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In this work, Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06, 0.08, and 0.1) ferrites are synthe-
sized by sol–gel method, and study how relevant properties of the samples are modified accordingly.
The structural, morphological, magnetic, and electrical features of the ferrites are evaluated by X-ray
diffraction, scanning electron microscope, the Fourier transmission infrared spectra, vibrating sample
magnetometer, electron spin resonance, and network analyser. The lattice constant decreases with
chromium concentration and the decrease in lattice constant is attributed to the smaller ionic radius of
chromium compared to iron. Distribution of metal cations in the spinel structure, estimated from X-ray
diffraction data, show that along with Ni2+ ions, most of the Zn2+ and Cu2+ ions additionally occupy
the octahedral B sites. The Fourier transform infrared spectra revealed two prominent frequency bands
in the wave number range 400–600 cm−1 which confirm the cubic spinel structure. Magnetic properties,
such as initial permeability, saturation magnetization, and coercivity have been investigated at room
temperature. The frequency dependent dielectric constant is observed to decrease with the increased
chromium concentration. This behaviour has been explained in accordance with the Koops phenomeno-
logical theory.
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1. Introduction

Magnetic materials group consists of ferrite,
which is a general term utilized for any ferri-
magnetic ceramic material. Due to the intrinsic
atomic level interaction between oxygen and metal
ions, ferrite has higher resistivity of the order 105

to 107 Ω cm compared to ferromagnetic met-
als [1–5]. This enables the ferrite to invention ap-
plications at higher frequencies and makes it tech-
nologically very valuable. The main composi-
tion of iron oxide and metal oxides are ferrites.
Among the different spinel ferrite material, nickel
ferrites are of great importance due to their ex-
cellent chemical stability, high electrical resistivity,
high coercivity, and moderate saturation magne-
tization [6–12]. They belong to an inverse struc-
ture category. The important magnetic properties
originate mainly from the magnetic interaction be-
tween cations that are present in the tetrahedral A
and the octahedral B site [13–15]. The nickel fer-
rite and substituted nickel ferrite have been stud-
ied by a number of researchers due to their vast
applications. By substituting cations like copper
ions, the properties of nickel zinc ferrite materials
are further modified. The substitution of copper in

nickel ferrite enhances the properties of nickel fer-
rite, which are useful in many device applications.
Ni–Zn–Cu ferrites have emerged as important ma-
terials in recent years, owing to their potential ap-
plications in power transformers in electronics, an-
tenna rods telecommunication, loading coils, and
microwave devices. In the present paper, we re-
port the structural, magnetic, electric, and dielec-
tric properties of nickel–zinc–copper ferrite in order
to study the effect of chromium in B site.

2. Experimental

The sol–gel method is used to synthesize
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.1) ferrites. AR chemicals such as nickel
nitrate (Ni(NO3)2 · 6H2O), zinc nitrate Zn(NO3)2 ·
3H2O, copper nitrate (Cu(NO3)2 · 6H2O), fer-
ric nitrate (Fe(NO3)3 · 9H2O), chromium nitrate
(Cr(NO3)3 · 9H2O), and citric acid (C6H8O7) are
used for the synthesis process. The molar metal
nitrates to citric acid ratio are taken as 1:3. Am-
monia solution is added to maintain the pH-7.
The collected compounds are then dried in oven
for 2 h. First pre-sintering of powder is carried out
for 5 h at 1100 ◦C. The powder samples added with
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polyvinyl alcohol (PVA) as a binder are ground and
then pressed at 5 tons/5 min pressure into a circu-
lar disk shaped pellet. For further investigations
of electrical properties, the synthesized powder and
pellet is sintered for 5 h at 1200 ◦C and then used.
The surface layers of the sintered pellet are carefully
polished and washed in acetone, and then the pel-
let is coated with silver paste on the opposite faces
which act as electrodes.

