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a b s t r a c t

A series of Cr-substituted Ni–Zn ferrites; Ni0.8Zn0.2CrxFe2�xO4 (x¼0.0–1.0) were prepared via oxalate
decomposition route to characterize the effect of Cr-substitution on structural, magnetic and electrical
properties. The prepared powders were characterized using X-ray diffraction (XRD), Fourier transform
infrared (FT-IR) and transmission electron microscopy (TEM). XRD indicated single-phase cubic ferrites.
The lattice parameters (aExp) exhibited a gradual decrease with increasing chromium, attributed to the
smaller ionic radii of Cr3þ substituent. According to the obtained structural data, an appropriate cation
distribution was suggested and fortified through FT-IR spectroscopy besides magnetic and electrical
measurements. TEM image showed agglomerated cubic crystals with an average size of about 20 nm.
Vibrating sample magnetometer (VSM) measurements indicated minimal hysteresis characteristic for
soft magnetic material. The decrease in saturation magnetization (Ms) with Cr-substitution was discussed
in view of Neel’s two sub-lattice model. The change in the coercivity with Cr-content was discussed in
view of estimated cation distribution and magnetization values. The obvious fall in the Curie tempera-
ture, estimated from molar susceptibility measurements, with increasing Cr-concentrations was assigned
to the gradual replacement of Fe3þ ions on the octahedral sites by paramagnetic Cr3þ ions. ac-con-
ductivity as a function of both frequency and absolute temperature exhibited a semi-conducting beha-
vior. The decrease in conductivity with increasing Cr-content was attributed to the preferential occu-
pation of Cr3þ ions by octahedral sites which replacing Fe3þ ions and limiting Fe2þ–Fe3þ conduction.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ni–Zn ferrites are soft ferrimagnetic ceramic materials with
superior many technological applications due to their high per-
meability at high frequency, remarkably high-electrical resistivity,
low-eddy current loss, and reasonable cost [1,2]. They are com-
monly used in high frequency transformer cores and inductors,
microwave devices, radars, antenna rods, high-speed digital tape
or disk recording, etc. [3].

Ni–Zn ferrite is a well-known mixed inverse spinel with unit
cell consisting of eight formula units of the form:
(ZnxFe1�x)[Ni1�xFe1þx]O4 [4]. The intrinsic magnetization of the
system is thus depending on the inverse and normal phase, i.e., the
distribution of cations in the spinel lattice. The cationic substitu-
tion induces changes in the structure and texture of the crystal,
A. Gabal).
culty of Science, Benha Uni-
resulting in significant modifications in the magnetic and electrical
properties [5]. The understanding of these changes provides in-
formation on which the reliable formulation of ferrites suitable for
specific applications can be based.

Few researchers have been reported on the effect of para-
magnetic substitution with Cr3þ ions on the electromagnetic
properties of Ni–Zn ferrites. El-Sayed [6] studied the effect of Cr-
substitution in NiZn ferrite on the structure, density, porosity,
shrinkage and grain size. The results showed a decreasing trend
with increasing Cr-content.

El-Sayed [5] also explained the electrical conductivity of these
ferrites in terms of their cation distribution and revealed the
predominance of the hopping conduction mechanism.

Costa et al. [3] studied the effect of Cr3þ on the morphological
and magnetic properties of Ni–Zn ferrites produced by the com-
bustion reaction. The obtained ferrites, with an average crystallite
sizes between 21 and 26 nm, exhibited saturation magnetizations
in the range of 43–53 emu/g, which showed a gradual decrease
with increasing Cr.

Birajdar et al. [7] prepared Cr-substituted Ni–Zn ferrites with

www.sciencedirect.com/science/journal/03048853
www.elsevier.com/locate/jmmm
http://dx.doi.org/10.1016/j.jmmm.2015.04.115
http://dx.doi.org/10.1016/j.jmmm.2015.04.115
http://dx.doi.org/10.1016/j.jmmm.2015.04.115
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2015.04.115&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2015.04.115&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2015.04.115&domain=pdf
mailto:mgabalabdonada@yahoo.com
http://dx.doi.org/10.1016/j.jmmm.2015.04.115


M.A. Gabal et al. / Journal of Magnetism and Magnetic Materials 391 (2015) 108–115 109
the formula Ni0.7Zn0.3CrxFe2�xO4 (x¼0.0–0.5) via sol–gel auto-
combustion method. The results showed that the bulk density and
crystallite size decrease with increasing chromium content
whereas porosity and coercivity increase.

