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ABSTRACT

In this study, Co,Cu;_Fe,O, (x=0.0-1.0) spinel ferrites were synthesized by the
citrate sol-gel autocombustion method and systematically investigated to clar-
ify composition-dependent charge transport mechanisms. X-ray diffraction and
FTIR confirmed spinel formation and revealed systematic cation redistribution
with cobalt substitution. X-ray photoelectron spectroscopy (XPS) further verified
the coexistence of Fe*/Fe?* and Co?"/Co® redox couples together with oxygen-
vacancy-related states, providing direct evidence of multiple charge transfer
pathways. Temperature-dependent conductivity showed thermally activated
behavior, with a slope change above 373 K in Co-rich samples (x > 0.8), signaling
a transition in the dominant conduction process. At low temperatures (298-348
K), transport was directed by grain boundary and defect-related hopping, while
long-range small-polaron hopping between Fe?'/Fe*" dominated at elevated tem-
peratures. Increasing Co content introduced additional Co*"/Co* valence fluc-
tuations, enhancing localized dielectric relaxation and structural disorder. AC
conductivity analysis demonstrated decreasing activation energy with increasing
frequency, consistent with enhanced carrier mobility. The data were successfully
fitted using Jonscher’s universal power law, its modified form, and the Almond-
West model. Fitting revealed a composition-driven increase in onset frequency
wy from ~ 4 kHz in CuFe,O, to ~ 87 kHz in CoFe,O,, together with anomalously
high dispersion parameters (s>1, m > 1) in Co-rich samples, indicating strong
interfacial polarization and dipolar relaxation. A distinct low-frequency break
near 10 Hz in CuFe,O, was attributed to structural transformation. The combined
structural, spectroscopic, and electrical analyses demonstrating a clear evolu-
tion from long-range Fe?'/Fe*" hopping in Cu-rich ferrites to localized relaxation
and interfacial polarization in Co-rich members. This tunability, linked to cation

Address correspondence to E-mail: yumazurenko@ifnmu.edu.ua

https://doi.org/10.1007/s10854-025-16193-w @ Springer


http://orcid.org/0000-0002-8446-5280
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-025-16193-w&domain=pdf

2092 Page 2 of 22

J Mater Sci: Mater Electron (2025) 36:2092

distribution and oxygen-vacancy formation, positions Co,Cu,_Fe,O, as a prom-
ising spinel system for high-frequency dielectric, EMI shielding, and microwave

absorption applications.

1 Introduction

Magnetic nanoparticles, particularly spinel ferrites,
have gained considerable attention due to their wide-
ranging applications in biomedicine [1], catalysis
[2], environmental remediation [3], ferrofluids [4],
magnetic sensors [5], and high-frequency electronic
devices [6]. Among these, spinel ferrites of the gen-
eral formula MFe,O, (where M is a divalent transi-
tion metal) are of particular interest because of their
tunable electrical, magnetic, and dielectric properties,
which can be tailored through synthesis conditions [7],
particle size control, and ionic substitution strategies
[8, 9].

The ability to manipulate these properties makes
spinel ferrites attractive for use in a variety of tech-
nologies, including electromagnetic interference (EMI)
shielding [10], microwave absorption [11], and energy
storage [12]. With the rapid propagation of wireless
communication systems, radar, and electronic devices,
the issue of electromagnetic pollution has become a
significant environmental and health concern. Pro-
longed exposure to high-frequency electromagnetic
radiation has been linked to potential biological risks,
prompting the urgent development of efficient elec-
tromagnetic wave absorbing materials [10, 11, 13-15].

Spinel ferrites have emerged as one of the most
promising classes of magnetic materials for microwave
absorption applications due to their inherent magnetic
loss capability, high resistivity, and chemical stabil-
ity. However, pure ferrites often suffer from limita-
tions such as narrow absorption bandwidths, low
attenuation efficiency, and poor impedance matching
with free space, which restrict their practical utility
[16-18]. To address these challenges, cation substitu-
tion — particularly with transition metal [19] or rare-
earth ions [20] — has been widely adopted as a strategy
to modulate the microstructure and enhance dielec-
tric and magnetic properties. Such substitution can
strongly influence key factors such as grain size, site
occupancy, defect density, and conduction pathways,
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ultimately affecting the microwave absorption and
charge transport characteristics of the material.

Among spinel ferrites, copper ferrite (CuFe,0,) is
known for its mixed valence state of Fe and p-type
conductivity [21]. However, its microwave and elec-
trical performance can be significantly enhanced
through partial substitution with cobalt [22, 23], which
has a strong influence on the electronic structure and
cation distribution. Cobalt ions (Co*" and Co’") can
occupy both tetrahedral (A) and octahedral (B) sites
and participate in variable valence states, introducing
new conduction channels and modifying relaxation
dynamics. Despite extensive studies on ferrite systems,
there remains a lack of detailed understanding of how
cobalt substitution affects the conduction mechanisms
of copper ferrite over wide temperature and frequency
ranges, particularly when modeled using advanced
dielectric fitting techniques.

The main objective of this work is to investigate the
impact of cobalt substitution on the charge transport
mechanisms in Co,Cu;_ Fe,O, (x=0.0-1.0) ferrites
synthesized via the citrate sol-gel autocombustion
method. Special emphasis is placed on analyzing the
temperature- and frequency-dependent conductiv-
ity, determining the activation energy of hopping
processes, and identifying transitions in conduction
behavior with increasing cobalt content. Unlike prior
studies, this work applies a combination of Jonscher’s
universal power law, the modified Jonscher model,
and the Almond-West model to extract detailed
parameters such as dispersion exponents and onset
frequency, offering multi-model understandings of
dielectric relaxation and hopping dynamics.

By correlating electrical behavior with cation site
distribution and microstructural changes, this study
provides a deeper understanding of how cobalt ions
alter polaron pathways and induce short-range relaxa-
tion effects. The novelty lies in the systematic multi-
frequency, multi-model evaluation of conductivity in
relation to composition, enabling the identification of
a clear transition from long-range hopping to localized
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dipolar relaxation in cobalt-rich ferrites. These insights
are crucial for the rational design of spinel-based
materials with optimized electromagnetic and elec-
tronic functionalities.

