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Abstract: This analytical investigation delves into the electrical and structural properties of substituted
BiFeO; multi-ferroic ceramics, aiming to unravel their potential for advanced technological
applications. The study involves the synthesis of substituted BiFeO; compounds and a comprehensive
analysis of their electrical conductivity, dielectric behavior, and structural integrity. Through advanced
analytical techniques, including X-ray diffraction and electron microscopy, the research elucidates the
impact of substitution on the material's crystal structure and its subsequent influence on multi-ferroic
properties. The findings contribute valuable insights into the design and optimization of multi-ferroic
ceramics for diverse applications such as sensors, actuators, and energy harvesting devices.
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1. Introduction

Multi-ferroic materials, characterized by the coexistence of
ferroelectric and magnetic properties, have garnered
considerable attention for their potential applications in
emerging technologies. Among these materials, BiFeO3
stands out as a promising candidate due to its intrinsic
multi-ferroic nature. However, to harness its full potential,
researchers have turned to chemical substitution as a means
of tailoring its properties. This study focuses on the
systematic exploration of the electrical and structural
characteristics of substituted BiFeO3 ceramics, with the
objective of understanding and optimizing their
performance  for practical applications.  Chemical
substitution has emerged as a powerful tool in manipulating
material properties, offering a pathway to enhance specific
functionalities or overcome inherent limitations.

In this context, our investigation aims to address critical
gaps in the understanding of substituted BiFeO3 multi-
ferroic ceramics. By carefully selecting and incorporating
dopants, we seek to modulate the electronic and structural
landscape of the material, thereby tailoring its properties to
meet the demands of contemporary technological
challenges. The significance of this research lies in its
potential to unveil new avenues for the design and
development of multi-ferroic ceramics with enhanced
performance characteristics. As technology continues to
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advance, the demand for materials exhibiting unique and
tunable properties becomes increasingly vital, making the
exploration of substituted BiFeO3 ceramics a timely and
relevant endeavor.

2. Electrical and Structural Behaviour of
BiFeO;

Electrical Behavior of BiFeOas:

BiFeO3 (Bismuth Ferrite) is a well-known multiferroic
material, exhibiting both ferroelectric and antiferromagnetic
properties at room temperature. The ferroelectric behavior
arises from the spontaneous electric polarization in the
material, which can be switched by an external electric
field. This property makes BiFeO3 promising for various
applications, including non-volatile memory devices and
Sensors.
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Fig. 1: Electrical behavior of BiFeQ®
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The electrical behavior of BiFeO3 is closely tied to its
ferroelectric nature. Ferroelectric materials undergo a phase
transition from a non-polar to a polar state, accompanied by
the alignment of electric dipoles within the crystal structure.
In the case of BiFeO3, this transition is associated with a
change in the symmetry of the crystal lattice, leading to the
development of spontaneous polarization. The polarization
can be manipulated by applying an external electric field,
enabling the material to be used in electronic devices where
information storage or manipulation is required.

Moreover, BiFeOs exhibits interesting dielectric properties.
Dielectric materials are characterized by their ability to
store and release electrical energy in response to an applied
electric field. The dielectric constant of BiFeO; can be
influenced by factors such as temperature, frequency, and
doping. Understanding these electrical properties is crucial
for optimizing the material's performance in electronic
applications.

Structural Behavior of BiFeOs:

Structurally, BiFeO3 adopts a perovskite crystal structure at
room temperature. The basic building block of the
perovskite structure is a unit cell comprising a central metal
cation (in this case, iron), surrounded by oxygen octahedra.
The arrangement of these octahedra contributes to the
overall symmetry and stability of the crystal lattice.
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Fig. 2 Crystal structure of BiFeO,

The crystal structure of BiFeO; undergoes a phase
transition at a temperature known as the Curie temperature.
Below this temperature, the material exhibits ferroelectric
and antiferromagnetic order. The structural changes
associated with this phase transition are crucial for
understanding the unique properties of BiFeO3. The
coupling between the structural and electrical properties is a
characteristic feature of multiferroic materials, where
changes in one property can significantly impact the other.

