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Abstract

Background: Spinel ferrites are widely used for electromagnetic interference (EMI) shielding in biomedical devices and high-
frequency electronics because of their tunable structural, magnetic, and dielectric properties. However, the effect of progressive
Ca2+ substitution on the properties of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03−yCayO4 ferrites has not been systematically investigated. Methods:
Zn0.25Co0.5Ca0.25Fe1.97Ba0.03−yCayO4 (y = 0.00, 0.01, 0.02, 0.03) nanoparticles were synthesized using a sol–gel autocombustion method,
and their structural, vibrational, magnetic, electrical, and dielectric properties were characterized using X-ray diffraction (XRD) with Ri-
etveld refinement, Raman spectroscopy, vibrating sample magnetometry (VSM), temperature-dependent current–voltage measurements,
and dielectric spectroscopy (4Hz–8 MHz). Results: XRD with Rietveld refinement revealed a predominantly single-phase cubic spinel
structure with crystallite sizes of 15.10–18.06 nm and trace α-Fe2O3. Raman spectra revealed five characteristic modes, while peak shifts
and A1g subband splitting indicated Fe2+/Fe3+ redistribution and increased inversion. The y = 0.02 sample exhibited the highest satura-
tion magnetization (72.73 emu/g), coercivity (746.92 Oe), anisotropy constant (56,587 erg/cm3), and resonance frequency (16.06 GHz),
whereas the y = 0.01 sample showed the highest alternating-current conductance. All samples showed semiconducting behavior and
non-Debye dielectric relaxation. Conclusions: Controlled Ba2+/Ca2+ substitution effectively tailors the structural, magnetic, electrical,
and dielectric properties of Zn–Co spinel ferrites. The y = 0.02 composition demonstrates the best overall performance and is therefore
a promising candidate for MHz-range EMI shielding and biomedical electronic applications.

Keywords: sol-gel auto combustion method; calcium substitution; dielectric properties; electrical resistivity; bio-medical electronic
devices

1. Introduction

The design and development of ferrite materials have
garnered significant interest due to the increasing demand
for efficient, high-performance materials in advanced tech-
nological applications. Among these, spinel ferrites have
gained significant interest due to their distinctive combina-
tion of dielectric, magnetic, and electrical properties. Ow-
ing to these characteristics, they serve as essential compo-
nents in energy storage systems, transformers, inductors,
antennas, and high-frequency devices [1]. The spinel struc-
ture, with a general formula AB2O4, is inherently flexible
and provides a stable framework for modifying electrical
and magnetic characteristics to specific applications by al-
lowing a wide range of cation substitutions at the tetrahe-
dral (A) and octahedral (B) lattice sites. Among these spinel
ferrites, cobalt ferrite (CoFe2O4) and its doped variants are
particularly attractive due to their high magneto-crystalline

anisotropy, moderate saturation magnetization, and large
coercivity [2]. Ionic substitution effectively modifies the
dielectric properties of cobalt ferrites, thereby enhancing
their functionality in applications such as electromagnetic
wave absorbers, inductors, gas sensors, biomedicine, and
multiferroic devices [3,4,5,6]. The substitution of non-
magnetic ions such as Zn2+, Ca2+, or Ba2+ in place of Co2
significantly influences conduction mechanisms, dielectric
relaxation, and polarization behavior [7]. Similarly, Ca2+
ions, owing to their large ionic radius and non-magnetic
nature, induce lattice strain and alter the concentration of
oxygen vacancies, which play a crucial role in regulating
frequency dispersion and dielectric loss [8].

The incorporation of Ba2+ into spinel ferrites shows
significant promise for dielectric optimization, although it
has been less extensively studied. Due to their much larger
ionic radius (1.61 Å) compared to Co2+ (0.74 Å) and Zn2+
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(0.74 Å), Ba2+ ions are likely to occupy interstitial positions
or segregate at grain boundaries, thereby promoting densifi-
cation and modifying the dielectric response through space
charge polarization. Furthermore, they do not readily fit
into the conventional spinel lattice [9]. Moreover, by cre-
ating oxygen vacancies or Fe2+ ions and changing the ma-
terial’s conduction routes, Ba doping may facilitate charge
compensation [10].

