
J Supercond Nov Magn (2016) 29:1295–1302
DOI 10.1007/s10948-016-3411-8

ORIGINAL PAPER

A Numerical Study on Magnetic and Structural Properties
of Ni-Doped ZnO Nanoparticles at Extremely Low
Temperatures

Adeleh Mokhles Gerami1 ·Mehdi Vaez-Zadeh1

Received: 22 October 2015 / Accepted: 19 January 2016 / Published online: 29 January 2016
© Springer Science+Business Media New York 2016

Abstract The magnetic properties of Ni-doped ZnO
nanoparticles are investigated using a numerical model
based on simultaneous solution of the localized parti-
tion function and the master equation of particle moment
dynamics. In this model, field-cooled and zero field-cooled
(FC/ZFC) magnetization and the hysteresis loop are calcu-
lated. To provide an accurate model that matches the exper-
imental results, the effect of factors such as nanoparticle
distribution and randomly distributed easy axis are consid-
ered. The electronic and structural properties of Zn1−xNixO
(x = 0.028, 0.062, and 0.125) are investigated using first-
principle calculations within the framework of density func-
tion theory. The results of both models show that the
Ni-doped ZnO nanoparticles behave feromagnetically at
extremely low temperatures.

Keywords Dilute magnetic semiconductor · FC/ZFC
magnetization · Hysteresis loop · Density function theory
(DFT) · Ferromagnetism

1 Introduction

ZnO is becoming a topic of increasing interest in studies
related to semiconductor materials because of its interesting
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electrical, piezoelectric, and optical properties. This mate-
rial is a promising candidate for fabrication of electrical
devices such as light-emitting diodes, sensors, solar cells,
and for photo-luminescent applications [1–4]. Recent exper-
imental researches reveal the possibility of improving the
electrical behavior of ZnO and further magnetic applications
by doping transition metals inside a host semiconductor
lattice [5–8]. Examples of industrial applications can be
found in the literature and include high-density magnetic
data storage disks, magneto-optical devices, and biomedi-
cal applications as contrast agents for MRI imaging [9–11].
Of the metal-doped ZnO compounds, a number of exper-
imental researches have been dedicated to Ni-doped ZnO
[12–17]. Results have shown that this compound shows
great potential for increasing the photocatalyst activity of
Ni-ZnO based on Ni concentration [12], and by decreas-
ing the width of the band gap of ZnO, which noticeably
improves the magneto-optical effect [16, 17].

In addition to experimental investigations, theoretical and
numerical analysis of Ni-ZnO can also provide complete
knowledge of the physics of this dilute magnetic semicon-
ductor [18–20], and valuable information about its structural
properties [21, 22]. A numerical approach can be used to
calculate parameters that have significant effects on the
physical properties of the materials under study to determine
the optimal experimental conditions.

The present study investigates the physical properties of
Ni-ZnO nanoparticles. The calculations are organized in
two sections. First, the effect of factors such as temper-
ature, external magnetic field, and volume distribution of
nanoparticles on the magnetic properties of a randomly-
oriented ensemble of Ni-ZnO nanoparticles is investigated
by employing a comprehensive numerical model. This
model is based on simultaneous calculation of the localized
partition function and the master equation to calculate the
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field-cooled and zero-field-cooled (FC/ZFC) magnetization
of Ni-ZnO nanoparticles and hysteresis loop magnetization
of the assembly where the external magnetic field sweeps
from −7 to 7 kOe. The results are compared with available
experimental data. These results provide complete informa-
tion about magnetic characteristics of the assembly such
as blocking temperature, remanence, coercive field, and
irreversible temperature.

Next, the electronic characteristics of the structure caused
by the presence of a Ni atom inside the ZnO host
matrix is investigated using density functional theory (DFT)
employed in WIEN2k package. The experimental results
reported at room temperature [14, 23, 24] indicate that the
structure of the ZnO can be considered to be wurtzite. The
effect of different Ni concentrations on the structural and
magnetic properties of Zn1−xNixO are also studied.

