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Abstract

Nig.50Cug.95Zng 45Fe>04 ferrite nanoparticles were processed through the sol-gel method using polyvinyl alcohol as a chelating agent.
The dried powder after annealing (500 °C for 3 h) was compacted and sintered at three different temperatures (900, 950 and 1030 °C) for
1 h. In this article, optimum sintering temperature required for NiCuZn ferrite system, for obtaining good electromagnetic properties,
suitable for Multilayer Chip Inductor (MLCIs) applications was studied. The structural, magnetic and dielectric properties were
investigated as a function of sintering temperature. X-ray diffraction patterns for the sintered samples confirmed formation of single
phase cubic spinel structure. Microstructure and grain size distribution for the samples were investigated by FESEM which displayed
homogeneous grains of polyhedral shape by retaining almost temperature independent grain shape but with increased grain size along
with the increase of sintering temperature. Saturation magnetization showed increasing trend with sintering temperature up to 950 °C
and decreased after that. The sample sintered at 950 °C exhibited low magnetic losses, high saturation magnetization and high frequency
stability of permeability with cut off frequency around 30 MHz.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, surface mounting devices (SMD) have been
rapidly developed for electronic applications, such as
multilayer chip inductors (MLCIs).These are produced
by coating ferrite and silver (Ag) electrode layers alter-
nately and then co-firing them [1]. The main requirements
of MLClIs are good quality factor; high electrical resistiv-
ity; high magnetic permeability for reducing number of
layers thereby minimizing the capacity between the layers
and hence realizing the miniaturization [2,3]. Besides that,
low sintering temperature is necessary for avoiding diffu-
sion of Ag (<961 °C melting point of Ag) into the ferrites
which adversely affect the electrical resistivity [4]. NiZn
ferrite has wide application prospect in the field of RF
electron devices due to high permeability in combination
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with giant resistivity but at the same time it requires high
sintering temperature for densification [5]. Recently there is
a growing interest on NiCuZn ferrites for MLCIs applica-
tions because these oxides can be sintered at relatively low
temperatures and also these materials exhibit good electro-
magnetic properties at higher frequencies [6,7]. In addition
to that, it has better magnetic properties at high frequen-
cies than MnZn ferrites and lower densification tempera-
tures than NiZn ferrites [8]. Even though small amount of
Cu substituted in NiZn bulk ferrites still require high
sintering temperature ( > 1000 °C) with longer duration of
soaking time (for densification) which in turn cause
evaporation of some of the constituents and also consumes
more power [9]. Also the conventional method of prepara-
tion does not ensure neither stoichiometry nor homogeneity
[10]. Thus, to reduce the sintering temperature there are
several techniques that exist: (1) Synthesis of active ultra
fine powders by wet chemical routes and (2) use of sintering
aids [11]. The first one is better than the other because after
a critical concentration of sintering aids, they are separated
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from the lattice and form secondary phase at the grain
boundary. This causes deterioration of electromagnetic
properties of the ferrites.

Sun et al. [12] studied the effect of iron deficient, excess
iron and stoichimetric NiCuZn ferrite systems on phase
formation, grain size and magnetic properties. They
reported that stoichiometric NiCuZn ferrite possess highest
magnetization, permeability and lowest core losses com-
pared to other systems. Caltun et al. [13] investigated both
the effect of doping and sintering temperature on perme-
ability spectra of NiZn ferrite and found that addition of
small amount of CuO decreases the sintering temperature
and improves the high frequency performance. With
sintering temperature the permeability changes depending
on the microstructure of the sample. Penchal Reddy et al.
[14] investigated Nig4_ Cug o5Zng 554 Fe,04 ferrite pre-
pared through microwave sintering method with low
sintering temperature (950 °C) and observed that the
composition Nig3Cug gsZng ¢sFe>,O4 showed highest mag-
netization and permeability. There are literature reports
stating that variations in the heat treatment conditions such
as calcination temperature, heating rate and sintering
temperature influence the permeability spectra as well as
resonance frequency [15,16]. Ghodake et al. [6] studied
NiCuZn ferrite system with various compositions prepared
through oxalate precursor method and sintered at 1000 °C
for 6 h which exhibited better magnetic properties. For
optimizing the sintering conditions along with the improve-
ment of magnetic properties suitable for MLClIs applica-
tions, the composition Nij sCug gsZng45Fe,04 was chosen
from the above mentioned report. These materials were
processed through sol-gel technique which facilitates
greater homogeneity and uniform particle size distribution.
A small percent of Cu substitution in place of Zn in NiZn
ferrite is advantageous to improve initial permeability and
also to reduce sintering temperature which indirectly avoids
Zn evaporation and so leads to increase of electrical
resistivity. In the present paper electromagnetic properties
of NiCuZn ferrite system was studied as function of
sintering temperature.