In addition to conventional electronic and commu-
nication systems, electromagnetic interference (EMI) has
emerged as a critical concern in the biomedical environ-
ment, where sensitive diagnostic instruments, implantable
devices, and wearable healthcare electronics operate pre-
dominantly in the MHz frequency range. Uncontrolled
electromagnetic radiation can lead to signal distortion, mal-
function, or degradation in the performance of medical
equipment.

Recent advances in nanoscale synthesis methods, par-
ticularly sol-gel, hydrothermal, and citrate-nitrate auto-
combustion techniques, have enabled precise control over
cation stoichiometry and microstructure, both of which are
critical for tailoring the dielectric properties of substituted
ferrites. These methods offer advantages such as atomic-
scale homogeneous mixing, low processing temperatures,
and the formation of highly crystalline nanophases, which
enhance the electrical and dielectric properties of the mate-
rial [11].

In this study, we report the synthesis and comprehen-
sive dielectric analysis of a novel multicomponent spinel
ferrite system, Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4, (y =
0, 0.01, 0.02, and 0.03). This composition was designed
based on a co-doping strategy aimed at enhancing dielectric
performance through the synergistic effects of Zn2+, Ca2+,
and Ba2+ ions. Ba2+ is expected to influence space charge
polarization and grain boundary conduction, whereas Zn2+
and Ca2+ affect cation distribution of A- and B-sites as
well as electronic hopping efficiency. The gradual sub-
stitution of Ba2+ with Ca2+ enables the investigation of
compositional tuning on phase purity and dielectric prop-
erties. The synthesized samples were characterized using
Current-Voltage analysis (I-V), vibrating sample magne-
tometry (VSM), Raman spectroscopy, and dielectric mea-
surements to evaluate the relationship between structural
modifications and the resulting functional behavior. The
findings of this study provide new insight into the impact
of selective cation substitution on the performance of spinel
ferrite materials.

2. Experimental Section
2.1 Materials and Methods

The nanoparticles of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-y
CayO4 (y = 0, 0.01, 0.02, 0.03) were synthesized
via the sol-gel auto combustion route. The reagents
used were zinc nitrate (Zn(NO3)2ꞏ4H2O), cobalt nitrate
(Co(NO3)26H2O), calcium nitrate (Ca(NO3)2ꞏ4H2O), iron

nitrate (Fe(NO3)3ꞏ9H2O), barium nitrate (Ba(NO3)2ꞏ4H2O)
to synthesize calcium doped ferrites. The chemicals were
dissolved in distilled water and then subjected to bath soni-
cation to make a homogenous mixture. The citric acid was
added in a molar ratio of 1:1. The solution mixture was
placed on a magnetic stirrer. With the continuous stirring,
ammonia was added dropwise to maintain the solution pH
at 7. By heating the solution at 80℃, sol was formed, which
then converted into a transparent gel. By further heating at
350℃, this viscous gel was burnt, and fluffy ash-like pow-
der was obtained. The resulting powder was then ground
and sintered at 850 °C for 8 h. Fig. 1 represents the whole
process.

2.2 Characterization Tools
The crystal structure of the synthesized samples

was examined by X-ray diffraction (XRD) using a D8
ADVANCE diffractometer (Bruker Corporation, Karl-
sruhe, Germany) with Cu Kα radiation (λ = 1.5406
Å). Raman spectroscopy was performed using a MINS-
TEX PRI100 Raman spectroscopy system (DONGWOO,
Gwangju, SouthKorea) to investigate the vibrationalmodes
of the synthesized ferrite samples. Room-temperature mag-
netic behavior of the powdered samples was assessed us-
ing a Vibrating Sample Magnetometer (VSM Model 175,
Princeton Applied Research (PAR), Princeton, NJ, USA).
Direct current (DC) electrical resistivity was measured with
a two-probe I–V setup (Keithley Model 2401, Keithley In-
struments, Cleveland, OH, USA), while dielectric proper-
ties were evaluated using an Inductance, Capacitance, and
Resistance (LCR) meter (HIOKI IM-3536, E.E. Corpora-
tion, Nagano, Japan) over a frequency range of 4 Hz to 8
MHz.