2 Theory

FC/ZFC magnetization and hysteresis loop is first calcu-
lated using the partition function and master equation. Next,
the results of calculation of the electronic characteristics of
the structure caused by the presence of a Ni atom inside
the ZnO host matrix are investigated using the generalized
gradient approximation (GGA) in the DFT.

2.1 Numerical Magnetic Calculations

Consider a single spherical nanoparticle with volume (V)
where its easy axis is aligned along the Z axis. The mag-
netic moment of this nanoparticle is oriented with polar and
azimuthal angles of θ and φ with respect to the easy axis. An
external magnetic field is applied in the X-Z plane inclined
at angle of γ to the easy axis. Because of the existence
of easy axis for each nanoparticle, the magnetic moment
prefers to align in the easy axis direction. In the absence
of an applied magnetic field, the anisotropic energy of the
nanoparticle is calculated as E = KV sin2 θ , where K is
the anisotropy constant. In this relation, two energy minima
(θ = 0 and θ = π ) represent the stable points for which the
magnetic moment tends to align itself in their direction. By
switching on the external magnetic field, the energy relation
includes an additional term as [20]:

E = KV sin2 θ − MsV H(sin(θ) sin(φ) sin(γ )

− cos(θ) cos(γ )) (1)

where Ms is saturation magnetization and H is the exter-
nal magnetic field strength. Figure 1 is a schematic of the
response of nanoparticles magnetic moments to the external
magnetic field.

Figure 1a shows the anisotropic energy of three mag-
netic fields that are perpendicular to the easy axis. As the

-0.5 0 0.5 1 1.5 2 2.5 3 3.5
-1.5

-1

-0.5

0

0.5

1

1.5

Magnetization Moment angle

A
ni

so
tr

op
y 

En
er

gy
 (A

.U
.)

H = 0 Oe
H = 2000 Oe
H = 5000 Oe

(rad)

(a)

-0.5 0 0.5 1 1.5 2 2.5 3 3.5
-1.5

-1

-0.5

0

0.5

1

1.5

Moment Angle (rad)

A
ni

so
tr

op
y 

En
er

gy
 (A

.U
.)

H = 0 Oe
H = 2000 Oe
H = 5000 Oe

(b)

Fig. 1 The response of nanoparticle magnetic moments to the external
magnetic field where magnetic field is: a Perpendicular to the easy
axis. The energy minimas moves toward magnetic field direction as
magnetic field strength increases. b Parallel to the easy axis. Here, the
energy minima location does not change in lower fields

magnetic field strength increases, the energy minima shifts
toward π/2 and the energy barrier height decreases. For
strengths above the threshold of Hc = 2K/MsH cos(θ),
the barrier disappears and a single energy valley with a
minimum located at π/2 remains.

It is worthwhile to study the response of the magnetic
moment to the external magnetic fields parallel to the
nanoparticle easy axis (Fig. 1b). The magnetic moment of
the nanoparticle can initially be oriented in either the par-
allel or anti-parallel direction with respect to the external
magnetic field. As the magnetic field strength increases,
the stable points remain in the same place and the bar-
rier height decreases in one direction. Consequently, the
magnetic moment of the nanoparticle remains in its ini-
tial orientation. Similar to the case shown in Fig. 1a, as
the strength of the magnetic field increases to more than
the threshold Hc, one of the stable points disappears and
the nanoparticle magnetic moment immediately jumps to
another stable point. It can be concluded that the orienta-
tion of the easy axis with respect to the external magnetic
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field plays an important role in calculations related to these
magnetic properties.

Thermal fluctuations are other parameters that cause
magnetic moment flips between energy valleys which are
essential to overcome the energy barrier for low-strength
magnetic fields. The mean time between two successive
flips is described by Arrhenius law as [25, 26]:

τn = τ0 exp

(
E(H, θ, γ )

kbT

)
(2)

where τ0, kb, and T denote the inverse of the attempted
frequency, the Boltzmann constant, and the temperature,
respectively.

