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Frequency-dependent dielectric constant, dielectric loss, AC conductivity values and complex impedance spectra of V,0s-added
Ni—Co—Zn ferrites (Ni ¢,Co, (321 35Fe,0,4 + xV,05, where x = 0, 0.5, 1 and 1.5 wt.%) have been investigated at room tempera-
ture. The dielectric properties of the samples follow the Maxwell-Wagner polarization model. An inverse relationship was found
between dielectric constant and AC electrical resistivity for all the samples. The dielectric constants decreased with the addition
of V,0s, while the electrical resistivities of V,05-added Ni-Co—Zn ferrites are found to be larger than that of pure Ni-Co—Zn
ferrite. The AC conductivity was reduced with the addition of V,05to Ni—-Co—Zn ferrite at lower-frequency region. However, AC
conductivity shows a sharp increase at higher-frequency region, which could be attributed to the enhancement of electron hopping
between the Fe?* and Fe?* ions in the ferrite matrix due to the activity of the grains. The complex impedance spectroscopy results
through Cole—Cole/Nyquist plot have demonstrated a single semicircular arc. It indicates that conduction mechanism takes place
predominantly through the grain/bulk property, which could be ascribed to the larger grain size of V,0s-added Ni-Co—Zn ferrites.
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1. Introduction

Soft spinel ferrites are ferrimagnetic materials which
have significant role in different types of electromagnetic
devices.!-6 Ni-Zn mixed ferrite is one of the important mag-
netic materials which have been used in electronic industries
as well as communications technology.” On the other hand,
Ni—Co—Zn mixed ferrites are used in electromagnetic devices
for their significant magnetic anisotropy and chemical sta-
bility.!®!! The dielectric properties of the spinel ferrites are
strongly dependent on the crystal structure, cation distribu-
tion, chemical compositions, grain structure, preparation
method, sintering temperature and types of substitution or
additives.!>!3 There are different types of additives such as
V,05, MoO;, Bi,0; and WO, which can play significant roles
as sintering aids, in microstructure modification, in controlled
grain growth and in the densification of the samples.!* 16 It is
observed that V,0s has been used as an excellent sintering
aid in order to promote grain growth of the ferrite materials.!”
Previously, Lebourgeois et al. studied the effects of V,0;
additive on the magnetic properties of Ni-Cu—Zn ferrites.'3
They found that V,05 additive can play an important role in
the improvement of microstructure of Ni—Cu—Zn ferrites,
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which influenced the magnetic properties. On the other hand,
Kaiser!® observed the influence of V,05 addition on the con-
ductivity and grain growth of Ni-Zn—Cu ferrites. They stud-
ied the AC conductivity and complex impedance spectra in
order to understand the conduction mechanism through grain
effect. Rao et al. observed the influence of V,05 addition on
the resistivity and dielectric properties of Ni—Zn ferrites.?
Jain et al. also studied the influence of V,05 addition on the
electrical conductivity and magnetic properties of Ni—Zn
ferrites.?! However, they did not study the complex imped-
ance spectroscopy results through Cole—Cole/Nyquist plot in
order to know the information about the electrical conduc-
tion mechanism of the materials. In addition, a ternary com-
pound with Ni-Co—Zn ferrites having the chemical formula
of Ni¢,Coy o3Zn,35Fe,0, has not been studied with V,Os
addition. Moreover, this composition has been chosen based
on the opposite nature of magnetic anisotropy energies of
CoFe,0, and NiFe,0, that might have a compensating effect
on the anisotropy constant of mixed ferrites. There is a lack of
data on the effects of V,05addition on the dielectric constant,
AC conductivity and complex impedance spectra of Ni—-Co—
Zn ferrites. In this work, an attempt has been made to study
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in detail the frequency-dependent dielectric constant, dielec-
tric loss, AC conductivity and complex impedance spectra of
V,0s5-added Ni—Co—Zn ferrites.