2 Synthesis and characterization
techniques

2.1 Synthesis

Cobalt-substituted copper ferrite with the chemical
composition Co,Cu;_Fe,O, (where x=0.0, 0.2, 0.4,
0.6, 0.8, and 1.0) was synthesized using the sol-gel
autocombustion method [24]. Citric acid served as
both the fuel and chelating agent, with a 1:1 molar
ratio to the total metal ions, to promote the forma-
tion of a homogeneous precursor gel and facilitate
spinel phase formation. In the synthesis process, stoi-
chiometric amounts of cobalt nitrate [Co(NO3),-6H,0],
copper nitrate [Cu(NOj;),-3H,0], and ferric nitrate
[Fe(NO;);-9H,0] were used as precursors. All chemi-
cals were procured from Loba Chemie, India, and
were of analytical grade to ensure high purity and
reproducibility. The pH of the precursor solution was
adjusted to 7 using ammonia solution [25] and moni-
tored with a digital pH meter to optimize the condi-
tions for gel formation. The resulting mixture was
continuously stirred and heated to promote gelation,
followed by autocombustion, leading to the formation
of ferrite powders. The obtained powders were subse-
quently ground and subjected to further studies.

It should be emphasized that the sol-gel autocom-
bustion parameters strongly influence the resulting
cation distribution. The chelating ratio and pH gov-
ern the stability of metal-citrate complexes, ensur-
ing homogeneous mixing and controlled oxidation
states before combustion. The fuel-to-nitrate balance
dictates the intensity of the combustion front: rapid,
highly exothermic combustion can freeze in non-equi-
librium site occupancies, while slower combustion
and post-combustion annealing promote redistribu-
tion toward thermodynamically stable configurations.
These factors ultimately determine whether Cu*"
remains predominantly in B-sites or is displaced by
Co?", and whether Co®" migrates into both A- and
B-sites. Since the electronic transport pathways in
spinel ferrites rely on Fe3*/Fe?* and Co*"/Co®" redox
couples, as well as oxygen vacancy concentration, the
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synthesis parameters provide a direct handle to tai-
lor conduction and dielectric relaxation behavior in
Co,Cu,_Fe,O,.

2.2 Characterization techniques

2.2.1 X-ray diffraction studies

Phase identification and structural analysis were
performed on powdered samples using a Malvern
Panalytical Empyrean diffractometer (UK) operating
in Bragg-Brentano geometry with Cu Ka radiation
(A=1.5406 A). Instrumental broadening was corrected
with a NIST LaBg standard. Diffraction data were ana-
lyzed by Rietveld refinement using the FullProf Suite
software package, enabling determination of lattice
parameters, crystallite size, and microstrain.

2.2.2 Fourier-transform infrared spectroscopy

Vibrational properties were investigated with a
Bruker VERTEX 70v spectrometer (Germany) in the
400-4000 cm™ spectral range at a resolution of 2 cm™.
Samples were prepared as KBr pellets by thoroughly
mixing the ferrite powders with spectroscopic-grade
KBr and pressing the mixture into transparent discs.
The acquired spectra were processed using OPUS soft-
ware, with emphasis on peak assignment to tetrahe-
dral and octahedral metal-oxygen vibrations.

2.2.3 X-ray photoelectron spectroscopy

Surface chemical states were probed using a PHI
VersaProbell Scanning XPS system equipped with a
monochromatic Al Ka source (1486.6 eV). Measure-
ments were acquired with a 100 pm beam spot at a
45° take-off angle. Survey spectra were collected
at a pass energy of 117.5 eV, while high-resolution
scans employed 46.95 eV. Charge compensation
was achieved with dual-beam neutralization (7 eV
Ar +ions and 1 eV electrons). All spectra were ref-
erenced to the C—C component of the C 1 s peak at
285.0 eV. The base pressure during analysis was below
3 x 1077 mbar. Peak deconvolution was performed with
PHI MultiPak software (v.9.9.3) using Shirley-type
background subtraction.
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2.2.4 Electrical and dielectric measurements

Ferrite powders were pressed into cylindrical pel-
lets (10 mm diameter, 0.6 mm thickness) under a
uniaxial pressure of 3 MPa and dried at 65 °C for
5 h. Graphite paste was applied to both flat surfaces
to obtain a parallel-plate capacitor configuration.
Dielectric and impedance measurements were per-
formed using an Autolab PGSTAT100N impedance
analyzer (Metrohm, Switzerland) in the frequency
range 0.01 Hz-100 kHz. AC conductivity and the real
(¢') and imaginary (&") parts of the dielectric constant
were evaluated. Temperature-dependent measure-
ments were conducted up to 450 °C in 50 °C incre-
ments, with isothermal equilibration at each step to
ensure thermal stability.
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Fig. 1 X-ray diffraction patterns of Co,Cu,_Fe,0, (0.0<x<1.0)
prepared by the sol—gel autocombustion method [24]
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3 Results and discussion
3.1 Structural and vibrational studies

Representative XRD patterns of Co,Cu;_Fe,O,
(0.0£x<1.0) are shown in Fig. 1. The unsubstituted
sample (x=0.0) contains mainly cubic spinel (Fd3m)
with ~7 wt% CuFeO,, which disappears upon cobalt
incorporation, yielding phase-pure ferrites. A system-
atic shift of the (311) reflection with increasing Co con-
tent indicates lattice distortion due to the ionic radius
difference between Cu?* (0.73 A) and Co*" (0.74 A).
Williamson-Hall analysis (Table 1) shows a reduction
in crystallite size (28 to 21 nm) and relaxation of lattice
stress with cobalt substitution.

