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Abstract

The aim of this study is to evaluate the structural and magnetic properties of Ni–Zn doped ferrite with trivalent Al3þ and Cr3þ cations
substitution in Ni0.6Zn0.4Fe2�xCrx/2Alx/2O4 (x¼0, 0.1, 0.2, 0.3, 0.4 and 0.5) synthesized by employing conventional sol–gel method. X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, field emission scanning electron microscopy (FE-SEM), Mössbauer
spectroscopy (MS) and vibrating sample magnetometer (VSM) analysis were carried out in order to characterize the structural and magnetic
properties of particles. The XRD results confirmed the formation of single phase of spinel ferrite particles for a whole series of samples.
The results of FTIR analysis indicated that the functional groups of Ni–Zn spinel ferrite were formed during the sol–gel process. Furthermore,
FE-SEM micrographs revealed that the distribution of particles size is narrow. According to Mössbauer spectra,the doped cations are replaced in
iron site occupancy of octahedral sites. It was found that with an increase in substitution contents magnetization decreased due to occupation of
Al and Cr cations at low level substitutions in octahedral sites.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In case of magnetic ceramic materials, ferrites are excep-
tional magnetic materials widely used in microwave and
electrical industries. They exhibit high electrical resistivity
combined with useful ferromagnetic behavior [1]. There are
several different synthesis methods used to fabricate ferrites as
reported in literatures including sol–gel [2], coprecipitation [3],
hydrothermal [4], mechano-chemical [5], refluxing [6], pre-
cursor [7], and auto-combustion [8] methods. The spinel
ferrites belong to an important group of magnetic materials,
because of their significant magnetic properties particularly in
radio frequency region, physical flexibility, high electrical
resistivity, mechanical hardness and chemical stability [9].
Among spinel ferrites, Ni–Zn ferrites are one of the most
versatile soft magnetic materials. Recently, the synthesis
process, characteristics and technological application of these
materials have been studied extensively [10] due to their
potential applications in many electronic devices owing to their
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high permeability at high frequency, remarkably high electrical
resistivity, low eddy-current loss and reasonable cost [11–14].
The spinel structure of soft magnetic materials possesses the
chemical formula of (A)[B2]O4, where A expresses the cations
in tetrahedral sublattice sites and B represents the cations in
octahedral positions in a cubic structure. However, in case of
spinel ferrites the chemical formula (A1� iBi)[AiB2� i]O4

represents many possible intermediary cation distributions that
denote considerable cation disorder, indicating that spinel
structure requires special attention in terms of magnetic
characterization [15]. Spinel ferrites crystallize in the face-
centered cubic (FCC) structure. The spinel crystal structures
are usually categorized by inverse and normal structures. In the
normal spinel structure A is a divalent element atom, occupy-
ing tetrahedral A sites, while B is a trivalent element sitting on
the octahedral B sites. When A is a trivalent element which
occupies tetrahedral site and B consists of equal numbers of
trivalent and divalent elements, distributed over octahedral sites, the
spinel structure is referred to as the inverse kind. The schematic
picture of spinel structure is shown in Fig. 1. The Ni–Zn ferrite is a
well-known mixed inverse spinel [16] whose unit cell is
represented by the formula (ZnxFe1�x)[Ni1�x Fe1þ x]O4 [17],
ghts reserved.
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Fig. 1. Schematic picture of spinel structure; star means the intermediary
cation sites that denote considerable cation disorder.
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whereas the intrinsic magnetization (magnetic moment or total
theoretical Bohr magneton of the lattice spinel) results from the
inverse and normal phase, i.e., the distribution of cations in the
spinel lattice. Based on these facts, the intrinsic magnetization of
Ni–Zn ferrite can be calculated with and without the addition of
0.1 mol of chromium ions. Based on Hund's Rules [18], the
magnetic moments of Fe3þ , Cr3þ , Al3þ , Ni2þ and Zn2þ are 5,
3, 0, 2 and 0mB, respectively. The addition of impurities induces
changes in the defect structure and texture of the crystal [19],
creating significant modifications in the magnetic and electrical
properties of these materials. Several researchers have studied the
effects of Cr3þ substitution in the spinel structure of ferrites [19–
21]. However, the effect of Cr–Al cations simultaneously, has not
been studied extensively yet.

