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ABSTRACT

The study reports the effect of sintering temperature on structural, microstructural, and dielectric properties of
(Cog oFeq.2Nig oAl 2Tig 2)304 spinel high-entropy oxides (HEOs) synthesized through the solid-state mechano-
chemistry method. The sintering of the ceramic powders was accomplished at three different temperatures
(1000 °C, 1100 °C, and 1250 °C), followed by air quenching. XRD analysis along with Le-Bail refinement con-
firms that 1100 °C and 1250 °C sintered oxides comprised of a single cubic spinel phase (Fd3m), while 1000 °C
sintered oxide contains constituent oxides and a spinel phase. The phase formation of oxides sintered at 1100 °C
and 1250 °C has also been confirmed by Raman spectroscopic analysis. Microstructural analysis revealed that the
aggregated particle size increases with the rise in sintering temperature. With the change in sintering temper-
ature, the dielectric behavior of the ceramic changed extensively. The 1100 °C sintered ceramic exhibits high
frequency-dependent behavior, whereas the 1250 °C sintered ceramic yields low frequency-dependent behavior.
The 1250 °C sintered HEO exhibits low-loss tangent (tan § = 0.01) with higher dielectric permittivity (¢ = 44) at
high frequency (1 MHz) compared to the 1100 °C sintered ceramic and many other conventional dielectrics.
Fractal concept and impedance analysis have been employed to correlate the microstructure-dielectric property
relation of (Cog oFep2aNig2Aly2Tip2)304 spinel HEOs. The found Hurst exponent values for both different
temperature-sintered HEOs are less than 0.5, indicating the anti-persistent behavior. This signifies that the height
variations at neighboring pixels are negatively correlated. The present work is of fundamental importance in
employing fractal analysis for the first time on spinel HEOs and correlating their properties. It also shows that
processing conditions can effectively tailor the dielectric properties of the materials.

1. Introduction

multi-elemental characteristics and distinct design strategy of the high
entropy ceramics (HECs) open a new era of ceramics for advanced

Developing advanced ceramic materials has always been a vibrant
opportunity to tackle the limitations of conventional ceramics used in
different functional materials applications. The recent emergence of the
high entropy approach has paved the way for researchers to design
compositions with tailored functional properties [1-5]. The
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functional engineering applications [1-5]. Literature data imply that
various HECs, such as high entropy oxides, high entropy carbides, high
entropy borides, etc., have been reported and studied for multiple
functional properties. Due to their compositionally complex nature,
these HECs possessed better mechanical and high-temperature thermal
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stability and other functional properties than conventional ceramics
[6-8]. Yan et al. reported that (MoTaTiVW)Cs HECs synthesized
through the powder metallurgy route (ball milling + spark plasma sin-
tering) displayed high hardness (19.63 GPa) and fracture toughness
(6.25 MPa m'/2) because of the combined toughening effects of SiC and
multi-elemental particles [8].

From the first report on entropy-stabilized rock-salt structured high
entropy oxide by Rost et al. in 2015 [9], various structured high entropy
oxides (such as spinel, perovskite, pyrochlore, magneto-plumbite, etc.)
have been reported since then [10-15]. In all, spinel (AB,O4) and
perovskite (ABO3) structured HEOs gained significant attention from
researchers because of their versatility, numerous oxygen vacancies, and
having two sub lattice sites (A- and B-sites), which make them potential
candidates for tailored multifunctional properties [2-4,16]. Spinel ox-
ides (having the general formula AB,O4) are an important group of
materials with distinctive applications in catalysts, magnetic recording,
electrical, sensors, microwave industry, etc. [15-22]. Due to their two
sub-lattice tetrahedral (A) and octahedral (B) sites, the properties of
spinel oxides can be tailored by introducing different cations at A-
and/or B-sites. Introducing different chemical elements in spinel oxide
at A- and/or B-sites changes the magnetic, electrochemical, and optical
properties [15-22]. A literature review suggests spinel-structured HEOs
have distinctive magnetic, catalytic, energy storage, and other func-
tional properties compared to conventional spinel oxides [15-22]. Be-
sides the magnetic, catalytic, and energy storage properties of high
entropy spinel (HES), only a few studies have been reported on the
electrical properties of spinel HEOs [23-26]. As ferrites have been
widely studied as semiconducting materials and have potential appli-
cations in electric, dielectric, and microwave absorption properties,
more studies are required to understand and explore spinel HEOs’
compositional space and physicochemical structure-property correla-
tion for harsh environment applications [23-26]. Zheng et al. studied
the pressure dependence (up to ~ 20 GPa) structural and dielectric
properties of spinel (FeCoCrMnZn)304 HEO [26]. They reported that
with increased pressure, the electrical resistance of the HEO decreased
exponentially, while dielectric permittivity decreased linearly. In addi-
tion, they also reported that the prepared spinel HEO displayed good
frequency stability and dielectric characteristics at both low and high
pressures, indicating its potential applications in harsh environmental
conditions [26]. This suggests that the high-entropy spinel (HES) phase
represents a new frontier in materials design, offering an extensive op-
portunity to tune a wide range of multifunctional properties by doping
multiple cations at A- and/or B-sites.

Literature data suggest that the choice of synthesis method has a
substantial impact on both the microstructure and resulting functional
properties of ceramics [27-29]. Among the various techniques, the
mechanochemistry solid-state reaction route is widely recognized for
producing ceramics with superior homogeneity and finer grain sizes
compared to other methods [27-29]. Unlike sol-gel techniques, which
typically require organic precursors and involve complex drying and
calcination steps, solid-state mechanochemistry avoids the use of sol-
vents, reducing both processing time and environmental impact. Utili-
zation of ball milling for a defined duration (typically 5-10 h) not only
ensures better homogenization of powder particles but also enhances the
diffusion kinetics of the constituent oxides in the mechanochemistry.
This is achieved by reducing the activation energy, which is attributed to
defect formation during the milling process [19,23,30]. Furthermore,
ball milling for an appropriate duration results in a lower sintering
temperature compared to the conventional solid-state reaction method
[19,23,30]. When compared to alternative synthesis approaches such as
sol-gel, hydrothermal, or sputtering, the mechanochemical solid-state
method facilitates achieving near-nominal stoichiometric composition
in the final ceramic product, and also offers a unique balance of
simplicity, scalability, and material quality [29,31]. The literature in-
dicates that the change in synthesis route affects the morphology of the
(Co,Cr,Fe,Ni,Mn)304 spinel high-entropy oxides, drastically changing
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their functional properties [32-35].

