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Influence of Ce-Substitution on Structural, Magnetic
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Nano-crystalline samples of cerium substituted cobalt ferrites with chemical
formula CoCe,Fe,_,O4 (0.0 <x <0.1) were prepared using the citrate auto-
combustion method. The prepared ferrites were characterized by x-ray
diffraction (XRD), Fourier transform infrared spectroscopy spectra (FTIR),
transmission electron microscopy (TEM), and a vibrating sample magne-
tometer (VSM). The XRD patterns and FTIR spectra confirm that the pre-
pared samples reveal the formation of a single-phase spinel structure. TEM
micrographs showed that the particles are made up of spherical and elongated
nano-metric shapes. A limitation of the size of nanoparticles is observed as the
Ce3* concentration increases. VSM measurements showed that the coercivity
H_ and magnetization values My are strongly dependent on Ce®* content and
particle size. The values of H, lie in the range of (411-1600 G), which suggest
that these samples are convenient for different applications. The alternating
current electrical conductivity (o), dielectric permittivities (¢, ), and dielec-
tric loss tangent (tan J) were studied at different ranges of frequency and
temperature. The relation of conductivity with temperature revealed a semi-
conductor to semi-metallic behavior as cerium concentration increases. The
variation in (tan ¢) with frequency at different temperature shows abnormal
behavior with more than one relaxation peak. The conduction mechanism
used in the present study has been discussed in the light of cation—anion—
cation interactions over the octahedral B-site.
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INTRODUCTION

Crystalline magnetic materials formed at the
nanoscale have attracted several scientists due to
their novel properties, which are significantly dif-
ferent from those of their bulk counterparts.’ Cur-
rently, considerable interest in nano-crystalline
oxide materials exists owing to their unusual prop-
erties. Decreasing particle size results in some
remarkable phenomena. Unusual electric and
magnetic properties in these materials takes place
due to a great interest in their potential applications
in many technologically important area such as gas
sensing, electronics semiconductors, electrical
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characteristics, medicine magnetic drug delivery
and magnetic applications.??

Cobalt ferrite belongs to the class of hard magnetic
materials. Hard materials exhibit large coercivity
(H,) and magnetization, high resistivity, good chem-
ical stability, and are regarded as an ideal candidate
for several technological applications. It is interest-
ing that the structure, electrical and magnetic prop-
erties of spinel ferrites like CoFe,04, can be modified
by varying the type and amount of substitute into the
spinel lattice. By substitution of rare earth ions (RE)
like cerium in place of iron Fe?* in the spinel ferrites,
the (RE3*-Fe®*) interactions appear, and result in 3d—
4f coupling.”® This coupling leads to an enhancement
in the magnetic and electric properties due to the
orbital shape of the unpaired (4f) electrons of RE,
which produces a magnetic anisotropy. In general,
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the electronic configuration, ionic radius, and elec-
trostatic potential are the most important factors
affecting the behavior of ferrites.”

In this connection, the effects of cerium substitu-
tion on the properties of spinel ferrites have been
reported by few researchers. Khandekar et al.®
studied the effects of Ce®* doping on the structural,
morphological, and gas sensing properties of the
CoFe304. They reported that the addition of Ce
(4 wt.%) has a strong influence on the response and
operating temperature of the sensor materials and
thus can serve as acetone-sensing sensors. The
structure and direct current (DC) electrical resis-
tivity of CuFe,_,Ce, O, ferrites with (0.0 <x < 0.8)
was measured at different temperatures by Malana
et al.” They found that the lattice constant increases
up to x = 0.4 due to larger ionic size of cerium and
then decreases due to lower solubility of cerium as
compared to that of iron. The DC electrical resis-
tivity increases with an increase in dopant concen-
tration while it decreases with rise in temperature
exhibiting semiconductor behaviour. The dielectric
constant and dielectric loss tangent decrease with
exponentially increases in frequency reflecting
normal dielectric behavior of ferrites.

Nanocrystalline samples of Ce®* substituted Co-Cr
ferrite with chemical formula CoCrg ¢4Ce, Fe; 96,04
(0.0 <£x <£0.1) has been synthesized by the co-pre-
cipitation method.'® They reported that the satura-
tion magnetization decreased with increasing Ce®*
content, while the coercivity is related to the
microstructure of Ce®* substituted samples. The ob-
tained results suggest that the investigated materi-
als are suitable for different applications.

