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Nanocrystalline cobalt ferrite particles of 8 nm grain size were synthesized by coprecipitation
technique and subsequently suitably heat treated to obtain higher grain sizes. The experimentally
observed changes in the dc electrical conductivity and Curie temperature with heat treatment have
been attributed to the changes in the cation distributions as obtained from the Mössbauer and
extended x-ray absorption fine structure �EXAFS� measurements and to the grain size. The
activation energies for conduction as determined from the Arrhenius plots suggest that the
conductivity is due to hopping of both electrons and holes. The observed decrease in conductivity
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, as is evident from in-field
Mössbauer and EXAFS measurements. But the higher conductivity of the 102 and 123 nm particles
compared to that of the 92 nm particles is attributed to the higher grain size, since the cation
distribution is found to be the same for all these three samples. The Néel temperature increases from
709 K for the as-prepared particles �8 nm� to 809 K for the 92 nm particles because of the change
in the cation distribution and it remains almost the same for the higher grain sizes as there is no
further change in the cation distribution. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2752098�

I. INTRODUCTION

Recent trend in nanotechnology has initiated renewed
interest in spinel ferrites in order to explore the possibility of
widening the range of their applications. The cation distribu-
tion in ferrites has a remarkable effect on the electrical con-
ductivity and magnetic behavior. Interesting results have
been reported on the electrical conductivity behavior of
NiFe2O4 and Ni–Zn ferrites.1,2 The bulk particles of cobalt
ferrite normally exhibit inverse spinel structure with one half
of Fe3+ ions in the A sites and the remaining half of Fe3+ ions
and Co2+ ions in the B sites.3 There is an ever increasing
interest in cobalt ferrite in the nanometer range because of its
extensive application in high-density magnetic recording.4

Cobalt ferrite with high coercivity is a promising material for
various magnetic applications such as magneto-optical de-
vices and magnetic recording.5–7

The electrical and magnetic properties of bulk CoFe2O4

ferrite are found to be sensitive to the distribution of the
transition metal ions among the cationic sites in the spinel
structure.8–13 Many researchers have extensively studied the
magnetic properties of nanostructured CoFe2O4.14–19 Chinna-

samy et al.19 have observed a high coercivity of 2.02 kOe at
room temperature for CoFe2O4 particles with a grain size of
36 nm; moreover, the same authors20 have observed a coer-
civity value of 4.3 kOe at room temperature for the 40 nm
size single domain CoFe2O4 particles which is close to the
theoretical value of 5.3 kOe. Jonker21 has studied the electri-
cal properties of a series of bulk Co3−xFexO4 ferrites and
observed that the conductivity is minimum for the x=2 com-
position and that it is a p-type conductor for x�2 and an
n-type conductor for x�2. Na et al.22,23 have studied the
electrical conduction mechanism of bulk CoFe2O4 for vari-
ous heat treatment conditions. They have observed that the
electrical resistance of cobalt ferrite decreases with increas-
ing quenching temperature due to the decrease of grain
boundary resistance in Fe-excess cobalt ferrites prepared by
ceramic method. Wu et al.24 have studied the variation of
resistivity with pressure and observed a phase transition from
the spinel to tetragonal structure at 7.5 GPa for the 6 nm
grain size cobalt ferrite. However, there is no detailed study
available in literature on the electrical conductivity behavior
of nanostructured CoFe2O4. This has motivated us to study
the effect of grain size on the electrical conductivity and
Néel temperature of cobalt ferrite in the nanoregime. The
cation distribution, determined by using extended x-ray ab-
sorption fine structure �EXAFS� and Mössbauer techniques,
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is also shown to play a decisive role on the electrical con-
ductivity and Néel temperature of these ferrites.