As stated, the particle moments initially occupy one
of the stable points. The probability of occupying the ith
energy stable valley, Pi , depends on the temperature, bar-
rier height, and relative orientation of the external magnetic
field with respect to the easy axis. Additionally, the mag-
netic moment flips to the alternative direction with rates of
τ−1

1 and τ−1
2 . These probabilities evolve if the temperature

(FC/ZFC) or magnetic field (hysteresis loop) changes over
time [20, 27]. The probability variation can be described
using the master equation for a two level-valley system as:

∂P (t)

∂t
= P2

τ2
− P1

τ1
(3)

which yields:

Pi(t) = Pi(0) exp

(−t

τ

)
+ τ−1 − τ−1

i

τ−1

[
1 − exp

(−t

τ

)]

(4)

where τ−1 = τ−1
2 − τ−1

1 .
This equation can be solved numerically in three modes:

FC magnetization, ZFC magnetization, and hysteresis loop.
The initial probabilities for each mode can be obtained
by assuming that measurement starts at a sufficiently high
or low temperature so that the thermal fluctuations are
stronger than the barrier height and the particle moment
relaxation time is smaller than the measurement time.
This means that both the initial P1 and P2 probabilities
equal 0.5.

In FC magnetization calculations, the sample is sub-
jected to a constant magnetic field and is gradually cooled
from a sufficiently high temperature at which all nanoparti-
cles are paramagnetic. In the present model, the probability
coefficients are initially set to 0.5 and their evolution is
iteratively calculated for each �T using (4) by assuming
that �T decreases by 1 K. For ZFC, the sample is cooled
to an extremely low temperature in the absence of the
magnetic field. Consequently, P1 = P2 = 0.5, and �T

increases by 1 K from the initial low temperature. For the
hysteresis loop, the response of the particle moment to a

time-dependent magnetic field is calculated at a constant
temperature. In this case, the initial probability is consid-
ered to be 0.5 for the initial magnetic field (H = 0) because
of the random distribution of the magnetic moments for
nanoparticles. Considering the effect of random anisotropy
axis distribution for all magnetic nanoparticles embed-
ded inside the semiconductor is vital to reach accept-
able agreement between the numerical and experimental
results.

Depending on the magnitude and orientation of the
applied magnetic field, anisotropic energy has either one or
two stable points. The particle moment flips very quickly
between two stable points in comparison with the time of
the relaxation process. For both cases, it can be assumed that
the mean localized magnetization is solvable using a local-
ized partition function. If no barrier exists (one stable point),
the partition function is defined as [20]:

Z0 = 1

4π

∫ 2π

0

∫ π

0
e−βEsin(θ)dθdϕ (5)

where β is 1/kBT . For two stable points, the partition
function for the different energy valleys is:

{
Z1 = 1

4π

∫ θb

0

∫ π

0 e−βEsin(θ)dθdϕ

Z2 = 1
4π

∫ 2π

θb

∫ π

0 e−βEsin(θ)dθdϕ
(6)

Therefore, the mean magnetization along the applied
field is:

Mi(γ ) = 1

β

∂lnZi

∂H
(7)

In addition to localized magnetization, total magneti-
zation depends on the moment transition rate inward and
outwards of the current valley, leading to a change in the
probability of valley occupation. The final magnetization,
thus, is:

M(γ ) =
2∑

i=0

Mi(γ )Pi(H, γ, t) (8)

For a single energy valley, M1 and M2 are zero and the
probability of occupation P0(H, γ, t) is always 1. For two
energy valleys, M1 is zero and probabilities P1(H, γ, t) and
P2(H, γ, t) evolve over time. The effect of different ran-
domly distributed anisotropies for a particle with volume V

can be taken into account by integration of Mi(γ ) over the
whole γ angle as:

Mv = 1

2

∫ π

0
Mi(γ )sin(γ )dγ (9)
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Because real nanoparticles are not exactly the same and
their volumes are usually distributed over a log-normal
function, the approximation for considering identical vol-
umes can cause deviation from the experimental results. To
consider this effect, particle distribution f (V ) is used to
numerically calculate the magnetization as:

Mtot =
∫ V2

V1

Mvf (V )dV (10)

In the magnetic simulation of the Zn1−xNixO com-
pound, the nanoparticles are considered to be distributed
over a log-normal function with a median diameter of
〈D〉 = 2.4 nm and σ = 0.2. These values were taken from
[15], which reports on the TEM image of Ni nanoparticles
doped ZnO single crystal. Moreover, saturation magneti-
zation (Ms) and anisotropic constant (K) are chosen as
40 joul/Oem3 and 1.45 × 105 joul/m3, respectively.

2.2 First Principle Calculation

Using WIEN2k code [28], the structural and magnetic prop-
erties of the Zn1−xNixO compound (x = 0.031, 0.062, and
0.125) is investigated using the first-principle full-potential
linearized augmented plane wave method (FP-LAPW) [29]
based on DFT. The exchange and correction effects were
taken into account by GGA as parameterized by Pedrew et.
al. [30]. It was experimentally found that the Zn0.97Ni0.03O
nanoparticles have a wurtzite hexagonal crystalline structure
[31]; however, studies published for other Ni concentrations
have reported similar results [14, 23, 24]. Therefore, the
wurtzite structure of ZnO is generated with the p63mc space
group in the present calculations.

To create a Zn1−xNixO compound with Ni concentra-
tions of 12.5, 6.2, and 2.8 %, 2×2×1, 2×2×2, and 3×3×2
unit cells are considered, respectively (Fig. 2).

Table 1 presents the optimized lattice parameters used.
As seen, the optimized lattice constants have been com-
pressed in comparison with the experimental lattice con-
stants of pure ZnO. This can be explained by the ionic radii:
the ionic radius of the Ni2+ atoms (0.068 nm) is smaller than
that of Zn2+ (0.074 nm).

In the calculations carried out, cutoff parameter RMT ×
Kmax = 8.0, which controls the size of the basis set,
was taken into account where RMT is the smallest muffin-
tin sphere radius and Kmax is the maximum value of the
reciprocal lattice vectors used in the plan wave expansion.
Here, the radius of muffin-tin atomic spheres of Zn, O,
and Ni were set to 2.00, 1.72, and 1.96 a.u., respectively,
and meshes of (6×6×6), (6×6×3), (4×4×3) k-points in
the irreducible part of first Brillouin zone were applied to

x=0.028

x=0.065

x=0.125

Fig. 2 The crystalline structure of alloys Zn1−xNixO for x = (0.125,
0.062, and 0.028). Light blue, violet, and dark red spheres are repre-
sentative for Ni, Zn, and O, respectively

the self-consistent total energy calculation for the 2×2×1,
2×2×2, and 3×3×2 unit cells, respectively.

3 Results and Discussion

3.1 FC/ZFC Magnetization and Hysteresis Loop Results

The magnetization properties of magnetic nanoparticles
are influenced by particle volume distribution, saturation
magnetization, and randomly distributed easy axis. In this
section, the results of the present numerical model based on
solution of the master equation of two energy minima, and a

Table 1 The lattice parameters (a and c) is obtained for different
concentration of Ni in ZnO after geometry optimization

Composition a(nm) c(nm) c/a

ZnOa 0.325 0.522 1.602

Zn0.875Ni0.125O 0.324 0.521 1.605

Zn0.938Ni0.062O 0.324 0.520 1.604

Zn0.972Ni0.028O 0.324 0.520 1.604

a
Experimental reports [32]
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Fig. 3 The comparison of simulated FC/ZFC magnetization of Ni-
ZnO with experimental results [15]. The simulation output is in full
agreement with the experiment

localized partition function for Ni-doped ZnO nanoparticles
are discussed.