3. Results
3.1 XRD Analysis

Fig. 2 shows the X-ray diffraction patterns of Zn0.25
Co0.5Ca0.25Fe1.97Ba0.03₋yCayO4 ferrites (y = 0.00, 0.01, and
0.02). The diffraction peaks at 2θ = 30.1°, 35.3°, 43.1°,
and 57.0° were identified as (220), (311), (400), and (511)
crystallographic planes, respectively, establishing the cubic
spinel ferrite structure [12]. The (311) peak shows the high-
est intensity, indicating the most preferred growth direction
of synthesized ferrite nanoparticles.

The characteristic spinel reflections are also seen in
the patterns, together with a few weak diffraction peaks
indicated by (*). These peaks were correlated to a small
amount of α-Fe2O3 (hematite) secondary phase [13]. The
presence of these lower-intensity hematite reflections might
be related to small amounts of iron segregation during the
calcination. Nevertheless, the synthetic samples are pre-
dominantly single-phase spinel ferrites, as the amount of
secondary phase is very small because of their very low in-
tensity. With the increasing of Ca2+ concentration, the peak
positions shift slightly and the peak intensities vary, which
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Fig. 1. Synthesis of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.

Fig. 2. XRD peaks of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4. XRD, X-ray diffraction.

suggests successful incorporation of the Ca2+ ions into the
lattice of the ferrite. The ionic radii of Ca2+ are not the same
as those of the substituted ions, so that lattice distortions
and changes in the interplanar spacing are produced upon
incorporation. Furthermore, a slight peak width broaden-

ing was noticed in Ca substitution, indicating the changes
in crystallite size and lattice strain. The crystallite size (D)
was estimated from the most intense (311) diffraction peak
using the Debye–Scherrer equation [14]:
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Table 1. XRD parameters of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.
Parameters (hkl) 2θ (degree) FWHM (degree) d-spacing (Å) Lattice constant (Å) Crystallite size (nm) Rwp Rexp χ2

y = 0.00 311 35.2 0.50 2.55 8.46 16.61 48.52 39.44 1.23
y = 0.01 311 35.0 0.46 2.56 8.49 18.06 53.76 40.42 1.33
y = 0.02 311 35.4 0.55 2.53 8.39 15.10 42.37 37.83 1.12
FWHM, full width at half maximum.

D =
kλ

β cos θ
(1)

Here, k is the shape factor (0.9), λ is the wavelength
of Cu-Kα radiation (1.5406 Å), β is the full width at half
maximum (FWHM), and θ is the Bragg diffraction angle.
The calculated crystallite size is found to lie in the range
of 15.10–18.06 nm, indicating the nanocrystalline nature of
the synthesized ferrites. The crystallite size of the sam-
ple with y = 0.01 is the largest (18.06 nm), while the y
= 0.02 composition is the smallest (15.10 nm). The non-
monotonic variation in crystallite size with increasing Ca
concentration is believed to be due to the lattice strain and
defects created by the substitution of Ca, which in turn in-
hibits grain growth at higher doping levels.

The lattice constant shows a small variation with the
increase in Ca content, which further strengthens the ev-
idence that the incorporation of Ca2+ ions into the spinel
lattice was successful and that the lattice experienced dis-
tortion. These results are summarized in Table 1.

Fig. 3a–c shows the Rietveld refinement of the XRD
patterns for all Zn0.25Co0.5Ca0.25Fe1.97Ba0.03₋yCayO4 com-
positions, confirming the single-phase cubic spinel struc-
ture. The close agreement between experimental and cal-
culated profiles, evidenced by flat difference curves and
low residual values, validates the structural model. All ob-
served reflections (220), (311), (222), (400), (422), (511),
and (440) are consistent with the spinel phase. The system-
atic variation in peak positions with Ca2+ content reflects
the progressive change in lattice parameter, attributed to the
substitution of the smaller Ca2+ ion at the Ba2+ site.