2. Materials and Method

In order to synthesize the Ni—-Co—Zn ferrites, the chemi-
cal reagents namely NiO, CoO, ZnO and Fe,O; powders in
appropriate amounts were weighed and mixed properly in
a ceramic mortar with pestle for 5 h. The grinded powders
were pre-sintered at 850 °C for 3 h to form Ni—Co-Zn ferrites
through the solid-state reaction technique. Different propor-
tions of V,05 (0.5, 1 and 1.5 wt.%) were added to the cal-
cined powders of Ni-Co—Zn ferrites. Then the V,05-added
Ni—Co—Zn ferrite samples were pressed in hydraulic press
to form disk-shaped samples. The samples were sintered at
1200°C temperature in air for 3 h. The dielectric constant
and complex impedance spectra for all the synthesized sam-
ples were measured using an impedance analyzer (WAYNE
KERR 6500B) in the frequency range from 100 Hz to 10
MHz at room temperature. The dielectric constant was calcu-
lated from the relation: £” = f”f, where C,, is the capacitance,
A is the area of the surface,od is the thickness of the spec-
imen and ¢, is the permittivity of free space. The complex
impedance Z* is given by: Z* = Z' + Z”, where Z' and Z”
are the real (resistive) and imaginary (reactive) components,
respectively. The Cole-Cole/Nyquist plot is a plot between Z’
and Z”, expressed by the equation: (Z" —£)? +(Z”)? = (£)2,
where (£) generally represents the radius of semicircle.

3. Results and Discussion

X-ray diffraction (XRD) was used to study the crystal struc-
ture. It was confirmed from Fig. 1 that all the samples have
cubic spinel crystalline structure with the manifestation of
(111), (220), (311), (222), (400), (422), (511) and (440)
planes.?? A detailed microstructural study has been per-
formed using field-emission scanning electron microscopy
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Fig. 1. XRD patterns in three dimensions.
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(FESEM) that demonstrated the nature of grain growth
of Ni—Co—Zn ferrites. The grain size of the sintered sam-
ples (at the temperature of 7 = 1200 °C) was found to be
strongly dependent on V,05 contents and had been reported
in our earlier work.?” The porosity of the samples decreased
with the addition of V,05 content, which can be attributed to
the role of V,O5 as a sintering aid to enhance the densifica-
tion of the ferrite samples from 4.13 g/cm? (for x = 0 wt.%
of V,05) to 5 g/em? (for x = 1.5 wt.% of V,05). It clearly
demonstrates that V,05 addition can promote grain growth
as a sintering aid during the sintering process. The effect of
V,05 addition as a sintering aid has been clearly reflected
with the concomitant achievement of high density of ferrite
materials.

3.1. Dielectric constant

Figure 2 shows the variations of the dielectric constant (')
with applied frequency for different concentrations of V,0s-
added Ni—Co—Zn ferrites at room temperature. It is observed
that £” decreases with the increase of frequency and attains
a constant value at high-frequency region. According to the
Maxwell-Wagner type of polarization, ferrites contain good
conducting grains separated by poorly conducting grain
boundaries.?® The dielectric constant (¢") of ferrite possessed
different types of polarizations such as interfacial, atomic,
dipolar and electronic polarizations. All types of polariza-
tions (electronic, ionic and space charge) contribute to ¢ at
the lower-frequency region, while the effective polarization
is only electronic that takes place in the higher-frequency
region. The dielectric constants of all the studied samples
decrease monotonically as the frequency increases, which
is a normal behavior of frequency-dependent dielectrics. It
is observed from Fig. 2 that the rate of change of dielec-
tric constant with frequency of V,05-added samples clearly
demonstrates a slow decreasing trend compared with pure
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Fig. 2. Variations of the dielectric constant (¢) with applied
frequency.
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Ni—Co—Zn ferrites. Even at higher frequency, V,05-added
Ni—Co—Zn ferrite samples have shown an almost frequen-
cy-independent nature, while the pure Ni—Co—Zn ferrites
displayed a frequency-dependent behavior as depicted in
Fig. 2 (inset). Therefore, it is assumed that V,0Os-added
samples display higher frequency stability than that of pure
system. From the FESEM (microstructure) study,?” the grain
growth of Ni—-Co—Zn ferrites is dependent on the V,05 con-
tent. The grain size increases with the increase of V,05 con-
tent from 1.5 pm for pure sample to 6.4 ym for 1.5 wt.%
addition. This enhancement of grain growth can play a sig-
nificant role in the conductivity of the samples which might
have an influence on the dielectric property of the samples
due to the activity of larger conductive grains at the higher-
frequency range. At lower frequency, the charge carriers are
accumulated in grain boundaries, which may be related to an
increase in the permittivity of the materials resulting in high
value of . However, ¢ remains constant at higher frequen-
cies because the electron exchange between Fe?* and Fe’*
cannot follow the applied AC field due to lag of hopping fre-
quency of electrons with the applied frequency.?*> It is also
observed that the values of ¢ are reduced with the addition
of V,05 content at the lower-frequency region, which may
be related to the decrease of hopping of electrons between
Fe?* and Fe** ions at octahedral sites in the ferrite matrix.?°
The dielectric constant & of the ferrites is dependent on the
space charge polarization, which is governed by the hop-
ping exchange of the charges between the localized states.
According to Verwey and de Boer, the electronic exchange
(Fe?* <> Fe?") occurs at the crystallographic equivalent site
without any change of the energy state of the crystal result-
ing in transition.?’” The hopping of electrons takes place at
the octahedral site (B-site) and the amount of iron (Fe3*) ions
is mainly responsible for the hopping of electronic exchange
between the localized sites. Because of the addition of
V,0s, V3* ions occupy at the B-site resulting in the reduc-
tion of Fe3* ions, that ultimately limits the degree of elec-
tronic exchange (Fe?* <> Fe**). Therefore, the probability of
interfacial polarization decreases with the addition of V,Os
content and consequently, reduces the electron exchange
between Fe?* and Fe3* at the B-site, resulting in the decrease
of the dielectric constant £”.

