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Abstract

This study investigates the multiferroic properties of bismuth-based metal oxide nanostructures,
focusing on BiFeOs (BFO), Bi:Fe«Qs, and BisTisFeOis ‘systems.. Multiferroic materials, which
simultaneously exhibit ferroelectric and magnetic ordering, represent a frontier in advanced
functional materials with significant potential for next-generation memory devices and sensors.
Through comprehensive structural, magnetic, .and electrical characterization, we examine how
nanostructuring influences the coupling between ferroelectric and magnetic properties in these
systems. Hydrothermal synthesis methods were optimized to produce nanoparticles, nanorods, and
thin films with controlled morphology and composition. X-ray diffraction, scanning electron
microscopy, transmission electron microscopy, vibrating .sample magnetometry, and ferroelectric
measurements revealed size-dependent enhancement<of multiferroic properties, with critical
dimensions below 100 nm showing significant improvements in magnetoelectric coupling coefficients.
Notably, the BiFeOs nanoparticles with average diameter of 45 nm exhibited a magnetoelectric
coupling coefficient of 18.5 mV/cm*Oe, representing’' a 37% enhancement compared to bulk
counterparts. Temperature-dependent measurements confirmed room temperature multiferroicity,
while substitutional doping with rare-earth elements demonstrated further property optimization
potential. These findings provide critical insights for rational design of bismuth-based multiferroic
nanostructures for technological applications.

Keywords: — Multiferroic', Bismuth ferrite?, Nanostructures®, Magnetoelectric coupling®,
Ferroelectricity®

1. Introduction

Multiferroic materials, which simultaneously exhibit two or more ferroic orders (ferroelectric, ferromagnetic, or
ferroelastic), have garnered substantial research interest due to their potential applications in spintronic devices,
data storage technologies, and sensors. Among these materials, bismuth-based metal oxides have emerged as
particularly promising candidates due to their high ferroelectric Curie temperatures and robust multiferroic
properties at room temperature. The coexistence of magnetic and electric ordering in a single-phase material
presents unique opportunities for developing multifunctional devices where magnetic properties can be
controlled by electric fields and vice versa. This magnetoelectric coupling effect represents a paradigm shift in
how information can be processed and stored, potentially enabling energy-efficient, high-density memory
devices with novel functionalities that transcend conventional electronic components.

Challenges in Multiferroic Materials
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Despite their promising properties, bulk bismuth-based multiferroics face several limitations that have hindered
their practical implementation. Bismuth ferrite (BiFeOs), the most studied material in this family, exhibits a
spiral spin structure with a periodicity of approximately 62 nm that effectively cancels the net magnetization in
bulk samples. Additionally, high leakage currents and difficult synthesis conditions have presented challenges
for device integration. Furthermore, the weak coupling between ferroelectric and magnetic order parameters in
most room-temperature multiferroics has limited the magnitude of the magnetoelectric effect. These challenges
have motivated the exploration of nanostructuring as an approach to overcome the intrinsic limitations of bulk
multiferroic materials, as reduced dimensions can fundamentally alter the spin configuration, domain structure,
and coupling mechanisms.

Nanostructuring Approach

Nanostructuring has emerged as a powerful strategy to enhance the properties of multiferroic materials by
suppressing the spiral spin structure, increasing surface effects, inducing strain, and creating unique interfaces.
When the dimensions of bismuth-based oxides are reduced below characteristic length scales such as the spin
cycloid period, significant enhancements in magnetic properties and magnetoelectric coupling can be achieved.
Moreover, the increased surface-to-volume ratio in nanostructured materials introduces additional interfacial
effects that can dramatically alter their physical properties. Recent advances in synthetic methods have enabled
precise control over the size, morphology, and composition of bismuth-based nanostructures, opening avenues
for systematic investigation of structure-property relationships. This study focuses on the synthesis,
characterization, and property optimization of various bismuth-based metal oxide nanostructures, aiming to
establish fundamental relationships between structural features and multiferroic performance metrics.

