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In this study, using spin-polarized density functional theory (DFT) calculations, a detailed investigation 
is conducted into the structural, electronic, magnetic and optical properties of Zn1–xNixO ternary alloys in 
the wurtzite, zinc-blende and rocksalt crystal phases. The calculated lattice parameters show a a slight non-
linear variation with Ni concentration, indicating a minor deviation from Vegard’s law in the intermediate 
composition range. Electronic structure calculations reveal that all investigated alloys preserve their semi-
conducting nature throughout the entire composition range, although both the type and value of the band 
gap depend strongly on the crystal phase and Ni content. Charge density analysis suggests that pure ZnO 
exhibits a partially covalent bonding character, that gradually weakens as the concentration of Ni increases. 
The magnetic results show that NiO possesses a total magnetic moment of 4 μB per unit cell in the wurtzite 
phase and 2 μB per unit cell in the zinc-blende and rocksalt phases. Optical investigations indicate that both 
alloying and phase transitions significantly modify the optical response of the material. Notably, the alloys 
exhibit a strong absorption over a broad photon energy range, with the rocksalt phase showing the highest 
absorption. The static refractive indices for various compositions and crystal structures are also reported.
Keywords: structural properties, electronic structure, magnetism, optical spectra, Zn1–xNixO alloys, 
ab initio calculations

1. Introduction

Significant research interest has recently focused 
on II–VI semiconductor materials for optoelec-
tronic devices that work from blue to near-UV re-
gions [1–5]. The wide band characteristics of these 
materials, from which they are made, make them 
very attractive for applications in the high perfor-

mance blue and UV ranges [6, 7]. Normally, II–VI 
semiconductors crystallize into either wurtzite (B4) 
hexagonal or zinc-blende (B3) cubic structures.

Among the  direct wide band gap II–VI semi-
conductors, zinc oxide (ZnO) demonstrates this 
potential. It is transparent to visible light at room 
temperature with an energy band gap of 3.37 eV [8] 
and is characterized by ionicity lying between 
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covalent and ionic semiconductors [9]. These fea-
tures are behind its numerous uses as piezoelectric 
transducers and sensors, in addition to surface 
acoustic wave devices, but also as transparent con-
ducting oxides, e.g. solar cell electrodes [8–11].

Recently, researchers have shown an increased 
attention towards dopants such as transition metals 
(TMs), especially ZnO-based II–VI compounds. This 
was motivated by the  theoretical forecasts of room 
temperature ferromagnetism in these doped systems 
making them potential spintronic materials [12].

Given its distinguishing characteristics, includ-
ing its ferromagnetic nature, exceptional corrosion 
resistance, and moderately conducting behaviour 
for both heat and electricity, Ni has been extensively 
researched as a  magnetic impurity among TM el-
ements. Furthermore, due to its near-identical 
atomic radius and oxidation state to Zn2+ [13], Ni2+ 
is regarded as one of the best dopants for ZnO [14–
16]. Despite a large number of studies on Ni:ZnO, 
the experimental and theoretical results are still few 
or debatable [17–31]. Therefore, more research on 
Zn1–xNixO is needed to have a better understanding 
of its basic characteristics. However, in order to cre-
ate semiconductor-based spintronic devices, a  de-
tailed investigation of this material Zn1–xNixO is still 
necessary in order to find new properties in it.

This study explores the  structural, electronic, 
magnetic and optical properties of of Zn1–xNixO 
(0 ≤ x ≤ 1) across three hypothetical phases: zinc-
blende (ZB), rocksalt (RS) and wurtzite (WZ). 
These calculations employ spin-polarized density 
functional theory (DFT) implemented via the full-
potential linearized augmented plane wave (FP-
LAPW) method, utilizing the Wu–Cohen general-
ized gradient approximation (GGA-WC).

2. Computational details

Our computational approach relied on the  FP-
LAPW method within the framework of DFT [32, 
33], as implemented in the Wien2k code [34]. To 
accurately describe the  exchange-correlation po-
tential, we employed the  Tran–Blaha modified 
Becke–Johnson generalized gradient approxima-
tion (TB-mBJ-GGA)  [35]. All calculations were 
performed in a  spin-polarized framework to ac-
count for magnetic effects.

