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nalysis, magnetic properties,
magnetocaloric effect, and critical behaviors of
Ni0.6Cd0.2Cu0.2Fe2O4 ferrites prepared using the
sol–gel method under different sintering
temperatures

Noura Kouki,ab Sobhi Hcini, *c Michel Boudard,d Reema Aldawasa

and Abdessalem Dhahrie

This work focuses on the microstructural analysis, magnetic properties, magnetocaloric effect, and critical

exponents of Ni0.6Cd0.2Cu0.2Fe2O4 ferrites. These samples, denoted as S1000 and S1200, were prepared using

the sol–gel method and sintered separately at 1000 �C and 1200 �C, respectively. XRD patterns confirmed the

formation of cubic spinel structures and the Rietveld method was used to estimate the different structural

parameters. The higher sintering temperature led to an increased lattice constant (a), crystallite size (D),

magnetization (M), Curie temperature (TC), and magnetic entropy change (�DSM) for samples that exhibited

second-order ferromagnetic–paramagnetic (FM–PM) phase transitions. The magnetic entropy changed at an

applied magnetic field (m0H) of 5 T, reaching maximum values of about 1.57–2.12 J kg�1 K�1, corresponding to

relative cooling powers (RCPs) of 115 and 125 J kg�1 for S1000 and S1200, respectively. Critical exponents (b,

g, and d) for samples around their TC values were studied by analyzing the M(m0H, T) isothermal magnetizations

using different techniques and checked by analyzing the �DSM vs. m0H curves. The estimated values of b and g

exponents (using the Kouvel–Fisher method) and d exponent (from M(TC, m0H) critical isotherms) were b ¼
0.443 � 0.003, g ¼ 1.032 � 0.001, and d ¼ 3.311 � 0.006 for S1000, and b ¼ 0.403 � 0.008, g ¼ 1.073 �
0.016, and d ¼ 3.650 � 0.005 for S1200. Obviously, these critical exponents were affected by an increased

sintering temperature and their values were different to those predicted by standard theoretical models.
1. Introduction

Magnetic refrigeration (MR) is an alternative technology to
refrigeration based on the conventional vapor cycle technique.1

Owing to its economic and environmental benets, especially
its energy efficiency, magnetic refrigeration is a promising
technique for the future of refrigeration. Therefore, the equiv-
alent of a conventional thermodynamic cycle can be realized
magnetically with better energy efficiency and without green-
house gases. Objectives in this area are the synthesis, optimi-
zation, and implementation of materials with high
magnetocaloric power that are effective, economical, ecological,
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and practical for medium term implementation in pilot refrig-
eration systems. MR is based on the magnetocaloric effect
(MCE), which is an intrinsic thermodynamic property of
magnetic materials that causes a change in the temperature of
the substance under the action of a magnetic eld. Gadolinium
(Gd) is a rare earth metal with a Curie temperature (TC) close to
room temperature. Gd is the only pure metallic magnetic
material that has a high MCE around its Curie temperature (TC
¼ 293 K).2,3 Although Gd is the rst choice for academic MR
research near room temperature, its use is commercially limited
owing to its high price (�4000 $ per kg) and easy oxidation. In
recent years, large MCEs have been found in other materials,
such as perovskite manganites ABO3 (ref. 4–8) and spinel
ferrites AFe2O4,9–14 which have attracted increasing attention in
MR research. The main advantages of these materials over Gd
and GdSiGe alloys15 are low coercive forces, nonactive chemical
properties (no oxidation), low costs, and high electric resistance
(minimum Eddy current loss).16 Spinel ferrites have been
studied less than perovskite materials in the eld of MR.
Accordingly, in this study, we have prepared ferrite samples
with Ni0.6Cd0.2Cu0.2Fe2O4 compositions using the sol–gel
method at sintering temperatures of 1000 �C and 1200 �C. We
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra09113g&domain=pdf&date_stamp=2019-01-14
http://orcid.org/0000-0003-4949-9888
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09113g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009004


