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A B S T R A C T

Magnetic properties of Mg/Ni doped ZnO were investigated by the first-principles study. The generalized gra-
dient approximation (GGA) in Perdew–Burke–Ernzerhov of the scheme as a form of density functional theory
(DFT) utilizing the plane-wave pseudo-potential method was used. Calculations were performed for a constant
Ni doping ratio as 5% and different concentrations of Mg varying from 1% to 5%. It was shown that Mg con-
centrations helped to tune band gap and mediate the ferromagnetic property. 1% Mg-doped structure had a half-
metallic ferromagnetic (HMF) state. Meanwhile, metallic behavior (MB) was observed for higher concentrations
of Mg (> 1%) impurities. It was revealed that Mg-doped ZnNiO possesses ferromagnetic behavior solely for 1%
Mg while other doping ratios were showing distinctive phases including antiferromagnetism (AFM). Besides,
there is no evidence of a clear connection between the doping concentration of the Mg and the magnetic phase.
Ni distant/near oxygen vacancies (Vo) enhanced the FM state; however, distant vacancies led to HMF state for all
Mg concentrations. Zn-d, O-p, and Ni-d (dominates) control the spin-up/down channels by hybridization.

1. Introduction

Due to its interesting electrical, optical, mechanical, and magnetic
properties, a big effort has been given to study zinc oxide for the last
twenty years. ZnO exhibits a large excitation binding energy, an in-
herently n-type II-VI semiconductor with a wide band gap, a refractive
index, high thermal conductivity and photoconductivity [1–6]. The
application fields include optoelectronic devices, solar cells [3], trans-
parent conductor [4], UV-absorbing material in sunscreens [5], the
active material in varistors [6], catalysts, chemical sensors, piezo-
electric transducers, etc. ZnO can be incorporated into different
morphologies including nanoparticles, nanowires, nanorods [1,2].
Moreover, ZnO nanomaterials are favorable candidates for photonics
and nanoelectronics.

ZnO materials having a high Curie temperature are potential ma-
terials for the diluted magnetic semiconductors (DMS) and DMS doped
with varying transition metal (TM) exhibits varying magnetic proper-
ties [7–9]. Sato et al. [10] have researched transition metal atoms (Mn,
V, Cr, Fe, Co, Ni) doped ZnO materials through first-principle calcula-
tions, and they found that the doping system had ferromagnetic (FM)
properties. Ueda et al. [11] magnificently prepared 3d transition metal
doped ZnO thin film materials. Recent studies showed that in order to

improve device technologies such as magnetic memories (MRAM), spin
LED, logic devices zinc oxide semiconductors must be doped with dif-
ferent transition metals and elements using magnetic chemical assets at
room temperature (RT) [12–14].

Ni-doped ZnO material researches showed that at RT this material
had FM property with different preparation techniques such as the sol-
gel technique [15], the pulsed laser deposition (PLD) [16]. Cui et al.
[17] synthesized Ni- and Co-doped ZnO nanowire arrays with an
electrochemical method at 90◦C, and they found that magnetic nano-
wires have anisotropic FM properties. He et al. [18] prepared Ni-doped
ZnO nanowire arrays by means of metal vapor vacuum arc (MEVVA)
ion source doping technology and pointed out that the electron trans-
port ability increased by 30 times and the absorption peak exhibits red-
shift phenomena. Wakano et al. [19] synthesized Ni-doped ZnO thin
film materials and found that FM features appeared at 2 K, while PM
properties appeared at 300 K. Al-Harbi [20] synthesized a Zn1−xNixO
nanorod with excellent UV emissive power by means of a low-tem-
perature hydrothermal method. Cheng et al. [21] prepared a
Zn1−xNixO nanorod at RT FM features by means of a low-temperature
hydrothermal method. On the contrary, Yin et al. [22] reported that no
FM feature was observed in Zn1−xNixO nanomaterials.

