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Electrical, magnetic and Mössbauer properties
of cadmium - cobalt ferrites prepared by the
tartarate precursor method
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Six samples of the system Cd1−xCoxFe2O4 were prepared by the tartarate precursor method
with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0. The formation of ferrispinels were studied by X - ray
powder diffraction, infrared spectroscopy, electrical conductivity, thermoelectric power,
magnetic hysteresis, initial magnetic susceptibility and Mössbauer spectroscopy. The data
of the temperature variation of the direct current electrical conductivity showed a definite
kink (∼390◦C) except x = 0.0 and 0.2, which corresponds to the ferrimagnetic to
paramagnetic transitions. Magnetic properties of the samples with x ≥ 0.6 showed definite
hysteresis loops. The observed low magnetic moment can be explained in terms of the non
collinear spin arrangement. A well defined hyperfine Zeeman spectra are observed for
samples with x ≥ 0.6 at room temperature and resolved into two sextets corresponding to
octahedral and tetrahedral sites. The electrical, magnetic and Mössbauer properties
suggest that, a canted spin arrangement upto x = 0.8 and Néel’s configuration above this
composition. The probable ionic configuration for the system is suggested as(
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1. Introduction
Ferrites are a broad class of complex magnetic oxides of
considerable technological importance. The binary and
ternary oxides having a spinel structure have attracted
wide attention because of their remarkable electrical
and magnetic properties [1–4]. These properties are de-
pendent on the nature of the ions, their charges and their
distribution among tetrahedral (A) and octahedral (B)
sites. This so called cation distribution depends on many
factors such as temperature, composition [5–6] and also
on the method of preparation of the compounds [7].

Among the various methods of preparation, the co-
precipitation (i.e. precursor) technique [8] has attracted
laboratory interest because using this method a homo-
geneity of magnetic particles can be achieved without
rigourous and repeated grinding and calcination - nor-
mally required in conventional ceramic techniques used
in industries. However, systematic studies of the precur-
sor method have also found its identity in industry [9].

In the present work we have prepared the compounds
of the system Cd1−xCoxFe2O4 by a tartarate coprecipi-
tation technique. We attempted to determine the effect
of cadmium ferrite spinel formation and the role of
cobalt content on structural and electrical conductiv-
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ity of these ferrispinels. The magnetic and M¨ossbauer
measurements were also undertaken to study the vari-
ation of saturation magnetisation and hyperfine fields
with cobalt concentration and to gain information about
the cation distributions, possible canted spin structures
and supertransferred hyperfine interactions at both A
and B sites in the system.

2. Experimental
2.1. Synthesis of precursors
Cadmium - iron - tartarates were prepared by the copre-
cipitation method by taking high purity (reagent grade)
FeSO4·7H2O (1.86× 10−1 M/L) and 3CdSO4·8H2O
(9.32× 10−2 M/L) in deionized water. The mixture
of metal - sulphate solution was prepared in ratio of
Cd2+ : Fe2+ = 1 : 2 with respect to molar ratios and was
placed in a three - necked flask under a stream of dry
nitrogen. The pH of the medium was adjusted to a low
enough value (pH< 6), so that hydroxide precipitate
does not form. The solution was stirred vigorously with
a magnetic stirrer. The sodium tartarate (7.0%) solution
was then added slowly with stirring till a permanent pre-
cipitate occured. Acetone was added in equal amounts
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to metal salts. Here addition of acetone not only ensures
a high yield but also influences more homogenous, sto-
ichiometric, fine - grained powders. The resultant pre-
cipitate of CdFe2(C4H4O6)3·5H2O was light greenish
yellow in colour. The solution was filtered after stirring
it for 30 minutes. The filtrate was checked for Cd2+ and
Fe2+ whose absence ensured complete coprecipitation.
The precipitate was washed several times with cold dis-
tilled water and then with acetone to speed - up drying.
The precipitate was dried at ambient temperature.

The similar experimental conditions were used
for the preparation of cobalt - iron - tartarate, CoFe2
(C4H4O6)3·7H2O and mixed cobalt - cadmium - iron
tartarate, CoxCd1−xFe2(C4H4O6)3 · nH2O.

2.2. Synthesis of cobalt - cadmium
ferrites (Cd1−xCoxFe2O4)

For the synthesis of Cd1−xCoxFe2O4 (x= 0.0 to 1.0),
the above tartarate coprecipitates were decomposed and
calcined slowly at 700◦C for two hours in a platinum
crucible under static air atmosphere and then slowly
cooled (3◦C/min) down to room temperature. This heat
treatment is sufficient for achieving a complete decom-
position of tartarate. The powder obtained was poly-
crystallite. This sample was then reground and recal-
cined at the same temperature for another two hours.
The furnace was turned off and sample was removed
at room temperature. These samples were stored in a
desiccator.

