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The low magnetic moment (MM) in diluted magnetic semiconductors (DMS) at low impurity doping
levels has triggered considerable research into condensed magnetic semiconductors (CMS).This work
reports an ab-initio investigation of the electronic structures and magnetic properties of ZnO in a
zinc-blende (ZB) structure doped with nickel ions. Ni-doped ZnO-based DMS and CMS exhibit a
dominance of ferromagnetic coupling over antiferromagnetic. A robust increase in the magnetization
has been observed as a function of Ni impurity levels. This material favors short-range magnetic
interactions at the ground state, suggesting that the observed ferromagnetism is defined by the dou-
ble exchange mechanism. The spin-polarized density of states (DOS) of Ni-doped ZnO characterizes
it as half-metallic with a considerable energy gap for up-spin components and as metallic for-down
spins. Half-metallic Ni:ZnO based magnetic semiconductors with high magnetization are expected
to have potential applications in spintronics.
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magnetic properties

PACS numbers 71.15.Mb, 71.27.+a, 73.20.At, 71.20.-b

1 Introduction

Accomplishing ferromagnetic characteristics in semicon-
ductors through doping with 3d elements has been prac-
ticed for several years, and has evolved into a significant
field in condensed matter physics and material science
[1–4]. The motivation is to extend the applications of
semiconductors with coexisted magnetic features from
conventional electronics to spintronic or spin-dependent
electronics [1]. Advanced nano-characterization tech-
niques allow the classification of ferromagnetic semicon-
ductors into two distinct families, namely DMS and CMS
[5–7]. In DMS, the transition metal (TM) dopants are
randomly distributed in the matrix of the host semicon-
ductor. However, the realization of functional DMS is
still a major issue caused by difficulties such as the fabri-

cation of homogeneous DMS with high magnetization [6,
7]. Moreover, the magnetization observed for lower lev-
els of doping is many orders of magnitude smaller than
the spin-only saturation magnetization [6]. This has trig-
gered the attention of researchers towards CMS. In this
class of magnetic semiconductors, high concentrations of
transition metals are doped into the semiconductor ma-
trix. Consequently, the magnetic cations have a larger
density at nanoscale regions, which induces robust ferro-
magnetism (FM) within the matrix of the host.

The figures of merit of these materials are contingent
upon the base semiconductor. The selection of suitable
candidates from the numerous semiconductor species is
therefore of critical importance. Research has demon-
strated ZnO to be a leading host for 3d-TM dopants.
ZnO is an excellent base material for magnetic semicon-
ductors because of its wide and direct energy gap, abun-
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dant availability, and environmental friendly character-
istics. ZnO doped with 3d elements is predicted to have
the magnetic properties demanded for an ideal magnetic
semiconductor. This has stimulated a considerable inter-
est of researchers over the past one and half decades. Ear-
lier investigations were typically focused on W structured
ZnO-based magnetic semiconductors. However, several
groups are now interested in the fabrication of ZnO based
magnetic semiconductors with a ZB structure, as ZB-
structured ZnO with impurity elements is considered to
be more appropriate for various purposes [8,9]. Moreover,
in W-structured ZnO, the existence of impurity atoms
induces piezoelectric effects and other unwanted built-in
fields. These unwanted fields cause several effects, such
as the quenching of excitonic effects [10], that reduce the
efficiency of ZnO in technological applications. However,
ZB-structured ZnO is free from such unwanted fields, and
is expected to have more applications than W-structured
ZnO.