The results corresponding to the FC/ZFC magnetization,
and hysteresis loop calculations based on the numerical
model developed for non-uniform particle distribution have
been shown in Figs. 3 and 5, respectively. In Fig. 3, the
calculated results are compared with the experimental data
reported by Borges et al. [15]. As seen, a peak temper-
ature and irreversibility temperature Tirr (temperature at
which thermal fluctuation overcomes the barrier height for
all nanoparticles) have been obtained around 7 and 12 K,
respectively. The results are in good agreement with the
experimentally measured data [15].

The blocking temperature (TB ) is the other characteris-
tic of magnetic fine nanoparticles, and is the temperature at
which both the magnetic relaxation time of the nanoparticles
and the measurement time are the same [33]. For single-
volume particles, TB and the peak temperature of the ZFC
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Fig. 4 The Blocking temperature distribution is obtained by log-
normal fitting of d(MZFC − MFC)/dT . In our case, the average
blocking temperature of Ni-ZnO nanoparticles is around 1.6 K

curve coincide. For an ensemble of non-uniform nanoparti-
cles, it can be shown that TB is distributed over a log-normal
function as follows:

f (TB) = 1√
2πσTB

exp

[
−

[
ln(TB/〈TB〉)√

2σ

]2
]

(11)

where 〈TB〉 and σ are the median blocking temperature and
the width of the distribution function, respectively. Because
d(MFC − MZFC)/dT is proportional to the TB distribution
[34], one can derive 〈TB〉 and σ by fitting the calculated
values for d(MFC − MZFC)/dT into (11) (Fig. 4).

The hysteresis loop is an alternative method which can
be used to determine the ferromagnetic and paramagnetic
behavior of assembly. In the present study, the hysteresis
loop is calculated for temperatures above and below Tirr .
The calculated hysteresis loops for arbitrarily chosen tem-
peratures are shown in Fig. 5. For T ≤ 10 K, the relaxation
time of the largest nickel nanoparticles become equal to the
measurement time (τm = 100 s) and ferromagnetic behavior

−7 −6 −5 −4 −3 −2 −1 0 1 2 3 4 5 6 7
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Magnetic Field (kOe)

M
/M

s

T = 1K

T = 2K

T = 3K

T = 4K

(a)

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

Magnetc Field (kOe)

M
/M

s

T = 6 K

T = 8 K

T = 10 K

T = 12 K

(b)

Fig. 5 The simulated hysteresis loop magnetization of Ni-ZnO
nanoparticles. The nanoparticles moment transit from ferromagnetic
to superparamagnetic, remanence goes toward zero, as the temperature
exceeds 〈TB 〉
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is consequently expected. For T > 10 K, all nanopar-
ticles in the sample behave superparamagnetically and the

hysteresis loop indicates that both the coercive field and
remanence equal zero.

According to Fig. 5, as the temperature decreases, the
coercive field begins to move toward higher strength mag-
netic fields. This was expected because the TB was dis-
tributed primarily at about 1.8 K. Decreasing the tempera-
ture increased the number of particles entering the blocking
state and behaving ferromagnetically.

Comparison of the coercive field for single-volume par-
ticles (σ = 0) and log-normal distributed particles (σ =
0.2) highlights the importance of non-uniform particle vol-
ume distribution (Fig. 6). For identical and non-interacting
nanoparticles, the variation in coercive field for the blocked
particles can be described using a formula based on Neel
relaxation and the Bean-Livingston approach as [18, 35]:

Hc(T ) = 0.48
2K

Ms

[
1 −

(
T

TB

) 1
2
]

(12)

The temperature dependency of the coercive field of the
single-volume nanoparticle is fitted to (12) for diameters
of 2.4 and 3.2 nm. The simulated coercive field values

Fig. 7 The total DOS and
partial DOS of Zn1−xNixO
compound for: a, b x = 0.125, c,
d x = 0.062, and e, f x = 0.028
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for single-volume clusters are in good agreement with
the results of the Bean-Livingston approach. Moreover, as
the particle volumes increased, the coercive field strength
increased. The figure indicates that particle volume distri-
bution with a median of 2.4 nm where σ = 0.2 produce
greater coercive fields and superparamagneticity at higher
temperatures.

