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The Coo.sNio.sFeCuOs+ compound was elaborated using sol-gel reaction route. X-ray diffraction patterns
indicated that the sample crystallize in the cubic spinel structure (Fd-3m space group). Magnetic
measurements revealed that the prepared sample showed a paramagnetic-ferromagnetic transition at Tc=
785 K. Then, dielectric data has been carried out by means of impedance spectroscopy in a wide frequency
and temperature ranges. For the sample, the activation energy Ea estimated from the slope of the linear fit
plot is equal to 0.42 eV at temperature range 200-420 K. The electrical modulus and impedance studies
reveal the presence of a relaxation phenomenon with non-Debye type in the prepared sample. Nyquist
representation (Z" vs. Z') was plotted and their characteristic behavior was analyzed in terms of electrical

equivalent circuit.

1. Introduction

The spinel ferrites are important magnetic oxide
materials found in technological and industrial
applications with various advantages in terms of
electrical and magnetic properties. The excellent
properties of these materials, such as their high
electrical resistivity, high saturation magnetization,
high permeability, low eddy current, dielectric loss,
etc. make them suitable for various applications.
They are widely used in microwave devices, drug
delivery  applications, electrical generators,
magnetic diagnosis, spintronics etc. Spinel ferrites
also used as catalyst in numerous chemical
reactions such as alkylation [1]. The magnetic and
electrical behavior of these oxides depends upon
nature of substituted element, size of the particle
and ionic radii of substituent [2]. In the crystal
geometry of these materials, two kinds of interstitial
spaces occur, named by tetrahedral (A) and
octahedral (B) sites which are surrounded by 4 and
6 oxygen ions respectively. The properties of ferrite
mainly depend upon the cations distributions over
these available sites [3-4]. The magnetic behavior of
ferrites is based on the three types of super-
exchange interactions A-B, A-A and B-B mediated by
the intermediate 0% ions. Much research has been
done on metal ions substituted spinel ferrites [5].
The well-known category of spinel ferrites, CoFe204
has attracted the interest of researchers due to its

many valuable properties such as high chemical
stability, remarkable mechanical hardness,
moderate saturation magnetization and high
coercivity. The properties of CoFez0s can be
modified by addition of various divalent and
trivalent metal ions as required [6-9]. Low electrical
conductivity and low dielectric losses are desirable
for ferrites operating at high frequency leading to
their frequent use in the manufacture of microwave
devices. Currently, controlling the electrical
conductivity of ferrites is a challenging issue.
Therefore, for a particular application and
controlled electrical conductivities the preferred
structural and magnetic properties of the spinel
ferrites may be tailored by synthesis conditions and
sum of substituent into the spinel lattice. For each
synthesis method, the structure and properties of
the obtained device were controlled by the
annealed temperature. So the magnetic and
electrical properties of these ferrites type could be
strongly influenced by fabrication methods steps,
annealing temperature and structural properties
such as grain size, porosity and crystallite size.

In the scope of this work the sol-gel method was
carried out to prepare CoosNiosFeCuOs ferrite
system. Structural, electrical, dielectric and
magnetic properties of this sample were
successively investigated. Therefore, in this paper,
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we focus on the effect of grain and grain boundary
on the electrical and dielectric proprieties of
CoosNiosFeCuO4 which is synthesized by sol-gel
combustion process.

2. Results and Discussion

2.1. Structural Properties

The powder X-ray diffraction pattern of the
CoosNiosFeCuO4 compound is shown in Fig. 1. This
figure reveals good crystallinity with the presence
of narrow and strong diffraction peaks. The
presence of the strong diffraction peaks
corresponding to the crystal planes (111), (220),
(311), (222), (400), (422), (511) and (442)
indicates the presence of cubic spinel phase. In
CoosNiosFeCuOs4 sample synthesized by sol gel
method the result indicates that the diffraction
peaks are well defined and correspond in relative
height to the peaks reported in the pattern,
discarding preferential orientation. Further, the
different intensities of the peaks exhibit a sharper
and more intense peak which can be related to the
higher crystallinity in CoosNiosFeCuO4 sample.

