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ABSTRACT

Spinel-type Mgo.35CUg20ZNg45F€1.9404 ferrites were synthesized by using the solid-state reaction technique. The
XRD patterns of the sintered samples indicated the formation of single-phase cubic spinel structure. The appar-
ent density of the sample is found to increase whereas porosity decreases with the increase in sintering time. The
grain growth of the samples is enhanced with the increase in sintering time which is attributed to the liquid
phase due to CuO during sintering. The initial permeability of the ferrite is found to increase with the increase in
sintering time but the resonance frequency shifts towards the lower frequency. This increase in permeability is
correlated to the increase of density and the grain size of the sample. The resistivity of the samples decreases
with 10%T ensuring the semiconducting nature of the samples. Room temperature DC resistivity and activation
energy of the samples decrease what is attributed to the increased Fe* ions content with the increase in sintering
time. The dielectric constant (&) of the samples decreases with increasing frequency whereas £ increases as the
temperature increases exhibiting normal dielectric behaviour of the magnetic semiconductor ferrite. The ob-
served variation of electrical and dielectric properties is explained on the basis of Fe**/Fe** ionic concentration as
well as the electronic hopping frequency between Fe*" and Fe®" ions in the present ferrite sample.
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1. Introduction solid state materials, mixed spinel ferrites have gained a
prime importance because of their various potential ap-
plications. Among them, the Mg-Cu-Zn ferrites are con-
sidered as one of the most important magnetic oxides due
to their high electrical resistivity, remarkable flexibility
in tailoring the magnetic properties, relatively high Curie
temperature, applicability at higher frequency, low cost,
high mechanical hardness and higher corrosion resistance
[1]. Ajmal et al. [2] found that grain size, density and
drift mobility increased whereas porosity, dc resistivity

Spinel ferrites are technologically very important mag-
netic materials having potential applications and have at-
tracted intense interest in both the fundamental and the
applied research points of view. The essential property
which makes these ferrites irreplaceable is the co-exis-
tence of a relatively high magnetic polarization and high
electrical resistivity, something that does not occur in
metals. The polycrystalline ferrites are a complex system

composed of crystallites, grain boundaries and pores. In
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and activation energy decreased with the increase in sin-
tering time of CuggZng4Fe,O, ferrites. Bera and Roy [3]
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investigated that apparent density and grain size increas-
ed whereas porosity decreased with the increase in sin-
tering time of nickel-zinc ferrites. Jain et al. [4] have
found a reduction in dc resistivity in vanadium doped Ni-
Zn ferrites with the increase in sintering temperature. The
observed decrease has been attributed to the reduced po-
rosity and has increased grain size at the higher sinter-
ing temperature.

The initial permeability is very sensitive magnetic pro-
perties of ferrites. The method of ferrite preparation and
the sintering conditions greatly influence it. The complex
permeability of sintered ferrite was well-described as the
summation of the spin rotational contribution and the do-
main wall motion component [5]. Domain wall motion is
sensitive to both the grain size and post-sintering density
while spin rotation depends only on the post-sintering
density of ferrites. For polycrystalline ferrites, the larger
the grain size and sintering density are, the higher the per-
meability is [6]. The electrical transport properties of fer-
rites are very sensitive to the chemical compositions, sin-
tering temperature, sintering time, type and amount of
substitutions. Conductivity in this material occurs essen-
tially via the hopping of electrons between Fe?* and Fe**
ions. In the present work, the effect of sintering time (1 h,
2 h, 3 h, 4 hand5 h) on the density, microstructure, ini-
tial permeability, Curie temperature, resistivity and dielec-
tric constant of Mg 35CUg20ZN0.45F€1.0404 ferrites has been
investigated.

