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Preface

Ferroic materials play a significant role in technology development and enhancement.
These materials have unique physical properties and fascinating applications in the
fields of electronics, healthcare, energy, telecommunications, transportation, etc.
Ferroic materials are mainly categorized into three groups based on their ferroic
orderings: ferroelectric, ferroelastic, and ferromagnetic. Understanding, developing,
and utilizing ferroic materials is an active area of research. Academic, research, and
industrial communities are focusing on exploring new ferroic materials, optimizing
their properties for enhanced performance, novel functionalities, miniaturization,
and integration in advanced technological devices. This book will provide the funda-
mental concepts of ferroic materials, polarization, magnetization, hysteresis, domain,
domain wall motion, historical research evolution, synthesis, processing routes,

and various characterizations. The structure, properties, relationships, and possible
applications in various fields will be explored. This book will also discuss unresolved
challenges and issues in this exciting and emerging field.

Ali Hussain
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Islamabad, Pakistan
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Friedrich-Alexander-Universitit Erlangen,
Niirnberg, Germany
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Chapter1
Ferroelasticity in Ferroic Materials

Shaoxiong Xie and Ali Hussain

Abstract

The macroscopic properties of ferroic materials are well-known to be influenced
by their underlying domain dynamics. In ferroelectric ceramics, domain structures
can be categorized into two main types: ferroelectric domains, associated with
spontaneous polarization, and ferroelastic domains, linked to spontaneous strain.
Currently, ferroelectric domains and their dynamic behaviors have been extensively
studied, as they are recognized to directly influence the functionality of ferroelectric
ceramics and determine the output performance of electronic devices. In contrast,
the understanding of ferroelastic domain dynamics remains limited, primarily
because ferroelastic deformation is only activated under mechanical loads of suf-
ficient magnitude. Despite this, ferroelastic properties in ferroelectric ceramics must
be considered in certain applications, such as piezoelectric multilayer actuators that
are typically subjected to compressive preloads and high blocking forces. Under these
loading conditions, ferroelastic deformation induces nonlinear behaviors and rema-
nent strain, leading to degraded performance of ferroelectric ceramics and reduced
stability and reliability of electronic devices. For this reason, deep understanding
of ferroelasticity and deciphering mechanisms behind ferroelastic deformation in
ferroelectric materials is essential for advancing material design and optimization to
meet diverse application needs. This chapter explores the current understanding of
ferroelastic properties and deformation mechanisms in representative ferroelectric
materials under various loading conditions. Additionally, it highlights toughening
effect related to ferroelasticity in ferroelectric materials that have been discovered in
recent years. This knowledge could provide valuable insights for the development of
the next generation of ferroic materials for a wide range of technological applications.

Keywords: ferroic materials, piezoelectrics and ferroelectrics, ferroelectric/ferroelastic
domains, nonlinear behaviors, ferroelastic deformation, ferroelastic toughening,
crack growth

1. Introduction

Ferroic materials have gained significant attention in both commercial and
academic fields due to their wide-ranging applications in sensors, actuators, and
energy storage. This widespread interest stems from their exceptional chemical
and thermal stability, controllable multifunctionality, and remarkable mechanical
properties [1-4]. Given their importance in our daily life and numerous practical
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advantages, there has been a growing focus on developing novel ferroic materials and
advanced processing techniques. It is well known that the macroscopic behaviors of
ferroic materials are fundamentally governed by their underlying domain dynamic
behaviors [5]. The dynamics of these domains under applied fields play a critical role
in determining the functional performance of materials, such as their piezoelectric,
ferroelectric, dielectric, and magneto-electric properties. For instance, when an
external electric field is applied to ferroelectric materials, it can induce 180°or non-
180° domain switching, a phenomenon known as ferroelectric domain switching. This
process involves the reorientation of the spontaneous polarization vector within the
ferroelectric domains through a domain nucleation and growth process. In addi-

tion to electric fields, mechanical fields can also trigger domain switching events.
However, unlike ferroelectric switching, domain switching induced by mechanical
fields primarily involves non-180° domain changes, which are associated with the
reorientation of the spontaneous strain within the domains [6]. This phenomenon,
known as ferroelastic domain switching, occurs only under mechanical loads of suf-
ficient magnitude along specific crystallographic orientations. The intriguing switch-
ing behaviors, encompassing both ferroelectric and ferroelastic domain dynamics,
provide ferroelectric materials with significant potential to meet the demands of
modern technological applications. Consequently, the optimization and fine-tuning
of domain structures and their switching dynamics have become increasingly impor-
tant research focuses in the field of ferroic materials today.

In practical engineered applications, ferroic materials are often simultaneously
subjected to electrical, mechanical, and thermal loads [7]. Consequently, the perfor-
mance, stability, and reliability of ferroic devices are significantly influenced by both
their ferroelectric and ferroelastic properties under applied loads during operation.
For instance, in current applications of piezoelectric multilayer actuators, these
devices are typically exposed not only to electric fields but also to mechanical fields
[8]. Mechanical fields, which often arise from compressive preloads and high block-
ing forces, frequently cause ferroelastic deformation and remanent strain, leading
to reduced functional performance and significantly influencing the stability and reli-
ability of ferroelectric devices during operation. In most application scenarios, even
when the applied mechanical stress, such as preloading stress, is below the coercive
stress, such moderate stress levels at high temperatures can still cause depolariza-
tion through ferroelastic deformation, thereby degrading the performance of ferroic
devices [9]. However, attention to the mechanical stress-induced ferroelasticity is
relatively scarce for ferroic materials, because ferroelasticity is not really considered a
functional property that can be used for an application. In fact, it is simply an effect
that occurs in ferroic materials during practical use. Ferroelectricity and ferromag-
netism, on the other hand, are the primary functional response that people are using
for their applications, and thus, much more attention has been paid to the electric/
magnetic field-related functional behaviors of ferroic materials. Despite this, a
comprehensive understanding of the ferroelasticity is essential for ferroic materials to
ensure stable and reliable performance in practical service.

To investigate the ferroelasticity of ferroic materials, various testing methods
have been employed to study their stress—strain nonlinear behaviors and ferroelastic
dynamics, uncover the underlying mechanisms of ferroelasticity, and assess the
impact of ferroelasticity on functional performance and mechanical properties
[10-14]. Among these methods, the uniaxial compressive test is one of the most
common approaches for characterizing ferroelastic behaviors, as ferroic materials
can withstand compressive loads of sufficient magnitude. Three-point bending test is
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another effective technique for studying the ferroelasticity of ferroic materials, par-
ticularly in revealing crack growth and ferroelastic toughening behaviors. In addition
to bending tests, indentation experiments are also used to examine crack growth and
ferroelastic deformation-induced toughening effects. In certain cases, tensile tests are
conducted to explore ferroelastic deformation in ferroic materials. However, because
ferroic materials present intrinsic brittleness, tensile tests are usually performed using
small-sized sample and analyzed using transmission electron microscopy (TEM) to
enable in-situ observations of ferroelastic domain dynamics, providing insights into
the underlying mechanisms of ferroelastic behaviors. Besides, a dynamic mechanical
analyzer and other testing methods such as biaxial, triaxial, and shear tests can be
also used to study ferroelasticity and reveal domain wall dynamics. Furthermore,
advanced characterization techniques such as piezoresponse force microscopy (PFM),
electron backscatter diffraction (EBSD), dual-beam focused ion beam (FIB), X-ray
diffraction (XRD), neutron diffraction, Brillouin scattering, among others, are
frequently employed. These methods offer new insights into ferroelasticity and ferro-
elastic dynamics, significantly enhancing our understanding of ferroelastic properties
of ferroic materials.

Ferroelastic properties vary significantly across different materials, and their
behaviors are highly dependent on testing conditions. Currently, some findings have
already shown the experimental observations of ferroelasticity in ferroic materials
[15, 16], while comprehensive understanding of ferroelastic deformation and its
underlying mechanisms remains incomplete. Additionally, investigating ferroelas-
ticity in certain novel ferrioc materials is challenging. For this reason, this section
focuses on the findings related to ferroelasticity in several classical piezoelectric/fer-
roelectric materials that are one of the most important categories in ferroic materials,
discussing the current understanding of ferroelastic behaviors under various loading
conditions and revealing the effects of ferroelastic deformation on electrical perfor-
mance and mechanical properties. The knowledge gained from studying ferroelas-
ticity not only enhances our understanding of the ferroelastic properties of ferroic
materials but also serves as a valuable reference for optimizing the performance of
ferroic materials and the development of the next generation of ferroic materials for a
wide range of applications.

2. General considerations of ferroelastic behaviors in ferroelectric
materials

For ferroelectric materials, ferroelastic domains exhibit disordered spontaneous
polarization distribution before mechanical loading. During compressive loading, fer-
roelectric materials first undergo a linear stress—strain response. This behavior occurs
because ions shift only slightly from their equilibrium positions within the crystal
structure, resulting in a linearly elastic response (Figure 1). As mechanical loads
gradually increase, the stress—strain curve transitions to nonlinear behavior due to the
onset of ferroelastic domain switching. At this stage, certain ions adopt new equi-
librium positions, accompanied by the reorientation of ferroelastic domains to align
perpendicular to the applied compressive load. With a further increase in mechanical
load, the stress reaches coercive stress level, at which point ferroelastic domains tend
to switch rapidly. This corresponds to the highest rate of domain switching, leading to
a significant and rapid increase in remanent strain. As mechanical loads continue to
increase, the material reaches a fully switched domain state or saturation. At this point,
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Figure 1.
Schematic of ferroelastic deformation under compressive loading.

all switchable ferroelastic domains have been reoriented, and the remanent strain
reaches its maximum value. With further increases in mechanical load, the stress—
strain curve returns to a linear response characterized by purely elastic deformation.
During unloading, the stress—strain curve initially exhibits a linear response, followed
by nonlinear deformation. This nonlinear behavior during unloading is attributed to
ferroelastic domain backswitching, where local electrical and mechanical fields reori-
ent a portion of the domains back to their original orientations, resulting in a reduction
in the final remanent strain. The backswitching phenomenon is associated with revers-
ible ferroelastic domains, while the remaining remanent strain primarily arises from
irreversible ferroelastic domains. From this perspective, the ferroelastic switching is
the primary mechanism responsible for the nonlinear deformation observed in ferroic
materials under mechanical loading. These intriguing behaviors have been further
validated using advanced techniques, such as XRD, PFM, TEM, and so on.

Generally, the ferroelastic properties are strongly influenced by various factors,
including composition, domain structure, phase structure, temperature, poling
state, and applied electric field, among others [16]. Additionally, loading rate and
frequency can also significantly affect the ferroelastic response. In practical applica-
tions, greater attention must be given to the ferroelastic response, as excessive fer-
roelastic deformation caused by ferroelastic switching can lead to depolarization and
increased remanent strain, thereby weakening the functional performance (such as
piezoelectricity, ferroelectricity, elasticity, and dielectricity) of ferroelectric materials
and reducing the reliability of ferroelectric devices. Understanding the ferroelastic
properties of ferroelectric materials is therefore essential. This knowledge facilitates
the optimization of their functional performance while improving the stability and
reliability of ferroelectric devices. In the following section, several key factors influ-
encing ferroelastic properties will be discussed.

3. Ferroelasticity in lead-based ferroelectric materials

Among ferroic materials, the ferroelastic properties of lead-based ferroelectric
ceramics, such as lead zirconate titanate (PZT), have been extensively studied due
to their exceptional electromechanical properties. PZT ceramics are generally cat-
egorized into two groups: soft PZT ceramics and hard PZT ceramics. Compared to
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soft PZT ceramics, hard PZT ceramics exhibit lower piezoelectric properties, higher
coercive fields, smaller dielectric constants, reduced hysteretic loss, better aging
characteristics, and superior mechanical stability [17]. These differences result in
distinct ferroelastic switching and nonlinear deformation behaviors under applied
mechanical loads for the two types of ceramics. Specifically, soft PZT ceramics, such
as PIC 151 [11], display pronounced nonlinear ferroelastic deformation with a lower
coercive stress. This indicates that ferroelastic switching occurs more readily in soft
PZT ceramics, a characteristic attributed to their increased domain wall mobility.

For hard PZT ceramics, such as PIC 181, they show a larger coercive stress, which
contributes to their superior mechanical stability compared to the soft PZT ceramics.
However, the hard PZT ceramics also display larger ferroelastic hysteresis and greater
remanent strain, suggesting that numerous ferroelastic switching events occur during
mechanical loading despite they higher coercive stress.

3.1 Ferroelectric phase-dependent ferroelastic properties of lead-based
ferroelectric ceramics

The functional performance and mechanical properties of PZT ceramics can be
tailored by phase boundaries, as different ferroelectric phases induce varying lattice
distortions and domain structures, which in turn lead to distinct properties. For PZT
ceramics with a tetragonal (T) ferroelectric phase, the larger crystal lattice distortion
results in higher internal stress. This internal stress typically increases the energy barrier
for ferroelastic switching, which explains why PZT ceramics with the T phase exhibit a
higher coercive stress. However, PZT ceramics with multiphase coexistence also pos-
sess larger lattice distortion but lower coercive stress, which indicates that the lattice
distortion is not the primary factor determining ferroelastic response [12]. Actually,
for T phase, there exist 90° domains and 180° domains, while only 90° domains possess
ferroelasticity. For rhombohedral (R) phase, 71° domains and 109° domains present
ferroelasticity. For the PZT ceramics with R-T multiphase coexistence, they possess the
90° domains, 71° domains, and 109 ° domains with ferroelasticity. The presence of more
non-180° domains in PZT ceramics with R-T multiphase coexistence enhances their
properties, as the increased number of polarization orientations facilitates polarization
switching. Additionally, the flattened free energy at the multiphase boundaries low-
ers the energy barrier for polarization reorientation, leading to improved properties.
Therefore, the lower coercive stress in PZT ceramics with R-T multiphase coexistence
could be primarily attributed to the higher number of switchable non-180° ferroelastic
domains and the reduced free energy. Besides, the stress-induced phase transitions in
PZT with multiphase coexistence have been revealed, which could be another mecha-
nism for the change of coercive stress. Furthermore, compared to PZT ceramics with
a single ferroelectric phase, those with R-T multiphase coexistence exhibit distinctly
different ferroelastic behaviors. The initial slope of the loading curve significantly
decreases for PZT ceramics with the R-T phase, resulting in a smaller elastic modulus.
This makes PZT ceramics with multiphase coexistence more susceptible to mechanical
loads during practical use, despite their excellent electrical properties.

3.2 Temperature-dependent ferroelastic properties of lead-based ferroelectric
ceramics

Generally, PZT ceramics exhibit good temperature stability in terms of
electrical performance. However, their ferroelastic properties are highly
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temperature-dependent. As the temperature increases, there is a noticeable reduction
in coercive stress, remanent strain, and ferroelastic hysteresis [12]. When the applied
temperature exceeds Curie temperature, the stress—strain curve shows a purely linear
elastic response, similar to the linear stiffness behavior observed at lower tempera-
tures [9], which is attributed to the diminished lattice distortion due to the nature of
non-ferroelastic paraelectric phase over Curie temperature. The decrease in coercive
stress at high temperatures is due to the fact that ferroelastic domains are more easily
switched because of the lower energy barrier during heating. However, as heating
progresses, the gradual degradation of ferroelastic domains reduces the number of
switchable domains, which corresponds to a reduction in spontaneous strain. This
also leads to smaller remanent strain and lower ferroelastic hysteresis. Interestingly,
PZT ceramics with multiphase coexistence exhibit better temperature stability in
their ferroelastic response, as evidenced by minimal variation in coercive stress. This
suggests that ferroic materials with multiphase boundary design are expected to have
improved temperature resistance to ferroelastic deformation during service.

3.3 Poling states-dependent ferroelastic properties of lead-based ferroelectric
ceramics

Poling states play significant role in influencing ferroelastic response of PZT
ceramics. Actually, for the PZT ceramics used in practical applications, they are
poled under applied electric field, thus showing piezoelectric properties or other
functional performance. Therefore, the understanding of ferroelastic properties of
poled PZT ceramics is critical for us to develop this kind of ferroic materials. For the
PZT ceramics with poling treatment, they also exhibit representative ferroelastic
behaviors under compression loading, i.e., the stress—strain curve shows nonlinear
deformation and linear stiffness behaviors (Figure 2a). Compared to unpoled PZT
ceramics, the poled PZT ceramics exhibit increased nonlinearity and higher remanent
strain (Figure 2a, b). This is because numerous ferroelastic domains will be aligned
in the direction of mechanical loading after poling process, contributing to more
ferroelastic switching events [9]. Furthermore, the ferroelastic behavior of poled PZT
ceramics is highly temperature-sensitive, with variations in nonlinear deformation
and remanent strain at different temperatures being greater than those observed
in unpoled PZT ceramics. Additionally, the coercive stress in poled PZT ceramics is

i ® *r—T1—
1 50| =—25°C
i E 100 100°C
| - 200°C | /i
T a00°C  JfF
% o -200
. 1 ¥ -250 ;
s |  &°m A
W/ s 504
400 -+ 1 400 . . ! F
<10 <08 <06 <04 02 00 40 08 -08 -04 -02 0.0
Strain, e, [%&] Strain, e, [%]
Figure 2.

Stress—strain vesponse at different temperatures for compressive mechanical loading of (a) poled and (b) unpoled
PZT samples [9].
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lower than in unpoled PZT ceramics, and temperature further reduces coercive stress
in poled ceramics. This highlights the importance of considering the ferroelastic
properties of PZT ceramics in practical applications, especially at high temperatures,
where even small mechanical loads can cause performance degradation and reduced
stability in ferroelectric devices.

3.4 Loading rates-dependent ferroelastic properties of lead-based ferroelectric
ceramics

Loading rates are also an importance consideration when we analyze the fer-
roelastic properties of PZT ceramics. For the PZT ceramics, strain response depends
strongly on the loading rates, especially in the nonlinear deformation region [18].
Specifically, fully ferroelastic switching can be induced at lower loading rates, lead-
ing to a higher amount of induced strain. This suggests that a final stable irreversible
strain state could be realized at very low loading rate. However, at higher loading
rates, the switchable ferroelastic domains cannot fully reorient due to insufficient
loading time, thereby resulting in relatively smaller remanent strain. To reduce
the influence of loading rates related time-dependent effects, pulse-shaped partial
unloading method can be performed during the mechanical loading. Partially
unloading ceramics at an appropriate stress correspond to linear and non-hysteretic
behaviors, and thus, the stress—strain response could be not influenced by partial
unloading [11]. Interestingly, partial unloading provides sufficient time for all switch-
able ferroelastic domains to reorient under mechanical loading, particularly at lower
loading rates. This allows for more ferroelastic switching events, resulting in a larger
remanent strain that is closer to its true value.

3.5 Ferroelastic response under applied electric bias fields

In practical use, PZT ceramics are generally serviced under applied electric bias
field. The various applied fields can induce distinct ferroelastic responses, while the
coupling effect of mechanical and electric fields makes the ferroelastic behaviors
more complicated. For example, the ferroelastic deformation of poled PZT ceramics
can be significantly suppressed by applying a negative bias electric field aligned with
the direction of the previous poling [19]. As the magnitude of the negative bias elec-
tric field increases, ferroelastic switching becomes increasingly difficult (Figure 3a).
In this case, higher mechanical stresses are required to initiate the mechanically
induced ferroelastic switching events, resulting to a larger coercive stress. This
intriguing behaviors have been also revealed elsewhere [10]. Furthermore, the back-
switching behaviors are also profound at larger negative bias electric field, indicating
significant polarization recovery processes of ferroelastic domains (Figure 3b).
However, when a positive bias electric field with orientation opposite to the poling
direction is applied to PZT ceramics, the ferroelastic deformation becomes easier.
This is because the positive bias electric field can induce additional domain switching
in the transverse direction in addition to stress-induced ferroelastic switching. The
phenomenon could be explained using following equation [20, 21]:

o,Ae, +EAP,2G, 1)

where E; and AL, represent bias electric field and change in spontaneous polariza-
tion; o isapplied stress, and Ag¢; is the change in spontaneous strain; G, isa critical

i
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Figure 3.
Stress—strain curves of PZT cevamics as a function of bias electric field. (a) Mechanical loading processes and
(b) unloading processes at different bias electric fields [19].

threshold value for switching events to take place. From the polarization switching
criterion, at certain a stress, bias electric field can significantly affect the critical
threshold value for ferroelastic switching, thereby determining the final ferroelastic
behaviors. Obviously, the positive bias could promote the ferroelastic deformation,
while negative bias tends to hinder the ferroelastic deformation. Interestingly, PZT
ceramics exhibit a higher final remanent strain with the assistance of a positive bias.
After unloading, the positive bias induces some domains to orient in the direction of
the bias. In other words, the transition from loading to unloading in PZT ceramics
under positive bias involves a process of depolarization followed by polarization,
resulting in a remarkable polarization value after one loading cycle. It is important to
note that the ferroelastic deformation of ferroic materials becomes more complicated
when they are subjected to the combined effects of temperature and electric bias
fields. Temperature can promote ferroelastic deformation, while the electric bias field
can influence the ferroelastic response. Consequently, the interaction between the
temperature and electric bias fields leads to varying ferroelastic properties, making
ferroic materials more sensitive to applied mechanical loads [22].

3.6 Ferroelastic responses and fatigue behaviors under cyclic loading

Another interesting aspect of PZT ceramics is their ferroelastic response under
cyclic loading. The ferroelastic deformation induced by cyclic loads is influenced
by various factors, such as stress levels, loading rate, electrode status, microstruc-
ture, and the like. Generally, remanent or irreversible strain serves as an indicator
of the evolution of ferroelastic behavior under cyclic loading, as they respond
sensitively to cyclic loads during ferroelastic switching. Specifically, higher stress
amplitudes and slower loading rates during cyclic loading tend to induce more
irreversible strain [23]. This is because ferroelastic domains switch more rapidly
and are more likely to reach a saturated state at higher stress levels, while at slower
loading rates, the switchable ferroelastic domains can fully orient due to the
time-dependent effect. For the ferroelastic behaviors under cyclic loading, the
most notable observation is that the irreversible strain decreases as the number
of cycles increases, with the majority of irreversible strain occurring in the first
few cycles [24]. This indicates the ferroelastic deformation gradually saturates
with the increase of the number of cyclic loading, and the ferroelastic switching
primarily occurs in the early stages of cyclic loading.
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The cyclic loading generally causes fatigue response in materials. Similar with
metals, stress amplitude versus cycles to failure curve under three point bending
testing could be obtained for PZT ceramics. With the increase of cycles to failure, the
stress amplitude decreases gradually, exhibiting a common fatigue response under
cyclic loads. However, different electrodes of ferroic materials show various fatigue
resistances. For instance, fatigue strength for nickel electrode is larger than that for
silver electrode [25]. This is because nickel electrode has less porous layer than silver
electrode, and the surface roughness is also better for the former. Besides this, the
fatigue behaviors of ferroic materials are related to the feroelastic switching process,
where ferroelastic deformation makes the materials harder, and the hardening behav-
iors are resulting from the ferroelastic switching. Therefore, for ferroic materials, the
hardening is also a hint of ferroelastic response and fatigue behaviors during cyclic
loading.

3.7 In-situ characterizations of ferroelastic deformation

In addition to the macroscopic observations of ferroelastic behaviors of PZT-based
ferroic materials, in-situ characterizations at micro-scale are also crucial for under-
standing ferroelastic deformation, which can be performed using various advanced
techniques. The most common approach to characterize the ferroelastic switching is
XRD analysis. According to the XRD diffraction evolution of representative twin-
related peaks, such as (200) and (002), quantitative comparison between the degree
of domain orientation and nonlinear properties of PZT ceramics could be analyzed,
thereby revealing the corresponding ferroelastic deformation during mechanical
loading [26]. Neutron diffraction can be also used for the studies of ferroelasticity of
ferroelectric ceramics, and the corresponding analysis of ferroelectric switching is
similar with the XRD characterization. PFM is a powerful tool to characterize domain
structures in ferroic materials based on the inverse piezoelectric effect [5]. Therefore,
in-situ observations of ferroelastic domain switching for PZT materials could be
well carried out by PFM technique. For example, the PFM images could be obtained
during each mechanical loading stage, and the ferroelastic domain structures are
clearly revealed from these PFM images (Figure 4) [21]. Before mechanical loading,
the ferroelastic domains in PZT ceramics exhibit diverse distributions and crystal-
lographic orientations, with representative domain structures highlighted in the PFM
images (Figure 4a). After mechanical loading, these domains undergo significant
evolution, characterized by domain broadening, domain wall motion, and domain
overwriting, which serve as primary indicators of mechanically induced ferroelastic
deformation (Figure 4b,c). During ferroelastic switching, particularly in the domain
overwriting process, multiple switching events occur, including both energetically
favorable and unfavorable ferroelastic switching. Notably, ferroelastic deformation
can be also influenced by the pre-existing domain structures, particularly in poly-
crystalline ceramic materials. Upon unloading, some switched ferroelastic domains
partially revert to their original states (Figure 4d). The corresponding schematics of
the ferroelastic switching processes, shown in Figure 4e,f, illustrate the intriguing
domain evolutions during mechanical loading.

In addition to PFM analysis, EBSD technique is also a viable approach for charac-
terizing ferroelastic responses in ferroelectric materials based on the different orien-
tation reflections of ferroelastic domains. For PZT ceramics, EBSD results reveal that
ferroelastic domain switching occurs within the range of 85.4 to 90°, with domains
crossing to the opposite side of the compressive loading axis [27]. A ferroelastic
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Figure 4.

PEM images (a—d) show domain evolution processes under compressive loading. Two schematics (ef) depict key
evolution processes before loading and after loading [21]. (a) Before loading (b) A 0.118% strain (c) A 0.134%
strain (d) After unloading (e) Before loading (f) A 0.134% strain.
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switching model has been proposed based on the twin deformation model, where
the switching angle is closely related to the aspect ratio of crystal parameters.
Additionally, the structural analysis of ferroelastic deformation in PZT materials can
be conducted using the TEM technique. Investigations of the ferroelastic properties
of PZT materials have shown that ferroelastic switching is most readily observed at
highly active needle points within ferroelastic domains. This switching can be sta-
bilized and pinned by dislocations, leading to an incomplete switching process [28].
Such ferroelastic switching process is also validated by phase-field modeling, which
provides new insights into fundamental physics of ferroelastic deformation in ferroic
materials.

4. Ferroelastic properties of lead-free ferroelectric materials

Barium titanate (BT) is a type of representative lead-free ferroelectric materials
used in many applications. The stress—strain responses of BT ceramics are similar
with that of lead-based ceramics, i.e., they also undergo first elastic linear deforma-
tion and then ferroelastic nonlinear deformation during mechanical loading. The
understanding of ferroelastic properties of BT ceramics primarily focuses on the
experimental observations of ferroelastic domain evolutions during mechanical load-
ing. For example, in-situ neutron diffraction results indicate that under maximum
load, 12% of ferroelastic domains undergo switching. Among these, 5% revert to
their original states upon unloading, while only 7% remain in their new equilibrium
polarization states [29]. PFM observations reveal that the nucleation of new ferroelas-
tic domains in BT ferroelectric materials can be induced by the local accumulation of
surface charges. Antiparallel polarized a-domains may be separated by charged 180°
domain walls, which evolve in morphology and give rise to fascinating ferroelastic
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deformation behaviors under compressive stress [30]. In addition to BT materials,
potassium sodium niobate (KNN) ceramics are another type of representative lead-
free ferroelectric materials, which also present excellent electro-mechanical proper-
ties and show huge potentials to replace lead-based PZT materials in future. For this
reason, the ferroelastic properties of KNN materials have also been investigated [31].
The resulting findings are also consistent with that in lead-based materials. However,
the understanding of ferroelastic domains and related deformation mechanisms of
KNN lead-free materials is still scarce. The knowledge of ferroelastic properties of
lead-based materials could provide constructive information for further understand-
ing nonlinear behaviors of KNN materials.

5. Ferroelastic properties of high-temperature ferroelectric materials

Bismuth titanate (BIT), a representative compound among high-temperature
bismuth layer structured ferroelectrics (BLSFs), exhibits classic nonlinear deforma-
tion behaviors in the stress—strain curve during mechanical loading. The nonlinear
deformation is generally attributed to the pseudo-90° and pseudo-180° ferroelastic
switching behaviors [6, 32-34]. The BIT ceramics with higher sintering temperatures
display better ferroelastic switching behavior but lower failure stress. The ferroelastic
responses under multi-field conditions have also studied for another representative
high-temperature BLSFs, calcium bismuth titanate (CBT) [22]. Specially, poling
could increase remanent strain and decrease elastic modulus. Elevated temperature
could increase energy dissipation and improve ferroelastic domain wall mobility.
Transverse electric field could increase remanent strain and cause complicated
fracture behaviors. For these reasons, multi-field conditions significantly affect fer-
roelastic properties and fracture behaviors, while the ferroelastic deformation of CBT
materials with higher Nb/Mn doping levels present better resistance to multi-field
coupling effects.

6. Ferroelastic properties of relaxor ferroelectric materials

Relaxor ferroelectric materials are also representative advanced functional materi-
als, which have been widely investigated for various applications. However, different
from normal ferroelectric materials, the domains inside relaxor ferroelectric materials
are not long-range polarization order but short-range ordered polar nano-regions [35,
36], which lead to a various ferroelastic deformation response in ferroelectric materi-
als under mechanical loading. For example, under compressive loading, NBT-based
relaxor ferroelectric ceramics present an obvious nonlinear stress—strain response,
which is attributed to the domain evolution from short-range ordered polar nano-
regions to long-range ordered domain structures [37]. It is worth noting that the NBT-
based relaxor ferroelectric ceramics with multi-phase coexistence usually present
higher coercive stress, which is different from the case in normal ferroelectric ceram-
ics, such as PZT and BT. This is because that the nonlinear deformation in relaxor
ferroelectrics is resulted from the formation of long-range ordered domains, whereas
the mechanically induced domain evolution process needs to overcome more energy
barrier compared with stress-induced domain wall motion in normal ferroelectric
ceramics, thus showing a larger coercive stress. After electrical poling treatment of
NBT-based relaxor ferroelectric ceramics, the long-range ordered domain structures
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are generated under applied electric field, whose orientations align to the direction
paralleling to the mechanical loading, thus leading to a more ferroelastic switching
events and producing more remanent strain under mechanical loading. Additionally,
the coercive stress in poled relaxor ferroelectric ceramics is smaller, with this case
similar with that in normal ferroelectric ceramics. Additionally, composition-
dependent ferroelastic response is also obvious in relaxor ferroelectric materials. For
instance, the NBT-based relaxor ferroelectric ceramics with the addition of different
KNN contents, their nonlinear ferroelastic properties exhibit significant changes
[16]. Specifically, the coercive stress increases but remanent strain decreases for the
ceramics with higher KNN contents. Interestingly, the backswitching behaviors tend
to increase in relaxor ceramics, which are likely attributed to a reversible phase transi-
tion from ferroelectric phase to relaxor phase upon unloading, and the relaxation
behaviors facilitate such backswitching process.

7. Ferroelastic properties of antiferroelectric materials

With growing concerns about energy crisis, antiferroelectric materials have
garnered significant interest for energy storage technologies due to their exceptional
energy storage density and rapid charge—discharge capabilities. A particularly
intriguing characteristic of antiferroelectric materials, such as sodium niobate (NN)
and silver niobate (AN) ceramics, is their complex structural phase transitions at
different temperatures. These transitions result in various phase structures observed
at ambient conditions, giving rise to fascinating ferroelastic properties. For instance,
AN ceramics display distinct ferroelastic hysteresis and remnant strain behaviors in
the weak ferroelectric, antiferroelectric, and paraelectric phase regions, respectively.
These behaviors are primarily attributed to their differences in crystal symmetry,
lattice distortion, thermal barriers to ferroelastic switching, and ferroelastic deforma-
tion responses under uniaxial compressive stress [38]. The different degrees of rema-
nent domain textures and lattice strains have been observed in AN ceramics, with
their magnitudes significantly influenced by the different phase states under applied
stress. Additionally, in-situ stress Raman spectroscopy has detected changes in oxygen
octahedral configurations and cation displacements during mechanical loading in
AN ceramics. These structural evolutions are likely linked to ferroelastic responses,
particularly in high-temperature phases, which can induce notable changes in these
structural characteristics. These insights into antiferroelectric materials contribute
to optimizing the functional performance of energy storage systems by tailoring
mechanically induced ferroelastic responses. However, the current understanding of
ferroelasticity in antiferroelectric materials remains limited, highlighting the need for
further investigations in the future.

8. Ferroelastic properties of organic-inorganic hybrid ferroelectric
materials

As emerging class of advanced materials, organic-inorganic hybrid ferroelectric
materials have been extensively investigated due to their time-efficiency synthesis,
ease of production, and low cost. It is well-known that domain structures play signifi-
cant role in tailoring photoelectrical or photovoltaic properties, sparking significant
research interest in understanding ferroelasticity in these materials. For example,
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Figure 5.
PEM observations of ferroelastic domains modulated by external stress. Topography and PFM amplitude images
of CH;NH,PbI; materials with (a, b) pristine state, (c, d) mechanical loading, and (e, f) relieving the stress,

respectively [39].

the ferroelastic properties have been revealed in a representative organic-inorganic
hybrid ferroelectric material, CH;NH;Pbl; (MAPDI;). The striped ferroelastic
domains have been observed in MAPbI; materials, while these domains present
strong contrast in the PFM amplitude images but weak contrast in the PFM phase
images, significantly indicating the nature of ferroelasticity [39]. To figure out the
stress-induced ferroelastic dynamics, bending stress is applied in MAPbI; materials
(Figure 5). Figure 5(a,b) shows the ferroelastic domains before mechanical loading,
showing striped ferroelastic domain features. After bending stress (Figure 5c,d),

the narrow striped ferroelastic domains get together to form wider stripes, and dark
purple ferroelastic domains could not be observed any more, strongly reflecting an
obvious ferroelastic switching process. Upon unloading (Figure 5e,f), the ferroelastic
domains could not go back to their original state, while the ratio between bright and
dark ferroelastic domains significantly evolves, revealing mechanically-induced irre-
versible ferroelastic deformation. The findings of ferroelasticity in organic-inorganic
hybrid ferroelectric materials are also similar with that observed in traditional lead-
based or lead-free ferroelectric materials. Deep studies on ferroelastic properties of
novel organic-inorganic hybrid ferroelectric materials are required in future, which
could provide constructive values for further optimizing functional performance of
advanced photoelectrical or photovoltaic devices.

9. Size-dependent ferroelastic properties

As we know, under applied mechanical stress, ferroelectric materials exhibit non-
linear stress—strain responses and produce remanent strain due to ferroelastic defor-
mation. However, when sample size reduces to 2 pm (such as a micro-pillar sample),
ferroelectric materials do not produce remanent strain, even though the ferroelastic
deformation is observed under mechanical loading (Figure 6). In this case, ferro-
electric materials behave as superelastic materials [40]. The intriguing behaviors are
related to the surface tension of the micro-pillar, where surface tension modulates 90°
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Figure 6.
Stress—strain response of BT cevamics with different sample sizes. (a) 5 ym and (b) 2 ym [40].

ferroelastic domain switching, responsible for the superelastic behavior. Specifically,
when the sample size is larger, the surface tension is smaller, making it more dif-
ficult to induce ferroelastic domains to return to their original state after mechanical
loading, thus resulting in remanent strain. However, as the sample size reduces to a
critical value, the surface tension increases significantly. This larger surface tension
helps switched ferroelastic domains return to their previous polarization states after
mechanical loading, leading to superelastic behavior without remanent strain.

Additionally, the small-sized ferroelectric materials exhibit excellent fatigue resis-
tance properties, which are attributed to the small energy barrier and ultralow energy
dissipation during mechanical loading. The surface tension-modulated ferroelastic
deformation has not been observed in macroscopic studies of ferroelectric materials.
Furthermore, superelastic behaviors have only been observed in a limited range of
ferroelectric materials. Further research on size-dependent ferroelastic deformation
and superelastic behavior in various ferroelectric materials is needed. This knowledge
could not only offer novel strategies for the design and optimization of dampers in
micro-electromechanical systems (MEMS) devices, but also provide valuable insights
into addressing fatigue issues in a wide range of potential applications.