II. EXPERIMENT

The CoFe2O4 ferrite was prepared using the conven-
tional coprecipitation technique as reported in our earlier
paper.20 To achieve various grain sizes, the as-prepared
sample was heat treated at 1473 K for different durations
such as 2, 6, and 10 h. The phase analysis for the as-prepared
and heat treated samples was carried out using x-ray diffrac-
tion �XRD� with a Rigaku-make high precision Guinier x-ray
diffractometer and Fe K� radiation. The average grain size
was determined from the full width at half maximum of the
�311� reflection of the XRD patterns using Scherrer’s
formula.25 The electrical conductivity measurements were
carried out using an impedance analyzer �Solatron 1260
impedance/gain-phase analyzer� in the temperature range of
298–650 K and in the frequency range of 1 Hz–10 MHz.
For these measurements, the sample was made in the form of
a pellet with 8 mm diameter. The sample was sandwiched
between two platinum electrodes of 10 mm diameter. Before
starting the measurements, the sample was preheated to
450 K for 15 min to remove the moisture content. The EX-
AFS measurements were done using a laboratory x-ray ab-
sorption spectrometer �Rigaku R-XAS Lopper� at Fe K and
Co K absorption edges. The x-ray beam was generated from
the demountable x-ray tube with Mo target as the x-ray
source which was monochromatized by the Johansson-type
single crystal Ge �220� monochromator. The 57Fe Mössbauer
spectra were recorded at 15 K with 8 T magnetic field ap-
plied parallel to the direction of gamma rays. The Néel tem-

perature was determined using a thermogravimetric analyzer
�Perkin-Elmer series 7� by applying a small magnetic field of
4 mT using a horseshoe magnet.

III. RESULTS AND DISCUSSION

A. Structural analysis

Figure 1 shows the XRD patterns of the as-prepared
sample �A�, sample annealed at 1473 K/2 h �B�, �c� an-
nealed at 1473 K/6 h �C�, and annealed at 1473 K/10 h
�D�. All the peaks in Fig. 1 could be indexed to single spinel
phase. The increase in grain size with heat treatment is
clearly observed from the decrease in the width of the XRD
lines. The average grain sizes were calculated using Scher-
rer’s formula taking into account the instrumental line broad-
ening. The average grain sizes of samples A–D were 8, 92,
102, and 123 nm, respectively. Annealing at 1473 K for 6
and 10 h was carried out to have a grain size variation but
without altering the cation distribution in order to study the
effect of grain size alone on the electrical properties.

B. dc conductivity

Figure 2�a� shows the impedance plot of the as-prepared
sample �sample A�. The plot consists of only one semicircle,
which represents the grain boundary contribution to conduc-
tivity. Similarly the impedance plot consists of only one
semicircle for the sample B also which is not shown in fig-
ure. But in the case of samples C and D the impedance plots
consist of two semicircles arising from the grain and grain

FIG. 1. XRD patterns of CoFe2O4 spinel samples: �A� as-prepared, and
annealed at 1473 K for �B� 2 h, �C� 6 h, and �D� 10 h.

FIG. 2. �a� Complex impedance spectrum of sample A measured at 298 K.
The continuous curve is the fitted semicircle. �b� The complex impedance
spectrum of CoFe2O4 for sample C measured at 448 K. The continuous
curves are the fitted semicircles.
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boundary contributions as shown in Fig. 2�b� for sample C.
The equivalent circuit based on the impedance data for
samples C and D is shown in Fig. 3. The parameters Rg and
Cg correspond to the resistance and capacitance of the grain,
respectively, and Rgb and Cgb are the corresponding quanti-
ties for the grain boundary. The grain and grain boundary
resistances were obtained by analyzing the impedance data
using the nonlinear least-squares �NLLS� fitting routine. For
sample A, the grain boundary volume is high because of the
small grain sizes and hence the conduction takes place pre-
dominantly through the grain boundary and hence a single
semicircle is obtained in the impedance plot. In the case of
samples C and D the grain boundary volume should be
smaller and hence the conduction takes place through both
grain and grain boundary. Even though the grain boundary
volume fraction is small for sample B, the occurrence of a
single semicircle in the impedance plot suggests that the
grain and grain boundary have equal resistances. The dc con-
ductivity values were calculated from the resistance values
and using the geometrical dimensions of the samples.