2. Experimental

The ferrite Mg 35CUg20ZN045F€1.9404 has been prepared
by the standard solid-state reaction technique. The start-
ing materials for the preparation of the studied composi-
tions were in the form of AR grade oxides (Fe,Os;, MgO,
ZnO, CuO) of E. Merck of Germany. The detailed pro-
cedure of sample preparation was described elsewhere [7,
8]. The pressed pellet and toroid shaped samples were
sintered at 1150°C for different holding time in air and
then cooled in the furnace. The samples were polished in
order to remove any oxide layer formed during the pro-
cess of sintering. The weight and dimensions of the pel-
lets were measured to determine bulk densities.

Phase analysis was done by X-ray diffraction using
Phillips (PW3040) X' Pert PRO X-ray diffractometer.
The powder specimens were exposed to Cu K, radiation
(A =1.5418 A) to characterize the samples with a prima-
ry beam power of 40 kV and 30 mA with a sampling
pitch of 0.02° and time for each step data collection was
1.0 sec. The completion of the solid state reaction was
confirmed by X-ray diffraction (XRD) analysis. It was
observed that almost all the lines were fully developed
and there were no impurity phases for the samples sin-
tered at 1150°C. The microstructures of the sintered fer-
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rites were taken by using scanning electron microscopy
(Hitachi S-3400N, type-11, Japan). The micrographs were
taken on smooth surfaces of the pellet shaped samples
after polishing by using a universal polisher. Before tak-
ing the micrographs, the surfaces of the samples were
thermally etched at a temperature of 1000°C for 10 min.

The complex permeability of the toroid shaped sam-
ples at room temperature was measured with the Agilent
precision impedance analyzer (Agilent 4294A) in the
frequency range 1 kHz to 100 MHz. The permeability p'
was calculated by u'=L/L,,where L is the measured
sample inductance and L, is the inductance of the coil of
same geometric shape of vacuum. The imaginary per-
meability 4" was determined by the relation x" = /D,
where D = tang, the loss tangent of the sample. For these
measurements an applied voltage of 5 mV was used with
a 5 turn low inductive coil. The temperature dependence
of initial permeability of the samples was carried out by
using Hewlett Packart impedance analyzer (HP 4291A)
in conjunction with a laboratory made furnace at Mate-
rials Science Division of Atomic Energy Centre, Dhaka.
The sample was kept in a tubular furnace which main-
tains the desired temperature with the help of a tempera-
ture controller. The heating rate was maintained as ap-
proximately 0.5°C-min”?, in order to ensure a homogene-
ous sample temperature. The Curie temperature was de-
termined from the temperature dependence of permeabil-
ity measurements. At Curie temperature, the permeability
shows an abrupt drop to a very low value. Field depen-
dence of magnetization at room temperature was meas-
ured using a vibrating sample magnetometer (VSM 02,
Hirstlab, England).

Electrical and dielectric properties were carried out

by using Keithley Electrometer and Hewlett Packart im-
pedance analyzer (HP 4291A). For electrical and dielec-
tric measurements, the pellet shaped samples were well
polished to remove any roughness and the two surfaces
of each pellet were coated with silver paint as contact
material. The room temperature DC electrical resistivity
and temperature dependence of resitivity were carried out
by a two probe method on sintered pellets of about 1 cm
diameter and 0.2 cm thickness by using a Keithley Elec-
trometer. Dielectric measurement as a function of fre-
quency in the range 1 kHz - 13 MHz at room temperature
and also as a function of temperature in the range 30 -
200°C at different frequencies were performed. The real
part of dielectric constant was calculated using the for-
mula

&'=Cd/g,A 1)
where, C is the capacitance of the pellet in Farad, d the
thickness of the pellet in metre, A be the cross-sectional

area of the flat surface of the pellet in m? and &, the con-
stant of permittivity for free space. The electrical resis-
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tivity was calculated according to the relation
p=RA/l =ar*R/I )

where, R is the resistance of the pellet, r is the radius of
the pellet and | is the thickness of the pellet.

