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A B S T R A C T

NiXZn1�XFe2O4 ferrites with (X = 0.28–0.40 in step of 0.2) have been synthesized by oxalate precursor

method and investigated for their, initial permeability and loss factor measurements. Initial

permeability has been observed to increase with the increase in Ni2+ up to X = 0.32, beyond which it

decreases. The variation of initial permeability has been explained by considering the factors such as

grain size, saturation magnetization and anisotropy constant. Thermal variation of initial permeability

reveals a peak height in mi–T curves which tends to increase with increase in Ni2+ content. mi–T curves

also exhibit thermal hysteresis, which reveals the inverse relationship between the difference in heating

and cooling curves at which hysteresis falls between Hopkinson peak and Tc with value of initial

permeability. Loss factor values are small which is attributed to high density of the samples and

processing techniques.

� 2010 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Materials Research Bulletin

journa l homepage: www.e lsev ier .com/ locate /mat resbu
1. Introduction

Ni–Zn ferrite is extensively studied due to its remarkable
magnetic properties and low production cost. Ni–Zn ferrite has
been widely used in inductors and electromagnetic wave absorber
that require high value of initial permeability [1]. Microstructure
and magnetic properties of Ni–Zn ferrites are highly sensitive to
the method of preparation, sintering conditions and amount of
constituent’s metal oxides, impurities or doping level [2].
Improvement of initial permeability is important for ferrites,
which makes them technologically important materials. The
method of preparation and conditions of sintering profoundly
influence the magnitude of initial permeability [3].

Ni–Zn ferrites are commonly synthesized using conventional
ceramic method which involves direct mixing of constituent’s
oxides. Prolonged heating at high temperature is partly disadvan-
tageous as it leads to volatization of some constituents such as Zn
and Li giving rise to non-stoichiometric product [4,5]. In contrast,
soft chemical route yields metastable product, with better control
over stoichiometry, structure, particle size and phase purity [6].
Many workers have studied the magnetic properties of Ni–Zn
ferrites with various substitution synthesized by ceramic method
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[2,4,7–15] as well as soft chemical route [16–25] such as
combustion, hydrothermal, citrate and sol–gel methods.

Improvement of initial permeability is possible by densification
and improvement in grain size with the control of the microstruc-
ture. However, using chemical route, large grain size cannot be
achieved as a result, the courses left for improvement of initial
permeability is improvement of bulk density and reduction of
crystal anisotropy. We, therefore, decided to synthesize the Ni–Zn
ferrites by chemical route with an intention to improve initial
permeability by achieving high-density material through small
grain size.

2. Experimental details

The oxalates were synthesized by a method suggested by
Wickham [26] and subsequently modified by Bremer et al. [27] for
synthesis of Mn–Zn ferrites. The oxalate precursor for synthesis of
ferrite has been widely employed and found convenient, since it
yields a homogeneous product in short time [28]. Oxalates are
generally preferred because of their low solubility; low decompo-
sition temperature and fine particle yield [29]. Their prime
advantage is in achieving intimate mixing on an atomic scale
resulting in the formation of true solid solution [5]. This uniformity
in starting materials favors the diffusion dependent formation of
homogeneous spinel at low temperature. For each composition
iron acetate was prepared by adding AR grade glacial acetic acid to

http://dx.doi.org/10.1016/j.materresbull.2010.06.058
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the required quantity of iron metal powder and distilled water to
make a solution. To avoid the oxidation of Fe II to Fe III, the entire
reaction was carried out in CO2 atmosphere instead in N2

