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Abstract

NiFe,04 powders were prepared by combustion synthesis, polyol-mediated and sol-gel methods. Morphological characterization of
sintered disks was carried out using scanning electron microscopy (SEM). Dielectric properties of NiFe,O, synthesized by different
routes were investigated over the frequency range of 100 Hz—5 MHz at room temperature. A difference in dielectric constant (¢,) and
dissipation factor (tan J) of NiFe,O,4 samples obtained by different synthesis methods has been observed. The observed dissimilarity in
the behavior originates from the variation in the microstructure of the samples that is evident in the Cole—Cole plot results.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Materials with high dielectric constant are important
components of integrated electronic chips [1,2]. Apart from
the dielectric constant, static power and low leakage of
current are further necessary [3]. Research focus on the
development of such materials is on the rise. Among the
various materials, spinel ferrites are fascinating as they
comprise of electrically and/or magnetically active transition
metal ions [4]. Such significant class of materials are widely
used in making of transformers, chokes, microwave absor-
bers and sensors [5]. Among the ferrites, NiFe,O4 (NF20) is
an interesting candidate due to its dielectric and magneto-
electric properties and is being used in several applications
such as spintronics, satellite communications, memory
devices, transformer cores, etc. [6-10]. NF20 having an
inverse spinel structure in which Ni** occupies the octahe-
dral site and half of the Fe’* ions occupy the tetrahedral
site formed by the cubic close packing of oxygen atoms
and can be represented as (Fe* ™ )rq[Ni** Fe? 10,04 [11].
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However, there is a possibility of reverse cationic distribution
in the nanocrystalline spinels in which the random distribution
of divalent ion in the T4 and Oy, sites has been found [4,12,13].

It is interesting to find the variation in dielectric
property of NF20 synthesized by several techniques such
as conventional solid state reaction route, sol-gel, micro-
wave synthesis and micro emulsion methods [7,14-16].
Besides, NF20 samples that were synthesized by similar
methods exhibit different dielectric constant values [14,17].
Understanding such differences in the property becomes
highly important from the technological point of view. The
microstructure which is different for samples synthesized
by adopting various methods plays a crucial role in
controlling the dielectric property of NF20. Though there
are several reports available on the synthesis of NF20 and
study of impedance properties, understanding the relation
between morphology and dielectric properties of NF20
obtained by different methods is worth investigating. This
motivated us to study the role of microstructure on the
dielectric property of NF20 by comparing the samples
obtained by different routes in a systematic manner.
Recently, we have reported the difference in the electro-
chemical double layer capacitive behavior of NF20
synthesized by adopting different routes such as
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combustion synthesis, polyol-mediated and sol-gel meth-
ods and found that the capacitance depends on the
morphology [18]. To observe the effect of morphology
more directly, in the present study we measured the
dielectric property by impedance spectroscopic technique
which is a powerful tool in characterizing the electrical
properties of grains and grain boundaries.

2. Experimental
2.1. Synthesis

NF20 was synthesized by adopting four different
synthesis routes: combustion synthesis using either glycine
or alanine as fuel, polyol-mediated and sol-gel methods
which are described in detail elsewhere [18]. NF20 samples
synthesized by combustion (glycine), combustion (alanine),
polyol-mediated and sol-gel methods were named as
NF20-G, NF20-A, NF20-P and NF2O0-S, respectively.
NF20 powder (0.3 g) was pressed into disc shaped sam-
ples. The thickness and diameter of each disk are 1.0 mm
and 10.0 mm, respectively. All the disks were sintered at
1100 °C in air for 24 h. The surfaces of sintered disks were
polished and pasted with the high quality silver on two
sides of sample which makes a very good contact with the
jaws of impedance analyzer. The silver paste was cured at
400 °C for 10 min.

