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Abstract

The effect of hafnium (Hf) incorporation on the crystal structure, surface morphology, chemical composition and dielectric properties of cobalt
ferrite (CoFe2O4) is reported. Hafnium incorporated Co-ferrite (CoFe2−xHfxO4) ceramics were prepared by varying the Hf concentration in the
range of x¼0.0–0.2. X-ray diffraction (XRD) studies indicate that the CoFe2−xHfxO4 ceramics crystallize in inverse spinel change to structure
similar to that of pure CoFe2O4. Hafnium incorporation induces lattice expansion leading to increased lattice constant from 8.374 Å for pure
CoFe2O4 to 8.391 Å for the highest Hf concentration (x¼0.2) in CoFe2−xHfxO4. Dielectric constant of CoFe2−xHfxO4 ceramics is also enhanced
compared to pure CoFe2O4 due to the lattice distortion upon Hf incorporation. Improved dielectric properties of CoFe2−xHfxO4 ceramics
compared to pure CoFe2O4 is attributed to the lattice distortion due to larger Hf-ions substituting for smaller Fe-ions associated structural changes
with increased Hf concentration. Frequency variation of the dielectric constant shows the dispersion that can be modeled with a modified Debye's
function, which considers the possibility of more than one ion, contributing to the relaxation.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ferrites have been the subject of numerous investigations for
many years due to their scientific and technological applica-
tions in the fields of electronics, optoelectronics, magnetics,
magneto-electronics, electrochemical science and technology
and biotechnology [1–31]. These materials exhibit remarkable
properties such as high saturation magnetization, large perme-
ability at high frequency, and remarkably high electrical
resistivity, which are attractive for electronics and magneto-
electronics [8–10,12–24]. Recently, ferrite compounds have
also drawn considerable attention for their potential application
as electrode materials in Li-ion batteries and solid oxide fuel
cells [23,24]. NiFe2O4, CoFe2O4 and CuFe2O4 were demon-
strated to be potential candidates for cathode materials in
lithium batteries [23,24].
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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Cobalt ferrite (CoFe2O4), which belongs to the family of
ferrite ceramics, has been widely studied due to its high
electromagnetic performance, excellent chemical stability,
mechanical hardness, high coercivity, moderate saturation
magnetization, and possible integration into biomedicine and
drug delivery applications [27,31]. While the structure, elec-
trical and dielectric properties play a key role in designing the
magnetic, electronic, microwave and electrochemical devices,
the properties and phenomena of Co ferrites are dependent on
microstructure and chemistry, which in turn depend on the
fabrication and synthesis processes [29–33]. For instance, the
electrical properties of a Co ferrite at room temperature are
dependent on the exact chemical composition, firing tempera-
ture (if any), reactive/processing atmosphere and on the ions
that substitute Fe3+/Fe2+ ions [32–34]. In CoFe2O4, the
relatively large oxygen ions form face centered cubic (FCC)
lattice. In this cubic close-packed structure two kind of
interstitial sites occur, the tetrahedral (A) and the octahedral
(B) sites which are surrounded by four and six oxygen ions,
respectively [32–34]. The tetrahedral (A) sites are occupied by
ghts reserved.
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Fig. 1. XRD pattern of pure CoFe2O4. Indexing of the peaks is as shown.
The calculated XRD pattern after the retvield refinement and the difference
are also shown.
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the Fe3+ ions and the octahedral (B) sites are occupied by the
Co2+ and Fe3+, in equal proportions. The angle A–O–B is
closer to 1801 than the angles B–O–B and A–O–A, and
therefore, the AB pair (Fe–Fe) has a strong superexchange
(antiferromagnetic) interaction [32–34].