Figure 4 shows the Arrhenius plots for the electrical con-
ductivity of the as-prepared and heat treated samples, plotted
in the temperature range from 475 to 625 K. The conductiv-
ity increases with temperature as expected from the semicon-
ducting behavior of spinel ferrites. For all the samples there

is a change in the slope of the straight lines at about a tem-
perature of 540±3 K, which is much below their Néel tem-
peratures. The change of slope in the Arrhenius plot, there-
fore, indicates that there are two different thermally activated
processes in the conduction process. The values of activation
energies obtained in the present study also suggest that the
hopping of charge carriers is responsible for the electrical
conductivity. The activation energy for the thermally acti-
vated hopping process was obtained by fitting the dc conduc-
tivity data with the Arrhenius relation,

�T = �0 exp�−
Ea

kBT
� , �1�

where �0 is the preexponential factor with the dimensions of
�� cm�−1 K, Ea is the activation energy for dc conductivity,
and kB is the Boltzmann constant and the values of activation
energies for grain boundary conduction are given in Table I
for all samples. The activation energy Ea for the grain con-
duction in samples C and D were obtained as 0.70 and
0.61 eV, respectively. Figure 4 shows that the conductivity
decreases when the grain size increases from 8 to 92 nm
whereas it is expected to increase with the grain size. There
should be, therefore, some other factor for the observed de-
crease in conductivity. The possible change in cation distri-
bution on annealing at 1473 K for 2 h might have contrib-
uted to the observed decrease in the conductivity. The in-
field Mössbauer and EXAFS measurements gave a clear
evidence for the migration of some of the Fe3+ ions from the
octahedral to tetrahedral sites and some of the Co2+ ions in
the reverse direction as discussed in detail in Sec. III F and
III G, respectively. In cobalt ferrites, the hopping of both
electrons and holes contributes to the electrical conductivity.
The electrons and holes are derived from Fe2+ ions and Co3+

ions, which could be present only in octahedral sites from the
crystal field stabilization energy point of view. The decrease
in the number of iron ions in octahedral site will result in the
decrease of Fe2+↔Fe3+ pairs contributing to the decrease in
conductivity. Even though the number of holes taking part in
conduction increases as the number of Co3+↔Co2+ pairs in
the octahedral sites increases, due to the migration of some
of the cobalt ions from the tetrahedral sites to octahedral

FIG. 3. Proposed model for the impedance behavior where Cg is the bulk
capacitance, Rg is the bulk resistance, Cgb is the grain boundary capacitance,
and Rgb is the grain boundary resistance.

FIG. 4. Arrhenius plots for the electrical conductivity of nanocrystalline
CoFe2O4 spinel samples. The solid lines are the least-squares fit to Eq. �1� �
g: grain; gb: grain boundary�.

TABLE I. The values of activation energies for electrical conductivity in
CoFe2O4 spinel ferrite samples. Ea is the activation energy obtained from
the conductivity data for the low-temperature region and Ea� is for the high-
temperature region. Ep is the activation energy obtained from the hopping
frequency for the low-temperature region and Ep� is for the high-temperature
region.

Sample
�grain size

in nanometer�

Activation energy for
grain boundary from
the conductivity data

Activation energy from
hopping frequency

Ea �eV�
�±0.01�

Ea� �eV�
�±0.01�

Ep �eV�
�±0.01�

Ep� �eV�
�±0.01�

A �8� 1.09 0.89 1.06 0.73
B �92� 0.66 0.84 0.55 0.72

C �102� 0.63 0.54 0.73 0.57
D �123� 0.75 0.71 0.58 0.60
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sites, the overall conductivity decreases because of the
smaller mobility of holes compared to the electron mobility.
When the annealing duration is further increased to 6 and
10 h, the conductivity also increases. However, the cation
distribution does not change for these two samples and it
almost remains the same as that for the 2 h annealed sample.
The increase in conductivity, therefore, can be attributed to
the higher grain sizes when the grain to grain contact is ex-
pected to be enhanced.