atmosphere [27].
Required quantity of nickel acetate, zinc acetate and iron

acetate as synthesized above (total metal ion concentra-
tion = 0.45 M) were slowly added to ammonium oxalate solution
(0.60 M) to precipitate the required oxalate in order to maintain
the desired stoichiometry. Metal acetates are the best starting
materials since they yield acetic acid as a by-product [30]. The
above-synthesized acetates were slowly added to hot ammonium
oxalate solution to precipitate the required oxalate complex which
is then filtered and dried. In this manner, various oxalate
complexes having the chemical formula NiXZn1�XFe2 (C2O4)3�nH2O
H2O where X = 0.28, 0.30, 0.32, 0.34, 0.36, 0.38, 0.40 were
synthesized and decomposed at 623 K for 3 h. The decomposed
powder obtained was used to prepare a toroid of OD = 2.5 cm and
ID = 1 cm, by applying a pressure (1.07 � 109 dyne/cm2). Final
sintering was carried out in air atmosphere at 1323 K for 10 h
followed by slow cooling.

The initial permeability measurements of toroid samples were
taken using HP-4284 A LCR precision meter from room tempera-
ture to the Curie temperature at 1 kHz from low field inductance
measurements of coils with toroidal cores using the relation:

mi ¼
L

0:0046N2h log d2=d1

" #

where L is the inductance in mH; N is the number of turns; d2 is the
outer diameter; d1 is the inner diameter; h is the height of core in
cm; mi is the initial permeability. The microstructural aspects were
studied with a scanning electron microscope (SEM: model JEOL-
JSM 6360). From SEM micrographs the grain size (D) was
calculated by using the line intercept method.

3. Results and discussion

3.1. Compositional variation of mi

From Table 1 it is clear that the initial permeability increases
with increase in Ni2+ content up to X = 0.32, thereafter it decreases
with further addition of Ni2+. The values of corrected initial
permeability (mic), wall permeability (mw), rotational permeability
(mrk), anisotropy constant (K1), saturation magnetization (Ms), %
density of sample (ra) and grain size (D) are given in Table 1. The
corrected initial permeability has been calculated using the
relation given by Globus et al. [31]:

ðmi � 1Þc ¼ ðmi � 1Þ dx

da

where (mi � 1)c = corrected initial permeability,
(mi � 1) = observed initial permeability, dx = X-ray density, and
da = observed density of sample (xylene method).

The initial permeability is dependent on the intrinsic param-
eters mainly the saturation magnetization Ms and anisotropy
Table 1
Data on initial permeability (mi), wall permeability (mw), rotational permeability (mr

magnetization (Ms), loss factor (LF) and indication of thermal hysteresis (DT) for NiXZn

X mi mw mrk D (mm)

0.28 1384 1220 164 –

0.30 1546 1363 183 0.84

0.32 1601 1412 189 0.73

0.34 1345 1186 159 0.91

0.36 1080 952 128 0.88

0.38 950 838 112 –

0.40 1030 902 128 –
constant K1—which depends on the temperature and are specific to
a given composition. The parameters of technological importance
that govern mi are microstructure, grain size, stoichiometry,
internal stress and crystalline defects.

In the present case, the variation of initial permeability (mi)
with Ni2+ content can be explained by considering the variation of
Ms, D and K1. From Table 1 it is clearly seen that the magnitude of
wall permeability mw is large in comparison with the rotational
permeability mrk, in all compositions. Thus it is concluded that the
main contribution to the initial permeability is due to wall motion.
Hence Globus model is applicable [31] for the present studies:

mi ¼
M2

s Dm

K1

where Dm = average grain size, K1 = anisotropy constant, and
Ms = saturation magnetization.

The values of Ms are obtained from vibrating sample
magnetometer (VSM) measurement and the values of (K1) are
calculated by taking the end values of the corresponding ferrites
and taking into consideration the stoichiometry of the composi-
tion.