3.2 Raman Spectroscopy

Fig. 4 shows the Raman spectra of the prepared sam-
ples at room temperature for different compositions (y =
0.00 to 0.03), within the 200–950 cm–1 range. The spec-
tra exhibit several characteristic vibrational modes that con-
firm the crystal structure of the material [15]. The intensi-
ties of Raman modes increase with increasing Ca substi-
tution (y). The incorporation of Ca2+ ions enhances long-
range ordering. Additionally, slight shifts in peak positions
are observed, suggesting local structural distortions in the
lattice [16].

Five distinct Raman-activemodeswere observed in all
compositions. These modes correspond to T2g (1), Eg, T2g

(2), T2g (3) andA1gmodes as depicted in Table 2. The clear
presence of these modes confirms the retention of a highly
ordered crystalline phase across the entire compositional
range [15]. The T2g (1) and A1g modes are observed in
the ranges of 325.44–328.74 cm–1 and 696.6–706.65 cm–1,
respectively, and are associated with the metal ion vibra-
tions at tetrahedral (A) sites. The shift in the T2g (1) mode,
with increasing Ca concentrations (y = 0.00 to 0.03), sug-
gests a slight bond shortening within the tetrahedral sublat-
tice. The A1g peak exhibits a downshift from 706.65 cm–1

to 696.69 cm–1, indicating the elongation of metal–oxygen
bonds at the A site, due to Ca2+ substitution [17]. The
Egmode, associated with the symmetric bending vibration
of oxygen atoms at the octahedral (B) sites, exhibits a sig-
nificant non-monotonic trend. The Egmode initially shifts
from 406.70 cm–1 (y = 0.00) to 476.27 cm–1 (y = 0.01), then
decreases sharply to 373.42 cm–1 (y = 0.02), and finally re-
covers slightly to 378.85 cm–1 (y = 0.03). This complex
shift suggests that local ionic rearrangement and changes in
metal–oxygen bond strengths with Ca content significantly
altered the octahedral site environment [18]. With increas-
ing Ca substitution, the T2g (2) and T2g (3) modes located
in the ranges of 478.03–479.57 cm–1 and 544.51–551.81
cm–1, respectively, exhibit modest but consistent upward
shifts [19].

Table 2. Raman modes of
Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.

Y
Raman Shift (cm–1)

T2g (1) Eg T2g (2) T2g (3) A1g

Tetrahedral
(A) Site

Octahedral
(B) Site

Tetrahedral
(A) Site

0.00 325.44 406.70 478.03 544.51 706.65
0.01 328.74 476.27 479.57 550.53 703.11
0.02 327.9 373.42 478.86 547.85 697.88
0.03 328.33 378.85 479.41 551.81 696.69

Peak deconvolution in Fig. 5a–d reveals the sub-
band structure of each vibrational mode and provides di-
rect evidence of progressive cation redistribution. In the
undoped composition, two balanced A1g sub-components
confirm an ordered Fe2+/Fe3+ distribution at the tetrahe-
dral site. Upon Ca2+ introduction (y = 0.01), the higher-
wavenumber A1g component intensifies, consistent with
preferential Fe2+/Fe3+ oxidation for charge compensation.
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Fig. 3. Rietveld refinement plots of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4. (a) y = 0.00, (b) y = 0.01, and (c) y = 0.02.

Fig. 4. Raman spectra of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.

At y = 0.02, the A1g band deconvolutes into three dis-
tinct components, indicating maximum multiplicity of lo-
cal Fe-O environments and peak modification of the spinel

inversion degree. A broad sub-peak emerging at 800–950
cm–1 as y increases is attributed to local distortion modes
associated with oxygen vacancy formation. At y = 0.03,
equalization of A1g sub-component intensities and maxi-
mum mode broadening confirm peak lattice disorder and
onset of structural inhomogeneity at excess Ca2+ concentra-
tion. Collectively, these results demonstrate that Ca2+ sub-
stitution systematically modifies both tetrahedral and octa-
hedral cation environments, corroborating the dielectric and
magnetic property trends observed across the series.

