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ABSTRACT

The polycrystalline Ni-Zn ferrite powder with the chemical formula NiggZng,Fe;04 has been synthesized
using co-precipitation route. The toroidal and pellet form samples were sintered at various temperatures
from 700 to 1300°C/5h in steps of 200 °C. The structures of samples were studied by means of X-ray
diffraction (XRD), scanning electron microscopy (SEM) and the energy dispersive X-ray spectroscopy
(EDXS). The magnetic and dielectric measurements were carried out using a vibrating sample magne-
tometer (VSM) and the impedance analyzer, respectively. The highest density of 4.48 g cm~3 was obtained
for the sample sintered at 1300 °C. It was found that the initial permeability increased from 4 to 17 and
the RLF was in the order of 10~3 to 10~ in the frequency range of 1.0 MHz to 1.0 GHz. The dielectric
constant and dielectric loss were lower compared to the reported values for conventional solid state
technique. The electrical resistivity is in the order of 108  cm. Therefore, low relative loss factor and
high resistivity make these ferrites particularly useful as inductor and transformer materials for high

frequency applications.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nickel-zinc ferrite is a soft ferrite with low magnetic coercivity
and high resistivity values [1]. The high electrical resistivity and
good magnetic properties make this ferrite an excellent core mate-
rial for power transformers in electronic and telecommunication
applications [2,3].

In the Ni-Zn ferrite, the electrical and magnetic properties are
highly sensitive to the stoichiometric composition, heat treatment
and preparation method. It is well known that nickel-zinc ferrites
are superior to most other ferrites for use at high frequency because
of their high electrical resistivity and low energy loss. However,
many of the findings on their excellent properties were obtained
using samples produced by the conventional ceramic processing
technique. This technique has been, for several decades, the most
common method for preparation of ferrites. However, some of its
inherent drawbacks are poor compositional control, chemical inho-
mogeneity, coarser grain size and introduction of impurities during
grinding [4]. Since wet chemical methods are widely believed to be
able to overcome these drawbacks, it is envisaged that nickel-zinc
ferrites with better properties can be obtained using these methods.
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Nowadays, more efforts are being carried out to develop higher
electric-magnetic properties and low-power loss materials in the
MHz frequency region. Thus, the research activity is directed to pro-
duce better stoichiometry and reproducible ferrites which involve
heat treatment at lower temperatures and shorter duration [5].
Specifically, the work is aimed evaluating the structure, morphol-
ogy and magnetic properties of the Ni-Zn ferrite prepared by
co-precipitation, with the view to increase the operational fre-
quency of the resulting ferrite samples.

2. Experimental methods
2.1. Synthesis

Nanocrystalline nickel-zinc ferrite was synthesized using the co-precipitation
route. The nitrates of nickel, zinc and ferric (99.99%) were used as raw materials.
Ammonia hydroxide (25%) was used as a base. Its salts are volatile on subsequent
heating and hence impurity of the isolated powders due to the precipitating reagent
can be avoided. The co-precipitation Ni-Zn ferrite, Nig sZngFe, 04, was prepared via
co-precipitation according to Eq. (1). The metal nitrates were separately dissolved in
distilled water using electronic stirrer at 300 rpm to form a clear solution. The result-
ing solution was mixed together and stirred for 3 h to give the homogeneous mixture.
The precipitating reagent was added drop-wise into metal solutions, contained in a
beaker, with constant stirring until a pH of 9 is reached. This is to assure the complete
precipitation [6]. The reaction temperature was kept at 85 °C for 45 min.

0.8Zn(NO3);-6H,0 + 0.2Ni(NO3);-6H,0 + 2Fe(NO3)3-9H,0 + 8NH,4(OH)
— NigsZng2Fe;(OH)s + 8NH4NOj3 -+ 24H,0 1)

The reaction was afterwards stopped and the resulting precipitates washed with
deionised water, and dried in an electric oven at a temperature of 110°C for
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Fig.1. The XRD patterns of NigsZngFe, 04 sintered at (a) before sintering, (b) 700 °C,
(€)900°C, (d) 1100°C, and (e) 1300°C prepared via the co-precipitation technique.

overnight to remove water contents. The dried powder was mixed homogeneously
in acleaned agate mortar and pestle. The powder was formed as pellet/toroid shapes
by using hydraulic press, applying a load of 60 kN for 5 min in each case. Finally, the
samples were sintered at different temperatures.