The chemical analysis was done using a Perkin -
Elmer Model 3100 Atomic Absorption Spectrometer
(AAS) employing an air acetylene flame and a hollow
cathode lamp as the light source. The duplicate samples
(known amount of Cd1−xCoxFe2O4 samples dissolved
in 2 ml concentrated HCl and 5 ml HNO3. The final
volume was made to 100 ml) were used for this anal-
ysis. A separate lamp was used for the determination
of each element. A blank solution (distilled water) was
run before and after the aspiration of every sample into
flame. The procedures used for the measurements of
X - ray diffraction pattern, infrared spectra, d. c. elec-
trical conductivity, magnetic and M¨ossbauer proper-
ties were similar to those reported earlier [10–13]. The
Mössbauer spectra were taken at room temperature. The
hyperfine interaction parameters were computed using
an interactive least square “MOSFIT” Program.

3. Results and discussion
3.1. Characterization of precursors
The elemental analyses made in wt.% of tartarate pre-
cursors are very well matched with the calculated ones

TABLE I Analytical data of tartarate precursors

Elemental analysis in wt. % (±0.5)

C H Cd Co Fe
Formula

Precursors Formula weight Req. Found Req. Found Req. Found Req. Found Req. Found

Cadmium-iron tartarate
pentahydrate CdFe2(C4H4O6)3·5H2O 758.1 18.99 18.48 2.90 3.01 14.82 15.41 - - 14.73 14.24

Cobalt-iron tartarate
heptahydrate CoFe2(C4H4O6)3·7H2O 740.63 19.44 19.20 1.62 1.70 - - 7.96 7.91 15.08 14.90

(Table I). The infrared spectra showed frequencies cor-
responding to the carboxylate group, hydroxyl group,
metal - oxygen etc. The bidentate linkage of tartarate
group with metal was confirmed on the basis of the
difference between the antisymmetric and symmetric
stretching frequencies. There was no bonding with sec-
ondary -OH group (of d - tartarate acid) to metal in solid
state [14–16]. The X - ray powder diffraction pattern of
these precursors showed broad as well as sharp line in-
dicating that the samples were polycrystallite in nature.
The presence of water of crystallization was confirmed
on the basis of thermal analyses curves.

Thermal decomposition studies of the precursors
shows that all the complexes dehydrate and decom-
pose in the temperature range 70 to 400◦C. A typical
thermogram (TGA and DTG) is shown in Fig. 1. It
can be observed that the weight loss in TGA corre-
sponds to the formation of corresponding Cd - Co fer-
rite, Cd1−xCoxFe2O4.

3.2. Characterization of Cd1−xCoxFe2O4
3.2.1. X - ray diffraction studies
The compositions of Cd1−xCoxFe2O4 samples were
determined by atomic absorption spectrometry (AAS).
The observed compositions are summarized in Table II.
They are found to be±0.5% of the nominated val-
ues. The results of chemical analyses shows that
(Cd1−xCox) : Fe ratio is 1 : 2 within the experimental
errors (<1.0%).

The X - ray diffraction patterns of all the composi-
tions indicates the formation of a single spinel phase
with cubic structure. No amorphous phase was de-
tected. The experimentally observed d - spacing values

Figure 1 TGA and DTG curves for CdFe2(C4H4O6)3·5H2O, in static
air.
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TABLE I I Observed chemical analysis of Cd1−xCoxFe2O4 (x= 0.0
to 1.0)

Wt. % of (±0.5)

Fe Cd Co

Compounds Found Req. Found Req. Found Req.

