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Seven samples of the system Cu,_,Cd,Fe,O, were prepared by thermal decomposition of
mixed metal oxalates with x = 0.0,0.1,0.3,0.5,0.7,0.9 and 1.0. The formation of the
ferrispinel was studied by XRD, FT-IR, Mossbauer spectroscopy, electrical conductivity and
magnetic susceptibility measurements. XRD showed single cubic spinel phase for all the
samples except for CuFe, O, sample which shows a tetragonal structure. An increase in the
lattice parameter of the ferrispinel was observed with increasing the cadmium content. The
temperature variation of ac conductivity showed four definite regions with three transitions
which attribute to the change in the conduction mechanism with increasing temperature.

Magnetic properties of the sample with x < 0.5 showed a decrease in the effective
magnetic moment with the increase in the cadmium content which means that the
ferromagnetics are widely separated and enclosed by non-magnetic cadmium ions. A well
defined hyperfine Zeeman spectrum is observed for samples with x > 0.3 at room
temperature and resolved into two sextets corresponding to the octahedral and tetrahedral
sites. The propable ionic configuration of the system proposed is
(CdxCuyFeq_x_))[Cui_x_,Fei1x4,]04. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Among the magnetic materials, the so called soft fer-
rites not only represent an active field of research and
development, but also an important commercial ac-
tivity. Indeed, owing to their high electrical resistiv-
ity (over on million times that of equivalent magnetic
alloys) that implies low losses due to parasitic cur-
rents, and to their susceptibility, they are preferred
in applications ranging from transformers to magnetic
heads. In addition, their high permeability in the r.f.
frequency region, make polycrystalline ferrites suit-
able for an increasing number of electron devices
[1].

Amongst ferrites, copper ferrite is unique in the con-
text of establishing mutual relationships between the
magnetic and structural properties. This ferrite exist
in two crystallographic forms, the tetragonal distorted
with axial ratio ¢/a > 1 below 1170°C and cubic above
this temperature [2].

Diamagnetic substitution in simple and mixed fer-
rites has received a lot of attention over the past years
[3-7]. The preference of nonmagnetic ions in spinel
was found to alter their magnetic and electrical proper-
ties, and studies have revealed useful information on the
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nature of the exchange interaction, direction of mag-
netization, cation distribution, spin canting etc. Such
isomorphous substitution in iron oxides are particu-
larly apparent in their Mossbauer spectra, since these
will drastically reduce magnetic interactions, resulting
in lower magnetic ordering temperature and decreases
magnetic field supertransfer [8].

The composition dependence of some physical pa-
rameters such as the density, lattice parameters, poros-
ity, percentage shrinkage, electrical resistivity and
thermo electric power of Cu;_,Cd,Fe,04 ferrospinel
(with 0 < x < 1) were studied by Mazen et al. [3].
ac electrical parameters such as the dielectric constant
(&r) and the loss tangent (tan§) for slow-cooled and air
quenched samples of Cu;_,Cd,Fe;O4 system (where
x varies from 0 to 1) at 400, 600 and 800°C have been
studied as a function of frequency [4]. The cation dis-
tribution in Cu;_,Cd,Fe,0O4 (0.2 < x < 1.0) ferrite
system, estimated using X-ray diffraction technique
supports the cation distribution predicted by the mag-
netization method [5].

The standard ceramic technique is known to be
the most famous one for the preparation of copper-
cadmium ferrite [3—7], however, there is no currently
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any work in the literature on the preparation of this
mixed ferrite from oxalate precursors.

In the present investigation we have prepared the
compounds of the system Cu;_,Cd,Fe; 04 (0 < x < 1)
through the thermal decomposition of mixed metal ox-
alates. We attempt to determine the effect of copper
ferrite spinel formation and the role of cadmium con-
tent on structural, electrical, and magnetic properties of
these ferrospinels.