From Table 1, it is seen that with increasing Ni2+ content, Ms and
K1 both increase in magnitude, whereas the grain size does not
exhibit a systematic trend. It is well known that the initial
permeability increases linearly with increase in grain size. The
linear relationship between mi and D is reported to be due to an
increased bulging volume of domain wall and decreasing domain
wall pinning by the grain boundaries with increasing grain size and
thus diminished demagnetizing effects [31]. In present study, the
initial permeability seems to be independent of grain size and
hence the effect of grain size has not been considered. As such Ms

and K1 have been considered to be responsible for the observed
variation of mi. From the Globus relation, it is understood that
initial permeability varies as the square of saturation magnetiza-
tion. From Table 1 it is seen that Ms increases as the content of Ni2+

increases. Ni–Zn system exhibits the Y–K type spin arrangement in
which the Y–K angles goes on decreasing with addition of Ni2+,
leading to increase in A–B interaction. Thus the change in
magnetization occurs due to the presence of Y–K angles in the
spin system on B site. Hence an increase in initial permeability
initially up to X = 0.32 can be attributed to increase in Ms. K1 also
increases with the addition of Ni2+ which should tend to decrease
mi. It however appears that effect of Ms on mi overtakes the effect of
mi on K1 and the overall effect is the increase of mi.

It is well known that the anisotropy makes definite contribu-
tions to the quantity like magnetic susceptibility, frequency of
ferromagnetic resonance, permeability and hysteresis [32]. This is
due to, the interaction between two magnetic dipoles and is
dependent on the arrangement of the magnetic spins in the lattice
and the nature of the magnetic ions. The spin orbit interaction of
magnetic ions involved makes a definite contribution to the
anisotropy. As a result of this interaction, the spin aligns
themselves in a direction perpendicular to the plane of the orbits,
which is fixed with respect to the crystal axis. Hence the
k), grain size (D), % observed density (%ra), anisotropy constant (K1), saturation

1�XFe2O4 ferrite system.

% ra �K1�103 erg/cm3 Ms (emu/gm) LF�10�5

99 1.3 36 0.99

96 1.6 42 0.85

97 1.9 47 0.78

96 2.6 49 1.1

97 3.8 53 1.6

96 5.0 58 2.2

95 5.8 61 1.96
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Fig. 1. SEM photograph for Ni–Zn ferrites X = 0.32.
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magnetization along one of the crystal axis is preferred. These
results in the increase of anisotropy energy, thus K1 increases as
nickel ferrite has the value of K1 about �6.3 � 103 erg/cm3. Thus
the decrease of initial permeability can be attributed to the
increase of anisotropy constant K1. At higher concentration of Ni2+,
mi decrease; this is so because K1 changes by a large magnitude
than Ms. Thus K1 plays a predominant role in decreasing mi at
higher concentration of Ni2+.

It is known that the thickness and chemical composition of
grain boundary are two critical factors in determining the
magnetic properties of ferrites. The thickness of grain boundary
affects the value of mi [33]. Samples of the same compositions with
nearly same grain size are found to possess different values of mi

because of the difference in non-magnetic grain boundary
thickness. The thickness of grain boundary depends on the misfit
which involves adjacent grains growing along different crystallite
lattice orientations, thus generating large plastic strains at the
grain boundaries disrupting the magnetic ordering and creating
non-magnetic regions. For Li–Cd ferrites, Bellad et al. [34] have
concluded that the increase in mi (when both Ms and D decreases)
can be attributed to the decrease in thickness of non-magnetic
grain boundary, which in turn decreases the domain wall energy
and allows the easy movement of domain walls. The higher the
grain boundary, higher will be the domain wall energy which in
turn leads to higher values of anisotropy constant. In present case,
the anisotropy constant K1 goes on increasing with addition of Ni2+

indicating that the domain wall energy increases, hence it
constrains free and easy domain wall motion. This reduces the
magnitude of initial permeability at higher concentration of Ni2+.

It is well known that the permeability of polycrystalline ferrites
can be described as the superpositions of two mechanisms, i.e. spin
rotation and domain wall motion [35]. The values of rotational
permeability and wall permeability have been calculated using the
formulae [36]:

mrk ¼ 1þ 2pM2
s

K1
mw ¼ mi � ðmrk � 1Þ

where Ms = saturation magnetization, K1 = anisotropy constant;
mrk = rotational permeability, and mw ¼ wall permeability.