3. Results and Discussion
3.1. Structural Properties

The identification of crystallographic structure and deter-
mination of lattice constant were performed on an X-ray
diffraction (XRD). Figure 1 shows the indexing XRD
patterns of Mgo.5ch0'2()Zn0.45Fellg4O4 ferrites of milled
powder, pre-sintered sample and sintered ferrites. XRD
pattern of milled powder (before pre-sintering) indicates
the presence of mostly hematite (Fe,O3) phase, ZnO phase
and Fe phase with a small single peak of ferrite. There
are a-Fe,03; phases which often appear at low tempera-
tures or milled samples when the solid state reaction is
not complete. Figure 1(b) shows the XRD pattern of
Mgo.55CUg.20ZNo 45F€1 0404 ferrite sample pre-sintered at
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900°C for 6 h. In this pattern, the intensity of the ferrite
phase is getting stronger while the hematite phase and
other phases completely disappear. This XRD pattern in-
dicates only the ferrite phase where almost 100% ferri-
tization has been observed. The XRD patterns of samples
sintered at 1150°C for 1 h and 5 h, respectively show
good crystallization, with well-defined diffraction lines.
The structure can be indexed as a single-phase cubic spi-
nel structure with no additional lines corresponding to
any other phases. All the peaks observed in the XRD pat-
tern match well with those of Mg-Cu-Zn [7-9] and Mg-
Cu [10] ferrites reported earlier. The peaks (111), (220),
(311), (222), (400), (422), (511) and (440) correspond to
spinel phase.

The lattice parameter for each peak of the samples was
calculated by using the relation:

h? +k? +1° 3)
where h, k, and | are the Miller indices of the crystal

planes. The exact lattice constant was determined by us-
ing the Nelson-Rilay extrapolation method. The values of

40 50 60

260

20 30 70

Figure 1. XRD pattern of Mg 35Cug20ZNg45F€1.0404 ferrite (a) ferrite powder (before pre-sintering), (b) pre-sintered at 900°C
for 6 h, (c) sintered at 1150°C for 1 h and (d) sintered at 1150°C for 5 h, respectively.
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the lattice constant obtained from each reflected plane
are plotted against Nelson-Rilay function [11]

F(e)zj/z[cosz 6)/sin 6 + cos? 9/9] 4)

where, @is the Bragg’s angle. The values of lattice para-
meter of all peaks for a sample was plotted against F(6)
(not shown). The exact lattice parameter was determined
by using a least square fitting method. The lattice con-
stant of the sample is found to be 8.4135 A which is con-
sisted with the reported value [7].

The apparent density (p,) was calculated by consider-
ing the cylindrical shape of the pellets and using the rela-
tion

P, =m/V =m/ar?h (5)

where, m is the mass, r the radius and h the thickness of
the pellet. The X-ray density (p,) of the prepared ceramic
sample was calculated using the relation

P, =ZM/Na? (6)

where, M is the molecular weight of the corresponding
composition, N is Avogadro’s number, a is the lattice pa-
rameter and Z is the number of molecules per unit cell,
which is 8 for the spinel cubic structure. Porosity P of the
sample indicates the presence of minute pores and chan-
nels within the sample. Porosity P of the ferrite samples
was then determined by employing the relation

P=(1-p,/p,) (7)

The effect of sintering time t, on the apparent density
and the porosity is shown in Table 1 and Figure 2. The
apparent density increases from 4.649 g-cm® to 4.724
g-cm° as the sintering time is increased from 1 h to 5 h.
The porosity of the samples is less than 6% that indicates
the existence of very few pores in the samples. It de-
creases from 5.98% for t; = 1 h to 4.48% for t; =5 h. The
reduction of P may be attributed to the presence of CuO,
which helps the intergranular pores to move to the grain

Table 1. Data for the apparent density (o), porosity (P), ini-
tial permeability («/), resonance frequency (f;), Curie tem-
perature (T, and saturation magnetization (M) of
M90_35CUo_zozn0_45Fel_g404 ferrites sintered at 1150°C.