The diffraction peak positions and hkl crystal
planes indexation agree with the JCPDS card No. 10-
0325 [10]. From Fig. 1, we can see the formation of
pure crystalline phase for Coo.sNiosFeCuO4 spinel
ferrite with Fd-3m space group. The lattice constant
was calculated from the XRD data using the
following equation [11,12]:

AVh2+12%k2
q=2"¥11 (1)
2 sin 6

where A is the X-ray wavelength, a is the lattice
constant and (h k I) are the Miller indices. The
calculated value of lattice constants of the sample is
presented in Table 1. The average crystallite size is
obtained from XRD peaks using the Scherer formula
as [13]:

...............................................

Intensity (a. u)

Figure 1. The powder X-ray diffraction pattern of
the Coo.sNiosFeCuOs compound.

Table 1. Structural parameters at room
temperature of Coo.sNio.sFeCuOa ferrite.
a(A) 8.755
V (A3) 671.114
Dx(g cm-3) 5.09
Db(g cm3) 4.48
P (%) 11.98
Dxrp(nm) 47
Dsem(pm) 1.73
= s (2)

where f is the corrected full-width half maxima of
the XRD peaks and 6 is the Bragg angle. The
estimated value of the average crystallite size is
presented in Table 2. The X-ray density of our
sample was calculated according to the following
equation [10, 13]:

8M

Dy =—— (3)
where M is the molecular weight, N is Avogadro’s
constant (6.022 x 1023), and a is the lattice constant.
The theoretical density was calculated using the
following formula [14, 15]:

m

D, = (4)

nr2h

where m, r, and h are respectively the mass, the
radius and the height of the sample. The difference
between the X-ray density and the theoretical
density sets forward the notion of porosity, which is
calculated by the following formula [14, 15]:

P=(1—z—z)x100 (5)

2.2. Scanning electron microscopy analysis

The SEM analysis was used to investigate the
structural morphology. The SEM micrographs in Fig.
2 show nanoparticles have uniform, almost
spherical structural morphology with narrow size
distribution. The samples show a grain morphology
in which some grains are necked in shape. This
necking is attributed to the diffusion between the
particles during sintering. We find that this diffusion
means smaller particles join together to form the
larger one. In addition, the micrographs show
inhomogeneous micro-particles with irregular
shapes. When the particles adhere to each other,
agglomeration occurs, which is due to the dipole-
dipole interaction between the particles.

The size distribution of the sample was calculated
using image ] software. As observed, the histogram
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Table 2. Fitting parameters obtained from experimental data of the total conductivity as a function of

frequency and temperature using Jonscher power law:

o(w) =0, +Aa"

T(K) Gac (S/m) x10+4 A x 1013 n 22

200 0.00975 4.75 1.12 0.998
220 0.0376 5.12 1.32 0.997
240 0.130 1356 1.37 0.997
260 0.387 1.372 1.56 0.998
280 1.07 1.108 1.66 0.999
300 2.74 0.89 1.71 0.999
320 6.68 0.741 1.89 0.999
340 153 0.544 2.21 0.997
360 328 0.232 2.33 0.998
380 908 0.159 2.51 0.998
400 1240 0.12 2.78 0.998

is well modeled by Lorentizan fitting as shown in
Fig. 3. Summary of the obtained results are shown
in Table 2.

The distribution of the elements contained in the
synthesized ferrites was further analyzed using
EDX. The spectra confirms that the final
composition of the samples matches the initial
composition and contains no additional impurities.
Furthermore, no other impurities can be detected
from the EDX spectra indicating the high purity of
the prepared samples.

Figure 2. Energy-dispersive X-ray spectroscopy
(EDS) analysis of the sample.
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Figure 3. Histogram of CoosNiosFeCuOs
nanostructure size distributions determined with
Image ] software.