From Table 1, it is seen that the magnitude of wall permeability
is very large in comparison with the rotational permeability in all
the compositions. Globus et al. [31,37] proposed a model, which
could account for observed linear dependence of initial perme-
ability and grain size. In this model, permeability due to wall
motion was linearly dependent on grain size while permeability
contribution due to spin rotation was independent of grain size. In
present data, there is no systematic variation in grain size and
initial permeability with increase in Ni2+ content. But from the
values of wall and rotational permeability, the contribution to
initial permeability is seen to be due to domain wall motion.

3.2. Microstructure

The SEM photograph of selected composition, which exhibits
high value of initial permeability in the system NiXZn1�XFe2O4 is
shown in Fig. 1. The following observations have been made:

(1) The grains are not separated by a large margin suggesting that
the intergranular porosity is minimum which is clear from the
high-density values of these compositions.

(2) The permeability does not exhibit one to one correspondences
with the grain size; further the grain size does not show any
particular trend with increasing Ni2+ content.

(3) The grain size is very small, i.e. <1 mm.
(4) There is a clear distribution in grain size.
In the present compositions, the low values of porosity (3–4%)
or full densification appears to be due to the fine particle nature
exhibited by ferrite composition under consideration. In order to
obtain a low porosity, it is useful to promote sintering rate by using
powders with large surface area and such a sintered reactive
powders are obtained from wet chemical preparation method such
as co precipitation technique. They have low porosity, high
densification and small grain size which are attributable to the
processing technique.

The ferrite composition with X = 0.32 which exhibit high value of
initial permeability and high density. However, the grain size for this
sample is low. The density values of the present samples are of the
order 96–97%, whereas their grain size ranges from 0.73 to 0.91 mm.
There is no definite trend for variation of grain size and density with
increasing Ni2+ content. Also the permeability does not exhibit the
linear dependence of grain size. But the values of initial permeability
are above 1000 for all the compositions. Li [38] examined the
samples of Ni–Zn ferrites from two commercial sources and found
the scatter in grain size dependency at small grain size and better
linearity at larger grain size. The relationship between permeability
and grain size will be generally linear only, if grain growth is normal
that is if all the grains grow pretty much at the same time and same
rate. This leads to a rather narrow range of final grain size.

3.3. Thermal variation of mi

Thermal and frequency variation of initial permeability (mi)
furnish valuable information about domain nature [39], Curie
temperature [40] and factors contributing to permeability [41].
Many workers [7,8,14,41a] have explored the behavior of mi as a
function of temperature. The parameters such as Ms, D and K1 are
responsible for the diversity of the thermal spectra of mi of the
ferrite sample. In present study, the variation of mi as a function of
temperature in the range from room temperature to the Curie
temperature have been shown in Fig. 2(a)–(g). The following
observations have been made:

(1) For the compositions with X = 0.28, 0.30, 0.32, 0.34:
(a) There is no peaking behavior in mi–T variation.
(b) The permeability does not change with temperature up to

the certain temperature.
(c) Initial permeability drops with temperature near Tc and

becomes zero at Tc.
(d) All the compositions are single phase as double Tc or

gradual variation of mi with T has not been observed.