In this research, the effect of Cr–Al cations simultaneous
substitution was evaluated on the structural and magnetic
properties of NiZn ferrite in order to correlate magnetic
analysis and reflection loss characteristic in MHz band for
near future literatures in the field. With this view in mind, the
present paper is intended to clarify the characteristic magnetic
properties of this ferrite. For obtaining this goal, the prepared
samples were characterized using X-ray diffraction (XRD),
Fourier transformed spectroscopy (FTIR), field emission scan-
ning electron microscopy (FE-SEM), Mössbauer spectroscopy
(MS), and vibrating sample magnetometer (VSM).
Fig. 2. X-ray diffraction (XRD) patterns of the synthesized powders.
2. Experimental

2.1. Synthesis process

The Cr–Al doped ferrite Ni0.6Zn0.4Fe2�xCrx/2Alx/2O4 with
x=0, 0.1, 0.2, 0.3, 0.4, and 0.5 powders was synthesized by use
of conventional sol–gel method. Consequently, the stoichio-
metric amounts of precursors including citric acid (C6H8O7),
Fe(NO3)3 � 9H2O, Ni(NO3)2 � 6H2O, Zn(NO3)2 � 4H2O,
Cr(NO3)3 � 9H2O, and Al(NO3)3 � 9H2O were employed to
synthesize the soft magnetic powders. At first, an amount of
citric acid was dissolved in distilled water. Citric acid helps in
the homogenous distribution and segregation of metal ions.
The metal nitrates were added to the solution. The solution was
circulated and heated using magnetic stirrer at a temperature of
80 1C. The viscous gel was obtained after evaporation of water
from solution and the occurring polymerization reactions
during sol–gel process. Consequently, the dried gel was placed
in an oven at a temperature of 200 1C. Finally, the powders
were calcined at a temperature of 1300 1C for 3 h.
2.2. Measurements

X-ray diffraction measurements (XRD) were performed for
phase evaluation of the synthesized samples using a Philips
diffractometer (MPD-XPET model) with Cu kα radiation
operated at 40 kV and 30 mA. FTIR spectroscopy was carried
out to evaluate the functional groups which were formed
during sol–gel process using a 680PLUS JESCO spectrometer.
In order to evaluate the microstructure of the powders, FE-
SEM micrographs were taken using a JEOL scanning electron
microscope with an accelerating voltage of 15 kV. 57Fe
Mössbauer spectroscopic measurements were performed in
transmission geometry at 293 K. 57Co/Rh was used as gamma
ray and quantitative investigations were carried out using
software. A vibrating sample magnetometer was used to
measure the magnetic properties of the calcined ferrite powders
at ambient temperature. The magnetic hysteresis loops were
measured at room temperature with maximum applied mag-
netic field of 10 kOe. The magnetic field sweep rate was 5 Oe/s
for all measurements.



Fig. 3. Shift in position of (311) diffraction peak with increasing doping.

Fig. 4. FTIR spectra of the pure NiZn sample (x¼0).

Fig. 5. FTIR spectra of the Al–Cr doped NiZn sample (x¼0.1).
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3. Results and discussion

3.1. Structural properties

3.1.1. XRD analysis
Phase evaluation of all synthesized samples was carried out

using X-ray diffraction (XRD) technique. The XRD patterns of
Ni0.6Zn0.4Fe2�xCrx/2Alx/2O4 spinel ferrite compound with
x=0–0.5 in step of 0.1 are shown in Fig. 2. A close
examination of the pattern reveals the presence of well defined,
sharp and intense peaks which confirms that the Cr–Al doped
NiZn ferrite samples have crystallized well. The NiZn ferrite
phase were characterized by the (311), (511), and (440)
diffraction peaks in 35.6, 57.11, and 62.7 diffraction angles,
respectively. The miller indices of each appeared peak in the
structure was determined in XRD patterns. The diffraction
peaks confirm the formation of single phase cubic spinel
structure for all samples without any impurity or secondary
phase. All of the characterized peaks are marked with the
standard of the American Society for Testing and Materials
(JCPDS card no. 019-0629). Furthermore, the diffraction
angles of peaks corresponding to the doped NiZn ferrite
appeared at almost a different position from the undoped NiZn
ferrite peaks, and another difference being the peak intensity.
This appeared phenomenon is shown in Fig. 3. The shift in the
position of the doped NiZn ferrite peaks is related to the
substitution of chromium and aluminum cations in the cubic
crystal structure of the substituted NiZn ferrite. The ionic
radius of Cr, Al, and Fe cations are 0.64, 0.53, and 0.67 Å,
respectively. The substitution of Cr and Al with smaller ionic
radii compared to the Fe cations leads to shrinkage of the cubic
crystal structure of spinel phase. In fact, the replacement of Fe
cations by Cr and Al cations the crystal lattice constant and
consequently the distance between crystal planes decreased,
and according to the Bragg equation the diffraction angle
increases. The relation between crystal plain distance in cubic
crystal lattice and lattice parameter and also Bragg equation are
explained below:

a¼ dhkl√ðh2þk2þ l2Þ ð1Þ

nλ¼ 2d sin θ ð2Þ
In these equations a is lattice parameter, d is the distance

between lattice planes, (h, k, l) is miller indices, n is an integer,



Fig. 6. FTIR spectra of the Al–Cr doped NiZn sample (x¼0.2).

Fig. 7. FTIR spectra of the Al–Cr doped NiZn sample (x¼0.3).

Fig. 8. FTIR spectra of the Al–Cr doped NiZn sample (x¼0.4).

Fig. 9. FTIR spectra of the Al–Cr doped NiZn sample (x¼0.5).
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λ is the wavelength of X-ray, and θ is diffraction angle. The
crystallite size can be measured by the Scherer equation which
is expressed as

D¼ kλ=β cos θ ð3Þ
where D is crystallite size, k is a dimensionless shape factor,
with a value close to unity. The shape factor has a typical value
of about 0.9, but varies with the actual shape of the crystallite,
λ is the X-ray wavelength in nanometer (nm), β is the (311)
peak width of the diffraction peak profile at half maximum
height resulting from small crystallite size in radians, and θ is
diffraction angle. The value of 2β axis of diffraction profile
must be in radians. The θ can be in degrees or radians, since
the cos θ corresponds to the same number. It can be taken as
0.89 or 0.9 for full width half maximum (FWHM) of spherical
crystals with cubic unit cells. For an excellent discussion of K,
it is better to refer to Ref. [22]. By increasing the substitution
content the crystallite size decreased from 50 nm to 38 nm
which results in promotion of porosity. In fact, with a decrease
in crystallite size, the crystallite boundaries and the surface
area between the crystallites will be increased which leads to
increase in porosity content in powders.

3.1.2. FTIR analysis
The FTIR spectra of Ni0.6Zn0.4Fe2�xCrx/2Alx/2O4 (x¼0–0.5)

as-prepared samples are shown in Figs. 4–9. The variation in
bonds vibration is due to the difference in distance between
ions in both octahedral and tetrahedral sublattice sites. There



Fig. 10. FE-SEM micrographs of Al–Cr doped NiZn sample, (a) x¼0, (b) x¼0.1. (c) x¼0.2, (d) x¼0.3, (e) x¼0.4, and (f) x¼0.5.
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are two bonds within the range of 400–600 cm�1 which are
the characteristic bonds of the spinel structure. The high
frequency bond (577 cm�1, 591 cm�1, and 596 cm�1) and
the low frequency bond (408 cm�1, 410 cm�1, 415 cm�1,
419 cm�1, and 420 cm�1) are in accordance with the vibration
of Fe3þ–O2� complexes vibrations in octahedral and tetra-
hedral sites, respectively. The vibration of functional groups in
tetrahedral sites occurs at higher frequencies than those for
octahedral sites, which is due to the smaller bond length of
tetrahedral positions compared to the octahedral sites. The
reduction of lattice parameter due to the doping of chromium
and aluminum cations influence the stretch vibration of
Fe3þ–O2� complexes and consequently plays the main role
in deviation of bonds positions [23,24]. According to the
information derived by some researchers [25–28], it is known
that Ni2þ , Cr3þ , and Al3þ cations have octahedral-site
preference, whereas in an inverse-spinel Cr–Al doped NiZn
ferrite, Zn2þ prefers the tetrahedral site. Moreover, Fe3þ

cations can occupy both octahedral and tetrahedral sites. The
peaks with wavenumber of 835 cm�1, 839 cm�1, and
840 cm�1 in Figs. 4–6 are due to the vibration of Fe–OH
bond. The peaks with wavenumber of 1113 cm�1, 1128 cm�1,
and 1129 cm�1 are due to stretch vibration of C–O bond. The
peaks with wavenumber of 1383 cm�1, 1384 cm�1, and
1385 cm�1 are due to stretching vibration of nitrate (NO3

