J Supercond Nov Magn (2017) 30:1609-1617
DOI 10.1007/s10948-016-3964-6

CrossMark

@

ORIGINAL PAPER

Role of Synthesis on Physical Properties
of Nig.5Zn¢ sFe;O4Nanoferrite: A Comparative Study

B. Rajesh Babu! © . M. S. R. Prasad? - K. V. Ramesh?

Received: 30 October 2016 / Accepted: 23 December 2016 / Published online: 7 January 2017

© Springer Science+Business Media New York 2017

Abstract In this work, Nig 5Zng 5Fe;O4 nanoparticles have
been synthesized by coprecipitation, sol-gel and citrate-gel
auto combustion wet chemical methods. The as-synthesized
samples were sintered at 1073 K and characterized by X-ray
diffraction (XRD), Scanning electron microscope (SEM),
Fourier transform infrared spectroscope (FTIR), Vibrational
sample magnetometer (VSM), and DC electrical resistivity.
Analysis of x-ray diffraction patterns confirm the formation
of single-phase cubic spinel structure for all the sintered
samples under study. IR measurements also support the forma-
tion of spinel phase of the synthesized samples. Saturation
magnetization has been found to be increased after sintering.
Results showed that Ni—Zn ferrite prepared through Citrate-gel
auto combustion method has maximum saturation magneti-
zation, stable permeability, and high electrical resistivity.

Keywords Ni—Zn nanoferrite - Citrate-gel auto
combustion - XRD - IR spectra - Saturation magnetization
1 Introduction

More than half of the century, spinel ferrites have been
extensively investigated due to their remarkable magnetic
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and electrical properties. High-saturation magnetization,
electrical resistivity, low electric loss, and chemical sta-
bility make them useful for wide range of applications.
Among the spinel ferrites, Ni—Zn ferrite is an excellent core
material for power transformers in electronic and telecom-
munication applications. Current developments in the field
of power electronic devices are leading to miniaturization.
A size reduction is usually possible by increasing the oper-
ating frequency and the initial permeability. The frequency
of operation of these ferrites is directly proportional to
square of saturation magnetization, electrical resistivity and
inversely related to the grain size [1].

The structural, magnetic, and electrical properties of
spinel ferrites are sensitive to microstructure, which in turn
significantly depends on synthesizing method. In earlier
days, Ni—Zn ferrites are prepared by conventional ceramic
method. In this process, high temperature and long sinter-
ing times are required for better atomic mobility. However,
this prolonged heating at elevated temperatures favorable
for volatilization of some of the elements, leading to com-
position gradient, produce low surface area and undesirable
crystal growth [2, 3]. Thus, the obtained final products
are non-reproducible with coarser grain size, which limits
their performance to megahertz frequency. For this rea-
son, several researchers developed different preparation
routes to produce stoichiometric spinel ferrites with desired
properties.

Recently, spinel ferrites are synthesized at nanoscale,
which opens a new and exciting research filed, with numer-
ous applications in electronic technology [4]. The perti-
nent reason is due to the drastic changes in the electri-
cal and magnetic properties when the size of the particle
is reduced to nanoscale. Several authors reported on the
synthesis of nano-sized spinel ferrites using a variety of
wet chemical methods like auto combustion synthesis [5],
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co-precipitation [6], sol-gel [7], microwave sintering [8],
and hydrothermal [9] routes to synthesize homogeneous,
fine and reproducible ferrites. In addition, material scien-
tists and solid-state researchers are still curious to develop
new routes to synthesize nanocrystalline spinel ferrites with
improved electrical and magnetic properties due to the pos-
sible manipulation of matter at the molecular level and
control over the particle size. On the other hand, achiev-
ing superior electromagnetic properties at low sintering
temperature is also a tough challenge.

In this view of above-mentioned facts, it is thought that
a systematic comparative study would be very much useful
and essential in emerging nanotechnology. The present arti-
cle highlights the role of preparation method on structural,
magnetic, and electrical properties of Ni—Zn nano ferrites
synthesized via different wet-chemical routes.

2 Experimental
2.1 Preparation Methods
2.1.1 Coprecipitation Method

Nip 5Zng sFe;O4 nanoparticles have been synthesized by
using coprecipitation method according to the following
chemical route:

0.5Ni(NO3)2.6H,O  +  0.5Zn(NO3),.6H,O  +
2Fe(NO3)2.9H,O + 6NaOH — NigsZngsFe;O4+
6NaNOs+ 27H,0.