In the method employed, the unit cell is parti-
tioned into distinct muffin-tin (MT) spheres and 

an interstitial region, ensuring no overlap between 
the  spheres. For all structures, ZB, RS and WZ, 
the RMT is adopted to be 1.8 Bohr for Zn and Ni at-
oms and 1.6 Bohr for O atoms. To expand the wave 
function inside the muffin tin sphere, the maximum 
value of angular momentum was taken as lmax = 10. 
For the  wave function, the  plane wave cutoff pa-
rameter Kmax × RMT = 7 was used. The space groups 
are F4–3m (216), Fm3m (225) and P63mc (186) for 
ZB, RS and WZ structures, respectively. In our cal-
culations, for the integration of Brillouin zone we 
used 172, 125 and 128 k-points in the  irreducible 
Brillouin zone, for ZB, RS and WZ structures, re-
spectively, and for all concentrations of Zn1–xNixO 
based on the Monkhorst and Pack scheme [36, 37]. 
For Zn1–xNixO (x  =  0, 0.25, 0.5, 0.75, 1) we con-
structed the  so-called supercell of 1 × 1 × 1 con-
figuration, containing 8 atoms, where we replaced 
the  Zn atom at site 1 by Ni to get the  required 
doping concentration. Structural optimization of 
the alloyed systems was carried out, with iterations 
repeated until the  total energy convergence crite-
rion of less than 10–5 Ry was satisfied.

3. Results and discussion

3.1. Structural properties

In this study, for each doping concentration x, 
equilibrium lattice parameters were determined 
by computing the  total energy across a  series of 
supercell volumes and fitting the resulting energy–
volume curves to the Birch–Murnaghan equation 
of state [38]. Table 1 presents our result concern-
ing lattice parameters (a and c in the case of WZ 
structure), for Zn1–xNixO at different Ni contents 
computed using the  Wu–Cohen (WC)-GGA ap-
proach [39], alongside comparative experimental 
and theoretical literature data.

For the  lattice parameter a0, our results agree 
well with those calculated by Bakhtiar Ul Haq et 
al. [40, 41] for all concentrations of ZB Zn1–xNixO. 
According to Ref. [40], we only have experimental 
data for the ZB structure of Zn1–xNixO when x = 0, 
which means that it is pure ZnO. The lattice param-
eter that we calculated is a little different from the 
experimental value given in that reference. For the 
RS structure, our result for ZnO (x = 0) matches 
up very well with the experimental measurement 
that Özgür et al. [42] did, using X-ray diffraction. 
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However, for NiO (x  =  1), our calculated lattice 
parameter a0 is slightly lower than the experimen-
tal value reported by Benzerouk (4.17  Å) using 
X-ray diffraction measurements [43]. For the WZ 
structure, our calculated values for a0 and c0 in 
ZnO (x = 0) are less than 1 and 2% different from 
the  experimental data in Ref.  [44], respectively. 
Since there is no experimental or theoretical data 
for intermediate concentrations (0.25 ≤ x ≤ 1) in 
the RS structure or for a0 and c0 in the WZ struc-
ture, our results in these cases are just theoretical 
predictions. Figure 1 displays the variation of lattice 
parameters as a function of Ni concentration x in 
Zn1–xNixO for all studied phases: ZB, Fig. 1(a); RS, 
Fig. 1(b); WZ, Fig. 1(c). The lattice parameter a ex-
hibits a progressive decrease with increasing x from 
ZnO (x = 0) to NiO (x = 1) in both cubic phases 
ZB and RS, Fig. 1(a, b). A similar trend is observed 
for the  lattice parameters a0 and c0 in the  case of 
the  WZ structure, Fig.  1(c). Across all structures, 
lattice parameters vary nonlinearly yet monotoni-
cally. This systematic deviation from Vegard’s linear 
law [45] aligns with the reported violations in other 
semiconductor alloys [46–52].

