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ABSTRACT

The adsorption of liquid or gas molecules on pristine or structurally defective systems exhibits unique properties.
They have budding uses in the field of device applications. So, in this work, we have studied the structural,
electronic, and magnetic properties of water adsorbed h-BN (w-hBN), and water adsorption on: 1B atom vacancy
defect in h-BN (w-1B-hBN), 1N atom vacancy defect in h-BN (w-1N-hBN), nearest neighbours of 1B &1N atoms
vacancies defect in h-BN (w-nBN-hBN), and alternate zone of 1B &IN atoms vacancies defect in h-BN (w-aBN-
hBN), monolayer supercell structures using density functional theory (DFT) method by employing Quantum
ESPRESSO computational tool. For the structural properties, we have estimated the bond length between B & N
atoms, and ground state energy of materials. They are found to be compact form of stable two-dimensional
materials. Material’s compactness is increased by decreasing number of vacancy defects in the material. Electronic
properties of considered materials are studied by the analysis of their band structure and density of states (DOS)
calculations. It is found that w-1B-hBN is a p-type semiconductor, and w-hBN, w-1B-hBN, w-1N-hBN, w-nBN-
hBN, w-aBN-hBN are n-type semiconductors. Magnetic properties of considered materials are examined from their
DOS and partial density of states (PDOS) plots, it is found that w-hBN is non-magnetic material, and w-1B-hBN,
w-1N-hBN, w-nBN-hBN & w-aBN-hBN are magnetic materials. Magnetic properties are generated due to the
arrangement of unpaired up or down spin states of electrons in the individual orbitals of atoms present in the
materials.
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INTRODUCTION

Exploring of  two-dimensional —(2D)  materials
(Novoselov et al., 2016) were not in highlight among
the young researcher till 2003. Nonetheless, with the
successful synthesis of graphene in 2004 (Xu, et al,
2013; Uddin ef al, 2023), there has been a great deal of
interest in the study of 2D materials. By considering the
numerous uses, 2D materials are extensively researched
( Butler ez al, 2013; Bhimanapati e/ a/, 2015). Their
unique mechanical, optical, electronic, and gas sensing
properties could be crucial components in advanced
optoelectronic and electronic applications (Butler ez al,
2013; Zhang ef al., 2016). Among various 2D materials,
hexagonal boron nitride (h-BN) is one of the highly
researched materials as it is thermally and chemically
stable under a variety of circumstances ( Neupane &
Adhikari, 2021a; He e al, 2022). The Boron (B) and
Nitrogen (N) atom stoichiometry ratio of the
honeycomb structure of h-BN is 1:1, and they are
arranged in a honeycomb lattice within each layer. Due
to various bonding configurations between B and N
atoms, boron nitride (BN) can take four polymorphic
forms: wurtzite (w-BN), rhombohedral (r-BN), cubic
(c-BN), and hexagonal (h-BN). The various
characteristics of BN materials are significantly
influenced by the crystal structures of these forms. The
most stable hexagonal form of graphite is h-BN, and it
functions as an insulator. The differing energies of B &

N atoms, however, cause a considerable difference in
the band structures of h-BN and graphite; as a result, h-
BN has a wide bandgap energy of value (~ 4.96 eV),
and a slight lattice misfit with graphite 1.8% (Pierucci ez
al., 2018; Neupane & Adhikari, 2021a). Moreover, h-
BN has good mechanical, optical, electronic, and
thermal properties. Hence, it is a desirable material that
can be used in the field of devices application. Scientists
have added (adsorbed) or removed (create vacancy
defect) the atoms in or from the structure of material
for the investigation of their novelty properties (Mali e#
al, 2015, Ren et al, 2021). The fundamental
characteristics of the material were tuned by the
suitable doping of the foreign elements and the creation
of vacancies in the compound (Zhang & Zhang, 2010;
Patra ez al, 2018; Oli, 2024). The deliberate removal of
one atom from the system in order to introduce or
exacerbate other foreign elements is known as a
vacancy defect. Adsorption is a method of covering a
material's surface with a thin layer that can be catried
out in two ways: chemically or physically. Adsorption is
referred to as chemical adsorption if the adsorbed
molecule is chemically bound; otherwise, it is referred
to as physical adsorption.