3.2 Structural Properties

The structural and magnetic properties of Zn1−xNixO com-
pound (x = 0.125, 0.062, and 0.028) using the first principle
calculations is also investigated. The density of state (DOS)
and partial DOS (PDOS) of the configurations are calcu-
lated and the results are shown in Fig. 7.

By submitting Ni into a cation site, because of the exis-
tence of strong hybridization between the 3d band of Ni and
2p band of O in the valance band, caused the 3d states of Ni
atom to split into double degenerate eg and triple degener-
ate t2g states where the eg levels have lower energies than
the t2g levels.

From Fig. 7b, d, f, it can be understood that the Ni 3d
bands are fully occupied in the majority spin channel, and
the minority spin channel of 3d levels energy band of Ni
are partly occupied and cross the Fermi level, leading to the
half metallic ferromagnetism behaviors. Because the DFT
calculations were carried out at zero temperature, the mag-
netic behavior observed are in acceptable agreement with
recently published experimental data [15] and confirm the
results presented in Section 3.1

The equivalent total energy and the magnetic moment of
three concentration of Ni-doped ZnO are shown in Table 2.
The results indicate that the value of the total magnetic
moment primarily corresponds to the Ni atom (more than
80 %) and the remaining contribution of the magnetic
moment corresponds to the Zn and oxygen atoms. Increas-
ing the concentration of Ni increases the hybridization
between the 3d band of Ni and 2p band of its neighboring
O atoms, which leads to reduction in the magnetic moment
and energy gap. It can be concluded that the stability of
the system closely relates to the Ni concentration; at higher
concentrations, the total energy of the alloy increased, con-
sequently leads to the reduction of the stability.

Table 2 The equivalent total energy, the magnetic moment of Ni
atoms, and the total magnetic moment obtained by DFT calculation for
different concentration of Ni in ZnO

Composition Etot (keV) MNi (μB ) Mtot (μB )

Zn0.875Ni0.125O –399.895 1.534 2.01

Zn0.938Ni0.062O –807.283 1.546 2.02

Zn0.972Ni0.028O –1825.752 1.564 2.06

4 Conclusion

A numerical model was used to simulate the FC/ZFC
magnetization and the hysteresis loop of Ni-doped ZnO
nanoparticles. This model was developed to account for
the effect of the non-uniform distribution of the nanopar-
ticles. The improvement led to acceptable agreement with
the available experimental data for FC/ZFC magnetization.
The results show that the average blocking temperature of
about 1.8 K for Ni-doped ZnO nanoparticles is distributed
over a log-normal distribution function with an average
diameter of 2.4 nm and σ = 0.2. For temperatures above
〈TB〉, nanoparticles transformed from a ferromagnetic state
to a superparamagnetic state and, for T > 10 K, all
nanoparticles transformed to the super-paramagnetic state.
It was found that considering the distribution of nanoparti-
cles for coercive field calculations causes deviation from the
theoretical Bean-Livingston approach; however, the results
for the single-volume nanoparticles agreed well with this
theory.

The DFT method was employed to study the structural
and electronic properties of Zn1−xNixO (x = 0.028, 0.062,
and 0.125) nanoparticles. The results showed that increasing
the Ni concentration decreases the values of the magnetic
moment and energy gap of the compound and ferromag-
netic behavior was observed for all concentrations. This
magnetic behavior was in acceptable agreement with both
the experimental data and the simulation results obtained in
this work.
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