The literature shows a number of theoretical and ex-
perimental studies where ZB-ZnO was efficiently doped
with impurity atoms for spintronic and other productive
applications. For instance, Limaye et al. [8] doped ZB-
ZnO with Mn to inject MM to obtain DMS. By adapting
the chemical route approach, they successfully fabricated
ZnO on ZnS nano-particles. Zhang et al. [11] have investi-
gated the electronic structure and magnetic properties of
Co-doped ZnO in the ZB phase. They have reported an-
tiferromagnetism (AFM) at the ground state, and FM at
the meta-stable state. Mamouni et al. [12] have studied
the electronic and magnetic properties of ZB V:ZnO us-
ing the Korringa–Kohn–Rostoker method based on the
first principles approach. They demonstrated the half-
metallic nature of V:ZnO with stable FM ordering. Xu et
al. [13] have used the FP-L (APW+lo) method to inves-
tigate the effect of C impurities in ZB-ZnO. Their results
showed the half-metallic nature of ZB C:ZnO with a MM
of magnitude 2.0 µB. They reported the low formation
energy of C:ZnO in the ZB geometry, and consequently
stable C:ZnO in the cubic phase. Li et al. [14] have inves-
tigated the effect of Cu impurity atoms on the electronic
and magnetic properties of ZB ZnO. Their investigations
showed that Cu impurities can induce MMs of magnitude
1.0 µB in the stable FM ground state.

Among TM elements, Ni2+ is considered as one of the
most appropriate dopants for ZnO due to its nearly simi-
lar atomic radius and oxidation state to that of Zn2+ [15].
Therefore, Ni-doped ZnO has been the subject of several
studies, however, theoretical and experimental disagree-
ment remains regarding the nature of the magnetization.
Wakano et al. experimentally investigated the magnetic
properties of Ni:ZnO containing 25% of Ni content fabri-

cated utilizing the pulsed laser deposition (PLD) method
[16]. They observed FM interactions in Ni:ZnO with a
Tc of 2 K. Their study showed that FM was transformed
to PM in the temperature range 30 K to 300 K. How-
ever, room temperature FM was observed in ZnO in the
presence of Ni dopants in the experimental studies of
Jung et al. [17] and Cui [18]. Similarly, Venkatesan et
al. [19] have reported room temperature FM in Ni:ZnO
thin films containing 5% Ni. In addition, there have been
several studies reporting intrinsic room temperature FM
in Ni-substituted ZnO [20–24]. Li et al. [25] have claimed
an observation of FM in the Ni:ZnO system, that was in-
duced by Ni clusters or secondary phases. Recently, the
properties and clustering behavior of Ni pairs was also
investigated theoretically [26]. In line with the predic-
tions of Li et al. [25], they have reported the clustering
tendency of Ni ions in the Ni:ZnO system and claimed
the Ni clusters were responsible for the observed FM.
The reports of the intrinsic paramagnetic (PM) nature
of Ni-doped ZnO systems [27] are contradictory, and re-
sults in difficulties for their application in spintronics.
The PM nature was further confirmed by Yin et al. [28],
who fabricated Ni:ZnO containing 14% Ni, which demon-
strated PM rather than FM. Pie et al. [29] studied the
magnetic interactions in Ni-doped ZnO using GGA and
GGA+U (U is Hubbard parameter) schemes and have
predicted FM ordering. Similarly, some efforts to observe
ferromagnetism with Ni doping were carried out experi-
mentally and the solubility of Ni was reported to be 25%
[11, 16]. Furthermore, ZnO films doped with Ni (x=0.03
to 0.25) exhibit ferromagnetic behavior at 350 K. How-
ever, Straumal et al. have recently shown the possibility
of manipulating the grain size to increase the Ni solubil-
ity in ZnO [30].

In the present study, Ni-doped ZB-structured ZnO-
based DMS and CMS has been explored over a range of
Ni-dopant concentrations: 6.25%, 12.5%, 18.75%, 25%,
50%, and 75%. We have employed first principles calcu-
lations based on the FP-L (APW+lo) method with the
generalized gradient approximation: GGA and GGA+U

functionals methodology to investigate the electronic and
magnetic properties of Ni-doped ZnO.

