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Abstract

In this study, we synthesized Mgo sNiosFe2O4 (MNFO) spinel ferrites and Eu-doped
spinel MgosNiosFe19sEu0.020s (MNFEuO) using a solid-state method. Our
comprehensive analysis included structural, morphological, and dielectric properties.
X-ray diffraction (XRD) confirmed the cubic structure of both MNFO and MNFEuO.
The Rietveld refinement revealed an increased lattice constant for the Eu-doped sample,
attributed to the larger ionic radius of Eu** ions. The crystallite size was 46 nm for
MNFO and 80 nm for MNFEuO. The bulk densities were measured as 4.32 g/cm? for
MNFO and 4.41 g/cm?® for MNFEuO, with the theoretical densities calculated as 4.96
g/cm?® and 4.98 g/cm?, respectively. Scanning electron microscopy (SEM) indicated
well-defined, spherical particles with uniform size distribution and average grain sizes
of 0.86 um for MNFO and 0.62 um for MNFEuO. X-ray photoelectron spectroscopy
(XPS) confirmed the purity and oxidation states of the elements. Impedance
spectroscopy showed a significant enhancement in conductivity for MNFEuO, with DC
conductivity values at 600 K of 57 x 10* S.m™* for MNFO and 107.4 x 10* S.m™" for

MNFEuO, indicating superior electrical performance in the doped sample. Dielectric



analysis demonstrated an increase in the dielectric constant for MNFEuO compared to
MNFO, suggesting improved polarization properties. These findings indicate that Eu-
doped spinel ferrites possess promising potential for high-frequency and advanced

electronic applications.
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1. Introduction

In recent years, significant attention has been dedicated to the development of novel
materials, driven by their potential for various industrial applications [1-8]. Researchers
across materials science, engineering, and physics fields have been particularly focused
on understanding and enhancing the dielectric and electrical properties of these
materials to support technological advancements. Among these innovations, ceramic
materials have shown remarkable promise, especially for electronic applications, such
as ceramic capacitors and varistors. Within the ceramic family, recent studies such as
doped ACu3Ti4O4, [9-12], and co-modified TiO, [13] ceramics, demonstrating their
potential in electronic device applications due to improved stability and performance.
Our research has specifically concentrated on ceramics, particularly spinel structures,
as we explore their unique properties and potential applications in next-generation
electronic technologies. Spinel ferrites belong to a class of ceramic materials
characterized by the generic formula AFe>O4, where A represents a divalent metal such
as magnesium, cobalt, iron, copper, nickel.... The crystal structure of spinel ferrite
consists of a cubic-closed arrangement of oxygen ions, featuring 8 tetrahedral (A-site)
and 16 octahedral interstitials (B-site) positions within the unit cell [14, 15]. Generally,

there exist three varieties of spinel ferrite. A typical spinel can be denoted as
(A” )m (B’” )ZC[ O, . In an inverse spinel arrangement, the A" ions fill the octahedral
sites while a portion of the B ions occupies the tetrahedral sites. This configuration
can be symbolized as (B”’ )m (A” B )th O, . Finally, in mixed spinel ferrite, both A"
and B ions occupy octahedral and tetrahedral sites. This configuration can be
symbolized as(A” B" )ter (A” B" )Za O, . The physical and chemical characteristics of

ferrites are influenced by some variables such as heating and cooling rates, sintering
temperature and time. A range of techniques, including the solvent evaporation method,

the ceramic method, the hydrothermal method, the sol-gel method and the citrate



method, are employed to synthesis spinel ferrites. Ferrite nanoparticles have attracted
the attention of scientists in the field of technical materials because of their exceptional
electrical properties and remarkable chemical and thermal stability. These nanoparticles
are distinguished by their straightforward synthesis, exceptional electrical conductivity,
minimal electrical losses, and inherent lack of toxicity, making them valuable for
various technological applications across different fields [16, 17]. These applications
cover magnetic recording devices, television manufacturing, biomedical applications,
transformer design, electrochemical energy storage [18-20]. MgFe;O4 is an important
structure of the spinel family. Its crystalline composition adheres to the typical cubic
form. It has considerable utility in diverse fields such as heterogeneous catalysis, anode

materials for batteries, magnetic technologies, sensors and adsorption. The arrangement

of cations in magnesium ferrite can be represented by(Mglzfoef )A [Mgf*Fejfx ]B o7

,with "x" indicating the degree of cation inversion in the structural lattice [21].
Conversely, there has been significant interest in Ni-Mg ferrite compounds.
Consequently, among spinel ferrites, Nii.xMgxFe.O4 ferrite has garnered attention for
its notable attributes, such as elevated electrical resistivity, low coercivity, chemical
stability, and cost-effectiveness, which have led to increased interest in the large-scale
synthesis of ferrite materials for industrial use. Ni1.xMgxFe>O4 ferrites are also esteemed
for their suitability in high-frequency applications and magnetodielectric properties,
particularly in the microwave and radio frequency spectrum [22]. Studies have
demonstrated that among various compositions, NipsMgo4Fe2O4 exhibits relatively
superior electrical-magnetic characteristics [23]. The Nii.xMgxFe2O4 sample has been
researched and reported in several research projects [23-26]. Several scientists have
investigated how the substitution of certain elements in Ni-Mg spinel ferrite can
improve its physical properties. They have studied the properties of spinel ferrites by
introducing various more important rare-earth ions into the material. The use of
europium doped copper ferrites in high-frequency applications is important because of
its significant physical effects, including minimal dielectric loss, important sensing
capabilities and low conductivity levels. M.S. Sikder et al. [27] demonstrated that by
incorporating Eu concentration, both the magnetic loss and dielectric loss decreased.
This resulted in Eu-doped samples exhibiting superior dielectric and magnetic quality
factors compared to the undoped one. Additionally, the introduction of Eu content in

the sample led to increased resistivity and impedance. In addition, I. Sardar et al. [28]