�)
groups, indicating that nitrate ions are present in the calcined
samples. The peaks appearing around 1627 cm�1, 1628 cm�1,
1629 cm�1, and 1638 cm�1 are due to asymmetric stretching
of carbonyl groups (CQO). The peak appearing around
2346 cm�1 is due to the bending vibration of H–O–H bond
of absorbed water. The peaks appearing around 2923 cm�1,
and 2924 cm�1 are due to stretching vibration of CQH bond
of CH3 functional group. The peaks at 3433 cm�1,
3434 cm�1, 3435 cm�1, and 3435 cm�1 are due to stretching
vibration of O–H bonds of water and the broad nature of these
peaks is related to the presence of hydrogen-bonded chains
[29–31].

3.1.3. FE-SEM analysis
The FE-SEM micrographs of the Ni0.6Zn0.4Fe2�xCrx/2Alx/2O4

(x=0–0.5) powders calcined at 1300 1C for 3 h, are shown in
Fig. 10. As, can be seen, the microstructure of the synthesized
powders including, morphology, particle size and porosity is
influenced by doping of Cr–Al cations in the spinel structure.
By using Microstructural Image Processing software (MIP 4.1
full; Nahamin Pardazan Asia, I.R. Iran), it is concluded that the
estimated average particle sizes are approximately within the
range of 1–4 mm for samples (x¼0), (x¼0.1), and (x¼0.2).
The growth of particle size is due to performing high calcining
temperature of the synthesizing process. Additionally, the loss
of the fine particle nature of ferrites by the conventional
method is due to the high heating temperatures involved. As a
matter of fact, substitution of Cr–Al doped cations has no main
effect in change of particle size. Consequently, by increasing
the Cr–Al substitution value in the structure, the particle size,
morphology, and also, porosity content were influenced.
Addition of Cr and Al cations in high level substitution
x¼0.3–0.5 results in reduction of particle size effectively
from 2 mm to 500 nm. The doped cations decrease the growth
rate of particles and consequently the particle size is decreased
by substitution. The porosity formed between the particles,
increased by increasing of substitution value which is due to
the smaller ionic size of the Cr–Al doped cations. As explained
in Section 3.1.1., the displacement of Fe cations by Cr and Al
cations leads to shrinkage of the crystal lattice, decrease in
crystallite size and consequently increase in crystallite bound-
aries. Moreover, the total density of the lattice is decreased due
to smaller density of the doped cations compared to Fe cations
which directly influence the porosity content of the powders.
The Cr–Al doped NiZn ferrite particles prepared by the



Fig. 11. Mössbauer spectra of Ni0.6Zn0.4Fe2�xCrx/2Alx/2O4 (x¼0, 0.3, and 0.5)
ferrite particles.
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conventional sol–gel method being almost large in size, a
tendency towards agglomeration is observed. The magn-
eto–dipole interactions between the particles may cause the
agglomeration of the particle with increasing substitution
content [32].

3.1.4. Mössbauer studies
Mössbauer spectra of Ni0.6Zn0.4Fe2�xCrx/2Alx/2O4 (x¼0,

0.3, and 0.5) ferrite particles is shown in Fig. 11. 57Fe
Mössbauer spectroscopic measurements were performed in
transmission geometry using a 57Co/Rh γ-ray source. High-
field Mössbauer measurements were carried out at 298 K in an
external magnetic field of 51.4 T applied parallel to the γ-ray
direction. The velocity scale calibrated relative to 57Fe in Rh.
Recoil spectral analysis software [33] was used for the
quantitative evaluation of the Mössbauer spectra. The Möss-
bauer parameters including isomer shift (δ), quadrupole split-
ting (QS), outermost linewidth (Γ), hyperfine magnetic field
(Bhf), and fractional area of each subspectrum (A), are given in
Table 1. Using peak intensities and fractional area of each
subspectrum, the Fe3þ ion ratio in both octahedral and
tetrahedral sublattice sites was calculated. According to the
Mössbauer parameters, the fractional area of tetrahedral sites
was decreased from 27.1 for undoped sample (x¼0) to 23.2,
and 20.5 for (x¼0.3) and (x¼0.5) samples, respectively.
Consequently, the fractional areas of octahedral sites were
increased from 23.2 for undoped sample (x¼0) to 28.4, and
32.1 for (x¼0.3) and (x¼0.5) samples, respectively. This site
preference occupancy confirmed the reduction of Fe3þ cations
in octahedral sites and it is concluded that the Cr3þ and Al3þ