Partial substitution of Fe3+ by rare earth ion in the spinel
structure has been reported to lead to structural distortion
[8,12,29] that induces strain and significantly modifies the
electrical and dielectric properties. It has been reported that
inclusion of Zn, Cu, Co and Cd in ferrites [29,35] leads to an
increase in the dielectric constant due to the formation of
excess Fe2+ which leads to increase in hopping of electrons
between Fe2+ and Fe3+. The goal of the present work is to
study the effect of hafnium (Hf) incorporation on the structure,
electrical and dielectric properties of Co ferrite. The obvious
relevance of the work is to examine whether the dielectric
constant of these materials can be enhanced compared to pure
Co ferrite while retaining their insulating nature. To the best of
our knowledge, there are no existing reports on the effect of Hf
on the electrical and dielectric properties of Co ferrite. There-
fore, such an investigation is expected to contribute signifi-
cantly to our current understanding of ion substitution in Co
ferrites. In addition, the reason for Hf incorporation can be
understood and beneficial from the view point of the fact that
the Hf-based ceramic materials exhibit outstanding chemical
and thermal stability and excellent electrical properties coupled
with high dielectric constant [36–40]. For instance, hafnium
oxide (HfO2) is a high temperature refractory material with
excellent physical and chemical properties [36–40]. The out-
standing chemical stability, electrical and mechanical proper-
ties, high dielectric constant, and wide band gap of HfO2

makes it suitable for several industrial applications in the field
of electronics, magneto-electronics, structural ceramics, and
optoelectronics [36–40]. HfO2 has been identified as one of the
most promising materials for the nanoelectronics industry to
replace SiO2 because of its high dielectric constant and
expected stability in contact with Si [38,39]. The work
reported in this paper is, therefore, focused on the synthesis
of CoFe2−xHfxO4 ceramic materials and evaluation of their
structure, chemical characteristics and dielectric properties.

2. Experimental details

2.1. Synthesis

The Hf incorporated Co ferrite, namely CoFe2−xHfxO4,
ceramic materials were prepared employing the conventional
solid state chemical reaction method. The starting materials
were 99.99% pure CoO, Fe2O3, and HfO2. Powders of the
starting materials were ground in a mortar and pestle for 1 h
and the mixtures were heat treated in air at 1200 1C for 12 h.
The powders were made into pellets and then sintered at
1250 1C in air for 12 h. The compositions of the ceramics
were varied to obtain x in the range of 0.0–0.2. Specifically,
CoFe2−xHfxO4 ceramics with six different compositions
yielding x values of 0.00, 0.05, 0.075, 0.10, 0.15 and 0.20
were synthesized. The resulting ceramic materials were then
used for further investigation to characterize the microstructure
and dielectric properties as a function of Hf-concentration.

2.2. Characterization

The crystal structure of the materials synthesized was
investigated using a Bruker D8 Discover X-ray diffractometer
employing Cu Kα radiation of wavelength 1.5406 Å. Surface
morphology and composition were examined by scanning
electron microscopy (SEM) coupled with energy dispersive
X-ray spectrometry (EDS) using a high-performance and high-
resolution scanning electron microscope (Hitachi S-4800).
Sample for SEM and EDS analysis was prepared by dispersing
CoFe2−xHfxO4 ceramic on carbon tape which was pasted on Al
grid. Surface imaging analysis was performed using probe
electron beam operating at 15 kV. The secondary electrons
generated from sample were used for imaging the surface.
Dielectric measurements were carried out at room temperature
employing a LCR meter.

3. Results and discussion

3.1. Crystal structure and phase identification

The pure Co ferrite synthesized and as received hafnia
materials were characterized using XRD measurements. XRD
pattern of pure Co ferrite (CoFe2O4) is shown in Fig. 1. The
calculated pattern after the Rietveld refinement, which was
carried out using the GSAS program [41] is also shown
(Fig. 1). The weighted refined parameter (wrp) and the χ2

(goodness of the fit) values of the fitting are as indicated. XRD
data indicate that the synthesized CoFe2O4 material crystallizes
in the inverse spinel phase without any impurity phase. The
lattice constant determined from XRD is 8.374 Å, which
agrees with that of the reported value for CoFe2O4. XRD data
of as-received HfO2 ceramic powder was used as calibration
check for the CoFe2−xHfxO4 ceramics in terms of phase purity,
homogeneity and secondary phase growth (if any). The crystal
structure of HfO2 is monoclinic with lattice parameters
a¼5.1156 Å, b¼5.1722 Å and c¼5.2948 Å.
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The crystal structure of the Hf-incorporated Co-ferrite cera-
mics showed interesting structural evolution as a function of
HfO2 content. The XRD patterns of the Hf-incorporated ferrites
are shown in Fig. 2 as a function of Hf concentration (x¼0–0.2).
XRD patterns indicate that all the CoFe2−xHfxO4 ceramics also
crystallize in inverse spinel phase, which is similar to that of pure
CoFe2O4. However, formation of a small amount of HfO2 phase
was identified in substituted Co ferrites at higher Hf concentra-
tion. The lattice parameter values were obtained from XRD
curves. The variation of lattice constant as a function of Hf
concentration is shown in Fig. 3. Two important observations
θ

