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A B S T R A C T

In this study, we report a thorough examination of the critical behavior of the cubic Ni0.3−xCux Zn0.7Fe2O4

(x = 0.0, 0.1 and 0.2) spinel ferrite which are crystallized with different irregular shapes of particle size
(spherical,polygonal and cubic). The magnetic transition is ferromagnetic to paramagnetic state for all Cu-doped
compounds. Different theoretical analyses, as the modified Arrott plot, Kouvel–Fisher method, and critical
isotherm, have been used to identify the values of the ferromagnetic transition temperature TC, and the critical
exponents of β, γ and δ. All the obtained values of critical parameters were found to be close to the 3D-
Heisenberg theoretical model, which implies short-range magnetic interactions in Cu-doped compounds. The
reliability of critical parameters was further checked through different methods, such as the Widom scaling
relationship and the magnetic equation.

1. Introduction

The spinel ferrites ceramics with the general formula MFe2O4

(where M2+ = Mn2+, Co2+,Cd2+, Fe2+, Ni2+, Cu2+, Zn2+ etc…) are
an important class of technological materials thanks to their excellent
electrical and magnetic properties. Their properties depend strongly on
their chemical composition, cation distribution, technique of prepara-
tion in general and structure in particular [1]. They have been largely
used in several applications, such as in high-density magnetic re-
cording, microwave devices, and magnetic fluids [2–4]. Indeed, few
studies with these materials have also been found to exhibit the large
magnetocaloric effect (MCE) under a moderate applied magnetic field
revealing that these compounds are possible candidates for magnetic
refrigeration applications [5–9]. Despite this large MCE, it remains the
problem with the very high Curie temperatures of ferrites that limit its
use in magnetic refrigeration near room-temperature (~300 K). Thanks
to chemistry, the Curie temperature TC can be adjusted by proper ions
doping. As noted in the work conducted by M. S. Anwar et al. [6] the
substitution of Ni by non-magnetic Zn in Ni1−xZnxFe2O4 mixed ferrites,
resulting in a large shift in TC from 845 K to 302 K as x varied between
0.0 and 0.7.Moreover, Shahida Akhter et al. [7] have reported that
doping with a non-magnetic element Zn leads to a drop of TC in
Cu1−xZnxFe2O4 ferrites from 373 to 140 K for x = 0.6 and 0.8

respectively. As we see, we could easily adjust and tune the temperature
for each application, which is very beneficial for operating magnetic
refrigeration in various temperature ranges. Therefore, it has been at-
tracted much attention to systematically adjust the magnetic properties
of spinel ferrites either by changing the divalent cation or by a partial
substitution. Accordingly, after we have studied the effect of copper
(Cu) doping level in Zn0.7Ni0.3−xCuxFe2O4 (0 ≤ x ≤ 0.2) system in our
previous work [10], we succeeded in improving their magnetocaloric
response around room temperature.

The analysis of the MCE of ferrite materials is significant not only
has it a potential application perspective, but also because it is con-
sidered as a means that can help to understand the intrinsic properties
of ferrites. Specially, the details of the magnetic phase transition and
critical behavior can be obtained through the MCE. In fact, the analysis
of the critical behavior in the vicinity of the magnetic phase transition is
a powerful tool that helps analyze in details the mechanisms of the
magnetic interaction responsible for the transition [11,12]. Magnetic
particles are classified by their magnetic interactions into four models,
‘the Mean field’, ‘the 3D-Heisenberg’, ‘the 3D-Ising’ and ‘the tricritical
mean- field’. Each theoretical model has its own critical exponents
values β, γ and δ. For the mean-field (β = 0.5, γ = 1 and δ = 3), the
3D-Heisenberg (β = 0.365, γ = 1.336 and δ = 4.80), the 3D-Ising
(β = 0.325, γ = 1.241 and δ = 4.82), and the tricritical mean-field
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(β = 0.25, γ = 1 and δ = 5) models [13].
As we mention above, we have prepared elsewhere the cubic

Ni0.3−xCux Zn0.7Fe2O4 (x = 0.0, 0.1 and 0.2) spinel ferrite [10]. To
fully understand their magnetic interaction, we need to pursue our
work with the detail of the critical phenomena near the ferromagnetic
(FM) – paramagnetic (PM) phase transition, which is the purpose of this
paper.