10.180° ferroelectric domain switching during ferroelastic deformation

Generally, ferroelastic deformation in ferroelectric materials is only related to non-
180° ferroelastic domains, since the spontaneous strain could be only generated from
non-180° ferroelastic domain switching process. For 180° domains, they are ferroelec-
tric and will not generate spontaneous strain during applied mechanical loading, as
their polarization vectors are of the same magnitude but opposite directions. In most
ferroelastic deformation events, the applied stress is relatively low, as in the case of
piezoelectric ceramics, since higher stress levels can lead to cracks or even fracture. At
lower stress levels, ferroelastic deformation primarily involves non-180° ferroelastic
switching, with both reversible strain (due to back-switching) and irreversible strain
(due to ferroelastic deformation) occurring. However, higher stress levels could be
applied to small-sized ferroelectric materials during in-situ TEM characterization.
Experimental results indicate that energy barrier for ferroelastic switching in small-
sized sample is significantly lowered, leading to the formation of a single domain that
does not revert after unloading, accompanied by the occurrence of 180° ferroelectric
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switching [41]. Despite the 180° ferroelectric switching does not directly contribute to
ferroelastic deformation, it can enhance the remanent polarization of ferroic materi-
als, which is beneficial for non-volatile memory and other ferroelectric applications.
This suggests that mechanical stress can play a similar role as an electric field in
manipulating ferroelectric domain switching and influencing electrical performance
when the applied stress is large enough. Research on mechanically-induced ferroelec-
tric switching is still in its early stages, with many aspects yet to be explored in the
future.

11. Ferroelastic toughening
11.1 Indentation crack growth behaviors

Ferroelastic domains can be reoriented under applied stress, and such fer-
roelastic switching behaviors play significant role in regulating crack growth
behaviors. In particular, ferroelastic deformation exhibits a toughening effect,
enhancing the material’s resistance to crack growth. The phenomenon of fer-
roelastic toughening could be observed in indentation measurements for fer-
roelectric materials. Under Vickers indenter, there will be a symmetric rhombic
indentation induced on the surface of piezoelectric ceramics. Due to releasing
strain energy produced by elastic deformation inside indentation, indentation
cracks are generated from rhombic angles and grow along the diagonal direction
of rhombic indentation [13]. It is noteworthy that the length of the resulting
cracks remains nearly identical, even when crack deflection or branching occurs
in some instances. However, when an electric field is applied during indentation
measurements of piezoelectric ceramics, significant anisotropic crack growth
behavior is observed [14]. Specifically, when the electric field aligns with the
direction of crack growth, the crack growth is hindered, resulting in shorter
crack lengths. Conversely, cracks oriented perpendicular to the electric field
exhibit greater growth lengths. This intriguing phenomenon is illustrated in
Figure 7 [42]. Before electric poling, indentation cracks demonstrate isotropic
growth (Figure 7a). After applying electric poling field, anisotropic crack growth
behaviors emerge (Figure 7b), with the growth rate of cracks parallel to the
electric field being significantly slower than that of cracks perpendicular to it.
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Figure7.
Indentation cvacks parallel and perpendicular to the poling direction. (a) unpoled sample and (b) poled
sample [42].
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This anisotropy is attributed to the ferroelastic toughening effect, driven by fer-
roelastic switching events occurring near the crack tips. Specifically, the material
exhibits higher resistance to indentation crack growth along the direction parallel
to the applied electric field, indicating the presence of numerous ferroelastic
switching events and a stronger ferroelastic toughening effect in this orientation.

11.2 Pre-crack growth behaviors

In addition to indentation experiments, the ferroelastic toughening behavior of
ferroic materials is often evaluated using the single-edge-notch-beam (SENB) method
under bending loads. In SENB testing, samples are prepared as cuboids with special
longitudinal, height, and thickness dimensions and then poled along three different
orientations. During bending tests, crack growth initiates at the pre-crack region. As
the crack propagates, a process zone forms, and the height of the process zone, , is
determined using the following equation [43]:

2
s )

- 2
where B = 1/2x is scaling factor for plane stress state; Kjg is total mode I crack resis-
tance; oy, is threshold stress to induce ferroelastic switching process. The process
zone is generated due to the ferroelastic switching, and thus, the height of process
zone could determine the ability of ferroelastic toughening of ferroelectric materials.
For example, in ferroelectric ceramics poled along the longitudinal direction (where
the domains align perpendicular to the pre-crack), the height of the process zone is
smaller compared to ceramics poled along the height direction (where the domains
align parallel to the pre-crack). As a result, the ceramics poled along the height direc-
tion exhibit higher fracture toughness due to a stronger ferroelastic toughening effect.
Interestingly, when the ceramics are poled along the thickness direction, the crack tip
stress can induce ferroelastic switching in various orientations, leading to a significant
ferroelastic toughening effect and enhanced fracture toughness [44].

11.3 R-curve behavior

Another fascinating research topic related to ferroelastic toughening is R-curve
behavior of ferroelectric materials [45], as R-curve behavior plays crucial roles in
optimizing anti-cracking design and predicting fracture failure of smart devices
during practical engineering applications. R-curve describes fracture toughness
as a function of crack growth, reflecting the ability of crack growth and fracture
properties of materials. In a crack growth event, fracture intensity factor of crack tip
is determined by both intrinsic fracture toughness and extrinsic toughening effects,
such as ferroelastic toughening or other microstructural aspects. The R-curve usually
exhibits a nonlinear change with the crack growth, where the R-curve behavior is
found to exhibit increasing fracture toughness during crack growth, and the change
rate of R-curve reflects the crack growth resistance resulting from ferroelastic tough-
ening (Figure 8a) [46]. The rapid nonlinear increase of R-curve corresponds to the
larger ferroelastic toughening effect, and as a result, the ferroelectric materials will
gain a higher fracture intensity factor of crack tip and present stronger crack growth
resistance.
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R-curve behavior of PZT ferroelectric ceramics. (a) Temperature-dependent R-curve behavior at three different
tempevatures. (b) Maximum, shielding, and initial toughness values extracted from R-curves measured at
elevated temperature [46].

Additionally, R-curve behavior is also influenced by grain size, domain orienta-
tion, doping element, poling state, ambient temperature, and the like. These factors
could alter ferroelastic behaviors and thus affect fracture properties of ferroelectric
materials. For instance, there is a decrease in the maximum toughness (Kp.x) and
shielding toughness (Kg,) with the increase of temperature, while the initial tough-
ness (Kip;) keeps only subtle change, suggesting the decreased toughening effect
at high temperature (Figure 8b). Currently, the R-curve response has been widely
studied in lead-based ferroic materials, while related research in lead-free materials is
scarce. As the demand for high-reliability and high-stability electronic devices grows,
it is essential to gain a deeper understanding of the R-curve behavior in lead-free
ferroelectric materials in the future.

12. Conclusion

This chapter discussed the general understanding of ferroelastic behavior in
ferroelectric materials and explored temperature, poling state, loading rate, bias
field, and cyclic loading-dependent ferroelastic properties and related deformation
mechanisms in lead-based ferroelectric ceramics. Besides this, the current findings
of ferroelasticity in other representative ferroelectric materials, including lead-free
ceramics, high-temperature ceramics, relaxor ceramics, antiferroelectric ceramics,
and organic-inorganic hybrid ferroelectrics, have been discussed. Moreover, we
introduced ferroelastic toughening behavior and its effect on fracture mechanics of
ferroelectric materials. This knowledge contributes to the material design and perfor-
mance optimization of novel ferroic materials for various applications.
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Chapter?2

Domain and Domain Wall Motion

Shedrach Yakubu

Abstract

Generally, domains in ferroic materials are a special kind of twin defect that occurs
to counter the effect of the stray fields generated during phase transformation from a
highly symmetric phase to a low symmetric phase. Domain walls serve as a boundary
between two or more domains, either antiparallel (forming 180° domain wall) or per-
pendicular (forming 90° domain wall), based on the direction of the order parameter.
The science and engineering of domain and domain wall motions are highly signifi-
cant as this plays a crucial role in hysteresis modification and property enhancement
in ferroic materials. This chapter shall attempt to capture some of the fundamental
concepts of domain and domain wall formation and the types/kinds of domain walls
discussed based on the nature of the change of the polar order at the domain wall
plane. Domain wall motions, factors that restrict this motion, and the contribution of
domain wall motion to switching polarization vectors will also be addressed. Various
domain engineering techniques in ferroelectric single crystals, ceramics, polymers,
and composites, as well as moods of applications such as memory storage, capacitors,
and sensors, shall be explored in this chapter.

Keywords: domain, ferroelectricity, depolarizing field, polarization, domain
engineering

1. Introduction

The science and engineering of domain and domain wall motion have been
carefully explored recently by researchers [1, 2], especially regarding the contribu-
tion to polarization reversal in the ferroic class of materials. Most of the functional
applications of ferroic materials, especially ceramics, thin films, and single crystals
in telecommunication, energy storage, memory, sensing, transducing, and actuating
devices, strongly depend on ferromagnetic, ferroelectric, and ferroelastic switch-
ing of magnetic spin, polarization vector, and elastic strain respectively, which are
embedded functions of domain and domain wall motion [3-5]. Domains have long
been considered a special kind of twin defect that occurs during phase transforma-
tion from a high symmetric phase to a low symmetric one, otherwise referred to as
transformation twin [6], which is common in materials with a ferroic status. During
this phase transformation, the low symmetry phase is at liberty to assume several
states either by ionic displacement as in ferroelectric, shape change by structural
deformation as in ferroelastic, or change in a magnetic moment as in ferromagnetic
giving rise to homogeneous regions of domains [7]. Phase transition is a significant
aspect of materials that plays a crucial role in property adjustment through structural
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modification; therefore, it is crucial for full understanding of the genesis of domain
and domain wall formation.

Several concepts have been proposed to understand why and how domain and
domain walls are formed in ferroelectrics. One of these is the theory of depolarizing
field introduced by Evans et al. [8]. This theory describes domain wall formation by
considering the influence of stray fields formed by surface bond charges perpendicu-
lar to the polarization vector destabilizing the energy of the ferroelectric material
during phase transformation. In this sense, the effect of the stray field is minimized
when the ferroelectric material breaks the polarized area into various homogeneous
regions called domains in which the polarization vector points toward a specified
direction. The boundary or interface between these domains is called domain walls,
which have been suggested to be chemically rich and of the order of >10 nm in thick-
ness [9]. In ferromagnetic materials, the driving force for the formation of a domain
is an intrinsic attempt by the material to minimize the magnetostatic energy to attain
stability in terms of energy contributions.

The physical response of ferroic material to external stimuli such as optical load,
mechanical stress, and/or electric field is directly related to the domain pattern [10].
When such external stimuli exceed a critical value, it influences the vibration energy
of the domain wall triggering domain wall motion. The hysteresis loop peculiar to
these materials is clear evidence of domain wall motion [11], and the contribution to
ferroelectricity cannot be overemphasized. According to Schultheif§ et al. [12], inan
applied electric field, the domain wall motion proceeds in three main steps, which
include the nucleation process at the surface of the ferroic material followed by the
growth process, which may be deep down (forward) or sideways, and finally, coales-
cence of various domains to give rise to a single domain. The domain and domain wall
can be engineered to enhance certain physical properties directly related to ferroelec-
tric, ferromagnetic, and ferroelastic hysteresis; this is achievable via the understand-
ing of the domain configuration in terms of the orientation of the polar order, size
of the domain, and the domain structure [13]. Impurity doping (donor or acceptor
doping) of Pb-based ABO; perovskite ferroelectrics like PMN-PT can engineer the
domain by generating either O*"-vacancies or Pb**-vacancies thus influencing high-
power applications. Donor or Acceptor doping of perovskites engineered the domain
walls to obtain soft or hard perovskites with a reduced or enhanced coercive field,
respectively. The domain wall can be engineered by considering the charge conduc-
tion, mobility, and kinetics of the domain wall [13]. Studies have shown that the
domain wall motion is the frictional generating thermal energy that is dissipated and
thus influences the ferroic behavior [13].

The ferroic class includes ferromagnetic, ferroelastic, and ferroelectric order;
therefore, for convenience, the analogy and illustration of domain and domain wall
motion in this chapter shall be explored mostly in terms of ferroelectricity with little
attention to ferromagnetic and ferroelastic domain walls. This will be helpful for
readers in that ferroelectric perovskites are very common with significant promising
properties domiciled in the domain structures, thus attracting a lot of attention.
This will also make it easy to understand certain domain wall concepts related to
symmetrical breakdowns during phase transformations, spontaneous polariza-
tion, and switching of polarization vectors. The phenomenon of domain wall in
ferroelectrics is like ferromagnetic and ferroelastic with subtle differences. The
reader is employed to pay attention to the paraelectric to ferroelectric, paramagnetic
to ferromagnetic, and paraelastic to ferroelastic phase transition in ferroelectrics,
ferromagnetic, and ferroelastic materials, respectively, as this plays a crucial role in
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understanding domain formation which occurs to stabilize the ferroic material from
the influence of strain, electrostatic and magnetostatic energy contributions gener-
ated during these transitions.

1.1 The ferroic class from crystallographic viewpoints

The ferroic class as stated, is a class of material that responds to an applied
field by the reversal of spontaneous polarization as in ferroelectrics, spontaneous
magnetization as is the case with ferromagnetics, and spontaneous strain as is the
case with ferroelastics. Ferroelectrics are influenced by structural symmetry, which
significantly influences their properties, including dielectric, piezoelectric, and
other non-linear ferroic behaviors [14]. Except for translational symmetry, there are
32 crystal point groups, out of which 11 are centrosymmetric and 21 non-centrosym-
metric. 20 out of the 21 exhibit a piezoelectric effect, varying with direction due to
material anisotropy, especially in single crystals [15]. 10 out of the 20 piezoelectric
crystals are isotropic and, when polarized by stimulus in a specific crystallographic
direction, result in a piezoelectric effect. Still, when they are subjected to thermal
energy, the overall piezoelectric effect cancels out since they are isotropic, and
thermal energy is equivalent in all crystallographic directions [16]. The other 10 are
anisotropic crystals, such that applied thermal energy which is equivalent in all crys-
tallographic directions, only favors a single crystalographic direction, causing polar-
ization in the bulk of the crystal and thus called pyroelectric effects. Pyroelectric
crystals spontaneously polarize at room temperature [17]. When the polarization
of a pyroelectric crystal is reversible by an applied electric field, it becomes a fer-
roelectric crystal [18]. The same is true for ferroelastic, as every polarization reversal
retains a strain in the material, giving rise to ferroelastic effects. For a material to be
ferroelectric, it must undergo spontaneous polarization, which must be reversible in
an applied electric field. The criteria for this is the existence of non-centrosymmetry
in the crystal structure.

1.2 Spontaneous polarization in ferroelectric crystals

Polarization in a ferroelectric crystal is dominated by ionic displacement from
one lattice position to the other, resulting in the separation of the centers of cations
and anions due to lattice vibration [14]. At room temperature, ion vibration in
ferroelectric crystals causes charge separation and, hence, spontaneous polariza-
tion. Understanding this phenomenon requires considering factors that maintain
polarization and crystal stability. Every ion in ferroelectric crystal possesses a local
electric field E', whose strength is proportional to the extent of polarization P when
displaced by lattice vibration: If there are N numbers of ions displaced by the effect
of lattice vibration, causing polarization at room temperature, the total Gibb’s dipole
energy contribution resulting from the product of the local electric field and induced
dipole moment for the N ions is given thus:

Gy = -N[ oy ]P2 1)

2
9¢,

where y is the Lorentz factor and for an isotropic cubic system y is equal to 1, a is
the polarizability tensor, ¢, the permittivity of free space. The ions occupying lattice
positions are said to be vibrating about their mean position. If this lattice vibration
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results in a displacement x, then there must be an elastic energy contribution G,
related to the ionic displacement carrying charge ¢, and thus expressed in terms of the
kinetic energy of the ions and temperature-dependent force constants K and K :

K K’
G, = P’ +| —— |P* 2
ela [[quNj +(4q4N3j :| ( )

The total free Gibbs energy contribution in this case will be the summation G,
and G,;,;, which define thermodynamically the stability state of the crystal when

polarized:
2 A
Gy =| |2 |p-N| 2L |p2 4| K |p 3)
29°N 9, 49°N

The contribution of K~ is thermodynamically significant only at very high temper-
atures. When the coefficient of the elastic energy contribution is equal to or greater
than the coefficient of the dipole energy contribution, the polarization becomes zero,
and the paraelectric phase is realized, whereas when the coefficient of the dipole
energy contribution is higher, then the polarization becomes.

5 Harw

P 9. ) \2¢°N
- K'
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If this condition is true at room temperature, the crystal becomes spontaneously
polarized. The Lorentz factor significantly influences spontaneous polarization in
perovskite crystals like PZT-PT, PMN-PT, and (BaTiO; has y =107 [14]), enhancing the
dipole energy coefficient and causing a high magnitude of polarization, indicating
ferroelectric properties. For a cubic system, the Lorentz factor is almost one; hence,
it has a paraelectric nature [14]. The generation of the spontaneous polarization in a
ferroic material can be such that the polarization vector aligns in several directions at
different angles, giving rise to domains and domain walls.

4)

1.2.1 Antiferroelectricity

The case of ferroelectricity is considered a spontaneous lattice polarization in that
the overall bulk polarization is non-zero, and the reversal gives a single loop hysteresis
[11, 19]. In the antiferroelectric crystal, the direction of the dipole moment in each
sublattice points in the opposite direction to that of an adjacent sublattice, resulting
in the cancelation of the overall bulk polarization [20]. In essence, if we consider two
sublattices with polarization P, and Py, then the sublattice polarization in the fer-
roelectric phase can be related as; P, = P, whereas that of the antiferroelectric phase is
givenas; P, =-P,.

The free energy difference between the ferroelectric phase and the antiferroelec-
tric phase is very small such that at a particular applied electric field or mechanical
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Figure 1.
Double hysteresis (a) and antiparallel sublattice dipole (b) in antiferroelectric.

stress, antiferroelectric-ferroelectric phase transition becomes possible, and the
evidence is the associated double loop hysteresis shown in Figure 1. Other evidence
of antiferroelectric-ferroelectric phase transition is a giant volume change and a high
increase in dielectric polarization.

2. Domain wall formation in ferroic materials

The idea of domain wall formation borders on phase transitions either from par-
aelectric to ferroelectric or between two ferroelectric stats as in ferroelectric materi-
als, or from paramagnetic to ferromagnetic or between two ferromagnetic phases as
in ferromagnetic materials or from one ferroelastic state to another as in ferroelastic
materials. This kind of phase transition significantly breaks the symmetry of the
material. To compensate for the associated energy contributions that may hamper
the stability of the crystal, the bulk of the ferroic material breaks into homogeneous
regions with lower energy contributions, as we shall see.

2.1 Ferroelectric domain wall formation

The concept of domain and domain wall formation in the ferroelectric crystal is
directly related to the depolarizing field. The surfaces of most ferroelectric crystals
perpendicular to the direction of ferroelectric polarization contain bond charges that
generate a strong depolarizing field d,,, that acts in the opposite direction to that of
the ferroelectric polarization P [8]. The energy contribution of the depolarizing field
(electrostatic energy) tends to perturb the stability of the ferroelectric crystal and
therefore, to minimize this energy, the crystal breaks into various regions of homo-
geneous polarity pointing at a unique direction [6]. Each region of homogeneous
polarity is called a domain and the boundary between them is regarded as a domain
wall. This idea is illustrated in Figure 1, where a monodomain crystal is shown with
avery high depolarizing field (Figure 2a), when the monodomain breaks down into
two (Figure 2b), the depolarizing field reduces tremendously and is thus eliminated
in a multiple domain (Figure 2c).

2.2 Ferromagnetic domain wall formation
In ferromagnetic materials, a domain wall can be formed in the same manner as in

the case with ferroelectric, but in this case, the alternating field to the magnetized field
is the demagnetizing field, which impairs the stability of the crystal. This also influences
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(a) (b) (c)

Figure 2.

Formation of domain and domain wall: (a) strong depolarizing field on ferroelectric with a single domain, (b)
breakdown of the single domain into 180° domain wall reduces the depolarization field, and (c) formation of
multiple 180° domain walls eliminates the depolarization field.

the ferromagnetic material to break its single domain into several domains in other to
eliminate the influence of the demagnetizing field. The energy related to the demagne-
tizing field is magnetostatic energy, which must be minimized through domain forma-
tion to stabilize the bulk ferromagnet. The sum of the domain’s magnetization is often
zero, which shows that when several domains are formed in a ferromagnet, the material
loses its magnetization outside an applied magnetic field. This process can be illustrated
as in ferroelectric (Figure 2); however, the associated field is magnetic.

2.3 Ferroelastic domain wall formation

Inherent energy related to ferroelectric distortion can also cause the formation
of domain and domain walls, this time, shear directions are of interest [21]. For
example, in terms of strain related to a phase transition, perhaps from paraelectric
to ferroelectric or from one ferroelectric to another ferroelectric phase, the internal
strain during the shear effect may not be distributed evenly within the material and
to minimize the energy contribution related to the strain, the shear direction may be
alternated giving rise to a twin-like boundary with each region of like shear form-
ing ellipsoidal elastic dipoles referred to as elastic domain [21]. This kind of domain
formation is dominant in materials that also undergo ferroelastic phase transition,
where there is a change in one of the tensorial thermal expansion coefficients related
to the crystal structure and shape of the material, which retains strain during the
high-low symmetry transition. Retained strains are often in the form of ellipsoidal
elastic dipoles, as shown in Figure 3.

Elastic dipoles forming domains
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Figure 3.
Ellipsoidal dipoles forming elastic domain and domain wall.
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2.4 Domain wall sizes and implications

According to Kittel’s law [20], the width of the domain in terms of its size is
directly proportional to the square root of the inverse of its thickness. The domain
size in general depends on the competing energy difference between the domain and
domain wall. The energy of the domain depends on its width, and that of the domain
wall depends on its number. To minimize this energy contribution, the domain size w,
most follow the Kittel’s law stated mathematically as:

o

where o is the energy of the domain wall, U is the volumetric energy, and 4 is the
thickness of the bulk material. In ferromagnetic materials, magnetic energy exchange
promotes a wide domain wall, and ferromagnetic anisotropy promotes a finer domain
wall, thus influencing the shape and size of the ferromagnetic domain and domain
wall. In ferroelectrics, dipole-dipole energy and ferroelectric anisotropy are of the
same order of magnitude, and the domain walls are finer in ferroelectrics than in
ferromagnetic ones. The fine domain structures, in terms of their sizes, significantly
influence the physical properties of the ferroic material.

2.5 Domain wall visualization

Research today concerning domain and domain walls in ferroelectric and fer-
romagnetic single crystals is made possible due to the possibility of visualizing the
domain and domain wall in an in-situ experiment with spatial resolution up to sub-
atomic levels. A good number of techniques have been developed, all of which stem
from microscopy, ranging from optical, electron, and scanning probe microscopy.
Optical visualization of the domain is possible either by birefringence contrast and
chemical etching in ferroelectrics or by magneto-optical Kerr effect in ferromagnet-
ics. Interactions of electrons with the surfaces of ferroic materials can also generate
information through backscatter or secondary electrons to provide images of the
various domains present. Some of these electron microscopes include scanning elec-
tron microscope (SEM), transfer electron microscope (TEM), and scanning transfer
electron microscope (STEM). In some cases, surface functionalization of the ferroic
sample is also possible in an electron microscope for domain wall visualization. The
most effective technique for the visualization of the domain walls is through scanning
probe microscopy, which includes atomic force microscopy (AFM) that takes advan-
tage of Van-der-wall forces at the surface, and scanning tunneling current microscopy
(STCM) that embodies electrostatic force microscopy (EFM), magnetic force micros-
copy (MFM) which rely on influences from the magnetic field, piezoelectric force
microscopy (PFM) which relies on non-linear polarization response to an applied
electric field, and photoemission electron microscopy (PEEM) which takes advantage
of the asymmetric nature of the electron charge distributions within the surfaces of
the ferroic material.

The above techniques have been successfully used to study materials with a single
ferroic order. However, significant interference occurs when two or three ferroic
orders are coupled in a material. For instance, consider an MFM investigation of a
domain in a multiferroic with coupled ferromagnetic and ferroelectric potentials.

It becomes difficult to probe the magnetic field without interference from the
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polarization field and vice vasa. This limitation makes it difficult to visualize domain
and domain walls in multiferroic materials using scanning probe microscopy. Hence,
techniques like second harmonic generation (SHG) that rely on doubling of light
frequency in sample materials, makes it suitable for visualization of independent
magnetic and electrical fields in multiferroics. Other researchers employ the combi-
nation of two or more probing techniques to come to a suitable conclusion regarding
domain structures in multiferroics.

3. Domain wall geometry

Domains contain polarization vectors and these vectors in adjacent domains can
either align in an antiparallel manner creating a domain wall of 180° (Figure 4a)
or in a nearly perpendicular manner creating a domain wall of 90° (Figure 4b). In
certain ferroelectric materials like tetragonal BaTiO;, 71° and 109° domain walls can
be observed; however, for convenience, they are all categorized as 90° domain walls
[21]. In 90° domain walls, adjacent domains’ polarization or magnetization vectors
can be coupled via head-to-tail, tail-to-tail, or head-to-head. The most common one
found in perovskites like BaTiOj; is head-to-tail, as shown in Figure 2b. This kind of
arrangement influences the nature of charges found within the vicinity of the domain
wall, making the physical properties within the wall different from that of the domain
itself. Tail-to-tail and head-to-head configurations often result from the interac-
tions between 180° and 90° walls, forming a new 90° wall. These configurations of
90° domain walls show no significant differences in terms of optical properties for
visualization; however, they can be differentiated using a multiple interferometric
technique [22]. In some cases, a polarized microscope can provide information about
90° domains due to differences in spontaneous birefringence. It should be noted that
this technique is not efficient for visualizing 180° domain walls where antiparallel
polarization vectors show similar optical responses. To visualize an 180° domain wall,
an electric field and strain must be induced to cause some infinitesimal polarization
reversal in two domains with opposing directions, thus providing different spontane-
ous birefringence. It has been shown that geometrically, both 180° and 90° domain
walls can either be a straight line or cylindrical, forming a curved ring-like domain
wall. These curvatures greatly impact the properties of the domain wall, making them
significantly different from the domain, as we shall see.

3.1 Implication of the domain wall geometry
In recent discoveries, the domain wall including 180° and 90° walls can either be

straight or curved. The curvature of the domain wall has a significant influence on the
physical properties of the domain. It must be first established that the properties of

Mt

180° (a) and 90° (b) domain walls.

(a)

30



Domain and Domain Wall Motion
DOI: http://dx.doi.org/10.5772/intechopen.1006892

(=)

Jffff’

W (+++)

Figure 5.
Ring domain wall.

the domain are significantly different from those of the domain walls in that some of
the walls possess electrical conductivity, which is a property alien to the domain itself
since the ferroic material is considered a poor conductor of electricity. Researchers
have also demonstrated intrinsic hysteresis within the domain wall, memory effects,
and time-dependent dynamics [23]. This observation (domain wall charge conduc-
tion) implicates the domain dynamics as a function of polarization dynamics in
terms of shape, geometrical change, or ionic processes involving the vacancy/carrier
separation process. In a clear term, the electrical conductivity of the domains is
greatly influenced by the geometry of the domain, which is either straight or curved.
For straight domain walls, the electrical conductivity does not vary at any point, and
this has been studied by Vasudevan et al. [23], whereas curved domain walls, often

in the form of a ring wall (Figure 5), show various electrical conduction dynamics at
different curvature positions. The electrical conduction dynamics due to domain wall
curvature also influence the polarization dynamics differently; hence, the ferroelec-
tric properties are affected. An overview of a charged domain wall has been disclosed
by Bednyakov et al. [24]. The discovery of electrical conduction on the domain

wall leads to several investigations of the nature of the charge configurations on the
domain wall and its electronic applications. The charge configurations of the domain
wall have been explored for memory storage device fabrication [25].

4. Types of domain walls

There are three known kinds of domain walls, which are classified based on the
nature of changes in the polar order at the domain wall plane which exist in both
ferroelectric and ferromagnetic materials [8]. These domain walls include Ising-type
domain walls, Bloch-type domain walls, and Neel-type domain walls.

4.11sing-type domain wall

In an Ising-type wall, the polar axis is fixed and moving across the wall in such a
manner that changes the magnitude of the polarization as it moves across the plane of
the domain wall from up to down and passes through zero at the center. These walls
are the finest and are found predominantly in ferroelectric materials. Geometrically,
180° domain walls in ferroelectrics are assumed to be majorly of the Ising-type
because the coupling for instance between polarization and strain in the ferroelectrics
requires a large amount of energy for the polarization vector to rotate away from the
plane of the symmetry allowed directions hence an Ising-type domain is preferred as
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for 180° domain wall in ferroelectrics. However, it is possible to find a mixed situation
where other types of domain walls like the Bloch-type co-exist with the Ising-type

in 180° domain walls. This often occurs during phase transitions on cooling where

the Ising-type domain in ferroelectric perovskites tends to switch by diminishing
polarization magnitude and at the same time allowing a switch that rotates across the
plane of the domain wall, resulting in mixed Ising-Bloch domain walls [26]. Lee et al.
[27] theoretically, using the density function, predicted both PbTiO3 and LiNbO3
perovskite materials to show the mixed Ising-Bloch domain character. It is important
to know that such a mixed domain wall can exhibit physical properties dissimilar to
those with a single-type domain wall.

4.2 Bloch-type domain wall

In a Bloch-type wall, the polarization rotates within the plane of the domain wall
without changing its magnitude. In this type of domain wall, charges are domiciled on
the external surfaces and interface between the two domains and often occur in bulk
materials with uniaxially anisotropic plane axes. The idea of the Bloch-type domain
wall is that the transformation or polarization switch within the wall is continuous
and not abrupt, with several magnetic spin or polarization vectors lying orthogonal to
each other such that the exchange energy required for stability can be lowered when

(a) (b)

Rotation of the polarization vector about
the plane parallel to the domain wall

Domain wall \\‘l /“. I
T

(c)

Domain wall

——

Rotation of the polarization vector about
the plane normal to the domain wall

Figure 6.
Domain walls based on the change in polar divections. (a) Ising-type domain wall, (b) Bloch-type domain wall,
and (c) Neel-type domain wall.
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distributed among several polarization vectors or magnetic spin within the wall. The
Bloch-type domain exists in ferroelectrics subjected to high stress to overcome the
effect of the electrostrictive energy, allowing rotation in the disallowed symmetry
directions and naturally in ferromagnetic materials, making it crucial for domain
studies and applications. In BaTiOs, the Bloch-type domain exists in the 4 mm space
group of the tetragonal crystal system predicted by Monte Carlo calculations [28].
They observed a distortion in the orthogonal plane of the domain wall; however, they
considered it a computational error.

4.3 Neel-type domain wall

In the Neel-type wall, the polarization is rotated perpendicular or normal to the
polar axis, and at the center, they lie in the orthogonal direction to the plane of the
domain wall. Both Bloch and Neel-type domain walls are predominantly found in
ferromagnetic materials. The Neel domain walls present special domains that depend
on the thickness of the ferromagnet. A Transverse Domain (TD) wall is possible for
thin ferromagnets. This domain operates so that the spin moment is rotated within
the plane of the sample thickness, thus minimizing the competition between the
energy contributions of the demagnetizing field and that of the magnetization field,
enhancing stability in the bulk material. The domain can be transformed into a Vortex
Domain (VD) by increasing the thickness of the ferromagnetic material. In the VD,
the magnetic spin forms spiral-like structures that attempt to minimize the imposed
energy contribution of the demagnetizing field [29]. Figure 6 illustrates the three
domain wall types in ferroelectric and ferromagnetic materials.

5. Domain wall motion

The major evidence that a domain and domain wall are formed in a ferroic mate-
rial is its contribution to ferroelectric hysteresis that arises from domain wall motion.
As outlined earlier, these motions can be visualized via techniques such as optical,
scanning electron, scanning probe, second harmonic generation, and photoemission
electron microscopy [8]. Generally, materials with the ferroic status undergo polar-
ization reversal or domain switching when subjected to an applied field that accounts
for the inherent hysteresis [11]. Domain wall motion plays a key role in polarization
switching, facilitating the nucleation and growth of domains initially antiparallel to
the applied field. Domain wall motion can be activated by an applied electric field,
magnetic field, and stress field and thus proceeds by three well-known mechanisms
including domain nucleation, domain growth either forward or sideward, and finally
coalescence of adjacent domain walls [30].

Nucleation often occurs in a specific crystallographic direction where polarization
is favored. In that direction, expansion of the domain occurs at the expense of other
domains pointing to other crystallographic directions. For every switching process,
nucleation will always arise in the favored direction, which specifies the inhomo-
geneity and anisotropic nature of the nucleation process, depending on the field in
which it is applied. Domain growth occurs rapidly in the forward direction into the
bulk of the material, followed by sideways growth. The process depends on electric,
magnetic, and stress field strength, defects in material, and material geometry. In the
final stage of domain wall motion, the coalescence of the domain occurs when two
domains combine, forming a larger one and the wall disappearing between them.
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Domain wall motion is always hampered by grain boundaries, especially in ceramic
materials. Marincel et al. [31] studied domain wall motion across grain boundaries

in thin films and discovered that the nature of the grain boundaries plays a crucial
role for instance, a twisted grain boundary hampered the domain wall motion more
when compared to a tilted grain boundary. From kinetics, the domain wall motion, as
we shall see, is greatly influenced by defects present in the ferroic material. The most
significant evidence of domain wall motion is the hysteresis loop in ferromagnetic and
ferroelectric materials, whereas in ferroelastic materials, a butterfly loop becomes the
signature. This hysteresis is presented in Figure 7(a) for polarization or magnetiza-
tion and Figure 7(b) for mechanical strain.

5.1 Domain wall kinetics

The kinetics of the domain wall have been said to follow a Boltzmann’s distribution
where the velocity v at an applied field strength E, is of the form [12]:

V=0, expi(f] (6)

where v, the initial velocity in the absence of applied electric field and E, is the
activation energy. Materials with low mobile domain walls are considered hard, hav-
ing very high coercive fields while those with fast traveling domain walls are regarded
as soft, having lower coercive fields [21]. The kinds of doping (e.g., acceptor or donor
doping) significantly influence the domain wall’s mobility. Depending on the material
application, doping can be used to engineer the domain wall motion. Soft ferroelectrics
are usually suitable for switching applications, and since they have high dielectric and
electromechanical constants, they can be used to convert mechanical energy to electric
energy. Hard ferroelectrics on the other hand have high resistance to depoling and hence
can be used for actuating functions in converting electrical energy to mechanical [21].
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Figure?7.
Nature of hystevesis that arises during domain wall motion for ferroelectric/ferromagnetic hystevesis (a), and
ferroelastic hysteresis (b).

34



Domain and Domain Wall Motion
DOI: http://dx.doi.org/10.5772/intechopen.1006892

6. Contribution of domain wall motion to ferroelectricity

When a ferroelectric crystal is subjected to a critical applied electric field called
the coercive field, domain wall motion is first nucleated, thus growing forward and
sidewise, followed by domain coalescence when the applied electric field exceeds
the coercive field [12]. This process results in the poling of the most favored domain
in the direction of the applied field, and the result is the hysteresis loop, where the
applied electric field is first in the forward direction and then reversed. Four intrinsic
and frequency-dependent contributors to polarization in ferroelectrics include elec-
tronic, atomic, ionic, and space charge. The fifth contributor, which is an extrinsic
contributor to polarization in ferroelectric materials, is the domain wall motion [32].
Herbiet et al. [33] studied the volume contribution of the domain wall motions to
ferroelectricity and thus discovered the piezoelectric and dielectric constants in fer-
roelectric materials are greatly influenced by the motion of non-180° domain walls. In
the case of piezoelectrics, the material is first poled into a single domain, and then via
the application of mechanical stress or electric field approximately 1/3 of the coercive
field, the polarization shows a non-linear behavior with the applied field character-
ized by the piezoelectric coefficient.

If we consider a single crystal with various domain structures with zero applied
fields, the domains in a ferroelectric material are pointed randomly in different
directions to minimize the effect of the stray field (Figure 8). Point (a) presents
a net zero polarization in the ferroelectric material due to the randomization of
the domain polarization in the absence of an applied electric field whose resultant
polarization is canceled out. When an electric field is applied to the material, a
non-linear polarization response occurs until point (b), where the polarization
becomes saturated. On switching the direction of the applied field, the domain will
gradually reorient such that at zero applied field, there is still a remnant polarization
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Domain switching.
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equivalent to point (c). Further, a decrease in the applied field until a point (d)
called the coercive field in the reverse direction is reached where the polarization
becomes zero. At saturation in the reverse direction, the polarization reaches its
maximum, but this time, the polarization vector is pointed in the opposite direction
to the initial vector, as shown in point (e). When the applied field is again reversed
in the forward direction up to zero applied field, a remnant polarization in the
negative axis is observed corresponding to the point (f). When a critical field called
the coercive field is applied in the forward direction, reorientation of the domain
or polarization vectors occurs. However, the polarization disappears and becomes
zero due to the randomization of the domain wall, whose net polarization is zero, as
shown in point (g).