The synthesized Ni0.5Zn0.3Cu0.2Fe2−xCrxO4

(x = 0.02, 0.04, 0.06, 0.08, and 0.1) ferrites are
characterized by standard techniques such as,
X-ray powder diffraction (XRD), scanning electron
microscope (SEM), electron spin resonance (ESR),
and network analyser. The XRD patterns are
recorded at room temperature in the 2θ range of
10◦ to 70◦ using CuKα radiation (λ = 1.5405 Å).
The Fourier transform infrared (FTIR) spectra
measurements are accomplished by Shimadzu
IR-Prestige21 instrument in transmittance method
with potassium bromide (KBr) as IR window in
the wave number region of 400 to 1300 cm−1. The
particle morphology of the powders is observed
using scanning electron microscopy images taken
from JEOL JSM-6610L. The magnetic properties
are measured using JEOL-JES-FA100 electron
spin resonance (ESR) with X-band and Lake
Shore 7400 vibrating sample magnetometer (VSM)
at room temperature. The impedance study is
performed by the Wayne–Kerr high frequency
LCR meter Model 65120 in the frequency range
100 Hz to 120 MHz at room temperature. Initial
permeability is determined by 10 turns of SWG
enameled copper wire on toroid’s and inductance
measurement is carried out at various frequencies
using the Wayne–Kerr high frequency LCR meter
Model 65120 in the frequency range 100 Hz to
120 MHz at room temperature.

3. Results and discussion

3.1. X-ray diffraction

The indexed XRD patterns for all the sam-
ples corresponding to the as-burnt powder of
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.1) ferrites are shown in Fig. 1.
It is indexed by different Bragg reflections that
the strongest reflection comes from the (311) plane,
which denotes the spinel phase. The pattern shows
clearly pure cubic spinel ferrite phase with the re-
flections belonging to (220), (311), (222), (400),
(422), (511), and (440). The analysis of the XRD
pattern reveals the formation of single phase com-
pounds. No extra peaks other than cobalt ferrite are
present in the prepared samples. The XRD data of
the present samples are used to determine the var-
ious structural parameters. From the X-ray peak
broadening of the (311) peak, the crystallite size of
synthesized ferrites is calculated using the Scherrer
formula. It can be seen from Table I that the val-

Fig. 1. X-ray diffraction patterns obtained for
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.1).

TABLE I

Lattice constant, cell volume, X-ray density, strain
and crystallite size of Ni0.5Zn0.3Cu0.2Fe2−xCrxO4

(x = 0.02, 0.04, 0.06, 0.08, and 0.1) ferrites.

x-value
Lattice

constant [Å]
Volume
[Å3]

X-ray
density
[g cm−3]

Crystallite
size [nm]

0.02 8.3572 583.6902 5.5047 5.623106
0.04 8.3532 582.8525 5.4983 6.969928
0.06 8.3031 572.4279 5.4726 7.315634
0.08 8.2922 570.1765 5.3690 14.04266
0.10 8.2861 568.9191 5.3689 9.292648

ues of the crystallite size vary in the range of 5.6
to 14.04 nm. The particle size is not the same for
all compositions, though all the samples are pre-
pared under identical condition. The variation of
crystallite size occurred due to preparation condi-
tion followed here, which gives rise to the different
rate of ferrite formation for different concentrations
of chromium.

The average value of the lattice parameter (a),
calculated from various Bragg’s reflections observed
in the XRD pattern of each samples are given
in Table I. The lattice constant a varies from
8.2861 Å to 8.3572 Å. One can see that the in-
crease of a values goes linearly with the increase
in chromium content from x = 0.02 to 1.0. This
dependence is shown in Fig. 2. The lattice con-
stant also depends upon the ionic radii of the dopant
ions. A decrease in lattice constant is observed to
increase in Cr3+ content in the synthesised ferrite
system. The decrease in lattice constant is reason-
ably expected, and can be attributed to the substi-
tution of smaller ionic radii of Cr3+ (0.64 Å) ions
as compared to that of larger Fe3+ (0.6 Å) ions in
the present ferrite system. It also causes an in-
crease in the interatomic spacing parameter d and
consequently lattice parameter increases. The vari-
ation of lattice parameter with chromium content x

356



The 100 years anniversary of the Polish Physical Society — the APPA Originators

TABLE II

Hopping length LA, LB, tetrahedral bond (dAL), octahedral bond (dBL), tetra edge (dAE), and octahedral edge
(dBE) (shared and unshared) of Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06, 0.08, and 0.1) ferrites.