2.2. Characterization

Structural changes of powder particles were studied by X-ray diffraction (XRD)
inaPhilips X’PERT MPD diffractometer using filtered Cu Ka radiation (A =0.1542 nm)
obtained in the 26 range 20-70° using a scan step of (26)=0.0330° with 5s per step
as the counting. The microstructure of the sintered sample was examined by scan-
ning electron microscope (SEM). The Archimedes principle was used to determine
the density of the sintered toroids. Both the initial permeability, x;, and loss fac-
tor, RLF, were evaluated using the impedance analyzer model (HP 4291B) in the
frequency range 1 MHz to 1 GHz on the toroidal ferrite. Dielectric measurements
such as dielectric constant, €', and loss tangent, ¢”, were carried out in the frequency
range 1 MHz to 1 GHz on pellets form of samples at an operating voltage of 12 V using
impedance analyzer (HP 4291B). The resistivity of sintered Ni-Zn ferrite was calcu-
lated by measuring an average of electrical resistance of toroidal samples, coated
with asilver conductive paint and connected to the HP 34401A multi-meter. The hys-
teresis loop parameters were measured at room temperature by a vibrating sample
magnetometer (VSM) in the field of 15 kOe.

3. Results and discussion
3.1. Structural characteristics measurements

The X-ray diffraction patterns of Ni-Zn ferrites (Nig gZng ,Fe;04)
prepared by co-precipitation method before sintering and sintered
at different temperatures are shown in Fig. 1. The XRD patterns con-
firm the formation of the single-phase cubic spinel structure after
sintering. During sintering the zinc diffuses into the iron oxide lat-
tice, due to the low melting point of Zn, followed by diffusion of
nickel which leads to produce spinel Ni-Zn ferrite. Referring to
Fig. 1, there is no extra lines corresponding to any other crystal-
lographic phase or unreacted ingredient. All peaks observed match
well with those of Ni-Zn ferrites reported earlier [7].

The lattice parameters of the Ni-Zn ferrite sintered at different
temperatures calculated from the (3 1 1) diffraction peak are listed

Table 1
The physical properties of NiggZng,Fe;04 sintered at various temperatures.

inTable 1. The lattice constant of the samples was determined using
the relation [8]:

1/2

ag = dy i(h* + k% + 2) (2)

The lattice parameter depends upon the composition and sintering
temperature. As shown in Table 1 the lattice constant ay increases
as the sintering temperature increased. The lattice expansion may
be attributed to the reduction of Fe3* and formation of Fe%* ions
while ionic radius of the Fe2* (0.77 A)is larger than the Fe3* (0.63 A).
The lattice parameters, ag, for the sintered samples are found to
be in the range 8.356-8.365 A with the uncertainty +1.6 x 10—3 A,
These values are in a good agreement with those reported earlier
[9].

Furthermore, Table 1 shows the bulk density and porosity of
sintered Ni-Zn ferrite of composition NiggZng,Fe,04 at various
temperatures. It is observed that the bulk density increases as
sintering temperatures increase. The obtained density which is
between 4.99 and 5.1gcm™3 is lower than that produced by the
conventional route [7,10]. The total pores are directly related to
the density. Therefore, the higher heat treatment and longer dura-
tion will remove pore contents. Porosity of the order of 14-24%
is obtained for Ni-Zn ferrite of composition NiggZng,Fe,04 sin-
tered at various temperatures. The typical porosity which has been
reported for ferrites is in the range 7-25% [11]. The sintered den-
sity obtained is higher than that of Ni-Zn ferrites prepared by flash
combustion technique in normal heating [12].

3.2. Morphology (SEM)

The microstructure plays an important role in realizing many
application-oriented ferrite properties. The SEM micrographs
were taken to understand the microstructure of the prepared
NiggZngFe;04. The average grain size was determined using the
relation [13]:

_05L
-~ MN

where L is the total test line length; M the magnification; N is the
total number of intercepts. As shown in Fig. 2 and Table 2, grain sizes
increase with sintering temperature. Samples sintered at 700°C
possess comparatively very small grains less than 1 pwm while sam-
ples sintered at 1300°C possess much larger grains. The higher
grain size for the sample sintered at 1300 °C may be attributed to
the formation of Fe2* ions, which accelerate the growth rate of the
grains [14,15]. It is observed that grain size of the samples under
investigation is smaller than that prepared by ceramic method [16].

