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This report presents the synthesis of copper cadmium ferrite (Cu;_xCdyFe,04 x=0.3,0.4, 0.5, 0.6 and 0.7)
by citrate precursor method and its subsequent characterization by using X-ray diffraction (XRD), elec-
tron diffraction spectroscopy (EDS) and vibrating sample magnetometer (VSM) techniques. XRD results
confirm the single cubic spinel phase formation with the particle size of 40 nm, which decreased up to
20 nm with increases in Cd content, while the lattice parameter increased with increase in Cd content. By
using VSM technique, a significant change in the magnetic properties was observed in CuFe,0,4 system
with Cd doping. It is seen that magnetic field Hc and remnant magnetization My increases with increasing
concentration up to x=0.6 except for x=0.4 and 0.7.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal oxides (MFe,04) are magnetic materials with
cubic spinel structure which are extensively used in various tech-
nological applications in the past decades. Dispersions of such
magnetic nanoparticles are popularly known as ferro fluids and
their emulsions are easy to manipulate with external magnetic
field and hence they are extensively used for various fundamen-
tal studies [1-4] and technological applications such as optical
devices [5], coolants [6,7] sensors [8,9] in biomedical applications,
e.g. magnetically guided drug delivery, magnetic resonance image
(MRI) contrast agent and cancer therapy [10,11]. Indeed, owing
to their high electrical resistivity (over on million times that of
equivalent magnetic alloys) that implies low loss due to parasitic
currents, and to their susceptibility, they are preferred in appli-
cation ranging from transformers to magnetic heads. In addition,
their high permeability in the r-f frequency region makes poly-
crystalline ferrites suitable for an increasing number of electron
devices [12]. Cubic spinel ferrites crystallizing with space group
Fd3m, have been the subject of many recent investigations due
to cation distribution. The diversity in properties of ferrites has
paved the way for the development of a wide variety of ferrites
for various applications such as permanent magnets and electrical
and electronic compounds [13,14]. Copper ferrite is an inverse fer-
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romagnetic spinel in which a small amount of Cu?* ions migrate
from octahedral B to tetrahedral A sites. The degree of inversion
(CugsFeq_g)A[Cu;_sFe .5]B04 (where § is the inversion parameter
and =0 and 1 stand for the inverse and normal cases, respec-
tively), i.e. the fraction of cupric ions at B-sites strongly depends
on the preparation technology and temperature which determines
the crystal structure [15,16]. Incorporation of zinc and cadmium
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Fig. 1. X-ray diffraction pattern of Cu;_,CdyFe,04 nanoparticles.
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Fig. 2. (a) SEM micrographs of powder specimen of different Cu;_,Cd,Fe,04 compositions. (b) Variation of average particle size and lattice parameter with cadmium content.
(¢) EDX spectrograph of Cugs5CdgsFe;04 composition.
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Fig. 3. (a) and (b) M-H loops of Cu;_xCdxFe;04 at 10 and 300K. (c) and (d) Saturation magnetization and Remanance vs. composition for Cu;_xCdxFe,04 at 5K.

ions strongly affects the magnetic properties of ferrospinel [17]
due to its well known preferences for tetrahedral surroundings. It
has been reported that cadmium substituted Cu ferrites behaves
as n-type semiconductors and the Seebeck coefficient gradually
decreases with increase in cadmium content [18]. The composi-
tion dependence of some physical parameters such as the density,
lattice parameters, porosity, percentage shrinkage, electrical resis-
tivity and thermo electric power of Cu;_,CdxFe,04 ferrospinel
(0 <x<1) were studied by Yang et al. [19]. AC electrical parame-
ters such as the dielectric constant (&;) and the loss tangent (tan )
for slow-cooled and air quenched samples of Cu;_xCdxFe;04 sys-

tem (where x varies from 0 to 1) at 400, 600 and 800°C have
been studied as a function of frequency. The cation distribution in
Cuq_xCdxFe;04 (0.2 < x < 1.0) ferrite system, estimated using X-ray
diffraction technique supports the cation distribution predicted by
the magnetization method [20]. The physical and chemical proper-
ties of these materials can be tuned by controlling the particle size,
shape and the inter-particle interactions [21-24].

Due to the vast application of this system, in the present inves-
tigation we have prepared nano structured Cu;_,CdyFe,04 (where
x=0.3, 04, 0.5, 0.6 and 0.7) system through thermal decomposi-
tion of mixed metal citrates. We attempt to determine the effect of
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Fig. 4. (a)-(e) The temperature-dependent FC and ZFC magnetization of Cu;_xCdxFe,04 nano powders.

copper ferrite spinel formation and the role of cadmium content on
structural and magnetic properties of these ferrospinels.