3.2. Electronic properties

As reference systems, the  electronic band struc-
tures of the end-member compounds ZnO (x = 0) 

Table 1. Calculated lattice parameters of three phases of Zn1–xNixO (x = 0, 0.25, 0.5, 0.75, 1).
Parameter/material ZnO Zn0.75Ni0.25O Zn0.5Ni0.5O Zn0.25Ni0.75O NiO

ZB
a0 (Å) 4.55a

4.55b

4.60c

4.53a

4.60d
4.50a

4.54d
4.46a

4.50d
4.41a

RS
a0 (Å) 4.27a

4.271e
4.23a 4.19a 4.16a 4.13a

4.17f

WZ
a0 (Å)

c0 (Å)

3.22a

3.2495g

5.26a

5.2069g

3.21a

5.24a

3.19a

5.19a

3.16a

5.16a

3.09a

5.21a

a This work.
b Calc. Ref.40]. 
c Exp. quoted in Ref.40].
d Calc. Ref.41].
e Exp. Ref.42].
f Exp. Ref.43].
g Exp. quoted in Ref.44].

and NiO (x = 1) in the ZB, RS and WZ phases were 
calculated using the TB-mBJ-GGA approach [35]. 
ZnO exhibits semiconducting behaviour in all 
phases, with the WZ phase showing a direct band 
gap of 2.83 eV at Γ, slightly underestimated relative 
to the experiment, as commonly observed in semi-
local DFT methods [9, 35, 60]. The ZB and RS phas-
es also remain semiconducting, in agreement with 
previous theoretical studies [11, 53–57]. In contrast, 
NiO shows a  strongly spin-polarized electronic 
structure dominated by Ni-3d and O-2p hybridized 
states near the Fermi level, reflecting its correlated 
nature [27, 30, 43]. These results establish the elec-
tronic characteristics of the parent compounds and 
provide a  reference for analyzing the  evolution of 
the electronic structure in Zn1–x NiₓO alloys.

In this study, the  electronic band structures 
of Zn1–xNi1–xO alloys were calculated for the  hy-
pothetical ZB, RS and WZ phases, across various 
Ni concentrations x  =  0, 0.25, 0.5, 0.75, 1 using 
the TB-mBJ-GGA method. For magnetic systems, 
including the NiO compound and Ni-containing 
alloys, spin polarization was taken into account. 
Given the overall similarity in the band structure 
profiles across the different compositions, we fo-
cus on presenting the  results for the  equimolar 
alloy Zn0.50Ni0.50O in all three crystal structures, 
for both spin-up and spin-down channels. These 
results are depicted in Fig. 2.
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Fig. 1. (a) Lattice parameter a0 versus Ni concentration in ZB Zn1–xNixO. (b) Lattice parameter a0 versus Ni 
concentration in RS Zn1–xNixO. (c) Lattice parameters a0 and c0 versus Ni concentration in WZ Zn1–xNixO.
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Qualitatively, the  band structures exhibit 
comparable features across the  three structural 
phases, closely resembling the trends observed in 
prior studies of semiconducting materials  [53–
57]. However, quantitative differences emerge in 
the  values of the  band gap energies. A  detailed 
examination reveals that for the spin-up channel, 
Zn0.50Ni0.50O exhibits a direct band gap of 2.16 eV 
at the (Γ → Γ) point in the ZB structure, an indirect 
band gap of 2.92 eV (from R to Γ) in the RS phase, 
and a  direct band gap of 1.63  eV at the  (Γ  →  Γ) 
point in the WZ structure.

The electronic band structures over the  full 
composition range Zn1–xNixO alloys (0  ≤  x  ≤  1) 
were calculated for three hypothetical crystal 
phases ZB, RS and WZ, and used to determine 
the  fundamental band gap energy (Eg). The  de-

pendence of Eg on Ni concentration is summa-
rized in Table 2 and illustrated in Fig. 3.