Cation distribution was determined from Rietveld
refinement of the XRD patterns, where site occupan-
cies of Cu?', Co?*, and Fe®" ions were refined under the
constraints of stoichiometry (AB,0O,), charge neutral-
ity, and site multiplicities of the spinel structure. The
relative scattering factors allowed estimation of how
these cations redistribute between tetrahedral (A) and
octahedral (B) sublattices with increasing cobalt sub-
stitution (Table 2). The results indicate that Co2 +ions
progressively occupy both A- and B-sites, while Cu?®*
remains preferentially octahedrally coordinated. This
redistribution alters Fe-O-Co and Fe-O-Cu superex-
change interactions and modifies Fe*'/Fe®" electron

Table 2 Cation distribution of Co,Cu,_ Fe,0, ferrites

Composition Cation distribution

CuFe,0, (Cug 36Feq.64)a[Cug eaFe) 3618

Coy 2Cuq gFe,04 (Coy 6Cug 48Fe0.46) A[C0p. 14Cug 37F€ | 5415
Coy 4Cuq ¢Fe,0, (Coy,16Cug 28Feq 36)A[C00 24Cug 32FC ) 6415
Coy 6Cuq 4Fe,04 (Coy23Cuy 17Fe) 6) A[C0g 37Cug 23Fe 418
Coy sCuq,Fe,04 (Coy 43Cuyg 16Feq.41)A[C0p 37Cug p4Fe) 505
CoFe,04 (Coy 45Fe 52)alCoy 55Fe 4518

Table 1 Structural parame-

. Co?* content Lattice constant  Cell volume X-ray density ~ Crystallite size Lattice stress
ters of Co,Cu,_Fe,0, ferrites ) a (nm) (10 nm?) (glem?) (nm)
0.0 0.8368 586.140 5.422 28 0.00170
0.2 0.8381 588.672 5.218 24 0.00196
0.4 0.8383 588.236 5.218 23 0.00190
0.6 0.8384 589.340 5.218 22 0.00159
0.8 0.8383 589.199 5.218 24 0.00179
1.0 0.8379 588.302 5.217 21 0.00201
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hopping, thereby influencing transport and photo-
active properties. The XPS analysis presented in the
following section provides independent evidence for
these oxidation states and site preferences.

FTIR spectra [24] (Fig. 2) display the two charac-
teristic spinel absorption bands: ~570-590 cm™ (tet-
rahedral stretching) and ~ 400430 cm™! (octahedral
vibrations). With increasing Co content, the octahe-
dral band red-shifts from 413 cm™ (x=0.0) to 367 cm™!
(x=1.0), while the tetrahedral band shifts only slightly
(~4 cm™). A Cu-O feature near 650 cm ™}, evident in
pure CuFe204, diminishes with cobalt substitution,
consistent with Co2 +replacing Cu2 +in octahedral
coordination.

X-ray diffraction, cation distribution, and FTIR
confirm that cobalt incorporation stabilizes the spinel
phase, introduces lattice distortion, and drives cation
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Fig. 2 Room-temperature FTIR spectra of Co,Cu,_Fe,O, spi-
nels: a 150-800 cm.! region highlighting metal-oxygen vibra-
tions [24]
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redistribution across A/B sites. These structural mod-
ifications are directly responsible for the observed
changes in electronic transport and photoactivity, in
line with earlier reports [24, 26, 27].

3.2 X-ray photoelectron spectroscopy analysis

To substantiate the cation distribution derived from
refinement and to clarify the charge transfer mecha-
nisms, XPS spectra of Co,Cu;_Fe,O, (x=0.0-1.0) were
collected and deconvoluted (Fig. 3). The correspond-
ing surface compositions are summarized in Table 3.

The Fe 2p;, spectra exhibit a main peak at ~710.2 eV
accompanied by multiplet splitting and a shake-up
satellite at ~ 718 eV, confirming Fe®" as the predomi-
nant state [28, 29]. A minor Fe** component becomes
more pronounced with cobalt substitution, supporting
enhanced Fe*'/Fe?" electron hopping within the B-sub-
lattice. This mechanism supports long-range small
polaron conduction in Cu-rich ferrites and remains a
key transport pathway even as cobalt is introduced.

The Cu 2p spectra display a component at 932.6 eV,
attributable to Cu®/Cu’, together with strong shake-up
satellites at ~ 943-945 eV that are diagnostic of Cu®" [30,
31]. The Cu?®" contribution systematically decreases
with increasing Co content, reflecting the progressive
displacement of Cu from octahedral sites. Although
the 932.6 eV feature may include contributions from
both metallic Cu and Cu’, the strong satellites confirm
that Cu®* remains dominant across the series. Quan-
titatively, the surface concentration of Cu?** decreases
from ~ 4.1 at.% for x=0.0 to only ~ 0.6 at.% for x=1.0,
while the Co signal rises from 0 to ~ 11.6 at.% (Table 3).
This trend is consistent with the redistribution of cati-
ons obtained from XRD refinement and illustrates the
gradual replacement of the Fe-O-Cu superexchange
network by Fe-O-Co interactions.

Co analysis was carried out using the Co 3 s region,
given the overlap of Co 2p with Fe Auger features. A
main peak at ~ 101.7 eV with a characteristic multiplet
splitting of ~ 5.5 eV confirms high-spin Co*", while a
weaker higher-energy shoulder indicates partial oxi-
dation to Co®" in Co-rich ferrites (x > 0.6) [32, 33]. The
coexistence of Co*" and Co®" has important implica-
tions: in addition to Fe**/Fe’* hopping, valence fluc-
tuations of Co?"/Co™ introduce new localized conduc-
tion pathways, particularly at higher cobalt content.
These additional redox-active centers favor short-
range relaxation processes, which explains the anom-
alous dielectric dispersion and localized polarization

@ Springer
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Fig. 3 High-resolution XPS
spectra of Co,Cu,;_Fe,0,
spinels. Panels show decon-
voluted O 1 s, Fe 2p, Cu 2p,
and Co 3 s regions, indicat-
ing the coexistence of Cu’",
Fe**/Fe*t, and Co**/Co**
oxidation states together with
lattice oxygen and surface
defect contributions

Table 3 Surface composition (atomic %) determined by fitting XPS spectra for all analyzed samples

Intensity (arb. units)

] Mater Sci: Mater Electron (2025) 36:2092

532 534 706 708 710 712 714 716 718 72090 95

100

Binding Energy (eV)

C N o Fe Co Cu
Energy [eV] 2850  286.5 288.6 398.8 520.8  531.5  533.1 709.2 1017 9326 9346
Sample cC CO0C O0C=0 CN=C OFe 0=C O-C,OH Fe** Co* Cu*
0-Co
O-Cu
CuFe,0, 19.1 3.6 3.4 - 33.4 10.1 4.7 153 - 6.3 4.1
Coy,CuggFe,0, 123 24 4.1 1.3 42.4 10.1 1.6 107 25 105 21
Coy,CugcFe,0, 129 4.1 5.1 1.8 39.2 12.4 2.5 9.8 2.7 7.7 1.9
CoyCug,Fe,0, 128 2.1 4.0 0.9 43.6 11.2 1.4 113 3.1 7.6 2.1
CoysCuy,Fe,0, 122 08 3.4 0.8 49.2 9.8 1.6 133 42 3.7 1.3
CoFe,0, 13.2 1.1 3.4 0.5 493 11.6 12 144 47 0.0 0.6
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observed in the frequency-dependent conductivity of
Co-rich samples.