2. Experimental procedures

Polycrystalline samples of Cu;_,CdyFe,04 ceramics with x=0.3, 0.4, 0.5, 0.6 and
0.7 were prepared by citrate precursor method. The technological advantage of this
method is the mixing of the metal ions on an atomic scale in the solution state
during the initial stages of preparation giving rise to homogeneous mixtures. The
chemical precursors used in the preparation were copper nitrate, cadmium nitrate,
iron (III) nitrate and citric acid. The chemicals were accurately weighed accord-
ing to the required stoichiometric proportion. An aqueous solution of Fe(III) citrate
was prepared in distilled water. Copper nitrate and cadmium nitrate was separately
mixed with citric acid and few drops of distilled water and heated at about 40°C
for an hour to form the metal-citrate complex. These solutions were then added
slowly to the Fe(IlI) citrate solution with constant stirring to avoid precipitation. A

homogeneous solution of brown-colored citrate mixture was obtained with no pre-
cipitation and no segregation of phases. This mixture was gradually heated at 60°C
on a hot plate with a magnetic stirrer to obtain slurry. The precursor was obtained
by drying it in the oven. This solid precursor was in the form of a uniformly colored
brown transparent glassy material containing the cations homogeneously mixed
on an atomic scale. This dried citrate mixture was calcined in muffle furnace for 4h
at 600°C to obtain a spinel ferrite of the compound Cu;_,CdyFe;04. The calcined
compounds were grounded in a mortar pestle to obtain fine powder. The fine pow-
ders were used to characterize the structural and micro structural properties of the
compound. The X-ray diffraction pattern of the compounds was recorded at room
temperature using X-ray powder diffractometer with CuK, radiation (\=1.5418A)
inawide range of Bragg angles 20 (20° < 20 < 60°) at a scanning rate of 2° min—'. SEM
micrographs of the powder specimens were acquired with the help of a JEM-2000FX
(JEOL Ltd.) scanning electron microscope (operated at 20 keV). Magnetic character-
ization was carried out using a vibrating sample magnetometer (VSM) (Cryogenic)
with an applied magnetic field up to 1T.
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3. Results and discussion

The X-ray diffractograms of CuCdFe,04 ferrite system (Fig. 1)
reveal the single-phase spinel structure without any ambiguous
reflection. The experimentally observed d spacing values and rel-
ative intensities are in well agreement with those reported in the
ASTM powder diffraction files. The calcined powder samples show
XRD peaks at d=2.97, 2.59, 2.50, 2.06 and 1.59 A and they are in
good agreement with the standard XRD pattern, JCPDS (34-0425)
of CuFe;04. The lattice parameters are obtained by fitting at least
seven diffraction peaks using standard least square refinement
methods. The lattice parameters are in the expected range with
the lattice constant of CuFe;04 [25] and CdFe,04 [26] at either
end. Lattice parameter increases linearly with the increase of cad-
mium content. This could be attributed, as expected, to the large
jonic radius of Cd?* (0.78 A) which when substituted in the lat-
tice resides on the tetrahedral site and replaces the smaller Cu2*
(0.57 A) or Fe3* (0.49A) ions from the tetrahedral to the octahe-
dral site [20]. No other phase is observed in XRD graph indicating
that no chemical transformation took place during the heat treat-
ment. This XRD graph indicated that the synthesized powders
contain nanosized crystallites.Fig. 2(a) illustrates the results of
scanning electron microscopic observation of the Cu;_,CdxFe;04
nanoparticles. The segregation of impurity is not observed. The
variation of average particle size with Cd content is shown in
Fig. 2(b). The average particle size decreases with Cd content, which
is attributed to the diffusion phenomenon involving Cd, oxygen
vacancies and porosity that hampers the grain growth. The SEM
micrograph shows that the particle size is about 20-40 nm. This
value is in accordance with that obtained from XRD measurements.
It can be seen that these samples also show spherical morphol-
ogy with uniform diameter of about 20 nm. By adjusting some
growth parameters, such as reaction time and temperature, the ini-
tial concentration, the size of these Cu;_xCdxFe,04 microspheres
is controllable to be 20-30 nm in diameters [27-29]. Energy dis-
persive X-ray analysis (EDAX) was also used to determine the
chemical composition of the as-prepared ferrite products. Results
from EDAX spectra from individual as-prepared ferrite micro-
spheres showed that samples only contain Cd, Cu, Fe, and O for
CuFe,04 Fig. 2(c).