Recently, several methods have been employed to
synthesize highly crystalline and uniformly sized
magnetic nanoparticles of ferrites. The citrate auto-
combustion method has gained much importance,
while it offers many advantages such as tempera-
ture processing, better homogeneity for the syn-
thesis materials, and formation of the nanosized
particles of ferrite powders.'® In the present work
we report the synthesis and characterization of
nanoferrites CoFe,_,Ce,O4 prepared by the citrate
autocombustion method. To the best of our knowl-
edge, no detailed studies have been reported in the
literature on the structure, electric, and magnetic
properties for these materials.

EXPERIMENTAL
Preparation of Samples

Nanocrystalline CoCe,Fes_, 04 (x =0.0, 0.01,
0.03, 0.05, 0.07, 0.1) was Preg)ared using the citrate
auto-combustion method.'"** The chemical reagent
grade CO(N03)2‘6H20, Ce(N03)3'6H20, Fe(N03)3'6-
H50 and citric acid (CgHgO7) were used as starting
materials. The metal compound and citric acid were
dissolved in minimum amounts of doubly distilled
water. The citric to the all-metal molar ratio was
chosen as 1:1. Metal solutions were mixed together

and then the citric solution was added, followed by
2-h stirring and heating (80°C) using a hot magnetic
stirrer. Ammonia solution (NH,OH) was then added
drop by drop to adjust the PH value at 7-8; then the
solution turned darker and more viscous. Heating
was initialized on a hot plate to evaporate the water
until a dry viscous gel formed at about 200°C. Fi-
nally, the burned gel was converted into fluffy
powder, which was collected and ground in an agate
mortar to obtain a fine powder.

Measurements

X-ray diffraction (XRD) patterns of the samples
are obtained at room temperature using a Philips
diffractometer (expert MPD) with CuKu« radiation
(4 =1.5418 A). The structure parameters of the
samples; lattice constant (a), grain size (D), x-ray
density(px.ray), bulk density (ppun), and porosit%r P)
can be calculated using the following relations'®1*:

a=dy\/(h%+k2+12), (1)

0.89/
== 2
BipcosO’ 2)

m
Poulk = 2h’ 3

8M
Px—ray = Naa®’ 4)
P=1- pb_ulk’ (5)
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where d is the interplanar distance and (hkl) are
Miller indices of the crystal planes. 1 is the x-ray
wavelength, 0 is the Bragg’s diffraction angle, and
By5 is the full width at half maximum (FWHM). The
symbols (m, r, h) are, respectively; the mass, radius,
and thickness of the sintered ferrite samples pressed
in a form of a pellet. M is the molecular weight and N
is the Avogadro’s number. The energy dispersive x-
ray spectrometer (EDX) model (JFC-1500 JEOL)
used for determining the elemental composition by
energy dispersive peaks of the samples. The shape
and grain size of the prepared nano-ferrite samples
were observed by high-resolution transmission elec-
tron microscope (HR-TEM) images (PHILIPS CM-
200 model). Fourier transform-infrared (FT-IR)
spectra were recorded at room temperature in the
frequency range of 4000-250 cm !, employing KBr
disc technique and using a (Jasco FT-IR 310) spec-
trophotometer. The magnetic measurements were
recorded using a vibrating sample magnetometer
(VSM 9600-1 LDJ, USA) at room temperature with a
maximum applied external magnetic field up to
6 kO,. The electrical measurements were carried out
on the samples in the form of a disc with polished
surfaces covered by silver paste. The dimensions of
the samples were (~10 mm in diameter and ~4 mm
in thickness). A SR830 DSP Lock-in amplifier is used
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to measure the voltage difference (Vy) between the
two ends of known resistance R, which is connected in
series with the sample (in an equivalent RC circuit).
Measurements were carried out at frequency range
(10>-10° Hz) in a vacuum atmosphere of about
1.3 x 1073 Pa. Data logger software is used for con-
trolling and collecting the data through IEEE-488
GPIB and 332 serial interfaces with the different
equipment.