x-value LA [Å] LB [Å] dAL dBL dAE dBE dBEU

0.02 3.5911 2.9547 2.0120 1.9792 3.2856 2.6237 2.9639
0.04 3.6170 2.9533 2.0110 1.9782 3.2840 2.6225 2.9625
0.06 3.5953 2.9355 1.9990 1.9664 3.2643 2.6068 2.9447
0.08 3.5906 2.9317 1.9963 1.9638 3.2600 2.6033 2.9409
0.10 3.5879 2.9295 1.9949 1.9623 3.2576 2.6014 2.9387

TABLE III

Cation distribution and intensity ratios of Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06, 0.08, and 0.1) ferrites.

x-value Cation distribution
I(220)/I(400) I(422)/I(440) I(220)/I(440)

Obs. Cal. Obs. Cal. Obs. Cal.
0.02 [Cu0.2Fe0.8][Ni0.5Zn0.3Fe1.08Cr0.02]O4 0.7474 0.7467 0.2589 0.2611 0.2849 0.2826
0.04 [Cu0.2Fe0.8][Ni0.5Zn0.3Fe1.06Cr0.04]O4 0.8892 0.8915 0.2509 0.2589 0.4843 0.4818
0.06 [Cu0.2Fe0.8][Ni0.5Zn0.3Fe1.04Cr0.06]O4 0.8228 1.1182 0.5028 0.4649 0.4634 0.5427
0.08 [Cu0.2Fe0.8][Ni0.5Zn0.3Fe1.02Cr0.08]O4 0.0212 0.0251 0.4147 0.5065 0.0138 0.0182
0.10 [Cu0.2Fe0.8][Ni0.5Zn0.3Fe1.00Cr0.1]O4 0.9335 0.9683 0.3339 0.3089 0.4789 0.4813

obeys the Vegard law. The value of lattice parame-
ter for the present nickel ferrite sample is found to
be 8.3259 Å which is fairly agreed with the reported
value. Similar type of variation in the lattice con-
stant is observed for chromium substituted cobalt
ferrite [15, 16].

The hopping length (LA and LB) between mag-
netic ions (the distance between the ions) in
the tetrahedral A-site and the octahedral B-site can
be calculated and the values of hopping lengths are
listed in Table II. The variation of hopping length
is decreased as chromium substitution shows similar
behaviour as that of the lattice constant. The result
is explained on the basis of variation of lattice con-
stant with dopant concentration and Table II shows
clearly the increase of LA and LB values.

3.2. Theoretical lattice constant

In order to verify the cation distribution, theo-
retical lattice parameter is calculated from the fol-
lowing relation, and compared with experimental
values

ath =

(
8

3
√

3

)
(rA − r0) +

√
3 (rB + r0) ,

where rA is tetrahedral site radius, rB is the octahe-
dral site radius, and r0 is the radius of oxygen ion
(1.32 Å). The ionic radius of the tetrahedral (rA)
and octahedral (rB) sites are calculated by using
the following relation:

rA =
[
0.2(Cu2+

A )r(Cu2+
A ) + 0.8(Fe3+A )r(Fe3+A )

]
,

rB =
[
0.5(Ni2+A )r(Ni2+A ) + 0.3(Zn2+

B )r(Zn2+
B )

+x(Cr3+B )r(Cr3+B ) + 2− x(Fe3+B )r(Fe3+B )
]
/2,

Fig. 2. Variation of lattice constant and unit cell
volume with dopant concentration.

where rNi2+ , rCu2+ , rZn2+ , rCr3+ , and rFe3+ are
the cationic radius of Ni, Cu, Zn, Cr, and Fe ions
taken from the work of Shannon. In Table III one
can see that the proposed cation distribution from
X-ray intensity calculations is in close agreement
with the real distribution. When the chromium
concentration increases, the rA and rB values de-
crease, as indicated in Table IV. The theoretical
and experimental lattice parameter is maintaining
the same decreasing trend. The difference, how-
ever, was found in the theoretical lattice constant
values, that are slightly smaller than those of ex-
perimentally determined. This variation is due to
the occupation of the chromium ions to the A-site
by replacing iron ions in B-site [17].

The oxygen parameter (u-value) is determined by
using

u =

[
(rA + r0)

1√
3a

+
1

4

]
.

