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Abstract Polycrystalline samples of Co;_,Zn,Fe,0,4 with
stoichiometric proportion (x) varying from 0.0 to 1.0 were
prepared through the thermal decomposition of their
respective oxalates. The samples were calcined at 1000 °C
for 3 h and characterized using X-ray diffraction (XRD)
and Mossbauer spectroscopy techniques. The study of the
cation distribution using Mdssbauer spectroscopy showed
that the ions at the tetrahedral site moved to the octahedral
site by the addition of zinc and that the system varied from
an inverse to a normal spinel structure. The values of the
lattice parameter, X-ray density, oxygen parameter, inver-
sion factor and radii of tetrahedral and octahedral sites
were calculated using X-ray diffraction data. The temper-
ature dependence of the conductivity showed a definite
kink, except for the ZnFe,O, sample, which can be
attributed to the ferromagnetic—paramagnetic transitions.
The calculated activation energy in the paramagnetic
region was found to be smaller than that in the ferromag-
netic region.

Introduction

The study of transition metal oxides, especially spinel
ferrites which have vast applications from microwave to
radiowave frequencies, is of great importance from both
fundamental and applied research point of view [1] the
characteristic physical properties of the spinel ferrites, as
electrical conductivity, dielectrical constant, thermoelec-
trical power, magnetic and catalytic properties, responsible
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for their application in various fields, arise from the ability
of these compounds to distribute the cations amongst the
available two sublattices, tetrahedral (A) and octahedral
(B) sites [2]. The factors related to the ionic charge and
radius, crystal and ligand fields and anion polarization play
an important role in the site preference of cations. Ferrites
[3] are capable of crystallizing in either of two structures:
the normal spinel or inverse one. In the normal spinel (such
as ZnFe,0,), zinc ions are located in the tetrahedral site
and are symmetrically surrounded by four O% ions. In the
inverse spinel (like CoFe,0,), half of Fe>* jons are located
in the tetrahedral positions whereas the other half are in the
octahedral positions. Therefore, a normal ferrite can be
described as (M?>")[Fe3*]0, and an inverse ferrite as
(Fe*H)[M**Fe**]0,. X-ray diffraction and Mossbauer
spectroscopy techniques have been devised to study the
cation distribution in spinel ferrites and generally, the
cation distribution calculated from X-ray intensity data
agrees well with the Mossbauer results [4].

The presence of nonmagnetic ions in spinel was found to
alter their magnetic and electrical properties, and studies
have revealed useful information on the nature of the
exchange interaction, cation exchange, direction of mag-
netization, etc. Such isomorphous substitution in iron oxi-
des are apparent in their Mossbauer spectra, since these
will drastically reduce magnetic interactions, resulting in
lower magnetic ordering temperature and decreases mag-
netic field super transfer [5].

Reddy et al. [6] have been studied the thermoelectric
power and electrical conductivity of zinc-substituted cobalt
ferrites, prepared by double sintering ceramic technique, as
a function of composition and temperature. On the basis of
seebeck coefficient, these ferrites can be classified as
n-type or p-type semiconductors. The electrical conduc-
tivity was found to increase with increasing temperature
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with a change of the slope at magnetic transition. The
values of charge carrier concentration and mobility are also
computed and discussed. An attempt was made also to
explain the conduction mechanism in these ferrites.

Duong et al. [7] have been prepared zinc substituted
cobalt ferrite powders using forced hydrolysis method.
Magnetic and structural studies for these specimens
showed that, they have an average crystallite size of about
3.0 nm with super paramagnetic properties at temperatures
below the blocking temperature.

Reddy et al. [8] have been measured the high-frequency
dielectrical behavior of polycrystalline zinc substituted
cobalt ferrites. The dielectric constant of these ferrites was
found to be approximately inversely proportional to the
square root of the resistivity and shows a transition near the
Curie temperature.

Gul et al. [9] have been prepared nanoparticles of
Coy_xZn,Fe,0O, with stoichiometric proportion (x) varying
from 0.0 to 0.6 by the chemical coprecipitation method.
The samples were characterized by X-ray diffraction
(XRD), low field AC magnetic susceptibility, DC electrical
resistivity and dielectric constant measurements. It was
observed that the Curie temperature decreases with the
increase of Zn concentration. The DC results are discussed
in terms of polaron hopping model. The dielectric constant
was found to decrease with increasing frequency for all the
samples and follow the Maxwell-Wagner’s interfacial
polarization.