2.3. Magnetic characterization

In Fig.4, we presented the variations of M(T)
curve under the application of magnetic field of 0.05
T for CoosNiosFeCuOs sample. In this figure, a clear
ferromagnetic-paramagnetic ~ (FM-PM)  phase
transition was observed for the sample at its Curie
temperature (Tc). The Tc value estimated from the
minimum values of (dM/dT vs. T) curves (see the
inset of Fig. 4), is found to be 785 K. For comparison,
this Tc¢ value is lower than that obtained for the
undoped compound Nio.7Cuo.3Fe204 (Tc=823 K) [16,
17]. This result reflects that the substitution of the
magnetic Ni2* ion can reduce the Curie temperature
of the Nio.7Cuo3Fe204 system. It is generally known
that the electrical and magnetic properties of
ferrites are strongly dependent on the crystallite
size. The substitution of ions changes both the
crystallite size and the distribution of Fe ions along
A and B sites, and thus play an obvious role in
controlling and possibly tailoring the electrical and
magnetic properties of ferrites.

M(emu/g)

300 400 300 600 TOD SO0 9

o T(K)

300 4(‘]0 5!‘)0 61;0 Tl!lO 860 900
T(K)

Figure 4. Magnetization curve (M -T) obtained in an

applied magnetic field of 0.05 T for Coo.sNiosFeCuO4

sample.
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2.4. Dielectric characterization

The electrical conductivity in the materials is a
thermally activated process that takes place due to
the ordered motion of weakly bound charged
particles under the influence of an electric field. It is
one of the significant properties of the materials to
be characterized and depends on the nature of
charge carriers that dominate the conduction
process, such as electron/holes or cations/anions
and their response as a function of temperature and
frequency. To wunderstand the conduction
mechanism and the nature of the electron hopping
responsible for conduction, the frequency variation
of the conductivity at different temperatures of the
sample is shown in Fig. 5. As can be seen from this
figure, the conductivity increases with increasing
frequency. The dispersion region corresponds to
conductivity in the high frequency range. When
temperature rises, a sufficient energy probably
leads to the hopping of electron density increases
between magnetic ions tetrahedral sites (A-sites)
and B-sites which conduct to an increment of
conductivity [18 43]. Besides, the ac conductivity
appeared at high frequencies was caused by heating
sample, which leads to increase temperature and a
higher energy value need for the progress of
mechanism [19 44]. The frequency dependence of
conductivity in CFO is known as the sum of these
two parts according to Jonscher’s power law. As
frequency of the applied field increases, hopping of
carriers also increases by increasing the
conductivity [20].

The total conductivity o is the superposition of the
dc conductivity (od4c) and the ac conductivity (oac)
according to the Jonscher’s power law given as [21]:

0= Gdc (T)+O-ac (a)iT) (6)

The ac conductivity obeys the empirical formula
of the frequency dependence given by the ac power
law [21]:

()

where A is temperature-dependent constant and n
is  temperature-dependent  exponent  that
represents the degree of interaction between
mobile ions and the lattices surrounding them. The
value of n has a physical meaning n < 1 means that
the electron hopping involves a translational
motion with a sudden hopping, whereas n > 1 means
that the motion involves localized hopping between
neighboring sites. The exponent n is frequency-
independent, but it depends on both temperature
and type of material. In this work,the material obeys
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Figure 5. Frequency dependence of total

conductivity at different temperatures.
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Figure 6. Variation of the conductivity versus
frequency at T = 300 K. Red solid line represents the
fitting to the experimental data using the universal
Jonscher power law. The inset shows the variation
of exponent s with respect to all temperatures.

universal power law and is restrained by a typical fit
of the above equation. Fig. 6 depicts a typical
example of this fitting at T= 300 K. The experimental
data of the total conductivity shown in this inset
figure were well fitted using Eq. (6) and it is seen
that the fit matches well with the experimental data
(red solid lines). Therefore, the fitting results at
different temperature are summarized in Table. 1.
From this table, we can deduce that the exponent n
increases with the increasing temperature. This
variation of n with temperature corresponds to a
thermally activated process. The temperature
dependence of n gives information about the
mechanism responsible for ac conductivity. In our
case, factors A and n were varied simultaneously to
obtain the best fit. All values of the n exponent are
higher than 1 for all temperatures, indicating that
the electron hopping between the cations involves
A-B exchange interactions between neighboring
sites.