The temperatures at which the slopes of the straight lines
in the Arrhenius plot change are below the measured Néel
temperatures of these samples as reported in Sec. III H.
Therefore, the effect of magnetic state of the ferrites is ruled
out for the change of slope in the Arrhenius plots. Moreover,
the activation energy for conductivity in the high temperature
region is significantly smaller than that for the low tempera-
ture region in the case of sample A, almost equal for sample
D, slightly smaller for sample C but higher in the case of
sample B. As the mobility of charge carriers is temperature
dependent, an increase in the mobility might have caused a
reduction in the activation energy in the high temperature
region. Mahajan et al.26 also have obtained similar results.
Their explanation is that at low temperatures the conduction
is due to hole hopping between Co3+↔Co2+ pairs and that
because of the low mobility of holes the activation energy is
higher in the low temperature region. At higher temperatures
the majority charge carriers are electrons due to oxidation
reduction process. Since the conduction at higher tempera-
tures is predominantly due to electron hopping between
Fe3+↔Fe2+ pairs, the activation energy is lower because of
the higher mobility of electrons. But it is not understood why
the activation energy for sample B is higher in the high tem-
perature region which is distinct from the other three
samples.

Usually a high conductivity is associated with small ac-
tivation energy.1 But in the present study this rule is not
obeyed. For example, sample A exhibits a higher conductiv-
ity along with a higher activation energy whereas sample B
shows a lower conductivity associated with a smaller activa-
tion energy. As discussed in Sec. III F, because of the frus-
trated topology arising from cationic disorder, it is possible
that sample A exhibits higher activation energy for conduc-
tion. Sample B might have a lower degree of frustration be-
cause of thermal annealing and hence a lower activation en-
ergy for conduction.

C. Conduction mechanism

To study the relative contributions of holes and electrons
to the conductivity, we determined the capacitance of the
sample for various bias voltages. Figures 5�a� and 5�b� show
the plot of 1 /C2 versus bias voltage for samples A and D
measured both at room temperature and at 673 K. For
sample A at room temperature, 1 /C2 curve has a positive
slope at lower bias voltages and it becomes flat at higher bias
voltages. The initial increase at lower bias voltages suggests
that the conduction mechanism is predominantly due to hole
hopping and the flat region at higher bias voltages indicates
that electrons also contribute significantly to the conductiv-

ity. This explains why the activation energy is higher at low
temperatures and it is lower at high temperatures. At high
temperature �673 K�, on the other hand, the curve is almost
flat for all bias voltages, which reveals that both electrons
and holes contribute almost equally to conductivity. But for
sample D, the curve is almost flat for both at room tempera-
ture and high temperatures which suggests that both elec-
trons and holes contribute to conductivity. However, it is yet
to be understood why the difference in the two activation
energies decreases for samples C and D. With more Co2+

ions on B sites in these two samples compared to that in
sample A, there should be relatively an increase in the num-
ber of holes contributing to conduction and hence the differ-
ence in the two activation energies should not decrease.

D. Dielectric relaxation

Figure 6 shows the plot of hopping frequency versus
temperature. The hopping frequency refers to the dipolar ori-
entational relaxation frequency. The temperature dependence
of the dielectric relaxation frequency �p is written in the
following form:

�p = �0 exp�− Ep

kBT
� , �2�

where �0 is the preexponential factor, Ep is the activation
energy for dielectric relaxation, and kB is Boltzmann con-
stant. The increase in relaxation frequency with temperature

FIG. 5. 1 /C2 vs bias voltage plot of CoFe2O4, �a� for sample A and �b� for
sample D. The continuous line is a guide to the eye.
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is due to the thermal activation of the localized electric
charge carriers forming dipoles, which are responsible for
the dielectric polarization.27 The activation energy Ep for the
dielectric relaxation was calculated for various grain sizes
from the slope of the straight lines shown in Fig. 6 and the
values for various grain sizes are presented in Table I. Since
the activation energy for dc conductivity �Ea� is almost equal
to that for the dielectric relaxation �Ep�, the same mechanism
well occurs for both dc conductivity and dielectric relax-
ation.