Required stoichiometric amounts Ni (NO3)2.6H,0, Zn
(NO3),.6H;0, and Fe (NO3)7.9H,O were taken as start-
ing materials dissolved separately in deionized water. These
solutions are mixed intimately and stirred for half an hour
to improve the homogeneity of the solution. The precipitat-
ing agent NaOH aqueous solution of 0.5 Mol was prepared
and added drop wise to the cationic solution with constant
stirring at room temperature. The addition of NaOH leads
to the formation of a brown massy precipitate at the bottom
of the vessel. The formation of precipitate was found to be
in the pH range of 12.5-13. Heating of the precipitate in its
alkaline condition was continued at a soaking temperature
of 100 °C for 1 h. The final solution was filtered off and
the precipitated composite was washed with distilled water
repeatedly to remove the salt residues and other impurities.
Finally, acetone was used to remove the free water content
from the particle surface and dried in an oven at 95 °C to
obtain the powder. The coprecipitated ferrite agglomerates
were then ground for half an hour to obtain loose powder.

2.1.2 Sol-gel Method

The stoichiometric amounts of iron, nickel, and zinc nitrates
were weighed and dissolved in deionized water separately
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(precursors). These individual precursors were mixed and
stirred for 1 h to achieve homogeneity and the final solu-
tion was heated to 60 °C. The required amount of aqueous
solution of polyvinyl alcohol is prepared (molar ratio of
nitrates to PVA is 1:1) and was added drop by drop to
the cationic solution under continuous stirring. As the time
proceeds, the gelation continued step by step and a red
gel-type massy product thus formed with the release of
fumy reddish brown gases around 100 °C. At this tempera-
ture, the red gel type product slowly converted into a bulky
fluffy mass and it was collected for further treatment. The
final residue was collected and grounded for 1-h further
treatment.

0.5Ni(NO3),.6H,O + 0.5Zn(NO3),.6H,0O +
2Fe(NO3),2.9H,0 + PVA — Nig 5Zng 5Fe;O4+ volatiles.

2.1.3 Citrate-gel Autocombustion Method

According to the chemical formula, Nig 5Zng 5Fe;O4 sam-
ple is prepared thorough citrate-gel auto combustion route,
using Ni, Zn, and Fe metal nitrates as starting compo-
sitions. The stoichiometric metal nitrate compounds were
weighed and dissolved in deionized water separately. Cit-
ric acid aqueous solution (molar ratio of citric acid to metal
nitrates solution is 1:1) was added to the metal nitrates solu-
tion to chelate (A chelating agent is a substance whose
molecules can form several bonds to a single metal ion,
i.e., chelating agent is a multidentate ligand) Ni**, Zn>*
and Fe3t in the solution. At the temperature about 100
°C, the solution boiled and froths due to dehydration and
under continuous elimination of water, the solution then
slowly transformed to a gel. Gelation continued in a step
process with further liberation of water molecules and the
thickness of the gel slowly increased until a red-type vis-
cous gel was formed with evolution of reddish brown gases
and the gel subsequently self ignited. Upon ignition, the
dried gel burns in a self-propagating combustion manner
until the total gel is completely burnt out and gave rise to
a fluffy, dry massy residue. The reaction is self-propagating
and is able to sustain this from 1 to 5 s typically, to form
the desired product. The as-burnt powders are collected and
ground using an agate mortar and pestle for 1 h to obtain a
loose ferrite powder. Nig 5Zng 5Fe;O4samples synthesized
through coprecipitation, sol-gel, and citrate-gel methods are
designated as S1, S2, and S3, respectively.

2.2 Characterization Techniques

As-synthesized Nips5ZngsFe,Os nano powders obtained
from coprecipitation, sol-gel, and citrate-gel auto combus-
tion methods were sintered at 1073 K for 4 h. These samples
were subjected to various characterization techniques to
study their structural, magnetic, and electrical properties.
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The powder x-ray diffraction (XRD) patterns were recorded
on the Pan-analytical X’Pert-PRO diffractometer using Cu—
K, radiation (A = 1.5406 A) at room temperature. Infrared
spectra have been recorded using Shimadzu Prestiage-21
FT-IR spectrometer in the standard KBr medium at room
temperature within the wave number range of 300 to 700
cm~!. Room temperature M-H loops were recorded on
Lakeshore vibrational sample magnetometer (VSM) mag-
netometer (model: 7410) for a maximum magnetic field
of 1.5 Tesla. Permeability measurements were done on the
Impedance Analyzer (Model: PSM 1735) for a small volt-
age of 1 mV in the frequency range of 1 kHz to 13 MHz.
DC resistivity measurements were carried out on pellets (10
mm in diameter, 4 mm in thickness) at room temperature
using two-probe method.