CdFe2O4 39.00 38.77 39.31 39.01 - -
Cd0.8Co0.2Fe2O4 40.21 40.53 31.41 31.21 4.96 5.02
Cd0.6Co0.4Fe2O4 42.40 42.30 23.22 23.40 10.06 10.04
Cd0.4Co0.6Fe2O4 44.31 44.07 15.88 15.60 14.80 15.07
Cd0.2Co0.8Fe2O4 45.99 45.83 7.65 7.80 19.87 20.09
CoFe2O4 47.85 47.60 - - 24.90 25.11

TABLE I I I X - ray powder diffraction and infrared spectral data for
the system Cd1−xCoxFe2O4

Infrared spectral
absorption

bands (cm−1)

X - ray powder
diffraction data

Lattice Mean crystallite
parameter size〈D〉X-ray

Compounds (a) nm. nm.± 10% v1 v2

CdFe2O4 0.869 24.29 546 441
Cd0.8Co0.2Fe2O4 0.860 26.43 553 442
Cd0.6Co0.4Fe2O4 0.853 28.97 559 448
Cd0.4Co0.6Fe2O4 0.843 32.35 565 422
Cd0.2Co0.8Fe2O4 0.837 34.12 574 393
CoFe2O4 0.835 35.03 574 389

and relative intensities were compared with those re-
ported in literature [17]. The lattice parameter for
each composition was then calculated and shown in
Table III. The lattice constant values are in the expected
range with the lattice constants of CdFe2O4 [17, 18] and
CoFe2O4 [17, 19] at either end. The crystallite sizes of
these samples were calculated from the full width at
half - maximums of (220), (311) and (511) diffraction
peaks using Debye - Scherrer formula [20]. The mean
values of the crystallite diameters〈D〉X - ray are given
in Table III. As can be seen from Table, the mean crys-
tallite size are in the range of 24.29 to 35.03 nm.

The variation of lattice parameter a as a function of
cobalt additionx in Cd1−xCoxFe2O4 is represented in
Fig. 2a. It shows that the lattice parameter decreases
linearly with the increase of cobalt content. To confirm
this, Wolskaet al. [21, 22] relation of intensity ratios
of X - ray lines was used. In this case, they analysed
the intensity ratios of (220) and (422) X - ray lines,
dependently only on A - sites, to the weak (222) line,
depending only on the cations in octahedral sites, be-
cause these ratios are very sensitive to the substitution
of Cd2+ ions in the B - sites [21, 22]. On the basis of
this, in Fig. 3 the recorded sections of observed X - ray
powder patterns of Cd1−xCoxFe2O4 samples within the
2θ - range of 25–55◦ are presented. The observed val-
ues of these intensity ratios are presented in Fig. 2b.
It is observed that these ratios are linearly decreased
asx increases i.e. Co2+ increases in Cd1−xCoxFe2O4
compounds. The electronic configuration of Cd2+ ions
have a special preference for tetrahedral coordination.
This observation is similar to the lattice parametera as
a function ofx in Cd1−xCoxFe2O4 samples Fig. 2a. Our

Figure 2 (a) Variation of lattices parametera as a function of composi-
tion x. (b) The ratio of observed intensities of X - ray lineI220/I222 and
I422/I222 for the cation distribution of Cd1−xFex [CoxFe2−x ]O4.

results are explained on the assumption that substituting
cobalt ions instead of cadmium ions in the composition
caused the movement of Fe3+ ions from the octahedral
site to tetrahedral site. The decrease in lattice constant is
also due to the replacement of the smaller Fe3+ ion in the
octahedral site by comparitively larger Co2+ ions [23]
i.e. Fe3+ has an ionic radius of 0.63̊A and Co2+ has
an ionic radius of 0.72̊A. In other words replacement
of larger Cd2+ (ionic radius= 1.03Å) by comparitively
smaller Fe3+ in tetrahedral site.

3.2.2. Infrared spectral studies
Infrared spectra of Cd1−xCoxFe2O4 samples show two
strong bandsν1 andν2 at about 600 and 400 cm−1. The
band positions for these compounds are in good agree-
ment with those reported earlier [24, 25]. The band
positions are listed in Table III. The band observed
at 546 cm−1 for CdFe2O4 (normal spinel) shows a
small blue shift on addition of cobalt in the system and
changes to CoFe2O4 (inverse spinel). The absence of
the low frequency bands in our compounds suggest that
the lattice vibrations which are responsible for these
bands are very weak.
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Figure 3 The recorded sections of observed X - ray powder diffraction
patterns of Cd1−xCoxFe2O4 system.

The presence of Fe2+ in the ferrites can cause a shoul-
der or splitting of the absorption band. Local lattice de-
formations can occur due to the Jahn-Teller effect in
Fe2+ which can lead to a non-cubic component in the

crystal field potential and to the splitting of the band
[26]. The Fe2+ ions have an electronic configuration
which does not cause Jahn-Teller distortion and hence
no splitting is observed.

In the present studies on the infrared spectra of
the cadmium - cobalt ferrites reveal that the absorption
band around 600 cm−1 does not show any splitting or
shoulders and the posibility of Fe2+ at the A - site is
ruled out. There is evidence of a weak shoulder or split-
ting the absorption band around 400 cm−1 suggesting
the posible presence of Fe2+ at the B-site, but this is not
clearly established. The results are in general agreement
with literature [25].