2. Experimental

In order to prepare NigsoCugosZng4sFe,O,4 ferrite,
analytical grade nickel nitrate, zinc nitrate, copper nitrate
and ferric nitrate were dissolved separately in minimum
amount of deionised water in the required stoichiometric
proportions. The formed cationic solutions were mixed
together and stirred for 1 h to improve homogeneity; the
resulting solution was known as precursor. The molar ratio
of total metal ions to polyvinyl alcohol (PVA) was
maintained at 1:3.The PVA, in measured quantity, was
added to the precursor and dehydrated around 100 °C
under continuous stirring. The gelation continued step by
step till a slightly red gel type product was formed with the
release of reddish brown gases around 100 °C, where the
gel further got converted into a fluffy ferrite mass which

was annealed at 500 °C for 3h to remove PVA. The
annealed powder was ground in agate mortar and mixed
with 15% of PVA as binder for making disk shaped pellets
and toroids. These were sintered at temperatures of 900 °C,
950 °C and 1030 °C for 1 h with a heating rate of 5 °C/min
in a programmable muffle furnace.

2.1. Characterization

The sintered samples were characterized by X-ray
diffraction using Inel X-ray diffractometer (XRG 3000)
equipped with Co-Ka (1=1.78897 A) radiation source to
examine the phase and structure. The microstructure and
selected area diffraction patterns of the annealed sample
were obtained using High Resolution Transmission Elec-
tron Microscope (HRTEM). Thermal decomposition
behavior of the dried gel was examined by means of
Differential Scanning Calorimeter (DSC Q9 V9.6 TA)
with a heating rate of 10 °C/min. The Fourier Transform
Infrared (FTIR) spectra recorded on Shimadzu 820/PC in
the wave number region from 4000 to 400 cm ™~ using KBr
pellet method. Morphology and grain size distribution of
nanoparticles were investigated by field emission scanning
electron microscope (FESEM) Carl Zeiss Ultra 55 operat-
ing at an accelerating high tension voltage EHT of 17 kV.
Vibration sample magnetometer (EV-7 VSM) was used to
measure room temperature saturation magnetization (M)
and intrinsic coercive force (H.) in an applied field of
20 kOe. Dielectric properties were measured using HP4192
A LF Impedance analyzer. Permeability measurements
were carried out on the toroid samples using High
frequency LCR meter (WAYNKERR 6500 P) operating
in the frequency range of 100 Hz—50 MHz. The initial
permeability was calculated using the observed and air
core inductance

where L is the observed inductance in uH and L, is the air
core inductance

oD
L, =0.004606N>hlog| — | 107°
0.004606 N 1og(ID) 0

where N is the number of turns, £ is the thickness of the
toroid in inches and OD, ID are the outer and inner
diameters of the toroid.

3. Results and discussion
3.1. Structural analysis

X-ray diffraction patterns (Fig. 1) of the sintered
samples showed single phase cubic spinel structure. The
well resolved peaks in the XRD pattern clearly indicate
polycrystalline nature of the ferrites and are similar to
JCPDS card No. 08-0234. In nanomaterials, both the
crystallite size and lattice strain are known to have their
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own contributions to the X-ray diffraction peak broadening.
According to diffraction theory, peak broadening due to
crystallite size, varies as sec § and strain as tan 6 [17]. The
accurate crystallite size was estimated using Williamson—Hall
(W-H) analysis since it differentiates size induced and strain
induced peak broadening by considering the peak width as a
function of 26 [18]. The crystallite size calculated using
Debye-Scherrer’s formula after eliminating the instrumental
broadening effect is
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Fig. 1. XRD patterns for Nij sqCugosZng4s5Fe,04 ferrite sintered at
900 °C, 950 °C and 1030 °C.