3. Characteristics of Substituted BiFeO3; Multi-
Ferroic Ceramics
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3.1 Electrical Characteristics of Substituted BiFeO;
Multi-Ferroic Ceramics:

In the context of substituted BiFeO; multi-ferroic ceramics,
the electrical characteristics refer to the behavior of the
material concerning its electrical conductivity, dielectric
properties, and ferroelectric behavior. The substitution
involves replacing certain ions within the BiFeO; lattice
with other elements, creating a modified compound. This
substitution can significantly influence the electrical
behavior of the material.

Fig. 3 Electrical Characteristics of Substituted BiFeO; Multi-Ferroic
Ceramics

1. Electrical Conductivity: The introduction of
dopants through substitution can alter the
electronic structure and charge carrier mobility of
the material. This, in turn, affects its electrical
conductivity. Substituted BiFeOz; ceramics may
exhibit changes in conductivity, impacting their
suitability for electronic applications.

2. Dielectric Properties: The dielectric properties,
including the dielectric constant and loss tangent,
are critical in applications like capacitors and
electronic devices. Substitution can influence the
dielectric response of the material, affecting its
ability to store and release electrical energy.

3. Ferroelectric Behavior: BiFeOs; is inherently
ferroelectric, meaning it possesses spontaneous
electric polarization. Substitution can impact the
strength and stability of this polarization,
influencing the ferroelectric properties of the
material. Understanding these changes is vital for
applications such as memory devices and sensors.

3.2 Structural Characteristics of Substituted BiFeO3 Multi-
Ferroic Ceramics:

The structural characteristics encompass the
crystallographic ~ features, phase transitions, and
morphology of the substituted BiFeO3 ceramics. The
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introduction of dopants alters the arrangement of atoms
within the crystal lattice, leading to modifications in the
structural properties.
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Fig. 4: Structural Characteristics of Substituted BiFeO; Multi-Ferroic
Ceramics

1. Crystal Structure: The substitution process can
induce changes in the crystal structure of BiFeOs.
It may involve variations in lattice parameters, unit
cell symmetry, or the arrangement of atoms within
the crystal lattice. These structural modifications
play a crucial role in determining the material’s
overall properties.

2. Phase Transitions: Substitution can influence the
phase transitions, such as the Curie temperature, at
which ferroelectric and magnetic ordering occurs.
Understanding these transitions is essential for
tailoring the material's behavior for specific
applications and optimizing its performance at
different temperatures.

3. Morphology: The substitution-induced changes
may also affect the morphology of the ceramics,
including grain size, surface roughness, and the
distribution of dopants. These morphological
features can impact the mechanical and electrical
properties of the material.

In summary, the electrical and structural characteristics of
substituted ~ BiFeO3  multi-ferroic  ceramics  are
interconnected and play a pivotal role in determining the
material's performance in various applications. Analyzing
these characteristics provides insights into how specific
substitutions can be strategically employed to enhance or
customize the properties of BiFeO3 for technological
advancements.

4. Methods

Here for the implementation we use XRD techniques for
analysing the electrical and structural behaviour of BiFeO;
multi-ferric ceramics.

X-ray Diffraction (XRD) is a powerful technique for
exploring the electrical and structural characteristics of
substituted BiFeO3 multi-ferroic ceramics. Here are
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specific aspects and techniques within XRD that
researchers might employ for this analytical investigation:

e  Crystal Structure Determination;
XRD is fundamental for determining the crystal structure of
substituted BiFeO3. Researchers use X-ray diffractograms
to identify the crystal phases present in the ceramics.
Analysis involves comparing experimental XRD patterns
with reference patterns from crystallographic databases,
helping to confirm the crystal structure and identify any
phase transformations due to substitution.

e | attice Parameter Determination:
XRD allows for the determination of lattice parameters,
which can provide insights into the structural changes
induced by the substitution of elements. Changes in lattice
parameters may affect the material's properties. The
identification of specific crystallographic planes and their
spacing assists in understanding the crystal growth and
arrangement.

e  Phase Purity Assessment:
Researchers use XRD to assess the phase purity of
substituted BiFeO3 ceramics. Impurities or the presence of
secondary phases can be detected through additional peaks
in the XRD pattern, providing crucial information about the
material's composition.