As far as we know, no study has been made to study
the structural, electronic, and magnetic properties of
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structure of h-BN (w-hBN), 1B atom vacancy defect in
h-BN (w-1B-hBN ), 1IN atom vacancy defect in h-BN
(w-1IN-hBN), nearest neighbors of 1B &IN atom
vacancies defect in h-BN (w-nBN-hBN), and alternate
zone of 1B &IN atom vacancies defect in h-BN (w-
aBN-hBN). We thought that these materials would
have novel properties than previously researched BN
based materials. After tuned unique (novel) properties
in the materials, they can be used in the field of devices
application. In the present work, we have investigated
the structural, electronic, and magnetic properties of w-
hBN, w-1B-hBN, w-1N-hBN, w-nBN-hBN & w-aBN-
hBN materials using spin-polarized Density Functional
Theory (DFT) method by employing Quantum
ESPRESSO (QE) computational tool (Giannozzi et al.,
2009).

MATERIALS AND METHODS

In this section, we have explained details of
computational methods and studied materials. We have
investigated the structural, electronic, and magnetic
properties of water adsorbed (4x4) supercell structure
of h-BN monolayer (w-hBN), and water adsorbed 1B
vacancy defect h-BN (w-1B-hBN), IN vacancy defect
h-BN (w-1N-hBN), nearest neighbors 1B & 1IN
vacancies defect h-BN (w-nBN-hBN), and alternate
region of 1B & 1N vacancies defect h-BN (w-aBN-
hBN), materials by using density functional theory
(DFT) (Kohn & Sham, 1965) method under Quantum
ESPRESSO (QE) (Giannozzi et al, 2009) as a
computational tool. We have used Generalized
Gradient Approximation (GGA) on the basis of PBE
functional, for the calculations of exchange-correlation
(XC) functional [Perdew ez al, 1996]. The ultra-soft
psecudopotential (USPPs) (Kresse & Joubert, 1999), and
plane wave basis set are used to examine the interaction
of valence electrons of atoms in the system. For the
structural optimization and relaxation, Broaden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm (Head &
Zerner, 1985) is used. The calculations are continued
until the change in total energy in between two
consecutive self-consistent fields (scf) is found to be
less than 107* Ry value, and force on each atom is
obtained below 1073 Ry/Bohr values. Marzatri-
Vanderbilt (M-V) smearing method (Marzari et al,
1999) is used for smearing by taking narrow broadening
width of value 0.001 Ry. David diagonalization method
is used in the self-consistency process, by taking mixing
factor of defaults value 0.6. For the calculations fine
band structure and density of states (DOS) plots, 200 k-
points are taken along with the high symmetry points in
the reciprocal lattice.

We have constructed the stable unit cell structure of
hexagonal (h-BN) by taking the
optimized value of lattice parameter, kinetic energy
cutoff, and k-points in the input file. (4X4) supercell
structure of h-BN is obtained by extending the unit cell
four-times along x-direction, and four-times along y-
direction. Water molecules are adsorbed on that
supercell cell structure of h-BN at a 3.24 A distance
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from the surface of h-BN layer, and then relax
calculations are done by using BFGS scheme. A stable
relaxed structure of water adsorbed h-BN (w-hBN) is
prepated. As we know, (4x4) supercell structure of h-
BN monolayer consists of 32 (16-Boron & 16-
Nitrogen) atoms. Single vacancy is created by randomly
removing either 1B atom or IN atom from h-BN
structure of defect concentration value 0.03125 %, and
two atoms (alternate zone of 1B & 1IN atoms, or
nearest neighbors 1B & 1N atoms) vacancies defect
from h-BN structure of defect concentration value
0.0625%. These values are comparable value with other
defective systems (Neupane, & Adhikari, 2020, Nepal,
et al., 2024). Hence, considered defected systems are
suitable for the study of their structural, electronic and
magnetic ~ properties.  Optimization and  relax
calculations of defected systems are done by using
BFGS approach and found that they are stable
materials. Additionally, water molecules are absorbed
on these defective systems, by taking water molecules at
various positions at 3.24 A above the surface of
defected surface of h-BN. Water adsorbed defected
systems are then optimized and relax by using BFGS
scheme. They are used to investigate the structural,
electronic and magnetic properties by obtaining their
band structure, density of states (DOS) and partial
density of states (PDOS) plots. For the band structure
calculations, a mesh of (6X6X1) k-points are used,
while for the DOS & PDOS calculations, dense mesh
of (16X16X1) k-point are employed for the self-
consistent field (scf) calculations. For the structural
visualization XCrySDen (Kokalj, 2003), and plotting
purpose XmGrace (Turner, 2005) programs are used.