2. Experimental details

2.1. Synthesis of precursors

Individual metal oxalates; CuC,04, CdC,04-3H,0 and
FeC,04-2H,0 were prepared by coprecipitation with
high purity oxalic acid from aqueous solution of the
AnalaR salt sulphates. The obtained precipitates were
filtered, washed by distilled water until sulphate-ions
free and dried in air.

The solid state oxalates mixtures were prepared us-
ing the impregnation technique [9]. Stoichiometric ra-
tios of the individual oxalates were thoroughly mixed
in a porcelain morter. During vigorous stirring, drops of
bi-distilled water were added to assure complete homo-
geneity. The wetted oxalates mixture were then dried
in an electrical oven.

2.2. Synthesis of copper cadmium ferrites
For the synthesis of Cu;_,Cd,Fe,O4 ferrites (0 < x <
1), as evident from DTA-TG experiment, the above
oxalates mixtures were decomposed and calcined in
a muffle furnace at 1000°C for 4 h using platinum cru-
cible under static air atmosphere. The samples were
then air-quenched to room temperature and stored in a
desiccator.

2.3. 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 pres-
sure in air flow (30 ml min~!) at heating rate of 5°C
min~!. a-Al,03 powder (Shimadzu) was used as the
reference material for DTA measurements and the sam-
ple weight in the PT-cell was about 10 mg.

X-ray powder diffraction measurements were ob-
tained using a Philips PW 1370 diffractometer at am-
bient temperature using monochromated Cu K, radi-
ation (A = 1.5406 A).

Fourier transform-infrared spectra were recorded
at room temperature in the frequency range 1000-
200 cm~! employing KBr disc technique using a Jasco
FT-IR 310 spectrophotometer (Japan).

Mossbauer spectra of the ferrite samples were mea-
sured 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 com-
puter analyzer (PCAIl-card) coupled to a 1024 multi-
channel analyzer. A 50 mCi®’ Co in Rh matrix was used
as the radioactive source. Experimental data were ana-
lyzed using the least square fitting “Mos-90” computer
program [10].

For electrical properties measurements, the ferrite
samples in a powdered form were compressed to pel-
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lets of 1 cm diameter and about 1 mm thickness. The
pressure used was 2 tons cm 2. After calcining the pel-
lets 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 con-
stant (¢") and ac conductivity were measured, by a Hioki
LCR bridge model 3531 (Japan) using the two probe
method [11], at different frequencies (105000 kHz) as
a function of temperature. The temperature of the sam-
ple was measured using a thermocouple type K which
is connected to a digital thermometer.

The magnetic susceptibility of the investigated sam-
ples at different temperatures as a function of dif-
ferent magnetic field intensities was measured using
Faraday’s method in which the sample was inserted at
the point of maximum force.

3. Results and discussion
3.1. Thermal decomposition course
of mixed metal oxalates

The thermal decomposition studies of the oxalates
mixtures shows that all the mixtures dehydrate
and decompose in the temperature range from 60
to 370°C. A typical DTA-TG thermogram for the
thermal decomposition of CuC,;04-CdC,04-3H,0-
FeC,04-2H,0 (0.5:0.5:2 mole ratios) in air is shown
in Fig. 1. It can be observed that the mixture loses
its weight in three well-defined steps giving at com-
plete decomposition a total weight loss of 53% which
corresponds to the formation of corresponding copper
cadmium ferrite; Cugy5Cdg sFe;O4 (calculated weight
loss = 53.3%). The first step starts at 60°C and
characterized by a sharp endothermic DTA peak at
105°C. The weight loss that accompanied this step
amounts to 4.7% and attributed to the dehydration of
CdC,04-3H,0. The mixture is thermally stable up to
157°C after which the main decomposition step occurs.
This step exhibits a weight loss of 36% at 250°C which
closely corresponds to the complete decomposition of
FeC,04-2H,0 with the formation of Fe, O3 (theoretical
weightloss = 35.5%). This step showed no separate an-
hydrous oxalate plateau. The sharp endothermic DTA
peak at 214°C was swamped by the large exothermic
decomposition peak occurred at 230°C. The third step
follows immediately after the completion of the sec-
ond step and accounts for the exothermic decomposi-
tion (exothermic DTA maximized at 328°C) of CuC,0y4
and CdC,04 with the formation of CuO and CdO, re-
spectively. This step is associated with 12.3% weight
loss at 364°C which agrees with the calculated weight
loss of 12.8%. No further weight loss was observed
even by rising the temperature up to 1000°C.