3 Results and Discussion
3.1 Phase Analysis and Lattice Constant

The x-ray diffraction patterns of as-prepared
Nig.5sZng sFe,O4 samples shown in Fig. 1. It is observed
that Nig 5Zng 5Fe;O4 prepared through sol-gel and citrate-
gel methods exhibit cubic spinel phase. Figure 2 shows
the x-ray diffraction patterns of NigsZng5Fe;O4 samples
sintered at 1073 K. The diffraction peaks corresponding to
(220), (311), (222), (400), (422), (511), and (440) match
well with reflections of the nickel-zinc ferrite reported in
the standard card (JCPDS card no.: 08-0234). The broader
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Fig. 1 X-ray diffractograms of as prepared Nip sZng 5sFe;O4 samples
prepared through a coprecipitation, b sol-gel, and ¢ citrate-gel methods

diffraction peaks suggest the nano crystalline nature of the
materials. It is evident that the as-prepared (Fig. 1) and sin-
tered (Fig. 2) samples processed through sol-gel and citrate
gel methods resulted in required nanoparticles of single
spinel phase, whereas after sintering for coprecipitation
sample (Fig. 2). The wet chemical method is relatively low-
temperature processing, faster, and economical compared to
the conventional ceramic method. However, in the present
case, it is observed that heat treatment is required for the
samples processed through coprecipitation method. The
lattice constant (a) for cubic system was calculated using
a=dvhr+k?+1? (1)
where h, k, and [ are the Miller indices, and d is the
interplanar spacing. Accurate lattice parameter has been
obtained by plotting a graph between lattice parameter
versus Nelson-Riley function, F(8) [10]. Figure 3 shows
Nelson-Riley plots of Nig 5ZngsFe;O4 samples sintered at
1073 K and the calculated lattice constants are shown in
Table 1.

3.2 Crystallite Size and Lattice Strain
The mean crystallite size D has been calculated from the exper-

imentally observed broadening of the most intense (311)
x-ray diffraction peak using Debye-Scherrer equation [11]
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Fig. 2 X-ray diffractograms of Nig 5ZngsFe,O4 samples sintered at
1073 K prepared through a coprecipitation, b sol-gel, and c citrate-gel
methods
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Fig. 3 Nelson-Riley plots of Nig 5Zng 5Fe,O4 samples sintered at 1073 K prepared through a coprecipitation, b sol-gel, and c citrate-gel methods

where k is the Scherrer factor (0.9), X is the wavelength of
Cu-K,, radiation (1.5406 A), and B is the full width at half
maximum (FWHM) in radians. The average crystallite size
(Dw_gn)is also estimated from Williamson-Hall method,
where one can easily separate crystallite size and micros
strain and the procedure has been given elsewhere [12].
XRD peaks are broaden due to (1) instrumental effect, (2)
smaller crystallite size, and (3) lattice strain in the material.
The lattice strain (1) has been calculated using the relation

which is obtained by modifying the Williamson and Hall
equation

2d|(k —1)|
n=—7

D 3)

where d is the lattice spacing for (311) planes, D is the
average crystallite size, and k (0.9) is the shape factor. The
average crystallite size of as-prepared, sintered samples and
lattice strain are shows in Table 1. In general, crystallite size

Table 1 Lattice constant (a),

average crystallite size Scherrer Parameter

As prepared/sintered

Coprecipitation (S1)  Sol-gel (S2)  Citrate-gel (S3)

