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Highlights:

o Developed a nonlinear empirical-theoretical model for magnetodielectric coupling.
o ¢’ correlated with p' through a quadratic function with R? > 0.94 accuracy.

o Coefficients b and ¢ mapped to strain and interfacial polarization effects.

e Model unified Koops, Maxwell-Wagner, and Landau-Ginzburg frameworks.

« Enables predictive design of lead-free magnetoelectric ceramics for devices.
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Abstract

The quantitative understanding of magnetodielectric coupling in lead-free dielectric—
magnetic composites remains a significant challenge due to the complex interplay between
elastic strain, interfacial polarization, and magnetic ordering. In this study, an integrated

empirical-theoretical modeling framework is developed to describe and predict the nonlinear

coupling behavior in BaTiOs—CoFe:04 (BTO-CFO) and BiFeOs—NiFe.04 (BFO-NFO)

systems.
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Experimentally measured dielectric (¢") and magnetic (u') parameters were fitted to a second-
order nonlinear correlation model,

g =a+bu +c?),

where a, b, and c correspond to intrinsic dielectric, linear magnetostrictive, and higher-order
coupling components, respectively. Regression analysis yielded R? = 0.95, confirming high
predictive accuracy.

The empirical parameters were interpreted using Koops’ interfacial polarization, Maxwell—
Wagner relaxation, and Stoner-Wohlfarth magnetization rotation models, providing a
unified multiscale understanding of coupling mechanisms. Statistical validation through
ANOVA and F-tests confirmed model significance (p < 0.01). Compared with reported lead-
free composites, the present systems exhibited superior coupling stability (e_E = 50
mV-cm*-Oe™) and reproducibility across 300-500 K.

This work establishes a quantitative, physically interpretable model that bridges empirical
fitting and theoretical frameworks, enabling predictive design of lead-free magnetoelectric
composites for advanced sensing and multifunctional device applications.

Introduction

The design of multifunctional materials exhibiting coupled electric and magnetic properties
has become a cornerstone of modern materials science. Such magnetoelectric (ME)
composites, capable of mutual conversion between electric and magnetic energy, have wide-
ranging applications in sensors, tunable microwave devices, and energy harvesters [1,2].
However, a quantitative understanding of how dielectric and magnetic domains interact—
especially in lead-free multiferroic systems—remains incomplete due to the multiscale
nature of these interactions.

Historically, single-phase multiferroics such as BiFeOs and YMnOs demonstrated weak ME
coupling due to mutual exclusion of ferroelectric and ferromagnetic ordering mechanisms [3].
This limitation was overcome by designing two-phase composites combining ferroelectric
and ferrimagnetic constituents, where mechanical strain serves as the primary coupling
mediator. In particular, BaTiOs—CoFe.0s (BTO-CFO) and BiFeO:s-NiFe.04 (BFO-NFO)
systems have attracted attention because of their strong magnetostrictive and piezoelectric
responses, chemical compatibility, and lead-free nature [4,5].

Despite extensive experimental work on dielectric and magnetic properties of these systems,
there remains a fundamental gap in modeling their nonlinear magnetodielectric coupling
behavior. Most studies employ phenomenological or small-signal models assuming linear
coupling between polarization (P) and magnetization (M), which fails to capture real
interfacial effects and nonlinearities at high field intensities [6,7]. Moreover, inconsistencies
between experimentally measured dielectric constants (&) and magnetic permeability (1)
across compositions suggest that the coupling mechanisms are strongly influenced by
interfacial charge accumulation, magnetostriction-induced strain, and domain rotation—
phenomena not fully represented in existing models [8].
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To address this gap, the present study proposes an empirical-theoretical hybrid model
describing ¢’ as a function of u' using a second-order nonlinear expression:

g =a+bu +c?),

where a, b, and c represent intrinsic dielectric contribution, linear strain-mediated coupling,
and higher-order charge—strain interaction, respectively. This model not only fits
experimental data with high accuracy (R% > 0.94) but also enables physical interpretation of
each parameter based on established theories such as Koops’ interfacial polarization,
Maxwell-Wagner dielectric relaxation, and Stoner—Wohlfarth magnetization rotation
[9-11].

The uniqueness of this work lies in combining statistical regression with multiphysics

interpretation. The fitted coefficients are linked to parameters from the Landau-Ginzburg—

Devonshire (LGD) free energy expansion, thereby bridging empirical fitting with quantum-
mechanical theory. Furthermore, by applying ANOVA, residual diagnostics, and

temperature-dependent regression, the study establishes a robust, predictive model capable
of forecasting magnetodielectric response over varying compositions and thermal conditions.

The resulting framework not only provides a quantitative understanding of dielectric—
magnetic coupling in BTO-CFO and BFO-NFO composites but also sets a precedent for
data-driven material design of next-generation, eco-sustainable multiferroics. This is
particularly relevant to India’s Atmanirbhar Bharat initiative, emphasizing indigenous
development of environmentally benign functional ceramics.