Figure 3 illustrates the variations of dielectric loss fac-
tor (tan ég) with applied frequency. It is observed that tan 65
decreases with the increase of frequency. The higher value of
tan ¢ at lower-frequency region is observed due to the grain
boundary effect which requires more energy for the exchange
of electron between Fe** and Fe?* ions. However, the lower
value of tan 65 is observed at the higher-frequency region,
which could be related to the inability of domain wall motion
with the rapid variation of applied AC field. It can also be
found that tan ¢, decreases with the increase of V,05 content
at lower frequency, which could be ascribed to the enhance-
ment of the electrical resistivity of V,0s-added Ni—-Co—Zn
ferrites.
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Fig. 3. Variations of the dielectric loss factor (tan ¢;) with applied
frequency.
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Fig. 4. Variations of p,, with applied frequency.

3.2. AC conductivity and resistivity

The variations of AC electrical resistivity (p,.) with the
applied frequency are presented in Fig. 4. It shows that p,.
decreases continuously with the increase of frequency and
becomes independent of frequency at higher-frequency
range. It is also observed from Figs. 2 and 4 that ¢’ and p,,
due to the addition of V,04 content are in inverse relationship
with each other, which shows the normal trend of ferrites.
The hopping lengths L, and L were calculated?® for the tet-
rahedral site and the octahedral site, respectively, and are tab-
ulated in Table 1. Both L, and Lgincrease with the addition
of V,05 in Ni—Co—Zn ferrites. The electrical resistivities of
V,0s5-added Ni—Co—Zn ferrites at a selected frequency (100
Hz) are shown in Table 1. It shows that the resistivity was
found to increase with the amount of V,05 content, which
may be related to the increase in hopping length at the octa-
hedral site (Lg).
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Table 1. Resistivity (p,), hopping length of tetrahedral A-site
(L,) and hopping length of octahedral B-site (L) for different
compositions.

peMQ-m) L, L,

Composition (at100Hz) (A) (A

Nig 2C00,03Z10 35,0, + 0 wt.% V,05 0.01  3.627 2.9620
Nig ,C0p 032100 35F,0, +0.5 wt.% V,05  0.08  3.629 2.9634
Nig 62C0,03Z1g 35,0, +1 wt.% V,05 0.16  3.630 2.9641
Nig 2C00 03200 35Fe,0, +1.5 wt.% V,05 021  3.631 2.9648
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Fig. 5. (a) o, versus frequency and (b) log o, versus log w.
The AC conductivities (o,,) of the studied samples as a
function of frequency are shown in Fig. 5(a). It shows that
o, 1s almost independent of frequency at the lower-frequency
region, which corresponds to DC conductivity (o4.). On the
other hand, o,. increases rapidly at the higher-frequency
region, called as the hopping region due to the effectiveness
of conductive grains. It is also seen that o,. was reduced due
to the addition of V,05 in Ni-Co—Zn ferrites at lower-fre-
quency region, which could be attributed to the increase of
hopping length (L) and reduction of the mobility of charge
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carriers.?” According to Jonscher’s power law,* the total con-
ductivity is given by: o, (w) = 04, + Buw, where w(=27f) is the
frequency, n is the dimensionless exponent quantity, which
gives the information about the conduction mechanism of the
samples, and Bw" represents the AC conductivity term due to
hopping process at the octahedral site.’! Figure 5(b) shows
the relation between log o,. and log w for all the samples at
room temperature. The value of n can be obtained from the
slope of log o, versus logw plot. It is found to be in the range
of 0 < n < 1 which confirms that the conduction of the sam-
ples is dependent on the frequency.?? According to Jonscher’s
power law, the variation of log o, with logw should be a linear
relation. However, the conductivity of the samples shows a
plateau-like shape at the low-frequency region due to mixed
polaron hopping. On the other hand, it demonstrates that con-
ductivity increases linearly at the higher-frequency region,
which could be attributed to the small polaron hopping,
which is responsible for the material conduction. Therefore,
the enhancement of the electrical conductivity is clearly
reflected by the hopping mechanism.

