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Highlights: 

 Developed a nonlinear empirical–theoretical model for magnetodielectric coupling. 

 ε′ correlated with μ′ through a quadratic function with R² > 0.94 accuracy. 

 Coefficients b and c mapped to strain and interfacial polarization effects. 

 Model unified Koops, Maxwell–Wagner, and Landau–Ginzburg frameworks. 

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

 

Graphical Abstract: 

 

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 BaTiO₃–CoFe₂O₄ (BTO–CFO) and BiFeO₃–NiFe₂O₄ (BFO–NFO) 

systems. 
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Experimentally measured dielectric (ε′) and magnetic (μ′) parameters were fitted to a second-

order nonlinear correlation model, 

𝜀′ = 𝑎 + 𝑏𝜇′ + 𝑐(𝜇′2), 
 

where a, b, and c correspond to intrinsic dielectric, linear magnetostrictive, and higher-order 

coupling components, respectively. Regression analysis yielded R² ≈ 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 (α_E ≈ 50 

mV·cm⁻¹·Oe⁻¹) 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 BiFeO₃ and YMnO₃ 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, BaTiO₃–CoFe₂O₄ (BTO–CFO) and BiFeO₃–NiFe₂O₄ (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 (ε′) and magnetic permeability (μ′) 

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]. 

http://www.neuroquantology.com/
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To address this gap, the present study proposes an empirical–theoretical hybrid model 

describing ε′ as a function of μ′ using a second-order nonlinear expression: 

𝜀′ = 𝑎 + 𝑏𝜇′ + 𝑐(𝜇′2), 
 

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 (R² > 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 BaTiO₃–CoFe₂O₄ (BTO–CFO) and BiFeO₃–NiFe₂O₄ (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 

Description 

Measurement Tool Unit 

Dielectric ε′ Real part of 

dielectric constant 

LCR meter (Agilent 

E4980A) 

— 

 tan δ Dielectric loss 

tangent 

LCR meter — 

Magnetic μ′ Relative magnetic 

permeability 

Derived from VSM 

hysteresis data 

— 

 Mₛ Saturation 

magnetization 

VSM (Lakeshore 

7400) 

emu·g⁻¹ 

 H_c Coercivity VSM Oe 

Magnetoelectric α_E ME voltage 

coefficient 

Lock-in amplifier 

method 

mV·cm⁻¹·Oe⁻¹ 

The final dataset comprised 45 data pairs (ε′, μ′), 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: 

𝜀′ = 𝑎 + 𝑏𝜇′ + 𝑐(𝜇′2), 
 

where: 

 a = intrinsic dielectric constant (independent of magnetic field), 

 b = linear magnetostrictive coupling coefficient, 

 c = nonlinear interfacial or strain–charge coupling coefficient. 

This functional form was chosen based on preliminary correlation analysis, which revealed a 

quadratic dependence of ε′ on μ′ at higher ferrite loadings. The inclusion of the quadratic term 

significantly improved model accuracy (ΔR² ≈ +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): 

𝑀𝑆𝐸 =
1

𝑛
∑

𝑛

𝑖=1

(𝜀𝑒𝑥𝑝,𝑖
′ − 𝜀𝑚𝑜𝑑𝑒𝑙,𝑖

′ )2. 

 

Model reliability was assessed using the following metrics: 

 Coefficient of determination (R², Adjusted R²) – overall model fit, 

 ANOVA (F-test) – model significance (p < 0.05), 

 Durbin–Watson statistic – residual independence, 

 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 

Parameter 

Theoretical Origin Physical Meaning 

a Intrinsic ε₀ contribution (Koops’ 

model) 

Dielectric baseline independent 

of H-field 

b Strain-mediated coupling (van 

Suchtelen, Stoner–Wohlfarth) 

Linear magnetostriction–

piezoelectric effect 

c Maxwell–Wagner + Landau–

Ginzburg nonlinear term 

Interfacial charge–strain 

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: 

𝐹 = 𝐹0 +
1

2
𝛼𝑃2 +

1

2
𝛽𝑀2 − 𝛾𝑃𝑀 − 𝛿𝑃2𝑀2. 
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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: 

𝑈𝑐 = √𝑈𝑚2 + 𝑈𝑖
2 + 𝑈𝑡

2, 

 

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

variation. 

