) DOS of total up and down spin states
of graphene, (b) DOS of total up and down spin states of h-BN. Vertical dot line is a Fermi level and
horizontal dot line separates up and down spin states

.

DOS and PDOS Calculations of G/h-BN Heterostructure (HS)

We have performed DFT method within the frame work of DFT-D2 approximation 
for the calculations of DOS and PDOS of 2D, vdWs G/h-BN HS material. Magnetic 
properties (magnetic moment) of G/h-BN HS is computed through its DOS and PDOS 
calculations as shown in figure ( 29). Total number of states per unit energy range (in 
eV) and its corresponding energy are plotted in Y-axis and X-axis respectively. Total up 
and down spin states of electrons in orbitals of atoms present in G/h-BN material are 
symmetrically distributed in DOS plot, as shown in figure (29a). It indicates that G/h-BN 
is a non-magnetic material. Also, DOS of up and down spin states are appeared to be zero 
at Fermi energy level. It reflects that G/h-BN has metallic properties, since there is no 
possibility of band gap energy. By conscientiously observation in PDOS plot as shown 
in figure (29b), unpaired up and down spin states of electrons in the orbitals of atoms in 
G/h-BN are found to be slightly asymmetrical near the Fermi level, depicting the feebly 
magnetic nature with total magnetic moment 0.04 µB/cell. Thus, it behaves as weakly 
magnetic material. Hence, G/h-BN has a approving state for magnetism (Repellin et al., 
2020; Chatterjee et al., 2020; Liu & Dai, 2020). The obtained magnetic moment is 
contributed by unpaired spin states in the orbitals of valence electrons of carbon, boron 
and nitrogen atoms, which are shown in figure (29b) and given in table ( 5). It is found 
that 2p of carbon atoms have dominant contributions for the magnetism in G/h-BN 
material. Also, down spin states of electron in 2p of carbon atoms appear at Fermi 
energy level, while up spin states disappear at Fermi energy level. From the calculations 
of asymmetrically distributed unpaired up-and down-spin states around the Fermi energy 
level, we concluded that 2p orbitals of carbon atoms in graphene of G/h-BN has opened
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very small (2.60 meV) band gap. G/h-BN has semimetallic and magnetic properties.

Figure 29: DOS and PDOS calculations of 2D vdWs G/h-BN HS material: (a) DOS of total up and down
spin states of G/h-BN HS, (b) PDOS of individual up and down spin states of C, B, and N atoms present
in G/h-BN HS. Vertical dot line is a Fermi level and horizontal dot line separates up and down spin states.
Insets in the plots signify the spin states having large energy range in X-axis (Neupane, et al., 2021).

.

DOS and PDOS Calculations of Vacancy Defected G/h-BN Heterostructures (HS)

Magnetic properties of vacancy defected G/h-BN HS materials are predicted based on
their DOS and PDOS calculations. At first, we have obtained DOS and PDOS plots
of G/h-BN_1B HS as shown in figures (30a) and (30b) respectively. In these figures,
vertical dot line is a Fermi level and horizontal dot line separates up and down spin states.
Regions of left hand side and right hand side from the Fermi energy level denote the
valence band and conduction band respectively. Also, X-axis represents the energy of
HS material (in eV) taking Fermi energy (reference energy) level set to zero and Y-axis
represents the number of energy states per unit energy (in eV−1). It is found that total
up and down spin states are asymmetrically distributed in DOS plot of G/h-BN_1B as
shown in figure (30a), which noted that G/h-BN_1B has magnetic properties. DOS of
total down spin states present at Fermi energy level but DOS of total up spin states are
not presented there. It refers to small band gap energy of 9.75 meV at Fermi level, and
hence G/h-BN_1B has semimetallic properties. More detail informations regarding to
magnetic properties of G/h-BN_1B material are determined through PDOS analysis of
it, shown in figure (30b). We found that unpaired up and down spin states of valence
electrons in the orbitals of individual atoms are asymmetrically distributed around the
Fermi energy level. It reavels that material has magnetic properties. The magnetic
moment generated in G/h-BN_1Bmaterial due to the preeminent grants from 2p orbitals
of carbon, boron and nitrogen atoms. Among them down spin states of valence electron
in 2p of N atoms have greater contributions than other orbitals, which are illustrated in
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figure (30b) and also in table (5). On the other hand, 2s orbital of valence electrons of
carbon, boron and nitrogen atoms has weak impact for the growth of magnetic moment
(magnetism) in material. In particular, magnetic moment brought by up and down spin
states of valence electrons in 2s, 2p of C atoms is - 0.02 µB/cell, - 0.11 µB/cell; 2s, 2p of
B atoms is - 0.03 µB/cell, - 0.91 µB/cell; and 2s, 2p of N atoms is - 0.06 µB/cell, - 1.83
µB/cell respectively. Total magnetic moment is the sum of magnetic moment given by
individual orbitals of valence electrons of atoms in the material. Hence, total magnetic
moment (µT ) of G/h-BN_1B is equal to - 2.96 µB/cell. Therefore, G/h-BN_1B has
magnetic properties. We have compared the magnetic moment of G/h-BN_1B with that
of pristine G/h-BN material, and found that defected HS material has higher value of
magnetic moment than that of pristine (non-defected) HS material. The negative sign
of magnetic moment indicates that down spin states of electrons in the orbitals of atoms
have dominant role for the developement of magnetic moment than the up spin states of
electrons in PDOS of G/h-BN_1B.

Figure 30: DOS and PDOS calculations of 2D vdWs G/h-BN_1B HS material: (a) DOS of total up and
down spin states of G/h-BN_1B HS, (b) PDOS of individual up and down spin states of C, B, and N
atoms of G/h-BN_1B HS. Vertical dot line is a Fermi level and horizontal dot line separates up and down
spin states. Insets in the plots signify the spin states having large energy range in X-axis (Neupane, et al.,
2021).

.

Similarly, we have computed the magnetic moment of G/h-BN_1N HS material through
its DOS and PDOS plots. Figure (31a) is a DOS plot of G/h-BN_1N, where X-axis
represents the energy of HS material (in eV) taking Fermi energy (reference energy)
level set to zero and Y-axis represents the number of energy states per unit energy (in
eV−1). Also, vertical dot line is a Fermi level and horizontal dot line separates up and
down spin states. Fermi level separates the electronic bands, since regions of left hand
side and right hand side from the Fermi level denote valence band and conduction band
respectively. We found that total up and down spin states are appeared asymmetrical
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around the Fermi energy level in DOS plot of G/h-BN_1N as shown in figure (31a).
Hence, G/h-BN_1N hasmagnetic properties. We have examined the DOS plot and found
that DOS of total up spin states present at Fermi energy level, which means orbitals are
available for the occupation, whereas DOS of total down spin states are not appeared at
the Fermi level, reflects that occupied states are presented there called forbidden gap.
It concludes that small band gap (33.84 meV) open at Fermi energy level, hence G/h-
BN_1N has semimetallic properties. We have studied the impact of up and down spin
states of individual orbital (s and p) of valence electrons of carbon, boron and nitrogen
atoms on magnetic moment of G/h-BN_1N HS material through PDOS calculations,
which are embellished in figure (31b) and table (5). Detail calculations of magnetic
moment are acquired through PDOS analysis. In figure (31b), we can see unpaired
up and down spin states of valence electrons in the orbitals of individual atoms are
asymmetrically distributed around the Fermi energy level. It implies that G/h-BN_1N
has magnetic properties. Magnetic moment in G/h-BN_1N is obtained by the effect of
2p orbitals of valence electrons in boron, nitrogen and carbon atoms. Comparatively, 2p
orbital of boron atoms has significant contribution than of nitrogen and carbon atoms.
We have calculated the effect on magnetic moment by virtue of 2s orbitals of valence
electrons of carbon, boron and nitrogen atoms, and found that magnetic moment is
weakly impressed by cause of spin states in 2s orbital, which are obviously given in
figure (31b) and table (5). The magnetic moment, as a result of up and down spin states
in 2s, 2p of valence electrons in carbon atoms have 0.02 µB/cell, 0.09 µB/cell; 2s,
2p of valence electrons in boron atoms have 0.03 µB/cell, 0.58 µB/cell; and 2s, 2p of
valence electrons in nitrogen atoms have 0.05 µB/cell, 0.20 µB/cell respectively. From
these calculations, total magnetic moment of G/h-BN_1N is noted to be 0.97 µB/cell.
Therefore, G/h-BN_1N has magnetic properties. We found that magnetic moment of
G/h-BN_1N is higher than that of pristine G/h-BN material. Because N vacancy atom
in HS created unpaired spin states in the orbitals of valence electrons of B and N atoms.
Positive sign of magnetic moment reflects that distributed up spin have dominant role
for developement of magnetic moment than the down spin states.
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Figure 31: DOS and PDOS calculations of 2D vdWs G/h-BN_1N HS material: (a) DOS of total up and
down spin states of G/h-BN_1N HS, (b) PDOS of individual up and down spin states of C, B, and N
atoms of G/h-BN_1N HS. Vertical dot line is a Fermi level and horizontal dot line separates up and down
spin states. Insets in the plots signify the spin states having large energy range in X-axis (Neupane, et al.,
2021).

.

Magnetic moment (properties) of G/h-BN_nBN material is predicted by using its DOS
and PDOS. They are illustrated in figure (32a) and (32b) respectively. In figures (32a)
and (32b), up and down spin states of DOS/PDOS are taken in Y-axis and their energies
are taken in X-axis. Vertical dot line is a Fermi level which is set at zero and horizontal
dot line separates up and down spin states. In G/h-BN_nBN, unpaired spin states are
created in the orbitals of valence electrons of N and B atoms by reason of 1B and 1N
defects in G/h-BN HS. The total unpaired up and down spin states of valence electrons
are presented asymmetrically near the Fermi energy level, depicted in DOS plot. As a
result, non-zero magnetic moment is obtained which is specified in table (5). Hence,
G/h-BN_nBN has magnetic properties. We rigorously computed the magnetic moment
of G/h-BN_nBN on the basis of its PDOS calculations. It is found that uneven up and
down spin states of individual atoms are asymmetrically assigned around Fermi energy
level as illustrated in figure (32b). Particularly, magnetic moment caused by uneven
spin of valence electrons in 2s and 2p of boron, carbon and nitrogen atoms have been
calculated. It is found that up and down spin states in 2s, 2p of carbon atoms have 0.00
µB/cell, - 0.05 µB/cell; 2s, 2p of boron atoms have - 0.06 µB/cell, - 0.93 µB/cell; and
2s, 2p of nitrogen atoms have - 0.08 µB/cell, - 0.84 µB/cell values respectively. Total
magnetic moment is obtained by adding magnetic moments contributed by individual
atoms, and found to be - 1.96 µB/cell. This value is greater than the value of pristine
G/h-BN HS. Therefore, G/h-BN_nBN has magnetic nature. In G/h-BN_nBN, down
spin states have ruling contributions than up spin states. Moreover, we observed that
down spin states of 2p of carbons are seen at Fermi energy level but up spin states are
not seen at there. Thus, up spin of 2p of carbon atoms open small energy gap (1.71 meV)
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at Fermi level. Hence, G/h-BN_nBN is called semimetallic material.

Figure 32: DOS and PDOS calculations of 2D vdWs G/h-BN_nBN HS material: (a) DOS of total up
and down spin states of G/h-BN_nBN HS, (b) PDOS of individual up and down spin states of C, B, and
N atoms of G/h-BN_nBN HS. Vertical dot line is a Fermi level and horizontal dot line separates up and
down spin states. Insets in the plots signify the spin states having large energy range in X-axis (Neupane,
et al., 2021).

.

Magnetic properties of G/h-BN_aBN HS material is inspected on basis of its DOS and
PDOS calculations, they are exhibited in figures (33a) and (33b) respectively. Total
up and down spin are unequally disseminated in DOS plot of G/h-BN_aBN, and hence
non-zero magnetic moment is acquired in G/h-BN_aBN material. Thus, G/h-BN_aBN
is a magnetic material. For detail informations about the contributions of magnetic
moment by cause of different orbitals of valence electrons of carbon, boron and nitrogen
atoms on total DOS of G/h-BN_aBN material is computed by its PDOS plot and PDOS
calcualtions, which are shown in figure (33b) and table (5) respectively. We found that
unpaired up and down spin of valence electrons in 2s and 2p of carbon, boron and
nitrogen atoms are disproportionally assigned throughout the Fermi energy level. These
asymmetrically allocated unequal up and down spin accord magnetic moment in the
material. Therefore, we ensured that G/h-BN_aBN has magnetic nature. Moreover, we
have determined the magnetic moment given by 2s and 2p orbitals of valence electrons
of carbon, boron and nitrogen atoms present in G/h-BN_aBN. The estimated values
caused by up and down spin in 2s, 2p of carbon atoms have 0.01 µB/cell, 0.08 µB/cell;
2s, 2p of boron atoms have 0.02 µB/cell, 0.83 µB/cell; and 2s, 2p of nitrogen atoms
have 0.08 µB/cell, 0.99 µB/cell respectively. Hence, total magnetic moment of G/h-
BN_aBN is found to be 2.01 µB/cell. According to our above calcualtions, we found
that up and down spins in 2p of boron and nitrogen atoms have notable contributions
for the development of magnetic moment. On the other hand, spins in 2p of carbon
atoms and 2s of carbon, boron and nitrogen atoms jointly allow feeble improvement for
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the magnetism. Detail informations regarding to the estimation of magnetic moment of
defected materials are given in table (5).

Figure 33: DOS and PDOS calculations of 2D vdWs G/h-BN_aBN HS material: (a) DOS of total up
and down spin states of G/h-BN_aBN HS, (b) PDOS of individual up and down spin states of C, B, and
N atoms of G/h-BN_aBN HS. Vertical dot line is a Fermi level and horizontal dot line separates up and
down spin states. Insets in the plots signify the spin states having large energy range in X-axis (Neupane,
et al., 2021).

.

In this work, we have also explored the magnetic properties of C sites vacancy defected
G/h-BN HS material. At first, we considered 1C vacancy defect in G/h-BN HS (G/h-
BN_1C) material. Magnetic moment of G/h-BN_1C is studied based on its DOS and
PDOS calculations, which are given in figures (34a) and (34b) respectively. Vertical dot
line is a Fermi level and horizontal dot line separates up and down spin states. Also,
total DOS states are taken in Y-axis and energy of DOS states are taken in X-axis. DOS
of total up and down spins are appeared asymmetrically throughout the Fermi energy
level. It means, non-zero value of magnetic moment is obtained in G/h-BN_1Cmaterial.
Hence, G/h-BN_1C is a magnetic material. Magnetic moment contributed by unpaired
up and down spin in the individual orbitals of carbon, boron and nitrogen atoms are
given by PDOS analysis. Therefore, we have studied the PDOS of G/h-BN_1C material,
and found its total magnetic moment 0.39 µB/cell. This total magnetic moment is
obtained as a result of magnetic moment contributed by unpaired both spins of valence
electrons in 2s and 2p orbitals of carbon atoms. Magnetic moment generated by 2s and
2p of carbon atoms have 0.12 µB/cell and 0.27 µB/cell values respectively. They are
obtained as the arrangement uneven spin of electrons generated by 1C vacancy defect
in G/h-BN material. We have computed the magnetic moment given by 2s and 2p of
boron and nitrogen atoms, and found to be 0.00 µB/cell value. It means, only 2s and 2p
of carbons have dominant grants for the magnetism. The detail calcualtions of magnetic
moment of G/h-BN_1C are given in table (5). We also compared the magnetic moment
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of G/h-BN_1C with that of pristine G/h-BN, and found that G/h-BN_1C has slightly
higher value of magnetic moment than that of pristine one.

Figure 34: DOS and PDOS calculations of 2D vdWs G/h-BN_1C HS material: (a) DOS of total up and
down spin states of G/h-BN_1C HS, (b) PDOS of individual up and down spin states of C, B, and N
atoms of G/h-BN_1C HS. Vertical dot line is a Fermi level and horizontal dot line separates up and down
spin states. Insets in the plots signify the spin states having large energy range in X-axis (Neupane, et al.,
2022).

In addition, we have explored the magnetic properties of G/h-BN_2C HS material by
using its DOS and PDOS calculations. DOS and PDOS plots are depicted in figures
(35a) and (35b) respectively, where X-axis represents the energy of the DOS/PDOS
states (in eV) taking Fermi energy as a reference and Y-axis represents the number of
energy states per unit energy range (in eV−1). Also, Vertical dot line is a Fermi level
and horizontal dot line separates up and down spin states. It is seen that unoccupied up
and down spin states are arrived throughout the Fermi energy level. These unoccupied
spin states are appeared asymmetrically near the Fermi energy level. They generate non-
zero value of magnetic moment (1.89 µB/cell). This is because magnetic properties in
the material is developed due to the rearrangement of unpaired distributed spin in the
orbitals of atoms. Hence, G/h-BN_2C is a magnetic material. The detail calculations of
magnetic moment given by 2s and 2p orbitals of carbon, boron and nitrogen atoms are
presented in figure (35b) and table (5). We have estimated the magnetic moment given
by 2s, 2p of carbon atoms are 0.48 µB/cell, 1.22 µB/cell; 2s, 2p of boron atoms are
0.02 µB/cell, 0.09 µB/cell; and 2s, 2p of nitrogen atoms are 0.01 µB/cell, 0.07 µB/cell

respectively. From these calculations, we found that 2s and 2p orbitals of carbon atoms
have remarkable contributions of magnetic moment in G/h-BN_2C material.
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Figure 35: DOS and PDOS calculations of 2D vdWs G/h-BN_2C HS material: (a) DOS of total up and
down spin states of G/h-BN_2C HS, (b) PDOS of individual up and down spin states of C, B, and N
atoms of G/h-BN_2C HS. Vertical dot line is a Fermi level and horizontal dot line separates up and down
spin states. Insets in the plots signify the spin states having large energy range in X-axis (Neupane, et al.,
2022).

.

After magnetic moment calculations of pristine and defected materials, we came to an
end that all the materials have magnetic properties, and hence they behave as a magnetic
material. We have compared the magnetic moment of these materials and found that
all the defected materials have higher values of magnetic moment than of pristine HS
material. Among the defected HS materials, order of magnetic moment are found to be
G/h-BN_1B 	 G/h-BN_aBN 	 G/h-BN_nBN 	 G/h-BN_2C 	 G/h-BN_1N 	 G/h-
BN_1C. The detail magnetic moment calculations of pristine and defected HS materials
are presented in table (5).

Table 5: The total magnetic moment µT (in µB/cell) of G/h-BN, G/h-BN_1B, G/h-BN_1N, G/h-
BN_nBN, G/h-BN_aBN, G/h-BN_1C and G/h-BN_2C materials are determined by PDOS calculations,
where µT (µB/cell) is the sum of magnetic moment µ (µB/cell) given by asymmetrically distributed
unpaired spins of individual atoms present in the materials (Neupane, et al., 2021, 2022).

Orbitals Pristine G/h-BN G/h-BN G/h-BN G/h-BN G/h-BN G/h-BN
of G/h-BN _1B _1N _nBN _aBN _1C _2C

atoms (µB/cell) (µB/cell) (µB/cell) (µB/cell) (µB/cell) (µB/cell) (µB/cell)

C2s 0.01 - 0.02 0.02 0.00 0.01 0.12 0.48
C2p 0.03 - 0.11 0.09 - 0.05 0.08 0.27 1.22
B2s 0.00 - 0.03 0.03 - 0.06 0.02 0.00 0.02
B2p 0.00 - 0.91 0.58 - 0.93 0.83 0.00 0.09
N2s 0.00 - 0.06 0.05 - 0.08 0.08 0.00 0.01
N2p 0.00 - 1.83 0.20 - 0.84 0.99 0.00 0.07
µT 0.04 - 2.96 0.97 - 1.96 2.01 0.39 1.89
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4.5 Transport Properties

The study of transport properties of materials is typically important for the construction 
of high-efficiency theromelectric (TE) devices (Dahal et al., 2014, 2015; Bhattarai et al., 
2020). TE devices are designed with the intent of harvesting waste heat and converting 
it into electrical energy, similar to how photocells turn light into electricity (Yang et al., 
2012). A good TE material should possess high electrical conductivity (σ), high 
Seebeck coefficient (S), and lower thermal conductivity (K) (Dahal et al., 2015). The 
phenomenon of development of steady-state electrostatic potential difference in the 
specimen when temperature gradient is maintained across the two ends is known as 
Seebeck effect (Ashcroft et al., 1976). If MV is the potential difference induced in 
specimen due to steady temperature gradient MT applied across its ends (Zuev et al., 
2009), then

4V = S4T (4.12)

According to equation (4.12), in order to get more potential difference from the given
temperature difference, we need the material with large S. Although, S is the charac-
teristic property of material, it has dependence with parameters like temperature and
charge carrier concentration, and effective mass of the charge carrier. For metals or
degenerate semiconductors, the Seebeck coefficient is given by (Zuev et al., 2009; Dahal
et al., 2014; Reshak, 2016):

S =
8π2K2

Bm∗

3eh2 (
π

3n
)

2
3 (4.13)

where, KB, m∗ and n are the Boltzmann constant, effective mass of the charge carrier,
and charge carrier density respectively. Equation (4.13) suggests that, in order to yield
large S, the value of n must be small. However, the small value of n results low electrical
conductivity (σ = neµ) where µ is the mobility, which in turn gives small value of
thermoelectric power factor P = S2σ. The effective mass of charge carrier (m∗) causes
another difficulty; for large S, large value of m∗ is required but the large value of m∗

reduces velocity and hence mobility of charge carriers resulting in the reduction of
σ value. Good TE devices require materials with enhanced power factor, for which
both S and σ requires being relatively high. Sharma, and co-workers (Sharma et al.,
2020) mentioned that thermal conductivity of boron nitride (BN) based materials have
structure dependence with its value ranging from ∼ 2000 Wm−1K−1 for zigzag boron
nitride nanoribbon to ∼ 0.3 nWK−1 for boron nitride quantum dots. Compared to
graphene, h-BN has much lower thermal conductivity (Lindsay & Broido, 2011). This
difference is attributed due to the reduction in frequency of acoustic phonon in h-BN
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caused from strong phonon-phonon scattering rates (Sichel et al., 1976; Jo et al., 2013). 
The thermoelectric (transport) properties of single layer graphene, h-BN and graphene/h-
BN/graphene (G/h-BN/G) HS were studied based on their Seebeck coefficient and power 
factors (Chen et al., 2015; Li et al., 2012; Reshak et al., 2014). But, transport 
properties of B, N and C atoms vacancy defected G/h-BN HS materials have not been 
reported in literatures till date. Therefore, we have explored the transport properties 
of graphene, h-BN, G/h-BN HS, and B, N, and C atoms vacancy defected G/h-BN 
HS materials in the present work. Transport properties of considered materials are 
studied by the estimation of their transport parameters. Transport parameters like 
Seebeck coefficient, thermoelctric power factor, electrical conductivity and electronic 
contribution to thermal conductivity are estimated by using spin-polarized DFT method 
within DFT-D2 approach through Quantum ESPRESSO and BoltzTraP computational 
packages.

4.5.1 Seebeck Coefficient

Study of Seebeck coefficient of material is essential for its transport properties calcula-
tions. So, we have determined the transport properties of graphene and h-BN supercell 
ML, G/h-BN HS, and B, N and C atoms vacancy defected G/h-BN HS materials based 
on their Seebeck coefficient S (µV/K). In our calcualtions, we used the relaxation time (τ 
= 1× 10−14 sec.) since the relaxation time of graphene based HS material has the order of 
10−14 sec. (D’Souza & Mukherjee, 2016b). The effect of temperature at certain value of 
energy (E = E f , since E f is the Fermi energy) on Seebeck coefficient of graphene, h-BN, 
and up-down and total-spin states of G/h-BN are illustrated in figure ( 36a). The total 
Seebeck coefficient of graphene is gradually increased with increase in temperature and 
attains the maximum value of about 198 µV/K at low temperature of around 40 K, after 
which it decreases gradually, however at a slower rate. The S of pristine graphene at 300 
K is 42 µV/K, which is fairly in agreement with the value ∼ 30.50 µV/K of monolayer 
graphene and ∼ 54 µV/K of multilayer graphene system in the experiment (Li et al., 
2012; Reshak et al., 2014; Zuev et al., 2009). Thus, graphene has to be an auspicious 
thermoelectric material (Yokomizo & Nakamura, 2013). The S of h-BN value is negative 
for all range of temperatures as shown in figure (36a), which implies that the transport is 
taking place via electrons. The pristine h-BN has optimum Seebeck coefficient of -209 
µV/K at temperature 125 K whereas it possesses room temperature S of -210 µV/K. 
They are analogous with the layers structure of h-BN (D’Souza & Mukherjee, 2016b). 
The different value of Seebeck coefficient of h-BN than that of graphene is due to its 
wide band gap (Yao & Fan, 2021). The change has been observed in the value of S after 
making the heterostructure G/h-BN as shown in figure (36a). The effect of both spins i.e. 
up-spin and down-spin system have been studied. It has been found that value of S for

87



down-spin G/h-BN is positive throughout the whole range of temperature, whereas value
of S for up-spin G/h-BN is negative at all temperature ranges. The total S of G/h-BN is
however positive whose maximum value has been calculated to be around 112 µV/K at T
= ∼ 20 K and 8 µV/K at temperature 300 K. The significant positive S value of material
reveals that they are promising materials in the thermoelectric devices. To ascertain the
relatively large value of S at lower temperatures, the graph of S vs chemical potential
(µ) has been plotted at constant different temperatures, shown in figures (38a) and (38b).
We have calculated the maximum value of Seebeck coefficient (S) of G/h-BN_1N is 58
µV/K at 80 K temperature. This value is likely with the value of G/h-BN. We have also
calculated S of G/h-BN_1N is 35 µV/K at 300 K as shown in figure (36b). This value
is greater than that of G/h-BN. The S of material is estimated using the formula given
by (Zuev et al., 2009; Dahal et al., 2014; Reshak, 2016):

S =
8π2K2

Bm∗

3eh2 (
π

3n
)

2
3 (4.14)

where m∗ and n are the effective mass of charge carrier and carrier density respectively.
This relation shows, S is not only the function of T but also the function of n and m∗.
Effective mass m∗ of electron depends on the curvature of band (Ilyasov et al., 2014):

m∗ =
h2/4π2

d2E/d2K
. (4.15)

Smaller is the band curvature greater is the effectivemass and vice versa. Band structures
of G/h-BN and G/h-BN_1N are shown in figures (24b) and (25d) respectively, show that
there is relatively decreased curvature at K-point of G/h-BN_1N which is responsible
for the increase in effective mass, and hence the value of S.
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Figure 36: Effect of temperature T (K) on Seebeck coefficient S (µV/K) at constant (Fermi) energy of
graphene, h-BN, G/h-BN andG/h-BN_1Nmaterials, (a) Seebeck coefficient with different temperatures of
graphene, h-BN and G/h-BNmaterials, (b) Seebeck coefficient with different temperatures of G/h-BN_1N
material.

.

In addition, we have calculated the maximum values of S of G/h-BN_nBN and G/h-
BN_aBN, found to be 143 µV/K at 40 K and 231 µV/K at 45 K respectively, and
corresponding values are 32 µV/K and 60 µV/K at 300 K respectively as shown in
figures (37a) and (37b). The relative increase in the maximum value of S for G/h-
BN_nBN and G/h-BN_aBN is attributed due to decrease in carrier concentration (n)
and curvature of the band state (as shown in figures 26b and 26d) at K-point, after
forming vacancy in their structures. In all cases, value of S increases with increase in
temperature attains maxima at particular temperature and then decreases monotonically.
This pattern results due to the combined dependence of n, T and m∗ on the value of S.

Figure 37: Effect of temperature T (K) on Seebeck coefficient S (µV/K) at constant (Fermi) energy
of G/h-BN_nBN and G/h-BN_aBN materials, (a) Seebeck coefficient with different temperatures of
G/h-BN_nBN material, (b) Seebeck coefficient with different temperatures of G/h-BN_aBN material.

.
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Furthermore, the total value of S results due to the contributions of up-spin and down-spin 
channels in spin-polarized systems. Figures (38a) and (38b) show that Seebeck coef-
ficient (S) is symmetric about the Fermi level for G/h-BN, G/h-BN_1N, G/h-BN_nBN 
and G/h-BN_aBN materials. The sign change has been observed at the charge neutrality 
point (CNP) or the Dirac point. At this point, positive S due to holes (in valance band) 
encounters with negative S due to the electrons (in the conduction band) (Wang & Lu, 
2015). The maximum values of S at different temperatures as obtained from S vs T 
graphs are shown in figures (36) and (37) are also confirmed by S vs chemical po-
tential (µ) graphs are shown in figure (38) for corresponding materials at corresponding 
temperatures. The value of S of G/h-BN at room temperature is ∼ 230 µV/K, shown in 
figure (38b), which is comparable with the reported value 300 µV/K (Wang & Lu, 
2015; D’Souza & Mukherjee, 2016a). Also, in figure (38b), S of defected ma-terials 
has equivalent value with HS materials (Wang & Lu, 2015). Therefore, from above 
discussion, we concluded that considered materials are useful materials for 
thermoelectric devices.

Figure 38: Variation of Seebeck coefficient S (µV/K) (of total-spin channel) with chemical potential µ
(eV) at different constant temperature T (K) of G/h-BN, G/h-BN_1N, G/h-BN_nBN, and G/h-BN_aBN
materials, (a) Maximum values of S with µ at 20 K of G/h-BN, at 80 K of G/h-BN_1N, at 40 K of
G/h-BN_nBN, and at 45 K of G/h-BN_aBN materials, (b) S with µ at 300 K of G/h-BN, G/h-BN_1N,
G/h-BN_nBN and G/h-BN_aBN materials.

.

Moreover, S of G/h-BN_1C and G/h-BN_2C are found to be negative throughout the
given range of temperatures as shown infigures (39a) and (39b)respectively. The negative
S value of these structures at Fermi level is also confirmed by the figure (40b), in which
the graph lies below reference line at Fermi level. In graphene, each carbon atom is
covalently bonded with three other adjoining carbon atoms. So that one electron is left
unbounded for each carbon atom. When one carbon atom is removed from the system,
the three carbon atoms are initially bonded with it are each left with two unbounded
electrons. The estimated maximum S value of G/h-BN_1C is -16 µV/K at 395 K and -15
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µV/K at 300 K respectively, illustrated in figure (39a). The negative value of S is due to
negative charge carrier. Similar case happens when two carbon atoms are removed from
the surface of Graphene in G/h-BN HS. The maximum S of G/h-BN_2C is -79 µV/K at
1740 K and -22 µV/K at 300 K. Comparatively, S of G/h-BN_1C is smaller than that
of G/h-BN_2C owing to the movement of electrons in the materials. So, the increase in
number of free electrons explains why these compounds have negative value of S.

Figure 39: Effect of temperature T (K) on Seebeck coefficient S (µV/K) at constant (Fermi) energy of
G/h-BN_1C andG/h-BN_2Cmaterials, (a) Seebeck coefficient with different temperatures of G/h-BN_1C
material, (b) Seebeck coefficient with different temperatures of G/h-BN_2C material.

.

Figure (40a) is the plot of Seebeck cofficient S with temperature T of G/h-BN_1B ma-
terial. S of G/h-BN_1B goes on increasing monotonically with increase in temperature
and acquired 15 µV/K value at 300 K. Both up-spin and down-spin channels are con-
tributed to the positive value of S, that results in the monotonically increasing total S
of the material. In G/h-BN, each boron atom is covalantly bonded with three adjacent
N atoms, so all electrons in the system are involved in bonding. However, when one
boron atom is removed, it goes away taking three valance electrons with it. As a results,
defficiency of three electrons and the formation of three holes takes place in the structure
of a material. The decrease in electron concentration (n) is one of the the main factors
in increasing the value of S (Dahal et al., 2014) of G/h-BN_1B.

We have analyzed the plots of S vs chemical potential (µ) at different constant tem-
peratures of G/h-BN, G/h-BN_1B, G/h-BN_1C and G/h-BN_2C materials, shown in 
figure ( 40b), and found that charge neutrality point (CNP) i s formed at Fermi energy 
level of G/h-BN due to the equal contribution of electrons and holes at the Fermi level, 
however it is on conduction band for the G/h-BN_1B. Existence of CNP at Fermi level 
shows that both, p-type and n-type contributions to S of the system is equal at Fermi 
level (Wang & Lu, 2015). We have carefully analyzed a figure (40b), it is seen
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that S of G/h-BN_1B at 300 K is positive (red colour line) value 20 µV/K at Fermi level, 
which proves the p-type conduction as a majority contributing factor. Also, the obtained 
maximum S of G/h-BN_1B at 300 K is equal to 208 µV/K, this value is comparable 
with the reported value of graphene based HS materials (Wang & Lu, 2015; D’Souza & 
Mukherjee, 2016a). It reveals that material having high value of S is a useful agent in 
thermoelectric devices. On the other hand, The CPN of G/h-BN_1C and G/h-BN_2C 
are formed in valence band because of the effect of negative charge carriers. In figure 
(40b), we have computed that, maximum S of G/h-BN_1C is 600 µV/K.

Figure 40: Effect of Seebeck coefficient S (µV/K) with temperature T (K) at constant (Fermi) energy of
G/h-BN_1B, and variation of Seebeck coefficient S (µV/K) (of total-spin channel) with chemical potential
µ (eV) at constant (300 K) temperature of G/h-BN, G/h-BN_1B, G/h-BN_1C and G/h-BN_2C materials,
(a) Seebeck coefficient with different temperatures of G/h-BN_1B material, (b) Seebeck coefficient with
chemical potential of G/h-BN, G/h-BN_1B, G/h-BN_1C and G/h-BN_2C materials.

.

This value is greater than that of our calculated value of G/h-BN material. This large
increase in S value through the defects is allied to the deformation of density of states
in defected materials by establishing resonant states near the Fermi level (Perumal et
al., 2019). S of G/h-BN_2C is found to be 49 µV/K at 300 K temperature. It means,
efficiency of thermoelectric materials decreases by increasing carbon atom vacancy de-
fects in the material. Therefore, by the analysis of calculated Seebeck coefficient, we
concluded that vacancy defected materials are useful materials for the fabrication of
thermoelectric devices. Computated data of Seebeck coefficient at different tempera-
tures are summarized in table (6).
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Table 6: Computed Seebeck coefficient S (µV/K), thermoelectric power factor P (W/mK2), electrical
conductivityσ (Ωm)−1, and electronic contribution of thermal conductivityK (W/mK) values of graphene,
h-BN, G/h-BN, G/h-BN_1N, G/h-BN_nBN, G/h-BN_aBN, G/h-BN_1B, G/h-BN_1C and G/h-BN_2C
materials.

Materials Sm(µV/K) S(µ V/K) Pm(W/mK2 P(W/mK2 σ (Ω m)−1 K(W/mK)
↓ at T K 300 K at T K 300 K 300 K 300 K

Graphene 198 42 5.03×10−6 4.70×10−6 25.76×102 1240.08×10−4

at 40 at 400
h-BN -209 -210 - 3.96×10−5 12.20×102 1505.61×10−4

at 125
G/h-BN 112 08 3.59×10−7 1.24×10−7 25.70×102 1240.08×10−4

at 20 at 1840
G/h-BN_1N 58 35 2.60×10−5 1.71×10−5 24.15×102 1964.02×10−4

at 80 at 150
G/h-BN_nBN 143 32 5.72×10−6 2.63×10−6 24.95×102 1226.29×10−4

at 40 at 1070
G/h-BN_aBN 231 60 1.22×10−5 1.00×10−5 25.08×102 1205.21×10−4

at 45 at 530
G/h-BN_1B - 15 - 6.30×10−5 29.60×104 2097.75×10−3

G/h-BN_1C -18 -15 3.51×10−6 2.76×10−5 13.10×104 9802.90×10−4

at 420 at 420
G/h-BN_2C -80 -22 8.60×10−5 5.91×10−5 13.70×104 9746.40×10−4

at 1500 at 1600

4.5.2 Electrical Conductivity

We have studied electrical conductivity of graphene, h-BN, G/h-BN, G/h-BN_1N, G/h-
BN_1B, G/h-BN_nBN,G/h-BN_aBN, G/h-BN_1C and G/h-BN_2C materials. The
electrical conductivity (σ) of graphene, h-BN, G/h-BN and G/h-BN_1N, are shown in
figures (41a) and (41b). The electrical conductivity is found to be increasing monoton-
ically with temperature for all the systems because with increase in temperature, more
charge carriers can transit from valance band to conduction band, and hence movement
of free charge density will be increased. Electrical conductivity of pristine graphene at
room temperature is found to be 25.76×102 (Ω m)−1. There is relatively smaller value
of σ (12.20×102 (Ω m)−1 for h-BN. The comparatively smaller σ value of h-BN than
that of graphene is due to its wide band gap energy. There is no notable change in the
value of σ for G/h-BN heterostructure (i.e. 25.70 ×102 (Ω m)−1) compared to pristine
graphene, however the removal of 1N has caused significant decrease in the value of
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σ with order of magnitude. The electrical conductivity is given by σ = neµ, where
charge carrier mobility is µ = eτ/m∗. This relation shows that, electrical conductivity
is inversely proportional to the effective mass of charge carriers. As discussed earlier,
value of m∗ is relatively large of G/h-BN_1N, which results in decreased µ and hence σ.

Figure 41: Effect of temperature on electrical conductivity at constant (Fermi) energy of graphene, h-
BN, G/h-BN and G/h-BN_1N materials, where X-axis represents the temperature T (K) and Y-axis 
represents electrical conductivity σ in (Ω m)−1, also, horizontal dot line indicates the zero scale along 

Y-axis: (a) electrical conductivity of graphene, h-BN, G/h-BN materials, (b) electrical conductivity of 
G/h-BN_1N material.

The electrical conductivity ofG/h-BN_nBNandG/h-BN_aBNare shown in figures (42a)
and (42b) respectively not crucial different at 300 K than in G/h-BN_1N is illustrated
in figure (41a). This is because, the curvature of band state of G/h-BN_nBN and G/h-
BN_aBN are to be expected with the curvature of G/h-BN_1N are shown in above
figures.
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Figure 42: Effect of temperature on electrical conductivity at constant (Fermi) energy of G/h-BN_nBN 

and G/h-BN_aBN materials, where X-axis represents the temperature T (K) and Y-axis represents 
electrical conductivity σ in (Ω m)−1, also, horizontal dot line indicates the zero scale along Y-axis: (a) 
electrical conductivity of G/h-BN_nBN material, (b) electrical conductivity of G/h-BN_aBN material.

At room temperature, G/h-BN has electrical conductivity of 25.70 ×102 (Ω m)−1 which
has been increased significantly when boron and carbon sites vacancy defects are made
in the material. This is because, band states of valence electrons appeared around the
Fermi energy level in band plot of G/h-BN_1B as shown in figure (25a). They crossed
the Fermi energy level in band structures of G/h-BN_1C and G/h-BN_2C are shown
in figures (27a) and (27c) respectively. As a result, charge carriers are spontaneously
moving in the electronic bands. The σ of G/h-BN_1B, G/h-BN_1C and G/h-BN_2C
materials have initially maximum values of 12.80 ×105 (Ω m)−1, 52.00 ×104 (Ω m)−1

and 54.20×104 (Ωm)−1 at 10 K, and then decreased to the values of 29.60×104 (Ωm)−1,
13.10 ×104 (Ωm)−1 and 13.70 ×104 (Ωm)−1 at 300 K respectively are shown in figures
(43), (44a) and (44b) respectively, since in boron and carbon sites vacancy defected
materials, less number of valence electrons (more number of holes) are presented in the
valence band, and hence movement of free charge density will be increased in valence
band and decreased in conduction band. From above calculations, it is seen that electrical
conductivity of G/h-BN_1B has higher value than the other vacancy defected materials.
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Figure 43: Effect of temperature on electrical conductivity at constant (Fermi) energy of G/h-BN_1B 

material, where X-axis represents the temperature T (K) and Y-axis represents electrical conductivity σ 
in (Ω m)−1. Also, vertical dot line indicates the zero scale along X-axis.

Figure 44: Effect of temperature on electrical conductivity at constant (Fermi) energy of G/h-BN_1C 

and G/h-BN_2C materials, where X-axis represents the temperature T (K) and Y-axis represents 
electrical conductivity σ in (Ω m)−1,also, vertical dot line indicates the zero scale along X-axis: (a) 
electrical conductivity of G/h-BN_1C material, (b) electrical conductivity of G/h-BN_2C material.

4.5.3 Electronic Contribution on Thermal Conductivity

The variation of electronic contribution on thermal conductivity (K) with temperature
of graphene, h-BN, G/h-BN and G/h-BN_1N materials are presented in figures (45a)
and (45b). In these cases, K increases with increase in the temperature. It is due
to the increase in concentration of charge carriers at higher temperatures. At room
temperature, K of graphene and G/h-BN possess similar value of K which is around
1240×10−4 W/mK while K of h-BN and G/h-BN_1N have values 1505×10−4 W/mK
and 1964.02×10−4 W/mK respectively. The value of K however for G/h-BN_1N has
been increased slightly because increase in Fermi velocity of electrons near the Fermi
level due to reduction in effective mass thereby increasing the mean free path and hence
K. On the other hand, K of h-BN is seemed to be decreased than of graphene at higher
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temperature (above room temperature), which is due to reduction in the frequency of
acoustic phonon in h-BN caused from strong phonon-phonon scattering rates (Lindsay
& Broido, 2011; Sichel et al., 1976; Jo et al., 2013).

Figure 45: Effect of temperature on electronic thermal conductivity at constant (Fermi) energy of 
graphene, h-BN, G/h-BN and G/h-BN_1N materials, where X-axis represents temperature T (K) and Y-
axis represents electronic thermal conductivity K in (W/mK), also, horizontal dot line indicates the 
zero scale along Y-axis: (a) electronic thermal conductivity of graphene, h-BN and G/h-BN materials, 
(b) electronic thermal conductivity of G/h-BN_1N material.

The electronic contribution on thermal conductivity of G/h-BN_nBN and G/h-BN_aBN
materials are increased with increase in temperature, shown in figures (46a) and (46b)
respectively. At room temperature, K of G/h-BN_nBN and G/h-BN_aBN possess
similar value of K of graphene and G/h-BN, which is around 1205×10−4 W/mK. The
obtained K of graphene, h-BN, G/h-BN, G/h-BN_1N, G/h-BN_nBN and G/h-BN_aBN
are summarized in table (6).
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Figure 46: Effect of temperature on electronic thermal conductivity at constant (Fermi) energy of G/h-
BN_nBN and G/h-BN_aBN materials, where X-axis represents temperature T (K) and Y-axis 
represents electronic thermal conductivity K in (W/mK), also, horizontal dot line indicates the zero 

scale along Y-axis: (a) electronic thermal conductivity of G/h-BN_nBN material, (b) electronic thermal 
conductivity of G/h-BN_aBN material.

Additionally, we have calculated the electronic contribution on thermal conductivity
(K) of G/h-BN_1B, G/h-BN_1C and G/h-BN_2C materials at constant energy. They
are found to be increasing with increase in temperature. The graphs of these material
have more-less linear nature, which are embellished in figures (47), (48a) and (48b)
respectively. Nature of these plots are slightly different than the plot of G/h-BN material
because plot of G/h-BN is somehow exponential as shown in figure (45a). The K of
G/h-BN_1B, G/h-BN_1C and G/h-BN_2C materials have 2.10 W/mK, 0.98 W/mK and
0.97 W/mK values at 300 K respectively. Comparatively, K of G/h-BN_1B retains high
among other materials at 300K because of increasing inmean free path of electrons. The
detail calculations of K with chemical potential (µ) at distinct constant temperature are
also supported by the results of K vs T plots. From all above discussions, we confirmed
that all the considered materials have intrigued thermo-transport properties; hence, they
are promising materials in the fields of thermoelectricity.
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Figure 47: Effect of temperature on electronic thermal conductivity at constant (Fermi) energy of G/h-
BN_1B material, where X-axis represents temperature T (K) and Y-axis represents electronic 
thermal conductivity K in (W/mK). Also, horizontal dot line indicates the zero scale along Y-axis.

Figure 48: Effect of temperature on electronic thermal conductivity at constant (Fermi) energy of G/h-
BN_1C and G/h-BN_2C materials, where X-axis represents temperature T (K) and Y-axis 
represents electronic thermal conductivity K in (W/mK), also, horizontal dot line indicates the zero 

scale along Y-axis: (a) electronic thermal conductivity of G/h-BN_1C material, (b) electronic thermal 
conductivity of G/h-BN_2C material.

4.5.4 Thermoelectric Power Factor

We have calculated the thermoelectric power factor (P) of graphene, G/h-BN and G/h-
BN_1N materials. The P of these materials follows similar trend as that of S i.e. the
value of P initially increases up to the optimum value and then monotonically decreases.
The obtained maximum P of graphene is 5.03×10−6 W/mK2 at 400 K and 4.70×10−6

W/mK2 at room temperature, which are corresponding with outlined values (Reshak
et al., 2014). We have calculated P of up-spin, down-spin and total-spin channels of
G/h-BN and G/h-BN_1Nmaterials as shown in figures (49a) and (49b) respectively. The
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maximumPvalue of up-spin, down-spin and total-spin ofG/h-BNare 4.69×10−7 W/mK2

at 40 K, 1.56×10−6 W/mK2 at 390 K and 3.59×10−7 W/mK2 at 1840 K respectively.
Also, we have calculated total P of G/h-BN is 1.24×10−7 W/mK2 at room temperature.
P of G/h-BN is lower than that of graphene because P of material also depends on its
S. In HS, S of h-BN reduced the S of G/h-BN, and hence obtained P of G/h-BN is
slightly less than that of graphene. The obtained maximum P of up-spin, down-spin and
total-spin of G/h-BN_1N are 1.15×10−4 W/mK2 at 170 K, 2.90×10−5 W/mK2 at 415
K and 2.60×10−5 W/mK2 at 150 K respectively as shown in figure (49b). The total P
value of G/h-BN_1N is obtained 1.71×10−5 W/mK2 at room temperature. This value
is slightly greater than that of G/h-BN since vacancy defect is the cause of scattering
electron-spins in the materials, which increases its P.

Figure 49: Effect of temperature on thermoelectric power factor (P = S2 σ) at constant (Fermi) energy 

of graphene, h-BN, G/h-BN and G/h-BN_1N materials, where X-axis represents temperature T (K) and 

Y-axis represents thermoelectric power factor P in (W/mK2), (a) thermoelectric power factor of 
graphene, h-BN and G/h-BN materials, (b) thermoelectric power factor of G/h-BN_1N material.

Furthermore, we have calcualted the P of G/h-BN_nBN and G/h-BN_aBN materials
with differnt temperature at constant Fermi energy level (E=E f ) as shown in figures
(50a) and (50b) respectively. The nature of plot follows similar trend as that of G/h-
BN and G/h-BN_1N. We have calculated the P of up-spin, down-spin, and total-spin
of G/h-BN_nBN and G/h-BN_aBN materials. We found that P of G/h-BN_nBN are
3.96×10− W/mK2 at 1415 K, 9.68×10−6 W/mK2 at 410 K and 5.72×10−6 W/mK2 at
1070 K respectively, and of G/h-BN_aBN are 8.20×10−6 W/mK2 at 1230 K, 9.68×10−6

W/mK2 at 410 K and 1.22×10−5 W/mK2 at 530 K respectively, which are shown in
figures (50a) and (50b) respectively.
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Figure 50: Effect of temperature on thermoelectric power factor (P = S2 σ) at constant (Fermi) energy 

of G/h-BN_nBN and G/h-BN_aBN materials, where X-axis represents temperature T (K) and Y-axis 
represents thermoelectric power factor P in (W/mK2), (a) thermoelectric power factor of G/h-BN_nBN 

material, (b) thermoelectric power factor of G/h-BN_aBN material.

Moreover, we have calculated the value of P of G/h-BN_nBN and G/h-BN_aBN at room
temperature and determined 2.63×10−6 W/mK2 and 1.00×10−5 W/mK2 respectively.
From these calculations, we found that P values of defected HS materials are higher
than that of non-defected HS materials. The materials have more thermoelectric power
factor, reflect that they have more efficiency in thermoelectric devices (Baranowski et
al., 2014). Hence, boron and nitrogen sites vacancy defected materials are auspicious
candidates in the field of thermoelectricity. Some of the calculated data (temperature
dependent with constant energy i.e. E=E f ) of our considered systems are presented in
table (6).