♦

♦♦

Fig. 2. XRD patterns of the CoFe2−xHfxO4 ceramics. The structural evolution
with increasing Hf content is evident from the XRD data.
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Fig. 3. Lattice constant variation with x values in CoFe2−xHfxO4 ceramics. It is
evident that the lattice constant increases with increasing Hf concentration.

Table 1
Comparison of refined values of bond angle and bond length in pure CoFe2O4 and

Compound Fe3+–O–Fe3+ (Hf4+) bond angle (deg)

CoFe2O4 159.2
CoFe1.95Hf0.05O4 157.2
can be made from Fig. 3. Continuous increase in the lattice
constant with progressive increase in Hf concentration is the first.
The calculated lattice constant values for CoFe2−xHfxO4

(x¼0.00, 0.05, 0.075, 0.10, 0.15 and 0.20) ceramics were found
to increase from 8.374 Å to 8.391 Å. The lattice expansion is
significant even for a very small amount of Hf (x¼0.05)
incorporation. The lattice constant determined for x¼0.05 is
8.384 Å, which is a significant increase compared to that
(8.374 Å) of pure CoFe2O4. The lattice expansion can be
attributed to the ionic size difference in the Hf4+ ions compared
to Fe3+ ions. The ionic size of Hf4+ (0.83 Å) is greater than that
of Fe3+ (0.67 Å) and induces a lattice distortion upon Hf-
incorporation of Fe lattice sites in CoFe2O4. The distortion in
the lattice is evident from the changes in Fe–O–Fe, Hf–O–Fe,
Hf–O–Co bond angles and bond lengths in the B site compared
to pure CoFe2O4 [32,33] as presented in Table 1 for a specific
composition of x¼0.05.
3.2. Morphology and composition

The morphology of samples is represented in the SEM
images shown in Fig. 4. It is evident that the crystallites are
uniformly distributed. The presence of smooth grain bound-
aries can also be seen in the SEM image. The EDS measure-
ments indicate that the grown materials are stoichiometric and
homogeneous with a uniform distribution. The characteristic
peaks of Fe, Co, Hf and O are evident in EDS of CoFe2−x-
HfxO4 shown in Fig. 5 as a function of Hf-concentration.
X-ray energy is characteristic of generating atom and, there-
fore, detection of X-rays emitted provides the signature of the
atoms present [41,42]. Therefore, EDS measurements can be
used to qualitatively discuss the chemical quality of CoFe2−x-
HfxO4. The lines identified are Fe Kα, Co Kα, O Kα, and Co
Lα at their respective energy positions, indicating that the
X-rays are only due to Fe, Co, Hf and O present in the
samples. X-ray lines from the Al grid and carbon tape can also
be seen (Fig. 5), which is hard to eliminate but can be used as a
reference. The absence of any other peaks except from Co, Fe,
Hf, and O atoms indicate the CoFe2−xHfxO4 ceramics are
synthesized with a good chemical quality, where no any
elemental impurities are incorporated during chemical proces-
sing and/or handling. The peak intensity of Hf is found to be
increasing with increasing of HfO2 concentration as expected.
3.3. Dielectric properties

The frequency variation of the dielectric constant (ε′) of Hf
substituted Co ferrites are presented and compared with that of
pure Co ferrite in Fig. 6. It can be seen (Fig. 6) that ε′
CoFe1.95Hf0.05O4.