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 7

:3
2:

51
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
then investigated the effect of sintering temperature on their
microstructural, magnetic, and magnetocaloric properties.
Finally, a detailed study of critical exponents near their Curie
temperatures (TC) was conducted using varies techniques, such
as modied Arrott plots, the Kouvel–Fisher method, and critical
isotherm analysis. Throughout this manuscript, we have used
the abbreviations S1000 and S1200 to denote Ni0.6Cd0.2Cu0.2-
Fe2O4 ferrites sintered at 1000 �C and 1200 �C, respectively.
Fig. 1 Schematic diagram representing the various synthesis steps for S

This journal is © The Royal Society of Chemistry 2019
2. Experimental details
2.1. Synthetic process

Ni0.6Cd0.2Cu0.2Fe2O4 ferrites were synthesized from [Ni(NO3)2-
$6H2O], [Cd(NO3)2$4H2O], [Cu(NO3)2$3H2O] and [Fe(NO3)3-
$9H2O] nitrates using the sol–gel method, the main steps of
which are shown in Fig. 1. Stoichiometric amounts of nitrates
were rst dissolved in distilled water with regular stirring at
1000 and S1200 samples using the sol–gel method.

RSC Adv., 2019, 9, 1990–2001 | 1991
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90 �C on a hot plate. Controlled quantities of citric acid, used as
a complexation agent, were added to the mixed solution. The
solution pH was adjusted to about 7 by adding ammonia.
Stoichiometric amounts of ethylene glycol, used as a polymeri-
zation agent, were then added to the solution. Heating and
stirring were continued until gel formation aer approximately
4 h. The gel was dried at 300 �C for 6 h to obtain a dry foam,
which was then ground in a mortar and further dried at 500 �C
for 12 h in air. The resulting powder was pressed into pellets
(diameter, 10 mm; thickness, about 2 mm) and sintered at
700 �C for 12 h. Finally, the powder was ground and pressed
again, and divided into two portions, which were sintered
separately for 24 h at 1000 �C and 1200 �C, respectively.

2.2. Characterization

A PANalytical X'Pert Pro diffractometer using Ni-ltered CuKa

radiation (l ¼ 1.5406 Å) was used to record X-ray diffraction
patterns in the angular range of 20–80�. Rietveld analysis17 using
FullProf soware was adopted for detailed structural character-
ization. The free surface morphologies of samples in pellet form
were analyzed by scanning electron microscopy (SEM) using
a Philips XL30microscope under an accelerating voltage of 15 kV.
A linear extraction magnetometer was used to record the
temperature and magnetic eld dependences of the magnetiza-
tion. M(T) curves were measured in the temperature range 300 K
# T# 750 K under a constant magnetic eld (m0H¼ 0.05 T), and
M(m0H, T) isotherms were taken at different temperatures near TC
in the magnetic eld range 0 T # m0H # 5 T.

3. Results and discussions
3.1. Microstructural analysis

3.1.1. XRD patterns. XRD patterns of S1000 and S1200 are
shown in Fig. 2. Analysis of these patterns conrmed that both
samples had cubic spinel structures with a Fd�3m space group.
Fig. 2 XRD patterns of S1000 and S1200 samples. All peaks of the
manganite phase are indexed to cubic spinel Fd3�m symmetry. Inset
shows the observed XRD profiles of the most intense peak (Bragg
reflections 311).