357



The 100 years anniversary of the Polish Physical Society — the APPA Originators

TABLE IV

Ionic radii of tetrahedral A-site (rA), octa-
hedral B-site (rB), theoretical lattice constant
(ath) and oxygen positional parameter (u) of
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.1) ferrites.

x-value rA [Å] rB [Å] ath [Å] u-value [Å]
0.02 0.4593 0.7393 8.2310 0.3580
0.04 0.4585 0.7383 8.2270 0.3579
0.06 0.4476 0.7257 8.1769 0.3569
0.08 0.4453 0.7230 8.1660 0.3566
0.10 0.4439 0.7215 8.1599 0.3565

In spinel structure the oxygen positional parameter
is of the order of 0.375 Å, therefore the arrangement
of O2− ions are equal exactly to a cubic closed pack-
ing. Although, in our case u-value is found to be
0.3580 Å. This value is smaller than the ideal value
(u = 0.375 Å), which may be due to the history of
the samples, experimental or measurement errors.
It also may be attributed to small displacement of
anions from the ideal situation to form extended
tetrahedral interstices [18, 19]. Using the experi-
mental values of oxygen positional parameter u and
lattice parameter a, the interionic distances, i.e., oc-
tahedral and tetrahedral bond length dBL and dAL,
tetrahedral edge, shared and unshared octahedral
edge (dAE , dBE and dBEU ) are calculated, and the
values are listed in Table IV. It is clear that the val-
ues of dAE , dAL, dBE , dBL, and dBEU decrease with
increase in chromium concentration. This variation
may be attributed to the substitution of cation and
its distribution.

3.3. Fourier transform infrared spectroscopy

Figure 3 describes the FTIR spectra of
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.1) noted at room temperature at 350–
1300 cm−1 wave-number range. It can be observed
from the FTIR spectra that the appearance of two
persistent absorption bands corresponds to stretch-
ing vibration of octahedral complexes and tetra-
hedral at around ≈ 400 and ≈ 600 cm−1 con-
firms the formation of spinel ferrite structure [20].
We observe that all samples exhibit two prominent
absorption bands in the ranges ≈ 600 cm−1 (ν1)
and ≈ 400 cm−1 (ν2). The band ≈ 400 cm−1

(ν2) corresponds to the octahedral group complexes
(Fe3+–O2−), and the band ≈ 600 cm−1 (ν1) cor-
responds to stretching vibrations of the tetrahedral
groups (Fe3+–O2−). Table V presents different val-
ues of ν1 and ν2, and we notice that it varies slightly
due to the difference in the Fe3+–O2− distances
for the octahedral and tetrahedral sites. In this
present study, there are two major frequency bands:
lower frequency band (ν2) is observed at 400 cm −1

whereas the high frequency band (ν1) is observed at
600 cm−1. The higher frequency band (ν1) is nearly
constant for all synthesized compounds. The low

TABLE V

FTIR transmittance bands obtained for
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.1) ferrites.

x-value ν1 ν2
Kt × 105

[dyn/cm]
K0 × 105

[dyn/cm]
0.02 667.39 419.50 1.664 1.458
0.04 669.32 418.57 1.673 1.455
0.06 667.39 419.53 1.662 1.477
0.108 668.36 418.57 1.665 1.453
0.10 667.39 418.57 1.659 1.454

Fig. 3. FTIR spectra results obtained for
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04,
0.06, 0.08, and 0.1).

frequency band (ν2) is slightly shifted to the higher
frequency side, and broadening of the spectral band
is also observed to increase in chromium concentra-
tion [21]. Due to its higher atomic weight and larger
ionic radius than iron ions, which affects Fe3+–O2−

distances on B-sites, the broadening of the spectral
band and shift in (ν2) to higher frequency side is
attributed to the occupancy of chromium ions on
octahedral B-sites. Therefore, a slight shifting of ν2
bands towards low frequency is expected, because
an increase in site radius reduces the fundamen-
tal frequency and therefore, the centre frequency
of bands should shift to lower frequency side and
vice versa [22, 23].

3.4. SEM

The scanning electron microscope (SEM) pro-
vides morphological pattern of the synthesized
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04,
0.06, 0.08, and 0.1) ferrites samples presented
in Fig. 4a–e.