Arda et al. [23] showed that the existence of ferromagnetism in
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Ni2+ doped ZnO does not only depend on lattice defects but also on
growth techniques. Dogan et al. [24] pointed out that the grain sizes of
the ZnNiO nanoparticles were measured to be approximately 90 nm by
means of a Scanning Electron Microscope (SEM). The XRD and SEM
measurements showed that Ni-doped ZnO had wurtzite structures with
NiO secondary phases. RT ferromagnetism was observed for highly Ni-
doped ZnO nanoparticles. Heiba et al. [25] founded that NiFe2−xGdxO4

(0.0 ≤ x ≤ 0.4) nanoferrites exhibited superparamagnetic behavior at
RT while pure nickel ferrite exhibited ferromagnetic (FiM) behavior.
The saturation of magnetization (Ms) at 10 K first decreased due to the
presence of Gd ions in A site, after that it increased as the amount of Gd
substitution increased due to substitution of Fe3+ ions by Gd3+ ions
which had a larger magnetic moment. The coercive field increased with
the Gd content due to the decrease in crystallite size.

Viswanatha et al. [26] produced Mg-doped ZnO nanoparticles in the
range of 60–90 nm and they found that the morphology structure
changed when the concentration of dopant was increased. In our pre-
vious work, it was pointed out that as Mg concentration value in-
creased, the magnetization decreased considerably and the loop M−H
curve at 300 K exhibited the strong ferromagnetism in
Zn0.94Mg0.01Ni0.05O nanoparticles in the range of 24–27 nm within
0.01% and 0.05% of Mg [7]. It was concluded that the size and shape of
the nanoparticles depended on the preparation materials and methods
[27]. El Foulani et al. [28] produced Co0.5Zn0.5Fe2O4 spinel ferrite
nanoparticles by a novel synthetic technique and showed that the sa-
turation magnetization and remanent magnetization increased gradu-
ally as the crystallite size decreased, although all samples were well
above the reported critical grain sizes of ~ 20–25 nm for CFO by Ra-
jendran et al. [29]. They also contributed a useful theoretical basis for
the application of ZnO DMSs. Vachani et al. [30] deduced that the
concentration of oxygen vacancies is not the only important parameter
for the occurrence of ferromagnetism in Cu:ZnO but that the position of
oxygen vacancies also plays an important role. Single-crystalline ZnNiO
nanoparticles were produced to investigate room temperature FM ori-
ginating from oxygen vacancies and magnetic polaron formation [31].

The structural, electronic and magnetic properties of Mg/Ni doped
ZnO for various concentrations by DFT calculations based on general-
ized gradient approximation (GGA) with PBE scheme were in-
vestigated. Mg was doped to the system instead of Zn atoms up to 5%
and Ni concentration was chosen as 5%. Origins of magnetism and
electronic behavior that were mediated by intrinsic effects such as
structural formation (variation of bond lengths, bond angles and dihe-
dral angles) and orbital hybridizations were revealed including Ni
distant/near oxygen vacancies in which spin density intrinsically
changed causing orbital hybridizations and unpaired electrons.

2. Model and method

CASTEP [32] was used to perform DFT calculations with a gen-
eralized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof

(PBE) scheme to investigate electronic and magnetic properties of Mg/
Ni doped ZnO for different doping concentrations of Mg. The functional
from the Generalized Gradient Approximation (GGA) of PBE [33] was
chosen due to its good description of chemical bond energies. Ni doping
ratio was fixed at 5%. Electron-ion interactions were represented by an
ultra-soft pseudopotential with Koelling-Harmon relativistic treatment
and energy cut-off was set to 380 eV. Electronic configurations of
corresponding atoms Zn, Mg, Ni, and O, in short, valance configurations
were treated as 3 s2, 3d10 4 s2, 3d8 4 s2 and 2 s2 2p4, respectively.
5 × 5 × 2 packed Zn0.95−xMgxNi0.05O supercell was constructed via
implementing the lattice parameters, a(Å) and c (Å) of experimental
results which were reported by our previous work [7]. Ni/Mg ions were
interchanged with host Zn sites to achieve the desired doping con-
centration of Mg/Zn, at the same time, corresponding a(Å) c(Å) values
were updated with following experimental values; bond lengths, bond
angles and dihedral angles which were calculated for certain (Ni: 5%,
Mg: 1–5%) doping concentrations since they crucially affected the type
of exchange interactions, for instance, indirect exchange such as super-
exchange integral due to the overlapped orbitals of atoms. SCF and
band energy tolerance were set to 1e−4 eV/cell and 1e−5 eV, re-
spectively. A 200 atoms (100 Zn and 100 O) wurtzite hexagonal su-
percell was adopted to deal with very low concentrations of dopants,
especially 1% of Mg as shown in Fig. 1.