For the  ZB structure, Eg exhibits an overall de-
creasing trend with increasing Ni concentration, with 
a slight deviation from linearity at intermediate com-
positions. The  band gap undergoes a  pronounced 
redshift from approximately 3.15 eV for pure ZnO 
(x = 0) to about 0.78 eV for NiO (x = 1). In the RS 
phase, Eg shows a  generally increasing trend with 
Ni incorporation, evolving from 3.12 eV for ZnO to 
3.66 eV for NiO. Minor deviations from linear be-
haviour are observed at intermediate concentrations, 
but the overall dependence remains monotonic.

Similarly, for the  WZ structure, the  band gap 
decreases overall with increasing Ni content, from 
2.86 eV for pure ZnO to 1.81 eV for NiO, with small 
departures from linearity at selected compositions.

Zn1–xNixO

Zn1–xNixO
Zn1–xNixO
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Fig. 2. Electronic band structure for Zn0.50Ni0.50O in the  ZB, RS and WZ structures, considering both spin 
channels.

spin up spin down
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These results indicate that Ni substitution induces 
a systematic modification of the electronic structure 
across all phases, leading to band gap narrowing or 
widening depending on the crystal structure.

Our calculations, performed at room tempera-
ture and ambient pressure, yield a band gap Eg of 
2.83 eV for wurtzite ZnO. While this value under-

estimates the experimental result of 3.23 eV [58], 
it compares favourably with the  recent compu-
tational value of 2.77  eV obtained using a  simi-
lar methodology  [59]. The  remaining difference 
between the calculated and experimental band gap 
originates from the approximate nature of the mBJ 
potential  [60]. Consequently, the  calculated Eg 
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values for the other structures are also expected to 
be underestimated relative to the experiment.

The density of states (DOS) for Zn1–xNixO alloys 
with compositions x = 0, 0.25, 0.5, 0.75, 1 has been 
computed for the three hypothetical crystal struc-
tures ZB, RS and WZ to gain deeper insight into 

the  electronic distribution among various atom-
ic orbitals. Representative DOS results for ZnO, 
the equimolar alloy Zn0.50Ni0.50O and NiO are pre-
sented in Fig. 4. A detailed analysis of the ZB phase 
reveals that the states near the Fermi level in pure 
ZnO are primarily dominated by Zn 3d orbitals. 

Table 2. Evolution of the  fundamental band-gap energy Eg as a  function of Ni content for ZB, RS and WZ 
hypothetical structures of Zn1–xNixO.

ZnO Zn0.75Ni0.25O Zn0.5Ni0.5O Zn0.25Ni0.75O NiO
ZB

Eg (Г → Г) (eV) 2.65 1.89 2.16 2.07 1.87
RS

Eg (R → Г) (eV) 3.12 2.65 2.92 3.21 3.66

WZ
Eg (Г → Г) (eV)

2.83
3.23a

2.77b 2.43 1.63 2.29 1.81

a Exp. Ref.58].
b Calc. Ref.59].

Fig. 3. Fundamental band gap energy versus Ni content in (a) the ZB structure, (b) the RS structure and (c) 
the WZ structure for the spin up channel.
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This trend is consistently observed in both the RS 
and WZ phases of ZnO, confirming the  crucial 
role of Zn-d states in the electronic conductivity of 
the material across all structural forms. In these en-
ergy regions, the total DOS is mainly composed of 
Zn-d and O-2p states. Among them, the WZ phase 
exhibits the most tightly bound lower energy band 
in its DOS. For the Zn0.50Ni0.50O alloy, the electronic 
states near the Fermi level are primarily contribut-
ed by the d orbitals of both Zn and Ni atoms, along 
with the p orbitals of oxygen. This orbital configura-
tion remains consistent across all three structures, 
emphasizing the hybridized nature of metal-d and 
O-p states in Ni-doped ZnO.

