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ABSTRACT Density functional theory (DFT) is used to study the electronic and magnetic properties
of different surfaces of NiO. The electronic and magnetic properties of forming different surfaces of
Nicoles such as (001), (110), (101), and (111) were studied using density functional theory calculations
from the first principle used. Our result found that the band gap changed dramatically, and the spin
projected density of state changed the dominations of the majority and minority of spin channels
around the Fermi level, and the charge density of the bulk and NiO (111) surface is also discussed.
However, the magnetic properties observed the increasing and decreasing spin magnetic moments and
found significant magnetic moments for O atoms in the NiO (101) slab. These features lead to a
surprisingly diverse set of different surface electronic structures. The study observed that DFT + U
density functional theory might be a valuable method for high-throughput workflows that require
reliable band gap predictions at a moderate computational cost.
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p-type character in the context of solar cells.
1. INTRODUCTION Several combinations have been detected in
A series of transition metal monoxides attract p-type semiconductors of dye-sensitive solar cells
great interest to researchers due to their diverse (DSSCs) [20-22] and dye-sensitive photosynthesis
electronic and magnetic properties such as MnO,  cells (DSPECs) [23,24], in which holes are injected
FeO, CoO, and NiO with electronic configuration from the elongated molecule to the valence-band
ranging from 3d5 to 3d8 respectively [1-5], which ~ on the surface instead of of electron injection as in
allows for a wide range of applications, for the conventional n-type system [25-27]. Surfaces
example, in electronics, spinning [6-9], energy bound every real solid, and specific processes
storage [10-13], and heterogeneous catalysis happen on the surface. These include crystal
[14-17]. The essential characteristic of NiO blocks growth, oxidation, adsorption, catalysis or
is their anti ferromagnetic (AFM) character in the etching. They cannot be described by the model of

[111] direction. NiO has attracted great interest an infinite solid [28].
due to the high temperature of Neel at 523 K [18]. For a proper treatment of surface phenomena,
Small particles of AFM matter begin to behave knowledge of the surface properties is required.
differently from units of mass by exhibiting many The surface itself can be thought of as a distinct
new physical phenomena, such as super physical object. Under normal conditions (room
magnetism and weak ferromagnetism, as temperature, atmospheric pressure), the actual
discussed by Neil [19]. surface of a solid is far from the ideal system

NiO materials have also attracted great desirable for a proper physical study.
interest in solar energy conversion due to their
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In this work, state of the art density functional
theory (DFT) calculations was performed to
investigate the electronic and magnetic properties
for different surfaces of NiO (001), (101), (110) and
(111).

In order to get a deep understanding of the
behavior of electronic states and spin magnetic
moments, which is an essential component of all
spin deices such as magnetic tunnel junction
(MTY)) spin-transfer torque (STT) for
predicting a new era of modern technology of
spin tonics. However, to improve the accuracy of
the calculated electronic band gaps, the DFT+U (a
corrective U term designed to restore the partial
linearity of the energy sum associated with orbital
occupations within a Hubbard manifold) was
added to integrate electronic structure
calculations.

Furthermore, playing of the spin degree of
freedom widely  applicable to
increasingly complex and realistic physical
systems and devices, arriving well to the field of
nanotechnology with applications ranging from

and

became

metallic  molecular  junctions, field-effect
transistors to carbon nanotubes, metallic or
semiconductor nanostructures [29, 30].

Characterization of the building blocks properties
will become of fundamental importance for such
complex applications.

This paper is organized as follows. The first
section presents a general introduction, including
motivation and the primary goal. Section two
shows the theoretical method employed here to
calculate the electronic structure. In addition,
computational details are also presented for the
protocols used to generate slab models in
first-principles  calculations and  structure
optimization for the unit cell. In section three, the
electronic and magnetic properties of the bulk
NiO and different surfaces are also presented and
discussed. Finally, the conclusion is drawn in
section four.

II. COMPUTATIONAL DETAILS

To study the electronic structure and magnetic
properties of the loose and clean (001), (101),
(110), and (111) surfaces of a typical correlated
insulator of NiO using the package QUANTUM
ESPRESSO (QE) [31.32] with Hubbard correction.
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In condensed matter physics, first-principles
modelling of systems with local d states in our
current study poses a major challenge.
Stabilization of the DFT into the standard local
density approximation (LDA) or generalized
gradient approximation (GGA)
problem, which is best illustrated by the known
failure of LDA/GGA for subsequent transition
metal oxides [33].

In our present work, the convergence Hubbard U
correction is 8.47 eV. The exchange-correlation
energy and the core electrons are dealt with the
ultra soft (UPP), with linear response of PBE
sol-the revised version of Perdew Burke-Ernzerh
of exchange-correlation functional for solids
[34]. For bulk nitrogen, the kinetic energy cutoff
for the wave function 45 Ry was used, and the
energy cutoff for the charge density was 480Ry,
for the standard relative pseudo voltage. The
Brillouin region was sampled using a k-dot 8 x 8 x
8 Monkhorst-Pack grid [35].