(D311), and W-H method

(Dw_p) nanometers of as- Lattice constant As prepared - 8.3874 8.3903

prepared and sintered at 1073 a ((£0.004) A 1073K 8.4062 8.3979 8.3929

K Nig.sZno.sFe;04 samples Average crystallite As prepared - 23 30
size (D311) nanometer 1073K 37 20 24
Average crystallite As prepared - 20 25
size (Dw_pg) nanometer  1073K 33 17 28
Lattice strain As prepared - 0.0218 0.0201
) 1073K 0.0138 0.0228 0.0179
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Table 2 Cationic distribution ) _
estimated from intensity Sample A site B site 1220/ 1a00 1220/ 1422 1122/ Inoo
calculations (S/
coprecipitation, S2 sol-gel, S3 Obs. Cal. Obs. Cal. Obs. Cal.
citrate-gel method)
S1 ZngsFeg s Nig s5Fe; s 0.775 0.873 0.775 0.798 1.777 1.012
S2 7Zng 465Fe0.54 7Zng o35Nig sFeq 465 0.829 0.878 0.881 0.804 1.849 1.013
S3 Zng sFep s NigsFe; s 0.848 0.88 0.829 0.803 1.849 1.013
increases with sintering temperature. The observed decrease 3.4 Infrared Spectra

in crystallite size is ascribed to the increase in lattice strain.
3.3 Cation Distribution

In the present system, Cation distribution was calculated
from relative X-ray intensity calculations suggested by
Bertaut [13]. Intensity ratios of some peak-pairs in the
XRD pattern of spinel structures are known to be sen-
sitive to cation distribution, such as I0/1400, 1220/1422,
andl42>/1400. The intensities of these are nearly indepen-
dent of the oxygen parameters. The calculations were made
for various combinations of cations until a well agree-
ment between observed and calculated intensity ratios are
obtained. The distribution of cations among tetrahedral site
(A) and octahedral site (B) are shown in Table 2. It is can
be seen that Zn>* ions predominantly occupy A sites and
Ni?* ions occupy B sites, whereas Fe3 ions are distributed
in to both A and B sites. However, in case of S2 sample,
a fraction of Zn>* ions migrate in to B-site. The observed
decrease in magnetization for the S2 sample compared to as
prepared also supports this distribution.
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Fig. 4 Infrared spectra of as-prepared Nip 5Zng sFe,O4 samples pre-
pared through a coprecipitation, b sol-gel, and ¢ citrate-gel methods

Room-temperature infrared spectra of as prepared and sin-
tered at 1073 K Ni—Zn ferrite powders are shown in Figs. 4
and 5. According to Waldron [14], IR spectrum consists
of two fundamental absorption bands in the wave number
range of 400-600 cm~! corresponding to intrinsic vibra-
tions of Me-O in two different environments (Me—metal
ion). The low frequency band (v;) concentrated around 400
cm™! is due to stretching of Me—O bonds at octahedral
site (B) while the high-frequency band (v;) around 600
cm_lcorresponds to tetrahedral sites (A). Such difference
can be expected due to the difference in the A—O and B-
O bond lengths. In tetrahedral complex, bond distance is
smaller (~1.92 A) than compared to octahedral complex
(~2.03 A). Smaller bond distance results greater covalence
between metal cations and surrounding oxygen ion. Thus,
the absorption frequency is high for B sites and low for A
sites. Due to the inverse relation between bond length and
absorption frequency, one can easily understand the changes
occur in the sublattice due to cationic positions. However,
in the present work we focused on influence of synthesis

(c)
S Vv, Vi
ol (b)
C
8
€
[72]
C
[l
= v, v,

(a)
A7)
Vi

T T T T T
600 700 800 900 1000

Wave number Cm’™

T T
300 400 500

Fig. 5 Infrared spectra of Nig 5ZngsFe,O4 samples sintered at 1073
K prepared through a coprecipitation, b sol-gel, and c citrate-gel
methods
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method. No splitting or presence of additional shoulders in
the IR absorption bands corresponding to v; and v has been
observed for all annealed powders which implicates a near
absence of the Fe>* ions at both octahedral and tetrahe-
dral sites of the spinel lattice. This is due to the fact that
local deformations can occur in the Fe?* ions due to the
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Jahn-Teller effect which can lead to a non cubic component
of the crystal field potential and hence to splitting of the
band which has not been observed in the present study. The
presence of an absorption band (v3) concentrated around
350-360 cm™! for the as-prepared powders (S1 and S2)
is attributed to the presence of the divalent metal ion in
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Fig. 6 Hysteresis loops of Nigs5Zng sFe;O4 samples as-prepared a coprecipitation-S1, b sol-gel-S2, ¢ citrate gel-S3 and sintered at 1073 K d
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Fig. 7 Saturation magnetization of Nig5ZngsFe,O4 as synthesized
and sintered at 1073 K prepared via. Coprecipitation (S1), sol-gel (S2),
and citrate-gel auto combustion (S3) methods