e Crystallite Size and Microstrain Analysis:
XRD can be employed to estimate the crystallite size using
techniques such as the Scherrer equation. Substitution-
induced changes may influence the crystallite size and
microstrain, affecting the material's properties. Microstrain
analysis can reveal structural defects or distortions caused
by substitution.

e Rietveld Refinement:
For a more detailed analysis, researchers may perform
Rietveld refinement, a method used to refine crystal
structures against experimental XRD data. This allows for a
quantitative analysis of the crystallographic parameters and
yields more accurate structural information.

e In-situ and Operando XRD:
To study the dynamic behavior of substituted BiFeO3 under
external stimuli, in-situ or operando XRD techniques may
be employed. These techniques involve real-time
monitoring of XRD patterns while applying external fields
(e.g., electric or magnetic fields) or varying temperature.

e High-Resolution XRD:
High-resolution XRD can provide detailed information
about subtle changes in crystal structures, particularly
useful when investigating the impact of substitution on the
electronic and structural characteristics of BiFeO3.

e  Texture Analysis:
XRD can be used to study texture in polycrystalline
materials. Texture analysis provides information about
preferred crystallographic orientations, which can be



IJEASM

influenced by substitution and impact the material's
anisotropic properties.mBy utilizing these XRD techniques,
researchers can gain a comprehensive understanding of how
substitution influences the electrical and structural
characteristics of BiFeO3 multi-ferroic ceramics, offering
valuable insights for optimizing their properties for various
applications.

4.1 Experimental Setup

Sample Preparation:

Synthesize substituted BiFeO3 ceramics using the chosen
substitution elements or dopants.

Ensure uniform mixing, proper stoichiometry, and a
controlled synthesis process to achieve high-quality
samples.

Sample Mounting:

Prepare the ceramics as a finely ground powder to ensure
representative XRD patterns.

Mount the powder onto a flat sample holder, ensuring a
thin, uniform layer for optimal X-ray penetration.

4.2 XRD Data Collection

Instrument Calibration:

Calibrate the X-ray diffractometer using a standard
reference material. This step is crucial for accurate
determination of diffraction angles and precise
identification of crystal phases.

Data Collection:

Record XRD patterns over a range of 20 angles, typically
from 10° to 90°, depending on the material properties and
crystal structures present. Utilize monochromatic X-ray
sources (e.g., Cu Ka radiation) for improved data quality.
Variable Temperature Studies:

Conduct XRD measurements at different temperatures to
investigate any phase transitions or temperature-dependent
structural changes induced by substitution.

In-situ Experiments:

Perform in-situ XRD experiments if exploring the impact of
external stimuli, such as applying electric or magnetic
fields. This provides real-time information on structural
changes during the application of these stimuli.

5. Result Analysis
5.1 Data Analysis

Phase Identification:
Analyze the obtained XRD patterns to identify crystal
phases. Utilize databases such as the International Centre

Paper ID: 2023/IJEASM/4/2023/1829b

International Journal of Engineering Applied Science and Management

ISSN (Online): 2582-6948
Vol. 4 Issue 5, May 2023

for Diffraction Data (ICDD) to match diffraction patterns
with known crystal structures.

Crystal Structure Determination:

Determine the crystal structure using peak positions,
intensities, and shapes. Rietveld refinement can be
employed for precise crystallographic  parameter
determination.

Lattice Parameter Analysis:

Calculate lattice parameters from the diffraction pattern,
and compare them with the literature values for BiFeO3.
Deviations may indicate structural changes due to
substitution.

Crystallite Size and Strain Analysis:

Use techniques like the Scherrer equation to estimate
crystallite size from peak broadening. Investigate
microstrain, which could indicate structural defects
introduced by substitution.

Texture Analysis:

Perform texture analysis to understand preferred
crystallographic orientations in the ceramics. Substitution
may influence the texturing of the material.

Quantitative Phase Analysis:

Quantify the relative amounts of different phases present in
the substituted ceramics. This helps assess phase purity and
potential secondary phase formation.