1992 | RSC Adv., 2019, 9, 1990–2001
Furthermore, no additional peaks related to phase impurities
were detected, conrming the sample purity. As shown in the
inset of Fig. 2, the XRD patterns showed a shi in the most
intense peak (311) position to lower diffraction angles (2q) with
increasing sintering temperature. This indicated that the lattice
constant changed with increasing sintering temperature. The
compound structures were rened to Fd�3m symmetry,
accounting for the cation distributions
(Cd2+0.2Fe

3+
0.8)A[Ni

2+
0.6Cu

2+
0.2Fe

3+
1.2]BO

2�
4 . The distributions of Cd2+,

Ni2+, Cu2+, and Fe3+ ions were proposed based on literature
precedent.18–21 The atomic positions were xed at 8a (1/8, 1/8, 1/
8) for (Cd2+0.2Fe

3+
0.8)A cations, 16d (1/2, 1/2, 1/2) for

[Ni2+0.6Cu
2+
0.2Fe

3+
1.2]B cations, and 32e (x, y, z) for O. Renements of

all parameters were continued until the value of the quality
factor, c2 (goodness of t), was close to unity, which conrmed
the goodness of the renement (Fig. 3). The lattice constant (a),
volume (V), cation–oxygen distances in A and B sites (RA and RB),
average crystallite size (D), and intensity ratio (I220/I222) were
obtained from Rietveld renement, as summarized in Table 1.
The results clearly indicated that the lattice parameters
Fig. 3 Rietveld analysis of XRD patterns for S1000 and S1200. Bottom
line (blue) represents the difference between the XRD data (red) and
calculated fit (black); green lines are Bragg positions. All peaks are
indexed to the cubic spinel-type structure (Fd�3m space group).

This journal is © The Royal Society of Chemistry 2019
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Table 1 Structural parameters obtained from the Rietveld refinement of S1000 and S1200a

Samples S1000 S1200

Space group Fd�3m
Lattice parameters a (Å) 8.4382 (3) 8.4421 (2)

V (Å3) 600.83 (3) 601.67 (2)
Atoms Cd/Fe1 Wyckoff positions 4c 4c

Site symmetry �43m �43m
Atomic positions x ¼ y ¼ z 1/8 1/8
Biso (Å

2) 0.64 (1) 1.10 (1)
Ni/Cu/Fe2 Wyckoff positions 16d 16d

Site symmetry �3m �3m
Atomic positions x ¼ y ¼ z 1/2 1/2
Biso (Å

2) 1.11 (1) 1.29 (1)
O Wyckoff positions 32e 32e

Site symmetry 3m 3m
Atomic positions x ¼ y ¼ z 0.2601 (9) 0.2541 (9)
Biso (Å

2) 2.18 (9) 1.41 (2)
Structural parameters RA (Å) 1.963(8) 1.946(11)

RB (Å) 2.038(8) 2.030(8)
I220/I222 3.91 4.42
D (mm) 0.122 0.138

Agreement factors Rp (%) 20.1 21.8
Rwp (%) 29.9 31.4
RF (%) 10.4 13.2
c2 (%) 1.24 1.47

a Numbers in parentheses are estimated standard deviations to the last signicant digit. Biso, the isotropic Debye–Waller factor. Structural
parameters a, V, RA, RB, D, and I220/I222 are dened in the text. Agreement factors of prole Rp, weighted prole Rwp, and structure RF. c

2,
goodness of t.
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increased, while the RA and RB distances decreased, with
increasing sintering temperature. This was in agreement with
the results of previous studies.22,23 Furthermore, the obtained
oxygen coordinate values were characteristic of a spinel-type
structure.24,25 The average crystallite sizes of the samples were
obtained from XRD peaks using the Scherrer equation:22

D ¼ 0:9l

b cosðqÞ (1)

where l is the X-ray wavelength, q is the diffraction angle of the
most intense peak (311), and b is its full width at half maximum
(FWHM). b must be corrected according to the following
formula:

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bx

2 � binstr
2

q
(2)

where bx is the experimental FWHM and binstr is the FWHM of
a standard silicon sample. The estimated values of average
crystallite sizes are summarized in Table 1. The D values clearly
increased with increasing sintering temperature, in good
agreement with previous reports.22,23 The intensity ratio (I220/
I222) values are also shown in Table 1. The intensity of the (220)
and (222) planes depends on the cation distribution in the
tetrahedral (A) and octahedral sites (B), respectively.26 The
calculated values increased with increasing sintering tempera-
ture, indicating that the degree of inversion† was reduced with
increasing sintering temperature.27
† Inversion is dened as the fraction of A sites occupied by Fe3+ cations and its
value depends on the method of preparation and heat treatment effects.27