RESULTS AND DISCUSSION

In this section, firstly we have analyzed the structural
properties of the materials considered. After that, we
have determined their electronic and magnetic
properties on the basis of band structures, DOS and
PDOS plots. We have compared our findings with the
reported values. Finally, we have drawn conclusions
based on the found results.

Structural Properties

The structural properties of w-hBN, w-1B-hBN, w-1N-
hBN, w-nBN-hBN, & w-aBN-hBN materials are
examined by calculating their bond length between any
two atoms, bond angle between three atoms, minimum
ground state energy, and water adsorption energy.
Firstly, we have prepared the stable (4x4) supercell
structure of h-BN by extending a unit cell along x-and
y-axis. That structure is optimized and determined its
lattice parameter (a) of value 2.49 A, kinetic energy
cutoff (ecutoff) of value 35 Ry, charge density (ecutrho)
of value 350 Ry, and k-point value (12x12x1). The
ecutrho value is taken 350 Ry because for the uses of
USPPs, ecutrho value is 10 times greater than ecutoff
value. Water molecules are adsorbed on the various
positions above the surface of h-BN, and then relax
calculation is done. It is found that water is situated at
3.25 A distance above the middle surface of h-BN,



which is more stable material than other configurations.
We have estimated the bond length between B-N or N-
B atoms before water adsorption, and after water
adsorption on h-BN, they are found to be 1.42 A &1.43
A respectively. They fairly agree with the reported
values (Liu ez al, 2014; Paudel ez al, 2023). It is seen
that the structure is slightly expanded due to the
adsorption of water molecules on h-BN. The bond
angle between B-N-B or N-B-N atoms in the material
are estimated and found to be 120°. Tt means, there is
no effect on bond angle by adsorbed water molecule.
We have also calculated the minimum ground state
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Figure 1. (Color online) Optimized and relax stable structures of water adsorption on pristine and vacancy defected h-
BN material: (a) (4X4) supercell structure of w-hBN material, (b) (4X4) supercell structure of w-1B-hBN material, (c)
(4%4) supercell structure of w-IN-hBN material, (d) (4X4) supercell structure of w-nBN-hBN material, and (e) (4X4)
supercell structure of w-aBN-hBN material.

We have measured the bond length between B-N or N-
B atoms in w-1B-hBN, w-1N-hBN, w-nBN-hBN, & w-
aBN-hBN materials, and are found to be 1.45 A, 1.45
A, 1.47 A & 1.48 A respectively. They are closely with
reported values (Liu e al, 2014). From these
calculations, we found that bond length of materials is
increased by increasing its defect concentration, and
hence water adsorbed on single vacancy defected
materials are more compact than double vacancies
defected materials. We also compared the bond length
values in between water adsorption on h-BN, and B &
N sites vacancy defected h-BN materials, it is found
that water adsorbed h-BN material is more compact
than watetr adsorbed defected h-BN materials. We have
measured the bond angle between B-N-B or N-B-N
atoms in above water adsorbed materials and found to
be 120° of single vacancy defected structures while 118°

energy of w-hBN, and found it to be -462 Ry. Hence, it
is a stable material, which is shown in Fig. 1(a).