Understanding the  electronic charge density in 
semiconducting materials is of great significance as 
it provides important information about the nature 
of chemical bonding, the presence of interstitial im-
purities, and how the material reacts to outside forc-
es [61–64]. We have figured out the charge densities 

of the valence electrons in Zn1–xNixO alloys with dif-
ferent compositions (x  =  0, 0.25, 0.5, 0.75, 1) and 
three different crystal structures: ZB, RS and WZ.

Figure  5 shows example charge density con-
tour plots for compositions x = 0, 0.50 and 1 in all 
three phases. The contours show that for pure ZnO 
(x = 0), the electronic charge is mostly concentrat-
ed in the spaces between atoms and is clearly tilted 
towards the oxygen atoms. This uneven charge dis-
tribution shows that a lot of charge has moved from 
the group II element (Zn) to the group VI element 
(O). This confirms that the Zn–O bond is mostly 
ionic. The lower-energy valence bands have s-like 
orbital features, and the  mid-gap states seem to 
have some covalent character, even though there is 
not much electronic density in the spaces between 
the atoms.

The charge buildup around the  oxygen atoms 
becomes stronger as the  Ni content rises, like in 
the  equiatomic alloy Zn0.50Ni0.50O. This increased 

Fig. 4. Density of states of ZnO, Zn0.50Ni0.50O and NiO in the ZB, RS and WZ structures, considering both spin 
channels.

RS

ZnO NiOZn0.50Ni0.50O

ZB

WZ

De
ns

ity
 o

f s
ta

te
s

De
ns

ity
 o

f s
ta

te
s

De
ns

ity
 o

f s
ta

te
s

De
ns

ity
 o

f s
ta

te
s

De
ns

ity
 o

f s
ta

te
s

De
ns

ity
 o

f s
ta

te
s

De
ns

ity
 o

f s
ta

te
s

De
ns

ity
 o

f s
ta

te
s

De
ns

ity
 o

f s
ta

te
s

Energy (eV) Energy (eV) Energy (eV)

Energy (eV)Energy (eV)Energy (eV)

Energy (eV) Energy (eV) Energy (eV)
–10           –5               0                5               10 –10           –5               0                5               10 –10           –5               0                5               10

–10           –5               0                5               10–10           –5               0                5               10–10           –5               0                5               10

–10              –5                   0                    5                  10 –10              –5                   0                    5                  10 –10              –5                0               5                  10

8

4

0

0.5

0.0
30

15

0

6

3

1.0

0.5

0.0
20
10

0

3.0

1.5

0.0
1.0

0.5

0.0
30
20
10

0

4
2
0

–2
–4

2
1
0

–3
–6
0.8
0.4
0.0

–0.5
–1.0

30
15

0
–15
–30

4
2
0

–2
–4

2
0

–2
–4
0.6
0.3
0.0

–0.2
–0.4
–0.6

10
0

–10

2
1
0

–1
–2
–3

2
1
0

–1
–2
–3
20

0
–20

2
0

–3
0.8
0.4
0.0

–0.6
–1.2

10
5
0

–5
–10

3.0
1.5
0.0

–1.5
–3.0

1.2
0.6
0.0

–1.5
–3.0

15
10

5
0

–10
–20
–30

8
4
0

–3
–6

4
2
0

–3
–6
1.0
0.5
0.0

–0.5
–1.0

20
10

0
–10
–20



ISSN 1648-8504   eISSN 2424-3647	 	 F. Redjem et al. / Lith. J. Phys. 66, 185–200 (2026)192

Fig. 5. Electronic valence charge density (contour plots) of ZnO, Zn0.50Ni0.50O and NiO in the ZB, RS 
and WZ structures for the spin up channel.

polarization makes the ionic nature of the bonding 
in the alloy even stronger, more than what is seen in 
pure ZnO. At the Ni-rich end of the series (x = 1), 
the  charge density of NiO shows that the  Ni–O 
bonds are very ionic.

In general, the charge density maps for the ZB and 
RS phases show similar patterns, but there are small 
differences in the  way the  charges are spread out. 
On the other hand, the WZ structure shows a more 
clear charge localization behaviour, which shows 
how crystallographic symmetry affects the  way 
bonds form. These findings show that the way elec-
tronic charge is spread out and how bonds form in 
Zn1–xNixO alloys depends on their structure.