The present communication was attempts to prepare
zinc-substituted cobalt ferrites through the thermal
decomposition of their corresponding metal oxalates. The
main aim is to understand the effect of diamagnetic sub-
stitution of zinc ions on structural, electrical and magnetic
properties of cobalt ferrite.

Experimental procedure
Materials and preparation procedure

The starting materials were solids of CoC,04-2H,0,
7ZnC,0,4-2H,0 and FeC,04-2H,0. These metal oxalates
were prepared by precipitation from aqueous solution of
their salts sulfate using analytical grade oxalic acid. For the
preparation of the mixed metal oxalates, seven mixtures of
these respective metal oxalates with calculated mole ratios,
equivalent to the formation of Co,_,Zn,Fe,O, ferrite sys-
tem (x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0) after their
thermal decomposition, were prepared by the impregnation
technique previously described [10].

Mixed Co-Zn ferrites, Co;_,Zn,Fe,O, (0 < x < 1),
were prepared by annealing the oxalates mixtures in a
muffle furnace at 1000 °C for 3 h under static air atmo-

sphere. Then, the samples were quenched to room tem-
perature and kept in desiccator.

Characterization techniques

DTA-TG behavior of mixed oxalates was investigated
using a Shimadzu DT-60 thermal analyzer (Japan). The
temperature was raised up to 1000 °C under 1 atm pressure
in air flow (30 mL min™") at heating rate of 5 °C min™". a-
Al,O; powder (Shimadzu) was used as the reference
material for DTA measurements and the sample weight in
the PT-cell was about 10 mg.

X-ray powder diffraction measurements were obtained
using a Philips PW 1370 diffractometer at ambient tem-
perature using monochromated Cu—Ka; radiation
(4 = 1.5406 A).

Mossbauer spectra of the ferrite samples were measured
with a time mode spectrometer, calibrated with a high
purity natural iron foil of 10 mg cm?®™ thickness, using a
constant acceleration deriver and personal computer ana-
lyzer (PCAll-card) coupled to a 1024 multichannel ana-
lyzer. A 50 mCi *’Co in Rh matrix was used as the
radioactive source. Experimental data were analyzed using
the least square fitting ‘“Mos-90’" computer program [11].

For electrical properties measurements, the ferrite sam-
ples in a powdered form were compressed to pellets of
1 cm diameter and about 1 mm thickness. The pressure
used was 2 tons cm 2. After calcining the pellets at 900 °C
for 2 h, the two surfaces of each one were polished and
coated with silver paint (BDH) and tested for Ohmic
contact. The real part of the dielectric constant (8‘) and ac
conductivity were measured, by a Hioki LCR bridge model
3530 (Japan) using the two probe method [12], at different
frequencies (10-5000 kHz) as a function of temperature.
The temperature of the sample was measured using a
thermocouple type K which is connected to a digital
thermometer.

Results and discussion
Thermal decomposition studies of the oxalate mixtures

Figure 1 shows a typical DTA-TG curves for the thermal dec-
omposition of CoC,04-2H,0-ZnC,0,4-2H,0-FeC,0,4-2H,0
(with 0.5:0.5:2 molar ratios) in air. From the figure it is clear
that the decomposition of the mixture proceeds through five
well-defined TG steps and amounts to a total weight loss of
56.2% of its molecular mass at 390 °C which closely cor-
responds to the formation of mixed of cobalt, zinc and iron
oxides. The DTA curve shows peaks which are closely
correspond to the weight loss obtained on TG curve. The first
two steps are attributed to the complete dehydration of the
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Fig. 1 DTA-TG curves of CoC,0,-2H,0-ZnC,0,-2H,0-FeC,04-2H,0
(0.5:0.5::2 mole ratios) mixture in air at a specified heating rate of
5°C min™'