The selection of doping elements and processing conditions also af-
fects the microstructure and functional properties of high entropy ma-
terials [36-41]. Duan et al. synthesized a series of (FeCoNiCrMnXLi)304
(X = Cu, Mg, Zn) spinel HEO through the solid-state method to inves-
tigate the effect of the addition of cations on microstructure and energy
storage behavior [36]. All three HEOs exhibit a single-phase spinel
structure and better lithium storage performance. The Zn-doped
(FeCoNiCrMnZnLi)304 spinel HEO yields higher specific capacitance
than the Cu and Mg-doped spinels. The author reported that the better
specific capacity of Zn-doped oxide is related to its small particle size
and relatively larger lattice parameters than the other two spinel HEOs
[36]. Despite the selection of doping elements, processing conditions
(such as sintering/annealing temperature, sintering atmosphere) not
only affect the structural and microstructural characteristics but also
create defects in the lattice that extensively affect the resultant prop-
erties of the ceramics [39,40]. Kaushiga et al. studied the effect of sin-
tering temperature on structural, resistive switching (RS), and dielectric
properties of bulk Bag 7Srg 3TiO3 oxide synthesized through solid-state
method [39]. They used a modified double-step sintering (DS) and
conventional single-step sintering (CSS) approach and sintered the
samples at two different temperatures (1250 °C and 1350 °C). The grain
size distribution was enhanced for DS-processed material compared to
the CSS-processed sample. With the change in sintering temperature, the
ceramic’s dielectric and resistive switching behavior changed exten-
sively. The high-temperature sintered ceramic displayed higher
frequency-dependent behavior, whereas the 1250 °C sintered ceramic
yielded lower frequency-dependent behavior. In addition, the RS
behavior also changed with the sintering temperature. They reported
that the enhanced RS behavior of ceramics has been associated with the
redistribution of cations, oxygen vacancies, and ferroelectric domain
orientation [30]. Moreover, Pithan et al. also found that the dielectric
properties of the Bag 45sMgo.05510.5.xCaxTiO3 perovskite structured HECs
changed drastically with the variation of sintering temperature [40].

Considering the beneficial effect of processing conditions, in the
present study, we aimed to synthesize a single-phase spinel composition
and investigate the effect of sintering temperature on the structural,
microstructural, and dielectric properties of Co-Fe-Ni-Al-Ti-O-based
HEOs. The compositional selection of the HEO is derived from the
mostly studied (CoFeNiMnCr)304 [32], and other CoFeNi-based spinel
ceramics [15,18,22,36]. In addition, the selection of sintering temper-
ature (i.e., 1000, 1100, and 1250 °C) is also related to the literature data
of HECs synthesized through the solid-state reaction method [15,19,23,
24,32]. The selected composition of the HEO has been synthesized
through the solid-state mechanochemistry method. The mechano-
chemistry route is an efficient, low-cost, faster reaction kinetics and
eco-friendly synthesis route compared to other available synthesis
routes [30]. Detailed microstructure and dielectric property-correlation
of the synthesized Co-Fe-Ni-Al-Ti-O-based HEO has been explored with
the help of fractal and impedance spectroscopy analyses. Surface
morphology plays an important role in governing the functional prop-
erties of the ceramics [42,43]. Fractal analysis, which is a scale and
resolution invariant technique, provides deeper information about the
complexity and irregularity (such as intergranular contacts/grain
boundary geometry, etc.) of the surface morphology by calculating the
fractal dimension. Literature review implies that the fractal dimension
(Dy) of a surface can be computed through various techniques such as the
power spectral density (PSD) method, de-trended fluctuation analysis
(DFA), cubic counting, etc. [42-44]. Among all these methods, the
Higuchi algorithm approach provides prompt and precise calculation
with maximum accuracy for the fractal dimension calculation. Litera-
ture reviews showed that the Higuchi algorithm has been employed in
various fields of science to get better insights into surface morphology
and property correlation [42-44]. Using the fractal dimension value,
one can also calculate the Hurst exponent, which gives the surface
roughness/irregularities on a small scale. The values of the Hurst
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exponent vary between 0 and 1, and it has been found that the lower
value of the Hurst exponent gives high complexity at a small scale [42,
43]. A detailed description of the Higuchi algorithm and fractal theory
can be found in various references [42-44]. Despite the fractal analysis,
complex impedance spectroscopic analysis is also a prominent technique
in solid-state physics to understand the conduction mechanism of the
synthesized ceramics in a wide range of frequency-dependent dielectric
behavior and relaxation characteristics. The impedance analysis can
provide the electrical conduction contribution of the grain, grain
boundary, and materials-electrode separately [45,46].

2. Materials and methods

The polycrystalline (CogaFeg 2Nig 2Alg 2Tip.2)304 multi-cations
spinel oxide was synthesized using solid-state mechanochemistry. The
precursors Co3z04 (99.9 %), Fex03 (99.5 %), TiO2 (99.0 %), AloO3 (99.0
%), and NiO (99.5 %) powders in equimolar proportions were mixed and
ball milled (through a planetary ball miller) for 5 h (hr) under wet
milling conditions using zirconia balls as grinding media. The ball-to-
powder ratio (BPR) was 25:1, and Toluene was used as a process con-
trol agent (wet milling media) to prevent agglomeration during milling
and to homogenize the powder particles. Literature data suggest that the
use of Toluene as a wet milling medium, compared to others (such as
ethanol and acetone), favors the production of fine powder particles
with better homogeneity [47,48]. These homogeneous fine-particle
powders will benefit the sintering process by enhancing the diffusion
kinetics. The characteristic features (melting temperature, molar mass,
ionic radius, etc.) of the precursors are given in Table S1. After ball
milling, the powder mixture was extracted from the vial and dried for 24
h period at 60 °C in an electric oven. The dried powder was pelletized
using a mold with a pressure of 10 tons through a hydraulic press ma-
chine with a holding time of 5 min. The obtained pellet was sintered for
the final chemical reaction at three different 1000 °C, 1100 °C and
1250 °C temperatures for 10 h, followed by air quenching (AQ). The
obtained final product was further characterized through X-ray
diffractometry (XRD, Rigaku Ultima IV) for phase formation analysis
using Cu-K, radiation (A = 1.5405 }o\) in the 20 range of 10° to 100° with
0.02° step size and continuous scan with scan rate 2°/min. The XRD
patterns obtained were fitted through the Le Bail refinement using
JANA-2006 software for crystallographic analysis. The room tempera-
ture Raman spectra were recorded through the Raman spectroscopy
(BX51-Voyage™) in the frequency range of 100-1000 cm ™! with a laser
excitation source having a wavelength of 785 nm. Field emission scan-
ning electron microscopy (FE-SEM, Carl Zeiss EVO LS15) examined the
sample’s morphology. The elemental mapping of the sample was further
analyzed through the energy dispersive X-ray spectroscopy (EDS,
Bruker) equipped with the FE-SEM (Gemini, LEO 1530 VP). For
dielectric measurement, the gold electrode was deposited using a
shadow mask on the top surface of the pellet through sputtering. The
gold electrode was also deposited over the entire region of the bottom
surface of the pellet using sputtering. The frequency-dependent elec-
trical behavior was studied at room temperature through data acquired
using an Agilent 4284A LCR meter in the frequency range of 500 Hz to 1
MHz with an applied electric bias voltage of 300 mV. The recorded
conductance (G) and susceptance (B) data from the LCR meter were
utilized to determine the ac conductivity (¢ = GL/A), complex dielectric
permittivity (¢ = & — ie"), and complex impedance (Z° = Z — iZ"),
where L is the distance between electrodes (i.e., the sample thickness),
and A the electrode area. The fractal analysis was performed by using
the Higuchi algorithm on SEM micrographs. The obtained SEM micro-
graphs were processed through WSxM 5.0 software to obtain discretized
height data. The height data was then analyzed using the Higuchi al-
gorithm through MountainLab®Premium 9.3 software.
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3. Results and discussion
3.1. Structural (XRD and Raman) analysis