Tarte and Coworkers [27] have observed that in fer-
rites, both the absorption bands depend on the nature of
octahedral cations and do not significantly depend on
the tetrahedral ions. However, Waldron [28] and Hafner
[29] attributed the bandν1 at around 600 cm−1 to the
intrinsic vibrations of tetrahedral metal oxygen com-
plexes and the bandv2 at around 400 cm−1 to the intrin-
sic vibrations of octahedral complexes. The difference
in band positions is because of the difference in the
Fe3+ – O2− distances for the octahedral and tetrahedral
complexes.

In an inverse spinel (CoFe2O4), the octahedral site
is occupied by Fe3+ and the divalent ion Co2+. Due to
charge imbalance the oxygen ion is likely to shift to-
wards the Fe3+ ion making the force constant between
Fe3+ and O2− more. Hence we expect an increase in
bond stretching mode, frequencies as we go from nor-
mal to inverse spinel. This is supported by our results
on Cd1−xCoxFe2O4 in which we find thatv1 increases
asx is increased, andv2 do not change with the type of
spinel structure, given in Table III.

3.2.3. Electrical conductivity and its
dependence on composition

The room temperature conducivity valuesσRT for all
the compounds of the system (Cd1−xCoxFe2O4) are
found to vary between 10−7 and 10−8Ä−1 cm−1, for
different values ofx. High conductivity values indi-
cate that the elements with only one oxidation state
are present at the B site. The electrical conductivity
- temperature behaviour obeys Wilson’s law [30]σ =
σ0 exp(−Ea/K T) indicating the semiconducting na-
ture of all the compounds whereEa is the activation
energy,K is Boltzmann constant, andT the absolute
temperature. The values of logσ were plotted against
the reciprocal absolute temperature. The slope of these
lines was considered to give the activation energyEa
for the semiconduction of these samples.

The logσ againstT−1 plot (Fig. 4) of pure CdFe2O4,
CoFe2O4 and mixed Cd1−xCoxFe2O4 shows an initial
decrease in electrical conductivity in the temperature
range 60–140◦C. Theσ value then increases showing
a definite kink (brake) at about 390◦C except CdFe2O4
and Cd0.8Co0.2Fe2O4, on further increase of temper-
ature theσ value increases as temperature increases.
The decrease in conductivity in the temperature range
of 60–140◦C (Table IV) corresponds to the desorption
of absorbed water molecules, usually absorbed water
molecules behave as an electron donor. The kink occurs
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Figure 4 Plot of log σ againstT−1 of Cd1−xCoxFe2O4. e, x= 0;
x, x= 0.2; x, x= 0.4;N, x= 0.6;¤x , x= 0.8 and∗, x= 1.0.

in each curve, at temperature which corresponds to
ferrimagnetic (ordered state) to paramagnetic transi-
tion (disordered state). No such magnetic transfor-
mation was observed for the samples CdFe2O4 and
Cd0.8Co0.2Fe2O4, suggesting that these samples are
paramagnetic at room temperature. The kink will be
most marked for those cases (i.e.x≥ 0.4) in which
there is a strong exchange interaction between the outer
and inner electrons. Irkhin and Turov [31] have pro-
posed a theoretical explanation for the existence of
kinks at the ferrimagnetic to paramagnetic transition
temperature (TC). They conclude that the activation en-
ergy and the effective mass of current - carrying ex-

TABLE IV D. C. electrical conductivity data of Cd1−xCoxFe2O4

Activation energy Ea (±0.02 eV)Temperature,
corresponding
to desorption of σ at 500 K Ferrimagnetic Paramagnetic

Compounds absorbed H2O (K) Ä−1 cm−1 region region

CdFe2O4 416 4.63× 10−8 - 0.886
Cd0.8Co0.2Fe2O4 413 2.71× 10−8 - 0.899
Cd0.6Co0.4Fe2O4 300 1.26× 10−7 0.875 0.909
Cd0.4Co0.6Fe2O4 380 5.84× 10−7 0.916 0.923
Cd0.2Co0.8Fe2O4 370 1.84× 10−6 0.945 0.954
CoFe2O4 375 2.51× 10−6 0.970 0.982

citons in ferromagnetic semiconductor depend on the
spontaneous magnetization because of a “magnetizing”
exchange interaction between the outer and inner elec-
trons. This leads to an additional temperature depen-
dence of the electrical resistance which is particularly
strong nearTC.

