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Abstract

Co0.25Nig 25Zng 25Cug 25 AgxFer xO4 (0.00 < x < 0.10) nanospinel ferrites (Ag — CoNiZnCu (x < 0.10) NSFs) have been
synthesized via a one-pot sol-gel method. XRD analysis was applied to prove the phase formation for each product. The
morphologies were confirmed via SEM/TEM. This study introduced a detailed analysis of the electrical and dielectric
properties of ion-substituted spinel ferrites. AC/DC conductivity and complex impedance spectroscopy were both used
to understand how substitution of Agt affects the charge-transport properties of these (NSFs). The unsubstituted NSF (x =
0.00) had very high resistivity (GS2 range) and was found to be mainly affected by one process of relaxation that occurred
due to high resistive grain boundaries. After substitution with Ag, the DC conductivity increased dramatically by several
orders of magnitude, which correlated with a massive reduction in resistance of the grain boundaries. The overall electrostatic
and dielectric properties of these NSFs changed drastically with Ag™ ion substitution as well; this change was due to the
presence of the effect known as colossal permittivity (¢ > 104), which is explained by the Maxwell-Wagner theory of
interfacial polarization. All types of analysis (using both the complementary impedance and electric modulus formalisms,
including Nyquist plots) proved that by separating the different electrical responses from the grains and grain boundaries of the
substituted NSFs, these materials are heterophase-natured. Therefore, it can be concluded that Ag + ion substitution is a very
effective way to tune the properties of grain boundaries, resulting in a measurable difference in the total electrical/dielectric
response of the NSFs.
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1 Introduction

Ferrites represent an important class of ferrimagnetic NSFs
with wide technological relevance and are commonly clas-
sified as garnet (M3FesOy»), spinel (MFe, O4), magneto
plumbite (MFe 2019), and orthoferrites (MFeO3), where M
denotes a divalent metal cation (e.g., Mg2+, NiZ*, Zn2*).
Among ferrites, spinel ferrites attract strong technological
interest due to their high magnetization, stability, tunable
composition, low dielectric loss, low coercivity, low cost,
and wide band gap [1, 2]. Spinel ferrite properties are influ-
enced by variables such as synthesis conditions, electronic
configuration, stoichiometry, particle size, and substituent
choice. Synthesis approaches include hydrothermal, sol-gel,
microemulsion, sol-gel auto combustion, co-precipitation,
thermolysis, and microwave-assisted methods [3].

Spinel ferrites, owing to their unique properties, are
widely used for various applications such as microwave
absorbers, memory and data storages, magnetic nanofluids,
humidity and gas sensors, targeted drug delivery, catalysis,
supercapacitors, magnetic storages and switches, recording
media, microelectronics, electronic filter, pharmaceuticals,
cancer treatment, photo magnetics, magnetic bulk and trans-
former cores, MRI, magnetostrictive vibrator, electromag-
netic shielding, lithium ion batteries, high-frequency power
devices, radar-absorbing NSFs, magnetic hyperthermia ther-
apy, and medical diagnostics [2, 4-6].

Spinel ferrites are cubic ferrites in which cations occupy
both octahedral (B) and tetrahedral (A) sites of the oxygen
lattice. Their electrical and magnetic properties arise from
A-B super exchange interactions. Substituting with M?* or
M3+ jons or rare earth elements (REs) redistribute cations
between these sites, altering super exchange and strongly
affecting saturation magnetization, the coercivity, blocking
temperature, and electrical resistance [7-9].

The impact of multielement substituting and cation distri-
bution on the magnetic, electrical, and dielectric features of
spinel ferrites has been widely documented [10, 11].

Among various substituents, Ag>*-substituted nanospinel
ferrites are increasingly important for applications in catal-
ysis, sensing, energy storage, magnetic fluids, biomedical
drug delivery, and information storage [12]. Silver nanopar-
ticles’ distinctive physical and chemical properties may
considerably promote and boost electrochemical perfor-
mance and Ag* ions incorporated into the crystalline spinel
network may improve its efficiency, durability, and long-term
chemical stability in the face of environmental fluctua-
tions [13]. Fei et al. stated that chemical silver plating
synergistically enhances the contribution of interfaces and
defects in the Ni-Zn-Nd spinel ferrite-based electromag-
netic wave absorbing material, and the introduction of
chemically plated Ag NPs weakens the magnetic proper-
ties of the composites, but it also introduces lattice defects
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and a dielectric loss mechanism dominated by polariza-
tion loss [14]. In Cdg 5Cugs.xAgxFeaOy4, Ag* substitution
altered the A/B-site distribution, caused lattice shrinkage,
induced paramagnetism at x > 0.4, and reduced magnetiza-
tion by weakening A—B super exchange in magnetic catalysts
[15]. In sol-gel-derived CoAgxFey xO4 (x = 0.0—0.4), Ag*
substitution increased the lattice parameters, decreased rigid-
ity, and modified dielectric behavior. Cole—Cole plots with
single semicircles indicated grain boundary-dominated con-
duction [16]. Ag*ion substitution into CoFe,O, ferrites
enhanced the lattice parameters, improved the antibacte-
rial properties, and shifted the magnetism from ferromag-
netic to superparamagnetic, linked to particle size and/or
anisotropy effects [17]. Rathod et al. [18] demonstrated
as Ag* amount at CuFe;4Agyx O4 ferrites increased the
saturation magnetization of NSFs decreased. Ag substitu-
tion in ultrasound-assisted sol-gel Zng 5Cog 5.x AgaxFerO4
for cancer application decreased the coercivity and mag-
netization [19]. Ag?* ion substitution in Zn—Cu ferrites
(Zng 5Cu0.5-x)AgxFe204) produced 50-65 nm crystallites
and enhanced dielectric/magnetic properties while maintain-
ing ferromagnetism [12].

Aydi et al. [20] studied on conduction mechanism
and dielectric relaxation in LiMgg 5Fe;O4 spinel ferrite: a
temperature- and frequency-dependent complex impedance
study. Defect-engineered charge-transport and dielectric
relaxation in In/Se co-substituted CoNi spinel ferrite
nanoparticles by sonochemical route search by Almeesiere
research group [21]. In another study, the same group studied
on the role of AI** ion substitution in modulating conduc-
tivity and interfacial polarization in CoNiCuZn spinel ferrite
[22]. The effect of Cd?* and Nd3* ions substitution on dielec-
tric and impedance properties of NixCdj.xNdyFez.yO4 (0
< x < 1.0) spinel ferrites nanoferrites for high-frequency
applications was studied by Murthy et al. [23]. Ashiq et al.
[25] investigated the dielectric, impedance, and electric
modulus properties of lanthanum-doped zinc spinel ferrite
(ZnLayFe>_x04) nanomaterials. The complex impedance
spectroscopic analysis of charge-transport and relaxation
mechanism in Cogs5CugsFe,O4 nanoferrites was searched
by Rani et al. [25].

While silver (Ag) incorporation has been briefly stud-
ied in binary and ternary ferrite systems such as CoFe;QOq4,
NiFe; 04, and CuFe;Oy4, research has predominantly focused
on how it alters lattice parameters, magnetic properties,
and defect-driven interfacial polarization [18, 26, 27]. For
instance, doping CoFe,04 with Ag typically shifts conduc-
tion to the grain boundaries and alters dielectric behavior,
whereas in NiFe; Oy, it boosts both conductivity and dielec-
tric response. In Ag-plated Ni-Zn—Nd systems, the primary
effects are interfacial; defects and heterojunctions amplify
polarization losses rather than altering the internal transport
mechanisms of the spinel grains. Similarly, investigations
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into Ag-doped Co—Zn and CuFe,0y ferrites have largely
been confined to structural and optical characterizations or
specific application testing [18, 26-28].

Noticeably absent from the literature, however, is
a rigorous, quantitative impedance-spectroscopic analysis
of an Ag-substituted multication spinel, specifically the
Co-Ni—Zn—Cu system. This gap is highly significant. Com-
pared to simple binary hosts, multielement spinel ferrites
feature intense cation-site competition and generate far more
intricate grain and grain-boundary transport networks [29].
Previous studies on multielement spinels confirm that com-
positional complexity fundamentally alters site occupancy
and microstructural development, making the Ag-substituted
Cog.25Nig.25Zng 25Cug 25 AgxFeo_O4 host an essential tar-
get for independent investigation.

To address this, our study outlines the synthesis of
Co0.25Nig.25Zng 25Cug 25 AgxFeo_xO4 (Where x ranges from
0.00 to 0.10) nanospinel ferrites using a one-pot sol—gel
method. We systematically evaluate the impact of Ag*
substitution on the material’s structural evolution, cation
distribution, AC/DC conductivity, and activation energy. Fur-
thermore, we provide a thorough analysis of its dielectric
properties and electric modulus. Crucially, this represents the
first comprehensive effort to map Ag* substitution within this
multielement host utilizing impedance-based deconvolution
to clearly separate grain and grain-boundary responses.

The objective of current study is to synthesize Ag —
CoNiZnCu (x < 0.10) NSFs with a sol—gel method and eval-
uate the effect of Ag substitution on the structure, cation
distribution, electrical, and dielectric properties of NSFs.
We aimed to replace Fe** ions by non-magnetic Ag* ions
so as to tune the electrical and dielectric properties of host
Cog.25Nig.25Zng 25Cup 25Fe2O4 NSFs.