Co2+–O–Co2+ bond angle (deg) O–Fe3+ (Hf3+) bond length (Ǻ)

90.6 2.050
90.1 2.184
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Fig. 4. SEM images of CoFe2−xHfxO4 ceramics as a function of x.
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decreases with increasing frequency. The decrease of ε′ with
increasing frequency as observed for CoFe2−xHfxO4 materials
is a typical dielectric behavior of spinel ferrites. At 100 Hz,
ε′ in Hf-substituted cobalt ferrites is in general higher than that
of pure cobalt ferrite. In addition, ε′ increases from
15.13� 104 to 17.04� 104 with increasing Hf concentration
from x¼0.05 to 2.00. The increase in the dielectric constant
with the inclusion of Hf could be due to the fact that, with the
inclusion of Hf, the Co ferrite lattice is distorted and increase
in Fe (Hf)–O bond lengths at B site giving rise to increase in
the atomic polarizability subsequently the dielectric constant.
In addition, formation of small amounts of the respective HfO2

phases at the grain boundaries leads to the accumulation of
charges at the grain boundaries resulting in the interfacial
polarization, which contributes to the additional increase in ε′.
A decrease in ε′ with increasing frequency is due to the fact the
dipole lags behind the applied field at higher frequencies.

The dispersion of the real part of the dielectric constant can be
explained based on the contributions from various sources of
polarizations [43,44]. The larger value of ε′ at lower frequencies,
perhaps, could be due to all of the contributions (i.e, atomic,
electronic, ionic, interfacial and grain-boundaries). The decrease
(and disappearance finally) in ionic and orientation polarizability
with increasing frequency may be responsible for the decrease in
ε′ at higher frequencies. Since more than one ion (O2−, Hf4+ and
Fe3+) contributes to the relaxation process, the data were fit to the
modified Debye's function, which takes the possibility of more
than one ion contributing to the relaxation [33]. The observed dis-
persion of the dielectric constant can be modeled using the
following equation [2]:

ε′−ε∞ ¼ ðε0−ε∞Þ
½1þ ðωτÞ2ð1−αÞ� ð1Þ

where ε′ is the real part of the dielectric constant, ε∞ is the
dielectric constant at 1 MHz, τ is the mean relaxation time and α
is the spreading factor of the actual relaxation times about the
mean value. As seen in Fig. 6, the data fits well to such function
implying that the relaxation process indeed is due to the
multiple ions.
Following Debye model, an analysis of relaxation time for

various compositions is made. It was found that this parameter
increases with increasing Hf concentration in the ceramic.
Mean relaxation time τ¼0.309 μs and α¼0.43 is obtained
for pure Co ferrite. τ is found to increase from 0.432 μs
to 0.444 μs with increasing Hf concentration from x¼0.05



Fig. 5. EDS data of CoFe2−xHfxO4 ceramics as a function of x. The peaks due to various elements and their respective energy positions are as indicated.
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to 0.20 (Fig. 7). Similarly, α values obtained to increase from
0.59 to 68 with increasing Hf concentration from x¼0.05 to
0.20. The existence of inertia to the charge movement would
cause relaxation of the polarization. It must be emphasized that
the τ values are much higher for Hf substituted Co ferrites
when compared to that of pure Co ferrite. The increased bond
length and lattice constant in Hf doped Co ferrites is evident
from structural studies. Therefore, compared to pure Co ferrite,
inclusion of larger Hf ions leads to an increase in interionic
distance, which in turn increases the hopping distance. This
causes the mean relaxation time and spreading factor to
increase in Hf doped Co ferrites. Such behavior was also
noted in rare-earth ion doped Co- or Ni-based ferrites
[5–7,34,45–47]. Specifically, for the case of Co-ferrite, it has
been reported that the incorporation of rare-earth ions such as
La, Dy, and Gd induces lattice strain coupled with electrical
resistivity and dielectric constant enhancement [7,26,34,35].
The frequency variation of tan δ is shown in Fig. 8. It is

evident that the dielectric loss decreases initially with frequency
and a resonance peak is observed at 800 Hz for pure Co ferrite.
The resonance takes place when jumping frequency of the
localized charge carriers becomes approximately equal to that of
the applied AC field. The resonance peak is seen to shift toward
high frequency (5 kHz) with increasing Hf concentration.
Dielectric loss arises if the polarization lags behind the applied
alternating field and is caused by the presence of the secondary
phase HfO2 (impurity phase). The low dielectric loss obtained in
the present case is attributed to more structurally perfect and



Fig. 6. The dielectric constant dispersion profiles of CoFe2−xHfxO4 ceramics.
The dielectric constant measured for Hf incorporated cobalt ferrite is always
higher than that of pure cobalt ferrite. The dielectric constant increases with x
in CoFe2−xHfxO4. The dispersion behavior fits (solid lines) to the modified
Debye's function (see text).
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μ

Fig. 7. Variation of relaxation time in CoFe2−xHfxO4 ceramics.