The processing methods are known also to affect the different
properties of ferrites as they can result in different cation dis-
tributions or sizes. Many methods were developed for preparing
ferrites [8–11]. To the best of our knowledge, there is no reported
results on the preparation of Cr-substituted Ni–Zn ferrites through
the thermal decomposition reaction of their respective oxalates.

Devising methods to organize functional magnetic nanos-
tructures for the quest of magnetic materials leads to the pro-
duction of different properties [12]. In the present study, we will
report on the preparation of Ni0.8Zn0.2CrxFe2�xO4 ferrites (x¼0.0–
1.0) via oxalate decomposition process. The decomposition route
and ferrites formation will be followed using differential thermal
analysis-thermogravimetry techniques (DTA-TG). The prepared
ferrites will be characterized using X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR) and transmission electron
microscopy (TEM) measurements. The magnetic properties will be
measured through vibrating sample magnetometer (VSM) and DC-
magnetic susceptibility (as a function of magnetic field strength
and temperature) measurements. In addition, the electrical prop-
erties as a function of frequency and temperature will be also
measured. The effect of Cr-substitution and the entire processing
method on the structural, magnetic and electrical properties of Ni–
Zn ferrites will be estimated and discussed.
Fig. 1. DTA-TG curves in air of precursor with Cr-content of 0.2. Heating
rate¼5 °C min�1.
2. Experimental procedures

Cr-substituted Ni–Zn nano-crystalline ferrites with a general
formula Ni0.8Zn0.2CrxFe2�xO4 ferrites (x¼0.0–1.0) were synthe-
sized by impregnation technique [13–15]. All chemicals were
analytical grade and used without any further purification. In a
typical experiment, the nickel nitrate Ni(NO3)2 �6H2O, zinc nitrate
Zn(NO3)2 �6H2O, ferric nitrate Fe(NO3)3 �9H2O, chromium oxide;
Cr2O3 and oxalic acid; H2C2O4 �2H2O were used as starting mate-
rials. The respective metal oxalates were prepared through pre-
cipitation method in which oxalic acid solution was added under
vigorous stirring to metal nitrate solution and the obtained pre-
cipitate was collected by filtration followed by drying in oven at
100 °C.

For the preparation of the precursors, stoichiometric ratios of
metal oxalates were mixed thoroughly in a mortar using water
drops to ensure homogeneity. The obtained dry precursors were
calcined in an electric furnace at 1000 °C for 2 h and the obtained
powders were stored in a desiccator.

Thermogravimetric (TG) and differential thermal analysis (DTA)
of the dried precursor was carried out using Perkin Elmer STA
6000 thermal analyzer up to 1000 °C at a heating rate of
5 °C min�1 in air atmosphere.

Structural characterization was carried out on a Bruker D8
Advance X-ray diffractometer with Cu-Kα radiation (step time 8 s;
step size 0.02 °; 2θ¼10–70 °). The average particle size was cal-
culated using the most intense peak (311) applying the Scherrer
formula [14].

FT-IR spectra in the range 300–700 cm�1 were recorded using
a JASCO FT-IR 310 spectrometer. The powders were mixed with
spectral grade KBr as the standard.

TEM studies were carried out using Jeol (JEM-1011 electron
microscopy) operated at 100 kV.

Magnetic measurements were performed using the vibrating
sample magnetometer (VSM; 9600-1 LDJ, USA) with a maximum
applied field of 5 kOe at room temperature.

Dc-magnetic susceptibility were measured using Faraday's
method [14]. The measurements were performed as a function of
temperature from room temperature up to 800 K and different
magnetic field intensities (660, 1010, 1340 and 1660 Oe).