2 Computational details

Our calculations were performed using the first prin-
ciples full-potential linear augmented plane wave plus
local orbitals method within DFT, as implemented in
WIEN2k code [31]. The exchange and correlations were
treated within the Perdew–Burke–Ernzerhof generalized
gradient approximation [32], including the Hubbard cor-
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rection, known as the GGA+U method. In the FP-L
(APW+lo) method, the unit cell is divided into two re-
gions, namely the non-overlapping atomic spheres or core
region, and interstitial regions, with different basis sets
used in both the regions to expand the Kohn–Sham wave
functions, charge density, and potential. Inside the core
region, a linear combination of radial functions times
spherical harmonics is used, while in the interstitial re-
gion a plane wave expansion is used [32]. The muffin-tin
radii (RMT) values for Zn and Ni are selected as 1.78
a.u., with a value of 1.5 a.u. for O atoms. A dense k-
mesh with 72 k-points is employed in the special irre-
ducible Brillion zone (BZ). The energy cutoff is taken as
kmax = 8.0/RMT. To overcome the band gap deficiency
of the DFT, an additional Hubbard parameter with ueff

= 7.1 eV [33] is employed.

3 Results and discussion

In magnetic semiconductors, one of the factors that
most strongly affects their properties is the substitu-
tion of impurity atoms onto the proper dopant sites. To
find appropriate dopant sites for the impurity atoms,
the total energies have been calculated corresponding
to various doping positions (Fig. 1). Table1 presents
the details of total energies corresponding to different
doping positions. In order to investigate the stability of
short/long magnetic interactions in the ground state,
two different spatial arrangements referred to as C1 and
C2 based on the Ni substitution sites are investigated. In
the C1 configuration, the Ni dopants are placed at the
minimum distance to the nearest Ni neighbor. The two

Fig. 1 Schematic structures of Ni:ZnO ZB geometry. The num-
bered spheres show the Ni/Zn substitutional sites; the purple col-
ored large spheres and the red colored small spheres represent zinc
and oxygen atoms, respectively.

Table 1 Symmetry breaking of Ni:ZnO in ZB geometry for dif-
ferent Ni substitutional sites and their corresponding energies.

Composition
Zn/Ni

position
Symmetry

Energy/Formula

Unit (Ry)

Zn15Ni1O16 10 P –3708.3712

10 P-42m –3708.3716

Zn14Ni2O16 10,12 P –3673.9105

10,12 P-42m –3673.9524

10,15 Cmm2 –3673.9639

Zn13Ni3O16 7,10,12 P –3673.9687

7,10,12 P2 –3639.5433

7,10,15 P2 –3639.5432

10,11,12 P222 –3639.5438

Zn12Ni4O16 2,7,10,12 P –3605.1190

2,7,10,12 P2 –3605.1228

6,7,8,12 P1 –3605.1248

6,7,10,12 P1 –3605.1248

4,7,10,16 P2 –3605.1228

6,7,14,15 P2221 –3605.1154

6,11,14,16 Cm –3605.1245

neighboring Ni atoms are separated by a single O-anion,
i.e., Ni-O-Ni. In the latter case, the Ni dopants are sepa-
rated by two O-anions and one Zn-cation, i.e., Ni-O-Zn-
O-Ni, which results in a comparatively larger distance.
The total energies for C1 and C2 are calculated as –
3673.9562 Ry and –3673.9559 Ry respectively. The com-
paratively lower energy in C1 suggesting that Ni:ZnO-
based magnetic semiconductors favor short-range Ni-Ni
magnetic coupling and have a tendency to cluster to-
gether.

To investigate the structural properties of Ni:ZnO, the
lattice parameters were calculated by fitting the unit
cell volume against the total energies using Murnaghan’s
equation of state [34]. The lattice parameters results are
depicted in Table 2. The lattice parameters of ZnO in
the presence of Ni are nearly equivalent to that of pure
ZnO [35]. The variation in lattice parameters was in-
significant up to 28% Ni content. Yin et al. [28] have
experimentally demonstrated an insignificant effect on
the lattice parameters of W-structured Ni:ZnO until the
Ni concentration reaches 20%, beyond which the lattice
parameter decreases almost linearly as a function of Ni
content because the ionic radii of Ni (0.69 Å) is smaller
than Zn (0.74 Å). Our results for the variation of lattice
parameters of ZnO in the presence of Ni contents are
in good agreement with the experimental findings [21,
23]. The total variation of the lattice parameters of ZnO
when doped with concentrations between 6.25% to 75%
Ni was found to be 0.9 Å.