For these above compositions, the initial permeability does
not change with temperature up to certain temperature. This
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Fig. 2. (a–g) Thermal variation and thermal hysteresis of initial permeability for Ni–Zn ferrite system.
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behavior is explained by considering the compensating effects
in Ms and K1 with temperature. Kakatkar et al. [3] have reported
mi–T curves for Ni–Zn ferrites and observed a very small
decrease in mi over the temperature range of their experiment.
They have attributed this behavior to the compensating effects
in Ms and K1 with temperature, however the shape of the curves
was not affected by the addition of Zn2+ (except the magnitude
of mi). Similar behavior of mi–T curves have been reported by
Sankpal et al. [42], they have not noticed any profound peaking
behavior in mi–T variation. They have attributed this behavior
to the rate of change of Ms and that of anisotropy field with
temperature is the same. This type of peak may be below the
room temperature region and some workers [24,25] have
observed such a peak. Thus for these composition, it can be
concluded that the peaking behavior is absent due to the
anisotropy constant K1 which does not change its sign within
the temperature range of the experiments.

(2) For the compositions with X = 0.36, 0.38, 0.40:
(a) The initial permeability increases slowly with temperature

and exhibits a peak near the Curie temperature.
(b) The peak height increases with the increase of Ni2+ content.
(c) The peaking temperature increases on the addition of Ni2+

content.
(d) Near Tc, mi fall rapidly and become zero at Curie

temperature. The sharp fall suggests the single-phase
formation of ferrite material. Many workers [42,34] have
reported similar observation and conclusions.

In the above compositions, increase of mi with temperature can
be explained as follows.

The anisotropy constant and saturation magnetization usually
decrease with the increase in temperature due to the thermal
agitation, which disturbs the alignment of magnetic moments [43].
But the decrease of K1 with temperature is much faster than Ms

[44]. When K1 goes through zero, mi attain its maximum value and
then drop to zero above Tc.

The peak height increases with the increase of Ni2+ content
which can be related to the rate of change of Ms and K1 with
temperature. The increase in Ni2+ content results in net increase in
magnetic moment, which leads to increase in anisotropy constant.
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Fig. 3. Frequency variation of initial permeability.
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Thus peak height increases with increase in Ni2+ content. Drofenik
[45,46] has reported that the distant pores rather than the grain
size account for the variation in permeability. Samples with giant
grain and induced porosity owing to exaggerated grain growth still
had higher permeability’s than those with normally grown grains,
provided the distance between pores were the same and concluded
that the large grained samples were less sensitive to grain
boundary effects and thus the m versus T curve was more peaked.
Thus for these compositions, it can be concluded that the peak in
mi–T variation are due to change in sign of K1.

3.4. Thermal hysteresis in mi–T curves

Loeac [47] has classified thermal spectra of mi into two
categories as follows: (1) Ferrites exhibiting one peak in mi called
Hopkinson peak near Tc followed by steady decrease of mi with
increasing temperature. (2) Ferrites exhibiting an additional peak
at lower temperature.

Loeac classified two types of hysteresis on the basis of his
observations are

(1) Far below Tc, permeability obtained during heating is always
lower than that of obtained during cooling.

(2) Between the Hopkinson peak and Tc, the heating curve is
beyond cooling one. He attributed this thermal hysteresis to
domain wall topography.

From the thermal hysteresis curve of present ferrite system
(Fig. 2), the following observations have been made:

(1) Two types of hysteresis are observed—first is below Tc and
second one is between Hopkinson peak and Tc.

(2) Permeability obtained during heating is lower than that
obtained during cooling, indicating that Ms and K1 changes
differently with respect to temperature during cooling and
heating.

(3) Peak in mi–T variations during heating cycle occurs at a higher
temperature than that observed during cooling cycle, indicat-
ing that K1 changes its sign at two different temperatures.

(4) The mi–T variation also shows two slopes in the region where
the heating begins. This may be due to different rates of change
of Ms and K1 with respect to temperature.

(5) All mi–T curves clearly indicate the inverse relationship
between the variation of difference in heating and cooling
curves at which hysteresis falls between Hopkinson peak and Tc

with the value of mi. It has been already concluded that the
peak in mi–T variation is attributable to the sign of K1. Two
different paths of mi, one during heating and other during
cooling indicates that the values of K1 and Ms during heating
and during cooling are different ultimately leading to the
hysteresis effect. The slopes of mi–T curves near Tc appear to be
the same.

