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Abstract
Nanocrystalline cobalt ferrite particles with the grain size of 8 nm were
synthesized by using the co-precipitation technique and subsequently heat
treated to obtain larger grain sizes. The effect of grain size, cation distribution,
frequency and temperature on their dielectric properties has been studied. The
dielectric constant (ε′) of 8 nm grains is found to be an order of magnitude
higher and the dielectric loss (tan δ) is an order of magnitude smaller compared
to those of the micron-size particles. The dielectric relaxation is found to
be non-Debye in nature with the activation energy decreasing with thermal
annealing due to structural perfection.

1. Introduction

In recent decades, nanometre-scale particles have attracted great interest in fundamental science
and also in technological applications. Nanoparticles generally have some novel and/or
enhanced physical and chemical properties [1, 2]. Spinel ferrites are one of the most significant
magnetic materials which have been extensively used in modern electronic technologies [3, 4].
Nanoparticles of spinel ferrites are of practical interest in a wide range of applications like high-
density magnetic information storage, magnetic resonance imaging, targeted drug delivery,
etc [5, 6]. Spinel ferrites have high electrical resistivities and low eddy current and dielectric
losses. Cobalt ferrite is one of the potential candidates for magnetic and magneto-optical
recording media [7–10]. Dielectric behaviour is one of the most significant properties of ferrites
which clearly depend on the preparation conditions, sintering temperature, composition and
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the grain size [11–13]. Dielectric studies provide important information on the behaviour of
localized electric charge carriers, which give rise to a better understanding of the mechanism
of dielectric polarization.

The ideal inverse spinel structure of bulk cobalt ferrite is (Fe)A[CoFe]BO4, where A and
B refer to ions with tetrahedral and octahedral site symmetry, respectively. Recently, cobalt
ferrites have been shown to exhibit interesting magnetic properties in the nanocrystalline
form compared with those of micrometre-size grains [14–18]. Giri et al [18] have observed
structural disorder, enhanced optical absorption and high coercivity with the reduction of grain
size in nanocrystalline cobalt ferrite. Several reports are available in the literature on the
electrical conductivity and dielectric properties of bulk cobalt ferrite [19–22]. Jonker [20]
has studied the electrical properties of a series of bulk Co3−x FexO4 ferrites and observed
two regions of conductivity. The hole hopping between CoII and CoIII ions contributes to the
low-conductivity region and the electron hopping between Fe2+ and Fe3+ ions is found to be
responsible for the high-conductivity region. Na et al [21, 22] have reported the mechanism
for electrical conduction for bulk CoFe2O4 under various heat treatment conditions. They have
also observed a decrease in electrical resistivity with quenching temperature, which is mainly
because of the decrease in grain boundary resistance in Fe-excess cobalt ferrites. However,
to our knowledge, there is no report available in the literature on the dielectric behaviour of
nanostructured CoFe2O4. This has motivated us to carry out dielectric studies on nanostructured
CoFe2O4, and the aim of the present work is to study the effect of grain size on the dielectric
properties of cobalt ferrite in the nanoregime. Moreover, the electrical relaxation data have
been analysed using modulus spectroscopy to investigate whether nanocrystalline cobalt ferrite
exhibits Debye-type or non-Debye-type relaxation.

2. Experimental details

2.1. Preparation and phase identification

Cobalt ferrite was prepared using the co-precipitation technique [23], and the x-ray diffraction
(XRD) pattern confirmed the formation of spinel phase without any impurity phase, as reported
in our earlier paper [24]. To attain various grain sizes, the as-prepared sample was heat treated
at 1473 K for different durations such as 2 and 10 h. The average grain sizes were determined
from the full width at half maximum of the (311) reflection of the XRD patterns using Scherrer’s
formula [25]. For convenience the samples are labelled as A for the as-prepared sample, B for
the sample annealed at 1473 K/2 h and C for the sample annealed at 1473 K/10 h. The average
grain sizes of samples A–C were 8, 92 and 123 nm respectively.

2.2. Characterization

The dielectric properties of nanocrystalline cobalt ferrite were studied as a function of both
frequency and temperature in the range 1 Hz–10 MHz and 300–823 K respectively, using
an impedance/gain phase analyser (Solartron 1260) with a personal computer and software
to acquire the impedance data. For these measurements, the sample was made in the form of
a pellet and the pellet was sandwiched between two platinum electrodes. The sample heating
rate was 2 K min−1 for the impedance measurements. The temperature was measured with an
accuracy of ±1 K using a Eurotherm (818 P) proportional-integral-derivative (PID) temperature
controller. Both the dielectric constant, ε′, and dielectric loss, tan δ, as well as the real (M ′)
and imaginary (M ′′) parts of the complex electric modulus, M∗, were calculated using the raw
data of Z ′ and Z ′′ and the sample dimensions. Scanning electron micrographs were recorded
using a LEO Stero Scan 440 scanning electron microscope (SEM).
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Figure 1. SEM pictures of CoFe2O4: (a) sample A, (b) sample B and (c) sample C.