where f= \/ ( Nteasured—Brnsiumenar) 18 the peak broadening
after removing the instrumental broadening, A(1.78897 A) is
the wavelength of X-rays used and 0 is the peak center. W—

H equation for size and strain broadening [18] is
0.94
P cos 6= T+4gsin0

A graph drawn between fcos 0 versus 4sin 6 gives a
straight line graph with a positive intercept and the
reciprocal of the intercept gives crystallite size. Accurate
estimation of lattice constant has been done using Nelson—
Riley (NR) extrapolation method by minimizing both
systematic and random error. The values of the lattice
parameter obtained from each reflected plane were plotted
against the NR function F(0).

1 [cos’0  cos?0

F(O)_Z{sinﬁ * 0 }

A straight line graph was obtained [19]. The extrapola-
tion of the straight line to F(0)=0 or 0=90" gives an
accurate lattice constant. The observed lattice constant,
crystallite size, frequency bands (v;v,), bulk density and
magnetization data as a function of sintering temperature
are shown in Table 1. The crystallite size increased with
sintering temperature up to 950°C and thereafter
decreased, this may be due to the formation of secondary
phase at higher temperature of sintering. The presence of
trace amount of secondary phase (< 5%) in the sample
sintered at 1030 °C is not identified in XRD. The bulk
density of the disc shaped pellet was calculated by
considering dimensions and weight of the sample

mass
dpuk = =~

I1r2¢
where r and ¢ are the radius and thickness of the pellet. The
density of the sintered samples improved with sintering
temperature and is in the orders of 3.7672 g/cm®.The bulk
density is comparable to that of materials prepared
through chemical route techniques such as sol-gel auto
combustion [20] but lower than the other reports [4,6]. It is
known fact that the material properties are dependent on
the composition, preparation techniques and heat treat-
ment conditions. This may be the reason for low values of
density for the present samples compared to the literature
reports [4,6].

Table 1

Crystallite size, lattice constant, saturation magnetization (M), coercivity (H,), and vy, v, frequency bands for the sintered

samples.

Sintering temperature  Lattice constant  Crystallite size =~ Saturation magnetization  Coercivity H. v, vy

(°0) A) (nm) M, (emu/g) (Oe) em™ ") (emY)
900 8.3855 49 66.91 49 588 403
950 8.3859 63 76.67 33 590 407
1030 8.4131 41 72.73 12 582 405
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3.2. Thermal analysis

Fig. 2 shows the DSC curve of the as prepared sample.
An endothermic peak at 95°C with a shoulder peak
around 131 °C was observed. It corresponds to the elim-
ination of physically adsorbed water; water with in the
lattice and from the pores [21]. Further two exothermic
peaks at 212 °C and 391 °C were found corresponding to
combustion of un-reacted organic ligands and crystalliza-
tion of spinel phase respectively. The toothed curve of
DSC is due to release of water and formation of M—O-M
(metal-oxygen-metal) bridges [21].

3.3. Microstructural analysis

Morphology and microstructure of the annealed sample
was investigated by HRTEM. The microstructure, lattice
fringe patterns of the nanoparticle and selected arca
electron diffraction pattern (SAED) of the annealed
sample are as shown in Fig. 3. The morphology of the
annealed samples showed fine spherical particles (Fig. 3(a))
and the particle size is in the range of 6-15 nm which is in
agreement with the crystallite size (19 nm) determined by
considering peak broadening of highest intensity (311)
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Fig. 2. DSC curve for the dried gel heated up to 500 °C.

peak using Debye Scherrer’s formula (inset of Fig. 3(a)).
The SAED patterns in Fig. 3(c) confirms the crystalline
nature of the annealed sample. From the fringe patterns
(Fig. 3(b)) of the nanoparticle having particle size ~ 14 nm,
it is confirmed that the crystal planes of one particular
orientation (400) are confined within a particle, indicating
that the particle is a single crystal with no defects [22]. The
plane spacing d for the plane (400) calculated from lattice
fringes is 0.212 nm which is coinciding with the standard d
spacing of spinel phase.