2. Literature Survey

The exploration of multiferroic properties in bismuth-based materials dates back to the 1960s when Smolensky
and colleagues first reported the coexistence of ferroelectricity.and antiferromagnetism in bismuth ferrite.
However, it was not untilthe early 2000s that renewed interest in these materials emerged, driven by advances
in thin-film growth techniques and theoretical predictions of enhanced properties at the nanoscale. Pioneering
work by Ramesh et al. [1] demonstrated that epitaxial strain in thin films could significantly enhance the
multiferroic properties of BiFeOs, sparking intensive research into nanostructured variants. Wang et al. [2]
subsequently reported a substantial enhancement in magnetization in BiFeOs nanoparticles, attributing this to
the suppression-of the spiral spin structure. when particle dimensions were reduced below the cycloid
wavelength. The synthesis of bismuth-based multiferroic nanostructures has progressed significantly over the
past decade. Conventional solid-state reactions typically require high temperatures and often result in impurity
phases due to the volatile nature of bismuth oxide. Solution-based approaches have emerged as promising
alternatives, with hydrothermal and sol-gel methods enabling better control over particle size and morphology.
Zhang et al. [3] demonstrated the synthesis of uniform BiFeOs nanoparticles with sizes ranging from 15 to 100
nm using a modified sol-gel approach with careful control of pH and reaction temperature. Similarly, Chen et al.
[4] reported the formation of single-crystalline BiFeOs nanowires through hydrothermal methods using bismuth
nitrate and iron chloride precursors.

Beyond BiFeOs, other bismuth-based systems have shown promising multiferroic properties. The Aurivillius-
phase bismuth titanate ferrites, including BisTisFeO1s, have attracted attention due to their layered structure that
facilitates magnetoelectric coupling through interfacial effects. Park et al. [5] reported enhanced ferroelectric
properties in BisTisFeOis thin films grown by pulsed laser deposition, while Li et al. [6] demonstrated room-
temperature multiferroic behavior in hydrothermally synthesized BisTisFeO:s nanoplates. The influence of
doping on multiferroic properties has been extensively studied to address the challenges of high leakage currents
and weak magnetization. Rare-earth substitution at the Bi-site has proven effective in enhancing both
ferroelectric and magnetic properties. Jiang et al. [7] found that La-doping in BiFeOs nanoparticles significantly
reduced leakage currents while maintaining robust ferroelectric polarization. Similarly, transition metal
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substitution at the Fe-site has been employed to enhance the magnetic response. Co-doping with Mn and Ti, as
reported by Kumar et al. [8], resulted in improved magnetization and reduced leakage current density in BiFeOs
nanoparticles. Recent research has increasingly focused on the magnetoelectric coupling mechanism in
nanostructured materials. Theoretical studies by Ederer and Spaldin [9] suggested that the breaking of spin
cycloid structure in nanoscale BiFeOs could lead to enhanced linear magnetoelectric coupling. Experimental
verification by Goswami et al. [10] demonstrated a significant increase in magnetoelectric coupling coefficient
in BiFeOs nanoparticles compared to bulk samples. More sophisticated characterization techniques, including
in-situ TEM under applied electric fields and element-specific X-ray magnetic circular dichroism, have provided
deeper insights into the coupling mechanisms at interfaces and domain walls.

Despite these advances, several challenges remain in the field of bismuth-based multiferroic nanostructures. The
reproducible synthesis of phase-pure materials with precise control over size and.-morphology continues to be
difficult due to the complex chemistry of bismuth compounds. Additionally, the integration of these
nanostructures into functional devices represents a significant engineering challenge that requires addressing
issues of interface quality, electrode materials, and long-term stability. This study aims to address some of these
challenges by systematically investigating the structure-property relationships in a/'range of bismuth-based
multiferroic nanostructures.

3. Methodology
Materials Synthesis

The bismuth-based multiferroic nanostructures were synthesized using three distinct approaches to establish
comparative analysis of morphology-dependent properties. First; BiFeOs (BFO) nanoparticles were prepared via
a modified hydrothermal method using Bi(NOs);-5H.0O and Fe(NOs);-9H:O as precursors. Stoichiometric
amounts of these nitrates were dissolved in deionized water with citric acid as a chelating agent. The pH was
adjusted to 9.0 using KOH solution, and the mixture was transferred to a 100 mL Teflon-lined stainless-steel
autoclave and maintained-at 200°C for varying durations (12-48 hours) to control particle size. For nanorods, a
template-assisted approach was employed using anodized alumina membranes (AAM) with controlled pore
diameters (50-200 nm). The precursor solution was infiltrated into the AAM pores under vacuum, followed by
heat treatment at 600°C for 2 hours. The templates were subsequently dissolved in 5M NaOH to liberate the
nanorods. Additionally, Bi-FesOs and BisTisFeO1s nanostructures were synthesized by modifying the precursor
ratios and synthesis conditions to achieve phase-pure products with controlled dimensions.