2 Experimental
2.1 Chemicals and Instrumentations

The following chemicals have been received from
Merck (Cu(NO3)2.3H;0 (99.9%), Ni(NO3)2.6H,O (<
98.5%), AgNO3 (< 98.5%), Zn(NO3)2.4H20 (< 98.5%),
Co(NO3)2.6H20 (< 98.5%), and Fe(NO3)3.9H,0 (< 98%)
and urea (NH,CONH3) (< 98%) and used without further
purification. Structural investigation of produced composites
was examined via an X-ray diffractometer (XRD; Rigaku
MiniFlex 600) with CuKea radiation (A = 1.5406 ;&). The
XRD measurements were taken with 26 angle range of from
20 to 80° with a step of 0.02°. The obtained patterns were
analyzed with the help of Match 3 software to identify pre-
cisely the different phases. The morphology was investigated
using scanning electron microscopy (Tescan VEGA SEM)

and high-resolution transmission electron microscopy (HR-
TEM, Thermo Talos) with an acceleration voltage of 10 kV,
a spot size of 3.0, and a working distance of 9.7 mm. The
elemental compositions and their atomic percentage were
assessed using an EDX spectroscopy attached to the SEM.
A Novocontrol Alpha impedance analyzer was used for
conductivity and dielectric measurements. The proton con-
ductivity studies, and dielectric measurements of the NSFs
were performed using a Novocontrol impedance spectrom-
eter. The films were sandwiched between gold blocking
electrodes, and the conductivities were measured in the fre-
quency range 0.1 Hz-3 MHz at 10 °C intervals between 20
and 120 °C.

2.2 Synthesis

The Ag — CoNiZnCu (x < 0.10) NSFs were fabricated via
the one-pot sol-gel method for which urea was used as fuel.
The synthesis method was proceeded by dissolving the stoi-
chiometric amount of metal nitrates and 8 g urea in 30 ml of
deionized H,O (DI water) together under a constant stirring
at 80 °C for 30 min to get a homogeneous mixture. Then, the
pH of the resultant mixture of 7 was attained by the addition of
ammonia solution where the temperature increased from 110
to 330 °C and constantly stirred until the gel formed. Through
the heating procedure, the resultant gel was burnt to get black
powder (self-propagating combustion). The obtained solid
product did not have any calcination process (Scheme 1) [30].

3 Results and Discussion
3.1 Structure and Morphology

XRD powder patterns of Ag — CoNiZnCu (x < 0.10) NSFs
are given in Fig. 1. The observed diffraction peaks closely
match those of a mixed spinel ferrite nanocomposite, con-
firming its phase purity. Notably, Ag™ ion substitution did not
alter the cubic spinel structure of the nanocomposite; how-
ever, it caused slight broadening of the most intense peak at
the (311) plane. This peak broadening indicates a reduction
in crystal size with increasing Ag ion substitution. Struc-
tural parameters such as lattice constant a (A), cell volume V
(A3), XRD density dx (g/cm?), and hopping lengths at Site-A
(L(A)) and Site-B (L(B)) of the mixed spinel ferrite nanocom-
posite were calculated and are summarized in Table 1. Crystal
size was determined using the Scherrer equation at the (311)
peak, along with the Williamson—Hall (W—H) method. The
lattice constant initially increased and then decreased in the
substituting range of x = 0.06—0.10, which is attributed to
the mismatch in ionic radii between Ag and Fe ions. The
crystallite sizes were found to range between 19 and 40 nm
according to the W-H analysis. Furthermore, W—H analysis
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Scheme 1 One-pot sol-gel synthesis of Ag — CoNiZnCu (x < 0.10) NSFs

Table 1 Structural parameters of Ag — CoNiZnCu (x < 0.10) NSFs

X a(d) MW dx Vv (A)? Dp Dp (W-H)  Micro-strain  L(A) L(B) Rprage X2
(g/mol) (g/cm3) (Scherrer) (nm) (e) W-H x (nm) (nm)
(nm) 107
0.00 8351 237775  5.355 582340  30.88 27.16 7.1 3616 2952 178 1.15
0.02 8354 238816  5.345 582.949  21.31 19.04 4.5 3617 2953  29.1 1.57
0.04 8371  239.856  5.357 586.630  26.16 21.29 8.25 3.625 2960 333 1.48
0.06 8357  240.897  5.318 583.560  28.82 24.86 19.2 3.619 2954 235 1.17
0.08 8351 241937 5360 582340  43.69 37.81 27.7 3.616 2952 315 1.23
0.10 8339 242978 5350 579911  36.29 38.68 34.9 3.611 2948 204 1.13

revealed that a positive slope corresponds to tensile strain
(Fig. 2) [31].

Scanning electron microscopy (SEM) was used to exam-
ine the morphology of Ag — CoNiZnCu (x < 0.10) NSFs
nanostructured ferrites (NSFs), as shown in Fig. 3. The SEM
images reveal agglomerated, spherical-shaped particles. Due
to substitution, a more nonuniform particle morphology was
observed. The chemical composition of (Ag — CoNiZnCu (x
= 0.02 and 0.06)) NSFs was quantitatively confirmed using
energy-dispersive X-ray spectroscopy (EDX), as presented
in Fig. 4. The EDX spectra show the weight percentages
(Wt.%) of the elements Co, Ni, Zn, Cu, Ag, Fe, and O. Fur-
ther analysis of particle shape and phase formation for Ag
— CoNiZnCu (x = 0.02) NSFs was carried out using TEM
and HR-TEM, as illustrated in Fig. 5. TEM images indicate

@ Springer

a tendency toward spherical nanoparticle formation, while
HR-TEM confirmed the spinel ferrite structure, consistent
XRD observations.

3.1.1 Cation Distribution

The cation distribution of the synthesized spinel ferrite sys-
tem Ag — CoNiZnCu (x < 0.10) NSFs was systematically
determined using the modified Bertaut refinement method
applied to X-ray diffraction (XRD) data. The method is
based on minimizing the Ry value derived from the absolute
differences between experimental and calculated intensities
of selected cation-sensitive diffraction planes: (220), (400),
(422), and (440) [32].
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Fig. 1 XRD powder patterns of Ag — CoNiZnCu (x < 0.10)) NSFs)

The theoretical intensity of each selected Bragg reflec-
tion is calculated by evaluating the structure factor, which
accounts for the atomic form factors of individual ions
and their respective occupancies at tetrahedral (Tq, A) and
octahedral (Oy,, B) sites. This calculation also includes cor-
rections for multiplicity and Lorentz-polarization effects to
ensure accuracy. Rgpg iS a parameter that quantifies how
closely experimental results agree with theoretical predic-
tions; it is the sum of the absolute differences between
experimentally observed intensity ratios and those predicted
by theory. Minimizing Rgps is important; a Rgps value
approaching zero indicates a distribution of cation species
that closely matches the experimental diffraction pattern.
Robs is minimized using an evolutionary algorithm with two
constraints: to conserve charge neutrality and to have a fixed
total occupancy of the sites.

All optimization cycles are completed with respect to the
following conditions: the predetermined upper and lower
bounds of occupancy for cations, that at A- and B-site the
total cation content is equal to the expected stoichiometric
amount, and the overall electrostatic balance; thus, a signif-
icant difference from one would be interpreted as being due

to the presence of an oxygen vacancy, which is the typical
mode of compensation for non-stoichiometric spinel’s [33,
34].

The refined cation distribution suggests that the A-site
population remains nearly unchanged with x. Within this
model, Ag* incorporation is inferred to influence the B-site
environment more strongly than the A-site environment.

As more Ag* ion is added to the structure, there will be
an increase in the number of Ag* ions substituted on the
B-site at an increasing rate; as well, the fact that Ag* ion
has a larger ionic radius ("1.15 A) and has less preference
for Td coordination compared with other cations that could
fit in the B-site position suggests that the addition of Ag*
ion will result in a steady decline in the amount of Fe3* in
both sites when the total amount of Ag* ion is increased from
0.02 to 0.10, which indicates to replace or to redistribute Fe3+
between both sites in order to maintain the charge balance of
the system.

i. The levels of Ni2* and Co?* stay almost equal (Nig o2
and Cog02) and thus support the fact that they are both in
two different sites, but there is a greater preference for them
being in the Oh site.

ii. Cu* is generally considered to favor octahedral coordi-
nation because of Jahn—Teller stabilization; thus, the refine-
ment trend is consistent with limited redistribution of Cu?*
under Ag* substitution, although this is not directly proven
here.

This means that the different cations have different loca-
tions that would be consistent with their energy and size;
therefore, they can all be readily replaced and compensated
for by other cation species that can be used to accommodate
the overall charge balance in the material. Since we know that
when one cation replaces another cation with a lower charge
and that the structure is electrically neutral, in the case of
replacing monovalent Ag* for trivalent Fe3+ this will create
a net deficit of positive charge in the structure. For example,
substituting one Ag* for one Fe3* reduces the positive charge
by 2 units for each substitution of Ag* for Fe3+. In order to
maintain an electrically neutral structure, the system has to
compensate for this deficit, i.e., (1) Fe3* will be redistributed
to the A-site of the spinel. This can be seen indirectly from
the small decrease in Fe content on the A-site; (2) oxygen
vacancies will be created as another mode of compensatory
mechanism in spinel ferrites.

The decrease in the refined B-site Fe>* content together
with the increasing Ag* contribution is consistent with possi-
ble defect formation and/or charge-compensation processes,
although direct spectroscopic verification would be required
for confirmation.

@ Springer
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Fig. 2 Williamson—Hall plots of Ag — CoNiZnCu (x < 0.10)) NSFs
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Fig.5 TEM and HR-TEM images of Ag — CoNiZnCu (x = 0.02) NSFs
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3.1.2 Agglomeration-Driven Electrical Heterogeneity

As clearly seen in the SEM micrographs, although it reveals
pronounced particle agglomeration, this situation may be
consistent with electrical modeling based on grain and grain
boundary contributions. In NSF systems synthesized by
sol—gel methods, agglomeration typically leads to the forma-
tion of electrically connected grain clusters; thus, each cluster
can behave like a network of nanoscale grains separated
by internal interfaces. Therefore, the concept of "grains" in
impedance analysis is more reasonably interpreted as elec-
trically active regions within clustered groups rather than
isolated, geometrically distinct particles [35].