FESEM microstructures of the samples sintered at
900,950 and 1030 °C are shown in Fig. 4(a), (b) and (c¢)
respectively. All the samples displayed polyhedral mor-
phology with uniform grains. The average grain sizes of all
the samples were determined by counting a sufficiently
large number of grains to ensure accuracy. The sample
sintered at 900 °C exhibited well defined grain boundaries
with intergranular porosity, having an average grain size of
104 nm. Whereas the sample sintered at 950 °C showed an
increased grain size of 115nm with reduced porosity.
Larger grains were observed in the case of sample sintered
at 1030 °C with an increased intact among the grains
having an average grain size of 160 nm. The densification
mechanism in ferrites is mainly due to diffusion of oxygen
vacancies [23]. As pointed out in literature, at higher
temperatures of sintering, Fe’' ions were reduced to
Fe’* ions creating oxygen vacancies resulting in increased
densification with larger grains [24]. Also Fe*™ ions diffuse
very fast thereby grain growth takes place [25]. All these
factors affecting the microstructure of the sample sintered
at 1030 °C, resulting in enlarged grain size. The presence of
Fe’* ions at higher sintering temperature (1030 °C) was
confirmed through FTIR spectra discussed in the next
section.

3.4. FTIR analysis

FTIR spectrum for the sintered samples showed two
strong frequency bands (vy, v,) around 600 and 400 cm !
which correspond to characteristics of ferrites. The band v,
is assigned to the vibrations of the bond between the
oxygen ion and the tetrahedral metal ion O—M ., and the
band v, is assigned to the vibrations of the bond between

Fig. 3. HRTEM images of the Nij 50Cug 05Zng 45Fe,O4 ferrite annealed at 500 °C for 3 h (a) microstructure, (b) fringe pattern taken on a single particle

and (c) SAED pattern of the particle.
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Fig. 4. FESEM micrographs for Nij 50Cug.o5Zng.45Fe,04 ferrite sintered at: (a) 900 °C (b) 950 °C and (c) 1030 °C.

the oxygen ion and the octahedral metal ion O—-M,, [26].
The difference (Table 1) in the band positions were seen in the
spectra due to the change in the bond length between Fe’™—
O”~ ions for tetrahedral and octahedral complexes [27]. There
is a slight variation in band positions of v; and v, as a
function of sintering temperature since they are known to be
affected by the method of preparation, grain size and heat
treatment conditions [27]. In addition to these strong bands,
there is a weak band observed around 470 cm~' for the
sample sintered at 1030° which is attributed to the presence of
Jahn Teller Fe*>* ions in the sample (Fig. 5). The presence of
these ions creates non cubic crystal field potential which
causes splitting of the frequency bands [28]. The existence of
Fe?* jons is also confirmed through a basic test of red-ox

titration of potassium dichromate using Barium salts of
diphenylamine sulfonate as an indicator [29].

3.5. Room temperature magnetic properties analysis

Magnetic properties like saturation magnetization (M)
is influenced by intrinsic factors such as preferential site
occupancy of the cations, composition and is also influ-
enced by extrinsic factors like microstructure and bulk
density of the ferrites [30]. Room temperature hysteresis
loops for the samples sintered at different temperatures are
shown in Fig. 6. It is observed that M is increasing with
sintering temperature up to 950 °C with maximum value of
specific saturation magnetization M, is 76.76 emu/g and
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Fig. 5. FTIR spectra of Niy s0Cug o5Zng 45Fe,04 ferrite sintered at 1030 °C.

80

60

40 4

20 A

-20 4

40 -

Magnetisation(emu/g)

-60 4

-80 4

I L L) L) I Ll Ll L]
-20000-15000-10000 -5000 0 5000 10000 15000 20000
Magnetic Field(Oe)

Fig. 6. Room temperature hysteresis loops for Nig 50Cug os5Zng.45Fe,04
ferrite sintered at 900 °C, 950 °C and 1030 °C.

