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ARTICLE INFO ABSTRACT
Keywords: Cug sFey 504 nanoparticles were synthesized by the self-combustion method whose XRD and FTIR
Copper ferrite analyzes confirm the formation of the desired spinel phase. The thermal evolution of conduction

Self-combustion method
Conduction phenomenon
Scaling law

Dielectric behaviour

shows a semiconductor behaviour explained by a polaronic transport mechanism governed by the
Non-overlapping Small Polaron Tunnelling (NSPT) model. DC conductivity and hopping fre-
quency are positively correlated. The scaling of the conductivity leads to a single universal curve
where the scaling parameter « has positive values, which testifies to the presence of Coulomb
interactions between the mobile particles. Conduction and relaxation processes are positively
correlated by similar activation energies. Nyquist diagrams are characterized by semicircular arcs
perfectly modeled by an equivalent electrical circuit (R//C//CPE) indicating the contribution of
the grains. The dielectric behaviour shows a strong predominance of conduction by the
phenomenological theory of Maxwell-Wagner. The low values of electrical conductivity and
dielectric loss and the high value of permittivity, make our compound a promising candidate for
energy storage, photocatalytic and microelectronic applications.

1. Introduction

The ferrite nanomaterials are widely used in various categories of technological applications such as recording heads [1], mi-
crowave devices [2], magnetic data storage [3], automotive [4], targeted drug delivery [5], electrical devices [6], ferrofluids [7],
photo-catalytic applications [8], medical imaging [9], gas sensing [10] etc. These nanoparticles have been studied extensively because
of their potential applications and their particular properties such as high resistivity, semiconducting properties and structural phase
change with sintering temperature [11]. Also, these materials are recognized as soft magnetic materials due to their low coercivity and
low eddy current loss [12] when it comes to high frequency applications such as EMI filters [13] and multilayer chip inductors [14].
The dielectric behaviour of a ferrite material is indicative of the nature of the electrical charge carriers located in it and leads to an
understanding of the phenomenon of dielectric polarization. Furthermore, the properties of ferrite depend on many parameters such as
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the stoichiometric ratio [15], the preparation method and conditions [16] which are of great interest to control the distribution of
cations, grain size, crystal phases and to understand their correlation with physical properties. Among these materials, copper ferrite
represents a remarkable and very interesting versatile material [17]. Typically, copper ferrite can be presented as a tetragonal or cubic
crystallographic phase depending on the distribution of cations between the tetrahedral and octahedral sites of its spinel lattice [18].
The cubic structure has a stronger magnetic moment than the tetragonal structure due to the number of Cu ions occupying the
tetrahedral sites in the cubic structure [19]. The physical properties of this compound are basically correlated to the distribution of iron
and copper ions on the octahedral and tetrahedral sites as follows: [Cu;_yFex] (CuxFes_4) O4, where the square brackets and paren-
theses denote the tetrahedral [A] and octahedral (B) sites, respectively, and “x” is the inversion parameter which varies between 0 and
1.

Prabhu et al. [20] reported that the reduction in grain size of CuFe;04 is accompanied by a tetragonal to cubic phase transition.
Furthermore, Amer et al. [21] reported that increasing the annealing temperature induces a cubic-tetragonal-cubic phase transition in
CuFe04 nanoparticles grown by the coprecipitation method. Copper ferrite has been widely synthesized by different methods, such as
sol-gel [22], autocombustion [23], sonochemistry [24], hydrothermal [25], co-precipitation [26], solvothermal [27] and so on.
Among these synthetic processes, the combustion method has been particularly appreciated for the synthesis of metal oxides due to its
simplicity, short preparation time and inexpensive precursors. This method leads to homogeneous and non-agglomerated multi--
component nanoparticles. This method is based on the mixture of an oxidizing agent (metal nitrates) and a reducing agent (fuel). The
latter plays a very important role as it determines the crystal structure, grain size and morphology. It is clear that green synthesis
processes offer a simple and efficient alternative to physical and chemical synthesis methods.