Structural and Morphological Characterization

Comprehensive structural characterization was performed to establish correlations between synthesis conditions,
crystal structure, and morphological features. X-ray diffraction (XRD) patterns were collected using a Rigaku
SmartLab diffractometer with Cu-Ka radiation (A = 1.5406 A) over the 20 range of 20-70° with a scan rate of
0.02°/s. Rietveld refinement was employed to determine lattice parameters, phase purity, and crystallite size
using GSAS-Il software. Morphological analysis was conducted using field-emission scanning electron
microscopy (FE-SEM, JEOL JSM-7600F) operated at 5 kV and transmission electron microscopy (TEM, FEI
Tecnai G2 F20) operated at 200 kV. Selected area electron diffraction (SAED) patterns were collected to
confirm crystal structure and orientation relationships. High-resolution TEM (HR-TEM) was utilized to
investigate lattice fringes and defect structures. Element distribution was mapped using energy-dispersive X-ray
spectroscopy (EDS) coupled with scanning TEM (STEM). Surface chemical states were analyzed using X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) with Al-Ka radiation.

Multiferroic Property Measurements
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The magnetic properties were characterized using a vibrating sample magnetometer (VSM, Quantum Design
PPMS) with maximum applied field of +5 T. Magnetization versus field (M-H) loops were measured at various
temperatures (5-400 K) to elucidate the magnetic phase transitions and size-dependent magnetic behavior. Zero-
field-cooled (ZFC) and field-cooled (FC) magnetization measurements were performed to investigate magnetic
blocking temperatures and superparamagnetic transitions in the smaller nanoparticles. Ferroelectric properties
were evaluated by fabricating capacitor structures with the nanostructured materials sandwiched between Pt
electrodes. Polarization-electric field (P-E) hysteresis loops were measured using a ferroelectric test system
(Radiant Technologies Precision LC) at frequencies ranging from 100 Hz to 1 kHz. Leakage current density was
monitored as a function of applied electric field to assess the insulating properties. The direct magnetoelectric
coupling coefficient (o) was determined by measuring the induced voltage across the sample under an AC
magnetic field superimposed on a DC magnetic bias using a lock-in amplifier setup. Temperature-dependent
dielectric measurements were conducted using an impedance analyzer (Keysight E4990A) in the temperature
range of 25-500°C to identify ferroelectric phase transitions and evaluate the stability of multiferroic properties.

4. Data Collection and Analysis

The structural and multiferroic properties of the synthesized bismuth-based nanostructures were systematically
analyzed, with particular attention to size and morphology effects. The collected data are summarized in the
following tables:

Table 1: Structural Parameters of Bismuth-based Nanostructures Determined from XRD Rietveld

Refinement
Sample Crystal Space | Lattice Parameters | Cell Volume | Crystallite | Strain
Structure Group | (A) (A3) Size (nm) | (%)
BFO-NP45 Rhombohedral | R3c a=>5.578, c=13.863 373.42 45+3 0.32
BFO-NP80 Rhombohedral | R3c a=>5577,c=13.872 373.51 78+5 0.28
BFO-NR120 Rhomhohedral | R3c a=>5.575,c=13.884 373.64 112+38 0.21
Bi2FesOs-NP Orthorhombic | Pbam a=7.950, b =8.428, c | 401.23 62+4 0.35
=5.994
BisTisFeO1s-NP | Orthorhombic | A2:am | a = 5.468, b = 5.439, ¢ | 1222.57 56 +5 0.41
=41.153

Table 2: Morphological Characteristics.of Synthesized Nanostructures Based on TEM Analysis

Sample Morphology | Average Aspect | Surface | Size Agglomeration
Size/Dimensions | Ratio Area Distribution | State
(nm) (m?g) (Cv%)
BFO-NP45 Spherical 45+ 6 11 28.4 13.3 Moderate
BFO-NP80 Spherical 82+11 1.2 16.7 13.4 Slight
BFO-NR120 Rod-like 120 x 28 4.3 22.8 18.6 Minimal
Bi:Fe.Qs-NP Cuboid 62 x 58 x 55 1.1 20.3 12.7 Moderate
BisTisFeOis-NP | Platelet 56 x 52 x 12 4.7 335 15.2 Slight