To investigate the electronic properties of the Ni:ZnO
system, the spin-polarized total DOS and partial DOS
were determined. The DOS profile of the Ni:ZnO system
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Table 2 Calculated lattice parameter a of Ni:ZnO in ZB struc-
ture.

Ni:ZnO 6.25% 12.5% 18.75% 25% 50% 75%

a (Å) 4.61 4.61 4.61 4.60 4.54 4.50

reflects significant changes as compared to our previously
calculated DOS for pure ZB-ZnO [34–38]. Since the spin-
polarized DOS for Ni:ZnO exhibits similar resemblance
for all dopant contents, an optimal picture of the total
and partial DOS will be displayed for Zn0.875Ni0.125O
only. Figure 2 depicts the spin-polarized total DOS of
Zn0.875Ni0.125O at the level of the GGA+U approxi-
mation. For the GGA method, we observed that the
Fermi level appears in the conduction band (CB) for
the spin-up channels, however, by applying an additional
U -parameter to GGA, a gap between the valence and
conduction bands was observed. In the case of down-
spin electrons, a broad impurity band appears in the
Fermi level that leads to metallic Ni:ZnO. The simul-
taneous semiconducting and metallic nature of Ni:ZnO
for up and down spin channels respectively, introduces
Ni:ZnO to a class of materials known as half-metallic.
This characteristic of Ni:ZnO endorses its application as
a filter for spin-polarized currents, as well as in other
spin-dependent electronic devices.

In the spin-polarized partial DOS of Ni:ZnO (Fig. 3),
the structures shown in the deep valence band (VB) (–6
to –4.8 eV) mostly originate from Zn-3d states; in the
energy range from –4.8 eV to –2.3 eV, the states were
contributed by the Zn-3d and O-2p states together with
a weak effect on the Ni-3d states. In the case of up-spin
DOS the structures in the energy range from –2 to –1 eV
were due to the Ni-3d states together with O-2p states,
where the 5-fold degeneracy of the Ni-3d band was trans-
formed to sub eg(dx2−y2 and dz2) and t2g(dxy, dzx, dyz)
bands due to the tetragonal O2− environment. For the
down-spin case, the Ni-3d states in the vicinity of the
Fermi level were again split into eg and t2g by the crystal

Fig. 2 Calculated spin polarized total density of states of Ni:ZnO
for 12.5% Ni contents. The states in positive energies represent the
majority spin carriers and the states in negative energies resemble
the minority spin carriers.

Fig. 3 Spin-polarized total and partial DOS of Ni: ZB phases at
12.5% of Ni contents. The dotted line reveals the Fermi level; the
states in positive energies represent the majority spin carriers and
the states in negative energies resemble the minority spin carriers.

Fig. 4 Splitting of Ni d-band into eg and t2g states due to the
Coulomb potential produced by O atoms.

field effect. Ni d-band splitting is schematically shown in
Fig. 4. It is observed that the eg and t2g band’s energies
strongly depend on the geometry of the crystal. In the
ZB phase, the O-ions induced a tetrahedral Coulomb en-
vironment, where the t2g states reside closer to O2− and
thus are higher in energy compared to the eg states. The
structures at the CB minima for the up-spin DOS were
due to Zn-4s, while for the down-spin DOS the structures
at the CB minima were due to Ni-t2g states.

We further investigated the DOS defined by p-
electrons of O atoms that were directly associated with
the Ni atoms, labeled as O1, and of those placed away
from Ni, labeled as O2 (Fig. 5). Our analysis shows
higher binding energies of O1-p electrons compared to
O2-p electrons. The higher binding energies of O1-p elec-
trons is possibly caused by the electrostatic coulomb po-
tential due to the nearest Ni atoms, from where they
experience a higher coulomb repulsion compared to O2
electrons.