As illustrated in Fig. 2a, the microstructure of sample sintered at
700 °C shows that the grain boundaries are not completely formed
due to the low sintering temperature. There are combinations
of the neck and grain boundary. Neck is the solid bridge, which
was formed during heating of precipitated powders. The porosity
of ceramic samples results from two sources, intra-granular and
inter-granular porosities [17]. Thus, the total porosity is the sum
Pintra and Pjeer. From Fig. 2, most of the porosity is inter-granular.
However, in Fig. 2d, the grain growth increases dramatically and
the grain boundaries become thinner which makes distinguishing
between them is difficult. Generally, the grain growth is normal and

Ga (3)

Sintering temperature (°C) Experimental density (gcm—3)

Porosity (%) Lattice constant, ap (A)

700 3.47
900 4.01
1100 4.19
1300 4.48

24 8.356 + 1.6 x 103
21 8.358 + 1.6 x 103
18 8.361 + 1.6 x 103

14 8.365 + 1.6 x 103
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Fig. 2. SEM of Ni-Zn ferrites sintered at (a) 700°C, (b) 900°C, (c) 1100°C, and (d) 1300°C.

Table 2
Average grain size and resistivity of the NipgZng,Fe;04 sintered at different
temperatures.

Sintering temperature (°C) Average grain size (jum) Resistivity (€2 cm)

700 0.3 7.2 x 108
900 1.2 6.3 x 108
1100 2.1 5.4 x 108
1300 34 3.7x 108

most of the grains grow pretty much at the same time and same
rate.

Chemical composition analyses through EDXS were also car-
ried out on the sample sintered at 700 and 1300°C. The energy
dispersive X-ray spectroscopy (EDXS) results can confirm the sto-
ichiometry of the samples without the impurity in the sintered
samples as shown in Fig. 3. The compositions of the samples
obtained by EDXS analysis correspond to the expected chemical
formula NiggZng,Fe;04 are listed in Table 3. As listed in Table 3,
the zinc volatilization takes place at 1300°C.

3.3. DC electrical resistivity

The resistivity of the ferrite in general, depends on the density,
porosity, grain size and chemical composition of the samples. In
the present investigation, the DC resistivity of Nig gZngFe;04 sin-

tered at various temperatures is listed in Table 2. It is observed that
the resistivity of ferrite prepared under investigation is higher than
reported values of resistivity of ferrite prepared by ceramic [18].
Resistivity values of the order >108 2 cm are obtained which are
much higher than those of the reported values. This is attributed to
the small size of grains as mentioned in Table 2. The samples with
small grains contain a great number of grain boundaries. The grain
boundary acts as a barrier to flow of electrons resulting in increased
resistivity [19]. On the other hand, the main mechanism of con-
ductivity in ferrites is electron hopping between the divalent and
trivalent Fe ions, Fe2* « Fe3*, in the spinel lattice [20]. The oxidation
process of the smaller grain size is fast thus reducing the probability
of Fe2* ions [21]. Consequently, the resistivity increases. These are
the reasons for the sample with small grain size exhibits the higher
resistivity. It has been found from Fig. 4 that there is a reduction in
resistivity for Ni-Zn ferrite with increase of sintering temperature.
A similar trend was also reported by Naik and Powar [18] and Jain et

Table 3
The composition of NipgZng,Fe;04 at various temperatures.

Sample (NipgZng,Fe;04) Elemental composition (wt%)

Nickel Zinc Iron Oxygen
Sintered at 700°C 19.50 5.28 48.90 26.32
Sintered at 1300°C 19.28 4.54 48.78 27.4
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Fig. 3. The EDXS spectrum of NipgZng,Fe;04 pellets sintered at (a) 700°C and (b) 1300 °C.

al. [22]. The reduction in resistivity with increase of sintering tem-
perature has been attributed to the increase of Fe2* ions. During
heating, the electron hopping between Fe3* « Fe?* increases, due
to the zinc loss which causes increasing the formation of Fe2* ions at
higher sintering temperatures. This causes an increase of the con-
ductivity, inversely decreasing the resistivity. Also the reduction
of resistivity with increase of sintering temperature can be related
to the reduced porosity, increased grain size and increased density
which were obtained at higher temperature.

3.4. Dielectric behaviour

The dielectric properties of Ni-Zn ferrites were studied in the
frequency range from 1 MHz to 1 GHz at room temperature. Fig. 5
shows variations of the dielectric constant as the function of
frequency at room temperature (~25°C) for NiggZng,Fe,04 sin-
tered at various temperatures. Obviously, the dielectric constant
increases with sintering temperature. The maximum value of the
dielectric constant is obtained at 1.0 MHz for all samples. The vari-
ation of dielectric constant is not too much except for the sample
sintered at 1300 °C, which comparatively has higher values of the
dielectric constant.