The O 1 s spectra can be resolved into three com-
ponents: lattice oxygen in metal-oxygen bonds
(~529.8 eV), defective oxygen or oxygen bound to
carbon (~531.5 eV), and hydroxyl/adsorbed species
(~533.1 eV). The defective oxygen fraction increases
from ~ 10.1 at.% (x=0.0) to ~11.6 at.% (x=1.0), indi-
cating enhanced lattice disorder and oxygen vacancy
formation with cobalt substitution. Such non-stoichi-
ometric oxygen plays a dual role: it facilitates charge
compensation during cation redistribution and pro-
vides additional localized states for carrier trapping,
further enhancing dielectric relaxation and interfacial
polarization effects.

The XPS analysis establishes that Fe remains pre-
dominantly Fe** with minor Fe?*, Cu is mainly Cu®*
with traces of Cu’/Cu*, and Co is largely Co*" with
partial Co>" in highly substituted ferrites. The simul-
taneous presence of Fe*'/Fe*" and Co?"/Co’" redox
couples, coupled with an increased concentration of
oxygen defects, generates multiple charge-transfer
channels. This spectroscopic evidence directly sup-
ports the composition-driven transition identified in
the transport and dielectric studies: from long-range
polaron hopping dominated by Fe*'/Fe?* in Cu-rich
ferrites to localized relaxation and interfacial polari-
zation mechanisms governed by Co redox chemistry
and oxygen-vacancy-assisted conduction in Co-rich
compositions.

3.3 Analysis of electrical transport properties

The electrical transport properties were explored
through temperature-dependent AC and DC conduc-
tivity measurements. Figure 4 shows the variation of
In(oT) with 1000/T for DC conductivity, demonstrat-
ing a thermally activated conduction mechanism
across all compositions.

Notably, for samples with high cobalt substitution
levels (x=0.8 and 1.0), a distinct inflection point in
the high-temperature regime (T =373 K) suggests a
change in the dominant conduction mechanism. Such
behavior is often indicative of a transition from small
polaron hopping at low temperatures to variable-
range hopping or mixed-valence conduction at ele-
vated temperatures [34]; however, as later discussed
in the context of Jonscher and Almond-West model fit-
tings, these changes may instead reflect a shift toward
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localized dielectric relaxation and interfacial polariza-
tion in Co-rich compositions.

The temperature dependence of electrical conduc-
tivity, interpreted within the framework of hopping
conduction theory, is described by the following
expression [35]:

272 W
6=nedvexp< H) (1)

kT kT

Here e represents the elementary charge of an elec-
tron, n denotes the concentration of charge carriers,
and d is the hopping length of charge carriers, cor-
responding to the average distance between adjacent
octahedral sites (~ 0.295 nm) in the investigated com-
pounds. Value k refers to the Boltzmann constant,
while v is the threshold activation frequency associ-
ated with the hopping process. The value of v was esti-
mated from the IR spectra [24] (Table 4). Finally, Wy;
represents the hopping activation energy.

The activation energies derived from the linear
regions of In(oT) vs. 1000/T plots confirm that hop-
ping conduction is dominant at low to moderate
temperatures.

Figure 2 presents the temperature dependence
of AC conductivity for all samples across a range of
measurement frequencies. (Figure 5)

At lower temperatures (298-348 K), the AC con-
ductivity exhibits weak temperature dependence but
strong frequency sensitivity, consistent with Max-
well-Wagner interfacial polarization [36] and hop-
ping conduction through localized states [37]. These
localized states likely originate from structural inho-
mogeneities, oxygen vacancies, and interfacial grain
boundaries [38]. The change in slope at higher temper-
atures suggests enhanced thermally activated mobil-
ity of carriers [39], which may be influenced by the
emergence of interfacial polarization effects and Co®'/
Co?* redox dynamics. These mechanisms become more
pronounced in Co-rich compositions and are consist-
ent with the localized relaxation behavior observed
in the dielectric analysis and possibly a change in the
dominant charge transfer path. For cobalt-rich compo-
sitions, such behavior could be related to the increased
presence of Co>"/Co®* redox pairs and altered cation
distribution in the spinel lattice, modifying both hop-
ping distances and available conduction pathways.

In the temperature range of 348-448 K, electri-
cal conductivity exhibits a pronounced increase
with rising temperature. In this regime, the carrier

@ Springer
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Fig. 4 Temperature depend-
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Table 4 IR absorption band of the B-site and the corresponding
threshold activation frequency (v) estimated from IR spectra

Sample IR absorption band Threshold activation
of the B-site, frequency, vx 10", Hz
cm™!

CuFe,0, 413 1.768

Coy,Cu, sFe,0, 376 1.610

Coy4Cuyg¢Fe,0, 377 1.614

Coy Cuy 4Fe,0, 364 1.559

Coy3Cuy,Fe,0, 364 1.557

CoFe,0, 367 1.572
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concentration remains nearly constant, as the ther-
mal energy is insufficient to excite electrons across
the band gap into extended conduction states [40].
Instead, the observed enhancement in conductivity
is attributed to increased mobility of localized charge
carriers, consistent with small polaron hopping rather
than band conduction. This conclusion is further sup-
ported by the behavior of the Jonscher exponent s and
Almond-West dispersion parameter n, both of which
indicate thermally activated hopping in this tempera-
ture range for Cu-rich compositions.
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In ferrites, charge carriers are localized on transi-
tion metal ions [41], and conductivity primarily origi-
nates from electron exchange between ions in dif-
ferent valence states. In particular, electron hopping
between Fe**/Fe?* and Co®*/Co*" pairs play a key role.
Due to their larger ionic radius, Fe*" ions preferentially
occupy the octahedral (B) sites, making them the prin-
cipal contributors to the hopping mechanism in the
studied spinel structure.