It is very clear from SEM images of the ferrite sys-
tem that the morphology of the particles is almost
spherical in shape, but agglomerated to some ex-
tent, due to the interaction between magnetic parti-
cles. We also observe that uniform sized grains are
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Fig. 4. SEM (a)–(e) and EDS (f)–(j) images of
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.1, respectively).

distributed throughout the surface which exhibits
decreasing trend together with chromium substitu-
tion. The particle size decreases significantly with
increasing dopant concentration, since the ionic ra-
dius of chromium is smaller than that of iron. The
clearness of SEM images of all our samples also re-
veals that there are no secondary phases. This phe-
nomenon is supported by the absence of additional
peaks in the XRD patterns. The micrograph of all
the samples exhibits the presence of a number of
smaller grains that are having large number of inter-
faces, which have a direct to the properties of these
ferrites. These microstructure modifications may
reflect the difference in the radii of the substitute
cations [24, 25]. The average grain size calculated
from the instrument is found to be in the nanome-
tre range of 10 mm. The specific surface area is
calculated by using the formula

S =
6000

Dρ
m2/g,

where ρ is the density of the particles measured
in g/cm3, D is the particle diameter in mm. With
the increase in dopant concentration, surface area
decreases, and this indicates the nanocrystalline na-
ture of the prepared samples. The decrease in grain
size increases the surface area. As observed from

the SEM images the porosity for all our samples is
smaller. It is well known that the crystallite size and
surface area play a significant role in the magnetic
properties of ferrites due to the size of the magnetic
domains.

The reliably quantitative composition analysis is
done through energy dispersive spectroscopy (EDS)
measurements. The values calculated in the present
system indicate that the stoichiometry of the sam-
ples has almost been maintained after sintering pro-
cess. The EDS spectra illustrated in Fig. 4f–j show
the presence of the elements (Ni, Zn, Cu, Cr, Fe,
and O) without impurities. From these results, we
confirm that the final composition of the samples
is the same as that of starting composition without
any extra impurity elements. The observed quanti-
tative results indicate that the chromium concentra-
tion increases in the samples as expected based on
synthesis method. The approximate compositions
estimated from EDS data agree well with stoichio-
metric chemical compositions.

3.5. Dielectric constant εr

In Fig. 5, we have presented the variation in
dielectric constant measured as a function of fre-
quency for all synthesized ferrites under investi-
gation at room temperature. It is observed from
Fig. 5 that with increase in frequency, the dielectric
constant decreases. There is no change in the be-
haviour of the dielectric constant for all different
dopant concentrations, which is a normal dielectric
behaviour of spinel ferrites. The decrease in dielec-
tric constant with frequency is exponential in na-
ture and analogous to the Maxwell–Wagner inter-
facial type polarization which is in agreement with
the Koops phenomenological theory. The maximum
dispersion of the dielectric constant is 0.08, which is
minimum for the sample. The maximum dispersion
is attributed to the fact that available ferrous ions
are higher than in other compositions. As a con-
sequence, it is possible for these ions to be polar-
ized to the maximum possible extent. The dielectric
constant decreased with the frequency of the exter-
nally applied field increases gradually (100 Hz to
120 MHz). This is because of the fact that, beyond
a certain frequency of the externally applied elec-
tric field, the electronic exchange between ferrous
and ferric ions cannot follow the alternating field

Fe2+ ↔ Fe3+.

The other fact is that the electron exchange between
Fe2+ and Fe3+ in an n-type semiconducting ferrites,
and the whole exchange between Ni3+ and Ni2+ ions
in p-type semiconductor ferrites cannot follow the
frequency of the applied alternating field beyond
a critical value of the frequency [26–29].

3.6. Dielectric loss tangent (tan δ)

The variation of dielectric loss tangent (tan δ),
as a function of frequency of the synthesized
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
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Fig. 5. Variation of dielectric constant with fre-
quency of Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02,
0.04, 0.06, 0.08, and 0.1).

Fig. 6. Variation of dielectric loss tangent with fre-
quency of Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02,
0.04, 0.06, 0.08, and 0.10).