Sintering Pa P % o fr Te M
time (inh)  (g-cm™) (10kHz) (MHz) (°C) (emu/g)
1 4.649 5.98 417 10.0
2 4.664 5.69 531 9.55 148 60
3 4.689 5.18 624 4.70
4 4,693 5.10 645 3.63
5 4.724 4.48 670 2.10
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Figure 2. Variation of apparent density and porosity as a
function of sintering time.

boundaries and thus results in higher density.

Figure 3 shows the SEM microstructure of
Mgo.35CUg 20ZNg 45F€1 0404 Territes sintered at 1150°C. The
increase in grain size with sintering time is clearly visible.
It depends upon the sintering condition; longer the sin-
tering time greater will be the grain size due to the for-
mation of large amount of liquid phase in the system [3].
It is seen that the sample sintered for 1 h, 2 h and 3 h
show a uniform microstructure with small grains. The
considerable increase in grain size with the samples sin-
tered for t = 4 h and 5 h, giving rise to a microstructure
with exaggerated grain growth. The rapid grain growth
may be due to the formation of larger amount of liquid
phase in the samples.

3.2. Magnetic Properties

The measurements of the initial permeability of
Mgo.35CUq 20ZNg 45F€10404 ferrite as a function of fre-
quency are performed and the values at 100 kHz are pre-
sented in Table 2. The complete permeability spectra of
the polycrystalline Mg-Cu-Zn ferrites are shown in Fig-
ures 4 and 5. The complex permeability is given by x" =
i — " where, 4/ is the real permeability (in phase) and
p” the imaginary permeability (90° out of phase). The
real part of the permeability s/ shows flat profile from 1
kHz to 5 MHz indicating good low frequency stability
for the samples for t; = 1 h and 2 h and the dispersion
occurs slightly above 5 MHz frequency due to relaxation
of 4. For higher sintering time t; > 3 h, relaxation takes
place at lower frequency within 1 MHz but having higher
permeability. The frequency stability of initial permeabil-
ity of sintered Mg-Cu-Zn ferrite moves gradually from
high to low frequency with increasing sintering time. In
general, it is observed that the initial permeability re-
mains almost constant up to certain lower range of fre-
quency after which the initial permeability increases to a
maximum value and then decreases rapidly to a very low
value. This phenomenon, known as dispersion of initial

WJICMP



Effect of Sintering Time on the Structural, Magnetic and Electrical 17
Transport Properties of Mg 35CUg 202N 45F€1.0404 Ferrites

Figure 3. SEM microstructure of Mgg 352N 45CUq 20Fe1.0404 ferrites sintered at 1150°C for (a) 1 h (b) 2 h (c) 3 h (d) 4 h and (e)

5 h, respectively.

Table 2. Data for room temperature resistivity (opc), acti-
vation energy (AE) and dielectric constant (') of
Mdo.35CUq 20ZNg 45F€1.940, ferrites sintered at 1150°C.

Sintering time (inh)  ppc (Ohm-cm) AE (ev) £ (10 kHz)
1 1.17 x 10° 0.318 6391
2 4.68 x 10* 0.252 6950
3 3.84 x 10* 0.237 14441
4 2.48 x 10* 0.211 17451
5 2.25 x 10* 0.207 27794

permeability, is attributed to either domain wall displace-
ments or domain rotation or both of these contributions
[12]. It is known that the permeability of polycrystalline
ferrite can be described as the superposition of domain
wall motion and spin rotation components [5,13]. At the
low frequency range, domain wall motion plays a predo-
minant role in the magnetizing process and loss mechan-
ism. The high permeability values at low frequencies
show the dominant role played by domain wall motion.
Increasing the frequency, the wall motion is damped

OPEN ACCESS
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Figure 4. Frequency dependence of real permeability of
Mdo.35CUg 20ZNg 45F€1 9404 ferrite sintered at 1150°C for dif-
ferent sintering time.

and becomes out of phase with the excitation field.