RESULTS AND DISCUSSION
Structural Analysis

XRD patterns for the general formula Co-
Ce,Fe;_ 04 (x = 0.0, 0.01, 0.03, 0.05, 0.07, 0.1) fer-
rite system are shown in Fig. 1. X-ray
characterization shows that all samples exhibit a
single phase cubic spinel structure. The broadening
of the diffraction peaks indicated the nanometric
nature of the prepared samples. The effect of Ce3*
substitution on the lattice parameter (a) and grain
size (D) is shown in Fig. 2. It is observed that the
lattice constant increases up to x = 0.05 and there-
after it decreases. The replacement of the smaller
Fe®* (0.65 A) ions by the larger Ce®* (1.14 A) ions®
increases the lattice constant due to the expansion
of the unit cell. The decrease in lattice constant with
further addition of Ce3* (x > 0.07) can be interpreted
based on the site preference of Ce®* in the octahe-
dral B-site, preparation condition, and lower solu-
bility of Ce®* compared to Fe3*.? In spinel structure,
the presence of Ce®* in the centre of the cube causes
distortion in octahedral and tetrahedral symmetry,
which affects the lattice constant, bond lengths, and
central frequency band.'® It can be seen from Fig. 2
that the grain size decreases with increasing Ce®*
content. This behavior can be explained as a result
of growing the concentration of Ce®* jons, which
occupy the grain boundaries and causes limitation
of the grain size.'® This result is also observed in
Fig. 1 as the broadening of the XRD peaks increases
by further addition of Ce®'. Khandekar et al.®
investigated the structure properties of Ce-doped
CoFey0y ferrites, but they might not have succeeded
in obtaining a single-phase spinel structure for the
as-prepared sample with Ce®" concentration
x = 0.08. This sample reported a grain size of
(D = 25 nm), which is large compared to the grain
size (D = 20 nm) for our sample at x = 0.1.

Figure 3a illustrates the variation of x-ray density
Px-ray and porosity (P) with Ce3* content. It is clear
that the px..ay exhibits a reverse trend compared to
that of the porosity. The increase in px.y With Ce3*
content is interpreted to be due to that the molar
mass of the Ce”" atom (140 g/mol), is greater than
that of the Fe®* atom (55.8 g/mol). Figure 3b shows
the variation of the bulk density pyu and porosity (P)
with Ce®" concentration. It is observed that the val-
ues of ppux calculated by the mass to volume ratio,
lies in the range (1.63—1.82 g/cm?®), which are found to
be smaller than the values of py yay (5.34-5.51 g/em?).

Hashhash and Kaiser

(311)

s l= = s
N q o = =
S 8 §z 3 2
Ce0.1 ‘ < ©
_—
S5 |Ce0.07
®
N
>
%)
'c [Ce0.05
Q
2
£
Ce0.03

Ce0.0

40 50 60 70 80
20 (degrees)
Fig. 1. X-ray diffraction patterns of CoCe,Fe, ,O,.
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Fig. 2. The variation of lattice parameter and particle size with
cerium content x.

This behavior can be attributed due to the existence
of pores, which were formed and developed during
sample preparation and the sintering process.'® The
porosity P changes in the range (67-69%) due to the
substitution of Ce®* as shown in Fig. 3. The high va-
lue of P represents the special porous of ceramics
materials. Table I shows a comparison between the
method of preparation, structure parameters, and
magnetic properties for the samples; CoCe,Fe;_,O4
with (x = 0.0, 0.1) and previous studied samples;
CoFe50,8 and CoCrg o4Ceo 1Fe1 5604.1° It is clear that
the values of the lattice constant a, grain size D, and
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Fig. 3. (a, b) The relation of: (a)—x-ray density (b)—bulk density and
porosity with cerium concentration.

porosity P depends mainly on the preparation con-
dition.

Morphology and Elemental Analysis

The (HR-TEM) micrographs for the three pre-
pared samples CoCegiFe; 904, CoCegosFe;.9504,
and CoCeg ¢1Fe; 9904 are shown in Fig. 4a, b, and ¢
respectively. The majority of the particles have a
spherical shape, while some particles are elongated
in the form of a rectangular shape.'” Some
agglomeration is also observed in the (HR-TEM)
micrographs, which may due to the interaction force
between the magnetic particles. This interaction
produces a low surface energy state and reduces the
interfaces between the nanoparticles.'® Figure 4d
shows an example of the shape of the fluffy final
product for the as-prepared sample. The EDX
spectrum for the sample CoCeg 1Fe; 904, indicated
the presence of iron, cobalt, cerium and oxygen
elements as shown in Fig. 5a. The extra peak for Cu
is attributed to the sample grid.'® The EDX analysis
reveals that the atomic ratio of the metals (Fe®*,
Co?*, Ce3") is near the stoichiometric values. The
presence of bright spots forming rings pattern in
Fig. 5b is an indication of the crystalline nature of
the spinel ferrite samples.'”