After a thorough study in the literature on this compound, we found the absence of precise and thorough study on all the physical
properties (structural, morphological, electric and dielectric) of this compound substituted by copper with this percentage. Thus, the
aim of this work is to systematically study the effect of the substitution of iron by copper on the physical properties of spinel ferrites and
its usefulness for multidomain such as energy storage, photocatalytic and microelectronic applications. The results indicate that this
compound has excellent electrical and dielectric properties, including low conductivity, high permittivity at room temperature and
low frequencies, which makes them extremely attractive for the fabrication of electrical and microwave devices.

2. Experimental section
2.1. Synthesis

The reagents used are Fe(NO3)3-9H20, Cu(NOs3)2-6H20 and analytical grade glycine, purchased from Sigma Aldrich.

In a typical synthesis, stoichiometric amounts of Fe(NO3)3-9H20, Cu(NO3)2-6H20 and glycine were dissolved in distilled water to
give a mixed solution. This solution was placed on a hot plate at 80 °C under continuous magnetic stirring. As the excess distilled water
evaporated, the solution was transformed into a viscous gel. This gel was then heated to 300 °C to initiate the combustion reaction and
the resulting powder was carefully ground for 30 min and heated to 350 °C in an oven under an air atmosphere for 2 h. Eq. (1) shows
that the reaction is:

2.5Fe(NO;);, 9H,0 + 0.5Cu(NOs),, 6H,0 + 2.29NH, CH,COOH — Cuy sFe, 5O, (€8

2.2. Characterization

The microstructure study was carried out using a BRUKER D8 diffractometer in (6-20) geometry between 20° and 70° at a step size
of 0.02°/min and with a CuKa radiation source A = 1.5406 A. FTIR spectroscopy was performed using a Thermo Scientific Nicolet 6700
FTIR spectrometer operating between 400 and 4000 cm ™. In addition, dielectric measurements were performed in the frequency
range of 1 Hz-5 MHz and the temperature range 300 K-600 K using an Agilent 4294 A dielectric impedance analyzer, a Lakeshore
thermal controller and a Janis VPF-800 cryostat. The pellet made from the powder was 2.39 mm in diameter and 2.09 mm thick.
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Fig. 1. (a) X-ray diffractogram and (b) Fourier transformation infrared spectrum in the 400-1000 em ! ranges for Cug sFez 504.



I. El Heda et al. Heliyon 9 (2023) e17403
3. Results and discussion
3.1. Microstructure study

The X-ray diffractograms represented in Fig. 1a shows the formation of the spinel phase of our compound which crystallizes in the
face-centered cubic structure with space group Fd-3m. The Miller indices (hkl) are indexed in Fig. 1. The lattice parameter, a, was
calculated from the diffraction peak using Eq. (2) [28]:

LV + K+

4t 2

) sin 0 @

where ) is the wavelength, 0 is the diffraction angle and hkl are the Miller indices of the plan. For an accurate calculation of the lattice

constant, the lattice parameter was calculated for each peak of the XRD pattern and then the average of these values is determined, a =

8.354; A which is in agreement with the previously reported results [29,30]. Also, it shows the presence of a secondary phase a-Fe;03
with a percentage of 0.29. This percentage is determined using Eq. (3):
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with I(q_pe,0,) and Iicy,sre,50,) are the intensities of the most intense peak of a-FexO3 and Cug sFes 504 respectively. A bibliographic
study shows that it is almost impossible to get rid of the aFe2O3 phase. Indeed, Bergstein et al. [31] have shown that the a-Fe;O3 phase
is present in compounds with a spinel ferrite structure and whose sintering temperature is lower than 1280 °C. Moreover, Hwang et al.
[32] and Zahi et al. [33] have explained the presence of this phase by the incomplete reaction according to Eq. (4):

MO + Fe,O3 — MFe,04 (©)]

where M is a divalent metal ion (like Ccu®t in our compound).