E. BNN relation

Barton, Nakajima, and Namikawa28 �BNN� have found
the following relation to be valid for most of the electroni-
cally conducting disordered materials:

�dc =
1

4�HR
�0	��p, �3�

where HR is the Haven ratio, which indicates the degree of
correlation between successive hops, �0 is the permittivity of
free space, 	�= ���0�–��
�� is the change in permittivity
from the unrelaxed baseline ���
�� to the fully relaxed state
���0��, and �p is the hopping frequency. The BNN relation is
useful to find out whether ac and dc conductions are closely
correlated to each other and whether the mechanism is the
same for both. In order to find whether the BNN relation is
obeyed or not, in nanocrystalline CoFe2O4 samples, we have
plotted log10 �dc versus log10 �p in Fig. 7 for all the four
samples. The values of �dc and �p were obtained from the
best fits from the nonlinear least-squares fitting. The solid
lines result from the fitting and their slopes are almost equal
to unity and this conveys that the dc and ac conductions are
correlated to each other and that they are governed by the
same mechanism.

F. Mössbauer studies

Mössbauer spectra �not shown here� were recorded at
298 K for all the four samples. But these spectra did not
allow us to estimate accurately the proportions of Fe3+ ions
in different sites, due to the lack of resolution of the hyper-

fine structure. In order to find the changes in the cation dis-
tribution of CoFe2O4 with heat treatment, we have therefore,
recorded the in-field 57Fe Mössbauer spectra for all the
samples which are shown in Fig. 8. The Mössbauer spectra
were fitted with two magnetic components arising from the
tetrahedral �A� and octahedral site �B� Fe3+ ions. The experi-
mental data have been fitted by using the least-squares MOS-

FIT program.29 The refined values of hyperfine parameters
are listed in Table II. In Table II, �Beff� represents the alge-
braic sum of the internal hyperfine magnetic field and the
external applied magnetic field. The sextet with the smaller
value of isomer shift of 0.34 mm/s is unambiguously as-
signed to the tetrahedral Fe3+ ions, and the other one to the
octahedral Fe3+ ions. The relative intensities of the A-site and
B-site sextets obtained from the fitting of the in-field Möss-
bauer spectra are reliable as the spectra of the two sites are
now well resolved. It was assumed that both sites have the
same value for the f factor. The ratio of the intensity of the
A-site sextet to that of the B-site sextet is expected to be
1.00, which is the ratio of the population of the Fe3+ ions in
A sites to that in B sites, provided Co2+ ions are only in the
B sites as observed in bulk sized particles. But the experi-

FIG. 6. The temperature dependence of the dielectric relaxation frequency
�p of the CoFe2O4 samples. The solid lines are the best fit to Eq. �2�.

FIG. 7. log10 �dc vs log10 �p plots �BNN relation� for nanocrystalline
CoFe2O4. The solid lines are the least-squares fits. The values of the slopes
are given in the parentheses.

FIG. 8. �Color online� 8 T in-field Mössbauer spectra of the CoFe2O4 spinel
ferrite for different grain sizes. �a� sample A �8 nm�, �b� sample B �92 nm�,
�c� sample C �102 nm�, and �d� sample D �123 nm�.
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mental values obtained from the intensities of the A- and
B-site sextets are 0.56, 0.72, 0.72, and 0.68 for samples with
8, 92, 102, and 123 nm grain sizes, respectively. The relative
intensity of the A-site sextet is found to increase from sample
A to sample B, which is possible only if some of the Fe3+