cations preferred to occupy the octahedral sites. The chromium
and aluminum elements are categorized in paramagnetic state
and have down-spin configuration, in spite of the fact that
Fe3þ cations have ferromagnetic characteristics, and also have
up-spin configuration. However, the substitution of ferromag-
netic Fe3þ cations by paramagnetic Cr3þ and Al3þ cations
result in a reduction of total magnetic moment, and conse-
quently the magnetization in octahedral sites was decreased.
The distribution of Fe3þ ions amongst the A and B sublattices
can be realized from the relation between the area ratio of B to
A site subspectra and stoichiometric value x as illustrated in
Table 2. The decrease of this ratio against x clears that the
substitution process often reduces the Fe3þ number in the
lattice at the expense of the number of Fe3þ ions at the
sublattice. It is well known that the Zn2þ ions exclusively
occupy the A-sites, the Cr3þ and Al3þ ions the B-sites and the
preferred site for the Ni2þ ions is the B-sites. Consequently
the cation distribution can be estimated, as given in Table 2,
using the site preference of elements and the ratio of area under
the well resolved subspectra belonging to the A and B
sublattices. The behavior of hyperfine magnetic field at
octahedral and tetrahedral sites showed that, with increase of
Cr3þ and Al3þ cations, this parameter decreased. This can be
inferred on the basis of decreasing the magnetic superexchange
interaction between and within the sublattices due to the
reduction of Fe3þ cations number. It is necessary to consider
not only the tetrahedral–octahedral (A–B) superexchange but
also the octahedral–octahedral (B–B) supertransferred hyper-
fine interactions [34]. In the cation distribution, Cr3þ and
Al3þ ions are non-magnetic and do not contribute to the



Table 1
Lattice parameters and crystallite size of the samples.

Samples x¼0 x¼0.1 x¼0.2 x¼0.3 x¼0.4 x¼0.5

Lattice parameter (a) (Å) 8.353 8.341 8.334 8.328 8.326 8.313
Crystallite size (nm) 50 41 41 41 41 38

Table 2
Mössbauer parameters of samples where δ, QS, Γ, Bhf, and A are the isomer shift, quadrupole shift (or the quadrupole doublet splitting), hyperfine magnetic field,
outermost linewidth and fractional area of each (site) subspectrum, respectively.

Samples Sitio δ (mm/s) QS (mm/s) δ (mm/s) Bhf (T) A (%)

Ni0.6Zn0.4Fe2O4 Sextet 1(tetrahedral site) 0.36 �0.01 0.52 51.4 27.1
Sextet 2 (octahedral site) 0.24 þ0.01 0.41 49.2 23.2

Ni0.6Zn0.4Fe1.7Cr0.15Al0.15O4 Sextet 1(tetrahedral site) 0.35 �0.02 0.48 50.1 23.2
Sextet 2 (octahedral site) 0.28 þ0.04 0.51 48.3 28.4

Ni0.6Zn0.4Fe1.7Cr0.25Al0.25O4 Sextet 1(tetrahedral site) 0.34 �0.03 0.47 49.1 20.5
Sextet 2 (octahedral site) 0.31 þ0.05 0.53 50.2 32.1

Fig. 12. Hystersis loops of Ni0.6Zn0.4Fe2�xCrx/2Alx/2O4 ferrite particles.
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nuclear magnetic field. Also, the Fe3þ–O2�
–Fe3þ super-

exchange interaction is higher than the Fe3þ–O2�
–Cr3þ ,

Cr3þ–O2�
–Fe3þ , Fe3þ–O2�

–Al3þ , and Al3þ–O2�
–Fe3þ

[35]. As a result, BhfA and BhfB decrease with increasing
Cr3þ and Al3þ content instead of Fe3þ ions and lead to
decreasing the number of the magnetic bonds FeA