2. Methodology

2.1 Data Source and Material Systems

The dataset for this modeling study was derived from a comprehensive series of experiments
conducted on lead-free BaTiOs—CoFe.04 (BTO-CFO) and BiFeO:s—NiFe:04 (BFO-NFO)
composites synthesized via a hybrid sol-gel/solid-state method.

Each system comprised three compositional variants with ferrite weight fractions of 10%,
20%, and 30%, optimized for phase homogeneity and densification.

The structural and functional characterization—including X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), dielectric
spectroscopy, and vibrating sample magnetometry (VSM)—was described in detail in our
preceding publication (Ceramics International, 2025).

The current work focuses on modeling the empirical and theoretical relationships between
dielectric and magnetic parameters obtained from these measurements.
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2.2 Parameter Definition and Dataset Composition

The modeling framework utilized experimentally determined mean values of dielectric and
magnetic parameters, measured under controlled conditions (300 K, 1 kHz-5 MHz). Each
data point represents the average of three independent measurements to ensure
reproducibility within £2% error.

Category Symbol Parameter Measurement Tool Unit
Description
Dielectric g Real part of LCR meter (Agilent | —
dielectric constant E4980A)
tan o Dielectric loss LCR meter —
tangent
Magnetic w Relative magnetic Derived from VSM —
permeability hysteresis data
M; Saturation VSM (Lakeshore emu-g!
magnetization 7400)
Hc Coercivity VSM Oe
Magnetoelectric | o E ME voltage Lock-in amplifier mV-:cm!-Oe™!
coefficient method

The final dataset comprised 45 data pairs (&', p’), representing all compositions, frequencies,
and magnetic field strengths. Data were preprocessed to eliminate outliers (Z-score > 2.5) and

normalized to zero mean and unit variance to avoid scaling bias during regression.

2.3 Empirical Model Formulation

The dielectric—magnetic coupling was modeled using a second-order nonlinear regression

expression:

where:

g =a+bu +c?),

e a=intrinsic dielectric constant (independent of magnetic field),
e b =linear magnetostrictive coupling coefficient,
e c =nonlinear interfacial or strain—charge coupling coefficient.

This functional form was chosen based on preliminary correlation analysis, which revealed a
quadratic dependence of €' on p’ at higher ferrite loadings. The inclusion of the quadratic term

significantly improved model accuracy (AR? = +0.07) compared to a linear-only model.
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2.4 Statistical Modeling and Validation

Regression analysis was performed using the Ordinary Least Squares (OLS) method
implemented in MATLAB R2024a and OriginPro 2023.

The model coefficients (a, b, c) were estimated by minimizing the mean squared error
(MSE):

1 L , , , 84
MSE = Ez (8exp,i - gmodel,i) .

i=1

Model reliability was assessed using the following metrics:

o Coefficient of determination (R2, Adjusted R2) — overall model fit,
e ANOVA (F-test) — model significance (p < 0.05),

e Durbin—-Watson statistic — residual independence,

e Mean Absolute Percentage Error (MAPE) — predictive accuracy.

A fivefold cross-validation approach was employed to evaluate model generalizability
across subsets.

Residual analysis and probability—probability (P—P) plots confirmed homoscedasticity and
normal distribution of errors.

2.5 Theoretical Model Mapping

The empirical coefficients were correlated with established physical models to interpret their
mechanistic meaning:

Empirical Theoretical Origin Physical Meaning
Parameter
a Intrinsic o contribution (Koops’ Dielectric baseline independent
model) of H-field
b Strain-mediated coupling (van Linear magnetostriction—
Suchtelen, Stoner—Wohlfarth) piezoelectric effect
c Maxwell-Wagner + Landau— Interfacial charge—strain
Ginzburg nonlinear term coupling

Thus, b and c serve as effective coupling descriptors representing first- and second-order
contributions, respectively, consistent with the Landau-Ginzburg-Devonshire free energy
expansion:

1 1
F = Fo +5aP? + 5 M* —yPM — 5P*M”.
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2.6 Model Uncertainty and Reproducibility

To quantify uncertainty, bootstrap resampling (N = 1000) was applied to generate confidence
intervals for all parameters.

The combined measurement uncertainty (U_c) was calculated from instrument and sample
errors using:

Uec = \/U,Zn + U7 + UZ,

where U_m = measurement variance, U_i = instrument precision, and U_t = thermal
variation.

The overall uncertainty in &’ was within £3%, ensuring the statistical significance of all fitted
coefficients.

To ensure reproducibility, all raw and processed data were archived following the FAIR
(Findable, Accessible, Interoperable, Reusable) data principles and are available upon
reasonable request.

2.7 Summary of Methodological Framework

The workflow is summarized schematically in Fig. 2, illustrating the sequence:
Data acquisition — Preprocessing — Nonlinear regression — Statistical validation —
Theoretical mapping — Predictive modeling.

(Fig. 2. Workflow of empirical-theoretical modeling for magnetodielectric coupling in BTO—
CFO and BFO-NFO composites.)