The decomposition behavior of each metal oxalate in
this decomposition course resemble that for its individ-
ual metal oxalate [12, 13]. This suggests the absence of
any solid solution formed between the respective metal
oxalates since each one behaves as it is present alone
in the mixture.

3.2. Characterization of Cuq_,Cd,Fe;04
3.2.1. X-ray diffraction studies

The X-ray diffraction at all the composition of samples
under investigation indicates the formation of a single
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Figure 1 DTA-TG curves of CuCy04-2H,0-CdC,04-3H20-FeC,04-2H,0 (0.5:0.5:2 mole ratios) mixture in air at a specified heating rate of 5°C

min~!,

spinel phase that has cubic structure with no additional
lines corresponding to any other phases. Exception is
for the sample with x = 0 i.e., CuFe,;O4 sample which
shows a tetragonal crystal structure. This result agrees
well with that obtained by Kulkarni and Vainganker [4].
The tetragonal distortion is due to Jahn-Teller effect of
Cu?" ions located in the octahedral sites of spinel with
a large concentration [8].

Fig. 2 shows the X-ray powder diffraction of the
investigated samples. The experimentally observed d-
spacing values and relative intensities are in well agree-
ment with those reported in the ASTM powder diffrac-
tion files [14]. The lattice parameters are obtained by
fitting at least seven diffraction peaks using standard
least square methods and tabulated in Table I. Using
lattice parameter values, the X-ray density (D) of all
the investigated samples were calculated and reported
in Table I. The lattice parameter constant values are in
the expected range with the lattice constant of CuFe;O4
[8] and CdFe, 4 [7] at either end. The variation of lat-
tice parameter (a) as a function of cadmium substitution

(x) is represented in Fig. 3a. It is obvious that the lattice
parameter increases linearly according to Vegard’s law
[15] with the increase of cadmium content. This could
be attributed, as expected, to the large ionic radius of
Cd**+ (0.78 A) which when substituted in the lattice
resides on the tetrahedral site and replaces the smaller
Cu2* (0.57 A) or Fe3* (0.49 A) ions from the tetrahe-
dral to the octahedral site [5]. According to Cervinka

TABLE 1 Characterization data of Cu;j_,Cd,Fe;O4 system

Cd content Lattice parameter

(x) (A Dy (gmem™) vy (em™") vy (em™")
0.0 a = 8.278 5.077 586 385
c = 8.686
0.1 8.345 5.580 577 380
0.3 8.434 5.621 571 378
0.5 8.473 5.758 563 378
0.7 8.528 5.856 561 377
0.9 8.580 5.959 548 376
1.0 8.614 5.986 541 376
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Figure 2 Characteristic parts of XRD patterns of Cu;j_,Cd,Fe;O4 system.

et al. [16] the intensities of (220) and (422) planes are
mostly sensitive to cations on tetrahedral site while that
of (400) plane depend on cations on the octahedral site.
The ratios I»»/l400 and I40/1400 as a function of cad-
mium content are represented in Fig. 3b. The increas-
ing trend of this graph with x supports the occupancy
of Cd** ions on the tetrahedral site.

The X-ray density (Dy) values reported in Table I
was found to increase with increasing x. This was ex-
pected since the larger cadmium atom is heavier than
the smaller copper atom, and this increase in weight
and decrease in size causes an increase in X-ray den-
sity with the substitution of cadmium.

3.2.2. FT-IR spectral studies

FT-IR spectra of Cu;_,Cd,Fe;O4 samples show two
strong bands v; and v, near about 600 and 400 cm™!,
respectively. The band positions are listed in Table 1.

