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ABSTRACT: In this study, we employed the DFT+U method to systematically explore the electronic, and magnetic properties
of nickel oxide doped with alkali metal atoms (Li, Na, K). The Hubbard potential-U was judiciously applied to all doped
compound resulting from alkali doping, and were found to exhibited half-metallic properties. A noteworthy observation was
the half-metallic band gap in the spin-down channel, which exhibited a linear variation with the increasing value of the Hubbard
potential. Furthermore, the total magnetic moment was discernible in the supercells, with all supercells demonstrating 100%
spin polarization at the Fermi level. Consequently, the findings from this study hold significant potential for applications in

spintronics, thereby paving the way for future research in this domain.
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1. INTRODUCTION

Spintronics, or spin electronics, represents a promising
frontier in the realm of information technology, offering
potential advancements in data storage, processing, and
transfer. Unlike traditional electronics that rely solely on the
charge of electrons, spintronics exploits both the charge and
the intrinsic spin of electrons to encode and process
information [1, 2]. The electron spin, which can adopt one of
two states - up or down, serves as a binary data carrier,
thereby doubling the data capacity compared to conventional
electronics. This unique property of electron spin has opened
up new avenues for the development of high-speed, low-
power, and non-volatile memory devices. Moreover, the
advent of spin-polarized currents, where the majority of
electrons share the same spin state, has led to the discovery
of phenomena such as Giant Magnetoresistance (GMR) and
Tunnel Magnetoresistance (TMR). These phenomena have
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revolutionized the field of data storage, leading to the
development of high-density hard drives and non-volatile
magnetic random-access memory (MRAM).

The injection of spin polarized electrons plays a key role
in spintronics. The discovery of half-metallic materials has
led to a significant enhancement in spin current, surpassing
that induced by the injection of spin from ferromagnetic
material to semiconductor [3-7]. The inception of half-
metallicity was first reported in Heusler alloys by De Groot
et al. in 1983 [6], and subsequent studies have predicted the
emergence of half-metallic ferromagnetism in transition
metal oxides, nitrides, and phosphides [8-15].

Certain oxides such as NiO, MnO, FeO, and CoO,
traditionally classified as wide band gap antiferromagnetic
insulators, have been reported to exhibit metallic or
semiconducting behavior under the density functional theory
with local spin density approximations (DFT-LSDA) [16-20].
This discrepancy is attributed to the strong correlation effects
that disrupt the accurate description of the electronic
properties of these compounds. To address this issue, the
Mott-Hubbard model has been implemented, providing a
more robust description of these correlation effects [21].

Nickel oxide (NiO) has been reported to exhibit half-
metallic behavior in both wurtzite (w-NiO) and zinc blende
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structures [10, 22, 23]. Studies by R. Long et al. have
demonstrated that NiO doped with carbon and nitrogen
exhibits enhanced photo-catalytic efficiency, as determined
by first-principles calculations [24]. Further research has
indicated that doping transition metals in NiO predicts half-
metallic ferromagnetism, as evidenced by DFT calculations
[25-27]. Optical properties of these doped materials have also
been explored [28]. Experimental studies by G. Bharathy et
al. have observed the emergence of ferromagnetism in pure
NiO and Co-doped NiO, synthesized using the sol-gel
technique [29]. These magnetic properties were found to
increase gradually with the concentration of the dopant.
Comprehensive investigations into the electrical, structural,
and optical properties of Na and K-doped NiO films have also
been reported [30-31].

In the current research endeavor, alkali metals (Li, Na,
and K) were doped into a wide band gap NiO semiconductor,
where the concentration of dopant is 12.5%. The GGA+U
method was employed to investigate the electronic and
magnetic properties of these doped compounds. Notably, all
the doped compounds exhibited half-metallic properties,
underscoring their potential for further exploration in
spintronics applications via experimental approaches.
Monoxide.