Fig. 1 shows the XRD patterns of hand-mixed, ball-milled, and
different temperature sintered Co-Fe-Ni-Al-Ti-O mixture. XRD pattern of
hand-mixed sample reflects diffraction reflections of all constituent
oxide precursors. After 5 h ball milling, the peak width (FWHM) in-
creases, which indicates the insertion of defects during ball milling in
the precursor crystallites. Introducing defects enhances the diffusion
kinetics by decreasing the precursors’ activation energy and enhancing
the solid solution phase formation probability during sintering [19,21,
23,49]. After sintering at 1000 °C, the XRD pattern shows the new phase
formation along with constituent oxide precursors. The presence of
oxide precursors after 1000 °C sintering temperature indicates that
1000 °C is not sufficient to diffuse the constituent oxides to form a new
solid solution phase. Enhancing the sintering temperature from 1000 °C
to 1100 °C, the XRD pattern shows that all constituent oxides peaks
disappeared and a single cubic spinel phase (having space group Fd3m)
formed. Besides, to check whether the sample also forms a single spinel
phase at high temperature or not, we further sintered the mixture (ball
milled) of the sample at 1250 °C following the same sintering conditions.
The XRD pattern of the 1250 °C sintered sample also displayed that all
constituent oxide peaks disappeared and a single cubic spinel structure
formed, similar to the 1100 °C sintered sample. The phase formation
analysis was performed through the JANA-2006 software using Le-Bail
refinement (Fig. S1). From the XRD patterns, it can also be seen that
with the enhancement of sintering temperature (from 1100 to 1250 °C),
the peak position shifted towards a lower 20 angle, and crystallinity was
enhanced. The peak shift towards the lower angle indicates that the
lattice parameter increases, which might be associated with the change
in cations distribution order at the tetrahedral (A) and/or octahedral (B)
site [50,51]. By refinement, the found lattice parameters of the sintered
spinel HEOs are close to the NiFeysO4 inverse spinel oxides (JCPDS No.
5910064) [45,51-54]. The lattice parameters and unit cell volume of the
formed spinel phases for 1100 °C and 1250 °C sintered ceramics are
found to be 8.3245(4) A, V = 576.9 A® and 8.3368(3) A, V = 579.4 A®
respectively. The crystallite size and lattice strain corresponding to the
most intense peak (113) of the formed spinel phase of the different
temperature sintered ceramics have also been computed through the
Pseudo-Voigt functional analysis [42,55]. It has been found that with the
increase of sintering temperature from 1100 °C to 1250 °C, the crys-
tallite size enhances from 36.18 4 0.01 nm to 46.36 4+ 0.01 nm, and
lattice strain decreases from 0.32 + 0.02 % to 0.25 + 0.02 %. Despite
crystallographic parameters, the hopping length and other spinel ferrite
structural parameters have also been determined using the following
relations [56,57]. The calculated structural parameter results are given
in Table 1.

Octahedral hopping length : L :% V2 (@D)]

Tetrahedral hopping length : L, = % V3 (2)

Octahedral bond length : dg, = a\/ 3u? + (g) - (%)u 3)
1

Tetrahedral bond length : dax = (u — Z) a3 4)

Shared octahedral edge : dp.z = V2 (1-2u)a 5)

Tetrahedral edge : daxz = V2 (Zu - %) a 6)
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Fig. 1. X-ray diffraction patterns of hand-mixed, ball-milled, and Co-Fe-Ni-Al-Ti-O mixture sintered at 1000 °C, 1100 °C, and 1250 °C for 10 h.

Table 1
Spinel structural parameters (hopping length, bond length, etc.) of HEOs.
Composition Processing Condition a(A) La (A) Ls (A) dpx(A) dax (A) Daxe(A) daxe A) Dxey (A)
(Cop aFeg 2Nig 2Alg 2 Tig 2)304 Sintered at 1100 °C, AQ 8.3245 3.6045 2.9427 0.2601 1.8022 2.9427 2.9427 0.5202
Sintered at 1250 °C, AQ 8.3368 3.6098 2.9470 0.2605 1.8049 2.9470 2.9470 0.5210
11 the M — O bond distances in the HEOs distort extensively, which lowers
. — 2 .
Unshared octahedral edge : dgy = 4/ 4u? + -— — 3u @ the symmetry, and the Raman spectra detect these changes substantially

16

Here, a is the lattice parameter of the cubic spinel phase, and u is the
oxygen positional parameter. The oxygen positional parameter can be
determined by using u = [(ra +70) /av'3 +1 /4] [56,57]. Here, 1o is the
radius of the oxygen ion and r, is the mean ionic radius of the tetrahe-
dral A-site. Due to the unavailability of the oxygen positional parameter
for the present spinel HEO composition, we used u = 0.375 (for ideal
FCC) for simplicity [56,57]. From Table 1, with the change of sintering
temperature, the hopping length, bond length, and other spinel struc-
tural parameters at the A- and B-site displayed interesting
temperature-dependent characteristics. Because their temperature
response involves thermal expansion and exchange of cation orders at
the A and/or B-site. This change in hopping length, bond length, and
other spinel structural parameters at B and/or A-site will inevitably
affect the electrical properties of the spinel ceramics.