2.2. Characterization

The phase formation and purity of all the NF20 were
examined earlier by powder X-ray diffraction (XRD). The
morphologies of sintered NF20 disks were analyzed by
scanning electron microscopy (SEM) (S-3000H, Hitachi).
Dielectric measurement parameters such as impedance,
phase angle, capacitance and dissipation factor were
measured at room temperature using a computer con-
trolled impedance analyzer (HIOKI LCR Hi-Tester,
Model-3532) in the frequency range of 100 Hz—5 MHz.

From the following empirical equations, the frequency
dependent dielectric constant (g;), conductivity (o,.) and
resistivity (pqc) were calculated at room temperature [19,20]:

& = (Cd/e,A) (1)

where ¢, is the dielectric constant, C is the measured
capacitance, d is the thickness of the sample and A (=nr?)
is the area of the sample and &, is the permittivity of free
space (8.854 x 107" Fm ™).

tand=¢"/¢ )
Oac = 21f e08" (3)
Oac =2nfeoe'tan & [ = ¢'tan §] 4
Pae=RA/L )

where ¢ is the real part, ¢’ is the imaginary part of dielectric
constant, o is the phase angle, f is the frequency, R is the

measured resistance of ferrite and L is the thickness of
the disk.

3. Results and discussion
3.1. Phase formation and morphological analysis

The single phase formation of NF20 has been confirmed
by powder X-ray diffraction technique. The typical XRD
pattern of NF2O-S is shown in Fig. 1 along with the
standard pattern available in the JCPDS data base and the
result confirms the single phase formation. The XRD
patterns of all NF20O samples synthesized by different
methods were reported elsewhere [18]. The morphologies
of sintered NF20 disks obtained by adopting different
synthesis routes were analyzed by SEM and the images are
shown in Fig. 2. SEM images show that NF2O synthesized
by different routes contain different morphologies. NF20
prepared by combustion synthesis exhibits a network with
voids and pores. These voids and pores might have formed
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Fig. 1. Powder XRD pattern of NF20O synthesized by sol-gel method is
shown along with the standard pattern.

Fig. 2. Scanning electron micrographs (SEM) of sintered disks of
(a) NF20-G, (b) NF20-A, (c) NF20-P and (d) NF20-S.
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during the combustion reaction by the escaping gases and
present even after sintering. Such a microstructure is
known for materials obtained by combustion synthesis
[18]. Indivisible grains (i.e. tightly bound and a continuous
contact between the grains) without any clear grain
boundaries are observed in the SEM image of NF20-G
(Fig. 2a). Micrograph of NF20-A (Fig. 2b) shows the
presence of large and small grains. The microstructure of
NF20-P (Fig. 2c) is related to that of NF20-A (Fig. 2b).
But, the difference between the micro-structure of NF20-P
and NF20-A is the connectivity among the grains. In the
case of NF20-A, the bulk grains are loosely connected
with smaller grains (Fig. 2b). NF20 synthesized by sol-gel
method has a negligible inter-grain region as well as low
porosity (Fig. 2d). The difference in the morphologies of
NF20 synthesized by different methods may influence the
dielectric property that originates from grains, grain
boundaries and pore structure within the micro structure
of a domain system.

3.2. Dielectric properties

The variation in dielectric constant (g) of NF20
synthesized by different routes is shown as a function of
frequency in Fig. 3. Frequency dependent dielectric con-
stant (&) of ferrite may reflect the dynamic response
behavior of a solid contributed by micro-structural factors
[21]. According to Maxwell-Wagner theory and Koop’s
model, the dielectric material with heterogeneous structure
is considered to have well conducting grains separated by
highly resistive grain boundaries where the applied voltage
drop leads to the building up of space charge polarization
[22]. The charge build up at the insulating grain boundary
as a consequence of space charge polarization at the
electrode—grain interfaces in the lower frequency region is
the major contributor to the dielectric behavior of ferrites.

3
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Fig. 3. Frequency variation of dielectric constant of NF20-G, NF20-A,
NF20-P and NF20-S at room temperature.