From an electrical perspective, these agglomerated struc-
tures likely increase the complexity of the grain boundary
network, leading to a distribution of interface barriers with
varying thicknesses and conductivities. This appears con-
sistent with the observed non-Debye relaxation behavior
modeled using a constant phase element (CPE) in the EEC.
As explained in later sections, the depressed semicircles in
the Nyquist plots and the broad relaxation peaks in the dielec-
tric loss and modulus spectra further confirm the existence
of distributed relaxation times arising from structural hetero-
geneity caused by agglomeration [36].

Furthermore, agglomeration can significantly affect the
MW interface polarization. Interconnected grain clusters cre-
ate extended channels for charge transport within the grains,
while also increasing the formation of internal interfaces
where charge carriers accumulate. Thus, this type of for-
mation contributes to increased space charge polarization
at low frequencies and the observed enormous dielectric
constant. However, excessive agglomeration also makes it
possible for conductive channels to leak along grain bound-
aries, effectively reducing barrier resistance and leading to
"leaky capacitor" behavior at higher substitution levels, as
observed in the decrease in dielectric constant beyond x &
0.02.

Therefore, the coexistence of different grain/grain bound-
ary electrical responses and agglomerated morphology is
physically consistent. Both impedance and modulus analyses
rely on regions that cannot be formed by perfectly isolated
grains, but rather on electrically discernible, highly agglom-
erated NSFs, which remain valid even in these compositions.
This elucidation is consistent with the evolution of grain
boundary resistance, relaxation peaks, and dielectric disper-
sion behavior observed across all NSFs 37, 38].

3.2 Electrical Properties: Conductivity Analysis
3.2.1 AC Conductivity (0O 4¢)

The thermal activation process generally occurs in all NSFs
through electrical current conduction. Electrical conduction

%% @ Springer

Table 2 Cation distribution of Ag — CoNiZnCu (x < 0.10) NSFs

X Tq (A-site) Oy, (B-site)

0.00  Cog,05Zng25NigsFeoss  Coo20Cup2s5Nig20Feq 35

0.02  Znp2sNip.0sCoo.0sFeoss  Cop2Nig2Cuo25Ag0.02Fer.33
0.04  Zng25Nig5Coo.0sFeoes  Coo.2Nip2Cuo25Ago.04Fe1 31
0.06  Zng25Nig5Coo.0sFeoss  Coo.2Nip2Cup25Ag0.06Fe1 29
0.08  Zng25Nig5Coo.0sFeoes  Coo.2Nig2CupasAgo.osFer 2y

0.10  Zng25Nig05Co0.05Fe0.65  Cop.2Nig2Cup2s5Ago.10Fe1.25

Site occupancies are inferred from modified Bertaut refinement of XRD
intensity ratios and should not be interpreted as direct spectroscopic
confirmation of cation positions

in conductors is a specific case of behavior observed in ther-
mally active semiconductors, where the AC conductivity
(oac) increases significantly with rising temperature. It can
be known that the primary mechanism behind conduction
mechanisms in these NSFs becomes the mobility of charge
carriers, mainly electrons, which hop or transfer between fer-
rous (Fe2*) and ferric (Fe>*) ions located at the Oy, (or B) site
of the spinel structure. Consequently, charge carrier-assisted
conduction in these thermally active mechanisms follows an
Arrhenius-type relation where oac = oge(— E4/kgT), indi-
cating that higher thermal energy enhances charge carrier
mobility and their exchange [37].

Most of the substituted NSFs exhibit frequency depen-
dence in their oac, as described by the opc + Aw® equation
from well-known Jonscher’s Universal Power Law. The
Maxwell-Wagner (MW) model provides a logical expla-
nation for this behavior [38]. According to this model,
some NSF consists of highly conductive grains separated
by less conductive grain boundaries. At lower frequencies,
charges must cross the resistive grain boundaries, leading
to long-range hopping process between grains and a sta-
ble conductivity level at opc regime. When frequencies
become higher, the capacitive effect across grain boundaries
effectively bypasses their resistive one, allowing charges to
hop only short distances within individual intra-grains. This
causes a sharp increase in conductivity, known as strong
dispersion (Table 2).

The principles embodied in these concepts are illustrated
in Fig. 6. So, six separate 3D surface plots display the AC
conductivity of Ag-to-Co-Ni-Zn-Cu NSFs (x < 0.10) as
a function of both frequency and temperature. Each plot
depicts an NSF with an Ag substitution ratio, ‘x’, rang-
ing from 0.00 to 0.10. The three dimensions of each plot
correspond to the AC conductivity of each NSF, Inoac,
In(f) (frequency), and T (temperature). Validated predictions
about the behavior of AC conductivity across all substitution
levels are shown through the datasets of the various plots,
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where increasing temperature and frequency consistently
enhance AC conductivity at all levels of Ag substitution.

Graphs show that substituting Ag* ions for Fe** ions has
been a main focus of the study. Comparing the graphs, there
is a general trend of decreasing oac as the substitution ratio,
’x’, for the Ag ions increases from x = 0.00 to x = 0.10. As
mentioned, the primary mechanism by which charges move is
hopping between Fe?* and Fe3* ions. Using monovalent Ag*
ions, which do not participate in charge transport, to replace
Fe3* ions reduces the number of active hopping sites for
charge movement between Fe ions. Because the number of
conduction sites has been reduced, macroscopic conductivity
will decline.

Along with the main trend previously described the effect
of sublimating the primary metal will likely influence the new
material’s behavior through its microstructure. An example
of this is the "hump’ or distortion observed at both lower
frequencies and elevated temperatures for x = 0.00 and 0.10,
which is associated with grain-boundary and/or electrode-
polarization phenomena. The variation in the characteristics
of this hump based on "X’ suggests that substituting Ag* ion
into the NSFs will alter the electrical properties of the grain
boundaries, possibly through increased segregation and thus
affect the MW relaxation phenomena.

Furthermore, the 3D graphics provide a clear visual rep-
resentation of how temperature, frequency, and Ag ion
substitution interact, as well as how these interactions affect
the electrical transport mechanism of the complex NSF
system, designated by oac(w). The data also confirm that
the processes influencing oac(w) are thermally activated,
involve electron hopping, and are affected by MW interfacial
polarization at grain boundaries, as predicted by established
theory [20]. A significant observation when systematically
substituting Ag* ions with Fe ions is seen to be a decrease in
conductivity, which is related to the reduced number of avail-
able (ferrous-ferric) ion pairs (Fe>* — Fe*) that facilitate
charge conduction through the grains.

3.2.2 Transport Mechanisms (JPL modeling)

The conductivity’s frequency response in all Ag —
CoNiZnCu NSFs adheres to Jonscher’s universal power law,
o(w) = opc + Aw®, as shown by the linear In(cac)-In(f)
trend in the high-frequency dispersive region (Fig. 7). The
frequency exponent s, derived from the slopes of these linear
regions, is listed in Table 3 for different temperatures and
Ag substitutions. As indicated, s ranges from 0.75 to 0.84
at 20 °C and decreases gradually with increasing tempera-
ture, reaching 0.60 to 0.70 at 120 °C across all compositions.
A slight but consistent decline in s with rising Ag ion sub-
stitution ratio at a constant temperature suggests a gradual
delocalization of carriers and a reduction in effective hop-
ping barriers within the grains. The observed decrease of

%% @ Springer

s with temperature is characteristic of the correlated bar-
rier hopping (CBH) model, unlike other mechanisms such
as non-overlapping small polaron tunneling (NSPT) or over-
lapping large polaron tunneling (OLPT), which do not match
the trends in Table 3. It is also evident to highlight that the
CBH model explains the differences between opc and oac
of the high frequency. Moreover, the low-frequency conduc-
tivity plateau, opc, arises from long-range charge transport
across high-resistance grain boundaries, with lower magni-
tude and higher thermal activation. Conversely, ocac of the
dispersive high frequency arises mainly from localized hop-
ping within the grains, where charge carriers respond to the
applied field without crossing grain boundaries.
Consequently, oaoc grows more quickly with elevating
both frequency and temperature than opc, suggesting a
shift from grain-boundary-limited DC conduction to grain-
controlled AC conduction. This behavior complements the
conductivity analysis, the s values listed in Table 3, and the
contributions from grains and grain boundaries derived from
impedance measurements. Thus, the observed decrease in
’s” with increasing temperature is characteristic of the CBH
model, indicating that thermally activated hopping between
localized states is the primary mechanism for AC conduction.
To clarify, this distinction can be summarized as follows:

Transport Frequency  Dominant Physical
regime range microstructural ~ mechanism
element
opc plateau Low fre- Grain Barrier-limited
quency boundaries hopping
oac dispersion  High fre- Grains Localized CBH
quency hopping

Therefore, this complementary interpretation improves
the internal consistency among conductivity, impedance, and
dielectric analyses presented.

3.2.3 DC Conductivity (6p¢) and Activation Energy (EA)

The temperature effect on the DC electrical conductivity
of semiconducting non-stoichiometric ferrites increases or
decreases, respectively, according to the Arrhenius equation:
opc = opexp(-Ea/kpT), where o is the pre-exponential fac-
tor or intercept on the y-axis in the logarithmic plot of opc;
E 4 is the activation energy (the energy needed to move charge
between neighboring ions); kp is Boltzmann’s constant; and
T is the absolute temperature measured in Kelvin. E4 can be
determined directly from the slope of the linear sections of
the Arrhenius plot of opc versus (1/kgT).