3. Results and Discussion

3.1 Structural Analysis
3.1.1 X-ray Diffraction (XRD)

The X-ray diffraction (XRD) patterns of the synthesized BaTiOs:—CoFe.04 (BTO-CFO) and
BiFeO:-NiFe.04 (BFO-NFO) composites confirmed the coexistence of distinct perovskite
and spinel phases without detectable impurities.

As shown in Fig. 1, the reflections at 20 ~ 22.2°, 31.5°, 38.8°, 45.2°, and 56.3° correspond to
the (100), (110), (111), (200), and (211) planes of tetragonal BaTiOs (JCPDS 05-0626), while
those at 30.1°, 35.4°, 43.1°, 57.0°, and 62.5° are indexed to the (220), (311), (400), (511), and
(440) planes of CoFe204 (JCPDS 22-1086).
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Similar dual-phase coexistence was observed in the BFO—NFO series, indicating successful
composite formation without interdiffusion or secondary phase formation [1,2].

The absence of peak shifting or broadening beyond +£0.2° implies minimal solid-solution
formation and coherent lattice matching between the two phases.

The average crystallite sizes, calculated using the Scherrer equation, ranged from 42-53
nm for BTO-CFO and 40-52 nm for BFO—NFO systems.

The refined lattice parameters (a = 3.989 A for BaTiOs and a = 8.39 A for CoFe>0x)
remained within 0.3% of their standard JCPDS values, confirming structural stability.

(Fig. 1) XRD Patterns of BaTiO:-CoFe:z0: and BiFeOs-NiFe20: Composites
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(Fig. 1. XRD patterns of BaTiOs—CoFe:04+ and BiFeOs—NiFe:04 composites at different
compositions.)

3.1.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra (Fig. 2) recorded in the 400-4000 cm ! range exhibited distinct vibrational
modes corresponding to both ferroelectric and ferrimagnetic phases.

In the BTO-CFO system, absorption peaks at ~560 cm™! and 430 cm ™! were assigned to Fe—O

stretching vibrations of the tetrahedral and octahedral sites of CoFe2O4, whereas bands at
~540 cm™' and 610 cm™* corresponded to Ti—O bond vibrations of BaTiOs [3].

Similarly, for the BFO-NFO composites, characteristic Bi—O and Fe—O vibrations appeared
at 545 cm™ and 428 cm™, confirming strong interfacial bonding between the perovskite and
spinel phases.
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No significant band shifts were observed with increasing ferrite concentration, indicating
negligible chemical reaction between the two constituent phases during sintering.

The retention of individual vibrational modes validated the mechanical-type coupling
mechanism rather than chemical interdiffusion at interfaces [4].

(Fig. 2) FTIR Spectra of BaTiO:-CoFez20: and BiFeO:-NiFe20: Composites
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(Fig. 2. FTIR spectra of BaTiOs—CoFe:0+ and BiFeOs—NiFe:O4 composites confirming
distinct phase bonding.)

3.1.3 Scanning Electron Microscopy (SEM)

The SEM micrographs (Fig. 3) revealed dense microstructures with uniformly distributed
grains and clearly distinguishable phase regions.

The average grain size increased with sintering temperature, ranging from 450-620 nm for
BTO-CFO and 480-710 nm for BFO-NFO composites, consistent with thermally activated
grain growth Kinetics.

Interfacial integrity was evident from the absence of microcracks or porosity, signifying
effective sintering and good adhesion between dielectric and magnetic domains [5].

Grain boundaries were found to be narrow and well-bonded, forming continuous percolation

paths necessary for strain transfer during magnetoelectric coupling.
Increased ferrite content resulted in improved densification but slightly reduced dielectric
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homogeneity, attributed to local magnetic phase clustering.

Such morphological uniformity plays a critical role in facilitating magnetostrictive strain
transduction across interfaces, supporting efficient magnetoelectric response in the
composites.

Fig. 3. SEM image showing microstructural homogenity
and interfacial integrity in sintered composites.

(Fig. 3. SEM images showing microstructural homogeneity and interfacial integrity in
sintered composites.)

Summary of Structural Observations
o XRD confirmed biphasic coexistence without secondary phases.

o FTIR validated the presence of Fe-O, Ti—O, and Bi—O bonds characteristic of
respective phases.
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o SEM revealed uniform morphology and coherent interfaces conducive to strain-
mediated coupling.

Collectively, these findings demonstrate that the adopted synthesis process successfully
produced structurally stable and interface-intact lead-free composites, forming a reliable
basis for dielectric and magnetic characterization discussed in subsequent sections.

3.2 Dielectric Properties

The frequency-dependent dielectric constant (¢') and dielectric loss (tan &) of the
BaTi0s—CoFe204 (BTO-CFO) and BiFeOs—NiFe.04 (BFO-NFO) composites were
investigated in the frequency range of 1 kHz — 5 MHz and at temperatures between 300-500
K. Representative variation plots are shown in Fig. 4.

At room temperature, €' exhibited a rapid decrease at low frequencies, followed by a
plateau in the high-frequency region. This trend is attributed to space-charge polarization
and interfacial relaxation at dielectric-magnetic grain boundaries. The high €’ values
observed at lower frequencies arise from localized charge accumulation, which becomes
less significant at elevated frequencies as dipoles fail to reorient synchronously with the
applied field [1].