The electrical measurements, viz. ac-conductivity and dielectric
measurements were carried out on a Hioki LCR high tester 3531
(Japan) using the two-probe method. The samples in a powdered
form were compressed to pellets of 1 cm diameter and about
1 mm thickness using a pressure of 2 t cm�2. The two surfaces
were polished and coated with silver paint. The temperature was
raised up to 823 K and the frequency was changed in the range
(100 Hz–5 MHz).
3. Results and discussion

3.1. Thermal decomposition process and ferrite formation

The thermal decomposition behavior of the oxalate precursor
in air, with x¼0.2 as a representative study, was followed up to
ferrite formation. Fig. 1 exhibits the simultaneous DTA-TG curves
up to 1000 °C. From the figure, it is clear that the weight loss starts
at 123 °C with the release of 1.5% up to 140 °C attributed to the loss
of 0.4 water molecules (experimentally calculated¼1.4%). The
second weight loss step sets on 165 °C with a steep slope up to
207 °C, exhibiting a weight loss of 17.2% agreed well with the
theoretically calculated loss due to the release of remaining water
molecules from the precursor. Two endothermic DTA peaks with
peaks temperatures at 133 and 189 °C are characterizing these two
dehydration steps.

The decomposition process of the formed anhydrous precursor
is followed immediately after the dehydration process showing
three well-defined TG steps up to 385 °C. These steps are attrib-
uted, according to the obtained weight losses and decomposition
ranges to the decomposition of ferrous, nickel and zinc oxalates
content, respectively [13]. The weight loss of the first step up to
about 280 °C amounts to 20.5% agreed well with the theoretically
calculated of 20.4% attributed to the decomposition of ferrous
oxalate content into iron(III) oxide. The very sharp exothermic DTA
peak at 232 °C characterizes well this oxidative decomposition
process.

The nickel oxalate content of the precursor decomposed exo-
thermically in the following step showing 11.6% weight loss as-
signed to the formation of NiO (calculated weight loss¼11.5%). The
accompanying exothermic DTA peak at 332 °C is attributed to the
oxidation of nickel metal decomposition product [16].

In the last weight loss step, amounts to 2.9%, the zinc oxalate
content decomposed to ZnO with the release of CO and CO2. The
closely corresponding exothermic DTA peak at 347 °C is due to the
oxidation of CO byproduct to CO2 [16].

After the complete decomposition of the oxalates content the



Fig. 2. XRD patterns of the Ni0.8Zn0.2CrxFe2�xO4 system.
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final decomposition product is expected to contain mixed oxides
of Fe2O3, NiO, ZnO and Cr2O3 and no further weight loss was ob-
served above 385 °C. The very broad endothermic DTA peak ap-
peared in the range 870–1000 °C without any accompanying
weight loss can be assigned to the ferrite formation reaction [13].
This result suggests that the appropriate calcination temperature
for ferrites formation for the precursors under investigation is
about 1000 °C.

3.2. structural characterization

3.2.1. X-ray diffraction
X-ray measurements were performed to identify the single-

phase structure of the investigated samples. Fig. 2 shows the
structural characterization for the entire precursors calcined at
1000 °C carried out by XRD technique. All the samples showed
single-phase cubic spinel structure without any indication for the
presence of any intermediate phases. The values of the experi-
mental lattice parameters (aExp) as a function of chromium content
are calculated using Bragg's equation [14] and are reported in
Table 1. It can be seen that the lattice parameters decreases pro-
portionally with increasing Cr-content. This decrease can be ex-
plained, based on the Vegard’s law [17], to the difference in ionic
radii of Fe3þ (0.645 Å) and Cr3þ ions (0.615 Å) [18]. A similar be-
havior was reported for other Cr-substituted ferrites [11,14,19–21].

The X-ray densities (Dx) were calculated using the molecular
weights and lattice constants of the entire ferrites using relation
from [14]. The reported values in Table 1 showed a very slight
change with increasing substitution. This normal behavior since,
the decrease in the weight with Cr-substitution is accompanied by
a decrease in the lattice parameters.