Infrared Spectra

Figure 6 shows FT-IR spectra recorded at room
temperature in the frequency range 2504000 cm '

for the CoCe,Fey_,O4 ferrite system. The vibration
frequencies of the samples are given in Table II. The
common feature of the ferrite materials is the exis-
tence of two main infrared absorption bands below
1000 cm ™ 1.2° These two bands are confirming the
formation of a single phase spinel structure. The
high frequency band v, in the range 569-577 cm '
is related to the vibration of the tetrahedral metal
oxygen bond (M-0), which is characteristic of the
tetrahedral A-site. The low frequency band vg lies in
the range 372-381 cm ! and is assigned to the
bending vibrations of the (M—-O) bonds in the octa-
hedral complexes. The differences in vibration
frequencies; vy and vg between the two crystallo-
graphic A and B-sites, can be attributed to the
change in bond length (M—O), where the ionic ra-
dius of A-site is smaller than B-site.?

The observed two broad bands at 1619 cm ! and
3450 cm ! are due to the stretching vibration in the
residual H-O-H modes of water molecules. Residual
water and hydroxy group were always detected in
the prepared ferrite samples doped with cerium.?!
The sharp bands detected at 1358 cm ™! are attrib-
uted to the symmetric stretching of the carboxyl
group (COOH). The bands at 1113 cm ! are as-
signed to asymmetric stretching vibration of the
adsorbed NOj3 produced as a residue from the ni-
trate group after the combustion of the samples.'?

Magnetic Properties

Magnetic hysteresis M-H of CoCe,Fe; ,O4
(0.0 <x £0.1) nanoparticles measured at room
temperature using VSM represented in Fig. 7. The
magnetic parameters; saturation magnetization
(M), coercivity (H,.), and remanent magnetization
(M) obtained from the M—H curves are summarized
in Table II. The relationship between saturation
magnetization and coercivity versus the substituted
amount x are illustrated in Fig. 8. The saturation
magnetization increases with cerium content up to
x = 0.01 showing a maximum value, and thereafter
it decreases. In the present nanocrystalline sam-
ples, Co?* and Ce®* ions have a favorable fit of
charge distribution in the crystal field of the octa-
hedral sublattice, whereas Fe>* ions are distributed
between A and B-sites.®'° At x = 0.01, the initial
increase in M, may be due to the presence of Co®*
(3 up) and Fe®* (5 up) ions in the octahedral B-site.
So as the net magnetic moment is increased, thus
M, increases. As the introduction of Ce®* ions
(2.5 up) progress in the present unit cell, the RE3*—
Fe3* interaction appears through the 3d—4f electron
coupling, which decreases the A—B exchange inter-
actions strength and conseguently decreases the
saturation magnetization.®?* The correlation be-
tween M, and the particle size D is also clear, while
D decreases with the compositional parameter x due
to the low solubility of Ce3*. As a result, Ce3* is
substituted in the grain boundary and reduces the
growth in the size of nanoparticles.'® This in turns
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Table I. Comparison between the preparation methods, structure properties; (lattice parameter a, grain size
D, porosity P) and magnetic parameters; (saturation magnetization M, coercivity H.) for the represented

samples

Samples Preparation method a (A) D (nm) P (%) M, (emu/g) H. ()
CoFe;04 (our sample) Citrate autocombustion 8.351 31.9 69.5 — -
CoFe 0,8 Molten-salt (M-S) 8.358 28 - - -
CoCeq 1Feq 904 (our sample) Citrate autocombustion 8.369 20 67.0 19.0 411
CoCeg 1Crp osFeq 560" Coprecipitation 8.387 72.9 38.0 15.3 773

200 kV_ X40000

Fig. 4. (a—c) HR-TEM Micrographs of the samples with (x = 0.1, 0.05, 0.01) respectively and (d) The shape of the fluffy final product for the

prepared samples.

enhances the presence of single domain nanoparti-
cles and reduces the values of M. Depending on the
values of M, and the molecular weight M of each
sample, the magnetic moment (ng) in the Bohr
magneton (ug) can be calculated using the rela-

tion??: ng = Ag;ggs. It is clear that the values of the

magnetic moment (ng) decrease with x Table II, in a

behavior similar to the saturation magnetization
(M) and grain size (D).