In the dispersive region (Region II), the activation
energy (E,) for conductivity decreases with increas-
ing frequency (Fig. 3), indicative of a hopping con-
duction mechanism. At higher frequencies, the energy

barrier for carrier transitions between localized states
is reduced, aligning with the predictions of small
polaron hopping theory.

Charge transport in semiconducting ferrites is typi-
cally governed by two primary mechanisms [34]: hop-
ping conduction and band-like (activation) conduction.
These are distinguished by the density of localized
states near the Fermi level and the available thermal
energy [42, 43]: hopping conduction dominates when
the density of localized states is high. In this regime,
charge carriers move between neighboring localized
states via phonon-assisted hopping, without excita-
tion into extended bands. This process is prominent
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at lower temperatures and/or high frequencies, where
short-range mobility governs charge transport; band
conduction (activation mechanism) becomes significant
at elevated temperatures when thermal energy is suf-
ficient to excite carriers into the conduction or valence
bands. In this case, carriers move as extended states
under an external electric field, and conductivity fol-
lows the Arrhenius law.

Both mechanisms can coexist, with a crossover in
dominance observable through changes in the tempera-
ture dependence of conductivity. Specifically, a linear
relationship in a In(0T™!) vs. 1/T plot indicates thermally
activated transport governed by the Arrhenius equation
[44]:

o(E) = ogexp (—i—f) ()
where AE is the activation energy for the conduction
process (measured in eV); k denotes the Boltzmann
constant, and o, is the pre-exponential factor, repre-
senting the conductivity at T=0 K (an approximate
value).

This expression describes the thermally activated
transport of charge carriers, where electrical conductiv-
ity increases with temperature as carriers acquire suf-
ficient energy to overcome potential barriers between
localized states or within energy bands. The slope of the
linear plot in In(cT™") coordinates allows direct determi-
nation of the activation energy (AE), providing insight
into the dominant conduction mechanism in the inves-
tigated material.

To determine the activation energy, data points are
selected at the boundaries of the linear region in the
temperature dependence of electrical conductivity.
From these points, perpendicular lines (normals) are
projected onto the coordinate axes, yielding the values
0y, 0y, Ty, and T, [45]:

Ino; =Inoy — AE (3)
kT,

Ino, =Inoy — AE (4)
kT,

By subtracting the logarithmic form of the conductiv-
ity equation term by term, the following relationship is
derived:

AE( 1 1
lnol—ln02=7<?2—?l> ©)
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From this expression, the activation energy can be
calculated as [45]:

In Z—; T,T,

AE = 6)

K(T, - T,)

As shown in Fig. 3, activation energy decreases with
increasing frequency, further confirming the hopping
nature of conduction. This frequency dependence
of E, reflects the reduced thermal energy required
for charge carrier transitions at higher frequencies
and supports the interpretation based on localized
polaronic transport. (Figure 6)

The activation energy associated with hopping
conduction in Co,Cu,_Fe,O, ferrites decreases nota-
bly with increasing frequency. Its behavior is well-
explained by Koops” phenomenological model [46],
which treats ferrites as inhomogeneous dielectric
materials composed of well-conducting grains (crys-
tallites) separated by poorly conducting grain bounda-
ries. These grain boundaries typically harbor a high
density of structural defects that serve as charge car-
rier traps, impeding electron mobility, particularly at
low frequencies.

At lower frequencies, charge transport is domi-
nated by the grain boundaries and interphase regions,
where defects lead to higher activation energies and
lower conductivities. As the measurement frequency

region 2 B x=0.0
0.4 1 ® x=02
v 4 o A x=04
v x=06
0.3 4 v |V - x=0.8
$ v x=1.0
% [ ¢
~ 0.2 4 u [ ] ]
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3 2 1 0 1 2 3 4 5 6
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Fig. 6 Variation of the activation energy (Ea) for hopping con-
ductivity as a function of frequency for Co,Cu,_Fe,O, ferrites.
Ea decreases systematically with increasing frequency, confirm-
ing thermally activated small polaron hopping. The strongest
frequency dependence is observed in Cu-rich samples, while Co-
rich compositions show reduced Ea values, consistent with the
emergence of localized relaxation pathways
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increases, the applied alternating field enhances the
probability of localized electron hopping between
transition metal ions of variable valence, such as Fe®/
Fe?" and Co*/Co*". Under high-frequency excitation,
polarization of the electron clouds occurs more rap-
idly, thereby facilitating valence fluctuation and short-
range charge transfer [47]. This dynamic reduces the
effective energy barrier, resulting in lower activation
energies and enhanced conductivity at elevated fre-
quencies [48].

The dominant hopping mechanism also evolves
with increasing cobalt substitution. At low cobalt ion
concentrations, the primary contribution to the hop-
ping conduction mechanism arises from the valence
transition Fe’* +e” — Fe?’, which predominantly
occurs at the B-sites of the spinel structure due to the
octahedral coordination preference of Fe*". However,
as the cobalt content increases, cobalt ions begin to
actively participate in the conduction process.

The smaller ionic radius of Co®" compared to Co*,
along with the ability of Co®" to occupy both A-sites
(tetrahedral) and B-sites (octahedral), introduces an
additional conduction pathway: Co*" +h* <> Co®".
This redox mechanism can occur within both sublat-
tices, further enhancing the electrical conductivity of
the material.

Therefore, the overall conductivity in these ferrites
is governed not only by the cobalt content, but also
by the specific cation distribution across A and B sites
in the spinel lattice. The refined cation distribution,
derived via cationic occupancy modeling and previ-
ously reported in [24], is presented in Table 2.

Figure 4 presents the dependence of the B-site Fe
ion concentration and the corresponding activation
energy for hopping conduction on cobalt content.
(Figure 7)
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The results show an inverse correlation between the
Fe concentration at B-sites and the hopping activation
energy. As the number of Fe ions participating in Fe*/
Fe?" hopping decreases due to substitution by Co, the
contribution of Co-mediated conduction increases.
This compositional transition is reflected in the non-
linear behavior of In(oy) vs. 1000/T plots at high cobalt
levels, indicating a dual-conduction mechanism
involving both Fe**/Fe?* and Co®*/Co?*'redox pairs.