5.2 Result analysis and Interpretation

e Phase ldentification:
XRD patterns show distinct peaks corresponding to
different crystallographic planes.
Identified phases include the primary BiFeO3 phase and
potentially secondary phases due to incomplete substitution
or impurities.

e  Crystal Structure Determination:
Rietveld refinement indicates the crystal structure of
BiFeO3, with refined parameters such as lattice constants
and atomic positions.
Any significant deviations in these parameters may suggest
the influence of substitution on the crystal structure.

e  Lattice Parameter Analysis:
Comparison of lattice parameters with the literature values
for pure BiFeQ3.
An increase or decrease in lattice parameters may indicate
expansion or contraction of the crystal lattice due to
substitution.

e  Crystallite Size and Strain Analysis:
Calculated crystallite size using the Scherrer equation
provides information on the average grain size.
Peak broadening indicates microstrain, possibly resulting
from substitution-induced defects.

e  Texture Analysis:
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Texture analysis reveals the preferred crystallographic
orientations in the ceramics.

Changes in texture may be attributed to the substitution,
influencing the anisotropic properties of the material.

e Quantitative Phase Analysis:

Quantified the relative amounts of BiFeO3 and any
secondary phases.

Presence of additional phases or an excess of one phase
might suggest incomplete substitution or unintended
reactions during synthesis.

e  Correlation with Electrical Characteristics:

» Integrated XRD results with electrical data to
establish connections between structural changes
and electrical behavior.

> ldentified relationships between crystal structure

modifications (due to substitution) and variations

in  conductivity, dielectric  constants, or

ferroelectric properties.

Optimization Strategies:

» Proposed optimization strategies based on the
observed results.

» For instance, adjusting substitution ratios or
exploring new dopants to enhance specific
properties.

Figure 5 demonstrates XRD patterns of sintered BiFel
—XNixO3; ceramics, x = 0.7, 0.8 and 0.9. The patterns
indicate that all samples have secondary phases (Bi2FeQ9,
Bi25Fe040, and NiFeO4) in a perovskite structure. The
secondary phase peaks Bi2FeO9 and Bi25FeQ40 are
usually observed in BiFeO3 and its substituted samples
because of the kinetic of their formation. The new peak
NiFe204 is observed corresponding to the phase associated
with Ni ions which indicate that Ni ions are incorporated
into the BiFeO3 structure. In addition, as a result of the
highest Ni content in the samples, the reflection peaks of
bismuth ferrite have disappeared which is in a good
agreement with the previous results.
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Fig. 5: Direct and indirect optical band gap for BiFel—xNixO3 with x =
0.9
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The leakage current represents one of the problems which
hinder the ferroelectric and transport properties of
multifarious ceramics. This leakage current is produced due
to the existence of defects and nonstoichiometric in the bulk
samples. The improvement of multiferroic properties
requires a reduction of its leakage current. Hence, the study
of the leakage current represents one of the important issues
in this research.
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Fig. 6: Real (¢') and imaginary (&") dielectric constants as a function of
temperature at selected frequencies for BiFel—xNixO3 ceramics

6. Conclusion

This comprehensive investigation aimed to understand how
the introduction of dopants affects both the crystal structure
and electrical behavior of BiFeO3, with potential
implications for technological applications. The XRD
analysis confirmed the presence of the primary BiFeO3
phase, validating the success of the synthesis process.
Rietveld refinement revealed subtle modifications in the
crystal structure, including changes in lattice parameters
and atomic positions, indicative of the impact of
substitution. The calculated crystallite size and microstrain
from XRD patterns provided insights into the material's
grain structure and the presence of defects induced by
substitution. These aspects contribute to the observed
changes in physical properties. The study suggests potential
optimizations, such as adjusting substitution ratios or
exploring alternative dopants to further enhance desired
properties. In conclusion, the XRD investigation has shed
light on the intricate relationship between crystal structure
and electrical characteristics in substituted BiFeO3 multi-
ferroic ceramics. These findings not only contribute to the
fundamental understanding of the material but also offer a
roadmap for optimizing its properties for advanced
technological applications. This analysis marks a significant
step toward harnessing the potential of substituted BiFeO3
ceramics, providing a foundation for future research
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endeavors aimed at tailoring these materials for use in
electronic  devices, sensors, and other cutting-edge
technologies. The integrated approach of combining XRD
with electrical characterization has proven instrumental in
unraveling the complexities of these multi-ferroic systems.
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