3. Results and discussion

3.1. Surface morphology

Figures 1((a)–(c)) show the microstructure of cobalt ferrite for samples A–C respectively. All
the samples have micron-sized particles, as seen from the SEM picture, with clear evidence of
an increase in particle size with annealing temperature. The particle size of sample A is found to
lie in the range 11–18 μm. In the case of samples B and C, the particles are found to be slightly
agglomerated, and the particle sizes are around 20–35 and 40–60 μm respectively. The SEM
micrographs also show an improvement in the structural homogeneity with heat treatment.

3.2. Variation of dielectric constant and dielectric loss with frequency

The effect of frequency on the real part of the dielectric constant ε′ at 473 K for different grain
sizes is illustrated in figure 2(a). The value of ε′ decreases with frequency, which is a normal
dielectric behaviour in ferrites. The decrease in ε′ takes place when the jumping frequency of
the electric charge carriers cannot follow the alternation of ac electric field beyond a certain
critical frequency [26]. Variations in dielectric constant of ferrites have been mainly attributed
to the variations in the concentration of Fe2+ ions [27–29]. The greater the concentration of
these ions, the higher the dielectric constant expected. The presence of Fe2+ ions results in
charge transfer of the type Fe2+ ↔ Fe3+ ions, causing a local displacement of electrons in the
direction of the electric field leading to polarization. Mahajan et al [19] have observed that the
real part ε′ of the dielectric constant is of the order of 102 at 473 K at a frequency of 1 kHz
for bulk cobalt ferrite. In the present study, the real part of dielectric constant for sample A
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Figure 2. (a) The real part of the dielectric constant (ε′) at 473 K as a function of frequency for
different grain sizes of a CoFe2O4 sample. (b) The dielectric loss factor (tan δ) at 473 K as a
function of frequency for different grain sizes of a CoFe2O4 sample.

is of the order of 103 at the same temperature and frequency, which is an order of magnitude
higher compared to that of bulk cobalt ferrite [19]. Because of the higher dielectric constant,
the 8 nm particles are highly suitable for microwave applications. Moreover, the dielectric
constant decreases by more than an order of magnitude when the grain size increases from 8
to 92 nm. This is due to the reduction of Fe2+ ↔ Fe3+ pairs in B sites as a consequence of
the decrease in the number of iron ions in B sites, as revealed by the in-field Mössbauer studies
reported in our earlier work [24]. We have observed a 6% reduction of iron ions in B sites upon
thermal annealing of the as-prepared sample at 1473 K for 2 h [24]. But, the dielectric constant
increases significantly when the grain size is increased to 123 nm by further annealing (sample
C). Moreover, our in-field Mössbauer study [24] clearly shows that the cation distribution does
not change when the grain size increases from 92 to 123 nm. Hence, the increase in the
value of dielectric constant for sample C is not because of the cation distribution. A longer
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Table 1. The values of dielectric constant (ε′), dielectric loss (tan δ) and resistivity for CoFe2O4

spinel ferrite samples measured at 473 K.

Sample (grain
size in nm) ε′ at 1 kHz tan δ at 1 kHz

Resistivity
(ρ) (� cm)

A (8) 737.1 1.0 4.4 × 105

B (92) 19.0 21.9 3.9 × 106

C (123) 421.6 6.4 6.0 × 105

duration of annealing of sample C for 10 h at 1473 K might have reduced some of the Fe3+
ions into Fe2+ ions [30], which leads to an enhancement in the number of electron hoppings
and thus an increase in dielectric polarization and ε′. This also accounts for the smaller value
of resistivity of sample C compared to that of sample B. Of course, the higher grain size of
sample C will also reduce the resistivity. An improvement in structural homogeneity with
annealing, as observed from SEM micrographs, might have also contributed to the increase in
ε′. A similar observation has also been made in nickel–zinc ferrites which were prepared by
the citrate precursor method [31].