3. Results and discussion

Magnetic characterization of ZnMgNiO nanoparticles has been
previously carried out by our earlier work [7] experimentally and a
theoretical investigation on the size-dependent magnetic behavior of
these particles was evaluated by our previous work [34] resulting in a
critical range of size that FM strongly existed. The authors focused on
another inclusive explanation of the origin of FM attitude that largely
supports the previous explanations via first-principles calculations.
There are remarkable interpretations such as super-exchange (SE),
double-exchange (DE) and orbital hybridizations to explain how DMS
materials show magnetic behavior, especially FM or FiM, through an
ultra-low doping ratio. Mg and Ni ions were replaced with a quite
distance Zn both randomly since it was aimed to avoid the explicit
contribution of Mg and/or Ni clusters. Experimental lattice parameters
allowed us to build ZnMgNiO supercell and to calculate bond angles
and lengths corresponding to certain Mg concentrations of 1–5% with
fixed Ni concentration (5%) during the calculations. Total energy,
Fermi energy, Metallic Behavior (MB) and integrated spin density in-
cluding experimental lattice parameters were given in Table 1. As seen
in Table 1, the total energies increased as Mg concentration increased.
The Fermi energy appeared only at 1% Mg concentration which had the
lowest total energy and a Half-Metallic (HM) behavior.

However, structural properties, such as bond angles and lengths,
were exhibited in Table 2. In this context, they likely to control elec-
trical activities that restrain/guide charge transport, and on the other

Fig. 1. A sample cell to illustrate atomic locations (Mg, Ni, O, and Zn) (a) unit cell (b) 5 × 5 × 2 supercell: Mg(1%)/Ni(5%) ions were replaced to host Zn.
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hand, essentially localized electrons depend on the atomic distances
indicating indirect exchange mechanisms that possess intriguing ra-
tionality in explanation of FM. Direct exchange interactions between Ni
ions take place at a distance that is longer than nearest Ni-O, Zn-O and
Mg-O couples. Whether strength and the sign of the exchange energy J
is a major fact on the determination of mean magnetic behavior and can
be properly calculated via those direct interactions, indirect mechan-
isms play a crucial role to bring out the hybridizations p-d, s-p and etc.
generally mediated by oxygen in oxides. It can be inferred that they
may not specifically contribute to FM even determining the magnetic
state.

Spin-polarized total DOS (TDOS) and partial DOS (PDOS) of the
system were figured out to discover the electronic and magnetic
properties according to the doping ratio. We briefly glanced at 5% Ni-
doped ZnO. O(2p)-Ni(3d) hybridization and a variation in up/down
electrons were found to be the major reasons for spontaneous magne-
tization inducing an FM behavior. Note that these results agree with
previous studies [35,36]. However, it can be clearly seen that Ni-3d and
O-2p contributed to the states in a wide energy range between −7.2 eV
and −0.47 eV as shown in Fig. 2. Ni-3d is the dominant state in the
energies from −2 eV up to the 0.56 eV close to Conduction Band

Minima (CBM). In the down spin case, Ni-3d and weak O-2p contributed
between −0.32 eV and 0.56 eV occupying the Fermi level.