However, the densest 24 x 24 x 24 dot grid is used
to calculate the expected density of cases, with
cold Marzari-Vanderbilt staining displaying
0.00734. On the other hand, for the cleave NiO
slabs, materials studio software was used, it is a
complete simulation and modeling environment
designed to allow researchers in materials science
and chemistry to predict and understand the
relationships of a substance's atomic and
molecular structure to its properties
behavior. The equilibrium network constants for
NiO surfaces were individually optimized using
supercell models with a temporal vacuum area of
at least 10 A to ensure separation between
adjacent plates based on the DFT.

The Brillouin region was sampled using a K-point
6 x 6 x 1 Monkhorst-Pack grid [35]. However, the
much denser mesh of 18x18x1 k points is used to
calculate the projected density of states.
Electronic energy was converged to within
10-6Ry, and the atomic positions are relaxed until
Hellman-Feynman forces on each atom are less
than 0.001, 0.0009, 0.0006 and 0.0003 eV/A for
(001), (101), (110)and (111) in the slab model of
NiO, respectively.

IIT. RESULTS AND DISCUSSION

is a major

and

Geometrical and structures of the NiO surfaces
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Fig. 1 shows the most stable relaxed structures of
different of NiO  monolayer
configuration. The converged lattice constants are

surfaces

(a) (001)

(b) (111)

as follow: NiO(001), 2x2, (a=b=5.89A), NiO(101),
2x2, (a= 5.89A b=8.33A),NiO(110), 2x2, (a= 8.33A
b= 5.89A) and NiO(111), 2x2, (a=5.89A b=5.89A).

(d) (101)

(c) (110)

A

Fig. 1. The optimized local structure unit cell (top panel) (a)NiO(001), (b) NiO(111), (c) NiO(110) and (d) NiO(101).

The bottom panel shows the different side of view
for the above slab models.

Our results find that the interlayer (vertical)
distance is dNi/O= 2.101A and (horizontal)
distance is dNi/O= 1.47A between the Ni and O
atoms for NiO(001) [see Fig. 1(a)]. Furthermore,
the vertical and horizontal distance for NiO(110)
slab between Niand @) atoms
aredNi/O=1.264,dNi/O=2.084A, respectively. On
the other hand, the distances between Ni and O
atoms for NiO(111) and NiO(101)aredNi/O
=0.607, dNi/O =1.273A, respectively.

Magnetic properties ordering of the NiO

The possibility of developing magnetic devices by
fabricating transition metal oxides has stimulated
many experimental and theoretical groups to
investigate the electronic and magnetic properties
of these low-dimensional systems. Most of the
experimental interest has focused on 3D
ferromagnets such as Fe, Co, and Ni. It was noted
that the current Stern-Gerlach techniques based
on the deflection of the cluster beam due to its
interaction with an inhomogeneous external
magnetic field allows one to determine the
average magnetization of each atom in the cluster.
In order to understand the magnetic arrangement
of our systems, the magnetic spin moments were
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calculated in Table 1 for the NiO block and Table
2 for the NiO (001), (101) and (110) surface.

TABLE 1. THE SPIN MAGNETIC MOMENTS AT THE GROUND STATE
ENERGY (E) FOR THE BULK NIO AND NIO(111) PLANE.

Atomic site Magnetic moments(#z)

Bulk NiO NiO(111)
Nil 1.7829 1.5050
Ni2 1.7829 1.5051
Ni3 -1.7829 -1.5049
Nid -1.7829 -1.5049
01 -0.0533 -0.0368
02 -0.0533 -0.0371
03 0.0533 0.0365
04 0.0533 0.0365

One can see from Table 1 the magnetic moments
for Ni
anti-ferromagnetic character between 1.7829 to
-1.7829 pg and decrease in the NiO(111) surface

which between 1.50 to -1.50 15 . And the O atoms
became polarized with 0.0355 and — 0.0355 ;.

On the other hand, in Table 2 all Ni atoms have
same behavior of magnetic moments but with a
positive and a negative sign of spin. Our results
observed here a significant increase of the O

atoms of the bulk behave as an
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atoms magnetic moments especially for NiO(101)
around 0.1098 ;.

TABLE 2. THE SPIN MAGNETIC MOMENTS AT THE GROUND STATE
ENERGY (E) FOR THE NIO(001), N1IO(101) AND NIO(110) SURFACES.