The imaginary component " (as in Figure 5) first ris-
es slowly and then increases quite abruptly making a
peak at a certain frequency (called resonance frequency,
fr), where the real component 4/ is falling sharply. This
phenomenon is known as ferrimagnetic resonance [14].
At low frequencies, a ferrite inductor is a low loss con-
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Figure 5. Frequency dependence of imaginary part of the
permeability of the samples.

stant self-inductor where 4/ is highest and the core is
mostly inductive, rejecting the electromagnetic interfe-
rence (EMI) signal to the source. At high frequencies
where the 4" parameters becomes more significant, the
inductors show high impedance and become resistive and
dissipate interfering signals rather than reflecting these to
the source. The resonance frequency peaks are the results
of the absorption of energy due to matching of the oscil-
lation frequency of the magnetic dipoles and the applied
frequency. At the resonance, maximum energy is trans-
ferred from the applied field to the lattice resulting in the
rapid increase in tans (tand = "/ p').

The resonance frequency along with the permeability
of the samples is listed in Table 1. Resonance frequency
(f) was determined from the maximum of imaginary
permeability of the ferrites. It is observed from Figure 5
and Table 1 that f, decreases with the increase in sinter-
ing time. It is seen that the higher the permeability of the
material the lower the frequency of the onset of ferri-
magnetic resonance. This is because the sample with
large grain size had worse frequency stability due to the
low-frequency resonance induced by big grain size. This
really confirms with Snoek’s relation [15] which is given
as: f, ' =constant. This means that there is an effective
limit to the product of resonance frequency and permea-
bility. So that high frequency and high permeability are
mutually incompatible. The onset of the resonance fre-
quency determines the upper limit of the operational fre-
quency of any device. Moreover, the permeability values
and hence the resonance frequency depend on the
amount and type of dopantions, and the sintering condi-
tion of these samples [5,16]. In a typical Mg-ferrite, the
resonance frequency was found to be at 50 MHz [17].
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It is observed from Figure 6 and Table 1 that 4/ in-
creases with the increase in sintering time. This increase
of 4/ with the increase in sintering time is attributed to
the contribution of domain wall motion, which becomes
more significant as the sintered density and grain size of
the ferrite increases. Generally, a higher initial permea-
bility is achieved through the control of both the density
and microstructure, which depends on the sintering con-
ditions. According to Globus model [18] the contribution
to initial permeability is mainly due to reversible domain
wall motion. Brooks et al. [19] suggested that domain
wall motion is affected by the grain size and sintering
density. Thus, the domain wall motion is greatly affected
by the grain size and enhanced with the increase of grain
size. This is because bigger grains tend to contain more
number of larger domain walls and initial permeability
being a result of the easy reversal of domain wall dis-
placement in the direction of the applied magnetic field.
An increase in the density of ferrites not only results in
the reduction of demagnetizing field, due to the presence
of pores, but also increases the spin rotational contribu-
tion, which in turn increases the permeability [20]. In-
crease in grain size results in an increase in the number
of domain walls in each grain.