Beyond the structural characterization through XRD, Raman spec-
troscopic characterization was also performed to analyze both 1100 °C
and 1250 °C sintered spinel HEOs (Fig. 2). As mentioned in the XRD
analysis, the crystal structure of the synthesized (CogFego.
Nig.2Alg 2Tig.2)304 is cubic with Fd3m space group symmetry. Literature
data shows that for Fd3m space group symmetry, group theory predicts
five active Raman phonon modes: A1, Eg, 3To; at an ambient condition
[45,46,50]. From Fig. 2, these five active Raman phonon modes are
visible with good intensity in the Raman spectra of HEOs sintered at
different temperatures (1100 °C and 1250 °C). The observed phonon
modes match well with the Co304 [58], NiFe;04 [45,50,59], and Fe304
[60] spinels. A close analysis of these obtained spectra for both ceramics
indicates that each peak reflects an asymmetric nature (i.e., doublet).
The asymmetric nature of the Raman peaks indicates that the synthe-
sized HEOs have mixed or inverse spinel structures. The obtained Raman
spectra’s asymmetric nature is associated with the distortion in
metal-oxygen (M — O) bond distances [45,59]. Due to the multi-cations’
substitution at A- and B-sites with ions of different ionic radii (Table S1),

[45,59]. Moreover, it has been pointed out that the strongest phonon
mode above 600 cm™! belongs to the oxygen atom motion in the AO4
group (i.e., tetrahedral group), and the phonon mode below 600 em s
associated with the oxygen atom motion (bending/stretching) at the
octahedral BOg group [45,46,59]. Therefore, the highest phonon mode
above 600 cm ™! (ie, 751 cm™!) in the spinel (CogoFeg o
Nig.2Alg 2Tio.2)304 HEO belongs to the Ajg symmetry. The phonon mode
at about 408 cm ™! is associated with the Eg symmetry, which is related
to the symmetric bending of oxygen atoms concerning cations in tetra-
hedral surroundings. The assigned T2g(2) and T24(3) symmetry in Fig. 2
is associated with the vibration of the octahedral (BOg) group. The
asymmetric stretching causes Tog(2) symmetry, and T24(3) is caused by
the asymmetric bending of oxygen in the octahedral (BOg) group. The
assigned Tog(1) symmetry at about 185 and 255 cm ! in Fig. 2 is related
to the translational vibrations of the tetrahedron.

3.2. Sintering mechanism and microstructural analysis

Sintering is a thermal process that transforms particulate materials
into dense solids through diffusion-driven densification and coarsening.
The main driving force for sintering is the reduction of the total inter-
facial energy, which can be expressed as A(yA) = AyA + yAA. Here, yA is
the total interfacial energy, where A is the total surface (interface) of the
compact and v is the specific surface (interface) energy. In the equation,
the change in interfacial energy (Ay) is associated with densification,
and the change in interfacial area (AA) is related to the grain coarsening
[61]. It has been reported that due to their higher surface area, fine
particles sinter more rapidly than larger ones. Besides, the sintering
mechanism is generally governed by dissolution-based mass transport,
which involves a sequence of dissolution, mass transfer, and precipita-
tion steps. This process is thermally activated and relies on atomic
diffusion, which occurs through two primary transport mechanisms:
surface transport and bulk transport [61]. When sintering occurs
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Fig. 2. Raman spectra of spinel HEOs sintered at 1100 °C and 1250 °C.

between two particles, a neck forms at the point of contact. In surface
transport, material moves along the surface without contributing to
overall shrinkage or densification. Key contributors to this mechanism
are surface diffusion and evaporation-condensation, with surface diffusion
playing a dominant role during the low-temperature sintering of metals
and ceramics. However, bulk transport leads to shrinkage and densifi-
cation, as material moves from the particle interior to the neck. Bulk
transport involves mechanisms such as volume diffusion, grain
boundary diffusion, plastic flow, viscous grain flow, lattice diffu-
sion, and typically occurs at higher temperatures. While both transport
modes contribute to neck growth, only bulk transport results in signif-
icant densification of the structure [62,63].

The sintering variables (materials and thermodynamics) also influ-
ence the microstructure, densification, grain growth, and diffusion
processes during the sintering of materials [61]. The materials variable
comprises the powder’s chemical composition, the powder particles’
shape and size, and the particle size distribution. Meanwhile, thermo-
dynamic variables include temperature, sintering time, atmosphere,
heating and cooling rates, etc [61]. In the present study, the material
variables are constant for all sintered samples, as the precursor powders
were ball milled for 5 h to enhance homogeneity before the sintering
process. In addition, all the thermodynamic variables have also
remained the same for the sintered samples, except for the temperature
variable; therefore, the change in the microstructure, grain growth, and
diffusion process in our study is only associated with the temperature
effect.

The effects of the temperature variable and sintering kinetics can be
observed in the microstructure and grain growth. Fig. 3(a), (b), and 3(c)

Ceramics International 51 (2025) 55341-55354

summarize the FE-SEM images of the high entropy (Cog2Feq.2.
Nig 2Alp.2Tip.2)304 spinel oxide samples sintered at 1000 °C, 1100 °C,
and 1250 °C for 10 h, respectively, at two different (10.00 KX and 30.00
KX) magnifications. The effect of the temperature variable on the
microstructure and grain growth is clearly shown in Fig. 3. At lower
temperatures, limited atomic mobility results in the initial formation of
necks between particles, primarily driven by surface diffusion, as
observed in Fig. 3(a) for the sample sintered at 1000 °C. As the tem-
perature rises, lattice and grain boundary diffusion dominate, facili-
tating densification and the coalescence of grains, as observed in Fig. 3
(b) and (c) for the samples sintered at 1100 °C and 1250 °C, respectively.
This kinetic is accompanied by significant grain growth, particularly
near the final-stage sintering regime [61-63].

The sintering mechanism evolves significantly with the three studied
temperatures. At the sintered sample at 1000 °C, the limited thermal
energy leads to incomplete solid-state diffusion, resulting in a multi-
phase composition, as evidenced by XRD and SEM, in Figs. 1 and 3(a).
The presence of residual constituent oxides indicates that grain bound-
ary mobility and densification were insufficient, suppressing the grain
growth. At 1100 °C and 1250 °C, the enhanced atomic diffusion pro-
motes complete reaction among the precursors, facilitating the forma-
tion of a single-phase cubic spinel structure. By increasing the
temperature to 1250 °C, grain growth becomes more pronounced due to
active lattice diffusion, which reduces porosity and improves micro-
structural homogeneity, as shown in Fig. 3(c). These microstructural
changes will undoubtedly affect the dielectric performance of the
different temperature-sintered samples. However, excessive grain
growth at 1250 °C may also introduce local variations in grain boundary
density, possibly moderating the dielectric gains beyond a certain
threshold. In Fig. 3(c) and (d), a polygonal morphology is observed in
aggregates with different particle sizes, such that the increase in sin-
tering temperature from 1100 °C to 1250 °C results in an increase in
aggregated particle size and a decrease in porosity. The aggregated
average particle sizes for the 1100 °C and 1250 °C sintered samples were
0.76 pm and 1.82 pm, respectively, as calculated from the 5 K magni-
fication SEM micrograph in Fig. S2. The analysis reveals a more uniform
and homogeneous distribution of aggregated particle size for the sample
sintered at 1250 °C than 1100 °C. Fig. S2(d) confirms the uniformity of
the homogeneous particle distribution for this sample. In addition,
elemental analyses in the representative sample sintered at 1100 °C, as
shown in Fig. S3, indicate that each aggregated particle contains all the
composing elements and confirms the equimolar nominal composition
for this sample.