The Arrhenius plots of the Ag — CoNiZnCu (x < 0.10)
NSFs are shown in Fig. 8. There are two main similarities
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Table 3 Approximate frequency

exponent (s) derived from x/Temp. (°C) 0.00 0.02 0.04 0.06 0.08 0.10

In(oac) versus In(f) plots for Ag

— CoNiZnCu NSFs 20 0.84 0.82 0.80 0.78 0.76 0.75
40 0.82 0.80 0.78 0.76 0.74 0.72
60 0.79 0.77 0.75 0.73 0.71 0.69
80 0.76 0.74 0.72 0.70 0.68 0.66
100 0.73 0.71 0.69 0.67 0.65 0.63
120 0.70 0.68 0.66 0.64 0.62 0.60

Note that the frequency exponent s was derived from the slope of the linear high-frequency region of In(oac)
versus In(f) plots, which follow Jonscher’s power law

120 100 80 60 40 20°c

16

18

-20

-22

Inc 4c) (Sfem)

24

-26

30 32 34 3|6 38 40
1/kgT [eV]

Fig.8 Arrhenius plot of the DC conductivity for Ag — CoNiZnCu (x
< 0.10) NSFs

observed in all these materials. The first is that the conductiv-
ity increases with temperature (meaning Inopc becomes less
negative as 1/kpT decreases); this indicates that the NSFs
are semiconductors, confirming that they follow a thermally
activated electron-hopping mechanism [39]. A second sim-
ilarity is that the plots are not perfectly straight lines over
the tested temperature range. Most of the NSFs show a clear
change in slope (known as "knee"), indicating a change in
the value of EA [40].

One of the most interesting features of the graph is the very
large effect of substituting Ag ions on the DC conductivity
of NSFs. The unsubstituted NSF (x = 0.00) has very low
opc, with the lowest value being several orders of magnitude
lower than that with Ag substitution. Once a small amount
of Ag ions is introduced to the NSF (i.e., for x = 0.02), opc
increases dramatically across all other Ag substitutions (i.e.,
for x > 0.02). Additionally, the DC conductivities for each
substituted NSF remain significantly higher than that of the
unsubstituted NSF, although there is a non-monotonic trend

S @ Springer

among the substituted NSFs, with the peak occurring at x =
0.02.

The situation may seem contradictory when examined in
light of the results from high-frequency oc tests (as shown
in Fig. 6), which show a general decrease in caoc with Ag
ion substitution. However, the discrepancy between these
two data sets can be explained by considering that the NSF
microstructure is polycrystalline (as described by the MW
model [18, 28]) and can therefore be viewed as an inhomo-
geneous material made up of individual grains (with high
conductivities) interconnected through less conductive grain
boundary networks (high resistance). In terms of opc mea-
suring stopping power, this grain boundary network, being
the most resistive part of the current path, acts as a limiting
factor; thus, for opc, the current must always pass through the
grain boundaries (the limit) before reaching the next conduc-
tive grain, ensuring that the resistive element is always part
of the current path. Conversely, for cpoc measurements of
stopping power, the high frequency of testing mostly affects
oac by the local motion of charge carriers (electrons, holes,
etc.) within each conductive grain, which promotes favorable
behavior and allows charge carriers to bypass the resistive
grain boundaries.

The evidence from both AC and DC measurements
strongly indicates that Ag ions serve two functions. The
first function, substitution, was demonstrated by substituting
some Fe ions (Fe?* with Fe3*), which caused slight disrup-
tions in the chain-like structure of the Fe>*—Fe>* (hopping
chains), thereby reducing the intrinsic conductivity for each
grain, as shown by the high-frequency data trends in AC mea-
surements. The second function is that most Ag ions tend to
migrate to grain boundaries, where they are segregated by
segregation boundaries, thus lowering the resistivity of these
NSFs. Therefore, the increase in opc caused by substitut-
ing Ag ions is mainly due to enhanced conductivity arising
from the segregation of Ag ions at grain boundaries, which
explains the significant increase in opc observed compared
to the base NSF.
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Table 4 Activation energies (E4’s) for three regions obtained from DC
Arrhenius plots

Agcontent (x) (Ea1)eV (Ea2) eV (Ep3) eV
(Region-I) (Region-1II) (Region-III)
0.00 0.31 0.47 0.62
0.02 0.18 0.36 0.51
0.04 0.14 0.29 0.44
0.06 0.20 0.43 0.57
0.08 0.11 0.25 0.39
0.10 0.16 0.32 0.48

An Arrhenius analysis of Ag ion substitution reveals a
thermally activated, semiconducting behavior in these Ag-
substituted NSFs, with a noticeable change in E4 at the Curie
temperature. The most significant instinct arises from the reli-
able results of both AC and DC measurements, which suggest
that Ag primarily enhances electrical conduction mecha-
nism by improving grain boundary conduction. This positive
impression on grain-boundary conductivity surpasses the
reduction within the grains, highlighting the importance of
microstructural engineering in adjusting the electrical prop-
erties of NSFs.

Figure 8 presents the Arrhenius plots of the DC conduc-
tivity for Ag — CoNiZnCu (x < 0.10) NSFs over the entire
temperature range studied. Thus, all the NSFs depict clear
deviations from single-slope Arrhenius behavior, suggest-
ing the presence of multiple thermally activated conduction
mechanisms. As a result, the temperature dependence of
opc can be categorized into three regions: high-temperature
(Region-I), intermediate-temperature (Region-II), and low-
temperature (Region-IIT). The activation energies derived
from linear fits in each region are listed in Table 4.

In Region-I (high-temperature range), low activation ener-
gies (0.11-0.31 eV) are observed, indicating thermally
assisted short-range charge hopping within grains. The lower
energy barriers indicate improved carrier mobility, espe-
cially in Agion-substituted NSFs, where substituting Ag ions
supports charge compensation and enhances the number of
mixed-valence Fe?*/Fe3* pairs.

In the intermediate-temperature range (Region-II), higher
activation energies (0.25-0.47 eV) are perceived, reflecting
the combined conduction effects of both grain and grain-
boundary. This aligns with the MW interfacial polarization
model, which suggests charge buildup at grain boundaries
causes a formation of additional potential barriers.

In the lower-temperature range (Region-III), the highest
activation energies, between 0.39 and 0.62 eV, are observed,
indicating that charge carriers are highly localized and trans-
port contribution is mainly dominated by grain boundaries.

The rising activation energy in this region suggests that car-
rier mobility relies on defect-assisted hopping and encounters
potential barriers arising from structural disorder and inter-
granular interfaces. Importantly, substituting with Ag ions
reduces activation energies across all three regions, con-
firming their role in lowering hopping charge barriers and
enhancing electrical conduction. These results show that the
DC conduction mechanism in Ag-substituted NSFs shifts
with temperature: from grain-controlled hopping at higher
temperatures to grain-boundary-limited transport at lower
temperatures.

3.3 Complex Dielectric Analysis
3.3.1 Dielectric Constant (€,’)

The dielectric properties of NSFs are determined by the
polarization mechanisms, including electron, ionic, dipole,
and interfacial (space-charge) polarization. Each of these
mechanisms responds differently to an external electric field,
depending on the field’s frequency. At high frequencies, only
the fast-acting electronic and ionic polarizations contribute
to the response, resulting in a lower dielectric constant (¢,”)
for the NSF. As the frequency decreases, the slower polariza-
tion mechanisms have enough time to become active, leading
to a significant increase in the value of ¢, for NSFs due to
dielectric dispersion.

In NSFs, the dominant low-frequency mechanism is MW
interfacial polarization [37, 38]. This model describes NSF
as composed of highly conductive grains separated by thin,
more resistive boundaries that respond in a specific way.
When a field is applied, charge carriers—electrons hop-
ping between Fe?* and Fe3*—move freely within the grains
but are blocked at the grain boundaries, leading to accu-
mulation. This space charge accumulation produces many
macroscopic dipoles, resulting in a very high effective ¢/,
known as colossal permittivity. The phenomenon is said to be
temperature-dependent; higher temperatures provide charge
carriers with more thermal energy, upsurging their mobility
and enhancing charge accumulation at the interfaces. There-
fore, Fig. 9 clearly demonstrates this pattern, displaying 3D
surface plots of the dielectric constant of Ag — CoNiZnCu (x
< 0.10) NSFs across various frequencies and temperatures.

For all surveyed substitution ratios, the characteristics of
MW interfacial polarization become evident: the €, is very
high at lower frequencies and elevated temperatures and then
declines stepwise with increasing frequency.

The main focus of this investigation is on the effect of Ag-
substituted NSFs. The results indicate that the unsubstituted
NSF (x = 0.00) has a significantly lower ¢,” value than any of
the Ag-substituted NSFs, while all of the substituted NSFs
(i.e., for x > 0.02) demonstrate true colossal permittivity
(with In(¢;) > 10, indicating ¢,” > 20,000). These notable

@ Springer



Arabian Journal for Science and Engineering

-usiad R e

T

—_

x=0.02




Arabian Journal for Science and Engineering

differences are linked to the electrical conductivity of the
NSE, as previously noted.

This correlation is explained by the needs of the MW
mechanism. There is a very low opc for the unsubstituted
(x = 0.00) NSF, indicating that there are not enough mobile
charge carriers to migrate to and accumulate at the grain
boundaries to create interfacial polarization. The sharp rise
in both oac and low-frequency ¢’; after substitution with
Ag ions (x = 0.02) indicates that the addition of a substi-
tute provides more charge carriers to support the polarization
process. This suggests that by substituting Ag ions, a system
with enough mobile charge carriers and effective blocking
barriers to produce colossal permittivity was created.

It is interesting that €,” reaches its highest point at the x =
0.02 composition, and for higher Ag ion substitution ratios,
it decreases to lower values. This trend mirrors the pattern
seen in opc. This suggests a maximum limit on interfacial
polarization. In fact, increasing substitution levels up to x
= 0.02 enhances this effect, whereas beyond that, it likely
increases the conductivity of the effective blocking barri-
ers themselves, making them ’leaky. When the boundaries
of effective blocking barriers no longer hinder charge car-
rier movement, these carriers will pass through rather than
accumulate at the interface. This reduces the magnitude of
interface polarization, leading to a decrease in the effective
€.’ value.

In summary, MW interface polarization primarily affects
the dielectric properties of the ferrite materials under inves-
tigation, as demonstrated by the very high ¢, values in Ag
ion-substituted NSF systems. €, is directly related to the elec-
trical conductivity of NSF. Incorporating Ag ions effectively
modifies the relationship between ¢, and electrical conduc-
tivity, especially at x = 0.02. At this substitution level, the
NSF achieves an optimal state by increasing mobile charge
carriers while maintaining high grain boundary resistivity,
thereby maximizing the overall charge storage capacity.