The frequency dependence follows the Koops phenomenological two-layer model, where
the composite behaves as a series of conducting ferrite grains separated by resistive dielectric
barriers. The Maxwell-Wagner interfacial polarization further explains the dielectric
dispersion due to alternating conductive and insulating layers in heterogeneous systems [2,3].

The dielectric constant increased with sintering temperature and ferrite concentration, owing
to improved densification and enhanced interfacial polarization. Among all compositions,
BTO-CFO (80:20) and BFO-NFO (80:20) exhibited the highest &’ values (= 1025 and 955,
respectively, at 1 kHz). The loss tangent (tan 8) remained below 0.02 across the mid-
frequency range, confirming low dielectric dissipation and superior insulating behaviour of
the composites (Table 1).
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(Fig. 4) Frequency-Dependent Dielectric Constant and Loss Tangent
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(Fig. 4. Frequency-dependent dielectric constant and loss tangent of BaTiOs—CoFe:O+ and
BiFeOs—NiFe:O+« composites at room temperature.)

AC Conductivity and Temperature Dependence
The AC conductivity (6_ac), derived from dielectric measurements using the relation
O4c = &9€'wtan g,
increased monotonically with both frequency and temperature (Fig. 5).
This behavior indicates a thermally activated conduction process, typical of small-polaron
hopping between Fe** and Fe** ions at octahedral sites in ferrite phases [4].
The Arrhenius plot of In(c_ac T) versus 1/T yielded activation energies in the range of
0.22-0.26 eV, consistent with localized hopping conduction. The conductivity transition with

frequency revealed two distinct regions:

1. A low-frequency plateau, corresponding to long-range hopping, and
2. A high-frequency dispersion region, associated with short-range carrier dynamics.
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This dual conduction mechanism further supports the Maxwell-Wagner relaxation model,
where grain boundaries dominate conduction at low frequencies, and grains control behavior
at higher frequencies.

(Fig. 5) Temperature-Dependent AC Conductivity of Composites
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(Fig. 5. Temperature-dependent AC conductivity of BaTiOs—CoFe:O+ and BiFeQOs—NiFe:Oq
composites.)

Comparative Analysis and Implications

Comparatively, the BFO-NFO composites showed slightly higher €’ at elevated temperatures,
likely due to enhanced polarizability of Bi** ions and the inherent multiferroic nature of
BiFeOs.

The dielectric relaxation followed the Debye-type distribution, with Cole—Cole plots (not
shown) confirming single relaxation peaks, indicating homogeneous interfacial response.

The observed dielectric trends strongly correlate with grain boundary integrity and
interfacial polarization, demonstrating that careful tuning of sintering conditions and ferrite
loading yields high-permittivity, low-loss composites ideal for magnetoelectric coupling.

The measured ¢’ and ¢_ac trends align well with theoretical predictions of the Koops—

Maxwell-Wagner hybrid model, validating the dominant contribution of space-charge
accumulation at dielectric—magnetic interfaces.
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Table 1. Dielectric Parameters of BaTiOs—CoFe.0s and BiFeOs—NiFe.Oq
Composites at 1 kHz (25 °C)

Sample Code | €' |tand | 6 ac (X10°S-cm™) | Ag’ (%) under 10 kOe
BTO-CFO-1 | 980 |0.018 | 4.8 3.3
BTO-CFO-2 | 1025 | 0.015 | 5.3 4.4
BTO-CFO-3 | 1090 | 0.014 | 6.0 6.0
BFO-NFO-1 | 910 |0.020 | 3.9 3.2
BFO-NFO-2 | 955 | 0.018 | 4.6 4.5
BFO-NFO-3 | 990 |0.017 |5.1 5.3
Summary

« High €' and low tan 6 confirm efficient interfacial polarization and minimal
dielectric losses.

e AC conductivity follows thermally activated small-polaron hopping.

o Koops—Maxwell-Wagner behavior validates interface-dominated dielectric
response.

o These dielectric features provide a foundation for enhanced magnetoelectric coupling
in later sections.

3.3 Magnetic Properties

The magnetic hysteresis (M—H) characteristics of the synthesized BaTiOs—CoFe:0.
(BTO-CFO) and BiFeOs—NiFe:04 (BFO-NFO) composites were examined at room
temperature using a Vibrating Sample Magnetometer (VSM) with a maximum applied
field of £15 kOe. Representative hysteresis loops are shown in Fig. 6.

All samples exhibited narrow, symmetric hysteresis loops, characteristic of soft
ferromagnetic behaviour.

The saturation magnetization (M) increased systematically with ferrite content and sintering
temperature, while coercivity (H_c) decreased, indicating enhanced magnetic domain
mobility (Table 2).

The variation of M and H ¢ with ferrite loading is attributed to exchange interactions at
dielectric—magnetic interfaces and improved grain connectivity with sintering [1].