3.3. Fractal analysis

Surface morphology plays a crucial role in determining the func-
tional properties of ceramics and thin films, such as electrical, magnetic,
electrochemical, etc. [42-44,64,65]. Advanced high-resolution spec-
troscopy and microscopy techniques, such as SEM AFM, TEM, etc.,
enable the detailed examination of surfaces’ crystallographic, elec-
tronic, and chemical properties and interfaces on an atomic scale. These
studies highlight the critical influence of defects, additives, or impurities
on the characteristics of these materials. Furthermore, fractal theory
offers an intriguing mathematical framework to address specific chal-
lenges, including wetting phenomena, sol-gel synthesis, or ceramic
sintering [65]. Fractal analysis, characterized by its independence from
scale and resolution, enhances our understanding of surface morphology
by determining the fractal dimension, which reveals the complexity and
irregularity (such as intergranular contacts/grain boundary geometry,
etc.) of the structures. Moreover, it also helps to understand the
microstructure and functional property correlations [42-44]. Apart
from the fractal behavior of thin films [42-44], Mitic et al. [64] reported
that ceramic materials also possessed a fractal configuration nature. In
the context of ceramic surfaces, this encompasses not only the outermost
layer but also features like porosity, intergranular contacts, and the
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Fig. 3. FE-SEM micrographs of the (Cog sFep 2Nig 2Alg 2Tio.2)304 spinel high entropy oxide samples sintered at (a) 1000 °C, (b) 1100 °C, and (c) 1250 °C for 10 h.

Images are shown at the 10 K and 30 K magnifications.

geometry of grain boundaries. They pointed out that the emergence of
fractality in ceramics is associated with the shape of the ceramic
grains/particles, negative space in the ceramics, and Brownian motion
within the ceramics. They explained that the ceramic grains/particles
are a fractal surface viewed as a contour on a surface. Since the powder
particles are porous, during the ceramic processing and sintering, the
negative space is available within the ceramics. These negative spaces
are associated with the porosity and intergranular spaces in the ce-
ramics. In addition, the Brownian motion within the ceramic is related
to the micro-particle flow of ions, electrons, and atoms during and after
the sintering of materials [64].

Both bulk and surface characteristics influence dielectric properties
in ceramics, but the extent of influence depends on the specific material
and its application. Bulk characteristics, such as grain size, density, and
phase composition, often significantly determine the overall dielectric
constant and loss. These properties are influenced by factors like sin-
tering temperature and material composition [66,67]. Surface charac-
teristics, on the other hand, can also affect dielectric behavior. For

example, surface defects, roughness, intergranular contacts, geometry of
grain boundaries, and contamination can affect the dielectric response
of the material [68,69]. Thus, to analyze the complexity of the surface of
the different temperature-sintered spinel HEOs, the SEM micrograph of
both HEOs was quantitatively examined using fractal theory. The fractal
analysis (fractal dimension) of the synthesized spinel HEOs has been
analyzed using the Higuchi algorithm, which is an important approach
to determining the fractal dimension (Dy) directly [42-44]. The dis-
cretized height data derived from the SEM micrographs (Fig. S2(a and
c)) have been utilized for evaluating the Dy of the horizontal section of
the surface. A detailed description of the Higuchi algorithm can be found
elsewhere [42-44]. In brief, the Higuchi algorithm is defined here. The
Higuchi algorithm is an effective and direct method for evaluating the Dy
from observed data for time series and many other domains. The height
profile at each pixel of the surface along the horizontal section is
designated by R(1), R(2), R(3), ..., R(N). The k subsequences of the data
can be constructed through the Higuchi method as follows:
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RX:R(n),R(n+k),R(n+2k),R(n+3k),.............,R(n +pk) (8)

Heren=1,2,3,4, ...k, andp = int<(N,:”)>. The length L, (k) of each
segment Rk is then represented as:

Ké |R(n+ik) —R(n + (i — 1)*,()')*%1}
k

Ly(k)= )
Here, N is the entire set of the data points, and % is the normalization
constant. The average value of the length can be expressed as:

5 La(K)
L(k) :%

According to power law, the length scale L(k) with k resolutions can
be expressed as:

(10)

Lk) ~ k™ an

Here, Dy is the fractal dimension and can be estimated from the gradient
of log L(k) vs log k plot.

Fig. 4(a) and (d) shows the variation of L(k) as a function of k at a
double logarithmic scale, and the slope of the curve (i.e., log L(k) vs
log k) gives the fractal dimension of the high entropy ceramic surface.
The solid red lines in Fig. 4(a) and (d) are the least squares fit to the data
of the ceramic surface. The fractal dimension of the different tempera-
ture sintered spinel HEOs is 1.61 + 0.05 (1100 °C sintered) and 1.53 +
0.05 (1250 °C sintered). The results indicate that the fractality (i.e.
complexity and irregularity) decreases with the increase of the sintering
temperature. It has been reported that the higher fractality indicates a
more irregular surface, while lower fractality depicts a smoother surface
of the ceramic/thin films [42-44,64]. Therefore, the 1100 °C sintered
ceramic has more crest (up) and trough (down) than the 1250 °C sin-
tered spinel HEO. Barcelay et al. has also reported similar behavior for
EuMnOs thin films with the enhancement of sintering temperature [70].
The fractality variation of both HEOs concerning the sintering temper-
ature can also be seen graphically in Fig. 4(b) and (e), which shows the
variation of Dy with the pixels.
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Despite the fractal dimension, the Hurst exponent (H), which shows
the complexity of the surface of ceramic/thin films at a small scale, has
also been evaluated using the relation H = 2 - Dy [42-44]. The value of
the Hurst exponent varies between 0 and 1, and the lower value of H
gives higher complexity at a small scale [42-44]. It has been reported
that the value of H = 0.5 indicates Brownian motion or random walk.
This means there is no correlation between the current and future
observation data. In simple words, we can say that the points are inde-
pendent, and there is no correlation between the height fluctuations at
any pixels and neighboring pixels on a small scale. In addition, if the
value of H < 0.5, then it indicates an antipersistent behavior, which
means that a decrease/increase at any time step will most likely follow
an increase/decrease. In other words, the height variations at neigh-
boring pixels are negatively correlated. However, if the value of H > 0.5,
then it indicates a persistent behavior. In this case, an increase/decrease
in the observation data will most likely be followed by an increase/de-
crease in the short term at the successive time steps. This means that in a
persistent behavior, the data shows the memory effect, and there is a
positive correlation between the ceramic’s surface heights at neigh-
boring pixels [42-44,70]. Fig. 4(c) and (f) shows the variation of H with
respect to the no. of row pixels for different temperature-sintered spinel
HEOs. The Hurst exponent for the different temperature sintered spinel
ceramic surfaces is 0.39 + 0.05 (for 1100 °C sintered) and 0.47 + 0.05
(for 1250 °C sintered). The found H values are less than 0.5, which in-
dicates anti-persistent behavior. This means that an increase/decrease in
height fluctuation at a small scale is likely a decrease/increase at a
successive time step. In other words, the height variations at neigh-
boring pixels are negatively correlated for both spinel HEOs at small
scales.