Figure 7 shows the thermal variation of initial permea-
bility («) for the toroid shaped ferrite samples. Since the
initial permeability is directly related to the magnetiza-
tion and to the ionic structure, then the thermal spectra of
permeability can be taken as a test of the formation and
homogeneity of the ionic structure of the samples. In
general, it was found that the initial permeability increas-
es with increase in temperature, while it falls abruptly
close to the Curie point. It is seen from Figure 7 that 4/
gradually increases with temperature reaches a maximum
and then drops sharply to minimum value near the Curie
temperature. The sharpness of the permeability drop at
the Curie point can be used as a measure of the degree of
compositional homogeneity according to Globus [21].
The present ferrites show good homogeneity as shown in
Figure 7, where an abrupt drop in permeability occurs
within the temperature range less than 5°C near Curie
point. The variation of z/ with temperature can be ex-
pressed as follows: The anisotropy constant (K,) and sa-
turation magnetization (M;) usually decreases with in-
crease in temperature, due to thermal agitation, which
disturbs the alignment of magnetic moments. But, de-
crease of K; with temperature is much faster than the
decrease of M. When the anisotropy constant reaches to
zero, 4/ attains its maximum value and then drops off to
minimum value near the Curie point. The permeability of
polycrystalline ferrites is given by according to the equa-
tion [22]: u' = MSZD/ K, . 4/ must show a maximum at
temperature at which K; vanishes, where D is the diame-
ter of the grain.
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Figure 6. Variation of initial permeability as a function of
sintering time t;.
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Figure 7. Variation of real permeability with temperature
sintered at 1150°C for different sintering time.

Curie temperature of a ferrite is a temperature at which
the ferrimagnetic material becomes paramagnetic. Curie
temperature gives an idea of the amount of energy takes
to break up the long-range ordering in the material. Curie
temperatures, T, of the studied ferrite system has been
determined from the /-T curves. The Curie temperature
mainly depends upon the strength of A-B exchange inte-
raction. The value of T is found to 148°C (in Table 1)
which is consistent with the reported value of Mg-Cu-Zn
ferrites [22].

Figure 8 represents the magnetization curve as a func-
tion of magnetic field of Mg 35CuUg20ZNg.45F€1.9404 ferrite
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Figure 8. Field dependence of magnetization of
MQo.35CUg 20ZNg 45F€1.0404 ferrite. In the inset: hysteresis
loop of the sample.

carried out by using the vibrating sample magnetometer
with an applied field of 6 kOe. Inset of the figure repre-
sents room temperature complete magnetic hysteresis loop
of the sample. The sample exhibited low coercavity val-
ues indicating that the sample belongs to the family of
soft ferrites. The saturation magnetization M; for the sam-
ple at room temperature is found to be 60 emu/g.

3.3. Electrical Transport Properties

The electrical transport properties of ferrites are very
sensitive to the chemical composition, sintering temper-
ature, sintering time, type and amount of substitutions.
The room temperature DC resistivity (oq) of the sintered
Mg-Cu-Zn ferrite is found to decrease markedly from
1.17 x 10° Q-cm to 2.25 x 10* Q-cm with the increase in
sintering time from 1 h to 5 h as shown in Figure 9 and
is given in Table 2. Verway-de-Boer explained [23] that
in ferrites containing ions of the same element existing in
more than one valence state and distributed randomly
over crystallographically equivalent lattice sites. A num-
ber of such ions can be produced during the sintering of
these ferrite samples. Fe?* ion concentration is a charac-
teristic property of a ferrite material and depends upon
several factors such as sintering temperature or time and
atmosphere including the grain structure. The conduction
mechanism in ferrite takes place by hopping of electrons
between the Fe ions in +2 and +3 valence states within
the octahedral sites (B-sites) without causing a change in
the energy state of the crystal as result of transition. At
higher sintering temperature, there are more Fe?* ions
and more conduction which decreases the resistivity. Fer-
rite structurally forms cubic closed packed oxygen lattic-
es with the cations at the A- and B-sites. The distance
between two metal ions at B-site is smaller than the dis-
tance between a metal ion at B-site and another metal ion
at A-site. The electron hopping between A- and B-sites
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Figure 9. Variation of room temperature DC resistivity with
sintering time, t;.

under normal conditions therefore has a very small prob-
ability compared with that for B-B hopping. Hopping be-
tween A- and A-sites does not exist for the reason that
there are only Fe** ions at the A-site and Fe** ions form-
ed during processing preferentially occupy B-sites only.

The highest value of DC resistivity of the sample sin-
tered for 1 h is observed to be 1.17 x 10° Q-cm. The ob-
served decrease in resistivity with the increase of sinter-
ing time has been attributed to the increased Fe®* ions
content. Obviously, the more the Fe®* ions the higher the
conduction mechanism and consequently a decrease in
the resistivity.