To confirm the formation of the spinel phase of our compound we plot the Fourier transform infrared (FTIR) absorption spectra in
Fig. 1b. It shows the presence of two broad absorption bands around 431 and 519 cm™!. The first band is attributed to the Metal-
Oxygen stretching vibration in the octahedral site (vg) while the second is attributed to the Metal-Oxygen stretching vibration in
the tetrahedral site (vs) [34,35]. The appearance of these two absorption bands in a frequency range below 1000 cm~ ! is a charac-
teristic of all spinel materials [36] which confirms the formation of the desired spinel phase in our compound.

The morphological study was performed using Scanning Electron Microscopy (SEM) as shown in Fig. 2a. In this figure, irregularly
shaped grain agglomerations and inhomogeneous grain sizes are clearly visible, resulting in a rough and microporous surface
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Fig. 2. (a and b) SEM and TEM images respectively and (c) the corresponding average particle size histograms of Cug sFep 504.
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morphology. Indeed, these agglomerations are not only due to the magnetic moments, but also, to the large surface of the particles and
their interaction by the weak Van der Waals force [37]. It is therefore necessary to qualitatively describe the surface of the reaction
products obtained by the self-combustion synthesis method which allowed us to obtain particles of nanometric size. Therefore, from a
chemical point of view, a large surface area of particles tends to coalesce to form larger particles [38]. Moreover, the TEM image shown
in Fig. 2b shows that the particles are more or less spherical. Although the distribution is inhomogeneous, they appear to be clumped
together due to the magnetic property of the nanoparticles within the material. Using ImageJ software, an average size distribution of
1.93 pm was found. See Fig. 2c.

3.2. Optical analysis

The absorbance in the UV-vis range was used to determine the optical properties of this sample. Fig. 3a shows the presence of six
(6) absorption bands for the following wavelengths: 327, 365, 460, 550, 576, 626 nm. The first band is attributed to the inter-band
transition i.e. the migration of electrons from the valence band to the conduction band while the other bands are associated with
the intra-band transition i.e. excitonic transition [39]. The optical band gap can be estimated by linear extrapolation of (ahv)? as a
function of photon energy (hv) using Eq. (5) [40]:

ohv=A(hv — E,)" (5)

where a is the absorption coefficient, hv represents the energy of the incident wave, A is a constant and n is a parameter related to the
nature of the transition. In the case of a direct or indirect transition, it corresponds to 1/2 or 2 respectively. Fig. 3 shows that the gap
energy value is 3.7 eV which indicates the semiconducting behaviour of this sample and makes it a promising candidate for various
optoelectronic and photocatalytic applications. This gap value is consistent with the literature [41,42]. The results of our study
demonstrate that this sample has bandgap energy values higher than the theoretical value required for water separation (A > 1.23 eV).
This observation is of great importance in the context of photocatalysis of sunlight. As a photocatalyst, this sample can absorb photons
from sunlight thanks to their specific properties related to the high band gap. When photons are absorbed, they exceed the band gap
energy and generate electron-hole pairs. These electron-hole pairs constitute the reactive species responsible for photocatalysis re-
actions. In the case of water splitting, these reactive species can break water down into oxygen and hydrogen, helping to produce clean,
renewable energy [43].

3.3. Conductivity analysis

The variation of the conductivity as a function of frequency for different temperatures is shown in Fig. 4a. Analysis of these spectra
shows the presence of two distinct regimes: a static regime at low frequencies which results in a plateau irrespective of the increase in
frequency and the conductivity in this region is called the continuous conductivity. With increasing frequency, the conductivity moves
away from this static regime towards a dispersive regime and the conductivity in this region is called the AC conductivity. This
evolution of the conductivity is in accordance with the universal law for all oxides which is known as Jonscher’s law expressed by Eq.
(6) [44].