In addition, we have observed the plots P vs chemical potential (µ) of G/h-BN, G/h-
BN_1N, G/h-BN_nBN and G/h-BN_aBNmaterials at different constant temperatures as
shown in figure (51). At room temperature, P of G/h-BN is found to be 5×10−4 W/mK2

at 0.12 eV. This is slightly less than P of pristine graphene (Reshak et al., 2014), which is
due to less S of h-BN in HS. Similarly, we obtained the P of G/h-BN_1N, G/h-BN_nBN
and G/h-BN_aBN and found to be 3.5×10−4 W/mK2 at 0.06 eV, 5×10−4 W/mK2 at 0.12
eV and 5×10−4 W/mK2 at 0.12 eV respectively. They are analogous with the value of
G/h-BN. Hence, P vs µ plots also support the results of P vs T plots. Therefore, our
considered materials have conceivable thermoelectric properties.
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Figure 51: Variation of thermoelectric power factor (P = S2 σ) with chemical potential µ (energy) of G/
h-BN, G/h-BN_1N, G/h-BN_nBN and G/h-BN_aBN materials at different constant temperatures, where 
X-axis represents chemical potential µ (energy) in eV and Y-axis represents thermoelectric power factor 
P in (W/mK2), (a) thermoelectric power factor of G/h-BN, G/h-BN_1N, G/h-BN_aBN, G/h-BN_nBN 

materials at different constant temperatures , (b) thermoelectric power factor of G/h-BN, G/h-BN_1N, 
G/h-BN_aBN, G/h-BN_nBN materials at constant 300 K temperature.

The effect of temperature (at constant E = E f ) on the thermoelectric power factor P of
G/h-BN_1C and G/h-BN_2Cmaterials with the contributions of up-spin, down-spin and
total-spin channels are shown in figures (52a) and (52b) respectively. Both the materials
possess similar trend in the graphs, that is they initially increased up to the maximum
value and then decrease continuously. The maximum P value due to up-spin, down-spin
and total-spin channels at constant energy (E= E f ) of G/h-BN_1C is 8.68×10−5 W/mK2

at 180 K, 1.70×10−5 W/mK2 at 570 K and 3.53×10−5 W/mK2 at 420 K, and of G/h-
BN_2C is 3.08×10−4 W/mK2 at 1330 K, 6.33×10−4 W/mK2 at 1790 K and 8.52×10−4

W/mK2 at 1590 K. Also, P of G/h-BN_1C and G/h-BN_2C materials at 300 K have
2.76×10−5 W/mK2 and 5.91×10−5 W/mK2 respectively, which are according to their
Seebeck coefficient.
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Figure 52: Effect of temperature on thermoelectric power factor (P = S2 σ) at constant (Fermi) energy 

of G/h-BN_1C and G/h-BN_2C materials, where X-axis represents temperature T (K) and Y-axis 
represents thermoelectric power factor P in (W/mK2), (a) thermoelectric power factor of G/h-BN_1C 

material, (b) thermoelectric power factor of G/h-BN_2C material.

Similarly, we have calcualted the contributions of up-spin, down-spin and total-spin
channels on P of G/h-BN_1B with different temperature T at constant E = E f as shown
in figure (53a). The nature of graph is different than of our considered other defected
HS materials. The P value of G/h-BN_1B increases continuously with increase in
temperature. This difference in the nature of graph comes directly from their variation
in the value of S with temperature (i.e. P = S2 σ). P of G/h-BN_1B material at 300
K has 6.30×10−5 W/mK2, which is obtained according to their Seebeck coefficient. In
addition, we have developed the graphs between P vs chemical potential (µ) of G/h-
BN_1B, G/h-BN_1C and G/h-BN_2C materials at constant temperature as shown in
figure (53b). It is found that maximum P of G/h-BN_1B has 1.47×10−3 W/mK2, G/h-
BN_1C has 2.40×10−3 W/mK2 and G/h-BN_1C has 5.36×10−4 W/mK2. Based on these
calculated P values, we predicted that all the materials are promising candidates in the
fields of thermoelectricity.
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Figure 53: Effect of temperature on thermoelectric power factor (P = S2 σ) at constant (Fermi) energy 

of G/h-BN_1B, and variation of thermoelectric power factor with chemical potential µ (energy) in eV 

at constant temperature T (K), (a) effect of temperature on thermoelectric power factor of G/h-BN_1B 

material, where X-axis represents temperature T (K) and Y-axis represents thermoelectric power factor 
in P in (W/mK2, (b) variation of thermoelectric power factor P in (W/mK2) with chemical potential µ 
(energy) in eV at constant 300 K temperature of G/h-BN, G/h-BN_1B, G/h-BN_1C and G/h-BN_2C 

materials.

We have summarized the estimated results (data) obtained from the calculations of
Seebeck coefficient, electrical conductivity, electronic contribution of thermal con-
ductivity and thermoelectric power factor of graphene, h-BN, G/h-BN, G/h-BN_1N,
G/h-BN_nBN, G/h-BN_aBN, G/h-BN_1B, G/h-BN_1C and G/h-BN_2C materials are
presented in above table (6).
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CHAPTER 5

5. CONCLUSIONS AND RECOMMENDATIONS

Conclusions

We have studied the structural, electronic, magnetic and transport properties of 2D
van der Waals G/h-BN HS, and B, N and C atoms vacancy defects in G/h-BN HS
materials. Simulations are carried out under spin-polarized DFT method along with
vdWs correction DFT-D2 approach. Quantum ESPRESSO (QE) and BoltzTraP (BT)
software packages have been employed for the computational work.

Structural stability of materials are measured in terms of their binding energy. The
estimated binding energy of G/h-BN HS is found to be -41.88 meV/Å2, which is good
agreement with experimentally reported values in literature within ≈ 7 %. Similarly, we
have calculated the binding energy of 1B defect in G/h-BN (G/h-BN_1B), 1N defect in
G/h-BN (G/h-BN_1N), nearest neighbour 1B and 1N defects in G/h-BN (G/h-BN_nBN),
alternate zone of 1B and 1N defects in G/h-BN (G/h-BN_aBN), 1C defect in G/h-BN
(G/h-BN_1C) and 2C defects in G/h-BN G/h-BN_2C materials. They have -30.36
meV/Å2, -38.83 meV/Å2, -23.79 meV/Å2, -28.83 meV/Å2, -28.30 meV/Å2 and -22.82
meV/Å2 values respectively. These are comparable valueswith the values of other 2DHS
materials within ≈ 9 %. We have also estimated interlayer distance of the constituents
of HS materials, which agrees with the experimentally reported values of other 2D
HS materials within ≈ 6 %. Hence, from the binding energy and interlayer distance
calculations, our considered materials are found to be stable 2D vdWs HS materials.

The electronic properties of monolayer (ML), and pristine and defected HS materials
are explored based on their band and DOS calculations. It is found that graphene has
zero band gap energy (0 eV) and h-BN has wide band gap energy (4.98 eV), they are
fairly close with the experimentally reported values. On the other hand, G/h-BN, G/h-
BN_1B, G/h-BN_1N, G/h-BN_nBN and G/h-BN_aBN open small energy band gap of
values 2.60 meV, 9.75 meV, 33.84 meV, 1.71 meV and 2.73 meV respectively, and are
comparable with the reported values. Hence they have semimetallic properties. In
addition, we have analyzed the band structure plots of G/h-BN_1C and G/h-BN_2C
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materials, and found that G/h-BN_1C has small band gap (0.40 eV) in its band structure.
But, band states of G/h-BN_2C are seen near the Fermi energy level. Thus, G/h-BN_1C
is a n-type semiconductor (it has the properties of semiconductor) and G/h-BN_2C has
metallic properties.

Magnetic properties of our considered materials have been analyzed using their DOS
and PDOS plots. It is found that graphene and h-BN have non-magnetic properties. On
the other hand, pristine and vacancy defected HS materials have magnetic properties.
Magneticmoments ofG/h-BN,G/h-BN_1B,G/h-BN_1N,G/h-BN_nBN,G/h-BN_aBN,
G/h-BN_1C and G/h-BN_2C materials have values 0.04 µB/cell, -2.96 µB/cell, 0.97
µB/cell, -1.96 µB/cell, 2.01 µB/cell, 0.39 µB/cell and 1.89 µB/cell respectively.
Hence, it is found that non-magnetic ML materials change into weak magnetic G/h-BN
HS as the formation of HS, and G/h-BN HS converts into strong magnetic material by
virtue of vacancy defects.

Beside the structural, electronic and magnetic properties, we have analyzed transport
properties of our considered materials based on their Seebeck coefficient, electrical
conductivity, electronic contribution on thermal conductivity and theromelectric power
factor due to the effect of different temperatures by taking constant energy (Fermi),
and chemical potential (energy) by taking constant temperature. It is found that all the
materials are promissing candidates in the fields of thermoelectricity.

Recommendations

Every research work is performedwith the vision of ultimately arriving at a fruitful result
which can aid in further development. On the same note we hope our work also plays
a vital role in further enhancement of vacancy defected G/h-BN system and becomes a
reference for those who are interested in this field. The following research works can be
further enhancement of our work:

• Study of optical properties of material is crucial, so we can explore the effect of
B, N and C sites vacancy defects on optical properties of G/h-BN HS material.

• Physical properties of material are influenced by electric field and stress effect.
Hence, we can investigate the physical properties of B, N and C atoms vacancy
defected G/h-BN HS materials using electric field and stress effect.

• Physical properties of defected HS materials are tuned by molecular adsorption.
Therefore, we can study the structural, electronic, magnetic and transport proper-
ties of B and N sites vacancy defected G/h-BN HS material by the adsorption of
water molecule.
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• The study of transport properties of materials are important for the production of
high effiency thermoelectric devices. Thermal properties of materials are deter-
mined based on their thermoelectric figure of merit (ZT). ZT depends on Seebeck
coefficient, electrical conductivity and total thermal conductivity of materials.
Therefore, we can study the transport properties of vacancy defected G/h-BN HS
materials on the basis of their thermoelectric figure of merit (ZT).
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CHAPTER 6

6. SUMMARY

In this work, structural, electronic, magnetic and transport properties of graphene and
h-BN ML, and G/h-BN, G/h-BN_1B, G/h-BN_1N, G/h-BN_nBN, G/h-BN_aBN, G/h-
BN_1C and G/h-BN_2C HS materials have been studied using first-principles calcu-
lations through DFT with vdWs correction DFT-D2 method. Quantum ESPRESSO
and BoltzTraP packages are used as a computational tools. As we know that most of
the components in spintonic, electronic, optoelectronic and memory devices are used
based on structural, electronic, magnetic and transport properties of materials. Thus, in
present work, we have explored the structural, electronic, magnetic and transport proper-
ties of our above designed materials. The structural stability of all considered materials
are studied, and found to be stable 2D vdWs HS materials. Electronic properties of
the materials are determined through band and DOS calculations. On the other hand,
magnetic properties of materials are analyzed from DOS and PDOS calculations. It is
found that graphene and h-BN ML are non-magnetic zero band gap and wide band gap
materials respectively. However, pristine G/h-BN, and B and N atoms vacancy defects
in G/h-BN have magnetic and semimetallic properties. Moreover, we have analyzed the
band, DOS and PDOS of C sites vacancy defects in G/h-BN. It is found that G/h-BN_1C
is a n-type semiconductor having magnetic properties, whereas G/h-BN_2C has metallic
and magnetic properties. The nature of material is determined according to the presence
of band states around the Fermi energy level in band structure, and distributed spin states
around the Fermi energy level in DOS plots. The magnetic properties are predicted on
the basis of magnetic moment which are acquired by the results of distributed unpaired
spins of valence electrons of atoms in DOS and PDOS plots. Transport properties
of materials are determined by the analysis of their transport parameters. Therefore,
in the present work we have estimated the Seebeck coefficient, electrical conductivity,
electronic contribution on thermal conductivity and thermoelectric power factor of con-
sidered materials. It is found that all our considered ML, HS, and B, N and C sites
vacancy defects in HS have auspicious thermal properties, and hence they appeal to be
in the fields of thermoelectricity.
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First-principle calculations based on the spin-polarized density functional theory (DFT) with vdW corrections by DFT-D2
approach have been carried out to study structural, electronic, and magnetic properties of water-adsorbed graphene/MoS2
heterostructures (system-I), and water-adsorbed graphene/MoS2 heterostructures with vacancy defects in Mo sites (systems-II).
We consider vacancy defects in different Mo sites such as centre-1Mo atom vacancy defect (system-IIa), left-1Mo atom vacancy
defect (system-IIb), and 2Mo atom vacancy defects (system-IIc). All the systems considered in this study are structurally stable;
however, the stability of defected systems decreases with an increase in defect concentrations. .e calculated binding energies of
HS used in this study agree with the reported work. Electronic properties of system-I and systems-II reveal that they have metallic
characteristics. Our investigation shows that system-I is nonmagnetic and systems-II are magnetic. .e magnetic moment in the
defected systems (system-IIa, system-IIb, and system-IIc) is developed by unpaired up and down-spins of electrons created in the
orbitals of atoms due to vacancy defects in Mo atoms.

1. Introduction

One of the ways to create 2D heterostructures is by two or
more monolayers of different materials. .e hetero-
structures improve the functional characteristics and bear
novel properties. .erefore, they have intrigued the ad-
vanced compliance of researchers to predict other advan-
tageous properties than the constituents [1, 2]. Presently,
two-dimensional (2D) van derWaals (vdW) graphene/MoS2
(G/MoS2) heterostructure (HS) is a useful tool to design
applicable electronic devices [3–6]. Graphene is an atom-
thick 2D honeycomb lattice, and has a series of special
electronic and physical properties. Its exceptional physical
strength, large surface area, high electrical and thermal
conductivities, low noise effect, controllable tunable band
structure, and many more other interesting properties ex-
plore multiple possible applications such as electronic,
spintronics, and gas sensors [1, 7–10]. 2D Molybdenum
disulphide (MoS2) is the form of hexagonal plane crystal

structure of S atoms on either side of a hexagonal plane of
Mo atoms. It has certain bandgap in its electronic band
known as the wide bandgap exotic semiconductor [11, 12].
MoS2 is used in the electronic, spintronic, and optoelec-
tronic devices because of its impressive optical, electronic,
and magnetic properties [11–13]. Defects are inherent in any
system due to entropic reason. .ey (vacancy defect/im-
purity defect) can develop novel properties in 2D materials
[14–18], and also electronic and magnetic properties of
materials can be modified by defects [15, 19, 20]. People are
using the pristine and defected G/MoS2 HS in electronic
devices. Hence, it is highly demanding to study HS of 2D
materials with defects. .e devices made by pristine G/MoS2
HS and vacancy-defected G/MoS2 HS sometimes have to be
used in the surrounding (moisture) environment. Due to
which, moisture (water molecule) can affect the properties of
HS materials [21, 22]. .e molecular adsorption in vacancy-
defected HS can bring new properties because vacancy
defects are very keen locations for molecular adsorption due

Hindawi
Advances in Condensed Matter Physics
Volume 2022, Article ID 2135213, 18 pages
https://doi.org/10.1155/2022/2135213

mailto:npadhikari@gmail.com
https://orcid.org/0000-0001-8547-1183
https://orcid.org/0000-0003-4535-1368
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/2135213


to the configuration of atoms around the vacancy. .ey play
a particular role in determining the geometrical arrange-
ment of layered materials [21–23]. Also, electronic and
magnetic properties of defected materials can be modified by
adsorbed water molecule [23]. .us, it opens the way to tune
novel properties of vacancy-defected HS materials. .ere-
fore, it needs to study the adsorption of water molecule on
G/MoS2 HS (system-I) andMo sites vacancy defects G/MoS2
HS (system-II). To our best knowledge, literature studies do
not contain a significant study of water-adsorbed 2D
G/MoS2 HSmaterials withMo defects. In this study, we have
investigated the structural, electronic, and magnetic prop-
erties of Mo sites vacancy-defected water-adsorbed 2D
G/MoS2 HS materials by using the spin-polarized density
functional theory (DFT)-based first-principle calculations,
within the DFT-D2 approach. Our calculations show that
system-I and its Mo site vacancy defect (systems-II) ma-
terials could be promising candidates for the device
applications.

.e rest part of the article is arranged as follows.
Computational methods, interpretation of findings, and
conclusions of this study are given in Sections 2–4,
respectively.

2. Methods and Materials

.e comprehensive intuition is gained into the physical
properties of the system-I and its Mo site vacancy defect
systems-II by the spin-polarized density functional theory
(DFT) [24]-based first-principle calculations. DFT with the
PWscf code of the Quantum ESPRESSO package [25] has
been conducted to study the structural, electronic, and
magnetic properties of system-I and system-II..e code uses
ultra-soft pseudo-potentials (USPPs) to describe the inter-
actions between ion cores and valence electrons. A plane-
wave basis set, with cut-off values of 35 Ry and 350 Ry for
wave functions and charge densities, respectively, was used.
Exchange and correlation interactions were considered by
generalized gradient approximation (GGA) [26]. London
dispersion contributions for weak vdW force in between the
constituents of supercells were described through the DFT-
D2 scheme [27]. Self-consistent field (Scf) and structure
optimization calculations were executed by Broyden–
Fletcher–Goldfarb–Shanno (BFGS) method [28] with
Γ-centered Monkhorst-Pack (MP) [29] k-Points mesh
commensurate with (6× 6×1) sampling of the hetero-
structures of system-I and system-II. .e system-I was
created by adsorbing water molecule (center position on the
surface of MoS2) at 2.52 Å distance above the top surface of
MoS2 in vertical G/MoS2 HS as shown in Figure 1, since
vertical G/MoS2 HS was formed by (4× 4) supercell struc-
ture of graphene and (3× 3) supercell structure of MoS2 with
4.11% lattice mismatch. In HS, the lattice mismatch can be
determined via differing the lattice constant, whereas there is
no direct chemical bonding between the component layers.
Systems-II were constructed by adsorbing water molecule in
centre-1Mo atom vacancy defect G/MoS2 HS (system-IIa),
left-1Mo atom vacancy defect G/MoS2 HS (system-IIb), and
2Mo atom vacancy defect G/MoS2 HS (system-IIc), which

are illustrated in Figure 2. Convergence was sustained by
using Marzari–Vanderbilt (MV) [30] smearing with an
enlightening of 0.001 Ry. David diagonalization methods
with plain mixing mode for self-consistency where a default
value of mixing factor 0.6 was used. To reduce the inter-
action within periodic structures, a vacuum detachment of
18 Å was used along z-direction. All the atoms in structures
were allowed to relax by the PBE functional until the forces
conversed to less than 10−3 Ry/Bohr in each direction and
energy to 10−4 Ry. To tune electronic and magnetic prop-
erties of materials, a mesh of (6× 6×1) k-points was used for
band structure calculations and meshes of (12×12×1)
k-points were employed for density of states (DOS) and
projected density of state (PDOS) calculations.

3. Results and Discussion

In this section, we present, discuss, and analyze the main
findings of this study. Findings of system-I and systems-II
are obtained from band structure, DOS, and PDOS
calculations.

3.1. Structural Study. .e water-adsorbed G/MoS2 HS is
constructed by putting water molecule at various locations
on graphene and MoS2 surfaces of the G/MoS2 HS material
as shown in Figures 1(a)–1(d). .e adsorbed water molecule
(at center position on the surface of MoS2) at a distance of
2.52 Å above the top surface of MoS2 in the HS is found to be
most stable, as shown in Figure 1(d). To determine the
stability, we have calculated the binding energy of system-I
by using the following equation [31]:

Eb �
Ew+G/MoS2(HS) − EG/MoS2(HS) − Ew

A
, (1)

where Ew+G/MoS2(HS), EG/MoS2(HS), Ew are the total energy of
the system-I, G/MoS2 HS, and adsorbed water molecule,
respectively, and “A” is the surface area of heterostructure.
.e obtained binding energy of system-I is −23.82meV/Å2,
which means system-I is energetically stable at the ground
state. It means physisorption interaction takes place in
between them. .e stable optimized system-IIa, system-IIb,
and system-IIc are created by adsorbing water molecule in
centre-1Mo atom, left-1Mo atom, and 2Mo atom vacancy
defect G/MoS2 HS, respectively, as shown in Figures 2(a)–
2(c). To determine the stability of such systems, we have also
calculated binding energy using the following formalism
[31]:

Eb �
Ew+G/MoS2(HS)Mo−d − EG/MoS2(HS)Mo−d − Ew

A
, (2)

where Ew+G/MoS2(HS)Mo−d, EG/MoS2(HS)Mo−d, Ew are the
ground state energy of Mo site vacancy defect water-
adsorbed G/MoS2 HS (systems-II), Mo site vacancy defect
G/MoS2 HS, and adsorbed water molecule, respectively, and
“A” represents the surface area of defected heterostructures.
.e estimated binding energy of system-IIa, system-IIb, and
system-IIc are −20.09meV/Å2, −20.03meV/Å2, and
−17.40meV/Å2, respectively. .e calculated binding energy
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Figure 1: (a) Adsorbed water molecule is at 2.52 Å distance above the top surface of graphene in G/MoS2 HS. (b) adsorbed water molecule is
(left-position) at 2.52 Å distance above the top surface of MoS2 in G/MoS2 HS. (c) adsorbed water molecule is (right-position) at 2.52 Å
distance above the top surface of MoS2 in G/MoS2 HS. (d) adsorbed water molecule is (center position) at 2.52 Å distance above the top
surface of MoS2 in G/MoS2 HS.

(a)

(b)

Figure 2: Continued.
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of system-I, system-IIa, system-IIb, and system-IIc is
comparable with the values of other vdWHSs [32, 33]. .us,
considered systems are stable because negative binding
energy means that materials are energetically stable at the
ground state. Lower value of binding energy indicates that
thematerial is more stable than others. Hence, the stability of
the above considered materials is decreased with an increase
in the defect concentration. .e defect formation energy of
system-IIa, system-IIb, and system-IIc is found to be 0.21 eV,
0.21 eV, and 0.40 eV, respectively, which are calculated by
using the following equation [34]:

Edf � Et( 􏼁d − Et( 􏼁p + nMoµMo􏽨 􏽩, (3)

where (Et)d, (Et)p, nMo, and µMo are the total ground state
energy of vacancy defect HS (systems-II), total ground state
energy of pristine HS (system-I), numbers of vacancy defects
(Mo) atoms, and chemical potential of a Mo atom, re-
spectively. Materials have lower defect formation energy,
which indicates that they can be favorable for computational
work.

In addition, we have also computed the interlayers
distance between graphene and monolayer MoS2 of system-
I, system-IIa, system-IIb, and system-IIc materials, and they
are 3.72 Å, 3.81 Å, 3.83 Å, and 3.94 Å, respectively. .ese
values are comparable with other graphene-based 2D HS
materials [35, 36]. From this analysis, we conclude that
system-I is more compact than Mo vacancy-defected sys-
tems. In systems-II, compactness of atoms and layers of
constituents are increased with a decrease in their defect
concentration. .e estimation of binding energy and in-
terlayer distance of the above considered systems shows that
weak vdW force exists in between graphene and MoS2.

3.2. Electronic Properties. .e electronic properties of the
material are predicted based on the electronic band structure.
Band structures of system-I, system-IIa, system-IIb, and sys-
tem-IIc are illustrated in Figures 3(a), 4(a), 5(a), and 6(a),
respectively. We know that graphene and monolayer MoS2
havemetallic [1, 9] and semiconducting properties, respectively
[12, 13]. Band structure of graphene/MoS2 HS is a sum of band

structures of those constituents in which properties of gra-
phene are preserved, and hence, it also has metallic properties
[20, 37]. Impressively, it is noted that Dirac point setup in the
conduction band at 0.11 eV distance from the Fermi energy
level in the band structure of water adsorbed Graphene/MoS2
HS (system-I). .is small value of the Dirac cone is obtained
because of the adsorption of water molecule in G/MoS2 HS.
.e formation of theDirac cone in the conduction bandmeans
electrons spontaneously flow from the valence band to the
conduction band. Hence, system-I has metallic properties.
Also, the property of G/MoS2 HS is still preserved.

Moreover, we explored band structures of systems-II
materials and found that the Dirac cone is formed at 0.72 eV,
0.71 eV, and 0.68 eV distance from the Fermi energy level in
system-IIa, system-IIb, and system-IIc materials, respec-
tively, which are shown in Figures 4(a), 5(a) and 6(a). A few
numbers of electronic bands of valence electrons cross the
Fermi energy level in band structures, which is due to the
effect of Mo vacancy atom in structures, which breaks the
symmetry of system-I. Hence, defected materials are me-
tallic. In systems-II, unpaired up-spin and down-spin states
are appeared by Mo vacancy defects, due to which the
movement of interfacial charges is developed in systems.
Hence, the different values of the Dirac point, Fermi energy,
and shift of the Fermi energy level towards the valence band
are obtained in system-IIa, system-IIb, and system-IIc,
which are presented in Table 1.

In Table 1, we can see that the values of Fermi energy and
Fermi energy shift are increased with an increase in the
concentration of Mo vacancy defects, but the distance of the
Dirac point from the Fermi energy level decreases with an
increase in the defect concentration in the systems. .e
reason is that vacancies are very precise place for adsorbed
molecule. .is is because we have calculated the bond length
between nearest Mo-Mo atoms, S-S atoms, Mo-S atoms, and
distance between adsorbed water molecule to MoS2 surface
in vacancy defects HS and found that the compactness of
materials decreases with an increase in defect concentra-
tions. .us, adsorbed molecule disturbed the atomic con-
figurations in vacancy-defected HS materials, which
influences the electronic properties of the systems. Dirac

(c)

Figure 2: Side view and top view of Mo site vacancy defect HS materials: (a) center-1Mo atom vacancy defect water-adsorbed G/MoS2 HS
(system-IIa), (b) left-1Mo atom vacancy defect water-adsorbed G/MoS2 HS (system-IIb), and (c) 2Mo atoms vacancy defects water-
adsorbed G/MoS2 HS (system-IIc).
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Figure 3: (a) Band structure of system-I, (b) DOS of up-spin and down-spin states of electrons in the orbitals of C Mo, S O, and H atoms of
system-I, (c) PDOS of total up-spin and total down-spin states of electrons in the orbitals of C Mo, S O, and H atoms of system-I, (d) PDOS
of individual up-spin and down-spin states of electrons in the orbitals of C Mo, S O, and H atoms of system-I. In all DOS and PDOS, the
horizontal dot line separates spin states and the vertical dot line separates the electronic bands, and also in band plot, the horizontal dot line
represents the Fermi energy level; insets in DOS and PDOS represent the spin states within a large energy range along x-axis.
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point setup in the conduction band reflects that the electron
impulsively proceeds from the valence to the conduction
band because the flow of current in metals and semicon-
ductors depends on the amplitude of Dirac shift. Hence,
system-IIa, system-IIb, and system-IIc have metallic
properties.

3.3. Magnetic Properties. .e magnetic properties of ma-
terials can be studied based on the density of states (DOS)
and the projected density of states (PDOS) analysis. DOS
are defined as the number of available electronic states per
unit energy range. In computational physics/chemistry, it
is one of the ways to represent electronic eigen states in the
energy space of a molecule, where it counts the number of
energy states nearby a given energy value. If Ψi and Ei
represent the normalized eigen functions and eigen

values, respectively, the total density of states (TDOS) can
be defined as [17]

D(E) � 􏽘
i

δ E − Ei( 􏼁, (4)

where D(E) represents the density of states, and its
integral 􏽒 D(E)dE in between the energies E1 and E2
gives the number of states within the specified energy
range [38]. .e density of states projected over any
arbitrary state is defined as the projected density of
states (PDOS). .e present magnetic moment by reason
of spin states of electrons in the individual orbital of
atoms in the materials is calculated by using PDOS. It
can be expressed as

n0(E) � 􏽘
i

〈f0|ψi〉
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌
2δ E − Ei( 􏼁, (5)
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Figure 4: (a) Band structure of system-IIa, (b) DOS of up-spin and down-spin states of electrons in the orbitals of CMo, S O, andH atoms of
system-IIa, (c) PDOS of total up-spin and total down-spin states of electrons in the orbitals of C Mo, S O, and H atoms of system-IIa, (d)
PDOS of individual up-spin and down-spin states of electrons in the orbitals of CMo, S O, andH atoms of system-IIa. In all DOS and PDOS,
the horizontal dot line separates spin states and the vertical dot line separates the electronic bands, and also in the band plot, the horizontal
dot line represents the Fermi energy level. Insets in DOS and PDOS represent spin states within large energy range along x-axis.
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with 􏽒n0(E)dE� 1, due to the normalization condition of
chosen orbital │f0>. When plotted, PDOS gives the relative
contributions to TDOS and hence helps to analyze the
relative contributions of each atom or molecule in the larger
systems. Unpaired up-spin and down-spin states of an
isolated atom possess a nonzero value of total spin and cause
finite magnetic moment [19]. It means spin states are
asymmetrically distributed in DOS and PDOS of materials.
Up-spin and down-spin states are totally symmetric in DOS
and PDOS, indicating equal contributions of magnetic
moment in materials from up- and down-spin electrons.
.is ensures that those materials have nonmagnetic prop-
erties. In the present work, we discuss magnetic properties of
water-adsorbed G/MoS2 HS (system-I) and water-adsorbed
Mo sites vacancy defect (systems-II) materials based on DOS
and PDOS calculations. Magnetic moments due to spin
states of C, Mo, S, O, and H atoms in PDOS of system-I and
systems-II are given in Table 2.

DOS and PDOS plots for up-spin and down-spin
electrons of system-I, system-IIa, system-IIb, and system-
IIc are shown in Figures 3(b)–3(d), Figures 4(b)–4(d),
Figures 5(b)–5(d), and Figures 6(b)–6(d), respectively. In
Figures 3(b)–3(d), the DOS and PDOS plots for up-spin
and down-spin of system-I are found to be symmetric,
which means system-I is a nonmagnetic material. .e
system-IIa and system-IIb behave as strongly magnetic
materials with largely asymmetric DOS/PDOS plots for
up-spin and down-spin states near the Fermi energy level
as shown in Figures 4(b)–4(d) and Figures 5(b)–5(d),
while system-IIc is found to be slightly asymmetric as
shown in Figures 6(b)–6(d), depicting the weak magnetic
nature. We have calculated that the magnetic moment as
asymmetrically distributed up-spin and down-spin states
of electrons in 2s and 2p orbitals of C atoms are
0.00 µB/cell & 0.03 µB/cell; 4p, 4d, and 5s orbitals of Mo
atoms are −0.03 µB/cell, −0.75 µB/cell, and −0.02 µB/cell;
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Figure 5: (a) Band structure of system-IIb, (b) DOS of up-spin and down-spin states of electrons in the orbitals of CMo, S O, andH atoms of
system-IIb, (c) PDOS of total up-spin and total down-spin states of electrons in the orbitals of C Mo, S O, and H atoms of system-IIb, (d)
PDOS of individual up-spin and down-spin states of electrons in the orbitals of CMo, S O, andH atoms of system-IIb. In all DOS and PDOS,
the horizontal dot line separates spin states and the vertical dot line separates the electronic bands, and also in the band plot, the horizontal
dot line represents Fermi energy level. Insets in DOS and PDOS represent the spin states within a large energy range along x-axis.
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Figure 6: (a) Band structure of system-IIc, (b) DOS of up-spin and down-spin states of electrons in the orbitals of CMo, S O, andH atoms of
system-IIc, (c) PDOS of total up-spin and total down-spin states of electrons in the orbitals of CMo, S O, and H atoms of system-IIc, and (d)
PDOS of individual up-spin and down-spin states of electrons in the orbitals of CMo, S O, andH atoms of system-IIc. In all DOS and PDOS,
the horizontal dot line separates the spin states and the vertical dot line separates the electronic bands, and also in the band plot, the
horizontal dot line represents the Fermi energy level. Insets in DOS and PDOS represent the spin states within a large energy range along
x-axis.

Table 1: Fermi energy (Ef ), fermi energy shifts (Es), amplitude of the Dirac point (Dp), Dirac point shifts in defected materials (Ds), defect
formation energy (Edf), and total binding energy of the systems (Eb).

Systems⟶

System-I: System-IIa: System-IIb: System-IIc:

Systems Ef (eV) Es (eV) Dp (eV) Ds (eV) Edf (eV) Eb (meV/Å2)
System-I 0.44 — 0.11 — — −23.82
System-IIa −0.61 1.05 0.72 0.61 0.21 −20.09
System-IIb −0.60 1.04 0.71 0.59 0.21 −20.03
System-IIc −0.86 1.30 0.68 0.57 0.40 −17.40
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and 3s and 3p orbitals of S atoms are −0.04 µB/cell and
−1.70 µB/cell, respectively, of system-IIa. .us, total
magnetic moment of system-IIa has a value of −2.51 µB/
cell. Also, we have computed the magnetic moment by
asymmetrically distributed unpaired up-spin and down-
spin states of electrons in 2s and 2p orbitals of C atoms are
0.01 µB/cell and 0.02 µB/cell; 4p, 4d, and 5s orbitals of Mo
atoms are −0.02 µB/cell, −0.75 µB/cell, and −0.02 µB/cell; 3s
and 3p orbitals of S atoms are −0.03 µB/cell and −1.72 µB/
cell, respectively, in system-IIb. Hence, the total magnetic
moment of system-IIb has a value of −2.51 µB/cell.
Similarly, we have determined the magnetic moment of
system-IIc material due to asymmetrically distributed up-
spin and down-spin states around the Fermi energy level
in DoS/PDoS as shown in Figures 6(b)–6(d). .e mag-
netic moments given by total up-spin and total down-
spin states of electrons in the orbitals of C, Mo, and S
atoms are found to be 0.03 µB/cell, 0.05 µB/cell, and
0.09 µB/cell, respectively. Also, we individually calculated
the magnetic moments given by asymmetrically dis-
tributed spin states in 2s and 2p orbitals of C atoms,
which have values of 0.01 µB/cell and 0.02 µB/cell, re-
spectively; 4p, 4d, and 5s orbitals of Mo atoms have values
of 0.00 µB/cell, 0.04 µB/cell, and 0.01 µB/cell, respectively;
and 3s and 3p orbitals of S atoms have values 0.02 µB/cell
and 0.07 µB/cell, respectively, as given in Table 2.
.erefore, we found that the total value of magnetic
moment of system-IIc is +0.17 µB/cell. In summary,
magnetic properties of materials are consistent with the
spin-asymmetry theory for the origin of magnetism,
where it is understood that the higher the net difference in
electronic occupancy in between up-spin and down-spin,
the higher the magnetic moment is. .e calculated values
of magnetic moment in system-IIa and system-IIb (i.e.,
−2.51 µB/cell and −2.51 µB/cell) are greater than those of
system-IIc (+0.17 µB/cell) because unpaired spin states of
electrons in the orbitals around the vacancy atoms of
system-IIc seem to be more paired by absorbed water
molecule than in system-IIa and system-IIb. .erefore,
magnetic moment of system-IIc rapidly falls down
compared to system-IIa and system-IIb. We also found
that there is a bit stronger interaction of water molecule
with 1Mo vacancy defects as compared to 2Mo vacancy
defects in the systems; this is because of greater

polarizability of atoms in system-IIa and system-IIb than
in system-IIc.

4. Conclusions

In this work, system-I, system-IIa, system-IIb, and sys-
tem-IIc materials are constructed and investigated their
structural, electronic, and magnetic properties by first-
principles calculations based on the spin-polarized DFT-
D2 method under computation package Quantum
ESPRESSO. By analyzing the structures, we found that
system-I is more compact than system-IIa, system-IIb,
and system-IIc materials. Compactness of system and
defect concentration in structures is related to each other
because the more the defect concentrations in structures,
the less the compactness of atoms in structures. .ere-
fore, compactness of systems decreases with an increase
in its defect concentration. On the analysis of band
structures, system-I, system-IIa, system-IIb, and system-
IIc have metallic properties. By studying DoS and PDoS
calculations, we found that system-I has nonmagnetic
properties and system-IIa, system-IIb, and system-IIc
have magnetic properties. .e total magnetic moment of
system-IIa, system-IIb, and system-IIc has values
−2.51 µB/cell, −2.51 µB/cell, and +0.17 µB/cell, respec-
tively. Higher values of magnetic moment are claimed by
allotted up- and down-spins in 2p orbital of C atoms, 3p
orbital of S atoms, and 4d orbital of Mo atoms in defected
systems.
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All the data to reproduce the figures and tables in the text can
be obtained from the corresponding author.

Conflicts of Interest

.e authors declare that they have no conflicts of interest.

Acknowledgments

.e authors acknowledge the financial support from UGC
Nepal grants Ph. D. 075/76-S & T-09, TWAS research grants
RG 20-316, and network project NT-14 of ICTP/OEA.

Table 2: Total magnetic moment (µT) due to up-spin and down-spin state of electrons in the orbitals of C,Mo, S, O, andH atoms in PDOS of
system-I, system-IIa, system-IIb, and system-IIc.

µ by up-spin and down-spin in ↓ System-IIc (µB/cell) System-IIb (µB/cell) System-IIa (µB/cell) System-I (µB/cell)
2s of C 0.01 0.00 0.00 0.00
2p of C 0.02 0.03 0.03 0.00
4p of Mo 0.00 −0.02 −0.03 0.00
4d of Mo 0.04 −0.75 −0.75 0.00
5s of Mo 0.01 −0.02 −0.02 0.00
3s of S 0.02 −0.03 −0.04 0.00
3p of S 0.07 −1.72 −1.70 0.00
2s of O 0.00 0.00 0.00 0.00
2p of O 0.00 0.00 0.00 0.00
1s of H 0.00 0.00 0.00 0.00
µT (µB/cell) +0.17 −2.51 −2.51 0.00
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[28] B. G. Pfrommer, M. Côté, S. G. Louie, and M. L. Cohen,
“Relaxation of crystals with the quasi-newton method,”
Journal of Computational Physics, vol. 131, no. 1, pp. 233–240,
1997.

[29] J. D. Pack and H. J. Monkhorst, ““Special points for brillouin-
zone integrations”-a reply,” Physical Review B, vol. 16, no. 4,
pp. 1748-1749, 1977.

[30] N. Marzari, D. Vanderbilt, A. De Vita, and M. C. Payne,
“.ermal contraction and disordering of the Al(110) surface,”
Physical Review Letters, vol. 82, no. 16, pp. 3296–3299, 1999.

[31] T. V. Vu, N. V. Hieu, H. V. Phuc et al., “Graphene/WSeTe van
der waals heterostructure: controllable electronic properties
and schottky barrier via interlayer coupling and electric field,”
Applied Surface Science, vol. 507, Article ID 145036, 2020.

[32] Q. Peng, Z. Guo, B. Sa, J. Zhou, and Z. Sun, “New gallium
chalcogenides/arsenene van der waals heterostructures
promising for photocatalytic water splitting,” International
Journal of Hydrogen Energy, vol. 43, no. 33, pp. 15995–16004,
2018.

[33] S. Li, M. Sun, J.-P. Chou, J. Wei, H. Xing, and A. Hu, “First-
principles calculations of the electronic properties of SiC-
based bilayer and trilayer heterostructures,” Physical Chem-
istry Chemical Physics, vol. 20, no. 38, pp. 24726–24734, 2018.

[34] Z. Hou, X. Wang, T. Ikeda et al., “Interplay between nitrogen
dopants and native point defects in graphene,” Physical Re-
view B, vol. 85, no. 16, Article ID 165439, 2012.

[35] S. Deng, L. Li, and P. Rees, “Graphene/MoXY hetero-
structures adjusted by interlayer distance, external electric

Advances in Condensed Matter Physics 17

https://arxiv.org/abs/1402.0122
https://arxiv.org/abs/1402.0122


field, and strain for tunable devices,” ACS Applied Nano
Materials, vol. 2, no. 6, pp. 3977–3988, 2019.

[36] K. D. Pham, N. N. Hieu, H. V. Phuc et al., “First principles
study of the electronic properties and schottky barrier in
vertically stacked graphene on the janus MoSeS under electric
field,” Computational Materials Science, vol. 153, pp. 438–444,
2018.

[37] H. K. Neupane and N. P. Adhikari, “Tuning structural,
electronic, and magnetic properties of C sites vacancy defects
in graphene/MoS2 van der waals heterostructure materials: a
first-principles study,”Advances In CondensedMatter Physics,
vol. 2020, Article ID 8850701, 11 pages, 2020.

[38] G. Grosso and G. P. Parravicini, Solid State Physics, Academic
Press, Cambridge, MA, USA, 2005.

18 Advances in Condensed Matter Physics



Vol.:(0123456789)1 3

Journal of Molecular Modeling          (2022) 28:107  
https://doi.org/10.1007/s00894-022-05101-2

ORIGINAL PAPER

Adsorption of water on C sites vacancy defected graphene/h‑BN: 
First‑principles study

Hari Krishna Neupane1,2 · Narayan Prasad Adhikari2

Received: 25 December 2021 / Accepted: 24 March 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Heterostructures (HS), vacancy defects in HS, and molecular adsorption on defected HS of 2D materials are fervently 
inspected for a profusion of applications because of their aptness to form stacked layers that confer approach to an amalga-
mation of favorable electronic and magnetic properties. In this context, graphene (Gr), hexagonal boron nitride (h-BN), HS 
of graphene/h-BN (Gr/h-BN), and molecular adsorption on Gr/h-BN offer promising prospects for electronic, spintonic, and 
optoelectronic devices. In this study, we investigated the structural, electronic, and magnetic properties of C sites vacancy 
defects in Gr/h-BN HS and adsorption of water molecule on defected Gr/h-BN HS materials by using first-principles calcula-
tions based on spin-polarized density functional theory method within van der Waals (vdW) corrections DFT-D2 approach. 
We found that these considered materials are stable 2D vdW HS. Based on band structure calculations, they are semimetallic, 
and on density of states and partial density of states analysis, they are magnetic materials. The magnetic moment developed 
in these defected systems is due to the unpaired up-spin and down-spin states in the orbitals of atoms present in the materials 
created by the vacancy defects.

Keywords  DFT · Heterostructures · Magnetic moment · Molecular adsorption · Vacancy defects

Introduction

Heterostructures (HS) are formed by the incorporation of 
two distinctive nanomaterials. The properties of HS are 
different than their constituents [1, 2]. The van der Waals 
(vdW) HS have strong covalent bonds which provide in-
plane stability of the 2D crystals because the atomic layers 
are attached to each other by a weak force, called vdW force, 
and the atomically thin layers are not mixed through a chem-
ical reaction [3]. The properties of vdW HS materials can 
be absolutely restrained by twisting the two stacked atomic 
layers. The virtue of their novel properties opens the way to 
use unique degree of freedom for the nano-scale constraint 
of composite materials and nano-devices in future technolo-
gies [4–6]. Thus, vdW HS materials have great interest in 
device applications by the perspective of basic physics and 

applied science [7, 8]. The presence of defect will open on to 
the localization of electron and phonon waves in 2D materi-
als [9]. Tuning defects level in 2D materials beyond notably 
changing the integrity of the materials remains one of the 
most difficult challenges, which limits their use in appliances 
[10, 11]. Defects engineering have focused on the surface 
of HS because defects engineering are necessary to obtain 
high-performance functional devices [10, 12, 13]. Thus, 
defects in HS have compelling role in the performance of 
devices. In addition, molecular adsorption means a molecule 
comes to be adsorbed on a surface of another phase. The 
adsorption of molecules on a surface is basic imperative to 
in general surface-mediated chemical action [14–16]. Thus, 
vacancy defects in HS and molecular adsorption on defected 
HS have novel electronic and magnetic properties based on 
the type of band structures and density of states (DOS)—
partial density of states (PDOS) alignments between the 
constituent materials [17, 18]. In particular, one such strat-
egy is combining graphene and hexagonal boron nitride with 
C sites vacancy defects to create vacancy defected Gr/h-BN 
HS and adsorption of water molecule on such defected HS 
formed water-adsorbed vacancy defected Gr/h-BN HS. The 
Gr/h-BN HS is constructed by vertically stacked graphene 
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(Gr) and hexagonal boron nitride (h-BN) with 1.4% lattice 
mismatch which is comparable with the reported values 
[19–21]. It has opened stunning prospects because of its very 
delightful physical properties [22–26]. The monolayers as 
well as heterostructures of 2D materials have to be used in 
moisture environment. The adsorbed water molecules modi-
fied and deceived the properties of these materials [27–30]. 
Several recent research works are done about the adsorp-
tion of water molecules with the surface of other molecules. 
The stability and structural, chemical, and physical (elec-
tronic, magnetic and tribologic) properties of the materials 
are affected by the adsorbed water molecule [11, 31–33]. 
To our best knowledge, the study of structural, electronic, 
and magnetic properties of 2D vdW Gr/h-BN HS at C sites 
vacancy defects and adsorption of water molecule on C sites 
vacancy defected Gr/h-BN HS has not been reported. There-
fore, in the present work, we investigated the structural, elec-
tronic, and magnetic properties of one carbon atom vacancy 
defect in Gr/h-BN HS (GBN-1C), two carbon atom vacancy 
defects in Gr/h-BN HS (GBN-2C), water molecule adsorbed 
on GBN-1C (w-GBN-1C), and water molecule adsorbed on 
GBN-2C (w-GBN-2C) materials by using spin-polarized 
density functional theory (DFT) method within vdW cor-
rections DFT-D2 scheme-based first-principles calculations 
under Quantum ESPRESSO (QE) codes.

The rest part of this manuscript is outlined as follows: in 
the “Methods and materials” section, we have explained the 
methods and materials used in this study. The results and 
discussion are given in the “Results and discussion” section. 
The “Conclusions” section is the conclusions of the “Results 
and discussion” section.

Methods and materials

First-principles calculations for the study of structural, elec-
tronic, and magnetic properties of C sites vacancy defects in 
Gr/h-BN (GBN-1C and GBN-2C) and adsorption of water 
molecule on vacancy defected Gr/h-BN (w-GBN-1C and 
w-GBN-2C) have been performed based on spin-polar-
ized density functional theory (DFT) [34] within DFT-D2 
approach [35]. The exchange and correlation function are 
accounted by generalized gradient approximation (GGA) 
along with Perdew-Burke-Ernzerhof (PBE) plane-wave basis 
sets and Rabe-Rape-Kaxiras-Joannopoulos (RRKJ) model 
of ultrasoft pseudopotential (USPP) [36]. They have been 
taken in order to consider the interactions between ion cores 
and valence electrons by using Quantum ESPRESSO (QE) 
computational tool [37]. The heterostructures (HS) are con-
structed under periodic boundary condition, and then opti-
mized by using Broyden-Fletcher-Goldfarb-Shanno (BFGS) 
method [38] up to a total energy adjustment that is less than 
10−4 Ry between the steps of two consecutive self-consistent 

fields (scf) and each component of force acting that is less 
than10−3 Ry/Bohrs. Brillouin zone is sampled in k-space by 
suitable number of mesh (i.e., 6 × 6 × 1) of k-points. This 
is obtained from the relation of direct and reciprocal lat-
tice geometries from the convergence test using Γ-centered 
Monkhorst–Pack (MP) [39]. The Marzari–Vanderbilt (M-V) 
[40] smearing of 0.001Ry width is used to support the con-
vergence. Moreover, david diagonalization method diagonal-
izes a subspace of the matrix rather of the whole thing, and 
gives the first few lowest or highest Eigen values. It is far 
more cost-efficient, and actually does not require creating the 
whole matrix in the first place [41]. Hence, we have taken 
“david” diagonalization method with plain mixing mode of 
default mixing factor 0.7 for self-consistency, and the kinetic 
energy cutoff (ecutwfc) for wave function and charge density 
cutoff (ecutrho) are set to 40Ry and 400Ry respectively.

In addition, computation study using QE begins with 
the construction of unit cell. At first, boron-nitrogen 
(BN) and graphene (Gr) unit cells are constructed. After 
that, we moved forth unit cell along x- and y-axes direc-
tion to prepare (4 × 4) supercell structure of h-BN and 
(4 × 4) supercell structure of graphene with suitable lat-
tice parameters. The HS Gr/h-BN is created by using 
these prepared supercells with 1.4% lattice mismatch. 
This value is closed with the reported values [19–21]. 
We used a vacuum region of 18 Å to avert the reactions 
between the recurrent HS. Single carbon atom vacancy 
defect (GBN-1C) and double carbon atom vacancy defects 
(GBN-2C) materials are created by taking out one carbon 
atom and two carbon atoms respectively from Gr/h-BN 
HS. Water-adsorbed defected materials are constructed by 
adsorbing water molecule on GBN-1C (i.e., w-GBN-1C) 
and GBN-2C (i.e., w-GBN-2C) respectively. These GBN-
1C, GBN-2C, w-GBN-1C, and w-GBN-2C materials are 
allowed to optimize and relax by using BFGS relaxation 
scheme for additional calculations which are shown in 
Fig. 1a–d respectively. The total energy and force acting 
on each component between two consecutive scf steps 
of optimized water-adsorbed HS (i.e., w-GBN-1C and 
w-GBN-2C materials) are also found to be less than 10−4 
Ry and 10−3 Ry/Bohrs respectively. A mesh of (6 × 6 × 1) 
is used for band structure calculations where 100 k-points 
are taken along high symmetric points and denser mesh 
of (12 × 12 × 1) is used for density of states (DOS) and 
partial density of states (PDOS) calculations.