3.3. Magnetic properties

We have carefully calculated the total magnetic mo-
ment of Zn1–xNixO for all three structural phases that 
we looked at in this study: ZB, RS and WZ. The range 
of compositions that we looked at was x = 0 to 1. Fig-
ure 6 shows how the total magnetic moment changes 
with the  amount of Ni. Across all structural phas-
es, the  total magnetic moment clearly increases in 
a monotonic but nonlinear way as the concentration 
of Ni rises. The total magnetic moment in the fully 
substituted compound NiO (x = 1) is 2, 2 and 4 μB 
per unit cell for the ZB, RS and WZ structures, re-
spectively. For the  equiatomic alloy Zn0.50Ni0.50O, 

ZnO NiOZn0.50Ni0.50O

ZB

RS

WZ
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Fig. 6. Total magnetic moment versus Ni content in (a) the ZB structure, (b) the RS structure and (c) the WZ 
structure.
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the values are 1 μB for ZB and RS, and 2 μB for WZ. 
These results show that the magnetic response de-
pends a lot on both the composition and the crystal 
structure. The localized magnetic moments of Ni2+ 
ions in these alloys cause magnetism. These mo-
ments come from unpaired electrons in the partially 
filled 3d orbitals. As a result, the magnetic properties 
of ZnO alloys with Ni are determined by how these 
localized d-electrons are spread out and how they 
interact with each other. NiO has a strong magnetic 
ordering because Ni2+ atomic moments are the most 
important factor.

3.4. Optical properties

Before presenting the  results, it should be noted 
that the calculation of optical properties requires 

a denser k-point mesh than that used for structur-
al and electronic property calculations. We used 
500, 216 and 432 k-points in the  first Brillouin 
zone for the  ZB, RS and WZ structures, respec-
tively.

The calculated spectra of the real (ε1) and imag-
inary (ε2) parts of the dielectric function obtained 
in this study for Zn1–xNixO (x  =  0, 0.50, 1) with 
ZB, RS and WZ structures are displayed in Fig. 7. 
In the ZB structure with x = 0 (pure ZnO), we see 
that the real part of the dielectric function ε1 goes 
up as the photon energy goes up, reaching a peak 
around 3.5  eV in the  low-photon energy range. 
After this point, it shows a  series of small peaks 
before dropping quickly to a  minimum around 
16.5  eV. After this low point, ε1 goes up again 
and reaches its highest point at about 27.5  eV. 
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The peaks that come after the main maximum are 
mostly due to interband optical transitions. Khan 
and Bouarissa [65] used first-principles molecular 
dynamics simulations to find a qualitatively simi-
lar trend for ε1 as a function of photon energy for 
the  ZnS compound. ε1 gets closer and closer to 
the static dielectric constant ε(0) in the low-ener-
gy region, below the reststrahlen band. We found 
that ε(0) for ZB ZnO is about 2.9, which is close 
to the value of 3.27 that Zerroug et al. [51] found.

The imaginary part of the  dielectric function 
ε2 exhibits a noticeable rise beyond the absorption 
edge energy. It reaches its first optical critical point 
((a) in Fig. 7) at about 7 eV. This rise is the start of 
direct interband transitions. After point A, there 
are a number of peaks that follow. These peaks are 
caused by a sudden rise in the number of available 
transitions that contribute to ε2. Bouarissa  [67] 
has also reported that the InP compound behaves 
in a similar way.

The transition from pure ZnO to the  equimo-
lar alloy Zn0.50Ni0.50O and finally to pure NiO in 
the zinc blende (ZB) structure shows that the over-
all shapes of the real (ε1) and imaginary (ε2) parts 
of the  complex dielectric function stay mostly 
the  same. However, there are clear spectral shifts: 
ε1 moves towards higher photon energies, while 
ε2 moves towards lower energies. These changes 
in the spectrum have a measurable effect on both 
parts of the dielectric function, especially the static 
dielectric constant ε(0).