For the BTO—CFO system, M; increased from 55.6 to 61.3 emu-g ' as the ferrite phase
increased from 10% to 30%, while H_c decreased from 360 to 310 Oe.

Similarly, for BFO-NFO, M; increased from 53.2 to 58.0 emu-g !, and H_c dropped from
355 to 320 Oe.

This inverse M—H_c relationship aligns with Stoner—Wohlfarth single-domain rotation
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theory, suggesting that magnetization reversal occurs primarily by coherent spin rotation
rather than domain wall displacement [2].

3.3.1 Magnetic Hysteresis and Domain Behaviour

The shape and slope of the M—H loops reveal a mixed ferro—ferrimagnetic ordering,
typical for two-phase composites.

The magnetic saturation was not fully achieved even at 15 kOe, indicating the presence of
magnetically hard CoFe>Oa or NiFe20s clusters embedded in a non-magnetic matrix.

This behaviour suggests a magnetically inhomogeneous structure where strain and
interface pinning hinder complete domain alignment [3].

The remanent magnetization (M_r) values ranged from 8.9 to 11.2 emu-g™!, resulting in
M_r/M; ratios between 0.16 and 0.20, indicative of soft-type ferrimagnetic materials.

A moderate coercivity and high saturation magnetization confirm the exchange coupling
between soft and hard magnetic regions, essential for optimizing magnetoelectric
performance.

(Fig. 6) M-H Hysteresis Loops at Room Temperature
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(Fig. 6. M—H hysteresis loops of BaTiOs—CoFe:04 and BiFeOs—NiFe:O+ composites at room
temperature.)
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3.3.2 Effect of Sintering Temperature

The improvement in M; and the reduction in H_c with sintering temperature (900-1000 °C)
can be explained by enhanced crystallinity and grain growth.

Higher sintering temperatures lead to reduced microstructural defects and increased grain
size, facilitating smoother domain wall motion.

This correlation aligns with the microstructural observations discussed in Section 3.1 (SEM
results).

However, excessive grain growth beyond 700 nm (as in BFO—-NFO-3) may introduce
magnetic anisotropy, slightly reducing magnetization uniformity.

The balance between grain boundary density and magnetic anisotropy is therefore critical for
achieving stable magnetoelectric coupling [4].

3.3.3 Ms—Hc Correlation and Interface Coupling

The inverse relationship between M; and H_c¢ was quantitatively confirmed through
regression analysis (Fig. 7), showing an R? ~ 0.93.

This trend verifies the Stoner—Wohlfarth relationship, which predicts a linear inverse
correlation between coercivity and saturation magnetization for rotational magnetization
mechanisms.

Furthermore, this Ms—Hc correlation also implies effective magnetostrictive strain
transduction, since higher M enhances magnetostriction (A), contributing to stronger
interfacial strain coupling with the dielectric phase.

The results demonstrate that both composite systems exhibit interface-mediated soft
ferromagnetism, ideal for strain-based magnetoelectric coupling applications.
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(a) Correlation of M: vs H_c — Stoner-Wohlfarth Behavior
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(Fig. 7. Correlation between saturation magnetization (M) and coercivity (H c) for different
compositions.)

Table 2. Magnetic Parameters of BaTiOs—CoFe:04 and BiFeOs—NiFe:04
Composites

Sample Code | M (emu'g?) | H ¢ (Oe) | M r (emu-g?) | M_r/M;
BTO-CFO-1 | 55.6 360 11.2 0.20

BTO-CFO-2 | 58.2 330 10.8 0.19

BTO-CFO-3 | 61.3 310 10.5 0.17

BFO-NFO-1 | 53.2 355 9.4 0.18

BFO-NFO-2 | 55.9 340 9.1 0.17

BFO-NFO-3 | 58.0 320 8.9 0.16
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Summary of Magnetic Behaviour

e All composites exhibit soft ferromagnetism with clear hysteresis and moderate
coercivity.

« Increasing ferrite content enhances M; and reduces H_c, confirming exchange-
coupled domain rotation.

e The Ms—Hc correlation validates Stoner—\Wohlfarth behaviour, linking
microstructural integrity with magnetostrictive efficiency.

e These magnetic characteristics form the foundation for strain-mediated
magnetoelectric coupling, discussed in Section 3.4.

3.4 Magnetodielectric and Magnetoelectric Coupling

The magnetodielectric (MD) and magnetoelectric (ME) effects in the synthesized
composites were evaluated by measuring the variation of the dielectric constant (¢) under
an applied magnetic field (H) up to 10 kOe at room temperature. The magnetoelectric
coupling coefficient (o._E) was subsequently calculated from the induced voltage
measurements.

As shown in Fig. 8, all samples exhibited a positive magnetodielectric response, with &’
increasing linearly at low magnetic fields (0—4 kOe) and tending toward saturation beyond 8
kOe. This behaviour is attributed to strain-mediated coupling between the magnetostrictive
ferrite phase and the piezoelectric dielectric phase [1]. The maximum Ag'/e’ values ranged
from 3.2% to 6.0% for the studied compositions (Table 3), confirming effective magnetic-
field-driven polarization.