Doping Mg conduced to a reasonable number of states occurred for
all concentrations in Conduction Band (CB) energies especially bigger
than 1 eV and did not differ practically from one another. TDOS of
1–5%Mg-doped ZnNiO were shown in Fig. 3 except for 2% Mg (see it in
supplementary data). In Fig. 2a, a wide band gap of ~2 eV between
Valance Band (VB) and CB depicted a semiconducting state for a spin-
up channel; simultaneously, an oval-shaped line appeared surrounding
the center of the Fermi level fora spin-down channel which pointed out
a metallic state. In other words, 1% Mg doping caused a metallic atti-
tude to the material even though it was metal for higher concentrations.
Fig. 3(b), (c), and (d) explicitly confirmed the latter one. Besides, a
perfectly symmetrical appearance in TDOS energies existed during the

Table 1
Experimental lattice parameters and calculated energies and metallic behavior (Met. B) corresponding to Mg concentrations of 1–5%.

Mg (%) 1 2 3 4 5

a(Å) 3.23 3.24 3.255 3.244 3.253
c(Å) 5.206 5.204 5.201 5.200 5.195
Total Energy (eV) −212200.248 −211466.838 −210733.651 −209998.500 −209266.426
Energy/p.a. (eV) −1061.001 −1057.334 −1053.668 −1049.993 −1046.332
Fermi Energy (eV) 4.672 – – – –
MB HM M M M M

Table 2
Bond lengths of Ni-Ni, Ni-O, Mg-O, Ni-Zn, Mg-Zn and Mg-Ni;
bond angles of Zn-Zn, Ni-Zn and Mg-Zn through oxygen.

Contact/Connection Bond lengths (Å)

Ni-Ni 3.208
Ni/Mg-O 1.972
Ni/Mg-Zn 3.207
Mg-Ni 4.567

Bond angles (°)
Zn-O-Zn 110.860
Ni-O-Zn 110.860
Mg-O-Zn 108.044

Fig. 2a. TDOS of 5% Ni doped ZnO (Zn0.95Ni0.0O).

Fig. 2b. PDOS of 5% Ni doped ZnO (Zn0.95Ni0.0O):Zn(3d), O(2p) and Ni(3d).

Fig. 3. TDOS ofZn0.95−xMgxNi0.05O for × values as (a) 0.01, (b) 0.02, (c) 0.03,
(d) 0.04, and (e) 0.05.
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overlapping bands (CB and VB) introducing a zero Fermi energy for
x > 1 while GGA calculations of 1% Mg-doped structure leads the
system having 4.672 eV Fermi energy.

Table 3 shows integrated spin densities and determined magnetic
states of the material for corresponding Mg concentrations. It could be
deduced that 1% Mg-doped ZnNiO was FM and the others showed very
weak FiM behavior except for 3% doped Antiferromagnetic (AFM) one
according to its low integrated spin density which was so close to zero.
In addition, it showed a reversed-bell behavior as shown in Fig. 4. For
3% Mg concentration, majority and minority spin channels had a si-
milar number of electrons around the Fermi level that indicated an AFM
phase in contrast to FiM 2% Mg-doped ZnNiO.

As a further interest, we also investigated the individual contribu-
tion of atomic orbitals, including hybridizations, and overall magnetic
properties of the Zn0.95−xMgxNi0.05O with the above-mentioned con-
centrations of Mg (Fig. 5). Mg-2 s, Zn-4 s, 4p and Ni-4 s, 4p states jointly
contributed to the bottom of VB between energies−19 eV and−18 eV.
All states except Zn-3d and Ni-3d contributed to DOS at 1–3 eV energies
in CB. However, the Fermi level was dominated by Ni-3d and O-2p
despite the weak existence of the rest part. Fig. 5 showed that minority
spin states of Ni-3d and O-2p hybridized at the Fermi level. Note that Mg-s, Zn-s,p, and Ni-s, p influenced the density of states at/around

Fermi level.
For 1% Mg-doped ZnNiO, the contribution to the density of states

was originated from the atomic orbitals of Ni(s, p), Mg(s), and mostly
Zn(s, p) in the energy range −19 eV to −18 eV as illustrated in Fig. 5.
Besides, all the atomic orbitals provided a similar contribution between
−8 eV and−1 eV except for Ni-d. Spin down states of Ni-3d, 4p, and O-
2p gave arise to minority spin channels around the Fermi level; in ad-
dition, the existence of Ni 4 s, 4p and Mg 2 s was very lower in contrast
to others. The dominant contribution in minority spin channels was
caused by Ni and O which were definitely hybridized. In the case of 2%

Fig. 3. (continued)

Table 3
Spin density and magnetic behavior (MB) corresponding to Mg concentrations
(1–5%).