Moreover, we have prepared w-1B-hBN, w-1N-hBN,
w-nBN-hBN, & w-aBN-hBN materials by adsorbing
water molecules on various positions of B & N sites
defected h-BN materials. In all materials, adsorbed
water molecules are located at 3.23 A distance from the
middle site of defected h-BN materials, which are
shown in Fig. 1(b-e), respectively. They are more stable
materials than other configurations, because ground
states energy of these materials have lower value than
other configurations.

Vacancy position of N atom

Alternate B and N atoms defect
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of double defected structures. It means, water adsorbed
on double vacancies defected material is slightly
deformed. Moreover, we have estimated the minimum
ground states energy of w-1B-hBN, w-1N-hBN, w-
nBN-hBN, & w-aBN-hBN materials, and found to be -
457.15 Ry, -455.09 Ry, -434.74 Ry, & -434.67 Ry
respectively. These values are slightly higher than the
minimum ground states energy of w-hBN material. It
reveals that stability of w-1B-hBN, w-1N-hBN, w-
nBN-hBN, & w-aBN-hBN materials are decreased as
compared to w-hBN. It is also seen that stability of
defected materials decreases by increasing in defect
densities. Hence, stability of materials is arranged
according to the following order w-hBN > w-1B-hBN
> w-1N-hBN > w-nBN-hBN > w-aBN-hBN. We have
estimated the water adsorption energies on w-hBN &
w-1B-hBN, w-1N-hBN, w-nBN-hBN, & w-aBN-hBN
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materials by using equation (1) & (2) (Vu ez al., 2020),
respectively;

Ep= (Ew + Ensn) — Ewnbn -

Ep = (Ev + Epsnyd) — Eqennnd )

Where EW, Eh—BN, wathN, E(thN)d & E(w—h—BN)d denoted
the ground state energy of: water molecule, h-BN,
water adsorbed h-BN, vacancy defected h-BN, and
water adsorbed vacancy defected h-BN materials
respectively. The estimated water adsorption energies

on w-hBN & w-1B-hBN, w-1N-hBN, w-nBN-hBN, &
w-aBN-hBN materials are 1.62 eV, 1.64 ¢V, 1.63 eV,
1.58 eV & 1.59 eV respectively. These values are
comparable with the values of other two-dimensional
materials  (Neupane &  Adhikari, 2022). Water
energy of double defective systems
decreases than single defective systems, this is because
atoms in water molecules are more interacted with the
atoms in single defected systems. The calculated value
of bond length, bond angles, water adsorption energy,
minimum ground states energy of considered materials
are given in Table 1.

adsorption

Table 1. Estimated values of bond length between B-N or N-B atoms (b)) A, bond angle between B-N-B or N-B-N
(b,) degrees, distance between adsorbed water molecule with h-BN surface (dy) A, water adsorption energy (E.) €V,
and minimum ground states energy (Eg) Ry of w-hBN & w-1B-hBN, w-1IN-hBN, w-nBN-hBN, & w-aBN-hBN

materials.
Materials (b) A (b.)° (dv) A, (E.) Ry (E.) eV
w-hBN 1.43 120 3.25 -462.00 1.62
w-1B-hBN 1.45 120 3.23 -457.15 1.64
w-1N-hBN 1.45 120 3.23 -455.09 1.63
w-nBN-hBN 1.47 118 3.23 -434.74 1.58
w-aBN-hBN 1.48 118 3.23 -434.67 1.59

Electronic Properties

The nature of material can be predicted by the study of
its electronic properties. Electronic properties of
materials are determined by the analysis of their band
structure and density of states (DOS) calculations. In
the present work, we have investigated the electronic
properties of w-hBN, w-1B-hBN;, w-1N-hBN, w-nBN-
hBN, & w-aBN-hBN materials on the basis of their
band structures and DOS calculations. Band structure
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plots of considered materials are illustrated in Fig. 2(a-
e), where highly symmetric points (I'= M — K —T") are
taken along the x-axis, and corresponding energies are
taken along the y-axis. The horizontal dot line
represents the Fermi energy level which separates the
band regions, and vertical dot lines represent the highly
symmetric points. For the calculation of fine band
structure plot, we have used 200 k-points within the
itreducible Brillouin zone (BZ).