In the ZB structure, our calculations show that 
the static dielectric constant ε(0) goes from about 
3.04 for Zn0.50Ni0.50O to 3.48 for NiO. We do not 
have any experimental or theoretical data for ε(0) 
in Zn0.50Ni0.50O or the ZB-phase NiO, so these val-
ues are just guesses.

Across the ZnO–NiO alloy series, the dielectric 
function shows similar qualitative trends for the RS 
and WZ phases (see Fig.  7). the  ε1 peak maxima 

Fig. 7. Real (ε1) and imaginary (ε2) parts of the dielectric function spectra for ZB, RS and WZ Zn1–xNixO at Ni 
concentrations of 0, 0.50 and 1.
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and critical points in ε2, on the other hand, are in 
different places than they are in the ZB structure. 
These differences in the spectra suggest that the RS 
and WZ phases may have different optical proper-
ties than the ZB phases.

The computed static dielectric constants ε(0) 
for the RS phase are about 3.20 for ZnO, 3.32 for 
Zn0.50Ni0.50O and 3.40 for NiO. When looking at 
the WZ structure, the ε(0) values are a little lower, 
at about 2.7, 2.9 and 3.1. These results show even 
more than the dielectric response in Zn1–xNixO al-
loys depends on their structure.

The absorption coefficient α(ω) is one of the key 
optical parameters that plays a  crucial role in 
the  design and fabrication of optoelectronic de-
vices, reflectivity R(ω), electron energy loss L(ω) 
and refractive index n(ω) [67–72]. The ZB, RS and 
WZ phases of ZnO, Zn0.50Ni0.50O and NiO materials 
n(ω), L(ω), R(ω) and α(ω) spectra are displayed in 

Fig. 8. Examining ZB ZnO reveals that n(ω) has sig-
nificant values in the low photon energy region and 
rapidly drops at high photon energy up to 27.5 eV. 
Based on the  n(ω) spectrum, the  static refractive 
index n(0) for ZB ZnO is estimated to be 1.67.

The n(ω) spectrum shows a  number of small 
peaks that are thought to be caused by excitonic 
transitions. The oscillator strength is known to be 
increased by these excitonic effects, especially at 
the Brillouin zone’s M0 and M1 critical points [73, 
74]. There are clear peaks in the ZB ZnO L(ω) spec-
trum, which are indicative of plasma resonances. 
The  plasma frequency is the  associated frequen-
cy, and in this instance, it is found to be around 
22.5  eV, which corresponds to the  loss function’s 
primary peak.

There are multiple prominent peaks in the R(ω) 
spectrum, especially in the  high-photon-energy 
region. The  valence and conduction bands’ inter-

Fig. 8. Refractive index n(ω), electron energy loss L(ω), reflectivity R(ω) and absorption coefficient α(ω) spec-
tra for ZB, RS and WZ Zn1–xNixO at Ni concentrations of 0, 0.50 and 1.
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band transitions are represented by these charac-
teristics. The main cause of these peaks’ broaden-
ing is phonon–phonon scattering, which causes 
vibrational damping in the  substance. ZB ZnO’s 
absorption coefficient spectrum α(ω) exhibits 
a  broad absorption band that spans the  energy 
range of 7–27.5  eV, with a  noticeable maximum 
at about 17 eV. The absorption drastically drops at 
photon energies higher than 27.5  eV, suggesting 
that the  material turns transparent in this high-
energy region because the electrons can no longer 
react to the  oscillating electric field efficiently. 
The general profiles of the optical spectra, which 
include the  absorption coefficient α(ω), energy 
loss function L(ω), reflectivity R(ω) and refractive 
index n(ω), maintain a  relatively similar shape 
as the composition changes from ZB ZnO to ZB 
Zn0.50Ni0.50O and finally to ZB NiO. Nevertheless, 
there is a discernible shift towards higher photon 
energies in all of these spectra. Throughout the en-
ergy range, this spectral shift has a major impact 
on the  optical features’ position and magnitude. 
In particular, it is discovered that the static refrac-
tive index n(0) rises as the  Ni content increases, 
moving from 1.67 for ZnO to roughly 1.74 for 
Zn0.50Ni0.50O and 1.86 for NiO. Future theoretical 
and experimental studies on the  optical charac-
teristics of Zn1–xNixO alloys may find these theo-
retical predictions to be helpful benchmarks and 
valuable reference points.