This journal is © The Royal Society of Chemistry 2019
3.1.2. SEM images. SEM micrographs of S1000 and S1200
are shown in Fig. 4. For both samples, the micrographs
exhibited regular shaped grains, most with spherical
morphology, while S1200 grains were signicantly larger than
those of S1000. Analysis of the SEM images using Image J
soware showed average particle sizes of about 0.180 and 0.412
mm for S1000 and S1200, respectively. Therefore, the SEM
images conrmed the increase in particles size with increasing
sintering temperature. The tendency of particles to join
together and produce large particles with negligible porosity
was evident in S1200. These observations were consistent with
the XRD results, but the crystallite sizes estimated from XRD
peaks were clearly smaller than the particle sizes obtained from
SEM micrographs. This difference was attributed to the parti-
cles being composed of several crystallites, which caused
internal strains or defects in the structure.5

3.2. Magnetic properties

Variations in the magnetization (M) with temperature (T) under
a magnetic eld of 0.05 T for S1000 and S1200 samples are
shown in Fig. 5. Clear ferromagnetic–paramagnetic (FM–PM)
phase transitions were observed for both samples at their Curie
temperatures (TC). TC values were determined, accounting for
the minimum values of (dM/dT vs. T) curves, which are given in
the insets of Fig. 5. The TC values increased from 655 K to 680 K
for S1000 and S1200, respectively. Furthermore, at the higher
sintering temperature, the magnetization amplitude in the FM
region also increased. The increments in both M and TC values
with increasing sintering temperature can be related to the
RSC Adv., 2019, 9, 1990–2001 | 1993
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Fig. 4 SEM micrographs of S1000 and S1200.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 7

:3
2:

51
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
increase in crystallite size. Furthermore, according to the core/
surface morphology, the spin arrangement on the surface is
lower than that in the core. The surface is considered
Fig. 5 Temperature dependence of magnetizationmeasured at m0H¼
0.05 T for S1000 and S1200. Insets are plots of dM/dT vs. T.

1994 | RSC Adv., 2019, 9, 1990–2001
a magnetically dead layer, with the randomly disordered.
Therefore, as the crystallite size increases with increasing sin-
tering temperature, this nonmagnetic surface layer decreases
and, consequently, the core/shell thickness ratio increases. This
leads to the elimination of surface effects (broken exchange
bonds, spin canting) and, therefore, an improvement in bothM
and TC values was observed.23 This result can also be interpreted
in another way by considering variation in the degree of inver-
sion parameter.27,28 According to the XRD results, the degree of
inversion was reduced with increasing sintering temperature.
The decreased degree of inversion would cause the average
exchange interaction between Fe3+ ions in tetrahedral and
octahedral sites to increase, which resulted in an increase in the
M and TC values.28 This explained why the as-prepared S1000
sample with a higher inversion degree had lower M and TC
values, while the S1200 sample with a low inversion degree had
higher M and TC values.
3.3. Magnetocaloric properties

Fig. 6 shows the M(m0H, T) isothermal magnetizations taken
near the TC values of S1000 and S1200. The nature of the
magnetic phase transitions of these samples was determined
Fig. 6 Applied magnetic field dependence of magnetization at
different temperatures M(m0H, T) around the TC values of S1000 and
S1200.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Arrott plots (M2 vs. m0H/M) near the TC values of S1000 and
S1200.
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using Banerjee's criterion29 and M2 vs. m0H/M Arrott plots.30

Fig. 7 shows the Arrott plots of both samples. Analysis of these
plots showed that they have positive slopes around the TC,
which conrmed that the magnetic phase transitions were
second-order. Using M (m0H, T) isotherms, the dependence of
magnetic entropy change (�DSM) on temperature (T) was
calculated according to the following Maxwell relation:1