From the hysteresis loop of Figure 8, the non-linear region between points ‘a’
and ‘c’ exists which corresponds to the non-linear response that depends on 90°
domain wall motion and must often result in vibrational deformation of the bulk
materials thus, characterizing the converse piezoelectric behavior. The reorienta-
tion of the polarization vector in this case is accompanied by domain wall motion
until a saturation point where all domains have been successfully switched. At the
saturation point, there is no increase in polarization with the applied field and a
single domain is possible (points b and e). The hysteresis loop discussed in this
perspective for ferroelectric is synanimouse to ferromagnetic, with the difference
being in the fact that and applied magnetic field is used to induce the magnetiza-
tion causing the hysteresis.

The effect of grain size on dielectric properties has been linked to domain wall
motion in that, fine grain size, being perceived to have a single domain, has a low
contribution to polarization compared to grains which, when above a particular criti-
cal size, are made up of multiple domains that contribute enormously to the polariza-
tion vector. At some larger grain sizes, the domain wall volume density decreases
and therefore reduces the contribution to polarization [8]. The coercive field in the
forward and backward direction is the same and therefore, entails the frictional
nature of the domain wall motion [21], which gives rise to a strain in a particular
crystallographic direction when poled, as shown in Figure 7. An alteration in terms
of applied stress or electric field results in direct or converse piezoelectricity, respec-
tively [21]. Research has shown that not all domains can be switched in a particular
direction, in fact, as presented in Figure 9, only domains that lie within the cone of
acceptability in the direction of the applied electric field can be poled. The region of
the forbidden domain switch remains frozen until the point of dielectric breakdown
of the ferroelectric [34].

Mom-reversible

Figure 9.
Region of polarization veversal in ferroelectrics.

36



Domain and Domain Wall Motion
DOI: http://dx.doi.org/10.5772/intechopen.1006892

6.1 Factors affecting domain and domain wall motion

Ferroelectric domains are a function of polarization, which strongly depends
on the crystal symmetry of the material under certain thermodynamic conditions.
Generally, these conditions spang through temperatures, pressures, and applied
electric fields, which induced noncentral-symmetry in the material either by lattice
distortion, ionic displacement, and so on, capable of generating dipole moments and
thus polarization. In some cases, when these dipoles are generated, they are subject
to the influence of local fields, chemical doping, dislocations, and grain effects. Some
of these factors are considered briefly. The width of the domain wall can also be
influenced by the local field, which either increases the energy of the potential well or
increases it.

6.2 Local field

Local fields generally exist in ferroic materials and greatly influence parameters
like the domain wall mobility, kinetics, width, energy, structure, and even pinning
and depinning of the domain walls. The domain wall structure, especially when tilted
or curved can interact with the local fields, which often provide significant informa-
tion in understanding the domain wall dynamics which is characterized by domain
nucleation, growth or shrinkage, and vibration of domain walls under applied fields.
Apart from the tendencies of pinning and depinning of domain walls by local field, it
is also possible to initiate domain wall motion under this field causing a slight domain
shift via the motion or migration of ionic species under applied fields causing separa-
tion and polarization as shown in Figure 10 [35].

6.3 Lattice distortion

Lattice distortion plays a significant role in domain and domain walls, especially in
terms of domain formation, domain width, mobility, and kinetics. Distortions in crys-
tal lattice often arise from the influence of either a donor or acceptor dopant, retained
strain from either thermal or stress fields, and so on. Within the domain walls, the vari-
ations in the order parameters have been proven via first-principles calculations to be
due to large lattice distortion within the vicinity of the domain walls [36]. The gradual

Migration of cations Migration of anions

Megathve terminal
Posltlve terminal

® Pb*" @ 02 © Ti**/NH5 (hard) or Tit* [Fe3* (soft)

Figure 10.
Effects of applied fields on ferroelectrics.
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polarization switching zone observed in ferroelectric material with wide domain width
is caused by lattice distortion imposed on the domain wall, resulting in domain width
widening. This is highly significant as it prevents the abrupt nature of polarization
reversal and rather spreads the switch within the wide region of the domain width,
creating a well-defined hysteresis in ferroelectric single crystals. Distorted lattice in
domain walls often serves as pinning centers for domain wall motions, especially in
aregion with highly dense lattice distortion, as shown in Figure 11(a). These effects
can greatly influence the dynamics and kinetics of mobility of the domain wall, as
enshrined in Shi et al. [37]. It is also possible for the impurity or dopants present in the
material to interact with the fields of the lattice distorted region, thereby modifying the
local electronic fields of the material and thus the domain energy landscape [35].

6.4 Crystal structure

The crystal structure of most multiferroic materials plays a significant role in
modifying the order parameter as well as the nature of the domain and domain
wall configuration. Generally, the high-temperature cubic systems are paraelectric
and show no sign of spontaneous polarization, as shown in the cubic undistorted
cell in Figure 11(b) [38]. However, on the transition to lower symmetry crystal
systems like the tetragonal, monoclinic, orthorhombic, and rhombohedral, a non-
centrosymmetry set in, and this results in the generation of spontaneous polarization,
especially in the ABX; perovskite configuration which has lower energy necessary
for forming dipoles whose domain walls has low energies compared to other complex
crystal systems as shown in the distorted cells of Figure 11(b). The different kinds of
crystal systems exert different types of lattice distortion as well as strain hence, the
domain walls and width are influenced differently depending on the crystal system.
Transitioning from one crystal symmetry to another also impacts the order parameter
and the domain wall motion. Anisotropy is one important property found in fer-
roelectrics, which are dependent on the material as well as the crystal systems, certain

(a)

:_‘——u_._.__
Distorted region capable of
pinning lonic motions
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Undistorted eell without polarization
Distorted cells inducing polarization

Figure 11.
Effects of lattices distortions as well as crystallography on domain wall.

38



Domain and Domain Wall Motion
DOI: http://dx.doi.org/10.5772/intechopen.1006892

crystallographic directions tend to have higher order parameters compared to adja-
cent directions [15]. This is possible due to the nature of domain wall motion, which
differs ultimately depending on the direction of the applied field [39].

6.5 Grain and grain boundary

Generally, the physical properties, especially of the order parameters, are much
more enhanced in the single crystalline phase than in the polycrystalline phase where
there are so many micro grains. These grains have grain boundaries that are energeti-
cally high and therefore serve as a pinning center for the order parameters by pre-
venting ionic motions, as shown in Figure 12. The shape, size, topology of the grain,
and roughness of the grain boundaries are also parameters that greatly influence the
domain wall motion, and these have been selected as variables for the engineering
design of the domain wall configuration and mobility. The size and orientation of
grains in a polycrystalline ferroelectric material can dictate the overall domain struc-
ture and domain wall behavior. Smaller grains may lead to more frequent encounters
between domain walls and grain boundaries, affecting the material’s macroscopic
ferroelectric properties. Understanding the effects of grains and grain boundaries on
ferroelectric domain walls is crucial for optimizing ferroelectric materials for various
applications, including memory devices, sensors, actuators, and capacitors. Strategies
to control grain size, orientation, and boundary properties can help tailor the perfor-
mance of ferroelectric materials to specific technological requirements.

6.6 Domain interaction

Domain interaction is common in most ferroelectric materials and has a unique
way of influencing domain mobility. The ferroelectric switching that contributes to
the hysteresis loop can be greatly affected by domain interaction due to the impact of
the interactions on the domain wall motion, which serves as an extrinsic contribu-
tor to the polarization switch. This interaction can be head-to-head, tail-to-tail, or

Finmed lons af the grain boondaries

Figure 12.
Effects of grain boundaries on pinning down ionic motions.
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Figure 13.

Different configuration of domain interactions. (a) Head-Head, (b) Head-Tail, (c) Tail-Tail.

head-to-tail, as shown in Figure 13, and thus greatly influences the configuration

of the domain wall in times of its topology, and even properties like conductivity.
When the energy related to domain interactions is very low, then the associated
energy of the domain wall can be minimal, allowing the domain wall to move to a
lower applied field. However, when the interaction between domains is very strong,
this can hamper domain wall motion and result in the domain wall’s pinning. The
strain and stress field related to domain wall interactions can also impact the width of
the domain wall, which can either be narrowed or widened.

6.7 Dislocations

In ferroelectric materials, dislocation science is a common science. As is gener-
ally known, dislocations are line defects, either screw or edge (Figure 14), that
frequently cause considerable amounts of strain fields to remain in a material, which
can lead to localized lattice distortions. These tiny 2D flaws affect the domain’s
width, structure, and even motion when they contact with the walls. Improved
order parameters is nearly impossible to achieve since greater energy dislocations
can act as pinning centers for domain wall motion. The electrical and stress field
close to the domain wall can also be changed by dislocations, which could change
the field’s characteristics and affect the polarization switch’s functionality. Because

(a) (b}

Point of screw dislocation !

A
Point of edge dislocation

Figure 14.
Screw and edge dislocation. (a) Screw and (b) edge dislocation.
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of their mechanical impacts, strain fields, and defect interactions, dislocations in
ferroelectric materials are important factors that affect the behavior and character-
istics of ferroelectric domain walls.

7.Domain and domain wall engineering in ferroelectrics

The major significance of domain and domain wall motion in ferroelectric
materials is the contribution to piezoelectric and dielectric coefficients. This is
true because these coefficients depend on the nature of the domain and its con-
figuration. Several factors must be manipulated to engineer the domain and its
wall to enhance the physical properties suitable for applications. Regarding the
domain, the orientation of the polarization vectors and the sizes of the domain
are often the manipulating parameters. Domain wall engineering involves the
manipulation of adjustable parameters such as domain wall mobility and kinetics,
topological structures, and conduction within the vicinity of the wall. Various
techniques have been studied to manipulate these adjustable parameters to obtain
enhancement in physical properties. The kind of engineering technique differs
depending on the material: ferroelectric ceramic (polycrystal), single crystal, or
thin film for which varying processing techniques are predominant depending on
purpose and mode of application. Some of these domain and domain wall engi-
neering techniques are discussed based on ceramics, single crystals, thin films,
polymers, and composites.

71Domain engineering

A good number of parameters have been considered valid for the engineering of
the ferroelectric domain. These include the reorientation of the domain by poling
which is mostly significant for piezoelectric studies. Poling involves the application of
avery high electric field on the ferroelectric material which re-aligns all the polariza-
tion vectors of the adjacent domain to the direction of the applied electric field, to
obtain a monodomain condition. The second technique for domain engineering is
domain size reduction mostly induced by grain size reduction. Reduction of grain size
can be achieved by manipulating the processing temperature. The grain size reduc-
tion strategy greatly reduces the long-range polarization order and thus increases the
density of 90° domain walls.

7.2 Domain wall engineering

The engineering of the domain wall is dependent on the manipulation of param-
eters that greatly influence the domain wall’s topological structure, conduction
attributes, mobility, and kinetics. Some of the techniques such as grain size reduc-
tion and orientation strategies already discussed for the domain, also influence the
domain wall. For instance, the density of the domain wall increases when the grain
size reduces, and this greatly influences the topology and geometry, leading to a
conduction in the wall. In addition, when the density of 90° walls increases, mobility
and kinetics of the wall motion are facilitated thus contributing extrinsically to the
electrical susceptibility [1].
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7.3 Domain and domain wall engineering: ceramics
7.3.1 Mesoscopic chemical inhomogeneity

Chemical inhomogeneity in ceramic material arises when one or two constitu-
ent elements or an impurity dopant are distributed unevenly over the bulk ceramic,
creating a concentration gradient in the bulk material. This inhomogeneity often
occurs when highly volatile constituent elements or impurity dopants segregate when
subjected to prolonged calcination and sintering time at very high temperatures
and pressures. By adequately controlling the calcination temperature, it is possible
to regulate the chemical inhomogeneity [1]. Chemical inhomogeneity is a major
constraint influencing the topographical structure size, shape, and general configura-
tion of the domain and domain wall in ferroelectric ceramics. This parameter can be
adjusted using a suitable calcination and sintering temperature, pressure, and time.
Although, it has been confirmed that prolonged annealing does not improve the
chemical homogeneity [40], precursor technique, which involves the regulation of the
processing parameters, helps in the facilitation of the mesoscopic chemical inhomo-
geneity. Domain and domain wall engineering by mesoscopic chemical inhomogene-
ity often results to the following:

i. Breakdown of the long-range domain-continuity into fine domain structures
increasing domain wall density within a grain (formation of nano-size dense
domain)

ii. Formation of nano polar inhomogeneous regions that exhibit non-linear piezo-
electric response.

7.3.2 Grain-size effect

The average grain size of a polycrystalline ceramic shows a significant influence
on the average density of the domain and domain wall. This is true because the grain
boundary serves as a region of discontinuity of the domain, hence all domains within
the grain are trapped within it. In terms of the bulk ceramic, the bulk average size
of a ferroelectric ceramic must be >10 nm [41] to retain the ferroelectric properties.
Generally, it has been reported that bulk size reduction leads to a decrease in the fer-
roelectric order of the ceramic material and thus disappears at <10 nm. This observa-
tion is based on bulk material. Contrary to the bulk size, the reduction in grain size
increases the density of the 90° domain wall, which contributes significantly to the
piezoelectric and dielectric response of the ferroelectric material. The grain size can
be controlled during sintering by temperature manipulations.

7.4 Domain and domain wall engineering: single crystals
7.4.1 Chemical modification by doping

In most cases, ferroelectric single-crystal precursors are synthesized within the
morphotropic phase boundary (MPB), where the coexistence of phases predomi-
nantly fosters ferroelectric-ferroelectric phase transition when the single crystal is
subjected to external stimuli like temperature, electric field, pressure, or stress, etc. If
we recall, domain and domain wall formation is a product of phase transition; hence,
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precursors synthesized within the MPB offer an opportunity for grown ferroelectric
single crystals to be manipulated by the application of an external field to engender
phase transition and, thus, manipulate the domain configuration through same.
Compositional modification can also be achieved through acceptor and donor dop-
ing, which is significant in engineering the domain and domain wall. When a donor
dopant is introduced into a B-site of a ferroelectric ABO; perovskite, say PbTiO; for
instance, a donor dopant like Nb** influences the formation of Pb** vacancy at the
“A” position. This vacancy tends to compensate for the dopant charges but becomes
difficult to move on the application of an external field, and thus requires a large
amount of energy to move the Pb* vacancy for instance from position (i) to position
(ii) in Figure 15(a). In this case, no complex defects are formed; hence, pinning of
the domain wall is significantly impossible.

On the other hand, when an acceptor dopant like Fe’* is introduced into the
B-position, it engenders O*” vacancies, and since the O~ vacancies are located at the
octahedral position, it has easy access to movement around this position; hence, less
amount of energy is required to move the 0> vacancy from position (i) to position
(ii) as shown in Figure 15(b). The problem with the o> vacancy is that it generates
complex dipole defects that are often aligned in directions that pin the domain wall
motion under applied fields until a particular threshold, then depinning sets in,
and the complex defects dipoles will align in the same direction as the applied field,
contributing to the order parameter. These defects engender by doping engineering
results in the formation of hard and soft ferroelectrics in ceramic or single crystals
whose domain wall is either clamped or unclamped for the donor and acceptor dop-
ant, respectively. In undoped composition, the domain in PbTiO; behaves as though it
is of a hard ferroelectric because the Pb** vacancies are compensated by O~ vacancies,
and therefore require large energy to shift the B-cation from one potential well to
another in order to induce the hysteresis.

One effective method for controlling the characteristics of ferroelectric materi-
als, such as domain wall behavior, is chemical doping. Comprehending the distinct
impacts of dopants on domain walls is imperative for the enhancement of ferroelectric

Phi"-vacancy engineered by 0- -vacancy engineerad by
donor doping (Nb5*) acceptor doping (Fe¥*)

® Pb?* @ 02- 5 Ti**INbS*(hard) or Ti**IFe™* (soft)

Figure 15.
Effect of the donor (a) and acceptor (b) dopant on domain and domain wall motion (PbTiO; system).
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materials intended for a multitude of uses, encompassing memory devices, sensors,
and actuators. The performance of ferroelectric materials can be precisely tuned by
engineers to satisfy certain technical needs by controlling the kind, concentration,
and distribution of dopants.

7.4.2 Poling

In ferroelectric single crystals, reorientation of the domain and the motion of the
domain wall can be engineered by poling. The application of a high AC electric field
with varying temperatures can be used to achieve poling in single crystals offer-
ing varying domain sizes. In other words, it is possible to engineer the domain and
domain wall by poling to obtain fine domain sizes and thus enhance the piezoelectric
properties. This technique has been used to enhance the piezoelectric properties of
BaTiO; [42]. Poling contributes to the piezoelectric coefficients through the forma-
tion of 90° walls. Must ferroelectric materials exhibit anisotropic behavior having
their physical properties different depending on the crystallographic directions. In
this sense, when a single crystal is poled in a specific crystallographic direction, the
piezoelectric and dielectric coefficients change depending on the direction of the
applied field. For instance, in PZN-PT, the direction of spontaneous polarization is in
the [111] directions, but poling the single crystal through [001], a giant piezoelectric
and dielectric coefficient is observed. As it is with a single crystal, poling can also
be achieved in ceramics where in both cases an alternating current is applied on the
material plated with platinum or gold electrodes on either side which minimizes the
effect of stray field and allows the domain to be poled by the applied field. Poling in
ferroelectric can be achieved by applying an electrical field, while in ferromagnetic
can be achieved by applying a magnetic field.

7.5 Domain and domain wall engineering: thin film

In thin films, domain and domain wall engineering can be achieved most impor-
tantly by the nature of the substrate material used. This substrate can engender phase
transitions (for instance, BiFeOs thin film can transit from tetragonal to rhombohedral
when an epitaxial strain substrate is used), enhancement, and change in the direction
of the order parameter like polarization and magnetization vectors. The application of
either tensile or compressive stress can also engineer the domain and domain wall in
thin films. Others include poling, chemical modification, temperature, light, etc.

7.6 Domain and domain wall engineering: polymers and composites

Ferroelectric polymers, copolymers, and composites also exist with well-defined
hysteresis showing enhanced piezoelectric, dielectric, and electromechanical coef-
ficients. The existence of ferroelastic, ferromagnetic, and ferroelastic behaviors can
also be traced in most of these materials. An example of a polymer with well-defined
ferroelectric behavior is polyvinylidene fluoride (PVDF). Aside from the PVDF
homopolymer, the Co-polymer, polyureas, and polyamide [43], have been proven
to show significant ferroelectric properties. Ferroelectric polymers are not pure
crystalline materials but a mixture of both crystalline and amorphous nanoregions,
which in addition to changes to crystal symmetry during phase transition, also show
morphological changes in the crystal-amorphous nanoregions that greatly influence
their ferroelectric properties [44, 45]. At various suitable compositions, copolymers
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of PVDF with trifluoro ethylene have shown tendencies of temperature-dependent
ferroelectric-paraelectric phase transition with clear Tc [44] which makes them not
only suitable piezoelectric materials but also potential pyroelectric materials with
high-temperature stability [46], and thus paving the way for multifunctionality.

In this ferroelectric polymer material, the domain and domain wall can be engi-
neered by the previously mentioned techniques, including compositional modifica-
tion and poling. Engineering the ratio of crystal-amorphous nanoregions within the
ferroelectric polymer can also significantly influence the ferroelastic and ferroelectric
domains. Introducing inorganic ferromagnetic oxides can also help induce ferromag-
netism and thus engineer the nature and configuration of the domain wall. Li et al.
[45] have reported the possibility of surface engineering through the embedment
of nano-ferroelectric inorganic oxides into the matrix of these polymers to further
enhance their ferroelectric by inducing other ferroelectric properties and thus foster-
ing multiferroicity in ferroelectric polymers. Ferroelectric composites are also being
studied recently and how domain and domain wall engineering can help enhance the
physical properties. All the mentioned techniques can be used to engineer domain
and domain wall motion in ferroelectric composites.

8. Important applications of domain wall motions

As we shall see in this section, domain wall motion and the dynamics of the
domain itself have been explored for a lot of applications in memory storage, actua-
tors, transducers, sensors, and capacitors.

8.1 Hysteresis in ferroelectricity: storage memory and capacitors

The idea behind the improvement in memory capacity stems from the idea that
domain wall motion contributes significantly to ferroelectric hysteresis. In computer
technology, information in electric signals is stored as “0” or “1”. In the ferroelectric
memory device, the polarization vector can be poled from one direction, left, into the
other, right. The direction left can be tagged “0” and the direction right can be tagged
“1” or vise vasa, such that every electrical signal coded with information that comes in
the forms of “0” or “1” can pole the polarization vectors at different domains allow-
ing for the storage of such information coded with the electrical signal (Figure 16).
Domain wall motion helps a lot in enhancing the capacity of storage memory devices,
and therefore, controlling the motion by pining the domain wall can help archive the
specified behavior for storage memory. Domain wall pinning can be a geometrical
or non-geometrical approach that can be used to control the stored information.
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Figure 16.
Coding of ‘0’ and 1’ in ferroic material.

45



Fervoic Materials — Understanding, Development, and Utilization

[ii]

{5./_'% _____

(E, H)

Figure 17.
Non-linear response of 90° domain wall motion.

In domain wall memory, information can be stored first by writing (Nucleation of

the domain), addressing the domain (moving the domain wall), and finally reading
the domain wall [5]. All these processes follow the hysteresis loop. Both 180° and 90°
domain walls contribute majorly to ferroelectric hysteresis and, thus, the memory stor-
age properties. Again, the 90° domain wall contributes significantly to the dielectric
constant, which is a parameter that is significant to the capacitance of a capacitor and
therefore enhances the number of charges that can be stored on a capacitor. This is very
significant in modern-day technology as almost all devices have in-build capacitors.

8.2 Piezoelectricity: actuators, transducers, and sensors

It has been established that the 90° wall motion contributes to piezoelectric
coefficients, whereas the 180° wall contributes to the higher order electrostrictive
coefficients. The contribution of 90° domain wall motion to piezoelectric coefficients
is crucial for actuators and transducer applications. The region labeled A in Figure 17
represents the non-linear region that responds significantly to 90° domain wall
motion via enhanced vibrational motion and electric field-induced strain, which are
thus harvested for actuating and transducing functionality. The working principles of
transducers depend on the quality of the electromechanical coupling factors, piezo-
electric coefficients, and dielectric coefficients. Transducers can be used as biosensors,
thickness detectors, nano balances, and medical imaging, which employ the function-
ality of a piezoelectric element. Piezo sensors have also been developed, which depend
significantly on piezoelectric coefficients, another coefficient dependent on 90°
domain wall motion. Regions B and C are of the coercive and saturation field effects
and mostly break the piezoelectric response by introducing ferroic hysteresis.

9. Summary

Domain and domain walls have been considered twin defects that arise in a fer-
roic material during phase transition from high symmetric phases to a lower one or
between two lower symmetric phases. As we have seen in this chapter, domain and
domain wall motion play a crucial role in the major advances in electronic device
fabrication, and therefore, their formation and engineering are highly significant
for industrial applications. The first section of this chapter introduces domain and
domain wall, followed by the techniques and reason for their formation and how
they can be visualized. Geometrically, we understood that domain walls can form
180 and non-180-degree domain walls, whereas in some cases, the domain walls
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are either straight lines or curves with the ability to conduct electrical charges. The
Ising, Bloch, and Neel domains classified based on the nature of rotation of the order
parameter about the planes of the domain wall have also been covered in this chapter.
A large section of the chapter is dedicated to domain wall motion and its contribu-
tion to the individual ferroic classes. This is very significant as it leads to the various
engineering techniques that depend on the motion of the domain wall to engender
property change by changing the configuration of the domain and the domain

wall. The engineering techniques to be deployed for archiving this purpose include
poling, grain-size effect, compositional modification, and so on, and they are mate-
rial dependent. Lastly, the chapter provides a vivid communication on the various
applications of domain walls, especially 90° domain walls, which contribute mostly to
the piezoelectric coefficient and dielectric constant, making it accessible engineering
properties for fabrication actuating, transducing, sensing devices as well as capacitors
with very high capacitance.
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Chapter 3

Structure and Symmetry of
Ferroelectric BaTiO3-Based
Ceramics

Ahmed Gadelmawla

Abstract

The physical property of any material is directly correlated to its crystal symmetry.
Therefore, a better understanding of crystal structure of ferroelectrics leads to a better
understanding of their properties and future application under external fields. In this
chapter, an investigation of BaTiO;-based (BCZT) crystal structure and the changes in
the structure as a function of chemical composition, and temperature, provide a better
understanding of the material’s properties (e.g. spontaneous polarization). In addi-
tion, the effect of Ca and Zr substitution on BCZT local structure and phase bound-
aries are reported for both bulk and single crystal, using several structural
characterization methods, e.g., XRD and XFH.

Keywords: BCZT, X-ray fluorescence holography, X-ray diffraction, single crystal,
perovskites ferroelectric materials, crystallography

1. Introduction

Ferroelectric materials are widely utilized in various industries, including medical,
aerospace, transportation, and energy sectors. They are crucial in everyday applica-
tions, particularly in energy generation via the piezoelectric behavior of ceramics. This
feature is especially significant for energy harvesting systems that provide localized,
wireless energy access for unattended wireless sensors. These sensors are used for
monitoring pipe or bridge corrosion, detecting temperature, humidity, dust, smog,
and gases (like ozone), medical sensor arrays (e.g., on shoes for diagnosing Parkinson’s
disease), and remote telecommunications [1-7]. To examine the properties of lead-
free ferroelectric materials and their behavior under different conditions, it has been
observed that the physical properties of these crystals are linked to their symmetry.
Franz Neumann first articulated the fundamental principle of the structure-property
relationship in 1885 [8], known as Neumann’s Principle. It can be stated as follows:

“The symmetry elements of any physical property of a crystal must include the sym-
metry elements of the point group of the crystal.”

This means that a physical property can exhibit higher symmetry than the crystal
itself but cannot have lower symmetry. In essence, the point group of the property
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must be a super-group of the crystal’s point group. The point group of a crystal
identifies the symmetrical elements in its structure. Crystallography categorizes all
crystal families into seven crystal systems and the 14 Bravais lattices (including the
face centering): cubic, hexagonal, tetragonal, rhombohedral, orthorhombic, mono-
clinic, and triclinic (see Figure 1). Crystal symmetry is further classified into 14
Bravais lattices and 32 crystal classes, known as point groups. Incorporating centering
and translation elements results in 230 possible space groups, which encompass all
information about the structure’s symmetry (Table 1) [9, 10].

Crystal physics focuses on the macroscopic properties of crystals in equilibrium,
referred to as reversible properties. This means that when an external force field is
removed, any field-induced changes in the crystal are completely reversed. In
describing physical properties, tensors are used to represent the direction and magni-
tude of these reversible properties, linking an applied field to its effects on the crystal
[10]. Typical tensor properties that will be covered in this chapter are dielectric
properties (i.e., ferroelectric and piezoelectricity).

Macroscopic properties such as volume expansion, dielectric properties, and
mechanical response change under external fields like thermal, electrical, and
mechanical stresses. These changes can be explained by investigating microscopic
changes in the crystal structure. Iz situ, crystal structure studies under external fields
are commonly used to correlate microscopic changes with macroscopic properties.
Techniques such as piezoelectric force microscopy, iz situ XRD, Raman spectroscopy,
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B
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Figure 1.
The 14 Bravais lattices redrawn after [9].
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Symbol  Symmetry element Symmetry operation

P Primitive unit cell Basic unit cell with lattice coordinate at 0, 0, 0

A A-face centered Unit cell centered in the A-face with lattice coordinate at 0, 0, 0; 0,
0.5,0.5

B B-face centered Unit cell centered in the B-face with lattice coordinate at 0, 0, 0;
0.5,0,0.5

C C-face centered Unit cell centered in the C-face with lattice coordinate at 0, 0, 0;
0.5,0.5,0

F All faces centered Unit cell with all faces centered, A, B, C

I Body centered Unit cell where the same atom located at the corners and the center,

with lattice coordinates 0, 0, 0; 0.5, 0.5, 0.5

R Rhombohedral Primitive unit cell (described with rhombohedral axes)
centered
2,3,4,6 Number of fold Counter-clockwise rotation of 360/n degrees around the axis

rotation axis

1,2,3,4,6, Rotoinversion axisand Counter-clockwise rotation of 360/n degrees around the axis,
inversion center followed by inversion through the point on the axis

,3,,4,,6, Number of fold screw  Right-handed screw rotation of 360/n degrees around the axis, with
p>*psOp g g
axis screw vector (pitch) (p/n)

m Reflection plane, Reflection through the plane
mirror plane

a,b,c Axial glide plane Glide reflection through the plane, with glide vector 0.5a; 0.5b; 0.5¢

d Diamond glide plane Glide reflection through the plane, with glide vector 0.25(a £ b);
0.25(a & ¢); 0.25(b + c); etc.

n Diagonal glide plane Glide reflection through the plane, with glide vector 0.5(a + b); 0.5
(a=£¢); 0.5(b & c); etc.

In crystallography, the bold a, b, c means the direction of transition.

Table 1.
Space group symbols definition for symmetry elements and operations [9].

and TEM illustrate crystal structure changes under different fields, including temper-
ature, stress, and direct current.

Among the 32 crystal classes, 21 are non-centrosymmetric, meaning they lack
rotoinversion symmetry operations (i.e., translating from x,y,z to —x, —y, — 2 makes
no difference). The remaining 11 centrosymmetric classes are nonpolar and exhibit no
ferroelectric effect. Although non-centrosymmetric classes lack roto inversion, only
one class is nonpolar due to the potential inclusion of multiple rotation axes or a
mirror plane perpendicular to a rotation axis, making all cubic classes nonpolar. Under
mechanical stress, 10 non-centrosymmetric classes can be polarized, while the other
10 (i.e., 1,2,m,mm?2, 3, 3m, 4, 4mm, 6, 6mm) are spontaneously polarized,
encompassing piezoelectric, pyroelectric, and ferroelectric materials with reversible
polarization. Ferroelectric materials exhibit reversible spontaneous electric polariza-
tion and strain. Of the 230 space groups, only 68 belong to the ten polar point groups
that are classified as ferroelectrics (see Table 2).

One of the most famous ferroelectrics is perovskite. Perovskite CaTiO3, named
after the Russian mineralogist Lev Perovski, is a class of materials with a distinctive
crystal structure first discovered in the Ural Mountains of Russia in 1839 by Gustav
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Point group  Symmetry classes Space group
Cc1 1 P1
Cc2 2 P2,P2,,C2
Ci1h m Pwm, Pc,Cm, Cc
C2v mm2 Pmm2, Pmc21, Pcc2, Pma2, Pca2,, Pnc2, Pmn2,, Pba2, Pnay, Pnn2,
Cmm?2, Cmc2, Ccc2, Amm?2, Abm2, Ama2, Aba2, Fmm?2, Fdd2, Imm2,
Iba2,Ima?2
C4 4 P4,P4,P42,P43,14,14,
C4v Amm P4mm, P4bm, P4ycm, PAynm, Pdcc, P4nc, PAymc, P4,be, [4mm, [4cm,
I4ymd, I41cd
C3 3 P3,P31,P32,R3
C3v 3m P3m1, P31m, P3c1, P31c, R3m, R3¢
cé6 6 P6, P61, P65, P6,, P64, P63
Cé6v 6mm P6émm, Pécc, P6scm, P63mc
Table 2.

Ferroelectric space groups belong to the 10 polar point groups.

Figure 2.
The perovskite ABX; structure (Pm3m).

Rose [11]. The perovskite structure is characterized by the general formula ABX;,
where ‘A’ and ‘B’ are cations of different sizes, and ‘X’ is an anion, typically oxygen

(Figure 2). In this structure, the ‘A’ cation is larger and occupies the corners of a cubic
unit cell, while the smaller ‘B’ cation sits at the center, surrounded by an octahedron of
‘X’ anions. This arrangement forms a highly symmetrical and versatile framework that
can accommodate a wide variety of elements, resulting in diverse chemical composi-

tions and physical properties. In its ideal cubic form, the perovskite structure exhibits

a high degree of symmetry, classified under the space group Pm3m.

Goldschmidt made significant contributions to determine the perovskite structures
through his formulation of the Goldschmidt tolerance factor in the 1920s. This factor

helps predict the stability of the perovskite structure based on the ionic radii of the
constituent elements. The tolerance factor (¢) is given by the formula:
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rA +Tx

N V2(rg + rx)

Where 74, rg and ry are the ionic radii of the A cation, B cation, and X anion,
respectively. The value of the ¢ can predict the crystal symmetry of the perovskite
material. The perovskite structure typically forms a cubic phase when ¢ = 1. Whereas
in case of t # 1, The structure tends to distort to lower symmetry phases such as
tetragonal, orthorhombic, or rhombohedral [12].

This versatility has made perovskites crucial in the development of ferroelectric
materials. The discovery of ferroelectricity in barium titanate (BaTiO3) during the 1940s
marked a significant milestone. Barium titanate, with its perovskite structure, exhibited
spontaneous electric polarization that could be reversed by the application of an external
electric field, a property that defines ferroelectric materials [1-5]. Among the possible
barium titanate-based polycrystalline Ba; _ .Ca,Ti; _ ,Zr,O3 (BCZT) has been found to
display an exceptional piezoelectric coefficient d33 ~620 pC/N, whereas the predicted
single crystal may reach 2000 pC/N [13], making it particularly attractive for both
actuation and sensing applications. In this chapter, iz situ temperature dependence XRD
was used to investigate the changes in symmetry of both BCZT single crystal and bulk as
a function of temperature, and the effect of Ca and Zr on the local structure was
reported [14-17]. These data are crucial for understanding the ferroelectric behavior of
lead-free perovskites and their properties. This work provides significant insights into
the operational conditions of lead-free ferroelectrics, aiding in their application for
future technologies.

2. The crystal structure of BaTiO3-based material

Barijum titanate-based materials typically undergo three-phase transitions during
heating from low temperatures, moving through the following phases: rhombohedral
(R), orthorhombic (O), tetragonal (T), and cubic (C) [18-21]. These phase transitions
can be altered both chemically through aliovalent and isovalent substitutions, as well
as microstructurally by changing the grain size. Additionally, externally applied stress
can also shift these transitions [22-25]. Depending on the applied temperatures, eight
space groups of crystal structures have been reported for BaTiO; (BTO), i.e., Pm3m (a
primitive cubic unit cell with two mirrors and 3-fold rotoinversion axis), P4mm,
P4/mmm (two primitive tetragonal unit cells with 4-fold axis and two mirrors,
another possibility with a perpendicular mirror on the 4-fold axis), Pmm2, Amm?2,
C222; (three orthorhombic unit cell with primitive, A-face, and C-face centered,
combined with two mirrors and 2-fold axis), R3m (a primitive trigonal unit cell with
rhombohedral 3-fold axis and a mirror) and even the hexagonal polymorph P6;/mmc
(a primitive hexagonal unit cell with 63-fold screw axis, perpendicular on a mirror
with glid plane in the ¢ direction) [26, 27]. Importantly, by adjusting the A- and B-site
atomic radii and the oxidation state of the substituting element, the phase existence
and stability at ambient conditions can be significantly tailored [28, 29]. For example,
doping calcium (Ca) on the A-site of barium titanate (BTO) reduces the dielectric
constant and spontaneous polarization, as calcium titanate (CaTiO3) is not ferroelec-
tric and transitions from tetragonal to cubic at a very high Curie temperature (T¢)
[30, 31]. This doping increases the Tc with an increasing concentration of Ca up to
20 mol% [32]. In contrast, adding zirconium (Zr) on the B-site of BTO suppresses the
TC, leading to an increase in the maximum relative permittivity and a pronounced
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diffuse phase transition behavior for Zr contents greater than approximately 20 mol%,
consistent with a transition from the ferroelectric to the relaxor state [33, 34]. There-
fore, co-substituting Ca and Zr has been observed to result in a relatively higher T¢
than BZT and a higher dielectric constant than BCT simultaneously [35]. The influ-
ence of Ca and Zr substitutions on the A- and B-sites on the crystal structure and
phase transitions was previously reported [18, 21, 36] and can be rationalized by
considering the Shannon radii: Ca (1.34 A), Ba (1.61 A), Ti (0.61 A) and Zr (0.72 A).