The dielectric constant decreases with increase in frequency
for all samples as shown in Fig. 5. The decrease is rapid at lower
frequencies and slower at higher frequencies. The decrease in
dielectric constant with increase in frequency is a normal dielectric
behaviour which is also observed by several other investigations

Fig. 4. DC resistivity vs. sintering temperatures.

[12,23,24]. This treatment of ferromagnetic material may be due to
the interfacial polarization that is predicted by Maxwell and Wag-
ner. According to Maxwell and Wagner two-layer model [25,26],
space charge polarization is caused by inhomogeneous dielectric
structure in the material. It is formed by large number of well
conducting grains separated by thin poorly conducting interme-
diate grain boundaries. Rabinkin and Novikova [27] pointed out
that polarization in ferrites is similar to that of conduction. By
electron hopping between a ferrous ion and a ferric ion, the local
electron displacement occurs in the direction of applied field that
determines the polarization. At high frequency electron exchange
between Fe2* and Fe3* jons does not follow the applied field, which
causes a decrease in the contribution of interfacial polarization.
Thus, the dielectric constant decreases at high frequency.

Fig. 5 shows an increase in the dielectric constant with increase
in sintering temperatures which can be attributed to decrease in
porosity at higher sintering temperatures. The pores interrupt the
buildup of space charge resulting to a decrease in polarization.
Hence, the dielectric constant increases with an increased sintering
temperature.

Fig. 6 shows the variation in dielectric loss of Ni-Zn ferrites sin-
tered at various sintering temperatures. The values of dielectric loss
decrease with increase of frequency for ferrites sintered at various
temperatures. The dielectric loss arises due to the lag in molecular
polarization with respect to a changing electric field in a dielectric
medium. At higher frequency, when the dipole orientation cannot

Fig. 5. Frequency dependence of dielectric constant for NipgZng,Fe;04.
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Fig. 6. Frequency dependence of loss tangent for NiggZng,Fe;04 prepared via co-
precipitation.

follow the applied field, the absorption of energy leads to energy
dissipation. Itis observed that the values of dielectric loss are signif-
icantly lower compared to those reported for the ferrites prepared
by conventional method [28,29]. None of the samples exhibit a high
loss peak within the measured frequency range. If the period of
relaxation equals the period of the alternating field, the maximum
dielectric loss would occur. It can be concluded that the frequency at
which maximum in loss occurs in these samples is outside the fre-
quency range studied [30]. The low value of loss tangent indicates
qualities of the substance for high frequency applications.

3.5. Magnetic behaviour

3.5.1. Permeability

Fig. 7 describes the initial permeability results plotted against
the frequency in the range of 1.0MHz to 1.0GHz for the
NiggZngFe;04 sintered at different temperatures. It is obvious
that the sample sintered at 700°C gives the lowest initial perme-
ability and the widest range of operating frequencies (1-400 MHz).
The sample sintered at 1300 °C, on the other hand, gives the high-
est value of initial permeability. The initial permeability was found
to vary with sintering temperature. The initial permeability is
observed to be fairly constant over several order of frequency,
rises slightly, and then it falls rapidly. The decrease in permeability
implies onset of ferromagnetic resonance. The fairly constant y;
values over a large frequency range show the compositional sta-
bility and quality of the ferrites prepared by the co-precipitation

Fig. 7. Initial permeability vs. frequency measured at room temperature for
Nip.gZno,Fe,04 for different sintering temperatures.

Fig. 8. Relative loss factor vs. frequency for nickel-zinc ferrites.

method. This is a desirable characteristic for various applications
such as broadband pulse transformers and wide band read-write
heads for video recording.

The initial permeability value lies between 4 and 17 which is
lower than that reported [31]. Increase in permeability with sinter-
ing temperature can be attributed to increase in density and grain
size with sintering temperature [32]. Higher the density and grain
size, greater grain-to-grain continuity in magnetic flux leading to
higher permeability. Generally, the grain boundaries, local impu-
rities and microstructure defects are relevant for the appearance
of the domains with opposite magnetization and for the pinning
of domain walls. Thus, the increase in sintered density and dimin-
ished grain boundary caused the existence of very mobile domains
in the Ni-Zn ferrite. Also during grain growth pores become fewer
which act as impediments to domain wall motion due to pinning
of the wall.

Furthermore, the increase in the sintering temperature results
in a decrease in the magnetic anisotropy by decreasing the internal
stress and crystal anisotropy, which reduce the hindrance to the
movement of the domain walls [31]. Hence, the initial permeabil-
ity increased. It is also observed that the higher permeability has
a lower resonance frequency. However, a higher initial permeabil-
ity in this method can be achieved through controlling the grain
boundaries, which are dependent on the heat treatment.