Mg (%) 1 2 3 4 5

MB FM FiM AFM FiM FiM
Integrated Spin Density (ħ/2) 11.358 2.067 0.061 4.722 6.126
Integrated |Spin Density| (ħ/2) 11.323 11.104 10.347 8.739 11.263

Fig. 4. The integrated spin density of the simulated supercell of 1–5% Mg-
doped ZnNiO.
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Mg doping, O-p and Zn, Mg and a few of Ni(s, p) contributions were
observed and the effect of d orbitals disappeared at the Fermi level.
Moreover, Zn-d and O-p enhanced the electronic structure between
−19 eV and −7 eV. When 3% Mg is doped to ZnNiO, O-2p and Zn-3d
yielded a similar dominant contribution in the same region; meanwhile,
it practically vanished at the depth of VB. Mg, Zn (s, p), Ni (s, p), and
especially Zn (s, p) contributed to the sates above the Fermi level, and
there was almost no contribution from all the d orbitals. Similar results
were obtained for 4% and 5% Mg doping ratios as seen in Figs. 8-9. For
3% Mg doping, up and down spin states of all the atomic orbitals
showed a mirror symmetry which was a typical indication of AFM be-
havior. The density of states of the down spins was higher than up spins
for all the Mg doping ratios except for 3% Mg. Corresponding DOS
figures of 2, 3, 4 and 5% Mg-doped ZnNiO were shown in supple-
mentary material labeled as Fig. S1–S4, respective to the increasing
doping ratio.

From Fig. 6, the obtained results showed that 1% of Mg-doped
ZnNiO had the most number of states (electrons) at the Fermi level
showing an FM behavior. On the other hand, the least number of states
(electrons) was observed for 3% Mg doping around the Fermi level
showing an AFM behavior, but for the other doping ratios (2, 4, and
5%) the number of states changed randomly and showed an FiM be-
havior. Therefore, the magnetic behavior of the system possessed var-
ious phases such as AFM, FM, and FiM.

3.1. Distant/near oxygen vacancies

Vacancies can be expected as defects generated during various ex-
perimental processes, they definitely influence the magnetic behavior
of the system; in some cases, this introduces a suitable state for the
constitution of unpaired electrons which lead FM. In other words, they
contribute to a magnetic state of the whole material as an intrinsic
impurity. In the case of oxygen vacancies, Weng Zhen-Zhen et al. [37]
reported that these defects not only strengthened magnetic coupling
between TM ions when vacancy-TM ion distance decreased but also can
be responsible for FM behavior in the lack of any other impurity atom/
dopant [37–40]. In other words, Vo literally changes the band structure,
acting on VBM and CBM values close to the Fermi level, and thus
contribute to FM [41,42]. Moreover, oxygen vacancies V( )o confine
electrons, whose orbital wave function overlaps with TM metal d shells,
introducing magnetic polarons as well [40]. Therefore, oxygen va-
cancies distant (Vo

d)/near(Vo
n) to Ni were generated to elaborate the

vacancy distance/existence and dependency on the doping concentra-
tion of Mg in Mg/Ni co-doped ZnO. Firstly, the location of Vo

d was set to
block a probable interaction within the Ni ions, thenVo

n was tuned to be
close to Ni provoking Zn (3d) electrons and Zn(3d)-O(2p) hybridiza-
tions [38,39]. In order to elucidate the existence of vacancies to mag-
netic behavior, DOSs were calculated as detailed in the Method section.
5% Ni-doped ZnO without Mg impurities was introduced to avoid the
effect of Mg ion, and TDOS (Zn-(3d), O(2p) and Ni (3d)), PDOS were
given in Fig. 7.