3.3 Hysteresis Loop Analysis
Fig. 6 represents the M-H loops of Zn0.25Co0.5

Ca0.25Fe1.97Ba0.03-yCayO4 recorded at room temperature.
The magnetic parameters such as saturation magnetiza-
tion (Ms), remanent magnetization (Mr), coercivity (Hc),
squareness ratio (Mr/Ms), anisotropy energy (K), and mi-
crowave resonance frequency (ωm), are depicted in Table
3, indicating prominent changes in the magnetic behavior
of the material.
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Fig. 5. Raman peak fitting of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4 for different values of y. (a) y = 0.00, (b) y = 0.01, (c) y = 0.02,
and (d) y = 0.03.

Table 3. Magnetic parameters of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.
Parameters y = 0.00 y = 0.01 y = 0.02 y = 0.03

Ms (emu/g) 72.32 47.43 72.73 51.37
Mr (emu/g) 29.84 20.20 33.97 12.97
Hc (Oe) 640.21 561.55 746.92 374.82
Mr/Ms 0.41261 0.42589 0.46707 0.25248
K (erg/cm3) 48229.15333 27744.07968 56586.97042 20056.77438
ωm (GHz) 15.97224 12.93990 16.06279 11.34532

The saturationmagnetization represents the maximum
amount of magnetization that a material can achieve, while
the remanent magnetization represents the remaining mag-
netization retained after the removal of the external mag-
netic field [20,21]. With Ca substitution, the saturation
magnetization (Ms) shows a non-monotonic trend. The
sample with Ca concentration y = 0.02 exhibits the high-
est Ms value (72.73 emu/g), which was higher than even
the undoped composition (y = 0, 72.32 emu/g), this rise
attributed to optimized cationic distribution and improved
Fe3+–O2-–Fe3+/Co2+ super exchange contacts [22]. Similar
trends were seen in the remanent magnetization (Mr), which
peaked at y = 0.02 (33.97 emu/g), suggesting the more suc-
cessful alignment of magnetic domains in the absence of
a magnetic field, associated with decreased magnetic dilu-

tion and enhanced crystallinity [23]. The resistance to de-
magnetization represented by the coercivity (Hc), exhibits
a maximum value for the sample with y = 0.02, indicat-
ing improved magnetic stability. However, Hc significantly
dropped for the sample with y = 0.03, indicating a magneti-
cally soft nature of the composition due tomagnetic dilution
and increased structural disorder [24,25].

Magnetic anisotropy strongly influences the reso-
nance frequency and coercivity. The sample with y =
0.02 shows the highest K value (56586.970), indicating its
higher domain stability and coercivity. A drop in K and
resonance frequency (ωm) at y = 0.03 points to a possible
reduction in high-frequency magnetic responsiveness due
to a weakening of anisotropic interactions [25].
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Fig. 6. Magnetization versus applied field for Zn0.25Co0.5
Ca0.25Fe1.97Ba0.03-yCayO4.

3.4 I-V Analysis

The DC resistivity of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03₋y
CayO4 with various Ca2+ ion concentrations was measured
by using the probe method. The resistivity of the samples
was computed by using the formula:

ρ =
RA

L
(2)

where A represents the area (A = πr2), L the thickness of
circular pellets, and R is the resistance (computed as 1/s-
lope from current voltage curves) [26]. Fig. 7 shows the
temperature-dependent resistivity of as-prepared samples,
by plotting the log resistivity versus 1000/K. All samples
exhibit thermally activated behavior, in which resistivity
decreases as temperature rises, which confirms a semicon-
ducting nature and indicates a thermally active conduction
mechanism. The conduct was consistent with the Arrhenius
equation:

ρ = ρ0 exp(Ea/kT) (3)

where ρ0 represents the pre-exponential factor, Eₐ the ac-
tivation energy, k represents the Boltzmann constant, and
T the absolute temperature [27]. The undoped sample (y =
0.00) exhibits considerable resistivity, but upon minor sub-
stitution with Ca (y = 0.01), a significant increase in resis-
tivity observed throughout the temperature range, due to the
formation of localized states. As the Ca content rises, (y =
0.02 and y = 0.03), resistivity drops and the graphs for these
two compositions overlap, indicating increased Ca doping
promotes better microstructural connection between grains
or enhanced hopping conduction. This trend may be asso-

ciated with the Fe2+/Fe3+ ratio, increased oxygen vacancy
concentration, and better cation distribution at octahedral
[28]. Therefore, the substitution of Ca2+ for Ba2+ plays a
critical role in tailoring resistivity, which may have conse-
quences for its use in electrical and magnetic devices where
regulated conductivity is crucial [29].