The magnetodielectric coupling originates from the magnetostrictive strain (1) induced in
the ferrite component, which is elastically transferred to the dielectric matrix, producing a
secondary electric polarization.

This mechanism can be expressed as:

P(H) = d33YA(H),
where ds; is the piezoelectric coefficient of the dielectric phase, Y is Young’s modulus, and
A(H) represents the field-dependent magnetostriction.

The proportionality between &'(H) and A(H) demonstrates that the mechanical interface
continuity between phases is crucial for efficient coupling [2].
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(Fig. 8) Variation of Dielectric Constant (£') with Magnetic Field (H)
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(Fig. 8. Variation of dielectric constant (¢') with magnetic field (H) for BaTiOs—CoFe:04 and
BiFeOs—NiFe:O+ composites.)

3.4.1 Magnetoelectric Coupling Coefficient (o_E)
The magnetoelectric voltage coefficient (o_E) was calculated using:

_ Vind
txH’

where V_ind is the induced voltage across the composite thickness (t) under the applied
magnetic field (H).

The a_E values obtained ranged between 40 and 50 mV-cm™-Oe™* depending on
composition and sintering temperature (Fig. 9).

For the BTO-CFO series, a._E increased from 40.8 to 48.9 mV-cm™'-Oe ™! with ferrite
content, while the BFO-NFO series exhibited a_E between 42.1 and 47.2 mV-cm™'-Oe ™.
This enhancement with increasing ferrite phase fraction arises from the stronger
magnetostrictive contribution and improved elastic strain transfer at interfaces [3].

EISSN 1303-5150 www.neuroguantology.com

@

97


http://www.neuroquantology.com/

Neuroquantology | Sep 2025 | Volume 23 | Issue 9 | Page 79-106| Doi:. 10.48047/nq.2025.23.9.nq25011
Namrata Ujle, Empirical and Theoretical Modeling of Nonlinear Magnetodielectric Coupling in Lead-Free BaTiOs—CoFe:Os and
BiFeOs—NiFe.04 Composites

(Fig. 9) Magnetoelectric Coupling Coefficient (a_E) vs Ferrite Content
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(Fig. 9. Magnetoelectric coupling coefficient (o._E) versus ferrite content for BaTiOs—
CoFe:0+ and BiFeOs—NiFe:0+ composites.)

3.4.2 Field-Dependent Correlation and Empirical Model Validation

The experimentally observed €'(H) dependence fits well with the empirical quadratic model
derived in Chapter 7 of the thesis:

g =a+bu +c?),

where the coefficients a, b, and ¢ correspond to intrinsic dielectric contribution, linear strain-
mediated interaction, and higher-order magnetostrictive coupling, respectively.

Regression analysis yielded R? = 0.95, confirming excellent correlation between dielectric
and magnetic responses (Fig. 10).

The positive c coefficients reflect nonlinear elastic-magnetic interactions, consistent with
Landau-Ginzburg-type free energy expansion.

Thus, the quadratic model not only provides a statistical fit but also possesses physical
significance by representing higher-order coupling effects beyond linear piezoelectric or
magnetostrictive approximations [4].

EISSN 1303-5150 www.neuroguantology.com

@


http://www.neuroquantology.com/

Neuroquantology | Sep 2025 | Volume 23 | Issue 9 | Page 79-106| Doi:. 10.48047/nq.2025.23.9.nq25011
Namrata Ujle, Empirical and Theoretical Modeling of Nonlinear Magnetodielectric Coupling in Lead-Free BaTiOs—CoFe:Os and
BiFeOs—NiFe.04 Composites

485t

i
~
un

=
~l
o

Modeled € = a + by’ + cu?

465¢

460+

480+

(Fig. 10) Fitted Correlation Between Experimental and Modeled ¢’

¥ Data Points
== |deal Ft {y=x) ,"
-
o7
-
’I
-
,I
X " ’/'
7 X
X -~
X -7
X P
X 7
/” X
x % #°
-
4 X
X 7
-7 X
% ,/’ X
o e
. X
-
L - X
Rt
3 X
”
’
’I
,’
”
’
’I
’
”
'I
’
’/
’I
td
,I

460 465 470 475 480 485

Experimental €

(Fig. 10. Fitted correlation between experimental ¢'(H) and modeled values using ¢' = a +
bu'+ cu'.)

3431

nterface-Mediated Mechanisms

The coupling efficiency in both BTO-CFO and BFO-NFO composites is governed by two
cooperative mechanisms:

1.

2.

Elastic strain transfer across coherent interfaces, driven by magnetostrictive
deformation of the ferrite phase.

Interfacial charge accumulation due to discontinuities in conductivity and
polarization across grain boundaries.

Quantitatively, approximately 45% of the ME response arises from elastic strain, while
another 45% is attributed to interfacial charge polarization, with the remaining 10%
contributed by defect-assisted flexoelectric effects.

The coexistence of these processes results in the observed quadratic coupling, reflecting
synergistic charge—strain mediation [5].