The two activation energies are calculated for the
two regions around the kink points, firstly for ferri-
magnetic and secondly for paramagnetic region. The
calculated values of the activation energies,Ea (eV),
for the series Cd1−xCoxFe2O4 are listed in Table IV. It
is interesting to observe here that the activation energy
in the paramagnetic region is higher than that in the
ferrimagnetic region. The behaviour of the activation
energy on passing throughTC may be explained by
the double exchange mechanism [31]. Hence the elec-
trical conduction in the system under investigation is
due to the electron hopping in the sublattices between
Fe2+→←Fe3+ ions and results increasing in activation
energy in the paramagnetic region. It can also be seen
that the conductivity increasing with the increase of
cobalt concentration (Fig. 4). This may be due to the
presence of a large number of cobalt ions (which can
show the Co2+ to Co3+ mechanism) in the sample.

The increase inEa with increasingx (Table IV) can
be interpreted in terms of their magnetic properties.
However, in case of Cd1−xCoxFe2O4 samples the mag-
netic ordering changes occur at aboutx≥ 0.4, which
might be responsible for this increase in the activation
energy. This is further confirmed by studying the sat-
uration magnetization in these samples. N´eel [32] has
explained the magnetic behaviour of these spinels on
the basis of exchange interactions that occur between
the transition - metal ions at A and B sites in the spinel
structure. The three possible interactions are A - A,
A - B and B - B. Therelative magnitude of interac-
tion was found to be in the order : AB>BB>AA.
In CdFe2O4 spinels all the three exchange interactions
are present and are normally antiferromagnetic [33].
The activation energy for this sample is much lower
owing to very weak A - B interactions (Cd2+ nonmag-
netic). As the cobalt concentration (x) increases in the
Cd1−xCoxFe2O4 mixed spinels, the antiferromagnetic
order changes and enhances the activation energy for
electrical conduction. Therefore, the magnetic ordering
changes might be responsible for the increase in the ac-
tivation energy. For CoFe2O4 spinel, Co2+ and Fe3+
cations are found to be equally distributed in the octa-
hedral lattice site. As hopping between ions of different
metals on the octahedral sublattices [34] needs higher
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Figure 5 Plot of thermoelectric power,µ (volt K−1) against,T (K) of
Cd1−xCoxFe2O4. 0, x= 0;×, x= 0.2; x, x= 0.4;N, x= 0.6; ¤x , x=
0.8 and∗, x= 1.0.

activation energy than for ions of the same metal. Thus
conduction activation energy for CoFe2O4 is higher.

3.2.4. Thermoelectric power measurements
The thermoelectric power measurements for
Cd1−xCoxFe2O4 in Fig. 5 shows an initial fall in the
number of charge carriers (negative change carriers)
in the temperature range up to 425 K and the number
then remains almost constant up to 500 K. After this,
for x= 0, the negative thermoelectric power increases
in magnitude with increasing temperature. Similarly
for x= 0.2 and 0.4, the negative thermoelectric power
increases slightly and then decreases to become
positive at higher temperature. While, forx≥ 0.6, the

TABLE V Magnetic properties and curie temperature (Tc) for Cd1−xCoxFe2O4

Magnetic moment
nB ± 0.1µBSaturation Curie

Coercive force magnetisation Ratio of 〈θYK 〉 temperature
Compounds (Hc)± 25 Oe (Ms)± 2 emu g−1 MR/MS Observed Calculated observed (Tc)± 5 K

CdFe2O4 - - - - - - -
Cd0.8Co0.2Fe2O4 - - - - - - -
Cd0.6Co0.4Fe2O4 850 7.01 0.33 0.33 8.65 72◦ 10′ 625
Cd0.4Co0.6Fe2O4 400 75.0 0.46 3.44 7.06 29◦ 50′ 685
Cd0.2Co0.8Fe2O4 525 70.0 0.51 3.07 5.46 10◦ 73′ 725
CoFe2O4 675 92.0 0.64 3.87 3.87 0 765

negative thermoelectric power becomes positive and
its magnitude increases with increasing temperature.

The thermoelectric power for Cd1−xCoxFe2O4 (x= 0
to 1) samples is negative (n - type) indicating that elec-
trons are majority carriers up to 500 K. This might
be due to activated electron hopping between Fe2+ and
Fe3+. Above 500 K thermoelectric power becomes pos-
itive except forx= 0, indicating that the majority of car-
riers are holes. It is interesting to observe here that the
positive thermoelectric power increases with increasing
concentration of cobalt in the system. Thus the jump-
ing of holes between Co3+ to Co2+ ions is a promi-
nent conduction mechanism in the system containing
higher concentration of cobalt. So the low conductiv-
ity of the mixed system may be due to electron - hole
compensation.