indicates that the permeability and dielectric measurements exhibit an enhanced quality
factor in the FEu-doped samples, accompanied by reduced dielectric losses.
Additionally, analysis of frequency-dependent resistivity and impedance indicates an
improvement in their characteristics. J. Mahapatro et al. [29] indicate that incorporating
Eu** ions through doping leads to an increase in the dielectric constant. Consequently,
the materials exhibit potential suitability for applications in microwave devices.
Furthermore, Shilpa Kumari [30] illustrate that the introduction of Eu into LaMnOs
oxide induces an increase in the dielectric constant and modulus, with the enhancement
becoming more pronounced as the concentration of Eu increases. While doping with
rare-earth elements such as europium (Eu*") has been studied to enhance these
properties, there remains limited research on the detailed effects of Eu** doping in Ni-
Mg spinel ferrites, particularly in terms of frequency-dependent dielectric behaviour
and impedance characteristics. This study aims to address this gap by investigating the
structural, morphological, and dielectric properties of Eu**-doped ferrite, providing new
insights for its potential applications in advanced electronic and microwave
technologies. The current study involved synthesizing spinel ferrites with the primary
composition Mgo sNiosFe2Os (MNFO) through a solid-state technique. Subsequently,
Eu** ions were introduced to create a doped spinel variant, denoted as
Mgo.sNio sFe1 9sEu0.02004 (MNFEuO).

2. Experimental details

The MNFO and MNFEuO samples were elaborated using the solid-state method.
Stoichiometric quantities of Magnesium oxide [MgO] (Sigma Aldrich, 99.99%), Iron
oxide (III) [Fe203] (Sigma Aldrich, 99.99%), Nickel oxide [NiO] (Sigma Aldrich,
99.99%) and Europium oxide [Euz0s3] (Sigma Aldrich, 99.99%) were chosen to start
our samples preparation. The powders were mixed and grounded. The milling process
is done manually in ethanol for 30 minutes using an agate mortar to homogenize the
mixture. This step is essential to obtain uniform distribution of precursors. Then, the
mixtures were calcined at 900 °C for 24 hours to ensure the chemical reaction between
the components. The calcined mixtures were grounded again and calcined at 1100 °C
for 12 hours to reduce grain size, homogenize powder and increase grain reactivity.
Once thoroughly mixed, the powders were compressed into pellets with a diameter of

8 mm and a thickness of 2 mm using a pressing force of approximately 200 MPa and



sintered at 1200°C for 12 hours. All steps of the experimental procedure are described
in Figure 1.
In order to confirm the cubic structure of the samples, X-ray diffraction (XRD) analysis
was generated using a Panalytical X'Pert Pro system with Cu-Ka radiation (10° < 20
<90°). The morphological examination was performed utilizing a Scanning Electronic
Microscope (SEM) type JEOL JSM.6390L. In addition, Thermo-Scientific K-ALPHA
instrument was used to investigate the chemical surface. The electrical and dielectric
features of the prepared ferrites were assessed employing the "N4L-NumetriQ"
impedance analyzer. These analyses were carried out over a temperature range from
380 to 640 K, while measurements were collected over a wide frequency spectrum from
10 to 107 Hz.
3. Results and Discussions

3.1. Structural analysis
The X-ray diffraction (XRD) patterns for MNFO and MNFEuO samples were
measured at room temperature, covering a 20 range of 10° to 90°, and displayed in
Figure 2(a, b). As we can see, the diffraction peaks (111), (220), (311), (222), (400),
(422), (333), (511), (440), (531), (620) and (533) were indexed in the cubic structure
with the Fd3m space group. In addition, for the doped sample, a secondary phase was
detected which, attributed to EuFeOs with an orthorhombic system with space group
Pnma. The presence of the EuFeOs orthoferrite phase as an impurity in the XRD
analysis can be attributed to an excess of Eu** ions, which may lead to the formation of
the Eu20s phase along grain boundaries. This type of impurity has been observed by P.
Sivaprakash et al. [31]. The quantity and nature of the dopant (Eu**) significantly
influence the development of secondary phases during the sintering process.
Introducing small amounts of Eu*" ions into spinel ferrite can modify both the matrix
size and phase composition. Due to the larger ionic radius of Eu** (1.066 A) compared
to Fe** (0.645 A) [32], Eu** ions can partially substitute for Fe* ions at the octahedral
sites within the spinel structure. This difference in ionic size promotes the formation of
the EuFeOs phase in our sample, as any excess Eu** ions tend to form Eu.O; along grain
boundaries.
The Rietveld refinement analysis of MNFO and MNFEuO powders was performed
using the FullProf software [33]. Peak shapes were refined utilizing the Pseudo-Voigt

function, while the background was modelled via linear interpolation between set



background points with adjustable heights. A high-quality fit was observed between the
measured and calculated patterns, confirming the presence of the cubic phase. Detailed
refinement results are provided in Table 1. Compared to the pure ferrite, the
substitution of Eu*" ion in MNFO resulted in an increase in lattice the cubic cell volume.
This result was confirmed by the shift of the (311) peak forward towards lower 260
angles Figure 2(c). Further, the ionic radius of Eu** ions (1.066 A) is larger than that
of Fe** ions (0.645 A) [32]. The substitution of Fe*" ions with Er** ions suggests that
Eu’" ions occupy the B site lattice with sufficient space. Consequently, this leads to the
expansion of the unit cell, resulting in an increase in the lattice constants of the
MNFEuO sample. The same behaviour is reported by R. Tholkappiyan et al. [34].
MNFO and MNFEuO samples have mix spinel structures in which Ni** [35] and Eu**
ions prefer octahedral sites, while Mg?" and Fe**/?" ions prefer both tetrahedral and
octahedral sites [ 36, 37]. Hence, the distribution of cations in the prepared samples

may be suggested as [38]:
(Mgz+ Fel y+x) [NlOS -y 05 yFel+y+xEu2+]Bozzl_ (1)
Here, y is the degree of inversion and x is the concentration of Eu*" (x=0 and 0.02)

and A and B are tetrahedral and octahedral sites, respectively.