The average crystallite sizes (L) were calculated using the line
broadening and applying the Scherrer's equation [21]. The given
data in Table 1 exhibited very slight decrease in sizes with in-
creasing substitution.
Table 1
Structural data of Ni0.8Zn0.2CrxFe2�xO4 system.

Cation distribution a, (Å) r, (Å) L (nm) DX (g cm

aexp ath rA rB

(Zn0.2Fe0.8)[Ni0.8Fe1.2]O4 8.3589 8.3609 0.512 0.663 96 5.36
(Zn0.2Fe0.8)[Ni0.8Fe1.0Cr0.2]O4 8.3490 8.3529 0.512 0.660 107 5.36
(Zn0.2Fe0.8)[Ni0.8Fe0.8Cr0.4]O4 8.3328 8.3449 0.512 0.657 95 5.38
(Zn0.2Fe0.8)[Ni0.8Fe0.6Cr0.6]O4 8.3272 8.3369 0.512 0.654 91 5.37
(Zn0.2Fe0.8)[Ni0.8Fe0.4Cr0.8]O4 8.3194 8.3289 0.512 0.651 91 5.37
(Zn0.2Fe0.6Cr0.2)[Ni0.8Fe0.4Cr0.8]O4 8.3188 8.3228 0.508 0.651 89 5.35
In the present ferrite system; Ni0.8Zn0.2CrxFe2�xO4 it is well
known that Ni2þ and Cr3þ ions have a great preference for the
octahedral (B) sites [14,22] whereas, Zn2þ ion have strong pre-
ference for the tetrahedral (A) sites [13,22] while Fe3þ ions can
exist at both sites though they prefer the B site [22]. According to
these preferences, the suggested cation distribution formula of the
present system can be written as

Zn Fe Ni Fe Cr OA
x x

B
0.2 0.8 0.8 1.2 4[ ]( ) −

This distribution indicates that the Cr3þ ions only substitute
the Fe3þ ions present in the B-sites while ions located in the
A-sites remained unchanged. An exception was obtained with Cr-
content (x¼1.0), in which chromium is observed to be partially
distributed between the two sites. This behavior will be discussed
using FT-IR spectroscopy measurements.

The theoretical lattice parameters (ath) calculated (Table 1)
according to the above proposed cation distribution using equa-
tion from [14] showed, a close agreement with those experimen-
tally estimated suggesting the suitability of the proposed cation
distribution in representing the system.

The cation radii (rA and rB), oxygen positional parameters (u),
hopping lengths (LA and LB) in both tetrahedral and octahedral
sites, tetrahedral bond length dAO, the octahedral bond length dBO,
tetrahedral edge dAE octahedral edge dBE and unshared edge dBEU
as well as the inversion factor (γ) [i.e. amount of iron present in
tetrahedral sites] were calculated using equations from [14] and
reported in Table 1.

The values of cationic radii calculated based on the proposed
cationic distribution indicated constant rA with slightly decreasing
rB values by increasing chromium content. This explains why the
lattice parameters decrease by substitution and suggests that the
substitution strongly influenced octahedral B sites.

The values of oxygen positional parameters are observed to be
slightly higher than the ideal values of 0.375 [22]. This value is
well known to be dependent on the chemical composition, pre-
paration conditions and heating procedure. The constant values
obtained suggest that the chromium ions substitute only the iron
present in the octahedral sites.

The hopping lengths (LA, LB) calculated are observed to decrease
with increasing Cr content. This is can be explained based on the
smaller ionic radii of Cr-substituent than that of iron which makes
the ions close to each other and decreasing hopping length.

The interionic distances between the cations M–M and be-
tween cations and anion M–O are slightly decreased with in-
creasing Cr-content. This result agrees well with the decrease in
the lattice parameters [23].