Atomic Magnetic moments(¥z)

site NiO(001)  NiO(101)  NiO(110)
Nil 1.7199 1.6459 1.6404
Ni2 1.7200 1.6458 1.6404
Ni3 1.7200 1.6458 1.6404
Nid 1.7200 1.6458 1.6404
Ni5 -1.7200  -1.6458 -1.6404
Ni6 -1.7200  -1.6457 -1.6405
Ni7 -1.7200  -1.6458 -1.6404
Ni8 -1.7200  -1.6457 -1.6404
o1 0.0383 0.1098 0.0134
02 0.0384 0.1097 0.0135
03 0.0383 0.1098 0.0135
04 0.0384 0.1097 0.0135
05 -0.0383 -0.1097 -0.0135
06 -0.0383 -0.1097 -0.0134
o7 -0.0384 -0.1097 -0.0134
08 -0.0383 -0.1097 -0.0134

Furthermore, the calculated magnetic moments
for the NiO(001), NiO(110) and NiO(101) surfaces
are shown in Table 2. Our results show that the

(a)

magnetic moments of Ni atoms fluctuate with

parallel spin 1.7#5 and opposite spin with -1.7 #5.
In addition to we find O atoms a bit big magnetic
moments of 0.1 #¥zin NiO (101) surface compared
to other surface configurations.

Electronic properties of the different slab
models of NiO

Electronic properties are a set of parameters
and representations that fully describe the state
and behavior of electrons in a material. For
example, the electronic band structure [36], Here
one is interested in the plate model of the anti-
Neo magnetic order state and compares the
electronic properties of the individual different
surfaces in terms of predicted state density
(PDOS) to show the shell (s, y, d, f) orbital of a
given atom has the largest share in the total DOS
and contributes to the electronic states in Our
system, which describes the state of electrons in
terms of their energy, E, and momentum, k.
Electronic properties refer to physical quantities
that are directly related to the response of charge
carriers
electromagnetic field.

and

electric,

in an magnetic,

(b)

PDOS
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Fig. 2. The

The PDOS of h-BN (bottom panel), d and
p-orbitals of Ni atoms, and p-orbital of O atoms at
different slab models. Positive, and negative
PDOS are for the spin up and spin down

Energy (eV)
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Energy (eV)

projected density of sate (PDOS) for (a) Bulk NiO, (b) NiO(001), (c) NiO(110), (d) NiO(11l)and (e) NiO (101).

channels, respectively. Vertical dashed lines
indicate the Fermi level (EF).

Fig. 2 shows the majority (up spin) and minority
(down spin) of the bulk NiO [see Fig. 2(a)] and
different surfaces. It is clear that the bandgap

changed dramatically for different planes
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(Eg=1.678,1.979, 2.342 and 3.19 eV for (111), (101),
(110) and (001)) of NiO and the denomination of
the density of state by the d-orbital (blue line) of
Ni and p-orbital (red line) of O atoms.

But our observed significant DOS
domination for NiO(111), which characterized by
p-orbital around Fermi level with small band gap.
In general, the necessity to apply the Hubbard U
correction to specific states of a given item can be
assessed by a PDOS examination of the material.
In particular, the PDOS plots showed the specific
states with the highest density of states (DOS)
near the maximum valence band (VBM) and the
lowest conduction band (CBM) in semiconductors
and insulators.

The volumetric Charge density of the bulk NiO
and NiO(111)

In order to complete the analysis of the electronic
properties, especially for the bulk NiO and (111)
surface, we have investigated the charge carries
density as shown in Fig. 3. Which shows the
corresponding carrier density near EF of the bulk

results

gEooom

opooom

NiO and (111) surface, is the best choice to
compare both charge density
distribution and chemical bonding properties due
to the significant behaviour of orbitals near Fermi
level as shown in Fig. 1.

Fig. 3(a) shows the charge density of bulk NiO.
Our results observed that the higher charge
density localized in the ion for Ni and O atoms
according to the scale colour on the top left, in
addition to the appearing of low density with
yellow colour like pockets between ions, this
result also confirms that bulk NiO is the insulator
under DFT+U and there is no charge transfer
between O and Ni atoms. On the other hand, Fig.
3(b) represents the charge density of the NiO(111)
surface. Our results find that the O atoms are
characterized by higher density than Ni atoms,
different from the bulk charge density
configurations. In general, the results of

structures'

volumetric charge density agree well with the
projected density of state in Fig. 2.

Fig. 3. Contour plots of the electronic 3D charge density distribution for (a) Bulk NiO and (b) NiO(111) plane. The surface value for the bulk

NiO is 0.03e/A3 and 0.1e/A3 for NiO(111).

IV. CONCLUSION

In conclusion, we have presented an ab-initio
study in the electronic and magnetic properties of
the NiO(001), (110), (101) and (111) surfaces. Our
result found that the band gap changed
dramatically, and the spin projected density of
state changed the dominations of the majority and
minority of spin channels around the Fermi level,
and the charge density of the bulk and NiO(111)
surface is also discussed. However, the magnetic
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properties  observed  the and
decreasing spin magnetic moments and found
significant magnetic moments for O atoms in the
NiO (101) slab.

increasing
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