S
I

)

N
7
:
5
3

Energy(E-E,) eV

|

Energy (E-E) eV

=]

Energy (E-E) eV

'
N

Symmetric Points

(@)

&
I e
g 3
x

P ‘=
3 ! ! [ ] i ]
I 1 I =~ o T T ]
3 2 ! ! 13 | |
u F i —— u
a4 & B ; ;
w 1 |
O A e sl N [ pei el tEEL SREREES
ik Rk By 5 |Fomitem| | -
g Fermi-Levell | | Jd 2 e —— —|
- T e w -2 T
= I
3 MK v MK T
Symmetric points Symmetric Points
(C)) (e)

Figure 2. (Color online) Band structure of; (a) (4X4) supercell structure of w-hBN material, (b) (4X4) supercell
structure of w-1B-hBN material, (c) (4X4) supercell structure of w-1N-hBN material, (d) (4X4) supercell structure of w-
nBN-hBN material, and (e) (4%4) supercell structure of w-aBN-hBN material. The horizontal dot line represents the
Fermi energy level, and vertical dot lines represent the high symmetric points.
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We have determined the bandgap energies of w-hBN,
w-1B-hBN, w-1N-hBN, w-nBN-hBN, & w-aBN-hBN
materials which are found to be 3.96 eV, 2.89 eV, 2.72
eV, 2.04 eV & 1.30 eV respectively. They ate estimated
by the sum of distance between Fermi energy level to
conduction band minimum (CBM), and Fermi energy
level to valence band maximum (VBM). In w-hBN,
distance from Fermi energy level to conduction band
minimum, and Fermi energy level to valence band
maximum are found to be 0.84 eV & 3.12 eV
respectively. It is seen that the sum of these values gives
3.96 eV. Hence, it has semiconducting properties. From
the estimation of energy gaps from Fermi energy level
to CBM, and VBM, w-hBN has n-type Schottky barrier.
Hence, it is an n-type semiconductor material. The
band structure plot of w-hBN material is shown in Fig.
2(a). We have estimated the bandgap energy of w-1B-
hBN material and found to be 2.89 eV. This energy is
the sum of energy from Fermi energy level to CBM,
and VBM. It is also found that distance from Fermi
level to CBM is 2.89 eV, and Fermi level to VBM is 0
eV. It reflects that w-1B-hBN is a p-type
semiconducting material, which is shown in Fig. 2(b).
Similarly, we have estimated the bandgap energy of w-
1N-hBN, and found to be 2.72 eV, which is the sum of
the energy distance between Fermi energy level from
CBM, and VBM. The distance from CBM to Fermi
energy level is 0.36 eV, and distance from VBM to

semiconducting material. Furthermore, we have
estimated the bandgap energy of w-nBN-hBN & w-
aBN-hBN materials. Bandgap energy of these materials
is determined by the sum of the energy from CBM to
Fermi energy level, and VBM to Fermi energy level,
and are found to be 2.04 eV & 1.68 eV respectively.
Band structure plots of these materials are shown in
Fig. 2(d-e). The bandgap energy value 2.04 eV is
obtained from the sum of 0.49 eV &1.55 eV values,
which are obtained from the CBM to Fermi level &
VBM to Fermi energy level respectively. Thus, w-nBN-
hBN is a n-type semiconductor. Bandgap energy of w-
aBN-hBN is 2.30 eV. This is the sum of energy from
CBM to Fermi energy level (0.86 eV), and from VBM
to Fermi energy level (1.50 eV). Thus, w-aBN-hBN has
also n-type semiconducting nature. We have compared
the bandgap energy of water adsorbed on B & N sites
vacancy defected h-BN materials with the bandgap
energy of water adsorption on pristine h-BN monolayer
material. It is found that bandgap energy decreases on
water adsorption defected materials (Neupane &
Adhikari, 2021). Therefore, bandgap energy is affected
by adsotbed water molecules on defected h-BN
materials. Narrow bandgap energy materials have
potential applications in the fields of devices.
Additionally, we have estimated the bandgap energy of
w-hBN, w-1B-hBN, w-1N-hBN, w-nBN-hBN, & w-
aBN-hBN materials on the basis of their DOS plots,