The dielectric constant, in general, is expected to be high
within the sample where the polarization in ferrite is high.
From Fig. 3, NF20-S exhibits the maximum ¢, that may be
attributed to the higher polarization or number of space
charge carrier (Fe’>* ions) than that of in NF20 synthesized
by other methods. The low frequency dielectric response in
ferrite is strongly affected by the porosity, crystallinity
and pore-size distribution within the microstructure [20].
The dielectric constant values at 100 Hz of NF20 synthesized
by combustion (Glycine), combustion (Alanine), polyol-
mediated and sol-gel methods are 878, 1331, 1833 and
2492, respectively (Table 1). Dielectric constant of NF20
decreases rapidly with increasing frequency and a frequency
independent behavior was attained at frequencies above
10*Hz. The observed low dielectric constant values of
NF20 at higher frequencies are in good agreement with the
literature report [23]. This behavior is due to the fact that
electron hopping between Fe** and Fe’™ cannot follow the
change in external electric field beyond certain frequencies.
These results clearly reveal that the observed difference in
dielectric constants of NF20 samples at low frequencies is
mainly due to grain boundary contributions.

It is observed from Fig. 3 that the variation in ¢, values
in NF20 obtained by different methods follows the order:
NF20-G < NF20-A < NF20-P < NF20-S. It is known
that ¢, is inversely proportional resistivity [4]. It is inter-
esting to note that NF2O-P despite its low resistivity
exhibits a low ¢, (see Table 1). On the other hand,
NF20-S with a negligible inter-grain region as well as
low porosity has a higher ¢. From the morphology and
measured dielectric constant, it is understood that a good
interconnection between the conducting grains may have
the ability to occupy more dipoles/charges than other
structures in the low frequency region. It has been recently
reported that highly sintered NF20O with less inter-grain
region exhibits higher & value than NF20 with other
morphological structure [21]. Additionally, NF20 with
low porosity, high density and enlarged grains exhibits a
high dielectric constant was also reported earlier by
Hassan et al. [24].

The dissimilarity in dissipation factor (tan ) of NF20
obtained by different methods is shown in Fig. 4. The tan ¢
graph shows peaks with respect to the frequency for all
the NF20 samples due to the resonant electron hopping
mechanism between two mixed valence cations Fe(Ni)> " —
Fe(Ni)’> " in the octahedral/tetrahedral sites in the spinel
crystal structure. The electron/hole hopping between the
cations in spinel structure occurs through lattice vibrations
due to the localized nature of eclectrons [4]. It has been
found that the hole hopping between Ni** and Ni* " needs
larger activation energies compared to electron hopping
between Fe>™ and Fe’" ions [4,25]. Hence, the observed
dielectric relaxation at room temperature in the present
study mainly originates from the electron hopping between
Fe’™ and Fe*™. NF20 samples synthesized by different
routes display peaks at different frequencies indicating the
presence of inhomogeneous surface of the electrode. The
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Table 1
The calculated ac and dc conductivities of NF20 samples.
Sample & tan o Frequency at 3 kHz

at 100 Hz at 100 Hz

0.(107°Q Tem ™) packQ cm 041077 Q7 ' em ™) pac(MQ cm)

NF20-G 878 3.04 1.72 58.1 2.11 4.73
NF20-A 1331 6.33 6.01 16.6 8.84 1.13
NF20-P 1833 9.99 11.9 8.40 18.5 0.54
NF20-S 2492 0.74 3.07 32.5 5.46 1.83

NF20-G
NF20-A
NF20-P
NF20-S

[=-]
1
-
O o440

Tan &
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Log frequency (Hz)

Fig. 4. Variation of dissipation factor (tan ) of NF20-G, NF20-A,
NF20-P and NF20-S as a function of frequency.