Magnetization studies showed that the coercivity
H_ give an initial increase for the sample with
x = 0.01, then it gradually decreases with increas-
ing cerium concentration Fig. 8. Two different
mechanisms cause a variation in H, values: Firstly,
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Fig. 6. FT-IR absorption spectra of CoCe,Fe,_,O,.

the coercive field is influenced by a property known
as magnetic anisotropy.'®?* This represents the
force required to rotate the magnetization vector as
a magnet out of its equilibrium direction. Low ani-
sotropy results in a low H.. In the present samples
the addition of cerium decreases the anisotropy
field, which in turns decreases the domain wall en-
ergy and H, starts to decrease.?**® Secondly, there
is a relationship between the coercive field and
grain size. In the nanoferrite system CoCe,Fey_,Oy,
the formation of single domain and movement of the
domain walls could also create a variation in coer-
civity. The values of H. (as seen in Table II) lie in
the range of (411-1600G), which suggest that these
samples are convenient for different applications. A
sample with (H, = 411 G) is convenient for sensing,
switching, and high frequency applications, while

the samples in the range (600 < H, < 1000 G) are
suitable for longitudinal magnetic recording media.
Furthermore, samples with (H.> 1000 G) are
suitable for transverse magnetic recording med-
ia.1%15 It can be noticed that the value of M, for the
sample (x = 0.1) is higher than its value for the
previously studied sample CoCrgsCeo1Feq 5604™°
Table I, which can be interpreted as due to the
replacement of the larger ionic magnetic moment
(Fe®*, 5 ug) with a smaller ionic magnetic moment
(Cr®*, 3 up). Table I also shows correlation relation
between the H, and D values for these two samples.

Electric Properties

Temperature and Frequency Dependence
of Conductivity

Figure 9 illustrates typical curves correlating the
conductivity as (In ¢) with the reciprocal of tem-
perature as (1000/7) at different frequencies for the
CoCe,Fes_,04 system with (0.0 <x <0.1). For the
samples with low concentration of Ce®*
(0.01 £x<0.03), the conductivity increases with
increasing temperature, where the semiconducting
behavior becomes more predominant. This behavior
of the conductivity can be divided into two main
regions; the first region is highly frequency depen-
dent whereas the second region is frequency inde-
pendent. In the low temperature region, the
thermal energy is not enough to liberate charge
carriers and increasing the frequency enhances
their hopping. In the high temperature region, the
conductivity becomes frequency independent where
all the curves are merged together indicating the
formation of a disordered state. As Ce®* concentra-
tion increases in this compound (0.05 <x <0.1),
semiconductor to semi-metallic transition occurs at
low temperature where the conductivity becomes
frequency independent.

Goodenough?® pointed out that in the spinel ferrites
both the cation—-anion—cation interactions and the
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Table II. FT-IR vibration frequencies (v, vg) and magnetic properties (Mg, H., M., ng) of CoCe,Fe;_, 04 nano-

ferrite samples

High band Low band Saturation Remanent Magnetic
frequency frequency magnetization Coercivity magnetization moment

x va (em™) vg (cm™) Mg (emu/g) H. (G) M, (emu/g) ng (up)
0.0 572 381 32.9 972 17.3 1.38
0.01 571 372 38.2 1573 19.0 1.61
0.03 569 372 27.5 1603 13.6 1.17
0.05 577 380 21.5 1342 9.0 0.92
0.07 576 380 21.9 1364 8.6 0.94
0.1 574 380 19.0 411 6.7 0.83
cation-cation interactions can be simultaneously
present in the structure. Studies on different spinel 407 :f:gz 8:31 e
ferrite®”*® have shown that for transition metal ions 304—+—Ceo0.03 T
with 5 < m < 8 (where m is the number of electrons in —+—Ce0.05 P