2. Experimental details

Ferrite compounds of the chemical formula Ni0.3−xCux Zn0.7Fe2O4

(0.0 ≤ x ≤ 0.2) are prepared using the sol–gel method described
previously [10]. All materials crystallize in the cubic structure with
Fd

−
3m space group. The morphology of the compounds was observed

with a scanning electron microscope (SEM). Magnetic measurements
were performed by vibrating sample Magnetometer (VSM) J3590 mini
CFM of Cryogenics.

3. Results and discussion

The X-ray diffraction (XRD) patterns of the Ni0.1Cu0.2 Zn0.7Fe2O4

(x = 0.2) compound as well as the Miller index are shown in Fig. 1 a. A
single phase material is observed without any detectable impurity. All
the Ni0.3−xCux Zn0.7Fe2O4 compounds are crystallized in cubic system
with Fd-3m space group [10]. Also, the unit cell volume increases upon
Cu2+ doping, which indicates that Cu2+ ions have been entered suc-
cessfully into the lattice of the Zn-NiFe2O4. The increasing trend of the
unit cell volume is attributed to the substitution of smaller ionic size of
Ni2+ (0.69 Å) by the larger ionic size of Cu2+ (0.72 Å) in the host
system. To understand the structure and distribution of Zn/Ni/Cu/Fe
ions on two available Crystallographic (A site and B sites) and oxygen
positions of materials, the systematic crystal structure is generated
using a. cif file from X-ray diffraction refinement by VESTA program.
The unit cell for Ni0.1Cu0.2Zn0.7Fe2O4 (x = 0.2) compound is displayed
in Fig. 1b. Indeed, it is well described with cubic structure, closely
packed, with two interstitial sites, the tetrahedral (A) and octahedral

Fig.1. (a) XRD patterns for the Ni0.1Cu0.2Zn0.7Fe2O4 compound. (b) The unit cell of the Ni0.1Cu0.2Zn0.7Fe2O4 ferrite spinel structure generated by VESTA program.
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(B) sites which are surrounded by four and six oxygen ions. The tetra-
hedral site, in which Zn/Fe atom is situated amidst four oxygen atoms
which form the corners of a regular tetrahedron and the octahedral site
where, Ni/Cu/Fe atom is situated in the middle of the six oxygen atoms
forming the corners of a regular octahedron are well displayed in the
crystal structure.

The morphology and particle size of our compounds, revealed by
scanning electron microscopy (SEM), are shown in Fig. 2. These mi-
crographs show that the prepared spinel ferrites have a several irregular
shapes (spherical, polygonal, cubic…). It is important to mention that
different regions are selected to analyze the particle sizes and around 50
particles are measured. For that, a manual statistical count of particle
size has been performed on MEB images using the Image-J software.
The results are expressed in Fig. 2 as particle number (counts) vs.
particle size (nm). These particles were distributed, for the Ni0.3−xCux
Zn0.7Fe2O4 (x = 0.0, 0.1 and 0.2) compounds, according to a Gaussian
function (red solid line). The obtained values of particle sizes are 600,
642 and 631 nm for x = 0.0, 0.1 and x = 0.2, respectively, which are
greater than the average crystallite size determined by XRD [10]. This
can be ascribed to the fact that each particle observed by SEM is formed
by several crystallites [14].

The temperature dependence of magnetization at an applied field of
0.05 T for Ni0.3−xCux Zn0.7Fe2O4 (0.0 ≤ x ≤ 0.2) compounds has been
reported in our previous work [10]. The M(T) curves showed a PM-FM
transition at TC. The value of TC was reduced upon Cu2+ doping. The
decreased of the transition temperature TC can be interpreted in terms
of the decrease in the magnetization of B sublattice in the Cu2+ doped
compounds.