Plot of electrical resistivity (Inp) vs. temperature
(10%T) is presented in Figure 10. The relationship be-
tween resistivity and temperature may be expressed by
Arrhenius relation as

L=, exp(AE/kﬁT) (8)

where, p is the resistivity, T is the absolute temperature,
ks the Boltzman constant and AE is the activation energy.

Figure 10 shows that the electrical resistivity of
Mgo.35CUg 20ZNg 45F€1 9404 Territe decreases by increasing
temperature which follows the Arrhenius equation. This
is the property of the semiconducting nature in the sin-
tered ferrites. From this figure one can observe that in the
investigated temperature range, the resistivity is decreas-
ed by about three orders of magnitude. This strong in-
crease in the conductivity with temperature must be re-
garded mainly as due to the thermally activated mobil-
ity of charge carriers, but not to a thermally activated cre-
ation of theses carriers. The activation energy E, of the
sintered ferrites was determined from the slop of Inp vs.
10%/T plots by using the Equation (8) and is presented in
Table 2. It decreases with the increase in sintering time.
It is due to the fact that a material having higher conduc-
tivity has low activation energy and vice versa.

Figure 11 shows the variation of dielectric constant &
with frequency for different compositions of
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Figure 10. Temperature dependence of DC resistivity of

Mgo35CUg 20ZNg 45F€1.940, ferrites sintered at 1150°C for
different sintering time.

Mgo.35CUg.20ZNg.a5F€1 9404 ferrites sintered at 1150°C.
Value of ¢ is very high at lower frequencies. It decreases
rapidly in the low frequency region and at high frequency
region it becomes almost independent of frequency. This
type of dielectric behaviour in the ferrites has been ex-
plained by the Maxwell-Wagner [24,25] and Koops phe-
nomenological theory [26]. According to Maxwell and
Wagner two layer model [24,25] space charge polariza-
tion is produced due to inhomogeneous dielectric struc-
ture of the material. In this model, a dielectric medium is
assumed to be formed by highly conducting grains sepa-
rated by thin poorly conducting grain boundaries. The
grain boundaries are more effective at low frequencies
while grains are found to be more effective at higher
frequencies. This type of behaviour was observed in a
number of ferrites such as Mg-Cu-Zn ferrites [27,28], Li-
Co ferrites [29], Ni-Cu-Zn ferrites [30], Li-Mg-Ti ferrites
[31], Cu-Cd ferrites [32]. Rabinkin and Novikova [33]
pointed out that the dielectric polarization in ferrites is si-
milar to that of the conduction mechanism. The electron-
ic exchange between Fe®* ions and Fe** ions gives the lo-
cal displacement of electrons in the direction of applied
electric field, which induces the polarization in ferrites
[26,34]. Polarization decreases with the increase in fre-
quency and reaches a constant value. The observed de-
crease in & with the increase in frequency is due to the
fact that above certain frequencies the electronic ex-
change between Fe?* and Fe** ions does not follow the
frequency of the applied AC field. The electrons have to
pass through the well conducting grain and the poorly
conducting grain boundaries. As the grain boundaries
have large resistance, the electrons pile up there and pro-
duce large space charge polarization. Therefore, dielec-
tric constant & has large values in low frequency range.
With the further increase in frequency, the electrons
change their direction of motion rapidly which hinders
the movement of electrons inside the dielectric material
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Figure 11. Dielectric constant (&) as a function of frequency
of the ferrite system Mgy 35CUg20ZNg45F€1.0404 Sintered at
1150°C for different sintering time.

and accumulation of charge at the grain boundaries de-
creases. This decreases the space charge polarization and
therefore, the values of dielectric constant are also re-
duced. Values of dielectric constant are found to increase
with the increase in sintering time. This is because the
sintering time brings an increase in Fe* concentration
and is responsible for the increase in polarization. It can
be explained on the basis that the mechanism of dielec-
tric polarization to be similar to that of electric conduc-
tion.