Plots of the dielectric loss (tan δ) as a function of frequency for the three grain sizes
are shown in figure 2(b). Normally, the dielectric loss in ferrites is a measure of lag in the
polarization with respect to the alternating field. Shitre et al [32] have observed that tan δ is
around 0.4 at 300 K at a frequency of 1 kHz for bulk cobalt ferrite prepared by the ceramic
method. In the present study, tan δ for sample A (8 nm) is about 0.03 at 300 K in the same
frequency range. The dielectric loss is thus found to be an order of magnitude lower for the 8 nm
particles compared to that of bulk cobalt ferrite [32]. Sample A (8 nm) is, therefore, suitable
for microwave applications because of the low dielectric losses. The behaviour of tan δ in
ferrites is normally reflected in the resistivity measurements, with the high-resistivity materials
exhibiting low dielectric losses and vice versa [33]. However, a reverse trend is observed in
the present work for samples B (92 nm) and C (123 nm), as seen from table 1. Our extended
x-ray absorption fine-structure (EXAFS) studies [24] show an increase in the concentration of
cobalt ions and a decrease in the concentration of iron ions in octahedral sites in samples B
and C compared to that in sample A. The presence of cobalt ions gives rise to hole hopping
(CoII ↔ CoIII), whose hopping rate should be smaller than that of electron hopping. Since
the contribution of hole hopping is relatively larger in samples B and C, the dielectric loss is
higher for these two samples even though their resistivities are higher. For sample C (123 nm),
both the dielectric loss and resistivity are smaller in value compared to those of sample B, and
this may be attributed to structural improvement with further annealing for a long duration, as
revealed by the SEM studies.

3.3. Variation of dielectric constant and dielectric loss with temperature

The temperature dependence of the dielectric constant and dielectric loss for all the grain sizes
are shown in figures 3((a) and (b)) respectively. Both the dielectric constant and dielectric
loss increase with temperature for all the grain sizes, which is generally an expected result for
ferrites [13, 34]. The mobility of charge carriers, and hence their hopping rate, increases with
temperature. The dielectric polarization, therefore, increases, causing an increase in dielectric
constant and dielectric loss with temperature. The temperature-dependent dispersion of the
dielectric constant is quantitatively expressed by the following equation [35],

ε′ − ε∞ = ε0 − ε∞
1 + ω2τ 2

, (1)
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Figure 3. (a) The temperature dependence of the dielectric constant (ε′) for various grain sizes of a
CoFe2O4 sample at 1 kHz. (b) The temperature dependence of the dielectric loss factor (tan δ) for
various grain sizes of a CoFe2O4 sample at 1 kHz.

where ε′ is the dielectric constant at frequency ω, ε0 and ε∞ are respectively low-frequency and
high-frequency dielectric constants, and τ is the relaxation time. The relaxation time decreases
with temperature due to high thermal energy supplied to the sample, and hence the dielectric
constant increases with temperature. The temperature dependence of the dielectric loss is given
by

tan δ = ε′′

ε′ = (ε0 − ε∞)ωτ

ε0 − ε∞ω2τ 2
. (2)

As τ decreases with temperature, the dielectric loss increases, as we observed.
Figure 4(a) shows the temperature dependence of ε′ at selected frequencies for sample

A. The temperature dependence of the dielectric constant is different for different frequencies,
which can be explained as detailed below. In general, the dielectric constant in ferrites is
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Figure 4. (a) The temperature dependence of the dielectric constant (ε′) for sample A of CoFe2O4

at selected frequencies. (b) The temperature dependence of the dielectric loss factor (tan δ) for
sample C of CoFe2O4 at selected frequencies.

attributed to four types of polarization (interfacial, dipolar, atomic and electronic). All these
polarizations would contribute to the dielectric constant at low frequencies. The dielectric
constant increases with temperature at all frequencies, the increase being quite significant at low
frequencies [35]. The rapid increase in the dielectric constant in the high-temperature region at
low frequencies is mainly due to interfacial and dipolar polarizations. Both these polarizations
are highly frequency dependent, falling rapidly with frequency. At high frequencies only
the electronic and ionic polarizations prevail, and they are frequency independent. This
explains the observed temperature dependence of the dielectric constant at various frequencies.
The variation of dielectric loss (tan δ) as a function of temperature at selected frequencies
(figure 4(b)) has been investigated. Its behaviour is similar to that of the dielectric constant,
which can be also explained as in the case of the dielectric constant.
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3.4. Electrical modulus studies

The use of the modulus formalism has the advantage of suppressing the electrode polarizing
effects [13, 36–38]. The complex electrical modulus, M∗, is related to the complex dielectric
constant, ε∗, by the relation [38]

M∗ = 1/ε∗ = M ′ + iM ′′. (3)

The modulus data were fitted with the KWW (Kohlrausch, Williams and Watts)
function [39] and the stretched exponent, β , and the dielectric relaxation time, τ , were obtained.
The electrical modulus is defined [38] as the electric analogue of the dynamical mechanical
modulus and is related to the complex permittivity ε∗(ω) by

M∗(ω) = 1

ε∗(ω)
= {ε′(ω) − iε′′(ω)}|ε∗(ω)|2 = M ′(ω) + iM ′′(ω), (4)

where M ′(ω) and M ′′(ω) are the real and imaginary parts of the electrical modulus, and
M∞ = 1/ε∞ is the inverse of the high-frequency dielectric permittivity.