2.1 In situ temperature-dependent X-ray diffraction study of ferroelectric single
crystal BCZT

The average structure of BCZT (barium calcium zirconium titanate) solid solution
has been extensively studied and reported in previous research for both powder and
bulk samples [18, 21, 37, 38]. For example, Haugen et al. observed three phases
(rhombohedral R3m, tetragonal P4mm, and cubic Pm3m) within a temperature range
of —100-152°C using Rietveld refinement for BCZT50, identifying three-phase tran-
sition steps at —96°C, 34°C, and 90°C between R, R + T, T, and C phases, respectively
[37]. Later, Keeble et al. proposed the existence of an interleaving orthorhombic phase
(Amm?2) between the rhombohedral and tetragonal phases after investigating the full
range of BCZT0-100 from 80 to 450 K [36]. However, these studies have not men-
tioned the crystal structure and phase transitions of BCZT single crystals. Single
crystals are essential for a more precise analysis of the symmetry, phase transitions,
static configurational displacement, and thermal vibrations of each ion. Parameters
that are not easily obtained from powder diffraction data, especially the anisotropic
displacement model of the ions [14].

Several earlier studies have successfully grown BCZT single crystals [39-43].
However, only Liu et al. have reported a high piezoelectric coefficient d33 of 232 pC/N
at room temperature for BCZT single crystal (Bag 798Ca0202Z10.006110.99403) [44].
The relatively high d33 makes Liu’s crystal the best candidate for structural investiga-
tion. This single crystal was grown using the spontaneous nucleation method; addi-
tional details about the synthesis, crystal growth, and physical properties are available
elsewhere [44]. Single crystal X-ray diffraction data were collected at —103°C, —53°C,
25°C, 47°C, and 107°C to investigate all three ferroelectric phases below the Curie
temperature; additional details about the instrument can be found elsewhere [14].

A portion of the single crystal was selected from the mother sample for X-ray
crystal structure determinations (see Figure 3). According to the dielectric data
reported by Liu et al., phase transitions occurred around —75°C, 6°C, and 127°C for R-
0, O-T, and T-C transitions, respectively [14]. X-ray diffraction data were collected at
—103°C, —53°C, 25°C, 47°C, and 107°C to investigate all three ferroelectric phases
below the Curie temperature. Temperature control was achieved using an Oxford
Cryosystems Series 700 cryostream cooler, maintaining a gas stability of 0.1 K from
—193-127°C. Intensity data were collected using MoKa radiation (A = 0.71073 A)ona
Bruker Kappa PHOTON 2 IpS Duo diffractometer with QUAZAR focusing Montel
optics. Data were corrected for Lorentz and polarization effects, and semiempirical
absorption corrections were performed using SADABS [45]. Unit cell parameters at
each temperature were determined by the least-squares method with APEX3 software
[46]. Structures were solved by direct methods and refined by full-matrix least-
squares procedures on F* using the WinGX/SHELXT package [47, 48]. Structures,
distortion indices, and interatomic angles were illustrated and calculated using
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Figure 3.

(a) Dielectric constant as a function of temperature of BCZT single crystal, (b) P-E loops at different temperatures
of BCZT single crystal, (c) Unipolar S-E curve of BCZT single crystal, (d) The BCZT single crystal under the plane
polariged light microscope. Redrawn from [44], with permission from AIP Publishing.

VESTA3 and Struplo [49, 50]. During refinements, Ba and Ca at the A-site were fixed
at the origin position (0, 0, 0) in the non-centrosymmetric space group, and all atoms
were refined with anisotropic displacement parameters (Uj).

2.1.1 Temperature-dependent variation in the single crystal structure

The space groups were determined as a function of temperature following
Lorentz-polarization and absorption correction. Intensity data indicated point group
3m for rhombohedral (—103°C), mm2 for orthorhombic (—53°C), and 4mm for
tetragonal (>25°C), confirming an intermediate phase as previously reported [36].
Reconstructed precession images of the BCZT single crystal are shown in Figure 4,
illustrating the space group symmetry in the (2k0) plane. Reflection conditions of
rhombohedral and tetragonal phases align with previous studies, showing no extinc-
tion conditions for R3m and P4mm space groups, respectively [36, 37]. The ortho-
rhombic reflection conditions at 220 K, however, deviate from expected A or B-face-
centered (hkl : ke +1=2n,0kl : k +1 = 2n, ... etc.) symmetries, displaying a primitive
space group Pmm?2 [51]. This observation aligns with earlier findings on BTO and
BCZT powders, which also reported Pmm?2 without face centering through X-ray
powder diffraction and Raman spectroscopy [42-47, 49-56]. Figure 4 illustrates these
findings, providing a detailed view of the reflection conditions across different phases.

The variation in chemical composition between the single crystal and previously
reported powder samples could explain the different space group centering in the
orthorhombic phase. Higher Zr content in BCZT50 powder samples directly affects
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Pmm? [Pdmm

Figure 4.

The reconstructed precession images of BCZT single crystal as a function of symmetry in (hko) plane. Where R3m,
Pmmz2, and Pamm space groups were observed at —103, —53, and 25°C. Reprinted from [14], with permission
from AIP Publishing.

the A-site local displacement, as evidenced by XAS and EXAFS studies [57, 58]. In our
single crystal with low Zr content, Ti ions show displacement due to Zr doping on the
B-site, confirmed by XFH studies [16], suggesting Zr ions also displace A-site ions.
This might account for the A-face-centering super lattice in higher Zr content pow-
ders. Similar effects were observed in Pb(Mg,Nb)O3; (PMN) [48], where B-site ion
disorder caused A-site Pb ion displacement in the <111> direction. Further studies on
high Zr content single crystals are necessary to understand Zr's effect on BCZT
symmetry, though growing such crystals is challenging [44, 59].

The lattice parameters and unit cell volume as a function of temperature are
detailed in Tables 3 and 4. Compared to BTO single crystals in the tetragonal phase at
room temperature [62], the 2 axis in BCZT is shorter by 0.0013 A, and the ¢ axis is
shorter by 0.0218 A. The unit cell volume is 0.33 A® smaller than BCZT50 powder
samples at room temperature [36]. This reduction in lattice parameters and unit cell
volume is attributed to different Ca and Zr concentrations. Notably, the slight unit cell
volume difference results in significant differences in polarization and the piezoelec-
tric coefficient d33. The ¢/a ratio in the tetragonal phase decreases with heating,
indicating greater a-axis expansion than the c axis. The changes in ¢/a ratio arise from
differential quadratic elongation in the ¢ direction and variations in the Ti/ZrOg
octahedral angles [63]. Quadratic elongation values at 25°C, 47°C, and 107°C are
1.0009, 1.0007, and 0.9995, respectively. Similar effects are observed in BTO and
PTO single crystals [62, 64]. The unit cell volume’s thermal expansion is
13.00 x 10~* + 1.20 x 10~* A%/K, lower than the previously reported
18.60 x 10~ * A3/K for BTO [64]. The thermal expansion contributions are
9.96 x 10" * 4+ 1.70 x 10~ * A%/K from A-site polyhedrons and
217 x 107* £ 0.20 x 10~* A3/K from B-site polyhedrons.

The displacement direction and interatomic angles of the B-site and oxygen ions as
a function of symmetry are illustrated in Figure 5. In the ac plane, the O-B-O angles
show increased octahedral distortion from rhombohedral (89.93°) to orthorhombic
(88.30°) upon heating. However, in the tetragonal phase, the angle decreases to
88.70°, nearing cubic phase values. This trend mirrors observations in BTO single
crystals [62]. Octahedral rotation, indicated by O-O-O angles in the ab plane, also
decreases with temperature from rhombohedral (90.46°) to tetragonal (90°). These
distortions stem from B-site ion displacement, affecting electron density distribution.
The ideal B-site position is (0.5,0.5,0.5) in the cubic phase, shifting to (z,z,2) for
rhombohedral and (0.5,0.5,2) for orthorhombic and tetragonal phases, with respec-
tive displacements in [111], [101], and [001] directions. The displacement directions
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T, °C —103 —53 25 47 107

Space group ~ Rhombohedral, Orthorhombic, Tetragonal, Tetragonal, Tetragonal,
R3m* Pmm?2 P4mm P4mm P4mm

Unit cell a = 3.9965(4), a=39847(2), a=39912(3), a=23.99451), a=4.0020(1),

parameters, A o — 89.98(1)° b =4.0056(2),c= ¢=4.0153(3) c¢=4.0126(2) «c¢=4.0031(2)

4.0033(2)

Cell volume 63.83(1) 63.90(1) 63.96(1) 64.03(1) 64.11(1)

v, &3

Extinction 15.57 15.55 15.54 15.52 15.50

coefficient p,

mm !

F(000) 94.9 94.9 94.9 94.9 94.9

Maximum 20, 72.31 72.46 72.35 72.30 90.53

Data —8<h<9, —6<h<6, —6<h<6, —6<h<6, —7<h<8,

collection —-9<k<8, —6<k<6, —6<k<6, —-6<k<6, —7<k<8,

range -11<l<11 -6<I<6 -6<1<6 —-6<1<6 -8<1<7

Total number 11135 28494 18116 5450 7544

of reflections

Unique 255 371 209 212 345

reflections

Rind®, Ry, S 0.054, 0.015, 0.038, 0.013, 0.033, 0.012, 0.048,0.015, 0.056, 0.014,
1.03 1.16 1.16 1.23 1.23

CSD 2277914 2277915 2277916 2277917 2277918

*R3m space group was vefined on hexagonal axes then converted to rhombohedral setting after vefinement by using Bilbao
Crystallographic Server [60, 61].
srefers to the merging error (measure of the precision/reproducibility), Rine = > |Fg — F§(mean)|/ 3 Fj.

Table 3.
Experimental temperature-dependent cvystal structure data. Reprinted from [14], with permission from AIP
Publishing.

relate to O ion positions, i.e., (x,x,2) for rhombohedral (0.5,0,%), (0,0.5,2), and
(0.5,0.5,2); for orthorhombic (0,0.5,2); and for tetragonal (0.5,0.5,2). The deviation
from the cubic z value (0.5), reported as Az, correlates with spontaneous polarization
[65, 66]. At 25°C, Az for B-site ions is 0.008, similar to reported values for BTO
(0.010) [67] and BCZT50 powder (0.007) [36] at room temperature.

The change in B-site displacement Az as a function of temperature is shown in
Figure 6a. Also presented is an estimate of the z-component of the spontaneous
polarization P;, calculated from the displacements of the B-site and O ions using the
equation by Frantti et al. [68]. In the rhombohedral phase, and upon heating, Az and
P, increase up to room temperature (tetragonal phase) and then decrease as symme-
try approaches the cubic phase. This trend aligns with previously reported properties
in BCZT, such as the piezoelectric coefficient d33 in bulk samples [21, 69] and rema-
nent polarization in single crystals (Figure 3) [44]. However, Keeble et al. reported an
opposite trend in BCZT50 [36], with Az decreasing up to room temperature, and then
increasing. In contrast, the T-C transition data for PTO and BTO single crystals
showed a similar trend during heating [62, 64]. The differences between single crystal
and powder samples could be due to compositional differences, with BCZT50 powder
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Atom —103°C —53°C 25°C 47°C 107°C
Ba, Ca x 0.000 0.000 0.000 0.000 0.000
y 0.000 0.000 0.000 0.000 0.000
z 0.000 0.000 0.000 0.000 0.000
Ueq 0.006 0.006 0.008 0.008 0.008
Ti, Zr x 0.497 0.500 0.500 0.500 0.500
¥ 0.497 0.500 0.500 0.500 0.500
z 0.497 0.507 0.492 0.495 0.496
Ueq 0.012 0.012 0.013 0.014 0.013
01 x 0.496 0.500 0.000 0.000 0.000
y 0.496 0.000 0.500 0.500 0.500
z 0.008 0.496 0.503 0.506 0.499
Ueq 0.011 0.012 0.120 0.012 0.011
02 x — 0.000 0.500 0.500 0.500
y — 0.500 0.500 0.500 0.500
4 — 0.492 0.013 0.011 —0.004
Uey — 0.011 0.012 0.012 0.011
03 x — 0.500 — — —
¥y — 0.500 — — —
z — 0.008 — — —
Uy, — 0.011 — — —
Table 4.

Atomic positions and thermal coefficient of temperature-dependent crystal structure data.

having higher amounts of substituted elements, like Zr and Ca, compared to BTO and
BCZT single crystals. Therefore, further investigation using a model with higher
amounts of substituents is essential.

The relative thermal vibrational motions of the ions can be estimated according to
the Debye-Waller temperature factor B. As the B-factor is directly related to the mean
squared displacement (u?), the thermal displacement factor U,, of A and B-site ions
were reported as a function of temperatures (Figure 6b), where U = <u2> [44]. The U
values determined by X-ray diffraction contain both static, i.e., configurational, and
dynamic, i.e., thermal vibration, and disorder contributions to the atom according to
the Debye model [70]. The anisotropic and equivalent thermal displacement factor U
were reported in BCZT single crystal CIF [14]. The configurational disorder can be
estimated at 0 K by the intercept of U,, straight line [71, 72]. The calculated intercepts
of U, for A and B-site ions were 0.004(1) A? and 0.0105(8) A?, respectively, reveal-
ing the existence of configurational disorder in both A- and B-sites in the BCZT single
crystal. In contrast, in the case of BTO single crystals, no configurational disorder was
observed for Ba and Ti [53]. The differences between BCZT and BTO single crystals
are due primarily to the substitution of Ca and Zr on both the A- and B-site, respec-
tively. Thus, the difference in ionic radii between Ca/Ba and Zr/Ti causes this config-
urational disorder on both sites. Interestingly, the estimated configurational disorder
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Figure 5.

The crystal structures, the static displacements of the B-site (blue arrows) and O ions (red arrows), and O-B-O
and O-0-0 interatomic angles as a function of symmetry in (a) ac and (b) ab planes, where R3m, Pmm2, and
P4mm were observed at —103, —53, and 25°C. We used VESTA [49] for displaying the crystal structures.
Reprinted from [14], with permission from AIP Publishing.
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(a) B-site ion displacement Az and the spontaneous polarization in z direction and (b) displacement factor U for
A and B-site ions as a function of temperature. The phase transitions are based on the published dielectric data
from the same sample by Liu et al. [44]. Reprinted from [14], with permission from AIP Publishing.
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Atomic images avound Zr in BCZT, (a, b) Ti and Ba planes, respectively, as seen from Zr. A-site atomic images on
the (001) plane around the (c) Ca and (d) Ba ions obtained from BCT. The circles in the figure show the ideal
atomic positions. Reprinted from [16, 17], with permission from Wily and AIP Publishing.

shows a higher value for the B-site than the A-site, as observed in the local displace-
ment by XFH [16, 17]. Based on that, B-site ions are expected to be the main contrib-
utor to the polarization and piezoelectric effect.

Interestingly, the measured displacement of the B-site by XRD represents an
average displacement, not distinguishing between Zr and Ti at the B-site or Ca and Ba
at the A-site. Thus, XFH measurements are essential to understand the effects of Ca
and Zr in both sites. The growth of BCZT single crystals with high Zr content is
challenging, often resulting in cubic crystals at room temperature [39-43]. Inverse
mode measurements on BCT single crystals showed that Ca ions displace by 0.36 A in
the <111> direction, and Ba ions displace by 0.22 A in the <100> direction [14]. Low
Zr content BCZT crystals used in XRD studies reveal that A-site atoms around Zr
displace by 0.2 A, and B-site Ti atoms displace inward by 0.5 A, with no such dis-
placement observed in CZT (see Figure 7) [16]. These findings are crucial for under-
standing substitution effects on piezoelectric properties compared to BaTiOs.

3. Conclusion

In this chapter, the crystal structure and symmetry of BaTiOs-based ferroelectric
material was reported for single BCZT. Beside the low-temperature rhombohedral and
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room temperature tetragonal phases, the existence of an intermediate orthorhombic
phase in BCZT was confirmed. The displacement of B-site cations correlates directly
with spontaneous polarization, and configurational disorder was observed for both A-
and B-site cations. The displacement factor Uy, of A and B-site cations indicates both
configurational and thermal vibration disorders due to the substitutions. These dis-
tortions explain changes in symmetry as a function of composition. These studies
provide crucial insights into the role of Ba/Ca and Ti/Zr substitutions at the A- and B-
sites in BaTiO3, respectively, to understand their direct effects on the crystal structure
and phase transitions of BCZT.
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Polarization and Ferromagnetism
in Microwave-Absorbing Materials
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Abstract

This chapter explores the intricate relationship between electric polarization
and ferromagnetic properties in microwave-absorbing materials. It highlights the
fundamental principles of dielectric and magnetic losses that contribute to microwave
absorption. Emphasizing composite materials that exhibit both ferroelectric and
ferromagnetic characteristics, it delves into the mechanisms of electric polarization
and how they interact with magnetic domains to enhance microwave absorption. By
examining the coupling between ferroelectric and magnetic properties, the chapter
aims to uncover the synergistic effects that optimize the performance of microwave
absorbers. Key topics include the synthesis and characterization of these materials
and the role of different loss mechanisms in absorbing materials. The applications
of these materials in stealth technology, electromagnetic interference shielding, and
wireless communication are discussed, showcasing their significance in modern
technological advancements.

Keywords: electric polarization, ferromagnetic properties, microwave absorption,
magnetic domain, electric polarization mechanisms, ferroelectric-magnetic coupling,
composite materials

1. Introduction

The rapid advancement of modern technology has led to an increased need for
efficient microwave-absorbing materials (MAMs) [1]. These materials are crucial
in a wide range of applications, from reducing electromagnetic interference (EMI)
in electronic devices to enhancing the stealth capabilities of military equipment
[2]. MAMs are designed to attenuate electromagnetic waves, thereby preventing
reflection or transmission of these waves. This capability is essential in many sec-
tors, including telecommunications, automotive, aerospace, and defense industries
[3]. The study of MAMs is not new; it has evolved significantly over the past few
decades. Initially, research focused on simple materials and their basic proper-
ties. However, with the advent of new technologies and the increasing complexity
of modern systems, there has been a shift toward more advanced materials that
can offer superior performance. This shift has brought about the need to under-
stand and manipulate the underlying mechanisms that contribute to microwave
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absorption [4-6]. MAMs work on the principle of converting electromagnetic
energy into heat, which is then dissipated [7]. This process relies on two main
mechanisms: dielectric losses and magnetic losses. Dielectric losses occur from the
polarization of electric dipoles, while magnetic losses arise from the alignment and
movement of magnetic domains. Efficient MAMs balance these losses, with high
dielectric loss materials absorbing electric fields and high magnetic loss materials
absorbing magnetic fields. The challenge is developing materials that exhibit both
high dielectric and magnetic losses to maximize microwave absorption. Composite
materials combining ferroelectric and ferromagnetic properties offer a solution by
leveraging both types of losses. Fine-tuning these composites can optimize micro-
wave absorption across a wide frequency range. Electric polarization and ferromag-
netic properties significantly influence MAM performance. Electric polarization,
the alignment of electric dipoles in response to an external electric field, creates
polarization currents that contribute to dielectric losses. Ferromagnetic properties,
involving the alignment of magnetic domains, result in magnetic losses essential
for absorbing magnetic components of electromagnetic waves. Understanding and
manipulating these properties enables the design of materials with tailored absorp-
tion characteristics, improving microwave absorption efficiency. This knowledge
also aids in developing new materials and technologies, with broader implications
for fields like energy storage, sensors, and actuators. Advances in these areas can
lead to innovations across various technological domains.

This chapter aims to provide a comprehensive exploration of the relationship
between electric polarization and ferromagnetic properties in MAMs. It begins by
detailing the principles of microwave absorption, focusing on dielectric and magnetic
losses, and examines the benefits of combining ferroelectric and ferromagnetic
materials in composites. Synthesis and characterization methods are discussed, along
with the challenges in optimizing microwave absorption. The core focus is on how
electric polarization and magnetic domains interact to enhance absorption efficiency.
Practical applications in stealth technology, EMI shielding, and wireless communica-
tion are highlighted. The chapter concludes with future trends, emerging materials,
challenges, and research opportunities, providing a thorough understanding of
microwave absorption mechanisms and advancements.

2. Fundamentals of electric polarization and ferromagnetism
2.1 Electric polarization

Electric polarization occurs when electric dipoles within a material align in
response to an external electric field, resulting in a net dipole moment per unit
volume [8]. This phenomenon can be classified into various types based on the
alignment mechanism and cause of polarization. Spontaneous polarization arises in
materials with an inherent permanent dipole moment, even without an external elec-
tric field, as seen in ferroelectric materials like barium titanate (BaTiO;), which have a
non-centrosymmetric arrangement of ions. Induced polarization, on the other hand,
occurs when an external electric field generates a dipole moment in the material. This
can be further divided into electronic polarization, ionic polarization, orientation
polarization, and space-charge polarization, each describing different mechanisms of
dipole alignment in response to the applied field [9].
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2.1.1 Mechanisms of electric polarization

The mechanisms by which electric polarization occurs in materials are diverse and
depend on the material’s structure and the nature of the external electric field. The
total polarization of a dielectric (P) comes from the sum of four sources of polariza-
tion: electronic polarization P, ionic polarization P;, orientation of permanent dipoles
P, and space-charge polarization Py

P=P +P, +P +P_ 1)
These four polarization mechanisms are described as follows:

* Electronic polarization: Electronic polarization occurs when an external electric
field displaces the negatively charged electron cloud relative to the positively
charged nucleus, generating a dipole moment. This high-frequency polarization
involves the distortion of the electron cloud around atoms or molecules and is
the fastest and most reversible mechanism, typically occurring on the timescale
of electronic transitions [10]. The mechanism of electronic polarization is shown
in Figure 1(a).

The induced dipole moment due to an applied electric field (E) on the atom is
p = oE, where the constant of proportionality a is called atomic polarizability.
The polarization (P), defined as the total dipole moment per unit volume, is:

P=Np=NeaE=y,,E (2)

where N is the number of molecules per unit volume, . is electric susceptibil-
ity, g is the permittivity of free space, and E is the applied electric field. Using the
equations.

Ye=¢ —1and Ej, = E + P , the above equation leads to the Clausius-Mossotti

equation [11]: 30
" E=0 E#0
{a) E=0 E#0 ) . .
S-@ z¢-2;
Electronic Polarization Orientation Polarization
b} Em=Q E#0D

(d) E=0 EzD
l

10 69- 99
d, d, d i

lonic Polarization Interfacial Polarization

Figure 1.
Schematic Diagrams of (a) electronic polarization, (b) ionic polarization, (c) orientation polarization, and
(d) interfacial polarization.
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¢&,-1 Na,
g +2  3g, 3)

where ¢, is relative permittivity, and E,,. is the local electric field.

This is the Clausius-Mossotti equation, which relates the macroscopic dielectric
constant (relative permittivity) of a material to the microscopic polarizability of its
constituent molecules or atoms.

Frequency range: Typically, from optical frequencies (infrared region) to ultraviolet
(UV) region, typically up to 10" — 10" Hz.

* Ionic polarization: lonic polarization occurs in ionic crystals like NaCl, KCI, and
LiBr. Without an external electric field, the dipole moments of negative and
positive ions cancel each other out, resulting in no net polarization. When an
external field is applied, positive and negative ions shift from their equilibrium
positions, creating a dipole moment. This displacement is opposed by the lattice’s
restoring force, resulting in net polarization. This process is slower than elec-
tronic polarization and significant at lower frequencies. The equation to describe
this effect is given by,

P = 4E; 4)
where p,, is the induced average dipole moment per ion pair, o; is the ionic polariz-
ability. Usually, the ionic polarizability is greater than the electronic polarizability by
a factor of 10 which leads to ionic substances having high dielectric constants. Similar
to electronic polarization, ionic polarization also has a total polarization associated
with it. The equation is given by

P, =Np,, =No,E (5)

loc

Frequency range: Typically, up to the infrared region, around 10"*-10"* Hz.

* Orientation polarizgation: In materials containing polar molecules, an external
electric field aligns the dipoles in the direction of the field. The degree of align-
ment depends on the thermal energy of the system and the strength of the
electric field. This process is slower than electronic and ionic polarization and
can exhibit relaxation effects when the field is removed. It is most active in the
radio to microwave frequency ranges. This type is frequency-dependent and can
relax when the field is removed.

The Polarization is given by
P=N=Np, (6)
in this case, the average dipole moment is given by
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2
E
pav = Po =aq,
KT 7)

where py is the dipole moment of a dipole that gets oriented in the direction of
field, K is the Boltzmann constant, T is temperature aq is the dipolar polarizability.

Frequency range: Typically, from microwave frequencies down to a few kilohertz,
around 10°-10" Hz.

* Interfacial (space charge) polarization: This occurs in heterogeneous materials or
those with defects, where the migration of charges leads to the accumulation at
interfaces or defects, creating a polarization effect, as shown in Figure 1(d). This
type is particularly important in materials with grain boundaries, dislocations, or
other imperfections [10].

Frequency Range: It occurs from the frequency range from low frequencies
(a few hertz) to around 103-105 Hz.

* Dielectric constant v/s frequency: At lower frequencies, the dielectric constant is
notably high, likely due to the accumulation of interfacial charge carriers and
the contributions of all polarizations (such as dipolar, ionic and electronic), as
shown in Figure 2. As the frequency increases, the dielectric constant decreases.
This can be attributed to the electric dipole’s inability to respond to the applied
field and the fact that charge carriers cannot quickly accumulate at the interface,
leaving only electronic polarization to contribute [12].

2.2 Polarization in dielectric and ferroelectric materials

Dielectric materials are insulators that can be polarized under an electric field,
resulting in stored electric energy. The dielectric constant, a measure of a material’s
ability to be polarized, is a key property of these materials. Dielectrics can be linear or
non-linear, depending on the relationship between the polarization and the applied
electric field. Ferroelectric materials are a subset of dielectrics that exhibit spontane-
ous polarization that can be reversed by an external electric field. These materials
have a characteristic hysteresis loop, representing the relationship between polariza-
tion and electric field [13]. The presence of a permanent dipole moment even in the
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Figure 2.
Frequency-dependent polarization mechanisms.

75



Fervoic Materials — Understanding, Development, and Utilization

Figure 3.
Typical polarization vs. electric field (P-E) hysteresis loop of ferroelectrics.

absence of an external field known as spontaneous polarization, is shown in Figure 3.
The dependence of polarization on the history of the applied electric field resultsin a
loop when plotted, which is called hysteresis. Ferroelectric materials are widely used
in applications such as non-volatile memory, capacitors, and piezoelectric devices due
to their unique polarization properties.

2.3 Ferromagnetism

Ferromagnetism is a phenomenon where materials retain permanent magnetic
moments even in the absence of an external magnetic field due to the alignment of
magnetic moments within specific regions known as magnetic domains. In these
materials, magnetic moments—vector quantities representing the strength and
orientation of the magnetism—align parallel to each other within domains, sepa-
rated by boundaries called domain walls. The Curie temperature is the point at
which a ferromagnetic material loses its permanent magnetism and transitions to
a paramagnetic state, as thermal energy disrupts the alignment of these moments.
The process of magnetization involves aligning the domains with an external
magnetic field, and the extent of this alignment reflects the material’s responsive-
ness to the field.

* Origin of ferromagnetism in materials: The origin of ferromagnetism lies in the
quantum mechanical exchange interactions between neighboring atoms or ions.
These interactions are a result of the Pauli exclusion principle and the Coulomb
repulsion between electrons [14]. The key mechanisms that contribute to fer-
romagnetism include:

* Exchange interaction: The exchange interaction, shown in Figure 4(a), is a quan-
tum mechanical effect that arises from the wavefunction overlap of neighboring
electrons. It arises due to the Pauli exclusion principle and the Coulomb interac-
tion between electrons, leading to a preference for certain spin alignments that
minimize the system’s energy. This interaction is fundamental to understanding
various types of magnetism in materials, including ferromagnetism, antiferro-
magnetism, and ferrimagnetism.

There are several categories of exchange interactions, each with distinct mecha-
nisms and implications for magnetic behavior.
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Schematic illustration of (a) Exchange Intevaction, and (b) Spin-orbit coupling, and Crystal field Effects.
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a.Direct exchange: This interaction occurs when the wavefunctions of electrons
on adjacent atoms overlap, allowing the electrons to “sense” each other’s spin
and create a magnetic interaction. The strength and alignment (parallel or
antiparallel) of this interaction depend on the distance between atoms and the
symmetry of their wavefunctions. If the interaction energy is minimized with
parallel spins, the material exhibits ferromagnetism. Parallel spins lower the
system’s energy due to favorable electron overlap and reduced Coulomb repul-
sion. If the interaction energy is minimized with antiparallel spins, the material
exhibits antiferromagnetism. Antiparallel spin alignment lowers the system’s
energy, often due to specific spatial arrangements of atoms that favor this
configuration.

b.Superexchange: It is an indirect exchange interaction occurring in insulating
materials where magnetic ions are separated by a non-magnetic anion, such as
oxygen. In this mechanism, the interaction between the magnetic moments of
the ions is mediated by the non-magnetic anion through a process known as
virtual electron hopping. This process effectively creates a magnetic interaction
between the ions, even though they are not directly adjacent. Superexchange
often results in antiferromagnetic interactions, particularly when the bond angle
between the magnetic ions is close to 180°. This bond angle facilitates effective
electron hopping via the anion, leading to an antiparallel alignment of magnetic
moments and minimizing the system’ energy.

c. Double exchange: This mechanism that occurs in mixed-valence compounds
where two magnetic ions of the same element exist in different oxidation states
(e.g., Mn* and Mn**) The interaction is mediated by the transfer of an electron
between the ions, and this transfer is facilitated when the spins are aligned, lead-
ing to ferromagnetic ordering. In double exchange, the alignment of spins allows
for more efficient electron transfer between ions in different oxidation states.
This efficient transfer lowers the system’s energy and results in a ferromagnetic
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alignment of the magnetic moments. Double exchange is particularly signifi-
cant in materials like manganites, where it plays a crucial role in their magnetic
properties.

Spin-orbit coupling: Spin-orbit coupling (SOC) is an interaction between an elec-
tron’s spin and its motion around the nucleus and is shown in Figure 4(b). This
interaction is inherently relativistic, arising due to the relativistic corrections to
the motion of electrons in an electric field, such as that produced by the nucleus
of an atom. SOC plays a crucial role in many physical phenomena and signifi-
cantly influences the electronic structure, magnetic properties, and behavior of
materials. In some materials, the interaction between an electron’s spin and its
orbital motion around the nucleus contributes to the overall magnetic behavior.
This coupling can enhance the magnetic anisotropy of the material, favoring
certain directions for the magnetic moments.

Mechanism of spin-orbit coupling: The interaction can be understood by consider-
ing an electron moving through the electric field generated by the positively
charged nucleus. According to the theory of relativity, an electron moving
through an electric field will experience this field as a magnetic field in its

rest frame. This perceived magnetic field interacts with the intrinsic magnetic
moment of the electron, which is associated with its spin. Mathematically, the
spin-orbit coupling interaction is expressed as:

H,, =ALS (8)

where Hg is the Hamiltonian representing the spin-orbit interaction, A is the

spin-orbit coupling constant, which depends on the atomic number and the specific
electronic environment. L is the orbital angular momentum of the electron. S is the
spin angular momentum of the electron. This Hamiltonian describes the energy asso-
ciated with the interaction between the electron’s orbital motion and its spin. The term
L-S indicates that the energy depends on the relative orientation of these two vectors.

* Crystal field effects: Crystal field theory (CFT) describes how the electric fields of

surrounding ligands influence the energy levels of d or f orbitals in a transition
metal ion, significantly affecting their magnetic properties. When transition
metal ions are placed in a crystal field, the degeneracy of their d or f orbitals

is lifted, causing them to split into different energy levels based on the ligand
field geometry, such as octahedral, tetrahedral, or square planar arrangements.
Crystal field splitting (shown in Figure 4(b)) directly impacts the magnetic
properties of transition metal complexes by determining the number of unpaired
electrons. More unpaired electrons result in stronger paramagnetism, which can
be quantified using the magnetic moment (p). Additionally, the specific splitting
patterns in different geometries influence magnetic anisotropy, affecting the
material’s stability and the directionality of its magnetic properties.

2.4 Magnetic domains and domain wall motion

Magnetic domains are regions within a ferromagnetic material where the mag-

netic moments are uniformly aligned. The existence of domains minimizes the
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material’s overall energy by reducing the magnetostatic energy associated with stray
magnetic fields [14]. Domain wall motion is the process by which the boundaries
between domains move in response to an external magnetic field, leading to changes
in the material’s magnetization. Domains form to reduce the magnetostatic energy of
a ferromagnetic material. In the absence of an external field, domains are oriented in
such a way that the net magnetic moment of the material is minimized. The boundar-
ies between domains are known as domain walls. These walls are regions where the
direction of magnetization changes gradually over a finite distance. There are differ-
ent types of domain walls, including Bloch walls and Néel walls, depending on the
nature of the magnetization transition. When an external magnetic field is applied,
domain walls move to align the magnetic moments in the direction of the field. This
motion is responsible for the magnetization process in ferromagnetic materials.
Domain wall motion can be influenced by various factors, including defects, impuri-
ties, and temperature.

3. Microwave-absorbing materials

MAMs are engineered to attenuate microwave radiation by converting elec-
tromagnetic energy into heat, which is then dissipated. The schematic of the
interaction between EM waves and absorber is shown in Figure 5. These materials
are critical in a variety of applications, including stealth technology, electromag-
netic interference (EMI) shielding, and improving the performance of wireless
communication systems. The increasing prevalence of electronic devices and the
growing demand for electromagnetic compatibility (EMC) have underscored the
importance of developing effective microwave absorbers. Microwave absorbers
operate by exploiting dielectric and magnetic losses. Dielectric loss occurs due to the
polarization of electric dipoles within the material, while magnetic loss results from
the alignment and movement of magnetic domains. The primary goal in designing
MAMs is to maximize these losses, thereby enhancing the material’s ability to absorb
and dissipate microwave energy.

3.1 Types of microwave-absorbing materials
MAMs can be broadly categorized into dielectric absorbers, magnetic absorb-

ers, and composite absorbers. Each type of absorber has distinct characteristics and
mechanisms that contribute to microwave absorption.

Incident Wave

Transmitted Wawve

Reflected Wave

Abanrbad Was

Figure 5.
Schematic diagram of the interaction between EM waves and absorber.
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3.1.1 Dielectric absorbers

Dielectric absorbers primarily rely on dielectric losses to attenuate microwave
radiation. These materials are typically non-conductive and exhibit high dielectric
constants [15]. Key mechanisms include electronic polarization, where the electron
cloud is displaced relative to the nucleus under an external electric field, generating
an oscillating dipole moment; ionic polarization, involving the displacement of posi-
tive and negative ions in an ionic solid, leading to energy loss; and dipole relaxation,
where polar molecules align with the field and dissipate energy as they return to
random orientation. Common dielectric absorbers, such as barium titanate (BaTiO;)
and titanium dioxide (TiO,), are often combined with conductive fillers or other
dielectric materials to enhance absorption properties.

3.1.2 Magnetic absorbers

Magnetic absorbers utilize magnetic losses to absorb microwave energy, leverag-
ing materials that exhibit ferromagnetism, ferrimagnetism, or antiferromagnetism
[15]. Key mechanisms include hysteresis loss, arising from the lag between applied
magnetic fields and material magnetization; eddy current loss, where induced
currents generate opposing magnetic fields and dissipate energy, significant in
high-conductivity materials; and natural resonance, involving magnetic dipole
resonance with microwave frequencies for maximum absorption. Common mag-
netic absorbers like iron oxide (Fe;0,), cobalt ferrite (CoFe,0,), and nickel-zinc
ferrite (NiZnFe,O,) can be tailored to specific frequency ranges by adjusting their
composition and structure.

3.1.3 Composite absorbers

Composite absorbers combine dielectric and magnetic materials to enhance
microwave absorption through synergistic effects [16]. Ferroelectric-ferromagnetic
composites balance high dielectric losses from ferroelectric materials with high
magnetic losses from ferromagnetic materials, maximizing absorption. Conductive
polymer composites, incorporating polymers like polyaniline (PANI) or polypyr-
role (PPy) with dielectric or magnetic fillers, offer tunable electrical conductivity
and dielectric properties. Carbon-based composites, using fillers such as graphene,
carbon nanotubes (CNTs), and carbon black, provide high electrical conductivity and
mechanical strength, further enhancing microwave absorption. These designs aim to
achieve broadband absorption and superior performance [17].

The development of composite absorbers involves optimizing the composition,
morphology, and interfacial interactions of the constituent materials to achieve
superior performance across a wide frequency range.