Results and discussion

In this section, we put forth the main findings of our work, 
analyze the results, and interpret them as well as compare 
with available data from reported works.



Journal of Molecular Modeling          (2022) 28:107 	

1 3

Page 3 of 10    107 

Structural and electronic properties

The 2D Gr/h-BN HS material is the combination of graphene 
and hexagonal boron nitride. It is one of the most auspicious 
materials in nanotechnology [1, 4, 6, 42]. Gr/h-BN HS with 
high perfection of the atomic lattice in the constituents (gra-
phene and hexagonal boron nitride) has outstanding elec-
tronic, mechanical, and magnetic properties [43, 44]. Even 
so, aberration from perfection can be applicable in some 
appliances, as they make it feasible to tailor the local prop-
erties of HS and to accomplish advanced performances [45, 
46]. In the present work, we have generated the optimized 
and relaxed supercell structure of graphene whose lattice 
parameter and bond length between C–C atoms are found 
to be 4.65 Å and 1.43 Å respectively, which are comparable 
to experimentally reported value [47]. Similarly, we have 
constructed the optimized and relaxed supercell structure 
of h-BN. The estimated lattice parameter and bond length 
between B-N atoms of h-BN are 4.74 Å and 1.45 Å respec-
tively. They fairly agree with the reported value [48, 49]. 
The HS of Gr/h-BN consists of a graphene which is layered 
on top of an h-BN monolayer with 1.4% lattice mismatch 
which is in consistent with the reported values [19, 20]. In 
Gr/h-BN HS, graphene sheet adjusts to the in-plane lattice 
parameter of h-BN because the estimated in-plane lattice 
parameter of h-BN is 2.48 Å which is close to the reported 
values of graphene (2.46 Å) and h-BN (2.50 Å) [50, 51]. The 
calculated interlayer distance between graphene and h-BN is 
3.28 Å, and this is consistent with the reported value [52]. 
Binding energy of Gr/h-BN determines of its stability which 
is estimated by using relation (1) [53];

where A stands for surface area of HS and EGr/h-BN, EGr, 
and Eh-BN represent the total ground state energy of Gr/h-
BN HS, graphene, and monolayer h-BN respectively. The 
calculated binding energy of Gr/h-BN is − 41.88 meV/Å2, 
and this is equivalent with the value of 2D HS materials 
[54, 55]. Hence, Gr/h-BN is an energetically stable 2D vdW 
HS material.

Furthermore, to examine the stability of C sites vacancy 
defected Gr/h-BN materials, we have modeled the materials 

(1)Ebinding =
EGr∕h−BN − EGr − Eh−BN

A

GBN-1C and GBN-2C by detaching 1C and 2C atoms 
respectively from the surface of graphene of Gr/h-BN, and 
then they are optimized and relaxed before happening more. 
These optimized and relaxed GBN-1C and GBN-2C geom-
etries are shown in Fig. 1a–b respectively. Later, we calcu-
lated binding energy of defected materials because stability 
of structure is examined based on their binding energy [55, 
56]. It is calculated by using Eq. (2) [53];

where E(Gr/h-BN)d, E(Gr)d, and Eh-BN represent the total ground 
state energy of vacancy defected Gr/h-BN heterostructure, C 
sites vacancy defected graphene sheet, and monolayer h-BN 
respectively, and A denotes surface area of defected HS. The 
binding energies of GBN-1C and GBN-2C are − 28.30 meV/
Å2 and − 22.82 meV/Å2 respectively. They are also compa-
rable with other 2D HS materials [54, 55]. Hence, C sites 
vacancy defected materials are also energetically stable at 
ground state.

Moreover, we have measured interlayer distance between 
the consistent of GBN-1C and GBN-2C materials. They 
are found to be 3.29 Å and 3.33 Å respectively which are 
also corresponding with the value of other HS [52]. From 
these measurements, we found that the interlayer distance of 
defected materials increases with increase in concentration 
of vacancy defects in Gr/h-BN. Hence, according to binding 
energy and interlayer distance calculations, we confirmed 
that C sites vacancy defected geometries are stable vdW HS 
materials. Also, stability of defected systems can be pre-
dicted based on their defects formation energy. Thus, we 
have calculated defects formation energy of GBN-1C and 
GBN-2C by using Eq. (3) [57], and found to be 0.18 eV and 
0.24 eV respectively.

where Et-d, Et-nd, na, and µa are the total ground state energy 
of C sites vacancy defected HS, total ground state energy of 
pristine HS, number of vacancy defects C atom, and chemi-
cal potential of an C atom respectively. The small value of 
defects formation energy suggests that materials can be 
agreeable for the computational work. Therefore, GBN-1C 
and GBN-2C materials can be used for computational study. 

(2)Ebinding =
E(Gr∕h−BN)d − E(Gr)d − Eh−BN

A

(3)Ef = Et−d −
(

Et−nd + na�a

)

Fig. 1   C sites vacancy defects 
in graphene/h-BN heterostruc-
ture and water adsorption on 
defected graphene/h-BN hetero-
structure: a GBN-1C material, b 
GBN-2C material, c w-GBN-1C 
material, and d w-GBN-2C 
material

(a) (b)                                    (c)                                           (d)
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Additionally, we have studied the effect of adsorbed water 
molecule on structural, electronic, and magnetic properties 
of GBN-1C and GBN-2C materials. For that, water mol-
ecule is adsorbed on the top surface of GBN-1C (known 
as w-GBN-1C) and GBN-2C (known as w-GBN-2C) mate-
rials. Regarding our results, adsorption energies of water 
molecule on GBN-1C and GBN-2C materials are − 0.13 eV 
and − 0.14 eV respectively. Then, they are optimized and 
found that distance between adsorbed water molecule and 
graphene sheet of GBN-1C and GBN-2C is 2.58 Å and 
2.59 Å respectively as shown in Fig. 1c and d. The esti-
mated value of binding energy and equilibrium graphene-
water distance is close to the reported values 0.17 eV and 
3.28 Å respectively [58–60]. We have also calculated the 
binding energy of w-GBN-1C and w-GBN-2C materials by 
using Eq. (4) [53];

where E(w-Gr/h-BN)d, EH2O, and E(Gr/h-BN)d denote the total 
ground state energy of water adsorbed on C sites vacancy 
defected Gr/h-BN HS, ground state energy of water 

(4)Ebinding =
E(w−Gr∕h−BN)d − EH2O

− E(Gr∕h−BN)d

A

molecule, and C sites vacancy defected Gr/h-BN HS respec-
tively. “A” represents the surface area of water-adsorbed 
defected HS. The estimated binding energy of w-GBN-1C 
and w-GBN-2C are − 27.54 meV/Å2 and − 24.21 meV/Å2 
respectively. We have also calculated the interlayer distance 
of graphene and h-BN of w-GBN-1C and w-GBN-2C mate-
rials and found to be 3.28 Å and 3.31 Å respectively. By the 
analysis of binding energy and interlayer distance, we found 
that they are stable 2D vdW HS materials. Therefore, from 
the analysis of structural properties, it is concluded that all 
the abovementioned materials are stable 2D vdW HS.

Electronic properties of GBN-1C, GBN-2C, w-GBN-1C, 
and w-GBN-2C materials are investigated by analyzing their 
band structures and DOS plots as depicted in Figs. 2a–d and 
3a–d respectively. Band structures of these materials contain 
band states of graphene and h-BN. In graphene, the band 
above the Fermi level refers to π* and below the Fermi level 
refers to π band. The π* and π bands meet at a point on the 
Fermi level called Dirac point which is the vertex of Dirac 
cones. The conduction band and valence band of graphene 
do not overlap and have zero band gap [61], which indicates 
graphene is called zero band gap material. Rather, h-BN is a 
wide band gap material of value 4.98 eV, which agrees with 

Fig. 2   Band structures of C sites 
vacancy defects in graphene/h-
BN heterostructure and 
water adsorption on defected 
graphene/h-BN heterostructure 
materials: a band structure of 
GBN-1C, b band structure of 
GBN-2C, c band structure of 
w-GBN-1C, d band structure of 
w-GBN-2C. In all band plots, 
horizontal dotted line represents 
Fermi energy level, and vertical 
dotted lines represent symmetric 
points in brillouin zone. In fig-
ures (a and b), green, black, and 
red lines indicate band states of 
h-BN, defected graphene, and C 
sites vacancy defected Gr/h-BN 
heterostructure respectively. In 
figures (c and d), green, black, 
and red lines represent band 
states of h-BN, water adsorbed 
in defected graphene, and water 
adsorbed in C sites vacancy 
defected Gr/h-BN heterostruc-
ture respectively

(a) (b)

(c) (d)
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the reported value [62]. These different energy band gaps 
materials are bound together by vdW force to form Gr/h-BN 
HS. Its band structure is the sum of the band states of its 
constituents [52], because the covalent bonds within the lay-
ers are not altered in the creation of the HS. By the watchful 
inspection, we found that a small band gap of value 2.60 meV 
opened at the k point in band states of graphene due to the 
weak interaction between the two supercells. As well, we 
have explored the band structures of GBN-1C, GBN-2C, 
w-GBN-1C, and w-GBN-2C materials which are illustrated 
in Fig.  2a–d respectively, where 100 k-points are taken 
along the direction of irreducible brillouin zone by choosing 
Γ-M–K-Γ symmetric points along x-axis and corresponding 
energy along y-axis. Horizontal dotted line is called Fermi 
energy level which separated the electronic bands.

At first, we have discussed the formation of band gap 
energy of considered defected systems. The calculated band 
gap energy of GBN-1C is 5.97 eV. This is obtained by the 
sum of p-type and n-type barrier heights which are 2.28 eV 
and 3.69 eV respectively as shown in Fig. 2a. Band gap 
4.55 eV opens by monolayer h-BN in GBN-1C where n-type 
and p-type heights are 3.80 eV and 0.75 eV respectively. 
Hence, band gap of GBN-1C is greater than of monolayer 

h-BN; this is due to the formation of dangling bonds at gra-
phene surface by the effect of 1C vacancy defects in Gr/h-
BN HS. We have calculated band gap energy 5.99 eV of 
GBN-2C (n-type barrier height 3.63 eV and p-type height 
2.35 eV) which is greater than that of GBN-1C. Also, the 
calculated value of band gap energy in GBN-2C due to mon-
olayer h-BN is 4.70 eV where n- and p-type barrier heights 
are 3.90 eV and 0.80 eV respectively. Similarly, we have 
estimated band gap energy of w-GBN-1C and w-GBN-2C 
as 6.01 eV and 5.98 eV respectively. Band gap energies of 
monolayer h-BN in such materials are 5.56 eV and 5.69 eV 
respectively. Moreover, we have compared band gap energy 
of defected systems and found that band gap energy of 
w-GBN-2C is smaller than that of GBN-2C because of the 
rearrangement of band states due to the molecular adsorp-
tion on GBN-2C. But, band gap energy of w-GBN-1C is 
greater than of GBN-1C since more number of unequal 
energy bands are created by adsorbed water molecule in 
w-GBN-1C. Additionally, the effects of C sites vacancy 
defects in Gr/h-BN HS and water adsorption on defected 
HS are as following: if the mesh of vacancy defects in gra-
phene of HS breaks the specific symmetries, the linearly 
crossing bands appear at Fermi level. So, C sites vacancy 

Fig. 3   DOS of total up-spin and 
total down-spin states of elec-
trons in the orbitals of C, B, N, 
and H atoms present in C sites 
vacancy defects in graphene/h-
BN heterostructure and 
water adsorption on defected 
graphene/h-BN heterostructure 
materials: a DOS of GBN-1C, 
b DOS of GBN-2C, c DOS 
of w-GBN-1C, and d DOS of 
w-GBN-2C. In all DOS, hori-
zontal dotted line distinguishes 
spin states and vertical dotted 
line separates the electronic 
bands. Insets in DOS represent 
spin states within large energy 
range along x-axis (a) (b)

(c)                                                                                  (d)   
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defected materials GBN-1C, GBN-2C, w-GBN-1C, and 
w-GBN-2C have linearly crossing bands, and confined 
vacancy states interrelated to the flat bands are noticed in 
band gap as shown in Fig. 2a–d respectively. We observed 
that the states linked with dangling bond and reestablished 
C–C bond of vacancy occur near the top of valence band and 
in the conduction band of GBN-1C and w-GBN-1C materi-
als as shown in Fig. 2a and c respectively. In GBN-2C and 
w-GBN-2C materials, there are no states connected with 
dangling bond but restructured of C–C bond occurs around 
the vacancy atoms due to which band states are raised 
around the Fermi levels as illustrated in Fig. 2b and d. Also, 
the vacancies are keen regions for molecular adsorption in 
w-GBN-1C and w-GBN-2C materials due to the engineering 
of atoms around the vacancy, and hence electronic proper-
ties of HS are modified by vacancy defects and molecular 
adsorption on vacancy defected materials. Therefore, from 
the band structure analysis, we found that GBN-1C, GBN-
2C, w-GBN-1C, and w-GBN-2C materials have semimetal-
lic nature. The calculated data for the analysis of geometrical 
structures and band structures are given in Table 1.

Magnetic properties

Density of states (DOS) is defined as the number of orbit-
als (electronic states or quantum states) per unit energy 
range. DOS calculations are permitted to find out the usual 
distribution of states as a function of energy and can also 
rule the energy bands’ space in materials. The magnetic 
properties of materials can be investigated based on their 
DOS computations because magnetic moment is precisely 
associated by means of DOS of the materials [63, 64]. The 
symmetrically distributed DOS of up-spin and down-spin of 
material reflects non-magnetic properties while asymmet-
rically distributed DOS of up-spin and down-spin reveals 
magnetic properties of materials [65, 66]. The reason is that 

the number of unpaired spin states of electrons gives mag-
netic moment that can be estimated by counting electrons 
in the up-spin and down-spin sub-bands. Hence, magnetic 
moment is calculated owing to unpaired up-spin and down-
spin states of electrons in the orbitals of atoms present in 
materials. In detail, magnetic moment of materials can 
be explored by partial density of states (PDOS) computa-
tions. Thus, both DOS and PDOS computations are used to 
examine the magnetic properties of materials. In this work, 
we have investigated the magnetic properties of GBN-1C, 
GBN-2C, w-GBN-1C, and w-GBN-2C materials by the 
analysis of DOS and PDOS calculations. The DOS and 
PDOS plots of the abovementioned materials are illustrated 
in Figs. 3a–d and 4a–d respectively, where vertical dotted 
line indicates Fermi energy level and horizontal dotted line 
distinguishes up-spin and down-spin states of electrons.

The DOS of up-spin and down-spin states are asym-
metrically distributed and appeared around the Fermi 
energy level of GBN-1C as shown in Fig. 3a. It means 
GBN-1C is a magnetic material. We have analyzed the 
PDOS of GBN-1C which can be used to estimate the mag-
netic moment contributed by unpaired spin states of elec-
trons in the individual orbital of atom present in material. 
The magnetic moments given by 2 s and 2p orbitals of 
C atoms are 0.12 µB/cell and 0.27 µB/cell respectively 
which are because of the adjustment of unpaired up-spin 
and down-spin states of electrons created by 1C vacancy 
defect in 2  s and 2p orbitals of C atoms in GBN-1C. 
Alternately, magnetic moment developed through up-spin 
and down-spin in the orbitals of 2 s and 2p of B, N, and 
O atoms and 1 s of H atoms is found to be zero (0.00 µB/
cell). So, only 2 s and 2p orbitals of C atoms have signifi-
cant role for the buildup of magnetic moment in GBN-1C. 
Hence, total magnetic moment of GBN-1C is 0.39 µB/cell. 
DOS and PDOS of unoccupied asymmetrically distributed 
spin states of GBN-2C are seen around the Fermi level 
as depicted in Figs. 3b and 4b respectively. As a result, 
magnetic moment is grown up in GBN-2C appearing its 
magnetic nature. Magnetic moments contributed by 2 s 
and 2p orbitals of C atoms are 0.48 µB/cell and 1.22 µB/
cell; 2 s and 2p orbitals of B atoms are 0.02 µB/cell and 
0.09 µB/cell; 2 s and 2p orbitals of N atoms are 0.01 µB/
cell and 0.07 µB/cell; 2 s and 2p orbitals of O atom are 
0.00 µB/cell; and 1 s orbital of H atoms are 0.00 µB/cell 
respectively. From these calculations, we have estimated 
the total magnetic moment of GBN-2C material is 1.89 
µB/cell. Hence, GBN-2C is a magnetic material. Likewise, 
DOS and PDOS of spin states are asymmetrically dis-
tributed in w-GBN-1C material as shown in Figs. 3c and 
4c respectively, which reveals it has magnetic properties. 
The magnetic moments given by 2 s and 2p orbitals of C, 
B, N, and O atoms are 0.21 µB/cell and 0.43 µB/cell; 0.01 
µB/cell and 0.04 µB/cell; 0.01 µB/cell and 0.02 µB/cell; 

Table 1   Fermi energy (Ef), defects formation energy (Ed), binding 
energy (Eb), interlayer distance (DI), adsorption energy of water mol-
ecule on defected materials (Ea), optimized distance of water mole-
cule from graphene sheet of defected HS materials (Di), band gap of 
h-BN (Eg), and band gap of defected heterostructures (EG-H) of GBN-
1C, GBN-2C, w-GBN-1C, and w-GBN-2C materials

Materials →  GBN-1C GBN-2C w-GBN-1C w-GBN-2C

Ef (eV)  − 1.65  − 1.64  − 2.11  − 2.10
Ed (eV) 0.18 0.24 - -
Eb (meV/Å2)  − 28.30  − 22.82  − 27.54  − 24.21
DI (Å) 3.29 3.33 3.28 3.31
Ea (eV) - -  − 0.13  − 0.14
Di (Å) - - 2.58 2.59
Eg (eV) 4.55 4.70 4.56 4.69
EG-H (eV) 5.97 5.99 6.01 5.98
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and 0.00 µB/cell and 0.00 µB/cell respectively in w-GBN-
1C. Thus, the total magnetic moment of w-GBN-1C is 
0.72 µB/cell. As well, the magnetic moment of w-GBN-
2C is obtained due to the asymmetrically distributed up- 
and down-spin states in DOS and PDOS as illustrated in 
Figs. 3d and 4d respectively. Hence, w-GBN-2C is a mag-
netic material. The total magnetic moment of w-GBN-2C 
is 1.89 µB/cell due to the impact of unpaired spin states 
present in 2 s and 2p orbitals of C atoms in structures. 
Total magnetic moments produced in w-GBN-2C by 2 s 
and 2p orbitals of C atoms are 0.42 µB/cell and 1.26 µB/
cell; 2 s and 2p of B atoms are 0.01 µB/cell and 0.06 µB/
cell; 2 s and 2p of N atoms are 0.00 µB/cell and 0.04 µB/
cell; 2 s and 2p of O atom are 0.00 µB/cell and 0.00 µB/
cell; and 1 s of H atoms are 0.00 µB/cell and 0.00 µB/
cell respectively. Therefore, unpaired spin states in 2 s 
and 2p orbitals of C atoms in structure have notable role 
for the production of magnetic properties. The magnetic 
moment calculations of GBN-1C, GBN-2C, w-GBN-1C, 
and w-GBN-2C are given in Table 2.

Conclusions

We have conducted the first-principles study to investigate 
structural, electronic, and magnetic properties of one car-
bon atom vacancy defect in Gr/h-BN HS (GBN-1C) and 
two carbon atom vacancy defects in Gr/h-BN HS (GBN-
2C) materials, where defects percentage are 3.125% and 
6.25% respectively. Also, we have extended our work 
to study the adsorption of water molecule on GBN-1C 
(w-GBN-1C) and GBN-2C (w-GBN-2C) materials. All 
these calculations were carried out under DFT-D2 level 
of approximation with generalized gradient approxima-
tion (GGA) and exchange correlation function including 
spin-polarized calculation using Quantum ESPRESSO 
code. The ultrasoft pseudopotentials were used in order to 
account the interaction between ion cores and valence elec-
trons. We have estimated the binding energy − 28.30 meV/
Å2, − 22.82 meV/Å2, − 27.54 meV/Å2, and − 24.21 meV/
Å2 and interlayer distances 3.29 Å, 3.33 Å, 3.28 Å, and 
3.31 Å of GBN-1C, GBN-2C, w-GBN-1C, and w-GBN-2C 

Fig. 4   PDOS of individual 
up-spin and down-spin states of 
electrons in the orbitals of C, 
B, N, O, and H atoms present 
in C sites vacancy defects in 
graphene/h-BN heterostruc-
ture and water adsorption on 
defected graphene/h-BN hetero-
structure materials: a PDOS of 
GBN-1C, b PDOS of GBN-2C, 
c PDOS of w-GBN-1C, and 
d PDOS of w-GBN-2C. In all 
PDOS, horizontal dotted line 
distinguishes spin states and 
vertical dotted line separates 
the electronic bands. Insets in 
PDOS represent spin states 
within large energy range along 
x-axis

(a) (b)

(c)                                                                                (d)



	 Journal of Molecular Modeling          (2022) 28:107 

1 3

  107   Page 8 of 10

materials respectively. They indicated that these are sta-
ble 2D vdW heterostructure materials. We have calculated 
the band structure and DOS of GBN-1C and GBN-2C 
materials and found that band states of graphene cross 
the Fermi level which gives metallic properties but h-BN 
opens band gap in band structures. Hence, GBN-1C and 
GBN-2C materials have semimetallic characteristics. Also, 
we have analyzed the DOS and PDOS calculations of these 
materials. In GBN-1C and GBN-2C, DOS/PDOS of up-
spin and down-spin states are asymmetrically distributed 
around the Fermi energy level, which indicates that GBN-
1C and GBN-2C are magnetic materials. Moreover, we 
have studied the adsorption of water molecule on C sites 
vacancy defected GBN-1C and GBN-2C materials and 
then analyzed their band structures and DOS and PDOS 
calculations. We found that, from band and DOS calcula-
tions, they are semimetallic, and based on the DOS and 
PDOS analyses, they have magnetic properties. Hence, 
GBN-1C, GBN-2C, w-GBN-1C, and w-GBN-2C materi-
als are magnetic materials. Magnetic moments of these 
materials are found to be 0.39 µB/cell, 1.89 µB/cell, 0.72 
µB/cell, and 1.89 µB/cell respectively. Magnetic moments 
are obtained due to the rearrangement of unpaired spin 
states of electrons in the individual orbitals of atoms pre-
sent in materials.
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ABSTRACT
Graphene (G) and hexagonal Boron Nitride (h-BN) are structurally similar materials but have very different electronic and magnetic proper-
ties. Heterostructures formed by the combination of these materials are of great research interest. To assess the role played by the crystalline
defects in such heterostructures is also of crucial importance owing to their novel properties. In the present work, we study the struc-
tural, electronic, and magnetic properties of the G/h-BN heterostructure and the different possible point defects of B and N atoms in it
by using first-principles calculations based on the spin-polarized density functional theory (DFT) method within the van der Waals correc-
tion DFT-D2 approach. The structural analysis of these systems shows that they are stable two dimensional van der Waals heterostructure
materials. Band structure calculations of these materials reveal their semimetallic nature. On the basis of density of states and partial den-
sity of states calculations, the defective systems are magnetic materials. The magnetic moment obtained in these defective systems is due
to the unpaired up-spin and down-spin states in the orbitals of C, B, and N atoms created by the vacancy defects. On the other hand, the
G/h-BN heterostructure has an approving condition for ferromagnetism due to the presence of flat bands in the neighborhood of the Fermi
energy.
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I. INTRODUCTION

The advent of the field of two dimensional (2D) crystals has
grabbed the curiosity of physicists due to their properties worth
inquiring.1,2 Researchers are attracted toward 2D graphene (G) and
hexagonal-Boron Nitride (h-BN) materials because of their intrigu-
ing properties.3–6 The honeycomb structure of graphene (zero
bandgap energy) is used in the fields of technological applications7,8

owing to its electronic and mechanical properties. Hexagonal-Boron
Nitride (h-BN) is the lowest-energy polymorph9 of Boron Nitride
(BN) just as graphite in the lowest-energy form of carbon. It is
sp2-bonded with alternating boron atom (B) and nitrogen atom
(N) compounds. h-BN has a B and N atom stoichiometry ratio of
close to 1:1, which are arranged in the honeycomb lattice within
each layer. B and N atoms are bound by strong covalent bonds,
as in graphene, while the layers are held together by weak van der
Waals (vdW) forces, as in graphite.10 h-BN is isoelectronic with

graphite, and its structure is similar except for the difference in the
stacking of the layers. In h-BN, because of its partial ionic char-
acter, the B and N atoms in the neighboring sheet eclipse each
other, which give rise to interaction between the sheets stronger than
that in graphite. Wide bandgap energy (≈6 eV) h-BN11 has attrac-
tive properties such as high temperature stability, high mechanical
strength, and high thermal conductivity due to which it has a vari-
ety of potential applications.11–13 Heterostructure (HS) materials are
created by incorporation of two distinct monolayer constituents.
They can possess merged properties superior to those of their indi-
vidual counterparts. In particular, the vertical stacking configura-
tion of the graphene/h-BN heterostructure (say GBN-I) has opened
more impressive perspectives because of its very appealing physi-
cal properties.14–19 The band structure of GBN-I is different from
that of pure graphene and monolayer h-BN. Seol and co-workers20

found that the bandgap of GBN-I can be regulated. It can be trans-
formed from a semiconductor to a semimetal or metal. Thus, GBN-I
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material develops new thermal conductivity and electronic and mag-
netic properties compared with its constituents.21,22 In this work, we
have constructed the vdW G/h-BN heterostructure (GBN-I) mate-
rial using graphene and h-BN with a considerable (1.4%) lattice
mismatch, which is comparable with reported values.23–25 Defects
are inherent in any crystalline structure. The simplest point defects
present on monoatomic sheets with a honeycomb structure are sin-
gle atom vacancies. The vacancy or impurity defects in monolayer
(ML) and HS materials can bring about novel properties, which
make defective materials useful in the field of technological appli-
cations.26–31 To the best of our knowledge, the literature does not
contain the study of structural, electronic, and magnetic properties
of the 2D vdW graphene/h-BN heterostructure (GBN-I) and B and
N site vacancy defects in GBN-I materials. Therefore, in the present
work, we investigated the structural, electronic, and magnetic prop-
erties of the G/h-BN heterostructure without defects (GBN-I), the
one B atom vacancy defect in the G/h-BN heterostructure (GBN-
IB), the one N atom vacancy defect in the G/h-BN heterostructure
(GBN-IN), nearest neighbor one B atom and one N atom vacancy
defects in the G/h-BN heterostructure (GBN-NB), and the alternate
zone of one B atom and one N atom vacancy defects in G/h-BN
heterostructure (GBN-IBIN) materials through band structure anal-
ysis and density of states (DoS) and partial density of states (PDoS)

calculations. We adopted the spin-polarized density functional
theory (DFT) method with semi-empirical DFT-D2 approach based
first-principles calculations using the Quantum ESPRESSO (QE)
computational package.

This article is organized into four sections. We described the
computational methodology used in this study in Sec. II. The results
together with a discussion on them are presented in Sec. III followed
by conclusions in Sec. IV.

II. COMPUTATIONAL METHODS AND MATERIALS
The spin-polarized DFT method32 within the vdW correc-

tion DFT-D2 approach33 is performed with the PWscf code
of the Quantum ESPRESSO computational package34 by using
the Rappe–Rabe–Kaxiraas–Joannopoulos (RRKJ) model of plane-
wave ultra-soft pseudopotential (USPP). The generalized gra-
dient approximation (GGA) used for determination is the
Perdew–Burke–Ernzerhof (PBE) exchange-correlation (xc) func-
tional.35 The kinetic energy cut-off (ecutwfc) for the wave func-
tion and the charge density cut-off (ecutrho) are set to 40 and
400 Ry, respectively. The structure optimization and self-consistent
field (scf) calculations (of the unit cell, supercell, and HS) are exe-
cuted by the Broyden–Fletcher–Goldfarb–Shanno (BFGS) method36

FIG. 1. Pristine and B and N sites vacancy defect heterostructure materials: (a) GBN-I material, (b) GBN-IB material, (c) GBN-IN material, (d) GBN-BN material, and (e)
GBN-IBIN material.
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with a Γ-centered Monkhorst–Pack (MP)37 k-point mesh corre-
sponding to the (6 × 6 × 1) inspect of the heterostructure GBN-I and
B and N site vacancy defects in the GBN-I material. During struc-
ture optimization, all atoms are fully relaxed until the total energy
change is less than 10−4 Ry between two consecutive scf steps and
each component of the acting force is less than10−3 Ry/Bohrs. GBN-
I is created by using the (4 × 4) supercell structure of graphene
and the (4 × 4) supercell structure of h-BN with 1.4% lattice mis-
match. This value agrees with the reported values.23–25 To avoid
the specious interaction between periodic HS, the vacuum thick-
ness is set to 18 Å. The GBN-IB, GBN-IN, GBN-NB, and GBN-
IBIN materials are constructed by removing the 1B atom, 1N atom,
nearest neighbor 1B atom and 1N atom, and alternate-zone of the
1B atom and 1N atom in the GBN-I material, respectively. Defective
materials are also allowed to relax by the BFGS relaxation scheme
for further calculations. The optimized and relaxed GBN-I, GBN-
IB, GBN-IN, GBN-NB, and GBN-IBIN structures are illustrated
in Figs. 1(a)–1(e), respectively. The Marzari–Vanderbilt (M–V)38

smearing is used to aid convergence with a small smearing width of
0.001 Ry. Furthermore, the mixing factor is taken to be 0.7 for self-
consistency while the diagonalization method is chosen as “david.”
In band structure calculations of HS, 100 k-points are grasped along
the high symmetric points associated with the reciprocal space, and
a mesh of (6 × 6 × 1) is used. Spin-polarized DFT calculations
were employed to investigate the magnetic properties of materials
where a mesh of (12 × 12 × 1) k-points is used for DoS and PDoS
calculations.

III. RESULTS AND DISCUSSION
In this section, we present the structural analysis of the non-

defective and defective G/h-BN materials as well as their electronic
and magnetic properties through band structure and DoS and PDoS
calculations. Furthermore, the obtained results are compared with
the available reported works.

A. Structural analysis
The unit cell of h-BN consists of one B atom and one N atom

covalently bonded together. The atomic positions are calculated
using the simple geometry of the crystal. Due to the hexagonal crys-
tal structure, we selected ibrav = 4, optimized bond length of B–N as
1.45 Å,39 bond angle between B–N–B or N–B–N as ∼120○, and lattice
parameter as 4.74 Å40 along the x and y directions in the input file,
where the interlayer spacing is 18 Å, resulting in nearly free electron
theory. Then the structure was optimized. Once all the parameters
required in the input files are fixed, we performed relaxation cal-
culation of the unit cell. This causes slight changes in the atomic
coordinates, giving a more stable and minimum ground state crys-
tal structure. From the optimized unit cell, we obtained the bond
length between N and B atoms to be 1.45 Å, which fairly agrees with
the reported value.39 Similarly, we have created optimized and relax
unit cells of graphene by taking a bond length of C–C 1.42 Å41 and
a lattice parameter of 4.65 Å. The bond length between C–C atoms
is found to be 1.43 Å, which is comparable to the experimentally
reported value.41 By periodically extending the unit cell along x- and
y-axes, we obtained a (4 × 4) supercell of h-BN and a (4 × 4) super-
cell of graphene. The stability of the supercell is determined based
on the scf calculations. Thus, the stability of h-BN is estimated using

the following equation:24

(Eb)B−N = (−N(EB + EN) + Eh−BN)/N, (1)

where (Eb)B–N is the binding energy per B–N pair; Eh-BN, EB, and EN
are the ground state energy of the h-BN supercell, single B atom, and
single N atom, respectively; and N is the number of B and N atoms
in the same supercell. The calculated binding energy of h-BN is
−12.63 eV/BN. In addition, the binding energy per C atom in
graphene is calculated by using the following equation and was
found to be −7.98 eV/atom:

(Eb)C = (Eg −NEc)/N, (2)

where Eg is the ground state energy of the graphene sheet, EC is the
ground state energy of the isolated C atom, and N is the number of C
atoms in a graphene supercell. The negative value of binding energy
implies the bounded system is stable and can exist in nature. The HS
of graphene and h-BN (GBN-I) (containing 32 C atoms, 16 B atoms,
and 16 N atoms) considered in this paper is constructed by joining
the optimized and relaxed stable supercells of graphene and h-BN.
The relaxed GBN-I is illustrated in Fig. 1(a). The estimated lat-
tice mismatch value of GBN-I is 1.4%, consistent with the reported
values.23–25 We have calculated the in-plane lattice parameter of
h-BN (distance between nearest two B atoms) in GBN-I to be 2.48 Å,
which is comparable with graphene (2.46 Å) and h-BN (2.50Å)
values.42 Therefore, the graphene sheet adjusts to the in-plane lattice
parameter of h-BN in GBN-I.43 We have also calculated the inter-
layer distance of the graphene and h-BN in GBN-I and found it to
be 3.28 Å, which also agrees with the reported value.23,44 We checked
the stability of HS by finding its binding energy (formation energy)
from45

Eb =
EG/h−BN − EG − Eh−BN

A
, (3)

where EG/h-BN, EG, and Eh-BN represent the total ground state
energy of GBN-I, graphene sheet, and h-BN, respectively, and
“A” denotes the surface area of HS. The obtained binding energy
of GBN-I is −41.88 meV/Å2. This is comparable with the value of
other 2D HS materials.46,47 The negative binding energy value of
GBN-I reveals the fact that it is energetically stable at the ground
state. In addition, we predicted that van der Waals (vdW) force exists
between the graphene and h-BN of GBN-I through the evidence of
the calculated value of the binding energy and interlayer distance.
Hence, GBN-I is a 2D vdW heterostructure (HS) material.

In addition, B and N site atom vacancy defects in GBN-I mate-
rials are constructed by removing 1B atom (GBN-IB), 1N atom
(GBN-IN), the nearest neighbor 1B atom and 1N atom (GBN-NB),
and the alternate-zone of the 1B atom and 1N atom (GBN-IBIN)
from the GBN-I material; they are then relaxed before proceeding
further. The optimized and relaxed stable defective materials are
shown in Figs. 1(b)–1(e).

The stability of GBN-IB, GBN-IN, GBN-NB, and GBN-IBIN
materials are determined by their binding energy. The values of
binding energy of these materials are found to be −30.36, −38.83,
−23.79, and −28.83 meV/Å2, respectively. Hence, they are energet-
ically stable at ground state. The interlayer distances of GBN-IB,
GBN-IN, GBN-NB, and GBN-IBIN materials are found to be 3.29,
3.29, 3.33, and 3.32 Å, respectively. From the estimation of binding
energy and interlayer distance, we further confirmed that B and N
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site vacancy defective materials are also 2D vdW heterostructures.
The defect formation energy of these materials is calculated using48

Edf = Etd − (Etp + naμa + nbμb), (4)

where Etd, Etp, na, nb, μa, and μb are the total ground state energy
of vacancy defected HS, total ground state energy of non-defected
HS, number of vacancy defect B atoms, number of vacancy defect
N atoms, chemical potential of a B atom, and chemical potential
of an N atom, respectively. Defect formation energy of GBN-IB,
GBN-IN, GBN-NB, and GBN-IBIN materials are found to be 0.19,
0.15, 0.36, and 0.32 eV, respectively. These defected materials can
be more favorable for the computational work owing to their lower
value of defect formation energy. Hence, single atom vacancy defec-
tive materials are more favorable than double vacancy defective
materials. In summary, we concluded that all the considered sys-
tems are stable 2D vdW HS materials and GBN-I is more compact
than defected materials. Moreover, the compactness of atoms in a
defective geometry decreased with an increase in the defect density
in it.

B. Electronic properties
To study electronic properties of materials, we begin our dis-

cussion with the analysis of band structure calculations of graphene,
the h-BN monolayer, and GBN-I, GBN-IB, GBN-IN, GBN-NB, and
GBN-IBIN heterostructures. Graphene is a zero bandgap semicon-
ductor because of its two bands—π and π∗— that emerge from
the pz orbitals and meet at six points (at the edges of the Brillouin
zone k and k′) in k-space known as the Dirac point, as shown in
Fig. 2(a). On the other hand, h-BN is a wide bandgap material of
a value of 4.98 eV, as shown in Fig. 2(b), which agrees with the
reported value.49 The band structure of vdW GBN-I seems as a
superposition of its constituents, as shown in Fig. 2(c), because the
covalent bonds within the layers are not modified in the construc-
tion of the heterostructure. However, by careful observation, we
found that a small bandgap of a value of 2.60 meV opened at the
k point in the band states of graphene, as shown in Fig. 2(h). This is
due to the weak interaction between the two supercells. Moreover,
we have analyzed the band structures of GBN-IB, GBN-IN, GBN-
NB, and GBN-IBIN materials, which are depicted in Figs. 2(d)–2(g),

FIG. 2. (a) Band structure of graphene, (b) band structure of h-BN, (c) band structure of GBN-I, (d) band structure of GBN-IB, (e) band structure of GBN-IN, (f) band structure
of GBN-BN, (g) band structure of GBN-IBIN, (h) the bandgap opened at the K point by graphene in GBN-I, (i) the bandgap opened at the K point by graphene in GBN-IB,
(j) the bandgap opened at the K point by graphene in GBN-IN, (k) the bandgap opened at the K point by graphene in GBN-BN, and (l) the bandgap opened at the K point
by graphene in GBN-IBIN. In all band plots, the horizontal dotted line represents the Fermi energy level (Ef), and the vertical dotted lines represent the symmetric points in
the Brillouin-zone.
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respectively. In all the considered band structures, 100 k-points are
taken along the high symmetric points, and the horizontal dotted
line is at the Fermi energy level, which separates the valence and
conduction bands. The region below the dotted line is called the
valence band, and that above the dotted line is called the conduc-
tion band. In GBN-IB, band states of h-BN appear very close to
the Fermi level, and p-type Schottky contacts dominate than n-type
Schottky contacts since the barrier height of the p-contact is 0.01 eV
and that of the n-contact is 1.70 eV. However, graphene states are
still preserved similar to pristine GBN-I where the bandgap value of
graphene at the k point is 9.75 meV [shown in Fig. 2(i)]. In Fig. 2(e)
of GBN-IN, band states of h-BN appear around the Fermi energy
level. It has an n-type Schottky contact because the barrier height
of the n-contact is almost 0 eV whereas that of the p-contact is
2.45 eV. It means the bandwidth of h-BN in GBN-IN is decreased
compared with that of pristine GBN-I while a small bandgap appears
at the k-point in the band state of graphene of a value of 33.84 meV
[shown in Fig. 2(j)]. This is because two identical C atoms are sub-
jected to two different electrostatic potentials generated by B and
N atoms, respectively. The band structures of GBN-BN and GBN-
IBIN materials are shown in Figs. 2(f) and 2(g), respectively. In
Fig. 2(f), the band states of h-BN come closer to the Fermi level by
0.35 and 1.76 eV from the conduction band and the valence band
of GBN-BN, respectively. Similarly, in Fig. 2(g), the band states of
h-BN come closer to the Fermi level by 0.69 and 1.22 eV from the
conduction band and the valence band of GBN- IBIN, respectively.
Hence, the bandgap of h-BN in GBN-BN and GBN-IBIN is 2.11 and
1.91 eV, respectively. It is smaller than that of GBN-I. The bandgap
energy in defective HS decreases by B and N vacancy defects. In
both (GBN-BN and GBN-IBIN) materials, an n-type Schottky con-
tact is formed. Very small bandgap values of 1.71 and 2.73 meV
[shown in Figs. 2(k) and 2(i)] appear at the k symmetric point of
graphene in GBN-BN and GBN-IBIN materials, respectively. From
the analysis of the above-mentioned band structure calculations,
we found that two uneven C atoms have a comparable chemical
environment in all GBN-I, GBN-IB, GBN-IN, GBN-NB, and GBN-
IBIN configurations. As a result, the valence bands and conduction
bands in graphene can endure degeneration at the k-point, thereby
prohibiting the opening of the bandgap. Therefore, 2D vdW GBN-
I, GBN-IB, GBN-IN, GBN-NB, and GBN-IBIN are semimetallic
materials.

The estimated data about structural analysis and electronic
properties are reported in Table I.

C. Magnetic properties
The magnetic properties in materials arise due to the unpaired

spin states of electrons in the orbital of atoms, which can be observed
in the density of states (DoS) and partial density of states (PdoS).
DoS is the total number of quantum mechanical states per unit
energy range at each energy level available for the electrons to be
occupied. In fact, the DoS gives the total number of electronic
orbitals per unit energy interval. A high DoS value at a specific
energy level means that there are many states available to occupy
whereas a DoS value equal to zero represents that no states can be
occupied at that energy level as in the case of the forbidden gap.26

The product of the DoS and probability distribution function gives
the number of occupied states per unit volume at a given energy
for a system in thermal equilibrium. PDoS calculations are used to
study the DoS in detail by incorporating the contributions of dif-
ferent orbitals present in the total DoS of the materials. Thus, the
magnetic properties of the materials are predicted by DoS and PDoS
calculations. When the DoS of up-spin electrons is equal to that
for down-spin electrons, reflection of the spin states of electrons
is symmetrically distributed, and the material will be non-magnetic
in nature. If the DoS of up-spin and down-spin states of the elec-
trons are asymmetrically distributed, the material will be magnetic
in nature. In this paper, we have computed the PDoS of different
C, B, and N orbitals present in pristine GBN-I and B and N site
vacancy defects in GBN-I. We have used ultrasoft pseudopotential;
hence, the contributions of valence orbitals are only shown in the
PDoS. The electronic configuration of valence electrons of C, B, and
N atoms are 2s22p2, 2s22p1, and 2s22p3, respectively. Here, we can
see the valence electrons occupy the 2p and 2s orbitals, suggest-
ing the contributions of only those two orbitals in PDoS of GBN-I,
GBN-IB, GBN-IN, GBN-NB, and GBN-IBIN materials. The DoS
and PDoS plots of GBN-I are shown in Figs. 3(a) and 4(a), respec-
tively. In DoS and PDoS plots of GBN-I, a few number of up and
down spin states appear slightly asymmetric, depicting a weak mag-
netic nature with a magnetic moment of 0.04 μB/cell. This is due to
the presence of flat bands in the neighborhood of the Fermi energy
as observed in HS. Hence, GBN-I has a favorable condition for
ferromagnetism.50–53

Furthermore, we investigated the magnetic properties in defec-
tive systems by analyzing their DoS and PDoS calculations. The DoS
and PDoS of GBN-IB, GBN-IN, GBN-NB, and GBN-IBIN mate-
rials are illustrated in Figs. 3(b)–3(e) and 4(b)–4(e), respectively.

TABLE I. Fermi energy (Ef), defect formation energy (Edf), binding energy(Eb), interlayer distance (Dd), bandgap energy of
graphene in HS (Eg-G), bandgap energy of h-BN in HS (Eg-hBN), and change in bandgap energy of h-BN in HS from the value
(4.98 eV) of monolayer h-BN (Egs) of GBN-I, GBN-IB, GBN-IN, GBN-BN, and GBN-IBIN materials.

Materials GBN-I GBN-IB GBN-IN GBN-BN GBN-IBIN

Ef (eV) −1.26 −2.18 −1.04 −1.31 −1.31
Edf (eV) ⋅ ⋅ ⋅ 0.19 0.15 0.36 0.32
Eb (meV/Å2) −41.88 −30.36 −38.83 −23.79 −28.83
Dd (Å) 3.28 3.29 3.29 3.33 3.32
Eg-G (meV) 2.60 9.75 33.84 1.71 2.73
Eg-hBN (eV) 3.78 1.71 2.45 2.11 1.91
Egs (eV) 1.20 3.27 2.53 2.87 3.07
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FIG. 3. DoS of total up-spin and total down-spin states of electrons in the orbitals of C, B, and N atoms of (a) GBN-I material, (b) GBN-IB material, (c) GBN-IN material, (d)
GBN-BN material, and (e) GBN-IBIN material. In all DoS, the horizontal dotted line separates the spin states, and the vertical dotted line separates the electronic bands.
Insets in the DoS represent spin states within a large energy range along the x-axis.
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FIG. 4. PDoS of individual up-spin and down-spin states of electrons in the orbitals of C, B, and N atoms of (a) GBN-I material, (b) GBN-IB material, (c) GBN-IN material, (d)
GBN-BN material, and (e) GBN-IBIN material. In all PDoS, the horizontal dotted line separates spin states, and the vertical dotted line separates the electronic bands. Insets
in the PDoS represent spin states within a large energy range along the x-axis.
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TABLE II. Total magnetic moment (μT) obtained due to up-spin and down-spin states of electrons in the orbitals of C, B and N atoms in PDoS of GBN-I, GbN-IB, GBN-IN,
GBN-BN and GBN-IBIN stacking configurations.

μby up-spin and down-spin in→ GBN-I (μB/cell) GBN-IB (μB/cell) GBN-IN (μB/cell) GBN-BN (μB/cell) GBN-IBIN (μB/cell)

2s of C atoms 0.01 −0.02 0.02 0.00 0.01
2p of C atoms 0.03 −0.11 0.09 −0.05 0.08
2s of B atoms 0.00 −0.03 0.03 −0.06 0.02
2p of B atoms 0.00 −0.91 0.58 −0.93 0.83
2s of N atoms 0.00 −0.06 0.05 −0.08 0.08
2p of N atoms 0.00 −1.83 0.20 −0.84 0.99
Total magnetic moment (μT) 0.04 −2.96 0.97 −1.96 2.01

The up-spin and down-spin states are asymmetrically distributed
in the DoS and PDoS of GBN-IB, as shown in Figs. 3(b) and
4(b), respectively. It means GBN-IB is a magnetic material. For the
detailed information showing the contributions of different orbitals
on the total DoS of GBN-IB material, we computed its PDoS. The
1B atom vacancy defective HS (GBN-IB) has a magnetic nature with
appreciable contributions from 2p orbitals of N atoms, 2p orbitals of
B atoms, and 2p orbitals of C atoms while 2s orbital of N atoms, 2s
orbitals of B atoms, and 2s of C atoms have a relatively weak influ-
ence. The magnetic moment given by up and down spin states in
2s and 2p orbitals of C atoms is −0.02 and −0.11 μB/cell, 2s and 2p
orbitals of B atoms is −0.03 and −0.91 μB/cell, and 2s and 2p orbitals
of N atoms is −0.06 and −1.83 μB/cell values, respectively. Thus,
the total estimated magnetic moment of GBN-IB is −2.96 μB/cell.
The high value of magnetic moment is given by 2p orbitals of B
and N atoms in the material. Figures 3(c) and 4(c) represent DoS
and PDoS plots of GBN-IN where unoccupied asymmetrically dis-
tributed up-spin and down-spins states of 2p orbitals of N, B, and
C atoms are seen around the Fermi energy level due to which mag-
netic moment is developed in GBN-IN, showing its magnetic nature.
The magnetic moment generated by 2s and 2p orbitals of C atoms
is 0.02 and 0.09 μB/cell, 2s and 2p orbitals of B atoms is 0.03 and
0.58 μB/cell, and 2s and 2p orbitals of N atoms is 0.05 and 0.20 μB/cell
values, respectively. Here, 2p orbitals of B and N atoms have rela-
tively large contributions than other orbitals of C, B, and N atoms in
HS. The total magnetic moment of GBN-IN is 0.97 μB/cell. Similarly,
in GBN-BN material, the DoS and PDoS of spin states are asym-
metrically distributed as shown in Figs. 3(d) and 4(d), respectively,
which implies it has magnetic properties. The magnetic moment
contributed by 2s and 2p orbitals of C, B, and N atoms is 0.00 and
−0.05 μB/cell, −0.06 and −0.93 μB/cell, and −0.08 and −0.84 μB/cell
in GBN-BN, respectively. The total magnetic moment of GBN-BN
is −1.96 μB/cell. In GBN-BN, the appreciable contributions to mag-
netic moment are given by spins in 2p orbitals of B and N atoms
whereas the contributions given by spin states in 2p orbitals of C
and 2s orbitals of B and N atoms are weak. Moreover, the influ-
ence of 2s orbital of C atoms is negligible. The magnetic moment
is obtained in GBN-IBIN due to the asymmetric distribution of up-
spins and down-spins in the DoS and PdoS, as shown in Figs. 3(e)
and 4(e), respectively. Hence, it is a magnetic material. The total
magnetic moment of GBN-IBIN is 2.01 μB/cell due to the influ-
ence of unpaired spin states present in 2s and 2p orbitals of C, B,
and N atoms. Spin states in 2p orbitals of B and N atoms play a

significant role in the creation of magnetic moment. On the other
hand, 2p orbitals of C atoms and 2s orbitals of C, B, and N atoms
collectively give weak contributions for magnetism. The values of
magnetic moment due to 2s and 2p orbitals of C, B, and N atoms are
0.01 and 0.08 μB/cell, 0.02 and 0.83 μB/cell, and 0.08 and 0.99 μB/cell,
respectively. The detailed calculations of magnetic moment of GBN-
I, GBN-IB, GBN-IN, GBN-BN, and GBN-IBIN materials are given
in Table II.