0.08, and 0.10), is presented in Fig. 6, and an in-
creasing trend with increasing frequency shows loss
in the dielectric. The values of tan(δ) depend on a
number of factors such as a structural homogene-
ity and carrier concentration. The dielectric loss
tangent increases exponentially with an increase in
frequency. On the basis of the Maxwell–Wagner
interfacial polarization, the observed behaviour of
dielectric loss tangent can be explained. The com-
positional dependence of dielectric loss tangent in-
creases with chromium concentration. The proper-
ties of spinel ferrites, that are of prime concern to
users or designers, are mainly dielectric properties,
such as dielectric tangent loss factor and dielectric
constant. This can be attributed to the decreases in
resistivity which causes reduction in dielectric loss
tangent [30, 31].

3.7. DC resistivity (ρ)

Figure 7 shows the variation of DC resistivity
with frequency for the synthesized ferrites. It is
found that with increase in the frequency, the resis-
tivity also increases.

Fig. 7. Variation of log(ρ) with frequency of
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.10) ferrites.

In case of ferrites, it is well known that electrons
hop between Fe2+ and Fe3+, and holes hop between
Ni3+ to Ni2+ in B-sites. Attributing to the fact that
the ionic radius of Cr3+ (0.64 Å) ions is smaller
than that of Fe3+ (0.67 Å) ions in the present fer-
rite system, during chromium substitution in iron,
a part of chromium or iron will occupy the tetra-
hedral sites, by displacing the octahedral sites, and
this leads to decrease in resistivity. This increase
in the Fe3+ or Cr3+ ions in octahedral sites will in-
crease the number of Fe2+, Fe3+ or Cr2+ or Cr3+
pairs octahedral sites, which increases the conduc-
tivity of ferrites. Therefore the resistivity is de-
creased by the addition of chromium. The decrease
of resistivity might also be related to the decrease of
porosity since the pores are non-conductive, which
increases resistivity of the material. The resistiv-
ity decreases with the porosity because the charge
carriers on their way face pores [32].

3.8. Magnetic properties

The magnetic properties play an important
role in the applications of soft magnetic ma-
terials. At room temperature, the magnetic
properties of the synthesized ferrite samples of
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.10) are studied by using hysteresis loop.
The variation of saturation magnetization with ap-
plied field is shown in Fig. 8 for all compositions.
As a normal behaviour, the magnetization increases
with increase in applied magnetic field, and reaches
to its saturation value at high fields. It is observed
that saturation magnetization increases with in-
crease in cobalt concentration. The increase in sat-
uration magnetization is related to A–B interaction.
In the present case, Fe3+ ions having magnetic mo-
ment 5.92 µB are replaced by Cr3+ ions of 3.87 µB.
By using vibrating sample magnetometer, the sat-
uration magnetization (Ms) and magnetic moment
(nB) is determined. At room temperature, the val-
ues of saturation magnetization and magnetic mo-
ment are obtained.
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Fig. 8. Hysteresis loop presented for
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.10) ferrites.

The observed variation in saturation magnetiza-
tion is explained on the basis of the Néel theory.
According to the Néel theory the net magnetic mo-
ment is given by

nB = MB −MA,

where MB is the magnetic moment of B-sublattice,
and MA is the magnetic moment of A-sub lattice.

The magnetic moments of Ni, Zn, Cu, Fe, and Cr
are 2, 0, 1, 5, and 3 µB, respectively. Considering
cation distribution, the Néel magneton number are
obtained with expression

nB =
molecular weight×Ms

5585
,

where nB is the magneton number of the sam-
ples, Ms is the saturation magnetization of the
samples. The values of coercivity are confirming
the nanocrystalline nature of the synthesized fer-
rites. Further, it can be observed that with the
increase in chromium concentration, the coercivity
decreases. The coercivity values can be attributed
to the substitution of nonmagnetic chromium ions
in nickel ferrites. In general, the coercivity of fer-
rites depends upon magnetocrystalline anisotropy
constant, the average grain size, domain wall en-
ergy, and several other parameters. Decrease in
magnetic coercivity suggests decrease in magnetic
losses. Hysteresis loss is proportional to the coer-
civity of the material [33–35].