Waldron [17] attributed the band v; at around 600 cm”
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to the intrinsic vibration of tetrahedral metal-oxygen
complexes and the band v, at around 400 cm~! to the
intrinsic vibration of octahedral complexes. The ab-
sence of the low frequency bands in our compounds
suggests that the lattice vibrations responsible for these
bands are very weak.

The band appearing at 586 cm ™! for CuFe,Oy4 shows
an obvious red shift on addition of cadmium in the
system and changes to CdFe, Q4. Variation of v; and v,
bands with the cadmium concentration (x) is shown in
Fig. 3c and d, respectively. From the figure it is clear
that, v; increases with increasing x while, v, slightly
changes.

3.2.3. ”Fe Méssbauer spectroscopy

The room temperature Mossbauer spectra of CuFe, Oy,
CdFe,04 and their mixed ferrites are shown in Fig. 4.
The spectral parameters such as isomer shift (4),
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quadrupole splitting (A Eq) and hyperfine fields (H,)
at tetrahedral and octahedral sites are computed and
summarized in Table II. the black dots represent ex-
perimental points and the continuous lines through the
data points are results of the least square fit to the data.

For the stoichiometric compound CuFe;QOy4, the
Mossbauer spectrum consists of two clearly splitted
Zeeman sextets due to Fe’' at tetrahedral and octa-
hedral sites. The samples with composition x = 0.1
and 0.3 exhibit more broadened Zeeman patterns. Such
broadening is expected since the presence of nonmag-
netic Cd** ions in the neighborhood of iron nuclei
will vary the hyperfine interactions and influence the
Maossbauer patterns.

A relaxed spectrum was obtained for sample with
x = 0.5. The dominant spin lattice relaxation in the

TABLE II Mossbauer parameters of Cuj_,Cd,Fe;04 system

spectrum may be attributed to the presence of the tetra-
hedral quadrupole interaction due to replacement of
Fe3* ions by Cd** ions in the tetrahedral site. The spec-
trum was fitted with one sextet due to Fe>* ions at one
of the two crystallographic distinct sites and was at-
tributed to the octahedral site on the basis of the isomer
shift and the hyperfine field values.

The samples with cadmium concentration higher
than 0.5 are paramagnetic at room temperature as can be
seen from Fig. 4. This is due to the predominance of the
paramagnetic phase in these samples. In a deeper ex-
planation for this behavior, a ferromagnetic region exist
instead of ferrimagnetic one, which are separated mag-
netically from the matrix by diamagnetic Cd>* ions.
The line width of the paramagnetic doublet was found
to decrease with increasing Cd-content (Table II).

Isomer shift (§) Quadrupole splitting Line width Hyperfine field

Cd content (x) Site Area (%) (£0.02 mm s™!) (AEq) (£0.02 mm s7h) (T mms™ ) (H) (£2kOe)
0.0 A 80 0.43 0.02 0.47 479

B 20 0.52 0.08 0.63 507
0.1 A 70 0.40 0.04 0.57 468

B 30 0.50 0.06 0.83 474
0.3 A 50 0.43 0.06 0.94 392

B 50 0.46 0.08 1.67 442
0.5 B - 0.45 0.05 3.60 304
0.7 - - 0.43 0.82 0.51 -
0.9 - - 0.43 0.81 0.37 -
1.0 - - 0.44 0.79 0.36 -
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Figure 4 The Mossbauer spectra at room temperature of

Cu;_,Cd,Fe;04 system.