IV. CONCLUSIONS
We have presented the first-principles calculations based on

the spin-polarized DFT method within the DFT-D2 approach using
the Quantum ESPRESSO computational tool. This method has been
applied to study the structural, electronic, and magnetic properties
of GBN-I, GBN-IB, GBN-IN, GBN-BN, and GBN-IBIN materials.
The stability of GBN-I, GBN-IB, GBN-IN, GBN-BN, and GBN-IBIN
materials is determined by calculating their binding energy. The val-
ues of binding energy of these materials are −41.88, −30.36, −38.83,
−23.79, and −28.83 meV/Å2, respectively. In addition, we have cal-
culated the interlayer distances of GBN-I, GBN-IB, GBN-IN, GBN-
BN, and GBN-IBIN materials, which are found to be 3.28, 3.29,
3.29, 3.33, and 3.32 Å, respectively. The estimated values of bind-
ing energy and interlayer distance are comparable with the values of
other 2D heterostructures. Based on the calculated values of binding
energy and interlayer distance, it is concluded that they are 2D vdW
HS materials. From the band structure calculations, we found that
all the materials are semimetallic. Magnetic properties of considered
materials are studied by the analysis of DoS and PDoS calculations,
which shows that GBN-I has weak magnetic properties while GBN-
IB, GBN-IN, GBN-BN, and GBN-IBIN materials have strong mag-
netic properties. The values of magnetic moment obtained due to the
rearrangement of unpaired spin (up-spin and down-spin) states of
electrons in the orbitals of atoms in GBN-I, GBN-IB, GBN-IN, GBN-
BN, and GBN-IBIN are 0.04, −2.96, 0.97, −1.96, and 2.01 μB/cell,
respectively.
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Abstract
We have studied structure, electronic, and magnetic properties of water adsorbed vdW heterostructure graphene/MoS2
(w-(HS)G/MoS2) and its C sites vacancy defects materials (w-Catoms-vacancy-(HS)G/MoS2) by using a spin polarized density
functional theory (DFT) method of calculations within DFT-D2 approach to take in to account of vdW interactions. All the
structures are optimized and relaxed by BFGS method using computational tool Quantum ESPRESSO package. By structural
analysis, we found that both w-(HS)G/MoS2 and w-Catoms-vacancy-(HS)G/MoS2 are stable materials. The stability and compact-
ness of these materials decrease with an increase in their defects concentrations. From band structure calculations, our findings
show that w-(HS)G/MoS2 has a metallic nature, and there is formation of n-type Schottky contact of barrier height 0.42 eV. Also,
the left 1C atom vacancy defects in w-(HS)G/MoS2 (L1C-w-(HS)G/MoS2) and center 1C atom vacancy defects in w-(HS)G/
MoS2 (C1C-w-(HS)G/MoS2) materials have no band gap for up and down spin electronic states, indicating that they have also a
metallic nature. On the other hand, 2C atom vacancy defects in w-(HS)G/MoS2 (2C-w-(HS)G/MoS2) has a small band gap for up
spins states and no band gap for down spin electronic states which means that the band structure resembles with half metallic
nature. Thus, the endowment of metallic nature decreased with increase in the concentrations of defects in structures. To study the
magnetic properties in materials, DOS and PDOS calculations are used, and we found that non-magnetic w-(HS)G/MoS2
material changes to magnetic in all the three different L1C-w-(HS)G/MoS2, C1C-w-(HS)G/MoS2, and 2C-w-(HS)G/MoS2
materials with vacancy. L1C-w-(HS)G/MoS2, C1C-w-(HS)G/MoS2, and 2C-w-(HS)G/MoS2 have magnetic moments of +
0.21 μB/cell, + 0.26 μB/cell, and − 2.00 μB/cell, respectively. The spins of electrons in 2s and 2p orbitals of C atoms give a
principal effect of magnetism in w-Catoms-vacancy-(HS)G/MoS2 materials.

Keywords DFT . Heterostructures . Vacancy defects .Water adsorbed graphene/MoS2

Introduction

Two dimensional materials , graphene (G), metal
monochalcogenides, transition metal dichalcogenides
(TMD), and their heterostructures (HS) have great attraction
in device (i.e., electronic and optoelectronic devices) applica-
tions owing to their excellent physical properties [1–6].

Graphene, a sp2 hybridized single sheet of carbon atoms or-
ganized in a honeycomb lattice, is a zero band gap semicon-
ductor [1]. This emerging material has been the subject of
recent intensive research due to the novelty of its structural,
electronic, optical, mechanical, and magnetic properties
[7–11]. Due to these properties, graphene is a favorable ma-
terial for the fabrication of electronic devices, transparent elec-
trodes, and spintronics devices [12–14], and a growing array
of several other applications that explore the potential of this
marvelous material. However, the lack of intrinsic band gap
and non-magnetic nature of graphene limits its practical appli-
cations in widely expanding field of carbon-based devices. On
the other hand, the transition metal dichalcogenides material
(TMD)-molybdenum disulphide (MoS2) has a band gap ener-
gy of 1.80 eV [15]. It is a promising material in the field of
nanoelectronics and optoelectronics because it has very
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sensitive physical properties such as high carrier mobility at
room temperature (200 cm2/Vs), strain, electric field, pressure,
and high on/off current ratio of 108 [16–19]. The graphene-
based heterostructure material G/MoS2 is formed by using
graphene bonds on MoS2 with weak van der Waals (vdW)
interactions. Its different stacking configurations give more
new properties beyond their single components because
vdW (HS) G/MoS2 has new and desired physical properties
such as carrier mobility and band gap [20–22] than individual
components. Thus, (HS) G/MoS2 is a potential candidate for
high speed nanoelectronic and optoelectronic devices. The
magnetic properties of materials are great attractive properties,
because magnetic materials are used in the fields of biomed-
icine, molecular biology, biochemistry, diagnosis, catalysis,
nanoelectronic devices, and various other industrial applica-
tions such as magnetic seals in motors, magnetic sensors,
magnetic inks, electrical power generator and transformers,
magnetic recording media, and computers [23, 24].

The adsorption of new materials in heterostructure mate-
rials tunes more desirable properties than heterostructure ma-
terials only. In this work, we investigated the structure, elec-
tronic, and magnetic properties of water adsorbed, graphene/
MoS2 heterostructure (w-(HS)G/MoS2), and its C sites vacan-
cy defects graphene/MoS2 heterostructure (w-Catoms-

vacancy-(HS)G/MoS2) materials by first-principles calculations
using the spin polarized density functional theorywithin DFT-
D2 approximations to consider the vdW corrections.

The rest part of the paper is organized as follows. In
Section 2, we discuss details of computational methods. The
results and their interpretations are given in Section 3. We
closed the paper with main conclusions and outlook of the
present work in Section 4.

Computational details

The calculations of structural, electronic, and magnetic prop-
erties of w-(HS)G/MoS2 and w-Catoms-vacancy (HS)G/MoS2
have been performed by using the spin polarized density func-
tional theory (DFT) [25], as implemented in a computational
package Quantum ESPRESSO (QE) [26]. All electrons in the
systems are treated by the generalized gradient approximation
(GGA) using Perdew-Burke-Ernzerhof (PBE) [27], with vdW
corrections DFT-D2 method [28]. The Rappe-Rabe-Kaxiras-
Joannopoulos (RRJK) model of ultra-soft pseudo-potential is
used to incorporate the activity of valence electrons in all the
calculations. Figures 1a and b and 2a to c show the optimized
and relaxed, stable (HS)G/MoS2, w-(HS)G/MoS2, and w-
Catoms-vacancy-(HS)G/MoS2 structures respectively. They are
prepared under the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) scheme [29], until the total energy changes between
two consecutive self-consistent field (SCF) steps which is less
than 10−4 Ry and each component of force acting is less than

10−3 Ry/Bohrs. From the convergence test, we determined a
k-mesh of (4 × 4 × 1), which is used to calculate the self-
consistent total energy. Also, we used kinetic energy cut-off
value (35 Ry) and charge density cut-off value (350 Ry) for
the expansion of ground state electronic wave function. A
vacuum of 20 Å thickness is employed to ensure no
unphysical interactions in the stacking direction of (HS)G/
MoS2. Moreover, we used the Marzari-Vanderbilt (MV)
[30] method of “smearing” with having a width of 0.001 Ry.
Also, we have chosen “david” diagonalization method with
“plain” mixing mode and mixing factor of 0.6 for self-consis-
tency. We used spin polarized calculations for magnetic prop-
erties of the systems. The meshes of (4 × 4 × 1) k-points are
used for electronic band structure, and (8 × 8 × 1) k-points are
used for DOS and PDOS calculations, where 100 k-points are
used along the high symmetric points connecting the recipro-
cal space for band structure calculations. (HS)G/MoS2 is con-
structed by using (4 × 4) super cell of graphene and (3 × 3)
super cell of MoS2 monolayer with 4.13% lattice mismatch
as shown in Fig. 1a.

In the present work, we have prepared the stable w-(HS)G/
MoS2, L1C-w-(HS)G/MoS2, C1C-w-(HS)G/MoS2, and 2C-
w-(HS)G/MoS2 structures. w-(HS)G/MoS2 structure is con-
structed by adding water molecule in stable optimized and
relaxed (HS)G/MoS2 structure. C sites vacancy defect struc-
tures L1C-w-(HS)G/MoS2, C1C-w-(HS)G/MoS2, and 2C-
w-(HS)G/MoS2 are constructed by removing L-1C atom,
C-1C atom, and 2C atoms (L-1C & C-1C atoms) from the
graphene surface of w-(HS)G/MoS2 structure respectively.
Here, 1C and 2C atoms create 3.125% and 6.250% vacancy
defects respectively in w-(HS)G/MoS2 structure containing 32
carbon atoms. Then, these stable structures are relaxed by
BFGS method, which are used for further calculations as
shown in Fig. 2.

Results and discussion

This section mainly focused on the results and interpretations
of geometrical structures and stability, band structure, density
of states (DOS), and partial density of states (PDOS) of
w-(HS)G/MoS2 and w-Catoms-vacancy-(HS)G/MoS2 materials
using first-principles calculations including spin polarized
DFT method incorporating DFT-D2 approach.

Structural properties

The vertical van der Waals heterostructures G/MoS2 material
is made by (4 × 4) and (3 × 3) super cell structures of graphene
and MoS2 with reasonable (4.13%) lattice mismatch. These
super cells are obtained by extending optimized primitive unit
cell along x and y directions. The distance between two nearest
carbon atoms (in graphene) and distance between Mo and S
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atoms (in MoS2) are 1.42 Å and 3.18 Å respectively. These
values agree with experimentally reported values 1.42 Å and
3.19 Å [27, 31, 32]. The (HS)G/MoS2 structure has no dan-
gling bonds present along the external surfaces of the layers of
graphene andMoS2 which therefore show a reduced chemical
activity. Physisorption interactions can arise when adsorbing
external molecules such as water in this heterostructure. This
is evidenced by the adsorption energies we calculated for iso-
lated water physisorption on monolayer graphene (0.12 eV)
and MoS2 (0.13 eV) along with the 2.64 Å distance of the
water molecule above the layers. The w-(HS)G/MoS2 and
w-(HS)MoS2/G structures are prepared by keeping adsor-
bates’ water molecule in a (HS)G/MoS2 structure at a
2.64 Å distance above the different positions of graphene sur-
face andMoS2 surface as shown in Fig. S1 and Fig. S2 (details
of Fig. S1 and Fig. S2 are given in the Supplementary infor-
mation (SI)). The prepared structures are optimized and re-
laxed using BFGS method [29] and found that water adsorbed
on the top surface of graphene (i.e., w-(HS)G/MoS2) structure
(as shown in Fig. 1b) is more stable than water adsorbed on
the top surface ofMoS2 (i.e., w-(HS)MoS2/G) structure. Thus,
we used the w-(HS)G/MoS2 structure for the investigations.

The stability of structures is determined by binding energy
calculations. The higher the value of binding energy, the more
stable is the system. Thus, the greater value of binding energy
material is more favorable for the calculations of its physical
properties. The binding energy of w-(HS)G/MoS2 is calculat-
ed by using the following relation:

Eb ¼ Ewater þ E HSð ÞG=MoS2‐Ewater þ HSð ÞG=MoS2 ð1Þ

where Ewater, E(HS)G/MoS2, and Ewater + (HS)G/MoS2 represent the
ground state energy of a fully relaxed water molecule (H2O),
G/MoS2 heterostructure, and water adsorbed G/MoS2

heterostructure material, respectively.
In addition, we have constructed L1C-w-(HS)G/MoS2,

C1C-w-(HS)G/MoS2, and 2C-w-(HS)G/MoS2 vacancy de-
fects materials by removing left 1C atom, center 1C atom,
and 2C (left 1C and center 1C) atoms respectively from the
stable w-(HS)G/MoS2 structure having defects formation en-
ergies 0.20 eV, 0.20 eV, and 0.41 eV. The defects formation
energies in our systems are calculated based on the standard
formalism [33]:

Ef ¼ ET defectð Þ þ nCμC‐ET perfectð Þ ð2Þ

Fig. 1 a (HS)G/MoS2 structure. b
Water molecule adsorbed on top
surface of graphene in MoS2 base
(HS)G/MoS2 structure. c Water
molecule adsorbed on top surface
of MoS2 in graphene base
(HS)MoS2/G structure

Fig. 2 Optimized and relaxed stable structures of C sites vacancy defects in water adsorbed (HS)G/MoS2.materials. a L1C-w-(HS)G/MoS2, b C1C-w-
(HS)G/MoS2, c 2C-w-(HS)G/MoS2
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where ET (defect) is a total energy of a super cell with the
defects, nC is the numbers of C atoms removed from the per-
fect super cell to introduce a vacancy, μC is the chemical
potential of C atom, and ET(perfect) is the total energy of the
neutral perfect super cell. Also, we have analyzed the C sites
vacancy defects in water adsorbed at 2.64 Å distance above
the different positions of graphene surface of (HS)G/MoS2
structure (Fig. S2 in SI) and found that C sites vacancy defects
in water adsorbed at 2.64 Å distance above the center position
of graphene surface of (HS)G/MoS2 material are suitable ma-
terials for further calculations. These stable L1C-w-(HS)G/
MoS2, C1C-w-(HS)G/MoS2, and 2C-w-(HS)G/MoS2 vacan-
cy defects materials are shown in Fig. 2a, b, and c. The order
of binding energy of the structures is found to be as w-(HS)G/
MoS2˃1C-w-(HS)G/MoS2˃2C-w-(HS)G/MoS2 which are
given in Table 2. The water molecule has stronger intra-
atomic bonding in its inert state in w-(HS)G/MoS2 than in
w-Catoms-vacancy-(HS)G/MoS2. Hence w-(HS)G/MoS2 materi-
al is more stable than C sites vacancy defects w-(HS)G/MoS2
(w-Catoms-vacancy-(HS)G/MoS2) materials. The stability of
structure is decreased with increase in its defects
concentrations.

We have calculated the interlayer distances between the
carbon atoms in graphene surface and Mo and upper S and
lower S atoms inMoS2 surface by taking average values along
x, y, and z directions. It is possible to take average values, only
when the surface of graphene is planar. We have used small
size of (4 × 4) super cell structure of graphene in which the
value of dihedral angles is found to be 0° (360°). This states
that the surface of graphene stays planar even in the defected
cases in graphene. The interlayer distance parameters of
(HS)G/MoS2, w-(HS)G/MoS2, L1C-w-(HS)G/MoS2, C1C-
w-(HS)G/MoS2, and 2C-w-(HS)G/MoS2 materials are given
in Table 1.

According to the data presented in Table 1, we concluded
that w-(HS)G/MoS2 is more compressed than w-Catoms-

vacancy-(HS)G/MoS2 geometries. The 1C-w-(HS)G/MoS2 ma-
terial is more compact than 2C-w-(HS)G/MoS2 material, and
the atoms in w-Catoms-vacancy-(HS)G/MoS2 structures are
slightly extricated than w-(HS)G/MoS2 structure. Therefore,
compactness of materials increases with decrease in its defects
concentrations.

Electronic properties

We now explore the electronic properties of w-(HS)G/MoS2
and w-Catoms-vacancy-(HS)G/MoS2 materials. As we know,
(HS)G/MoS2 geometry is constructed by combining fully re-
laxed (4 × 4) super cell structure of graphene and (3 × 3) super
cell structure of monolayer MoS2 with considerable lattice
mismatch.. It is obvious that (HS)G/MoS2 is characterized
by metal/semiconductor vdW. The Fermi level of vdW,
(HS)G/MoS2 is located in the band gap region of monolayer

MoS2, forming an n-type Schottky barrier contact with the
value of 0.56 eV [34], which agrees with the reported value
of 0.49 eV [35, 36]. In metal/semiconductor vdW
heterostructures, n-type Schottky barrier means the energy
difference between Fermi level and conduction band mini-
mum, and p-type Schottky barrier means energy difference
between the Fermi level and valence band maximum.
Therefore, sum of n-type and p-type Schottky barrier gives
energy band gap of semiconductor [37, 38]. The w-(HS)G/
MoS2 structure is prepared by adding water molecule on
(HS)G/MoS2 as shown in Fig. 1b, which is also characterized
by metal/semiconductor vdW. The electronic structure of
w-(HS)G/MoS2 depends strongly on the electronic properties
of its MoS2 part. Therefore, it is necessary to investigate
Schottky barrier contact by using band structure calculations.
For this, 100 k-points are taken along the specific direction of
irreducible Brillouin zone to get fine band structure by choos-
ing Γ-M-K-Γ high symmetric points and found n-type
Schottky contact of value 0.42 eV as shown in Fig. 3a, where
x-axis represents high symmetric points in the first Brillouin
zone and y-axis represents the corresponding energy value.
This value is smaller than the experimentally reported
(0.49 eV) value [35, 36]. The small Dirac shift amplitude
value implies that w-(HS)G/MoS2 has metallic properties.

Furthermore, w-Catoms-vacancy-(HS)G/MoS2 materials are
constructed by removing L1C, C1C, and 2C atoms respective-
ly from w-(HS)G/MoS2. The structures after relaxation are
shown in Fig. 2. To investigate the electronic properties of
L1C-w-(HS)G/MoS2, C1C-w-(HS)G/MoS2, and 2C-
w-(HS)G/MoS2 materials, we have analyzed band structures
and DOS calculations. In band structures, we have also taken
100 k-points along the specific direction of irreducible
Brillouin zone by choosing Γ-M-K-Γ high symmetric points.
The few numbers of band states of L1C-w-(HS)G/MoS2 and
C1C-w-(HS)G/MoS2 are seen around the Fermi level as
shown in Figs. 4a and 5a. Also, up and down spins states of
electrons are appeared around the Fermi energy level in DOS
plots of L1C-w-(HS)G/MoS2 & C1C-w-(HS)G/MoS2 mate-
rials as shown in Figs. 4(b) and 5(b) respectively. Hence, L1C-
w-(HS)G/MoS2 and C1C-w-(HS)G/MoS2 materials have me-
tallic properties. The 2C-w-(HS)G/MoS2 material has an
opened small energy band gap for up spin electronic states
of value 0.92 eV, and down spins states are appeared around
the Fermi level as shown in Fig. 6a and b. Thus, from the band
structure and DOS calculations, 2C-w-(HS)G/MoS2 material
shows a half metallic nature. The metallic w-(HS)G/MoS2
material changes to half metallic 2C-w-(HS)G/MoS2 material
due to 2C vacancy defects. Therefore, the strength of metallic
nature of w-(HS)G/MoS2 material decreases with an increase
in its defects concentrations.

We know that electronic configurations of valence elec-
trons in Mo, S, C, O, and H atoms are [Kr] 4d5 5s1, [Ne] 3s2

3p4, [He] 2s2 2p2, [He] 2s2 2p4, and 1s1 respectively. EachMo
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atom has one unpaired up spin in sub-orbital of 5s orbital, and
4dxy, 4dxz, 4dyz, 4dx2-y2, 4dz2 sub-orbitals of 4d orbital S atom
has paired spins (up and down) in 3px sub-orbital and one un-
paired up spin in 3py, 3pz sub-orbital, C atom has single up spin
in 2px, 2py and vacant in 2pz sub-orbital. Similarly, each O atom
contains paired spins in 2px sub-orbital and single unpaired up
spin in 2py and 2pz sub-orbital; H atom has single unpaired up
spin in 1s orbital. We prepared L1C-w-(HS)G/MoS2 and C1C-
w-(HS)G/MoS2 stable structures by pulling out L1C and C1C
positions of carbon atoms from w-(HS)G/MoS2 geometry re-
spectively as shown in Fig. 2a and b. Similarly, 2C-w-(HS)G/
MoS2 stable structure is constructed by eliminating 2C atoms
together from w-(HS)G/MoS2 geometry illustrated in Fig. 2c.
L1C position of carbon atom in L1C-w-(HS) G/MoS2 and C1C
position of carbon atom in C1C-w-(HS)G/MoS2 structures pro-
duced unpaired spins in sub-orbital of atoms. Also, 2C vacancy
defects atoms developed unpaired spins in sub-orbital of atoms
in 2C-w-(HS)G/MoS2 structure. Due to this, spins arrangement
of unpaired up and down spins of electrons in the orbitals of
atoms in the defects structures, unequal Fermi energy values are
obtained in w-(HS)G/MoS2 and w-Catoms-vacancy-(HS)G/MoS2
materials as given in Table 2. The Fermi energy values of
w-(HS)G/MoS2, L1C-w-(HS)G/MoS2, C1C-w-(HS)G/MoS2,
and 2C-w-(HS)G/MoS2 materials have values 0.14 eV,
0.23 eV, 0.24 eV, and 0.26 eV respectively. Fermi level shifts
upwards by 0.09 eV, 0.10 eV, and 0.12 eV values respectively
due to the movement of interfacial charges.

Magnetic properties

The magnetic properties of materials are studied by DOS and
PDOS analysis. DOS suggests how densely quantum states

are packed in a particular system. High or zero values of DOS
means that many or no states are available for occupation.
Thus, DOS determines the available states for occupation
[39]. The PDOS calculations are used to investigate the mag-
netic contributions of different orbital of atoms in the system.
DOS and PDOS plots of w-(HS)G/MoS2 and w-Catoms-

vacancy-(HS)G/MoS2, vdW materials are illustrated in Figs.
3(b)-(d), 4(b)-(d), 5(b)-(d), and 6(b)-(d) respectively, where
up & down spins states of DOS & PDOS are plotted along
y-axis and its corresponding energy values are given in x-axis,
also the vertical dotted line represents Fermi energy level and
horizontal dotted line separates up & down spins states of
electrons in the orbital of all atoms presented in studied
materials.

The magnetic and non-magnetic materials are investigated
by the analysis of spin distribution in DOS and PDOS plots.
The asymmetrically distributed up and down spins of elec-
trons (atoms) in DOS and PDOS plots mean that materials
have magnetic properties, and symmetrically distributed up
and down spins of electrons in DOS and PDOS plots mean
that materials carry non-magnetic properties. We observed
that up and down spins states of electrons are symmetrically
distributed in DOS and PDOS plots of w-(HS)G/MoS2 mate-
rial as shown in Fig. 3b–d. Hence, w-(HS)G/MoS2 is a non-
magnetic material.

In addition, we have carried out the DOS and PDOS anal-
ysis of L1C-w-(HS)G/MoS2, C1C-w-(HS)G/MoS2, and 2C-
w-(HS)G/MoS2 materials. The PDOS plots of 2s and 2p or-
bitals of C atoms; 4p, 4d, and 5s orbitals of Mo atoms; 3s and
3p orbitals of S atoms; 2s and 2p orbitals of O atoms; 1s orbital
of H atoms; and total spins of electrons in the orbitals of C,
Mo, S, O, and H atoms in L1C-w-(HS)G/MoS2 material are

Table 1 The interlayer distances
measurement of vdW, (HS)G/
MoS2, w-(HS)G/MoS2, and w-
Catoms-vacancy(HS)G/MoS2
materials

Interlayer distances of (HS)G/MoS2 along x, y, and z-axis C-Mo C-US C-DS

x-Axis (Å) 0.29 1.88 0.89

y-Axis (Å) 0.25 1.16 1.17

z-Axis (Å) 5.88 4.34 7.47

Interlayer distances of w-(HS)G/MoS2 along x, y, and z-axis C-Mo C-US C-DS

x-Axis (Å) 0.26 1.86 0.86

y-Axis (Å) 0.24 1.14 1.14

z-Axis (Å) 5.12 3.88 6.91

Interlayer distances of w-Catoms-vacancy-(HS)G/MoS2 along x, y,
and z-axis

C-Mo C-US C-DS

2C 1C 2C 1C 2C 1C

x-Axis (Å) 0.28 0.27 1.87 1.87 0.88 0.88

y-Axis (Å) 0.24 0.24 1.16 1.15 1.16 1.15

z-Axis (Å) 5.68 5.38 4.12 3.98 7.24 7.02

These (HS)G/MoS2, w-(HS)G/MoS2, and w-Catoms-vacancy(HS)G/MoS2 represent G/MoS2 heterostructure, water
adsorbed in G/MoS2 heterostructure, and C sites vacancy defects in water adsorbed G/MoS2 heterostructure
materials respectively. C-Mo, C-US, and C-DS represent the distance between carbon atoms of graphene surface
toMo atoms ofMoS2, carbon atoms of graphene surface to upper S atoms inMoS2, and carbon atoms of graphene
surface to lower S atoms in MoS2 surface respectively
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Fig. 3 a Band structure of up and
down spins states of w-(HS)G/
MoS2 material. b DOS of up and
down spins states of atoms in the
w-(HS)G/MoS2 material. c PDOS
of total up and down spins states
of all atoms in w-(HS)G/MoS2
material. d PDOS of individual up
and down spins states of all atoms
in w-(HS)G/MoS2 material. In
band structure, horizontal dotted
line represents Fermi energy
level, and in DOS and PDOS
plots, vertical dotted line
represents Fermi energy level. In
all DOS and PDOS plots, insets
represent the zoom in the scale
near the Fermi energy
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Fig. 4 a Band structure of up and
down spins states of L1C-w-
(HS)G/MoS2 material, where red
color of bands represent up spins
states and black color of bands
represent down spins states. b
DOS of up and down spins states
of atoms in the L1C-w-(HS)G/
MoS2 material. c PDOS of total
up and down spins states of all
atoms in L1C-w-(HS)G/MoS2
material. d PDOS of individual up
and down spins states of all atoms
in L1C-w-(HS)G/MoS2 material.
In band structure, horizontal
dotted line represents Fermi
energy level, and in DOS &
PDOS plots, vertical dotted line
represents Fermi energy level. In
all DOS and PDOS plots, insets
represent the zoom in the scale
near the Fermi energy
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Fig. 5 a Band structure of up and
down spins states of C1C-w-
(HS)G/MoS2 material, where red
color of bands represent up spins
states and black color of bands
represent down spins states. b
DOS of up and down spins states
of atoms in the C1C-w-(HS)G/
MoS2 material. c PDOS of total
up and down spins states of all
atoms in C1C-w-(HS)G/MoS2
material. d PDOS of individual up
and down spins states of all atoms
in C1C-w-(HS)G/MoS2 material.
In band structure, horizontal
dotted line represents Fermi
energy level, and, in DOS &
PDOS plots, vertical dotted line
represents Fermi energy level. In
all DOS and PDOS plots, insets
represent the zoom in the scale
near the Fermi energy
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Fig. 6 a Band structure of up and
down spins states of 2C-w-
(HS)G/MoS2 material, where red
color of bands represent up spins
states and black color of bands
represent down spins states. b
DOS of up and down spins states
of atoms in the 2C-w-(HS)G/
MoS2 material. c PDOS of total
up and down spins states of all
atoms in 2C-w-(HS)G/MoS2
material. d PDOS of individual up
and down spins states of all atoms
in 2C-w-(HS)G/MoS2 material.
In band structure, horizontal
dotted line represents Fermi
energy level, and in DOS and
PDOS plots, vertical dotted line
represents Fermi energy level. In
all DOS and PDOS plots, insets
represent the zoom in the scale
near the Fermi energy
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shown in Fig. 4c and d, where unequal distributions of up and
down spins states of electrons are presented around the Fermi
energy level. These asymmetrically (unequal) distributed
spins states of electrons create a magnetic moment.
Magnetic moment given by 2s and 2p orbitals of C atoms in
the system is 0.06 μB/cell and 0.15 μB/cell respectively, where
magnetic moments are given by px, py, and pz sub-orbitals of
C atoms have values 0.05 μB/cell, 0.08 μB/cell, and 0.02 μB/
cell respectively. The values of magnetic moment are obtained
by calculating the net magnetic moment given by up and
down spins of electrons in 2s and 2p orbitals of C atoms in
structure. Therefore, we found that the total magnetic moment
of L1C-w-(HS)G/MoS2 has a value 0.21 μB/cell. The asym-
metrically distributed spins states of electrons in DOS and
PDOS near the Fermi level gives a magnetic moment as
shown in Fig. 5b and c–d. The value of magnetic moment
given by 2s and 2p orbitals of C atoms are 0.08 μB/cell and
0.18 μB/cell (i.e., the values of magnetic moments due to px,
py, and pz sub-orbitals of C atoms in material are 0.07 μB/cell,
0.08 μB/cell, and 0.03 μB/cell, respectively); 4p, 4d, and 5s
orbitals of Mo atoms is 0.00 μB/cell; 3s and 3p orbitals of S
atoms is 0.00 μB/cell; 2s and 2p orbitals of O atom is 0.00 μB/
cell; and 1s orbital of H atoms is 0.00 μB/cell, respectively.
These values are obtained by calculating net magnetism given
by up and down spins of electrons in the system. These asym-
metrically distributed up and down spins states of electrons
are given by only 2s and 2p orbitals of C atoms in the struc-
ture. Therefore, total value of magnetic moment of C1C-
w-(HS)G/MoS2 material is 0.26 μB/cell, due to the dominant
contributions of spins of electrons in 2s and 2p orbital of C
atoms. Generally, each sigma dangling bond carries a magnet-
ic moment of 1 μB. However, in both cases of L1C-w-(HS)G/
MoS2 and C1C-w-(HS)G/MoS2 materials, we calculated de-
viated values of magnetic moment; this is due to the rearrange-
ments of unpaired up and down spins of electrons in the sub-
orbitals of atoms. Thus, proper arrangements of spins in 2s
and 2p orbitals of carbon atoms reduced the values of mag-
netic moment of L1C-w-(HS)G/MoS2 and C1C-w-(HS)G/
MoS2 materials. The PDOS plots of 2s and 2p orbital of C
atoms; 4p, 4d, and 5s orbital of Mo atoms; 3s and 3p orbitals
of S atoms; 2s and 2p orbitals of O atom; and 1s orbital of H
atoms in 2C-w-(HS)G/MoS2 are shown in Fig. 6d. PDOS

value near the Fermi level of 2s and 2p orbitals of C atoms
reflect that up and down spins states are asymmetrical. We
found that the total magnetic moment of 2C-w-(HS)G/MoS2
has a value of − 2.00 μB/cell; this is due to the arrangement of
spins of electrons in 2s and 2p orbital of C atoms and 2p
orbital of O atom. Also, the magnetic moment given by spins
of electrons in 2s and 2p orbitals of C atoms are − 0.46 μB/cell
and − 1.53 μB/cell, and 2p orbital of O atom is − 0.01 μB/cell.
These magnetic moments are given by px, py, and pz sub-
orbitals of C atoms which have the values of − 0.59 μB/cell,
− 0.73 μB/cell, and − 0.21 μB/cell, respectively, and py sub-
orbital of O atom has a value of − 0.01 μB/cell. The values of
magnetic moments are obtained by calculating net magnetic
moment given by up and down spin electrons of carbon and
oxygen atoms in the structure. This means that spins of other
atoms have no role in magnetism of 2C-w-(HS)G/MoS2.
Thus, we found that C atoms and O atom have governing
handout of magnetism in 2C-w-(HS)G/MoS2 material. We
compared the magnetic moment of L1C-w-(HS)G/MoS2,
C1C-w-(HS)G/MoS2, and 2C-w-(HS)G/MoS2 materials and
found that the magnetic moment value of 2C-w-(HS)G/MoS2
material is greater than the magnetic moment values of L1C-
w-(HS)G/MoS2 and C1C-w-(HS)G/MoS2 materials.
Therefore, the strength of magnetic properties in 2C-
w-(HS)G/MoS2 material is higher than in 1C-w-(HS)G/
MoS2materials. In all these cases, 2s and 2p orbital of C atoms
have major contributions of magnetic moments in w-Catoms-

vacancy-(HS)G/MoS2 materials. Therefore, to tune the magnet-
ic properties in w-Catoms-vacancy-(HS)G/MoS2 materials, s and
p orbital of C atoms provide main contributions.

Conclusions and concluding remarks

The structural, electronic, and magnetic properties of periodic
vdW, w-(HS)G/MoS2, and w-Catoms-vacancy-(HS)G/MoS2 ma-
terials have been studied by using spin polarized density func-
tional theory (DFT) calculations with vdW corrections (DFT-
D2) method. At first, we have examined the structures and
found that both w-(HS)G/MoS2 and w-Catoms-vacancy-(HS)G/
MoS2 are stable materials. The stability and compactness of
these materials are decreased with increase in the

Table 2 Fermi energy (Ef), Fermi energy shift (Ef-shift), band gap energy (Eg), binding energy (Eb), and total value of magnetization (M) of w-(HS)G/
MoS2 and w-Catoms-vacancy-(HS)G/MoS2 materials

w-(HS)G/MoS2 & w-Catoms-vacancy-(HS)G/MoS2 materials (Ef)
eV

(Ef-shift)
eV

(Eg)
eV

(Eb)
eV

(M) μB/cell

w-(HS)G/MoS2 0.14 – (Dirac point) 0.42 eV 0.26 0.00

L1C atom vacancy defects w-(HS)G/MoS2 0.23 0.09 – 0.25 +0.21

C1C atom vacancy defects w-(HS)G/MoS2 0.24 0.10 – 0.25 +0.26

2C atom vacancy defects w-(HS)G/MoS2 0.26 0.12 0.92 0.23 −2.00
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concentrations of defects in structures. We have done band
structure calculations and found that w-(HS)G/MoS2 has n-
type Schottky contact of barrier height 0.42 eV, indicating that
the material is metallic in nature. The few numbers of spins
states of electrons are appeared around the Fermi level of
L1C-w-(HS)G/MoS2 and C1C-w-(HS)G/MoS2 materials in
bands and DOS plots, which means that they also have a
metallic nature. The 2C-w-(HS)G/MoS2 material has opened
a small energy band gap of value 0.92 eV for up spin elec-
tronic states and no band gap for down spin electronic states,
which implies that 2C-w-(HS)G/MoS2 resembles with half
metallic nature. Thus, the metallic strength of materials de-
creases with an increase in its defects concentrations. Formag-
netism, we have analyzed DOS and PDOS calculations and
found that spins of electrons are symmetrically distributed in
w-(HS)G/MoS2 material and asymmetrically distributed in
L1C-w-(HS)G/MoS2, C1C-w-(HS)G/MoS2 and 2C-
w-(HS)G/MoS2 materials. Therefore, non-magnetic
w-(HS)G/MoS2 material changes to magnetic L1C-
w-(HS)G/MoS2, C1C-w-(HS)G/MoS2, and 2C-w-(HS)G/
MoS2 materials due to C sites vacancy defects. Magnetic mo-
ment values of L1C-w-(HS)G/MoS2, C1C-w-(HS)G/MoS2,
and 2C-w-(HS)G/MoS2 materials are 0.21 μB/cell, 0.26 μB/
cell, and − 2.00 μB/cell, respectively. The prevalent contribu-
tions to magnetism in defects materials are given by spins of
electrons in the 2s and 2p orbitals of C atoms. Recently, Koda
et al. have carried out HSE06 type of functional in DFT to
include the effects of quasiparticles [40]. Their investigations
show that strong orbital overlaps are observed in the hetero-
bilayers (of Ph/MoSe2 and Ph/WSe2) influencing band off-
sets and, hence, emphasizing the importance of quasiparticle
calculations over standard density functional theory ones. The
present work has limitations of inclusion of quasiparticles ef-
fects by HSE06 exchange correlations functionals.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00894-021-04690-8.
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In this work, we systematically studied the structure, and electronic and magnetic properties of van der Waals (vdWs) interface
Graphene/MoS2 heterostructure (HS-G/MoS2) and C sites vacancy defects in HS-G/MoS2 materials using first-principles cal-
culations. By the structural analysis, we found that nondefects geometry is more compact than defects geometries. To investigate
the electronic and magnetic properties of HS-G/MoS2 and C sites vacancy defects in HS-G/MoS2 materials, we have studied band
structure, density of states (DOS), and partial density of states (PDOS). By analyzing the results, we found that HS-G/MoS2 is
metallic in nature but C sites vacancy defects in HS-G/MoS2 materials have a certain energy bandgap. Also, from the band
structure calculations, we found that Fermi energy level shifted towards the conduction band in vacancy defects geometries which
reveals that the defected heterostructure is n-type Schottky contacts. From DOS and PDOS analysis, we obtained that the
nonmagnetic HS-G/MoS2 material changes to magnetic materials due to the presence of C sites vacancy defects. Right 1C atom
vacancy defects (R-1C), left 1C atom vacancy defects (L-1C), centre 1C atom vacancy defects (C-1C), and 2C (1C right and 1C
centre) atom vacancy defects in HS-G/MoS2 materials have magnetic moments of −0.75 µB/cell, −0.75 µB/cell, −0.12 µB/cell, and
+0.39 µB/cell, respectively. Electrons from 2s and 2p orbitals of C atoms have main contributions for the magnetism in all
these materials.

1. Introduction

Graphene has a honeycomb lattice of carbon atoms; each
atom in a lattice contains four valence electrons and interacts
with its three nearest neighbor carbon through σ-bond due
to sp2 hybridization of 2s, 2px, and 2py orbitals of three
valence electrons. +e fourth electron occupies the 2pz or-
bital which overlaps with the nearest 2pz electrons and forms
a π-bond perpendicular to the Graphene plane. +ese
electrons are loosely bound, and most of the electronic
properties of the pure Graphene are dictated by these
delocalized electrons [1, 2]. +e band structure of the pure
Graphene (two bands π and π∗) originating from pz-orbital
meets at six points in k-space known as Dirac points. Dirac
points of Graphene are formed at the Fermi energy level, so

it is called zero bandgap semiconductors. +e structure of
Graphene containing Dirac points bears astonishing elec-
tronic, optical, mechanical, and magnetic properties, so
electronic devices, transparent electrodes, and spintronics
devices can be manufactured by using Graphene [1–3]. In
nanoscience research, a keen interest is given by the re-
searchers for the study of two-dimensional hexagonal
structural materials. Like Graphene,MoS2monolayer is a 2D
transition metal dichalcogenide (TMDC) honeycomb
structure material with a direct bandgap of the value of
1.80 eV [4]. It also has winsome properties, because of which
it can be applied in industry for producing signal amplifier,
integrated logic circuits, flexible optoelectronic devices,
transistors, photodetectors, photocatalysts, optoelectronic
devices, solar cells, and lubricants. Fundamentally, also it is
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interesting as it is just a single-layered material [5–10]. +e
Graphene-based research in 2D materials has made enor-
mous success [11–13]. +e metal/semiconductor interface
such as G/MoS2 is a new contact type of the Graphene-based
van der Waals (vdWs) interface, known as heterostructures
(HS) material. +e heterostructures can be used to wipe out
the unwanted properties of the constituents and hence give
rise to desired properties than the constituents [14]. +e
first-principles study of HS-G/MoS2 can be done in peri-
odically repeated supercells. +e supercells contain two
interfaces which are equivalent to the term of stoichiometry
and geometry [15]. +is G/MoS2 vdWs interface was studied
by various research groups [15, 16]. +e report presented
that the structure contains some innovative properties which
can create different components in the electronic devices
[17]. Also, vdWs HS-G/MoS2 has intriguing electronic
properties, transport properties, optical transparency, me-
chanical flexibility, and photoconductivity. +us, it can be
highly recommended in the application of electronic,
photovoltaic, and memory devices [18–21].

In our previous work, we studied structural, electronic,
and magnetic properties of Mo sites vacancy defects in HS-
G/MoS2 materials by first-principles calculations using
vdWs correction in the DFT-D2 approach [22]. To the best
of our knowledge, C sites vacancy defects in HS-G/MoS2
materials have not been studied. +erefore, in the present
work, we investigated the structural, electronic, and mag-
netic properties of vdWs interfaces, HS-G/MoS2, and C sites
vacancy defects in HS-G/MoS2 materials using first-prin-
ciples calculations with the DFT-D2 approach. +e vacancy
defects in solids cause deviation of atoms or ions from the
periodicity, and they are used to find innovative properties.
+ey can be used to design new materials [23]. Also, the
magnetic materials can be applied in various fields such as
biomedicine, molecular biology, biochemistry, diagnosis,
catalysis, nanoelectronic devices, and various other indus-
trial applications like magnetic seals in motors, magnetic
sensors, magnetic inks, electrical power generator, trans-
formers, magnetic recording media, and computers [24, 25].

+e rest part of the paper is organized as follows. +e
computational details will be discussed in Section 2 whereas
Section 3 contains results and discussion. We close the paper
with the main conclusions and outlook of the present work
in Section 4.

2. Computational Model and Methods

We have performed the first-principles calculations to in-
vestigate the structural, electronic, and magnetic properties
of HS-G/MoS2 and C atom vacancy defects in HS-G/MoS2
materials within the framework of density functional theory
(DFT) [26], with van der Waals (vdWs) corrections taken
into account by DFT-D2 [27] approach using Quantum
ESPRESSO (QE) computational package [28]. To incorpo-
rate the electronic exchange and correlation effects in the
density functional theory, Generalized Gradient Approxi-
mation (GGA) was used via Perdew-Burke-Ernzerhof (PBE)
exchange correlations [29]. Grimme’s Rappe-Rabe-Kaxiras-
Joannopoulos (RRJK) model of ultrasoft pseudopotentials is

used to replace the complicated effects of the motion of the
core (i.e., nonvalence) electrons of an atom and its nucleus
with an effective potential for all atoms in a system. It helps
to deal with only the chemically active valence electrons
which are included explicitly in our calculations. +e elec-
tronic configurations of valence electrons in C, Mo, and S
atoms of our system are C:[He] 2s22p2, Mo:[Kr] 4d55s1, and
S:[Ne] 3s23p4, respectively. All the structures are optimized
and relaxed by the BFGS scheme [30], using Quantum
ESPRESSO code [28], until the total energy changes are less
than 10−4 Ry and force acting between two consecutive self-
consistent fields is less than 10−3 Ry/Bohr. After the relax
calculations, we have done self-consistent total energy cal-
culations, for this Brillouin zone of heterostructure is
sampled in k-space using Monkhorst-Pack (MP) scheme
[31], with an appropriate number of mesh (4× 4×1) of
k-points, which is determined from the convergence test.
+e Marzari-Vanderbilt (MV) [32] smearing of the small
width of 0.001 Ry is used. In addition, we have chosen the
“David” diagonalizationmethod with a “plain” mixingmode
and mixing factor of 0.6 for self-consistency. For band
structure calculations, a mesh of (4× 4×1) k-points is used,
and for the density of states (DOS) and partial density of
states (PDOS) calculations, an automatic denser mesh of
(8× 8×1) k-points is used, where, in both the cases, 100
k-points are chosen along the high symmetric points con-
necting the reciprocal space.

In this work, we have prepared the HS-G/MoS2 by using
(4× 4) supercell structure of Graphene and (3× 3) supercell
structure of monolayer MoS2 with lattice mismatch about
4.13%, where we maintained vacuum distance greater than
20 Å to avoid the interactions between two adjacent layers as
shown in Figure 1(c). For the construction of these supercell
structures, at first, we have created a unit cell of Graphene
and MoS2 by using structural analysis tool XCrySDen and
computational tool Quantum ESPRESSO. To construct the
unit cell, we used the Bravais lattice index, cell dimension
parameters, and lattice constant in the input file. For the
Graphene unit cell, we have taken the experimentally re-
ported value of the distance between two carbon atoms that
is 1.42 Å [31]. After the construction of the Graphene unit
cell, we calculated the kinetic energy cut-off value, k-points,
and lattice parameters from the convergence test and found
the constant kinetic energy cut-off value 35 Ry. +e charge
density cut-off value for ultrasoft pseudopotential is cal-
culated by using the relation 10× kinetic energy cut-off,
which is 350 Ry. +ese obtained parameters (kinetic energy
cut-off, charge density cut-off, k-points, and lattice pa-
rameters) are used in the input file to relax our system. We
found the distance between two carbon atoms of the relaxed
Graphene unit cell to be 1.42 Å, which is very close to the
starting value for relaxation [31]. +e unit cell of MoS2 is
prepared by using the experimental value of 3.19 Å [6, 33].
Its unit cell contains a single layer of two S and one Mo
atoms. +e Mo atom bounds with the S atom in a trigonal
prismatic arrangement, where each Mo atom is surrounded
by six first neighboring S atoms. After the construction of a
unit cell, we have calculated its optimized values of kinetic
energy cut-off, k-points, lattice parameters, and charge
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density cut-off values as in Graphene, and then these pa-
rameters are used in the input file to relax the system. We
found that the value of the lattice constant to be 3.18 Å,
which is also close to the experimentally reported value of
3.19 Å [6, 33]. We then developed (4× 4) supercell structure
of Graphene and (3× 3) supercell of monolayer MoS2 from
these prepared unit cells, by extending along x and y di-
rection as shown in Figures 1(a) and 1(b), respectively. After
that, we have constructed the stable and relaxed structures of
right 1C atom vacancy defects (R-1C), left 1C atom vacancy
defects (L-1C), centre 1C atom vacancy defects (C-1C), and
2C (1C right and 1C centre) atom vacancy defects in HS-G/
MoS2 as shown in Figure 2. +ese prepared structures are
used for further investigations.

3. Results and Discussion

In the present work, we have carried out a first-principles
study of C sites vacancy defects in HS-G/MoS2 hetero-
structures. In this section, we present the main findings and
their interpretations from the investigation of the
heterostructures.

3.1. Structural Analysis. +e Graphene-based stable hetero-
structure materials in G/MoS2 is prepared by using (4× 4)
supercell structure of Graphene and (3× 3) supercell structure
of monolayerMoS2 with considerable (4.13%) lattice mismatch
as shown in Figures 1(a)–1(c). +e stability of the structure is

determined by binding energy calculations. +e higher the
value of binding energy is, the more stable the system is. +us,
the greater value of binding energy material is more favorable
for the calculations of its physical properties. +e binding
energy (Eb) of HS-G/MoS2 is calculated by using the following
relation: Eb�EGraphene +EMoS2 – EHS-G/MoS2, where EGraphene,
EMoS2, and EHS-G/MoS2 represent the ground state energy of a
fully relaxed (4× 4) supercell of Graphene, (3× 3) supercell of
MoS2, and heterostructure of G/MoS2, respectively. +e het-
erostructures of carbon atom vacancy defects are prepared by
using optimized and relaxed HS-G/MoS2 material as shown in
Figure 2, where out of 32C atoms, the concentrations of the
vacancy defects of R-1C, L-1C, C-1C, and 2C in HS-G/MoS2
materials are found to be 3.13%, 3.13%, 3.13%, and 6.25%,
respectively. +ese are also stable structures. +e order of
binding energy of the structures is found to be as HS-G/
MoS2> 1C atoms HS-G/MoS2> 2C atoms HS-G/MoS2 as
given in Table 1. So, the stability of the structure is decreased
with an increase in its defects concentrations. Among the
various carbon atom vacancy defects in HS-G/MoS2 config-
urations, we have used the most stable R-1C, L-1C, C-1C, and
2C atom vacancy defects in HS-G/MoS2 materials. R-1C, L-1C,
C-1C, and 2C atom vacancy defects inHS-G/MoS2 have defects
formation energies of 0.20 eV, 0.20 eV, 0.20 eV, and 0.41 eV,
respectively. +ese energy values are less than the defects
formation of energy values of other vacancy defects configu-
rations. +e defects formation energies in our systems are
calculated based on the standard formalism [34];
Ef� ET (defect) +nCµC− ET(perfect), where ET (defect) is the

(a) (b) (c)

C to U-S

C to D-S

C to Mo

(HS) G-MoS2 without
vacancy defects

(d)

C to U-S

C to D-S

C to Mo

1C vacancy defects
(HS) G-MoS2

(e)

C to U-S

C to D-S

C to Mo

2C vacancy defects
(HS) G-MoS2

(f )

Figure 1: (a) (4× 4) supercell structure of Graphene. (b) (3× 3) supercell structure of MoS2. (c) Heterostructure of G/MoS2. (d) Interlayer
and interatomic distances measurement geometry of HS-G/MoS2. (e) Interlayer and interatomic distances measurement geometry of 1C
atom vacancy defects in HS-G/MoS2. (f ) Interlayer and interatomic distances measurement geometry of 2C atom vacancy defects in HS-G/
MoS2.
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total energy of a supercell with the defects, nC is the numbers of
C atoms removed from the perfect supercell to introduce a
vacancy, µC is chemical potentials of C atoms, and ET (perfect)
is the total energy of the neutral perfect supercell, respectively.
Figures 1(d)–1(f) are interlayer and interatomic distances
measurement geometries of HS-G/MoS2, 1C, and 2C atom
vacancy defects in HS-G/MoS2 geometries, respectively.