As mention in several papers [15,16], the critical exponents, β, γ
and δ are the spontaneous magnetization(M )S , the inverse of initial
susceptibility −χ( )0

1 and δ the critical magnetization isotherm (at TC),
respectively [15].They can be described as follows [16]:
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and D are the critical amplitudes, = −( )ε T T
T

C
C

is the
reduced temperature and β, γ and δ are the critical exponents.

Fig. 3 emphasizes the variation of magnetization μM( H, T)0 curves
around TC with step of 2 K for Ni0.3−xCux Zn0.7Fe2O4 (x = 0.0, 0.1 and
0.2). The magnetization increases steadily with increasing applied

magnetic field. The isothermal plots (Mβ
1
vs.( )μ H

M
γ0
1

for our compounds
(x = 0.0 and × = 0.2) according to the mean field theory (β = 0.5
and γ = 1) have been plotted in Fig. 4(a and b). The positive slope of
these curves reflects that all the compounds presented a second order
ferromagnetic (FM) - paramagnetic (PM) phase transition. According to
the mean field model, such curves should give a series of straight lines
in the high field region at different temperatures, while the line at TC

should cross the origin [17]. From Fig. 4(a and b) that these conditions
are not accurate for our compounds revealing that the long-range in-
teraction and the mean- field theory are not satisfied.

Therefore, around the critical temperature, these plots may be
modified by choosing trial exponents β and γ from among the above
models (the 3D-Heisenberg, 3D-Ising and tri-critical mean-field models)
to find the correct values of TC, spontaneous magnetization M (0, T)S

below TC, and initial susceptibility χ (T, 0)0 . Thus, we have used the
modified Arrott plots (MAP) in order to correctly identify the critical
exponents for our compounds based on the so-called Arrot-Noakes
equation state [18]. This method is based on the equation of state:

Fig.2. SEM images of the Ni0.3−xCux Zn0.7Fe2O4 (0.0 ≤ x ≤ 0.2) ferrite.

Fig.3. Isothermal magnetization for Ni0.3−xCux Zn0.7Fe2O4 for (a) x = 0.0 (b)
x = 0.1 and (c) x = 0.2 measured at different temperatures around TC.
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where a and b are considered to be constants.
Fig. 4 shows the MAP at different temperatures uses three models of

critical exponents for Ni0.3−xCux Zn0.7Fe2O4 (x = 0.0 and 0.2) com-
pounds: the 3D-Heisenberg model (β = 0.365, γ = 1.336) in Fig. 4 c
and d); the 3D-Ising model (β = 0.325, γ = 1.24) in Fig. 4 e and f and
the tricritical mean-field model (β = 0.25, γ= 1) in Fig. 4 g and h. One
can see that all models yield quasi straight lines and nearly parallel in
the high field region. So, it becomes difficult to compare these results
and select the best model. For this reason, we calculated their relative
slopes (RS) which are defined at the critical point as =RS S(T)

S(T )C
, where S

(T) and S(TC) are the slope for a given temperature close to TC and the
slope at T = TC, respectively. The RS of the most appropriate model
should be kept to 1 (unity) irrespective of temperatures [19]. As shown
in Fig. 5, we can deduce that, for all compounds, the 3D-Heisenberg
model is the best one, which can be considered to describe our system
and determine the critical exponents. Based on the description men-
tioned above, we have chosen the initial values of this model's critical

exponents (β= 0.365, γ=1.336) for our compounds. The spontaneous
magnetization, M (0. T)S , as well as the inverse initial susceptibility,

−χ (T, 0)0
1 , were determined from the intersections of the linear extra-

polation line with the(M )β
1

and the ( )μ H
M

γ0
1

axis, respectively. New β, γ
and TC values was determined from the power-law fitting of M (0. T)S
and −χ (T, 0)0

1 curves (Fig. 6 a and b) for Ni0.3−xCuxZn0.7Fe2O4 (x = 0.0
and 0.2) compounds using Eqs. (1) and (2). Similarly, we can also de-
termine M (0. T)S and −χ (T, 0)0

1 for the samples x = 0.1 (not shown
here).