3.2 Challenges in developing effective microwave absorbers

The development of effective microwave-absorbing materials (MAMs) presents
several challenges, as discussed below:

i. Broadband absorption: Achieving broadband absorption across a wide frequency
range, typically from 1 GHz to 18 GHz, is challenging. Materials must exhibit
strong dielectric and magnetic losses at multiple frequencies, necessitating
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precise control over their composition and structure. One approach involves
creating composites that combine different types of absorbers to exploit their
individual strengths over a wide frequency range. For instance, materials with
high dielectric losses at lower frequencies can be integrated with those exhibiting
strong magnetic losses at higher frequencies to enhance broadband absorption.
Advanced techniques like nano-structuring and doping are often employed to
achieve the desired performance [18, 19].

. Thickness and weight: For applications such as stealth technology and EMI shield-

ing, MAMs must be lightweight and thin, generally ranging from 1 to 3 mm

in thickness, with densities around 1-2 g/cm’. Thinner materials are easier to
integrate without adding significant bulk or weight. However, achieving high
absorption efficiency in thin materials requires precise control over the material’s
composition and structure. Techniques like layering different materials, using
porous structures, and incorporating lightweight fillers such as carbon nano-
tubes or graphene can help achieve the desired balance [20, 21].

Thermal stability: MAMs are often exposed to high temperatures and harsh
conditions, making thermal stability crucial. Materials should maintain their
properties up to temperatures of 200°C to ensure reliability. This is particularly
important in aerospace and automotive applications where extreme conditions
are common. Researchers are developing composites that combine thermally
stable polymers with ceramic or metallic fillers to enhance thermal stability
while retaining microwave absorption properties [22, 23].

iv. Mechanical properties: The mechanical strength and flexibility of MAMs are

vital for their integration into various applications. Materials must withstand
mechanical stresses without compromising their absorption properties. High
tensile strength and flexibility are required, with specific values depending on
the application. Advanced composite materials incorporating carbon fibers, ara-
mid fibers, or other high-strength fillers are often used to enhance mechanical
properties. Flexible polymers combined with these fillers create materials that
are both strong and flexible, suitable for a wide range of applications [24, 25].

v. Cost and scalability: The cost-effective production and scalability of MAMs

are critical for commercial viability. High-performance materials must be
synthesized using economically feasible methods to ensure widespread adop-
tion. Researchers are exploring various synthesis methods to produce high-
performance MAMs at lower costs, including using abundant and inexpensive
raw materials. Developing bio-waste and e-waste-based microwave absorbers

is a promising avenue [26-29]. Scalable manufacturing techniques that can be
easily adapted to large-scale production are essential for the commercial success
of these materials.

4. Mechanisms of microwave absorption

The effectiveness of MAMs hinges on their ability to convert electromagnetic
energy into other forms of energy, typically heat, through various loss mechanisms.
These mechanisms can be broadly categorized into dielectric losses, magnetic losses,
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Figure 6.
Schematic of microwave absorption mechanism.

and combined losses in composite materials. Understanding the mechanisms of micro-
wave absorption is critical for designing materials that effectively mitigate electromag-
netic radiation. The overall microwave absorption mechanism is shown in Figure 6.

4.1 Dielectric loss mechanisms

Electric polarization plays a crucial role in the dielectric loss mechanisms of
MAMs. Dielectric loss occurs in materials that are poor conductors of electricity but
can support an electrostatic field. It involves the alignment of electric dipoles within
the material in response to an external electric field [30]. The primary mechanisms of
dielectric loss include:

* Dipolar relaxation: In materials with polar molecules, an external electric field
aligns the dipoles. When the field changes or is removed, the dipoles reorient
themselves back to their original states, dissipating energy as heat. This mecha-
nism is frequency-dependent and is significant in the microwave range [31].

£, —¢&
=g +—2—— 9)
1+(a)r)2

where ¢&” is the imaginary part of the complex permittivity, representing dielec-
tricloss, ¢, is the static permittivity, ¢, is the permittivity at infinite frequency, o is
the angular frequency, and 7 is the relaxation time.

Different types of polar molecules affect dipolar relaxation in various ways. For
example, water molecules exhibit strong dipolar relaxation due to their high dipole
moment, making them highly responsive to external electric fields in the microwave
frequency range. Polymers with polar side groups, such as polyvinyl alcohol (PVA),
also show significant dipolar relaxation. The specific frequency range for these effects
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depends on the material; water molecules typically respond in the GHz range, while
polymer dipoles might respond in the MHz to GHz range depending on their struc-
ture and molecular dynamics.

¢ Jonic conduction: In ionic solids, the movement of ions under an electric field
causes energy dissipation due to collisions and lattice vibrations. This mecha-
nism is significant at intermediate frequencies and contributes to dielectric loss
through the oscillation of ions [32].

c=0, exp(—f%j (10)

where o is the electrical conductivity, o, is the pre-exponential factor, E, is the
activation energy, k is the Boltzmann constant, and T is the temperature.

Ionic conduction is prominent in materials such as ionic crystals. The mobility of
ions and the lattice structure play crucial roles in this mechanism. High ion mobility
and a well-ordered lattice structure facilitate ionic conduction, leading to significant
dielectric losses. For instance, in ZrO, ceramics, the presence of oxygen vacancies
enhances ionic mobility, thereby increasing ionic conduction losses.

* Interfacial polarization (Maxwell-Wagner-Sillars effect): In heterogeneous materi-
als, charge accumulation occurs at interfaces between different phases, leading
to space-charge polarization. This effect is particularly significant in composite
materials and contributes to dielectric loss [33].

e~ (11)
£,

where o is the electrical conductivity, &, is the permittivity of free space, and
is the angular frequency.

Composite materials enhance interfacial polarization by creating numerous
interfaces where charge accumulation can occur. For example, in polymer-ceramic
composites, the interfaces between the polymer matrix and ceramic fillers act as sites
for space-charge accumulation, significantly contributing to dielectric losses. The
heterogeneity of the material, with different phases having varying permittivities and
conductivities, is key to maximizing this effect.

4.2 Magnetic loss mechanisms

Magnetic loss occurs in materials with unpaired electrons and is primarily due to
the behavior of magnetic domains and their response to an external magnetic field.
Magnetic domains are regions within a ferromagnetic material where the magnetic
moments are uniformly aligned. The behavior of these domains under an external
magnetic field contributes to magnetic loss mechanisms [34]. The key mechanisms
include:

* Hysteresis loss: Hysteresis loss results from the lag between the applied magnetic
field and the magnetization of the material. This lag creates a loop (hysteresis
loop) when plotting magnetization versus the magnetic field, indicating energy
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dissipation. The movement of domain walls in response to an external magnetic
field leads to energy dissipation. Domain walls can be pinned by defects, grain
boundaries, and impurities, enhancing hysteresis loss [35].

Physteresis =Ho JHdM (12)

where P, ... is the hysteresis loss, 1, is the permeability of free space, H is the
magnetic field strength, and M is the magnetization.

Domain wall pinning by defects, grain boundaries, and impurities significantly
affects hysteresis loss. In ferromagnetic materials like iron and nickel, impurities
and grain boundaries can impede the movement of domain walls, increasing energy
dissipation. For instance, the addition of non-magnetic impurities such as sulfur in
iron creates pinning sites that enhance hysteresis loss, making these materials more
effective for microwave absorption.

* Eddy current loss: Induced currents within the material generate opposing
magnetic fields, leading to energy dissipation. Eddy current loss is significant
in materials with high electrical conductivity. Eddy currents are induced within
conductive materials when subjected to a changing magnetic field. These cur-
rents generate opposing magnetic fields, leading to energy dissipation [36]:

Bl'znaxdzfz

P =
edd 6 P

(13)

where P, isthe eddy currentloss, B, is the maximum flux density, d is
the thickness of the material, f is the frequency of the applied field, and p isthe
electrical resistivity.

Material conductivity and thickness play crucial roles in eddy current losses. High-
conductivity materials such as copper generate significant eddy currents, leading to
higher losses. To mitigate these losses, materials with lower conductivity or laminated
structures are used. For instance, ferrites (low-conductivity ceramics) are employed
in microwave absorbers to reduce eddy current losses. Additionally, thinner materials

help minimize eddy currents by reducing the path length for current flow.

* Natural resonance: Natural resonance occurs when the frequency of the applied
magnetic field matches the natural frequency of precession of the magnetic
dipoles. The resonance of magnetic dipoles with the applied microwave fre-
quency results in maximum energy absorption. This mechanism is frequency-
dependent and contributes significantly to magnetic loss [11]:

_yH

ﬁ27r

(14)

where f, isthe resonance frequency, v is the gyromagnetic ratio, and H is the
magnetic field strength.

The gyromagnetic ratio (y) and applied magnetic field strength (H) directly influ-
ence the resonance frequency ( f, ). Higher y values (as seen in materials like yttrium
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iron garnet, YIG) and stronger magnetic fields result in higher resonance frequencies,
enhancing energy absorption at specific microwave frequencies. Fine-tuning these
parameters allows for designing materials with optimal resonance frequencies for
targeted applications.

4.3 Combined loss mechanisms in composite materials

Composite materials that integrate dielectric and magnetic components exhibit
enhanced microwave absorption through the interplay of various loss mechanisms.
This synergy arises from the interaction between different materials and the opti-
mization of their properties. By combining materials with distinct loss mechanisms,
researchers can achieve improved broadband absorption [37, 38]. The performance
of composite absorbers can be significantly influenced by the relative proportions
of different phases, which must be optimized to balance dielectric and magnetic
losses for maximum absorption efficiency. Additionally, the interfaces between these
phases play a crucial role, enhancing losses through mechanisms such as space-charge
polarization and domain wall pinning, which contribute to the overall absorption
performance. Incorporating nanomaterials into composites further enhances their
properties. Nanomaterials provide a high surface area, tunable electronic properties,
and strong interfacial interactions, all of which improve microwave absorption. For
example, combining carbon-based materials like graphene or carbon nanotubes with
ferrites creates composites that benefit from both the high electrical conductivity and
large surface area of carbon-based materials and the magnetic properties of ferrites.
This combination leads to enhanced microwave absorption across a wide frequency
range due to the synergistic effects of combined dielectric and magnetic losses.

4.4 Losses due to multiple internal reflections and scattering

Losses arising from multiple internal reflections and scattering significantly
impact the behavior of electromagnetic waves within various materials. When
microwaves encounter interfaces or boundaries between different media, they
undergo multiple internal reflections, causing energy to be repeatedly redirected and
attenuated within the material. This process leads to losses as the electromagnetic
energy is converted into other forms, such as thermal energy. Additionally, scattering
occurs when microwaves interact with irregularities or structures within the material,
further contributing to energy dissipation. The scattered waves deviate from their
original paths, dispersing energy and reducing the overall intensity of the microwave
signal. These losses due to multiple internal reflections and scattering are crucial
considerations in the design and optimization of microwave-absorbing materials.

4.5 Coupling effects between ferroelectric and ferromagnetic properties

In composite materials with ferroelectric and ferromagnetic phases, magneto-
electric coupling enhances microwave absorption by linking electric and magnetic

i

dipoles. This effect, quantified by the magnetoelectric coupling coefficient «;; = 68?

(a; is the magnetoelectric coupling coefficient, P, is the polarization, and H; is
the magnetic field), describes how an electric field affects magnetic properties and
vice versa. The interaction between these phases can amplify dielectric and magnetic

losses. Specifically, the alignment of electric dipoles can affect magnetic domain
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movement, leading to increased energy dissipation. Additionally, the interfaces
between these phases can create localized states and defects, further boosting both
dielectric and magnetic losses.

4.6 Factors influencing microwave absorption
4.6.1 Domain wall motion

Domain walls, the boundaries between regions of uniform polarization or mag-
netization, move under external fields, causing energy dissipation. In ferroelectrics,
domain walls separate regions with different electric polarization orientations, and
their motion under an electric field leads to dielectric loss. In ferromagnetics, domain
walls separate regions with different magnetization orientations, and their motion
under a magnetic field leads to magnetic loss. These interactions with microwave
radiation, including resonance, pinning and depinning, and damping mechanisms,
significantly contribute to overall microwave absorption in ferroelectric and fer-
romagnetic materials. Defects such as vacancies, interstitial atoms, and dislocations
can pin domain walls, increasing energy dissipation. High defect density in doped
ferroelectric materials enhances dielectric loss by increasing pinning sites. In ferro-
magnetic materials, smaller grain sizes lead to more grain boundaries, which impedes
domain wall mobility and increases magnetic loss.

4.6.2 Phase transitions

Phase transitions in ferroic materials, such as ferroelectric and ferromagnetic
materials, significantly influence their electric and magnetic properties, thereby
affecting microwave absorption. Ferroelectric, ferromagnetic, and multiferroic
phase transitions involve changes in crystal structure, magnetic alignment, and
simultaneous transitions in electric and magnetic ordering, respectively. For instance,
the ferroelectric to paraelectric transition in materials like BaTiO; causes an abrupt
change in the dielectric constant, impacting the material’s ability to absorb microwave
energy. Similarly, the ferromagnetic to paramagnetic transition in materials like
NiFe,0, alters magnetic properties, influencing magnetic loss mechanisms. These
phase transitions can thus alter dielectric and magnetic properties, affecting micro-
wave absorption capabilities. Additionally, temperature, pressure, and external fields
can influence phase transitions, providing a means to tune material properties for
optimal microwave absorption. Kumar et al. [39] studied the effect of heat treatment
on morphology and microwave absorption of SiC particles. Through ball milling and
heat treatment, the researchers transformed these particles into spherically shaped
nano-size SiC and a one-dimensional SiC/Si;N, micro-whiskers composite system.
The results indicated a significant enhancement in dielectric properties for both the
spherically shaped nano-size SiC and 1D SiC/Si;N,; micro-whiskers when compared to
the original particles. Microwave absorption performance showed notable improve-
ment in 8-12 GHz frequency range for the shape-modified SiC particles. A similar
study was carried out by Wei et al. [40] where they explored the impact of heat
treatment on absorption properties of flaky CI powder produced through high-
energy ball milling. The study aimed to optimize microstructure and enhance absorp-
tion by analyzing the influence of pre-heating at various times and temperatures.
Microstructural analysis revealed finer grain size and increased flattening ratio in
ball-milled material. Pre-heating increased the length-to-diameter ratio, improving
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magnetic permeability and absorption performance. Optimal pre-heating parameters
were identified as 200°C for 2 hours, achieving a real part of permeability up to 3.20
at2 GHz and an imaginary part of 1.61 at 6.2 GHz.

4.6.3 Structure: Property velationship

The arrangement of atoms within a crystal lattice affects the electronic and mag-
netic properties, influencing microwave absorption. The shape and size of particles or
grains impact surface area and interaction with electromagnetic waves, with nano-
structured materials often exhibiting enhanced absorption [33]. Defects and impuri-
ties introduce localized states that contribute to dielectric loss and alter magnetic
properties, affecting microwave absorption [30]. Oyhargabal et al. [41] explored the
impact of polyaniline (PANI) morphology on absorption properties within epoxy
polyaniline composites. The study synthesized various PANI structures—globular,
fibrillar, and flake-like—incorporated into epoxy resin. Increasing the aspect ratio of
PANI resulted in a lowered electrical percolation threshold (from 3.9 to 1.3 vol.%) and
increased electrical conductivity. Specifically, the inclusion of high aspect ratio flake-
like PANI significantly enhanced microwave absorption properties (2.4-8.8 GHz).
Composites with flake-like PANT exhibited a doubled &'’ compared to globular and
fibrillar PANI. Yang et al. [42] studied the influence of Fe particle size and shape on
composite absorbers’ absorbing properties. Through controlled mechanical milling of
Fe powders in two batches, they produced polymer composites featuring flake-shaped
Fe particles. These composites, with 40 wt.% of such particles, displayed increased
magnetic permeability and dielectric permittivity. The research unveiled a substan-
tial increase in both £’ and p’ as the milling time and particle size grew, attributed
to enhanced space-charge polarization. Guo et al. [43] studied the effect of shape
anisotropy, where the spherical CI particles were transformed into planar, anisotropic
particles through milling. During fabrication, an external magnetic field strategically
aligned these PACIs within a paraffin composite, resulting in the orientation of shape
anisotropy field. This alignment improved complex permeability while simultane-
ously reducing complex permittivity, leading to good impedance matching. The
produced absorber displayed an absorption bandwidth of 1.4 GHz for a thickness of
3.25 mm. These studies highlight the potential of tailoring particle shape and orienta-
tion for designing microwave absorbers.

4.6.4 Influence of microstructure

The influence of microstructure on microwave absorption is significant. Smaller
grain sizes enhance dielectric loss through space-charge polarization and reduce eddy
current losses by increasing electrical resistivity. Grain boundaries act as barriers to
domain wall motion, contributing to magnetic hysteresis loss and affecting dielectric
properties. Porosity scatters electromagnetic waves, enhancing absorption but poten-
tially weakening mechanical strength. Huang ez al. [44] investigated the impact of
pore morphology of porous carbons (PCs) on microwave absorption. Using a sol-gel
process and freeze-drying, they created PCs with adjustable morphologies and pore
sizes. Results showed that, under similar graphitization conditions, pore morphology
had a dominant effect on dielectric loss. The sample with cage-like pores exhibited
maximum values in real and imaginary parts of complex permittivity within the
8.2-12.4 GHz range, indicating enhanced dielectric loss capacity. The study proposed
a mechanism to explain how pore morphologies influence microwave absorption
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performance. Liu et al. [45] studied the influence of the size of Fe;0, nanospheres

on absorption properties. They utilized the solvothermal method to create Fe;0,
nanoparticles with adjustable sizes (20-250 nm). The results demonstrated a sig-
nificant correlation between granular size, permeability, and absorption properties.
Notably, Fe;0, nanoparticles with a 20 nm size, aided by magnetic stirring, exhibited
enhanced absorption compared to larger counterparts produced without magnetic
stirring. They concluded that Fe;O, nanoparticles with a size under 100 nm are
potential candidates for microwave absorption.

4.6.5 Optimization through compositional control

Optimization through compositional control is crucial for enhancing microwave
absorption properties. Introducing dopants can modify electronic and magnetic
properties, increasing the dielectric constant or enhancing permeability. Adjusting
the relative proportions of different phases can balance dielectric and magnetic
losses, optimizing overall properties. Combining different materials creates hybrid
materials with superior absorption properties through synergy between components.
Incorporating nanomaterials into nanocomposites significantly improves properties
by offering high surface area, tunable electronic properties, and strong interfacial
interactions. Zhao et al. [46] examined the impact of varying Ni contents on the
absorbing properties of FeNi nanopowders. The magnetic loss of Fe;pq.<Nix nanopow-
ders dominated within the 2-14 GHz frequency range. As the Ni content increased,
the peak magnetic loss shifted to higher frequencies. Singh et al. [47] investigated the
effect of Zn metal particle dispersion in SiC on absorption characteristics. Their find-
ings revealed an enhancement in EM wave absorption within the 8-18 GHz frequency
range due to the dispersion of Zn particles in the SiC matrix.

Jamwal et al. have made significant strides in the field of MAMs by exploring vari-
ous factors affecting their performance. Their research reveals that adjusting particle
sizes and incorporating multi-walled carbon nanotubes (MWCNTs) into cobalt (Co)
absorbers enhances microwave absorption through improved interfacial polarization
and multiple reflections, achieving an effective bandwidth of up to 10 GHz [17]. In
their study of carbonyl iron/barium hexaferrite (CI/BFO) nanocomposites prepared
via high-energy ball milling, they found that the modified morphology and complex
electromagnetic interactions within the composites lead to an impressive absorption
range with an effective bandwidth of 15.12 GHz when optimized with a triple-layer
design [16]. Their investigation into gamma radiation’s effect on lithium-substituted
nickel ferrite (LNFO) shows that gamma exposure induces structural changes and
increases free electron density, which enhances dielectric and magnetic losses,
resulting in a bandwidth of 3.8 GHz [48]. Additionally, Jamwal ez al. explored the
impact of ball milling with heterogeneous ball sizes, demonstrating that this method
produces finer particles and improves absorption characteristics in cobalt (Co)
through increased surface area and enhanced electromagnetic interaction, achieving
a bandwidth of 9.65 GHz [49]. Collectively, these studies offer valuable insights into
the mechanisms of microwave absorption and innovative approaches for optimizing
materials for high-performance applications.

By understanding and optimizing these mechanisms, researchers can design
advanced MAMs that effectively mitigate electromagnetic radiation, meeting the
demands of modern technology. The following sections will explore practical applica-
tions and future research directions in this field.
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5. Applications and practical implications

MAMs have a wide range of applications due to their ability to mitigate electro-
magnetic interference (EMI) and enhance the performance of electronic devices.
EMI refers to unwanted disturbances caused by external electromagnetic fields
that can degrade signal quality, cause data loss, and lead to malfunctions in elec-
tronic devices. Such interference can stem from natural phenomena, human-made
equipment, or the devices themselves, particularly in environments with multiple
electronic devices operating in close proximity. As electronic circuits become more
complex and miniaturized, and wireless communication technologies proliferate,
susceptibility to EMI has grown. To ensure reliable operation and electromagnetic
compatibility (EMC), effective EMI shielding is crucial. MAMs play a key role in this
by absorbing incident electromagnetic waves and converting them into heat, thereby
reducing wave intensity, reflection, and interference. They are designed to oper-
ate across a broad frequency range to address diverse EMI sources, with composite
materials that combine dielectric and magnetic losses providing enhanced broad-
band absorption. MAMs can be applied as coatings, films, or structural components
in enclosures, cables, and connectors to offer comprehensive EMI protection. Beyond
shielding, MAMs significantly improve the efficiency and performance of various
electronic devices. For sensors, MAMs enhance performance by reducing EMI and
improving signal integrity. In radar and imaging systems, they minimize unwanted
reflections and increase detection accuracy, while in automotive radar, they bolster
the reliability of collision avoidance and adaptive cruise control systems. In antennas,
MAMs improve performance by reducing backscattering and surface currents, lead-
ing to better radiation patterns and increased gain. They also reduce mutual coupling
between elements in phased array antennas, enhancing beamforming capabilities
and signal-to-noise ratio, and are used in anechoic chambers for interference-free
antenna testing. In communication devices, MAMs play a crucial role in reducing
interference and multipath effects, thereby enhancing signal quality. In mobile
phones, they lower specific absorption rate (SAR) and minimize signal loss, which
improves call quality and battery life. For Wi-Fi routers, MAMs reduce interfer-
ence from nearby devices, resulting in more stable and faster internet connections.
Overall, MAMs are integral to optimizing electronic device performance and ensur-
ing effective EMI management.

5.1 Prospects for further research and development

The ongoing research and development in the field of MAMs is focused on
addressing current challenges and exploring new possibilities. Some of the promising
directions include:

i. Developing materials with enhanced broadband absorption capabilities remains
a key goal. Researchers are exploring new compositions, structures, and fabrica-
tion techniques to achieve high absorption efficiency across a wide frequency
range.

ii. Ensuring the scalability and cost-effectiveness of advanced MAMs is crucial for

their widespread adoption. Research efforts are aimed at developing economi-
cally feasible synthesis methods and reducing material costs.
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iii. The integration of MAMs with emerging technologies, such as 5G, the Internet
of Things (IoT), and autonomous vehicles, presents new opportunities and chal-
lenges. Tailoring absorbers to meet the specific requirements of these technolo-
gies is an active area of research.

iv. Addressing environmental and health concerns associated with MAMs is
important for their sustainable development. Researchers are investigating
eco-friendly materials and assessing the potential health impacts of long-term
exposure to microwave absorbers.

6. Conclusion

This chapter explores the mechanisms behind microwave absorption, focusing
on the interplay between electric polarization and ferromagnetic properties. Electric
polarization involves aligning electric dipoles under an external field, while ferromag-
netism results from the parallel alignment of magnetic moments. Key dielectric losses
include electronic, ionic, dipolar, and space-charge polarization. Magnetic losses
arise from domain wall motion, hysteresis, eddy currents, and natural resonance.
Composite absorbers combine dielectric and magnetic materials, leveraging both
to enhance microwave absorption. This synergy allows for broadband absorption
across a wide frequency range, which is crucial for applications in stealth technol-
ogy, electromagnetic interference shielding, and wireless communication systems.
Understanding these mechanisms and the synergy between dielectric and magnetic
properties guides the development of next-generation MAMs. Hybrid materials with
nanostructures like graphene or carbon nanotubes promise superior performance.
Emerging technologies such as 5G and advanced stealth systems will benefit from
these advancements. Future research should explore new material systems with
unique dielectric and magnetic properties, novel ferroelectric and ferromagnetic
materials, and hybrids with nanomaterials. Studies on microstructure and interfaces
in microwave absorption are also needed. Advanced characterization techniques, like
in situ methods, can reveal microstructural features influencing losses. Theoretical
modeling and simulation can enhance understanding. Investigating phase transitions
and environmental effects on material properties is crucial. Developing scalable, cost-
effective synthesis methods is essential for commercial viability. Additionally, multi-
functional materials combining microwave absorption with mechanical strength and
thermal conductivity have broad applications in aerospace and consumer electronics.
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Chapter 5

Anhysteretic Magnetization in
Ferromagnetics

Sevgey G. Sandomirski

Abstract

Anhysteretic magnetization involves applying a strong alternating magnetic field
to a material simultaneously with a constant magnetizing field. The alternating field is
then gradually reduced to zero. The initial magnetization curve is replaced by an
anhysteretic magnetization curve. Its use sharply increases the sensitivity of magnetic
elements. But there is no analytical description of such magnetization. In the
chapter, to simplify the determination of the anhysteretic magnetization curve of a
ferromagnetic material, a formula is developed using the results of measuring its
saturation magnetization M, remanent magnetization M,, and coercive force H,,
which can be measured according to standard techniques with a minimum error.

The developed formula is used to determine the internal N; coefficient of material
demagnetization arising due to inhomogeneity’s in its structure. The effect of
magnetic properties of different materials on N; has been analyzed. The developed
formula is also used to determine the anhysteretic magnetization curve of a ferro-
magnetic body and to analyze the relationship between the initial and maximum
magnetic susceptibilities of a material under normal and anhysteretic magnetization.
The results obtained are important for electrical engineering and magnetic structural
analysis.

Keywords: ferromagnetic steels, magnetic properties, anhysteretic magnetization,
internal magnetization factor, magnetic hysteresis loop, saturation magnetization,
remanent magnetization, coercive force

1. Introduction

Structural and electrical steels are typically ferromagnetic materials (Figure 1).
Their magnetization is characterized (Figure 1) by the normal magnetization
curve M(H) (geometric location of the vertices of symmetrical magnetic hysteresis
loops, which are obtained at successively increasing maximum values of the
magnetic field strength [1]) and the Stoletov curve (graph y(H) of the depen-
dence of the magnetic susceptibility y on the magnetic field strength H in a
ferromagnetic [2]).

The magnetic parameters whose measurement results are given in Ref. and scien-
tific literature for almost all steels [3-5] are: coercive force H,, saturation magnetiza-
tion M;, and remanent magnetization M,. If the requirements of [2] are met, the
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MY

Figure 1.
Normal magnetization curve M(H) and Stoletov curve y(H) of steel.

relative error & of measuring H, of ferromagnetic materials does not exceed +2%, M;
and M, — £3%, and 6 of measuring the ratio K, = M,/M; (“rectangularity factor”) when
measuring M, and M, on the same apparatus does not exceed £1% (errors in deter-
mining the cross-sectional area of the sample and the galvanometer constant are
excluded in this case) [6]. K, and the ratio £ = H./M, are recommended for use in
magnetic structural analysis [7]. Formulas for describing the normal magnetization
curve and the Stoletov curve of steels under normal magnetization based on the results
of H,, M, and M, measurements were developed and substantiated in Refs. [8, 9].

Anhysteretic magnetization of the material eliminates the influence of the hyster-
esis phenomenon on the magnetization of the ferromagnetic material [1, 10-13]. In
this process, simultaneously with the main permanent magnetizing field of intensity
H, the material is subjected to an additional alternating magnetic field, which brings
the material to technical saturation. At each value of H of the constant magnetic field,
the amplitude of the alternating magnetic field is smoothly decreased from maximum
to zero. The measured values of the magnetization M of the material after each such
operation are presented as usual as a function of H. In this case, instead of the curve of
initial magnetization [1, 12], the anhysteretic magnetization curve is obtained—geo-
metric location of the magnetization curve points obtained by superimposing an
alternating magnetic field with decreasing to zero amplitude on a monotonically
increasing permanent magnetic field H [1, 12]. (The term “ideal magnetization curve”
used in a number of papers according to reference [1] is “inadmissible for use”). The
curve of anhysteretic magnetization refers to the curves of ground states. These are
the states that, under given external conditions, have the lowest free energy, that is,
are thermodynamically most stable [11, 12]. An additional alternating field leads to the
establishment of an equilibrium state. The constant field is not able to make the
transition to this equilibrium state independently due to the presence of potential
barriers (in intermediate transition states) [11]. Those irreversible magnetization
processes that cannot be completed under the action of a weak constant field are also
involved in creating the magnetization of the new equilibrium state.

The peculiarity of the anhysteretic magnetization curve is the absence of an
inflection point and a small angle o of the curve inclination to the ordinate axis at the
point H = 0 (Figure 2).
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Figure 2.
Basic (1) and anhysteretic (2) magnetization curves of technically pure ivon according to reference [12].

The use of anhysteretic magnetization dramatically increases the sensitivity of
measuring systems containing magnetic elements [11]. Therefore, an analytical
description of the magnetization change on the anhysteretic magnetization curve and
the magnetic susceptibility on the Stoletov curve of ferromagnetic materials during
their anhysteretic magnetization is important for solving electrical engineering
problems.

According to the tangent of the angle o of inclination of the anhysteretic magneti-
zation curve to the ordinate axis at the point H = 0 (Figure 1), the internal coefficient
N; of demagnetization of the material is determined, which arises due to stresses and
heterogeneities in its structure. Therefore, N; allows us to reliably judge about changes
in the structure and mechanical properties of the material [13]. This explains the
importance of its determination for nondestructive magnetic analysis of the structure
of ferromagnetic materials.

The aim of the chapter is to develop an analytical expression to describe the change
in the magnetization M and magnetic susceptibility y of ferromagnetic materials
during their anhysteretic magnetization in terms of the intensity H of the magnetizing
field, the coercive force H,, the saturation magnetization M, and the remanent mag-
netization M, measured at the saturation hysteresis loop of the material. Development
on this basis of a formula for calculating the internal coefficient N; of demagnetization
of ferromagnetic materials. Analysis of the effect of heat treatment of steel on its N;
and Stoletov curve in anhysteretic magnetization. Comparison of maximum magnetic
susceptibilities of steel under commutation and anhysteretic magnetization. Develop-
ment of the analytical dependence for the anhysteretic magnetization curve of a
ferromagnetic body.

2. Analyzing the features of measuring the anhysteretic magnetization
curve

Measurement [14-16] of the anhysteretic magnetization curve of a ferromagnetic
material involves the necessity to carry out a full cycle of specific magnetic actions on
the material with numerous (and inaccurate) measurements of its magnetic state
during these actions [11, 13, 16]. Another problem is that the experimental curve may
not be smooth due to noise introduced during measurements and digitization of their
data [13]. Therefore, even its physical description is difficult [17, 18].
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The direct application of automated devices [19, 20] for measuring anhysteretic
magnetization curve for recording hysteresis loops and their parameters is impossible.
This is hindered by the specific magnetic influence on the material. The requirement
[1] to measure the anhysteretic magnetization curve on a thermally demagnetized
material is due to the need to ensure the repeatability of measurements in weak
magnetic fields. But heating a material to Curie temperature can change its magnetic
properties obtained from previous thermal treatment. Therefore, experimental stud-
ies of the effect of some thermal treatments of the material on the anhysteretic
magnetization curve are impossible.

Special devices for measuring the anhysteretic magnetization curve [14, 21] are
complicated and do not have high performance due to the need to observe the per-
missible rate of change of the alternating magnetic field acting on the material [11].
Metrological support of anhysteretic magnetization curve measurements by known
automated devices [14-16, 19-21] is not reported. Therefore, to analyze the
anhysteretic magnetization curve of a ferromagnetic material, its modeling is used.

3. Analysis of methods for modeling the anhysteretic magnetization curve
of ferromagnetic material

Several empirical formulae have been proposed to model the anhysteretic magne-
tization curve: rational, logarithmic, exponential, inverse arctangent functions
[11, 22], and Jiles-Atherton models [23-25], implemented in finite element modeling
software. But they do not use the basic magnetic parameters of the material, but
empirical results of measuring points (M, H) on the anhysteretic magnetization curve.
Analytical functions for the exact description of the whole nonlinear process of
anhysteretic magnetization of ferromagnetic materials have not been obtained. Spline
interpolation methods are commonly used to smooth anhysteretic magnetization
curves. They are combined with extrapolation methods to solve the saturation
approximation problem, facing the problem of obtaining physically reasonable results
[14, 23, 26].

It was shown in Refs. [10, 27-29] that the anhysteretic magnetization curve of a
ferromagnetic material can be calculated as the average curve of the descending and
ascending branches of the measured saturation loop of its magnetic hysteresis. In Ref.
[27], a method for determining the anhysteretic magnetization curve of a material is
proposed, by which the saturation hysteresis loop of the material is measured on a
sample of the material under investigation. Then, a straight line parallel to the abscissa
axis is drawn through the points A and D (Figure 3) with the same induction value on
the descending and ascending branches of the measured magnetic hysteresis
loop. Determine the magnetic field values at these points. Determine half of the sum
of these magnetic field values (taking into account their sign). Its value serves as the
value of the magnetic field of point C on the desired anhysteretic magnetization curve
of the material. The coordinates of other points of the anhysteretic magnetization
curve of the material are set in the same way (Figure 3). The method [27] is based on
the fact that the anhysteretic magnetization curve is close to the line passing through
the midpoints of the horizontal chords of the hysteresis loop corresponding to
saturation [10].

In Ref. [27], this position was verified on toroidal samples of CT 80, 60SiCR7, and
34CrNiMo6 steels. The verification showed that the discrepancy between the values of
the anhysteretic magnetization curve determined by the specified method and the
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Figure 3.

Schematic of using the results of measuring points on the dependence of induction B on the effective magnetic field H
on the descending (A) and ascending (D) branches of the hysteresis loop used to determine points (C) of the
anhysteretic magnetization curve according to reference [27].

classical method (under the simultaneous action of a constant magnetizing field and
an alternating magnetic field with a smoothly decreasing amplitude to zero) at the
initial section of the curve does not exceed 1-3% (i.e., less than the error in measuring
the parameters of magnetization curve points according to standard methods [2, 6]).
The disadvantage of the technique [27] is the labor-intensive and low accuracy of
experimental measurements of the magnetization of the material in a large number of
points on the descending and ascending branches of the saturation loop of magnetic
hysteresis of the material and the need for statistical approximation of the measure-
ment results for the analytical description of the anhysteretic magnetization curve.

4. Development of an analytical expression to describe the anhysteretic
magnetization curve M(H) of a ferromagnetic material

For the analytical description of the anhysteretic magnetization curve of a ferro-
magnetic material based on the results of H,, M,, and M measurements of the mate-
rial, we use that this curve can be calculated as the average line of the descending and
ascending branches of the saturation loop of its magnetic hysteresis. The technique
[30] for the analytical description of the anhysteretic magnetization curve of a ferro-
magnetic material is based on the approximation of the change in its magnetization M
from the intensity H of the acting magnetizing field on the descending and ascending
branches of the saturation hysteresis loop by the Frelich formulae [31-33]:

downstream branch:
_ M,M,(H +H,)

M =
MH, +M,H

ey

ascending branch:
M,M,(H — H,)

M =
H.(M, — 2M,) + M,H

()

This is justified by numerous experiments and practical uses of formula (Eq. (1))
to approximate the change in the magnetization M of a ferromagnetic material in the
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second quadrant of the (M, H) plane, which is important for the purpose of the
chapter.

For example, R.I. Janus in Ref. [33] on the basis of formula (Eq. (1)) obtained a
formula for calculating the remanent magnetization M, of a ferromagnetic body with
demagnetizing factor N after magnetization to saturation:

M, (H, + NM,) 4M?NH,
My=—"2"C T 1 — e 3
4 2NM, M,(H, + NM,)’ 3

In deriving formula (Eq. (3)), R.I. Janus used the well-known [5, 10, 33-35]
formula for calculating the magnetic field strength H in a ferromagnetic body in an
external magnetic field of strength H,:

H=H,— NM (4)

Experimental verification of formula (Eq. (3)) was carried out in Ref. [36]. The
central demagnetization factor N of the used samples varied from 0.00118 to 0.222.
The samples had the form of ellipsoids, cylinders, parallelepipeds, and plates made of
structural steel and steels 60SiCR7, C 50, and 100Cr6, which underwent different heat
treatment. The verification showed almost complete coincidence of the results of
calculations and experiments carried out by different authors. No further justification
is required for the legitimacy of using formula (Eq. (1)) (and formula (Eq. (2)) -
formula (Eq. (1)) shifted by 2H, along the abscissa axis) to achieve the purpose of the
chapter.