. . . N Ce 0.07 ¢
d levels) as in CoO the cation—anion—cation interac- 5 204—._Ceo1 17 —
tion must be stronger. In the case of strong cation— E / oo
anion—cation interactions and weak cation—cation 3 104 ’[k?%
interactions, the materials have semiconductor (or 2 9 /§ //
insulator) behavior. This means that there are two = z/ s/
transition elements with open 3d shells, Co®* (3d") E -10 1 /L&.
and Fe?*(3d°), which leads to two types of cation—an- g Mffi‘ﬂ
ion—cation interactions designated as [Fe?*-0? -Fe®*] =R B ————— 4]
and [Co®*-0*"-Co®*] over the octahedral B-site. Sub- /G/%i 4
stitution of Ce* ions in place of Fe®* ions affects the 301 T
[Fe3*-0%2 -Fe®*] and [Co®*-0? -Co?*] interactions. As 40
the substitution of cerium progressed in the present : : : : : : : :
unit cell, the cation—anion-cation interaction becomes -20000 -10000 0 10000 20000

less predominant. This leads to the transition from
semiconductor to semi-metallic behavior in this sys-
tem as illustrated in Fig. 9. Sattar et al.>® reported
that RE ions occupy either the Fe?* position or go to
the grain boundaries. They have excluded the prob-
ability that the RE occupy the A-site in place of Fe?*
ions. This is due to the fact that the A-sites are too
small to be occupied by the RE with large ionic radius,
i.e.,Ce®* [rge = 1.14 A]. The presence of RE ions at the
B-site will decreases the hopping of the charge carri-
ers and, hence, the electrical conductivity.

The Dielectric Properties

The variation of the dielectric constants (¢/, ¢”) as
a function of temperature for the nanoferrite sam-
ples at different frequencies is shown in Figs. 10
and 11. The relations represent a sensitive depen-
dence of ¢ and ¢’ on both frequency and tempera-
ture as a function of the compositional parameter x.
From the figures, it can be seen that the general
trend is the increase in ¢ and ¢” with increasing
temperature, and the relaxation process takes place
at nearly the same frequency. The increase in the
dielectric constant takes place with different rates
depending on Ce* content. At low temperature the
relations show continued increase in ¢ and ¢” with
temperature until reaching a maximum for the
samples with Ce®* concentration (x = 0.0 and 0.01).
It is worth noticing that, the amplitude of this peak

Field(G)

Fig. 7. Magnetic hysteresis loop of CoCe,Fe, O, ferrite
nanoparticles.
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Fig. 8. Dependence of magnetization (M) and coercivity (H;) on
Ce®" concentration.

decreases as the frequency increases. At (x > 0.03),
the relaxation peaks disappeared, and the relation
shows a normal behavior, where ¢’ and ¢” increase
with increasing temperature. The occurrence of a
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peak at a certain range of frequencies can be at-
tributed to the natural oscillation frequency of the
dielectric dipoles matching the thermal energy.*’
This type of behavior was observed in a number of
ferrites.®"3? At relatively low temperature, the
thermal energy for the sample is not sufficient to
free the localized dipoles to be oriented in the field
direction; therefore, the process has a weak contri-
bution to the polarization and the dielectric con-
stant.>® As the temperature increases, the dipoles
get enough thermal energy to be able to obey the
change in the external field more easily. This in
turn enhances their contribution to the polarization
leading to an increase of the dielectric constant.
Figure 12 illustrates the variation of the loss
tangent (tan 6) with frequency for the investigated
samples. The relaxation spectra with more than one
relaxation peak are observed at low and interme-

200
150 |
@ 100 f

50 f

450 -
300 |

150 |

200 r

100

200 F
150
w 100
50

300

200 -

100 -

—+—4kHz
—o—10kHz
—=—60kHz

—=— 6kHz
A 20kHz
—o—80kHz =7

300 - & 2kHz
| —©o—8kHz
——40kHz
——100kHz

200 -

100 |

290 340 390 440 490

Fig. 10. Temperature dependence of ¢ at different frequencies of
CoCe,Fes_,0,.

diate frequencies for the samples with concentration
x = 0.0 and 0.01. Also the intensity of the loss peak
increases with increasing temperature and becomes
broader. By further increase in cerium concentra-
tion (0.03 <x <0.1), only one relaxation peak is
observed. This peak appears when the hopping
frequency of charge carriers is in resonance with the
frequency of the applied electric field. As a result,
maximum electric energy is transferred to the
electrons, and the loss shoots up at resonance.?* The
decrease of (tan J) with increasing frequency is
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Fig. 11. Temperature dependence of ¢” at different frequencies of
CoCe,Fe,_,O4.

attributed to the fact that the hopping frequency of
charge carriers cannot follow the changes of the
externally applied electric field beyond a certain
frequency limit.?> The dielectric loss tangent (tan 6)
in these compounds can be written as a function of
the relaxation time t and the frequency f

tan(d) = F(f, 1),

where the change in temperature affects the relax-
ation time as:

T =1,exp(—E/kpT).