Fermi energy level is 2.36 eV. Hence, it is a n-type they are shown in Fig. 3(a-e), respectively.
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Figure 3. (Colour online) Density of states (DOS) plots of; (a) (4X4) supercell structure of w-hBN material, (b) (4%4)
supercell structure of w-1B-hBN material, (c) (4X4) supercell structure of w-IN-hBN material, (d) (4%X4) supercell
structure of w-nBN-hBN material, and (e) (4X4) supercell structure of w-aBN-hBN material. The hotizontal dot line
separates the up and down spin states and vertical dot line represent the fermi energy level which distinguish the
valence and conduction band. Inset represents the zoom scale of respective plots.

In DOS plot, vertical dot line represents the Fermi
energy level, it separates the electronic bands, and
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horizontal dot lines distinguish the distributed up-spin
and down-spin states of electrons in the orbital of atom
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present in the material. We have taken DOS states in y-
axis, and corresponding energy level in x-axis. The
bandgap energy of w-hBN, w-1B-hBN, w-1N-hBN, w-
nBN-hBN, & w-aBN-hBN materials have values 3.93
eV, 2.82eV,2.71 eV, 2.02 eV & 2.20 eV respectively. It
is  confirmed that considered materials have
semiconducting properties. It is also predicted that w-
1B-hBN is a p-type semiconductor material, while w-
hBN, w-1N-hBN, w-nBN-hBN, & w-aBN-hBN are n-
type  semiconducting  materials.  Semiconducting

materials can be used to produce transistors, integrated
logic circuits, signal amplifier, photodetectors, flexible
optoelectronic devices, solar cells, photocatalysts and
lubricants (Neupane & Adhikari, 2020; Nepal e al,
2024). The estimated Fermi energy (Ef, bandgap
energy from band structure calculations (Eg), and
bandgap energy from DOS calculations (Ebg), and
nature of materials of w-hBN, w-1B-hBN, w-1N- hBN,
w-nBN-hBN & w-aBN-hBN materials are presented in
Table 2.

Table 2. Estimated Fermi energy (E¢), bandgap energy from band structure calculations (Egb), and bandgap energy
from DOS calculations (Epq), and nature of materials of w-hBN, w-1B-hBN, w-1N- hBN , w-nBN-hBN & w-aBN-

hBN materials.
Materials Ef(eV) Egp (eV) Ega (eV)
w-hBN -1.49 3.96 3.93
w-1B-hBN -4.82 2.89 2.82
w-1N-hBN -2.64 2.72 2.71
w-nBN-hBN -3.38 2.04 2.02
w-aBN-hBN -3.28 2.30 2.20