decreases thereafter (Tablel). The increased magnetization
with sintering temperature (up to 950 °C) was attributed to
improved grain size [20]. The decrease of M, after the
sintering temperature of 950 °C is due to Zn evaporation
at higher sintering temperature resulting in the formation
of excess antiferromagnetic hematite (a-Fe,O3z) which is
partly converted to magnetite (Fe;O4) [31]. Presence of
antiferromagnetic hematite and Fe®™(4up) ions causes
reduced magnetization. The intrinsic coercive force (H.)
showed decreasing trend with increasing sintering tempera-
ture. This indicates that particles are in multidomain (MD)
state and in such a case the coercivity has inverse relation-
ship with grain size (D). Coercivity varies linearly with
anisotropy constant (K;) and inversely with the grain size
(MD). In the present case, influence of grain size on
coercivity is predominant, there by corecivity decreased
with increase of sintering temperature.

Fig. 7 shows thermo magnetic curve for the sample
sintered at 950 °C. Temperature variation of magnetization
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Fig. 7. Thermo magnetic curve for Nig s50Cug ¢sZng4sFe,O4 ferrite sin-
tered at 950 °C. (Inset of the figure shows derivative of magnetic.moment
with temperature).

provides the maximum temperature limit for the existence of
ferrimagnetic ordering; beyond this temperature, transition
from ferri to paramagnetic state takes place and it is about
333 °C for the sample sintered at 950 °C. Critical diameter
for single domain particle was calculated using [32]:

_ 9w,
“= 2nag?

where w, domain wall energy and is given by w, = (2kgT,
Kv/a)(l/g), M, is the saturation magnetization, kg is the
Boltzmann constant, T, is the Curie temperature, K, is the
magneto crystalline anisotropy constant and a is the lattice
constant.

Multidomain or single domain nature of the particles is
inferred from critical diameter which is calculated by making
use of magneto crystalline anisotropy constant from the
literature, near to our composition K;=3.65x 10*erg/cm’
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[6]. Whereas the Curie temperature (7.=606 K), magnetiza-
tion (314 G) and lattice constant (a=8.3859 A) are from the
experimental observations. The critical diameter obtained is
39 nm which is lower than the grain size of the sintered
samples observed from the FESEM micrographs indicating
multidomain nature of the samples. Besides that low value of
M, /M ratio also validate the existence of multidomains.

3.6. Frequency dispersion of permeability spectra analysis

Frequency dispersion of permeability for the samples
sintered at 900 °C, 950 °C and 1030 °C are as shown in
Fig. 8. In general, permeability of a polycrystalline ferrite
is related to two different magnetization mechanisms; spin
rotational and domain wall magnetizations [33]. At lower
frequencies, domain wall motion has major contribution to
the permeability than spin rotation. The permeability due
to domain wall motion is given by [34]:

M?D
(‘ui)dw o Iél

where M is the saturation magnetization, D is the average
grain size, and K; is the magneto crystalline anisotropy
constant. It is known that initial permeability can be
improved; either by selection of optimized chemical com-
position; by microstructures with high densities; by large
grain sizes and thin grain boundaries [23]. Frequency
dispersion of permeability spectra (Fig. 8) shows decreas-
ing trend at low frequency and has maximum at higher
frequency followed by a drop in the permeability. This is
attributed to the mixed behavior of the type relaxation
resonance phenomenon [35]. Permeability due to domain
wall motion increased with sintering temperature due to
improved grain size as discussed earlier. The increased
permeability for the samples sintered at 900 and 950 °C is
due to combined contributions of increased magnetization
and grain size. In case of the sample sintered at 1030 °C the
increase of permeability is due to increased grain size.

1000

100 +
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—— 900°C
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s

T L) L)
10° 10 10’ 10°
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Fig. 8. Frequency dispersion of permeability spectra for Nig soCug.os
Zng 45Fe>04 ferrite sintered at 900 °C, 950 °C and 1030 °C.

The static permeability p; at 1 MHz for the samples
sintered at 900 °, 950 °C and 1030 °C is 26, 49 and 222
respectively. The cut-off frequency for the samples sintered
at 900 °C, 950 °C and 1030 °C is 31, 30 and 29 MHz
respectively. With increasing sintering temperature, cut-off
frequency decreased. Thus the present samples are in
consensus with Snoek’s law. The samples sintered at
900 °C and 950 °C exhibited flat profile of permeability
with frequency up to 25 MHz, indicating compositional
stability and quality of the material. The sample sintered at
1030 °C displayed frequency stability of permeability up to
8.5 MHz indicating increased dispersion of permeability
with sintering temperature. Thus, samples exhibit constant
permeability with frequency up to tens of MHz indicating
large band width with an extended zone of utility
(25 MHz) compared to the similar composition [6].