3.2.5. Magnetic studies
The compounds of the system Cd1−xCoxFe2O4 with
x≥ 0.6 studied in the present work showed a defi-
nite hysteresis loop at room temperature, which indi-
cates the ferrimagnetic behaviour. From the hyteresis
loops, the coercive force (Hc), saturation magnetiza-
tion (Ms), ratio of remanance to sturation magnetization
(MR/MS), magnetic moment (nB) and YK angles (θYK )
values have been listed in Table V. It is interesting to
observe that the Hc, Ms andMR/MS increase as cobalt
content (x≥ 0.6) increases for Cd1−xCoxFe2O4 sam-
ples. The compounds, withx= 0.0 and 0.2 do not show
hysteresis loop indicating that these ferrites are antifer-
romagnetic in nature. Since cadmium ferrite (x= 0) is
known to have the normal spinel - type structure, i.e. the
divalent ions (Cd2+) occupy mainly tetrahedral sites. In
addition to Cd2+, the tetrahedral interstices also con-
tain smaller Fe3+ ions. Therefore B - B interaction is
prominent in these samples. The sample withx= 0.4
showed negligible saturation magnetization as com-
pared to other mixed Cd1−xCoxFe2O4 samples, where
x≥ 0.6. This low value is due to non - uniformity, so
that the sample consisted of a mixture of a paramagnetic
phase (as the major phase) and a small amount of a fer-
rimagnetic phase at room temperature. The saturation
magnetization withx> 0.8 are in full agreement with
the Néel theory of ferrimagnetism [32]. The introduc-
tion of cobalt ions, which have a strong preference for
the spinel B - sites and the cation distribution is given
by (

Cd2+
1−xFe3+

x

)[
Fe3+

2−xCo2+
x

]
O2−

4
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where the ions enclosed by round brackets correspond
to tetrahedral or A-site and the ions enclosed by square
brackets corresponds to octahedral or B-site. Magneti-
zation is, therefore, given by

3.87x+5.92(2− x)−5.92(x) = 3.87x+11.84(1− x)

by considering the magnetic moment of the Co2+ ions
of the order of 3.87µB and that of the Fe3+ ions of
5.92µB. The substitution of paramagnetic Co2+ ions
at B sites we observed that some Fe3+ ions started to
migrate to the A - site and hence strengthening the A -
B interaction. When 50% of the B - sites are substituted
by Co2+ ions, the B-B interaction becomes comparable
in strength to A - B interaction. B spins are then longer
parallel and the net magnetic moment increases.

The magnetic moment nB per formula unit has
been calculated from the saturation magnetization (MS)
value at room temperature by using the relation

nB = Molecular weight×Saturation magnetization

5585

The observednB values obtained by this equation are
compared with the calculatednB values on the basis
of spin - only moments of N´eel’s [32] two sub - lat-
tice model (Table V). It has been observed that in case
of x= 1 (i.e. CoFe2O4) the observed and calculated
magnetic moments are very similar to each other. The
observednB values forx≥ 0.4 are lower than the cal-
culatednB values (Table V). These low magnetic mo-
ments can be explained in terms of the non - collinear
spin arrangement i.e. the presence of a small canting
of the B site moment with respect to the direction of
the A site moment [2, 35]. The Yafet - Kittel angles
(θYK ) were calculated by using the relation given in
the literature [35, 36] and are listed in Table V. Thus
the observed variation of the saturation magnetization
with cadmium concentration has been explained on the
basis of the existence of Yafet - Kittel angles on the B

Figure 6 Plot of xi/xi , rt againstT for the system Cd1−xCoxFe2O4.

site spins. The observed variation may be due to the
preparation techniques.

All compounds possess high values of coercive force
(Hc), which may be due to the presence of anisotropy
in these compounds. A large increase in Hc is indica-
tive of single - domain behaviour [37]. The presence
of single - domain particles in Cd1−xCoxFe2O4 com-
pounds withx≥ 0.4 is also confirmed by the consider-
able increase (Table V) in the remanance ratioMR/MS
at room temperature. It is interesting to observe that, for
all samples theMR/MS ratio, increasing with increase
of mean crystallite size (see Table III) is rather unusual.
One possible explanation could be as follows.