3þ
–O2�

–

FeB
3þ . Increasing BhfB, for x¼0.5 may be attributed, in

addition to the magnetic superexchange interactions within
the sublattice, to the supertransferred A–A and B–B magnetic
hyperfine interactions between the magnetic Fe3þ , Cr3þ and
Al3þ ions entering the A and B sublattices. It may arise from a
ferromagnetic interaction between the Fe3þ and Ni2þ mag-
netic ions within the sublattice. The outermost line width (Γ)
of the B magnetic sites increases with x, whereas that of the A
magnetic sites decreases with increasing substitution as shown
in Table 2. This may be attributed to the change of the Fe3þ

ions at the A and B site. The linewidth of the 57Fe Mössbauer
spectra is useful for estimating the influence of cation disorder
on both electric and magnetic interactions. It has been shown
that the widths of the outermost lines are about six times more
sensitive than those of the innermost lines to fluctuation effects
in the magnitudes of the hyperfine field, whereas the widths of
all the lines are equally sensitive to variations in the quadru-
pole coupling constant [36]. The isomer shift values (δ) for
Fe3þ ions at the A-sites and B-sites (Table 2), lie between
0.36–0.34 mm/s and 0.24–0.31 mm/s, respectively, which is
consistent with high-spin Fe3þ charge states [37]. With
increasing substitution of Cr–Al cations in octahedral sites,
the isomer shift parameter increases from 0.24 mm/s to
0.31 mm/s while there is a decrease from 0.36 mm/s to
0.34 mm/s for octahedral and tetrahedral sites, respectively.
Such behavior of IS (A) and IS (B) is expected due to
differences in the Fe3þ–O2� internuclear separations. The
absolute quadrupole shift values increase from 0.01 mm/s to
0.05 mm/s while there is a decrease from �0.01 mm/s to
�0.03 mm/s for octahedral and tetrahedral sites, respectively.
Generally, the high value of quadrupole splitting is related to
chemical disorder of the samples, i. e. existing cations of
different charges and radii in the sublattices. However, the
relatively same values of QSA and QSB may be due to the
presence of small electric field gradient (EFG) acting on iron
nuclei corresponding to Fe3þ ions in octahedral and
tetrahedral sites.

3.2. Magnetic properties

3.2.1. VSM analysis
Substitution of Cr3þ and Al3þ ions instead of Fe3þ cations

significantly influenced the magnetic characteristic of NiZn
ferrite. The magnetic hysteresis loops of undoped and sub-
stituted NiZn ferrite are shown in Fig. 12. This figure indicates
that NiZn ferrite is a soft magnetic material with minimal
hysteresis. The large saturation magnetization and small



Table 3
Magnetic parameters of Ni0.6Zn0.4Fe2�xCrx/2Alx/2O4 (x¼0–0.5) ferrite particles.

Samples x¼0 x¼0.1 x¼0.2 x¼0.3 x¼0.4 x¼0.5

Saturation magnetization (Ms) (emu/g) 83.4 81.6 75.2 64.5 55.1 53.6
Coercivity (Hc) (Oe) 12.6 14.7 15.8 19.5 21.1 24.7
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coercivity of the Ni–Zn ferrite sample can be ascribed to the
high crystallinity and uniform morphologies [38]. The hyster-
esis loops of the particles synthesized at 1300 1C expressed the
ferrimagnetic behavior which is due to large magnetic particle
size with large amount of ordered spins. The obtained results
reveal that the saturation magnetization of the as-prepared
ferrites, Ms, decreased, while the coercivity, Hc, raised with
increasing substitution value, x. The magnetic parameters of
samples are given in Table 3. In spinel crystal structure of Cr–
Al-doped NiZn ferrite, Ni2þ cations have octahedral site
preference, Zn2þ cations prefer to occupy the tetrahedral sites,
and Fe3þ can occupy the both octahedral and tetrahedral sites.
It is worthy to note that, the total magnetization of the lattice
originates from the difference between the magnetization of
octahedral and tetrahedral sites, which can be described as
M¼ |Mb�Ma| The magnetic moment in ferrite is mainly due to
the uncompensated electron spin of the individual ions and the
spin alignments in the two sublattices, which are arranged in
an antiparallel mode. In a spinel ferrite, each ion at the A site
has 12 B-site ions as the nearest neighbors. According to
Neel's molecular-field model [39], the A–B superexchange
interaction predominates the intrasublattice A–A and B–B
interactions. Therefore, the net magnetic moment is given by
the sum of the magnetic moments of the A and B sublattices.
In case of Cr–Al-substituted Ni–Zn ferrite, the Fe3þ cations
are replaced by Cr3þ and Al3þ ions, leading to a decrease in
the B-site sublattice magnetization. Therefore, the magnetiza-
tion of the B sublattices decreases, which leads to a decrease in
the net magnetization. The decrease in magneton number is
explained by the A–B interaction. In the present case, Cr3þ