3.2.2. FT-IR spectral study
FT-IR spectra of the entire Cr-substituted Ni–Zn ferrites, re-

corded at room temperature in the frequency range
700–300 cm�1, are shown in Fig. 3. The bands positions at dif-
ferent Cr-content were summarized in Table 2. The higher fre-
quency band; ν1 (582–606 cm�1) and the lower frequency band;
�3) γ u (Å) LA (Å) LB (Å) dAO (Å) dBO (Å) dAE (Å) DBE (Å) DBEU (Å)

0.8 0.381 3.619 2.959 1.897 2.041 3.097 2.813 2.957
0.8 0.381 3.615 2.956 1.894 2.038 3.094 2.810 2.954
0.8 0.381 3.608 2.950 1.891 2.034 3.088 2.805 2.948
0.8 0.381 3.606 2.948 1.889 2.033 3.085 2.803 2.946
0.8 0.381 3.602 2.945 1.888 2.031 3.083 2.800 2.943
0.6 0.381 3.602 2.945 1.887 2.031 3.082 2.799 2.943



Fig. 3. FT-IR spectra of Ni0.8Zn0.2CrxFe2�xO4 system.

Fig. 4. TEM image of the sample with x¼0.0.
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ν2 (400–454 cm�1) are assigned, according to Waldron [24], to the
stretching vibrations in the tetrahedral and octahedral sites, re-
spectively. The higher vibration of the tetrahedral sites compared
with that of octahedral sites can be due to the shorter bond length
of the tetrahedral cluster and the longer bond length of the octa-
hedral cluster.

The results showed very slight change in the bands positions
up to x¼0.8 with a sudden increase at x¼1.0 for the tetrahedral
sites, while that of the octahedral sites exhibited a gradual in-
crease with increasing Cr-content. This gradual increase can be
attributed, in accordance with the calculated ionic radii; rB (Ta-
ble 1), to the variation in the cation–oxygen bond length in the
octahedral lattice of the spinel. The displacement of larger Fe3þ

ions by smaller Cr3þ ions will result in decreasing the metal–
oxygen bond length and consequently increasing frequency. The
very slight change in the tetrahedral sites bands positions; ν1
agreed well with the reported tetrahedral ionic radii; rA (Table 1)
indicating constant composition up to x¼0.8. The sudden increase
in the band position at x¼1.0 suggests the preferential occupation
of Cr3þ ions in this sites at these high concentrations. Similar
behaviors are reported in literature for Cr-substituted NiFe2O4

[14,25].
The splitting of the ν2 band may be attributed to increasing the

quantity of Cr3þ–O2� complexes as the Fe3þ content decreases at
the B-sites. Similar splitting in the FT-IR spectra have been re-
ported in literature for the Cr3þ substituted ferrite system
[14,26,27].

The spectra also exhibited a decreasing trend in the intensity of
the ν2 band with increasing Cr-content, which can be due to the
Table 2
FT-IR spectral data and electromagnetic parameters of Ni0.8Zn0.2CrxFe2�xO4 system.

x ν1 (cm�1) ν2 (cm�1) Hysteresis loop ηB(x

MS Mr Mr/ MS HC ηB

0.0 582 400 71.5 11.5 0.16 9.2 3.02 3.74
0.2 582 421 46.8 7.5 0.16 12.4 1.97 3.34
0.4 585 426 38.0 8.5 0.22 24.6 1.59 2.94
0.6 582 444 29.2 7.8 0.27 25.1 1.22 2.54
0.8 587 445 18.0 6.2 0.34 32.1 0.75 2.14
1.0 605 454 10.3 4.1 0.40 48.6 0.43 2.54
perturbation occurring in Fe–O bonds by Cr3þ-substitution. The
intensity ratio is a function of the change of dipole moment with
the internuclear distance (dμ/dr) and the gradual substitution with
Cr3þ ions, having 3d44s2 orbitals, affecting the electronic dis-
tribution of Fe–O bonds and consequently the dμ/dr value [6].

3.2.3. TEM
Typical TEM image of the entire Cr3þ substituted Ni–Zn ferrites

system (x¼0.0) is shown in Fig. 4. The image shows agglomerated
cubic crystals with an average size of about 20 nm, which is ob-
viously smaller than that estimated through X-ray measurements.
The agglomeration phenomenon occurred due to the tendency of
the particles to reduce their surface area and achieving lower
energy. In addition, the magneto-static interaction between par-
ticles or the experience of the nanoparticles for a permanent
magnetic moment proportional to their volume cannot be ne-
glected [28].