Magnetic Properties

We have calculated the magnetic moment of material in
order to examine its magnetic properties. In this work,
we have used the DOS and partial density of states
(PDOS) plots of the materials to compute their
magnetic moments. Unpaired electron spins in the
atomic orbitals give rise to a material's magnetic
properties. They are studied by analyzing material’s
DOS and PDOS plots. From DOS plot, it is found that
up and down spin states of electrons in the orbital of
atoms present in the materials are either symmetrically
or asymmetrically distributed around the Fermi energy
level. Based on the up and down spin states
distribution, we can predict that materials have
magnetic or non-magnetic properties. The detail
calculations of magnetic moment given by individual
electronic orbitals of atom present in the materials are
determined by the analysis of their PDOS plot
(Neupane & Adhikari, 2020). DOS & PDOS plots of
w-hBN, w-1B-hBN, w-1N-hBN, w-nBN-hBN, & w-
aBN-hBN materials are given in Fig. 3(a-e), and Fig.
4(a-¢), respectively. It is observed that up and down
spin states of electrons in the orbital of atoms present
in the materials are symmetrically distributed around
the Fermi energy level in DOS & PDOS plots of w-
hBN material, which are shown in Figs. 3(a) and 4(a),
respectively. Total magnetic moment of value 0.00
up/cell is given by the distributed up and down spin
states in the individual orbital of atom present in the
materials (given in Table 3). Hence, w-hBN has non-
magnetic properties. We have examined the magnetic
moment of w-1B-hBN, w-1N-hBN, w-nBN-hBN, &
w-aBN-hBN materials. Up and down spin states of
electrons in the orbital of atoms present in w-1B-hBN
are asymmetrically distributed around the Fermi energy
level in DOS plot, is shown in Fig. 3(b), hence it has
magnetic properties. The magnetic moment given by
up and down spin states of electrons in the individual
orbital of atoms present in material are estimated from
the PDOS plot of w-1B-hBN, as illustrated in Fig. 4(b).
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2p & 2s orbitals of N atoms respectively contributed
1.80 ps/cell & 0.21 pp/cell values of magnetic moment
in the material. Similarly, -0.13 p/cell & -0.02 ug/cell
magnetic moment are generated by 2p & 2s orbitals of
B atoms in the material. 2s & 2p orbitals of O atom,
and 1s orbital of H atoms have no contribution for the
production of magnetic moments in the material. Total
magnetic moment developed in w-1B-hBN material is
estimated to be 1.86 pg/cell, hence, w-1B-hBN has
magnetic properties. 2p & 2s orbitals of N atoms have
a dominant role for the production of magnetic
moments than other orbitals of B atoms in the
structure. We have predicted the magnetic properties in
w-1N-hBN by the examination of its DOS & PDOS
plots. In both plots, up and down spin states of
clectrons are asymmetrically distributed around the
Fermi energy level, which reflects that it has magnetic
propetties. Total magnetic moment -1.00 pp/cell is
obtained due to the major contribution of magnetic
moment of value -0.83 p/cell is given by 2p otbital of
B atoms in the material. We have also estimated the
magnetic moment given by 2s orbital of B atoms, and
2p orbital of N atoms in the material. They are found
to be -0.04 pp/cell & -0.08 up/cell, respectively. The
negative sign of magnetic moment means, down spin
states have more significant contribution for the
production of magnetic moment than up spin states in
the material. In addition, we have predicted the
magnetic properties of w-nBN-hBN & w-aBN-hBN
materials by the analysis of their DOS & PDOS plots.
DOS & PDOS plots of w-nBN-hBN material are
depicted in Figs. 3(d) and 4(d), respectively. It is seen
that up and down spin states of electrons are
asymmetrically distributed around the Fermi energy
level in both plots, hence w-nBN-hBN has magnetic
propetties. Total magnetic moment -2.00 ug/cell of w-
nBN-hBN is determined, which is due to the dominant
conttibution of magnetic moment -1.80 ps/cell of 2p
orbital of N atoms & -0.27 pp/cell of 2s orbital of N
atoms in the material. The negative value of magnetic



moment implies that, down spin states of electrons in
the orbital of atoms have more contribution than the
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up spin states of electrons in the orbital of atoms
present in the material.
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Similarly, we have examined magnetic properties of w-
aBN-hBN material through its DOS & PDOS plots,
are shown in Figs. 3(e) and 4(e), respectively. It is
observed that distributed up and down spin states of
electrons are asymmetric around the Fermi energy
level. It means, unpaired spin states are available in the
material, which generate magnetic moments. Total
magnetic moment of w-aBN-hBN is found to be -2.00
s/ cell, which is the sum of magnetic moment given by
2p and 2s otbitals of B atoms of values 0.09 pp/cell
and 0.01 pg/cell, and 2p and 2s otbitals of N atoms of