The most intense peak (311) was used to determine full width at half maxima B34

which, is used to estimate the crystallite size via the Scherrer’s formula [39]:

0.891
De=——"——(2)

Ba11) cos 8311
A= 1.5406 A represents the wavelength of CuKa radiation and 0311y denotes the angle
of the most intense (311) peak. The calculated crystallite size is 46 nm and 80 nm for
the MNFO and MNFEuO samples, respectively, which confirms that our samples are

of nanometer dimensions.

The bulk density p;, of the MNFO and MNFEuO ferrites was determined using
geometric measurement techniques, which involve calculating the density based on the
mass and dimensions of the samples. The measured bulk density of MNFO was found
to be 4.32 g/cm?, while MNFEuO exhibited a slightly higher bulk density of 4.41 g/cm?.
This difference may indicate variations in the compactness and structural characteristics
of the two ferrite compositions. To complement these measurements, the theoretical

density p;, was calculated using the formula [40]:



M
Pin =755 C)

In this equation, M represents the molecular weight of the specific ferrite composition,
N denotes Avogadro’s number, a’ indicates the volume of the cubic unit cell, and Z
refers to the number of molecules per unit cell, which is 8 for the spinel structure. For
MNFO, the p;;, was calculated to be 4.96 g/cm?, whereas MNFEuO had a p;;, of 4.98
g/cm?. The increase in p,;, upon doping with Eu** can be attributed to the atomic weight
and density of Eu*" (151.96 g/mol and 5.24 g/cm?®, respectively) [41], which are
significantly higher than those of Mg?* (24.31 g/mol and 1.74 g/cm?), Ni*" (58.69 g/mol
and 8.90 g/cm?) and Fe*" (5.85 and 7.86 gm/cm?) [42, 43]. Further, the bulk density is
lower than the X-ray density. This may be due to the existence of pores which were

formed and developed during the sample preparation or the sintering process.

To assess the packing efficiency of these materials, the relative density p, was

determined using the following equation [44]:
pr =22 %100 (4)
Pth

The relative density was calculated to be approximately 87% and 89 % for MNFO and
MNFEuO, respectively, indicating that both samples occupy a significant portion of the
theoretical density. This percentage reflects a relatively high level of densification,

suggesting effective processing conditions.

3.2. Morphological analysis

The SEM images of the MNFO and MNFEuO ceramics provide insights into the
microstructural characteristics of the synthesized materials Figure 3(a, b). It reveals
well-defined particles with a relatively uniform size distribution, indicating a consistent
synthesis process. The particles predominantly exhibit a spherical morphology, with
few pores and sharply defined grain boundaries. Notably, the inclusion of Eu** ion into
MNFO matrix did not cause any changes on the sample morphology. The average grain
size was estimated using ImageJ software and the data were fitted using the Log-
Normal function [45]:

1 e—P————
V2moDg

f(Dg) =



Do represents the median diameter, and ¢ corresponds to the data dispersion. The inset
of Figure 3(a, b) illustrates the histograms of average grains size for both samples. The
Dgis equal to 0.86 and 0.62 um for MNFO and MNFEuO ceramics, respectively. The
empirical data indicate that the Eu** substitution inhibits the growth of crystalline
particles, as shown by a noticeable reduction in the average size of the ferrite grains.
This reduction in grain size can likely be explained by the stronger bond energy of Eu’*-
O compared to Fe**-O?. This stronger bond energy lowers the energy required for
grain growth, resulting in a more refined grain structure [46, 47].

The grain sizes determined using Scherrer’s method are smaller than those observed in
the SEM images. This discrepancy can be attributed to the fact that each particle seen
in the SEM is composed of multiple crystallized grains.

To confirm the presence of all elements in our MNFEuO sample, energy-dispersive X-
ray (EDX) analysis was performed, as shown in Figure 3(c). All elements from the
various precursors were detected, validating the effectiveness of the process used to
produce the ceramic. Additionally, the EDX spectrum reveals a characteristic Eu** peak
at 5.84 keV, confirming the incorporation of Eu** into MNFO. The elemental mapping
of the MNFEuO surface in Figure (c¢) further demonstrates a homogeneous distribution

of all elements across the ceramic surface.
3.3. XPS analysis

X-ray Photoelectron Spectroscopy (XPS) represents an effective methodology, not only
for the detection of chemical elements but also facilitating quantitative analysis of the
oxidation states of metal ions within synthesized materials. Figure 4 depicted the XPS
spectra for the MNFO and MNFEuO samples at room temperature. The appearance of
the Cls peak within the wide spectra can be linked to hydrocarbon contamination from
the laboratory environment, contributing to the C-C band [48]. Consequently, this
observed peak serves as an energy reference for the determination of core-level spectra
peak positions. Furthermore, elemental species such as Mg, Ni, Fe, Eu, and O were
successfully identified, thereby validating the purity of the synthesized samples.
Detailed information regarding peak positions and Full Width at Half Maximum
(FWHM) for core-level spectra, including Mg2p, Ni2p, Fe2p, Eu3d, and Ols are
provided in Tables 4 and 5, respectively, for the synthesized materials. A detailed
examination of the XPS spectra was employed to confirm the electron configuration

and the level of oxidation of the constituent elements within the samples. A Shirley



background correction method was used, while parameters such as full width at half
maximum (FWHM) and peak positions were permitted to adjust. The selection of the
optimal number of peaks for fitting was carried out manually, with preference given to
the fewest peaks that gave a satisfactory fit for the analysis. The values corresponding