The fraction of iron at the two distinct crystallo-
graphic sites can be determined from the Mossbauer
spectrum by knowing the area under the resonance
lines due to these ions. From the literature it is well
known that, copper ions preferentially gets distributed
among tetrahedral and octahedral sites. Kolekar et al.
[18] reported that copper ferrite is 81% inverse spinel.
Narayanasamy et al. [19] suggest a cation distribu-
tion of (Cug2Feg73)[Cug 73Fe; 22]04 for copper fer-
rite. In consistent with these results, the areas under the
two Zeeman subspectra of copper ferrite in the present
work (Table IT) gave a cation distribution as: (Cug g
Fep.80)[Cug goFeq.20]104.
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The cation distribution estimated using the
Mossbauer subspectra areas for samples with x = 0.1
and 0.3 are: (Cd().lCuO.zoFe()jo)[CU()470F61.30]O4 and
(Cdo.30Cugp20Fep.50)[Cug s0Feq.50]104, respectively
which suggests that Cd>* ions have a special pref-
erence for the tetrahedral coordination as previously
suggested using X-ray diffraction.

From the above results, the cation distribution for-
mula that can be used to describe the system can
be written as: (Cd,Cu,Fe;_y_,)[Cuj_,_,Fe11,4,]104
where x denotes the amount of substituted cadmium,
y is the normalcy of copper ions and the inversion
parameter (6)=1 — x — y. The deduced values for
the cation distribution of the system are given in
Table II1.

From Table 1II it is clear that, there is no significant
change of isomer shift values with cadmium content
in the spinel system with x < 0.5. This means that
the s electron charge distribution of Fe** ions is neg-
ligibly influenced by cadmium substitution. Also, it is
clearly observed that the values of quadrupole split-
ting are negligibly small. This could be explained due
to the overall cubic symmetry of the spinel ferrite and
randomness of chemical disorder, there will be equal
probability for small quadrupole splitting of opposite
signs. Hence, the centers of the Zeeman lines will not
change, and consequently there will be no net observed
quadrupole splitting. The hyperfine field at either sites
was found to decrease as the cadmium content in-
creases. This demonstrates a reduction in ferrimagnetic
behavior with increasing x.

Depending on the cation distribution estimated using
the Mossbauer technique, the values of oxygen posi-
tional parameter (#) and the degree of inversion (y)
were calculated and summarized in Table III. For a
given spinel compound, the anion sublattice expands or
contracts on varying oxygen parameter until the tetra-
hedral and the octahedral site volumes match the radii
of the constituent cations. From Table III, it can be
noticed that, the oxygen parameter increases with in-
creasing x and is found to be close to the reported val-
ues for the end members (# = 0.381 and 0.391 for
CuFe,04 and CdFe;0y, respectively) [S]. The inver-
sion parameter (), defined as the total fraction of di-
valent ions lodged in the octahedral site, was found
to decrease and going towards complete inversion at
x =0.9.

Using the experimental values of the lattice and oxy-
gen parameters and the following Equations 1-5 given
below [20], the interionic distances and the radii of the
tetrahedral and octahedral bonds (4 and rg) are calcu-
lated and listed in Table III.

1
dyx =3 (u — —)a (tet. Bond) (1)
u
,  llu 43\'?
dgx = (3u"— — + — a (oct.bond) 2)
4 6u
1
dx = ﬁ(zu — §>a (tet. Edge) (3)
dxx = v/2(1 —2u)a (shared oct. edge) 4)



TABLE III Cation distribution, oxygen parameter, inversion parameter and cation-anion distance of Cu;_,Cd,Fe,O4 system

Oct. edge (A)

Cation distribution u y  ra(A rg(A) Tet.bond(A) Oct.bond (A) Tet edge (A) Shared Unshared
(Cug2Fe8)[CuggFe; 2]04 0381 08 0506 1358  1.865 2.006 3.046 2767 2908
(Cdy.1CugFe7)[Cug7Fe; 3104 0382 0.7 0535 1350  1.908 2.029 3.116 2785  2.953
(Cdg3CugoFeos)[CugsFe; 5104 0385 05 0593 1333 1972 2.030 3.220 2743 2.987
(Cdy5CugoFeo3)[CugsFe; 7104 0388 03 0651 1316  2.025 2.159 3.307 2684  3.003
(Cdy7CugsFeq )[Cug Fei9]0s 0391 0.1 0709 1299 2083 2.004 3.401 2629  3.028
(Cdy.oCug.1)[Fez]04 0393 00 0759 1290 2.125 2.002 3.470 2597  3.049
(Cd)[Fe,]04 0394 00 0780 1290  2.149 2.003 3.509 2583 3.063