Energy(E-E)) eV

©

Figure 4. (Color online) Partial density of states (PDOS) plots of; (a) (4X4) supercell structure of w-hBN material, (b)
(4%4) supercell structure of w-1B-hBN material, (c) (4X4) supercell structure of w-IN-hBN material, (d) (4x4)
supercell structure of w-nBN-hBN material, and (e) (4X4) supercell structure of w-aBN-hBN material. The horizontal
dot line separates the up and down spin states and vertical dot line represents the Fermi energy level which distinguish
the valence and conduction band. Inset represents the zoom scale of respective plots.

values -1.80 ps/cell and -0.30 ps/cell, respectively. The
contribution of magnetic moment given by up and
down spin states in the individual orbital of atoms
present in w-hBN, w-1B-hBN, w-1N-hBN, w-nBN-
hBN and w-aBN-hBN materials are given in Table 3.
Magnetic materials can be used in the fields of
biomedicine,  molecular  biology,  biochemistry,
diagnosis, catalysis, nano electronic devices and various
other industrial applications (Neupane & Adhikari,
2020; Paudel ¢# al., 2023).

Table 3. Total magnetic moment (u) is given by up and down spin states of electrons in the individual orbitals of
atoms present in the w-hBN, w-1B-hBN, w-1N-hBN, w-nBN-hBN & w-aBN-hBN materials.

Material’s orbital w-hBN  w-1B-hBN  w-IN-hBN  w-nBN-hBN  w-aBN-hBN
p of 2p of B atoms (ps/cell) 0.00 -0.13 -0.83 0.07 0.09
p of 2s of B atoms (us/ cell) 0.00 -0.02 -0.04 0.00 0.01
p of 2p of N atoms (us/cell) 0.00 1.80 -0.08 -1.80 -1.80
p of 2s of N atoms (ps/cell) 0.00 0.21 0.00 -0.27 -0.30
p of 2p of O atom (ps/cell) 0.00 0.00 -0.03 0.00 0.00
p of 2s of O atom (pp/ cell) 0.00 0.00 -0.02 0.00 -0.00
p of 1s of H atoms (ps/cell) 0.00 0.00 0.00 0.00 0.00
Total (ur) ps/cell 0.00 1.86 -1.00 -2.00 -2.00

CONCLUSIONS

In this work, we have studied the structural, electronic,
and magnetic properties of w-hBN, w-1B-hBN, w-1N-
hBN, w-nBN-hBN and w-aBN-hBN materials by using
DFT method through the computational tool Quantum
ESPRESSO. For the study of structural properties, we
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have estimated the minimum ground state energy, bond
length, bond angles, water adsorption energies of
materials, and found that all considered materials are
stable. We have investigated the electronic properties of
mentioned materials by the analysis of their band
structures and density of states (DOS) plots. It is found
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that w-1B-hBN is a p-type semiconducting material,
while w-hBN, w-1N-hBN, w-nBN-hBN and w-aBN-
hBN are n-type semiconducting materials. Bandgap
energy of w-hBN, w-1B-hBN, w-1N-hBN, w-nBN-
hBN and w-aBN-hBN have values 3.96 ¢V, 2.89 eV,
2.72 eV, 2.04 eV and 2.30 eV, respectively, obtained
from band structure calculations, and 3.93 eV, 2.82 eV,
2.71 eV, 2.02 eV and 2.20 eV, respectively estimated,
from DOS plots. The magnetic properties of
considered materials are calculated through their DOS,
and partial density states (PDOS) plots. It is found that
w-hBN is a non-magnetic material, and w-1B-hBN, w-
1N-hBN, w-nBN-hBN and w-aBN-hBN materials have
magnetic properties. The estimated magnetic moment
of w-1B-hBN, w-1N-hBN, w-nBN-hBN and w-aBN-
hBN materials have values 1.86 pg/cell, -1.00 pg/cell, -
2.00 pp/cell and -2.00 ps/cell, respectively. They ate
obtained due to the unpaired arrangement of spin states
of electrons in the individual orbital of atoms present in
the material. It is found that non-magnetic pristine h-
BN material changes into magnetic material due to the
effect of adsotbed water on the defected h-BN. The
magnetic properties are tuned due to the effect of
adsorption molecules on defected systems.
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