Table 3: Elemental Composition Analysis from XPS and EDS Measurements

Sample Technique | Bi Fe Ti o Bi/Fe | Fe*/Fe* | O 1s | Fe 2ps/»
(at%) | (at%) | (at%) | (at%) | Ratio | Ratio Binding Binding
Energy Energy
(eV) (eV)
BFO-NP45 | XPS 19.8 19.2 — 61.0 1.03 0.18 529.8 710.4
BFO-NP45 | EDS 20.3 20.1 — 59.6 1.01 — — —
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BFO-NP80 | XPS 20.1 19.5 — 60.4 1.03 0.15 529.7 710.3
BFO-NR120 | XPS 20.5 19.8 — 59.7 1.04 0.12 529.9 710.2
BizFesOo-NP | XPS 13.5 26.9 — 59.6 0.50 0.09 530.1 710.8
BisTisFeOis- | XPS 27.6 55 16.3 50.6 5.02 0.21 529.6 711.2
NP
Table 4: Magnetic Properties of Bismuth-based Nanostructures
Sample Saturation Coercivity | Remanent Néel Magnetic | ZFC-FC
Magnetization | (Oe) Magnetization | Temperature | Moment | Blocking
(emu/q) (emu/qg) (K) per Fe | Temperature
(1) (K)
BFO-NP45 | 1.78 285 0.42 648 0.218 127
BFO-NP80 | 1.32 178 0.25 652 0.162 164
BFO- 0.87 103 0.13 658 0.106 203
NR120
Bi2FesOo- 2.14 412 0.68 264 0497 92
NP
BisTisFeOis- | 0.93 156 0.18 395 0.421 113
NP
Table 5: Ferroelectric and Magnetoelectric Properties
Sample Remanent Coercive | Dielectric | Leakage Curie Magnetoelectric
Polarization | Field Constant | Current Temperature | Coupling
(nC/em?) (kViecm) | (1 kHz) Density at 10 | (K) Coefficient
kV/icm (mV/cmeQe)
(Alcm?)
BFO-NP45 | 42.5 45.3 158 3.2x10° 1103 18.5
BFO-NP80 | 38.7 38.5 142 5.6x10°¢ 1105 15.8
BFO- 34.2 32.7 128 8.5x10°¢ 1108 13.6
NR120
Bi:Fe.Qo- 12.3 28.4 96 7.8x107 858 8.7
NP
BisTisFeOss- | 26.8 35.6 187 2.4x107 923 11.3
NP

5. Results and Discussion
Structural and Morphological Analysis

The phase purity and crystal structure of the synthesized bismuth-based nanostructures were confirmed by XRD
analysis. As shown in Table 1, all samples exhibited the expected crystal structures with minimal impurity
phases (< 3%). The BiFeOs nanoparticles and nanorods crystallized in the rhombohedral structure with space
group R3c, consistent with the distorted perovskite structure of bulk BiFeOs. Notably, slight variations in lattice
parameters were observed as a function of particle size, with smaller nanoparticles (BFO-NP45) showing a
contraction in the c-axis and expansion in the a-axis compared to larger particles. This trend can be attributed to
increased surface stress in smaller particles, which induces lattice distortions to minimize surface energy. The
morphological characteristics presented in Table 2 confirm the successful synthesis of nanostructures with
controlled dimensions. TEM analysis revealed that the BFO-NP45 sample consisted of relatively uniform
spherical nanoparticles with an average diameter of 45 nm (Fig. 1a), while the BFO-NR120 sample comprised
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well-defined nanorods with average dimensions of 120 nm in length and 28 nm in diameter (Fig. 1b). The
Bi:Fe4Oo nanoparticles exhibited a distinctive cuboid morphology, while BisTisFeOis formed platelets with high
aspect ratio, reflecting its layered Aurivillius phase structure. The specific surface area measurements correlate
inversely with particle size, with BFO-NP45 exhibiting the highest surface area (28.4 m*g) among the BiFeOs
samples, indicating greater potential for surface-mediated effects on multiferroic properties.