Cac(0) =0qc + A0° (6)

where o4, represents the steady state conductivity, A is a temperature dependent factor, o is the angular frequency and the exponent s
is a temperature dependent parameter. Depending on the thermal variation of this exponent, several conduction models can be
addressed to study the charge hopping mechanisms. Electronic exchange can take place by two transport processes, either by hopping
over the potential barrier or by the tunnelling effect [45]. In the former case the exponent “s” decreases continuously with increasing
temperature and the model responsible for the conduction is the correlated barrier hopping (CBH) model [46]. Then, in the case of a
transport process by tunnel effect, this exponent shows a multiple variation with temperature. When s is independent of temperature,
the conduction is dominated by the quantum mechanical tunnelling (QMT) model [47] whereas when “s” increases with temperature it
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Fig. 3. (a) absorption spectra in the UV-Visible range and (b) the variation of (¢hv)? versus (hv) of Cug sFes 504.
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Fig. 4. (a) Frequency response of ac conductivity at several temperatures and (b) Temperature dependence of s and 1-s of Cug sFe;504.

is dominated by the non-overlapping small polaron tunnelling (NSPT) model [48]. In the case where “s” decreases with temperature
until it reaches a minimum and then increases the overlapping large polaron tunnelling MODEL (OLPT) is responsible for the con-
duction process [49].

The thermal variation of the exponent “s" is illustrated in Fig. 4b. As clearly shown in this figure “s” increases with increasing
temperature and therefore the transport process is of polaronic type and governed by the NSPT model. In this model “s” can be
expressed by Eq. (7) [48].:

4KgT

S DI . L 7
= W K Tin(0) @

with K is the Boltzmann constant, i.e., 8.617 x 107> eV K1, Wy represents the potential barrier to be crossed and 1y defines the
characteristic time of the relaxation. For large values of Wy/kgT, the parameter “s” can be reduced and expressed by Eq. (8):

4K T

Wi ®

s=1+

It is clear that from the variation of “1-s" as a function of temperature, one can deduce the value of the height of the potential
barrier. As shown in Fig. 4b this height decreases with increasing temperature from 684 meV to 101 meV indicates the reduction of
defect centres with increasing temperature [50].

The results of the Jonscher conductivity fit are used to define the jump frequency vy expressed by Eq. (9) [51]:

o) ©

ZTCVH = (K

The variation of the dc conductivity 64, and the jump frequency vy as a function of temperature shown in Fig. Sla shows an
increasing trend and as shown in Fig. S1b, they are positively correlated by a slope very close to 1. Generally, the study of the electrical
transport properties requires the study of the temperature dependence of the conductivity allowing the understanding of the dynamics
of the charge carriers inside the materials. Knowing that the electrical conductivity of ferrites depends on many parameters including
the microstructure, the existence of a mixed valence (Fe?*/Fe>") and the density of the charge carriers, it depends considerably on the
temperature which influences the mobility and the number of charge carriers available for conduction. Under the effect of the increase
in temperature, the electrical conductivity increases, which is justified by the improvement in mobility and the exponential variation
in the number of charge carriers. Among the most used transport models, we applied the small polaron jump conduction model and the
variable distance jump conduction model. These two modes of transport will take place near the Fermi level between the most
favorable conductive sites in terms of distances and energies. The temperature dependence of the conductivity shows that it increases
continuously with increasing temperature indicating a semiconducting behaviour. This behaviour is attributed to the increase in the
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Fig. 5. (a) Variation of log (64, T) versus 1000/T and (b) variation of log (c4c) versus (1/T) % of Cug sFes 504.
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concentration of free carriers and the enhancement of their mobility with increasing temperature which strongly reduces the barriers
crossed by these charge carriers [52]. Furthermore, as the temperature increases, the moving charge carriers acquire more thermal
energy to easily overcome the potential barriers encountered [53]. The study of the dynamics of these charges is done by two models of
conduction processes, namely, the small polaron hopping (SPH) model and the variable distance hopping (VRH) model [54]. To
determine the type of conduction mechanism in this sample, we fitted the experimental conductivity data by these two models. The
variation of log(c4.T) as a function of 1000/T is shown in Fig. 5a which shows that in the high temperature region, the data are well
fitted by the SPH model mathematically represented by Eq. (10) [46]:

64T =0, exp(—Ea/KBT) (10)

where o is a pre-exponential coefficient, Ea represents the energy needed to activate the conduction. This energy is 309 meV which
indicates that the conduction is electronic. This value is comparable with other values reported in the literature associated with similar
compounds [55,56]. On the other hand, the variation of log(cg4.) as a function of T4 is shown in Fig. 5b which shows that in the low
temperature region the conductivity spectra are perfectly fitted by the variable distance hopping (VRH) model mathematically
expressed by Eq. (11) [57]:

N\
G4 = Gy €Xp <TO) 1)

where Ty is the Mott temperature which is of the order of 2.14 x 108 K.

These results indicate that at low temperatures the jump in charge carriers can be explained by the presence of localised trapping
centres involving varying activation energies. Whereas at high temperatures these trapping centres emit short range carriers due to the
thermally activated energy and conduction is governed by the SPH mechanism.

In order to gain a deeper understanding of the charge dynamics and the factors that influence the electrical transport process, we
have implicated the scaling law in the conductivity spectra. In general, several scaling approaches have been proposed in the literature
and are grouped by Eq. (12) [58]:

ct)_y(2) a2)

Gpc Vs

where F is the scaling function which is independent of temperature and v; is the scaling parameter which can be (i) vs = vy (Taylor and
Isard approach), (ii) vs = o4.T. (Summerfield approach), and (iii) vs = 64.T/(T/To) * (Baranovskii and Cordes approach).
In order to study the behaviour of frequency hopping and to determine the correlation between the two conduction regimes, we
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examine the validity of scaling the frequency axis by the hopping frequency (vy) [59]. The variation of 6,./04. as a function of v/vy
shown in Fig. S2a shows the tendency of these conductivity spectra to overlap over the entire temperature range explored. However,
this superposition is not perfect, which may be attributed to changes in the number of possible voices for electrical transport and/or to
changes in the density of thermally activated charge carriers. To examine the origin of the failure of the Taylor and Isard formalism, we
introduce Summerfield’s formalism which consists in normalising the axis of the frequency by the quantity (64.T) [60]. The variation
of 6,c/04c as a function of v/(c4.T) shown in Fig. S2b shows that these spectra are perfectly superposed at low and high frequencies,
whereas at intermediate frequencies they diverge from the main curve. This divergence of the spectra is probably attributed to the
coexistence of different types of conduction mechanisms. In this frequency region, the transport of charge carriers is assisted by the
thermal activation of various conduction processes with charge carriers of different radii. These changes are the main factors
contributing to the failure of the superposition of conductivity spectra. To investigate the origin of the failure of the Summerfield
formalism at intermediate frequencies, Baranovskii and Cordes [61] proposed the introduction of a parameter (T/Tg) * to correct the
Summerfield approach. Where Ty is the initial temperature of the measurement (in our case Ty = 300 K) and « is a factor that depends
on the cationic disorder, the structural defects [62] and the strength of the coulombic interactions between the mobile charges [63].
According to Baranovskii et al. [61] and Roling et al. [63], the superposition of the conductivity spectra occurs for « = —1.3 in the
absence of Coulomb interactions between the particles. Other studies have confirmed that ’a’ can deviate from the value « = —1.3 and
can take on positive numbers [64,65]. A quick inspection of Fig. S3 which plots the variation of 6,./64c versus ((v/64.T)/(T/T )
reveals the divergence of these spectra from the intermediate frequencies onwards, indicating the presence of coulombic interactions
between the moving charges. In order to obtain the optimal value of a, we applied numerous scaling tests for all isothermal curves.
Fig. S3b shows the variation of 6,./64c as a function of ((v/c4.T)/(T/To) *) and demonstrates a perfect convergence of all conductivity
spectra to a single spectrum along the temperature and frequency range. The thermal variation of o represented in Fig. S3c shows that
this factor is between 1.3 < a < 1.66 indicating a strong coulombic interaction mechanism between the particles.