(6) Permeability curves during heating cycle and that during
cooling cycle meet each other at a point called the crossing
point which tends to increase with increase of Tc and Ni2+

content. This point signifies the fact that the rates of variation
of Ms and K1 with respect to temperature are identical during
heating and cooling cycles.

Globus and Duplex [48] explained hysteresis I as follows—when
cooling from Tc, near the Hopkinson peak, K1 is at first small and as
Ms increases more rapidly, it is easy for the magnetization and the
domain walls to align themselves along the director circles of
torus. At lower temperatures, where K1 is large and the easy
directions in such a way that the alignment becomes worse
influence the topography of the domain walls. So the values of
permeability is lower than that due to ideal toroidally symmetri-
cally configuration. On heating the sample again from this low
temperature, the pinning forces tend to maintain the domain walls
in their previous positions. Therefore the alignment is not as good
as that during the cooling run involving the hysteresis character-
ized by lower value of mi.

Loeac [49] has explained the hysteresis II as follows; the
hysteresis appearing in the vicinity of Tc can also be explained by
the effect of competition between Ms and K1 on the alignment of
the domain walls. For this he considered the decrease of
temperature from above Tc. On crossing the transition point, the
material is magnetized spontaneously and this is accompanied by
the appearance of domain walls. At that temperature, both Ms and
K1 are small and there is no contribution favorable to the alignment
of the domain walls and as each grains has three or four easy axes
according to the sign of K1. The domain walls remain relatively
disordered until the increasing Ms tend to align them. This also
explains the Hopkinson peak, which could correspond to the best
alignment before the increasing influence of K1.

Approaching Tc during the heating run, on the other hand, the
material returns from the situation (Hopkinson peak) where both
K1 and Ms are decreasing but the domain walls have previously
been aligned by high Ms. At a certain temperature between
Hopkinson peak and Tc this situation is more favorable to a higher
permeability, leading to hysteresis. The explanations put forward
by these workers are applicable to our materials, since the
observations are similar.

3.5. Frequency variation of mi

Variation of mi with frequency in the range 20 Hz to 1 MHz is
shown in Fig. 3. It is seen that the initial permeability is almost
constant and increases sharply at higher frequency except for the
little variation at low frequency. The major contribution to mi is
due to domain wall motion, which is manifested here by the low
frequency dispersion effect observed. The occurrence of dispersion
and absorption at frequencies in the region of 1 MHz was first
established experimentally by Snoek, who attributed the phe-
nomenon to the spin resonance in the internal anisotropy field.
Rado and his co-workers believed that the absorption observed at
higher frequency which is attributable to rotational resonance in
the combined anisotropy-demagnetizing field. They attributed the
lower frequency region to domain wall displacement, which they
believed to make the major contribution to the initial permeability.
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In the present ferrite system, the dispersion at higher frequency
is attributable to spin resonance in the internal anisotropy field
and that at lower frequency to the major contribution of domain
wall motion to the initial permeability. Similar results were
concluded by Sankpal et al. [42].

3.6. Loss factor

Loss factor is defined as LF = tan d/mi. This parameter should be
as low as possible, because the ferrites were almost exclusively
used as a core material for coil carrying low level power and having
as their main characteristics, a low loss factor [49].

Some workers [42,18] have reported work on loss factor.
Recently Anilkumar et al. [18] have shown that the frequency, at
which the loss factor gives a minimum, strongly depends on the
microstructural features of Ni–Zn ferrites.