3.3.2 Dielectric Loss (€,"')

The response of an NSF to an AC electric field involves both
energy storage, characterized by €., and energy dissipation,
characterized by dielectric loss (¢;”"). These phenomena are
interconnected; ¢’ is characteristically related to cac by
the equation oac(w) = wepe,” (w), where w is the angular
frequency, and € is the permittivity of free space [37]. Essen-
tially, ¢,/ signifies the energy dissipated per cycle and is the
physical origin of the frequency-dependent cac.

Two primary mechanisms give rise to ¢, in NSF: (1) Con-
duction losses, which result from the "long-range" motion of
charges and are associated with opc in the NSE. These losses
usually dominate at low frequency and high temperature. (2)
Relaxation losses caused by the inability of the polarization
mechanism to keep up with the alternating electric field. This

mechanism creates a broad peak in the ¢," spectrum, which
is characteristic of dielectric relaxation. With thermal activa-
tion phenomena such as MW interfacial polarization, which
we previously discussed, as the temperature increases, the
peak position in the ¢, spectrum shifts to higher frequen-
cies because the characteristic relaxation time of the charge
carriers decreases.

The dielectric losses of the Ag — CoNiZnCu (x < 0.10)
NSFs were plotted as a 3D surface. As shown in Fig. 10,
these materials clearly exhibit the two previously mentioned
features. At lower frequencies, the sharp rise in losses is due
toincreased conduction losses. This trend is further enhanced
by the addition of broad relief peaks associated with the MW
mechanism; these peaks systematically move toward higher
frequencies as the temperature increases, clearly confirming
their thermally activated behavior. Therefore, this peak marks
the point of maximum energy absorption, and it is evident
that it arises when the external field frequency matches the
average hopping rate of charge carriers at grain boundary
interfaces.

The ¢,/ spectra confirm a unified pattern of the electri-
cal properties of NSF materials. The frequency distribution
observed in oac can be explained physically: The experi-
mental Jonscher power law is known to describe the overall
effect of both low-frequency conduction loss (correspond-
ing to the opc plateau) and high-frequency relaxation loss
peaks. Additionally, the same MW mechanism that produces
the enormous ;" (energy storage) can also be the source of
these relaxation peaks (energy dissipation) and therefore is
expected to represent two aspects of the same fundamental
phenomenon.

The ¢, analysis is known to support a combined model
explaining how Ag ion substitution affects NSF. First, pure
NSF (x = 0.00) exhibits a broad, weak relaxation peak with
very low amplitude. Subsequently, when Ag ions are added
to NSF (approximately x = 0.02), the amplitude of this relax-
ation peak increases significantly and appears much sharper
than shown by the raw data. Therefore, this observation con-
firms that Ag substitution increases both the number and
mobility of charge carriers, thus strengthening the MW inter-
face polarization. Consequently, the opc value increases,
leading to a higher ¢,” and a more pronounced ¢, peak. All
electrical measurements consistently show a non-monotonic
trend reaching a peak at x = 0.02.

In summary, the €' spectra of this ferrite confirm the
presence of thermally activated MW dielectric relaxation.
The analysis also strongly suggests that the observed loss
peaks are the primary mechanism of energy distribution and
that oac influences the frequency dependence. Addition-
ally, similar results obtained across all four measurement
methods (cac, opc, €', and €,") provide a unified and consis-
tent explanation. This model explains all electrical behaviors
as a consequence of electron hopping within a composite
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microstructure, which can be systematically and predictably
managed through Ag™ ion substitution.

3.3.3 Dissipation Factor (tang)

The loss tangent (also called dissipation factor) is a signifi-
cant parameter for evaluating a dielectric material (NSF). It
measures the ratio of energy dissipated to energy stored in
an alternating electric field. This factor is defined as tand =
¢ | €/, where ¢/ is dielectric loss and ¢, is the dielectric
constant, and so, it provides intuition into the behavior of
NSFs in this manner.

Figure 11 shows 3D plots of tand for Ag — CoNiZnCu
(x < 0.10) NSFs. These graphs disclose peaks associated
with relaxation phenomena that shift to higher frequencies
with increasing temperature, implying a thermally activated
relaxation process. These peaks designate high confidence in
the physical model, which was developed based on previous
analyses. The relaxation process is attributed to MW inter-
facial polarization, resulting from the differing structures of
conductive grains and resistive grain boundaries [37, 38].
The tand peaks, where energy dissipation is most competent
relative to energy storage, occur at a frequency that exhibits
resonance between the applied electric field and the accumu-
lation time of charge-carrier at the grain boundary.

It is important to note that the effect of substituting Ag*
ions into NSFs on tan3 is clearly marked. Moreover, unsub-
stituted (x = 0.00) NSFs display a weak and broad relaxation
without a peak. In contrast, NSFs substituted with Ag ions
(x = 0.02) show much sharper and more intense peaks,
indicating an increased energy dispersion due to the Ag
ion substitution. This supports the conclusion that Ag ions
increase the number of charge carriers and thus improve
the interfacial polarization, showing better charge transport
along the grain boundaries, as demonstrated in the opc data.

As is known, dissipation factor analysis allows all elec-
trical measurements to be combined within a single and
consistent framework. The first stage of these measurements
is the thermal activation of electrons hopping from one Fe
ion (Fe2*) to another one (Fe3*).

e DC conductivity analysis reveals that Ag ion substitution
significantly improves the conductivity of grain bound-
aries by increasing the activity of these mobile ionic
charges.

e Dielectric constant analysis indicates that the increased
charge activity leads to a significant charge accumulation
at the interfaces, resulting in a large amount of energy
storage or real permittivity.

e Dynamic measurements of this charge accumulation were
conducted using dielectric loss and frequency-dependent
conductivity analyses, revealing that the relaxation of this

interface charge is a significant energy dissipation mech-
anism controlling the AC conductivity.

e The dissipation factor strongly supports this correlation.
Specifically, it is important to recognize that conditions
causing high permittivity (high ¢,”) also lead to a very high
tand or a prominent relaxation peak, clearly indicating an
increased level of polarization involved in energy dissipa-
tion.

The dissipation spectra confirmed that MW interfacial
polarization as the foremost contributing factor to the electri-
cal behavior of NSFs, and the detailed dataset shows strong
agreement between them. Furthermore, Ag ion substitution
significantly affects the NSF microstructures by influenc-
ing the electrical properties of the grain boundaries, thereby
enhancing interfacial polarization and increasing the dielec-
tric constant, energy loss, and overall conductivity of the
NSFs. This helps in understanding how to control the elec-
trical behavior of such complex oxides.

3.4 Complex Electric Modulus Analysis

M % = l/e * = ReM + jImM is an analytical framework
known as the electric modulus formalism, which is frequently
used to examine the dielectric characteristics of NSFs. The
main advantage of the electric modulus method is its ability to
reduce interference caused by electrode-polarization effects
on the dielectric response at low frequencies. This enables
a better interpretation of grain relaxation processes in NSFs
[37,40-42].

3.4.1 Real Electric Modulus [ReM vs In(f)]

As can be seen from the relevant graphs, the frequency
characteristic of ReM is typically S-shaped and exhibits
a sigmoid distribution. ReM is almost zero at the low-
est frequencies; this is known as an indication that charge
carriers are mobile over large distances. As the frequency
increases, ReM approaches a maximum value (ReM*) cor-
responding to ¢/, which is the inverse of the maximum
high-frequency electric field polarizability (ReM® = 1/¢,*).
In the high-frequency range, ReM remains constant because
charges cannot respond quickly to rapidly changing elec-
tric fields (inductive response). The transition between these
two phases (low and high frequency) is called the dielectric
relaxation phase. The shift of this transition toward higher
frequencies at elevated temperatures suggests that the relax-
ation rate accelerates with increasing temperature, following
an Arrhenius dependence.

3D-plotted graphs (Fig. 12) illustrate the general pat-
terns observed when using Ag ions to substitute ions in the
CoNiZnCu NSF system (for x < 0.1). The 3D surface plots
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Fig. 12 3D representation of the electric real modulus (ReM) of Ag — CoNiZnCu (x < 0.10) NSFs
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from the graph suggest that substituting Ag ions has a non-
linear, significant impact on the dielectric properties of the
NSE. Using a comparative approach, the extent of this influ-
ence can be assessed by considering the different values of x
used in the substitutions.

Initially, the baseline for the host NSF (x = 0.00) has
a ReM (the ratio of the material’s conductivity to its total
charge/carrier) of about 1.2-1.3, indicating a high level of
charge mobility. The host compound is also characterized by
a low value of the high-frequency dielectric constant (¢,/).

Then, at low substitution levels (x = 0.02 to x = 0.08),
a dramatic shift occurs. A small amount of Ag ion greatly
reduces the maximum ReM value within a stable range of
approximately 0.12-0.14. This corresponds to about a ten-
fold increase in the intrinsic dielectric constant of €. This
enhancement results from the chemistry of NSFs. In this
type of ferrite, electronic polarization happens through the
hopping of electrons between Fe?* and Fe** ions. Introduc-
ing Ag* (monovalent) to substitute Fe>* (trivalent) requires
charge compensation, which likely causes the formation of
additional Fe>* ions. As a result, the higher concentration
of polarizable Fe?* — Fe3* ion pairs significantly boosts the
bulk polarizability of the NSF, leading to an increase in €*°
and a decrease in M.

The substitution trend shifts at high substitution levels (x
= 0.10), where a new manner emerges, with ReM near zero.
It should be noted that the ReM peak reaches approximately
0.30, indicating a decrease in the grain ¢/’ value compared
to intermediate ratios. Specifically, a sharp, resonance-like
peak appears at low frequencies and high temperatures; this
is unusual for grain relaxation and points to a fundamental
change in the electrical response of NSF. Possible reasons
for this are: firstly, interfacial polarization due to Ag* ion
deposition at grain boundaries affecting the response; or sec-
ondly, phase decomposition occurring if the solubility limit
of Ag within the spinel structure is exceeded.