An investigation of the magnetic properties of Ni:ZnO
was performed to explore the nature of its magnetiza-
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Fig. 5 Partial DOS of p-electrons associated to O1 and O2 atoms.

tion. For this purpose, the total energies per formula
unit for ferromagnetic and antiferromagnetic spin com-
ponents were measured. In the ferromagnetic mode, the
spin of the impurity atoms was fixed on the same axis,
while in the antiferromagnetic mode the spin of impu-
rity atoms is aligned in opposite directions, such that
they cancel out the effect of each other. The dominant
FM/AFM spin mode was characterized by difference in
the energies (ΔE= EAFM–EFM). The calculated ener-
gies in the FM and AFM states are summarized in Table
3. It is evident that Ni:ZnO exhibited FM behavior for
the entire range of Ni contents (Table 3). At lower Ni
contents or DMS, FM is considered to be caused by in-
trinsic Ni dopants. In the present study, the FM observed
for higher magnetic contents or CMS was caused by the
combined effect of the ferromagnetic Ni clusters embed-
ded in the ZnO matrix. The FM character of Ni:ZnO for
various concentrations has also been reported by Fu et
al. [38]. Our calculations for the MM per formula unit
of Ni:ZnO were summarized in Table 4. The occurrence
of FM in the non-magnetic ZnO suggests that Ni atoms
are the main contributor to the observed magnetization.
The calculated MM in Ni:ZnO is strongly dependent on
the Ni concentration. The MM increases almost linearly
with the Ni content.

To complete the magnetic description, we have plotted
in Fig. 6 the spin and charge densities iso-surfaces in 3D
for a Ni concentration of 25% in ZnO. We can observe a
strong localization at the Ni sites, whereas the Zn and

Table 3 Summary of the calculated total energies (in Ry) of ZB
Ni:ZnO in FM and AFM ground-state magnetic ordering.

Ni:ZnO EFM EAFM Coupling

Zn15Ni1O16 –3708.3713 –3708.3681 FM

Zn14 Ni2O16 –3673.9569 –3673.9566 FM

Zn13 Ni3O16 –3639.5438 –3639.5285 FM

Zn12 Ni4O16 –3605.1190 –3605.1120 FM

Zn8 Ni8O16 –3467.4455 –3467.4119 FM

Zn4 Ni12O16 –3329.7758 –3329.7677 FM

Table 4 Calculated total MM (in µB) per formula unit in
Ni:ZnO.

MM 6.25% 12.5% 18.75% 25% 50% 75%

Ni:ZnO 0.13 0.25 0.33 0.50 1 1.49

O atoms show much less polarization in agreement with
PDOS and the results reported in Table 2. From the
charge density iso-surface, we can see that the additional
charge carriers due to Ni doping in ZnO promote ferro-
magnetism in ZnO [39, 40]. In fact, one can observe a
significant amount of charge transferred from Ni to the
O-atoms, reflecting the possibility of an ionic bonding
nature [41].

Several models have been presented to explain the ori-
gin of FM in magnetic semiconductors, such as bound
magnetic polarons, double exchange and super exchange
interactions, the phenomenological Zener/Ruderman–
Kittel–Kasuya–Yosida (RKKY) model [42], and spin-
split donor impurity models. In the present work, RKKY
interactions are believed to be one of the reasons why
Ni:ZnO favors FM if the impurity atoms are located in
the short range positions. Moreover, the double exchange
mechanism, which explains the FM if the impurity bands
appear in the band gap, is also believed to determine the
FM.

4 Conclusions

In the present study, DFT calculations using the FP-
L (APW+lo) basis set have been used to explore the

Fig. 6 Spin density and charge density iso-surfaces of ZnO:Ni at Ni composition 25%.
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physical properties of Ni-doped ZB-structured ZnO-
based DMS and CMS. The lower magnetic moment
in DMSs at the cost of lower magnetic ions has shown
a robust increase in case of CMS. The higher magne-
tization in the Ni:ZnO based CMS is possibly caused
by the combined effects of the nanoscale clusters with
large Ni-ion densities in the matrix of the ZnO. The FM
observed in Ni:ZnO remains dominant over AFM for
all the doping contents investigated. The DOS profile
of Ni:ZnO shows a half-metallic nature appropriate for
spin dependent electronic applications.
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