DSMðT ;m0HÞ ¼
XMi �Miþ1

Ti � Tiþ1

Dðm0HÞ (3)

where Mi and Mi+1 are the magnetization values at Ti and Ti+1,
respectively, measured under the magnetic eld (m0H). Fig. 8
shows the �DSM(T, m0H) curves for S1000 and S1200. These
curves exhibited maximum peaks dened as the maximum
magnetic entropy change (�DSmax

M ) near TC. This resulted from
the increase in the number of magnetic moments oriented in
the direction of the applied magnetic eld. The effectiveness of
samples for magnetic refrigeration applications can be
measured by calculating the relative cooling power (RCP) using
the following equation:1

RCP ¼ |DSmax
M | � dTFWHM (4)
This journal is © The Royal Society of Chemistry 2019
where dTFWHM is the fullwidth at 0.5DSmax
M . The magnetic eld

dependences of �DSmax
M and RCP obtained for S1000 and S1200

are shown in Table 2 and Fig. 9. Both increased linearly with an
increasing magnetic eld. Furthermore, the increase in sinter-
ing temperature led to an increase in the �DSmax

M values from
1.57 J kg�1 K�1 for S1000 to 2.12 J kg�1 K�1 for S1200 (at m0H¼ 5
T). This variation in magnetic entropy change with increasing
sintering temperature was in agreement with the results of
previous studies.31,32 The estimated RCP values were 115 and
125 J kg�1 for S1000 and S1200, respectively. These values were
relatively high, indicating that the prepared samples are
potential candidates for cooling power technology. Further-
more, the �DSmax

M and RCP values were comparable to those
found at the same applied magnetic eld in some other ferrite
systems that are considered potential candidates for magnetic
refrigeration.9,11,14
3.4. Critical behavior

3.4.1. Scaling. The critical behaviors of S1000 and S1200
near their Curie temperatures were analyzed by conducting
a detailed study of their critical exponents (b, g, and d).
According to Stanley's hypothesis,33 the exponents b and g can
Fig. 8 Temperature and magnetic field dependences of the magnetic
entropy change for S1000 and S1200.

RSC Adv., 2019, 9, 1990–2001 | 1995
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Table 2 Magnetocaloric properties (at a magnetic field of 5 T) for S1000 and S1200 ferrites compared with those of other ferrite systems at the
same applied magnetic field

Samples TC (K)
m0H
(T) |DSmax

M | (J kg�1 K�1) RCP (J kg�1) Ref.

Ni0.6Cd0.2Cu0.2Fe2O4 (1000 �C) 655 5 1.57 115 Present work
Ni0.6Cd0.2Cu0.2Fe2O4 (1200 �C) 680 5 2.12 125 Present work
Zn0.6Cu0.4Fe2O4 305 5 1.16 289 9
Zn0.4Ni0.2Cu0.4Fe2O4 565 5 1.41 141 9
Zn0.2Ni0.4Cu0.4Fe2O4 705 5 1.61 233 9
Cu0.4Zn0.6Fe2O4 373 5 1.77 — 11
Cu0.2Zn0.8Fe2O4 140 5 1.17 — 11
Ni0.4Mg0.3Cu0.3Fe2O4 690 5 1.56 136 14
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be estimated r from the temperature dependence of sponta-
neous magnetization, Ms (below TC), and the initial magnetic
susceptibility, c0 (above TC), respectively. Meanwhile, exponent
d can be deduced directly from the magnetic isotherm at T¼ TC.
These three critical exponents can be determined using the
following equations:33

Ms(T) ¼ M0(�3)b (with 3 < 0 and T < TC) (5)

c0
�1ðTÞ ¼

�
h0

M0

�
3gðwith 3. 0 and T .TCÞ (6)
Fig. 9 (a) Magnetic field dependence of maximum magnetic entropy
change �DSmax

M and (b) relative cooling power values (RCP) of S1000
and S1200.