the octahedral complex other than Fe3* ion. In case of as-
prepared samples, it is observed that (Fig. 4) the low and
high frequency absorption bands are present in S2 and S3
samples and are absent in S1 sample. Comparing Figs. 1,
2, 4, and 5 one can conclude that sintering is a prerequi-
site to obtain spinel phase for the samples prepared through
coprecipitation route, whereas for sol-gel and citrate-gel
methods do not require calcinations/sintering for the forma-
tion of spinel phase. Among the three methods, chemical
coprecipitation has overriding advantages such as ease of
preparation, composition flexibility, and homogeneity of the
particle size, but it requires additional heat treatment to
obtain the desired ferrite.

3.5 Magnetization Studies

Figure 6 depicts the room temperature hysteresis loops of
as prepared (Fig. 6a—c) and sintered (Fig. 6d—f) Ni-Zn fer-
rite samples. It can be seen that magnetization increases
with increasing applied field and reaches to a maximum

value for the samples S2 (Fig. 6¢, d) and S3 (Fig. 6e, f),
whereas this behavior was not observed for as-prepared
S1 (Fig. 6a) sample. A decrease in magnetization (Fig.
6d) was observed for S2 sample after sintering. Figure 7
depicts the saturation magnetization of as prepared and sin-
tered nickel-zinc ferrites prepared through coprecipitation,
sol-gel, and citrate-gel methods. In general, saturation mag-
netization is expected to increase when the samples are
sintered at higher temperatures due to the increase in grain
growth and improvement in structural homogeneity. In con-
trary, a decrease in saturation magnetization in S2 sample
is due to the redistribution of metal ions over tetrahedral
(A) and octahedral (B) sites from their usual site prefer-
ence. In Ni—Zn ferrite, all the Zn?t ions are located at A
sites only due to sp> hybridization and due to high crys-
tal field stabilization Ni’* ions occupy octahedral sites,
while the Fetions are distributed among both sites [15].
Several authors reported that the deviation in the site pref-
erence of the cations at nanoscale firmly depends on the
method of preparation [16—18]. The migration of Zn>* from
A to B sites and possible relocation of the equal number
of Fe3T ions from the B to A sites would generate large
alteration in the exchange interaction mechanism among the
cations on A and B sites. Such a possibility should increase
the lattice strain compared to that as prepared sample and
is apparent from the measurements from Williamson-Hall
plots (Table 1). Such possibility decreases the B sublattice
magnetic moment while the magnetic moment of A sub-
lattice increases and thereby the total magnetic moment of
the spinel lattice which is just the difference of the mag-
netic moments of the B and A sites would decrease and
thus reducing the total magnetization of sample. This results
in the observed decrease in magnetization. Table 3 shows
the saturation magnetization, coercivity of as-prepared and
sintered samples. It is clear that Ni—Zn ferrite synthesized
through citrate-gel (S3) method yields highest magnetiza-
tion over coprecipitation (S1) and sol-gel (S2) methods.
The values of coercivity (Hc) and remanent magnetization
(Mr) for all the samples obtained from the hysteresis loops
and are given in Table 3. It is observed that coercivity and
remanent magnetization increases with increasing sintering
temperature. In addition, the coercivity of all the samples is
in the range of few hundreds of Oersteds, which indicates

Table 3 Saturation
magnetization (Mg), coercivity

Grain size Resistivity

(H.), remanent magnetization Sample Ms (emu/g) Hc (G) Mr (emu/g) (um) (£2-m)

(M;) and Resistivity of

Nig.5Zng sFe204 samples (S1 As prepared 1073 K As prepared 1073 K Asprepared 1073 K 1073K 313K

coprecipitation, S2 sol-gel, S3

citrate-gel method) S1 - 15 - 57 - 1 0.59 5.1 x 107
S2 47 34 103 47 6 3 1.02 4.4 % 107
S3 59 66 49 55 2 0.71 6.94 x 1010
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Fig. 8 Permeability as a function of frequency of NiysZng 5Fe;O4 S1
coprecipitation, S2 sol-gel, and S3 citrate gel method

the soft character of these ferrites [19]. Globus reported
that low coercive filed is a necessary requirement for EM
materials [20].