We have analyzed the structural properties of HS-G/MoS2
and C sites vacancy defects in HS-G/MoS2 materials and then
obtained the data of interlayer distances which are given in
Table 2. Also, interatomic distances of HS-G/MoS2 and its C
sites vacancy defects in HS-G/MoS2 materials are given in SI
(Table S1).

From Table 2, we found that HS-G/MoS2 geometry is
more compressed than C sites vacancy defects in HS-G/MoS2
geometries, and compactness of material increases with a
decrease in its defects concentrations. Also, we found that the
C-1C vacancy defects structure is slightly compact than other
R-1C and L-1C vacancy defects structures.

3.2. Electronic and Magnetic Properties. To know the elec-
tronic and magnetic properties of HS-G/MoS2 and C sites

vacancy defects in HS-G/MoS2 materials, we first consider
the key characteristics of freestanding Graphene supercell,
monolayer MoS2 supercell, and G/MoS2 heterostructure.
From band structure calculations, Graphene has zero
bandgap energy because the states below the Fermi level
characterized by π bonds and states above the Fermi level
characterized by π∗ antibonding states and corresponding
bands meet at Fermi level that is Dirac cone. +e monolayer
MoS2 is an intrinsic semiconductor with a direct band of
value 1.65 eV; this value is close to the experimentally re-
ported value of 1.80 eV [10, 33]. +e zero-bandgap energy
material (Graphene) and wide-bandgap energy material
(MoS2) are joined together to form vdWs HS-G/MoS2
material with 4.13% of the lattice mismatch as shown in
Figure 1(c). In HS-G/MoS2, n-type Schottky contact is
formed with a Schottky barrier height of 0.56 eV as shown in
Figure 3(a). Figure 3(a) represents the band structure plot of
HS-G/MoS2, where the x-axis represents high symmetric
points in the first Brillouin zone and the y-axis represents the
corresponding energy values. We have taken 100 k-points
along the specific direction of the irreducible Brillouin zone
to get a fine band structure by choosing Γ-M-K-Γ high

Table 1: Fermi energy level (Ef), Fermi energy level shift towards conduction band (Es), the energy gap between the bottom of the
conduction band and top of the valence band (Eg), the total value of magnetism (M), and binding energy (Eb) of HS-G/MoS2 and C sites
vacancy defects in HS-G/MoS2 materials.

HS-G/MoS2 and C sites vacancy defects in HS-G/MoS2 materials Ef (eV) Es (eV) Eg (eV) M (µB/cell) Eb (eV)
HS-G/MoS2 0.32 — — 0.00 0.25
R-1C vacancy defects in HS-G/MoS2 0.52 0.20 0.15 −0.75 0.24
L-1C vacancy defects in HS-G/MoS2 0.53 0.21 0.13 −0.75 0.24
C-1C vacancy defects in HS-G/MoS2 0.54 0.22 0.14 −0.12 0.24
2C vacancy defects in HS-G/MoS2 0.56 0.24 0.37 +0.39 0.23

(a) (b)

(c) (d)

Figure 2: Optimized and relaxed structures of C sites vacancy defects in HS-G/MoS2 materials. (a) R-1C atom vacancy defects in HS-G/
MoS2. (b) L-1C atom vacancy defects in HS-G/MoS2. (c) C-1C atom vacancy defects in HS-G/MoS2. (d) 2C atom vacancy defects in HS-G/
MoS2.
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symmetric points. We found that the Dirac point shifted
0.56 eV above the Fermi level in HS-G/MoS2, which shows
that HS-G/MoS2 is metallic in nature. +e shift in the Dirac
point is in good agreement with the previously reported
value of 0.49 eV [10, 35].+eDirac point is formed at 0.56 eV
height from the Fermi level in HS-G/MoS2, because higher
values of potential barrier existed between the positions of C
and S atoms in Graphene and monolayer MoS2 surfaces
separately.+e work function value of HS-G/MoS2 is greater
than MoS2; as a result, electrons are moved from Graphene
to MoS2 surface making n-type Schottky contact [5, 36].
Figures 3(b) and 3(c) represent the density of states (DOS)
and partial density of states (PDOS) plots of HS-G/MoS2,
where the y-axis represents spin-up and spin-down electrons
states of DOS/PDOS and the x-axis represents the corre-
sponding energy values.

In addition, to tune the electronic properties at C sites
vacancy defects in HS-G/MoS2 materials, we used band
structure calculations of R-1C, L-1C, C-1C, and 2C atom
vacancy defects in HS-G/MoS2 materials as shown in
Figure 4, where the x-axis represents high symmetric points
in the first Brillouin zone and the y-axis represents the

corresponding energy values. We have also taken 100
k-points along the specific direction of the irreducible
Brillouin zone by choosing Γ-M-K-Γ high symmetric
points.

We found that the Dirac point is not formed in electronic
band structures and a small energy gap formed between the
lower energy level of the conduction band and upper energy
level of the valence band in R-1C, L-1C, C-1C, and 2C atom
vacancy defects in HS-G/MoS2 materials. +ese R-1C, L-1C,
C-1C, and 2C vacancy defects materials have opened narrow
bandgap of values 0.15 eV, 0.13 eV, 0.14 eV, and 0.37 eV,
respectively. +us, the strength of metallic nature decreased
with an increase in the concentration of defects. It is obvious
that electronic configurations of valence electrons in C, Mo,
and S atoms are [He] 2s2 2p2, [Kr] 4 d5 5s1, and [Ne] 3s2 3p4,
respectively. Each C atom has a single spin-up in 2px and 2py
and vacancy in 2pz suborbital; Mo atom has one unpaired
spin-up in suborbital 5s and 4dxy, 4dxz, 4dyz, 4dx2-y2, and
4dz2; S atom has paired spins (up and down) in 3px sub-
orbital and one unpaired spin-up in 3py and 3pz suborbital.
We have prepared a stable structure of 2C atom vacancy
defects in HS-G/MoS2 materials by removing two C atoms

Table 2: +e interlayer distances of (i) HS-G/MoS2 and (ii) C sites vacancy defects in HS-G/MoS2 materials.

Interlayer distances of
HS-G/MoS2 along x-,

y-, and z-axis
Interlayer distances of C sites vacancy defects in HS-G/MoS2 materials along x-, y-, and z-axis

C-Mo C-US C-DS
C-Mo C-US C-DS

2C C-1C R-1C L-1C 2C C-1C R-1C L-1C 2C C-1C R-1C L-1C
x-axis (Å) 0.29 1.88 0.89 0.30 0.29 0.29 0.29 1.89 1.87 1.88 1.88 0.90 0.89 0.89 0.89
y-axis (Å) 0.25 1.16 1.17 0.28 0.26 0.26 0.27 1.18 1.17 1.17 1.18 1.18 1.16 1.16 1.17
z-axis (Å) 5.88 4.34 7.47 5.92 5.90 5.91 5.91 4.38 4.36 4.36 4.37 7.50 7.48 7.49 7.49
Here, (C-Mo), (C-US), and (C-DS) represent distance from C atom in Graphene to Mo atom in MoS2, distance from C atom in Graphene to upper S atom in
MoS2, and distance from C atom in Graphene to down S atom in MoS2, respectively.
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Figure 3: (a) Band structure of HS-G/MoS2, where horizontal dotted line represents the Fermi level. (b) Spin-up and spin-down electrons
are symmetrically distributed in the DOS plot of HS-G/MoS2. (c) Spin-up and spin-down electrons are symmetrically distributed in the
PDOS plot of HS-G/MoS2. In all DOS and PDOS plots, the vertical dotted line represents the Fermi level. States above the horizontal dotted
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together from HS-G/MoS2 material containing 59 atoms, as
shown in Figure 2(d). Similarly, R-1C, L-1C, and C-1C atom
vacancy defects in HS-G/MoS2 stable materials are prepared
by pulling out right 1C, left 1C, and centre 1C positions of
carbon atoms from HS-G/MoS2 structure having 59 atoms,
respectively, as shown in Figures 2(a)–2(c). +ese vacancy
positions of carbon atoms developed unpaired spin electrons
in suborbital of atoms of 2C defects in HS-G/MoS2 structure.
Similarly, carbon atom vacancy in R-1C, L-1C, and C-1C
defects in HS-G/MoS2 materials produced unpaired spin
electrons in the suborbital of atoms. Due to the unpaired
total spin-up and total spin-down electrons in the orbitals of
atoms in the system, unequal Fermi energy values are ob-
tained in HS-G/MoS2 and its C sites vacancy defect mate-
rials. +erefore, we found that the Fermi energy of HS-G/
MoS2 material has value 0.32 eV and R-1C, L-1C, C-1C, and
2C atom vacancy defects in HS-G/MoS2 materials have
values 0.52 eV, 0.53 eV, 0.54 eV, and 0.56 eV, respectively. It
means that the Fermi level shifted upwards (towards con-
duction band) by 0.20 eV, 0.21 eV, 0.22 eV, and 0.24 eV
values, respectively, which means Schottky barrier transition
from p-type to n-type Schottky contact by the movement of
interfacial charges [35]. +e formation of n-type Schottky

contact can provide important information for enhancing
the power given by high efficiency Schottky nanoelectronic
devices [37]. +e parameters of Fermi level shift and energy
gap look to be associated with each other. Also, they are
increased with an increase in its vacancy defects concen-
trations in materials as shown in Table 1.

To get well competency of electronic and magnetic
properties of materials, we have carried out DOS and PDOS
calculations [23]. Figures 5(a)–5(d) represent DOS plots of
R-1C, L-1C, C-1C, and 2C atom vacancy defects in HS-G/
MoS2 materials, respectively, and Figures 6(a)–6(d) repre-
sent PDOS plots of R-1C, L-1C, C-1C, and 2C atom vacancy
defects in HS-G/MoS2 materials, respectively, where the
vertical dotted line represents Fermi energy level and the
horizontal line separates states of spin-up and spin-down
electrons in the orbitals of C, Mo, and S atoms; i.e., the states
above the horizontal line represent spin-up electrons and a
state below the horizontal line represents spin-down
electrons.

+e magnetic properties of materials can be investigated
by the analysis of spins of electrons distributed in DOS and
PDOS plots. +e asymmetrically distributed spin-up and
spin-down of atoms in DOS and PDOS plots mean that
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Figure 4: (a) Band structure of R-1C atom vacancy defects in HS-G/MoS2, (b) band structure of L-1C atom vacancy defects in HS-G/MoS2,
(c) band structure of C-1C atom vacancy defects in HS-G/MoS2, and (d) band structure of 2C atom vacancy defects in HS-G/MoS2, where
the horizontal dotted line represents Fermi level.
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Figure 5: DOS plot of up and down states of spin electrons in the orbitals of C, Mo, and S atoms in (a) R-1C vacancy defects in HS-G/MoS2
material, (b) L-1C vacancy defects in HS-G/MoS2 material, (c) C-1C vacancy defects in HS-G/MoS2 material, and (d) 2C vacancy defects in
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materials have magnetic properties. Similarly, symmetrically
distributed spin-up and spin-down of atoms in DOS and
PDOS plots mean that materials carry nonmagnetic prop-
erties. We observed the spin-up and spin-down states of
electrons, which are symmetrically distributed in the DOS and
PDOS plot of HS-G/MoS2 material as shown in Figures 3(b)
and 3(c). Hence, HS-G/MoS2 is a nonmagnetic material.

In addition, we have done the DOS and PDOS analysis of
R-1C, L-1C, C-1C, and 2C atom vacancy defects in HS-G/

MoS2 materials. +e data of magnetic moment calculations
of these materials are given in SI (Table S2). +e PDOS plots
of 2s and 2p orbital of C atoms, 4p, 4d, and 5s orbital of Mo
atoms, and 3s and 3p orbitals of S atoms in R-1C atom
vacancy defects in HS-G/MoS2 material are shown in
Figure 6(a). PDOS value near the Fermi level of 2s and 2p
orbitals of C atoms reflects that spin-up and spin-down
states are asymmetrical. We found that the total magnetic
moment of R-1C in HS-G/MoS2 has a value −0.75 µB/cell;

90

60

30

0

–30

PD
O

S 
(s

ta
te

s/
eV

)

–0.015 –0.01 –0.005 0 0.005 0.01 0.015 0.02
Energy (E–Ef) eV

180

90

0

–90

–180

PD
O

S 
(s

ta
te

s/
eV

)

–8 –7 –6 –5 –4 –3 –2 –1 0 1 2
Energy (E–Ef) eV

2s-C spin-up/down
2p-C spin-up/down

3s-S spin-up/down
3p-S spin-up/down

4p-Mo spin-up/down

4d-Mo spin-up/down
5s-Mo spin-up/down

(a)

75

50

25

0

–25

PD
O

S 
(s

ta
te

s/
eV

)

–0.015 –0.01 –0.005 0 0.005 0.01 0.015
Energy (E–Ef) eV

180

90

0

–90

–180

PD
O

S 
(s

ta
te

s/
eV

)

–8 –7 –6 –5 –4 –3 –2 –1 0 1 2
Energy (E–Ef) eV

2s-C spin-up/down
2p-C spin-up/down

3s-S spin-up/down
3p-S spin-up/down

4p-Mo spin-up/down

4d-Mo spin-up/down
5s-Mo spin-up/down

(b)

PD
O

S 
(s

ta
te

s/
eV

)

30

20

10

0

–10

–20

–30

–40
–0.01 –0.005 0 0.005

Energy (E-Ef) eV

180

90

0

–90

–180

PD
O

S 
(s

ta
te

s/
eV

)

–8 –7 –6 –5 –4 –3 –2 –1 0 1 2
Energy (E–Ef) eV

2s-C spin-up/down

2p-C spin-up/down

3s-S spin-up/down

3p-Mo spin-up/down

3p-S spin-up/down

5s-Mo spin-up/down

4p-Mo spin-up/down

4d-Mo spin-up/down

(c)

PD
O

S 
(s

ta
te

s/
eV

)
90

60

30

0

–30

–60

Energy (E-Ef) eV
–0.01 –0.005 0 0.005 0.01 0.015

180

90

0

–90

–180

PD
O

S 
(s

ta
te

s/
eV

)

–8 –7 –6 –5 –4 –3 –2 –1 0 1 2
Energy (E–Ef) eV

2s-C spin-up/down
2p-C spin-up/down

3s-S spin-up/down
3p-S spin-up/down

4p-Mo spin-up/down

4d-Mo spin-up/down
5s-Mo spin-up/down

(d)

Figure 6: (a) PDOS plot of individual spin-up and spin-down electrons orbital of all atoms in R-1C atom vacancy defects in HS-G/MoS2. (b)
PDOS plot of individual spin-up and spin-down electrons orbital of all atoms in L-1C atom vacancy defects in HS-G/MoS2. (c) PDOS plot of
individual spin-up and spin-down electrons orbital of all atoms in C-1C atom vacancy defects in HS-G/MoS2. (d) PDOS plot of individual
spin-up and spin-down electrons orbital of all atoms in 2C atom vacancy defects in HS-G/MoS2, where the states above the horizontal line
represent spin-up electrons and a state below the horizontal line represents spin-down electrons.
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this is due to 2s and 2p spins electrons in the orbitals of C
atoms. Also, the magnetic moment given by spins of elec-
trons in 2s and 2p orbitals of C atoms is separately calcu-
lated, which have −0.24 µB/cell and −0.51 µB/cell values,
respectively. +ese values are obtained by calculating the net
magnetic moment given by spin-up and spin-down elec-
trons of carbon atoms in the structure.+e negative values of
magnetic moment reveal that spin-down electrons of atoms
have a principal role compared to spin-up electrons of atoms
for magnetism in the system.+is means that other atoms do
not play a role in the magnetism of R-1C atom vacancy
defects in HS-G/MoS2. In Figure 6(b), the unoccupied spin-
up electron states in the 2p orbital of C atoms and spin-down
electron states in the 2s and 2p orbital of C atoms are
asymmetrically distributed near the Fermi level. Magnetic
moment values given by 2s and 2p orbital of C atoms are
−0.23µB/cell and −0.52µB/cell, respectively. +erefore, the
total value of the magnetic moment of L-1C vacancy defects
in HS-G/MoS2 material is −0.75µB/cell, due to dominant
contributions of spin electrons in 2s and 2p orbital of C
atoms in the system. Similarly, in Figure 6(c), the only
unoccupied spin-down electron states are seen near the
Fermi level, which reflects that spin states are asymmetrical.
We have evaluated PDOS of C-1C defects in HS-G/MoS2
material and found that the values of the magnetic moment
due to spin electrons in 2s and 2p orbital of C atoms are
−0.07µB/cell & −0.05µB/cell, respectively. +erefore, the total
value of the magnetic moment given by spin electrons in the
orbital of C atoms in the system is −0.12µB/cell. In
Figure 6(d), we saw that the asymmetrically distributed spin-
up and spin-down electron states are presented beyond
−0.0025 eV energy in the valence band and above 0.0024 eV
energy in the conduction band.+e magnetic moment given
by 2s and 2p orbital of C atoms in the system has values
0.7µB/cell and 0.31µB/cell, respectively. +ese values are
obtained by calculating net magnetism given by spin-up and
spin-own electrons of atoms existing in the system.
+erefore, the total value of the magnetic moment of 2C
atom vacancy defects in HS-G/MoS2material is +0.39µB/cell.
+e positive value of magnetic moment means that spin-up
electrons of atoms have a preeminent role compared to spin-
down electrons of atoms in the magnetism. In all these cases,
2s and 2p orbitals of C atoms have major contributions of
magnetic moments in C sites vacancy defects in HS-G/MoS2
materials, which are also shown in SI (Figure S1).

4. Conclusions

We have constructed HS-G/MoS2 and C sites vacancy de-
fects in HS-G/MoS2 structures and investigated their
structural, electronic, and magnetic properties by first-
principle calculations with van der Waals corrections in the
DFT-D2 levels of approximation. We studied structures of
HS-G/MoS2 and C sites vacancy defects in HS-G/MoS2
materials and found that the nondefects structure is more
compressed than defects structures. +e binding energy of
these materials is decreased with an increase in its defects
concentrations. +en, we investigated the electronic and
magnetic properties of these materials from the band

structure calculations and DOS/PDOS analysis. From band
structure calculations of HS-G/MoS2, we found that it is
metallic in nature. R-1C, L-1C, C-1C, and 2C atom vacancy
defects in HS-G/MoS2 materials have small energy gap of
values 0.15 eV, 0.13 eV, 0.14 eV, and 0.37 eV, respectively.
+us, the strength of metallic nature decreased with an
increase in the concentration of vacancy in structures. Also,
we have calculated the Fermi energy level of pure and va-
cancy defects geometries, which shows that n-type Schottky
barrier contact is formed due to the interfacial charge
transfer. For better comprehension of the electronic and
magnetic properties of materials, we have performed the
DOS and PDOS calculations.We found that DOS and PDOS
states of spin-up and spin-down electrons are symmetrically
distributed in HS-G/MoS2 and asymmetrically distributed in
C sites vacancy defects in HS-G/MoS2 materials. +erefore,
HS-G/MoS2 is a nonmagnetic material but C sites vacancy
defects in HS-G/MoS2 materials carry magnetic properties.
+e total magnetic moment in R-1C, L-1C, C-1C, and 2C
atom vacancy defects in HS-G/MoS2 materials is found to be
−0.75µB/cell, −0.75µB/cell, −0.12µB/cell, and +0.39µB/cell,
respectively. +e spins of electrons in 2s and 2p orbitals of C
atoms have the main role to bring a magnetic moment in all
these materials. +e strength of magnetic properties is de-
veloped in C sites vacancy defects in HS-G/MoS2 materials
due to the convenient arrangement of spin electrons in the
structures.
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Supplementary Materials

Table S1: the interatomic distances measurement of
HS-G/MoS2 and C sites vacancy defects in HS-G/MoS2
geometries, where (S-S), (Mo-Mo), and (C-C), respectively,
represent the interatomic distance between two sulpher
atoms in MoS2, two molybdenum atoms, and two carbon
atoms in Graphene. Table S2: magnetic values generated by
total and individual spin-up and spin-down electron orbital
of C, Mo, and S atoms in pure and C sites vacancy defects
(HS) in G/MoS2 geometries from PDOS analysis. Figure S1:
(a) PDOS plot of total spin-up and spin-down electron
orbital of all atoms in R-1C atom vacancy defects in
HS-G/MoS2. (b) PDOS plot of total spin-up and spin-down
electron orbital of all atoms in L-1C atom vacancy defects in
HS-G/MoS2. (c) PDOS plot of total spin-up and spin-down
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electron orbital of all atoms in C-1C atom vacancy defects in
HS-G/MoS2. (d) PDOS plot of total spin-up and spin-down
electron orbital of all atoms in 2C atom vacancy defects in
HS-G/MoS2, where the states above the horizontal line
represent spin-up electrons and a state below the horizontal
line represents spin-down electrons. (Supplementary
Materials)
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a b s t r a c t

First-principles calculations have been performed to study Structure, Electronic and Magnetic properties
of 2D Graphene-Molybdenum diSulphide G-MoS2 heterostructure (HS) materials with vacancy defects at
Mo sites. All the calculations have been performed within the framework of the first-principles Density
Functional Theory (DFT) under the Perdew-Burke-Ernzerhof (PBE) form of the Generalized Gradient
Approximation (GGA). The ven der Waals (vdW) interactions have been taken into account (considered
via Grimme’s model) by DFT-D2 approach. The G-MoS2 heterostructure without Mo sites defects and
with Mo sites defects have been optimized using BFGS methods implemented in Quantum ESPRESSO.
Our investigations show that the defects materials are more compact than the pure material. Further, we
have studied the Electronic and Magnetic properties of pure and defects G-MoS2 heterostructures from
the band structure calculations and DOS-PDOS analysis. The results show that the pure and defects
heterostructures are metallic in nature and they can be useful for low power consumption electronic
devices. From the band structures calculation, it is seen that Fermi energy level shifted toward the
valence band in single Mo atom and two Mo atoms vacancy defects both the cases means p-type
Schottky defects. The analysis of the magnetic properties show that the nonmagnetic pure G-MoS2
heterostructure changes to magnetic materials by Mo sites defects. It is also found that total magnetism
values of C-1Mo, L-1Mo and 2Mo atoms vacancy defects have 2.61 (Bohr-Mag/cell), 2.65 (Bohr-Mag/cell)
and 5.25 (Bohr-Mag/cell) respectively and 2p orbital of C atoms, 3p orbital of S atoms and 4d orbital of
Mo atoms have main contributions to the magnetism in all three configurations.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Graphene is basic unit of graphite. Its hexagonal structure is
stable in which each carbon atom bonds with the surrounding
carbon atoms by sp2 hybridization where non-bonding electrons
move freely between the layers. A sp2 hybridized single sheet of
carbon atoms can be organized in a honeycomb lattice. Its two
bands p and p* emerge from the pz orbitals and meet at six points
in k-space known as Dirac points which are at the edges of the
Brillouin zone k and k’, shows Graphene is a zero band gap semi-
conductor. Because of the existing Dirac point in Graphene struc-
ture, it has remarkable properties such as electronic, optical,
.P. Adhikari).
mechanical and magnetic etc. [1]. Due to these properties, Gra-
phene is a favorable material for the fabrication of electronic de-
vices, transparent electrodes and spintronics devices [1,2]. The
study of two dimensional hexagonal structural materials have
become of great interest to many researchers for nanoscience.
Complementary to Graphene, Molybdenum diSulphide (MoS2) is
one of the two dimensional transition metal dichalcogenide [3]
honeycomb structure with certain gap in its electronic band known
as wide band gap exotic semiconductor. Mo and S atoms are
stacked together to give S-Mo-S arrangement [4] which has
intriguing properties. MoS2 is a wide band semiconductor. It has
potential applications in academic as well as industrial sectors. It is
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used to produce transistors, integrated logic circuits, signal ampli-
fier, photodetectors, flexible optoelectronic devices, solar cells,
photocatalysts and lubricants [5e8]. The basic applied research in
new 2D materials based on Graphene has made great progress
[9e11]. When combined with other new 2D materials with
different chemical bonds and the formation of different physical
and chemical properties of new lattice structures known as heter-
ostructures [12e14].

Heterostructures can be used to eliminate the undesired prop-
erties and drag desirable properties of constituents; they are
beyond the capacities of constituents. They have more applications
by tuning the desired properties [7,13,14]. Therefore, Graphene (G)
and Molybdenum diSulphide (MoS2) are joined together to form
Graphene-Molybdenum diSulphide (G-MoS2) heterostructure (HS).
It can be studied periodically repeated super cells, which allow for a
conventional reciprocal space formulation of the problem. Typi-
cally, super cells are chosen in such a way that they contain two
interfaces that are equivalent to the term of stoichimetry and ge-
ometry, for avoiding electric fields due to unbalanced charges [15].
Both theoretical and experimental research groups studied Gra-
phene based van der Waals (vdW) heterostructures G-MoS2 in-
terfaces [15,16]; they reported it has some novel properties for
creating individual components in electronic devices [17]. It be-
comes potential candidate for applications in electronic, photo-
voltaic and memory devices [18e20]. Therefore, HS of G-MoS2 has
intriguing properties like excellent mechanical flexibility, elec-
tronic properties, optical transparency, photoconductivity and
favorable transport properties [8,21]. Although, (HS) G-MoS2 pro-
vides helpful information to design, fabricate and understand the
physics mechanism in the Graphene based 2D van der Waals het-
erostructure materials [7,8], we found that it has non-magnetic
nature. But, we intend to investigate magnetic properties in 2D
Graphene based van der Waals heterostructures; we need the va-
cancy defects geometries of (HS) G-MoS2 material. The defects in
solid are any deviation of atoms or ions from the periodicity. The
defects are one unavoidable properties of crystalline structure, they
are used to find not only novel properties but also design the new
materials, so it influences the properties of heterostructures ma-
terial in solids [22]. However, Structure, Electronic and Magnetic
properties of 2D (HS) material G-MoS2 at Mo sites vacancy defects
has not been reported to the best of our knowledge. Therefore, we
focus to study Structural, Electronic and Magnetic properties of 2D,
(HS) G-MoS2 with Mo sites vacancy defects. In present work, we
consideredMo cites vacancy defects of G-MoS2 hetero system using
DFT method of calculations. We focus our attention for studying
electronic band structure, Density of States (DOS) and Partial
Density of States (PDOS) and hence the magnetic properties. We
found the values of magnetic moment in Mo atoms vacancy defects
(HS) G-MoS2 materials. Due to the appearance of magnetism, Mo
sites vacancy defects (HS) G-MoS2 seems to be promising in usage
in various devices requiring magnetic properties. Many of our
modern technological devices rely on magnetism and magnetic
materials. Novel nanomagnetic materials have potential applica-
tions in the fields of biomedicine, molecular biology, biochemistry,
diagnosis, catalysis, nanoelectronic devices and various other in-
dustrial applications such as magnetic seals in motors, magnetic
sensors, magnetic inks for bank checks, electrical power generator
and transformers, magnetic recording media and computers etc.
[23,24]. Therefore, the understanding of novel electronic and
magnetic properties on random Mo atoms, vacancy defects may
provide significant outlines for the material to device applications.

The remaining part of this paper is organized in the following
way. In section 2, we discuss the computational details related to the
present work. Main finding are presented and discussed in section 3.
We have closed by making conclusions and outlook of the work.
2. Computational details

To investigate the Structural, Electronic andMagnetic properties
of heterostructure (HS) material G-MoS2 with vacancy defects at
Mo sites, the calculations are performed using Density Functional
Theory (DFT) [25] implemented in the quantum ESPRESSO (QE)
code [26]. The Perdew-Burke-Ernzerhof (PBE) variant of the
Generalized Gradient Approximation (GGA) [27] incorporating van
derWaals (vdW) interactions has been considered. It is well known
that the weak interactions are not well described by the standard
PBE functional. So a semi-empirical dispersion-correlated Density
Functional Theory (DFT-D2) approach proposed by Grimme’s was
adopted [28]. Grimme’s model was widely used and explained to
give better description of weak van der Waals interactions.
Grimme’s used Rappe-Rabe-Kaxiraas-Joannopoulos (RRJK) model
of ultra-soft pseudopotentials to take into account theweak van der
Waals interactions. The plane wave expansion with kinetic energy
cut-off values of 35 Ry (476 eV) and 350 Ry (4760 eV) respectively,
are used for wave function and charge density after the conver-
gence plot of total energy versus cut-off energy. Amesh of 4� 4� 1
k-points are taken for the (HS) and further calculations on the basis
of the plot of total energy versus number of k-points. The vacuum
distance greater than 20 A0 is maintained to minimize the in-
teractions between two adjacent layers. All the structures are
optimized using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
[29] scheme until the total energy change is less than 10�4 Ry and
force acting is less than 10�3 Ry/Bohr’s between two consecutive
SCF steps. The Marzarri-Vanderbilt [30] smearing or cold smearing
with a small broadening width of 0.001 Ry is used. Furthermore,
diagonalization method is chosen as ‘devid’ with mixing factor 0.6
for self consistency. Spin polarized calculations are accommodated
to study the magnetic properties of the systems. For band structure
calculations, 100 k-points are chosen along the high symmetric
points connecting the reciprocal space. For the DOS and PDOS
calculations, we have used an automatic denser mesh of 8 � 8 � 1
k-points. Fig. 1 presents the super cell structure of G-MoS2 heter-
ostructure. The super cell contains one (4 � 4) Graphene layer and
one (3� 3) MoS2 monolayer. The (3� 3) MoS2 monolayer was used
to match (4 � 4) Graphene sheet so that (HS) G-MoS2 is modeling
with due to consideration of the lattice mismatch about 4.13%
which is reasonably small and thus it does not affect main results.
In this work we have created the vacancy defects of Molybdenum
(Mo) atoms by random removal from G-MoS2 hetero system then
optimized these geometries for calculations as shown in Fig. 2.

3. Results and discussion

In this section, we present our main findings and their inter-
pretation. During our work, we have carried out spin polarized DFT
calculation to study Structural, Electronic and Magnetic properties
of (HS) G-MoS2 at Mo sites vacancy defects. All these calculations
were performed within the first-principles study with van der
Waals (vdW) interaction in DFT-D2 level of approximation using
GGA, implemented with Quantum ESPRESSO code.

3.1. Structural properties

For the construction of unit cell Graphene, the atomic positions
are chosen in such a way that, the distance between two carbon
atoms is 1.42 A0 which was obtained experimentally [31]. The unit
cell of Graphene is hexagonal and it can be easily created using QE
codes by writing bravais lattice index, ‘ibrav ¼ 4’ in the input file.
The input file contains the parameters, celldm(1) ¼ a,
celldm(2) ¼ b/a celldm(3) ¼ c/a, where (a), (b) and (c) are lattice
constants in Bohr along x, y, z directions respectively. In order to



Fig. 1. Super cell structures, where multiple number of unit cells are used to form super cell structures of Graphene and MoS2. Unit cell consists of a single Mo atom intercalated
between two S atoms at a bond length of 2.42 A0 and S-Mo-S of lattice constant 3.18 A0 since, 1S atom and 1Mo atom are covalently bounded with 3Mo atoms and 6S atoms
respectively to form hexagonal structure, these super cell of Graphene and MoS2 are joined together to form (HS) of G-MoS2 (a) (4 � 4) super cell of Graphene (b) (3 � 3) super cell
of MoS2 (c) G-MoS2 hetero structure (d) interlayer & inter-atomic distances measurement of 2Mo vacancy defects (HS) G-MoS2 (e) interlayer & inter-atomic distances measurement
of 1Mo vacancy defects (HS) G-MoS2 (f) interlayer & inter-atomic distances measurement of (HS) G-MoS2.

Fig. 2. Mo sites vacancy defects where Mo vacancy defects are created by random removal of 1Mo atom from centre, 1Mo atom from left hand side and 2Mo atoms from both left
and right sides respectively in (HS) G-MoS2 (a) C-1Mo atom vacancy defects (b) L-1Mo atom vacancy defects (c) 2Mo (both left hand side 1Mo and right hand side 1Mo) atoms
vacancy defects.
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prevent any possibility of interaction between two Graphene layer
in z-direction, we kept the distance between two consecutive
layers by 20 A0, that is why we define celldm(3) according to this
value. The atomic species for each atom are defined by their atomic
symbol followed by atomic mass unit and ultra-soft pseudopo-
tential. After construction of unit cell, we have calculated kinetic
energy cut-off (Ecut-off), k-points (nkx, nky, nkz) and lattice parameter
(a) from convergence test then used these parameters on input file
and relaxed our system. From this relaxed-optimized structure of
Graphene unit cell, the distance between two neighboring carbon
atoms is found to be 1.42 A0, which is much closer to the experi-
mental value [31]. Therefore, we constructed the (4 � 4) super cell
by extending optimized primitive unit cell along x and y directions
using XCrySDen as shown in Fig. 1(a). A hexagonal unit cell of
monolayer MoS2 with the basis of three (1-Mo and 2-S) atoms in
honeycomb lattice structure is initially constructed by using
experimental value [4,32]. It is built up by single layers of S-Mo-S
atoms. It consists of two planes of Sulpher (S) atoms and an
intercalated plane of Molybdenum (Mo) atom which bounds with
the Sulpher atoms in a trigonal prismatic arrangement. Each Mo
atom is surrounded by six first nearest neighboring S atoms. After
the construction of unit cell, the structure is optimized with respect
to lattice parameter (a), kinetic energy cut-off (Ecut-off) for plane
wave and the number of k-points along x-axis and y-axis respec-
tively by BFGS method. Based on the convergence tests, we ob-
tained the lattice constant (a) for the MoS2 equal to 3.18 A0 which
agree with the experimentally reported value 3.19 A0 [4,27]. The
(3 � 3) super cell of monolayer MoS2 is constructed by using the
lattice constant which is three times that of the unit cell as shown
in Fig. 1 (b). Further, the plot of the total energy versus the number
of k-points shows that the energy of unit cell of monolayer MoS2 is
almost constant when the number of k-points (nkx ¼ nky) crosses
10. A mesh of 10 � 10 � 1 k-points is therefore, used for Brilouin-
zone integration of unit cells and a mesh of 4 � 4 � 1 k-points
are taken for (3 � 3) super cell. A plane wave basis set with energy
cut-off value of 35Ry for the wave function and 350Ry for the
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charge density is used for the expansion of the ground state elec-
tronic wave function. The (HS) G-MoS2 is modeling using optimized
(3� 3) super cell of MoS2 (9-Mo atoms and 18-S atoms) and (4 � 4)
super cell of Graphene (32-C atoms) with due to consideration (i.e.
4.13%) of the lattice mismatch as shown in Fig. 1(c). The (HS) ma-
terial G-MoS2 at Mo sites defects are also constructed after random
removal of centre 1Mo atom (C-1Mo), left hand side 1Mo atom (L-
1Mo) and 2Mo atoms (both left and right sides) in (HS) G-MoS2.
Thus, out of 9 Mo atoms, vacancy defects of C-1Mo, L-1Mo and 2Mo
atoms are found to be 11.11% (1/9¼ 0.1111),11.11% (1/9¼ 0.1111) and
22.22% (2/9 ¼ 0.2222) in the system, then we optimized them by
using BFGS method [29] shown in Fig. 2(a), 2(b) and 2(c) respec-
tively. Fig. 1(d), 1(e) and 1(f) represent interlayer and inter-atomic
distances measurement geometries of Mo sites vacancy defects
(HS) G-MoS2 and pure (HS) G-MoS2.

The interlayer and inter-atomic distances of pure and defects
geometries of (HS) G-MoS2 are given in Table 1.

From Table 1, we can see that, distance parameters like C atom in
Graphene to Mo atom in monolayer MoS2, C atom in Graphene to
up S atom in monolayer MoS2 and C atom in Graphene to down S
atom inmonolayer MoS2 of materials are decreased after formation
of Mo sites vacancy defects. This means, configuration of vacancy
defects materials are more compact than original configuration
material. Also, compactness of material increasedwith increased its
defects concentrations.

3.2. Electronic and magnetic properties

The electronic and magnetic properties of (HS) G-MoS2 mate-
rials are studied from the optimized-relaxed structures. All the
structures are optimized using the BFGS [29] method within first-
principles calculations and PBE variant of the GGA [27], incorpo-
rating van der Waals interaction has been considered via Grimme’s
model. Grimme’s model used RRKJ model of ultra-soft pseudopo-
tential to take in to account the interaction between ion cores and
Table 1
The interlayer and inter-atomic distances of pure and defects geometries of (HS) G-MoS

Interlayer distances of (HS) G-MoS2
along x, y and z axis

Distance between C atom in graphene &
Mo atom in MoS2

Dista
up S

x-axis (A0) 0.29 1.88
y-axis (A0) 0.25 1.16
z-axis (A0) 5.89 4.32

Inter-atomic distances of (HS) G-MoS2 along x, y and z axis x
S-S 0
Mo-Mo 1
R1Mo - C1Mo 4
C1Mo - L1Mo 4
L1Mo - R1Mo 9
Mo-S 1
C-C 0

Interlayer distances of Mo sites vacancy defects of (HS) G-MoS2 along x, y and z axis

x-axis (A0)
y-axis (A0)
z-axis (A0)

Inter-atomic distances of Mo sites vacancy defects of (HS) G-MoS2 along x, y and z ax

S e S
Mo-Mo
Mo-S
C-C
valence electrons [28]. Figs. 1(c), Fig. 2(a) and 2(b), 2(c) show the
fully optimized and relaxed atomic structures of pure and C-1Mo, L-
1Mo, 2Mo atoms, vacancy defects (HS) G-MoS2 materials. The
electronic configurations of valence electrons in C, Mo and S atoms
are C:[He] 2s22p2, Mo:[Kr] 4d55s1 and S:[Ne] 3s23p4 respectively,
they are used in pure and vacancy defects geometries of (HS) G-
MoS2. To understand the impact of Mo atoms vacancy defects in
(HS) G-MoS2, we first need to understand the Electronic properties
of Graphene, MoS2 and (HS) G-MoS2. In the case of Graphene, the
states below the Fermi level (Ef) characterized by p bonds and
states above the Fermi level (Ef) characterized by p* anti-bonding
states and corresponding bands meet at Fermi level (Dirac point)
employing zero band gap energy. So, it is called a zero band gap
semiconductor. On the analysis of bands structure of MoS2, it is an
intrinsic semiconductor with direct band of value 1.65eV in which
the Fermi energy (Ef) is at exactly between the valence band
maxima (VBM) and conduction band minima (CBM) i.e. the direct
band transition along k-symmetric points between VBM and CBM.
This band gap is still smaller than that of the experimentally re-
ported results 1.80eV [32]. In (HS) G-MoS2 material, the higher the
potential barrier has been observed between positions of C atoms
in isolated Graphene surface and S atoms in monolayer MoS2 sur-
face. The difference in the work function value in case of (HS) G-
MoS2 and isolated monolayer MoS2 (i.e. work function of (HS) G-
MoS2 - work function of monolayer MoS2) is greater than zero
electron volts [35], it means electrons will be transferred from
Graphene to MoS2 surface, making the n-type contact. That is why;
Dirac cone of Graphene is up-shifted towards the higher binding
energy in G-MoS2 heterostructure material. As a result, n-type
Schottky contact is formed in the (HS) G-MoS2 with the Schottky
barrier height (Dirac shift amplitude) of 0.56eV as shown in
Fig. 3(a). That Dirac shift amplitude value of (HS) G-MoS2 geometry
is in good agreement with the reported values [7,8,33]. The energy
bands structure, DOS and PDOS analysis plots of heterostructure G-
MoS2 are shown in Fig. 3(a), 3(b) and 3(c) respectivelywhere, x-axis
2.

nce between C atom in graphene &
atom in MoS2

Distance between C atom in graphene &
down S atom in MoS2

0.89
1.17
7.47

-axis (A0) y-axis (A0) z-axis (A0)
.00 0.00 3.14
.59 2.75 0.00
.76 2.75 0.00
.76 2.75 0.00
.53 5.50 0.00
.53 0.92 1.57
.00 1.38 0.09

Distance between
C atom in
graphene & Mo
atom in MoS2

Distance between
C atom in
graphene & up S
atom in MoS2

Distance between
C atom in
graphene & down
S atom in MoS2

2 Mo 1 Mo 2 Mo 1 Mo 2 Mo 1 Mo

0.28 0.29 1.87 1.88 0.87 0.88
0.25 0.25 1.16 1.17 1.16 1.17
5.00 5.42 3.44 3.86 6.59 7.01

is x-axis (A0) y-axis (A0) z-axis (A0)

2Mo 1Mo 2Mo 1Mo 2Mo 1Mo

0.00 0.00 0.01 0.00 3.15 3.14
1.50 1.59 2.76 2.75 0.00 0.00
1.54 1.53 0.92 0.92 1.57 1.57
0.00 0.00 1.38 1.38 0.09 0.09



Fig. 3. Band structure, DOS and PDOS plots of (HS) G-MoS2 where horizontal dotted line represents Fermi level in band structure plot and vertical dotted line represents Fermi level
in DOS and PDOS plots (a) band structure (b) spin up electrons and spin down electrons DOS are symmetrical (c) spin up electrons and spin down electrons PDOS are symmetrical.
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represents high symmetric points in the first Brillouin zone and y-
axis represents the corresponding energy values in bands plot and
in DOS-PDOS plots, y-axis represents spin up electrons and spin
down electrons of DOS-PDOS and x-axis represents the corre-
sponding energy values.

Furthermore, we studied the electronic andmagnetic properties
at Mo sites vacancy defects in (HS) G-MoS2 material. The electronic
bands structures at C-1Mo, L-1Mo and 2Mo atoms vacancy defects
(HS) G-MoS2 materials are shown in Fig. 4(a), Fig. 5(a) and Fig. 6(a)
respectively where we have taken 100 k-points along the specific
direction of irreducible Brillouin zone to get fine bands structure by
choosing G-M-K-G high symmetric points. In Fig. 4(a), 5(a) and
Fig. 6(a), we found that Dirac point lies in the conduction band and
hence values of Dirac point amplitude at C-1Mo, L-1Mo and 2Mo
atoms, vacancy defects in (HS) G-MoS2 have 0.65eV, 0.65eV and
0.67eV. The Fermi energy level of pure (HS) G-MoS2 is at 0.32eV
whereas after creation of vacancy defects at 1Mo and 2Mo atoms
sites, Fermi energy levels are at�0.43 eV and�0.70eV respectively.
It means, Fermi level shifted downwards (towards valence band) by
0.75 eV and 1.02 eV respectively. They show that, there is more
numbers of holes (electrons deficiency) present in the valence
band, i.e. the Fermi level shift determine the Schottky barrier
transition from n-type Schottky contact to p-type Schottky contact
due to the interfacial charge transfer [33]. To improve the perfor-
mance of high efficiency Schottky nano-electronic devices, useful
information are provided by the transformation of n-type to p-type
Schottky contact [10,11,36]. The Fermi level shift towards the
valence band is related to Dirac point shift towards the conduction
band. We show that, greater amount of Fermi energy levels shift to
the valence bandwith respect to greater amount of Dirac amplitude
values shift to the conduction band shown by data in Table 2. It
implies that, there is probability to flow electrons in conduction
band. Dirac point at the Fermi level is preserved but shifted in the
formation of heterostructure which shows the impurity states
leading from modeled part is different from initial position of host
material [7,8,36]. Interestingly, in all these defects geometries of
(HS) G-MoS2, the Fermi level shift towards the valence band in-
dicates, the formation of holes in valence band, this is called p-type
Schottky defects.

As we know in Table 2, Fermi levels shift and amplitudes of Dirac
point shift are related parameters, they increased with increased
the concentration of vacancy defects in the materials. The ampli-
tude of Dirac shift is one of most important properties of metal/
semiconductor system because the current flow crossing the
system depends strongly on the amplitude of Dirac shift. The
formed Dirac point in Fermi level and in or towards the conduction
band indicates that electrons are spontaneously flow from the
valence band to conduction band. Therefore, (HS) G-MoS2materials
at Mo sites vacancy defects have metallic characters. To get better
understanding of Electronic and Magnetic properties of these ma-
terials, we have performed the DOS and PDOS analysis. DOS of a
system is the number of states per unit energy range available for
the particles to be occupied. It indicates how densely quantum
states are packed in a particular system. High DOS at a specific
energy level reflects that many states are available for occupation. If
there are no available states for occupation in an energetic level, the
value for the DOS will be zero [22]. Magnetic properties (magnetic
moment) are directly related to DOS and PDOS of the considered
system. The total magnetic moment is given by m¼mmB, wherem is
the number of unpaired electrons and mB is the Bohr magnetron.
Number of unpaired electrons can be obtained by counting elec-
trons in the spin up and spin down sub-bands. If DOS for the spin up
electrons and spin down electrons are exactly same i.e. symmet-
rically distributed, then system will be non-magnetic. In order to
investigate the contributions of spin up and spin down electrons in
different orbital of atoms, we have required PDOS analysis. From
the DOS-PDOS analysis of (HS) G-MoS2, spin up electrons and spin
down electrons of DOS and PDOS are symmetrically distributed as
shown in above Fig. 3(b) and Fig. 3(c) and both total and absolute
values of magnetization are zero. Hence, (HS) G-MoS2 has non-
magnetic nature. Furthermore, we have discussed DOS and PDOS
analysis of (HS) G-MoS2 at Mo sites vacancy defects. We obtained
DOS and PDOS plots for spin up electrons and spin down electrons
states of C-1Mo, L-1Mo and 2Mo atoms, vacancy defects taking a
reference of Fermi energy as shown Fig. 4(c), 4(b), 4(d), Fig. 5(c),
5(b), 5(d) and Fig. 6(c), 6(b), 6(d) respectively. The states above the
horizontal line represent spin up electrons and states below the
horizontal line represents spin down electrons. We see that spin up
and spin down electrons are not symmetrically distributed
showing magnetic properties. From PDOS analysis of pure and Mo
sites vacancy defects heterostructure materials G-MoS2, we found
that, magnetism is developed only due to the vacancy defects. Also,
from scf.out and pdos.out calculations, we got greater magnetic
values of 2Mo atoms than L-1Mo, C-1Mo atoms vacancy defects
which are given 5.25 Bohr-Mag/cell, 2.65 Bohr-Mag/cell and 2.61
Bohr-Mag/cell respectively.