The values of magnetization M on the descending and ascending branches of the
saturation loop of magnetic hysteresis correspond, respectively, to the values of H;
and H, of the magnetizing field strength (Figure 4).

From (Eq. (1)) and (Eq. (2)), we obtain:

o MVMJ(HC + Hl)
- M,H, + M,H,

©)

Figure 4.

The descending (1) and ascending (2) branches of the saturation magnetic hystevesis loop and the anhysteretic
magnetization curve (3) plotted in dimensionless coordinates (h = H/H,, m = M/M,) using formulae (Eq. (1)),
(Eq. (2)) and (Eq. (10)) for a material with K, = 0.8.
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M,M,(H, — H,)

M= H.(M, — 2M,) + M,H, ®)
Transforming (Eq. (5)) and (Eq. (6)), we find:
 M,H,(M, — M)
=) 7
 H.(MM — 2M,M + M,M,)
H, = M,(M; — M) (8)

The half-sum of the magnetic field strengths H; and H, (taking into account their
sign) is equal to the field strength H on the anhysteretic magnetization curve (Figure 4):
H,-H, HM(M, - M,)

2 M, (M, — M)

H= 9)

from where: o M.MH o)
- H.(M; —M,) +M,H

For the Stoletov curve of the material at its anhysteretic magnetization from
(Eq. (10)):
M, M

11
H.(M,; — M,) + M,H (11)

){:

In the designations: K, = M, /M;, h = H/H,, ¢ = H. /M, let us write (Eq. (11)) in
the form:

-1

x=[é(h+K, " —1)] (12)

5. The effectiveness of the use of the developed formula

The effectiveness of using the developed formula (Eq. (10)) to calculate the
anhysteretic magnetization curve will be illustrated on the example of comparing the
switching and anhysteretic magnetization curves of C 30 steel tempered at different
tempering temperatures T, after quenching from 860°C (Figure 5). The results of mea-
surements in Ref. [4] of magnetic parameters H,, M,, and M of this steel, given in
Table 1, were used for calculation. Table 1 also summarizes the experimental values of
the maximum y,, and initial y, magnetic susceptibilities of C 30 steel measured in Ref. [4].
The maximum values y,,4 of the magnetic susceptibility on the anhysteretic Stoletov
curve were calculated using formula (Eq. (13)) derived from formula (Eq. (11)) at H = 0:

M, M;
TV VA (13)
XmA Hc (MS _ Mr)

The anhysteretic Stoletov curves were constructed using the parameters H,, M,,
and M; given in Table 1 by formula (Eq. (11)), and the commutation curves were
constructed using the same parameters by the formulae of reference [9]. In the table,
for each heat treatment of C 30 steel, the results of ymA calculation of the maximum

103



Ferroic Materials — Understanding, Development, and Utilization

4
20004
11
Wi
il
"
L1
(1]
W N
w2
(1]
Y
Lh
»
1ooor 2w

Figure 5.
Normal (1, 2, 3) and anhysteretic ( 1, 2/, 3/ ) Stoletov curves of C 30 steel (vespectively samples No. 1, 5, and 9
from Table 1).

No Sample T, °C Experiment according to Ref. ([4], Table 1.1) Calculation

HRC H,xA/mM M, xA/m M,yxkAM Y Xa  XmA  Xma Xma IN;*100

DXm [ Xa
1 20 46 2.30 865 1589 254 60 8254 325 1376 0.1212
2 150 45 2.25 870 1591 245 63 8532 3.48 13.54 0.1172
3 200 445 2.10 876 1599 259 65 9226 3.56 1419 0.1084
4 250 435 1.43 970 1644 399 74 16545 4.15 2236 0.0604
5 300 44 1.22 1007 1652 489 82 21141 4.32 2578 0.0473
6 350 41 1.13 1070 1650 541 80 2693.8 4.98 33.67 0.0371
7 400 38 0.995 1145 1643 613 77 3796.6 619 4931 0.0263
8 450 34 0.873 1248 1645 699 76 59235 8.47 7794 0.0169
9 500 32 0.876 1265 1648 719 72 6213.6 8.64 863 0.0161
10 550 26 0.866 1277 1639 733 69 6676.4 9.11 96.76 0.0150
11 600 23 0.834 1280 1632 761 65 71158 9.35 109.5 0.0141
12 650 19 0.730 1235 1622 759 72 7090.6 9.34 98.48 0.0141
Table 1.

Results of measurement and calculation of parameters of C 30 steel.

magnetic susceptibility of steel on the anhysteretic magnetization curve and the
results of N; calculation of these materials using formula (Eq. (16)) are also given.
Note that as the strength H of the magnetizing field increases, the anhysteretic mag-
netization, and switching magnetization curves of the samples (7 and 7,2and 2, 3
and 3’) become closer and practically coincide. But when the intensity H of the
magnetizing field tends to zero, the difference between the magnetic susceptibilities y
of the material on the anhysteretic and normal magnetization curves of the material
increases and reaches a maximum at H = 0. At the same value of H = 0, and the value
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Xma of the maximum magnetic susceptibility of steel on the anhysteretic magnetiza-
tion curve reaches a maximum (on the switching magnetization curve at H = 0, the
magnetic susceptibility has a minimum initial value of y,). In this case, the maximum
value y,, of magnetic susceptibility on the normal magnetization curve is observed in
the field, the strength of which can be calculated by the formula developed and
substantiated in [37]. Note also that the maximum value of y,,4 of the magnetic
susceptibility of steel on the anhysteretic magnetization curve is simultaneously the
value of the initial magnetic susceptibility of steel on this curve.

It is of interest to analyze to what extent this value of y,,4 exceeds the values of the
maximum y,, and initial y, of the magnetic susceptibilities of C 30 steel measured on
the normal magnetization curve. The results of calculation of the ratios y,,4 to the
experimentally measured in Ref. [4] values of the maximum y,, and initial y, magnetic
susceptibilities of this steel measured on the normal magnetization curve are also
given in Table 1.

Figure 6 shows the dependence between the values of y,,4 and y,, of samples No.
1-12 from Table 1. Note that the magnetic parameters H,, M,, and M of these samples
vary within sufficient limits for analysis.

The results presented in Table 1 show that anhysteretic magnetization increases
the maximum magnetic susceptibility of C 30 steel by a factor of 3.25-9.35. In this case
(Figure 6), the dependence of the maximum magnetic susceptibility y,,4 of C 30 steel
on the anhysteretic magnetization curve on the maximum magnetic susceptibility y,,
of this steel can be approximated by an exponential dependence in the investigated
range of variation of these parameters with high reliability (the reliability of R*
approximation is 0.9969):

Ima = 295.82 . ¢0-00427n (14)
The results presented in the table also show that anhysteretic magnetization

increases the initial magnetic susceptibility y, of C 30 steel by 1.13-2.04 orders of
magnitude. But the dependence of y,,4 of steel 30 on its y, in the investigated range of

‘;{ mA

G000

4000

200 300 400 500 600 w0 X,

Figure 6.

Dependence between yma and ym values of the maximum magnetic susceptibilities of C 30 steel samples (Table 1)
subjected to different heat treatments, measured on anhysteretic and normal magnetization curves. Exponential
trend line of this dependence.
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Figure 7.
Anhysteretic magnetization curves of carbon steels with carbon contents of 0.085, 0.23, 0.32, and 0.52% (curves
1—4, respectively), whose magnetic parameters ave given in Table 2. Calculation using formula (Eq. (10)).

variation of these parameters is ambiguous because of the ambiguity of the change of
%a from the tempering temperature T, of C 30 steel in this range (Table 1). The
obtained results of the analysis are new. They could not be obtained based on exper-
imental studies of the anhysteretic magnetization curve of C 30 steel without the
developed formula (Eq. (11)). It should be noted that such results can be obtained for
any ferromagnetic material by measuring its H,, M,, and M, which for the majority of
known materials are given in scientific and reference literature or can be measured
with maximum achievable accuracy by standard methods.

By introducing the notations K, = M, /M, m = M/M;, h = H/H, and
transforming from (Eq. (11)), we obtain:

1-K\ !
m= (1+ Ko ) (15)

Formula (Eq. (15)) is obtained mathematically accurately on the basis of the
experimentally justified in Refs. [10, 27] methodology and experimentally justified in
Refs. [33, 36] dependences (Eq. (1)) and (Eq. (2)). It does not require additional
experimental substantiation.

The developed technique was used to determine the anhysteretic magnetization
curves of carbon steels (Figure 7).

The authors of Ref. [3] magnetized samples of the studied steels with carbon
content of 0.085, 0.23, 0.32, and 0.52% to saturation in a closed magnetic circuit of the
ballistic unit permeameter. Measurements of H,, M,, and M; of the sample material
were carried out by ballistic method according to the method [2, 6]. The results of
these measurements ([3], Table 2) are given in Table 2.

Carbon content, % H,, A/m M,, kA/m M, kA/m

0.085 71 816 1707

0.23 188 836 1659

0.32 399 782 1675

0.52 487 749 1630
Table 2.

Magnetic parameters of carbon steels according to reference [3].
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The dependence of magnetization M on the anhysteretic magnetization of carbon
steels on the intensity H of the magnetizing field was determined using the results
(Table 2) of measuring the parameters H,, M,, and M of the sample material in
accordance with expression (Eq. (10)).

6. Calculation and analysis of internal demagnetization coefficient of
ferromagnetic materials

Demagnetizing magnetic field—a field inside a magnetized body, the source of
which is the magnetization M of the body itself and whose action reduces M. The
demagnetization coefficient N is the ratio of the demagnetizing magnetic field in a
magnetized body to the magnetization M of this body. In the presence of
demagnetizing field, the true (internal) magnetizing field H is determined from the
formula (4).

The internal demagnetization N; is determined by measuring the anhysteretic mag-
netization curve of thermally demagnetized [1] ferromagnetic material. The slope of the
anhysteretic magnetization curve to the M axis is caused by internal fields arising from
mechanical stresses, material inhomogeneities, and anisotropy. The tangent of the angle
a of this slope when the magnetizing field H tends to zero (Figure 2) is equal to N;.
Therefore, N; of a material allows us to reliably judge its structural parameters and
physical and mechanical properties [11, 27, 38]. This is the reason for its widespread use
and the importance of its determination for ferromagnetic materials [39-47]. The
necessity of carrying out a complete cycle of magnetic effects on thermally
demagnetized material, measurements of its magnetization with statistical processing
of their results and differentiation of the obtained dependence complicate the process
of N; determination and reduce its accuracy. Meanwhile, it was shown in Refs. [8, 9, 48]
that all “specific” changes in magnetic hysteresis loops, magnetic permeability, and
other magnetic parameters of steels associated with changes in their structural state
and phase composition are caused only by changes in the H,, M,, and M of these
steels. At the same time, H,, M,, and M; of ferromagnetic materials can be
measured according to standard methods during switching magnetization of the
material with minimal errors compared to other magnetic parameters. The results of H,,
M, and M, measurements of many materials are given in scientific and reference
literature.

The purpose of the paragraph is to establish the relation between the internal
coefficient N; of demagnetization of a ferromagnetic material and the parameters H,,
M,, and M; of the saturation loop of its magnetic hysteresis, which can be measured
for any material by standard methods.

In addition to simplifying the measurement process, the importance of solving the
problem at hand is that there is no requirement to perform measurements on ther-
mally demagnetized state material when measuring H,, M,, and M; [1, 6]. Therefore,
the results of the effect of thermal treatments on H,, M,, and M; of many materials are
given in scientific and reference literature (in contrast to the effect of these treatments
on N;). This difference in the initial requirements to the measured object is the reason
for the absence in the (known to the author) scientific and reference literature of the
results of measurement of N; and H,, M,, and M, of the same material. Therefore, it is
not possible to compare the results of N; calculation by the developed formula with
the results of experimental N; measurement. Proceeding from this, in developing the
required formula, the author paid primary attention to the substantiation of the
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physical assumptions of the calculation and mathematical rigor of the transformations
carried out. To calculate N;, we use the developed formula (Eq. (10)) describing the
magnetization change on the anhysteretic magnetization curve. Formula (Eq. (10))
was obtained in Ref. [30] mathematically accurately on the basis of the experimentally
substantiated methodology [10, 27] and experimentally substantiated in Refs. [33, 36]
dependences (Eq. (1)) and (Eq. (2)). It does not require additional experimental
substantiation.

By performing the transformations, from (Eq. (10)), we obtain for the internal
coefficient N; of demagnetization:

H.(1-K,)
N=——" 16
i 16)
In Ref. [7], it is recommended in the development of methods and devices of
magnetic structuroscopy instead of M, and H, parameters to use the results of mea-
surement of ratios K, = M, /M, and & = H,/M;. With this in mind, we get:

(17)

It was shown in Ref. [5] that in the case when the magnetic anisotropy is uniaxial
and the direction of the light axis of magnetization varies from section to section, the
ratio between M, and M;:

M, = 0, 5M; (18)
For substances with cubic magnetic anisotropy [5]:
M, = 0, 866M (19)
In ferromagnetic steels M, has intermediate values with respect to calculation by
(Eq. (18)) and (Eq. (19)) [3-5].

Figure 8 shows the change in N; of the steel when varying the parameter K, in
practically important range 0.5 < K, < 0.866.

Figure 8.
Effect of changing the parameter K, (1—3 — when & of the material is 0.0005; 0.001 and 0.002, respectively) on the
internal demagnetization factor N; of steel. Calculation by formula (Eq. (17)).
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Figure 9.
Effect of tempering temperature T, (a) and havdness HRC (b) of C 30 steel after quenching from 860°C on its
internal N; demagnetization factor. Calculation by formula (Eq. (16)).

The developed formula (Eq. (16) allows us to analyze the influence of technolog-
ical modes of obtaining ferromagnetic materials on their internal N; demagnetization
coefficient.

As an example of such an application of the developed formula, Figure 9 shows the
results of the analysis of the change in the internal coefficient N; of demagnetization
of C 30 steel from its tempering temperature T;. The magnetic parameters of C 30
steel after different tempering temperatures T, measured in [4] using standard
methods are given in Table 1.

The obtained result shows the monotonicity of N;(T;) and N;(HRC) dependences
in the whole range of T, variation (in contrast to the non-monotonicity of this depen-
dence for the H, parameter in the range 450°C < T, < 550°C). This result was obtained
on the basis of measurements by standard methods of H,, M,, and M; parameters of C
30 steel, given in the reference book [4]. Experimental construction of the depen-
dences obtained in Figure 9 using the standard N; determination technique is impos-
sible, since fulfillment of the requirement [1] to construct an anhysteretic
magnetization curve on thermally demagnetized material (i.e., after heating it above
the Curie temperature) will distort the effect of the tempering temperature T; of the
sample on its magnetic properties.
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7. Determination of the anhysteretic magnetization curve of a
ferromagnetic body from its demagnetizing factor and magnetic
parameters of the material

Magnetic elements used in electrical engineering are often ferromagnetic bodies
(plates, solid or hollow cylinders, and rings) whose material magnetization is
influenced by their demagnetization factor N [35]. This determines the importance of
determining and analyzing the anhysteretic magnetization curve of a ferromagnetic
body. It is also important for analyzing the anhysteretic magnetization of dispersed
ferromagnetic particles. Their shape can be considered as ellipsoids of rotation, which
are magnetized uniformly.

The aim of the paragraph is the analytical description of the anhysteretic magneti-
zation curve of a ferromagnetic body.

Calculation of the anhysteretic magnetization curve of a ferromagnetic body.

From (Eq. (10)) and (Eq. (4)):

M,M,(H, — NM)

M =
H.(M; — M,) + M,(H, — NM)

(20)

Transforming (Eq. (20)), we obtain the reduced quadratic equation for determin-
ing M:

H.(M,—M,) H M,H,
M2 _ c s r Ze s mlMm s2te 21
{7M,N +y } +—y =0 (21)
Equation (Eq. (21)) has the following solution:
_1[H(M,-M,) H, 1[H.(M; —M,) H, > M.H,
M_z{ MN +N+M5 y MN +N+MS N (22)

Formula (Eq. (21)) for describing the magnetization change on the anhysteretic
magnetization curve of a ferromagnetic body is obtained mathematically accurately
on the basis of the physically reliable relationship (Eq. (4)) and the dependence
(Eq. (10)) of the magnetization change on the anhysteretic magnetization curve of a
ferromagnetic material substantiated in [30]. Therefore, it does not require additional
experimental substantiation.

7.1 Analysis of the influence of body sizes and magnetic properties of the material
on their anhysteretic magnetization curves

As an example of calculation by formula (Eq. (22)), Figure 10 shows anhysteretic
magnetization curves of cylindrical rods of different relative length 2 made of classical
electrical materials: technically pure iron (M, = 1715,7 kA/m, M, = 940 kA/m,

H_. = 80 A/m) and textured siliceous iron (M, = 1560 kA/m, M, = 798 kA/m,

H. =8 A/m) ([34], Tables 12.4, 12.5). The demagnetizing factors N (central demag-
netization coefficients) of the rods were calculated by the formula of K. Warmuth
[35, 49] for 1 > 1:
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1 P : 1+2,35In(1+ 0,1372)
__L L VA1) -1 .
N =727 |:\/,{—2 — ln(ﬂ v ) } 1+2,28In(110,2845)° 2

For a generalized analysis of the influence of body sizes and magnetic properties
of the material on their anhysteretic magnetization curves, we use the following
notations:

H M, _H (24)

MV c
I<V:_a i)
MMM H,

Carrying out transformations, from (Eq. (22)) taking into account (Eq. (24)), we
obtain:

h,¢&
—F(h) 1= [J1——2 2
7= F ) A NE 7 *)
where:
F(h,) = % [l ;KV +he + %] (26)

Note (curves 1, 7'in Figure 10) that as the demagnetizing factor N of the body
increases, the magnetic properties of its material cease to influence the anhysteretic
magnetization curve in the practically important range of its variation. We also note
that the parameters N and ¢ are included in expressions (Eq. (25)) and (Eq. (26)) for
the anhysteretic magnetization curve of a ferromagnetic body in the form of the ratio
&/N. Taking this into account, introducing the parameter y:

_¢

M.

kASm
150

LI

- 4 ‘5: 5 lf".lr.,_i..-'l. ]

Figure 10.

Anhystevetic magnetization curves M(H,) of cylindrical rods with length-to-diameter vatio ) of 20 (1, 1)), 50 (2,
2') and 1000 (3, 3') made of technically pure iron (1, 2, 3) and textured siliceous iron ( 1/, 2/, 37). Grows
according to (Eq. (22)) and (Eq. (23)).
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transform (Eq. (25)) and (Eq. (26)) to a convenient form for generalized analysis:

_ ke
m = F(h,) [1 1 FiT (28)
where:
7 |1-K, 1
F(he) = i |: K, +h, + 7] (29)

It follows from formulas (Eq. (28)), (Eq. (29)) that a decrease in the
demagnetizing factor N of the body changes its anhysteretic magnetization curve m
(h.) (according to the change in its parameter y) at a constant ratio & = H,/M; of the
material as much as an increase in the ratio & of the material at a constant N of the
body.

From formulas (Eq. (28)), (Eq. (29)), it also follows that the rectangularity factor
of the magnetic hysteresis loop of a material affects the change of the anhysteretic
magnetization curve of a ferromagnetic body by the change of the ratio (1-K)/K,.

The obtained results of the analysis of the influence of the magnetic properties
of the material and demagnetizing factor of ferromagnetic bodies on the character
of changes in their anhysteretic magnetization curves could not be obtained
without using the developed formulas (Eq. (22)), (Eq. (28)), and (Eq. (29)) asa
result of the analysis of experimentally measured anhysteretic magnetization
curves of ferromagnetic bodies or their numerical calculations by the finite element
method.

8. Conclusions
Thus, as a result of the research conducted:

1.Formula M = m (Eq. (10)) for the analytical description of the

anhysteretic magnetization curve of a ferromagnetic material and formula y =

M,M,
H.(M,—M,)+M,H

under anhysteretic magnetization of a material have been developed and
substantiated. The developed formulas use the results of measuring the
saturation magnetization M, remanent magnetization M,, and coercive force H,
of the material. Increased productivity and simplified determination of the
anhysteretic magnetization curve and Stoletov curve of the material is achieved
due to the fact that for their determination, it is necessary to magnetize the
material only once to technical saturation and to measure after that only three
magnetic parameters of the material’s saturation hysteresis loop. The used
parameters H,, M,, and M; can be measured according to standard methods with
minimal error compared to other magnetic parameters of the material. They are
given in Ref. and scientific literature for many steels, cast irons, and alloys. This
makes it possible to replace labor-consuming and inaccurate measurements of
the anhysteretic magnetization curve and Stoletov curve of materials under
anhysteretic magnetization by calculation using the developed formulas.

(Eq. (11)) for technical calculations of the Stoletov y(H) curve
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2.Using the developed formula (Eq. (11)), the values of initial and maximum
magnetic susceptibilities of C 30 steel after different heat treatments under
anhysteretic and normal magnetization curve were compared. This allowed us to
quantitatively establish that anhysteretic magnetization increases the initial
magnetic susceptibility of C 30 steel by 1.13-2.04 orders of magnitude and
increases its maximum magnetic susceptibility by 3.25-9.35 times.

3.Based on the reliable physical assumptions and the developed formula
(Eq. (10)), formula N; = w (Eq. (16)) for determining the intrinsic
coefficient N; of demagnetization of a ferromagnetic material using the
measurement results of its H,, M, and M; is mathematically accurately
developed. Of the parameters that can be determined by a nondestructive
method, N; of ferromagnetic materials by its physical nature is the material
parameter most sensitive to changes in its structure. Formula (Eq. (16)) is
intended to analyze the influence of chemical composition and heat treatments
of ferromagnetic materials (steels, cast irons, and porous materials) on their N;
(i.e., on their structure).

4.0n the basis of reliable physical assumptions and the formula (Eq. (10)), a

2
H, (M;—M, H, H.(M;—M, H, M,H,

(Eq. (22)) was mathematically accurately developed for the analytical description
of the anhysteretic magnetization curve of a ferromagnetic body based on the results
of measurement or calculation of its demagnetization coefficient N and the main
magnetic parameters of the material: H,, M,, and M;. The combinations of ferromag-
netic body parameters depending on its N and magnetic properties that determine the
magnetization change on the anhysteretic body magnetization curve have been
established. The obtained results of the analysis of the influence of these parameters
on the anhysteretic magnetization curves of a body could not be obtained by analyzing
the experimentally measured anhysteretic magnetization curves of ferromagnetic
bodies. They are important for understanding the process of anhysteretic magnetiza-
tion of ferromagnetic bodies and its effective use.
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Chapter 6
PVDF Based Flexible Ferroelectrics

Mudassar Shehzad, Liu Yang and Yaojin Wang

Abstract

The well-known ferroelectric polymer, Poly (vinylidene fluoride-trifluoroeth-
ylene) [P(VDF-TrFE)], has a larger polarization-electric field hysteresis loop and
possesses a high degree of crystallinity than poly(vinylidene fluoride-trifluoro-
ethylene-clorotrifluoroethylene) [P(VDF-TrFE-CTFE)]. [P(VDF-TrFE-CTFE)] is
arelaxer that contains its third monomer, CTFE, and breaks the coherence of its
polarization domains in a nano polar region. It eventually shows narrower polariza-
tion PE loop characteristics than a normal ferroelectric polymer. The blended solution
was dispensed in freestanding films and its beta phase enhancement was further
studied which may have an impact on its electroactive characteristics. The electroac-
tive properties, especially pyroelectric (PyE), piezoelectric (PE), and flexoelectric
(FLE) properties of the blends are associated with its beta phase characteristics.
Flexible electronics benefit greatly from the use of electroactive devices; however, a
significant drawback of this technology is its higher power consumption combined
with somewhat lower efficiency. To address this issue, we fabricated thin film devices
designed to transmit and record electrical signals for pyroelectric and piezoelectric
transduction within a single unit. These devices were constructed using a straight-
forward technique that involved creating sandwiched layered structures with a small
radius. Ultimately, the printed thin film devices, which contained the enhanced 8
phase, functioned effectively as both pyroelectric energy harvesters and piezoelectric
transducers, among other applications.

Keywords: Olsen cycle, ferroelectric polymer, energy harvesting, electrostriction,
polarization, antiferroelectric (AFE) loop, energy density, piezoelectric properties,
sound pressure level, sound intensity, and piezoelectric transducers

1. Introduction

Polyvinylidene fluoride (PVDF) is recognized as an electroactive polymer that is
used in both industrial and medical purposes. However, its widespread adoption is
hindered by its lower density and reduced electric strain capabilities. A major chal-
lenge in utilizing these polymers is finding ways to decrease their high-power density
through various technological approaches. For instance, in 2011, researchers led by
Zhang discovered a method to enhance the electrostrictive performance of copoly-
mers and terpolymers, which allows for greater energy density in PVDF. Nevertheless,
this advancement involves intricate synthesis techniques and complex polymerization
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processes [1]. Recently, P(VDF-TrFE) copolymer has shown a high electric polar-
ization and electromechanical (EM) response compared to other established fer-
roelectric materials [2]. Researchers are currently concentrating on PVDF-based
copolymers and terpolymers due to their remarkable ferroelectric characteristics. The
copolymer shows substantial electric strain when subjected to high-energy electron
irradiation of the films. These irradiated films display high energy density, making
them highly appealing for a variety of electromechanical applications [3-5]. Figure 1
illustrates three configurations of polymer chains: ‘trans-gauche-trans-gauche’

(TG + TG-), all ‘trans’ (T'TT), and long trans ‘“TTTG+TTTG-"

In the polar region of P(VDF), the packing morphology contributes to the
enhancement of its polarization. The a phase, typically associated with TG+ and TG-
conformations, lacks polarization due to the antiparallel alignment of the polymer
chains in this amorphous form. In contrast, the p phase, where two all-trans chains
are oriented parallel to each other, is crystalline and exhibits highly notable electri-
cal properties due to its substantial dipole moment within each unit cell. The polar y
phase is characterized by alternate TTTG+ and TTTG- conformations, with dipole
moments aligned in the same direction. After irradiation, PVDF polymers are con-
verted into relaxor ferroelectrics, achieving high dielectric and polarization constants.
Introducing structural defects is the primary mechanism by which conventional
ferroelectrics are transformed into relaxor ferroelectric chains. Furthermore, relaxor
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Figure 1.

AFgE property of polymer. (a) The three (3) conformations such as long (trans) and short (trans) and trans
gauche ave responsible for the ferroelectric behavior, where a phase is regarded as the Ferroic Alpha phase. (b)
Shows the conversion of co to the terpolymer after complete incorporation of (CTFE) into the PVDF-TrFE
copolymer. (c) Shows an interaction among S and I phases which results delta phase. (d) Shows the measurement
of energy density (stored). (e) The graphical representation of ferroelectric (FE), Releaxor Ferroelectric (RFE)
and Antiferroelectric (AFE) hysteresis loops. (f, g) The molecular chains of PVDF-TrFE and P(VDF-TrFE-
CTFE) polymers.
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ferroelectric properties can also be attained by substituting a third CTFE monomer
within the polymer chain.

Antiferroelectric (AFE) behavior is distinguished by double hysteresis loops
(DHL), which feature a central notch. This distinctive, propeller-shaped double
hysteresis loop is a unique characteristic of AFE polymers, contributing to their high
dielectric constants and substantial energy density. Among the different phases, the
p phase stands out as the most important, as it offers strong crystalline properties
essential for AFE double hysteresis loop behavior. Traditional ferroelectric materials
have the lowest energy density, exhibiting broad polarization, whereas ferroelectric
polymers generally achieve high maximum polarization (Pm) and low remnant
polarization (Pr). Polymers can be classified into ferroelectric, paraelectric (PE),
and antiferroelectric (AFE) types. Paraelectric and antiferroelectric polymers, often
referred to as linear materials, have tunable polarization that varies with the applied
electric field. For linear materials, energy density is directly proportional to the
square of the electric field [6].

Upon applying an electric field, the dipoles align with the direction of the
applied field (E). Notably, in materials with a high-energy dielectric density, the
dipole orientation (DO) shifts, causing the electric field to either become trapped or
released. Antiferroelectric polymers, with an almost zero net dipole moment, are the
only means of generating stored electricity in this way. Thus, the antiferroelectric-like
(AFE) behavior of the displacement electric (DE) field loop is essential, as it ensures
full energy release during electric field conversion. The charged and discharged
energy densities are assessed from the DE loop, and calculated by approximat-
ing the area under the shaded region in the DE hysteresis loop. The unreleased (or
undischarged) energy density is defined as Uyngischarge = 100* (1-Useleased/ Ustorea) » Where
Ustored has the same value as Uyyreleased [6]-

Flexible piezoelectric materials are recognized to change mechanical energy into
electrical energy (direct piezoelectric materials). It can also change the electrical energy
to mechanical energy (inverse piezoelectric materials) [1-3]. The inverse and direct
piezoelectric materials can detect and transmit electric signals proficiently. For the flex-
ible electronic devices and those having complex forms and manuring may need novel
materials that can be stretchy and flexible to perform the essential work. In this persis-
tence, a piezoelectric coefficient plays a huge role in choosing the right material, such as,
the piezoelectric coefficient of ferroelectric ceramics and single crystals is in order of 1000
and 4000 pC/N respectively [4, 5]. The piezoelectric coefficient of PVDF polymers is
much smaller than that of piezoelectric ceramics [7]. The main disadvantage of perovskite
ceramics is that they are massive, heavyweight, and stiff, and cannot be fit to use in a flex-
ible and wearable device. The stiffened nature of these ceramics makes it inappropriate to
use them in various applications. To improve the piezoelectric features of polar polymer,
the polymer composites can be used that can enhance the piezoelectric coefficient and
preserve its elasticity too [8-14]. The incompatible electrical and mechanical features
are a key task when adding any kind of ceramic filler to the polar polymer matrix. It may
delay the performance of the stretchy piezoelectric polymer composites. The mismatch in
dielectric permittivity between ceramic and polymer introduces a discontinuity in electric
polarization at the matrix-filler interface, potentially forming an electric double layer that
impedes the dielectric response of ceramic fillers. This disparity in permittivity across
the matrix and filler can result in polarization loss, ultimately affecting performance.
Various methods are being employed to establish conductive pathways for both electric
polarization and mechanical load within the polymer matrix to enhance the strength of
polymer composites. For instance, polymers are reinforced in three dimensions using a
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low magnetic field [15], using freezing of ice to build complex composites [16], or bio-
inspired assembly of nanoplatelets in a polymer matrix [17, 18]. However, these strategies
generally result in a high-volume fraction of ceramic fillers, significantly compromising
the mechanical flexibility of ceramic-polymer composites [6, 8, 19-21].

The key objective of our research work is to produce and select the right piezo-
electric material for flexible acoustic devices like microphones and magnet-free
loudspeakers. Since realizing the piezoelectric features of PVDF-based polymers,
scientists have been looking for ways to fit in transparent piezoelectric devices into
today’s rapidly developing smart device ethos [21]. PVDF polymers are lighter in
weight, transparent, and can be processed by using simple techniques [22-25]. PVDF
polymers have good ferroelectric, pyroelectric, piezoelectric, and flexoelectric prop-
erties, making them perfect for transparent actuators and sensors. Investigators also
tried to study the electroacoustic (EA) features of polymers. One such application
that utilizes its inverse piezoelectric effect is the transparent thin film loudspeaker.
Unlike traditional magnetic speakers, thin film loudspeakers operate primarily at a
higher voltage. The high operating voltages of such piezoelectric materials limit their
widespread use in many current technologies such as low-power mobile screens or
smartphones etc. However, traditional speakers also have great limitations in their
applications such as heavy and their reliability on electrical coils.

The main characteristic of ferroelectric polymers is the presence of switchable
polarization and its domain boundary structure. Ferroelectric and resistive memory,
electromechanical, and transport features are related to polarization switching
behavior [26]. PVDF-based ferroelectric polymers have fantastic energy harvesting,
electrostatic, and conductivity and excellent sensing properties in comparison to
other ferroelectric polymers [27, 28]. Recent studies have shown that ferroelectric
blends are able to control the structural properties of these materials and have good
results in increasing phase percentage [29]. Gomes et al. stated that the degree of
stretch and temperature greatly influences the transition from the non-polar alpha
phase to the polar beta phase in PVDF-based polymers. Recently, Alexander De. Neef
et al. studied that PVDF mixed with PMMA [30] has a piezoelectric coefficient (ds;)
of up to 11 pCN ", Therefore, by poling the PVDF blends, the beta phase percentage,
piezoelectric properties, and electrochemical properties can be improved. Chen et al.
studied the acoustic properties of P (VDF-TrFE) and P (VDF-TrFE-CTFE) com-
pounds by blending precise amount of copolymer in the beta phase of terpolymers
[31]. The non-polar alpha phase progresses gradually and slowly to the polar beta
phase. The copolymer is mixed in proportion to the terpolymer which enhances the
beta phase reflection because of electrical and thermal poling.

Here we propose that we can enhance the pyroelectric, piezoelectric, and flexo-
electric coefficients of the blends. The novel fabrication technique is adopted to
enhance the electroactive properties of the polymer blends. It will also enhance the
piezoelectric and flexoelectric coefficient with the improvement in stiffness and by
imparting the stretchability in the blend matrix. The chain structure of the corre-
sponding polymer phase is given in Table 1.

1.1 Material preparation

Copolymer, P(VDF-TrFE) 70/30 mole% is normal FE, and terpolymer, P(VDF-TrFE-
CTFE) 70/20/10 mole% is a Relaxor FE. These polymers are subjected to characteriza-
tion for their inherent properties, after mixing with each other in a definite proportion.
Terpolymer and copolymer were dissolved in methyl isobutyl ketone (MIBK) separately

122



PVDF Based Flexible Fervoelectrics
DOI: http://dx.doi.org/10.5772/intechopen.1008738

Phases Dipole Polarization Comments Chain Structure
allgnment

Alpha [a) N TG, TG
Gamma () TG*, -
** i TITG W &

Drelta (&) "4 h( Paraelectric Beta J— Gamma
’ Phase g um“
Dedta

» Hydrogen » Fluorine ® Carbon

Table 1.
Phases and their polarization responses based on literature review [32].

and mixed with each other in a definite stoichiometric ratio. Blend solution of 10%
of P(VDF-TrFE) and 90% of P(VDF-TrFE-CTFE) is called here as a = 1 where o is
copolymer content in a definite proportion of terpolymer solution. Also, a = 0 is

0% copolymer in 100% terpolymer, 0.1 is 10% copolymer in 90% of terpolymer
solution, and so on. The film was fabricated using blends ranging from a = 0 to 1.
Consequently, the films thickness ca. 20 to 30 microns were fabricated by the hand
and machine layup method by adopting the solution cast method. The blend is
dispensed at the glass plate to fabricate the thin films, and these films were cast by the
machine-layup method to maintain its smoothness. Additionally, the cast films were
annealed in heating furnaces to improve their crystalline properties. We have also
observed that the annealing temperature governs as a key factor in predicting various
properties of the above solution 0 < =a < =1.

2. Energy harvesting for flexible electronics
2.1 Pyroelectric energy harvesting (PyEH)

Energy storage is needed in the modern era, especially after the industrial
revolution in this world. Scientists are trying to construct self-powered and inde-
pendent devices with less power consumption. The demand for these devices is
growing day after day in electronics industries [33]. Consequently, scavenging
methods are developed by scientists in these methods wasteful energy is stored
[34-37]. The major types of scavenging energy harvesting techniques include
wasteful energy harvesting from mechanical energy by using the piezoelectric
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properties, thermal energy harvesting through the Olsen power cycle using the
pyroelectric effect [38], magnetic energy harvesting and photoelectric energy
harvesting through solar cells [39].

Figure 2 represents the schematics of ferroelectric polymer heating at high tem-
perature, because of the Olsen power cycle that ultimately harvests the energy due to
the additional polarization by charge buildup at electrodes by reducing the tempera-
ture. It also indicates the alignment of domains upon heating the pyroelectric material
up to the ferroelectric to paraelectric phase transition temperature.

In Pyroelectric energy harvesting, the wasteful heat is difficult to capture and labeled
as a low-grade waste product [41]. To capture the wasteful scavenging heat energy, ther-
moelectric and/or pyroelectric energy harvesting practices can be used. If the antiferro-
electric energy harvesting is carried out at ambient temperature; the technique is defined
as room temperature energy harvesting technique, while if the energy storage takes place
by tuning the temperature of antiferroelectric polymers; referred to as pyroelectric energy
harvesting [42]. The pyroelectric material uses the wasteful heat energy and converts it to
the electrical energy using the temporal temperature gradient [43, 44].