ions from the octahedral sites migrate to the tetrahedral sites
on thermal annealing at 1473 K for 2 h. However, the rela-
tive intensity does not change by further increasing the an-
nealing time, indicating that the cation distribution does not
change with the duration of annealing at this temperature.
The degree of inversion is the lowest for the as-prepared
sample and it increases with annealing at 1473 K. However,
the duration of annealing does not seem to have any influ-
ence on the degree of inversion. The nonvanishing intensity
of the second and fifth lines in the two sextets of the Möss-
bauer spectra shows the presence of noncollinear spin struc-
ture. The average canting angle � defined as the angle be-
tween the direction of effective hyperfine field and the
direction of applied magnetic field ��-ray direction� was es-
timated and their values are listed in Table II. One notes that
the mean canting angle slightly decreases when both the de-
gree of cationic inversion and the grain size increase. Be-
cause of the size of present particles, one can exclude that the
canted structure might result from the surface anisotropy.
Indeed, when the particle exceeds about 10 nm diameter, the
role of the surface on the magnetic properties can be
neglected.30,31 Even though we can expect that the surface
spin anisotropy may contribute, to some extent, to the spin
canting for the 8 nm particles, the observed spin canting for
the higher grain sizes should be due to some other mecha-
nism. The cationic inversion between Fe3+ and Co2+ does
originate a magnetic frustrated topology, giving rise to a non-
collinear magnetic structure, because of the presence of an-
tiferromagnetic Fe–O–Fe, Co–O–Co, and Fe–O–Co superex-
change interactions. However, the increase of the cationic
inversion with annealing alone cannot be responsible for the
decrease of canting angle. Consequently, the evolution of the
canted structure versus the annealing has to be attributed, in
addition to the local anisotropy of Co2+ ions, to some defects
and vacancies combined with cationic inversion, the posi-
tions of which are dependent on the annealing time. The
migration of Co2+, Fe3+, and vacancies gives rise, thus, to

different cationic topology favoring magnetic frustration of
antiferromagnetic interactions. Larger annealing times are re-
quired to achieve an ideal inverse spinel structure.

G. EXAFS analysis

EXAFS measurements were carried out to study the lo-
cal atomic environment around the Fe3+ and Co2+ cations
and to study the difference in the cation distribution between
the nanostructured cobalt ferrites with different grain sizes. A
laboratory x-ray absorption spectrometer �Rigaku R-XAS
Looper�32 was used for these measurements. Figures 9�a� and
9�b� show the Fourier transformed EXAFS spectra at Fe and
Co-K absorption edges, respectively, for the as-prepared �A�
and the heat treated C and D samples. In spinel ferrites the
A-A correlation distance is longer than the B-B. The EXAFS
profile at Fe-K edge for the bulk reference sample clearly
shows two peaks in second nearest neighbor region, which is

TABLE II. Mössbauer parameters: Isomer shift �IS�, quadrupole shift �2��, effective hyperfine field �Beff�
�algebraic sum of the internal hyperfine magnetic field and the external applied magnetic field�, hyperfine field
�Bhyp�, canting angle ���, and relative intensity of the sextets �Irel� for the CoFe2O4 samples at 12 K in an
external magnetic field of 8 T applied parallel to the direction of gamma rays.

Sample
�grain size

in nm�
Fe
site

�IS�a

�mm/s�
±0.01

�2��
�mm/s�
±0.02

�Beff�
�T�

±0.5

�Bhyp�
�T�

±0.5

���
�degrees�

±5

Irel

�%�
±1

A
�8�

A 0.34 −0.00 59.8 52.3 20 36
B 0.49 −0.02 46.7 53.9 29 64

B
�92�

A 0.34 0.01 60.3 52.7 17 42
B 0.50 −0.03 49.0 56.5 22 58

C
�102�

A 0.34 −0.01 60.2 52.8 20 42
B 0.50 −0.06 48.1 55.5 24 58

D
�123�

A 0.36 −0.02 60.3 52.5 13 40
B 0.52 −0.02 48.0 55.6 18 60

aWith respect to �-Fe at 300 K.

FIG. 9. �a� Fourier transforms of EXAFS spectra at Fe K absorption edge of
CoFe2O4 ferrite samples. �b� The Fourier transforms of EXAFS spectra at
Co K absorption edge of CoFe2O4 ferrite samples.