3.4. Dielectric characteristics and ac conductivity

Fig. 5 shows the dielectric permittivity as a function of the frequency
of spinel (Cog Fe aNig 2Alp2Tip 2)304 HEOs sintered at different tem-
peratures. Fig. 5(a) shows that both HEOs displayed higher dielectric
permittivity (¢) as compared to the conventional NiFe,O4 ferrites [59]
and other conventional ceramics [71-73]. The higher dielectric
permittivity of the synthesized spinel HEOs may be associated with
substituting multi-cations at A- and/or B-sites. For HECs, severe lattice
distortion and higher oxygen vacancies are present due to multi-cations
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Fig. 4. Variation of (a,d) log L(k) vs log k, (b,e) Fractal dimension (Dy) vs. pixels, and (c,f) Hurst exponent (H) vs. pixels for different temperature sintered spinel
HEOs. Here, the red line (in Fig. (a) and (d)) corresponds to the plot that best fits the respective curve. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 5. Frequency-dependent dielectric permittivity ¢ (a), ac conductivity ¢ (b), dielectric loss ¢” (c), and loss tangent tan § (d) of different temperature sintered

spinel HEOs.

(of different ionic radii) at A- and B-sites. The lattice distortion effect can
be viewed from the Raman spectra analysis, which shows asymmetric (i.
e., having doublet/shoulder peak) phonon modes. The formation of a
defect cluster generates an electron pinning defect dipole effect that may
contribute to polarization and increase the dielectric permittivity of the
synthesized spinel HEO [74,75]. Moreover, both 1100 °C and 1250 °C
sintered HEOs displayed frequency dispersion behavior. The observed
decrease in dielectric permittivity with increasing frequency in HEOs is
typical behavior of most dielectrics, often associated with the Max-
well-Wagner type of polarization effects [46,59,71,72].

At room temperature, the dielectric permittivity in cubic ferrites is
the sum of interfacial (or space-charge), electronic, and ionic polariza-
tion [46,59,71,72]. The decrease in dielectric permittivity with
increasing frequency can be explained by the Maxwell-Wagner polari-
zation and Koop’s phenomenological theory [46,59,76,77]. According
to this, at low-frequency regions, the decrease in permittivity is attrib-
uted to the loss of interfacial or space charge polarization and ¢ tends to
a constant value at high frequencies, related to the sum of electronic and

Table 2
Dielectric properties of (Cog oFeg 2Nip 2Alg 2Tio.2)304 spinel High Entropy Oxide.

ionic contributions [46,59,76,77]. From Fig. 5(a), it can be seen that the
1100 °C sintered HEO displayed high permittivity at low and moderate
frequencies as compared to the 1250 °C sintered spinel HEO (Table 2). In
addition, the 1100 °C sintered ceramic also shows relatively higher
frequency-dependent dielectric behavior than the 1250 °C sintered
ceramic. Literature data imply that the dielectric permittivity of the
materials is highly sensitive to the doping elements, crystallinity,
interfacial polarization effect, grain size, and defect formation [46,59,
76-78]. From the fractal analysis on SEM micrograph, we found that
with the increase in sintering temperature, the fractality (i.e., Dy) de-
creases, whereas the average aggregated particle/grain size increases. In
a sense, the surface complexity is a reflex of the regular and uniform
distribution of grains and particle aggregates. With larger grains and
aggregates, the tendency is to lower surface complexity, as observed.
Since the dielectric characteristics are very sensitive to the surface and
microstructural morphology [79-81], the decrease in permittivity for
1250 °C sintered ceramic is associated with the decrease in complexity
of surface morphology, or, in other words, the increased change in

Composition

Processing Condition

Dielectric permittivity (¢)

Loss tangent (tans)

(Coo.2Feg.2Nio.2Alo.2Tio.2)304

Sintered at 1100 °C, AQ
Sintered at 1250 °C, AQ

1 kHz 10 kHz 1 MHz 1 kHz 10 kHz 1 MHz
223 91 39 1.13 0.71 0.13
61 50 44 0.22 0.11 0.01
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particle/grain size. As space charge polarization is highly dependent on
the existence of interfaces/surfaces/grain boundaries, increased grain
sizes reduce the interface/grain boundary area, diminishing ¢'. More-
over, the relatively less frequency-dependent dielectric behavior of
1250 °C sintered ceramic is associated with having a more uniform
distribution of particles/grains than the 1100 °C sintered ceramic [39].
The uniform distribution of grains/particles generates less internal
stress, which results in easier dielectric polarization [78].

The ac electrical conductivity (¢) of both 1100 °C and 1250 °C sin-
tered spinel HEOs has also been evaluated and shown in Fig. 5(b). From
the figure, it can be seen that for both HEOs, the ac conductivity in-
creases steeply with the increase of frequency. Literature data imply that
the frequency-dependent conductivity of the ceramics generally obey
Jonscher’s power law defined as o(w) = o4, + Bo" (0 < n < 1) [46,82].
Here, o4 is the frequency-independent conductivity, w is the angular
frequency, and B and n are empirical parameters. A general explanation
for the observed dispersion is that, at lower frequencies, the charge
carriers travel longer distances and have an enhanced probability of
being scattered during transport. That means that, in general, carriers
face reduced mobility, which means lower conductivity. With increasing
frequencies, carriers travel progressively lower distances and have a
lower probability of being scattered during transport. In other words,
the average mobility and observed conductivities are higher.