mixture. Two endothermic DTA peaks are characterizing
these two steps with peaks temperature at 135, 191 °C. From
the calculated weight losses and the dehydration tempera-
tures, the first TG step can be assigned to the dehydration of
zinc oxalate content of the mixture and the second one can be
attributed to the dehydration of both cobalt and ferrous
oxalate content. The third TG step follows immediately after
the second one and accompanied by an exothermic DTA
peak at 232 °C. This peak is assigned to the oxidative
decomposition of ferrous oxalate with the formation of
Fe,O5 [13]. In the fourth TG step, the cobalt oxalate content
of the mixture was found to decompose exothermically
(sharp DTA peak at 275 °C). The obtained weight loss in this
step agrees well with the formation of CoO. Zinc oxalate
content of the mixture was also found to decompose exo-
thermically in the last step (DTA peak at 377 °C) with the
formation of zinc oxide. No further changes were observed
by raising the temperature up to 1000 °C or by cooling up to
about 500 °C.

Characterization of Co;_,Zn,Fe,0O,
X-ray powder diffraction

As can be seen from they XRD patterns (Fig. 2), the
investigated samples of Co;_yZn,Fe,O, revealed a cubic
spinel structure without any ambiguous reflections. The
average particle size of the samples calculated by Scherrer
formula [14] was found to be within the range of 100—
130 nm. The lattice constant (a) and the X-ray density (D,)
[15] as a function of Zn concentration are tabulated in
Table 1. As can be shown in Fig. 3a The lattice parameter;
a was found to exhibit a linear content dependence, thus
obeying the Vegard’s law [16] and since the ionic radius of
Zn>* (0.57 A) is slightly higher than that of Co?* (0.56 A),
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Fig. 2 Characteristic parts of XRD patterns of Co;_Zn,Fe,O4
system

the replacement of cobalt by zinc ions leads to an increase
of the lattice parameter.

The X-ray density (D,) values reported in Table 1 was
found to increase with increasing x (Fig. 3b). This was
expected since the larger zinc atom is heavier than the
smaller cobalt atom, and this increase in weight and
decrease in size causes an increase in X-ray density.

Table 1 Lattice parameters

énd X-ray denSitie§ of cZ:ntent Il;:rt:ffliteﬁ (.ig);
0_xZnFe,0,4 system (x) a (A) cmf3)
0.0 8.475 5.119
0.1 8.477 5.129
0.3 8.489 5.134
0.5 8.504 5.136
0.7 8.511 5.150
0.9 8.521 5.159
1.0 8.527 5.162
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Fig. 3 (a) Variation of lattice parameter (a) as a function of Zn
content and (b) Variation of X-ray density (Dx) with composition

Mossbauer spectroscopy

Figure 4 shows the Mossbauer spectra of Zn—Co ferrites
obtained at room temperature. The spectral parameters
[isomar shift (6), quadrupole splitting (AEy), line width (I")
and hyperfine magnetic field (Hn)] are summarized in
Table 2.

For the samples with x = 0.0-0.3, the spectra exhibit
two normal Zeeman-split sextets due to Fe>* at tetrahedral
and octahedral sites, indicating the ferromagnetic behavior
of the samples. The solid lines through the data points in
Fig. 4 are the results of computer fits of the spectra
obtained by assuming equal line width for the A- and
B-sites. The spectrum obtained for the composition with
x = 0.5 shows features of relaxation effects and was ana-
lyzed to a single sextet assigned to the presence of Fe*
ions in the octahedral site (depending on its spectral
parameters) and a central paramagnetic doublet resulting
from superparamagnetic Fe** species [17]. From Table 2,
it can be observed that the magnitude of magnetic hyper-
fine fields of A site (H,) and B site (Hg) decrease as the Zn
content increases. It can be also observed that, the hyper-
fine field of A site (H,) decreases more rapidly than that of
B site. The rapid decreases of the magnetic hyper-fine field
of A site as increasing Zn contents is attributed to the
dilution of the field component from Fe®* ions in neigh-
boring A site.

Relative Transmission [%]
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Fig. 4 The Mossbauer spectra at room temperature of Coj_
Zn,Fe,0,4 system

The observed spectra for samples with x = 0.7-1.0
consist only of a central doublet. The relative intensity of
the central doublet was found to increase with the con-
centration of Zn**. The central doublet can be attributed to
the magnetically isolated Fe®* ions which do not partici-
pate in the long-range magnetic ordering due to a large
number of nonmagnetic nearest neighbors.