3.3. Magnetic properties

3.3.1. Hysteresis measurements
Fig. 5 shows the variation of magnetization as a function of Cr-

content as well as magnetic field strength for the entire ferrite
system. The hysteresis curves can help in understanding the
magnetic behavior of the investigated samples besides providing
information regarding some magnetic parameters such as satura-
tion magnetization (Ms), magnetic moment (ηB), coercivity (Hc),
remanent magnetization (Mr) and loop squareness ratio (Mr/Ms).
The curves indicate the characteristics of soft magnetic material
with minimal hysteresis. The different magnetic parameters were
estimated and summarized in Table 2.

The variation of the saturation magnetization as well as the
coercivity on the amount Cr substitution is illustrated in Fig. 6.
From the figure, it is obvious that, the saturation magnetization
) Magnetic susceptibility s (ohm�1 cm�1) ΔE1 (eV) ΔE2 (eV)

χM TC

11.0 783 1.4�10�6 0.22 0.31
11.8 718 3.1�10�7 0.31 0.35
6.7 658 2.4�10�7 0.32 0.48
5.6 605 1.5�10�7 0.37 0.50
3.9 573 2.1�10�8 0.50 0.52
2.5 548 1.1�10�7 0.52 0.60



Fig. 5. Hysteresis loops for Ni0.8Zn0.2CrxFe2�xO4 system.
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decreases gradually with increasing Cr-substitution while coer-
civity increases. In addition, the remanent magnetization as well
as the experimental magnetic moment (ηB) per formula unit in
Bohr magneton [14], exhibits a decreasing trend with increasing
substitution.

The saturation magnetization value obtained in the present
work for Ni0.8Zn0.2Fe2O4 (i.e. the sample without Cr-substitution)
is apparently higher than those reported in the literature [29–32]
instead; the coercivity value is relatively lower. The decrease in the
values of Ms and consequently the accompanying magnetic mo-
ment parameter with the addition of Cr3þ ions can be discussed in
the view of Neel’s two sub-lattice model of ferrimagnetism [33].

In ferrites, the magnetic moment due to the uncompensated
electron spin and the spin alignments of the individual ions in the
tetrahedral A-sites is found to be anti-parallel to those in the oc-
tahedral B-sites. According to Neel’s model, the A–B super-ex-
change interactions predominate the A–A and B–B interactions.
The net theoretical magnetic moment per formula unit was cal-
culated, using the suggested cation distribution, from the equa-
tion: ηB(x)¼MB(x) – MA(x) where, MA and MB are the magnetic
moments of A and B sublattices and the ionic magnetic moments
of Fe3þ , Ni2þ , Cr3þ and Zn2þ are 5.0, 2.18, 3.0 and 0.0 BM, re-
spectively [34].

The obtained results reported in Table 2 showed a decreasing
trend as those determined by the hysteresis loop (ηB). The Cr3þ

ions preferentially occupy octahedral B sites. Thus, the gradual
replacement of highly magnetic Fe3þ located in the octahedral
sites by lower magnetic Cr3þ ions reduces the magnetic moment
as well as the exchange interactions of the sublattice [35].

The disagreement between the experimental (ηB) and calcu-
lated magnetic moment ηB(x) values at different Cr-content (Ta-
ble 2) suggested that, the Cr3þ moments (located at the B-sites)
are aligned anti-parallel to the A-site moments and indicating
non-collinear structure [36]. In addition, the effect of canted or
triangular lattice arrangements of the magnetic moments cannot
be neglected [23,37].

The cation distribution estimated using XRD and FT-IR mea-
surements clearly indicated that Cr3þ ions occupying the octahe-
dral sites up to x¼0.8 however, for the composition x40.8 they
prefer tetrahedral sites. This behavior agrees well with the calcu-
lated Neel’s magnetic moments (Table 2) where, the ferrite sam-
ples with xo0.8 have Nèel type magnetic order while for those
with x40.8 the Neel’s theory do not remain valid. Similar results
are reported in literature for Cr-substituted ferrites systems
[14,25,38].