The overall uncertainty in ε′ 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 BaTiO₃–CoFe₂O₄ (BTO–CFO) and 

BiFeO₃–NiFe₂O₄ (BFO–NFO) composites confirmed the coexistence of distinct perovskite 

and spinel phases without detectable impurities. 

As shown in Fig. 1, the reflections at 2θ ≈ 22.2°, 31.5°, 38.8°, 45.2°, and 56.3° correspond to 

the (100), (110), (111), (200), and (211) planes of tetragonal BaTiO₃ (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 CoFe₂O₄ (JCPDS 22-1086). 

http://www.neuroquantology.com/
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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 Å for BaTiO₃ and a = 8.39 Å for CoFe₂O₄) 

remained within 0.3% of their standard JCPDS values, confirming structural stability. 

 

(Fig. 1. XRD patterns of BaTiO₃–CoFe₂O₄ and BiFeO₃–NiFe₂O₄ composites at different 

compositions.) 

 

3.1.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra (Fig. 2) recorded in the 400–4000 cm⁻¹ range exhibited distinct vibrational 

modes corresponding to both ferroelectric and ferrimagnetic phases. 

In the BTO–CFO system, absorption peaks at ~560 cm⁻¹ and 430 cm⁻¹ were assigned to Fe–O 

stretching vibrations of the tetrahedral and octahedral sites of CoFe₂O₄, whereas bands at 

~540 cm⁻¹ and 610 cm⁻¹ corresponded to Ti–O bond vibrations of BaTiO₃ [3]. 

Similarly, for the BFO–NFO composites, characteristic Bi–O and Fe–O vibrations appeared 

at 545 cm⁻¹ and 428 cm⁻¹, confirming strong interfacial bonding between the perovskite and 

spinel phases. 

http://www.neuroquantology.com/
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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 BaTiO₃–CoFe₂O₄ and BiFeO₃–NiFe₂O₄ 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 

http://www.neuroquantology.com/
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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 images showing microstructural homogeneity and interfacial integrity in 

sintered composites.) 

 

Summary of Structural Observations 

 XRD confirmed biphasic coexistence without secondary phases. 

 FTIR validated the presence of Fe–O, Ti–O, and Bi–O bonds characteristic of 

respective phases. 

http://www.neuroquantology.com/
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 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 (ε′) and dielectric loss (tan δ) of the 

BaTiO₃–CoFe₂O₄ (BTO–CFO) and BiFeO₃–NiFe₂O₄ (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, ε′ 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 ε′ 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 ε′ values (≈ 1025 and 955, 

respectively, at 1 kHz). The loss tangent (tan δ) remained below 0.02 across the mid-

frequency range, confirming low dielectric dissipation and superior insulating behaviour of 

the composites (Table 1). 

http://www.neuroquantology.com/
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(Fig. 4. Frequency-dependent dielectric constant and loss tangent of BaTiO₃–CoFe₂O₄ and 

BiFeO₃–NiFe₂O₄ composites at room temperature.) 

 

AC Conductivity and Temperature Dependence 

The AC conductivity (σ_ac), derived from dielectric measurements using the relation 

𝜎𝑎𝑐 = 𝜀0𝜀
′𝜔tan⁡𝛿, 

 

increased monotonically with both frequency and temperature (Fig. 5). 

This behavior indicates a thermally activated conduction process, typical of small-polaron 

hopping between Fe²⁺ and Fe³⁺ ions at octahedral sites in ferrite phases [4]. 

The Arrhenius plot of ln(σ_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. 