The fraction of iron ions and consequently the cation
distribution at tetrahedral A and octahedral B sites were
determined using the area of Mdssbauer subspectra. For
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Table 2 Mossbauer parameters

TCOL DD S gy S T 0, Qe v e vidy - tperys il

0.0 A 73 0.16 0.13 0.61 493

B 27 0.08 0.27 0.63 497
0.1 A 60 0.03 0.07 1.24 480

B 40 0.17 0.05 0.53 488
0.3 A 30 0.39 0.22 0.64 452

B 70 0.17 0.09 1.10 470
0.5 B - 0.12 0.01 1.86 432
0.7 - - 0.04 0.11 0.56 -
0.9 - - 0.09 0.38 0.37 -
1.0 - - 0.07 0.34 0.33 -

stoichiometric ferrite it is easy to estimate the cation dis-
tribution, but it becomes rather difficult for mixed ferrites,
since they contain mixtures of more than one cation other
than iron. However, if the metal ions have an exclusive
preference for any particular site in the spinel, then it is
possible to estimate the cation site in the mixed ferrites. For
the pure CoFe,O, samples, the cation distribution may
be described by the chemical formula, (Cog,sFeq73)
[Cog.73Fe1 27]04, where () denote tetrahedral A sites and [ ]
denotes octahedral B sites. For x = 0.1 and 0.3, considering
that the Zn?* ions prefer A site, and using the area ratio
data, we can decide the cation distribution as; (Coq3q
Zny 10Fe0 60)[Cog s0Fe1.40104 and (Cog 40Zng 30Fe0.30)[C00 30
Fe| 70]O4, respectively. For the samples with 0.5 < x <
1.0, according to the obtained spectra, iron completely
filled the octahedral site. Consequently, the cation distri-
bution of these samples can be written as reported in
Table 3.

Depending on the cation distribution estimated using the
Mossbauer spectroscopy, the values of oxygen positional
parameter (#) and the degree of inversion (y) were calcu-
lated and summarized in Table 3. For a given spinel
compound, the anion sublattice expands or contracts on

varying oxygen parameter until the tetrahedral and the
octahedral site volumes match the radii of the constituent
cations. The oxygen ions are apparently larger than the
metallic ions, and in spinel like structure the oxygen
parameter has a value of about 0.375 for which the
arrangement of O  jons equals exactly a cubic closed
packing, but in actual spinel lattice this ideal pattern is
slightly deformed. The higher values of oxygen parameter
obtained in our work (u > 0.375) may be attributed to the
small displacement of anions due to the expansion of the
tetrahedral interstices [18]. The inversion parameter (7),
defined as the total fraction of divalent ions lodged in the
octahedral site, was found to decrease and going towards
complete inversion at x = 0.5.

Depending on the cation distribution obtained the radius
of the tetrahedral and octahedral sites and intercationic
distances were also calculated using experimental values of
lattice constant and oxygen parameter for Co;_,Zn,Fe,O4
system using equations from [15]. The results were reported
in Table 3. From the results it is clear that, the radius of the
tetrahedral site becomes larger on addition of zinc ions
which can be ascribed to the preference of the zinc ions with
larger ionic radius for the tetrahedral coordination.

Table 3 Cation distribution, oxygen parameter, inversion parameter and cation—anion distance of Co;_,Zn,Fe,0, system

Cation distribution u y A g tet. bond oct. bond tet. edge oct. edge
shared unshared

(Cogp27 Fep73)[Cog 73Fe; 27104 0.379 0.7 0.509 0.682 1.894 2.085 3.092 2.901 2.997
(Zng 1Cog 3Feq 6)[Cog cFe 4104 0.379 0.6 0.519 0.675 1.894 2.086 3.093 2.901 2.998
(Zng 3Cog 4Feq 5)[Cop sFe; 5104 0.381 0.3 0.542 0.660 1.926 2.069 3.145 2.857 3.003
(Zng 5Cog 5)[Feo]O4 0.382 0.0 0.565 0.645 1.944 2.068 3.175 2.838 3.009
(Zng 7Coyp 3)[Fe,]104 0.382 0.0 0.567 0.645 1.946 2.069 3.178 2.841 3.011
(Zng 9Coy 1)[Fe,]04 0.382 0.0 0.569 0.645 1.948 2.072 3.181 2.844 3.015
(Zn)[Fe,]04 0.382 0.0 0.570 0.645 1.950 2.074 3.184 2.846 3.017

ra = tet. radius, rg = oct. radius
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Fig. 5 Relation between Ino and reciprocal of absolute temperature
at different Zn content as a function of applied frequency for
Co,_xZnyFe,0,4 system