J.NanoSci.Adv.Mater. 2024, 3 (1), 18
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Fig. 7 shows the plots of the electrical resistivity
(p) versus temperature deduced from the dc
conductivity (o,.) using the following relation: p =
1/pdc' This curve indicates that this compound
exhibits semiconductor behavior across all the
studied temperature ranges. Fig. 8 shows the
variation of dc conductivity (gy.) versus 1000/T
used for the calculation of activation energy, and the
plot clearly obeys the Arrhenius relation:

Gdc = O-O exp(Ea/kBT) (8)
where oo is the pre-exponential factor
corresponding to 1/T=0, kg is the Boltzmann (ks =
8,617 x10-5 eV K1), Ea is the conduction activation
energy and T is the absolute temperature. For the
sample, the activation energy Eq estimated from the
slope of the linear fit plot is equal to 0.42 eV at
temperature rang 200-420 K.
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Figure 7. The plot of the electrical resistivity (p)
versus temperature.
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Figure 8. The variation of dc conductivity (o)
versus 1000/T.

In order to understand the observed dielectric
dispersion, we carried out the complex impedance
analysis. The impedance spectroscopy is a very

powerful tool for studying the relaxation processes
and device structures [22-23]. Complex impedance
spectroscopy are carried out in the view of its
simplicity and importance in describing the
electrical processes occurring in the structure on
applying an alternating AC signal across the sample.
The yield response of such an experimental
measurement, when depicted in a complex plane
plot, appears in the form of a succession of
semicircles representing the contributions to the
electrical properties due to the bulk material, grain
boundary effects and interfacial polarization
phenomena if any [24,25]. Therefore, in our case
impedance analysis is employed to investigate the
complex impedance as Z = Z' + j Z" and dielectric
constant as € = €'+ j £" where Z’, ¢’ and Z", £" are the
real and imaginary parts of impedance and
dielectric constant, respectively. The frequency
dependent complex impedance is given by:

o
Re(Zz)=2'=———
(2) o’ +C?w? 9)
and
" —wC
Imz)=2 =——
(2) c?+C%w?

(10)

where C represents the capacitance and w= 2nf is
the angular frequency. On another hand the £"and £”
can related with Z’ and Z" by employing the
following equations

Z
CTWC.(Z27+27)
0 (11)
and
ZI
& = 77, 72y
WC,(Z?+2Z7?) (12)

where the first term ¢’ is the real part of dielectric
constant representing the amount of energy stored
in a dielectric material, while the second term " is
the imaginary part of dielectric constant (dielectric
loss) which describes the dissipated energy and Co
is the geometrical capacity.

Fig. 9 shows the variation of the real part of
impedance with frequency at various temperatures
for the studied sample. The magnitude of Z'
decreases with increasing temperature in the low-
frequency range which merges in the high-
frequency region irrespective of temperature. This
behavior can be interpreted by the release of space
charge [24]. The reduction in barrier properties of
the materials with rise in temperature may be a
responsible factor for enhancement of conductance
of the materials at higher frequencies [25-26].
However, in the high frequency region this behavior

J.NanoSci.Adv.Mater. 2024, 3 (1), 19
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Figure 9. Variation of the real part of the impedance
(Z) as a function of frequency for different
temperatures.

is changed considerably showing complete merger
of Z' plot above a certain fixed frequency. A
particular frequency at which Z' becomes
independent of frequency was observed to shift
towards the higher frequency side. The shift in Z'
plateau indicates the existence of frequency
relaxation process in the material. The curves
display single relaxation process and show the
increase in ac conductivity with increase in
temperature and frequency.