and Al3þ ions with low magnetic moment values, (3mB) and
near zero, respectively, replace Fe3þ ions of high magnetic
moment (5mB). According to the cation distribution data from
Mössbauer spectra, Cr3þ and Al3þ ions occupy octahedral B
sites. This placement leads to a decrease of the magnetic
moment of the B site, and therefore the Bohr magneton
number decreases with substitution. The magnetization is a
function of the number of directed spins per unit volume.
Thus, the decreasing of the saturation magnetization with
increasing content of doped cations is caused by a reduction in
the number of directed spins per unit volume. Furthermore, the
decrease in saturation magnetization may be attributed to the
hard reversible displacement or domain wall movement in the
direction of the applied magnetic field. For this displacement to
occur, the energy of the domain wall pinning must be greater
than that of the applied external field. Thus, the harder the
displacement, the smaller the saturation magnetization [40]. It
is well known that the coercivity is highly dependent on major
parameters such as the particle size and anisotropy constant.
By decreasing particle size, the coercivity typically increases
[41]. The coercivity for uniaxial system and submicron
particles is expressed by

Hc ¼ 2K1=moMs ð4Þ
In this equation, K1 is the first anisotropy constant, mo is
permeability of free space, Ms is the saturation magnetization,
and Hc is the coercivity. The coercivity can be altered by heat
treatment or deformation and thus is independent of saturation
magnetization. Regarding the FE-SEM micrographs, the par-
ticle size is decreased by increasing substitution and conse-
quently influences coercivity. In other words, a decrease in
particle size results in an increase in coercivity. Experimental
investigation of the dependence of coercivity on particle size
showed that the coercivity Hc increases with decreasing grain
size D down to values of about 40 nm, independent of the kind
of material. The increase of Hc is proportional to 1/D. The
reason for this is that in small particles the formation of a
closed magnetic flux becomes energetically less favorable so
that the magnetic domain size with a uniform magnetization
becomes more and more identical with the grain size. This
grain size is defined as the first critical size (Dc, which is
characteristic of each material) where the multidomain materi-
als change to a monodomain material. This leads to a strong
increase of the coercivity (or high remanence) because a
change of magnetization in this case cannot happen only by
shifting the domain walls which normally requires only a weak
magnetic field [42]. Similarly, microstructural defects such as
porosity greatly influence the coercivity. According to
FE-SEM micrographs, the porosity content of the powders
was increased with increasing substitution. Porosity affects the
magnetization process because the pores work as a generator
of a demagnetizing field. As the porosity increases, a higher
field is needed to push the domain wall, increasing Hc. The
saturation magnetization is related to Hc through Brown's
relation [43]. According to this relation, Hc is inversely
proportional to Ms, which is consistent with the obtained
experimental results. Thus, the smaller the saturation magne-
tization, the larger the coercivity.

4. Conclusions

The Cr–Al doped NiZn ferrite Ni0.6Zn0.4Fe2�xCrx/2Alx/2O4

(x¼0–0.5) particles were synthesized using conventional sol–
gel process. The XRD results confirm the formation of single-
phase cubic spinel structure for all the samples. The diffraction
angle of the nanoparticles shifted to higher degrees due to a
decrease in lattice constant with increasing substitution.
According to FTIR analysis, there are two peaks in the range
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of 400–600 cm�1 which are the characteristic bonds of the
spinel structure. The low frequency bonds, typically observed
in the range of 450–400 cm�1, are assigned to the metal–
oxygen stretching at octahedral site, Mocta2O. These char-
acteristic bonds revealed the replacement of Cr–Al doped
cations instead of Fe cations in the crystal structure. The FE-
SEM micrographs revealed the formation of particles with
500 nm to 4 mm in size. The as-prepared Cr–Al doped NiZn
ferrite particles being almost large in size, a tendency towards
agglomeration is observed. According to Mössbauer spectra,
the Cr–Al doped cations prefer to occupy the octahedral sites.
The hysteresis curves of the particles exhibited the reduction of
saturation magnetization with an increase in substitution value,
which is due to substitution of paramagnetic cations in
octahedral sublattices. The magnetic characteristics represented
the ferrimagnetic behavior among the particles.
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