Electrical properties studies

Figure 5a—c show typical curves of the alternative current
conductivity versus reciprocal absolute temperature as a
function of the applied frequency for the Co,_,Zn,Fe,O4
system. It can be concluded that the conductivity for all the
samples is frequency independent at high temperature
regions, while at low temperature region its values slightly
changed with changing frequency. On the other hand, the
conductivity of all samples was found to be temperature
dependent.

From the figure it is clear that four regions intersecting
at three transition temperatures are obtained, one of them
is distinguished as the Curie point (T¢). The first and the
last regions are nearly the same, clarifying the metallic
behavior of the investigated samples in the low and very
high temperature regions. The thermal energy in the first
region is not enough to liberate charge carriers and
consequently the conductivity is hardly changed with

Table 4 Values of activation energy at applied frequency of 200 kHz
for Co;_Zn,Fe,O4 system

Zn o at 400 K u, at 400 K Activation energy (eV)
content (x) (Q'em™)  (em?Vish
(Ep (En)
0.0 12x10°  3.1x107 0.42 0.66
0.1 43%x 10° 6.7x1078 0.40 0.53
0.3 23x10°  15x%x107® 0.38 0.51
0.5 17%x10°  24x107° 0.32 0.47
0.7 12x10° 27x107° 026 0.42
0.9 92x 107  69x107"" 022 0.39
1.0 71x107  12x107?2 - 0.37

temperature. In the last region the large thermal energy
causes a large lattice vibration and the scattering of the
charge carriers due to their collision with the vibrating
lattice was expected to damp the mobility up to the
extent at which it becomes constant and giving rise to a
constant conductivity. In the intermediate region, the
conductivity was found to increase with increasing tem-
perature giving a kink in each curve, at temperature
which corresponds to ferrimagnetic (ordered state) to
paramagnetic transition (disorder state). No such a mag-
netic transformation was observed for ZnFe,O, sample,
suggesting that this sample is paramagnetic at room
temperature. The low temperature region represents the
ferromagnetic region, while the other at high temperature
represents the paramagnetic region. The point incorpo-
rated between the two regions is assigned to the Curie
transition point (7¢).

The electrical conductivity-temperature behavior obeys
Wilson’s law [19], indicating the semiconducting nature of
all the compounds under investigation. The activation
energies were calculated for the two regions around the
kink, firstly for the ferromagnetic (low-temperature region:
Ep) and secondly for the paramagnetic (high-temperature
region: Eyy). The calculated values of the activation energy
are listed in Table 4. From the table it is clear that the
activation energy in the paramagnetic region is higher than
that in the ferrimagnetic one. This result is in agreement
with the theory developed by Irkin and Turov [20] For the
existence of the kinks or transition in the neighborhood of
the Curie point. Generally the change of the slope is
attributed to the change in the conductivity mechanism.
The conduction at lower temperature (below Curie tem-
perature) can be attributed to hopping of electrons between
Fe* and Fe* ions and jumping of holes between Co** and
Co’" ions, whereas at higher temperature (above Curie
temperature) due to polaron hopping [21]. The calculated
activation energies in the paramagnetic region E; are
greater than 0.40 eV which clearly suggest that the
conduction is due to polaron hopping [8].
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The decrease in activation energy calculated for both
regions with increasing x can be interpreted as follows
[22]: as hopping between atoms of different metals on the
octahedral sublattices needs higher activation energy than
for ions of the same metals [23] thus, conduction activation
energy for CoFe,O, is higher (since the octahedral site
contains a large ratio of Co®* ions). As can be seen from
Table 3, the addition of Zn** ions leads to an increase of
Fe** ions in the octahedral site and a simultaneous decrease
of Co®* ions present at the same site. This will increase
ions of the same metal (Fe3+ ions) and, consequently,
decrease of the conduction activation energy. Also, it can
be seen that the conductivity values (taken at 400 K)
decrease with increasing zinc content (Table 4). Since a
part of the conductivity at this temperature range is
attributed to the jumping of holes between Co** and Co™*
ions, thus, the replacement of zinc on the expense of cobalt
will consequently decrease this process and, consequently,
decrease of the conductivity. The drift mobility for all the
samples at 400 K has been calculated using the equation:
o =n e uy, where ¢ is the conductivity, n is the concen-
tration of charge carrier and e is the charge of electron.
From Table 4, it can be observed that the drift mobility
decrease with the increase of Zn concentration.