The magnetism of considered defects materials explained based
on the contributions of electrons spins in orbitals of C, Mo and S



Fig. 4. Band structure, DOS and PDOS plots of C-1Mo atom vacancy defects (HS) G-MoS2 where horizontal dotted line represents Fermi level in band structure plot and vertical
dotted line represents Fermi level in DOS and PDOS plots (a) band structure (b) individual spin up electrons and spin down electrons PDOS orbitals of C, Mo, S atoms (c) DOS of spin
up electrons and spin down electrons (d) total spin up electrons and spin down electrons PDOS orbitals of C, Mo, S atoms.
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atoms at Mo sites vacancy defects are given in Table 3.
As shown in Fig. 4 (b) and 4(d), high PDOS value near the Fermi

level of 2p orbital of C atoms, 4d orbital of Mo atoms and 3p orbital
of S atoms reflects that many states are available for occupation.
The values of magnetism carried by all spin up and spin down
electrons in orbitals of C atoms have 63.09mB/cell, 63.12mB/cell, Mo
atoms have 58.10mB/cell, 57.29mB/cell, and S atoms have 52.78mB/cell,
50.95mB/cell at C-1Mo sites vacancy defects material (HS) G-MoS2.
Therefore, total magnetism produced by C, Mo and S atoms have
values �0.03mB/cell, 0.81mB/cell and 1.83mB/cell, it means, unpaired
spin up and spin down electrons in sub-orbital of S atoms produce
more magnetic value (magnetism) than Mo atoms and C atoms in
C-1Mo (HS) G-MoS2 material. Also, we have calculated magnetic
contributions of 2p orbital of C atoms, 4d orbital of Mo atoms and
3p orbital of S atoms only have �0.02mB/cell, 0.78mB/cell, and
1.81mB/cell values respectively. These calculations show that almost
all magnetic contributions in the system carried by 2p orbital of C
atoms, 4d orbital of Mo atoms and 3p orbital of S atoms. In L-1Mo
(HS) G-MoS2 geometry, high PDOS value of 2p orbital of C atoms, 4d
orbital of Mo atoms and 3p orbital of S atoms around Fermi level
reveals that many states are available for occupation as shown in
Fig. 5(b) and 5(d). From PDOS calculations, we got the magnetic
values of all spin up and spin down electrons in orbitals of C atoms
have 63.07mB/cell, 63.12mB/cell, Mo atoms have 58.09mB/cell,
57.26mB/cell, and S atoms have 52.83mB/cell, 50.96mB/cell respec-
tively. Hence, total magnetism produced by C, Mo and S atoms
are �0.05mB/cell, 0.83mB/cell and 1.87mB/cell respectively, which are
obtained by subtracting themagnetic values of spin down electrons
in orbitals of all atoms from spin up electrons in orbitals of all atoms
in the system. It means orbitals of all S atoms have more magnetic
contributions than Mo and C atoms; also Mo atoms have more
magnetic contributions than C atoms. These calculations show that
if higher the PDOS value, lesser will be the contributions in mag-
netic effect in L-1Mo (HS) G-MoS2 material. Also, we found that
total magnetism of only 2p orbital of C atoms, 4d orbital of Mo
atoms and 3p orbital of S atoms have values �0.04mB/cell,
0.68mB/cell and 1.84mB/cell respectively given in Table 3, means
magnetic contributions in the considered system dominated by 2p,



Fig. 5. Band structure, DOS and PDOS plots of L-1Mo atom vacancy defects (HS) G-MoS2 where horizontal dotted line represents Fermi level in band structure plot and vertical
dotted line represents Fermi level in DOS and PDOS plots (a) band structure (b) individual spin up electrons and spin down electrons PDOS orbitals of C, Mo, S atoms (c) DOS of spin
up electrons and spin down electrons (d) total. spin up electrons and spin down electrons PDOS orbitals of C, Mo, S atoms.
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4d and 3p electronic orbitals of C, Mo and S atoms. In Fig. 6(b) and
6(d), it is seen that high PDOS value near the Fermi level of 2p
orbital of C atoms, 4d orbital of Mo atoms and 3p orbital of S atoms
implies that many states are available for occupation. From PDOS
analysis, we have the magnetic values of all spin up and spin down
electrons in orbitals of C atoms have 63.12mB/cell, 63.13mB/cell, Mo
atoms have 51.19mB/cell, 49.75mB/cell, and S atoms have 54.01mB/cell,
50.19mB/cell at 2Mo vacancy defects of (HS) G-MoS2 material.
Therefore, magnetism produced by total C, Mo and S atoms have
values �0.01mB/cell, 1.44mB/cell and 3.82mB/cell, which are obtained
by subtracting the magnetic values of spin down electrons in or-
bitals of all atoms from spin up electrons in orbitals of all atoms in
the system. It also shows that orbitals of S atoms have more con-
tributions to magnetism than Mo and C atoms. Additionally, we
found thatmagnetic values of 2p orbital of C atoms, 4d orbital of Mo
atoms and 3p orbital of S atoms have �0.01mB/cell, 1.39mB/cell and
3.75mB/cell respectively, it means 2p, 4d and 3p electrons orbitals of
C, Mo, S atoms in the 2Mo (HS) GMoS2 material have dominant
contributions in magnetism. Based on the above calculations, we
have concluded that high value of PDOS means less value of
magnetism.
As we know in 2Mo vacancy defects configuration, 33 and 41
positions of Mo atoms are removed from 59 atoms geometry of (HS)
G-MoS2. The vacancy created by these atoms in structure estab-
lished asymmetrically distributed DOS-PDOS plots. Due to that
reason, unpaired spin up and spin down orbitals electrons have
magnetic values 15.14mB/cell and 13.70mB/cell. That means,
1.44mB/cell magnetism value is obtained by 33 and 41 positions of
Mo vacancy atoms in structure. On the other hand, total spin up and
spin down orbitals of S atoms in 2Mo defects structure produce
3.82mB/cell magnetism. Similarly, unpaired spin up and spin down
orbitals electrons of L-1Mo vacancy defects atom have magnetic
values of 7.63mB/cell and 6.80mB/cell at 41 positions, and it produces
0.83mB/cell magnetism. Also, unpaired spin up and spin down or-
bitals electrons of C-1Mo vacancy defects atom have magnetic
values of 7.60mB/cell and 6.79mB/cell at 37 positions and creates
0.81mB/cell magnetism. In addition, the total contributions of S
atoms orbital electrons in structures produce 1.87mB/cell and
1.83mB/cell magnetism by L-1Mo and C-1Mo atoms vacancy defects.
The magnetic contributions of all orbitals electrons of Mo and S
atoms in vacancy defects G-MoS2 hetero system, 4d of Mo and 3p of
S have dominant contributions. Thus, due to the appearance of



Fig. 6. Band structure, DOS and PDOS plots of 2Mo atoms vacancy defects (HS) G-MoS2 where horizontal dotted line represents Fermi level in band structure plot and vertical dotted
line represents Fermi level in DOS and PDOS plots (a) band structure (b) individual spin up electrons and spin down electrons PDOS orbitals of C, Mo, S atoms (c) DOS of spin up
electrons and spin down electrons (d) total spin up electrons and spin down electrons PDOS orbitals of C, Mo, S atoms.

Table 2
Fermi energy level (Ef), Fermi energy level shift to valence band (Eshift-VB), Dirac point in conduction band (Dpoint-CB), Dirac point of defects configurations shift from pure
material geometry in conduction band (Dshift-CB), total (Tm) and absolute (Am) magnetization values of pure and at Mo sites vacancy defects material (HS) G-MoS2.

Pure and defects geometry of (HS) G-MoS2 (Ef) (eV) (Eshift-VB) (eV) (Dpoint-CB) (eV) (Dshift-CB) (eV) Tm (Bohr-Mag/cell) Am (Bohr-Mag/cell)

(HS) G-MoS2 0.32 e 0.56 e 0.00 0.00
C-1Mo vacancy defects (HS) G-MoS2 �0.43 0.75 0.65 0.09 2.61 3.12
L-1Mo vacancy defects (HS) G-MoS2 �0.43 0.75 0.65 0.09 2.65 3.38
2Mo vacancy defects (HS) G-MoS2 �0.70 1.02 0.67 0.11 5.25 5.58
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magnetism, Mo sites vacancy defects (HS) G-MoS2 material seems
to be promising in usage in various devices requiring magnetic
properties. Based on PDOS analysis, we know that top of the
valence band is contributed by d orbital of Mo atom and p orbital of
S atom and bottom of conduction band is mainly contributed by
d orbital of Mo atom. Thus, d orbital of Mo and p orbital of S atom
are hybridized with each other at the top of the valence band and
2pz state of C atom in freestanding Graphene at Mo sites vacancy
defects configurations.
4. Conclusions

We have investigated the Structural, Electronic and Magnetic
properties of pure and defects geometries (HS) G-MoS2 by using the
first-principles calculations. All the calculations were performed
under DFT-D2 level of approximation with GGA, exchange corre-
lation functional including spin polarized calculation using Quan-
tum ESPRESSO code. At first, we studied structural properties of
pure and Mo sites vacancy defects (HS) G-MoS2 materials. We



Table 3
Total and individual atomic orbital contributions of C, Mo and S atoms in PDOS analysis of pure and defect geometries of (HS) G-MoS2.

Magnetic Contributions of C, Mo, S atomic orbitals in pure and Mo sites vacancy
defects (HS) G-MoS2

2Mo atoms (Bohr-
Mag/cell)

L-1Mo atom (Bohr-
Mag/cell)

C-1Mo atom (Bohr-
Mag/cell)

G-MoS2 (Bohr-
Mag/cell)

total orbital of C atoms (spin up-spin down) �0.01 �0.05 �0.03 0.00
total orbital of Mo atoms (spin up-spin down) 1.44 0.83 0.81 0.00
total orbital of S atoms (spin up-spin down) 3.82 1.87 1.83 0.00
spin up s, p orbitals of C atoms 63.12 63.07 63.09 63.25
spin down s, p orbitals of C atoms 63.13 63.12 63.12 63.25
spin up s, p, d orbitals of Mo atoms 51.19 58.09 58.10 64.89
spin down s,p,d orbitals of Mo atoms 49.75 57.26 57.29 64.89
spin up s, p orbitals of S atoms 54.01 52.83 52.78 51.52
spin down s, p orbitals of S atoms 50.19 50.96 50.95 51.52
2s orbital of C atoms �0.01 �0.01 �0.01 0.00
2p orbital of C atoms 0.00 �0.04 �0.02 0.00
4p orbital of Mo atoms 0.03 0.02 0.02 0.00
4d orbital of Mo atoms 1.39 0.68 0.78 0.00
5s orbital of Mo atoms 0.02 0.02 0.02 0.00
3p orbital of S atoms 3.75 1.84 1.81 0.00
Total magnetism 5.25 2.65 2.61 0.00
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found that, Mo sites vacancy defects geometries of (HS) G-MoS2 are
more compact than pure (HS) G-MoS2 geometry. Further, we have
studied the Electronic andMagnetic properties of pure and vacancy
defects materials (HS) G-MoS2. From the bands structure calcula-
tions of these materials, we found that pure and Mo atoms vacancy
defects of (HS) G-MoS2 structures are metallic in nature. Addi-
tionally, we saw that Fermi energy level shifted towards the valence
band in single Mo atom and two Mo atoms vacancy defects, both
the cases lead to p-type Schottky defects. To understand the Mag-
netic properties of materials, we used DOS and PDOS analysis. We
found that DOS and PDOS for spin up and spin down electrons are
symmetrically distributed in (HS) G-MoS2 and asymmetrically
distributed in C-1Mo, L-1Mo and 2Mo atoms, vacancy defects (HS)
G-MoS2. It means non-magnetic (HS) G-MoS2 changes to magnetic
materials by Mo sites vacancy defects. It was also found that total
magnetismvalues of C-1Mo, L-1Mo and 2Mo atoms vacancy defects
have 2.61 (Bohr-Mag/cell), 2.65 (Bohr-Mag/cell) and 5.25 (Bohr-
Mag/cell) respectively and 2p orbital of C atoms, 3p orbital of S
atoms and 4d orbital of Mo atoms have main contributions to the
magnetism in all three configurations.
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ABSTRACT
It is interesting to understand the effect of defects in 2D materials, because
vacancy defects in 2D materials have novel electronic and magnetic properties. In
this work, we studied electronic and magnetic properties of 1S vacancy defect
(1Sv-MoS2), 2S vacancy defects (2Sv-MoS2), 1Mo vacancy defect (Mov-MoS2),
and (1Mo & 1S) vacancy defects ((Mo-S)v-MoS2) in 2D MoS2 material by first-
principles calculations within spin-polarized density functional theory (DFT)
method. To understand the electronic properties of materials, we have analyzed
band structures and DOS calculations, and found that 1Sv-MoS2 & 2Sv-MoS2
materials have semiconducting nature. This is because, 1Sv-MoS2 & 2Sv-MoS2
materials open small energy band gap of values 0.68 eV & 0.54 eV respectively
in band structures. But, in Mov-MoS2 & (Mo-S)v-MoS2 materials, energy bands
around the Fermi level mix with the orbital’s of Mo and S atoms. As a result,
bands are split and raised around and above the Fermi energy level. Therefore,
Mov-MoS2& (Mo-S)v-MoS2 materials have metallic nature. We found that MoS2,
1Sv-MoS2& 2Sv-MoS2 materials have non-magnetic properties, and Mov-MoS2&
(Mo-S)v-MoS2 materials have magnetic properties because magnetic moment of
MoS2, 1Sv-MoS2& 2Sv-MoS2 materials have 0.00 µB/cell value and Mov-MoS2&
(Mo-S)v-MoS2 materials have 2.72 µB/cell & 0.99 µB/cell respectively. Therefore,
non-magnetic MoS2 changes to magnetic Mov-MoS2 & (Mo-S)v-MoS2 materials
due to Mo and (1Mo & 1S) vacancy defects. Magnetic moment obtained in Mov-
MoS2& (Mo-S)v-MoS2 materials due to the distribution of up and down spins in
4p, 4d & 5s orbitals of Mo atoms and 3s & 3p orbitals of S atoms in structures.
The significant values of magnetic moment are given by distributed spins in 4d
orbital of Mo atoms and 3p orbital of S atoms.
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1. Introduction

Two dimensional (2D) materials with atomic
thickness have become candidates for wearable
electronic devices in the future. Graphene and
transition metal sulfides have received extensive
attention in logic computing and sensing
applications due to their lower power dissipation
[1-3]. However, the lack of intrinsic band gap and
non-magnetic nature of graphene limits its practical
applications in widely expanding field of carbon-
based devices. Therefore, the transition metal
dichalcogenides material (TMD) Molybdenum
diSulphide (MoS2) is a suitable candidate for logic
computing (logic computing is the sequence of
operations (hardware or software) performed by
computers) and sensing (devices) applications.
MoS2 is made by Mo and S atoms stacked together
to give S-Mo-S in a triangular prismatic
arrangement [4]. The band structure of MoS2
depends on the number of layers, and the single
layer MoS2 has a direct band gap of energy 1.80 eV
[5]. The band is opened in between the lower
energy band of conduction band and higher energy
band of valence band. Due to the wide band gap
(1.80 eV), MoS2 provides huge opportunities for
electrical and optoelectronics [6-9]. In recent years,
a lot of research has been carried out surrounding
MoS2, and various new electronic devices based on
MoS2 have emerged, including gas sensors,
resistive memory, photo detectors, integrated logic
circuits, signal amplifiers, flexible optoelectronic
devices, solar cells and lubricants etc. [10-13].
Electronic and magnetic properties of 2D pristine
and defected materials are attracting properties in
solid-state physics because they have potential
applications in industrial as well as academic
sectors. Hence, it is interesting to understand the
effect of defects in 2D materials [14-16]. The
vacancy defects in solids causes deviation of atoms
or ions from the periodicity and they are used to
find innovative properties. They can be used to
design new materials [17]. To our best knowledge,
Mo and S atoms vacancy defects (i.e. 1Mo atom

only, 1Mo and 1S atoms together) in monolayer
MoS2 material have not been reported [5, 18-21].
These Mo and S atoms vacancy defects in MoS2
may provide significance outline for the material in
device applications. Therefore, in this work, we
focus on the electronic and magnetic properties of
Mo and S atoms vacancy defects in monolayer
MoS2 through first-principles calculations within
the frame work of density functional theory (DFT),
using computational tool quantum ESPRESSO.
The remaining part of this paper is arranged as
follows. In section 2, we introduce the
computational details. Main finding and their
interpretation are presented in section 3. Finally we
draw conclusions in section 4.

2. Computational Methods
In this work, we used spin-polarized density
functional theory (DFT) [22], with the quantum
ESPRESSO simulation package [23] and structure
visualization program XCrySDen [24], to perform
all the calculations. The Generalized Gradient
Approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) [25] is used to describe the exchange
correlation interactions. The Rappe-Rabe-Kaxiraas-
Joannopoulos (RRKJ) model of ultra-soft pseudo-
potentials is used to describe chemically active
valence electrons in calculations. The kinetic
energy cut-off and charge density cut-off values are
set to 35 Ry and 350 Ry respectively for the plane-
wave expansion. The first Brillouin zone is
sampling of a (10×10×1) Monkhorst-Pack (MP)
[26] k-points grid, which is used to perform
geometric optimizations. All the structures are fully
relaxed by Broyden-Fletcher-Goldfarb-Shanno
(BFGS) scheme [27], until the energy and force are
converged less than 10-4 Ry and 10-3 Ry/Bohr
values respectively. The mesh of (6×6×1) k-points
grid is used to perform all bands structure
calculations and automatic denser mesh (12×12×1)
k-points is used for density of states (DoS) and
partial density of states (PDoS) calculations, where
in both the cases, 100 k-points are chosen along the
high symmetric points connecting the reciprocal
space. The Marzarri-Vanderbilt (MV) [28]
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smearing of small width 0.001 Ry is used. In
addition, we have chosen ‘david’ diagonalization
method with ‘plain’ mixing mode and mixing
factor of 0.6 for self consistency.

In present work, we have constructed (3×3)
supercell structure of monolayer MoS2 from the
unit cell by extending along x and y direction as
shown in figure 1(a). Then, we have generated
stable and relaxed structures of 1S vacancy defect
in MoS2 (1Sv-MoS2), 2S vacancy defects in MoS2
(2Sv-MoS2), 1Mo vacancy defect in MoS2 (Mov-
MoS2) and (1Mo & 1S) vacancy defects in MoS2
(Mo-S)v-MoS2 materials as shown in figures 1(b-i).
These prepared structures are used for further
investigations.

3. Results and Discussion

In this section, we reported first-principles
calculations within the frame work of spin-
polarized DFT method to study electronic and
magnetic properties of Mo and S atoms vacancy
defects in MoS2 material.

3.1 Electronic Properties

The electronic properties of 1Sv-MoS2, 2Sv-MoS2,
Mov-MoS2 and (Mo-S)v-MoS2materials are studied
by the analysis of band structures and DoS
calculations using DFT method. The optimized and
relaxed structures of MoS2, 1Sv-MoS2, 2Sv-MoS2,
Mov-MoS2 and (Mo-S)v-MoS2 materials are shown
in figures 1(a-i) respectively. Before study the band
structures and DoS calculations of 1Sv-MoS2, 2Sv-
MoS2, Mov-MoS2 and (Mo-S)v-MoS2 materials, we
need to understand the electronic properties of pure
MoS2 material. We know that the electronic
configurations of valence electrons in Mo and S
atoms are [Kr] 4d5 5s1 and [Ne] 3s2 3p4 respectively.
A hexagonal unit cell of monolayer MoS2 on the
basis of three (1Mo & 2S) atoms in honeycomb
lattice structure is initially constructed by using
reported value [29, 30]. It is built up by single
layers of S-Mo-S atoms. It consists of two planes of
Sulphur (S) atoms and an intercalated plane of
Molybdenum (Mo) atom which bounds with the

Sulphur atoms in a trigonal prismatic arrangement.
Each Mo atom is surrounded by six first nearest
neighboring S atoms. Based on convergence test,
we obtained the lattice constant ‘a’ for MoS2 equals
to 3.137Å, which agrees with the reported value
3.19Å [31]. The (3×3) supercell structure of
monolayer MoS2 is constructed by using the lattice
constant which is three times that of the unit cell as
shown in figure 1(a).

We have done band structure calculations of MoS2
supercell structure, and obtained band gap energy
value 1.23 eV, this value is close to reported value
1.80 eV [26]. Therefore, we also concluded that
monolayer MoS2 is a wide band gap semiconductor.
The band structure of monolayer MoS2 is shown in
figure 2(a), where x-axis represents high symmetric
points in the first Brillouin zone and y-axis
represents the corresponding energy values.

In addition, we have prepared stable and relaxed
structures of 1Sv-MoS2, 2Sv-MoS2, Mov-MoS2 and
(Mo-S)v-MoS2 by removing 1S, 2S, 1Mo and (1Mo
& 1S) atoms in supercell structure of MoS2, with
defects formation energy 0.52 eV, 0.76 eV, 0.64
eV and 0.87 eV respectively. These defects
formation energy are calculated by using the
standard formalism [32];

Ed = ET-d – (ET-p+ ndµd) … (1)

where, ET-d is a total energy of a supercell with the
defects, nd, is the numbers of atom removed from
the perfect super cell to introduce a vacancy, µd is
chemical potentials of defected atom in structures,
ET-p is the total energy of the neutral perfect
supercell respectively. Defects formation energy
values of these materials are given in table 1. The
stability of these structures is observed by binding
energy calculations. Higher the value of binding
energy means, systems are more stable. The
binding energy of materials depends upon
calculated total energy of the systems, which are
also given in table 1.
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Fig. 1: (a) (3×3) supercell structure of monolayer MoS2 (b) Before 1S vacancy defect in (3×3) supercell
structure of monolayer MoS2 (c) 1S vacancy defect in (3×3) supercell structure of monolayer MoS2 (d)
before 2S vacancy defects in (3×3) supercell structure of monolayer MoS2 (e) 2S vacancy defects in (3×3)
supercell structure of monolayer MoS2 (f) Before 1Mo vacancy defect in (3×3) supercell structure of
monolayer MoS2 (g) 1Mo vacancy defect in (3×3) supercell structure of monolayer MoS2 (h) Before 1Mo
& 1S vacancy defects in (3×3) supercell structure of monolayer MoS2 (i) 1Mo & 1S vacancy defects in
(3×3) supercell structure of monolayer MoS2.

We calculated the inter-atomic distances of atoms
in pristine and defected MoS2 monolayer. It is
found that compactness of the materials is
decreased due to vacancy defects in structure. This

is because, inter-atomic bondings are broken due to
vacancy defect atom (atoms) in structures, and
remaining atoms are loosely bounded to each other.
The inter–atomic distances in pristine and vacancy
defected MoS2 materials are given in table 2.
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Table 1: Fermi energy (Ef), Fermi energy shift (Es), bandgap energy (Eg), total energy of system (Et),
defects formation energy (Ed), total value of magnetic moment (M), and magnetic moment due to total up
& down spins states of electrons (µ) in 4p, 4d & 5s orbitals of Mo atoms; 3s & 3p orbitals of S atoms in
1Sv-MoS2, 2Sv-MoS2, Mov-MoS2, and (Mo-S)v-MoS2materials.

Data of band structures, DoS
and PDoS calculations of
MoS2,
Sv-MoS2, Mov-MoS2& (Mo-
S)v-MoS2materials

MoS2 1Sv-MoS2 2Sv-MoS2 Mov-MoS2 (Mo-S)v-MoS2

Ef (eV) -1.89 -1.97 -2.02 -2.30 -2.33
Es (eV) - 0.08 0.13 0.41 0.44
Eg (eV) 1.23 0.68 0.54 - -
Et (Ry) -1741.61 -1718.60 -1696.58 -1593.42 -1570.53
Ed (eV) --- 0.52 0.76 0.64 0.87
µ due to 4p of Mo atoms
(µB/cell)

0.00 0.00 0.00 0.03 0.01

µ due to 4d of Mo atoms
(µB/cell)

0.00 0.00 0.00 0.73 0.23

µ due to 5s of Mo atoms
(µB/cell)

0.00 0.00 0.00 0.03 0.01

µ due to 3s of S atoms (µB/cell) 0.00 0.00 0.00 0.04 0.02
µ due to 3p of S atoms (µB/cell) 0.00 0.00 0.00 1.89 0.72
T Total value of magnetic
moment M (µB/cell)

0.00 0.00 0.00 2.72 0.99

Table 2: Inter-atomic distances in pristine MoS2 and vacancy defects MoS2materials, where S-S, Mo-Mo
and Mo-S represent inter-atomic bonding in between any two neighbouring Sulphur atoms, any two
Molybdenum atoms and nearest neighbour 1Mo and 1S atoms in structures.

Inter-atomic
distances of
pristine MoS2
and defected
MoS2 monolayer
along x, y and z
axis

x-axis (Å) y-axis (Å) z-axis (Å)

S–S Mo-Mo Mo-S S-S Mo-Mo Mo-S S-S Mo-Mo Mo-S

Pristine MoS2 0.00 1.57 1.52 0.00 2.74 0.90 3.13 0.00 1.56
1S defect MoS2 0.00 1.57 1.54 0.00 2.74 0.91 3.14 0.00 1.57
2S defects MoS2 0.00 1.58 1.56 0.00 2.75 0.92 3.15 0.00 1.58
1Mo defect
MoS2

0.00 1.61 1.58 0.00 2.78 0.95 3.15 0.03 1.60

1Mo & 1S
defects MoS2

0.02 1.62 1.59 0.02 2.78 0.97 0.01 0.03 0.62
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We have done band structures calculations of 1Sv-
MoS2, 2Sv-MoS2, Mov-MoS2 and (Mo-S)v-MoS2
materials as shown in figures 2(b-e) respectively,
where 100 k-points are taken along the specific
direction of irreducible Brillouin zone by choosing
Γ-M-K-Γ high symmetric points. Also, high
symmetric points in the first Brillouin zone are
taken along x-axis and corresponding energies are
taken along y-axis.

The 1Sv-MoS2 and 2Sv-MoS2 materials have
opened narrow band gap of values 0.68 eV and
0.54 eV respectively as shown in figures 2(b-c).
Hence, the materials resemble with the nature of
semiconductors. The band gap energy value of
defected materials decreases with increase in
defects concentrations in MoS2 structure, which
determines the conductivity strength of materials.
Thus, the strength of conductivity in 2Sv-MoS2 is
greater than 1Sv-MoS2. Also, conductivity of
defected materials is higher than non-defected
monolayer MoS2 supercell structure. On the other
hand, bands states of Mov-MoS2 and (Mo-S)v-MoS2
materials split and cross the Fermi energy level as
shown in figures 2(d-e) respectively. Bands around
Fermi level mix with the orbital’s of Mo vacancy in
Mov-MoS2, and (1Mo & 1S) vacancies in (Mo-S)v-
MoS2. The states associated with the dangling bond
and reconstructed Mo-S bond of vacancy occurs
near the top of valence band and in conduction
band, and appear as flat bands as shown in figures
2(d) and 2(e). Therefore, from the band calculations,
Mov-MoS2 and (Mo-S)v-MoS2 materials have
metallic nature. The vacancies position of S and
Mo atoms in structures creates unpaired spins of
electrons in sub-orbitals of Mo-S atoms in
structures. We have calculated the Fermi energy of
1Sv-MoS2, 2Sv-MoS2, Mov-MoS2 and (Mo-S)v-
MoS2 materials and found -1.97 eV, -2.02 eV, -2.30
eV and -2.33 eV values respectively. These
obtained different values of Fermi energy are, due
to unpaired total up & down spins states of
electrons and movement of charges carriers in
structures.

We have analyzed DoS and PDoS calculations for
the investigation of magnetic properties in
materials. Figures 3(a) and 3(b) represent DoS and
PDoS plots of pure monolayer MoS2; figures 4(a)
and 4(b) represent total DoS plots of Sv-MoS2 and
2Sv-MoS2 materials, figures 4(c) and 4(d) represent
total PDoS plots of 1Sv-MoS2 and 2Sv-MoS2
materials, figures 5(a) and 5(b) represent total DoS
plots of Mov-MoS2 and (Mo-S)v-MoS2 materials,
and figures 5(c) and 5(d) represent total PDoS plots
of Mov-MoS2 and (Mo-S)v-MoS2 materials
respectively, where the states above the horizontal
line represents up spin states of electrons and a
state below the horizontal line represents down spin
states of electrons.

3.2 Magnetic Properties

The induced magnetization in the materials is
obtained by analysis of DoS and PDoS calculations
of materials. The asymmetrically distributed up and
down spins states of electrons in DoS and PDoS
plots reflect, materials have magnetic properties,
and symmetrically distributed up and down spins
states of electrons in DoS and PDoS plots means,
materials carry non-magnetic properties. Up and
down spins states of electrons in the orbitals of Mo
& S atoms are symmetrically distributed in DoS
and PDoS plots of MoS2, 1Sv-MoS2 and 2Sv-MoS2
materials are shown in figures 3(a) & 3(b), figures
4(a) & 4(c), and 4(b) & 4(d) respectively. Magnetic
moment due to up and down spins states of
electrons in 4p, 4d & 5s orbitals of Mo atoms and
3s & 3p orbitals of S atoms in MoS2, 1Sv-MoS2 and
2Sv-MoS2 have value 0.00 µB/cell, which are given
in table 1. Therefore, MoS2, 1Sv-MoS2 and 2Sv-
MoS2 materials have non-magnetic properties.

We have investigated magnetic properties of Mov-
MoS2 and (Mo-S)v-MoS2 materials from the DoS
and PDoS calculations using spin-polarized DFT
method. The DoS and PDoS of up and down spins
states of electrons near the Fermi level are
asymmetrically distributed in Mov-MoS2 material
as shown in figures 5(a) & 5(c) respectively.
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Fig. 2: (a) Band structure of monolayer MoS2 (b) Band structure of 1S vacancy defect in monolayer MoS2
(c) Band structure of 2S vacancy defects in monolayer MoS2 (d) Band structure of 1Mo vacancy defect in
monolayer MoS2 (e) Band structure of (1Mo & 1S) vacancy defects in monolayer MoS2. In all band
structure plots, horizontal dotted line represents Fermi energy level.

Fig. 3: (a) Total DoS of (3×3) supercell structure of monolayer MoS2 (b) PDoS of up and down spins
states of electrons in the individual orbitals of Mo & S atoms in (3×3) supercell structure of MoS2
material. In DoS and PDoS plots, vertical dotted line represents Fermi energy level.
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Fig. 4: (a) Total DoS of up & down spins states of electrons in the orbitals of Mo & S atoms in 1S
vacancy defect in MoS2 material (b) Total DoS of up & down spins states of electrons in the orbitals of
Mo & S atoms in 2S vacancy defects in MoS2material (c) PDoS of up & down spins states of electrons in
the individual orbital of Mo & S atoms in 1S vacancy defect MoS2 material (d) PDoS of up & down spins
states of electrons in the individual orbital of Mo & S atoms in 2S vacancy defects MoS2 material. In DoS
and PDoS plots, vertical dotted line represents Fermi energy level.
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Fig. 5: (a) Total DoS of up & down spins states of electrons in the orbitals of Mo & S atoms in 1Mo
vacancy defect in MoS2 material (b) Total DoS of up & down spins states of electrons in the orbitals of
Mo & S atoms in (1Mo & 1S) atoms vacancy defects MoS2material (c) PDoS of up & down spins states
of electrons in the individual orbital of Mo & S atoms in 1Mo vacancy defect in MoS2 material (d) PDoS
of up & down spins states of electrons in the individual orbital of Mo & S atoms in (1Mo & 1S) atoms
vacancy defects MoS2 material. In DoS and PDoS plots, vertical dotted line represents Fermi energy level.

This is because, electron’s spins degeneracy of the
bands due to Mo vacancy defects, bands are broken
and splited. As a result, Mov-MoS2 material bears
magnetic properties. We have also calculated the

magnetic moments given by spins of electrons in
4p, 4d & 5s orbitals of Mo atoms and 3s & 3p
orbitals of S atoms having values 0.03 µB/cell, 0.73
µB/cell & 0.03 µB/cell; and 0.04 µB/cell & 1.89
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µB/cell in Mov-MoS2 material respectively. Hence,
total value of magnetic moment in Mov-MoS2
material is 2.72µB/cell. From above calculations,
we know that spins states of electrons in 4d orbital
of Mo atoms, and 3p orbital of S atoms have
dominant contributions for magnetism. Similarly,
the spins states of electrons in the orbital of Mo &
S atoms of (Mo-S)v-MoS2 material near the Fermi
energy level are asymmetrically distributed in DoS
and PDoS plots as shown in figures 5(b) & 5(d)
respectively. Magnetic moment is given by spins
states of electrons in 4p, 4d & 5s orbitals of Mo
atoms; and 2s & 2p orbitals of S atoms; in structure
have values 0.01 µB/cell, 0.23 µB/cell & 0.01
µB/cell; and 0.02 µB/cell & 0.72 µB/cell respectively.
The total magnetic moment in (Mo-S)v-MoS2
material has value 0.99 µB/cell. Therefore, (Mo-S)v-
MoS2 material has magnetic properties. 4d orbital
of Mo and 3p orbital of S atoms give greater values
of magnetic moment than magnetic moment given
by other orbitals of atoms in the material. Magnetic
moment of Mov-MoS2 is higher than that of (Mo-
S)v-MoS2 material because unequal unpaired
(dangling) bonds are present in structures. These
dangling bonds are formed due to the effects of
1Mo atom vacancy defects and (1Mo & 1S) atoms
vacancy defects in the materials. It is also seen that
spins polarization of atoms in (1Mo &1S) atoms
vacancy defects structure is less than 1Mo atom
vacancy defects structure.

4. Conclusions and Concluding Remarks

The novel properties in MoS2 material are
developed due to Mo and S atoms vacancy defects.
The electronic and magnetic properties of 1Sv-
MoS2, 2Sv-MoS2, Mov-MoS2 and (Mo-S)v-MoS2
materials are studied through first-principles
calculations within the frame work of spin-
polarized DFT method using computational tool
quantum ESPRESSO. We have prepared stable

structures of these materials, and then analyzed
their band structures, DoS and PDoS calculations.
From the band structure calculations, we found that
1Sv-MoS2 and 2Sv-MoS2 materials have open small
energy band gap of value 0.68 eV and 0.58 eV in
both up and down spins electronic states, which
implies that 1Sv-MoS2 and 2Sv-MoS2 resemble with
the nature of semiconductors. Thus, conductivity of
material increases with increase in its defects
concentrations. On the other hand, Mov-MoS2 and
(Mo-S)v-MoS2 materials have metallic properties
because bands around the Fermi level mix with the
orbital’s of Mo vacancy in Mov-MoS2, and (Mo &
S) vacancies in (Mo-S)v-MoS2. The states
associated with the dangling bond and
reconstructed Mo-S bond of vacancy occurs near
the top of valence band and in conduction band,
and appear as flat bands. The charge densities
associated in these bands are localized. From the
analysis of DoS and PDoS calculations, we found
that MoS2, 1Sv-MoS2 and 2Sv-MoS2 materials have
non-magnetic properties. The non-magnetic MoS2
material changes to magnetic Mov-MoS2 and (Mo-
S)v-MoS2 materials, due to 1Mo atom vacancy
defects in monolayer MoS2 and (1Mo & 1S) atoms
vacancy defects in monolayer MoS2 structure
respectively. Total magnetic moment of Mov-MoS2
and (Mo-S)v-MoS2 materials have values 2.72
µB/cell and 0.99 µB/cell respectively. Significant
values of magnetic moment are obtained due to the
distribution of electrons spins in 4p, 4d, & 5s
orbitals of Mo atoms and 3s & 3p orbitals of S
atoms in both materials.
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ABSTRACT 

Water adsorbed in MoS2 (wad-MoS2), 1S atom vacancy defect in wad-MoS2 (1S-wad-MoS2), 2S atoms vacancy defects in 

wad-MoS2 (2S-wad-MoS2), and 1Mo atom vacancy defect in wad-MoS2 (Mo-wad-MoS2) materials were constructed, and 

their structural, electronic, and magnetic properties were studied by spin-polarized density functional theory (DFT) based 

first-principles calculations. The wad-MoS2, 1S-wad-MoS2, 2S-wad-MoS2, and Mo-wad-MoS2 materials were found stable. 

From band structure calculations, wad-MoS2, 1S-wad-MoS2 and 2S-wad-MoS2 materials open energy bandgap of values 

1.19 eV, 0.65 eV and 0.38 eV respectively. Also, it was found that the conductivity strength of the material increases 

with an increase in the concentration of S atom vacancy defects in the structure. On the other hand, the Mo-wad-MoS2 

material has metallic properties because energy bands of electrons crossed the Fermi energy level in the band structure. 

For the investigation of magnetic properties, the density of states (DoS) and partial density of states (PDoS) calculations 

were used and found that wad-MoS2, 1S-wad-MoS2, and 2S-wad-MoS2 are non-magnetic materials, while Mo-wad-MoS2 is 

a magnetic material. The total magnetic moment of Mo-wad-MoS2 has a value of 2.66 µB/cell, due to the arrangement of 

unpaired up-spin and down-spin of electrons in 3s & 3p orbitals of S atoms; and 4p, 4d & 5s orbitals of Mo atoms in the 

material. 

Keywords: DFT, Magnetic moment, Spins, Vacancy defects, Water adsorbed MoS2. 

INTRODUCTION 

Molybdenum disulphide (MoS2) is a two dimensional 

(2D) transition metal dichalcogenides (TMDS) material. It 

has a direct band gap semiconductor of band gap energy 

1.80 eV (Mak et al., 2010), although it was reported 1.16 

eV in the bulk state using density functional theory 

implemented in tight binding linear Muffin-tin orbital 

approach (Sedhain & Kaphle, 2017). The band gap is 

opened between the lowest energy of the conduction band 

and the highest energy of the valence band at the k-point. 

MoS2 has a high carrier mobility of 200 cm
2
/Vs, and a 

high on/off current ratio of 10
8
 at room temperature, so it 

is used in the field of FETs and photo-detectors 

(Radisavljevic et al., 2011; Jean & Konor, 2007). Both the 

theoretical and experimental research groups have studied 

the physical properties of monolayer MoS2. 

The physical properties are very sensitive to pressure, 

electric field and strain, because transitions from 

semiconductors to metal are observed in monolayer MoS2 

due to strain and electric field (Yun et al., 2012; Ataca & 

Ciraci, 2011; Ataca et al., 2011; Johari & Shenoy, 2012; 

Kumar & Ahluwalia, 2012; Scalise et al., 2012; Li & 

Chen, 2014). So, MoS2 is used in the field of 

optoelectronics and nanoelectronics devices, as solid 

lubricants and as catalytic surfaces for hydrogen storage 

(Novoselov et al., 2012; Neto et al., 2009; Li & Zhu, 

2015; Radisavljevic et al., 2011). Hence, it is known as 

some of the most studied nano-materials due to their 

different array of technological and industrial 

applications. MoS2 has also been studied for the 

adsorption of water molecules because the devices made 

by MoS2 sometimes have to be used in a moisture 

environment. The physical properties (electronic, 

magnetic, and tribologic) are affected by adsorbed 

molecules (like water molecule, hydrogen atom) in 

monolayer MoS2 (Panitz et al., 1988; Zhao et al., 2010; 

Pantha & Adhikari, 2015; Pantha et al., 2020). Hence, the 

adsorption of a water molecule in monolayer MoS2 is one 

of the promising approaches to modify and deceive 

unwanted properties of any constituent. The water 

adsorbed MoS2 losses its lubricity because water-driven 

oxidation in MoS2 material leads to the formation of 

molybdenum trioxide (MoO3) (Liang et al., 2008; Liang 

et al., 2011). 

Defects in the structure are one of the promising 

approaches to adapt and exploit the unwanted properties 

of materials. Hence, they influence the properties of 

materials in solids (Kettel et al., 1996). The electronic and 

magnetic properties are attractive properties of the 

materials. Mo vacancy defect in material develops 

magnetic properties (Neupane & Adhikari, 2020). 

Magnetic materials have conceivable applications in the 

fields of biomedicine, molecular biology, biochemistry, 

diagnosis, catalysis, nanoelectronic devices, magnetic 

sensors, computers, magnetic recording media, electric 

power generators, and transformers (Makarova et al., 

2019; Peng et al., 2016). 
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To our best knowledge, electronic and magnetic 

properties Mo vacancy defect and S vacancy defect 

respectively in water adsorbed MoS2 material have not 

been reported. Therefore, in present work, we studied the 

structural, electronic, and magnetic properties of Mo 

vacancy defect in water adsorbed MoS2 material, and S 

vacancy defects in water adsorbed MoS2 material by spin-

polarized DFT theory based first-principles calculations.   

MATERIALS AND METHODS 

First-principles calculation was performed to investigate 

the structural, electronic, and magnetic properties of water 

adsorbed in MoS2, and Mo & S atoms vacancy defects in 

water adsorbed MoS2 materials within the framework of 

DFT theory (Hohenberg & Kohn, 1964), using Quantum 

ESPRESSO (QE) computational package (Giannozzi et 

al., 2009), and structure visualization program XCrySDen 

(Kokalj, 1999). The electronic exchange and correlation 

effects in the systems were treated by generalized gradient 

approximation (GGA) using Perdew-Burke-Ernzerhof 

(PBE) (Perdew et al., 1996). Rappe-Rabe-Kaxiraas-

Joannopoulos (RRKJ) model of ultra-soft pseudo-

potentials was used to explain the chemically active 

valence electrons in our calculations. The Broyden-

Fletcher-Goldfarb-Shanno (BFGS) algorithm (Pfrommer 

et al., 1997) was used to relax the structures until the total 

energy change was less than 10
-4 

Ry between two 

consecutive self-consistent field (SCF) steps and each 

component of force acting was less than 10
-3 

Ry/Bohrs to 

get geometrically optimized structures. The unit cell was 

optimized to lattice parameter (a), kinetic energy cut-off 

(Ecut) for plane-wave and the number of k-points along ‘x’ 

and ‘y’ axes, respectively. 

The values of lattice constant (a = 3.18 Å), kinetic energy 

cut-off (Ecut = 35 Ry), charge density cut-off (ρ = 350 Ry), 

and a mesh of (16×16×1) k-points of MoS2 unit cell were 

obtained from the convergence test. A mesh of (16×16×1) 

k-points of MoS2 unit cell was found from the plot of the 

total energy versus the number of k-points, where the 

energy of the unit cell of monolayer MoS2 was almost 

constant after nkx =16. Hence, in the unit cell of MoS2, a 

mesh of (16×16×1) k-points was used for the Brillouin-

zone integration. For the (3×3) supercell structure of 

MoS2, the lattice constant was three times that of the unit 

cell and a mesh of k-points was reduced to (6×6×1). The 

reduction of the mash was due to the relation of direct and 

reciprocal lattice geometries. The Marzarri-Vanderbilt 

(MV) (Marzari et al., 1999), method of smearing with a 

small width of 0.001Ry was used. In addition, ‘david’ 

diagonalization method was chosen with ‘plain’ mixing 

mode and a mixing factor of 0.6 for self-consistency. 

Spin-polarized calculations were allowed to study the 

magnetic properties of the systems. For band structure 

calculations, 100 k-points were chosen along the high 

symmetric points connecting the reciprocal space. For the 

density of states (DoS) and partial density of states 

(PDoS) calculations, denser meshes of (12×12×1) k-

points were taken. 

In the present work, water adsorbed MoS2 structure, and 

Mo & S atoms vacancy defects in water adsorbed MoS2 

structures were prepared. At first, wad-MoS2 material was 

constructed by adsorbing water molecules at 2.52 Å 

distance above the surface of MoS2. Then, a Mo atom 

vacancy defect in the wad-MoS2 structure (Mo-wad-MoS2) 

was created by removing 1Mo atom in wad-MoS2. 

Similarly, 1S and 2S atoms vacancy defects in wad-MoS2 

structure (i.e. 1S-wad-MoS2 & 2S-wad-MoS2) were 

constructed by removing upper-1S atom in wad-MoS2 and 

2S (upper-1S & lower-1S) atoms in wad-MoS2 structure 

respectively. All these structures were then optimized and 

relaxed by using the BFGS scheme for further 

calculations. Fig. 1 represents stable and relaxed water 

adsorbed in MoS2 (wad-MoS2), Mo atom vacancy defect in 

water adsorbed MoS2 (Mo-wad-MoS2), 1S (upper-S atom) 

vacancy defect in water adsorbed MoS2 (1S-wad-MoS2), 

and 2S (1S-upper & 1S-lower) atoms vacancy defects in 

water adsorbed MoS2 (2S-wad-MoS2) materials. 

RESULTS AND DISCUSSION 

The main findings and their interpretations are presented 

in this section. Spin-polarized DFT calculations were 

carried out for the first-principles study of wad-MoS2, Mo-

wad-MoS2, 1S-wad-MoS2, and 2S-wad-MoS2 materials using 

computational tools Quantum ESPRESSO. 

Structural analysis 

The (3×3) supercell structure of monolayer MoS2 was 

prepared by extending optimized primitive unit cell along 

‘x’ and ‘y’ directions using structural visualization tool 

XCrySDen. The distance between Mo and S atoms in 

MoS2 was equal to 3.18 Å. This value agrees with the 

experimentally reported value of 3.19 Å (Kadantsev & 

Hawrylak, 2012). Different stacking configurations of 

wad-MoS2 material were prepared by keeping water 

molecules at different positions on the surface of MoS2 

material. It found that the optimized and relax structure of 

wad-MoS2 material formed by adsorbing water molecules 

at 2.52 Å distance above the top surface of MoS2 was 

more stable than other configurations. This stable 

structure is shown in Fig. 1(a). 

The stability of structures was determined by binding 

energy calculations. The greater value of binding energy 

was more favorable for the stability of the system. The 

binding energy of wad-MoS2 was calculated by using the 

relation (Vu et al., 2020), as depicted in equation (1);   

 Eb = Ewater + EMoS2 – Ewater/MoS2   (1)  

Where, Ewater, EMoS2, and Ewater/MoS2 represent ground state 

energy of relaxing water molecule, monolayer MoS2, and 

water adsorbed in monolayer MoS2 materials, respectively. 
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After that, Mo-wad-MoS2, 1S-wad-MoS2, and 2S-wad-MoS2 

structures were prepared by removing 1Mo atom, upper-

1S atom, and 2S (upper-1S & lower-1S) atoms, 

respectively, in the wad-MoS2 structure. Where, out of 9 

Mo atoms in wad-MoS2, the concentration of Mo atom in 

Mo vacancy defect wad-MoS2 structure was found to be 

11.11 %. Also, the concentration of S atoms in 1S 

vacancy defect wad-MoS2 and 2S vacancy defects wad-

MoS2 structures were found to be 3.04 % and 7.41 %, 

respectively. The defects formation energy of these 

materials was calculated by the relation (Hou et al., 2012), 

as given by equation (2);  

Ef = ETd + ndµd – ETP    (2)    

Where ETd is the total energy of a supercell with the 

defects, nd is the numbers of defects atoms removed from 

the perfect supercell to introduce a vacancy, µd is chemical 

potential of defects atoms, ETP is the total energy of the 

neutral perfect supercell. The calculated defect formation 

energy of Mo-wad-MoS2, 1S-wad-MoS2 and 2S-wad-MoS2 

materials have values 0.68 eV, 0.58 eV and 0.82 eV, 

respectively. The lower value of defect formation energy 

means, materials are more stable. Thus, 1S-wad-MoS2 is 

more stable than 2S-wad-MoS2 & Mo-wad-MoS2 materials. 

The obtained defect formation energy values are 

comparable with the defect formation energy of other 2D 

materials (Neupane & Adhikari, 2021). The defective 

structures were then relaxed by using the BFGS method. 

The relaxed-stable Mo-wad-MoS2, 1S-wad-MoS2 & 2S-

wad-MoS2 materials are shown in Figs. 1(c), 1(e) & 1(g), 

respectively. The binding energy of these materials is 

given in Table 1. 
  

 

Fig. 1. (a) Water adsorbed MoS2 structure, (b) Before 1Mo atom vacancy defect in water adsorbed MoS2 structure, (c) 

1Mo atom vacancy defect in water adsorbed MoS2 structure, (d) Before upper-1S atom vacancy defect in water 

adsorbed MoS2 structure, (e) Upper-1S atom vacancy defect in water adsorbed MoS2 structure, (f) Before 2S atoms 

vacancy defects in water adsorbed MoS2 structure (g) 2S atoms vacancy defects in water adsorbed MoS2 structure 

Electronic properties 

The electronic properties of wad-MoS2, Mo-wad-MoS2, 1S-

wad-MoS2, and 2S-wad-MoS2 materials were studied by the 

analysis of band structure calculations. To know the effect 

of the adsorbed water molecule in (3×3) supercell of 

monolayer MoS2, first need to understand the electronic 

properties of (3×3) supercell structure of MoS2. It is a 

wide band gap semiconductor of band gap value 1.65 eV 

(Neupane & Adhikari, 2020), this value is close to the 

experimentally reported value of 1.80 eV (Phuc et al., 

2018). The bandgap energy of wad-MoS2 was found to be 

1.19 eV which is less than the reported band gap energy 

value of supercell MoS2. 

Therefore, the band gap energy of wad-MoS2 was reduced 

due to the adsorption of the water molecule in pure MoS2 

super cell structure as shown in Fig. 2(a). Similarly, we 

have calculated the band gap energy values of 1S-wad-

MoS2 and 2S-wad-MoS2 materials from their band 

structure plots as shown in Figs. 2(b) & 2(c), respectively, 

wherein all band structure plots, the x-axis represents high 

symmetric points in the first Brillouin-zone and the y-axis 

represents the corresponding energy values. 
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The band gap energy value of these materials was found 

to be 0.65 eV and 0.38 eV, respectively. These values are 

less than the band gap energy value of wad-MoS2. Hence, 

from all these calculations, we concluded that wad-MoS2, 
1S-wad-MoS2, and 2S-wad-MoS2 materials resemble the 

nature of semiconductors. But, the conductivity strength 

of the material increases with an increase in its defect 

concentration. Also, the band structure of Mo-wad-MoS2 

was analyzed, and found that the energy band of electrons 

crossed the Fermi energy level as shown in Fig. 2(d). 