Fig. 8. The frequency variation of dielectric loss factor (tan δ) of CoFe2−xHfxO4

ceramics. The data shown are for various x values.
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homogeneous sample, which in turn depend on the composition
and sintering temperature of the samples.

Finally, based on the observed results in the present work
and coupled with the available reports in the literature, a
simple model can be discussed to account for the observed
changes in the structure and dielectric properties of Co-ferrite
ceramics upon metal ion incorporation. It is widely accepted
that the inclusion of a metal with larger ionic radius in the
spinel lattice will significantly affects the microstructure,
magnetic, electrical and dielectric properties of ferrite materials
[5–7,34,45–47]. Most importantly, lattice expansion or lattice
strain coupled with cation distribution in the lattice is seen to
strongly influence the values of electrical resistivity, coercive
field, magnetization, magnetostrictive coefficient, and dielec-
tric constant of Co ferrites [5–7,34,45–47]. Recently, we
observed increased values of the electrical resistivity in
La-doped Co-ferrite, which is attributed to the larger ionic
size of La, which induces lattice expansion and resistivity
increase [34]. Similarly, it has been reported that the La-
incorporated Co-ferrites exhibit the improved structural, mag-
netic and dielectric properties for the samples prepared by co-
precipitation method [46]. From the analysis, it is obvious that
the larger metal-ion-incorporation into Co ferrite induces
lattice expansion and strain, which depends on the amount of
the ionic size and amount incorporated. The increase in real
part of the dielectric constant with metal ion incorporation,
then, can be explained by the atomic polarizability which is
due to the non-centrosymmetry of the doped-ferrite where
the distance between the cations in the spinel are larger.
In addition, most of these metal ions form the secondary phase
which is responsible for the charge accumulation at grain
boundaries contributing to the interfacial polarization as we
reported previously [5,34]. Most recently, Dascalu et al.
successfully adopted our proposed mechanism to account for
the observed behavior of La-, Dy- and Gd-incorporated Co-
ferrites in their work although the porosity in the samples and
specific microstructure details can influence the extent of
improvement in either electrical or magnetic or dielectric
properties [47].

4. Conclusions

The crystal structure, surface morphology, chemical com-
position and dielectric properties of Hf-incorporated cobalt
ferrite (CoFe2O4) are investigated. CoFe2−xHfxO4 ceramic
materials crystallize in inverse spinel phase similar to that of
pure CoFe2O4. Hafnium-induced changes in the crystal struc-
ture are significant; lattice expansion in terms of increased
lattice constant from 8.374 Å for pure CoFe2O4 to 8.391 Å for
the highest Hf concentration (x¼0.2) in CoFe2−xHfxO4 is
noted. Coupled with lattice expansion, dielectric constant of
CoFe2−xHfxO4 ceramics is also enhanced in progressive
manner as a function of x values. Improved dielectric
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properties of CoFe2−xHfxO4 ceramics compared to pure
CoFe2O4 is attributed to the lattice distortion due to larger
Hf-ions substituting for smaller Fe-ions associated structural
changes with increased Hf concentration. Frequency variation
of the dielectric constant can be modeled with a modified
Debye's function, which considers the possibility of more than
one ion, contributing to the relaxation. The relaxation time
values are much higher for Hf incorporated Co ferrite when
compared to that of pure Co ferrite. The proposed mechanism
was based on the inclusion of larger Hf ions leading increased
cationic distance, which in turn increases the hopping distance,
leading to increased mean relaxation time and spreading factor
in CoFe2−xHfxO4 ceramics.
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