013916-6 Sivakumar et al. J. Appl. Phys. 102, 013916 �2007�

Downloaded 02 Oct 2013 to 202.116.1.148. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



a clear indication of the presence of Fe atoms in both octa-
hedral and tetrahedral sites. One could also note nearly an
equal intensity for both peaks, indicating an almost inverse
structure of bulk cobalt ferrite. A similar profile could be
observed for samples C �102 nm� and D �123 nm�. But the
EXAFS spectrum for the as-prepared sample A �8 nm� is
quite different from others. There is a clear reduction in the
intensity of the farther peak corresponding to the A-A corre-
lation. From the EXAFS spectrum at Fe-K edge one could
conclude that Fe3+ ions are not equally distributed between
the octahedral and tetrahedral sites and relatively there are
more number of Fe3+ ions in B sites than in A sites in the
as-prepared sample. Thermal annealing thus induces some
Fe3+ ions to migrate from the octahedral to tetrahedral sites
as confirmed by the Mössbauer studies also.

The EXAFS profile at Co K edge for the bulk reference
sample exhibits two distinct peaks in second nearest neigh-
bor region, and their relative intensity is almost the same for
the reference standard and samples C and D. But the relative
intensity of the farther correlation peak is higher in the case
of as-prepared sample �A�, implying that there are more
number of Co2+ ions in A site in sample A compared to that
in other samples. From the EXAFS spectrum at Co-K edge,
therefore, it is clear that the as-prepared sample has the low-
est degree of inversion and that the degree of inversion in-
creases with annealing as some of the Co2+ ions migrate
from A to B sites on thermal annealing.

H. Néel temperature measurements

Figure 10 shows the thermogravimetric plots of
CoFe2O4 obtained by using a thermogravimetric analyzer
�TGA� with a small applied magnetic field of 4 mT. The
instrument was calibrated with standard Ni and Fe samples
by the two-point calibration method. The Néel temperature
�TN� is found to increase from 709 K �inset to Fig. 10� for
the as-prepared sample �sample A� to 813 K for the sample
annealed at 1473 K for 10 h �sample D�. The values for
samples B and C are 809 and 808 K, respectively. The in-
crease in Néel temperature of the annealed sample is due to
the change in the cation distribution during heat treatment.
The in-field Mössbauer and EXAFS studies show that there
is a migration of some of the Fe3+ ions from the octahedral to

tetrahedral sites on thermal annealing. The replacement of
the Co2+ ions by the Fe3+ ions on the tetrahedral �A� sites,
therefore, increases the strength of the super exchange inter-
action and hence the Néel temperature. The possible increase
in the A–O–B bond angle during heat treatment can also
strengthen the superexchange interaction.

IV. CONCLUSION

The electrical conductivity of nanostructured CoFe2O4

has been explained on the basis of hopping of holes �CoII and
CoIII� and electrons �Fe2+ and Fe3+� as evident from the
change in the slope of the Arrhenius plot at about a tempera-
ture 540±3 K, which indicates that there are two different
thermally activated processes in the conduction mechanism.
The ac and dc conductions are governed by the same mecha-
nism since the BNN relation is obeyed in these ferrites. The
in-field Mössbauer and EXAFS studies show that there is a
migration of some of the Fe3+ ions from the octahedral to
tetrahedral sites on thermal annealing, which explains the
observed decrease in conductivity when the grain size is in-
creased from 8 to 92 nm. The degree of inversion is found to
be smaller for the as-prepared sample compared to that for
the annealed samples. The Néel temperature is found to in-
crease from 709 K for the as-prepared sample �A� to 813 K
for the annealed sample �D� because of the increase of Fe3+

ion population in tetrahedral sites, which leads to an increase
in superexchange interaction strength. This is a very rare
study where the effect of grain size alone on the electrical
conductivity could be obtained, by keeping the cation distri-
bution constant.
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