3.4. Impedance analysis

The variation of the real part of the impedance as a function of frequency for different temperatures is shown in Fig. 6a. Initially in
the low frequency and high temperature region, Z' has typically high values and then it gradually decreases with increasing tem-
perature and frequency. This variation in the real part of the impedance could be due to the increase in the mobility of free charges and
the decrease in the density of trapped carriers [66]. However, in the high frequency region, the real part of the impedance curves seems
to merge independently with increasing temperature and frequency, possibly suggesting the presence of space charges [67]. This
behaviour is due to the reduction of the trapping centres as the temperature increases which could be a factor responsible for the
dispersion of the conductivity at high frequencies [66]. The variation of the imaginary part of the impedance as a function of frequency
(50 Hz —5 MHz) for different temperatures is shown in Fig. 6b. It shows the existence of a single relaxation peak for each temperature
indicating the beginning of the process of an electrical relaxation phenomenon in this compound [68]. These humps are explained by
Koop’s phenomenological theory and the interfacial polarization model [69,70]. According to these models, the spinel ferrite structure
is considered to be formed of two layers: a layer of highly conductive grains, separated by a layer of relatively thin and poorly
conductive grain boundaries. It is known that grain boundaries are more effective at low frequencies, unlike grains which are effective
at high frequencies. Therefore, these humps indicate a change in charge carrier dynamics from long-range mobility (left of peak) to
short-range mobility (right of peak).

It is clear that the frequency of these peaks shifts towards the high frequencies and that their heights decrease with increasing
temperature, which demonstrates that the charge carriers involved in electrical conduction are thermally activated and confirms the
semiconducting nature of this sample [71,72]. This behaviour is in agreement with that previously reported in the literature for
different ferrite systems [67,73]. In the high frequency region, the convergence of the Z” (f) spectra over the whole temperature range
confirms the presence of space charges in this compound [68]. Furthermore, the frequency values of these peaks (Vmax) are used to
determine the activation energy of the relaxation mechanisms using Eq. (13) [72]:
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Fig. 7. (a) the variation of Z"/Z" yax as a function of v/vmax and (b) the Nyquist diagram at several temperatures of Cug sFep 504.
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Vimax (ZU) =V eXp <7E3/KBT) (1 3)

The logarithmic variation of the relaxation frequency as a function of the inverse of the temperature is shown in Fig. 6¢. Note that
the linear fit of these data leads to an activation energy of 285 meV which is very close to that derived from the analysis of steady state
conduction. This indicates the presence of some common species involved in relaxation and electrical conduction and suggests that the
charge carriers involved in both processes cross the same potential barrier [71]. In order to study the temperature dependence of
relaxation mechanisms we have plotted the variation of Z"/Z" 5« as a function of v/vn,« in Fig. 7a. The convergence of all impedance
spectra to a single universal spectrum (superposition) reflects that the increase in temperature has not induced any change in the
relaxation process [74]. The impedance plot in the complex plane (i.e., Z” vs. Z') for the temperature range is shown in Fig. 7b. These
plots are characterized by semi-circular arcs whose diameter decreases with increasing temperature. The maintenance of a single
semicircle at each temperature proves that the electrical mechanism obeys a single relaxation process and the decrease in diameter
with increasing temperature refers to the sharp increase in the DC conductivity [75]. In order to analyse such a diagram, it is essential
to fit these impedance curves using the Zview software. The best fit of these data (red lines) leads to the sample being modeled as a
single electrical circuit consisting of a parallel combination of a resistor (R), capacitor (C) and a fractal capacitor (CPE) whose
equivalent configuration is [R//C//CPE]. The value of the equivalent impedance (Z*,) is expressed by Eq. (14) [76]:

1 1 1 1
=5ttt =
Z;, R Cjo C(jw)

(14)

where C represents the capacitance and o indicates the exponent of the CPE factor. Indeed, for this equivalent circuit, the real (Z') and
imaginary (Z") components of the impedance are expressed by Egs. (15) and (16):
) R + Co“R* cos (%)

Z= 5 - 5 (15)
(1 + R Cw® cos (‘%)) + (Ca)R + RCw* sin (%))

2 R*Cw + R*Co" sin (%) 16)
(1+R Ca* cos(%))” + (CoR + RCo® sin (%))

3.5. Modulus analysis

The variation of the real part of the modulus as a function of frequency for different temperatures is shown in Fig. 8a. Initially, at
low frequencies, M’ is practically zero (very close to zero), which means that the electronic polarization is negligible [77].With
increasing frequency, M’ is found to increase strongly with frequency, until it reaches a maximum value where it becomes insensitive to
frequency. This evolution indicates a change in charge carrier dynamics (a change in charge mobility) induced by spatial confinement
[78,79]. The variation of the imaginary part of the impedance as a function of frequency for different temperatures is shown in Fig. 8b.
The presence of a single peak for each temperature confirms the unique process of relaxation pre-reported in the impedance analysis
[80]. These peaks also confirm the change in the distance of the charge carrier jump from short distance to long distance at a particular
frequency (fnax) for each temperature. In the left side of this peak the charge carrier hopping occurs at long distance while in the other
side the charge carrier hopping occurs at short distance due to spatial confinement [80]. Furthermore, as shown in Fig. 9a, the linear fit
of the log(vmax) variation as a function of 1000/T, leads to an activation energy of 274 meV which is similar to those deduced from the
conductivity and impedance analysis [81]. In order to confirm the temperature independence of the relaxation mechanisms we have
plotted the variation of M"/M" .« as a function of v/vpay in Fig. 9b. This figure shows the tendency of these curves to converge to a
single universal curve in accordance with impedance scaling [74].

5 : 300 . 460/ - 560 (b) __»}"
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Fig. 8. (a and b) The frequency dependence of the real and imaginary parts of modulus M’ at several temperatures respectively.
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Fig. 9. (a) the variation of In(f,ay) as a function of 1000/T and (b) the variation of M"/M" ..« as a function of v/vy,x respectively of Cug sFes 504.
3.6. Permittivity analysis

The analysis of the dielectric response is an additional method to understand the conduction phenomena. Based on Mott’s theory,
the complex dielectric constant ¢* is defined by Eq. (17) [82]:

% ’ M 1
C T e -2 @
where ¢ is the real part of the permittivity which characterises, the energy stored in the material, while & is the imaginary part which
characterises the dissipated energy.

The variation of the real part of the relative permittivity as a function of frequency for different temperatures is shown in Fig. 10a. It
is clearly noticed that at low frequencies the real relative permittivity has very large values associated with the existence of various
types of polarization [83]. With increasing frequency, a rapid decrease in permittivity has been observed up to a certain frequency
where it slowly decreases with frequency. This decrease can be interpreted either as an increase in the concentration of free charges
which induces a decrease in polarization, or as a result of the stresses faced by the dipole as it follows the field orientation [84]. For a
given frequency, the permittivity is strongly dependent on temperature suggesting that both dipolar (rotational) and interfacial po-
larization are responsible for the permittivity [84]. The variation of the imaginary part of the relative permittivity as a function of
frequency for different temperatures is shown in Fig. 10b. It shows that the increase in frequency leads to a rapid decrease in ¢” until it
reaches a static value at high frequencies. In this region, the electronic exchange between the electric dipoles no longer follows the