Another important experimental observation is that the sample sin-
tered at 1100 °C displayed much higher conductivity than that at
1250 °C. A detailed discussion of the possible causes of that is given in
the next section. Now, we focus on the consequences of the energy losses
resulting from the conductivities. The properties directly related to these
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energy losses are the dielectric loss (¢") and the loss tangent (tan § =
£"/€), shown respectively in Fig. 5(c) and (d). The frequency-dependent
behavior of ¢ in Fig. 5(c) can be explained on a similar basis to the
conductivity behavior. At low frequencies, charge carriers have time to
be conducted through long distances, which increases the losses through
Joule effects. In contrast, charge carriers have enough time to be
transported for long distances at high frequencies, and the energy losses
through Joule effect will be lower. Since ¢” and tan § are directly related,
the behavior in Fig. 5(d) is essentially the same as observed in Fig. 5(c).
Noteworthy, as expected from the conductivity values, both ¢ and tan §
are lower for the sample sintered at 1250 °C than 1100 °C throughout
the entire frequency range. In particular, the found tan é value 0.01 (at 1
MHz) for 1250 °C sintered HEO is very low compared to the 1100 °C
sintered HEO and many other conventional ceramics [73]. Thus, the
synthesized 1250 °C sintered spinel HEO having low dielectric loss could
be exploited at higher frequency applications. The dielectric permit-
tivity (¢') and loss tangent (tan 5) values of both sintered samples at
1100 °C and 1250 °C have also been compared with conventional oxides
and some HEO (Table 3) [59,83-100]. From Tables 3 and it can be seen
that the synthesized HEOs possessed better dielectric properties at 1 kHz
and 1 MHz frequencies as compared to the conventional oxides.

3.5. Impedance spectroscopy data analysis

Complex impedance spectroscopy is an effective tool in solid-state
physics to analyze the conduction mechanism of synthesized thin-films
and ceramics. Despite magnetite being a textbook, widely acknowl-
edged electronic semiconductor [101], typical values observed at room

Table 3
Comparison of Dielectric properties with conventional spinel oxides and some HEOs.
Composition Dielectric Permittivity (¢') Loss Tangent (tan §) Ref.
atl kHz at 1 MHz at 1 kHz at 1 MHz

NiFe,04 60.06 32.20 0.62 0.03 [59]
Cug sNig sFe,04 ~600 - ~60 - [83]
Lip 2Zng gFes 204 112 - 0.23 - [84]
CdFe,04 ~113 - ~0.90 - [85]
Lig.»Cdo ¢Fen204 ~32 - ~0.36 - [85]
Lip.3Cdg 4Feo 304 ~18.21 - ~0.13 - [85]
Co0p.32Zn¢ sgFe204 ~5 - ~0.2 - [86]
C00.49ZNg 51Fe204 ~9 - ~0.8 - [86]
C00.79Zn0,21Fe204 ~9 - ~03 - [86]
Mgo.25Zn0.75F€204 ~17 - ~0.4 - [86]
MnFe,04 ~5 x 10° - ~0.99 - [871
CoFe,04 ~1000 - - - [88]
CuFe,04 ~280 ~320 ~0.2 ~0.05 [89]
NiFe,04 ~230 ~240 ~0.1 ~0.05 [89]
Nig.6Cu 4Fe204 ~230 ~240 ~0.1 ~0.05 [89]
C0g.gNig.2Cra04 ~10 ~4 ~0.1 ~0.05 [90]
CoFey04 - ~28 - - [91]
SrFe,0,4 - ~6 - - [91]
Co00.6Sro.4Fe204 - ~13 - - [91]
Cug 7Zng 3Fex04 ~40 ~25 ~0.2 ~0.1 [92]
MgFe,04 ~31 - ~0.9 - [93]
Mg .xZnsFe;04 (x = 0.2,0.4,0.6,0.8) ~3-1200 - ~0.13-4.4 - [93]
ZnFe,04 3.0 x 10° - 0.7 - [931
Nig.4Cl »Zng 4Fe;0,4 ~15 ~11 ~10 ~5 [94]
Nig 4Cuo.2Zng 4Fe1.845M0.1204 ~11 ~10 ~10 ~5 [94]
Zng sNig sFe,04 ~200 ~50 ~7 ~1 [95]
Zng,6Mng 4Fe;04 ~50 ~50 ~8 ~1 [96]
Nig.»Zng 4Mng 4Fe;04 ~50 ~50 ~6 ~1 [96]
Nig_4Zng oMng 4Fes04 ~250 ~50 ~4 ~1 [96]
CoFey04 ~30 - 800 ~10-130 ~1-3 ~1 [971
Nig.43.xCuxZng goFeq.9403.94 (x = 0.10, 0.12, 0.14, 0.16) - ~15.45-16.15 - ~0.0025 [98]
BeAl,04 - ~9.43 - ~0.0005 [99]
SiMg,04 - ~6.86 - ~0.0006 [99]
MgAl,04 - ~81.8 - ~0.0005 [99]
SiBe,O4 - ~6.28 - ~0.01 [99]
(MgCoNiCuZn)O 479.07 28.31 7.17 0.62 [100]
(Cog.oFeq.2Nig 2Alg 2 Tig 2)304 (sintered at 1100 °C) 223 39 1.13 0.13 Present study
(Coop.oFeq oNig 2Alg 5Tig 2)304 (sintered at 1250 °C) 61 44 0.22 0.01 Present study
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temperature are of about 102 S em~! (10* S rn’l), several orders of
magnitude above the scales (10_6 to 1074 s m_l) encountered in our
high entropy spinels. It hints that other charge carriers are responsible
for the observed behavior. Also, due to the frequency range used in our
measurements, we wouldn’t expect highly mobile carriers, such as
electrons, to control the space-charge polarization/relaxation processes
in such low frequencies. For instance, the electron hopping frequency in
Fe304 is calculated to be 10'°-10'2 Hz [102], way above typical mea-
surement frequencies via impedance spectroscopy. Because of that, we
speculate that ions are the charge carrier species that dominate the
electrical behavior in our HEO samples. Even though it is not common to
make this attribution, it must be considered that small ions such as Li™,
Na™, and Mg?* can be transported in the structure of ferrite-based spi-
nels [103-105]. Obviously, with present data, it is not possible to infer
which ion(s) would be transported, but it is interesting, for example, that
Ni%" and Co®" ionic radii are 69 and 72 p.m. (CN = 4), in the range of the
formerly mentioned cations, of respectively 73, 113, and 71 p.m. [106],
suggesting that these cations could also be transported and account for
the measured conductivities.

We performed impedance spectroscopy data fitting with equivalent
circuit models to gain further insights into the electrical behavior of the
studied spinel HEOs. Space-charge polarization/relaxation processes are
modeled with parallel combinations of resistors and capacitors. Now,
the Z and Z" spectra shown in Fig. 6 suggest that there are no two re-
gions with different average relaxation times, indicating that a single,
long-range, relaxation process dominates the behavior, with a charac-
teristic relaxation frequency below the measured range since a Z’ peak is
not observed in any of the samples.