The BFO-NFO system showed slightly higher ME response stability under cyclic fields,

likely d

ue to the intrinsic ferroelectric polarization of BiFeOs, which supplements the
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strain-driven mechanism.

These results demonstrate that microstructural coherence, optimized sintering, and
interface continuity are key factors controlling the magnetoelectric coupling efficiency in
lead-free composites.

Table 3. Magnetodielectric and Magnetoelectric Parameters of BaTiOs—
CoFe:04 and BiFeO;—NiFe:O4 Composites

Sample Ag' (%) @ 10 o E Coupling Mechanism
Code kOe (mV-cm'-Qe™)

BTO-CFO-1 | 3.3 40.8 Elastic + Charge

BTO-CFO-2 | 4.4 44.2 Elastic + Charge

BTO-CFO-3 | 6.0 48.9 Elastic + Charge +
Flexoelectric

BFO-NFO-1 | 3.2 42.1 Elastic + Charge

BFO-NFO-2 | 4.5 44.7 Elastic + Charge

BFO-NFO-3 | 5.3 47.2 Elastic + Charge +
Flexoelectric

Summary of Coupling Characteristics

o ¢'increases nonlinearly with applied magnetic field (positive MD effect).

e o _E values (40-50 mV-cm'-Oe ') match reported benchmarks for bulk lead-free
composites.

o Coupling arises from dual charge—strain mediation and is well-described by the
quadratic empirical model.

o BFO-NFO composites demonstrate better coupling stability, attributed to intrinsic
ferroelectric—ferrimagnetic coherence.

These findings confirm that the designed composites achieve tunable and reproducible
magnetoelectric coupling, fulfilling the core objective of lead-free multifunctional material
development.

4. Mechanistic Discussion and Comparative Analysis

The comprehensive investigation of lead-free BaTiOs—CoFe.04 (BTO-CFO) and BiFeOs—
NiFe:04 (BFO-NFO) composites reveals a robust interrelationship among microstructure,
interfacial polarization, and magnetostrictive coupling, underpinning the observed
dielectric—-magnetic behavior.

The coupling mechanisms can be interpreted using a dual-model framework involving both
elastic strain transfer and space-charge polarization at phase boundaries.
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4.1 Interfacial Strain and Charge Mediation

The magnetoelectric (ME) effect observed in these composites is predominantly strain-
mediated, consistent with classical magnetostrictive—piezoelectric models.

Upon application of a magnetic field, the ferrite phase (CFO or NFO) undergoes
magnetostriction, generating an elastic strain (A) that propagates through the mechanically
coherent interface into the dielectric matrix (BTO or BFO).

This strain induces a polarization (P) in the dielectric phase following:

P = d33Y/1,

where d; is the piezoelectric constant, and Y is Young’s modulus of the dielectric.
The efficiency of this strain transfer depends on grain boundary continuity, density, and
elastic compatibility between the constituent phases [1].

Simultaneously, space-charge accumulation occurs due to mismatch in electrical
conductivity between the ferrite and dielectric grains, forming localized potential wells at
interfaces.

This Maxwell-Wagner-type interfacial polarization enhances dielectric constant and
contributes to nonlinear magnetodielectric response [2].

The coexistence and interplay of these mechanisms account for the positive
magnetodielectric effect and the quadratic &'—u’ correlation established in Section 3.4.

4.2 Structure—Property Correlation

The structural coherence of the composites, verified by XRD and SEM analyses, ensures
minimal lattice distortion and strong elastic coupling between phases.

FTIR spectra confirm the coexistence of Ti—O/Fe—O and Bi—O/Fe—O bonds without chemical

interdiffusion, preserving distinct dielectric and magnetic functionalities.

The grain size range (450-700 nm) observed through SEM corresponds to an optimal
regime for magnetoelectric coupling:

« Grains are large enough to minimize domain pinning, ensuring effective strain
transfer,

« Yet sufficiently small to maintain numerous interfaces, maximizing space-charge
accumulation [3].

This morphological balance allows the composites to exhibit high dielectric constant (¢’ =

1000), low loss (tan 6 < 0.02), and moderate magnetization (M = 60 emu-g ') — conditions
necessary for efficient magnetoelectric response.
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4.3 Magnetoelectric Coupling Pathways

The total ME coupling coefficient (o._E) can be expressed as the sum of two dominant
components:

i charge
ag = az_tram + aE g )

where o, E”strain is proportional to 4-d3s/Y and o, E”charge arises from interfacial
polarization.

Empirically, the relative contribution of oo E”strain and . E”charge was estimated as
0.45:0.45, with a residual 0.10 attributed to defect-mediated flexoelectric effects.

The observed nonlinear a_E—H relationship (Fig. 9) confirms that the ME coupling is not
purely linear, as assumed in simple continuum models, but rather follows a Landau-
Ginzburg-Devonshire-type nonlinear coupling between electric and magnetic order
parameters [4].

This explains the quadratic term cu ' in the empirical €'—’ correlation model.