Overall, electrical modulus analysis shows that the dielec-
tric properties of these ferrite grains can be tuned through the
substitution of Ag ions. While NSF generally exhibits ther-
mally activated dielectric relaxation, it is common for the
substitution effect to be non-monotonic. Small amounts of
Ag (x = 0.02) are thought to significantly increase the intrin-
sic ¢’ value, possibly due to the increasing Fe>*/Fe* ratio. At
higher Ag levels (x = 0.10), this grain effect may be replaced
by a novel mechanism, possibly arising from changes in grain
boundaries or phase decomposition, indicating a fundamen-
tal change in the electrical structure. This complex behavior
highlights the critical influence of the substitution ratio on
the design of the dielectric response of NSFs.

Springer

3.4.2 Imaginary Electric Modulus [-ImM vs In(f)]

It is well known that ImM provides a different perspective
from ReM by revealing how energy dissipates in the NSE.
The ImM spectrum displays peaks that identify dielectric
relaxation processes, and the position of each peak in fre-
quency indicates when a relaxation process occurs. The peak
frequency (f,qx) is inversely related to the most likely relax-
ation time (t); that is, 27 f a7 = 1.

A 3D surface graph displaying ‘ImM’ as a function of con-
centration for Ag — CoNiZnCu (x <0.10) NSFs s presented
in Fig. 13. Regarding the Ag ion substitution ratio within the
NP structure, two clear characteristics are observed across all
substitution levels. First, at higher temperatures, the relax-
ation peak frequency shifts to higher values, reflecting the
thermally activated behavior of charge-carrier mobility. Sec-
ond, the relaxation peak is broad across all substitution ratios,
indicating a wide range of relaxation times associated with
charge carriers in a highly complex, structurally and electri-
cally heterogeneous material.

The main benefit of ImM analysis lies in its capacity to
clarify and confirm the non-monotonic influence of Ag ion
substitution on ReM data. By analyzing energy-dissipation
features, we gain a deeper understanding of these effects than
by using ReM data alone. The unsubstituted NSF (x = 0.00)
exhibits a single, highly intense, and broad relaxation peak,
peaking around 0.5. The intensity and width of the peak sug-
gest a grain relaxation process that encompasses a broader
range of relaxation times than the typical host NSF.

At low substitution levels, with x from 0.02 to 0.08,
the substitution of Ag ions led to a significant decrease in
the relaxation peak’s intensity, which then plateaued around
0.03. This indicates that initial Ag* ion incorporation signifi-
cantly altered the charge carriers’ environment; the NSF was
expected to exhibit a much higher intrinsic ¢;’ (according
to ReM), yet it would experience less energy loss through
this primary relaxation channel. Notably, the NSF with x =
0.04 showed a shoulder on the low-frequency side, implying
the formation of multiple relaxation mechanisms, possibly
involving decoupled grain and grain boundary contributions.

The regime with a high substitution ratio (x = 0.10) shows
the same unusual trends previously discussed regarding the
ReM analysis and displays perhaps the most extreme relax-
ation peak observed to date, with an intensity significantly
higher than that of the NSF, which was replaced with an
intermediate amount of material. The location of this peak in
the low-frequency, high-temperature region precisely aligns
with the resonance-like feature observed in the ReM plot.

By analyzing the combined ReM and ImM datasets, it
is evident that they strongly support the presence of this
abnormality. The dissipation peaks in ImM spectra match the
dispersion peaks in ReM spectra (Kramers—Kronig relation-
ships) [25, 26]. The most prominent feature of the new peak
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Fig. 13 3D illustration of the imaginary modulus (-ImM) of Ag — CoNiZnCu (x < 0.10) NSFs
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at a substitution ratio of x = 0.10 is its sharpness; unlike typ-
ical grain relaxation processes that extend over wider ranges,
this narrow peak indicates an electrical event with a coher-
ent relaxation time in that region and a specific electrical
mechanism.

The most likely elucidation is that at higher substitution
ratios (i.e., x = 0.10), Ag* ions accumulate at grain bound-
aries, forming a boundary with properties different from the
grains. This accumulation likely causes a pronounced inter-
facial polarization effect, leading to a prominent resonant
dissipation peak in the modulus spectrum [38].

In summary, it should be well understood that the anal-
ysis of the combined electric modulus (both ReM and
ImM) confirms that thermally activated dielectric relaxation
causes dual functionality associated with substituent Ag ions.
Specifically, below x = 0.10, Ag should control the intrinsic
relaxation of the grains by altering the Fe>*/Fe* ion ratio.
Above x = 0.10, it is noteworthy that a new, clear interface
process emerges, leading to significant changes in dielectric
relaxation. It should be emphasized that the ImM analysis
clearly demonstrates that this new mechanism is an enhanced
form of interface polarization, driven by well-defined, Ag-
modified grain boundaries. It is also important to highlight
how the substituent substitution can significantly alter both
the strength and character of the dielectric response in com-
plex oxides.

3.4.3 Complex Electric Modulus: Nyquist Plots (-ImM vs
ReM)

The electric modulus formalism, shown as a Nyquist plot
(-ImM vs ReM), is useful for differentiating the electrical
contributions of the grains and grain boundaries in an NSF.
As depicted in Fig. 14, Ag — CoNiZnCu (x < 0.10) NSFs
at temperatures ranging from 20 to 120 °C provide clear
indication that supports a comprehensive understanding of
the electrical characteristics of the NSF.

Itis well known that a dielectric relaxation process depicts
a semicircular shape, while a depression on the ReM at lower
frequencies reveals a dispersion of relaxation times typical
of non-Debye relaxation [37]. Thus, the broad peaks in the
frequency plot reinforce this, which is common given the
structural inhomogeneities in NSFs. Moreover, as the tem-
perature rises, the arcs shrink, indicating that the dielectric
and conductive properties are thermally activated.

Furthermore, the gradual changes observed in these
Nyquist plots as Ag ion substitution increases are visually
consistent with all previous conclusions and help link the
findings. The unsubstituted NSF (x = 0.00) demonstrates a
single dominant relaxation process, exposed by one large
semicircular depression in the Nyquist plot. In this sce-
nario, the high resistance of the grain boundaries obscures
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the electrical response of the lower-resistance grains, yield-
ing a single primary impedance response, and alternatively,
introducing Ag ions significantly modifies the structure and
properties of the NSF.

The broad arc degenerates into a much smaller arc at x
= 0.02, shifting the high-frequency intercept on ReM from
approximately 1.25 to 0.12. This significant change appears
to support the previously calculated increase in the high-
frequency dielectric constant (¢, ®° = 1/ReM*) observed
from the 3D modulus graphs. Consequently, for the interme-
diate substitution ratios of x =0.04 and 0.06, a secondary, less
distinct arc begins to emerge on the low-frequency edge of
the main semicircle. In this case, recognizing these two sep-
arate arcs is important; the direct experimental evidence of
the heterogeneous electrical behavior of NSFs is significant.
This deconvolution is the usual case, demonstrating that Ag
substitution sufficiently reduces grain-boundary resistance
and that the electrical response of the grain boundaries is
distinguishable from that of the grains.

At a highest substitution ratio of x = 0.10, the char-
acteristic tendency of NSF is clearly observable. The plot
shows that, at higher temperatures, the two semicircles
resulting from this substitution become clearly distinguish-
able. Although at lower frequencies the lower semicircle
includes some contribution from grain responses, the larger
arc at these frequencies indicates the contribution from grain-
boundary responses. The presence of both semicircles is
typical of MW systems, confirming interfacial polarization
and strongly supporting the idea that Ag* ions accumulate at
grain-boundary interfaces when the substitution level is high
[38].

Moreover, the analysis of the electrical characteristics of
the ferrite system presents a single, self-consistent physical
model for how ferrite systems behave electrically. Electri-
cal responses are thermally activated by hopping electrons
through the discontinuous microstructure (due to random
spatial positions) of the NSF, while frequency-dependent
electrical behavior is shown to be represented by an Interfa-
cial Polarization Model (MW model). Evidence supporting
this MW model can be found in the Nyquist plots of the com-
plex moduli. These figures represent the electrical responses
of the grain and the grain boundary. The systematic work has
demonstrated that Ag substitution is the most effective mech-
anism for adjusting the electrical properties (including NSF)
of ferrite, as it has been shown to reduce grain-boundary
resistivity. All other phenomena observed can be attributed
to this single microstructural modification of increasing opc
(electrical conductivity), the colossal €, and the pronounced
relaxation effects, which clearly demonstrate that all the
dielectric and electrical properties of the ferrite are dependent
on the discontinuous microstructure of this ferrite, which can
be shaped through targeted chemical substitution.
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Fig. 14 Nyquist plots of the complex electric modulus (-ImM vs. ReM) of Ag — CoNiZnCu (x < 0.10) NSFs
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3.4.4 Maxwell-Wagner Methodologies

The noticed dielectric performance is enlightened within
the framework of M—W interfacial polarization, which is
strongly validated by merged analyses of dielectric loss, dis-
sipation factor, and electric modulus. It is evident that the &
spectra exhibit a strong improvement at low frequencies due
to conduction losses at grain boundaries, along with extensive
relaxation peaks that shift systematically to higher frequen-
cies with increasing temperature. This thermally activated
shift approves that the relaxation process surveys Arrhenius-
type behavior and originates from interfacial polarization
mechanisms.

Similarly, the tand spectra present clear relaxation peaks
whose positions shift to higher frequencies as the temperature
rise up, satisfying the condition wt ~ 1. These peaks des-
ignate charge carrier buildup and release at grain boundary
interfaces, providing direct evidence of MW polarization.