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 BaTiO₃–CoFe₂O₄ and 

BiFeO₃–NiFe₂O₄ Composites 

 

EISSN 1303-5150                                                                                                                             www.neuroquantology.com 

          

91 

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 BaTiO₃–CoFe₂O₄ and BiFeO₃–NiFe₂O₄ 

composites.) 

 

Comparative Analysis and Implications 

Comparatively, the BFO–NFO composites showed slightly higher ε′ at elevated temperatures, 

likely due to enhanced polarizability of Bi³⁺ ions and the inherent multiferroic nature of 

BiFeO₃. 

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 ε′ and σ_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. 

http://www.neuroquantology.com/
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Table 1. Dielectric Parameters of BaTiO₃–CoFe₂O₄ and BiFeO₃–NiFe₂O₄ 

Composites at 1 kHz (25 °C) 

Sample Code ε′ tan δ σ_ac (×10⁻⁶ S·cm⁻¹) Δε′ (%) 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 ε′ and low tan δ confirm efficient interfacial polarization and minimal 

dielectric losses. 

 AC conductivity follows thermally activated small-polaron hopping. 

 Koops–Maxwell–Wagner behavior validates interface-dominated dielectric 

response. 

 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 BaTiO₃–CoFe₂O₄ 

(BTO–CFO) and BiFeO₃–NiFe₂O₄ (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 (Mₛ) increased systematically with ferrite content and sintering 

temperature, while coercivity (H_c) decreased, indicating enhanced magnetic domain 

mobility (Table 2). 

The variation of Mₛ and H_c with ferrite loading is attributed to exchange interactions at 

dielectric–magnetic interfaces and improved grain connectivity with sintering [1]. 

For the BTO–CFO system, Mₛ increased from 55.6 to 61.3 emu·g⁻¹ as the ferrite phase 

increased from 10% to 30%, while H_c decreased from 360 to 310 Oe. 

Similarly, for BFO–NFO, Mₛ increased from 53.2 to 58.0 emu·g⁻¹, and H_c dropped from 

355 to 320 Oe. 

This inverse Mₛ–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 CoFe₂O₄ or NiFe₂O₄ 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⁻¹, resulting in 

M_r/Mₛ 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 of BaTiO₃–CoFe₂O₄ and BiFeO₃–NiFe₂O₄ composites at room 

temperature.) 
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3.3.2 Effect of Sintering Temperature 

The improvement in Mₛ 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 Mₛ and H_c was quantitatively confirmed through 

regression analysis (Fig. 7), showing an R² ≈ 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 Mₛ enhances magnetostriction (λ), 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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(Fig. 7. Correlation between saturation magnetization (Mₛ) and coercivity (H_c) for different 

compositions.) 

 

Table 2. Magnetic Parameters of BaTiO₃–CoFe₂O₄ and BiFeO₃–NiFe₂O₄ 

Composites 

Sample Code Mₛ (emu·g⁻¹) H_c (Oe) M_r (emu·g⁻¹) M_r/Mₛ 

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 

 All composites exhibit soft ferromagnetism with clear hysteresis and moderate 

coercivity. 

 Increasing ferrite content enhances Mₛ and reduces H_c, confirming exchange-

coupled domain rotation. 

 The Ms–Hc correlation validates Stoner–Wohlfarth behaviour, linking 

microstructural integrity with magnetostrictive efficiency. 

 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 (ε′) under 

an applied magnetic field (H) up to 10 kOe at room temperature. The magnetoelectric 

coupling coefficient (α_E) was subsequently calculated from the induced voltage 

measurements. 

As shown in Fig. 8, all samples exhibited a positive magnetodielectric response, with ε′ 

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 Δε′/ε′ 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 (λ) 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) = 𝑑33𝑌𝜆(𝐻), 
 

where d₃₃ is the piezoelectric coefficient of the dielectric phase, Y is Young’s modulus, and 

λ(H) represents the field-dependent magnetostriction. 