The variation of the imaginary part (Z') with
frequency at different temperatures is shown in Fig.
10. These curves exhibit peaks with characteristic
frequency maxima which are known as relaxation
frequency. A clear broadening of the peaks with
increasing temperature indicates the presence of
electrical processes in the material with a spreading
of the relaxation time. This is can be explained by
the presence of immobile species at low
temperatures and defects at high temperatures.
Since these observations were made at higher
temperatures, some relaxation species, such as
defects, could be responsible for electrical
conduction in the material by hopping of
electrons/oxygen ion vacancies/defects between
the available localized sites. The heights of peaks are
found to decrease gradually with the increase in
frequency and temperature, and finally, they merge
in the high frequency domain. It indicates the
presence of space charge polarization at lower
frequencies and disappearance at higher
frequencies.

Fig. 12 plots the frequency dependence of
imaginary dielectric constant ¢" at various
temperatures. It is observed that £" has high values
at low frequencies, while it decreases with
increasing frequency and becomes independent at
high frequencies. The observed increase in €" with
temperature at low frequencies could be due to the
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Figure 10. Variation of the imaginary part of the

impedance (Z") as a function of frequency for
different temperatures.
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Figure 11. Frequency dependence of imaginary
dielectric constant £’ at various temperatures.

dipolar polarization facilitating the increase in
permittivity [29]. Indeed, the dipoles cannot orient
themselves at low temperatures. As the
temperature increased and following thermal
movements, the orientation of dipoles is facilitated,
leading to an increase of dielectric constant value. In
the whole explored temperature range, the
dielectric constant decreases with increasing
frequency. The low value of dielectric constant at
higher frequencies is important for extending the
material applications towards photonic and electro-
optic [30]. The decrease in the dielectric constant
with increasing frequency is explained by the
decrease of polarization of the dipoles when electric
field propagates with high frequency. In other
words, beyond a certain frequency of electric field,
the charge carrier exchange does not follow the
alternating field. The large value of dielectric
constant at lower frequency is due to the
predominance of species such as oxygen vacancies,
grain boundary defects, etc., while the decrease in
dielectric constant with frequency is natural
because of the fact that any species contributing to
polarizability lags behind the applied field at higher
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Figure 12. Frequency dependence of imaginary
dielectric constant £” at various temperatures.
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Figure 13. The variation of tané with frequency.

and higher frequencies [31]. On the other hand, the
factor indicating the phase difference due to energy
loss within the sample at different frequencies is the
loss factor tangent given by [32]:

Tans = Z/Z = 54

The variation of tané with frequency is shown in
Fig. 13. The dielectric loss increases by increasing
temperature at constant frequency. This behavior
can be attributed to the fact that at low
temperatures, the conduction loss is minimal, when
the temperature increases the conduction loss
increases due to the increase in conductivity [29,
30]. Furthermore, we can see that, the dielectric loss
found to decrease with increasing frequency. This
behavior may be due to, in the high frequency, the
charge carriers cannot follow the electric field.

(13)
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Figure 14. The imaginary part of the impedance
(Z") versus the real part (Z') over a wide range of
frequencies and at different temperatures.
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Figure 15. Frequency dependence of the real part
of electric modulus (M) at different temperatures.

Fig.14 shows the imaginary part of the impedance
(Z") versus the real part (Z') over a wide range of
frequencies and at different temperatures. These
plots are characterized by the appearance of
semicircular arcs whose maxima decrease with the
increasing temperature. The appearance of a single
semi-circle at all the temperatures means that the
electrical processes obey a single relaxation
mechanism [31]. The radius of curvature decreases
with the increasing temperature demonstrating a
pronounced increase in dc conduction [32-35].