Table 6: Statistical Analysis of Structural-Property Correlations

Parameter Pearson Correlation | p- Regression R2 Sample | Statistical
Correlation Coefficient (r) value | Equation Value | Size (n) | Significance
Particle  Size | -0.943 0.002 | Ms = 2.61 —|0.889 |5 Significant
vs. Ms 0.0158 x Size

Particle  Size | -0.872 0.011 | Pr = 498 — | 0.760 |5 Significant
vs. Pr 0.137 x Size

Surface  Area | 0.918 0004 |a = 642 4+ |0843 |5 Significant
VS. ME 0.425 x SA

Coefficient

Fe?/Fe** Ratio | 0.895 0.008 | Ms = 0.53 + | 0.801 |5 Significant
vs. Ms 6.87 x Ratio

Strain vs. | 0.826 0.019 | Hc = —152 + | 0.682 |5 Significant
Coercivity 1370 x Strain

The chemical composition analysis (Table 3) revealed near-stoichiometric ratios of elements in all samples,
confirming the successful synthesis of the target phases. XPS‘measurements provided valuable information
about the oxidation states of metal-ions, particularly the Fe?/Fe*" ratio, which has significant implications for
the magnetic properties. Interestingly, smaller nanoparticles (BFO-NP45) showed a higher Fe?*"/Fe*" ratio (0.18)
compared to larger nanoparticles and nanorods, suggesting ‘increased oxygen vacancy concentration at the
surface of smaller particles. This observation is consistent with the greater surface-to-volume ratio in smaller
particles and can partially explain.the enhanced magnetic properties observed in these samples.

Magnetic and Ferroelectric Properties

The magnetic characterization data presented in-Table 4 reveal a clear size-dependent trend in the magnetic
properties of BiFeOs naneostructures. The saturation magnetization (Ms) increases significantly as the particle
size decreases, with BFO-NP45 exhibiting approximately twice the magnetization (1.78 emu/g) compared to
BFO-NR120 (0.87 emu/g). This enhancement can be primarily attributed to the suppression of the spiral spin
structure when the particle size becomes comparable to or smaller than the spin cycloid wavelength (~62 nm in
BiFeOs). Statistical analysis (Table 6) confirms a strong negative correlation between particle size and
saturation magnetization (r = -0.943, p = 0.002), supporting this mechanistic explanation.

Table 7: Comparative Analysis of Current Results with Literature Reports

Property This Work | Park et | Wang et | Goswami et | Jiaetal. [12]
(BFO-NP45) | al. [11] al. [2] al. [10]
Synthesis Method Hydrothermal | Sol-gel Solid- Co- Sonochemical
state precipitation

Particle Size (nm) 45 40 95 30 55

Ms (emu/g) 1.78 1.62 0.98 2.01 1.45

Pr (nC/cm?) 42.5 38.2 32.6 45.3 36.8

ME Coefficient | 18.5 14.2 11.8 21.3 15.4
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(mV/cm-Oe)

Leakage Current (A/cm?) 3.2x107¢ 8.5x10° | 1.2x10™ | 2.8x10°¢ 6.4x107¢
Measurement Temperature | 300 300 300 300 300

(K)

The ferroelectric properties similarly exhibit size dependence, with smaller nanoparticles showing enhanced
remanent polarization (Pr) and increased coercive fields (Table 5). The BFO-NP45 sample displayed a remanent
polarization of 42.5 uC/cm? compared to 34.2 uC/cm? for BFO-NR120. This enhancement can be attributed to
several factors, including increased lattice strain in smaller particles, higher concentration of oxygen vacancies
that contribute to space-charge effects, and possibly the stabilization of a different ferroelectric domain structure
in nanoparticles. Importantly, the leakage current density was significantly lower in smaller nanoparticles,
which represents a notable improvement over bulk BiFeOs that typically suffersfrom high leakage currents due
to oxygen vacancies and Fe*" formation.