The proportionality between ε′(H) and λ(H) demonstrates that the mechanical interface 

continuity between phases is crucial for efficient coupling [2]. 

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 BaTiO₃–CoFe₂O₄ and 

BiFeO₃–NiFe₂O₄ Composites 

 

EISSN 1303-5150                                                                                                                             www.neuroquantology.com 

          

97 

(Fig. 8. Variation of dielectric constant (ε′) with magnetic field (H) for BaTiO₃–CoFe₂O₄ and 

BiFeO₃–NiFe₂O₄ composites.) 

 

3.4.1 Magnetoelectric Coupling Coefficient (α_E) 

The magnetoelectric voltage coefficient (α_E) was calculated using: 

𝛼𝐸 =
𝑉𝑖𝑛𝑑
𝑡 × 𝐻

, 

 

where V_ind is the induced voltage across the composite thickness (t) under the applied 

magnetic field (H). 

The α_E values obtained ranged between 40 and 50 mV·cm⁻¹·Oe⁻¹ depending on 

composition and sintering temperature (Fig. 9). 

For the BTO–CFO series, α_E increased from 40.8 to 48.9 mV·cm⁻¹·Oe⁻¹ with ferrite 

content, while the BFO–NFO series exhibited α_E between 42.1 and 47.2 mV·cm⁻¹·Oe⁻¹. 

This enhancement with increasing ferrite phase fraction arises from the stronger 

magnetostrictive contribution and improved elastic strain transfer at interfaces [3]. 
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(Fig. 9. Magnetoelectric coupling coefficient (α_E) versus ferrite content for BaTiO₃–

CoFe₂O₄ and BiFeO₃–NiFe₂O₄ composites.) 

 

3.4.2 Field-Dependent Correlation and Empirical Model Validation 

The experimentally observed ε′(H) dependence fits well with the empirical quadratic model 

derived in Chapter 7 of the thesis: 

𝜀′ = 𝑎 + 𝑏𝜇′ + 𝑐(𝜇′2), 
 

where the coefficients a, b, and c correspond to intrinsic dielectric contribution, linear strain-

mediated interaction, and higher-order magnetostrictive coupling, respectively. 

Regression analysis yielded R² ≈ 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]. 
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(Fig. 10. Fitted correlation between experimental ε′(H) and modeled values using ε′ = a + 

bμ′ + cμ′².) 

 

3.4.3 Interface-Mediated Mechanisms 

The coupling efficiency in both BTO–CFO and BFO–NFO composites is governed by two 

cooperative mechanisms: 

1. Elastic strain transfer across coherent interfaces, driven by magnetostrictive 

deformation of the ferrite phase. 

2. 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 due to the intrinsic ferroelectric polarization of BiFeO₃, 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 BaTiO₃–

CoFe₂O₄ and BiFeO₃–NiFe₂O₄ Composites 

Sample 

Code 

Δε′ (%) @ 10 

kOe 

α_E 

(mV·cm⁻¹·Oe⁻¹) 

Coupling Mechanism 

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 

 ε′ increases nonlinearly with applied magnetic field (positive MD effect). 

 α_E values (40–50 mV·cm⁻¹·Oe⁻¹) match reported benchmarks for bulk lead-free 

composites. 

 Coupling arises from dual charge–strain mediation and is well-described by the 

quadratic empirical model. 

 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 BaTiO₃–CoFe₂O₄ (BTO–CFO) and BiFeO₃–

NiFe₂O₄ (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 (λ) 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 = 𝑑33𝑌𝜆, 
 

where d₃₃ 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 ε′–μ′ 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 (ε′ ≈ 

1000), low loss (tan δ < 0.02), and moderate magnetization (Mₛ ≈ 60 emu·g⁻¹) — conditions 

necessary for efficient magnetoelectric response. 
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4.3 Magnetoelectric Coupling Pathways 

The total ME coupling coefficient (α_E) can be expressed as the sum of two dominant 

components: 

𝛼𝐸 = 𝛼𝐸
strain + 𝛼𝐸

charge
, 

 

where α_E^strain is proportional to λ·d₃₃/Y and α_E^charge arises from interfacial 

polarization. 