Dielectric constant (&) in ferrites is also contributed by
several structural and microstructural factors. The dielec-
tric constant as a function of frequency was determined
using the formula:

¢ = Cd/eA

where C is the capacitance of the pellet in farad, d the
thickness of pellet in meter, A the cross-sectional area of
the flat surface of the pellet and ¢, is the constant of per-
mittivity of free space.

Figure 6 shows the variation of dielectric constant with
absolute temperature at different frequencies from 500 Hz
to 1 MHz. It can be seen that all the samples show the
frequency-dependent phenomena i.e. the dielectric constant
decreases with increasing frequency. This is a normal
behavior observed in most of the ferrimagnetic materials,
which may be due to the interfacial polarization as pre-
dicted by Maxwell-Wagner [24]. According to Rabinkin
and Novikova [25] the polarization in ferrites is through a
mechanism similar to the conduction process. By electron
exchange between Fe?* and Fe3+, the local displacement of
electrons in the direction of the applied field occurs and
these electrons determine the polarization. The polarization
decreases with increasing frequency and then reaches a
constant value due to the fact that beyond a certain
frequency of external field, the electron exchange between
Fe* and Fe** cannot follow the alternating field. The large
value of ‘g, at lower frequency is due to the predominance
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Fig. 6 Relation between dielectric constant and the absolute tem-
perature as a function of applied frequency for Co,_yCdFe,O, system

of species like Fe** ions, interfacial dislocations pile ups,
oxygen vacancies, grain boundary defects etc [24].

It is evident that by increasing the temperature, the
dielectric constant increases gradually up to the particular
point designated as the dielectric transition temperature
(T,) with position depending on the amount of zinc in the
sample. This transition is in a good agreement with that
obtained in the conductivity measurements. Beyond this
temperature, the values of dielectric constant for all sam-
ples were found to decrease. Similar behavior has been
reported earlier [26]. The behavior of ¢ with the temper-
ature can be explained as follows: at relatively low tem-
perature, the charge carriers on most cases cannot orient
themselves with respect to the direction of the applied field,
therefore, they posses a week contribution to the polari-
zation and the dielectric constant. As the temperature
increases, the bound charge carriers get enough excitation
thermal energy to be able to obey the change in the external
field more easily. This in turn enhances their contribution



J Mater Sci (2007) 42:8254-8261

8261

to the polarization leading to an increase of the dielectric
constant of the sample [27]. The decrease of (¢’) is attrib-
uted to the decrease in internal viscosity of the system
giving rise more degrees of freedom to the dipoles with the
result of increasing the disordering in the system and hence
decreasing (&) again.

Conclusion

(D

2
3)

4)

(&)

Zinc-substituted cobalt ferrites were prepared through
the thermal decomposition of their respective metal
oxalates.

X-ray diffraction of the investigated samples shows
single phase cubic spinel.

The lattice parameter was found to increase with the
addition of zinc due to the larger ionic radius of Zn
compared with that of Co.

The Mossbauer spectra of samples with x = 0.5 show
a paramagnetic doublet while samples with x < 0.3
exhibit normal Zeeman split sextets. The magnetic
hyperfine field was found to decrease with increasing
Zn content. The cation distribution of the investigated
ferrites was also estimated.

The temperature variation of the electrical conduc-
tivity of all the samples excepts for the ZnFe,Oy4
sample shows a definite break, which corresponds to
ferrimagnetic—paramagnetic transition. The activation
energy in the paramagnetic region is higher than in
the ferrimagnetic region.
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