The same trend is seen in the case of variation in relative loss
factor with respect to frequency as shown in Fig. 8. The RLF values
remain constant for all the samples and thereafter rising sharply.
The frequency at which the RLF value is minimum, called the
threshold frequency, is observed to vary with sintering tempera-
ture. The relative loss factor values are observed of the order of 103
to 10~4 in the frequency range of 1.0 MHz to 1.0 GHz. Samples sin-
tered at 700 °C are found to exhibit the lowest RLF values and over
a wider frequency range compared to those for samples sintered at
higher temperatures (~400 MHz). This is due to the small grain size.
The small grain size means an increase in number of grain bound-
aries which impedes the eddy current flows. The grain boundary
acts as a barrier which functions locally to reduce the hopping of
electrons between Fe2* and Fe3* ions in octahedral sites. In the case
of samples sintered at higher temperatures, there is a possibility of
structural change on account of zinc loss [33] which increases with
increasing temperature. The low RLF value indicates the high purity
of the samples obtained by the present method.

3.5.2. Hysteresis loop

Hysteresis parameters like coercivity, H¢, residual magnetiza-
tion, M;, and saturation magnetization, Ms of NiggZng,Fe;04
sintered at different temperatures are listed in Table 4.
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Table 4
Hysteresis parameters of NiggZng,Fe;04 sintered at different temperatures.

Sintering temperature (°C) Coercivity, Hc (Am~1)

Residual magnetization, M; (Am? kg=')

Saturation magnetization, Ms (Am? kg~1)

700 5809 8.95
900 5411 8.14
1100 4456 7.20
1300 4138 5.78

40
53
56
63

The measurements made at
(~25°C).

Fig. 9 shows the M-H loop of the NiggZng,Fe,04 prepared
sample. Obviously, the coercivity decreases by increasing the sin-
tering temperature. This is due to the increase of the average grain
size with sintering temperature. The larger grain tends to involve
more domain walls. Thus, the contribution of wall movement to
magnetization or demagnetization, which required lower energy
than domain rotation, increases. Therefore, the larger grains are
expected to have low coercivity. A decrease in residual magnetiza-
tion, M, is observed with an increase in sintering temperature. The
residual magnetization, Mr, has linear relationship with porosity.
Therefore, M; decreases with increasing sintering temperature.

The magnetization is a result of the simultaneous influence of
several intrinsic and extrinsic factors such as density and porosity
[33]. The origin of the magnetic moments is responsible for mag-
netization. The net magnetic moment of the spinel ferrite depends
upon the distribution of magnetic ions in A and B sites. As described
earlier, the Ni* ions have unpaired electron spins and prefer the
B sites. Therefore, Ni2* ions provide part of the magnetic moment
of a spinel. Zn%* is not paramagnetic (no unpaired spin) and occu-
pies the A sites due to the electron configuration exception. Fe2*
and Fe?* ions go into both sites, A and B. Zn ions are caused to dis-
proportionate the Fe ions on the crystal lattice sites. Thus, basic
magnetic properties of nickel-zinc ferrites come out from Ni2* on
the B sites and Fe2* and Fe3* ions on the A sites.

The M; values depend on the porosity and density. The relation
between Ms and porosity and density is expressed by [34]

were room temperature

Ms = (1 — P)8sd (4)

where Pis the porosity, d is density and §s = Ms (obs)/M;s (sat). From
this equation it is clear that the saturation increases with decrease
in porosity or increase in density. So, reduction of porosity with
sintering temperature could cause M; increased.

Fig. 9. Hysteresis loops for NiggZng,Fe,04 at room temperature.

4. Conclusion

Highly homogeneous Ni-Zn ferrite nanoparticles were prepared
by simple and economical chemical co-precipitation method. The
presence of Zn2* ions causes appreciable change in the struc-
tural, magnetic and electrical properties. The XRD patterns reveal
spinel cubic structure for the synthesized materials. The unit cell
parameter ‘a’ increases linearly with the sintering temperatures
from 8.356 to 8.365A. The grain size increases with heat treat-
ments, however, much smaller than conventional one. DC electrical
resistivity of the samples at room temperature was found to vary
from 7.28 x 108 to 3.7 x 108 Q cm from 700 to 1300°C sintering
temperatures. It has been observed that initial permeability and
RLF increase by increasing temperature. The RLF of the samples
was low due to the high electrical resistivity. The achievement of
this research is increasing the operational frequency range over
400 MHz which is obtained at low sintering temperature (700°C).
The dielectric constant of all the samples decreases with increase
in frequency.
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