In general, copper ferrites are inverse spinel ferromagnetic
materials. However, the degree of inversion is deeply related to
the synthesis techniques adopted. However, just like zinc, cad-
mium has strong tetrahedral preference which makes the A-B
interactions affect the net magnetic moment in AB,Q4 ferrites.
However, a higher magnetic moment can be achieved if the cad-
mium ions can move to the octahedral sites. In order to probe
into these effects, copper ions were substituted with cadmium
ions. Magnetic hysteresis loops were traced for all the samples
at 10K and 300K in a field range of 0-1T and are shown in
Fig. 3(a) and (b). It is seen that magnetization and remanence
curves follow exactly the same pattern against the cadmium sub-
stitution in copper ferrites with x=0.6 showing the highest value
for Ms and Mg (Fig. 3(c) and (d)). This can be explained as fol-
lows. The magnetic properties of ferrite materials depend on the
particle size, sintering temperature, additives, micro structure,
applied external field and also due to the partial inversion of
copper ferrite which could give the possibility of getting both
the copper and cadmium ions occupying the tetrahedral sites
making the A-A interactions also accountable. The effect of con-
centration (x) on magnetic properties is clearly perceptible in the
evolution of hysteresis loop indicating that Cd doped CuFe;0,4
has introduced ferromagnetic contribution. Jiang et al. [30] has
also reported that in CuFe,0,4 ceramics, a weak ferromagnetism
is introduced which was attributed to the continuing collapse of
space-modulated spin structure in these samples. The origin of
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Fig. 5. Variation of magnetic transition temperature with x.

improved magnetic properties may be traced to increased cant-
ing effect by a structural distortion or uncompensated anti-parallel
sub-lattice magnetization on A site doping [31]. However, in our
system, a high saturation magnetization is observed which is close
to that observed for ferro/ferromagnetic samples. Hence in this sys-
tem, the canting of spins makes them no more antiferromagnetic.
The unusual ferromagnetic like heavy saturation magnetization is
indicative of a ferrimagnetic ordering induced by the cation redis-
tribution which is common in ferrites synthesized by wet chemicals
methods like co-precipitation, sol-gel, citrate precursor methods,
etc.

The expanded low field regimes of the hysteresis loops (Fig. 3(a)
and (b)) show a magnetic switching behavior for all the samples
which makes them ideal for switching applications in which mag-
netization suddenly drops to almost negligible values at a specific
applied field.

In order to probe in to the nature of magnetic transition, and
to measure the transition temperature the magnetization vs. tem-
perature (Fig. 4(a)-(e)) was measured in the field cooled (FC) as
well as zero field cooled (ZFC) mode. The transition temperature
can be defined as the temperature at which the ZFC and FC curves
bifurcate. The plot of transition temperature vs. the composition is
shown in (Fig. 5). In order to probe into the magnetic transitions
happening in the samples, the M-T measurements were carried
out in FC and ZFC modes. It shows that the transition temperature
is shifted due to the Cd substitution and the ZFC and FC bifurcates
well before the peak in ZFC. The transition is very broad in samples
with x=0.3 and 0.6 while the transition is more sharp for the other
samples. The transition is much broader than spin glass systems
and the difference in ZFC and FC value at 10K is much higher so
that it cannot be accounted for the spin canting effect.

The FC curves of systems of independent single-domain par-
ticles are expected to exhibit a monotonic increase below the
temperature of the maximum in ZFC, Tmax. In systems of particles
with moderate interactions, these can dominate over the privileged
direction set by the external field, thus causing the FC curve to
remain at a constant value below Tyax. However in strongly inter-
acting magnetic systems like spin glass, the FC decreases below the
temperature in which the ZFC peaks. In our case, for the samples
with x=0.3 and 0.7, the FC decreases after the ZFC peak showing
strong interactions between the particles, while in all the other
systems, FC shows an increase below the ZFC peak showing inde-
pendent single domain like particles. However, an exact type of
transition can be confirmed only with a field dependent ZFC-FC
studies or ac susceptibility studies [32-34].
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4. Conclusions

In this report, cadmium doped copper ferrite has been synthe-
sized by citrate precursor method, with a ferrite spinel structure.
The particle size of copper ferrite was 40 nm, which decreased to
20 nm with increase in Cd concentration. SEM micrographs show
spherical morphology with uniform particle distribution. All the
samples exhibited ferromagnetic nature at room temperature with
appreciable value of remanent magnetization. Switching of mag-
netic moments from a higher value to zero is observed for all the
samples at a specific applied magnetic field.
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