1996 | RSC Adv., 2019, 9, 1990–2001
M ¼ D(m0H)1/d (with 3 ¼ 0 and T ¼ TC) (7)

where 3 is the reduced temperature (3¼ (T� TC)/TC), andM0, h0/
M0, and D are the critical amplitudes. According to Stanley's
scaling hypothesis, the magnetic state equation in the critical
region is:33

Mðm0H; 3Þ ¼ j3jbf�
 
m0H

j3jbþg

!
(8)
Fig. 10 Relative slope (RS) vs. temperature deduced from the four
theoretical models for S1000 and S1200.

This journal is © The Royal Society of Chemistry 2019
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where f+ and f� are regular analytical functions dened at the (T
> TC) and (T < TC) regions, respectively. For a better estimation
of b and g critical exponents, this equation implies that M|3|�b

vs. m0H|3|
�(b+g) curves can be divided along two universal

branches (one for T < TC and another for T > TC).
3.4.2. Analysis. According to the mean eld model, the

Arrott plots (M2 vs. m0H/M) shown in Fig. 7 should give a series of
straight lines in the high-eld region at different temperatures
around TC, and the line at TC should cross the origin.33 As shown
in Fig. 7, these conditions were not accurate, which indicated
that the mean eld model was invalid to describe the critical
behaviors of S1000 and S1200. Therefore, to obtain the correct
b and g critical exponents for the samples, the M(m0H, T)
isotherms were analyzed using the modied Arrott plots (MAP)
by representing M1/b vs. (m0H/M)1/g curves.34 Notably, the MAP
gave more importance to data in the region of high magnetic
elds compared to those in the weak-eld region. Three theo-
retical models are generally applied to estimate b, g, and
d exponents, as follows:35,36 (i) the 3D Heisenberg model with
b ¼ 0.365, g ¼ 1.336, and d ¼ 4.8; (ii) the 3D Ising model with
b ¼ 0.325, g ¼ 1.24, and d ¼ 4.82; and (iii) the tricritical mean-
eld model with b ¼ 0.25, g ¼ 1, and d ¼ 5. In our case, we rst
used these three models to construct MAPs (not presented in
Fig. 11 Modified Arrott plots (M1/b vs. (m0H/M)1/g) with reliable critical
exponents obtained for S1000 and S1200.

This journal is © The Royal Society of Chemistry 2019
this work) for S1000 and S1200, and then, from each MAP,
calculated the relative slope (RS), which is dened as:

RS ¼ SðTÞ
SðTCÞ (9)

For the best theoretical model, the RS values should be close
to unity, mainly because the MAPs are series of parallel
isotherms.37 Fig. 10 shows the values of RS vs. T corresponding
to each model. For both samples, the RS values were clearly
higher than unity. This suggested that the theoretical models
were not useful for estimating the critical exponents of the
prepared samples. Therefore, we concluded that the samples
had unconventional critical exponents. This motivated us to
construct new MAPs. We attempted to nd new critical expo-
nent values until we obtained parallel isotherms at around TC,
and the isotherm of M1/b vs. (m0H/M)1/g at TC crossed the origin.
These conditions were reached with values of b¼ 0.444 and g¼
1.031 for S1000, and b¼ 0.408 and g¼ 1.075 for S1200 (Fig. 11).
Linear extrapolation of the experimental data in Fig. 11 allowed
determination of the spontaneous magnetization, Ms (below
TC), by intersection with the M1/b axis and the initial magnetic
susceptibility values, c0

�1 (above TC), by intersection with the
(m0H/M)1/g axis. The Ms(T) and c0(T) data were then adjusted
using the eqn (5) and (6), respectively. During this adjustment,
new values of b and g were obtained simultaneously. The TC
Fig. 12 Spontaneous magnetization Ms(T) (left axis) and inverse initial
susceptibility c0