inhomogeneities in NF20 are due to irregularity in grains
and grain boundaries, pore structure and inter particle or
intra grain connectivity [17,26]. Such inhomogeneties
require finite time to line up their axes parallel to an applied
electric field and hence the peak will appear at different
frequencies. In connection with applied electric field, tan ¢ is a
consequence of lag of polarization. At 10> Hz, the tan J values
of NF20-G, NF20-A, NF20-P and NF2O-S are 3.04, 6.33,
9.99 and 0.74, respectively. The value of tan ¢ for NF20-P
exhibits a systematic decrease with increasing frequency (9.99
at 10> Hz, 2.63 at 10° Hz and 0.763 at 10° Hz). The high loss
in NF20-P may originate from the higher conductivity
causing the higher leakage current (see Table 1).

Fig. 5 shows the Cole—Cole plots of NF20-G, NF20-A,
NF20-P and NF20-S. Two distinct parameters are
observed from the Cole—Cole plot. The primary one is
ohmic (Rg) and polarization resistance (R,) and the second
one is how the grains and grain boundaries interact with
frequency within the microstructure. The high and low
frequency intercepts on the real axis points to the Rq and
total resistance (R;), respectively. The polarization resis-
tance (R),), is the electrode reaction kinetics accommodated
with grain boundaries, calculated from the following
relation [27]:

Ry, = (Ri—Ro) (6)

Dielectric material’s microstructure can be assumed to
consist of parallel conducting plates (grains) separated by
resistive plates (grain boundaries). In the Cole—Cole plot of
NF20, a semi-circular arc in the low frequency region
represents grain boundary contributions and the arc in the
high frequency side corresponds to the bulk (or grain)
contribution. Two characteristic features can be clearly
observed from the Cole—Cole plots of NF20 samples.
Primarily two depressed semi-circular arcs are observed
with NF20-A and NF2O-P both of which have smaller
and larger grains, clear grain boundaries along with
micropores and well resolved inter-grain regions. Secondly,
NF20-G and NF20-S having negligible inter-grain region
or indivisible conducting grains and good connectivity
between inter grains exhibit a single depressed semi-circular
arc. The observed non-ideal behavior in the Cole—Cole plot
can be due to the inhomogeneties in the microstructure of the
NF20 and this gives rise to constant phase element (CPE)
instead of capacitance for all the cases. The CPE represents the
occurrence of several relaxation processes with similar relaxa-
tion time [28,29]. The CPE with impedance is expressed as:

Z(w) = 1/0(iw)" (7)

where i= \/ —1,0<n<1,and Q is a constant with dimension
Fs"~!. More complicated frequency response than a simple
undistributed RC time constant process exhibited by the CPE
which is used to accommodate the non-ideal behavior of the
capacitance that may have a pure resistive or capacitive
behavior if the value is either zero or unity, respectively.

A careful attention is indispensable to explore the
physical parameters of prepared NF20 disks. The para-
meters such as grain resistance (R,), grain boundary
resistance (Rgp), and the CPE contribution from grain
(Q,) and grain boundaries (Q,) were obtained at room
temperature by fitting the Cole—Cole plots using PAS-IM6
Electrochemical Impedance Analyzer-Thales 4.18 USP
software (within 1% fitting error) and the measured values
are listed in Table 2. The ohmic or contact resistance (Rg)
contributions were omitted for all the cases.

The Cole—Cole plot of NF20-G as a function of
frequency is shown in Fig. 5a. Here, the spectrum shows a
single depressed semi-circular arc implying the contributions
from conducting grains. The grain boundaries’ contribution
cannot be resolved but an additional impedance response
(like a tail) is appeared in the low frequency region and this
behavior is similar to the result reported in the literature [7].
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Fig. 5. Cole—Cole plot of (a) NF20-G, (b) NF20-A, (c) NF20-P and (d) NF20-S in the frequency range of 100 Hz—5 MHz at room temperature and the

corresponding equivalent circuit models are shown in the inset.

Table 2
The calculated resistance and CPE values from the Cole—Cole plots of
NF20 samples.