In order to obtain accurate critical exponents, the Kouvel-Fisher
method has been used on the basis of the following relationship [20]:

⎡
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According to these equations, using the obtained M (T)S and −χ (T)0
1

vs. T from Fig. 6a and b, the plotting of ⎡⎣ ⎤⎦
−
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dM (T)

d(T)

1
S and
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⎣
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1
0

1
against temperature in Fig. 6c and d, yields straight

lines with slope
β
1 and

γ
1 , respectively, and the intercepts on the T axis

are equal to TC. In fact, the linear curves confirm the applicability of
Kouvel–Fisher formalism in the current investigation. From the fitted
straight lines according respectively to Eqs. (5) and (6), we can carry
out the critical exponents and TC. The obtained results are in agreement
with those determined from the modified Arrott plots. The obtained
results of the critical exponents and TC are in agreement with those
determined from the modified Arrott plots.

Our critical exponents values for different methods (MAP and KF),
some other spinel ferrites compounds found in literature [9,21,22], and
the values different theoretical models [10], are given in Table 1 for
comparison. From this table, we can see clearly that the values of cri-
tical exponents found for the compounds Ni0.3−xCuxZn0.7Fe2O4

(x = 0.0, 0.1 and 0.2) fit with the 3D-Heisenberg-like ferromagnet.
Recently, an investigation of critical behavior in Zn0.6−xNixCu0.4Fe2O4

compounds has been carried out by Elaa Oumezzine et al. [5]. The
critical exponents change from the 3D-Heisenberg model for x = 0.0
compound to unconventional exponents for x = 0.2 and 0.4 compounds
explained by the substitution of Zn2+ (non-magnetic ions) by Ni2+

(magnetic ions).
Regarding the values of the exponent δ associated with the iso-

therms at ≈T TC, it can be obtained by fitting the μM( H, T )0 C . Fig. 7
shows critical isotherms M (TC) vs. µ0H plots for × = 0.0 and x = 0.2
respectively, and in the insets are the same plots presented in the
logarithmic scale. According to Eq. (3), the linear fit of the data at high-
fields region should be a straight line with a slope of 1/ δ. From the
linear fitting in the insets, we have obtained δ = 4.510, 4.473 and
4.459 for x = 0.0, 0.1 and 0.2, respectively.

Furthermore, according to the statistical theory, the three critical
exponents obey the Widom scaling relation [23]:

= +δ
γ
β

1
(7)

Using this equation, δ values are calculated with β and γ values
obtained from the modified Arrott plot and from the KF method (see in
Table 1). The values obtained from critical isotherms M (TC, µ0H) are
close to those determined with the Widom scaling relation, which im-
plies that the obtained β and γ values are consistent. At this level, the
obtained critical exponents values can be verified with the prediction of
the scaling theory in the critical region using this equation:

= ± ⎛
⎝

⎞
⎠+μ ε ε

μ H
ε

M( H, ) fβ
β γ0
0

(8)

Fig. 4. (a) and (b) Arrott plots around TC for Ni0.3−xCux Zn0.7Fe2O4 (x = 0.0
and 0.2). According to the mean field model (values of critical exponents
β = 0.5 and γ = 1). Modified Arrott plots (MAP) for x = 0.0 and x = 0.2:
isotherms of M1/β vs. (µ0H/M) 1/γ with (c) and (d) 3D-Heisenberg model
(β = 0.365, γ = 1.336); (e) and (f) 3D-Ising model (β = 0.325, γ = 1.24); (g)
and (h) tricritical mean- field model (β = 0.25, γ = 1.0) and as a function of
temperature.
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Where (f+) and (f−) are used for above and below TC, respectively
[24].