Fig. 6 obviously showed that the coercivity increases slowly up
to x¼0.8 after which it increases steeply. This behavior may be
understood as mentioned by Banerjee and O’Reilly [39] on the
basis of new cation distribution model. As already discussed in
XRD and FT-IR results the chromium ions prefer to occupy the
tetrahedral sites at these higher concentrations causing a negative
trigonal field to be superimposed on the Cr3þ ions in the octa-
hedral sites. Thus, a two-fold degeneracy of orbital ground state
results in an unquenched orbital angular momentum and a large
anisotropy [25].

The coercivity is known as an independent parameter, which
can be altered by heat treatment or deformation. This increase in
the coercivity by increasing Cr concentration can be related to the
change in saturation magnetization through Brown’s relation
[40]:Hc

K
M

2

o s

1=
μ

, in which the coercivity is inversely proportional to

the saturation magnetization value, which agrees will with the
present results.

The low values of the remanent magnetization Mr (Table 2) can
be attributed to the low saturation magnetization as well as the
nano-sized characteristics [23]. The lower values of the loop
squareness ratio (Mr/Ms) obtained (less than 0.5) suggested that
the particles could interact by magnetostatic interactions [41] and
recommend the using of these materials for low inductance cores
and coils [34].

3.3.2. Magnetic susceptibility measurements
Fig. 7 illustrates the change in the molar magnetic suscept-

ibility (χM) as a function of both magnetic field strength and ab-
solute temperature up to 800 K. The obvious decrease in the sus-
ceptibilities by increasing magnetic field intensity can be con-
sidered as a normal magnetic behavior attributed to the saturation
of the magnetic domains [14]. The molar magnetic susceptibility
(χM) measured at room temperature and 1010 G are summarized
in Table 2 from which it is noticed that, χM decreases linearly with
increasing Cr-content.

All the ferrite samples up to x¼0.6 exhibits normal ferromag-
netic behavior with χM decreases gradually by increasing tem-
perature until reaching the Curie point (TC) after which para-
magnetic characters predominates. The samples with higher Cr-
content showed a very week ferromagnetic behavior or nearly
behave paramagnetically. The magnetic parameters were calcu-
lated from 1/χM vs. T plot and the obtained values at different Cr-
content, of Curie temperature (TC) at field strength of 1010 G were
reported in Table 2.

The Curie temperature for Ni0.8Zn0.2Fe2O4, prepared through
flash combustion technique [42], was Z485 °C. This relatively
higher temperature was attributed to the lower Zn-content which
increases the interaction between Ni2þ ions located in the octa-
hedral sites and Fe3þ ions present in the tetrahedral sites. It is well
known that [43], Curie temperature depends on the type of cations
and their sites distribution, which in turn depends on the pre-
paration method, calcination conditions and grain size. Thus, the



Fig. 7. Relation between molar magnetic susceptibility and absolute temperature as a function of different magnetic field intensities for Ni0.8Zn0.2CrxFe2�xO4 system.
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slightly higher TC obtained in the present study (Table 2) for pure
Ni–Zn ferrite may be attributed to the preparation method as well
as the obtained grain size.

The obvious fall in the Curie temperature with increasing Cr-
concentrations (Table 2) can be assigned to the gradual replace-
ment of Fe3þ ions on the octahedral sites by less magnetic or
paramagnetic Cr3þ ions [44]. This substitution will decreases the
B-sublattice magnetization without affecting the A-sublattice,
which in turn weakens A–B exchange interaction and decreases
Curie temperature.

3.4. Electrical conductivity measurements

Fig. 8 illustrates the ac-conductivity behaviors of the Cr-sub-
stituted Ni0.8Zn0.2Fe2O4 system as a function of both frequency and
absolute temperature. The temperature dependence relations ex-
hibit a semi-conducting behavior for all investigated samples in
which conductivity increases with increasing temperature.