Hence, Mo-wad-MoS2 is metallic in nature. 

 
Table 1. Fermi energy (Ef), Fermi energy shift (Es), band gap energy (Eg), binding energy (Eb), defects formation energy 

(Ed ), total magnetic moment (M), and magnetic moment (µ) due to up-spin and down-spin of electrons in 4p, 4d & 

5s orbitals of Mo atoms; 3s & 3p orbitals of S atoms; 2s & 2p orbitals of O atom; 1s orbital of H atoms; of wad-

MoS2, 1S-wad-MoS2, 2S-wad-MoS2 and Mo-wad-MoS2 materials  

 wad-MoS2 1S-wad-MoS2 2S-wad-MoS2 Mo-wad-MoS2 

Ef  (eV) -2.04 -2.02    -2.10    -2.48 

Es (eV)    - 0.02  0.06 0.44 

Eg (eV)         1.19                              0.65                              0.38                                -                            

Eb (eV) 0.15 0.13   0.10 0.08 

 Ed  (eV)    - 0.58                    0.82                    0.68                    

µ-due to 4p of Mo atoms (µB/cell) 0.00 0.00 0.00   0.20 

µ-due to 4d of Mo atoms (µB/cell) 0.00 0.00 0.00   0.66 

µ-due to 5s of Mo atoms (µB/cell) 0.00 0.00  0.00   0.02 

µ-due to 3s of S atoms (µB/cell) 0.00 0.00 0.00 0.04 

µ-due to 3p of S atoms (µB/cell) 0.00 0.00 0.00 1.74 

µ-due to 2s of O atom (µB/cell) 0.00 0.00                                0.00              0.00 

µ-due to 2p of O atom (µB/cell) 0.00 0.00 0.00                              0.00 

µ-due to 1s of H atoms (µB/cell) 0.00 0.00                            0.00 0.00 

     Total  magnetic moment  M (µB/cell) 0.00 0.00   0.00   2.66  

 

(a)  (b)  

(c)  (d)  

Fig. 2. (a) Band structure of (a) water adsorbed MoS2 

material, (b) upper-1S atom vacancy defect in water 

adsorbed MoS2 material, (c) 2S atoms vacancy 

defects in water adsorbed MoS2 material, (d) 1Mo 

atom vacancy defect in water adsorbed MoS2 

material 

 

The metallic and semiconductor nature in defected 

materials were obtained because the edges and vacancies 

are very sensitive locations for molecular adsorption due 

to the under-coordination of atoms in the edge or around 

the vacancy. They also play a special role either in 

determining the geometrical conformation of layered 

materials and inducing modifications of the electronic 

properties of the layers themselves. It is know that 

electronic configurations of valence electrons in Mo, S, O 

and H atoms are [Kr] 4d
5
 5s

1
, [Ne] 3s

2
 3p

4
, [He] 2s

2
 2p

4
 

and 1s
1
, respectively. Each Mo atom has one unpaired up-

spin in sub-orbital 5s and 4dxy, 4dxz, 4dyz, 4dx
2
-y

2
, 4dz

2
; S 

atom has paired spins (up-spin and down-spin) in 3px sub-

orbital and one unpaired up-spin in 3py, 3pz sub-orbital, 

and each O atom contains paired spins in 2px sub-orbital 

and single unpaired up-spin in 2py and 2pz sub-orbital, H 

atom has single unpaired up-spin in 1s orbital. Due to the 

arrangement of unpaired up and down spin states of 

electrons in the orbitals of atoms in all wad-MoS2, 1S-wad-

MoS2, 2S-wad-MoS2 and Mo-wad-MoS2 materials 

developed different values of Fermi energy. The Fermi 

energy values of wad-MoS2, 1S-wad-MoS2, 2S-wad-MoS2 

and Mo-wad-MoS2 materials were found -2.04 eV, -2.02 
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eV, -2.10 eV and -2.48 eV, respectively. Besides, shifting 

of Fermi energy values of 1S-wad-MoS2, 2S-wad-MoS2 and 

Mo-wad-MoS2 materials are 0.02 eV, 0.06 eV and 0.44 

eV, respectively, which are given in Table 1. This is due 

to the movement of charges in the structures. Moreover, 

we have carried out DoS and PDoS calculations to 

understand the electronic and magnetic properties of 

materials. The DoS and PDoS plots of wad-MoS2, 1S-wad-

MoS2, 2S-wad-MoS2, and Mo-wad-MoS2 materials are 

shown in Figs. 3(a-d) and Figs. 4(a-d), respectively, where 

the vertical dotted line represents Fermi energy levels of 

respective structures. 

Magnetic properties 

The magnetic moment of materials can be calculated from 

DoS and PDoS analysis. DoS and PDoS of up and down 

spin states of electrons in the orbitals of atoms in the 

materials were symmetrically distributed means, materials 

have non-magnetic properties, and asymmetrically 

distributed means, and materials have magnetic 

properties. The DoS and PDoS plots of wad-MoS2, 1S-wad-

MoS2, 2S-wad-MoS2, and Mo-wad-MoS2 materials are 

shown in Figs. 3(a-d) and Figs. 4(a-d), respectively. We 

have anatomized PDoS calculations to know the 

contributions of the magnetic moment given by the up-

spin and down-spin of electrons in the individual orbital 

of atoms in materials. The detailed calculations of the 

magnetic moment due to spin states of electrons in the 

orbitals of Mo, S, O, and H atoms in PDoS of wad-MoS2, 
1S-wad-MoS2, and 2S-wad-MoS2 materials are given in 

Table 1. DoS and PDoS plots of these materials are seen 

symmetrically distributed near the Fermi energy level as 

shown in Figs. 3(a-c) and Figs. 4(a-c), respectively. 

 

 

Fig. 3. (a) Total DoS of water adsorbed MoS2 material, (b) total DoS of upper-1S atom vacancy defect in water adsorbed 

MoS2 material, (c) total DoS of 2S atoms vacancy defects in water adsorbed MoS2 material, (d) total DoS of 1Mo 

atom vacancy defect in water adsorbed MoS2 material 

Also, it was found that net magnetic moment given by up 

and down spin of electrons in 4p, 4d & 5s orbitals of Mo 

atoms; 3s & 3p orbitals of S atoms; 2s & 2p orbitals of O 

atom; and 1s orbital of H atoms have zero value. This is 

because; adsorbed water molecule reduces chemical 

activity in the lattice structures of wad-MoS2, 1S-wad-MoS2 
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and 2S-wad-MoS2 materials.  Physisorption interactions 

can arise when a water molecule is adsorbed in this type 

of structure. Therefore, wad-MoS2, 1S-wad-MoS2, and 2S-

wad-MoS2 materials have non-magnetic properties. 

Furthermore, the DoS/PDoS calculation of Mo-wad-MoS2 

material was analyzed. The DoS and PDoS of up-spin and 

down-spin states of electrons near the Fermi level were 

asymmetrically distributed, as shown in Figs. 3(d) and 

4(d). Hence, the Mo-wad-MoS2 material has magnetic 

properties. Also, the contributions of the magnetic 

moment due to the distribution of spins of electrons in the 

individual orbital of atoms presented in Mo-wad-MoS2 

material are given in Table 1. The magnetic moment 

developed in the material due to up-spin and down-spin of 

electrons in 4p, 4d & 5s orbitals of Mo atoms are 0.20 

µB/cell, 0.66 µB/cell & 0.02µB/cell; 3s & 3p orbitals of S 

atoms were 0.04µB/cell & 1.74µB/cell; and 2s & 2p 

orbitals of O atom, 1s orbital of H atoms were 0.00 µB/cell 

values, respectively. It means dominant contributions of 

magnetic moments are given by spins of 4p & 4d orbitals 

of Mo atoms and 3s & 3p orbitals of S atoms in the 

material. These values of the magnetic moment were 

calculated by subtraction between the values of the 

magnetic moment given by total up-spins and total down-

spins of electrons in the orbitals of atoms present in Mo-

wad-MoS2 material. Hence, from these calculations, we 

found that the total magnetic moment of Mo-wad-MoS2 

has a value of 2.66 µB/cell. The positive value of magnetic 

moment means the up-spin electrons of atoms have a 

dominant role over the down-spin electrons of atoms. In 

Mo-wad-MoS2 material, 3p orbital of S atoms and 4d 

orbital of Mo atoms have the principal role for the 

development of magnetic moment. 
 

 

Fig. 4. PDoS of individual orbital of Mo, S, O, H atoms in (a) water adsorbed MoS2 material, (b) upper-1S atom vacancy 

defect water adsorbed MoS2 material, (c) 2S atoms vacancy defects water adsorbed MoS2 material, and (d) 1Mo 

atom vacancy defect water adsorbed MoS2 material 

 

CONCLUSIONS 

In the present work, the structural, electronic, and 

magnetic properties of wad-MoS2, 1S-wad-MoS2, 2S-wad-

MoS2, and Mo-wad-MoS2 materials were studied by first-

principles calculations based on the spin-polarized density 

functional theory (DFT) method. The Quantum 

ESPRESSO package was used for the computational work 
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and the XCrySDen program was used for structure 

visualization. By analyzing the structures, the wad-MoS2, 
1S-wad-MoS2, 2S-wad-MoS2, and Mo-wad-MoS2 were 

found to be stable materials. From the band structure 

calculations, the band gap energy of wad-MoS2, 1S-wad-

MoS2, and 2S-wad-MoS2 materials calculated as 1.19 eV, 

0.65 eV, and 0.38 eV, respectively. Therefore, these 

materials behave as a semiconductor. But, energy bands 

of electrons were crossed the Fermi energy level in the 

band structure of Mo-wad-MoS2 material. Hence, Mo-wad-

MoS2 material has metallic properties. From DoS and 

PDoS calculations, wad-MoS2, 1S-wad-MoS2, and 2S-wad-

MoS2 materials are non-magnetic materials, while Mo-

wad-MoS2 is a magnetic material. Therefore, non-magnetic 

wad-MoS2 changes to magnetic Mo-wad-MoS2 material 

due to the presence of Mo vacancy defect. The total 

magnetic moment of Mo-wad-MoS2 material has a value 

of 2.66 µB/cell. The high value of magnetic moment in 

Mo-wad-MoS2 is given by distributed up-spin and down-

spin in 3p orbital of S atoms and 4d orbital of Mo atoms.  
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ABSTRACT 

Two-dimensional (2D) pristine and defected van der Waals (vdW) heterostructure (HS) 

materials open up fortune in nanoelectronic and optoelectronic devices. So, they are compatible 

for designing in the fields of device applications. In the present work, we studied structural, 

electronic and magnetic properties of vdW (HS) graphene/MoS2 ((HS)G/MoS2), Nb impurity 

defect in vdW (HS) graphene/MoS2 (Nb-(HS)G/MoS2), and Tc impurity defect in vdW (HS) 

graphene/MoS2 (Tc-(HS)G/MoS2) materials by using spin-polarized DFT-D2 method. We 

examined the structure of these materials, and found that they are stable. Based on band 

structure analysis, we found that (HS)G/MoS2, Nb-(HS)G/MoS2 and Tc-(HS)G/MoS2 have 

metallic characteristics. Also, (HS)G/MoS2 and Tc-(HS)G/MoS2 materials have n-type 

Schottky contact, while Nb-(HS)G/MoS2 material has p-type Schottky contact. To understand 

the magnetic properties of materials, we have used DoS, IDoS and PDoS calculations. We 

found that (HS)G/MoS2 is a non-magnetic material, but Nb-(HS)G/MoS2 and Tc-(HS)G/MoS2 

are magnetic materials. Magnetic moment of Nb-(HS)G/MoS2 and Tc-(HS)G/MoS2 materials 

are -0.24 µB/cell and +0.07µB/cell values respectively from DoS/PDoS calculations, and 0.26 

µB/cell and 0.08µB/cell values respectively from IDoS calculations. Up-spin and down-spin 

states of electrons in 2p orbital of C atoms, 3p orbital of S atoms, 4d orbital of Mo atoms, 4d 

orbital of Tc atom in Tc-(HS)G/MoS2, and 2p orbital of C atoms, 3p orbital of S atoms, 4p & 

4d orbitals of Mo atoms, 4p & 4d orbitals of Nb atom in Nb-(HS)G/MoS2 have major 

contribution for the development of magnetic moment. 

 

Keywords: DFT-D2; Heterostructure; Impurity defects; Magnetic moment; Spin states. 

 

1. INTRODUCTION 

Graphene is two dimensional (2D) stretchable, sp
2
-

hybridized, zero band gap and honeycomb lattice 

structure of carbon atoms. It has good electronic 

properties such as, high carrier mobility and high 

thermal conductivity, observable Quantum Hall 

effect at room temperature and existence of two 

dimensional gases of massless Dirac fermions [1-

4]. Due to these properties, it has potential 

applications in the areas of nanoelectronic, 

optoelectronic, sensing and hydrogen storage 

devices [5-7]. Thus, graphene is a favorable 

material for the researchers to predict additional 

desirable properties [4, 8]. Molybdenum disulphide 

(MoS2) is 2D transition metal dichalcogenide 

(TMD) wide band gap semiconductor of band gap 

1.80 eV [9].  It can be constructed by assembling 

Mo and S atoms (i.e. S-Mo-S) in a triangular 

prismatic configuration [10]. MoS2 has great 

applications in the fields of nanoelectronic and 

optoelectronic devices [11-14]. However, 2D 

materials, graphene due to zero bandgap energy, 

and monolayer MoS2 due to wide gap energy have 

limited properties. Therefore, to tune the desirable 

properties in 2D materials, graphene is combined 

with other 2D materials and formed heterostructure 
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(HS). The graphene based 2D (HS) materials 

(G/MoS2, G/h-BN) are used to produce novel ways 

for engineering electronic and optoelectronic 

devices [15-17]. The (HS)G/MoS2 (heterostructure 

of graphene with MoS2) offers mechanical, 

electronic, optical, and transport properties. Thus, it 

can be used in the fields of device applications [18]. 

Moreover, the substitution of any atom by foreign 

atom (impurity defect) in (HS)G/MoS2 or removal 

of any atom (vacancy defect) from (HS)G/MoS2 

structure is one of the promising approaches to 

modify and exploit unwanted properties of any 

constituent. The impurity of Technetium (Tc) atom 

or Niobium (Nb) atom in (HS)G/MoS2 changes its 

electronic and magnetic properties. Defects in (HS) 

give peculiar properties and carry out the new 

materials [19-22]. Hence, defects impact the 

properties of (HS) materials [23].  To our 

knowledge, effect of impurity defects on structural, 

electronic and magnetic properties of vdW 

(HS)G/MoS2 material have not been reported yet. 

Therefore, in this paper, we learned the structural, 

electronic and magnetic properties of vdW 

(HS)G/MoS2, and effect of Nb impurity defect in 

vdW (HS)G/MoS2 (Nb-(HS)G/MoS2) material & 

Tc impurity defects in vdW (HS)G/MoS2 (Tc-

(HS)G/MoS2) material by spin-polarized DFT-D2 

method based on first-principles calculations. Figs. 

1(a-c) illustrated pristine (HS)G/MoS2, Nb-

(HS)G/MoS2 and Tc-(HS)G/MoS2 materials 

respectively.  

 

2. METHODS AND MATERIALS 

We used spin-polarized DFT-D2 method to learn 

the structural, electronic and magnetic properties of 

(HS)G/MoS2 and impurity defects (Nb and Tc 

impurity defects) in vdW (HS)G/MoS2 using 

Quantum ESPRESSO (QE) computational tool [24-

26]. The electronic exchange and correlation effects 

in the systems are treated by Generalized Gradient 

Approximation (GGA) using Perdew-Burke-

Ernzerhof (PBE) [27]. Rappe-Rabe-Kaxiraas-

Joannopoulos (RRKJ) model of ultra-soft pseudo-

potentials is used to deal the chemically active 

valence electrons in the systems. All structures are 

optimized and relaxed by Broyden-Fletcher-

Goldfarb-Shanno (BFGS) [28] method. At first we 

have prepared G/MoS2 heterostructure material by 

(4×4) supercell structure of graphene and (3×3) 

supercell structure of monolayer MoS2 with 4.11% 

lattice mismatch. To avoid the physical interactions 

in the stacking direction of (HS)G/MoS2 material, 

we kept  a vacuum distance greater than 18 Å. The 

Nb impurity defect in (HS)G/MoS2  (i.e. Nb-

(HS)G/MoS2)  and Tc Impurity defect in 

(HS)G/MoS2 (i.e. Tc-(HS)G/MoS2) are obtained by 

replacing  centre Mo atom of (HS)G/MoS2  by Nb 

atom and Tc atom respectively. Then, we obtained 

relax Nb-(HS)G/MoS2 and Tc-(HS)G/MoS2 

structures by using BFGS method as shown in figs. 

1(b-c). We performed self consistent total energy 

calculation after relax calculations. For this, the 

Brillouin-zone of (HS) is figured out in k-space 

using Monkhorst-Pack scheme [29] with suitable 

number of mesh (6×6×1) of k-points, which is 

determined from the convergence test. The plane-

wave expansion with kinetic energy cut-off 35 Ry 

and charge density cut-off 350 Ry are used for 

wave function and charge density respectively. 

Kinetic energy cut-off and charge density cut-off 

values are calculated from convergence plot of total 

energy versus energy cut-off wave function. We 

used Marzarri-Vanderbilt [30] method of smearing 

for occupations and 0.001 Ry value of degauss. We 

have taken “david” diagonalization method with 

“plain” mixing mode for self consistency with 0.6 

mixing factor. Also, we have taken a mesh of 

(6×6×1) k-points for band structure calculations 

(100 k-points are chosen along the high symmetric 

points), and meshes of (12×12×1) k-points are used 

for density of states (DoS) and projected density of 

states (PDoS) calculations.  

 

3. RESULTS AND DISCUSSION 

In this section, we discussed in details about 

structural, electronic and magnetic properties of 

pristine (HS)G/MoS2, and Nb & Tc impurity 

defected (HS)G/MoS2 materials based on spin-

polarized DFT-D2 method.  

3.1 Structural Analysis  

We have prepared vertical stacking configuration of 

vdW (HS)G/MoS2 material by keeping supercell of 

graphene and supercell of MoS2. The lattice 

mismatch is found to be 4.11% in vdW 

(HS)G/MoS2. Lattice mismatch is fixed by differing 

the lattice constant because there is no direct 

chemical bonding between the constituent layers. 

Stability of (HS)G/MoS2 material is checked by its 

calculated binding energy. Binding energy (-0.40 

eV) of it is obtained by using equation (1), [31]; 

 

Eb= E(HS)G/MoS2 – EG – EMoS2 … (1) 

 

Where, E(HS)G/MoS2,  EG and  EMoS2 represent total 

ground state energy of (HS)G/MoS2, supercell of 
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graphene and supercell of MoS2 respectively. The 

obtained binding energy (-0.40 eV) of (HS)G/MoS2 

indicates that material is energetically stable at 

ground state because negative value of binding 

energy of materials implies that they are 

energetically stable at ground state. We have also 

calculated the inter-layer distance the constituents 

of (HS) and found 3.37 Å value. Our calculated 

values of binding energy and inter-layer distance 

are comparable with other 2D VdW heterostructure 

materials [32]. In addition, we have created the 

stable Nb-(HS)G/MoS2 and Tc-(HS)G/MoS2 

impurity defects materials as shown in figs. 1(b-c). 

The binding energy of Nb-(HS)G/MoS2  is -0.35 eV 

and Tc-(HS)G/MoS2 is -0.38 eV are calculated by 

using equation (2), [31]; because binding energy 

determines the stability of materials. 

 

Eb= E(HS-G/MoS2)i-d – EG – E(MoS2)i-d … (2) 

 

Where, E(HS-G/MoS2)i-d, E(MoS2)i-d & EG represent total 

ground state energy of impurity (Nb atom or Tc 

atom) defected (HS)G/MoS2, impurity defected 

monolayer MoS2 & graphene respectively. We 

measured the inter-layer distances between 

graphene and MoS2 in Nb-(HS)G/MoS2 and Tc-

(HS)G/MoS2 materials, and found that they are 3.54 

Å and  3.42 Å respectively, which are comparable 

to other 2D heteostructure materials of values 3.31 

Å and 3.19 Å [32]. Thus, the estimated binding 

energies and inter-layer distances of impurity 

defected materials are also comparable with other 

vdW heterostructure materials [32]. We can also 

test the stability of impurity defected materials 

relative to pristine material; we can calculate the 

defects formation energy (Ef). Defects formation 

energy is obtained by using the values of total 

energy of impurity defects in (HS)G/MoS2 (Et1), 

total energy of pristine (HS)G/MoS2 (Et2), energy of 

impurity (Nb or Tc) atom (E1),  and  energy of 

isolated (replaced) Mo atom (E2) by equation (3), 

[33]; 

 

Ef = (Et1-Et2) – (E1-E2) … (3) 

 

Defects formation energy of Nb-(HS)G/MoS2 and 

Tc-(HS)G/MoS2 materials are found to be 2.54 eV 

and 2.56 eV respectively. The negative value of 

formation energy indicates that the system is more 

stable than the pristine one, while positive value of 

formation energy implies that the system requires 

external energy for the formation of impurity 

defects in material. Also, lower value of defects 

formation energy means, materials can be favorable 

in computation work. 

 

           
 (a) (b) (c) 

 

Fig. 1: (a) Structure of pristine (HS)G/MoS2 material, (b) Structure of Nb-(HS)G/MoS2 material, (c) Structure of Tc-
(HS)G/MoS2 material. 

 

From the structural analysis of pristine 

(HS)G/MoS2 and impurity defects Nb-(HS)G/MoS2 

& Tc-(HS)G/MoS2 materials, we found that all are 

stable and compactness of pristine has greater than 

that of impurity defects materials. 

3.2 Electronic and Magnetic Properties 

Solid state matter is rigid and its degree of rigidity 

depends upon the relative compactness of the 

constituent atoms. In an isolated atom, the electrons 

occupy atomic orbitals each of which has a discrete 

energy level while atomic orbitals overlap when 

two identical atoms join together to form a 

molecule. In solid with N identical atoms, each 

atomic orbital splits into N discrete molecular 

orbitals, each with a different energy. In a 

macroscopic piece of solid, the number of atoms is 

large (N≈10
23

), so is the number of orbitals and is 

very closely spaced in energy (10
-22

 eV). Thus, they 
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form continuum of energy as ‘energy band’. 

Electronic properties of material can be predicted 

by the analysis of its band structure. In this section, 

we discuss electronic and magnetic properties of 

(HS)G/MoS2, Nb-(HS)G/MoS2 and Tc-

(HS)G/MoS2 materials on the basis of their band 

structures and density of states (DoS), integrated 

density of states (IDoS) and projected density of 

states (PDoS) analysis. The band structures of 

(HS)G/MoS2, Nb-(HS)G/MoS2 and Tc-

(HS)G/MoS2 materials are shown in fig. 2(a), fig. 

3(a) and fig. 4(a) respectively. In band structures, x-

axis represents Γ-centre symmetric points (Γ-M-K-

Γ) in the first Brillouin-zone, where 100 k-points 

are kept along the particular direction of irreducible 

Brillouin-zone, and y-axis represents the 

corresponding energy values, also horizontal dotted 

line represents the Fermi energy level. In band 

structure of pristine (HS)G/MoS2, Dirac cone is 

formed in the conduction band at 0.56 eV distance 

from Fermi energy level. It means electrons flow 

from valence band to conduction band. Hence, 

(HS)G/MoS2 has metallic properties. Also, n-type 

Schottky contact is formed with Schottky barrier 

height of 0.42 eV in (HS)G/MoS2. This value 

agrees with the reported value 0.49 eV [34, 35]. In 

band structures of impurity defects Nb-

(HS)G/MoS2 and Tc-(HS)G/MoS2 materials, Dirac 

cone is formed in conduction band at 0.70 eV and 

0.01 eV distances from the Fermi energy level as 

shown in fig. 3(a) and fig. 4(a) respectively. In both 

materials, electrons flow from valence band to 

conduction band, hence they have metallic 

properties. The n-type Schottky contact is still 

preserved in Tc-(HS)G/MoS2, while in Nb-

(HS)G/MoS2 material p-type Schottky contact is 

formed. Therefore, n-type Schottky contact of 

(HS)G/MoS2 shifts to p-type Schottky contact due 

to Nb impurity atom in it. We know that electronic 

configurations of valence electrons in Mo, Tc, Nb, 

S & C atoms present in the materials are [Kr] 4d
5
 

5s
1
, [Kr] 4d

5
 5s

2
, [Kr] 4d

4
 5s

1
, [Ne] 3s

2
 3p

4
 & [He] 

2s
2
 2p

2
 respectively. Each Mo atom has one 

unpaired up-spin in 5s orbital and 4dxy, 4dxz, 4dyz, 

4dx
2
-y

2
, 4dz

2 
sub-orbitals; Tc atom has paired spins 

in 5s orbital and one unpaired up-spin in 4dxy, 4dxz, 

4dyz, 4dx
2
-y

2
, 4dz

2 
sub-orbitals; Nb atom has one 

unpaired up-spin in 5s orbital, 4dxy, 4dxz, 4dyz, 4dx
2
-

y
2
 sub-orbitals and vacant in 4dz

2 
sub-orbital; S atom 

has paired spins (up-spin & down-spin) in 3px sub-

orbital and one unpaired up-spin in 3py, 3pz sub-

orbitals; C atom has single up-spin in 2px, 2py and 

vacant in 2pz sub-orbitals. By the configurations of 

unpaired (up-spin and down-spin) spins of electrons 

in the orbital of atoms in (HS)G/MoS2, Nb-

(HS)G/MoS2 and Tc-(HS)G/MoS2 materials created 

different values of  Fermi energy and Dirac (cone) 

point. The different values of Fermi energy, Dirac 

point, Dirac shift, Fermi shift, total energy, binding 

energy and inter-layer distances of above 

mentioned materials are given in table 1.  

 

Table 1: Fermi energy (Ef), Fermi energy shift (Es), Dirac (point) cone (Dp), Dirac (point) cone shift 

(Ds), total energy (Et), binding energy (Eb) and inter-layer distances (DI-d) of (HS)G/MoS2, Nb-

(HS)G/MoS2 and Tc-(HS)G/MoS2  materials. 

(HS)G/MoS2, Nb-

(HS)G/MoS2 and Tc-

(HS)G/MoS2  materials 

Ef 

(eV) 

Es 

(eV) 

Dp 

(eV) 

Ds 

(eV) 

Et 

(Ry) 

Eb 

(eV) 

DI-d 

(Å) 

(HS)G/MoS2    0.32     - 0.56     - -2106.17 -0.40 3.37 

Nb-(HS)G/MoS2  -0.50  -0.82 0.70 +0.14 -2076.54 -0.35 3.54 

Tc-(HS)G/MoS2  0.78 +0.46 0.01  -0.55 -2138.61 -0.38 3.42 

 

Based on DoS and PDoS calculations, we can 

investigate the magnetic properties of materials.  

Symmetrically distributed total up-spin and total 

down-spin in DoS/PDoS of materials means, 

materials has non-magnetic properties, and 

asymmetrically distributed unpaired up-spin and 

down-spin of electrons in the orbital of atom give 

magnetic properties of materials. The DoS and 

PDoS plots of (HS)G/MoS2, Nb-(HS)G/MoS2 and 

Tc-(HS)G/MoS2 materials are given in figs 2(b-

c), figs. 3(b-c) and figs. 4(b-c) respectively, 

where vertical dotted line distinguished energy 

bands (the region below zero scale is called 

valence band and the region above zero scale is 

called conduction band), and horizontal dotted 

line separates distributed up-spin and down-spin 

states of electrons in the orbitals of atoms in 

materials. 
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 (a) (b) (c) 
 

Fig. 2: (a) Band structure of (HS)G/MoS2 material, (b) DoS of up-spin and down-spin states of electrons in the orbitals of C, 
Mo & S atoms of (HS)G/MoS2 material (c) PDoS of individual up-spin and down-spin states of electrons in the orbitals of C, 

Mo & S atoms of (HS)G/MoS2 material, where in band structure, horizontal dotted line represents Fermi level and in 
DoS/PDoS plots, vertical dotted line represents Fermi level. In all DoS and PDoS plots, insets represent the symmetrically 

distributed total up-spin and total down-spin of electrons in the orbital of atoms present in (HS)G/MoS2 material. 

 
 

 

 

 

 

 

 

 

 (a) (b) (c) 
 

Fig. 3: (a) Band structure of Nb-(HS)G/MoS2 material, (b) DoS of up-spin and down-spin states of electrons in the 
orbitals of C, Mo, S & Nb atoms of Nb-(HS)G/MoS2 material (c) PDoS of individual up-spin and down-spin states of 
electrons in the orbitals of C, Mo, S & Nb atoms of Nb-(HS)G/MoS2 material, where in band structure, horizontal 

dotted line represents Fermi level and in DoS/PDoS plots, vertical dotted line represents Fermi level. In all DoS and 
PDoS plots, insets represent the asymmetrically distributed total up-spin and total down-spin of electrons in the 

orbital of atoms present in Nb-(HS)G/MoS2 material. 
 

     
 (a) (b) (c) 

 

Fig. 4: (a) Band structure of Tc-(HS)G/MoS2 material, (b) DoS of up-spin and down-spin states of electrons in the 
orbitals of C, Mo, S & Tc atoms of Tc-(HS)G/MoS2 material (c) PDoS of individual up-spin and down-spin states of 

electrons in the orbitals of C, Mo, S & Tc atoms of Tc-(HS)G/MoS2 material, where in band structure, horizontal dotted 
line represents Fermi level and in DoS/PDoS plots, vertical dotted line represents Fermi level. In all DoS and PDoS 

plots, insets represent the asymmetrically distributed total up-spin and total down-spin of electrons in the orbital of 
atoms present in Tc-(HS)G/MoS2 material. 
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The detail calculations of magnetic moment due to spin 

states of electrons in the orbitals of C, Mo, S, Nb & Tc 

atoms in PDoS of (HS)G/MoS2, Nb-(HS)G/MoS2 and 

Tc-(HS)G/MoS2 materials are given in table 2. 

 

Table 2: Total magnetic moment (µT) of Nb-(HS)G/MoS2 and Tc-(HS)G/MoS2 materials are obtained 

by asymmetrically distributed up-spin and down-spin of electrons in 2s & 2p orbitals of C atoms; 4p, 

4d & 5s orbitals of Mo atoms; 3s & 3p orbitals of S atoms; 4p, 4d & 5s orbitals of Nb atoms, and 4p, 

4d & 5s orbitals of Tc atoms in the materials. 

Magnetic moments (µ) of (HS)G/MoS2, Nb-(HS)G/MoS2 

and Tc-(HS)G/MoS2 materials 

Nb-(HS)G/MoS2 

(µB/cell) 

Tc-(HS)G/MoS2 

(µB/cell) 

µ of C atoms by distributed spins in 2s orbital        0.00      0.00 

µ of C atoms by distributed spins in 2p orbital        -0.01      0.01 

µ of Mo atoms by distributed spins in 4p orbital        -0.03      0.00 

µ of Mo atoms by distributed spins in 4d orbital        -0.10      0.02 

µ of Mo atoms by distributed spins in 5s orbital         0.00      0.00 

µ of S atoms by distributed spins in 3s orbital         0.00      0.00 

µ of S atoms by distributed spins in 3p orbital        -0.08      0.04 

µ of Nb atom by distributed spins in 4p orbital        -0.01         - 

µ of Nb atom by distributed spins in 4d orbital       -0.01         - 

µ of Nb atom by distributed spins in 5s orbital        0.00         - 

µ of Tc atom by distributed spins in 4p orbital           -        0.00 

µ of Tc atom by distributed spins in 4d orbital           -        0.01 

µ of Tc atom by distributed spins in 5s orbital           -        0.00 

Total magnetic moment (µT) µB/cell       -0.24        0.07 

 

We observed that in DoS and PDoS plots of 

(HS)G/MoS2 material, up-spin and down-spin states 

are symmetrically distributed near the Fermi energy 

level as shown in figs. 2(b-c). And we obtained the 

value of net magnetic moment given by up-spin 

down-spin of electrons in all individual orbital of C, 

Mo, & S atoms are of zero (0.00µB/cell) value. We 

also calculated the magnetic moment due to 

integrated DoS and found that it is 0.00µB/cell. 

Therefore, (HS)G/MoS2 has non-magnetic 

properties. 

Additionally, PDoS of up-spin and down-spin states 

of electrons near the Fermi level of Nb-

(HS)G/MoS2 are asymmetrically distributed as 

shown in figs. 3(b-c). The magnetic moment 

developed due to the distributed up-spin and down-

spin in 2s & 2p orbitals of C atoms are 0.00 µB/cell 

& -0.01µB/cell; 4p, 4d & 5s orbitals of Mo atoms 

are -0.03µB/cell, -0.10 µB/cell & -0.0oµB/cell; 3s & 

3p orbitals of S atoms are 0.00µB/cell & -0.08 

µB/cell; 4p, 4d & 5s orbitals of Nb atoms are -

0.01µB/cell, -0.01 µB/cell & 0.00 µB/cell values 

respectively. We obtained the total magnetic 

moment of Nb-(HS)G/MoS2 material is -0.24 

µB/cell. Also, we have estimated the magnetic 

moment of Nb-(HS)G/MoS2 material based on 

integrated density of states (IDoS) is 0.26 µB/cell.  

Therefore, Nb-(HS)G/MoS2 material is called 

magnetic material. PDoS of up-spin and down-spin 

states of electrons are asymmetrically distributed 

around the Fermi energy level of Tc-(HS)G/MoS2 

material as shown in figs. 4(b-c). Magnetic moment 

developed in material due to unpaired up-spin and 

down-spin of electrons in 2s & 2p orbitals of C 

atoms are 0.00 µB/cell & 0.01 µB/cell; 4p, 4d & 5s 

orbitals of Mo atoms are 0.00 µB/cell, 0.02 µB/cell 

& 0.00 µB/cell; 3s & 3p orbitals of S atoms are 0.00 

µB/cell & 0.04 µB/cell; 4p, 4d & 5s orbitals of Tc 

atoms are 0.00 µB/cell, 0.01 µB/cell & 0.00 µB/cell 

values respectively. The calculated value of total 

magnetic moment of Tc-(HS)G/MoS2 material is 

0.07 µB/cell. We calculated the magnetic moment 

of Tc-(HS)G/MoS2 based on IDoS, which is 0.08 

µB/cell value. Hence, Tc-(HS)G/MoS2 material is 

also called magnetic material. Therefore, non-

magnetic (HS)G/MoS2 changes to magnetic Nb-
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(HS)G/MoS2 and Tc-(HS)G/MoS2 materials due to 

Nb and Tc impurity defects respectively. In 

impurity defected Nb-(HS)G/MoS2 material,  major 

contribution of magnetic moment is given by 

distributed spin states in 4p, 4d orbitals of Mo 

atoms and 3p orbital of S atoms, while distributed 

spin states in 4d orbital of Mo atoms and 3p orbital 

of S atoms have dominant role for the development 

of magnetic moment in Tc-(HS)G/MoS2 material. 

 

4. CONCLUSIONS  

Structural, electronic and magnetic properties of 

(HS)G/MoS2, Nb-(HS)G/MoS2 and Tc-

(HS)G/MoS2 materials have been studied using 

spin-polarized DFT with vdW corrections DFT-D2 

approach. By analyzing the structures, we found 

that (HS)G/MoS2 is more compact than impurity 

defected Nb-(HS)G/MoS2 and Tc-(HS)G/MoS2 

materials. From the band structure calculations, we 

found that all the materials have metallic properties. 

It is found that n-type Schottky contact is formed in 

pristine (HS)G/MoS2 and Tc impurity defect Tc-

(HS)G/MoS2 materials, and p-type Shottky contact 

is formed in Nb impurity defect Nb-(HS)G/MoS2 

material. Therefore, n-type Schottky contact of 

(HS)G/MoS2 changes to p-type Schottky contact 

due to Nb impurity defect in (HS)G/MoS2 material. 

To investigate the magnetic properties, we have 

carried out DoS and PDoS calculations, and found 

that (HS)G/MoS2 is non-magnetic material, while 

Nb-(HS)G/MoS2 and Tc-(HS)G/MoS2 are magnetic 

materials. The total magnetic moment of Nb-

(HS)G/MoS2 and Tc-(HS)G/MoS2 have values -

0.24µB/cell and 0.07 µB/cell respectively. High 

value of magnetic moment is given by distributed 

unpaired up-spin and down-spin of electrons in 4p 

& 4d orbitals of  Mo atoms; 3p orbital of S atoms in 

Nb-(HS)G/MoS2 material, and  4d orbital of Mo 

atoms; 3p orbital of S atoms in Tc-(HS)G/MoS2 

material. 
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Highlights
• Electronic and magnetic properties of vacancy and impurity defects in graphene are studied by using fi rst-principles 

calculations through computational tool Quantum ESPRESSO.
•  From band and DOS calculations, all the defected materials are found to be metallic.
• By the analysis of DOS and PDOS calculations, 1C vacancy and 1N impurity defects in graphene have magnetic 

properties, but 1O mpurity defect in graphene has non-magnetic properties.

Abstract
In this work, we have studied the electronic and magnetic properties of 1C atom vacancy defects in graphene (1Cv-d-G), 

1N atom impurity defects in graphene (1NI-d-G) and 1O atom impurity defects in graphene (1OI-d-G) materials through fi rst-
principles calculations based on spin-polarized density functional theory (DFT) method, using computational tool Quantum 
ESPRESSO (QE) code. From band structure and density of states (DOS) calculations, we found that supercell structure of 
monolayer graphene is a zero bandgap material. But, electronic bands of 1Cv-d-G, 1NI-d-G and 1OI-d-G materials split around 
the Fermi energy level and DOS of up & down spins states appear in the Fermi energy level. Thus, 1Cv-d-G, 1NI-d-G and 1OI-

d-G materials have metallic properties. We have studied the magnetic properties of pure and defected materials by analyzing 
density of states (DOS) and partial density of states (PDOS) calculations. We found that graphene and 1OI-d-G materials have 
non-magnetic properties. On the other hand, 1C vacancy atom and 1N impurity atom induced magnetization in 1Cv-d-G & 1NI-

d-G materials by the rebonding of dangling bonds and acquiring signifi cant magnetic moments of values -0.75μB/cell & 0.05μB/
cell respectively through remaining unsaturated dangling bond. Therefore, non-magnetic graphene changes to magnetic 1Cv-d-G 
and 1NI-d-G materials due to 1C atom vacancy defects and 1N ato m impurity defects. The 2p orbital of carbon atoms has main 
contribution of magnetic moment in these defected structures.

Keywords: DFT; vacancy defects; impurity defects; graphene; magnetic moment

Introduction
Graphene is a two dimensional (2D) stretchable, sp2 hybridized single sheet of carbon atoms organized in a honeycomb 

lattice structure. Its hexagonal structure is stable in which each carbon atom bonds with the surrounding carbon atoms and 
non-bonding electrons move freely between the layers. Dirac cones provided by the linearly crossing π and π* bands meet 
at six points in k-space, and is called zero band gap semiconductor [1]. Graphene has series of special physical properties 
such as high mechanical strength, chemical stability, massless Dirac fermions behavior, ambipolar eff ect, unique electronic 
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and magnetic properties [2-5]. It is used for the fabrication of electronic devices, transparent electrodes and spintronics devices 
[6-8]. Therefore, it opened up appealing opportunities for developing nanoelectronic devices. Because of growing allotropes 
and tunable thermal, electronic and mechanical properties through appropriate modifi cations, graphene has recently become a 
leading section of solid state physics and material science. However, the lack of intrinsic band gap and non-magnetic nature of 
graphene limits its practical applications in widely expanding fi eld of carbon-based devices.

The defects in solids cause deviation of atoms or ions from the periodicity and they are used to fi nd innovative properties. 
They can be used to design new materials. Among the diff erent type of defects in solids, point defects play important role 
in solid-state physics. Point defect is classifi ed in to vacancy defects and impurity defects [9-11]. The magnetic ordering in 
graphene is often explained by the presence of vacancies and impurities defects. Defects are expected to play key roles in the 
chemical functionally and electronic transport properties of graphene based materials [12-15]. So, defects in graphene provide 
an opportunity for the researchers. The theoretical and experimental research groups have studied the defects in monolayer 
structures of graphene and found that a single carbon atom vacancy defects in graphene is able to induce local magnetic moments 
due to the three carbon dangling bond atoms surrounding a single vacancy [16-24]. The adsorption of new atom in graphene tunes 
more desirable properties than pristine graphene and vacancy defects graphene. To our best knowledge, electronic and magnetic 
properties of graphene structure due to the impurities defects by Nitrogen (N) atom and Oxygen (O) atom has not been reported. 
Therefore, in present work, we have investigated the electronic and magnetic properties of 1C atom vacancy defects, 1N atom 
and 1O atom; impurities defects in (4×4) supercell structure of monolayer graphene using fi rst-principles approaches based on 
spin-polarized density functional theory (DFT) method. 

In sections 2 and 3, we will discuss details of computational methods and interpretations of fi nding respectively. We closed 
the paper with main conclusions of the present work in section 4.

Computational details
We used fi rst-principles calculations based on spin-polarized density functional theory (DFT) [25], within the generalized 

gradient approximation (GGA) using computational tool Quantum ESPRESSO package [26, 27], and structure analysis tool 
XCrySDen. The exchange-correlation potential is approximated with Perdew-Burke-Ernzerhof (PBE) functional [27]. Ultra-soft 
pseudo-potential contained in Rappe-Rabe-Kaxiraas-Joannopoulos (RRJK) model is used to describe the chemical activity of 
valence electrons in calculations. At fi rst, we have prepared optimized primitive unit cell of graphene, then we have created (4×4) 
supercell structure of monolayer graphene by extending optimized primitive unit cell along x and y directions. Vacancy defects 
structure is prepared by removing 1C atom from the (4×4) supercell structure of monolayer graphene sheet. Also, Impurities 
defects structures are constructed by replacing 1C atom by 1N atom and 1O atom respectively in (4×4) supercell structure of 
monolayer graphene sheet. The Brillouin zone of all structures was sampled by (6×6×1) k-points in the Monkhorst-Pack (MP) 
scheme [28]. A plane-wave basis set with energy cut-off  value of (35 Ry) and charge density cut-off  value (350 Ry) was used 
for the expansion of ground state electronic wave function. Atomic positions were optimized by using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) scheme [29], until the total energy changes between two consecutive self consistent fi eld (SCF) steps 
is less than 10-4 Ry and each component of force acting is less than 10-3 Ry/Bohrs. And, we used Marzarri-Vanderbilt (MV) [30] 
method of ‘smearing’ having width of 0.001 Ry. Spin-polarized DFT was used for the magnetic properties calculations of the 
systems. The meshes of (6×6×1) k-points is used for electronic band structure and (12×12×1) k-points is used for density of 
states (DOS) and partial density of states (PDOS) calculations, where 100 k-points are used along the high symmetric points 
connecting the reciprocal space for bands structure calculations. In present work, we have prepared 1C atom vacancy defects, 
1N atom impurity defects and 1O atom impurity defects in (4×4) supercell structure of monolayer graphene material as shown 
in fi gures 1(a-d). These impurities defected materials are formed by replacing centre position 1C atom of graphene sheet by 1N 
atom and 1O atom respectively. The defected structures are then optimized and relaxed by BFGS method, which are used for 
further calculations.

Results and Discussion
In this section, we present our results for the two types of defects mentioned above and their interpretations. 
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Electronic properties 
The (4×4) supercell structure of Graphene is made by extending optimized primitive unit cell along x and y directions. The 

distance between two nearest carbon atoms in graphene is 1.417 Å [21]. This value agrees with experimentally reported value 
1.42 Å [30]. Here, we have also done the relax calculation of (4×4) supercell structure of graphene until the convergence is 
achieved, then we performed self-consistent fi eld (SCF) calculations of supercell structure to get total energy, binding energy 
and binding energy per atom. The binding energy and binding energy per atom of supercell structure are calculated by using the 
relation;           

                 Eb = NEc -Eg                                          … (1) 

Where, Eg is the ground state energy of pure graphene sheet, Ec is ground state energy of isolated carbon atom and N is the 
number of carbon atom in a graphene supercell. Similarly, the binding energy per carbon atom is calculated by the relation;

                  Eb/C-atom = (NEc – Eg)/N                         … (2)

The calculated values of total ground state energy, energy of isolated carbon atom, binding energy, and binding energy 
per carbon atom for graphene sheet containing 32C atoms (i.e. 32 carbon atoms are presented in (4×4) supercell structure of 
graphene) are -397.78 Ry, -11.84 Ry, 255.44 eV and 7.98 eV/atom respectively. In this work, we have investigated the electronic 
and magnetic properties of vacancy and impurities defects in supercell structure of graphene. The defects are localized states. 
They give rise to localized states in the band gap. In our work, we studied two types of defects in graphene. The 1C atom vacancy 
defects (1Cv-d-G) material is created by removing 1C (centre 1C) atom from (4×4) supercell structure of graphene as shown in 
fi gure 1(b), where defects concentration of 1C atom in structure is 3.125%. The 1N atom impurity defects (1Ns-d-G) and 1O atom 
impurity defects (1Os-d-G) materials are prepared by replacing 1C atom with 1N atom and 1O atom respectively in supercell 
structure of graphene as shown in fi gures 1(c-d). 

     
Fig. 1: Optimized and relaxed; (a) (4×4) supercell structure of graphene, (b) 1C atom vacancy defects in (4×4) supercell 

structure of graphene, (c) 1N atom impurity defects in (4×4) supercell structure of graphene, (d) 1O atom impurity defects in 
(4×4) supercell structure of graphene. 

Electronic properties of materials are investigated by analyzing band and DOS structures calculations. Band and DOS plots 
of pristine graphene are shown in fi gures 2(a-b), where we have taken 100 k-points along the specifi c direction of irreducible 
Brillouin zone to get fi ne band structure by choosing Γ-M-K-Γ high symmetric points, x-axis represents high symmetric points in 
the fi rst Brillouin zone and y-axis represents the corresponding energy value. Up & down spins states of DOS are plotted along 
y-axis and its corresponding energy values are plotted in x-axis, and the vertical dotted line represents Fermi energy level and 
horizontal dotted line separates up & down spins states of electrons in the orbital of all atoms present in material. We can see that 
Dirac point of graphene lies at the Fermi energy level in band structure and no DOS states  appear at the Fermi energy level in 
DOS plot as shown in fi gures 2(a-b). So that pure graphene is a zero bandgap material. 

In addition, 1C atom vacancy defects with above mentioned concentration in graphene is seen still have linearly crossing 
bands, and localized vacancy states corresponding to the fl at impurities bands in bandgaps. Due to symmetry of the supercell 
having 1C vacancy defects, the linearly crossing bands split and they are raised slightly above the Fermi energy level, it means 
n-type Schottky barrier (contact) is formed. The states associated with the dangling bond and reconstructed C-C bond of vacancy 
occurs near the top of valence band and in the conduction band appear as fl at bands and charge densities are associated these 
bands are localized as shown in fi gure 3(a). The band plots of 1N & 1O impurities defects in graphene are shown in fi gures 4(a) & 
5(a) respectively where, electronic bands split. As a result, they cross the Fermi energy level and appear in valence band, it means 
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p-type Schottky barriers of impurities defects are formed in both structures. Thus, π and π* bands around Fermi level mix with 
the orbitals of vacancy and impurities defects. In metal and semiconductor, n-type Schottky barrier means, the energy diff erence 
between Fermi energy level and conduction band minimum, and p-type Schottky barrier means energy diff erence between the 
Fermi energy level and valence band maximum. Therefore, sum of n-type and p-type Schottky barrier give energy bandgap 
of semiconductor [31, 32]. Also, in DOS plots of 1Cv-d-G, 1NI-d-G & 1OI-d-G materials, we observed that spins of up-DOS & 
down-DOS states are appeared around the Fermi level. Therefore, from the analysis of band and DOS calculations, we found 
that vacancy defects material 1Cv-d-G and impurities defects materials 1NI-d-G & 1OI-d-G have metallic nature. We know that the 
electronic confi gurations of valence electrons in C, N and O atoms are [He] 2s2 2p2, [He] 2s2 2p3 and [He] 2s2 2p4 respectively. 
Each C atom has single up spin in 2px, 2py and vacant in 2pz sub-orbital, each N atom has single up spin in 2px, 2py and 2pz sub-
orbitals and each O atom contains paired spins in 2px sub-orbital and single unpaired up spin in 2py and 2pz sub-orbital. Due to the 
arrangement of unpaired up and down spins states of electrons in the orbitals of atoms in all 1Cv-d-G, 1NI-d-G & 1OI-d-G materials 
obtained diff erent values of Fermi energy. We found that Fermi energy values of these materials are -2.93 eV, -1.64 eV and -1.75 
eV respectively. Also, we calculated Fermi energy shift values of 1Cv-d-G, 1NI-d-G & 1OI-d-G material from Fermi energy value 
of pure graphene are 0.38 eV, -0.91 eV & -0.80 eV respectively as given in table 1. 