The modulus, in fact, can be written in terms of the Fourier transform of the time derivative
of an electrical relaxation function,

φ(t) = M∞
[

1 −
∫ ∞

0
e−iωt

{
dφ

dt

}
dt

]
. (5)

The function φ(t) gives the time evolution of the electric field within the dielectrics and is
related to the relaxation time by the decay function proposed by Kohlrausch, Williams and
Watts (KWW) [39] and is given by

φ(t) = exp

[
−

(
t

τm

)β]
, 0 < β < 1, (6)

where τm is the most probable relaxation time and β is the stretched exponent parameter. The
value of β indicates whether the relaxation in a given material is Debye or non-Debye in nature
and it is related to the full width at half maximum of a suitably normalized M ′′(ω) versus ω

curve.
Figure 5(a) shows the imaginary part of the electrical modulus for nanocrystalline cobalt

ferrite for various grain sizes measured at 623 K. In the figure, the continuous lines represent the
fitted curves, whereas the symbols represent the experimental data. The value of the stretched
exponent parameter β is given in figure 5(a) and it is less than one for all grain sizes. For
an ideal dielectric, the value of β is equal to 1, for which the dipole–dipole interaction is
negligible. But, for a system in which dipole–dipole interaction is significant, the β value is
always less than 1 [40]. Figure 5(b) shows the imaginary part of modulus (M ′′) spectra of
sample C at selected temperatures. The figure clearly shows that the M ′′ peak shifts towards
higher frequency with temperature. The peak frequency is called the relaxation frequency and
it increases with temperature because of the thermal activation of the localized electric charge
carriers which form the electric dipoles. Figure 6 gives the variation of the relaxation time
(τ ) versus temperature for samples A–C. It is observed that the relaxation time decreases with
the measuring temperature. The electric dipoles in ferrites originate from hopping of charge
carriers. When the charge carriers are thermally activated, the hopping rate increases and hence
the relaxation time decreases with temperature. The temperature dependence of the relaxation
time is fitted with the following equation:

τ = τ0 exp

( −E

kBT

)
, (7)

where E is the activation energy of the relaxation process, kB is the Boltzmann constant and
τ0 is the maximum relaxation time [41]. The data could be fitted with a single straight line,
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Figure 5. (a) The imaginary part of the modulus (M ′′) spectra for different grain sizes of a CoFe2O4

sample measured at 538 K. The solid curves are the best fits to equation (3). (b) The imaginary part
of the modulus (M ′′) spectra of sample C of CoFe2O4 at selected temperatures. The solid curves
are the best fits to equation (3).

suggesting that there is only one type of relaxation process. The activation energy decreases
with thermal annealing, and this may be due to improvement in the microstructural perfection
on annealing. Also, we observe that the relaxation time increases with thermal annealing at
1473 K. Our EXAFS measurements [24] have clearly indicated that the number of Co2+ ions
in B sites increases and the number of Fe3+ ions decreases with annealing. Since the hole
hopping arising from the CoII ↔ CoIII transition is expected to be slower than the electron
hopping, the relaxation time increases with annealing.
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Figure 6. The variation of dielectric relaxation time with temperature for CoFe2O4 for various grain
sizes.

4. Conclusion

The dielectric behaviour of nanocrystalline CoFe2O4 has been studied. The real part of the
dielectric constant (ε′) for the 8 nm grain size sample is found to be an order of magnitude
higher than that of bulk cobalt ferrite. The observed decrease in dielectric constant when the
grain size is increased from 8 to 92 nm is clearly due to the predominant effect of migration
of some of the Fe3+ ions from octahedral to tetrahedral sites. The dielectric relaxation in
nanocrystalline CoFe2O4 exhibits non-Debye behaviour, with the value of β being less than
one for all the grain sizes. The activation energy for dielectric relaxation is found to decrease
for the annealed samples due to structural ordering. The present study shows that the dielectric
properties can be tailor-made to suit the requirement of a particular application by controlling
the grain size and the cation distribution.
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