Fig. 7. Plot of 1000/T versus log of resistivity of Zn0.25
Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.

Fig. 8 shows the non-linear relationship between the
activation energy and the Ca content. The activation energy
reaches its maximum at y = 0.02, indicating the strongest
thermally activated conduction, while the highest resistivity
is observed at y = 0.01.

Fig. 8. Plot of Ca2+ concentrations versus Activation Energy
(Eₐ) of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.
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3.5 Dielectric Analysis

The dielectric properties of ferrite-based materials are
essential to their performance in applications such as sen-
sors, microwave absorption, electromagnetic devices, and
spintronic components. These properties are strongly in-
fluenced by the polarization processes, the charge-carrier
type, and the material’s microstructural features, such as
grain size and grain-boundary dispersion [20,30]. Specif-
ically, changing the cations in spinel ferrites can drastically
change the frequency response, electrical resistivity, and di-
electric constant, providing a structure that can be adjusted
to optimize useful characteristics [31].

Fig. 9. Log of frequency versus real part of permittivity of
Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.

The frequency-dependent real part of permittivity (ε′)
is depicted in Fig. 9. The real permittivity (ε′) decreases
monotonically with frequency for all compositions, consis-
tent with Maxwell–Wagner interfacial polarization at grain
boundaries [32,33]. Ca2+ substitution systematically en-
hances ε′ due to increased oxygen vacancies and grain
boundary defect states serving as additional polarization
centers. The y = 0.02 composition exhibits the highest ε′
across the full frequency range, with a plateau above 105 Hz
indicating that its dielectric relaxation frequency lies within
the MHz range, consistent with the targeted EMI shield-
ing application. The persistent separation of all curves con-
firms the contribution of faster ionic and electronic polar-
ization mechanisms, in addition to slow space-charge ef-
fects. The frequency dependency of the imaginary com-
ponent of the permittivity (ε″) as presented in Fig. 10 is
further supports the Maxwell–Wagner interfacial polariza-
tion mechanism [32]. The absence of a Debye relaxation
peak in the measured frequency range (4 Hz–8 MHz) for
all compositions suggests that the characteristic relaxation
frequency is below 104 Hz [34]. These improvements in ε″
with increasing y are believed to be caused by space charge

accumulating at grain boundaries due to the increased struc-
tural disorder and oxygen vacancy concentration associated
with Ca2+–Ba2+ substitution.

Fig. 10. Log of frequency versus imaginary part of permittiv-
ity of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.

Fig. 11. Log of frequency versus dielectric tangent loss of
Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.

The frequency dependence of the dielectric loss tan-
gent (tanδ) for all the Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-y com-
positions is presented in Fig. 11. All samples show the
monotonic decrease of tan δ with increasing frequency,
which is consistent with Koop’s phenomenological model,
where highly resistive grain boundaries dominate the re-
sponse at low frequencies and conducting grains control the
behavior at high frequencies [35]. The tan δ value is maxi-
mum for the y = 0.03 composition at low frequency, which
is due to the increase in oxygen vacancies and an increase
in interfacial polarization due to excess Ca2+ substitution in
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Fig. 12. Cole–Cole plots of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4 for different values of y. (a) y = 0.00, (b) y = 0.01, (c) y = 0.02, and
(d) y = 0.03.

the composition. The non-monotonic ordering (y = 0.01 >
y = 0.02) is due to opposing effects of cation redistribution
and grain boundary scattering, and the maximum hopping
conductivity is found at y = 0.01. It is noteworthy that all
compositions converge to low tan δ values (~0.02–0.06) at
107 Hz, which indicate low dielectric loss in the MHz oper-
ational range pertinent to biomedical EMI shielding appli-
cations.