The complex modulus formalism is very
convenient tool to interpret the dynamical aspects
of electrical transport phenomena. Fig. 15 shows the
variation of M’ as a function of frequency for the
sample at different temperatures. These figures
show that M' approaches to zero in the low
frequency region, and a continuous dispersion on
increasing frequency, with a tendency to saturate at
a maximum asymptotic value, in the high frequency
region at all the temperatures. Such behavior may
be related to a lack of a restoring force governing the
mobility of the charge carriers under the action of
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Figure 16. Frequency dependence of the imaginary
part of electric modulus (M') at different
temperatures.

an induced electric field. This behavior supports the
short-range mobility of charge carrier. Fig. 16 shows
the variation of M" with frequency for the sample at
selected temperatures. It is clear from the figures
that the modulus spectrum is broader, and the
peaks are asymmetric. The peaks shift towards
higher frequency side on increasing temperature of
the sample. This behavior suggests that the spectral
intensity of the dielectric relaxation is activated
thermally in which hopping process of charge
carriers and small polarons dominate intrinsically.

3. Conclusion

CoosNiosFeCuOs spinel ferrite was synthesized by
sol-gel process. The structural study confirms that
the material has formed a cubic structure with space
group Fd-3m with an average crystallite size of 43
nm. The magnetic measurements were confirmed
by axial extraction BS1. The analysis of the magnetic
measurements shows that the material exhibits a
magnetic transition from the ferromagnetic to the
paramagnetic state at the Curie temperature Tc=
785K. The electrical and dielectric properties are
analyzed by impedance spectroscopy and found to
be dependent on temperature and frequency. The
value of the activation energy deduced from the
conductivity oqc is in the order of 0.42 eV, and the
sample presents a relaxation phenomenon with
non-Debye type.

Method

The CoosNiosFeCuOs4 ferrite is prepared by sol-gel
method using the following precursors: Co
(NO3)2.6H20, Fe(N03)3.9H20 and Cu(NO3)2.3H20
with 99.9% purity and purchased from Sigma
Aldrich. In a typical synthesis, stoichiometric

amounts of Fe(NO03)3-9H20, Cu(NOs3)2:6H20 and
glycine were dissolved in distilled water to give a
mixed solution. The initial solution was prepared by
mixing distilled water and the nitrates followed by
the addition of citric acid (CcHsO7) as complexing
agent for different metal ions. The solution was
heated to 70 °C with thermal agitation followed by
the addition of ethylene glycol until a high viscosity
residue (gel) was formed. The resulting gel was then
heated on a hot plate at 180 °C until a dry foam was
formed. This was ground and then annealed at 400
°C to evaporate the organic materials. The resulting
black powder was calcined at 700 °C for 24 h to
ensure complete release of the organic compounds.
After an annealing at 900 °C, the material was
subjected to another grinding and annealing cycle
until a very fine powder was obtained to obtain the
desired phase.

Powder X-ray diffraction (XRD) pattern of the
sample was recorded using a D5000 diffractometer
with Cu-Ka radiation (A=0.154060 nm) to check the
structure and phase purity. The morphology of the
sample was observed by scanning electron
microscopy (SEM), using a ZEISS-Ultra+system.
Magnetic measurements were realized with the BS1
magnetometer. For the electrical measurement, the
obtained powder is sintered in a pellet form of
approximately 10 mm of diameter and 2 mm of
thickness. We deposited on the both sides of the
pellets, a thin silver layer by evaporation under
vacuum through a circular mask. This plate
capacitor configuration allows the measuring of the
electronic transport across the compound and the
capacitance. We used an Agilent 4294A analyzer to
measure the conductance and the capacitance. To
vary the temperature, the sample was mounted on
the cold plate of a liquid nitrogen cooled cryostat
VPF800 of Janis Corporation. In fact, the
temperature was measured by a silicon diode
placed near the sample in the cryostat and regulated
by the controller 421 of Lakeshore Company. All the
measurements were conducted under vacuum and
in the dark to avoid the effect of the ambient
atmosphere and of the illumination.
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