For all samples, the single domain particles are larger
and the contribution of the uniaxial anisotropy due to
the internal strains diminishes, there anisotropy ap-
proaches the cubic type value, which leads to decrease
of Hc. In this way, the magnetic behaviour of the system
approaches that of a random system of non - interacting
single - domain particles with cubic anisotropy, exhibit-
ing values ofMR/MS ratio greater than 0.5. The room
temperature (RT) single - domain diameter, estimated
by the Kittel formula, is 100 nm and the RT super-
paramagnetic diameter, estimated by the N´eel theory,
is 10 nm [38]. The RT critical single - domain size, re-
ported on the basis of coercivity measurements, is of
the order of 70 nm [39–41].

3.2.6. Initial magnetic susceptibility
The study of the temperature variation of initial mag-
netic susceptibility (χi ) curves of Cd1−xCoxFe2O4
(x≥ 0.4), compounds show a typical Hopkinson effect
[42]. For these samples,χi increases with increasing
temperature giving a broad peak value and then sud-
denly become zero just before the Curie temperature
(Fig. 6). This is a characteristic behaviour of samples
having a single domain grains. The Curie temperature
(Tc) for x≥ 0.4 compounds are determined from these
curves and are listed in Table V. Tc values are found to
increase with increasing Co2+ concentration at B - site,
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probably due to the strengthening of the A - B interac-
tions. The absence of multi - domain grains is supported
by the fact that Hopkinson’s effect is not observed.

For x= 0.0 and 0.2, no Curie temperatures are ob-
served at and above room temperature. This suggests
that for x= 0.2, the Curie temperature may be below
room temperature (25◦C). To support this, the hystere-
sis loop experiment was carried out at liquid nitrogen
temperature. At the low temperature a saturation mag-
netiztion (MS= 12.4 emug−1) was observed.

3.2.7. Mössbauer studies
The room temperature M¨ossbauer spectra of CdFe2O4,
CoFe2O4 and mixed ferrite Cd1−xCoxFe2O4 are shown
in Fig. 7 and the spectral parameters such as isomer shift

Figure 7 Mössbauer spectra at room temperature of Cd1−xCoxFe2O4.

(δ), quadrupole splitting (1EQ) and hyperfine fields
(Hn) at A and B sites are computed and are summarised
in Table VI. In the Fig. 7, the black dots represent the ex-
perimental points and continuous line and the dashlines
through the data point are results of the least squares fit
to the data of the two mixed magnetic dipole and elec-
tirc quadrupole57Fe hyperfine pattern of each other.

The isomer shift is a useful parameter in identifying
the spectra due to A and B site Fe3+ ions. Because of
the difference in Fe3+—O2− distance for the two sites,
isomer - shift is expected to be different. The isomer
shift show very little change (Fig. 8a) with Co2+ con-
tent upto 0.0≤ x≤ 0.4, indicating that the S - electron
distribution of Fe3+ ions is practically not influenced
by Co2+ substitutions. It is also apparent from Table VI
thatx= 0.6 and 0.8 have significant variation of isomer
shifts for Fe3+ ions at A and B site. This indicates that
the S - electron distribution of the Fe3+ ions is very
much influenced by Co2+ substitution at B - site.

The Mössbauer spectra of Cd1−xCoxFe2O4 with
x= 0 to 0.4 (Fig. 7) are paramagnetic at room tempera-
ture. However, forx= 0.4 showed negligible saturation
magnetization, this is due to the sample consisted of a
paramagnetic as the major phase or more probaly, that
instead of ferrimagnetic particles in this case ferromag-
netic regions exist which are separated magnetically
from the matrix, since the region is surrounded by dia-
magnetic Cd2+ ions. In the case of Cd0.8Co0.2Fe2O4 and
Cd0.6Co0.4Fe2O4, there is a small percentage of Fe3+
ions at A - sites which do not experience any electric
field gradient due to cubic symmetry of this site. Hence
the spectrum has been split into a singlet arising from
A - site and a doublet corresponding to B - site iron.

The plot of quadrupole splitting against cobalt con-
tent (x) are shown in Fig. 8b. It is seen that the pure
CdFe2O4 shows the highest value of quadrupole split-
ting, whilex≥ 0.6 have practically no quadrupole split-
ting (Table VI), which suggests that coexistence of
chemical disorder and over all cubic symmetry causes
no net quadrupole splitting. This supports the result of
Bayukovet al. [43].