The antiferroelectric polymers store the room temperature electrical energy if
these are made up as capacitors [45]. Instead, the pyroelectric polymers are used as
a thermal sensing device. If the energy storage capacity of these materials is high
enough to charge the low voltage electronic devices, then these materials can be used
as pyroelectric energy harvesters shown in Figure 3. Since the 1960s the discovery of
the pyroelectric effect, it is still considered as a less studied area [46-48].

2.2 Wasteful heat energy harvesting

Interestingly, the high ECE of antiferroelectric materials has attracted great
interest due to their superior cooling efficiency compared to conventional methods
such as gas evaporation [49, 50]. ECE is the adiabatic temperature difference of a
dielectric material as a result of the dipolar effect generated during the action of an

% A
{JCX[} Heat Source
e .,? V4 Energy Storage

\ Polymer

Blend Domains

Electrodes aand
i Phases Change in Polarization

Figure 2.
Schematics of ferroelectric polymer heating at high temperature (i.e., 25°C < T < Tc) where Tt is the curie
temperature [40].
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The pyroelectric energy harvesting (PyEH) near a body temperature at T, = 25°C (77°F) and T, = 40°C (104°F)
at Ey = 133 MV/m at 100 Hetrz frequency. (a) a = 0.1, (b) a = 0.9, and (c) shows the comparison of energy
density (Np) for a = 0.1 and 0.9 blends. (d) Shows the polarization-electric field and temperature contour graph
for a=0.1, 0.2, 0.3, 0.4, ... 0.9 blends. (¢) Shows Olsen power cycle for a = 0.1 to a = 0.9 blends EL = 0 MV/m

EH = 133.33 MV/m from 70 to 90°C at 100 Hz. (f) The temperature-dependent P-E hysteresis loop at E = 133.33
MV/m at 100 Hz frequency of a = 0.1 to 0.9 blends. (Standard deviation: n = 8) [40].

electric field [51]. It is well-known that the dipoles of a dielectric material follow an
alignment path applied to an electric field. Changing the direction of the electric field
will then reverse the orientation of this dipole [10]. The variation of the direction of
the electric field causes a certain degree of randomness, also called the entropy of

the system. Such an ordered dipole scheme leads to smoother effects of the dielectric
material. Various types of materials have been reported to exhibit ECE effects, such as
Polyvinylidene difluoride (PVDF) and so on.

Ferroelectric polymers gained the remarkable consideration of scientists’ com-
munity because of their valuable large ECE [10, 51], enhanced dielectric constants
[52, 53], improved electric properties (i.e., energy density), and remarkably improved
electro-mechanical-actuation [54]. Electrocaloric effects can also be attributed to heat
transfer from the PVDF samples to the ferroelectric heat source and to the paraelec-
tric heat transfer coefficient. The 8-phase paraelectric phase at high temperatures,
while the 8-phase plays a role in the crystallization phase of the material at high
temperatures, which is due to the presence of the bulk TrFE group in the bulk chain of
the PVDF-based polymer [5]. Here, the Beta () phase is under consideration where
it experiences a phase transition between the normal FE phase and the piezoelectric
(PE) phase [14]. Figure 4 shows the adiabatic temperature difference, which depends
on the frequency acting on the constant electric field (E (MV/m)). In the { phase, the
polymer chains are usually aligned in the TTTT configuration, and the chain align-
ment is dependent on the dipole orientation. The temperature changes are responsible
for the phase changes of all transitions to TG, such as TGTG’ and TTTG’ [3].
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More randomness will be achieved if veduce the frequency, (b) gives the information of variation in adiabatic
temperature (AT,,) with decrease in frequency, (c) represents the illustration of heating cycle of a FE based Olsen
heat engine and (d) shows the ATE loop [55].

The change in temperature (variation in adiabatic temperature) addressed and
reported as 10°C when electric field is reduced to zero [3]. According to the ECE
Landau-Devonshire theory, the entropy change in the isotherm is directly propor-
tional to the square of the electrical conductivity with respect to AD.

[AS =‘71ﬂLDAD2} 1)

where, {3 is the term used for Landau-Devonshire coefficient from his theory [15].

P(VDF-TrFE-CTFE) and P(VDF-TrFE) are two types of polymers that have been
extensively studied due to their ECE effects. The electric field in a dielectric material
is defined as D = E¢E + P, where D is the electrical conductivity of the material, P is
the polarization (uC/m?) and Ej is the free space permittivity. It is generally agreed
that there are two types of dielectric polymers, linear and nonlinear polymers. In
polymers, P, increases the strength of the electric field called linear material. During
the phase change from ferroelectric to paraelectric, the temperature gradient at the
Curie temperature (Tc) is determined by the thermal conductivity of the mate-
rial. Various scientific publications have well-documented the differences between
P(VDF-TrFE) and P(VDF-TrFE-CTFE) as secondary to F-P (ferroelectric paraelec-
tric) is the polarization-dependent free energy of the polymer second-order phase
transition, and it can be written in Eq. 2,

G:GO+%ﬂLD(T—T£)P2 +%§P4—EP )

Eq. 2 Bup can be reached, where T is the temperature determined by the DE path
temperature (298.15) K, Tc = Currie temperature (°C or K), € = €€, = dielectric
permittivity, C/Vm, Polarization = (C/m?) and E = electric field (10° V/m). The
adiabatic change in temperature (AT) and entropy change (AS) are directly related to
mechanical stress and strain, the rate is always linear.

AT =L B, TD* = TAS
2C, Cy (3)

AS (Joule/Kg*K), which represents the response to entropy change, and AT (°C)
represents the adiabatic temperature response due to dipole disorientation. Cp is
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Frequency dependent Olsen power cycle. a—e The Olsen power cycle of blends at 10° and 10~ Hz. f Energy density
comparison of polymer blends depending on the copolymer contents [55].

the specific heat capacity, p is the thermal conductivity ((Joule*m)/ (K*C?)), and Cg
(Joule/Kg*K) is the thermal conductivity of the material used in the DSC values. More
specifically, the specific heat capacity Cp (Joule/K) is expressed as,

dH dT
——sz-Ff(t,T) (4)

Here, dH/dT = Heat Flow Signal (mWatt), dT /dt = Heating rate (10°C/min)) and
m = mass (mg). The change in the enthalpy (AH) measured by area under the curvei.e.

Joule fK = Joule or Joule

TZ
AH =, CodT = Ko+ K Ke = g

©)

Figure 5 shows the voltage-dependent Olsen force cycle. Figure 5(a—e) shows
the integrated Olsen power cycles at 10° and 10~ Hz. Figure 5(f) shows the energy
balance of the polymer blends based on the copolymer core.

The ferroelectric properties, dielectric properties and electrocaloric susceptibility of
P(VDF-TrFE), P(VDF-TrFE-CTFE) were investigated herein. Using mixing concentra-
tions, the field and frequency dependence of ECE on blends are investigated.

3. Flexible and transparent piezoelectric transducers
3.1 Flexible and transparent piezoelectric loudspeaker

These days the need for lightweight and thin piezoelectric loudspeakers is ris-
ing for mobile phones and other touchscreen applications. Nowadays, researchers
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are fabricating low-powered thin, and transparent loudspeakers. Various types of
loudspeakers exist such as coil loudspeakers, electrostatic loudspeakers, piezoelectric
loudspeakers, etc. The high-quality reproduction of sound is obtained by the tradi-
tional coil loudspeakers with permanent magnets to generate sounds [56].

These coil loudspeakers are bigger in volume and heavier in weight therefore
cannot be used in smart devices [57]. While the electrostatic loudspeaker (ESL) uses
the electrostatic field-activated thin diaphragm with low distortion it lacks the base
response during its performance [58].

The piezoelectric loudspeakers were announced to overcome the disadvantages
of coil and ESL loudspeakers [59]. It can overcome the high voltage problem of ESL
because it uses an electric field to convert it into sound without using any magnetic
coil. The piezoelectric loudspeakers use the electric field to produce the sound by
altering its dimensions in response to the input signals. The mechanical actuation
of the diaphragm ultimately alters its electric field into the sound. The frequency
response in piezoelectric loudspeakers is limited and needs to be enhanced. If it is
improved then it can transform the touch screen industry due to its exclusive feature
of miniaturization, flexibility, and quick response for the loudspeaker business. The
rewards of piezoelectric loudspeakers cover better transient response without moving
coil, lower damping loss, no interference of external magnetic field, high imped-
ance and low harmonic distortion etc. [60]. Figure 6 represents the schematics of
transparent and flexible piezoelectric loudspeakers created by electroactive polymer
blends.

In 2003 Li et al. proposed the flexible loudspeaker which has the sound pressure
level 80 dBSPL [62]. But in 2009 Sugimoto et al. presented his PVDF-based flexible
and transparent loudspeaker with better performance [63]. In this research, we have
proposed a loudspeaker with 91 dBSPL and better noise reduction characteristics. We
have reported that the transduction property of piezoelectric loudspeakers is directly
linked with their beta phase characteristics shown in Figure 7. Similarly, we have
developed the flexoelectric microphone based on the flexoelectric effect discussed in
Section 3.2 in detail. The high sensitivity is attained due to the zeta phase which is due
to the reaction between o and 3 phases shown in FTIR spectra.

Flexible Piezoelectric
| 53

Figure 6.

The schematics of a flexible, transpavent, and durable piezoelectric speaker, which is fabricated by wrapping

the polymers between a pair of two (2) indium-titanium oxide electrodes. The schematics also represent the f§
chain structure of copolymer which is fabricated in the vesult of the reaction between their a and I' phases during
blending [61].
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Figure7.

Shows the transduction and piezoelectric properties of polymer speakers. (a) The schematic diagram of the test
configuration for measurement of acoustic properties according to ISO standard. (b) Shows the poling direction
(c) Picture of an actual device. (d) ds; of blends. (e) Sound Pressure Level graph at one meter away from

the target at c.a 10° Vpp. (f) Describes the SI (i.e., W/m?) plot at one meter away from the target at 10° Vpp
(approx.). (g) Shows the SPL Vs distance from the target (m) graph. (h) The inverse graph at various distances
(m). (i) Gives the information on sound pressure level vs. frequency at 1 kilohertz. (j) Shows the color-polar trend
of sound pressure level at 1 kilohertz. (Standard deviation: n = 6) [61].

3.2 Flexible and transparent flexoelectric microphone

The polarization behavior of PVDF-based polymers is influenced by their polar and
non-polar phases, specifically their flexoelectric properties. A critical factor in enhancing
polarization is the packing morphology of the polar p-phase. Fourier transform infrared
spectroscopy analysis aids in elucidating the trans gauche’ configuration, commonly
referred to as the o (amorphous) phase. In this « phase, the polymer chains are packed in
an antiparallel manner, resulting in a lack of polarization or polarity. Conversely, in the 3
phase, the two TTTT domain configurations align in parallel orientations, contributing
to the material’s polarization capabilities [8]. The electrical properties of the beta phase
(crystal) are particularly intriguing, primarily due to the inherent dipole moment found
in its lattice cell. In the polar gamma phase, dipole moments are aligned in the same
direction, resulting from the alternating conformations of TTTG+TTTG-. Following
irradiation, PVDF-based polymers can be converted into relaxor ferroelectrics, which
exhibit large polarization and high dielectric constants. This transformation from stan-
dard ferroelectrics to relaxed ferroelectric chains is mainly driven by the formation of
structural defects. Additionally, incorporating a different CTFE monomer in the polymer
chain can also lead to the development of relaxor ferroelectric properties [20, 21].
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This study involved the integration of a standard ferroelectric with a relaxor ferro-
electric, which enabled us to observe a seamless transition between polar and non-polar
phases. Consequently, drawing from the previous literature, we believe that the reflec-
tion peak in the FTIR spectrum contributes to the enhanced FE and flexoelectric (FLE)
characteristics of the blend system which appears at 1337 cm™ of FTIR spectra (see
Table 2). In our previous research, we fabricated transparent and flexible piezo-speaker
(TFPS) [22]. In this study, we fabricated a transparent and flexible flexo-microphone
(TFFM) made of a P(VDF-TrFE) blend, as shown in Figure 8. Figure 8(a) The schematic
illustrates a TFFM integrated into a smartphone screen. The transparent microphone
utilizes flexoelectric properties to facilitate the conversion of acoustic signals into electri-
cal signals. This process generates an electrical potential onto the transparent electrode,
which is eventually used to recharge the internal battery. The perforation for acoustic
transduction is created at the top of the TFFM, as depicted in the illustration Figure 8(b).
The TFFM transducer is produced using a straightforward method that involves placing
a polymer mixture between two transparent electrodes. When acoustic vibrations occur,
the flexible microphone device becomes activated, causing it to oscillate and generate a
strong polarization (P). Figure 8(c) illustrates the schematic of a flexoelectric device that

oscillates to generate sharp polarization. The mechanical drive of this electrical bending
device is facilitated by the stress field (¢). In Figure 8(d), a schematic representation of
copolymer blending within a terpolymer matrix is displayed, resulting in a well-mixed
chain structure of the copolymer and terpolymer molecules. Figure 8(e) presents a real
photograph of the TFFM sensor. The relationship between its FLE effect, P, and mechani-
cal stress is depicted in Figure 8(f). Thanks to the increment of the zeta (z) phase, we
report a FLE coefficient of p = 23 uC m™ and a sensitivity of S = 15V Pa™", or 0.4 pC

Pa™!, for a = 0.5 laminates at a frequency range of 10" < » (Hz) < 10”at 10> dB SPL.

Experimental wavenumber Vibration/group Comments
(em™)
3430 Symmetric stretching/N-H —
3016 Symmetric stretching/CH2 —
2971 Asymmetric stretching/C-H —
1453 In-plane bending or scissoring/CH2 —
1335+2 In-plane bending or (wagging or twisting/ Zeta = o + 8 (This
CH2-CF2 Work)
840 CH2 Rocking and CF2 Asymmetric Stretching/ Y phase
CH2/CF2
763 In-plane bending or Rocking/CH2/CH2 a phase
745 In-plane bending or Rocking/CH2/CF2 8 phase
615 CF2 bending and CCC skeletal vibration/CH2/ a phase
CCC
500-1000 Bending/C-F HH TT configuration
510 Bending and Wagging/CF2 £ phase
490 Bending and Wagging/CF2 a phase
445 £ phase
Table 2.

FTIR spectra for P(VDF) based (co/ter) polymers and its blends [61].
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Thge schematic diagram illustrates the TFFM microphone. (a) This diagram depicts a TFFM integrated into

a mobile screen, capable of sensing and storing FLE energy to charge the smart device. (b) It displays the
demonstration of piezoelectric laminates situated between two transparent electrodes, forming the TFFM
transducers. (¢) The schematic illustrates the ferroelectric (FE) effect of the piezoelectric transducer. (d) This part
demonstrates the mixing of co and ter-polymer laminates. (¢) A real-time photograph of the TFFM transducer is
presented here. (f) The graphical representation outlines the mechanism of FE energy harvesting [61].

These values represent the highest recorded in the literature for the 70/30 P(VDF-TrFE)
laminate, which previously had ps; = 0.2pC m™and S = 10.9 V Pa™! from 50 to 70 Hz.

Figure 9 illustrates the TFFM laminate created using blends ranging from 0 to
1 (0 < o <1). The schematic diagram of the transparent FE microphone laminate
is shown in Figure 9(a). Figure 9(b) presents an image of the actual microphone
laminate fabricated in the lab. The transparency percentages of the transducers are
depicted in Figure 9(c), where the blends with a = 0.3 and « = 0.9 exhibit higher
transparency compared to the other blends.

Piezoresponse Force Microscopy (PFM) images for blends with a = 0.1, 0.3, 0.5,
and 1.0 are provided in Figure 9(d). Figure 9(e) presents the piezoelectric coefficient
behavior (d33 in pC/N) of the laminates, revealing that the d33 values for o = 0.5
and a = 0.7 are the highest. Additionally, Figure 9(f) details the FLE properties of
the transparent microphone laminate, indicating that the a = 0.5 blend demonstrates
greater ferroelectric properties than the other polymer blends.

A comparison of the FE coefficient (p33) across the blend system is illustrated in
Figure 9(g). The sensitivity of the laminates at various sound pressure levels is shown
in Figure 9(h-n), where the o = 0.5 blend exhibits the highest sensitivity among the
tested blends. Consequently, we conducted real-time device tests on the a = 0.5 blend,
with the results plotted in Figure 9(0), demonstrating the microphone transducer’s
response to heart signals. Finally, Figure 9(p) displays the sound intensity (SI) as
indicated by an oscilloscope for laminates ranging from « = 0 to 1, confirming that the
sound intensity for a = 0.5 is greater than that of the other blend systems.

3.3 Piezo-capacitive two-in-one flexible transducer

In touch screen applications for smart devices, condenser transducers (CTs), also
called piezo-capacitive transducers, have become essential. Unlike piezoresistive
transducers, which detect shifts in impedance, CTs respond to variations in capaci-
tance [64, 65]. A limitation of this technology is its need for a higher electric field to
consistently achieve significant polarization (P) In PVDF-based condenser transduc-
ers, achieving significant polarization can require nearly hundreds of megavolts
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Figure 9.

Shows the TFFM laminate. (a) Depiction of FLE transducer laminate. (b) Photographs of lab-based laminates.
(c) transparent (%) of laminates. (d)Piezoresponse Force Microscopic (PFM) photographs of blends. (e)
Piegoelectric coefficient, dy; (pC/N) behavior of transducers. (f) FLE characteristics of transducers. (g) ps;
graphs of blends. (h-n) Sensitivity graphs at different SPL. (0) Real-time response of 50% (a = 0.5) transducer to
check the actual heartbeat. (p) SI was checked by oscilloscope for various transducers (SD: n = 7) [61].

(around 100 MV/m). Recently, researchers have been focused on developing low-
powered, flexible, and transparent transducer loudspeakers [66]. Consequently,
recent literature reflects efforts to develop these transducers with reduced power
consumption [60, 67]. Similarly, CTs utilize PVDF-based ferroelectric polymers also
require high power to achieve optimal acoustic performance.

Currently, researchers are working to create low-power microphones tailored for
potential smart device applications [68-70]. Modern smart societies require active
machine/human interaction through smart household electronics applications. To
facilitate this interaction, researchers are currently focusing on developing biomi-
metic multiresonant piezoelectric acoustic sensors (MRPEAS) [71-75] to improve the
fidelity of CTs for total cochlear implants to enhance its at high electric field [76-78].
Recently, our group developed a TFPS transducer that achieves an enhanced sound
pressure level (SPL) of 91 dB. We fabricated the laminates without insulating-paper
material, which helped maintain their transparency [61].

Figure 10 Schematic diagrams of condenser transducers (CTs) include the fol-
lowing: on the left, a schematic representation of the Two-In-One (TIO) transducers,
featuring the Condenser Microphone Unit (CMU); on the right, a schematic illustra-
tion of the Condenser Loudspeaker Unit (CLU).

CTs (i.e., CLU and CMU) are utilized to enhance fidelity, efficiency, and durability
by incorporating suitable circuitry that compensates for their inherent properties. These
CTs can function in either manner: as an input/output to an amplifier [80]. As a result,
polymeric films have been engineered with embedded microstructures to enhance their
acoustic properties, improving fidelity for voice recognition and recording applications
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Figure 10.
Schematics of CTs [79].

[81]. The design and area of the active CTs are both crucial for achieving higher sound
pressure levels (SPL) and optimal sound recognition. To address the challenges associ-
ated with larger area form factors, researchers have fabricated a diverse range of polymer
film sensors, with results documented in recent reviews [82-86]. These designs enable
the laminates to bend for enhanced performance efficiency; however, during bending,
the layers become restricted, which ultimately reduces their acoustic performance [87].

Recently, a miniature condenser transducer (CT) featuring a silicon nitride
membrane and a silicon backplate was developed for recording airborne sound. By
simply stretching the diaphragm, the device achieved a sensitivity of approximately
1 V/Pa for sound signals ranging from —60 to —90 decibels (dB) [88]. Another trans-
ducer was reported that utilizes a silicon nitride diaphragm measuring 1.5 x 1.5 mm,
along with a backplate. This design achieved a flat frequency response ranging
from 10” Hertz to 10" kilohertz and a sensitivity of 0.19 mV/Pa with a bias voltage
of approximately 65 V [89] fabricated using the sacrificial layer technique, a new
Microelectromechanical Systems (MEMS) condenser transducer (CT) was devel-
oped featuring a porous diaphragm. By applying spin-on-glass (SOG) as a sacrificial
electrode, this design achieved c.a. ~3 pF with a pull-in voltage of 1 megavolt.

Figure 11 shows the TIO CTs of blends. Figure 11(a) shows the SPL of blends at
V = 0 and 65 Vg.. Figure 11(b) shows the temperature-dependent SPL (dB) which
shows that the SPL is also dependent on the temperature. Also, Figure 11(c) provides
information on the sound pressure level (SPL) and its associated noise across various
frequencies. However, Figure 11(d) shows the polar graph of its noise at different
frequency range. Figure 11(e,f) shows the square law graphs of blends at V = 0 and 65
Vi.. Consequently, Figure 11(g) shows the frequency visualization at V = 0 and 65 Vg,
of polymer blends (Alpha, Beta, Gamma, Delta, and Exi) respectively.

This study presents the development of the TIO, CLU and CMU using a simple
technique that sandwiches a PVDF laminate between a pair of two Al electrodes,
each with a diameter of 3 cm?. We achieved a sound pressure level (SPL) of 98 dB for
the CLU at a capacitance of 0.51 nF for a Gamma blend with a voltage of 65 Vdc. The
condenser unit demonstrated remarkable speech recognition capabilities, achieving a
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Figure 11.

CTs arve made up of polymer blends. (a) SPL graph of blends at V = 0 and 65 V.. (b) Sound Pressure Level
(SPL (dB)) Vs T graph. (c) SPL Vs noise at the graph. (d) Noise polar graph at variable frequencies (Hz). (e-f)
Inverse graph of blends at V = o0 and 65 V. (g) Frequency spectra graph (SD:n =5) [79].

sensitivity of 0.9 V/Pa at approximately 10° Hz and 0.9 mV/Pa at 10> Hz for the Alpha
blend. This resulted in clear speech recognition with minimal noise for both Alpha
and Beta blends, exhibiting distinct frequency spectra due to their unique PE and
AFE properties. In the TIO transducers, Beta CLU provided +5 dB-SPL sound effi-
ciency, while the Beta CMU successfully recognized speech for sound signals ranging
from 23.5 to 440 Hz at a voltage of 65 Vdc. The advancements in TIO, CLUs, and
CMUs are poised to enhance smart devices by enabling simultaneous sound transmis-
sion and recording through a single transducer unit. Figure 12 shows the information
of CLUs and CMUs made up of blend system. Figure 12(a) shows the response of
blends with respect to their voltage and operational frequency. Figure 12(b) repre-
sents the sensitivity of the sound intensity in which Gamma blend shows very good SI
at 102 Hz. Figure 12(c-d) shows the sinewave graphs of the CT. Figure 12(e) repre-
sents the color visualization spectra of operational frequency for the blend system.

4. Conclusions

The electroactive properties of ferroelectric polymer blends were discussed,
highlighting their advantages in terms of pyroelectric, piezoelectric, and
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CTs ave fabricated by the polymer blend system. (a) Frequency (Hz) and Voltage trend. (b) Sound intensity (SI)
plot. (c,d) Sinewave graphs of transducers. (e) Color visualization spectra of operational frequency for Alpha,
Beta, Gamma, Delta, and Exi polymer blend systems (SD: n =5) [79].

flexoelectric energy harvesting for flexible electronics. Well-known polymers,
P(VDF-TrFE) and P(VDF-TrFE-CTFE) were mixed in a specific ratio, resulting
in an antiferroelectric mixture through the creation of defect structures in the
polymer blends. The antiferroelectric polymer blends were subjected to poling to
enhance their beta phase, making them suitable for use as electroactive polymers
in flexible electronics.

In this chapter, the pyroelectric, piezoelectric, and flexoelectric properties of the
electroactive antiferroelectric polymer blend system are studied. It is reported that
the electrostrictive properties of the blend system are enhanced (i.e., percentage of
crystallinity enhanced from 10-70%, Energy Density is enhanced up to 1.44 J/cm’
at near body temperature, the efficiency of Olsen cycle was increased by three fold,
SPL is enhanced up to 91 dBSPL for flexible loudspeaker, sensitivity is enhanced by
10° mV/pa at 10* Hz in flexible microphone and SPL of TIO transducer was increased
up to 96 dBSPL by applying the addition dc power source,) by increasing the copoly-
mer content in the terpolymer matrix, which gradually increases its beta phase. This
makes the material suitable for fabricating energy-harvesting devices and electro-
acoustic transducers for flexible electronics.
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Abstract

This chapter explores the potential of multiferroic materials, emphasizing their
multiple ferroic modes and advanced synthesis techniques. Multiferroics, which
exhibit ferroelectricity, and ferromagnetism are highly promising for energy
harvesting, sensors, and spintronic device applications. Recent advances in synthesis
processes such as solid-state reactions, sol-gel processing, and hydrothermal methods
are discussed. Innovative sintering techniques, including microwave sintering and
spark plasma sintering, are highlighted for their ability to enhance the microstructure
and multiferroic coupling at room temperature. These improvements are crucial for
practical applications in non-volatile memory devices, actuators, and energy-efficient
sensors. The chapter also considers future trends, focusing on advancements in
processing methods and developing materials with optimized multiferroic properties.
Emerging applications in energy harvesting and spintronic devices are explored,
underscoring the growing importance of multiferroics in modern technology. By
examining recent experimental findings and innovative processing techniques, this
chapter provides a clear understanding of the role of multiferroics in technological
advancements and their potential to drive future innovations in functional materials.

Keywords: ferroelectric, multiferroic, synthesis, sintering, ceramics material

1. Introduction

Ferroic materials are defined by their ability to spontaneously polarize electric
dipoles, magnetize magnetic moments, or induce mechanical strains that are invert-
ible by an external application of an electric field, magnetic field, or mechanical stress,
respectively [1]. A class of materials known as multiferroics exhibits two or more
ferroic features at the same time, including ferromagnetism (magnetic ordering),
ferroelasticity (strain or shape change), and ferroelectricity (electric polarization).
This coupling between different ferroic properties allows for unique functionalities
that are not present in single ferroic materials, making multiferroics highly attractive
for advanced applications in electronics, sensors, and energy systems. Multiferroics
and multiferroic ceramic composites are rapidly advancing in materials engineering,
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especially for microelectronics and micromechatronics applications. Growing demands
for reliable materials with stable properties drive the search for new multiferroic mate-
rials and efficient production methods, including synthesis and sintering techniques, to
meet these requirements. Multiferroic materials, such as BiFeO3, BaNiF,, TbMnOs, YIG,
and MnWOy,, exhibit simultaneous ferroelectric and magnetic orders, making them
promising candidates for advanced multifunctional devices. Their unique properties
arise from the interplay of structural, magnetic, and electric characteristics, which can
be tailored through various synthesis methods along with sintering techniques.
Multiferroics like Bismuth ferrite (BiFeO3), which display ferroelectric and antiferro-
magnetic characteristics at room temp, came into the limelight at the end of the twen-
tieth century and provided new avenues in complex smart applications like sensors and
memory. This study focuses on y-BaFe,O, as a promising multiferroic material,
highlighting its unique properties and potential applications [2, 3].

Instead of being primarily controlled by Maxwell’s electrodynamics, the coupling
between electric and magnetic dipoles in multiferroics is related to the Fermi statistics of
electrons and virtual charge fluctuations in Mott insulators [4], which give rise to
exchange interactions between spins as shown in Figure 1. The magnetoelectric con-
nection produces amazing phenomena, like the great sensitivity of electric polarization
to external magnetic fields, even if relativistic factors do play a key part in multiferroic
activity. Because it permits voltage control of magnetism in multiferroic insulators, this
coupling has significant practical implications as it may lower energy dissipation and
improve the effectiveness of magnetic devices. Conversely, multiferroic materials
exhibit numerous ferroic orders, including simultaneous ferromagnetism and ferroelec-
tricity. In spintronics, where electronic spin is used in conjunction with charge for data
processing and storage, this coexistence opens new possibilities. Such interaction of
electric and magnetic ordering in multiferroics may induce a magnetoelectric effect,
whereby an electric field can control magnetic properties and vice versa. This opens new
perspectives for a new family of memory devices with higher functionalities and energy
efficiencies [3]. These materials possess a property of spontaneous polarization, which
can be controlled by an external field, thus finding wide applications in fabricating
memory devices. A hysteresis curve is also exhibited, as indicated in Figure 2; since it
resembles the ferromagnetic curve, it is easier to understand and handle [3]. Ferroelec-
tric and multiferroic materials are unique, for their properties and preferences in various
applications [6, 7]. Polarization in ferroelectric materials denotes the alignment of
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Figure 1.
(a) Relationship between ferroelectric, pyroelectric, and piezoelectric materials and (b) relation between
multiferroic and magnetic materials [5].
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Figure 2.
Typical hysteresis loop illustrating spontaneous polarization (Py). remnant polarization (P,), and coercive

field (E,).

electric dipoles resulting from displacements of charged ions inside of the crystal lattice.
[1]. This spontaneous polarization occurs on its own, independent of any external
electric field, and can be reoriented by the application of an external field. The
polarization-electric field—or P-E-hysteresis loop—is often used to depict the polariza-
tion behavior of ferroelectric materials. From Figure 2, spontaneous polarization repre-
sents the organic rotated alignment of dipoles in a ferroelectric material in the absence
of an external electric field.

This property differentiates ferroelectric materials from those possessing ordinary
dielectric materials. It follows that this asymmetry in the crystal lattice leads to a net
dipole moment due to the ion displacement, hence spontaneous polarization. This
behavior is temperature-dependent and can change with structural transition. Spon-
taneous polarization is a key factor in the material’s dielectric behavior and its ability
to store and retain electric charge. It plays a critical role in applications such as
capacitors, where high dielectric constants are desired. Remnant polarization (P,)
refers to the polarization that remains in the material after an external electric field is
removed. This “memory” effect is central to the operation of ferroelectric memory
devices, where data is stored as polarization states. Such as in Memory Devices
(FeRAM), remnant polarization is used to store binary data [8].

1.1 Significant of crystal structure and morphology

In the case of BiFeO; (BFO), the properties are significantly influenced by varia-
tions in particle size, phase composition, grain boundaries, crystallinity, lattice
defects, and morphology. These factors directly affect the material’s ferroelectric,
magnetic, and photocatalytic behavior, including charge separation, polarization,
magnetoelectric coupling, and interface activity. Therefore, the choice of synthesis
method plays a crucial role in determining the performance of BFO for specific
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applications. The synthesis techniques for BFO are generally categorized into two
approaches: top-down and bottom-up. The top-down approach involves breaking
down bulk material into smaller particles through methods such as mechanical mill-
ing, laser ablation, and etching. In contrast, the bottom-up approach builds the mate-
rial through nucleation and growth processes, commonly achieved via solution-based
methods like sol-gel synthesis, hydrothermal methods, co-precipitation, combustion,
and microwave-assisted synthesis [9]. Each synthesis method influences BFO’s
microstructure and morphology in unique ways. For instance, sol-gel synthesis often
produces fine-grained nanoparticles with high phase purity, while hydrothermal
methods can yield nanorods, nanoplates, or nanospheres depending on reaction con-
ditions. Spark plasma sintering (SPS) enhances densification and reduces defects,
leading to improved ferroelectric and magnetic properties. Variations in these syn-
thesis parameters can control grain size, crystal orientation, and defect concentration,
all of which impact BFO’s multiferroic performance and potential applications.

2. Multiferroics materials, structure, and their properties

Multiferroics materials fall into two groups. Multiferroics of Type I: The magnetic
and ferroelectric orders exist separately in these materials. Although the link between
magnetic and ferroelectric orders is weak, they often show high polarization and order-
ing temperatures. Type I Multiferroic materials are BiFeO5 [10], BaNiF,, TbMnO3, YIG,
and MnWO, [11]. Type II Multiferroics: In this class, ferroelectricity is induced by
magnetic ordering. Stronger magnetoelectric interaction is possible with this kind,
where spin order directly causes electric polarization. It would be impossible to include
all of the type-II multiferroics that have emerged in the last several years, but some
examples include RFeWOQg, LiFe(WO,), M,;V,0; [12], Mn,0;5 [9], Ni3TeOg [13]. A
significant challenge with multiferroics is maintaining high coupling efficiency at room
temperature, as well as producing materials with reliable and stable properties. To
improve these materials’ functional qualities, cutting-edge methods like strain engi-
neering and thin-film growth are being investigated [10]. Presently, multiferroics are
being investigated for spintronics applications, where electric-magnetic coupling is used
for storage. Ferroelectrics are also applied to tunable optical devices because of the
electro-optic phenomena [11]. Ferroic materials have become a rediscovery in the field
of advanced material sciences to support emerging electronic devices, energy proce-
dures, and communications systems [12]. New fabrication methods like chemical vapor
deposition [10] and sol-gel processing have conferred the contextuality of fabricating
superior ferroic materials for the purpose of flexible electronics, wearable applications,
and smart materials [9]. Multiferroics, in its operating environment, poses complex
cross-disciplinary problems of physics, chemistry, and material science. Their coupling
mechanisms are crucial for applications in multifunctional device applications, which
make ferroelectricity and multiferroicity two of the most critical issues [13].

2.1 Single-phase multiferroics materials and thin film

Single-phase Multiferroics exhibit multiple ferroic orders within a single material,
where intrinsic coupling arises from the inherent properties of the material’s crystal
structure. Single-phase multiferroics hold significant potential for applications in
areas such as sensing, memory devices, and quantum control. However, their wide-
spread use has been limited by several challenges. One is related to the low operating
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temperature since most single-phase multiferroics work well only at temperatures
considerably below room temperature. Their electric polarizations in film form are
normally very small, further restricting their performance in applications necessitat-
ing switchable polarization. Multiferroics capable of working at higher temperatures
are mostly weak ferromagnets or display antiferromagnetic behavior, further reduc-
ing their practical effectiveness in devices. These factors combined to date have
slowed the progress of single-phase multiferroic materials in practical applications,
despite their promising capabilities [14].

Recently, various new single-phase multiferroic materials with improved properties
have been discovered that guarantee new opportunities for practical applications.
Among these, one new frontier is the discovery of a single-phase multiferroic
hexaferrite with a giant magneto transport effect at room temperature, representing a
major increase in functionality compared to its counterparts. Bismuth Ferrite, BiFeOs, is
one of the most-studied single-phase multiferroics; it belongs to the Type I multiferroic
material that hosts ferroelectric and antiferromagnetic orders coexisting at room tem-
perature [15]. Bismuth ferrite (BiFeOs3) is a notable room-temperature multiferroic
material. Its ferroelectricity comes from Bi** ions, while its magnetic properties arise
from Fe ion spins. The material has a ferroelectric transition at 869°C and antiferro-
magnetic ordering below 369.8°C, with a complex magnetic structure due to spin
canting. Interest grew after high polarization (~60 mC/cm?) was observed in thin films,
surpassing bulk samples limited by oxygen vacancies. Quenching improved bulk polar-
ization to ~20 mC/cm?, though still lower than thin films. Recent studies [15] show that
magnetization in BiFeO; can be controlled electrically, useful in spin-valve devices [16].
Additionally, researchers have successfully prepared BiFej 95Cog 0503 films using a
solution-based seeded photocatalytic precursor method, achieving excellent character-
istics even at lower preparation temperatures. Furthermore, a single-phase Aurivillius
compound has been found to demonstrate intrinsic magnetoelectric coupling at an
elevated temperature of 100°C, representing a promising advancement in high temper-
ature multiferroic materials [17]. These breakthroughs suggest that single-phase
multiferroics may soon overcome some of their traditional limitations. One of the first
multiferroic single-phase thin-film systems studied in research was hexagonal manga-
nite films. Growth mechanisms can be studied using these films as model systems and
strain engineering techniques have stabilized phases that would otherwise require bulk
high-pressure synthesis. Despite these advancements, their low ordering temperatures
and limited polarization values have restricted their practical application [18].