Empirically, the relative contribution of α_E^strain and α_E^charge was estimated as 

0.45:0.45, with a residual 0.10 attributed to defect-mediated flexoelectric effects. 

The observed nonlinear α_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 cμ′² in the empirical ε′–μ′ correlation model. 

The BFO–NFO system exhibited higher α_E stability under cyclic fields compared to BTO–

CFO, attributed to inherent ferroelectric polarization of BiFeO₃ and its slightly higher 

magnetostrictive coefficient (λ ≈ 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 α_E up to 50 mV·cm⁻¹·Oe⁻¹, 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 α_E 

(mV·cm⁻¹·Oe⁻¹) 

Reference 

BaTiO₃–CoFe₂O₄ Sol–gel + SPS 38–45 [5] 

BiFeO₃–NiFe₂O₄ Sol–gel 40–48 [6] 

Na₀.₅Bi₀.₅TiO₃–CFO Solid-state 30–35 [7] 

BaTiO₃–NiFe₂O₄ Combustion route 42–47 [8] 

Present study (BTO–CFO, 

BFO–NFO) 

Sol–gel + solid-

state 
40–50 This 

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 BaTiO₃–CoFe₂O₄ (BTO–

CFO) and BiFeO₃–NiFe₂O₄ (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 (BaTiO₃, BiFeO₃) and spinel (CoFe₂O₄, 

NiFe₂O₄) phases with no detectable impurities. SEM analysis revealed uniform, dense 

microstructures with grain sizes between 450–700 nm, ensuring efficient strain 

transfer across interfaces. 

2. Dielectric Behaviour: 
Frequency-dependent ε′ and tan δ characteristics followed Koops–Maxwell–Wagner 

interfacial polarization models, with low dielectric loss (tan δ < 0.02) and high 

permittivity (ε′ ≈ 1000). The AC conductivity displayed thermally activated small-

polaron hopping, indicating charge transport through localized Fe²⁺/Fe³⁺ exchange. 

3. Magnetic Response: 
M–H hysteresis loops confirmed soft ferromagnetic behaviour with Mₛ up to 61 

emu·g⁻¹ and coercivity as low as 310 Oe. The Mₛ–H_c inverse relationship validated 

Stoner–Wohlfarth single-domain rotation, confirming strong exchange coupling at 

the dielectric–magnetic interfaces. 

4. Magnetoelectric Coupling: 
Positive magnetodielectric effects (Δε′ up to 6%) and α_E up to 50 mV·cm⁻¹·Oe⁻¹ 

were achieved, among the highest reported for bulk lead-free composites. The 

empirical model 
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𝜀′ = 𝑎 + 𝑏𝜇′ + 𝑐(𝜇′2) 
 

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., BaTiO₃@CoFe₂O₄) 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. 

Reference (Vancouver / Elsevier Format) 

1. Chauhan M, Arya E, Kumari A, Sanghi S. Structural, magnetic, dielectric, and 

magnetoelectric properties of BaTiO₃–NiFe₂O₄ multiferroics. J Alloys Compd. 

2023;967:172046. doi:10.1016/j.jallcom.2023.172046. 

2. Soleimani A, Keshavarz M, Chermahini MD. Development of magnetodielectric 

properties of BaTiO₃–CoFe₂O₄ multiferroic composites. Ceram Int. 2025;51(7):9832–

9843. doi:10.1016/j.ceramint.2024.09.005. 