2. COMPUTATIONAL APPROACH

We have used WIEN2k [32-34] code to conduct an in-
depth analysis of the electronic and magnetic properties of
alkali doped NiO. The Full Potential Linearized Augmented
Plane Wave (FPLAPW) method was utilized within the
framework of Density Functional Theory (DFT) [35-37]. The
Generalized Gradient Approximation (GGA) method,
proposed by Perdew et al. was employed for the treatment of
exchange and correlation potentials [38-39] to account for the
exchange and coulombic interactions of the electrons.
Hubbard Model was employed into our methodology to
account for the on-site coulomb interactions of d-orbitals.
The Hubbard Model method has been recognized as one of

the most accurate methods for the calculation of electronic
structure and magnetic properties. In FPLAPW method, the
Kohn-Sham orbitals are expanded in atomic orbitals inside
the Muffin-Tin (MT) spheres and plane waves in the
interstitial region [40, 41]. The core and valence states were
differentiated by an energy cut-off of -6 Ry. The host
compound (NiO) which is stable in a cubic rock salt structure
with space group Fm-3m (225), was doped with alkali atoms
(Li, Na, and K) to study the electronic structure and magnetic
properties. Using a lattice constant equal to 4.22 A, a
supercell NigOg of 16 atoms was created. Doped supercells
were generated by replacing Ni atom with alkali metal atom.
The Hubbard potential was applied to all the supercells to
account for the strong correlation effect. The iterative process
was deemed complete when the energy converged and
reached a threshold of 10 Ry. This rigorous approach
ensures the reliability and accuracy of our findings.

3. RESULTS AND DISCUSSION
3.1. Structural Properties

Fig. 1 shows the crystal structure of bulk NiO and alkali
doped compound in the supercell configuration. We first
computed the lattice constant of bulk NiO with Hubbard
potential. The calculated lattice constant is 4.22 A, which is
comparable to the measured value 4.17 A [43], showing
agreement with the experimental results. In order to find the
effect of alkali metal doping on the bulk NiO, we constructed
a 2x2x2 super cell from the primitive bulk cell. The supercell
has 16 atoms (8 Ni and 8 O), and was used for all subsequent
calculations. To create a doped structure, one of the Ni atoms
was replaced by the alkali metal (yellow ball in Fig. 1(b)).
The lattice parameter of the supercell used in the calculations
was 8.373 A. The resulted doped structure was then relaxed
to ground state by minimizing the energy for electronic
structure and magnetic calculations as will be discussed in the
coming sections.

(b) ,m\

Fig. 1. Optimized crystal structures of (a) pristine, and (b) alkali doped bulk NiO. The atomic color code is as: Oxygen:Red,

Ni:Teal and alkali metal:Yellow.
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3.2. Electronic Properties
3.2.1. Band Structure and Density of States

The Fig. 2(a) shows the density of states (DOS) of
pristine NiO calculated using GGA+U method. The pristine
NiO is a wide band gap semiconductor and exhibits anti-
ferromagnetic behavior. The band gap of NiO was calculated
3.0 eV as shown in Fig. 2(a), which is consistent with the
value as reported by Ru-song Li et al. [19]. This wide band
gap semiconductor character of NiO is changed into half-
metallic with doping of alkali metal atoms. The Pristine NiO
was doped with alkali metal atoms (Li, Na, K) to envisage to
tailor its electronic and magnetic behavior in the doped
configuration. The doping was performed by replacing one of
the alkali metals one by one in the supercell (2x2x2) of NiO
making doping concentration of 12.5%. Thereafter, to
investigate the effect of the Hubbard potential on the
electronic band gap of doped compounds, different U values
were considered. Fig. (3, 4, and 5) shows the total DOS,
partial DOS (PDOS) and band structure of the doped
supercells. It is found that the doped compounds display half-
metallic band gap in spin up channel. Half-metallic band gaps
were seen increasing gradually as U value increases up to 6
eV, and then it saturates as shown in Fig. 2(b). The calculated
band gaps at different U values for different compounds are
shown in Table 1.