E is the activation energy of the relaxation process
and kg is the Boltzmann’s constant. The relaxation
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Fig. 12. Tan ¢ versus frequency (log f) of CoCe,Fe,_,O, at different
temperature.

time 7 is calculated from the relation between tan (o)
and frequency (Fig. 12).

The condition for observing a maximum in
dielectric losses of dielectric material is given by
wt =1, where o = 27f.x. A plot of Int versus
reciprocal of temperature for the ferrite system
CoCe,Fe,_,04 gives straight lines as shown in
Fig. 13. From this relation two relaxation processes
are present in the samples with x = 0.0 and 0.01,
but for the samples with (x > 0.03) only one relax-
ation process exists. In the present composition
under investigation Co?* and Ce®* ions in the unit
cell are occupying the octahedral B-site as reported
earlier.*?® The introduction of Ce3* in place of Fe3*
in present unit cell affects the hopping conduction mech-
anism between [Fe®*-02"-Fe?*] and [Co?*-0%?"-Co?*]
over the octahedral B-site, which are responsible for
the electric conduction and dielectric polarization.
The activation energies are calculated from the
slope of the observed linear relations for these
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Table III. The activation energy obtained from the
relation of In z versus 1000/T shown in Fig. 13

Ce content (x) AE (ev) AE5(ev)
0.0 0.053(6) 0.358(7)
0.01 0.071(6) 0.144(9)
0.03 0.063(1) -
0.05 0.136(3) -
0.07 0.131(3) -
0.1 0.054(1) —

processes and are listed in Table III. The small
values of the activation energy in the low tempera-
ture region confirm the electronic character of the

0 0.02 0.04 0.06 0.08 0.1
Ce content x

Fig. 14. Room temperature dependence of (¢'), (¢”), tan (d) and (o)
on Ce® content (x) at different frequencies for CoCe,Fe,_,O4
nanoferrite.

conduction process, which consists of electron hop-
ping between the ions of different valences. Similar
behavior was observed by El-sayed.?%37

Figure 14 shows the compositional dependence of
(¢, ¢”, tan (6) and o) with different frequencies at
room temperature for CoCe,Fey_,O,4. As shown from
the figure, (¢/, ¢ and tan (0)) have the same trend as
the conductivity, which confirms the assumption
that the mechanisms of the conductivity and
dielectric are of the same origin. It is clear that the
values of (¢, ¢”, tan (0) and o) decreased at initial Ce
content (x = 0.01). As Ce ions substitution increases,
the values of (¢/, ¢”, tan (0) and o) start to increase
up to critical concentration x = 0.03 and thereafter
start to decrease. This result may be attributed due
to the hopping conduction mechanism, i.e., the hosp-
ping conduction mechanism between [Fe3*-0%-Fe®*]
and [Co?*-0% -Co?*] over the octahedral B-site. In
other words, as Ce content increases, the cation—
anion—cation interactions are expected to be less
predominant due to the presence of RE ions at the
B-site.?®
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CONCLUSION

Nanoparticles of spinel ferrites CoCe,Fe,_,O4
with (0.0 < x £ 0.1) were synthesized in single phase
by the citrate auto-combustion method. The trans-
mission electron microscopy (TEM) micrographs of
the synthesized ferrites showed that the particles
formed in spherical and elongated shapes with grain
size in the range of 16-31 nm. The magnetic
parameters (M, H.) decrease with increasing dop-
ing percent of cerium. This behavior can be inter-
preted as a result of the limitation in the grain size
D by increasing concentration of Ce®**. The coerciv-
ity values for the samples lie in the range of (411—
1600 G) and suggest that the investigated materials
are potential candidates for sensing, switching,
longitudinal and transverse magnetic recording
media. Studies of electrical conductivity elucidate a
semiconductor to semi-metallic transformation
occurring with increasing cerium concentration.
The dielectric parameters (tan o, ¢’ and ¢”) are found
to be strongly dependent on composition, tempera-
ture, and frequency. Two relaxation processes are
designated in these materials as [Fe®*-0% -Fe®*]
and [Co®*-0%"-Co?*] at the octahedral B-sites.

ELECTRONIC SUPPLEMENTARY
MATERIAL

The online version of this article (doi:
10.1007/s11664-015-4125-6) contains supplemen-
tary material, which is available to authorized
users.
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