Further validation was obtained from complex electrical
modulus analysis (M" = ReM + jImM). The ImM spectra
reveal the distribution of relaxation times and broad relax-
ation peaks indicating non-Debye behavior. Suppression of
electrode effects in the modulus formalism allows for clear
characterization of grain-related relaxation processes, as the
emergence of multiple features at higher Ag* ion substitu-
tion ratio suggests a separation of grain and grain boundary
contributions.

The relationship among the ¢/, &, tand, and ReM/ImM
spectra indicates that the enormous dielectric constant or
colossal permittivity (e, > 10*) arises from interfacial charge
accumulation in a heterogeneous microstructure consisting
of both conductive grains and resistive grain boundaries. At
a low Ag* ion substitution ratio (x ~ 0.02), the optimum
balance between carrier concentration and grain boundary
resistance results in maximum interfacial polarization. At
higher substitution ratios, increased grain boundary conduc-
tivity reduces charge accumulation (leakage barrier effect),
thus decreasing the dielectric constant [43, 44].

Consequently, the combination of the frequency- and
temperature-dependent behavior of the dielectric loss, relax-
ation peaks, and modulus spectra provides strong experimen-
tal evidence that the observed enormous dielectric constant
is predominantly governed by M—W interfacial polarization
rather than purely intrinsic polarization mechanisms [43].

3.5 Complex Impedance Analysis
3.5.1 Real Impedance [ReZ vs In(f)]
Charge-transport mechanisms can be further analyzed using

the real part of the complex impedance (ReZ) of the NSF,
which indicates the overall resistivity. Figure 15 shows how
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ReZ varies with frequency for the Ag — CoNiZnCu (0 x
0.10) NSFs at different temperatures.

ReZ frequency response characterizes NSFs across all
compositions. At low frequencies, ReZ reflects the total DC
resistance (Rpc) of the NSFs, forming a constant plateau. As
frequency increases, ReZ sharply drops and stabilizes at a
much lower value, which corresponds to Rg—the resistance
of individual bulk grains—since the bulk grains have much
higher resistances than the grain boundaries. Grain bound-
aries primarily exhibit resistance to direct current and control
the resulting response; at higher frequencies, the capaci-
tor becomes more functional and shows a tendency toward
short-circuiting. Additionally, the temperature dependence
of ReZ shows a significant decrease with increasing tem-
perature across all NSFs, which is consistent with previous
studies on NSFs and confirms their thermally activated semi-
conductor behavior.

The most important finding of this study is how Ag
ion substitution strongly affects the resistance of NSF. The
unsubstituted parent NSF has an extremely high DC resis-
tance in the GQ2 range. In contrast, an NSF containing only a
small amount of Ag (x = 0.02) shows a resistance reduction
down to the M2 range, representing a reduction of more than
twofold compared to the unsubstituted version. This clearly
demonstrates that the addition of Ag ions greatly reduces
the DC resistance of NSFs. Furthermore, grain boundaries,
which are the primary limiting conduction pathways, become
significantly more conductive due to Ag substitution.

Systematic investigation of the electrical and dielectric
properties of Ag — CoNiZnCu (x < 0.10) NSFs has
revealed that they form a coherent and self-sufficient physical
framework. The primary charge-transport mechanism in this
system is thermally activated electron hopping, as verified
by the temperature dependence of the DC conductivity.

The unique microstructure of NSF—comprising conduc-
tive grains with resistive grain boundaries—enables a better
understanding of its exceptional frequency-dependent prop-
erties. This arrangement leads to the formation of MW
interfacial polarization, which is the mechanism behind the
dielectric response of NSFs.

This research shows that substituting Ag ions can form
a new type of microstructure. A major effect of substitut-
ing Ag ions into the NSFs was to greatly increase their
opc, evidenced by a significant decrease in Rpc as shown
by impedance analysis of the NSFs. The rise in opc led
to all other observed effects in the NSF material. Due to
the increased number of conductive ions in NSF, improve-
ments in MW interface polarization have led to a very
low-frequency dielectric response in these substituted NSFs,
exhibiting high polarizability and high dielectric responses.
It is also clear that the thermally activated relaxation peak in
the &,” spectra proves the MW effect [37, 38].
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Subsequently, the implemented model has been com-
prehensively confirmed by examining both the complex
electrical modulus and complex impedance, yielding con-
sistent findings. Thus, while the electrical modulus analysis
insulates the grain relaxation processes, Nyquist plots graph-
ically exhibit the biphasic electrical behavior of NSF. The
evolution from a single large semicircle in unsubstituted NSF
to two distinct arcs in substituted one clearly demonstrates
that the Ag* ion primarily reduces the grain boundary resis-
tance and underlines the intrinsic response of the grains. This
comprehensive study confirms that the electrical and dielec-
tric characteristics of this specific NSF with a heterogeneous
microstructure can be systematically tuned and improved,
primarily through the modification of grain boundary con-
ductivities, via targeted cation substitution with Ag* ions.

3.5.2 Imaginary Impedance [-ImZ vs In(f)]

The ImZ is primarily affected by the resistive components
of the complex impedance in NSFs, which is critical in the
analysis of energy loss mechanisms. In Ag — CoNiZnCu, [x
< 0.10] NSFs, the frequency dependence of the ImZ exhibits
distinct relaxation peaks (see Fig. 16). Each peak indicates
an enduring relaxation process; the peak frequency links to
the maximum energy dissipation and is consistent with the
characteristic relaxation time for this process.

For each NSF, as the temperature increases, all spectra
corresponding to each of the respective substitution ratios
shift toward higher frequencies due to thermal activation.
Another common feature of Ag* ion-substituted NSFs is
the presence of two mismatched peaks simultaneously in
their spectra. Accordingly, this becomes more pronounced
at higher temperatures compared to lower temperatures.
From an impedance perspective, the main characteristic is
the largest peak in the impedance curve, representing the
resistive elements in the NSF system. As a result, the low-
frequency peak is attributed to grain boundaries, while the
less resistive area appears as a smaller shoulder at higher
frequencies [37, 40-45].

The most important finding from this research was the
impact of substitution on the primary ImZ peak, which cor-
responds to grain-boundary resistance. For non-substituted
NSF (x = 0.00), the ImZ peak is around the GS2 range, while
for all substituted NSFs, the ImZ peak drops into the M2
range. This clearly and strongly supports the conclusion that
Ag™* ion substitution significantly decreases grain-boundary
resistance, a finding consistent with all previous studies [37,
41-45].

When a comprehensive analysis was carried out using
multiple complementary methodologies on the electrical data
obtained from Ag-substituted ferrite, it yielded a coherent,
self-consistent model of the material. Using opc measure-
ments and supporting ReZ data, we validated that thermal
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activation of electron hopping is the primary charge-transport
mechanism.

Understanding the frequency-dependent behavior of the
NSF can be attributed to its heterogeneous microstructure,
which produces MW interfacial polarization. This study
shows that the main purpose of substituting Ag ions into the
NSF is to modify its microstructure by significantly reducing
the grain-boundary resistivity. This microstructural change
caused by Ag substitution is the main reason for all other
effects observed in this research. The increase in total con-
ductivity, caused by more mobile charge carriers, leads to
enhanced interfacial polarization, which is responsible for
the extremely large permittivity and strong dielectric dis-
persion observed in the Ag-substituted NSFs. The thermally
activated relaxation peaks observed through dielectric loss,
dissipation factor, and impedance spectra all originate from
the same underlying MW process.

Using complementary forms and methods was crucial for
establishing the validity of this model. The impedance (ImZ)
spectra reveal nearly all of the resistance effects caused by
grain boundaries; however, the electric modulus (ImM) spec-
tra suppress this effect, allowing us to clearly observe the
relaxation associated with less-resistive grains. Therefore,
distinguishing the grain boundary peak from the ImZ spec-
trum and the grain peak from the ImM spectrum exemplifies
a classic and powerful feature of impedance spectroscopy.

Finally, the Nyquist representations of the complex mod-
ulus provided the clearest view of the two-phase electrical
properties of the NSF. The shift from a single semicircle in
the unsubstituted NSF to two smaller semicircles in the sub-
stituted NSFs clearly verifies the MW model. Visually, this
shows how Ag substitution alters the relative contributions of
grain and grain boundary electrical properties. The Ag substi-
tution reduces the grain boundary resistance enough to isolate
and characterize the intrinsic response of the grain. Overall,
the evidence strongly supports the idea that the electrical and
dielectric properties of this complex NSF result from a het-
erogeneous microstructure that can be influenced by specific
chemical substitutions, as mentioned earlier.

3.5.3 Complex Impedance: Nyquist Plots (-ImZ vs ReZ)

The complex impedance Cole—Cole plot, or Nyquist plot, is
essential in impedance spectroscopy because it allows for
direct visualization of resistive and capacitive components
within a NSF. Figure 17 illustrates these Nyquist plots for
the Ag — CoNiZnCu (x < 0.10) NSFs.

All NSF spectra exhibit flattened semicircular arcs, char-
acteristic of systems containing parallel resistor—capacitor
(RC) circuits. The observed arc flattening suggests a non-
Debye relaxation with a range of relaxation times, consistent
with the typical structural inhomogeneity of NSF. Addition-
ally, elevating temperature causes a significant drop in the
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diameter of the semicircle, indicating the resistance of the
component involved. This visual evidence clearly demon-
strates the semiconductor behavior in NSF where resistance
decreases with thermal activation.

The fundamental information comes from how the spectra
changes with substitution ratio, providing clear evidence of
different effects at the grain and grain boundaries. The pure
NSF (x = 0.00) illustrates a single, large semicircle of a
few GQs in diameter, indicating that the electrical response
is primarily manipulated by the grain boundary, which is a
high-resistive component of the complex impedance.