10°
10°
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o100
40t
10°
107

10° 10° 10* 10° 10° 10? 10° 10* 10° 10°
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10° 10° 10°* 10° 10°
Frequency (Hz)

Fig. 10. (a and b) Variation of the real, imaginary part of the relative permittivity respectively and (c) the dielectric loss with frequency at different
temperatures of Cug sFez 504.
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increase in the frequency of the external electric excitation, hence the slow decrease in permittivity [19]. This evolution of the
dielectric behaviour is explained by the phenomenological theory of Maxwell-Wagner [69] and the Koop theory [70]. The dielectric
structure of ferrite materials is composed by grains of conductive nature separated by grain boundaries of resistive nature. Conse-
quently, the large value of the dielectric constant is due to the polarization of the space charge generated by the grain boundaries [85].
The polarization process is based on the exchange of electrons between two ions of the same mixed valence element and irregularly
distributed between identical interstitial sites [86]. In this context, the electrons must necessarily pass through the grains, which are
more conductive and effective at high frequencies, and the grain boundaries, which are more resistive and effective at low frequencies.
As a result, the imaginary relative permittivity decreases rapidly at low frequencies due to the resistivity of the grain boundaries,
whereas at high frequencies, the effects of the grains become apparent and thus the electron exchange can no longer keep up with the
increase in frequency of the alternating field. This explains the slow decrease in permittivity at high frequencies. On the other hand, we
notice that ¢,” increases with temperature due to the fact that the charge jump is thermally activated. The dielectric loss Tan (5) of our
sample is determined from the ratio of the imaginary &’ and real ¢ component of the permittivity as shown in Eq. (18):

Tan(3) =€/ /¢, 18

The variation of the dielectric loss with frequency (50 Hz-5 MHz) for different temperatures shown in Fig. 10c, shows a similar
variation of the permittivity. On the one hand, the evolution of the loss as a function of frequency can be interpreted by the fact that at
low frequencies, the charge carriers require more energy to cross the joints of the resistive grains. At high frequencies, however, the
charges require less energy to pass through the grains. On the other hand, the increase of the loss with increasing temperature is
justified by the thermal activation of the charge carriers. As the temperature increases, the concentration of charge carriers increases,
requiring more activation energy, which is reflected in the dielectric loss.

The ability of a material to store electrical energy is assessed by measuring its dielectric constant when subjected to an electric
current. Higher values of dielectric constant indicate a greater charge storage capacity. On the other hand, dielectric loss represents the
energy dissipated as heat when a material is subjected to an alternating electric field. Lower values of dielectric loss indicate better
energy efficiency of the material, which is important in microelectronic applications where energy consumption needs to be mini-
mized. Therefore, the dielectric results of this sample of ferrite materials, with a high dielectric constant and low dielectric loss at high
frequencies, suggest that these materials can be advantageously used in energy storage applications.

4. Conclusion

In this work, we have described the electrical and dielectric properties of a spinel ferrite compound Cug sFep 504 prepared by the
autocombustion method. The ac conductivity is interpreted by Jonscher’s universal law. The conduction mechanism is successfully
explained by the NSPT model. Scaling using the Taylor and Isard approach leads to an imperfect superposition of the conductivity
spectra. At the same time, using the Summerfield approach, a strong deviation of these spectra is observed. To correct this deviation,
the approach of Baranovskii and Cordes was applied, which leads to a single universal curve indicating the presence of Coulombic
interactions between the moving charges. The processes of conduction and relaxation are positively correlated by similar activation
energies. The Nyquist diagrams reveal the presence of an arc of the circle whose diameter decreases with increasing temperature
indicating that the transport process is thermally activated. The dielectric behaviour shows a strong predominance of conduction by
the Maxwell-Wagner phenomenological theory.
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