to the observed peaks are summarized in Table 2.
e Mgls peak

The analysis of the Mgls peak is required to elucidate the cation distribution of Mg
ions within the two samples. Figure 5(a, b) illustrates the high-resolution Mgls spectra
of both MNFO and MNFEuO compounds. The Mgls spectra of pure ferrite can be
fitted into two binding energies at 1303.21 eV and 1305.74 eV, characteristic of the
Mg?* ion [49]. However, in the case of doped ferrite, the Mgls spectra can be fitted into
two binding energies at 1302.95 eV and 1306.04 eV, which assigned to the Mg?" ion
[49]. In addition, Typically, in ferrites, when cations are distributed across two different
sites, the appearance of two XPS peaks, peak broadening, and peak shift of the
photoelectron peak is noted within the Eu*" doping, which attributed to the distribution
of Mg ions in octahedral and tetrahedral sites within the ferrite lattice. The peak at
higher binding energy corresponds to octahedral Mg ions, while the peak at lower
binding energy is associated with Mg ions in the tetrahedral site. This widening of the
peak could be attributed to the incorporation of Eu*" ions into the spinel structure.
Furthermore, it suggests a cation distribution of Mg ions across octahedral and
tetrahedral sites, influenced by the presence of Eu*" ions. This result confirms the XRD

study.
e Ni2p peak

Figure 5(c, d) displays the Ni2p core level spectra of the MNFO and MNFEuO
samples. The Ni2p spectra are characteristic of Ni>* with the Ni2ps> and Ni2pi/» peaks
at 856.31 and 873.19 eV for MNFO and at 856.50 and 873.43 eV for MNFEuO,
respectively, accompanied by satellite peaks located at 864.11 and 864.07 eV [50, 51].
These satellite peaks are typically seen in paramagnetic Ni** compounds and are
attributed to charge transfer multielectron transitions [52, 53]. It should be noted that
the difference between the Ni2ps2 and Ni2pi. levels align well with those reported in

references [52].



e Fe2p peak

According to the spin-orbit coupling principle, the Fe2p orbital displays a Fe2p32 and
Fe2pi,2 doublet, assigned to the exchange interaction between the outer 3d electrons and
the remaining 3s electron of the atom [54]. Figure 5(e, f) depicts the high-resolution
XPS spectra of the Fe2p peak for both pure ferrite and Eu-doped ferrite. The doublet
peaks attributed to Fe 2p3»2 and Fe 2pi2 and observed at binding energies near 712.33
eV and 725.94 eV for MNFO and 712.64 eV and 726.06 eV for MNFEuO may be
ascribed to are Fe*" and Fe?*, respectively [55]. Furthermore, the broadening of the
Fe2ps. peak is evident upon doping pure ferrite with Eu**. This increase of the peak
width arises from the distribution of Fe*" cations across both octahedral and tetrahedral
sites within the spinel lattice, a distribution influenced by the presence of Eu in the
sample. Notably, the peak area corresponding to the distribution of Fe’" in the
octahedral site is high compared to that in the tetrahedral site. Europium is always
preferred the octahedral sites. Consequently, Fe** ions can occupy both types of sites,
thus distributing themselves between it, a phenomenon consistent with the findings

from XRD analysis.
e FEu3d peak

Figure 5(g) displays the XPS spectra of Eu3d for MNFEuO sample. The presence of
two distinct peaks at 1166.44 and 1137.15 eV corresponds to the core levels of Eu3ds
and Eu3ds), respectively, indicating that the Europium element is in the +3-oxidation

state [56].
e Ols peak

The Ols spectra for MNFO and MNFEuO samples are shown in Figure 5(i, g). It can
be fitted into two peaks in binding energy scope at 529.57 eV and 532.28 eV MNFO
and 529.92 eV and 532.39 eV for MNFEuO, corresponding to lattice oxygen O* [57-
59]. Additionally, the peak at 529.92 eV matches the previously reported data for Fe-O
bonding [60]. This assignment of the photoelectron peak indicates that six oxygen ions

are octahedrally coordinated with Fe(III).
3.4. Conductivity analysis

The measurements carried out by impedance spectroscopy allow calculating

conductivity using the following formula [61]:



Gtot = == (6)
Where G, e and A represent the conductance, thickness and surface area of the samples,
respectively. The variation of conductivity as a function of frequency at different
temperatures for the MNFO and MNFEuO compounds is represented in Figure 6(a, b).
At low frequencies, the conductivity exhibits a plateau-like behavior, showing slight
temperature dependence and independence from frequency up to a value denoted as the
"hopping frequency." This corresponds to direct current conductivity opc which is due
to band conduction [62]. At high frequencies, starting from the hopping frequency,
conductivity begins to increase with both temperature and frequency. This corresponds
to alternating current conductivity ocac. Several theories have been proposed for the
study of oac, among which is the site-to-site hopping model [63]. For our studied
materials, the 6ac is due to the electron hopping process between Fe*" and Fe?* ions in
the octahedral site [64]. Jonscher suggested that dispersion is a 'universal' property of
dielectric materials and a consequence of the complex interactions between mobile
species [65]. It is worth mentioning that several authors have obtained AC conductivity
by subtracting direct current (DC) conductivity from total conductivity, assuming that
AC and DC processes originate from separate mechanisms. The frequency dependence

of ¢ 1s given by the following equation [39]:
Got = 0qc(T) + 04c(T, @) = 4. + Y" (7)

Where o is the angular frequency (0=2nF), Y represent a parameter which, varies with
temperature and provides insights into the polarizability strength and n is an exponent
which characterizes the extent of interaction between mobile charge carriers and their
surroundings, with values ranging between 0 and 1. These interactions may manifest as
either translational or localized phenomena [66]. The conductivity fitting using
Equation 7 demonstrates good agreement between experimental and theoretical curves
for the studied materials. The evolution of the exponent n as a function of temperature
for both samples is depicted in Figure 7. As can be seen, the values of ‘n’ exhibit a
decline until reaching a minimum, followed by an increase with temperature increase.
This observed behavior suggests that the Overlapping-Large Polaron Tunneling
(OLPT) model emerges as the most appropriate framework for elucidating the electrical
conduction mechanism within our materials [67]. The same behaviour was observed in

the work of M. Chebbi et al. [68] for Mgo.sCoo.4FeCrOg4 Ferrites. This model elucidates



the mechanism of large polaron hopping. In essence, it implies the migration of
polarons within the crystalline lattice. With its low effective mass and large radius, the
movement from one site to another is easy. This process induces only minor

reorganizations of the polarizability.