A stable and reasonably high value of permeability over
wide operating frequency range and time is required for
core applications. This is due to the fact that increasing the
operating frequency of the core, the energy losses evolve
as heat and increase the temperature of the core, which
results in detrimental effects and thus limiting the operating
range of the core. Figure 8 shows the initial permeability of
Ni—Zn ferrite samples sintered at 1073 K. The initial per-
meability has been observed to be a nearly constant in the
frequency range of 1 kHz to about 4 MHz above which
a relaxation nature was noticed at 8.9 and 11 MHz for
the samples S1 and S2, respectively. Usually for Ni—Zn
ferrite, the initial permeability remains more or less con-
stant with frequency until certain frequency above which
the permeability decreases by a relaxation process. In case
of the S3 sample, permeability was found to be stable
up to 10 MHz and increases with increasing frequency.
The relaxation peak was not observed in S3 sample within
the experimental range. In general, permeability of ferrites
depends largely on the grain size, sintered density, porosity,
and magnetic anisotropy. Larger grains in the microstruc-
ture are coupled with more number of domain walls and
hence, domain wall motion, which primarily contributes
to initial permeability is largely enhanced. On the other
hand, smaller grains are associated with more number of
grain boundaries such that domain wall motion is not fea-
sible and the presence of numerous grain boundaries acts
as domain wall impediments which reduce the permeability
of the sample. In addition to the above, presence of pores
also restricts the domain wall motion. Since, pores will act
a source of pinning sites. The stable frequency is a desirable

@ Springer

characteristic for electromagnetic applications and the flat
frequency region is known as “zone of utility of ferrite” [21].
Figure 9 shows the scanning electron microscope (SEM)
images of Nips5ZngsFe;O4 samples synthesized through
coprecipitation, sol-gel, and citrate-gel methods. It consists
of large number of grains with different sizes and irregular
shapes. It is observed that grains are more or less uniform
in sample S2. The average grain size is estimated from the
liner intercept technique. A random straight line is drawn
though the micrograph. The number of grain boundaries

= > -
1pm  SAIFIITB
SEN WD 8

—
10.0kV SET

Omm

Fig. 9 SEM images of Nigs5ZngsFe;O4 samples sintered at 1073
K synthesized through a coprecipitation, b sol-gel, and c¢ citrate-gel
method
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intersecting the line is counted. The average grain size is
found by dividing the number of intersections by the actual
line length. The calculated values are listed in Table 3.

3.6 DC Electrical Resistivity

The room temperature (313 K) DC electrical resistivity val-
ues of Ni—Zn ferrite sintered at 1073 K are shown in Table 3.
The DC resistivity of S3 sample in the present study was
noticed to be a few orders higher than the Ni—Zn ferrite pre-
pared by the ceramic process [22]. This observation can be
attributed to the presence of fine grains in the microstruc-
ture. Figure 8c shows the SEM micrograph of S3 sample.
These grain boundaries are regions of mismatch between
the energy states of neighboring grains and therefore act as
a barrier to the flow for electrons [23]. In addition, the grain
boundaries are a large source of lattice defects, inclusions,
and dislocations, which perpetually reduce the grain-to-
grain contact area and lessen the conductivity through the
grains by increasing the scattering at grain boundaries [24].
Another advantage of fine-grained microstructure in Ni—Zn
ferrite is controlling the formation of Fe?* ions since the
oxygen ions move faster in the smaller grains [25, 26] and
thus increasing the possibility for the iron ions to remain in
Fe3t states.

4 Conclusions

The mixed Ni—Zn ferrite samples are prepared successfully
by using three wet chemical methods. The x-ray diffrac-
tion patterns confirmed the formation of single-phase spinel
structure, which indicates the presence of cations into their
respective sites. Infrared spectra also confirm the forma-
tion spinel phase. It is of value to note that formation of
nano-crystalline phase without subsequent thermal treat-
ment for the samples synthesized through sol-gel (S2) and
citrate-gel (S3) methods is quite appropriate and economical
for large-scale industrial production. Sintering is required
for the samples prepared through coprecipitation method.
Nig.5sZng sFe,O4 sample (S3) prepared through citrate-gel
autocombustion method possess highest saturation magne-
tization 66 emu/g (when sintered at 1073 K), electrical
resistivity and with stable permeability than the other sam-
ples (S2, S3) synthesized via coprecipitation and sol-gel
methods.
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