�1(T) (right axis) of S1000 and S1200. Red solid lines are
the fits according to eqn (5) and (6), respectively.
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value associated with each curve was also determined. Aer
several adjustment tests, the values of b, g, and TC converged
toward their optimal values. As shown in Fig. 12, the theoretical
and experimental curves were in good agreement. The obtained
values shown in Fig. 12 also agreed well with those presented in
Fig. 11. The b, g, and TC values were also determined more
precisely using the Kouvel–Fisher method using the following
two equations:38,39

MsðTÞ
�
dMsðTÞ

dT

��1
¼ ðT � TCÞ

b
(10)

c0
�1ðTÞ

�
dc0

�1ðTÞ
dT

��1
¼ ðT � TCÞ

g
(11)

Linear adjustment of MsðTÞ
�
dMsðTÞ
dT

��1
vs. T gave a slope

equal to 1/b, while the linear adjustment of

c0
�1ðTÞ

�
dc0

�1ðTÞ
dT

��1
vs. T gave a slope equal to 1/g. These

curves are shown in Fig. 13. The red lines represent the best
adjustments using eqn (10) and (11). The obtained values of b,
g, and TC parameters shown in Fig. 13 were consistent with
those used in Fig. 11. The variation in the critical isotherm
M(TC, m0H) can be described by a power law characterized by the
Fig. 13 Kouvel–Fisher plots for spontaneous magnetization Ms(T) (left
axis) and inverse initial susceptibility c0

�1(T) (right axis) of S1000 and
S1200. Red solid lines are the fits according to eqn (10) and (11),
respectively.

1998 | RSC Adv., 2019, 9, 1990–2001
critical exponent d. This exponent can be obtained by adjusting
M(TC, m0H) curve in log–log scale using eqn (7), as shown in
Fig. 14. From this adjustment, it was possible to determine the
slope of the curve (1/d) and consequently the values of d (see
Fig. 14). The three critical exponents, b, g, and d, determined
previously can be related, according to statistical theory, to the
Widom relation:40

d ¼ 1þ g

b
(12)

By replacing b and g in this equation with the values shown
in Fig. 12 and 13, eqn (12) gave d values of 3.331 and 3.329 for
S1000, and 3.638 and 3.662 for S1200. These values were very
close to those estimated from the critical isotherm at TC, as
shown in Fig. 14 (d ¼ 3.311 and 3.650 for S1000 and S1200,
respectively). These results implied that the values of b, g, and
d were well determined. Variation in the term (M|3|�b) vs.
(m0H|3|

�(b+g)) according to eqn (8) is plotted in Fig. 15 using the
b and g values previously obtained by the Kouvel–Fisher
method for some temperatures below and above the TC. Fig. 15
shows the superposition of all curves along two separate
branches for (T < TC) and (T > TC), respectively, which suggested
that the obtained values of critical exponents and those for TC
Fig. 14 M(TC, m0H) isotherms in the log–log scale for S1000 and
S1200. Red solid lines are the linear fit according to eqn (7).

This journal is © The Royal Society of Chemistry 2019
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Fig. 15 Scaling plots for S1000 and S1200 below and above TC values
using b and g estimated using the Kouvel–Fisher method. Insets show
plots in the log–log scale.

Fig. 16 Magnetic field dependence of |DSmax
M | at TC fitted to the power

law |DSmax
M | ¼ a(m0H)

n for S1000 and S1200.
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were reasonably precise. The insets of Fig. 15 also show the
variation in these curves on the log–log scale. A linear super-
position was observed at higher magnetic elds in the curves in
the two regions (below and above TC), while the setting of the
curves to the log–log scale became especially bad in the weak
elds (some bifurcations of the curves were observed in
different directions). This conrmed that this scale theory gives
much more importance to data in higher elds than those in
weak elds.