Partial DOS of each supercell predicts the orbital
contribution to the band edges. Fig. 3 shows the total DOS,
PDOS and band structure of Li-doped NiO. For each
compound, we found that Li doping changes the electronic
nature of NiO from wide band gap semiconductor to to the
desired half metallic behavior. It is apparent from Fig. 3
that Li-doped NiO exhibits metallic behavior for spin-up
electrons and semiconducting nature for spin-down electrons.
Na and K doped NiO show a similar variation of band gap as
a function of U value (see Fig. 4 and 5). It is important to note
the PDOS shows here that this behavior is seen for U values
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up to 5 eV for Li and Na doped NiO. When U is 6 and 7 eV,
the band gap opens for both spin up and down channels and
the compound no longer remains half-metallic. This
discrepancy arises due to the fact that to obtain PDOS, a
projection on spherical harmonics on TDOS is done. In this
procedure, one loses part of the information. So, the sum of
the parts of PDOS is lower than the total DOS, which
contains the essential information. Thus, total DOS band gaps
are more reliable and are chiefly considered here. From
PDOS, we found that chiefly Ni-d orbitals contribute to band
edge in spin-down channel with a small contribution of O-p
orbitals to the conduction band. On the other hand, O-p
orbitals show a significant contribution to the valence band
of spin-up electrons. The dopant bands (Li-s) have no
contribution to the band edges, only Ni-d and O-p bands are
visible at the Fermi level of each and every Li-doped NiO for
different U values. Ni-d orbitals and O-p orbitals hybridize
each other in spin up channel and cross the Fermi level but
they push each other at Fermi level in spin down channel and
give rise a band gap in spin down channel. This varying
character of band gaps predicts direct dependency on the
applied Hubbard potential up to a specific range. Different
dopants show different band gaps but the variation for all is
linear up to U = 6 eV (Fig 2(b)) after that the linear increase
stops and the gap remains constant.

3.3. Effect of U-term on band gap and magnetic moment

The alkali metal atoms were doped in place of Ni 3d
transition metal atom in NiO to examine their effect on
electronic and magnetic properties. Hubbard potential was
applied only to Ni atoms for correlation effect because Ni is
3d transition metal. In Fig. 2(b), a relationship between band
gap and Hubbard potential of doped supercells is shown.
An increment in band gap is noticed with applied Hubbard
potential up to U = 6 eV and then curves show saturation
behavior. In the first compound Lig.125Nio 8750, when U=1eV
the value of band gap is 0.5 eV and magnetic moment of
dopant Liis 0.013 pg.

(b)
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K -Supercells
3.0
-

Band Gap (eV)
[
(—]

1 2 3 4 5 [ 7
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Fig. 2. (a) The spin-polarized total DOS of NiO compound, vertical dashed line represents the Fermi level. (b) Effect of

Hubbard potential (U) on band gap for Li, Na and K doped NiO.
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Fig. 3. The total DOS, Partial DOS and Band structure of Li Doped NiO compounds for different U values. In these subplots,
up and down arrows indicates the spin-up and spin down electron.

For U =2 eV, the value of band gap is increased to 1.2 In other compounds like Nao.125Nigs750 and Ko.125Nig 8750
eV but the value of magnetic moment of Li decreased to  same trend is observed in band gap and also in magnetic
0.012 pB. A linear progression has been seen in band gap up  moment of dopants with respect to Hubbard potential as
to U = 6 eV but in magnetic moment a reversal is observed.  depicted in Table 1. This predicts a relationship of Hubbard
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potential with band gaps and magnetic moment of dopants. =~ Hubbard potential. Also, a linear variation in magnetic
In general, all the compounds doped with alkali metal atoms  moment values of dopants was found with respect to Hubbard
exhibit a linear relationship between their band gaps and  potential.
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Fig. 4. The total DOS, Partial DOS and Band structure of Na-doped NiO compounds for different U values. In these subplots,
up and down arrows indicates the spin-up and spin down electron.
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Fig. 5. The total DOS, Partial DOS and Band structure of K-doped NiO compounds for different U values. In these subplots,
up and down arrows indicates the spin-up and spin down electron.

3.4 Magnetic properties Xo.125Nip.8750 (X = Li, Na and K) compounds. The total
magnetic moment of the supercells is shown in Table 1.