Taking the values of β, γ and TC from the KF method, the scaled data
−εM | | β vs. − +μ εH | | β γ

0
( )are plotted in Fig. 8a and b and the logarithmic

scale in Fig. 8 c and d for x = 0.0 and 0.2, respectively. It can be clearly
seen that all the points fall on two curves, one for T < TC and another
for T > TC. Both scaling results confirm that the critical parameters of
our compounds are pretty well consistent with the scaling hypothesis,
strongly prove corroborates the reliability of the obtained critical ex-
ponents. We can note that the scaling is good at high fields, it becomes
poor at low fields below TC. This could be ascribed to the magnetic
inhomogeneities and the effect due to the uncertainty in the calculation
of the demagnetization factor, which becomes considerable in this re-
gion [25].

4. Conclusion

To conclude, a detailed investigation of the critical behavior of
Ni0.3−xCuxZn0.7Fe2O4 (x = 0.0, 0.1 and 0.2) spinel ferrites has been
carried out. The systematic crystal structure of Ni0.1Cu0.2Zn0.7Fe2O4

(x = 0.2) compound is generated using output.cif file by VESTA pro-
gram, which indicates that the structure is well described with the cubic
spinel with the general formula AB2O4. From the SEM analysis, our
materials have an irregular morphology (spherical, polygonal, cubic)
and the diameters of particles were 600–642 nm. These spinel ferrites
undergo a second order ferromagnetic–paramagnetic transition. It is
noted that the introduction of Cu ion in octahedral B-sites of Zn-Ni
spinel ferrite does not alter the universality class, where the estimates
critical exponents (β, γ and δ) values are close to those theoretically
predicted for the 3D-Heisenberg model. The field and temperature de-
pendent magnetization follows the scaling theory, and all data fall on
two distinct branches, one for T < TC and another for T > TC, in-
dicating that the critical exponents obtained in this work are accurate.
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Fig. 5. . Relative slope (RS) as a function of temperature for (a) x = 0.0 (b)
x = 0.1 and (c) x = 0.2.

Fig. 6. (a) and (b) Temperature dependence of spontaneous magnetization
(M (T. 0s ) and inverse initial susceptibility −χ (T)0

1 for x = 0.0 and x = 0.2,

respectively. (c) and (d) Kouvel – Fisher plots of ⎡⎣ ⎤⎦
−

M (T)S
dMS (T)

d(T)

1
and

Fig. 7. Critical isotherm of M vs. μ H0 close to the Curie temperature for (a) x = 0.0 and (b) x = 0.2. Insets shown the same on logarithmic scale and the straight line
is the linear fit following Eq. (3). The critical exponent δare obtained from the slope of the linear fit.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jmmm.2020.166531.
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Ni0.1Cu0.2Zn0 .7Fe2O4 MAP 281.084 0.367 1.344 4.662 This work
KF 281.031 0.372 1.349 4.626
CI 4.459

Mean field theory 0.5 1 3 [13]
3D-Heisenberg theory 0.365 1.336 4.80 [13]
3D-Ising theory 0.325 1.24 4.82 [13]
Tricritical mean field theory 0.25 1 5 [13]
NiFe2O4 865.4 0.378 1.330 – [21]
Zn0.5Ni0.5Fe2O4 553.5 0.442 1.386 – [21]
Zn0.75Ni0.25Fe2O4 295.2 – 1.420 – [21]
Fe3O4 853.8 0.379 1.345 – [21]
Zn0.2Fe2.8O4 763.5 0.40 1.35 – [22]
Ni0.6Cd0.2Cu0.2Fe2O4 681.6 0.403 1.073 3.650 [9]

Fig. 8. Scaled magnetization for (a) x = 0.0 and (b) x = 0.2 below and above
TC, using β and γ mentioned in the text. (c) and (d) shown the same plot on a
logarithmic scale. These plot shows that all the data collapse onto two different
curves: one below TC and another above TC.
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