The inuence of the critical exponents on the MCE can be
demonstrated by analyzing the variation in the magnetic
entropy change with magnetic eld according to following
power law:41

|DSmax
M | ¼ a(m0H)n (13)

where a is a constant and n is an exponent that depends on the
magnetic state of the samples. In this particular case, at T ¼ TC,
the n exponent becomes independent of the magnetic eld.42

Therefore:

nðTCÞ ¼ 1þ b� 1

bþ g
(14)
This journal is © The Royal Society of Chemistry 2019
where b and g are the critical exponents. By multiplying the
Widom relation by b, we can write bd ¼ (b + g), and conse-
quently eqn (14) can be rewritten as:

n ¼ 1þ 1

d

�
1� 1

b

�
(15)

By considering the values of b and g obtained from the
Kouvel–Fisher method, and the values of d obtained from the
M(TC, H) critical isotherms, the n values calculated from the
previous relations were:

From eqn (14):�
n ¼ 622 for sample sintered at 1000 �C

n ¼ 0:596 for samples sintered at 1200 �C

From eqn (15):�
n ¼ 0:620 for sample sintered at 1000 �C
n ¼ 0:594 for sample sintered at 1200 �C

The n values can also be estimated by tting the |DSmax
M | vs. m0H

curve at TC according to eqn (13), as shown in Fig. 16. The tting
curves gave n values of 0.626 and 0.601 for S1000 and S1200,
respectively. These values were in good agreement with those ob-
tained from eqn (14) and (15). This suggested that the critical
exponents obtained for the studied samples were reliable. The ob-
tained values of the critical exponents of S1000 and S1200 (present
work) are comparedwith the predicted values of the four theoretical
models in Table 3.35,36We found that b and d exponents lay between
the mean eld model and the 3D Heisenberg model, while the
d values were close to that of themean eld model. However, as the
sintering temperature increased, the critical exponent b decreased,
while g and d exponents increased. The decreasing b exponent re-
ected a faster growth of the ordered moment with increasing
sintering temperature. However, the deviation of this exponent
from the mean eld model was attributed to the presence of an
inhomogeneous magnetic state in the samples.43,44
RSC Adv., 2019, 9, 1990–2001 | 1999
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Table 3 Comparison of the critical exponent values of S1000 and S1200 (present work) with those predicted by the standard theoretical models

Material Technique TC (K) b g d Ref.

Mean-eld model 0.5 1.0 3.0 35
3D Heisenberg model 0.365 � 0.003 1.336 � 0.004 4.80 � 0.04 35
3D Ising model 0.325 � 0.002 1.24 � 0.002 4.82 � 0.02 35
Tricritical mean-eld model 0.25 1.0 5.0 36
Ni0.6Cd0.2Cu0.2Fe2O4 (1000 �C) Modied Arrott plots 55.65 � 0.403 0.444 � 0.003 — — Present work

655.79 � 0.483 — 1.035 � 0.008 —
Kouvel–Fisher method 654.98 � 0.585 0.443 � 0.003 — —

655.48 � 0.503 — 1.032 � 0.001 —
Critical isotherm — — — 3.311 � 0.006

Ni0.6Cd0.2Cu0.2Fe2O4 (1200 �C) Modied Arrott plots 681.43 � 0.585 0.406 � 0.007 — — Present work
680.70 � 0.365 — 1.071 � 0.006 —

Kouvel–Fisher method 681.60 � 0.238 0.403 � 0.008 — —
680.39 � 0.330 — 1.073 � 0.016 —

Critical isotherm — — — 3.650 � 0.005
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4. Conclusion

The sol–gel method was used to prepare Ni0.6Cd0.4Cu0.2Fe2O4

ferrites at sintering temperatures of 1000 �C and 1200 �C. XRD
patterns and Rietveld renements conrmed that the samples
had cubic spinel type structures. Magnetic measurements
showed that the samples presented second-order FM–PM phase
transitions with increasing magnetization amplitude and Curie
temperature when the sintering temperature was increased.
The values of maximum magnetic entropy change and relative
cooling power were relatively high and comparable to those of
some other ferrite systems considered potential candidates for
magnetic refrigeration. This showed that the prepared samples
were useful for cooling power technology. Critical exponents b,
g, and d were determined using different methods. These
exponents belonged to a different universality class, with
exponent b decreasing and exponents g and d increasing with
increasing sintering temperature.
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