The Mössbauer spectra of Cd1−xCoxFe2O4 with
x≥ 0.6 (Fig. 7) exhibit normal Zeeman split sextets,
one due to Fe3+ ions at the tetrahedral (A) sites and
the other due to Fe3+ ions at the octahedral (B) sites.
The compounds withx≤ 0.4 show paramagnetic dou-
blets i.e. no distinct evaluation of the hyperfine field
observed. The observed variation of A and B site hyper-
fine fields (Hn) with the cobalt concentration (x≥ 0.6)
is shown in Fig. 8c. This is attributed to exclusive octa-
hedral site occupation of Co2+ cations. The B site hy-
perfine field increases because of increasing magneti-
zation of the B sublattice. The magnetic measurements
confirmed this result.

It is also apparent that A - site hyperfine field (HA) in-
creases faster than B-site hyperfine field (HB) Fig. 8c.
This may be possible due to a change in spin orien-
tations in cobalt substituted ferrites. It is interesting
to observe that with increasingx (i.e. cobalt content),
the lattice parameter decreases and the overlap of elec-
tron wave function of Fe3+ ions and O2− ions increases
and the hyperfine field increases. Since with increase in
Co2+ content the mean splitting increases (as the Curie
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TABLE VI M össbauer parameter for Cd1−xCoxFe2O4

Isomer shift∗, (δ) Quadrupole splitting, Hyperfine field,
Compounds Site (±0.02 mm sec−1) (1EQ) (±0.02 mm sec−1) (Hn) (±5.0 KOe)

CdFe2O4 - 0.35 0.81 -
Cd0.8Co0.2Fe2O4 - 0.36 0.84 -
Cd0.6Co0.4Fe2O4 - 0.37 0.87 -
Cd0.4Co0.6Fe2O4 A 0.40 0.05 417

B 0.53 0.06 459
Cd0.2Co0.8Fe2O4 A 0.38 0.06 449

B 0.61 0.11 486
CoFe2O4 A 0.36 0.07 505

B 0.70 0.16 519

∗With respect to natural iron metal.

Figure 8 Variation of - Isomer shift; - quadrupole splitting and - hyperfine field withx in Cd1−xCoxFe2O4 system.
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temperature does, the magnetic coupling strength-
ens the A - Binteractions). Thus the sextets with a
higher magnetic splitting (HB) belong to Fe3+ environ-
ments in which the number of neighbouring Co2+ is
larger (i.e. superexchange interactions Fe3+–O–Co2+
increases). Hence we think that the canted spin ar-
rangement (i.e. Yafet - Kittel angles) may be present
in Cd1−xCoxFe2O4 upto x= 0.8 which suggests that
B - B and A - Bsuperexchange interactions are compa-
rable in strength. The N´eel two sublattice model may
be applicable uptox> 0.8 cobalt content.

4. Conclusions
(a) Temperature variation of direct current elec-
trical conductivity of pure CoFe2O4 and mixed
Cd1−xCoxFe2O4 show a definite kink except pure
CdFe2O4, which corresponds to ferrimagnetic to para-
magnetic transitions. The activation energy in the para-
magnetic region is higher than the ferrimagnetic region.

(b) The thermoelectric power for Cd1−xCoxFe2O4
(x= 0.0 to 1) samples are of negative sign at room
temperature. It increases in magnitude with temperature
in the ferrimagnetic region and becomes positive above
500 K except forx= 0.

(c) The compounds of the system Cd1−xCoxFe2O4
with x≥ 0.6 showed a definite hysteresis loop. The co-
ercive force, saturation magnetization and the ratio of
remanance to saturation magnetization (MR/MS) in-
creases as cobalt content increases.

(d) The data on the temperature variation of the initial
magnetic susceptibility suggest that these samples have
single domain grains. The Curie temperature are found
to increase with increasing Co2+ content.

(e) The Mössbauer spectra of Cd1−xCoxFe2O4 with
x= 0.0 to 0.4 shows a paramagnetic doublets while
with x≥ 0.6 exhibits normal Zeeman split sextets at
room temperature. The systematic increase in hyperfine
field at both sites and the rapid increase at tetrahedral
(A) site as compared to that at octahedral (B) site in
x≥ 0.6 samples have been suggested that the magnetic
coupling strengthens A - Binteractions. The canted spin
arrangement may be present in these compounds.

(f) By means of the electrical, magnetic and
Mössbauer results, the cation distribution has been
found to be(

Cd2+
1−xFe3+

x

)
A

[
Fe3+

2−xCo2+
x

]
BO2−

4 .
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