The calculations were based on the GGA+U method . . .
Nickel and oxygen atoms are the main source for spin

which predicts the magnetic moment in ground state of the
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magnetic moment in the supercells. It is noticed that dopants
like Li and Na contain positive values but K dopant contain
negative value of magnetic moment in a super cell.
Interesting evidence has been observed that with
increasing Hubbard potential magnetic moment of Ni atoms
increases but for O atoms and dopant atoms was seen
decreasing. The electronic configuration of all participating
elements in supercells is as Ni-(1s*2s?2p®3s23p®4s23d®), O-
(1s> 2s* 2p%), Li-(1s?2s!), Na-(1s22s%2p°3s'), and K-
(1s°2s?2p®3s?3p%4s'). An electronic configuration provides
the valence electrons of the elements. Those valence
electrons originate the magnetic moment in the supercells.

3.5. Half-metallicity with 100% spin polarization

Half-metallicity is the property of a compound to exhibit
metallic and semiconducting /insulator behaviors in their

Table 1: Hubbard potential U (eV), Band gap (eV) and Total

respective spins (spin up and spin down). The DOS and band
structures of all the supercells exhibit a band gap at Fermi
level in spin down channel which evidences the half-
metallicity. Half-metallic devices work on spin of the
electron due to which they are more efficient. To understand
the spin of an electron in half-metals spin polarization is the
property that explains it. So, spin polarization can be
measured by using the below formula to explain the half-
metallicity of the compounds [42].

_ n(Ep) T — n(Ep) {
ST o nER) T + n(Ep)l

According to the above formula the spin polarization (Ps)
is the difference of electronic states in numerator and addition
of electronic states in denominator of both the spins.

spin magnetic moment (in uB unit) of the alkali doped NiO.

Supercell Hubbard Band Mag. moment Interstitial Total spin
potential Gap mag. moment mag. moment
) Li/Na/K Ni (0]
Lio.125Nio.s750 1 0.5 0.013 10.974 1.8 0.214 13.001
2 1.2 0.012 11.385 1.401 0.203 13.001
3 2.0 0.011 11.699 1.096 0.194 13.001
4 2.8 0.011 11.975 0.823 0.192 13.001
5 3.6 0.01 12.24 0.558 0.19 12.998
6 3.8 0.009 12.439 0.36 0.19 12.998
7 3.8 0.008 12.608 0.189 0.194 13
Nayg.125Nio.8750 1 0.4 0.009 10.955 1.827 0.208 12.999
2 1.2 0.008 11.371 1.423 0.199 13
3 2.0 0.007 11.668 1.136 0.191 13.002
4 2.6 0.006 11.966 0.843 0.186 13.001
5 3.6 0.006 12.235 0.575 0.185 13
6 39 0.005 12.435 0.374 0.185 12.999
7 39 0.005 12.604 0.204 0.187 13
Ko.125Nio.8750 1 0.5 -0.005 10.915 1.904 0.186 13
2 1.2 -0.018 11.351 1.491 0.177 13.001
3 1.8 -0.029 11.694 1.166 0.17 13
4 2.5 -0.039 11.995 0.876 0.166 12.999
5 3.1 -0.048 12.287 0.594 0.167 13
6 32 -0.055 12.499 0.388 0.168 13.001
7 32 -0.06 12.676 0.213 0.172 13
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Spin polarization of all the supercells were measured and
found 100%. Therefore, all supercells Ni0.8750X0.125
(X=Li, Na and K) are exhibiting half-metallicity with 100%
spin polarization and can be applicable for spintronics.

4. CONCLUSION

The DFT+U method was applied to calculate the
electronic, magnetic and half-metallic properties of NiO
doped with alkali metal atoms (Li, Na, K) within the
treatment of full potential linearized augmented plane wave
approach. The host compound (NiO) was doped by Li/Na/K
with 12.5 percent of concentration. Total DOS and band
structure plots of the compounds Xo.125Nig 3750 (X = Li, Na,
K) display half-metallic character. The half-metallic gap was
seen in spin down channel. This band gap shows a linear
variation with application of U values. Also, the magnetic
moment of dopants decreases by increasing the value of U.
Spin polarization was measured and found 100% for all half-
metallic compounds. Therefore, the proposed compounds can
be useful for future investigations. Hubbard potential U was
applied with energy range 1eV to 7eV to all supercells doped
by Li/Na/K.
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