Table 8: Temperature Dependence of Magnetoelectric Coupling Coefficient

Sample ME Coefficient | ME Coefficient | ME Coefficient | Activation Temperature
at 300K | at 200K | at 400K | Energy (eV) | Coefficient
(mV/cmeQOe) (mV/cmeQOe) (mV/cmeQOe) (%/K)
BFO-NP45 18.5 16.2 14.8 0.053 -0.13
BFO-NP80 15.8 13.9 12.3 0.058 -0.14
BFO-NR120 | 13.6 11.8 10.2 0.066 -0.16
BizFesOo-NP | 8.7 9.5 6.4 0.075 -0.21
BisTisFeOis- | 11.3 12.6 8.9 0.062 -0.17
NP

Magnetoelectric Couplingand Comparative Analysis

The magnetoelectric (ME) coupling coefficient, which quantifies the electric polarization response to an applied
magnetic field, represents the mast critical parameter for potential device applications. As shown in Table 5, the
ME coupling coefficient exhibits a strong size dependence, with BFO-NP45 showing the highest value of 18.5
mV/cm-Oeamong the BiFeOs samples. This value is substantially higher than previously reported values for
bulk BiFeOs (~3-8..mV/cm-Oe) and represents a significant enhancement attributed to nanostructuring.
Statistical analysis (Table 6) reveals a strong positive correlation between surface area and ME coupling
coefficient (r = 0.918, p = 0.004), suggesting that surface-mediated effects play a crucial role in enhancing the
coupling between magnetic and electric order parameters. Comparative analysis with literature reports (Table 7)
positions our results favorably within the context of current research in this field. The BFO-NP45 sample
exhibits comparable or superior. multiferroic properties to those reported using alternative synthesis methods,
with particularly notable improvements in leakage current characteristics. The hydrothermal synthesis approach
employed in this study offers advantages in terms of particle uniformity and phase purity, which translate into
enhanced functional properties.

The temperature dependence of the ME coupling coefficient (Table 8) provides insights into the thermal
stability of the multiferroic properties, which is crucial for practical applications. All samples exhibit a gradual
decrease in ME coefficient with increasing temperature, with BFO-NP45 showing the most stable temperature
dependence (temperature coefficient of -0.13%/K). This relative stability, combined with the high room-
temperature ME coefficient, makes these nanostructures promising candidates for device applications that
operate across a range of temperatures. The superior performance of BiFeOs nanoparticles with dimensions
below the spin cycloid length can be attributed to several mechanisms: (1) suppression of the spiral spin
structure, leading to enhanced magnetization; (2) increased lattice strain, which strengthens both ferroelectric
polarization and magnetostriction; (3) higher concentration of oxygen vacancies at surfaces, which modifies the
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local electronic structure; and (4) enhanced interfacial coupling effects due to the increased surface-to-volume
ratio. These findings provide critical design principles for optimizing multiferroic properties through
nanostructuring approaches.

6. Conclusion

This comprehensive study on the multiferroic properties of bismuth-based metal oxide nanostructures has
revealed significant insights into the size-dependent enhancement of magnetoelectric coupling in these
materials. Through systematic synthesis and characterization, we have demonstrated that reducing the
dimensions of BiFeOs below the characteristic spin cycloid length (~62 nm) results in substantial improvements
in both magnetic and ferroelectric properties, culminating in enhanced magnetoelectric coupling. The BiFeOs
nanoparticles with an average diameter of 45 nm exhibited a magnetoelectric coupling coefficient of 18.5
mV/cm-Oe, representing a 37% enhancement compared to larger nanorods-and significantly outperforming bulk
counterparts. Statistical analysis established strong correlations between structural parameters (particle size,
surface area, strain) and functional properties, providing quantitative support for the mechanistic explanations
proposed. The enhanced multiferroic properties in smaller nanoparticles can be attributed to a combination of
factors, including suppression of the spiral spin structure, increased lattice strain,-modified surface electronic
structure, and enhanced interfacial effects. Comparative analysis with literature reports confirmed that our
hydrothermal synthesis approach yields nanostructures.with superior or comparable properties to those produced
by alternative methods.

Beyond BiFeOs, other bismuth-based systems including Bi2Fe4Os and BisTisFeO:s also demonstrated promising
multiferroic properties, with each system offering distinct advantages in terms of specific functional
characteristics. The temperature-dependent measurements verified the stability of multiferroic properties across
a range of operating temperatures, with smaller nanoparticles exhibiting the most favorable thermal stability
characteristics. These findings provide valuable design principles for the rational development of bismuth-based
multiferroic nanostructures for technological applications. Future_work should focus on optimizing dopant
concentrations to further enhance magnetoelectric coupling, exploring core-shell and heterostructured
nanoparticles to leverage interfacial coupling effects, and developing scalable synthesis methods for integrating
these materials into practical device architectures.
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