3.3. Complex impedance spectra and Cole—Cole plot

Impedance spectroscopy is a vital tool to know about the
conduction mechanism of the materials. In order to study the
electrical properties of V,05-added Ni-Co—Zn mixed ferrites,
the room-temperature complex impedance spectra were mea-
sured for all the samples. Figure 6 shows the variations of the
real (Z') and imaginary (Z”) parts of impedance with applied
frequency. It is observed from Fig. 6(a) that Z" decreases with
increasing frequency and it remains almost constant at high
frequencies. The values of Z” are increased with the addition
of V,05 in Ni—-Co—Zn ferrites at the low-frequency region.
The frequency dependence of Z” is shown in Fig. 6(b). It
shows relaxation peaks due to the presence of space charge
relaxation behavior in the material. The values of Z’ and Z”
both tend to merge in the high-frequency region, which may
be related to the reduction of space charge polarization result-
ing in the increase of o,, with frequency.??

In general, the Cole—Cole plot (Z” versus Z') or the
Nyquist plot exhibits three successive semicircles for the
effects of grain, grain boundary and surface electrode, respec-
tively.3* The semicircle at low-frequency region represents
the resistance of the grain boundary, while the semicircle at
high-frequency region is for the resistance of the grain. For
an ideal Debye-type relaxation, a perfect semicircle will be
seen with its center at the Z"-axis.*> The complex impedance
can be expressed as*: Z* = R, — ngcg +Ry, — jngngb’ where
R, and Ry, are the grain and grain boundary resistances, C,

and Cgb are the grain and grain boundary capacitances, while
w, and w,, are the frequencies at the peak of the semicircle
for the grain and the grain boundary, respectively. Figure 7
shows the Cole—Cole plot for different compositions. In this
investigation, it is observed that all samples display a single
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semicircular arc. A single semicircle indicates that only one
primary mechanism is responsible for the conduction mech-
anism within the samples. On the other hand, the FESEM
micrographs of the samples clearly demonstrated that the
grain size increases with the addition of V,0Os content and
it has been reported in our earlier work.” The diameter of
the semicircular arc increases with increasing V,05 content
which signifies that the grain/bulk resistance increases with
V,0; addition.®® This may be related to the larger grain size
due to the addition of V,0Os into the Ni-Co—Zn ferrites. The
result suggests that the conduction mechanism occurs pre-
dominantly through the grain property in the samples.

4. Conclusion

Nij ,C0g 0321 35Fe,0,4 + xV,05 (where x = 0, 0.5, 1 and
1.5 wt.%) ferrite samples have been prepared by solid-state
reaction technique. The dielectric property of V,05-added
Ni—Co-Zn ferrites follows the Maxwell-Wagner polariza-
tion model. The dielectric constants were reduced due to
limitation of the degree of electronic exchange (Fe?* <> Fe3*)
with the addition of V,05 content at lower-frequency region.
The conduction mechanism is mediated by the electron hop-
ping between Fe?* and Fe3* in the spinel lattices. The AC
conductivity was reduced with the addition of V,Os content,
which can be linked to an increase in hopping length (Lpg).
The analysis of complex impedance indicates that the areas
under the semicircles of the Nyquist plots were increased
due to the larger grain size of V,05-added Ni—-Co—Zn fer-
rites. It is inferred from the experimental evidences that con-
duction occurs through the grain in V,0s-added Ni—-Co—Zn
ferrites.
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