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 BaTiO₃–CoFe₂O₄ and 

BiFeO₃–NiFe₂O₄ Composites 

 

EISSN 1303-5150                                                                                                                             www.neuroquantology.com 

          

105 

3. Pal M, Srinivas A, Asthana S. Enhanced magnetoelectric properties and 

magnetodielectric effect in lead-free (1–x)(Na₀.₅Bi₀.₅TiO₃–BaTiO₃)–xCoFe₂O₄ 

composites. J Alloys Compd. 2022;918:165661. doi:10.1016/j.jallcom.2022.165661. 

4. Rafique M. Study of the magnetoelectric properties of multiferroic thin films and 

composites for device applications. Mater Sci Eng B. 2015;199:84–92. 

doi:10.1016/j.mseb.2015.05.012. 

5. Srinivas A, Sowmya NS, Naini PK. Development of lead-free magnetoelectric 

materials for magnetic field sensor applications. Def Sci J. 2023;73(4):467–474. 

doi:10.14429/dsj.73.18490. 

6. Ansaree MJ, Kumar U, Upadhyay S. Structural, dielectric, and magnetic properties of 

BaTi₀.₈₅Sn₀.₁₅O₃–NiFe₂O₄ composites synthesized by gel-combustion. J Electroceram. 

2018;41:139–150. doi:10.1007/s10832-018-0127-0. 

7. Ramesh T, Rajendar V, Murthy SR. CoFe₂O₄–BaTiO₃ multiferroic composites: 

structure and magnetodielectric properties. J Mater Sci Mater Electron. 

2017;28:16973–16983. doi:10.1007/s10854-017-6983-6. 

8. Sheoran N, Sharma S, Sheoran M, Kumar V. Structural, magnetic, dielectric, and 

ferroelectric properties of CoFe₂O₄–BaTiO₃ nanocomposites. J Electron Mater. 

2024;53:871–882. doi:10.1007/s11664-024-11419-9. 

9. Slimani Y, Meena SS, Shirsath SE. Impact of NiFe₂O₄ phase inclusion on BaTiO₃ 

magnetodielectric composites. Z Phys Chem. 2023;237(10):1147–1158. 

doi:10.1515/zpch-2023-0215. 

10. Sheoran N, Kumar V, Kumar A. Structural and dielectric analysis of 

CoFe₂O₄@BaTiO₃ and BaTiO₃@CoFe₂O₄ core–shell composites. Res Sq. 2020. 

doi:10.21203/rs.3.rs-33291/v1. 

11. Sakar M, Mandal S, Sinha T, et al. Temperature-dependent dielectric and impedance 

study of CoFe₂O₄–BaTiO₃ composites. Ceram Int. 2019;45(14):17498–17506. 

doi:10.1016/j.ceramint.2019.05.261. 

12. Stoner EC, Wohlfarth EP. A mechanism of magnetic hysteresis in heterogeneous 

alloys. Philos Trans R Soc Lond A. 1948;240:599–642. doi:10.1098/rsta.1948.0007. 

13. Landau LD, Ginzburg VL. On the theory of phase transitions. Zh Eksp Teor Fiz. 

1950;20:1064–1076. 

14. Weng Y, Li Z, Wang W, et al. Interfacial polarization and magnetoelectric coupling 

in BaTiO₃–CoFe₂O₄ composites. Appl Phys Lett. 2008;92:172906. 

doi:10.1063/1.2917065. 

15. Torkian S, Ghodrati M, Rezaei M, et al. Interface-induced magnetodielectric response 

in CoFe₂O₄–BaTiO₃ nanocomposites. J Magn Magn Mater. 2021;527:167745. 

doi:10.1016/j.jmmm.2021.167745. 

16. Mandal BP, Maiti H, Dey P. Influence of microstructure on magnetoelectric coupling 

in BaTiO₃–CoFe₂O₄ composites. Mater Chem Phys. 2018;214:478–486. 

doi:10.1016/j.matchemphys.2018.04.019. 