3.4 Analysis of dielectric properties
with theoretical correlation

In spinel ferrites, dielectric behavior is governed by
the interplay of cation distribution, structural disor-
der, grain boundary effects, and thermally activated
charge dynamics [49, 50]. These factors influence both
carrier mobility and the polarization response under
an external field. To disentangle these contributions,
three theoretical models were employed in a comple-
mentary fashion. Jonscher’s universal power law was
first applied to describe frequency-dependent conduc-
tivity in Cu-rich samples, where long-range polaron
hopping between Fe?'/Fe>* dominates and the expo-
nent s remains within its physical range (0 <s<1).
However, in Co-rich ferrites, anomalous values (s > 1)
revealed that a single-exponent description was insuf-
ficient. In these cases, the modified Jonscher model
was used, introducing two exponents (n and m) to
separately capture low-frequency hopping processes
and high-frequency localized relaxation. Finally, the
Almond-West model was employed to quantify the
dynamic crossover between DC and AC conduction
via the onset frequency wy, which provides a direct
measure of carrier hopping rates. Together, these mod-
els establish a coherent framework: Jonscher identifies

Fig. 7 Dependence of the
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the dominant conduction mechanism, the modified
Jonscher resolves coexisting hopping and relaxation
processes, and Almond-West quantifies their fre-
quency-domain dynamics across the Co,Cu;_Fe,O,
series.

3.4.1 Joncher’s power law fit

Jonscher’s universal power law is widely applied
to disordered systems, particularly ferrites, where
conduction occurs via thermally activated hopping
between localized states. It describes the frequency
dependence of the real part of AC conductivity as [51]:

o(w) = opc + A’ 7)

Here op is the frequency — independent DC con-
ductivity; A is a temperature — dependent constant;
w =2mf is the angular frequency; s is the frequency
exponent, typically 0 <s<1.

The value of the power s reflects the dominant
conduction mechanism. Values near 1 suggest long-
range translational motion or ideal Debye-type behav-
ior, whereas lower values (s <1) indicate short-range
hopping conduction, typical of ferrites with localized
charge transport via Fe*"/Fe’" transitions at B-sites.

The frequency-dependent AC conductivity data
at room temperature for Co,Cu,_Fe,O, ferrites, pre-
sented in Fig. 5, exhibit a typical dispersive behavior
that is well-described by Jonscher’'s Power Law, as evi-
denced by the close agreement between the experi-
mental data and the fitted curves. (Figure 8)

For Cu-rich compositions (x =0.0-0.4), the values
range from 0.558 to 0.682 (Table 5), which is consistent
with long-range polaron hopping via FeZ'/Fe%* pairs in
a moderately disordered spinel lattice. In this regime,
Cu?"ions occupy octahedral sites without significantly
disrupting the Fe?*"/Fe*" hopping network.

In contrast, Co-rich compositions (x > 0.6) exhibit
high s values (1.180-1.351), which exceed the theoreti-
cal limits of the classical model. Such values imply an
unphysical super-linear increase in conductivity with
frequency and indicate that a single hopping mecha-
nism is no longer sufficient to describe the dielectric
response. This behavior is attributed to the increased
substitution of Co?" ions, which alters the cation distri-
bution, introduces stronger structural distortion, and
enhances localization of carriers. The redistribution of
Co?" into both tetrahedral and octahedral sites disrupts
the Fe*"/Fe** network and promotes the emergence of
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interfacial polarization and short-range relaxation
processes [52], particularly at high frequencies. An
alternative explanation for the observed increase in
the power-law exponent may be the contribution of
additional conduction processes to the overall trans-
port mechanism [53]. Specifically, increasing cobalt
concentration introduces a higher density of charge
carriers, thereby enhancing conductivity through sup-
plementary pathways such as Co2 +/Co3 + valence
fluctuations.

3.4.2 Temperature-dependent evolution of the Jonscher
exponent

To better understand the conduction dynamics in
Co,Cu,_Fe,O, ferrites, the variation of the Jonscher
frequency exponent s was analyzed as a function of
temperature from 300 to 475 K (Table 6, Fig. 9). The
exponent s offers insight into the underlying conduc-
tion mechanism: values.

s <1 typically reflect hopping conduction (as
described by the CBH model [54]), whereas s >1 sug-
gests more complex behaviors, including interfacial
polarization or fit artifacts when a single power law
becomes insufficient.

As seen in Fig. 8, Cu-rich samples (x=0.0, 0.2, 0.4)
exhibit an overall decrease in s with increasing temper-
ature, especially notable for x=0.4 (from 0.524 at 300 K
to 0.271 at 375 K). This trend supports the Correlated
Barrier Hopping (CBH) mechanism [54], where higher
temperatures enhance carrier mobility and reduce the
frequency dispersion of AC conductivity. It also aligns
with the small polaron hopping model, in which ther-
mally activated electrons hop between localized Fe?'/
Fe’" states at octahedral sites. A partial recovery of s
at higher temperatures (e.g., 0.844 at 475 K for x=0.4)
could reflect thermal activation of additional hopping
pathways or onset of interfacial effects.

In contrast, Co-rich compositions (x=0.6, 0.8,
1.0) start with anomalously high s values at 300 K
(1.46-1.35), exceeding the theoretical range of Jon-
scher’s model. These values suggest dominance of
localized dielectric relaxation, possibly linked to
interfacial polarization or grain boundary effects.
For x=0.6, s gradually decreases with temperature,
consistent with a transition toward thermally assisted
hopping. However, for x=1.0 (CoFe,O,), the exponent
remains close to or above unity across the temperature
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Table 5 Summarizes the fitted Jonscher’s and modified Jon-
scher’s exponents for Co,Cu,_,Fe,O, ferrites

Composition Jonscher R?  Modified Modified R?
s Jonscher  Jonscher
n m
CuFe,0, 0.627 099 - - -
Coy,Cu,4Fe,0, 0.682 099 - - -
Co, 4Cu, ¢Fe,0, 0.558 098 - - -
Coy¢Cu, ,Fe,0, 1.180 0.99 0.142 1.217 0.99
Co,4Cu,,Fe,0, 1.146 0.99 0.153 1.227 0.99
CoFe,0, 1.351 0.99 0.146 1.770 0.99

range, indicating persistent short-range relaxation or
composite-like dielectric behavior.