1/2
dxx = <4u2 —3u+ 1_6> a (unshared oct. edge)

&)
The radius of tetrahedral and octahedral sites were
calculated for the different spinels and given in Table
III. From the results it is clear that, the radius of the
tetrahedral site becomes larger on addition of cadmium
ions and that of the octahedral site slightly changed.
This was ascribed to the preference of the cadmium ions
with larger ionic radius for the tetrahedral coordination.
This may also be the reason for explaining the variance
of v; and v, band position with varying the cadmium
content (Fig. 3¢ and d).

3.2.4. Electrical properties studies
Fig. 5 shows a typical curve correlating the ac conduc-
tivity and reciprocal of absolute temperature for the fer-
rite samples with different cadmium content at different
applied frequency. 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
(Tc). The first and the last regions are nearly the same,
clarifying the metallic behavior of the investigated sam-
ples in the low and very high temperature regions. The
thermal energy in the first region is not enough to liber-
ate charge carriers and consequently the conductivity is
hardly changed with temperature. In the last region the
large thermal energy causes a large lattice vibration and
the scattering of the charge carriers due to their colli-
sion 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 inter-
mediate part, two straight lines were obtained at all the
applied frequencies. The first one at the low tempera-
ture region represents the ferromagnetic region where
o depends on both temperature and frequency, while
the other at the high temperature region represents the
paramagnetic region where o is only temperature de-
pendent. The point incorporated between the two lines
is assigned to the Curie transition point (7¢). Conse-
quently, the first transition can be assigned as (7Tj,¢) as
itis attributed to the transition between metallic and fer-
rimagnetic regions and the last one can be assigned as
(Tmp) as itis due to the transition between paramagnetic
and metallic regions.

The values of the activation energies for the ferri-
magnetic region (£7) and the paramagnetic region (Eyy)
were then calculated and represented in Table I'V. From

TABLE IV Values of activation energy at applied frequency of
200 kHz for Cu;_,CdyFe; 04 system

Activation energy (eV)

Cd content (x) Ferrimagnetic region (E}) Paramagnetic region (Eyy)

0.0 0.514 0.853
0.1 0.460 0.810
0.3 0.432 0.743
0.5 0.529 0.950
0.7 0.365 0.659
0.9 0.332 0.610
1.0 - 0.581

the table it is clear that, the values of the activation en-
ergies calculated for the ferrimagnetic region is lower
than that calculated for the paramagnetic region. In the
ferrimagnetic region the most predominant mechanism
of conduction is the hopping of electrons between the
iron ions of different valences. Accordingly, a small ac-
tivation energy for this region is obtained. Another hop-
ping process is expected between iron and copper ions.
The hopping frequency of each process depends on the
content of each element on each site and their ionization
energy. The large activation energy of the paramagnetic
region indicates that the conduction is mainly due to a
small positive polarons which migrate inside the sam-
ple under the effect of the large thermal energy due
to heating and small internal viscosity of the sample.
Also, at the high temperature some Cu’* on the tetra-
hedral site will be transferred to Cu'* and migrate to its
preferential octahedral site leaving positive holes par-
ticipate in cooperation with the small positive polarons
in the conduction process. Generally, the values of ac-
tivation energy presented in Table IV decrease with the
increasing in the cadmium Content except for sample
with x = 0.5, which can be considered as the critical
cadmium concentration. This was in good agreement
with the percolation theory of Scholl and Binder [21].