The Cole-Cole plots (ε″ vs ε′) for all compositions,
shown in Fig. 12a–d, exhibit skewed arcs without semicir-
cular closure, confirming non-Debye dielectric relaxation
with a distribution of relaxation times arising from grain
boundary heterogeneity [36]. The arc gradually moves to-
wards higher values of ε′ as the Ca2+ content increases,
which is consistent with increased real permittivity result-
ing from added polarization centers. The y = 0.03 composi-
tion shows the highest ε″ and the most linear arc trajectory,
which corresponds to the maximum structural disorder at
excess Ca2+ concentration, resulting in a broad relaxation
time distribution. The composition for y = 0.02 exhibits the
widest ε′ range with moderate ε″.

The frequency dependence behavior of impedance
(Z) for Zn0.25Co0.5Ca0.25Fe1.97Ba0.03₋yCayO4 samples mea-
sured over the frequency range of 4 Hz to 8 MHz is shown
in Fig. 13. A decreasing trend in impedance with increas-
ing frequency was observed, a typical ferrite behavior. This
trend is attributed to space charge polarization at low fre-
quencies, where electrical transport is dominated by inter-
facial effects and grain boundary contributions [36]. All of
the curves converge at higher frequencies, suggesting bulk-
dominated conduction. These findings demonstrate that the
material’s electrical transport characteristics are greatly im-
pacted by calcium substitution, making it flexible for high-
frequency applications.

Fig. 14 shows the variation of alternating current (AC)
conductance (G) with logarithmic of frequency. All sam-
ples exhibit an increase in conductance with frequency, a
common trend for ferrites and dielectric materials because
higher frequencies promote hopping mechanisms. The
sample with calcium concentration y = 0.01, shows high
conductance, suggesting enhanced hopping between local-
ized states or better charge carrier mobility. Conductance
decreases with substitutions y = 0.02, y = 0.03 which is
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Fig. 13. Frequency versus impedance of Zn0.25Co0.5
Ca0.25Fe1.97Ba0.03-yCayO4.

Fig. 14. Log of frequency versus AC (alternating current) con-
ductance of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.

due to increased lattice distortion and defect concentration
[37]. The observed frequency-dependent behavior of AC
conductance can be explained using Koop’s theory, which
models ferrites as composed of highly conductive grains
separated by poorly conductive grain boundaries. At low
frequencies, grain boundary resistance dominates, result-
ing in lower conductance, whereas at higher frequencies,
the contribution from grains increases, leading to enhanced
hopping conduction. These findings suggest that calcium
substitution has a substantial impact on the material’s con-
duction behavior, with y = 0.01 being the optimal compo-
sition for improved AC conductivity.

Fig. 15 represents the frequency-dependent behavior
of the susceptance (B) of the as-prepared samples. All sam-
ples exhibit relatively low and nearly constant susceptance
at lower frequencies (<105 Hz), indicating a limited con-
tribution of capacitive conduction in this frequency range.

Fig. 15. Logarithm of frequency versus susceptance of
Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.

Fig. 16. Logarithm of frequency versus DC (direct current)
resistance of Zn0.25Co0.5Ca0.25Fe1.97Ba0.03-yCayO4.

B increases sharply with frequency, indicating an enhanced
capacitive response and dielectric polarization at higher fre-
quencies. Although there are only minor variations across
the compositions, the y = 0.02 and y = 0.03 samples show
somewhat greater susceptance at high frequencies, indicat-
ing improved dielectric polarization. Calcium replacement
has a more noticeable effect on bulk capacitive dynamics
at higher frequencies, but it has no discernible effect on in-
terfacial polarization, according to the convergence of all
curves at low frequencies.

Fig. 16 shows the graph of DC resistance and the log
of frequency for prepared samples. T The DC resistance
decreases slightly at y = 0.01 (lowest among all samples)
and then increases significantly for y = 0.02 and 0.03. This
shows that the moderate Ca2+ doping increases the electri-
cal conductivity. This implies that the lattice becomes dis-
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ordered due to excessive doping. Both the optimally doped
sample (y = 0.01) and the undoped sample (y = 0) exhibit
very low resistance, demonstrating that increased doping
breaks the conductive network, whereas balanced substitu-
tion enhances electrical performance.