With the intrinsic characteristic of high entropy and local non-
uniformity, it is expected that space-charge polarization/relaxation
processes will occur over a distribution of frequencies. Given these ob-
servations, a possible circuit model to describe the experimental data is
composed of a parallel association of a resistor R, a capacitor C, and a
CPE, a non-ideal element to account for the distribution of relaxation
times [107]. Unfortunately, due to the inexistence of Z peaks in the
studied frequency, the fits using the complex impedance are not reliable
to simultaneously obtain the intrinsic dielectric permittivity (e,,) from C
and the dc conductivity (64.) from R. To do so, we opted to quantify the
properties using the combination of ¢ and o spectra. Detailed deriva-
tions and mathematical analysis of the set of needed equations can be
found elsewhere [108]. In brief, the complex impedance for the resistor,
capacitor and CPE are Z, = R, Z; = 1/iwC, and Zgp, = 1/ K(io)™,
respectively, where K and m are empirical parameters and w = 2xf.
Then, for the R|C|CPE circuit, we have

300 LA EL | LI R B | LEEE N R ) LN R R B2 L |
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11 .
=g TiwC+K(io)" =Y =G +iB

where Y* is the complex admittance. Using the identity "

cos (mrx /2) + isin (mn /2), it leads to

1+ RKo™ cos 6 +i(wCR + RKw™ sin 0)

v
R

where @ = mz/2. By comparing the above equation with Y* = G + iB, it
follows that

1+ RKw"™ cos 0

G
R

B=wC + Ko™ sin

Given that the frequency-dependent conductivity and dielectric
permittivity are respectively given by 6 = GL/A and ¢ = B/wC,, where
Co = &L/A is the geometric capacitance of free space and ¢, is the
permittivity of free space, it follows that

L L. _ n mn
o—fﬁ{—i-ZKw cos =04 + K™ cos (7> (12)
, C  Ksing K . /mr
£ = C_o PRI €o + —wlim% sin (7> (13)

where K' = KL/A and o4, and ¢, are the relevant intrinsic properties of
the materials. Finally, equations (12) and (13) are used to fit the
frequency-dependent conductivity and dielectric permittivity data,
shown in Fig. 7.

With the results in hand, two conclusions can be drawn. First, the
intrinsic dielectric permittivity increases with the increase in sintering
temperature. This effect should not be related to electronic polarization
since both samples have the same composition. On the other hand, the
homogenization and greater regularity of the bond distances should
facilitate the ionic polarization in the sample sintered at 1250 °C,
leading to an overall slight increase in the dielectric permittivity.
However, there is an immense decrease in the dc conductivity with the
sintering temperature. If, from the applied perspective, it is a nice result
because losses will be lower, as observed from the dielectric loss and loss
tangent, phenomenologically, this is an intriguing result. In typical
electro-ceramics, materials with larger grains tend to have higher con-
ductivities because there are fewer grain boundaries, which usually have
higher resistivity and provide a barrier for migrating ions. With the
opposite trend here, a speculative explanation lies in the defects created

1200 ——rrrr——r
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Fig. 6. Variation of real (Z) and imaginary (Z") components of complex impedance with frequency for different temperature sintered spinel HEOs.
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Fig. 7. Fits (lines) of the (a) dielectric permittivity, and (b) conductivity on log and linear scales for different temperature sintered spinel HEOs. The inset represents

the R|C|CPE circuit used to model the experimental data.

during the mechanochemical synthesis being healed during synthesis.
Increased diffusivity at a higher temperature enhances the system’s
likelihood of reaching thermodynamic equilibrium. As ions migrate
mainly through the transport of their vacancies in the opposite direction,
a condition with fewer defects will present fewer mobile ions and,
consequently, lower conductivity. Two facts support this hypothesis: the
lower micro-strain and higher m parameter of the sample sintered at
1250 °C. Interestingly, the n value increases with the sintering temper-
ature, which indicates better uniformity, as expected with the higher
energy available for the system to reach its equilibrium state, i.e., the
chemical homogeneity. An additional consideration is that the lower
micro-strain will increase the activation energies to transport ions/de-
fects since, from thermodynamic principles, the strained regions will be
in a higher enthalpy level and energetically closer to the top of the en-
ergy barrier for the ion jump. With that in mind, ion migration will be
mitigated in less-strained conditions, leading to lower ionic conductiv-
ity. This last hypothesis could be tested by performing temperature-
dependent impedance spectroscopy measurements and will be investi-
gated in future studies.

4. Conclusion

In summary, structural, microstructural, and dielectric properties of
multi-cations-based (Cog 2Fep 2Nip.2Alg 2Tip 2)304 HEOs synthesized via
solid-state mechanochemical route have been investigated in detail.
Structural analysis confirmed that 1000 °C sintered ceramics does not
show the solid solution phase formation. However, 1100 °C and 1250 °C
sintered oxides confirmed the single cubic spinel phase formation in the
multi-cations-based ceramic. The qualitative and quantitative morpho-
logical analysis was performed using the fractal theory analysis through
the Higuchi algorithm approach on the obtained SEM micrograph. With
the increase of sintering temperature (from 1100 °C to 1250 °C), the
ferrite structural parameters (hopping length, bond length, etc.)
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increased gradually, while the average aggregated particle size
increased substantially from 0.76 pm to 1.82 pm. Moreover, with the
enhancement of sintering temperature from 1100 °C to 1250 °C, fractal
analysis displayed a negative correlation between surface complexities
and space-filling capacity. This means that the change at any successive
time step will be in the opposite direction to that of the previous suc-
cessive time step. Besides, with the change in sintering temperature, the
dielectric behavior of the ceramic changed extensively. The 1100 °C
sintered ceramic has shown high frequency-dependent dielectric
behavior, whereas the 1250 °C sintered ceramic yields low frequency-
dependent dielectric behavior. The change in dielectric properties of
the ceramics is associated with decreased fractality and increased grain/
aggregate particle sizes with sintering temperature. The 1250 °C sin-
tered HEO exhibits low loss tangent (tan 5 = 0.01) with higher dielectric
permittivity (¢ = 44) at high frequency (1 MHz), which could be useful
for potential multifunctional and microwave device applications. The
fractal and impedance spectroscopic analysis explained the
microstructure-dielectric property correlations very well. Moreover, the
present work is of fundamental importance because it opens new ave-
nues of research in HECs by exploiting the microstructure and dielectric
correlations through the first-time employment of fractal analysis.
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