Table 1: Fermi energy (Ef); Fermi energy shift from pure graphene (Es); total energy (ET); binding energy per carbon atom of 
graphene (G), vacancy defects (1Cv-d-G), impurities defects (1NI-d-G & 1OI-d-G) structures (Eb); total value of magnetic moment 
(M); and magnetic moment due to total up & down spins of electrons in 2s, 2p orbitals of C, N & O atoms (μ); in pristine 
graphene (G),  1C atom vacancy in graphene (1Cv-d-G), 1N atom impurity defects in graphene (1NI-d-G)  and 1O atom impurity 
defects in graphene (1OI-d-G).

Data obtained from band, DOS & PDOS analysis of 1Cv-d-G, 1NI-d-G & 1OI--G 
materials

G 1Cv-d-G 1NI-d-G 1OI-d-G

Ef  (eV) -2.55 -2.93 -1.64 -1.75

Es (eV) - 0.38 -0.91 -0.80

ET (Ry) - 397.78 -352.50 -373.46 -403.67 

Eb (eV) 7.98                                   7.46 7.92                             7.97                                   

μ due to 2s of C atoms (μB/cell) 0.00                                   -0.22 0.01  0.00   

μ due to 2p of C atoms (μB/cell)  0.00                                   -0.53   0.03 0.00   

μ due to 2s of O atom (μB/cell) -                                 - - 0.00  

μ due to 2p of O atom (μB/cell)                                        -                                                                 - - 0.00

μ due to 2s of N atom (μB/cell)                                              -                                                           - - 0.00 -

μ due to 2p of N atom (μB/cell) -                                - 0.01 -

Total value of magnetic moment M (μB/cell)                       0.00                                 -0.75 0.05    0.00

To understand the electronic and magnetic properties of materials more clearly, here we have carried out density of states 
(DOS) and partial density of states (PDOS) calculations. The DOS and PDOS plots of 1Cv-d-G, 1NI-d-G & 1OI-d-G materials are 
shown in fi gures 3(b-c), 4(b-c) & 5(b-c) respectively, where vertical dotted line represents Fermi energy levels  and horizontal 
dotted line separates up & down spins states of electrons in the orbital of atom in present in respective structures.



97

Amrit Research Journal, June 2021, Vol. 2H. K. Neupane et al., 2021

(a)                                                                                          (b)        
Fig. 2: (a) Band plot of (4×4) supercell structure of graphene, (b) DOS of up & down spins states of atoms in (4×4) supercell 

structure of graphene. In band structure, horizontal dotted line represents Fermi energy level, and in DOS plot, vertical dotted 
line represents Fermi energy level. 

 (a)  (b)

 (c)
Fig. 3: (a) Band plot of 1C atom vacancy defects in (4×4) supercell structure of graphene, (b) DOS of up & down spins states 

of 1C atom vacancy defects in (4×4) supercell structure of graphene (c) PDOS of individual up & down spins states of orbitals 
of 1C atom vacancy defects in (4×4) supercell structure of graphene. In band structure, horizontal dotted line represents Fermi 
energy level, and in DOS/PDOS plots, vertical dotted line represents Fermi energy level. 
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(a)                                                                                   (b)

                        
                                                                                           (c)

Fig. 4: (a) Band plot of 1N atom impurity defects in (4×4) supercell structure of graphene, (b) DOS of up & down spins states 
of 1N atom impurity defects in (4×4) supercell structure of graphene (c) PDOS of individual up & down spins states of electrons 
in the orbitals of C & N atoms in 1N atom impurity defects in (4×4) supercell structure of graphene. In band structure, horizontal 
dotted line represents Fermi energy level, and in DOS/PDOS plots, vertical dotted line represents Fermi energy level. 
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(a)                                                                                   (b)

                      
                                                                                           (c)

Fig. 5: (a) Band plot of 1O atom impurity defects in (4×4) supercell structure of graphene, (b) DOS of up & down spins 
states of 1O atom impurity defects in (4×4) supercell structure of graphene (c) PDOS of individual up & down spins states of 
electrons in the orbitals of C & O atoms in 1O atom impurity defects in (4×4) supercell structure of graphene. In band structure, 
horizontal dotted line represents Fermi energy level, and in DOS/PDOS plots, vertical dotted line represents Fermi energy level. 

Magnetic properties
The magnetic properties of materials are studied by DOS and PDOS analysis. DOS suggests how densely quantum states are 

packed in a particular system. High or zero values of DOS refl ects, many or no states are available for occupation. The PDOS 
calculations are used to investigate the magnetic moment given by distributed up & down spins states of electrons in the orbital 
of atoms in a system. The asymmetrically distributed up & down spins states of electrons in DOS and PDOS means, materials 
have magnetic properties, and symmetrically distributed up & down spins states of electrons in DOS and PDOS means, materials 
carry non-magnetic properties. We observed that up & down spin states of electrons are asymmetrically distributed near the 
Fermi energy level in DOS and PDOS plots of 1C atom vacancy defects supercell structure of graphene (1Cv-d-G) as shown in 
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fi gures 3(b-c). This is because electron spins degeneracy of the bands is broken and bands split. Hence, 1Cv-d-G material has 
magnetic properties. Also, we have calculated the contributions of magnetic moment due to the distribution of spins of electrons 
in the individual orbital of atoms presented in 1Cv-d-G material as given in table 1. The magnetic moment developed in material 
due to up & down spins of electrons in 2s & 2p orbitals of C atoms have values -0.22μB/cell & -0.53μB/cell respectively. It 
means, dominant contributions of magnetic moment are given by spins of 2p orbital of C atoms in material. Hence, from these 
calculations, we found that total magnetic moment of 1Cv-d-G material has value -0.75μB/cell. Therefore, 1Cv-d-G material has 
magnetic properties. 

Similarly, we have calculated the magnetic moment in 1N atom impurity defects in graphene (1NI-d-G) material and 1O atom 
impurity defects in graphene (1OI-d-G) material respectively. The DOS and PDOS of up and down spins states of electrons are 
asymmetrically distributed near the Fermi energy level of 1NI-d-G material as shown in fi gures 4(b-c). Magnetic moment is given 
by spins states of electrons in the 2s and 2p orbitals of carbon atoms are 0.01μB/cell and 0.03μB/cell respectively, and 2s and 
2p orbitals of N atom are 0.00μB/cell and 0.01μB/cell respectively. Hence, total value of magnetic moment of 1NI-d-G material 
is 0.05μB/cell. Thus, 1NI-d-G material has magnetic properties. On the other hand, we have calculated the magnetic moment 
in 1O atom impurity defects in graphene (1OI-d-G) material. The DOS and PDOS of up and down spins states of electrons are 
symmetrically distributed near the Fermi energy level of 1OI-d-G material as shown in fi gures 5(b-c). Magnetic moment is given 
by spins states of electrons in the 2s and 2p orbitals of carbon and oxygen atoms are 0.00μB/cell. Thus, total value of magnetic 
moment of this material has zero value. Therefore, a 1O atom impurity defects in graphene (1OI-d-G) material is a non-magnetic 
material.

Conclusions
The electronic and magnetic properties of 1Cv-d-G, 1NI-d-G and 1OI-d-G materials are investigated by fi rst-principles 

calculations based on spin-polarized density functional theory. Computational of this work has been done by using Quantum 
ESPRESSO package. At fi rst, we have prepared (4×4) supercell structure of monolayer graphene sheet, then constructed 1C atom 
vacancy defects, and 1N atom, 1O atom respectively impurities defects in monolayer graphene supercell structure. We found that 
binding energy of defected structures is less than non-defects structure. From the band structure calculations, we found the Dirac 
cone is formed at the Fermi energy level in graphene material; hence it is called zero bandgap semiconductors. But, electronic 
band states cross and split around the Fermi energy level in vacancy and impurities defects materials. Hence, defected materials 
have metallic properties. From the DOS and PDOS calculations, we found that defected 1Cv-d-G and 1NI-d-G materials have 
magnetic properties, but impurity defects 1OI-d-G material has non-magnetic properties. The non-magnetic nature of graphene 
supercell structure changes to magnetic materials due to the 1C atom vacancy defects and 1N atom impurity defects in supercell 
structure of monolayer graphene sheet. The total magnetic moment of 1Cv-d-G and 1NI-d-G materials have values -0.75μB/cell 
and 0.05μB/cell respectively. The high value of magnetic moment is given by up and down spins states of electrons in 3p orbital 
of C atoms in both defected materials.  

We can further study about above-mentioned materials by investigating their physical properties using electric fi eld and stress 
eff ect.
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Abstract: The electronic and magnetic properties of water adsorbed graphene (wad �G) , single carbon ( 1C ) atom
vacancy defects in water adsorbed graphene (1Catom-vacancy � wad �G) and double carbon ( 2C ) atoms va-
cancy defects in water adsorbed graphene (2Catoms-vacancy � wad �G) materials are studied by first-principles
calculations within the frame work of density functional theory (DFT) using computational tool Quantum
ESPRESSO (QE) code. We have calculated the binding energy of wad � G, 1Catom-vacancy � wad � G and
2Catoms-vacancy�wad�G materials, and then found that non-defects geometry is more compact than vacancy
defects geometries. From band structure calculations, we found that wad�G is zero band gap semiconductor,
but 1Catom-vacancy �wad �G and 2Catoms-vacancy �wad �G materials have metallic properties. Hence, zero
band gap semiconductor changes to metallic nature due to C sites vacancy defects in its structures. We have
investigated the magnetic properties of wad �G and its C sites vacancy defects materials by using Density of
States (DOS) and Partial Density of States (PDOS) calculations. We found that wad � G is non- magnetic
material. 1C atom vacancy defects in graphene surface of wad �G is induced magnetization by the rebonding
of two dangling bonds and acquiring significant magnetic moment (�0.11 µB/ cell ) through remaining unsat-
urated dangling bond. But, 2C atoms vacancy defects in graphene surface of wad � G induced low value of
magnetic moment (+0.03 µB/ cell ) than 1C atom vacancy defects in structure, which is due to no dangling
bonds present in the structure. Therefore, non-magnetic wad�G changes to magnetic 1Catom-vacancy�wad�G
and 2Catoms-vacancy �wad �G materials due to C sites vacancy defects in wad �G structure. The 2p orbital
of carbon atoms has main contribution of magnetic moment in defects structures.

Keywords: • DFT • Vacancy defects • Water adsorbed Graphene • Magnetic moment

1. Introduction

Graphene is a carbon allotrope with a two dimensional (2D) honeycomb lattice. The honeycomb network

made by planar and three-folded sp2 hybrid orbitals acquires planar stability through ⇡ � ⇡ orbital interaction

and achieves high in-plane sti↵ness [1]. Dirac cones provided by the linearly crossing ⇡ and ⇡⇤ bands meet as

six points in k -space, and is called zero band gap semiconductor. Graphene has various exceptional properties,

such as high mechanical strength, chemical stability, massless Dirac fermions behavior, ambipolar e↵ect, unique

electronic and magnetic properties [2–5] . It is used for the fabrication of electronic devices, transparent electrodes

⇤ Corresponding Author: narayan.adhikari@cdp.tu.edu.np
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and spintronics devices [6–8]. So, graphene has opened up exciting opportunities for developing nanoelectronic

devices. However, the lack of intrinsic band gap and non-magnetic nature of graphene limits its practical ap-

plications in widely expanding field of carbon- based devices. The chemical and physical properties of materials

are a↵ected by the structural defects in low dimensional systems. Defects are expected to play key roles in the

chemical functionally and electronic transport properties of graphene based materials. The understanding of the

mechanical, electrical and magnetic properties of defects in graphene is an important applied physics goal [1, 9].

So, defects in graphene provide an opportunity for the researchers. The vacancies in monolayer structures of

graphene have attracted various experimental and theoretical studies [10–16]. Vacancy defects graphene material

enhanced the catalytic activities of materials. So, scientists developed vacancy defects in 2D honeycomb structure

of graphene, although it has high defects formation energy in comparison with other 2D materials [17, 18]. Both

theoretical and experimental research groups have studied the mechanical, electronic and magnetic properties

of single carbon atom vacancy defects in graphene. They found that a single carbon atom vacancy defects in

graphene is able to induce local magnetic moments due to the three carbon dangling bond atoms surrounding a

single vacancy [19–22]. The adsorption of new material in graphene and its vacancy defects materials tunes more

desirable properties than pristine graphene only. To our best knowledge, electronic and magnetic properties of

carbon atom vacancy defects in water adsorbed graphene structure have not been reported. Therefore, in present

work, we have investigated the electronic and magnetic properties of single and double carbon atom vacancy

defects in water adsorbed graphene structure through first-principles calculations within spin polarized density

functional theory (DFT) method, using computational tool Quantum ESPRESSO package.

The rest part of the paper is organized as follows. In section 2, we discuss details of computational methods.

The results and their interpretations are given in section 3. We closed the paper with main conclusions and outlook

of the present work in section 4.

2. Computational Details

We have performed spin polarized Density Functional Theory (DFT) calculations [23] , within the general-

ized gradient approximation (GGA) using computational tool Quantum ESPRESSO package [24, 25] and struc-

ture analysis tool XCrySDen. The exchange-correlation potential is approximated with Perdew-Burke-Ernzerhof

(PBE) functional [25]. The Rappe-Rabe-Kaxiraas-Joannopoulos (RRJK) model of ultra-soft pseudo-potential is

used to incorporate the activity of valence electrons in all the calculations. A vacancy defects honeycomb structure

is represented by (4⇥4) the super cell structure of monolayer graphene sheet. The brillouin zone was sampled by

(6 ⇥ 6 ⇥ 1) k-points in the Monkhorst-Pack (MP) scheme [26], where the convergence in energy as a function of

the number of k-points was tested. A plane wave basis set with energy cut- o↵ value of (35Ry) and charge density

cut-o↵ value (350Ry) was used for the expansion of ground state electronic wave function. Atomic positions were

optimized by using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme [27], until the total energy changes
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between two consecutive self consistent field (SCF) steps is less than 10�4Ry and each component of force acting

is less than 10�3Ry/Bohrs. Moreover, we used Marzarri-Vanderbilt (MV) [28] method of ‘smearing’ having width

of 0.001 Ry. Also, we have chosen ‘david’ diagonalization method with ‘plain’ mixing mode and mixing factor of

0.6 for self consistency. We used spin polarized calculations for magnetic properties of the systems. The meshes

of (6⇥ 6⇥ 1) k-points is used for electronic band structure and (12⇥ 12⇥ 1) k-points is used for DOS & PDOS

calculations, where 100 k-points are used along the high symmetric points connecting the reciprocal space for

bands structure calculations. In the present work, we have prepared water adsorbed in (4⇥4) super cell structure

of graphene and 1C & 2C atoms vacancy defects in water adsorbed graphene structure as shown in fig. 1(a� e).

These 1C and 2C atoms vacancy defects in water adsorbed graphene structures are constructed by removing

centre 1C atom and 2C (left 1C & centre 1C ) atoms in (4⇥ 4) super cell structure of graphene. After that, these

structures are optimized and relaxed by BFGS method, which are used for further calculations as shown in fig. 1

.

3. Results and Discussion

This section mainly focused on the results and interpretations of geometrical structures band structure

calculations, Density of States (DOS), and Partial Density of States (PDOS) calculations, of 1C & 2C atoms

vacancy defects in graphene surface of water adsorbed graphene by first-principles calculations including spin

polarized DFT method using computational tool Quantum ESPRESSO code.

Electronic Properties

The (4 ⇥ 4) super cell structure of Graphene is made by extending optimized primitive unit cell along x

and y directions. The distance between two nearest carbon atoms in graphene is 1.42 [29] . This value agrees

with experimentally reported value 1.42 [28]. Here, we have also done the relax calculation of (4⇥ 4) super cell

structure of graphene until the convergence is achieved, then we performed self consistent field (SCF) calculations

of super cell structure to get total energy, binding energy and binding energy per atom. The binding energy and

binding energy per atom of super cell structure are calculated by using following formalism;

Eb = NEc � Eg (1)

Where, Eg is the ground state energy of pure graphene sheet, Ec is ground state energy of isolated carbon atom

and N is the number of carbon atom in a graphene super cell. Similarly, the binding energy per carbon atom is

calculated by the relation;

Eb/C�atom = (NEc � Eg) /N (2)

The calculated values of total ground state energy, energy of isolated carbon atom, binding energy, and binding

energy per carbon atom for graphene sheet containing 2C and 32C atoms (i.e. 32 carbon atoms are presented in
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(4⇥4) super cell structure of graphene) are; �22.80 Ry, �10.98 Ry, 11.44 eV, 5.72 eV/atom, and �397.78 Ry, �

11.84 Ry, 255.44 eV, 7.98 eV/atom respectively. The adsorption of water molecule at 2.64 distance above the

surface of (4 ⇥ 4) super cell structure of graphene as shown in fig. 1(a) does not bring significant changed in

the values of pure graphene structure. Also, band structure plot of water adsorbed in graphene (wad �G) as

shown in fig. 2(a) is similar with band plot of pure super cell structure of graphene. This is because; the wad�G

structure has no dangling bonds present along the external surface of Graphene which therefore show a reduced

chemical activity. Only physisorption interactions can arise when adsorbing water molecule in this structure.

This is evidenced by the adsorption energy we calculated for isolated water physisorption on monolayer Graphene

(0.12eV) at 2.64 distance of water molecule above the graphene. In the present work, we intended to investigate

physical properties of C sites vacancy defects in graphene surface of water adsorbed graphene super cell structure.

Vacancy defects are localized states. They give rise to localized states in the band gap. In our study, we

treated the vacancy defects by removing 1C (centre 1C ) atom in wad �G structure (1Catom-vacancy � wad �G)

and 2C (1 left & 1C centre ) atoms in wad �G structure (2Catoms-vacancy � wad �G) as shown in fig. 1( b � c)

and fig. 1( d� e) respectively.

Figure 1. Optimized and relaxed structures of Graphene and C sites vacancy defects in water adsorbed Graphene,
where adsorbed water molecule is at 2.64 distance above the surface of Graphene. These structures
are constructed by removing 1C & 2C atoms in water adsorbed Graphene material (a) Water adsorbed
Graphene structure (b) Before 1C atom vacancy defects in water adsorbed Graphene structure (c) 1C
atom vacancy defects in water adsorbed Graphene structure (d) Before 2C atoms vacancy defects in
water adsorbed Graphene structure (e) 2C atoms vacancy defects in water adsorbed Graphene structure.

The defects formation energy of single and double carbon atoms vacancy defects in wad �G structure are

7.6 eV and 7.0 eV respectively, because binding energy of 1C defects is greater than 2C defects in wad�G structure

22



H.K. Neupane, N.P. Adhikari

as given in table 1. Defects formation energy values of these materials are calculated by using the relation [30].

Ef = ET (defect) + nCµC � ET (perfect) (3)

Where, ET (defect) is a total energy of a super cell with the defects, nC is the numbers of C atoms

removed from the perfect super cell to introduce a vacancy, µC is chemical potential of C atom, ET (perfect) is

the total energy of the neutral perfect super cell. Defects concentrations of 1C and 2C atoms in structures are

3.125% and 6.25% respectively. For wad � G, if the mesh of vacancy defects in 2D hexagonal lattice breaks the

specific symmetries of parent pristine wad � G structure the linearly crossing bands at Fermi level. So, C sites

vacancy defects with above mentioned concentrations in wad �G are seen still have linearly crossing bands, and

localized vacancy states corresponding to the flat impurities bands in band gaps as shown in fig. 3 (a) & 4 (a)

respectively. Due to symmetry of the super cell having 1C vacancy defects, the linearly crossing bands split and

they are raised slightly above the Fermi level. The ⇡ and ⇡⇤ bands around Fermi level mix with the orbitals of

vacancy. The states associated with the dangling bond and reconstructed C�C bond of vacancy occurs near the

top of valence band and in the conduction band appear as flat bands and charge densities are associated these

bands are localized as shown in fig. 3 (a). But, in 2C vacancy defects in wad � G structure, there is no states

associated with dangling bond and reconstructed C � C bond of vacancy occurs around the Fermi energy level

as shown in fig. 4 (a). In C sites vacancy defects wad � G structures, the edges and vacancies are very sensitive

locations for molecular adsorption due to the under-coordination of atoms in the edge or around the vacancy.

They also play a special role either in determining the geometrical conformation of layered materials and inducing

modifications of the electronic properties of the layers itself. Therefore, from the band structures analysis, we

found that 1Catom-vacancy � wad � G and 2Catoms-vacancy � wad � G materials have metallic nature. We know

that the electronic configurations of valence electrons in C, O and H atoms are [He] 2s2 2p2, [He] 2s2 2p4 and 1s1

respectively. Each C atom has single up spin in 2px, 2py and vacant in 2pz sub - orbital, each O atom contains

paired spins in 2px sub - orbital and single unpaired up spin in 2py and 2pz sub - orbital, and H atom has single

unpaired up spin in 1s orbital. Due to the arrangement of unpaired up and down spins states of electrons in

the orbitals of atoms in all wad �G, 1Catom-vacancy � wad �G and 2Catoms-vacancy � wad �G materials develop

di↵erent values of Fermi energy. We found that Fermi energy values of these materials are �2.91 eV, � 3.29 eV

and �3.42 eV respectively. Also, we calculated Fermi energy shift values of 1Catom-vacancy � wad � G and

2Catoms-vacancy � wad �G materials are 0.38 eV and 0.51 eV respectively as given in table 1.
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Table 1. Fermi energy (Ef) , Fermi energy shift (Es) , adsorption energy of water molecule in graphene (Ea),
defects formation energy (Ed), binding energy per carbon atom of pure graphene and vacancy defects
graphene in wad � G structures (Eb), total value of magnetic moment (M), and magnetic moment due
to total up & down spins of electrons in 2s, 2p orbitals of C & O atoms and 1s orbital of H atoms (
µ ) in water adsorbed Graphene (wad �G) and C sites vacancy defects in water adsorbed Graphene
(Catom-vacancy � wad �G) materials.

Data of band structures and DOS/PDOS plots of
wad � G & Catom-vacancy � wad � G

wad �G 1Catom-vacancy

wad � G
2Catom-vacancy

wad � G

Ef(eV) -2.91 -3.29 -3.42
Es(eV) - 0.38 0.51
Ea(eV) 0.12 - -
Ed(eV) - 7.60 7.00
Eb(eV) 7.98 7.46 6.82
µ due to 2s of C atoms (µB/cell) 0.00 -0.01 0.01
µ due to 2p of C atoms (µB/cell) 0.00 -0.10 0.02
µ due to 2s of O atoms (µB/cell) 0.00 0.00 0.00
µ due to 2p of O atoms (µB/cell) 0.00 0.00 0.00
µ due to 1s of H atoms (µB/cell) 0.00 0.00 0.00
Total value of magnetic moment M (µB/cell) 0.00 -0.11 +0.03

In addition, we have carried out Density of States (DOS) and Partial Density of States (PDOS) calculations

to understand the electronic and magnetic properties of materials more clearly. The DOS and PDOS plots of

wad�G, 1Catom-vacancy �wad�G and 2Catom-vacancy �wad�G materials are shown in fig. 2( b�c), fig. 3( b�c)

and fig. 4( b� c) respectively, where vertical dotted line represents Fermi energy levels of respective structures.

Figure 2. (a) Band structure plot of water adsorbed Graphene (b) Total DOS of up and down spins states of
atoms in water adsorbed Graphene (c) PDOS of individual up and down spins states of all atoms in
water adsorbed Graphene. In band structure, horizontal dotted line represents Fermi energy level, and
in DOS/PDOS plots, vertical dotted line represents Fermi energy level.
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Figure 3. (a) Band structure plot of 1C atom vacancy defects in water adsorbed Graphene (b) Total DOS of up
and down spins states of 1C atom vacancy defects in water adsorbed Graphene (c) PDOS of individual
up and down spins states of orbitals of 1C atom vacancy defects in water adsorbed Graphene. In band
structure, horizontal dotted line represents Fermi energy level, and in DOS/PDOS plots, vertical dotted
line represents Fermi energy level.

Figure 4. (a) Band structure plot of 2C atoms vacancy defects in water adsorbed Graphene (b) Total DOS of up
and down spins states of 2C atoms vacancy defects in water adsorbed Graphene (c) PDOS of individual
up and down spins states of orbitals of 2C atoms vacancy defects in water adsorbed Graphene. In band
structure, horizontal dotted line represents Fermi energy level, and in DOS/PDOS plots, vertical dotted
line represents Fermi energy level.

Magnetic properties

The magnetic and non-magnetic materials are investigated by the analysis of spins distribution in DOS

and PDOS plots. The asymmetrically distributed up and down spins states of electrons in DOS and PDOS plots

means, materials have magnetic properties, and symmetrically distributed up and down spins states of electrons
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in DOS and PDOS plots means, materials carry non-magnetic properties. We observed that up and down spin

states of electrons are symmetrically distributed in DOS and PDOS plots of wad � G material as shown in fig.

2(b� c). Net values of magnetic moment are given by up and down spins states of electrons in 2s & 2p orbitals

of C & O atoms, and 1s orbital of H atoms in structure is 0.00µB/cell. Hence, wad �G is non-magnetic material.

Furthermore, we have analyzed the DOS/PDOS calculations of 1Catom-vacancy �wad�G and 2Catoms-vacancy�

wad � G materials. The DOS and PDOS of up and down spins states of electrons near the Fermi level are

asymmetrically distributed in 1Catom-vacancy�wad�G as shown in Fig. 3(b�c), because electrons spins degeneracy

of the bands are broken and bands split. Hence, 1Catom-vacancy � wad � G material has magnetic properties.

Also, we have calculated the contributions of magnetic moment due to the distribution of spins of electrons in

the individual orbital of atoms presented in 1Catom-vacancy �wad �G material as given in table 1. The magnetic

moment developed in material due to up and down spins of electrons in 2s & 2p orbitals of C atoms only which are

�0.01 µB/cell &� 0.10 µB/cell respectively. It means, dominant contributions of magnetic moment are given by

spins of 2p orbital of C atoms only in the material. The values of magnetic moment are calculated by subtraction

between the values of magnetic moment given by total up & down spins states of electrons in the orbitals of

atoms present in 1Catom-vacancy �wad�G material. Hence, from these calculations, we found that total magnetic

moment of 1Catom-vacancy �wad �G has value �0.11 µB/cell. Similarly, we have calculated the magnetic moment

in 2Catoms-vacancy � wad � G. We know that double vacancy defects in graphene have zero value of magnetic

moment because no dangling bonds are formed there. However, in our case, we have obtained small value of

magnetic moment which is due to the adsorption of water molecule in double vacancy defects graphene sheet.

The DOS/PDOS of up and down spins states of electrons are asymmetrically distributed near the Fermi energy

level as shown in fig. 4( b� c). Magnetic moment is given by spins states of electrons in the 2s & 2p orbitals of

carbon atoms in structure are 0.01 µB/cell & 0.02 µB/cell respectively. Hence, total value of magnetic moment of

2Catoms-vacancy �wad� G material is 0.03 µB/cell. The negative value of magnetic moment means, down spins of

electrons have dominant role than up spins of electrons, and positive value of magnetic moment means, up spins

electrons of atoms have commanding role than down spins electrons in the systems. The magnetic properties

developed in 1Catom-vacancy � wad� G and 2Catoms-vacancy � wad � G materials are due to the distribution of

unpaired electrons spins in 2s & 2p orbitals of carbon atoms in structures.

4. Conclusions

The physical properties of wad � G, 1Catom-vacancy � wad � G and 2Catoms-vacancy � wad � G materials

are investigated through first-principles plane wave calculations within the Density Functional Theory. Compu-

tational of this work has been done by using Quantum ESPRESSO package. At first, we have prepared stable

water adsorbed graphene super cell structure, and then constructed C sites vacancy defects in it. We found that

binding energy of defects structures are less than non-defects structure. The value of binding energy decreases
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with increase in defects concentrations in graphene material. From the band structure calculations, we found the

Dirac cone is formed at the Fermi energy level in wad�G material; hence it is called zero band gap semiconductor.

But, electrons band states are crossing and split, and they are raised slightly above the Fermi energy level in

1Catom-vacancy � wad � G and 2Catoms-vacancy � wad � G materials. Hence, C sites vacancy defects in wad � G

material have metallic properties. We have analyzed the DOS and PDOS calculations, and found that wad � G

is non-magnetic material. The non- magnetic wad � G material changes to magnetic 1Catom-vacancy � wad � G

and 2Catoms-vacancy � wad � G materials due to the presence of C sites vacancy defects in wad � G structure.

The total magnetic moment of 1Catom-vacancy � wad � G and 2Catoms-vacancy � wad � G materials have values

�0.11 µB/cell and 0.03 µB/cell respectively. The high value of magnetic moment is given by up and down spins

states of electrons in 3p orbital of C atoms in vacancy defects structures.
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Abstract 

To study the interaction of atoms present in the two rings polymer molecule system, we have performed 

path integral, Monte Carlo simulations method using FORTRAN code. In literature, we found that the 

interaction of atoms present in two rings polymer molecule was done by path integral, Monte Carlo 

simulations method. Also, we found that less the number of atoms present in the rings polymer molecule i.e. 

P = 2, 4, 8, 16, more will be the probability of getting classical result. But, if the numbers of atoms are 

increased in the rings, we can reach near exact quantum mechanical result. When the value of P is ∞ the 

average interaction energy value of atoms present in two rings was found to be 0.5, which was exact zero 

point energy value of harmonic oscillator. As given in literature, we have studied the interaction of atoms 

present in two rings polymer system using path integral, Monte Carlo simulations method, the result we 

produced was as same as in literature, where the value of  P were 2, 4, 8, 16 and ∞. We have done additional 

work by taking the values of P = 32, 64, 128, 256 and calculated the variation of average interaction energy 

with temperature, and found that the value of average interaction energy <E> = 0.5 at low temperature T ≈ 

0K. This value is called zero point energy value of quantum harmonic oscillator. Here, the value of P = 256 

and P = ∞ can resemble with each other. For this, we took P = 256 and observed the interaction, and found 

that the average interaction energy value of atoms present in rings was 0.5 at T ≈ 0K. Therefore, by this 

additional work we can say more clearly that increasing the number of atoms in two rings polymer molecule 

will result to the high possibility of getting exact value of average interaction energy in the system. 

 

Keywords: FORTRAN, Path integral, Monte Carlo, Harmonic Oscillator, Interaction. 

 

1. INTRODUCTION 

Schrodinger’s equation and Heisenberg’s matrix 

mechanics are based on Hamiltonian classical 

mechanics, which provides a direct connection 

between classical and quantum mechanics [1-3]. In 

1933, Dirac [4, 5] proposed an approach to 

quantum mechanics based on the Lagrangian, he 

considered it as more basic than the Hamiltonian. 

Dirac suggested that in quantum mechanics, 

transition amplitude is also known as the 

propagator which correlates to the quantity 
/iS

e
where S is the classical action calculated along the 

path taken by particles. In 1948, Feynman [6] 

extended Dirac’s idea and formulated quantum 

mechanics based on sum over all paths between 

fixed initial and final states. The amplitudes of 

paths combined by superposition principle, in 

which each path contributes a pure phase 
/iS

e to 

the propagator, as suggested by Dirac. This sum 

over paths is typically an integral over continuum 

of paths is known as path-integral method. 

Feynman derived the path integral methods and 

applied into many areas of Physics [1], most 

notably in non-relativistic quantum mechanics, 

many body Physics, quantum field theory and 

statistical mechanics etc. [7, 8]. In quantum 

mechanics, path integral leads to phenomena like 

tunneling, double-slit experiment etc. To interpret 

these experiments, path integral provides a 

fascinating basis [9]. Path integral is an explicit 

expression for the probability amplitude. The actual 

calculation of these amplitudes depends on the 

problem of interest such as harmonic oscillator, the 

path integral can be evaluated exactly, but typically 

either an approximate solution is found or a 

perturbative expansion is done. The various others 

established methods like mean field theory, 
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renormalization group etc. are obtaining exact or 

approximate solution from path integrals [10], 

however there are some situations approximate 

solution are ineffective for example in Quantum 

Chromo Dynamics (QCD), where calculations 

based on perturbation theory have been successful. 

In the strong interaction regime provides non-

perturbative numerical evaluation of amplitudes 

and matrix elements, which are based on Monte 

Carlo methods [11-13]. 

The Monte Carlo simulations method is a large 

class of algorithms that simulates quantum systems 

with the idea of solving the quantum many body 

problems like Schrodinger wave equation [14]. It 

makes use of random numbers to make a series of 

random moves, an algorithm is then used to accept 

or reject the move. Depending on the Monte Carlo 

method used, a specific function is applied to old 

and new configurations. The move is either 

accepted or rejected by comparing the results of 

this function before and after the move. Also, 

Monte Carlo simulations [15], is a method for 

analyzing the behavior of any activity or process 

that involves uncertainty so that this method is used 

random numbers and probability statistics to solve 

the problems. As we know, it may be easy to solve 

the equations which described the interaction 

between the two atoms but solving the same 

equations for hundreds or thousands of atoms is 

often impossible. Monte Carlo methods can be 

sampled a large system with a number of small 

random configurations and that data can be used to 

analyze the overall system.  

Thus, Monte Carlo simulations method is widely 

used in different fields that range from economics 

to nuclear physics [16]. In Monte Carlo 

algorithms, the entire system, which may be an 

equation involving hundreds or thousands of 

variables is simulated or evaluated a large number 

of times. Each time the equation is simulated, the 

unknown variables are sampled. The system is 

then simulated numerous times and the 

performance of the system can be commutated. At 

the end of the simulations, the result is a large 

number of samples which describe the possible 

state of the system. These results are combined 

into probability distributions of possible outcomes. 

As a result, the outputs are not single values but 

probability distributions. 

In this project, we focused path integral method on 

quantum mechanical treatment of two rings 

polymer system using FORTRAN code based on 

Monte Carlo simulations method. 

2. SIMULATIONS METHOD 

We have done path integral simulations of two 

rings polymer molecule by using Monte Carlo 

simulations method based on FORTRAN code. 

FORTRAN is a programming language which 

was conceived in early 1950s [17, 18]. In present 

work, we have considered two rings polymer 

molecule as a system, where P represents the 

number of atoms present in a system. This system 

is an example of Harmonic oscillator. Here, we 

have taken FORTRAN code for a considered 

polymer molecule at different values of P with 

different values of temperature. In this 

FORTRAN program, program name is given as 

qmc-pi-sho.f90 which is a simple path integral, 

Monte Carlo simulations program. We have used 

this path integral, Monte Carlo simulations 

method to study the variation of average 

interaction energy between the atoms in the rings 

polymer molecule at different temperatures.  

The Math-module and average-module in 

FORTRAN program are incorporated in intrinsic 

and others different conditions are used as a code in 

designed FORTRAN program. We have taken 

different values of P and temperature at constant 

values of nstep, nblock, nequil and dx-max, and also 

we have taken 20 numbers of blocks for production, 

10 numbers of blocks for equilibration, 50000 

numbers of steps per block in simulations and value 

1.00 for maximum displacement in FORTRAN 

code.  Here, we considered P is an integer and 

temperature, dx-max, and classical and quantum 

potentials are taken as real. This program is run in 

Linux by using gfortran……f90, we got different 

data and plots, and they are discussed in results and 

discussion section. 

 

3. RESULTS AND DISCUSSION 

In this section, we discussed the interaction of 

atoms in two rings polymer molecule by using path 

integral, Monte Carlo simulations method based on 

FORTRAN code and we compared our main 

findings, their interpretation with reported results.  

 

3.1 Path-Integral Simulations 

To arrive at the path integral formulation of 

quantum mechanics, we consider the problem of 

calculating the probability of a particle leaving a 

position like qi and arriving at a position qf under 

the action of a potential V(q) in a time T [16]. We 

used Dirac path integral formalism; the probability 

is given by  

i

iHT

f qeq // . The interpretation is 
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that we divide time axis in N times slices and then 

compute the probability amplitude for the particle 

leaving a position qi at time ti and reaching the 

position qi+1 at time ti+1. The next step is to multiply 

these amplitudes to obtain the probability amplitude 

for the particle leaving qi arrive at qf in time T 

through a specific path. We repeat this for all 

possible paths and sum the amplitudes for each path 

to obtain the total probability amplitude

 

i

iHT

f qeq // . The path integral evaluate 

analytical solutions numerically, for this we relate 

the path integral with the partition function on 

statistical mechanics and use the metropolis 

algorithm to make Monte Carlo simulations. In our 

considered system, nuclei of the atoms are modeled 

by quantum mechanically which incorporated 

quantum effects in simulations [19]. So our 

attempts have been made to incorporate quantum 

effects in simulations within the limitation of 

classical simulations. To estimate quantum 

corrections of thermodynamics function by 

expanding the partition function of N atoms in 

powers of Planck constant in expression of partition 

function [19, 20], 
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The corrections to the thermodynamic properties, extra term is added in the classical Hamiltonian, [21] 

which is given by; 
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But, correction term obtained was done by 

molecular dynamics (MD) simulation model which 

was numerically instabilities. Therefore, to treat the 

nuclei quantum mechanically, we have needed 

quantum partition function which is obtained by the 

path integral formulation of quantum mechanics, by 

taking non-normalize quantum mechanical density 

operator 
He   [1, 21, 22], 
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Where, r represents the position of all the 

molecules. Using equation (3), some properties like 

thermodynamics properties, static and dynamic 

structure properties are estimated. We first take for 

one particle then generate to N particles then get 

[23] the partition function is; 
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Where, mp=M, 

 

Or, 

          )4)....(()()( rVrVrV qucl  .  

 

Since, V
cl
(r) and V

qu
(r) represent the Classical and 

Quantum potential respectively. Thus, a Monte 

Carlo simulation of the classical ring polymer 

system with potential energy V(r) is given by 

equation (4). As the number of particles P in our 

ring polymer increases, we get a better 

approximation of quantum partition function and 

become formally exact as P =  . We can see the 

theoretical graph, the finite P valued energy curves 

deviate from the true result as temperature 

decreases, leaving the zero point level 
2

1
E

and dropping to classical value < E > = 0 at T = 0 

as shown in Fig. 1(b) [22]. 
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(a) 

 

 

 (b) 

 

Fig. 1: (a) Two rings polymer molecule (P = 5) 
representing the interaction between two atoms in  
a path integral simulation (b) The average energy  

of the path integral approximation to the Quantum 
Harmonic Oscillator of frequency as a function  

of temperature [22]. 

 

In literature [22], we found a system of two rings 

polymer molecule shown in Fig. 1(a), in which 

atoms are presented in each ring. In Fig. 1(a), i and 

j represent two rings polymer structure where each 

ring contains P number of atoms. The atoms in one 

ring are interacted with atoms in another ring like a 

quantum harmonic oscillator since atoms having 

two rings are seemed to be bounded like an ideal 

spring. So that, the interaction between atoms 

present in the two rings looks like harmonic 

oscillator problem. The interaction of two rings 

polymer system was studied by path integral, 

Monte Carlo simulations method using FORTRAN 

program. The reported graph shown in Fig. 1(b) 

was obtained by doing path integral, Monte Carlo 

simulation in a considered polymer system where 

average interaction energy (<E>/hf) between the 

atoms in rings were taken along y-axis and different 

values of temperature (thermal energy KBT/hf) 

were taken along x-axis. We saw that, number of 

atoms present in each ring (P = 1) in our considered 

system gives classical result, i.e. the value of 

average interaction energy was zero at zero 

temperature. But, we know that, quantum harmonic 

oscillator has zero point energy value (ħω/2) at zero 

temperature. Similarly, the value of P gradually 

increased up to 16, (i.e. P = 2, 4, 8, 16) also 

provided classical result (i.e. <E> = 0) at zero 

temperature, but quantum mechanically, average 

values of interaction energy between the atoms in 

two rings polymer molecule have greater value (i.e. 

0.5) at low temperature region (i.e. T = 0K). It 

means, the value of average interaction energy 

between more numbers of atoms present in rings 

polymer using path integral, Monte Carlo 

simulations method provides approximate quantum 

mechanical result at absolute zero temperature. So 

that, at P = ∞ has given zero point energy value 

(<E> = 0.5) at T = 0K, shown in Fig. 1(b), 

otherwise (P = 2, 4, 8, 16) have slightly deviated 

result from quantum mechanical treatment of 

harmonic oscillator problem. Therefore, according 

to the result reported in literature, we can reach to 

the conclusion that, if number of atoms in two rings 

polymer system has greater amount, (i.e. P ˃ ˃16 

to ∞), the average value of interaction energy 

between the atoms in the rings polymer system 

would be 0.5 at zero temperature, which is called 

exact average interaction energy (zero point energy 

of harmonic oscillator) in the two rings polymer 

system. 

In this work, as reported in literature we have taken 

two rings polymer system. The atoms present in the 

rings interact with each other which resembles with 

the harmonic oscillator interaction. So that the two 

rings polymer system is also called an example of 

harmonic oscillator. Here, we have taken the 

number of atoms P = 2, 4, 8, 16, 32, 64, 128, 256, ∞ 

in our assumed system. We used path integral, 

Monte Carlo simulations method based on 

FORTRAN code to study the variation of average 

interaction energy of atoms in our considered 

system at different values of temperature. We found 

that, if the value of P is less (i.e.  P = 2, 4, 8, 16) 
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classical result will be obtained at T ≈ 0K as shown 

in Figs. 2 (a), 2(b), 2(c), 2(d) respectively. These 

plots are resembled exactly to the plots reported in 

Fig. 1(b). And, if the values of P is gradually 

increased from P = 32, 64, 128, 256, ……., the 

average interaction energy will be seen near the 

exact value (0.5) at T ≈ 0K temperature as shown in 

Figs. 3(a), 3(b), 3(c), 3(d)  respectively.  

 

  

(a) (b) 

  

  

(c) (d) 

Fig. 2: Two rings polymer molecule represents the interaction between the atoms as an example of harmonic  
oscillator (a) The plot of average interaction energy at P = 2 and   as a function of temperature (b) The plot of 

average interaction energy at P = 4 and   as a function of temperature (c) The plot of average interaction  
energy at P = 8 and   as a function of temperature (d) The plot of average interaction energy at  

P = 16 and   as a function of temperature. 
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(a) (b) 

  

 
 

(c) (d) 

 

Fig. 3: Two rings polymer molecule represents the interaction between the atoms as an example of harmonic oscillator 
(a) plot of average interaction energy at P = 32 and   as a function of temperature (b) plot of average interaction 
energy at P = 64 and   as a function of temperature (c) plot of average interaction energy at P = 128 and   as a 

function of temperature (d) plot of average interaction energy at P = 256 and   as a function of temperature. 

 

Here, we have presented the simulated data of 

average interaction energy values of atoms in two 

rings polymer system at P = 2, 4, 8, 16, 32, 64, 128, 

256 and ∞ with different values of temperature in 

table 1, where P = ∞ is obtained from the large 

numbers of iteration in Monte Carlo simulations 

method. 
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Table 1: Data of thermal energy in term of temperature (KBT/hf) and average interaction energy 

between the atoms in i and j rings polymer molecules in term of (<E>/hf) are obtained from the path 

integral, Monte Carlo simulations method by using FORTRAN f90 program where P represents 

number of atoms are presented in a ring. 

Temperature 

(Thermal 

energy) 

Average 

energy 

(P=2) 

Average 

energy 

(P=4) 

Average 

energy 

(P=8) 

Average 

energy 

(P=16) 

Average 

energy 

(P=32) 

Average 

energy 

(P=64) 

Average 

energy 

(P=128) 

Average 

energy 

(P=256) 

Average 

energy 

(P = ) 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.5000 

0.0010 0.0002 0.0009 0.0010 0.0017 0.0089 0.0120 0.1240 0.2278 0.5000 

0.0025 0.0009 0.0049 0.0079 0.0098 0.0298 0.0519 0.2695 0.3941 0.5000 

0.0050 0.0028 0.0094 0.0099 0.0168 0.0860 0.1532 0.3939 0.4659 0.5000 

0.0075 0.0056 0.0198 0.0343 0.0957 0.1568 0.2544 0.4435 0.4834 0.5000 

0.0100 0.0099 0.0410 0.0883 0.1998 0.2056 0.3003 0.4661 0.4842 0.5000 

0.0200 0.0398 0.0791 0.1524 0.2695 0.3940 0.4656 0.4910 0.4978 0.5000 

0.0400 0.0788 0.1523 0.2695 0.3942 0.4661 0.4853 0.4984 0.4979 0.5000 

0.0500 0.0910 0.1856 0.3124 0.4238 0.4774 0.4959 0.4988 0.4983 0.5000 

0.0750 0.1436 0.2575 0.3842 0.4609 0.4887 0.4983 0.5014 0.5016 0.5000 

0.1000 0.1860 0.3126 0.4241 0.4780 0.4957 0.4995 0.5020 0.5097 0.5000 

0.2000 0.3220 0.4314 0.4843 0.5022 0.5061 0.5105 0.5030 0.5217 0.5078 

0.3000 0.4228 0.5008 0.5292 0.5368 0.5373 0.5619 0.5482 0.5512 0.5370 

0.4000 0.5123 0.5679 0.5851 0.5815 0.5902 0.6067 0.5858 0.6022 0.5894 

0.5000 0.5975 0.6394 0.6501 0.6434 0.6562 0.6690 0.6643 0.6656 0.6565 

 

According to the data we produced, variation of 

average interactions energy with temperature at P = 2, 

4, 8, 16, 32, 64, 128, 256 and ∞ are shown in Fig. 4. 

 

 
 

Fig. 4: Variation of average interaction energy of atoms 
present in two rings polymer molecule at P = 2, 4, 8, 16, 
64, 128, 256 and   as a function of temperature, where 
values of average interaction energy are plotted along 
y-axis and thermal energy as a function of temperature 

are plotted  along x-axis. 

 

In Fig. 4, we can see average interaction energy 

values of atoms in rings polymer at P = 32 is greater 

than 16, P = 64 is greater than 32, P = 128 is greater 

than 64 and P = 256 is greater than 128 at T ≈ 0K 

temperature. From these observations, we can be 

more clear that, study of the interaction between more 

numbers of atoms present in the two rings polymer 

system, will implies to reach near to exact result 

reported by quantum mechanics. Here, we have 

calculated the interaction of each atom in ring ‘i’ with 

all atoms in ring ‘j’ by using Monte Carlo method of 

simulations. As a result, there will be more chance to 

get accurate value of average interaction energy from 

large numbers of data. Hence, value of average 

interaction energy of atoms in rings at P = 256 is close 

to 0.5 than other values of P at T ≈ 0K, i.e. the value 

of P = 256 and P = ∞ can resemble with each other. 

When the interaction was observed at P = 256, we 

found that the average interaction energy value of 

atoms present in rings was 0.5 at T ≈ 0K also shown 

in Fig. 3(d). Therefore, by using path integral Monte 

Carlo simulations method based on FORTRAN code, 

we can reach to the conclusion that more the number 

of atoms present in the two rings polymer system, 

there will be more probability to get exact value of 

interaction energy (0.5) of harmonic oscillator at  

T = 0K.  

 

4. CONCLUSIONS 

In summary, we have studied the interaction of 

atoms present in two rings polymer molecule by 

path integral, Monte Carlo simulations method 

based on FORTRAN code.  
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We have taken two rings polymer molecule as a 

system for simulations, in which each ring contains 

P = 2, 4, 8, 16, 32, 64, 128, 256 and ∞ atoms 

separately. Firstly, we have taken P = 2, 4, 8, 16 

atoms for simulations, and we found that, average 

interaction energy values of atoms in rings are 

decreased and reached to zero at T ≈ 0K 

temperature.  It means, if the value of P is less (i.e.  

P = 2, 4, 8, 16), classical result was obtained at T ≈ 

0K temperature. Additionally, we have done the 

simulations of P = 32, 64, 128 and 256 by using 

same method mentioned above and found that 

greater number of atoms present in the system have 

given nearly exact value i.e. <E> = 0.5 at T ≈ 0K, 

which was exact zero point energy value of 

harmonic oscillator problem. That exact energy of 

harmonic oscillator can be obtained by substituting 

the value of P ≈ ∞ in the system. However, in this 

work, the value of P = 256 is exact value near ∞. 

By taking this value i.e. P = 256 and observing the 

interaction, we found that the average interaction 

energy value of atoms present in rings was 0.5 at T 

≈ 0K. Therefore, we can be clearer that, more the 

number of atoms present in the two rings polymer 

molecule system, the average interaction energy 

value of atoms in system has exact 0.5 at zero 

temperature. This value is called zero point energy 

value of quantum harmonic oscillator. 
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