Sample Bulk region Grain boundary
Ry(kQ)  CPEI Ryp(kQ)  CPE2
Qg(nF) ng ng(l’lF) Ngp
NF20-G 778.8 0.43 0.81 - 15.13 0.88
NF20-A 146.2 0.32 0.83 93.8 13.65 0.72
NF20-P 60.9 1.50 0.74 81.7 9.005 0.75
NF20-S 233.2 0.97 0.86 - 11.72 0.64

The microstructure of NF20-G (see Fig. 2a) consists of
indivisible grains and indistinct grain boundaries that may
influence the property as clearly observed by the disappear-
ance of second semi-circular arc in the Cole—Cole plot. Such
indivisible grains along with pores in NF20-G result in the
observed very large total resistance. In order to correlate the
electrical properties of NF20-G, the data has been fitted
with an equivalent circuit model of (RyQs)(Qgp) Which is
shown in inset Fig. 5a.

NF20-A exhibits two semi-circular arcs in the Cole—Cole
plot. The corresponding electrical circuit of NF20-A was
fitted based on the equivalent circuit model of (RyQOu)(RebOpb)
which is shown in the inset in Fig. 5b. The measured Ry, and

R, are 93.8 and 146.2 kQ, respectively, from which we could
confirm that the contribution from the thin grain boundary is
low when compared to grain contribution. The microstructure
of NF20-A (Fig. 2b) indicates that the conducting grains are
larger than the insulating grain boundary region and hence
the contribution from the grain boundaries to the resistance
and CPE is small.

The Cole—Cole plot of NF20-P shows two depressed
semi-circular arcs and the result is fitted with an equivalent
circuit as shown in Fig. 5c. The observed result with
NF20-P is quite opposite to that of NF20-A. The grain
boundary contribution in NF2O-P is predominant whereas
the resistance of grain is a major contributor in the case of
NF20-A as shown in the difference in the radius of semi-
circular arcs in these two cases. The obtained results are in
good correlation with the morphology of NF2O-P that
shows the presence of both larger and smaller sized grains
with difference in the nature of grain boundaries. The
radius of the second semi circular arc (at lower frequencies)
is larger than the first one revealing that the contribution
from grain boundary (R,p) is more as it contains a large
number of smaller grains. Such smaller grains are well
connected with the larger ones which provide a continuous
pathway for transport of charge carriers through the
electrodes and thereby lead to an increase in conductivity.
This kind of micro-structure is desirable for providing
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maximum conductivity (c4.=18.5x 1077 Q"' cm™!) than
other NF20 microstructure.

NF20-S shows (Fig. 5d) an apparently depressed semi-
circular arc in the high frequency region. Low frequency
tail is due to the diffusive response by blocking the charge
carries by the well connected inter-grain region and the
results are fitted with an equivalent circuit model consist-
ing of a parallel combination of R, and Q, elements
corresponds to high frequency region, connected in series
with Q,p,. The surface roughness like the close connection
between the grains is an important contributor to the
observed depressed semi-circle. The individual contribu-
tion effect of grain boundary disappeared by grain growth
which decreases the porosity and grain boundaries. The
present study reveals the difference in the dielectric proper-
ties of NF20 with different morphological structures and a
clear understanding of conduction mechanism in all the
cases needs further exploration.

4. Conclusions

In the present study, the dielectric behavior of NiFe,Oy4
samples synthesized by different methods has been com-
pared. Among the samples studied, NiFe,O, synthesized
by sol-gel method exhibited a high dielectric constant of
2492 and low dielectric loss of 0.74 suggesting its potential
application for integrated electronic chips. The results
reveal a difference in the dielectric constant of NiFe,O,4
which is morphology dependent. The dissimilarity in the
grain and grain boundary structure is responsible for the
observed difference in dielectric constant and relaxation
process. This work with systematic evaluation of dielectric
properties of NiFe,O,4 by control of microstructure reveals
the importance of morphology in fine tuning the property.
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