Notably, at 425 K, a discontinuous jump in s is
observed for several compositions: for x=0.2, s
increases from 0.682 to 0.929; for x =0.4, from 0.558 to
0.665. This discontinuity may result from a microstruc-
tural transition, such as cation redistribution between
tetrahedral and octahedral sites or thermally induced
strain near grain boundaries, temporarily increasing
carrier localization and enhancing frequency disper-
sion [55].

These temperature trends provide strong evidence
for a compositionally tunable conduction mecha-
nism: for Cu-rich samples favor long-range hopping
at elevated temperatures, for Co-rich samples exhibit
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Table 6 Jonscher exponent
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Temperature, Jonscher exponent s
s versus temperature for K
Co Cu,_Fe,0, ferrites x=0.0 x=0.2 x=0.4 x=0.6 x=0.8 x=1.0
(leotjo‘l'(?’ Shzw“?g the 300 0.627 0.682 0.558 1.180 1.146 1.351
evolution of conduction 325 0.568 0.605 0.398 0.984 0.932 1.057
mechanisms with
.. 350 0.523 0.476 0.350 0.910 0.452 0.892
composition and temperature
375 0.552 0.394 0.271 0.870 0.627 0.792
400 0.526 0.365 0.482 0.851 0.550 0.692
425 0.590 0.929 0.665 0.931 0.627 1.227
450 0.656 0.896 0.768 1.006 0.939 1.148
475 0.776 0.654 0.844 1.175 0.990 1.014
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Fig. 9 Temperature dependence of the Jonscher exponent s for
Co00.4Cu0.6Fe204 (x=0.4) and CoFe204 (x=1.0). For x=04,
two distinct conduction regions are observed: (R-I) a decreasing s
trend with temperature from 300 to 375 K, characteristic of small
polaron hopping (CBH model), and (R-II) an increasing s trend

localized relaxation mechanisms, likely associated
with enhanced disorder and cation substitution.

3.4.3 Modified Joncher’s power law fit

To describe the frequency response of Co-rich sam-
ples, the modified Jonscher power law was applied
[56]:

o(w) = opc + Aw" + Bo™ (8)

where the exponents n and m capture low-and high-
frequency dispersion, respectively (Fig. 9).

As summarized in Table 5, the low-frequency
exponent n (0.142-0.153) indicates that hopping
conduction remains active, though increasingly
constrained as cobalt content rises. In contrast, the
high-frequency exponent m grows markedly with
substitution —from 1.217 for C00.6Cu0.4Fe204 to
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above 375 K, suggesting the onset of localized dielectric relaxa-
tion. In contrast, the Co-rich sample (x=1.0) exhibits s>1 over
most of the range, indicating dominant dipolar relaxation and
interfacial polarization mechanisms

1.770 for CoFe204 - signaling a stronger contribu-
tion from dipolar relaxation and interfacial polari-
zation at elevated cobalt levels [57, 58]. (Figure 10)
These results demonstrate that cobalt incorpo-
ration progressively suppresses extended polaron
pathways and enhances localized dielectric pro-
cesses, producing a mixed conduction regime where
both hopping and relaxation mechanisms coexist.

3.4.4 Almond—west model analysis

To complement the Jonscher analysis and obtain
dynamic parameters of carrier relaxation, the
Almond-West model was applied to the AC con-
ductivity data. Unlike Jonscher’s framework,
which characterizes dispersion behavior, the
Almond-West model introduces the onset frequency
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Table 7 Almond—West model fitting for Co,Cu,_Fe,0, ferrites

0.0014 R=0.99; n =0.146; m = 1.77 R

Composition n oy, Hz R?

CuFe,0, 0.38 14,524.9 0.97
Co,,Cuy gFe,0, 0.39 32,037.5 0.96
Coy 4Cuy ¢Fe,0, 0.23 4239.8 0.97
Co, ¢Cuy 4Fe,0, 1.14 17,808.5 0.99
Co, 3Cu,,Fe,0, 1.07 25,483.8 0.99
CoFe,0, 1.00 87,029.4 0.95

(wy), corresponding to the average hopping or relax-
ation rate of mobile charge carriers [56, 59]:

oo (2)]

where wy; defines the frequency at which conductiv-
ity transition from frequency independent (DC) to fre-
quency dependent (AC) behavior, and the exponent
n reflects the degree of dispersion related to hopping
dynamics.

The fitting results (Table 7) reveal a clear compo-
sitional dependence. In Cu-rich ferrites (x<0.4), n
lies well below unity (0.234-0.392), and wy; remains
relatively low (4-32 kHz). These values are consistent
with long-range Fe2 + /Fe3 + polaron hopping across

CoFe,0,

T T T T
10% 10° 10* 10°
Frequency (Hz)

(©

continuous B-O-B pathways, where carriers require
higher thermal activation to participate in conduction.

As cobalt content increases (x 20.6), wyy rises
sharply, reaching nearly 87 kHz in CoFe,O,, while n
approaches or slightly exceeds unity (1.0-1.15). This
reflects faster carrier dynamics dominated by short-
range relaxation and interfacial processes. The steep
increase in wy indicates that localized hopping and
dipolar polarization processes occur at much shorter
timescales than in Cu-rich ferrites. Such behavior is
consistent with enhanced structural disorder, oxygen
vacancy formation, and cation redistribution, which
fragment the Fe-O-Fe hopping network and favor
Co?"/Co® valence fluctuations. In addition, Max-
well-Wagner-type interfacial polarization at grain
boundaries likely contributes to the relaxation features
observed in Co-rich samples, reinforcing the role of
microstructural heterogeneity.

Taken together, the Almond-West parameters dem-
onstrate a composition-driven transition from slow,
long-range hopping conduction in Cu-rich samples to
fast, localized dielectric relaxation in Co-rich ferrites.
Importantly, wy serves as a quantitative marker of this
transition, providing direct evidence that Co substi-
tution accelerates carrier dynamics and increases the
frequency window where relaxation dominates.
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These insights highlight the importance of using
complementary models: while the modified Jon-
scher approach identifies the coexistence of hopping
and relaxation processes, the Almond-West analysis
quantifies their dynamic crossover through wy;. This
dual-model perspective reinforces the strong coupling
between cation distribution, oxygen vacancy concen-
tration, and charge carrier mobility in mixed-metal
ferrite systems.