Figure 8(a) depicts the experimental curve illustrating the thermal variation of opc for
the MNFO and MNFEuO compounds. The increase in conductivity with temperature
confirms the semiconductor behaviour [69]. The comparison of opc values at 600 K for
our samples, with respective values of 57 x 10™* S.m™ and 107.4 x 10™* S.m’!, to
those reported in the literature reveals notable differences [70, 71] (Figure 9(b)). Our
samples exhibit significantly higher conductivity compared to MCFC900
(Mgo.6Cug 4FeCrO4: 1.238 X 10~* S.m™"), MCFC1100 (Mgo.cCuo4FeCrOs: 19 x 10™*
S.m™), MCCFC900 (Mgo.6Coo2Cuo2FeCrO sintered at 900°C: 1.49 x 10~* S.m™!) and
MCCFC1100 (Mgo6Co02Cuo2FeCrO sintered at 1100°C: 7.042 x 10~* S.m™),
suggesting superior electrical performance in our compositions. These enhanced
conduction properties contribute to improved charge carrier mobility and conductivity
in our samples. Such superior conductivity in our compounds holds promising

implications for their application in various electronic devices.

In the temperature range (380 — 480 K), denoted Region I, the experimental data may
be fitted by Mott's Variable Range Hopping (VRH) law [72]:

Opc = o'oe(TTO)O.25 6]
oo represents a pre-exponential factor and To denotes Mott’s distinctive temperature
parameter. This latter characterizes the transition between distinct transport
mechanisms within the VRH model. Below To, the conduction primarily arises from
hopping between localized states, resulting in conductivity exhibiting an exponential
relationship with temperature due to thermally stimulated hopping. As temperature
decreases towards To, both hopping distance and energy barriers diminish. Conversely,
above To, the VRH mechanism changes, causing conductivity to deviate from
exponential dependence. In this regime, charge carriers can access states farther away,
leading to hopping distances comparable to the localization length [73]. Figure 9(a)
displays the Ln(op.) variation versus T-%%, confirming the presence of VRH model at

low temperatures, with Ty estimated at 237 x 108 K and 5 x 10® K from the linear fit



for pure and doped samples. These Ty values align well with those reported early [74-
76]. Further, to find the activation energy values in this temperature range, the following

expression is used [77]:

3

E\o =——
a0 4nd3pgy

®

d 1is the hopping distance and pgr represents the density of states near the Fermi level,

which can be expressed by the following expressions [72]:

24

PEF = 53T, (10)

dt = #’;m (11)
Here, B =1 nm represents the degree of localization [78] and pgg is the density of the
states near the Fermi level. Table 3 presents the estimated values of To and pgg for both
samples. In comparison with pure ferrite, the pgg values increased from 3.74 x 105 to
1.77 x 10'7eV ~tcm™3 with the doping of Eu?*, leading to increased distortion in the
states near the Fermi level in regions I. This increase can be attributed to the
enhancement of the conductivity with doping Eu?" in the MNFO composition [78].
Figure 9(b) illustrates the temperature-dependent trend of the hopping distance d,
indicating a reduction from 0.075 to 0.071 nm and from 0.083 to 0.079 nm for pure and
doped samples, respectively. The Mott parameters obtained from our study exhibit
favourable comparison with those reported in reference [78] for nano-ferrite samples.
From the observed values of the hopping distance d and the density of states near the
Fermi level pgg, the activation energy Eas was computed. The Figure 9(c) shows the
temperature profile of the activation energy within the range of 380—480 K. Notably,
there is a discernible rise in Eas from 0.15 to 0.18 eV and 0.028 to 0.030 eV as the
temperature increases for MNFO and MNFEuO samples, respectively. This observed
trend aligns with the characteristic behavior exhibited by similar disordered materials

[79].

In the temperature range (500 — 640 K), denoted Region II, the experimental data can
be fitted by the Arrhenius law [80]:

Eao

Opc = Gpe KeT (12)



Figure 10 depicts the variation of Ln(opc) as a function of 1000/T for MNFO and
MNFEuO samples. A decreasing linear trend is observed. The activation energy values
are deduced from the slope, Eac = 0.649 eV and 0.586 for MNFO and MNFEuO,
respectively. The conductivity can be described by small polaron hopping (SPH).
Increasing the temperature lowers one side of the potential well, enhancing the hopping
of charge carriers to neighboring sites. Consequently, the number of polarons increases,
leading to an increase in conductivity, confirming that the conduction process is
thermally activated. The activation energy values are associated with doubly ionized

oxygen vacancies (V") [81].
3.5. Complex impedance spectra

Nyquist plots are employed to analyse electrical properties, where the complex
impedance Z =Z'+ Z" is plotted in the complex plane as (x =Z') and (y =+ Z"). Figure
11(a, b) depicts Nyquist diagrams obtained for MNFO and MNFEuO samples in the
temperature range 380-640K. These curves exhibit a single semi-circular arc in the
studied frequency range. It is observed that the radii of the semicircles decrease as
temperature increases, indicating the semiconducting nature of both samples [39, 82-
83]. To extract the characteristic parameters, equivalent circuits were utilized using the
Z-view software [84]. The equivalent circuit enables the simulation of all impedance
spectra for the temperature range of 380-640 K for both compounds. The modelled
equivalent circuit was represented in Figure 12. The parameters extracted from the
equivalent electrical circuit are the polarization resistance (Rp), describes the electrical
resistance of the material, and the parameters of the Constant Phase Element (CPE)
which, is used instead of a pure capacitance to account for the offset associated with
the electrical inhomogeneity of the material (distribution of relaxation times of the

system). The CPE impedance is given by the following expression [85]:

Zepk = oo (13)
Where T (CPE-T) is expressed in capacitance units. Generally, the impedance Zcpk is
considered a dispersive capacitance. The value of the exponent P (CPE-P) determines
the capacitive nature of the element: if P=1, the CPE is an ideal capacitance; if P=0, the
CPE behaves like a pure resistance, whereas if P=-1, it behaves like an inductance and
has a Warburg element when P=0.5. The total complex impedance of the proposed

equivalent circuit is expressed as:



Z-=17"—-j7" (14)
Where Z’ and Z” are expressed by the following formulae:

P
Rp(1+R,Tw" cos (7"))

[
- Prr . Pm
(1+R,ToP cos(=7))2+(RyTwPsin (7))

15)

and,

g Rp2ToPsin (5 (16)

= P P
(1+RpTwP cos(Tn))2+(RpTism (7“))2

14

The values of Ry, CPE-T, and CPE-P are adjusted using the least squares method, which
minimizes the gap between experimental and calculated values. The limit of Z’ at low
frequencies is Rp, deduced from the intersection of the representative circle of Z’ with
the real axis at high Z values. The modelled values of R, CPE-T, and CPE-P are listed
in Table 4. For all three compounds and at various temperatures, the values of the CPE-
T capacitance are on the order of nF, indicating that the observed semicircles are

attributed to intergranular conduction [86, 87].
3.6. Impedance analysis

Figure 13(a, b) illustrates the variation of the real part of complex impedance Z' as a
function of frequency for MNFO and MNFEuO. For the two samples, the frequency
response of Z' exhibits similar trends. It is observed that at low temperatures and
frequencies, the values of Z' are typically high. The Z' gradually decreases until
reaching a critical value, beyond which it decreases to zero at high frequencies. At high
frequency, the values of Z' converge. These results can be explained by the charges
released due to the reduction of the material barrier with increasing temperature. At
high frequencies and for all temperatures, the narrowing of Z' values can be interpreted
by the presence of a space charge region following the reduction of the materials'
resistive behaviour [88]. However, a similar observation was reported by M. L.

Bouazizi et al. [89] for the compound Nig.sMgo.2Coo2FeCrOs.

Figure 14(a, b) represent the variation of the imaginary part of complex impedance Z"
as a function of frequency at different temperatures for the two samples. It is noticeable
that all samples exhibit the emergence of a maximum Z,,,,, that shifts towards higher
frequencies with increasing temperature. The displacement of this maximum confirms

the existence of a potential relaxation phenomenon [90]. Similar behavior has been



observed by M. Chebbi et al. [91] for spinel ferrites MgosCo004FeCrOs. From the
maximum of Z", the relaxation frequency F, of charge carriers can be deduced, and

subsequently the relaxation time 1, using the following expression:

1
"~ 2nF,

Tz a7y

The variation of the 1, as a function of 1000/T is characterized by an Arrhenius-type

behavior:

_Eqz

T, = Tpe XBT (18)

To 1s the pre-exponential factor or the characteristic relaxation time constant, and Ea,
represent the activation energy. In Figure 15, we have plotted Ln(t,) versus f(1000/T)
for the MNFO and MNFEuO compounds, demonstrating that it can be well fitted by a
linear fit. The activation energies obtained are summarized in Table 5. The activation

energy values are associated with doubly ionized oxygen vacancies (V) [81].
3.7. Modulus analysis

The experimental data can also be analysed within the framework of complex modulus.
This formalism is required for minimizing the effects of electrode polarization and other
interfacial phenomena of solid electrolytes [92]. The complex modulus can be

calculated from the dielectric permittivity using the following expressions [93-96]:

M*((.O) — 1 g(w) _]. £ (w) =M’((.0)+iM”((.0) =M, [1_

e ez 7 er(w))?

Jy emt (- =Oydt|9)

Where M' and M" represent the real and imaginary parts of the complex modulus M*,

M, = gi is the inverse of the high-frequency dielectric constant, and ®(t) represents

=)

the Kohlrausch-Williams-Watts (KWW) electric relaxation function [96-98], which
describes the deviation degree from the relaxation of a single charge carrier in the time
domain:

¢ )BKWW

d(t) = e’(m (20)

Here, tkww is the relaxation time and Bxww 1s the parameter characterizing the deviation

between the electric relaxation function of a real solid electrolyte and the Debye-type



relaxation function of an ideal solid electrolyte (0 <f <1). The function % can be

approximated by various empirical functions such as Cole-Cole [99], Fuoss and
Kirkwood [100], Cole and Davidson [101], Jonscher [102], or Havriliak and Negami
[103]. Among these functions, Havriliak and Negami (HN) is the most used in the
literature [104-106], given by the following expression [107]:

© _jw d
@un(w) = [, et (— &) dt = ;]Y (21)

dt [1+(joTtgn)®

Where tun represents the relaxation time, o and y are shape parameters. These two

shape parameters are related by the following formula [108, 109]:
y=1-0.812(1 - a)?3% (22)

According to the work of Alvarez et al. [108], the fitting parameters a and y of the
Havriliak-Negami function are related to the Bxww parameter of the Kohlrausch-

Williams-Watts empirical function by the following expression:

Biww = (ay) 155 (23)

The fitting parameters values are recorded in Table 6 and 7. Considering the

Equation (19), the M’ and M” can be expressed as:
M =M, (1 — ) 24)
and,
= () 09
Where;
A=1+ (u)t)“cos( )+ (k — 1) LnC [1 + (w‘t)“cos( )] + (k-
1) (@0 Ysin () (26)
= (u)‘t)“sm( ) +2 (- 1) LnC(w‘t)“sm( ) —(k-1) [1 +
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C =1+ (w1)?* + (w1)%® cos( ) (28)



and,

Y = arctan [Lm(a?n))l (29)