Distant defect configuration (straight line) possesses semi-metallic
behavior since majority spins state vanished at a wide range of energies
including Fermi level while down spin state occupies at Fermi level. For
near defects (short dash) a noticeable variation between channels at Ef
introduces an FM like behavior which is observed in a distant defect.
However, it is clear that distant defect does not dramatically affect the
system even contribution to electronic states at CB region above 2 eV
were realized, especially electronic states lying around Fermi level
when compared with a non-defected structure in the absence of Mg ion.
There is a pretty obvious presence of Ni (3d) and O (2p) states around
Fermi level which also shoulders the responsibility of FM behavior to-
gether via orbital hybridization (Fig. 8a) which can be used as a valid
explanation for near vacancy case too (Fig. 8b). Despite any immediate
contribution of Zn around Fermi level, Zn contributed to the lower eV
states at the VB region with O (2p) states.

We could not observe such effectiveness of Zn (3d) around the Fermi
level that can lead us to hold responsible FM in origins so far but Ni (3d)
– O (2p) gave a remarkable contribution in all cases. Nevertheless, quite
little electronic effectiveness around the Fermi level of Zn ions may
cause a drastic contribution since the number of Zn is outnumber. For a
further investigation, we carried out the joint distinct effect of oxygen
vacancies and Mg impurities doped to ZnNiO together either distant or
near the defect. One can notice that a pretty similar contribution to the
density of states had been made during CB and VB regions except
around the Fermi level. 1% Mg-doped ZnNiO showed half-metallic
behavior for corresponding vacancies.

Despite the favorable configurations that do not linearly relate to
Mg concentration, it is clearly definite that total energy decreased re-
garding the increasing Mg concentration for both distant and near
oxygen vacancies. Whole distant oxygen vacancies consistently lead the
system to possess an HMF behavior, divergent states occurred in the

Fig. 5. PDOS of 1% Mg-doped ZnNiO. s, p and d states were denoted by the
navy, red and olive-colored lines, respectively. The dashed line was used to
show the Fermi level. The positive value of PDOSs represented up-spin states
and negative ones belong to down-spin states. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. Number of states (electrons) versus conduction band energy (eV) for all
Mg concentrations.
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presence of near oxygen vacancies. Detailed information about the
energies and MB was given in Table 4.

PDOS of 1% Mg-doped ZnNiO was given in Fig. 10 to analyze the
atomic and orbital contributions individually. A slight contribution to
the Fermi level was made by Zn-3d orbital confirming [38–41] ac-
cording to the PDOS of distant/near of Zn0.95−xMgxNi0.05O. That is to
say, though Ni-3d dominates around Fermi level, Zn-s,p,d, Ni-p,d and O-
p are both energetic at/around Fermi level in defining the magnetic
state. Moreover, Zn-d and O-p donated to lower VB energy herewith Ni-
d showed any responsibility for CB and, distant/near vacancies were
not different in this manner except possessing separate values on the
edge of VB. Distant vacancies introduced minority spin channels while
up spins dominated the minority channels in the presence of near va-
cancies which mostly decided on the magnetic state of the system for 3
and 5% Mg (Fig. S9). However, this led the system to possess an HMF
state. Apart from others, 2% Mg near vacancy is actually SC while
distant vacancy introduced HMF state. One can deduce that vacancies
may control the density of spin channels at/around Fermi level. Cor-
responding DOS figures of 2, 3, 4 and 5% Mg-doped ZnNiO were shown
in supplementary material labeled as Fig. S5–S7, respective to the

increasing doping ratio as shown in Table 5.
The positive value of PDOSs represented up-spin states and negative

ones belong to down-spin states. Integrated spin densities elaborate on
the magnetic state of the system as well. In case of distant vacancies,
they are also FM state for all Mg dopants where near vacancies caused
to FiM. AFM state disappeared when a few vacancies were added to the
structure.