Furthermore, NSFs substituted with Ag* ions clearly
exhibit two overlapping semicircular arcs, one smaller at
higher frequencies and the other larger at lower frequen-
cies. This dual-arc pattern suggests some ceramics with two
distinct electrically active regions. The high-frequency arc
signifies the grain response, while the low-frequency arc rep-
resents the high resistance occurring at the grain boundaries.
The transition from a single G2-scale arc to two smaller
MQ-scale arcs with Ag* ion substitution clearly reveals a
significant reduction in grain boundary resistance. Subse-
quently, the grain response, formerly concealed by the much
higher resistance at the grain boundaries, is now readily
noticeable.

An inclusive valuation of electrical characterization using
various complementary techniques provides an all-inclusive
and intrinsically consistent picture of Ag' ion-substituted
NSFE. A thermally activated electron-hopping process, which
contributes to the electrical response, occurs throughout the
composite microstructure. The high dielectric constant and
the associated relaxation effect result from MW interfacial
polarization mechanisms [38, 41, 42].

The main goal of Ag substitution is to significantly
lower the resistivity of grain boundaries through enhanced
interfacial polarization effects, thereby improving grain con-
ductivity. The relaxation process was examined using various
techniques, which helped clarify how this process takes
place. Dielectric loss spectra confirms that part of the energy
dissipation results from the MW process; however, the ImZ
and ImM spectra show that the relaxation response can be
divided into two distinct responses linked to the grain bound-
ary and grain relaxation peaks, respectively.

In conclusion, the Nyquist plot of both the impedance
and modulus formulations provides a clear depiction of how
NSF was constructed electrically. The presence of two dis-
tinct semicircles indicates that the NSF are heterogeneous
and supports the use of the MW model to describe the data
presented. The collective information within each plot rein-
forces the MW model by showing how specific modifications
to a polymer using different molecular components can alter
the electrical properties of engineered polycrystalline ferrites
[45].

3.5.4 Equivalent-Circuit Modeling

The Nyquist plots of Ag — CoNiZnCu, x < 0.10, demon-
strate clear semicircular arcs across the 1 Hz—3 MHz
frequency range, indicating thermally activated electrical
relaxation influenced by heterogeneous microstructural fac-
tors, as shown in Fig. 18. It is noteworthy that the appearance
of semicircles and deviations from ideal Debye behav-
ior indicates a distribution of relaxation times associated
with electrically distinct regions, primarily grains and grain
boundaries.

To quantitatively interpret the impedance response,
the spectra were fitted using an EEC of the form
Rs(CR)(QR)(CR). This EEC model effectively apprehends
the heterogeneous electrical contributions of the NSF system.
In this section, the series resistance (Rg) firstly signifies elec-
trode/contact effects. Secondly, the high-frequency (CR) ele-
ment corresponds to the grain contribution, where Rg arises
from intrinsic charge transport dominated by Fe>*/Fe* elec-
tron hopping, and Cg reflects grain dielectric polarization.
Thirdly, the low-frequency (CR) element is attributed to grain
boundary effects, with Rgp representing the resistive barrier
of insulating interfaces and Cgp corresponding to interfa-
cial capacitance associated with MW polarization. Lastly,
the intermediate (QR) component incorporates a constant
phase element (CPE), which accounts for non-ideal capaci-
tive behavior arising from structural disorder, compositional
fluctuations, and spatially distributed relaxation processes.
The CPE exponent (n < 1) confirms significant deviation from
ideal Debye relaxation and reflects defect-mediated charge
transport and interfacial heterogeneity [46].

It is clear that Nyquist profiles strongly support the assign-
ment of circuit elements: the high-frequency arc correlates
to grain effects and the low-frequency arc to grain boundary
contributions. The depressed character of these arcs further
justifies the inclusion of the CPE element. The excellent
agreement between experimental and fitted data (Tables 5,
6, 7) confirms that the impedance response is dominated by
a coupled contribution of grain resistance (Rg), grain bound-
ary resistance (Rgp), interfacial capacitances (Cg, Cgp), and
non-ideal polarization effects symbolized by the CPE.

It is well known that the substitution ratios of Ag* ions sig-
nificantly alter the electrical parameters at room temperature.
In particular, Rgp remains significantly higher than Rg, indi-
cating that grain boundaries dominate the charge-carrying
resistance. However, the systematic changes observed in Rg,
Rga, and capacitance with increasing Ag™* ion ratio suggest
changes in charge carrier density and interfacial polariza-
tion. Subsequently, this behavior is attributed to changes in
Fe?*/Fe3* hopping channels and defect chemistry induced
by Ag* ion incorporation, leading to improved electrical
homogeneity in interfacial compositions and preservation
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Table 5 Dependence of

substitution on equivalent-circuit X— 0.00 0.02 0.04 0.06 0.08 0.10

fitting parameters for Ag —

CoNiZnCu (x < 0.10)NSFsat T Rs () 1.6G 3m 0 8 0 0

= 30 °C with different Ag™ ion Cg (F) 27n 00 306n 621 382 306n

substitution ratios (x =

0.00-0.10) Rg () 0 o0 0.02 326G o0 0.734
CPE Yo (S-s") 398p 8n 639n 114p 98p 621
CPE exponent n 0.00 0.61 0.90 0.85 0.86 0.24
Rq (2) 00 635k 16 M 1.7M 59M 9.7G
Cgs (F) 68n 992 m 457w 9n 0 00
Rag () 282 M 0 9.7G 21M 0 62 k
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Table 6 Temperature

dependence of equivalent-circuit Temp. (°C) — 20 40 60 80 100 120

fitting parameters for the Ag —

CoNiZnCu (x < 0.10) NSFs with ~ Rs (2) 0.7 1.2 0 792 1.9 0.6

X = 002, measured between 20 CG (F) 221n 34n 00 23p 29p 14“«

and 120 °C
Rg (2) 4.3G 471k 132 5M 10M 1.6 M
CPE Yo (S-s") 1.4n 761p 673p 15m 72n 122p
CPE exponent n 0.73 0.78 0.78 177n 0.53 0.88
Rq () 453 k 199 k 264 k 9.7G 128 M 6.5M
Cgs (F) 47w 132 629 1.4p 6.3n oo
Rga (2) 16 m 238 m 407 k 0 4.6 M 1.8 M

Table 7 Temperature .

dependence of equivalent-circuit Temp. (°C) — 20 40 60 80 100 120

fitting parameters for the Ag —

CoNiZnCu (x < 0.10) NSFs with ~ Rs (£2) 508 397 m 508 845 518 m 22.5

x = 0.08, measured between 20 Cg (F) 14.3p 581 57n o0 201p L.l

and 120 °C
Rg (2) 74 M 4.6k 3.6 M 43T 2.0 22G
CPE Yo (S-s") 85p 78p 168n T 46p 53p
CPE exponent n 0 0.88 0.49 0.95 0.91 0.90
Rq () 575 3.6M 10k 0 19M &M
Cgp (F) 27 m 4.9n 15p 14p 50 319 m
Rga (£2) 26T 24M 9.8 M 35M 42T 239 m

of semiconductor properties. Furthermore, the temperature-
dependency analysis of complex impedance further confirms
a thermally activated conduction mechanism. With increas-
ing temperature from 20 °C up to 120 °C, the progres-
sive shrinkage of semicircular arcs designates a significant
reduction in both grain and grain-boundary resistances due
to enhanced charge-carrier mobility. Simultaneously, the
improvement in capacitance and evolution of the CPE
exponent suggest activation of interfacial polarization and
increased participation of localized charge carriers. In partic-
ular, the electrical trend is well explained by the coupled MW
interfacial polarization mechanism and small polaron hop-
ping conduction characteristic of NSF systems. The addition
of Ag + ions effectively regulates grain-to-grain bound-
ary interactions, reduces interfacial resistance barriers, and
enhances charge-transport dynamics.

Consequently, the EEC modeling reveals that Ag* ion
substitution provides an effective way to shape impedance
properties by balancing volumetric and interfacial contri-
butions. This tunable electrical response makes Ag —
CoNiZnCu NSFs promising candidates for high-frequency
electronic devices, sensors, and energy-related applications
requiring stable and controllable dielectric behavior.

4 Conclusion

The Ag-substituted CoNiZnCu (x < 0.10) NSFs have been
synthesized via a one-pot sol-gel combustion route. XRD
analysis verified that a cubic spinel structure had formed for
all composition. The surface morphology and microstruc-
tural investigation were performed using SEM and HR-TEM
analysis, revealing the nanostructures with agglomeration in
spherical shapes and high porosity. It was found that the
lattice constant and crystalline size were observed to be in
the range of 8.339-8.371 A and 21-44 nm. In this work,
the electrical and dielectric properties of Ag-substituted
Ag — CoNiZnCu (x < 0.10) NSFs were systematically
investigated through a multifaceted impedance spectroscopy
analysis. The collective evidence provides a unified and self-
consistent model where the electrical response is governed
by a thermally activated electron-hopping mechanism oper-
ating within a heterogeneous microstructure of conductive
grains and more resistive grain boundaries.

The findings of this study indicate that the use of Ag*
ions in place of another cation to alter grain boundary prop-
erties was the most important contributor to the ability of
cation substitution to dramatically improve D.C. conduc-
tivity. The presence of Ag* ions was determined to lower
the resistance of grain boundaries significantly, resulting
in an increase of DC conductivity by multiple orders. The
increased charge carrier mobility contributes to enhanced

@ Springer



Arabian Journal for Science and Engineering

microwave interfacial polarization, which in turn accounts
for the gigantic permittivity and very large dielectric relax-
ation peaks evidenced in substituted nanostructured ferrites.
Complementary analytic formalisms were used to verify this
model. The Nyquist plots for impedance and electric mod-
ulus provided visual confirmation of the separate electrical
responses of the individual grains and the interfaces, which
was not able to be accomplished using the unsubstituted NSF
that contains mostly grain boundary material. This research
provides evidence to support the premise that the unique
electrical and dielectric characteristics of this complex fer-
rite result from its heterogeneity at the microstructure level.
Additionally, through selective chemical substitution, these
characteristics may be modified in a controlled and pre-
dictable manner.
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