1+(w1)™ cos(%

Figure 16(a, b) and Figure 17(a, b) depicts the variation of the real and imaginary parts
of the modulus as a function of frequency for different temperatures for our samples.
The solid curves represent the calculated values of M' and M" obtained from Equations
(20) and (21). The agreement between experimental and calculated curves shows that
the adopted model accurately describes the material behavior. For each temperature and
as the frequency increased, the imaginary part of the modulus continued rising,
ultimately reaching a peak associated with relaxation Mmax. This maximum
corresponds to the characteristic frequency Fmax. The domain corresponding to
frequencies lower than Fmax relates to long-distance movements of charge carriers,
whereas the domain at frequencies higher than Fumax corresponds to carriers more
confined in their potential wells. Near the relaxation frequency Fmax, there is a transition
from long-distance to short-distance movement. In addition, the peaks' maxima shift
towards higher frequencies with increasing temperature. At low frequencies, M' values
are very low, indicating negligible electrode effects that can be ignored. At high
frequencies, the M' curves reach a constant value equal to M., attributed to relaxation
processes. The relaxation time is estimated from the equation 2nFmtn=1, with F, being
the relaxation frequency determined from the peak of the M" frequency curve. The

variation of the relaxation time with temperature can be described by the Arrhenius law:

_Eam
Tm = Toe XBT (30)
Where Eam represents the activation energy. Figure 18 illustrates the variation of Ln(tm)
as a function of (1000/T) for the MNFO and MNFEuO samples. This variation follows
the Arrhenius law. The deduced activation energies are summarized in Table 3 and
compared to those previously obtained from impedance and conductivity
measurements. From this table, it is noteworthy that the activation energy values E,
estimated from the modulus phenomenon, are of the same order of magnitude as those
extracted from the peak of the Z”° curve and conductivity. These results once again
justify the nature of electrical conduction in our samples, which is likely due to a

hopping mechanism [110-111].



3.8. Dielectric analysis

An analysis of the dielectric constant £ and dielectric loss Tane was performed for the
MNFO and MNFEuO samples over a frequency range of 10> Hz to 107 Hz within a
temperature spectrum of 380 K to 640 K. The €’ and Tand may be calculated using the

following formulae:

"
’ Zz

= wtozrrzn BV

And,
ZII
Tan(9) = - 32)

Where C, = EOTA denotes capacitance in farads of both samples and € is the permittivity

of free space (approximately 8.854x10 2 F). For MNFO and MNFEuO compounds,
the dielectric constant exhibits a higher value at lower frequencies, attributed to space
charge polarization within the dielectric materials, as illustrated in Figure 19(a, b).
Conversely, the dielectric constant decreases with increasing frequency. At elevated
frequencies, the &' tends to saturate because the electrons can no longer respond
adequately to the applied electric field, resulting in a phase lag in their directional
alignment relative to the oscillating field [112-113]. This phenomenon can be elucidated
through Maxwell-Wagner polarization theory and Koop’s phenomenological theory
[114-115]. According to this model, a dielectric medium is viewed as consisting of
highly conductive grains that are more effective at lower frequencies, while poorly
conducting grain boundaries become more significant at higher frequencies. The
elevated value of ¢’ at low frequencies is primarily due to interfacial polarization, where
charge carriers accumulate at the grain boundaries [116]. At low frequencies, electron
exchange between Fe*" and Fe’* takes place, leading to polarization in the samples. In
contrast, at high frequencies, the electron exchange remains relatively unchanged with

frequency, resulting in a stable behaviour.

Figure 20(a, b) illustrates the variation of tan(d) as a function of both frequency and
temperature for both ferrites. The behavior of Tan(6) changes with these parameters,
offering insights into the properties of the ferrite material. At lower frequencies, Tan(0)
values are higher, indicating that more resistive grain boundaries primarily contribute

to energy dissipation in the ferrite. In contrast, at higher frequencies, the tangent loss



decreases, suggesting that less resistive grains become more influential in energy
dissipation. Additionally, Tan() increases with rising temperatures due to a thermally
activated conduction process in the ferrite, where thermal energy boosts the material's
conductivity, thereby increasing energy dissipation. Additionally, to elucidate the Eu**
ions impact in the dielectric features of MNFO ferrite, Figure 20(c) shows a
comparison of ¢ and Tand for MNFO and MNFEuO at 560 K. As evident, the
dielectric constant of MNFEuO is found to be superior to that of MNFO ferrite.
Whereas the dielectric loss is found to be slightly lower to that of MNFO. In fact, the
Eu** introduction into the Fe** site led to a conversion of some Fe?* ions back to Fe** to
maintain charge neutrality. This conversion may have enhanced the hopping between
Fe** and Fe?" ions and increased grain resistance, all of which contributed to the increase
in & of the material. Similar behaviour has been observed in Eu-doped

Co00.2Zn0.3Nio.sExFe2—Oa ferrites [117] and Eu-doped NiZnCo ferrites [118], where the

introduction of Eu** ions also enhance the dielectric properties in a comparable manner.
4. Conclusion

The successful synthesis of MgosNipsFe:O4 (MNFO) and Eu-doped
Mgo.sNio sFe1.9sEu0.0004 (MNFEuUO) spinel ferrites via a solid-state method has been
demonstrated through comprehensive structural, morphological, and dielectric
analyses. XRD results confirmed the cubic structure, while SEM images revealed
uniform, spherical particles. XPS analysis validated the elemental purity and oxidation
states, further supporting the successful incorporation of Eu** ions. The Rietveld
refinement analysis indicated an increase in lattice constant due to the larger ionic
radius of Eu**, leading to enhanced dielectric properties. The superior dielectric and
electrical characteristics of the Eu-doped ferrite underscore its potential for high-
frequency applications and magnetodielectric devices. This study not only confirms the
feasibility of using Eu-doped spinel ferrites in advanced technological applications but
also provides a solid foundation for further research into rare-earth-doped ferrites,
paving the way for their use in various industrial and technological fields. Although this
study successfully demonstrates the synthesis and characterization of Eu-doped
MgosNiosFe2Os spinel ferrites, limitations include the relatively low doping
concentration and focus on dielectric properties alone. Future work could explore
higher doping levels and a broader range of properties, including magnetic and

impedance characteristics across a wider frequency spectrum. Additionally,



investigating the material’s stability under varying environmental conditions and
optimizing the synthesis method could enhance its practical applications. Exploring
other rare-earth dopants or multi-doping strategies would also be valuable for tailoring

ferrite properties for specific technological uses.
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Table 1