Integrated spin densities give rough information about the magnetic
state of the system overall, which means a detailed search is still needed
for a deep scan through orbital exploration over spin channels. Table 4
helped us to label the magnetic behavior of the system with a low cost,
specifying the FiM states, therefore it can be depicted that distant
oxygen vacancies, briefly defects, caused FM states while near defects
led the system to gain FiM property for all Mg concentrations. In ad-
dition, vacancies tuned the magnetic state especially forming FM and
FiM states, since they handled the spin density with neighboring elec-
trons as a remarkable fact.

Fig. 7. TDOS of 5% Ni-doped ZnO (Zn0.95Ni0.05O): Straight and short dash lines indicate distant (Vo
d) and near (Vo

n) oxygen vacancies, respectively.

Fig. 8. PDOS of 5% Ni-doped ZnO (Zn0.95Ni0.0O):Zn(3d), O(2p) and Ni(3d) in case of (a) distant oxygen vacancy (b) near oxygen vacancy.
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Fig. 9. TDOS of Zn0.95−xMgxNi0.05O with distant/near for × values as (a) 0.01, (b) 0.02, (c) 0.03, (d) 0.04, and (e) 0.05. Straight and short dash lines indicate distant
(Vo

d) and near (Vo
n) oxygen vacancies, respectively.

Table 4
Calculated energies per atom (TE) and metallic behavior (MB) corresponding to Mg concentrations of 1–5% and distance of oxygen vacancies.

Mg (%)

1 2 3 4 5

TE (eV) Distant vacancy −901.846 −904.607 −907.639 −909.489 −912.710
Near Vacancy −901.768 −904.668 −907.052 −910.612 −913.340

MB Distant vacancy HM HM HM HM HM
Near Vacancy HM SC M HM M
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4. Conclusions

Magnetic nature of Zn0.95−xMgxNi0.05O (x = 0, 0.01, 0.02, 0.03,
0.04, and 0.05) originated from Ni/Mg impurities and intrinsic oxygen
vacancies were investigated through DFT calculations based on gen-
eralized gradient approximation with the PBE scheme. Oxygen va-
cancies as defects were taken into consideration by dislocating an
oxygen atom that is near or distant from Ni atoms. The total energies
increased (decreased) as Mg concentration increased for a non-defected
(distant/near oxygen vacancy) system. Fermi energy appeared only at
1% Mg concentration which had the lowest total energy and a half-
metallic behavior while the others showed metallic behavior in the
absence of defects. Oxygen vacancies lead the system to gain FiM and
FM behaviors near and distant vacancy cases, respectively which is
independent of Mg concentration. The most number of states at the
Fermi level was observed for 1% Mg-doped ZnNiO; this was a strong
indication of the ferromagnetic behavior that was originated from the

unpaired electrons around the Fermi level. However, Mg-doped ZnNiO
showed a weak ferrimagnetic behavior for 2, 4, 5%, and anti-
ferromagnetic for a 3% Mg doping ratio. FM was substantially origi-
nated from Ni(3d)-O(2p) for both defected and non-defected cases and
Zn(3d) contributed to the magnetic state in the presence of oxygen
vacancies. Distant vacancies enhanced the FM while near defected
system showed FiM for all concentrations of Mg-doped to ZnNiO.
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Fig. 10. PDOS of 1% Mg-doped ZnNiO (a) distant vacancy (b) near vacancy s, p and d states were denoted by the navy, red and olive-colored lines, respectively. The
dashed line was used to show the Fermi level.

Table 5
Spin density and magnetic behavior (MB) corresponding to Mg concentrations
(1–5%) and distance of oxygen vacancies. DV/NV abbreviates distant vacancy/
near vacancy.

Mg (%) 1 2 3 4 5

MB (DV/NV) FM/FiM FM/FiM FM/FiM FM/FiM FM/FiM

DV Integrated Spin Density
(ħ/2)

9.651 9.652 9.607 9.641 9.643

Integrated |Spin
Density| (ħ/2)

9.689 9.674 9.614 9.648 9.655

NV Integrated Spin Density
(ħ/2)

5.696 5.664 3.058 5.837 5.712

Integrated |Spin
Density| (ħ/2)

9.244 9.079 6.977 6.978 9.383
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