The decrease in crystallite size and increase in the
canting angle gives evidence that saturation magne-
tization and other magnetic parameters decrease as
a result of spin canting, due to decrease in particle
size. The observed magnetic behaviour cannot be
perfectly explained on the basis of the Néel theory.
The Yafet–Kittel model (YK) can explain the mag-
netic behaviour of the present samples. Thus, the
substitution of chromium in Ni–Zn–Cu ferrite leads
to decrease in saturation magnetization, magneton
number, coercivity, and remanence magnetization
magnetic properties.

3.9. Initial permeability (µi)

The compositional variation of initial permeabil-
ity measurements has been carried out using the
Wayne–Kerr network analyser at room temperature
at 20 Hz to 120 MHz. The initial permeability of
toroids is calculated by using

µi =
L

0.0046N2h log d2
d1

,

where L is inductance in µH, N is number of turns,
d1 is inner diameter in cm, d2 is outer diameter
in cm, h is height of the core in cm. The varia-
tion of initial permeability for all the synthesized
ferrites is shown in Fig. 9. From the figure, we ob-
serve that the permeability slightly increases grad-
ually with increase in concentration. The increased
permeability is due to the combined effect of in-
creased grain size, and increased densification. It
is also concluded that the low frequency disper-
sion may be attributed to the domain wall move-
ment. This is attributed to increase in grain size
with increase in concentration. Increasing concen-
tration may causes decreasing magnetic anisotropy,
thereby reducing the internal stresses and crystal
anisotropy, which may result in minimum hindrance
required for movement of the domain walls. There-
fore, initial permeability increases with increase in
dopant concentration [36–41].

3.10. ESR spectroscopy

The ESR spectra of as synthesized ferrite mate-
rials are shown in Fig. 10. The spectra of these
samples show a single broad signal with g-value ap-
proximately 2.0, indicating the presence of Fe3+,
Cu2+, Zn2+, Cr3+, and Ni2+ ions with dominance of
Fe3+ ions signal. The variation in ESR parameters,
such as peak-to-peak line width (∆HPP ), g-value
and spin concentration of paramagnetic centres
present in these ferrites, is discussed in terms of the
inter-particle magnetic dipole–dipole interactions

Fig. 9. Variation of initial permeability for
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.10).
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Fig. 10. ESR spectra results obtained for
Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04, 0.06,
0.08, and 0.10).

and super-exchange interactions. The inter-particle
super-exchange interaction between magnetic ions
(through oxygen) can reduce the value of peak-to-
peak line width. The magnitude of this interaction
is determined by the relative position of metallic
and oxygen ions. The g-value increases on increas-
ing chromium ions concentration in these ferrite
samples, due to strengthening of super-exchange in-
teraction via magnetic ordering within each sublat-
tice of ferrite through rearrangement of cation be-
tween A-site and B-site. Resonance field value de-
creases with increase in the chromium content in
these ferrite analogues with increase in intensity.
The decrease in linewidth, i.e., narrowing of reso-
nance derivative signal with respect to increase in
chromium concentration has been attributed to the
occupation of chromium ions at the octahedral B
site. The presence of Cr3+ ions in the octahedral
B-site causes a decrease in the magnetic moment
of B-sublattice. This causes an overall decrease in
total magnetic moment. This decrease in the mag-
netic moment of samples may be the reason for de-
crease in the linewidth of samples [42, 43].

4. Conclusion

The Ni0.5Zn0.3Cu0.2Fe2−xCrxO4 (x = 0.02, 0.04,
0.06, 0.08, and 0.10) ferrites are successfully syn-
thesized through sol–gel method. The percentages
of weight loss and gain have been obtained at dif-
ferent temperatures employing the thermal proper-
ties of synthesized ferrites. The X-ray diffraction
confirms formation of single phase ferrite with no
impurity. The SEM analysis indicates the uniform
grain growth and less agglomeration. The FTIR
spectrum exhibits two major absorption bands near
600 cm−1 and 400 cm−1 indicates the characteris-
tic features of spinel ferrites. The initial perme-
ability and dielectric loss tangent is found to in-
crease at high frequency. Dielectric study shows the
normal dielectric behaviour of all the samples and

strong influence of frequency. The saturation mag-
netization (Ms) and coercivity (Hc) get decreased
as chromium concentration increases. The present
study thus reveals that sol–gel method is found to
be one of the simplest effective chemical routes for
preparing wide range of ferrites for diverse applica-
tions.
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