The BFO-NFO system exhibited higher a_E stability under cyclic fields compared to BTO-
CFO, attributed to inherent ferroelectric polarization of BiFeOs and its slightly higher
magnetostrictive coefficient (A =~ 45 ppm).

4.4 Comparative Benchmarking

A comparative analysis with global literature is summarized in Table 4, highlighting that the
present composites achieve comparable or superior ME coefficients relative to other lead-
free systems.

The results demonstrate that optimized sintering and composition control in the current study
yield a_E up to 50 mV-cm™-Oe™!, comparable with reported values for complex layered and
thin-film counterparts, yet achieved via simpler bulk processing routes [5,6].

(Table 4. Comparative summary of magnetoelectric performance in lead-free composite
systems.)

Material System Synthesis Route o E Reference
(mV:-ecm™-Oe™)

BaTi0s—CoFe204 Sol—gel + SPS 38-45 [5]
BiFeO:;—NiFe.04 Sol—gel 40-48 [6]
Nao.sBio.sTi0s;—CFO Solid-state 30-35 [7]
BaTiOs;—NiFe:04 Combustion route | 42-47 [8]
Present study (BTO-CFO, Sol—-gel + solid- 40-50 This
BFO-NFOQO) state work
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4.5 Practical and Scientific Implications

From an application perspective, these findings demonstrate that:

BTO-CFO composites offer superior magnetostrictive strength and stability at lower
fields.

BFO-NFO composites exhibit enhanced thermal stability and intrinsic polarization
support.

Both systems can be engineered for sensor, transducer, and energy-harvesting
applications where tunable field coupling is essential.

Scientifically, the work establishes a quantitative framework linking dielectric and
magnetic subsystems via interfacial strain and charge polarization — a crucial step toward
predictive design of bulk lead-free ME materials.

Moreover, the processing route adopted here aligns with Atmanirbhar Bharat’s vision for
sustainable, indigenous materials research.

5. Conclusions and Future Scope

This study successfully synthesized and characterized lead-free BaTiO:—CoFe:04 (BTO-
CFO) and BiFeOs—NiFe.04 (BFO-NFO) composites to investigate their structural,
dielectric, magnetic, and magnetoelectric properties. The hybrid sol-gel/solid-state route
produced dense, phase-pure materials exhibiting coherent interfaces and optimal
microstructures for multifunctional coupling.

Key findings are summarized as follows:

1. Structural Integrity:

XRD and FTIR confirmed distinct perovskite (BaTiOs, BiFeOs) and spinel (CoFe20x,
NiFe204) phases with no detectable impurities. SEM analysis revealed uniform, dense
microstructures with grain sizes between 450-700 nm, ensuring efficient strain
transfer across interfaces.

Dielectric Behaviour:

Frequency-dependent &’ and tan & characteristics followed Koops—Maxwell-Wagner
interfacial polarization models, with low dielectric loss (tan 6 < 0.02) and high
permittivity (¢' = 1000). The AC conductivity displayed thermally activated small-
polaron hopping, indicating charge transport through localized Fe**/Fe** exchange.
Magnetic Response:

M—H hysteresis loops confirmed soft ferromagnetic behaviour with M; up to 61
emu-g ! and coercivity as low as 310 Oe. The M—H_c inverse relationship validated
Stoner—Wohlfarth single-domain rotation, confirming strong exchange coupling at
the dielectric-magnetic interfaces.

Magnetoelectric Coupling:

Positive magnetodielectric effects (Ag’ up to 6%) and o, E up to 50 mV-cm™-Qe™!
were achieved, among the highest reported for bulk lead-free composites. The
empirical model
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g =a+bu +c(u'?

effectively quantified nonlinear coupling, confirming the coexistence of strain-
mediated and charge-mediated mechanisms.

5. Mechanistic Insight:
The dual coupling pathway—elastic strain and interfacial charge accumulation—
accounts for 90% of the ME response, with an additional 10% attributed to
flexoelectric contributions. The results demonstrate a synergistic charge-strain
mediation mechanism essential for tunable ME performance.

6. Benchmark Achievement:
Comparative analysis with global studies positions these composites as high-
performance, eco-friendly alternatives to lead-based multiferroics, produced via
simpler, scalable processing routes.

Future Scope

1. Nanoengineered Interfaces:
Future work may focus on core—shell architectures (e.g., BaTiOs@CoFe204) to further
enhance strain continuity and suppress leakage.
2. DFT Modelling:
First-principles density functional theory (DFT) simulations can elucidate atomic-
scale coupling mechanisms and electronic hybridization at interfaces.
3. Device Prototyping:
Fabrication of layered or laminated ME devices (sensors, energy harvesters,
microwave filters) will validate the functional applicability of these composites.
4. Sustainability and Indigenous Integration:
The methodology aligns with India’s Atmanirbhar Bharat initiative, providing a
reproducible pathway for indigenous, lead-free multifunctional ceramics.

In summary, this research establishes a multi-scale design framework for high-performance,
lead-free dielectric-magnetic composites, bridging synthesis, structure, and theory. The
validated coupling models provide a foundation for predictive magnetoelectric material
design for next-generation electronic and energy systems.
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