Quality factor (Q) for all the sintered samples increased
with frequency (Fig. 9(a)) showing a peak and decreased
thereafter due to ferrimagnetic resonance losses [36] and
the sample sintered at 950 °C exhibited higher quality
factor. In ferrite materials magnetic losses are due to phase
lag of domain wall motion with respect to the applied AC
magnetic field. The variation of magnetic loss factor (tand)
with frequency (Fig. 9(b)) for the samples sintered at
900 °C and 950 °C showed high values at low frequencies
and remains constant at higher frequencies. In case of
sample sintered at 1030 °C, magnetic loss factor tand
exhibited a peak around 10 MHz. It corresponds to the
ferrimagnetic resonance losses. Dimri et al. [37] observed
similar type of magnetic loss peak at a particular frequency
due to resonance phenomenon. At resonance, oscillational
frequency of domain walls matches well with the applied
frequency.

3.7. Electrical properties

Fig. 10 shows dielectric constant versus frequency plots
for the samples sintered at different sintering temperatures.
It can be seen that like all other ferrite materials, the
samples show frequency dependant phenomenon i.e.
dielectric constant decreases with increasing frequency
exhibiting normal ferrimagnetic behavior [38]. The sim-
plest relation between dielectric constant and angular
frequency o is
_ 4llo)¢

wtano

/

where oac is the ac conductivity, @ is the angular
frequency and tand is the dielectric loss factor.

The mechanism of dielectric polarization in ferrites is similar
to conduction mechanism. The electron exchange through
Fe’* «Fe’* hopping mechanism results in local displace-
ment of the electrons in the direction of applied electric field
thereby polarization is induced in the ferrites [39]. In the
present case, the dielectric constant is observed to be increasing
with increasing sintering temperature. This is due to acceler-
ated grain growth and improved hopping mechanism due to
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Fig. 9. (a) Quality factor (Q) and (b) magnetic loss factor (tand) versus frequency for Nij 5oCug 0sZng 45Fe,04. ferrite sintered at 900 °C,950 °C and 1030 °C.
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Fig. 10. Variation of dielectric constant with frequency for Nij 50Cuyg o5
Zng 45 Fe,0y ferrite sintered at 900 °C,950 °C and 1030 °C.

the generation of divalent iron (Fe’") ions at elevated
sintering temperature. At higher frequency, dielectric constant
remains constant due to the fact that beyond a certain
frequency of external AC field, the electron exchange between
Fe’* and Fe’™ cannot follow the alternating field [38].

AC electrical resistivity showed decreasing trend with
increasing frequency. As the applied frequency increased
there is an increased probability for jumping of electron
through Fe’*/Fe’* ions.AC electrical resistivity data
(Fig. 11) showed decreasing trend with increasing sintering
temperature, the reason being increased grain size as well as
the increased number of Fe>™ ions at B sites. The increased
concentration of Fe’* ions induces electron hopping
Fe’t —Fe’ " at B sites thereby reducing resistivity. The
inverse relationship of dielectric constant with square root of
resistivity is evidenced through the observations.
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Fig. 11. AC electrical resistivity versus frequency for Nig so0Cug gsZng 4s.

Fe,O, ferrite sintered at 900 °C,950 °C and 1030 °C.

4. Conclusions

NiCuZn nano ferrite is successfully prepared through
sol—gel method using polyvinyl alcohol as a chelating agent
and observations showed formation of spinel phase at low
annealing (500 °C) temperature having fine spherical par-
ticles. The results showed that material properties are
sensitive to microstructure and they are enhanced with
increase of sintering temperature. All the sintered samples
are in single phase cubic spinel structure with an improved
grain size as a function of sintering temperature. The
samples manifest good values of magnetization, low
magnetic losses at higher frequencies and high frequency
stability of permeability with cut off frequency around
30 MHz.
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