Form Table 1, It is seen that the loss factor first decreases with
the addition of Ni2+ up to X = 0.32 and thereafter it increases. As
Ni2+ content is increased, the net magnetic moment of resulting
system increases. The magnetic energy applied to the substance
will orient the magnetic moment vector towards the preferred
easy direction. As a result, the some of magnetic energy is lost or
not utilized in orienting the magnetic moment vectors, hence the
loss factor arise. With increasing Ni2+ content, the net magnetic
moment increases, majority of magnetic energy is utilized in
orienting the magnetic moment towards easy direction, hence the
loss factor shows decreasing trend initially. For X = 0.32, loss factor
is least whereas initial permeability is highest. For this composi-
tion, the net magnetic moment is maximum hence out of total
magnetic energy, small amount of energy is lost, and hence the loss
factor has least value. Beyond X = 0.32, loss factor increases,
whereas initial permeability value shows decreasing trend, in this
region the rate of increase of K1 is faster than that of Ms, hence out
of the applied magnetic energy, less energy is utilized in orienting
magnetic moments towards easy direction, thus there is more loss
of magnetic energy. In other words, the loss factors values
increases, with increase in Ni2+ content. The loss factor has very
small values, which may be due to very small grain size and high
density of the samples. Low value of loss factor is exhibited by the
ferrite compositions X = 0.32, this composition also exhibit high
value of initial permeability and very small grain size, indicating
that the loss factor depends on the grain size of the sample.

The variation of loss factor with temperature for the present
ferrite system is shown in Fig. 4. It is seen that, the loss factor tends
to increase slowly with the increase of temperature at lower
content of Ni2+ and in lower temperature. At higher content of Ni2+,

[(Fig._4)TD$FIG]

Fig. 4. Variation of loss factor with temperature for Ni–Zn ferrite system.
loss factor is invariant with increasing temperature. At higher
temperature, loss factor shows increasing trend. This increase in
loss factor is due to thermal randomization of domains. The
increase in temperature weakens the exchange forces between the
domains, due to this domain orient in random manner; this
ultimately results in phase transition from ferrimagnetic to
paramagnetic at Curie point. As temperature is increased, the
exchange forces get weakened due to which domain starts
orienting in random direction hence the loss factor increases
initially and when all the domains are oriented in random direction
the phase transition occurs. Almost all domains are randomly
oriented.

In Fig. 5, the variation of loss factors with frequency in the range
20 Hz to 1 MHz shown. It is seen that the loss factor decreases with
increase in frequency and attains a minimum value in the range of
50 to 100 kHz and at higher frequency the loss factor increases.
Kramer and Panova [50] explained that the increase of loss factor at
higher frequency is attributed to the phenomenon of domain wall
relaxation which involves the hindrance to the domain wall
motions of small grains by those of large grains where the later
type of grains are small in numbers. The occurrence of high value of
loss factor at lower frequency is due to the different types of wall
relaxation processes [51]. It is assumed that the magnetic energy
levels of a magnetic ion depend on the orientation of the
magnetization for each orientation there exists equilibrium
Boltzman distribution. In the moving wall the magnetization
Fig. 5. Frequency variation of initial permeability for Ni–Zn ferrite system.
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changes its directions and hence the energy levels, resulting in the
change in redistribution that occurs in a finite relaxation time t,
causing the magnetization to lag behind the applied field. The
maximum loss occurs at a frequency t = 1/v, which is proportional
to the conductivity [52]. Our observed variation appears to follow
the similar behavior.

4. Conclusion

NiXZn1�XFe2O4 ferrites with X = 0.28, 0.30, 0.32, 0.34, 0.36, 0.38
and 0.4 have been successfully synthesized by employing oxalate
precursor method. Initial permeability measurements reveals that it
increase with increase in Ni2+ up to X = 0.32, and thereafter
decreases. Thermal variation of initial permeability indicates that
peak height in mi–T curves increases with increase in Ni2+ content.
mi–T curves exhibits a thermal hysteresis, which reveals the inverse
relationship between the difference in heating and cooling curves at
which hysteresis falls between Hopkinson peak and Tc with value of
initial permeability. The studies on loss factor show decreasing trend
with the addition of Ni2+ up to X = 0.32 and thereafter it increases.
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