Sample MNFO | MNFEuO
Crystal system Cubic
Space group Fd3m
Lattice parameters

a(A) 8.353 8.355
b(A) 8.353 8.355
c(A) 8.353 8.355

Cell volume V( A3) 582.904 583.348

Tetrahedral site (Mgl/Ni/Fel)

X 0.12500 0.12500

y 0.12500 0.12500

zZ 0.12500 0.12500

Octahedral site (Mg2/Fe2/Eu)

X 0.50000 0.50000

y 0.50000 0.50000

y/ 0.50000 0.50000

(0]

X 0.25379 0.25213

y 0.25379 0.25213

y/ 0.25379 0.25213

R-factors
Rp (%) 4.97 7.97
Rwp (%) 8.53 9.50
Rexp (%) 3.42 2.42
1 5.21 5.80
Crystallite size 46 80
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Table 2

Sample Core level Binding Energy FWHM Oxidation
(€V) state
1303.21 2.61 2+
Mgls
1305.74 3.49 2+
Ni2ps» 856.31 4.25 2+
Ni2pi 873.19 3.55 2+
MNFO
Fe2psn 712.33 4.45 3+
Fe2pin 725.94 5.19 2+
529.57 1.95 2-
Ols
532.28 3.79 2-
1302.95 2.30 o+
Mgls
1306.04 4.07 2+
Ni2ps 856.50 3.57 2+
Ni2pi 873.43 4.10 2+
Fe2psn 712.64 4.48 3+
MNFEuO
Fe2pin 726.06 5.19 2+
529.92 1.90 2-
Ols
532.39 3.68 2-
Eu3dsp 1166.44 6.04 3+
Eu3ds) 1137.15 6.26 3+
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Table 3
Sample MNFO MNFEuO
From Region I 0.15-0.18 0.028-0.030
conductivity | Region 1 0.651 0.582
From Impedance 0.725 0.721
From Modulus 0.693 0.717
Table 4
Sample MNFO MNFEuO MnFe204
Ref. This work This work [56]
Synthesis method Solid-state Solid-state Co-precipitation
per (1017 eV-! cm3) 3.74%x 1072 1.77 0.788
TO (102 K) 237 5 24.4
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Table 5

Sample MNFO MNFEuO
T (K) Rp CPE-T CPE-P Rp CPE-T CPE-P
Q) (nF) () (nF)
380 6872 114.01 0.778 9178 201.32 0.773
400 6381 130.36 0.760 8997 209.81 0.853
420 5466 139.59 0.751 7347 245.78 0.891
440 4536 144.37 0.750 6730 260.42 0.905
460 3459 152.41 0.763 5137 262.13 0.918
480 2706 177.81 0.742 4393 269.42 0.893
500 1825.1 196.53 0.612 3063 273.06 0.886
520 1593 224.90 0.732 2017 279.19 0.877
540 1163 239.39 0.734 1732 287.82 0.862
560 890.8 260.75 0.728 1570 293.97 0.850
580 812.3 274.76 0.720 1491 309.20 0.857
600 504.3 278.34 0.742 988 310.79 0.833
620 321 305.00 0.601 643 313.14 0.877
640 271 314.23 0.564 422 326.74 0.901
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Table 6

T (K) Moo 7 (s) a 14 Bxww
380 0.2416 4.92x10* 0.8144 0.8222 0.7218
400 0.2815 2.81x10* 0.8245 0.8157 0.7243
420 0.2974 1.23x10* 0.8312 0.8044 0.7209
440 0.2867 5.19x10° 0.8490 0.7873 0.7207
460 0.2817 2.02x107 0.8579 0.7773 0.7193
480 0.2781 9.88x10° 0.8720 0.7583 0.7144
500 0.2665 4.09x10°¢ 0.8873 0.7284 0.7013
520 0.2606 2.26x10° 0.8978 0.6946 0.6812
540 0.2602 1.13x10° 0.9195 0.6872 0.6885
560 0.2741 7.08x107 0.9259 0.7931 0.7780
580 0.2856 4.21x107 0.9350 0.7838 0.7767
600 0.2730 3.28x107 0.9413 0.7519 0.7550
620 0.2733 2.07x107 0.9425 0.7277 0.7360
640 0.2577 1.54x107 0.9533 0.6713 0.6957




Table 7

T (XK) M, 7(8) a )4 Bxww
380 2.6138 3.50x1073 0.7790 0.8474 0.7134
400 2.8270 1.69x10 0.8253 0.8347 0.7386
420 2.8498 7.70x10+ 0.8361 0.8254 0.7397
440 2.8318 3.03x10* 0.8379 0.7961 0.7196
460 2.6503 1.28x10* 0.8510 0.7825 0.7185
480 2.9978 5.90x107 0.8696 0.7768 0.7269
500 2.5485 2.57%x10° 0.8927 0.7464 0.7189
520 2.4751 1.42x107 0.8983 0.7085 0.6926
540 2.4560 7.09x10° 0.9237 0.6858 0.6899
560 2.2290 4.14x10°¢ 0.8424 0.5079 0.5014
580 2.2309 2.31x10° 0.8686 0.4435 0.4604
600 22172 1.75%10°¢ 0.8721 0.4020 0.4265
620 2.1505 9.90x107 0.8871 0.2311 0.2757
640 2.0961 6.68x107 0.9144 0.0341 0.0597
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