Fig. 6a—c shows typical curves indicate the variation
of &’ with absolute temperature at different frequencies.
The representative data gives a constant values for &’
in the first temperature region where a small thermal
energy given to the sample and no liberation of charge
carriers from their localization takes place. After that
a progressive increase in &’ was observed until reach-
ing the transition temperature with position depending
on the applied frequency and the amount of cadmium
in the sample. The presence of frequency dispersion
of ¢’ indicated the short range dependence of conduc-
tivity which is in direct correlation with the dielectric
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system.

constant [22]. After this the dielectric constant decrease
and then increase again giving rise to a second transition
which agrees with the last one obtained in the conduc-
tivity data (7). On the microscopic scale one can find
that the stable region of ¢ with temperature indicates
the participation of electronic polarization which is in-
dependent of temperature. In the second temperature
region, the orientation polarization plays a significant
role since it is a temperature and frequency dependent.
In this region more of the frozen (localized) dipoles will
be librated and oriented in the field direction give rise
to a maximum value of ¢’. The minimum value of &’ in-
dicates the polarization destruction due to high thermal
energy. After such destruction some other types of po-
larization need high thermal energy will participate in
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the polarization mechanism. The most preferable in this
region are the migrational as well as Maxwell Wagner
polarization those takes place in the regions separat-
ing the grains [21]. The fluctuation of the number of
Fe?* between increasing and decreasing is the real and
the direct cause but is not completely sufficient on the
increase and decrease of ¢’ with temperature. This is be-
cause the e’s produced from the valence exchange are
responsible for the polarization that takes place in each
sample. The decrease in ¢’ after the second transition is
attributed to the large thermal energy which overcome
the field effect. In other word, the disordering in the sys-
tem will be increased and the hopping frequency is de-
creased. Assuming the cation distribution suggested us-
ing the Mossbauer spectroscopy (Table III) it is obvious
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Figure 6 (a) to (c) Relation between dielectric constant and absolute

Cd content (x)

temperature as a function of applied frequency for samples with different

Cd-content. (d) Relation between peaks positions and Cd-content (at 200 kHz).

that, Cd>* ions replace the Fe>* on the tetrahedral site
and at the same time increase Fe’* on the octahedral
site due to their migration. This will increase the con-
ductivity on the octahedral site due to the variation of
Fe2*/Fe37 ratio. At x = 1, no Cu?* ions exist on the
tetrahedral site and cadmium ferrite was obtained in
which the activation energy reaches its minimum value
(Table IV). Due to the direct correlation between the
conductivity and the dielectric constant, one can guess
the increase of the latest which agrees will with our

experimental data. In the high temperature region the
variation of some of Cu?t to Cu!™ give a chance to
copper ions to exchange valence with iron ions. Ac-
cordingly, the dielectric constant and conductivity vary
because they are of the same origin.

Fig. 6d describes the peak position vs. cadmium con-
tent (x). From the figure it is clear that peaks (I and II)
decreases continuously with increasing cadmium con-
tent with an exception increase at x = 0.5. This means
that this concentration again can be considered as the
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Figure 7 Relation between molar magnetic susceptibility and the absolute temperature as a function of different magnetic field intensities for

Cu;_,Cd,Fe;04 system.

critical one at which both cadmium ferrite and copper
ferrite participates by equal proportions in the polariza-
tion mechanism. Mazen et al. [3] found that the resistiv-
ity of the Cu;_,Cd,Fe,0O4 system prepared by standard
ceramic method increases with x to a maximum value
near a composition with x = 0.5 and then decreases
with further increase of x.

3.2.5. Magnetic properties

Fig. 7 shows the molar magnetic susceptibility () vs.
absolute temperature at different magnetic field inten-
sities for the spinel ferrite Cu;_,Cd,Fe;04, x < 0.5.
The general trend of the first three concentrations of
cadmium are nearly the same where the magnetic sus-
ceptibility was observed to decrease with increasing
temperature. The sample with x = 0.5 gives nearly
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paramagnetic behavior except in the first 20 K which
shows nearly stable values of yj;. This was expected
because the magnetic ordering is large as well as the
ferrimagnetic region in case of small cadmium con-
centration. The values of the Curie temperature (7¢)
which separate the ferrimagnetic and paramagnetic re-
gions, was also decreased from 765 Kat x = 0to 439K
at x = 0.5 as shown in Table V. This means that by in-
creasing the Cd-content the paramagnetic region (dis-
ordered state) is increased on the expense of the ferri-
magnetic region. The lowest interaction was obtained at
x = 0.5 which means that the ferrimagnetic grains are
widely separated and enclosed by non-magnetic cad-
mium ions. The Md6ssbauer data enhances this point as
mentioned before. From the point of view of magnetic
field intensity and its effect on the magnetic suscep-
tibility, it is noted that yj; decreases by increasing the