4. Discussions
The observed lattice distortion and phonon mode evo-

lution induced by Ca2+ substitution play a crucial role in en-
hancing magneto-dielectric loss mechanisms, thereby im-
proving electromagnetic wave attenuation in EMI shielding
applications relevant to biomedical electronic systems.

The optimized magnetic parameters observed for the
y = 0.02 composition, including high saturation magneti-
zation, coercivity, and anisotropy constant, are particularly
favorable for EMI shielding applications, as they promote
magnetic loss and resonance-based absorption in the MHz
frequency range. Such characteristics are essential for sup-
pressing electromagnetic interference in biomedical diag-
nostic and monitoring devices.

Improved electronic structure and grain connection re-
duce the energy barrier and increase conductivity at higher
Ca levels. The drop in Eₐ at y = 0.03 referred to the exis-
tence of more effective hopping mechanisms. These find-
ings provide an ideal doping range for adjusting electrical
characteristics and confirming the semiconducting behav-
ior.

The semiconducting nature and tunable activation en-
ergy of the synthesized ferrites contribute to resistive loss
mechanisms, thereby converting incident electromagnetic
energy into thermal dissipation. This behavior supports
their potential application as EMI shielding materials in
biomedical electronic environments.

It is important to note that the EMI shielding per-
formance of the synthesized ferrites has not been directly
measured in this study. The proposed suitability for EMI
shielding applications is inferred from the observed mag-
netic loss, dielectric polarization, and semiconducting be-
havior, which are known to contribute to electromagnetic
wave attenuation in the MHz frequency range.

Limitation
There are several limitations to this research that

should be addressed. First, microstructure characteriza-
tionmethods such as Scanning ElectronMicroscopy (SEM)
or Transmission Electrn Microscopy (TEM) were not per-
formed, so the morphology of nanoparticles and their grain
size distribution were not directly observed but were only
indirectly inferred from the broadening of XRD peaks. Sec-
ond, elemental analysis techniques like Energy-Dispersive
X-ray Spectroscopy (EDS) or elemental mapping were not
performed, and, as a result, Ca2+ ion incorporation into the
host lattice was not directly verified. Third, despite the sug-
gestion that these materials can be used as EMI shielding
materials, no direct measurement of Shielding Effective-

ness (SE), reflection losses, and absorption performance
was done. As a consequence, the conclusion about EMI
shielding is drawn based only on indirect correlation with
magnetic, dielectric, and electrical parameters. In addition,
advanced structure characterization techniques like Möss-
bauer spectroscopy, and X-ray Photoelectron Spectroscopy
(XPS) were not applied to verify the cation distribution.
In future studies, researchers will strive to overcome these
shortcomings.

5. Conclusion
The present study confirms that the controlled substi-

tution of Ba2+ with Ca2+ on Zn-Co-Ca spinel ferrites en-
ables the precise tuning of magnetic, electrical, and dielec-
tric properties. Spinel structure is confirmed by XRD anal-
ysis. Raman spectroscopy revealed lattice distortions and
phonon mode evolution, indicating enhanced structural dis-
order with higher Ca2+ concentration. Soft ferromagnetic
behavior was confirmed across all samples by VSM analy-
sis, revealing that the sample with calcium concentration
y = 0.02 shows the highest Ms value (72.73 emu/g), Mr
(33.97 emu/g), and Hc (746.92 Oe). Semiconducting be-
havior was confirmed by I-V analysis, which showed that
the activation energy peaks at y = 0.02. Dielectric analysis
showed that the sample y = 0.01 had the highest conduc-
tance and lowest DC resistance. The optimized composi-
tions exhibit enhanced magnetic loss, semiconducting be-
havior, and frequency-dependent dielectric response, which
are critical parameters for effective electromagnetic attenu-
ation. The frequency-dependent impedance, conductance,
and susceptance behavior demonstrate the combined contri-
bution of interfacial polarization, hopping conduction, and
dielectric loss mechanisms. Considering both magnetic and
dielectric contributions, y = 0.02 is more suitable for EMI
shielding due to strong magnetic loss.
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