17. Iyer VR, Varadan VV. Magnetoelectric coupling in piezoelectric–magnetostrictive 

composites. Smart Mater Struct. 2006;15:1185–1193. doi:10.1088/0964-

1726/15/5/017. 

18. Dhak P, Pramanik A, Mandal S. Enhanced magnetoelectric effect in BaTiO₃–NiFe₂O₄ 

bilayers prepared by sol–gel process. J Appl Phys. 2020;127:064101. 

doi:10.1063/1.5140674. 

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 BaTiO₃–CoFe₂O₄ and 

BiFeO₃–NiFe₂O₄ Composites 

 

EISSN 1303-5150                                                                                                                             www.neuroquantology.com 

          

106 

19. Ghosh S, Choudhary RNP, Bhattacharya S. Magnetoelectric coupling and impedance 

analysis of NiFe₂O₄–BaTiO₃ nanocomposites. J Adv Ceram. 2020;9(3):285–294. 

doi:10.1007/s40145-020-0388-y. 

20. Lee JH, Choi KH, Kim KW, et al. Magnetostrictive strain and coupling analysis in 

BiFeO₃–NiFe₂O₄ composites. Appl Surf Sci. 2023;622:156948. 

doi:10.1016/j.apsusc.2023.156948. 

21. Selbach SM, Tybell T, Einarsrud MA, Grande T. The ferroic transition and 

magnetoelectric coupling in BiFeO₃. Adv Mater. 2008;20:3692–3696. 

doi:10.1002/adma.200703550. 

22. Dutta DP, Mandal BP, Tyagi AK. Magnetic and dielectric properties of BaTiO₃–

CoFe₂O₄ nanocomposites. J Phys D Appl Phys. 2010;43(18):185403. 

doi:10.1088/0022-3727/43/18/185403. 

23. Reddy VR, Venkatraman R, Rao KK. Frequency and temperature-dependent 

dielectric behavior of BaTiO₃–NiFe₂O₄ composites. Mater Chem Phys. 

2019;230:151–160. doi:10.1016/j.matchemphys.2019.03.046. 

24. Zhang Y, Zhao L, Li M, et al. Magnetoelectric coupling in BaTiO₃–CoFe₂O₄ 

nanocomposites: effect of interface roughness. J Appl Phys. 2016;120:184102. 

doi:10.1063/1.4967349. 

25. Shen Y, Li M, Zhai J, et al. Tunable magnetodielectric response in BaTiO₃–CoFe₂O₄ 

composites by interface tailoring. Appl Phys Lett. 2017;111:182902. 

doi:10.1063/1.5007728. 

26. Zhao C, Li Y, Zheng H, et al. Enhanced magnetoelectric effect in lead-free BaTiO₃–

NiFe₂O₄ nanocomposites. J Eur Ceram Soc. 2022;42(15):6425–6434. 

doi:10.1016/j.jeurceramsoc.2022.05.025. 

27. Li S, Liu Y, Wang C. Structure and magnetoelectric coupling properties of BaTiO₃–

CoFe₂O₄ composites. J Magn Magn Mater. 2023;580:170981. 

doi:10.1016/j.jmmm.2023.170981. 

28. Waghmare U, Spaldin NA. Theoretical insights into magnetoelectric coupling 

mechanisms. Phys Rev B. 2005;71:224402. doi:10.1103/PhysRevB.71.224402. 

29. Meena SS, Shirsath SE, Jadhav SS. Synthesis and magnetic properties of BaTiO₃–

CoFe₂O₄ composites via chemical route. J Mater Sci Mater Electron. 2018;29:15328–

15336. doi:10.1007/s10854-018-9471-8. 

30. Kannan PK, Rajaraman R, Narayanasamy A. Microstructural evolution and 

magnetoelectric response in BiFeO₃–NiFe₂O₄ composites. J Alloys Compd. 

2020;821:153556. doi:10.1016/j.jallcom.2019.153556. 

 

http://www.neuroquantology.com/