The temperature dependence of & for the samples at
100 kHz is presented in Figure 12. ¢ increases as the
temperature increases which is the normal dielectric be-
haviour magnetic semiconductor ferrites. The increase in
& with temperature was earlier observed for the Mg-Ti

[35], Ni-Zn [36,37], LigsFe,504 [38], Mg-Zn [39] ferrites.

The hopping of electrons between Fe?* and Fe*" ions (at
adjacent B-sites) is thermally activated on increasing the
temperature. The hopping of these strongly localized
electrons in the d-shell causes local displacements in the
direction of applied AC field. The local displacements of
electronic charge carriers cause (or determine) the dielec-
tric polarization in ferrites. The dielectric behaviour of
ferrites may be explained on the basis of dielectric pola-
rization process is similar to that of the conduction me-
chanism and are mainly by the hopping conduction me-
chanism [33]. The resistivity of ferrites decreases with
the increase in temperature because ferrites were consi-
dered as magnetic semiconductors. According to Koops,
the dielectric permittivity is inversely proportional to the
square root of resistivity. Therefore an increase in dielec-
tric permittivity with temperature is expected. In the first
region & is increased slowly with temperature. This
means that the thermal energy given to the system is not
sufficient enough to free the localized dipoles and to ori-
ent them in the field direction. In most cases, the atoms
or molecules in the samples cannot orient themselves at a
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low temperature region. When the temperature rises, the
orientation of these dipoles is facilitated and this increas-
es the dielectric polarization. At very high temperatures
the chaotic thermal oscillations of molecules are intensi-
fied and the permittivity passes through a maximum val-
ue.

Figure 13 shows the changes of tans with temperature
of the samples at 100 kHz. It seems that tané has, in gen-
eral, small values and increases with increasing tempera-
ture. The range of loss factor values indicates that the
prepared materials suffered very low dielectric losses
even at higher frequencies. A very low dielectric loss is
one of the characteristic parameter for microwave appli-
cations.

4. Conclusion

The variation of sintering time causes appreciable chang-
es in the physical, magnetic, electrical and dielectric pro-
perties of Mg s5CUg 20ZNg.45F€1.040,4 ferrites. XRD pattern
shows the cubic phase spinel structure of the samples.
The apparent density increases and the porosity decreases
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Figure 12. Temperature dependence of dielectric constant
(6") of M90.350u0.202n0.45Fellg4O4 Samples.
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Figure 13. Temperature dependence of dielectric loss tan-
gent of M90.35Cu0.202n0_45Fe1.g4O4 samples sintered at 1150°C
for different sintering time.
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with the increase in sintering time of Mg-Cu-Zn ferrite.
The increase in density of the samples may be attributed
to the liquid phase sintering due to the presence of CuO.
The initial permeability increases with sintering time but
resonance frequency shifts toward the lower frequency
which really confirms with Snoek’s relation. The increase
in the permeability may be attributed to the increase of
density and grain size. It is observed that DC resistivity
(p4c) and activation energy of the sample decrease mar-
kedly with the increase in sintering time which is attri-
buted to the increased Fe?* ions content. The electrical
conduction in these ferrites is explained on the basis of
the hopping mechanism. Dielectric constant (&) decreas-
es with increasing frequency exhibiting normal dielectric
behaviour of ferrites. Dielectric constant and dielectric
loss tangent increase with the increase of temperature
passing through a maximum at high temperature which is
attributed to the fact that the hopping of electrons be-
tween Fe?* and Fe®* ions is thermally activated with in-
creasing temperature. In conclusion, it can be said that
the sintering condition has influence on the properties
like densification, microstructure, magnetic and electrical
transport properties of Mg-Cu-Zn ferrites.
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