At low temperatures, the electrical conductivities obtained are
observed to be frequency dependant while frequency independent
at high temperatures. The pumping force of the frequency at low
temperatures, facilate the transferring of the charge carriers be-
sides liberating the trapped charges from the different trapping
centers. On the other hand, at high temperatures, the large lattice
vibration generated scatters the charge carriers and overcome the
effect of frequency.

By increasing temperature, two well-defined regions are ob-
tained which are characteristic for are the samples. In the first
region, the thermal energy is not enough for librating charge
carriers and conductivity hardly changed with temperature. In the
second region, the conductivity increased linearly with tempera-
ture exhibiting a weak anomaly at the medium temperature
region.

The room temperature conductivity values calculated at
100 kHz as a function of Cr-content are summarized in Table 2. The
results showed a gradual decrease in the conductivity with in-
creasing Cr-substitution. In cubic ferrites [21], the conduction is
mainly due to the hopping between ions with mixed valence. In
this context, the Verwey-de Boer mechanism suggested the hop-
ping between statistically distributed Fe2þ and Fe3þ ions at the
two equivalent crystallographic A and B-sites. The distance be-
tween the ions at octahedral B-sites is very small compared to that
between ions at B-site and tetrahedral A-site. This will conse-
quently increase the probability of B–B electron hopping com-
pared to that of B–A. The A–A hopping does not exist, since only
Fe3þ ions are exist at A-sites and all Fe2þ ions formed during the
calcination process prefer to occupy B-sites [14]. Since, chromium
ions have only one oxidation state thus they will not participate in
the conduction process. Their preferential occupation by octahe-
dral sites will replace Fe3þ ions and consequently results in lim-
iting Fe2þ–Fe3þ conduction degree [45]. This will hinder the
Verwey-de Boer mechanism and resulting in the conductivity
decrease.

The very slight increase in the conductivity value observed for
Cr-content; x¼1.0 can be attributed to the change in the pre-
ferential occupation of Cr3þ ions from octahedral to tetrahedral
sites as appeared from the estimated cation distribution previously
discussed.

The change in the slope of lns vs. 1000/T by increasing tem-
perature indicated a change in the conduction mechanism. The



Fig. 8. Relation between lns and reciprocal of absolute temperature at different Cr-content as a function of applied frequency for Ni0.8Zn0.2CrxFe2�xO4 system.
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linear fit to the Arrhenius relation: e
E

KB Tσ σ= ο
−Δ

where KB is the
Boltzmann constant gives the hopping activation energy (ΔE) [46].
The variation of the activation energies ΔE1 and ΔE2 calculated at
low and high temperature regions, respectively with chromium
content (at frequency of 500 kHz) are represented in Table 2. The
activation energies obtained were observed to increase with in-
creasing Cr-content and the higher activation energy corresponds
to the lower conductivity (Table 2).

The obtained activation energy at lower temperatures region
(ΔE1) is observed to be lower than that obtained at high tem-
peratures region (ΔE2). Generally, the conduction at lower tem-
perature can be attributed to the electrons hopping between Fe2þ

and Fe3þ ions, whereas that at higher temperature can be assigned
to polaron hopping which need higher activation energy [47].
4. Conclusions

Cr-substituted Nickel–Zinc ferrites; Ni0.8Zn0.2CrxFe2�xO4

(x¼0.0–1.0) were synthesized through oxalate decomposition re-
action. XRD patterns revealed pure spinel cubic ferrites. The lattice
parameters decrease with increasing Cr-content whereas; X-ray
densities exhibited a very slight change with increasing substitu-
tion. The substitution obviously affects the magnetic and electrical
properties of the system. The saturation magnetization was found
to decrease with increasing Cr-content, whereas coercivity
increases. The investigated samples showed a semiconducting
behavior by increasing temperature and exhibited a decrease in
conductivity with increasing Cr-content. The fall in the Curie
temperature by Cr-substitution indicated the replacement of Fe3þ

ions at octahedral sites by Cr3þ ions. An appropriate cation dis-
tribution was suggested and was fortified through structural,
magnetic and electrical measurements.
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