The general spectral shapes of n(ω), L(ω), R(ω) 
and α(ω) for the  RS and WZ structures (Fig.  8) 
are comparable to those found in the ZB phases of 
ZnO, Zn0.50Ni0.50O and NiO. Nonetheless, there are 
minor structural differences in the  static refrac-
tive index n(0): for the RS phase, the correspond-
ing values for n(0) are 1.78, 1.82 and 1.85 for ZnO, 
Zn0.50Ni0.50O and NiO, respectively; for the  WZ 
phase, they are 1.67, 1.68 and 1.79.

The primary peaks for the RS and WZ phases of 
ZnO are situated at roughly 25 and 23 eV, respec-
tively, in the electron energy loss spectrum L(ω), 
suggesting a different plasma resonance behaviour. 
The RS phase of ZnO exhibits a prominent peak at 
7.23 eV in its reflectivity spectrum R(ω), whereas 
the  WZ phase shows peaks at approximately 17 
and 22  eV. Regarding the  absorption coefficient 
α(ω), ZnO’s RS and WZ phases both display ab-
sorption bands that range in a  wavelength from 
roughly 5 to 26 eV. In contrast to the ZB and WZ 

phases, the RS structure exhibits a notably high-
er absorption intensity, indicating an improved 
light–matter interaction in this phase. Comparing 
n(ω), L(ω), R(ω) and α(ω) among ZB, RS and WZ 
structures shows that the  RS phase consistently 
shows stronger optical responses, with similar 
trends seen for Zn0.50Ni0.50O and NiO.

4. Conclusions

Within the  framework of spin-polarized density 
functional theory (DFT) using the  generalized 
gradient approximation (GGA), we employed 
the  FP-LAPW method to perform total energy 
calculations, and the  electronic band structure, 
structural, magnetic and optical properties of Ni-
doped ZnO (Zn1–xNixO) were examined. For dif-
ferent compositions, the  hypothetical phases of 
WZ, RS and ZB were taken into consideration. It 
was discovered that for all structures, the  lattice 
constant of ZnO decreases as the concentration of 
Ni increases. Furthermore, the  calculated struc-
tural parameters show a  slight departure from 
Vegard’s law, reflecting weak nonlinear alloying 
effects.

The TB-mBJ-GGA potential was used to evalu-
ate the  band gap values, and the  band structure 
and density of states (DOS) analysis verified that 
the system is semiconducting, with the gap char-
acter varying depending on the  particular crys-
tal phase. Electronic charge density maps were 
used to further investigate the bonding nature in 
Zn1–xNixO. These maps showed that pure ZnO has 
a  partially covalent character that progressively 
decreases with increasing Ni content, enhancing 
the material’s ionic character.

It was discovered that the  total magnetic mo-
ment increased linearly with Ni content x, reach-
ing 2.0  μB per formula unit for NiO in the  ZB 
and RS structures and 4.0 μB per formula unit in 
the  WZ structure. A  detailed analysis was con-
ducted for optical properties, such as the real and 
imaginary parts of the dielectric function, refrac-
tive index, electron energy loss, reflectivity, and 
absorption coefficient spectra. When available, 
the results are in good agreement with the available 
experimental and theoretical data; otherwise, they 
are dependable predictions for future use. The RS 
structure showed the  strongest optical absorption 
of the three phases, indicating that it could be used 
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in optoelectronic applications. Additionally, it was 
discovered that all optical spectra were sensitive 
to changes in the  alloy’s composition and crystal 
structure, and this presents encouraging prospects 
for the  development of materials with specialized 
optical functions.
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