Due to their tunable conduction mechanisms,
enhanced dielectric relaxation, and strong interfacial
polarization effects, cobalt-substituted copper ferrites
(Co,Cu,y_Fe,O,) are promising candidates for a range
of electronic and functional device applications. The
observed transition from long-range polaron hopping
in Cu-rich samples to localized dielectric relaxation
in Co-rich compositions makes these spinels suitable
for high-frequency electromagnetic interference (EMI)
shielding, magnetoelectric sensors, and high-permit-
tivity dielectric components [60-62]. The increase of
onset frequency (wy up to 87 kHz), combined with
significant AC conductivity and frequency-depend-
ent activation energy, further indicates potential for
microwave absorption and impedance-tunable var-
istors [63]. Moreover, the ability to engineer charge
dynamics and carrier localization through controlled
cation distribution provides a pathway for optimizing
these ferrites in spintronic devices, magnetoresistive
elements, and multifunctional memory architectures
[64-66]. To further contextualize these findings in
terms of state-of-the-art ferrite applications, a bench-
marking analysis is provided below.

3.4.5 Applied relevance

To contextualize the dielectric and transport behav-
ior of Co,Cu,_Fe,O, ferrites, it is useful to benchmark
them against representative ferrite and composite
systems (Table 8). Conventional soft ferrites such
as NiZn and MnZn typically exhibit onset frequen-
cies (wyy) below 10 kHz, limiting their performance
in high-frequency regimes, despite their widespread
use in EMI filters, power electronics, and sensors. By
comparison, the present Co-substituted Cu ferrites
reach wH values up to 87 kHz, placing them among
the faster-responding spinel systems reported to date.
This frequency upshift is particularly advantageous
for microwave absorption and EMI shielding, where
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rapid polarization and relaxation are needed to dis-
sipate incident energy.

Other complex ferrite systems, such as CoMnZn
or YbCoZn, show enhanced dielectric constants and
interfacial polarization but remain constrained by wH
near the 10 kHz regime. Similarly, ferrite-polymer or
ferrite-nanocarbon composites (e.g., PVDF-ZFO-SDS
and CoFe,0O,4/carbon) improve dielectric constant or
conductivity through interfacial engineering, yet their
behavior is strongly dependent on filler content and
percolation pathways. In contrast, Co,Cu;_Fe,O,
achieves comparable improvements through intrinsic
cation redistribution and oxygen-vacancy formation,
without the need for composite additives.

From a design perspective, the tunable conduction
pathway is the distinctive advantage of the present
system. Cu-rich ferrites favor long-range Fe?*/Fe®"
hopping, resulting in relatively low activation ener-
gies and moderate dielectric losses, suitable for capaci-
tors and varistors. In contrast, Co-rich ferrites (x >0.8)
exhibit localized dielectric relaxation and high wH,
making them particularly suited for high-frequency
EMI shielding, microwave absorbers, and imped-
ance-tunable devices. Intermediate compositions
(x=0.4-0.6) provide a balance between conduction
and relaxation, offering promise for energy-storage
capacitors and multifunctional components.

The benchmarking underscores that the
Co,Cu;_Fe,O, series bridges the gap between conven-
tional soft ferrites and engineered ferrite composites,
providing comparable or superior frequency response
through controlled cation distribution. These findings
position the system as a versatile and tunable platform
for next-generation electronic, spintronic, and elec-
tromagnetic devices, with EMI shielding applications
identified as a key direction for future experimental
validation.

4 Conclusion

In this study, a series of Co,Cu;_Fe,O, (x=0.0-1.0) fer-
rite samples were synthesized via the citrate sol-gel
autocombustion method and systematically investi-
gated over broad temperature and frequency ranges
to elucidate their charge transport behavior.
Electrical conductivity increased with temperature
for all compositions, consistent with thermally acti-
vated processes. In Co-rich samples (x=0.8 and 1.0), a
pronounced slope change in the In(oT) vs. 1000/T plots
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above 373 K signaled a transition in the dominant con-
duction mechanism. At low temperatures (298-348 K),
conduction was primarily governed by grain boundary
effects and defect-assisted hopping, showing strong fre-
quency dispersion but weak temperature dependence.
At elevated temperatures, long-range small-polaron
hopping between Fe®/Fe?" ions at B-sites dominated,
while increasing cobalt substitution introduced addi-
tional Co*/Co’" valence fluctuations, producing a more
complex transport landscape.

XPS analysis confirmed that Fe is predominantly Fe®*
with minor Fe*, Cu is mainly Cu?" with traces of Cu’/
Cu*, and Co exists largely as Co*" with partial oxida-
tion to Co®" in Co-rich ferrites. The coexistence of Fe*'/
Fe?* and Co%"/Co® redox couples, combined with an
increased concentration of oxygen-vacancy-related
states, establishes multiple charge-transfer channels.
This spectroscopic evidence directly links cation redis-
tribution and defect chemistry to the observed transition
from long-range polaron hopping in Cu-rich samples to
localized dielectric relaxation and interfacial polariza-
tion in Co-rich compositions.

Dielectric analysis further supported this conclusion.
The frequency-dependent decrease in activation energy
indicated enhanced carrier mobility under alternating
fields. Modeling with Jonscher’s power law, its modi-
fied form, and the Almond-West model captured both
long-range and localized conduction processes. Nota-
bly, anomalously high dispersion parameters (s>1,
m > 1) in Co-rich compositions highlighted the domi-
nance of short-range dipolar relaxation and interfacial
polarization. The Almond—-West analysis revealed a
composition-driven increase in onset frequency wy
from ~ 4 kHz (CuFe,O,) to ~ 87 kHz (CoFe,O,), provid-
ing a quantitative marker of accelerated carrier dynam-
ics in Co-substituted ferrites.

These findings, reinforced by Koops” model, estab-
lish that cation redistribution, valence fluctuations, and
oxygen-vacancy formation govern the dielectric and
transport behavior of Co,Cu;_, Fe,O,. The compositional
tunability demonstrated here highlights the potential
of these ferrites for high-frequency applications such as
EMI shielding, capacitive components, and impedance-
based sensors.
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