TABLE V Magnetic data of Cu;_,Cd,Fe,O4 system at magnetic
field intensity of 1280 G

Effective magnetic moment (BM)

Cd content (x) Tc (K) Observed Calculated
0.0 765 5.52 4.17
0.1 720 5.24 5.06
0.3 580 4.82 6.28
0.5 439 4.07 9.58

field intensity due to the saturation of the ferromagnetic
domains at such high field.

According to the cation distribution estimated us-
ing the MOssbauer spectroscopy, the effective magnetic
moment (i) can be calculated assuming Equation 6
given below [23]:

(5921 +x+y)+3.0(0 —x —y)]
—[5.92(1 —x —y)+3.0)] (6)

where, 5.92 and 3.0 up are the magnetic moments of
the Fe3* and Cu?* ions, respectively. The values of
the effective magnetic moment as well as the observed
effective magnetic moment (calculated from the exper-
imental data) are represented in Table V. From the ta-
ble it is clear that, the values of the observed effective
magnetic moment decreases with increasing cadmium
content. The direct cause of this behavior is the ex-
change interaction constant between the different sites
where the relative magnitude of Jag > Jpp > Jaa. At
x = 1, the obtained CdFe,O4 is a normal spinel type
structure in which the Cd** ions occupy the tetrahedral
interstices with no Fe’* ions present. This will cause
the presence of the major paramagnetic phase with the
small remenance ferrimagnetic one near room temper-
ature [23].

Table V also shows that, the values of ¢ observed
at x = 0 and 0.1 are larger than that calculated while,
at x = 0.3 the observed magnetic moment (4.82 BM)
is less than calculated one (6.28 BM). This points to
the predominant effect of Cd>* ions in the system. At
x = 0.5 the calculated magnetic moment is larger than
twice that of the observed one due to the increase in the
exchange interaction of B-site on the expense of that
of A-site. Also the small values of the observed mo-
ment can be explained in terms of the non-collinear
spin arrangement due to the small canting angle of
the spins of the B-site with respect to spins of A-site
[23].

4. Conclusions

(1) Cu;_xCd,Fe,04 system can be prepared through
the thermal decomposition of their respective metal ox-
alates.

(2) X-ray diffraction of the samples shows single
phase cubic spinel except for the sample with x = 0
that has a tetragonal structure.

(3) The lattice parameter and X-ray density were
found to increase with increasing the Cd content which

can be attributed to the larger ionic radius of the heavy
Cd atom.

(4) The preference of cadmium ions to reside at tetra-
hedral site was estimated from increase in the intensity
ratios of (220)/(222) and (422)/(222) X-ray diffraction
lines with increasing Cd content.

(5) Two dominant FT-IR bands v; and v, attributed
to the stretching vibration of Fe3*-O?~ in the tetrahe-
dral and octahedral complexes were obtained for all the
investigated samples.

(6) The Mossbauer spectra of samples with x > 0.7
show a paramagnetic doublet while samples with x <
0.3 exhibit normal Zeeman split sextets. The sam-
ple with x = 0.5 shows one sextet attributed to the
iron ions in the octahedral site. The magnetic hyper-
fine field was found to decrease with increasing Cd
content.

(7) Temperature variation of ac conductivity showed
a decrease in the conduction activation energy with in-
creasing Cd content except for sample with x = 0.5
which can be considered as critical concentration.

(8) The effective magnetic moment was found to
decrease with increasing Cd content due to enclos-
ing of ferromagnetic grains by non-magnetic cadmium
ions.
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