2.2 Composite multiferroics

The term “multiferroic” was initially used to describe single-phase magnetoelectric
materials. However, due to their weak coupling between different ferroic orders and
the limited magnetoelectric effect at room temperature, their practical applications
were restricted, and interest in these materials declined [15]. To address this chal-
lenge, numerous studies have been conducted. In 1972, van Suchtelen was the first to
propose combining materials with distinct ferroic properties to create composites,
resulting in significantly enhanced magnetoelectric effects. The composite
multiferroics consist of two or more phases, each contributing unique ferroic proper-
ties, with interactions occurring at the interface. Typically, these materials rely on
extrinsic coupling mechanisms like strain-mediated interactions, where mechanical
strain in one phase influences the ferroic order in the other. This enhances control
over the material’s properties. Considerable advancements have been made in the
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creation of composite magnetoelectric systems, which combine electric and magnetic
characteristics by means of strain interaction between two materials, usually ferro-
electric and ferrimagnetic. Bulk composites were the subject of early research in this
area, which revealed experimental magnetoelectric voltage coefficients that did not
match theoretical expectations. The possibility of significant magnetoelectric coupling
in a multilayer (2-2) configuration was proposed by theoretical models in the 1990s,
which made it a desirable option for investigation in thin-film oxide systems [19].
Combining ferroelectric materials such as barium titanate (BT) with ferromagnetic
bismuth and cobalt ferrite (BiFeO3; and CoFeO3) can lead to significant magnetoelec-
tric effects. While piezoelectric-ferroelectric coupling is well understood, magneto-
electric coupling is more complex [20].

2.3 Multiferroic 2D materials

Dimensionality plays a crucial role in shaping the properties and physics of materials,
making a significant impact on multiferroics as well. Recent studies have focused on
investigating 2D magnetism and ferroelectricity, with the discovery of 2D ferromagne-
tism being a significant breakthrough in condensed matter physics. This has sparked
interest in exploring 2D ferroelectricity and multiferroicity. Traditional ferroelectric and
multiferroic materials, like perovskites, are typically discussed within a 3D framework,
where their large band gaps and low carrier mobility are the focus. In contrast, 2D van
der Waals materials offer intriguing possibilities for ferroelectric instability, and the
depolarization field effect, a key concern in 3D ferroelectrics, may not be a limitation in
true 2D systems. When BiFeO; is synthesized in 2D form, its multiferroic properties,
such as ferroelectricity and antiferromagnetism, can be significantly altered due to the
reduced dimensionality and increased surface effects. In 2D BFO, the rhombohedral
distortion that drives ferroelectricity in the 3D form may be enhanced or modified,
leading to stronger or more easily switchable polarization. The Fe>* ions maintain their
magnetic ordering, and the coupling between electric and magnetic orders becomes
more pronounced due to the increased influence of surface and interface effects. The
multiferroic materials like BiFeO3; (BFO) offer several advantages due to their unique
properties and reduced dimensionality. One key benefit is the enhanced magnetoelectric
coupling resulting from the close proximity of ferroelectric and magnetic layers,
enabling efficient “magnetic reading and electrical writing” functionalities [14]. Unlike
3D systems, 2D materials experience a significantly reduced depolarization field, which
allows for stable ferroelectric polarization even at nanometer-scale thicknesses.

In energy harvesting devices, 2D BFO’s magnetoelectric coupling can be used to
develop efficient vibration energy harvesters at the nanoscale. For spintronics, the
ability to control magnetic states via electric fields makes 2D BFO ideal for next-
generation spintronic devices. The combined ferroelectric and magnetic properties
also make 2D BFO suitable for high-sensitivity sensors and nanoscale actuators.
Furthermore, the concept of “magnetic reading and electrical writing” can drive the
development of high-density, non-volatile memory devices [21].

2.4 Crystal structure and morphological study of BiFeO3

The unique multiferroic properties of BiFeO3 (BFO) are intrinsically tied to its
rhombohedral distorted perovskite crystal structure (space group R3c) as shown in
Figure 3. This structure consists of Bi** ions occupying the A-sites, Fe>* ions in the
B-sites, and 0%~ ions forming octahedra around the Fe3* ions. The rhombohedral
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distortion breaks inversion symmetry, leading to ferroelectric polarization along the
[111] direction due to the off centering of Bi** and Fe*" ions. This non-
centrosymmetric structure underlies BFO’s piezoelectric effect, where mechanical
stress induces lattice distortions and generates an electric charge through ion dis-
placement. Additionally, BFO’s crystal structure supports antiferromagnetic ordering
of the Fe** ions, with magnetic interactions mediated by Fe-O-Fe superexchange. The
interplay between the ferroelectric and magnetic orders results in the magnetoelectric
coupling effect. In this coupling, applying an electric field alters the Fe-O-Fe bond
angles, affecting the magnetic order, while applying a magnetic field induces lattice
strain that changes the electric polarization. The magnetostrictive effect in BFO,
facilitated by the flexible Fe-O octahedra, involves changes in the magnetic domain
alignment causing deformation in the lattice. The magnetostrictive effect in BiFeO3
(BFO) arises from the interaction between the magnetic moments of the Fe®* ions and
the crystal lattice. When a magnetic field is applied, it alters the alignment of the Fe>*
magnetic moments, which, in turn, induces a strain in the crystal lattice, resulting in a
physical deformation of the material. This deformation is due to the distortion of the
Fe-O octahedra, which directly influences the lattice parameters and enables the
magnetostrictive response. The rhombohedral crystal structure of BFO, characterized
by its flexible Fe-O bonds, facilitates this strain response, enhancing the material’s
effectiveness in magnetostrictive applications. This property makes BFO highly suit-
able for multifunctional devices where magnetic fields can be used to induce
mechanical responses, such as in sensors, actuators, and energy conversion systems
[23]. The synergy between the piezoelectric and magnetostrictive effects in BiFeOs;
(BFO) is essential for its magnetoelectric coupling. When mechanical strain is applied
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Crystal structure and multiferrvoic properties of the BLFCO material [22].

151



Ferroic Materials — Understanding, Development, and Utilization

to BFO, it induces a piezoelectric response, generating electric polarization. This strain
also modifies the Fe—~O-Fe bond angles, affecting the magnetic order and triggering a
magnetostrictive response. Conversely, when a magnetic field is applied, it creates
lattice strain through magnetostriction, which in turn alters the electric polarization
via the piezoelectric effect. This dynamic interplay, enabled by BFO’s rhombohedral
crystal structure, allows efficient conversion between mechanical, electric, and mag-
netic energy. As a result, BFO is highly suitable for use in vibration energy harvesters,
sensors, and spintronic devices, where such multifunctional properties are critical for
performance and efficiency. In the field of energy harvesting, BiFeO; (BFO) has
shown a remarkable photovoltaic response under visible light, making it a promising
material for innovative solar cell technologies. Its strong ability to absorb solar radia-
tion and produce charge carriers positions BFO as a potential candidate for advanced
heterojunction solar cell designs. Additionally, BFO’s inherent piezoelectric and mag-
netoelectric properties further expand its energy application potential. These proper-
ties enable the conversion of mechanical energy into electrical energy in systems
subject to strain or vibration and allow for magnetically controlled energy conversion
in specialized devices [22].

2.4.1 Effect doping on multiferroic properties of BiFeO3

Doping in BiFeO3; (BFO) significantly enhances its structural, magnetic, and
dielectric properties, improving its overall multiferroic behavior. The choice of dop-
ants and the doping strategy, whether single or co-doping, plays a crucial role in
optimizing these properties. For instance, cobalt (Co) doping induces a phase transi-
tion from rhombohedral to orthorhombic, causing lattice shrinkage and increased
strain, which enhances the material’s multiferroic performance [24]. Additionally, co-
doping with ions like Nd/Sm or Co/Mn introduces greater strain effects due to differ-
ences in ionic radii, leading to larger multiferroic properties compared to single-ion
doping [25]. In terms of magnetic properties, cobalt-doped BFO exhibits improved
ferromagnetism, with saturation magnetization reaching up to 0.956 emu/g [24].
Similarly, doping with Ho®" ions enhances both saturation magnetization and coer-
civity, reflecting an improvement in magnetic behavior [26]. The dielectric properties
also benefit from doping, where interactions between dopants and the Fe’* magnetic
sublattice reduce leakage currents and enhance overall stability. For ferroelectric
properties, doping with elements such as cerium (Ce) increases remanent polariza-
tion, with values peaking at 189.3 pC/cm” depending on concentration [27]. This
indicates a significant improvement in ferroelectric behavior. However, while doping
generally enhances multiferroic properties, excessive doping can degrade perfor-
mance, emphasizing the need to optimize doping levels for balanced enhancements
across structural, magnetic, and dielectric characteristics.

2.4.2 Effect crystallinity and morphology on multiferroic properties of BiFeO3

The crystallinity and morphology of BiFeO3;(BFO) significantly influence its
multiferroic properties, which include ferroelectricity and ferromagnetism. Variations
in synthesis methods, such as sol-gel and solid-state reactions, lead to different struc-
tural characteristics that affect the material’s multiferroic performance. The following
sections detail how these factors interplay to enhance or diminish multiferroic proper-
ties. BiFeO3(BFO) exhibits a distorted rhombohedral structure (R3c space group),
which is fundamental to its multiferroic behavior [28]. Structural analysis using X-ray
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SEM micrographs of BF-BT furnace cooled and quenched cevamics sintered in conventional furnaces and
electromechanical properties at different heating conditions [31] and Magnetic properties of BFO at different
temperature [32].

diffraction (XRD) confirms that the degree of crystallinity significantly influences the
magnetic and ferroelectric properties. As particle size increases, local strains develop,
impacting the overall multiferroic response [29]. The morphology of BFO, particularly
its grain size and shape, also plays a critical role in its electrical and magnetic perfor-
mance. Studies show that nanoparticles exhibit size-dependent ferroelectric coeffi-
cients, with smaller particles enhancing ferroelectric properties. Scanning electron
microscopy (SEM) reveals that the shape of micrograins influences domain-switching
behavior, which is crucial for ferroelasticity [28]. The coexistence of ferromagnetism
and ferroelectricity in BFO can be optimized by controlling its crystallinity and mor-
phology, leading to enhanced multiferroic performance. The presence of
multidomain structures further modifies these properties, as interactions at domain
walls affect polarization and magnetic vectors [30]. However, while improvements in
multiferroic properties through controlled crystallinity and morphology are
promising, challenges remain in achieving uniformity and scalability in production
methods. These challenges may hinder the practical application of BFO in advanced
technologies (Figure 4).

2.5 Mathematical representation

Multiferroic materials are unique in their ability to exhibit more than one ferroic
order simultaneously, such as ferroelectricity, ferromagnetism, and ferroelasticity.
This coexistence allows for coupling effects between different order parameters,
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providing intriguing possibilities for multifunctional devices as already discussed in
Figure 1. The coupling between electric, magnetic, and elastic order parameters in
multiferroic materials enables phenomena such as magnetoelectric and elastoelectric
effects [16]. These interactions can be described mathematically, for instance, by the
magnetoelectric coupling coefficient ay, which relates the induced electric polariza-
tion P; to the applied magnetic field H; through the equation:

P; = oy H;j (1)
Similarly, the elastoelectric effect can be expressed by coupling the mechanical
strain S;; with the electric field E; using an appropriate coupling tensor djj.. Under-
standing this coupling mechanism is essential for designing devices that exploit these

interactions for applications in memory, sensors, and energy harvesting. Multiferroic
is broadly classified into two categories:

Sij = dij Ex )

The magnetoelectric effect in multiferroic materials can be described by the fol-
lowing relationships:
M =oE*E 3)
P=aH*H (4)
Where oE and oH mean electrically and magnetically induced magnetoelectric
coupling coefficients. For practical usage, they therefore defined the voltage magne-

toelectric coefficient («H~V). This coefficient relates the voltage response to an
external magnetic field:

oaHV = 9V /oH (5)
The Gibbs free energy for a multiferroic system can be expressed as:
dG = —SdT + ode — PAE-MdH (6)

The symbol S stands for entropy, € for strain, P for polarization, and M for
magnetization. The constitutive relations derived from this are:

P = —0G/dE,M = —0G/oH 7)

The linear constitutive equations describing the coupling between electric, mag-
netic, and mechanical fields are:

e =so+dE + qH (8)
P=do+yEE +oH 9)
M=qo+aE+yyHH (10)

Where s is the compliance, d and q are piezoelectric and piezomagnetic coeffi-
cients, ¥E and yH are dielectric and magnetic susceptibilities. In composite’s
multiferroics, the strain-mediated magnetoelectric effect is given by:

aHV = (amagnetic X O'electfic)/ H (11)
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Where Gmagnetic Stands for the magnetostriction coefficient, and Gejectric for the
piezoelectric coefficient.

2.6 Multiferroic and ferroelectric phase transition

The multiferroic materials are the ABOj crystal structures having perovskite
ceramics. It is discovered in the single crystal salt form and polycrystalline material in
1921 and 1940 [1]. The appearance of saturation polarization in ferroelectrics is the
crystal structure disturbance, that shifted the symmetry of point groups. Ferroelectric
has a phase change at Curie point T..

T ~ RT, T < T, there is no ferroelectricity in the material.

T = > T, Change of phase near Curie temperature.

Phase transition near Curie temperature, optical, dielectric, thermal, and other prop-
erties show unusual performance, due to changes in crystal structure distortion.
Dielectric-dependent temperature above T, in materials is related to the Curie-Weiss Law.

€= C/(T-T.) (12)

Where € = permittivity of the material, C = Curie constant, T, = Curie-Weiss
temperature.

The first order shows physical change leading to hysteresis during a change of
phase. These orders are defined as the finite division in the derivative of Gibbs free
energy (G) of the polar phase materials. The nth-order derivative of Gibbs free energy
is the finite factor associated with the shift of temperature. Thus, continuous P and S
are associated with finite second phase change and infinite factor at first phase order
change temperature for ferroelectric materials. The second order is developed by the
rapid change of enthalpy, which is most related to physical change [33].

A study on BiFeO; (BFO) nanoparticles using first-principles calculations reveals
that stoichiometric variations, surface termination, and morphology can induce fer-
romagnetism in this typically antiferromagnetic material. A size-dependent phase
diagram shows transitions between ferroelectric, antiferromagnetic, and multiferroic
phases as particle size decreases. These findings suggest that tailoring surface and
structural effects in nanoscale BFO can unlock enhanced multiferroic properties,
offering potential for multifunctional devices in sensors, spintronics, and data storage.
The coexistence of ferroelectricity and magnetism in BFO enables electric control of
magnetic properties, which is valuable for non-destructive information writing and
reading. However, achieving intrinsic multiferroic phases remains challenging due to
conflicting requirements for ferroelectricity and magnetism. Innovative strategies,
such as nanoscale engineering and stoichiometric control, are crucial for advancing
BFO-based multifunctional perovskite oxide devices.

2.7 Different synthesis methods of multiferroic materials

The multiferroic and single-phase multiferroic materials synthesis has significantly
benefited from the sophisticated thin-film growth techniques, including pulsed-laser
deposition and molecular beam epitaxy. These methods permit total control over
material composition and epitaxial strain, thus stabilizing metastable phases and
enhancing their multiferroic properties, such as BiFeO3 [34]. The three most common
methods include solid-state reaction, the sol-gel method, and hydrothermal synthesis
for the synthesis of multiferroic materials.
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2.7.1 Solid-state method

The solid-state reaction is quite a general method to prepare ferroic materials. It
involves precursor mixing, generally in the form of powders, followed by heating at a
high temperature where one can initiate a reaction; the high temperature allows for
the diffusion and nucleation of a crystalline phase with the required ferroic properties
[35]. In the solid-state route, stoichiometric amounts of Bi,O3; and Fe,03 are mixed,
milled, and calcined at temperatures ranging from 600 to 1000°C. The reactions are
complex due to the formation of secondary phases like Bi,Fe4,Og and Bi,sFeO3y, which
are challenging to eliminate [36, 37]. The properties of the synthesized BiFeO; include
significant challenges in obtaining a pure single-phase product, but it exhibits both
ferroelectric and antiferromagnetic properties, making it suitable for multiferroic
applications. However, the synthesis methods influence the presence of impurity
phases, affecting the overall magnetic and electric behavior of the material [36].

2.7.2 Sol-gel method

The sol-gel method is another versatile technique, particularly useful for producing
highly pure and homogeneous multiferroic materials. In this process, metal oxide
alkoxide or metal salts are dissolved in a solvent to form a sol, which then undergoes
gelation to form a 3D network. Subsequently, drying and calcination steps yield the
desired material. The sol-gel method is advantageous for controlling the material’s
microstructures and composition at a molecular level, making it suitable for the
synthesis of complex oxide materials [13]. The solution undergoes hydrolysis and
condensation reactions to form a gel, which is then dried to remove excess solvents.
The dried gel is subjected to calcination at temperatures ranging from 500 to 800°C to
produce crystalline BiFeOs. The sol-gel process yields nanoparticles with controlled
morphology and fine grain sizes, typically in the range of 50-200 nm, depending on
processing conditions. One of the key advantages of the sol-gel process for BiFeO;
synthesis is its ability to achieve high phase purity and uniform distribution of Bi and
Fe ions at the molecular level. This helps minimize the formation of unwanted sec-
ondary phases, which often degrade the material’s multiferroic properties. The
resulting fine-grained BiFeOj; exhibits enhanced ferroelectric and magnetic proper-
ties, such as improved remnant polarization and reduced leakage current, making it
suitable for applications in sensors, memory devices, and spintronics.

However, the sol-gel process requires precise control of reaction conditions such as
pH, temperature, and precursor concentration. Deviations in these parameters may
lead to incomplete reactions or impurities in the final product. Additionally, the
drying and calcination steps must be carefully managed to avoid the formation of
cracks or agglomerates, which can affect the microstructure and performance of the
synthesized BiFeOs.

2.7.3 Hydrothermal/solvothermal method

Hydrothermal method synthesis is employed to produce multiferroic materials
under high-pressure and moderate-temperature conditions in an aqueous solution and
solvothermal is solvent according to the precursors. This method enables the growth
of high-quality single crystal and nanomaterial with controlled morphology and size.
Hydrothermal synthesis is particularly effective for creating complex oxides and
composite materials. For example, multiferroic bismuth ferrite (BiFeOs) can be
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synthesized using the hydrothermal method, resulting in a well-defined crystal struc-
ture and enhanced functional properties.

In the hydrothermal synthesis method, soluble salts containing bismuth (Bi**) and
iron (Fe*) ions are combined in a stoichiometric 1:1 molar ratio to form BiFeOs
(BFO). To achieve a homogeneous solution, an organic solvent like ethylene glycol or
a stabilizer such as polyvinyl alcohol (PVA) is introduced while stirring continuously.
The resulting solution is then transferred to a high-pressure autoclave and heated at
temperatures typically ranging from 160 to 230°C for several hours. The temperature,
pressure, reaction time, and pH significantly influence the microstructure and phase
purity of the synthesized BFO nanoparticles. For instance, lower temperatures around
160°C can produce well-crystallized BFO nanoparticles with average sizes ranging
from 10 to 50 nm. Studies have shown that precise control of these conditions helps
avoid the formation of secondary phases such as Bi,Fe,O9 and Bi, sFeOy, which are
commonly encountered in other synthesis methods.

The hydrothermal method is particularly effective in producing high-purity BFO
nanoparticles with controlled morphologies, such as nanorods, nanospheres, and
nanoplates. These nanoparticles typically exhibit enhanced ferroelectric and antifer-
romagnetic properties due to their fine grain size and high crystallinity. For example,
hydrothermally synthesized BFO nanoparticles display higher remanent polarization
and improved magnetic ordering compared to those produced via conventional solid-
state reactions. However, while the hydrothermal method offers advantages like lower
synthesis temperatures and superior control over particle morphology, it also has
limitations. The need for high-pressure equipment (autoclaves) restricts scalability for
bulk production. Additionally, the reaction times can be long, often requiring several
hours or even days to achieve the desired crystallinity and phase purity (Table 1) [38].

Criteria Solid-state reaction Hydrothermal Sol-Gel

Crystal Lattice ~ Good, but with defects due to  High-quality, well- High-quality, fine-grained

Quality high temperatures crystallized lattice lattice

Particle Size Micron-sized particles Nanoparticles Nanosized particles
(10-100 nm) (50-200 nm)

Phase Purity Lower; secondary phases High purity with High purity with fewer

are common

controlled phases

secondary phases

Processing 800-1000°C 100-300°C 500-800°C

Temperature

Processing Several hours Several hours to days  Several hours to days

Time

Morphology Limited control Excellent control over ~ Good control over

Control shape and size morphology

Grain Size Larger grains (1-10 um) Ultra-fine grains Fine grains (50-200 nm)

(10-100 nm)

Equipment Basic furnaces, low-cost High-pressure Basic lab equipment (stirring,

Requirements  equipment autoclaves drying, furnaces)

Scalability Suitable for bulk production ~ Limited scalability Moderate scalability
Table 1.

Summarizges the key differences and strengths of each synthesis method, helping to determine the best approach

based on the desired properties and application of BiFeO; materials.

157



Ferroic Materials — Understanding, Development, and Utilization

3. Sintering techniques for multiferroic and ferroelectric materials

Sintering is a very crucial process in the treatment of ceramic materials, especially
multiferroic and ferroelectric materials, involving the heating of compacted powders
below their melting point. This process will result in atomic diffusion caused by
densification, further enhancing mechanical, electrical, and structural properties.
Sintering plays an important role in multiferroic materials because it optimizes their
microstructure, allowing grain growth and reducing porosity, thus affecting the elec-
trical and magnetic properties. The primary challenges in producing BiFeO3 ceramics
are: (i) obtaining phase-pure material and (ii) achieving sintered densities exceeding
90% of the theoretical value. Various methods have been utilized to synthesize phase-
pure BiFeOs;.

3.1 Conventional sintering

Conventional sintering of ceramic materials is usually carried out in furnaces
under high temperatures, generally between 1000 and 1400°C, depending on the
material composition, and for a long time, from hours up to several hours. The goal is
to facilitate atomic diffusion, leading to the densification of particles, grain growth,
and the removal of residual porosity. In conventional sintering, heating is performed
in a furnace over several hours (commonly 4-12 hours) to allow for gradual and
uniform material consolidation. The process requires equipment and procedures,
making it widely accessible for research and small-scale production. Initial setup costs
for conventional furnaces are lower compared to advanced sintering techniques,
making it economically feasible for basic applications. These conditions of heating
allow the slow development and densification of the grain [39]. However, the disad-
vantages are that it requires high temperature and long processing time, which possi-
bly result in excessive grain growth and deterioration of material performance.

Conventional sintering may not effectively eliminate all porosity. Consequently,
the material typically shows moderate ferroelectric properties with a remnant polari-
zation (P,) around 20-30 pC/cm? and weak magnetic behavior due to structural
defects and porosity [40]. High leakage currents are also common due to non-uniform
microstructures and residual porosity. The critical factor for residual porosity can
compromise mechanical strength, dielectric properties, and overall reliability of the
final product. In addition, higher temperatures during sintering require higher energy
input, further reducing the viability of that process for manufacturing on large indus-
trial scales [41]. Achieving uniform grain size and microstructure is challenging due to
the slow heating rates and lack of precision in temperature control. Inconsistent
microstructure can result in variability in material performance.

3.2 Microwave sintering

Microwave Sintering utilizes electromagnetic radiation to heat materials rapidly
and uniformly, reducing sintering times and temperatures. Unlike conventional ways,
microwave energy directly couples with the material, resulting in volumetric heating
through dielectric and magnetic losses. In microwave sintering, temperatures are
typically 100-200°C lower than in conventional sintering, with shorter processing
times ranging from minutes to hours, depending on the material and desired proper-
ties [42]. Benefits compared to traditional sintering include shorter processing time
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often by a factor of 2-10 lower sintering temperature, and superior properties of the
material, including mechanical strength and electrical performance. In fact, this tech-
nique is widely used for synthesizing multiferroic materials, most notably bismuth
ferrite, BiFeOj3 [31, 43, 44]. The rapid and uniform heating minimizes grain growth
and porosity, resulting in materials with improved mechanical, dielectric, and mag-
netic properties. Also, in optical properties, the energy band gap of BiFeOj sintered in
a microwave furnace makes this material an ideal candidate for solar cell applications
[45]. Ji et al. performed a comprehensive study comparing BF-BT ceramics produced
through microwave sintering and conventional sintering techniques. Their findings
indicated that the microwave-sintered samples exhibited finer grain sizes relative to
those obtained through conventional sintering [46]. This sintering method helps
retain a finer grain structure and minimizes secondary phases, enhancing the ferro-
electric and magnetic properties of BFO. Microwave-sintered BFO can achieve a
higher remnant polarization (~40-50 pC/cm?) and reduced leakage currents due to
improved grain uniformity and densification. The rapid heating and cooling cycles
also promote better multiferroic coupling, making the material suitable for sensors
and memory devices [45]. Additionally, the reduced energy consumption and shorter
processing times of microwave sintering contribute to more sustainable manufactur-
ing practices by lowering operational costs and minimizing environmental impact.
SEM images show the distribution of metal particles in ceramics with varying con-
centrations after microwave sintering. Due to the rapid heating and cooling rates of
microwave sintering, Ni particles preferentially migrate to the triple points of the
grains, indicating insufficient time for sintering and particle diffusion into the grain
boundaries (Figure 5) [43].

3.3 Spark plasma sintering (SPS)

SPS is an effective method to synthesize high-density ferroelectric ceramics, such
as BiFeO3, which has superior piezoelectric properties. The optimization of process
parameters such as temperature (usually 200-500°C less than the normal process
temperature) and pressure (in a range of 20-100 MPa) results in enhanced material
properties achieved by SPS, including a fine microstructure and improved mechanical
strength. More importantly, SPS offers minimum sintering time, lower temperatures,
and higher control over microstructure, which makes it very appropriate for advanced
ferroelectric and multiferroic materials production [48].

SPS achieves near-theoretical density (above 98%) in a short time due to the
combined effects of rapid heating and pressure. This reduces porosity, improving
mechanical strength and dielectric properties. The rapid heating minimizes grain
growth, allowing for the retention of fine microstructures. SPS-produced BFO typi-
cally exhibits grain sizes between 100 and 500 nm, enhancing ferroelectric and mag-
netic performance. The controlled, high-speed sintering process reduces the
formation of unwanted secondary phases like Bi;Fe,O, which can degrade BFO’s
multiferroic properties. SPS can achieve full densification at temperatures between
700 and 800°C, which is 100-200°C lower than conventional sintering, preserving
BFO’s stoichiometry and reducing energy consumption. These factors contribute to
superior multiferroic properties, with remnant polarization values exceeding 50 pC/
cm? and enhanced magnetic behavior due to reduced defects and porosity. It helps
improve the polarization, remnant magnetization, and coercive fields of BFO. The
reduced grain size and higher density lead to lower leakage currents and enhanced
ferroelectric and antiferromagnetic behavior, making BFO suitable for sensors,
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Figure 5.

(a) Microwave sintering setup for BiFeO; (BFO) samples. (b) Temperature profiles of microwave (870°C) and
conventional sintering (890°C). (c) SEM of microwave-sintered BFO showing uniform grains. (d) SEM of
conventionally sintered BFO with larger grains and more porosity. (e) Atomic composition (WDS) of Nd-doped
BFO, showing values close to stoichiometric ratios [47].

memory devices, and spintronic applications. Spark Plasma Sintering (SPS) offers
rapid densification and fine microstructure control but has drawbacks like high
equipment cost, limited scalability, and complex process control. In contrast, conven-
tional sintering is more affordable and scalable for bulk production but suffers from
high energy consumption, long processing times, and grain growth. Microwave
sintering provides a balance, offering faster processing, lower temperatures, and
better microstructure control than conventional sintering, with lower costs and better
scalability than SPS. However, SPS outperforms both methods in achieving superior
densification and fine grains, making it ideal for specialized, high-performance appli-
cations (Figure 6).
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Figure 6.
SEM micrographs of BiFeO; powders during SPS Sintering at different dwelling times: (a) o, (b) 30, and (c)

60 min [49].

3.3.1 Intervelationship between properties, structure, and processing

The properties of BiFeO; (BFO) are intricately linked to its crystal structure and
the processing techniques used during synthesis. BFO’s crystal structure features a
rhombohedral distortion (space group R3c), which plays a fundamental role in its
ferroelectricity and magnetoelectric coupling. This structural distortion arises from
the displacement of Bi** ions relative to the FeOg octahedra, creating spontaneous
polarization and enabling interaction between electric and magnetic orders.

BFO’s rhombohedral perovskite structure, characterized by distorted FeOg octahe-
dra and displaced Bi*" ions, governs its ferroelectricity, antiferromagnetism, and
magnetoelectric coupling. These structural features are sensitive to the choice of
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Criteria Conventional sintering Microwave sintering Spark plasma sintering (SPS)

Heating External heating via Internal volumetric heating Joule heating via pulsed DC

Mechanism furnace walls via microwaves and pressure

Sintering 850-1400°C 100-200°C lower than 700-800°C

Temperature conventional

Processing 4-12 hours Minutes to a few hours 10-20 minutes

Time

Grain Size Larger grains due to slow Finer grains due to rapid Very fine grains due to rapid
heating heating densification

Densification Moderate, higher Higher densification, lower ~Near-theoretical densification
porosity porosity

Equipment Low Medium High

Cost

Scalability Good for bulk Challenging for large-scale  Limited to small and medium-
production production sized samples

Energy High energy More energy-efficient than  Highly energy-efficient

Efficiency consumption conventional

Microstructure Limited control Better control than Excellent control

Control conventional

Multiferroic Moderate Improved ferroelectricity, ~ High polarization, low leakage,

Properties of

BFO

ferroelectricity, higher
leakage currents, limited

reduced leakage currents,
enhanced magnetic

enhanced magnetization, and
antiferromagnetic properties

magnetization ordering
Applications Large-scale production ~ Functional ceramics, High-performance ceramics,
of ceramics, refractories  sensors, dielectric materials sensors, memory devices
Table 2.

Summariges the key differences and strengths of each sintering method, helping to determine the best approach
based on the desired properties and application of BiFeO; materials.

synthesis methods and sintering processes, which impact the grain size, crystallinity,
phase purity, and defect concentration. Processing methods such as sol-gel synthesis,
hydrothermal methods, and spark plasma sintering (SPS) significantly impact BFO’s
microstructure by affecting factors like grain size, density, and defect concentration.
Optimizing synthesis and sintering conditions is essential for minimizing defects such
as oxygen vacancies and achieving high phase purity in BiFeO3; (BFO). For instance,
carefully controlling the calcination temperature during sol-gel synthesis can prevent
the formation of secondary phases, while sintering under a controlled atmosphere
helps maintain proper stoichiometry and improve crystallinity. These factors, includ-
ing grain size, density, and microstructural uniformity, are interdependent and
directly influence the stability and efficiency of BFO’s multiferroic properties, such as
its ferroelectricity and magnetic behavior (Table 2).

In thin films, techniques like strain engineering can modify the Fe-O-Fe bond
angles, which directly affects both ferroelectric and magnetic behavior. Applying
strain can optimize magnetoelectric coupling, making BFO more suitable for
multifunctional applications. Additionally, the presence of domain walls in nano-
structured BFO can influence leakage current and fatigue resistance, which are critical
for reliable device performance (Figure 7).
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Figure 7.

An overview of ceramic synthesis methods, including solid-state sintering, microwave sintering, freeze casting, tape
casting, spark plasma sintering, and the sol-gel method, with step-by-step processes illustrated [50].

By fine-tuning processing conditions such as temperature, pressure, and doping
strategies, it is possible to enhance BFO’s performance for various applications. These
include ferroelectric random-access memory (FeRAM), where high polarization and
low leakage current are essential, energy harvesters that convert mechanical energy
into electrical energy, and magnetic field sensors that rely on stable magnetoelectric
coupling. The interdependence of structure, microstructure, and processing highlights
the importance of precise control over synthesis methods to fully exploit BFO’s
multiferroic potential.

4. Challenges and future perspectives

The multiferroic properties of BiFeO3 (BFO) offer both considerable challenges
and promising prospects. While BFO exhibits ferroelectricity and ferromagnetism at
room temperature, practical applications are limited by factors such as low coupling
efficiency and the presence of antiferromagnetic configurations. BFO’s structure,
specifically its distorted rhombohedral perovskite (R3c space group), is critical to its
multiferroic behavior, with properties influenced by its crystallinity and morphology.
Structural analysis via X-ray diffraction (XRD) indicates that local strain develops as
particle size. One key challenge is the weak coupling efficiency between ferroelectric
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and magnetic orders, which reduces the effectiveness of BFO for multifunctional
applications, affecting both magnetic and ferroelectric properties. Additionally, the
antiferromagnetic order in pure BFO restricts its magnetic performance, necessitating
strategies like changing crystal structure and doping or creating composite structures
to improve these properties. The current study includes experimental methods of
trial-and-error analysis.

Another issue is stability and reusability, which affect the long-term performance
of BFO. Achieving consistent multiferroic behavior under repeated cycling is difficult
due to the formation of defects like oxygen vacancies and phase impurities. Achieving
high phase purity is another challenge, as defects such as oxygen vacancies and
secondary phases can degrade performance. Controlling synthesis and sintering con-
ditions, such as calcination temperature and atmosphere, can help optimize crystal-
linity, grain size, and defect concentration. Doping strategies have shown potential for
overcoming these challenges. Morphological control, particularly through techniques
like sol-gel synthesis and spark plasma sintering (SPS), plays a crucial role in enhanc-
ing the material’s properties by reducing defects and refining grain size. Moreover, the
efficiency limitations in BFO’s performance are influenced by its microstructure and
morphological variations. Smaller grain sizes or pore sizes can limit accessibility to
perovskite sites, impacting the overall performance. Optimizing synthesis techniques
to achieve uniform crystallinity, minimize defects, and enhance coupling between
ferroelectric and magnetic orders is essential to overcoming these challenges and
advancing the practical use of BFO.

The present study incorporates trial-and-error experimental methods for analyzing
multiferroic materials. However, adopting modern modeling and computational tech-
niques can significantly reduce the time and effort required, allowing researchers to
design BiFeOs-based multiferroic materials more efficiently using existing databases.
These approaches can provide valuable insights to anticipate and resolve potential
challenges during the scaling-up process. By leveraging computational analysis, the
exploration and development of enhanced multiferroic properties in BiFeO; become
more precise and streamlined, opening up vast opportunities for innovation and
advancement in this field.

5. Conclusion

This book chapter reveals a development regarding the presently achieved under-
standing of multiferroic materials properties, their synthesis methods, and sintering
techniques. Such materials, which combine properties like ferroelectricity and ferro-
magnetism, are opening doors to exciting possibilities from sensors and actuators to
memory devices and energy harvesting. The key points that can be reaped include the
various synthesis methodologies, such as solid-state reactions, sol-gel routes, and
hydrothermal synthesis, used in fabricating such materials with precise control of
their characteristic features. Above all, advanced sintering techniques such as con-
ventional sintering, microwave sintering, and spark plasma sintering (SPS) have been
mentioned as the key enabling factors for further improvement in microstructure and
performance. These techniques refine the material by allowing grain growth, reducing
porosity, and enabling optimization in electrical and magnetic properties a necessity
for multiferroic effect observation. Considering the outstanding potentialities of
multiferroics in perspective devices, one still faces several challenges regarding the
appearance of strong coupling of ferroic properties in such materials at room
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temperature. While these gaps continue to exist, additional studies in the areas of
strain engineering, thin-film technologies, and nanostructuring will likely surmount
this inadequacy and expand multiferroics’ use in advanced technology.

Acknowledgements

This research was supported by the MSIT (Ministry of Science and ICT), Korea,
under the ITRC (Information Technology Research Center) support program (IITP-
2025-RS-2020-11201655, 100%) supervised by the IITP (Institute of Information and
Communications Technology Planning and Evaluation).

Author details

Mohsin Saleem™?*, Muhammad Zubair Khan?, Gwangseop Lee*,
Muhammad Saad Ur Rahman', Fatima Rehan' and Jung-Hyuk Koh>**

1 School of Chemical and Materials Engineering, National University of Sciences and
Technology, SCME, NUST, Islamabad, Pakistan

2 School of Electrical and Electronic Engineering, Chung-Ang University, Seoul,
Republic of Korea

3 Pak-Austria Fachhochschule: Institute of Applied Sciences, Department of Materials
Science and Engineering, Haripur, KPK, Pakistan

4 Graduate School of Intelligent Energy and Industry, Chung-Ang University, Seoul,
Republic of Korea

*Address all correspondence to: mohsin.saleem@scme.nust.edu.pk and
mohsin852@cau.ac.kr and jhkoh@cau.ac.kr

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

165



Ferroic Materials — Understanding, Development, and Utilization

References

[1] Whatmore R. Ferroelectric materials.
In: Kasap S, Capper P, editors. Springer
Handbook of Electronic and Photonic
Materials. Boston, MA: Springer US;
2007. pp. 597-623

[2] Shamsher S, Wasim M, Sabir A,
Sahfig M, Ahmad ARM, AdeefaI.
Perspectives of Ferroic/Multiferroic
Materials. In: Inamuddin, T. Altalhi and
M.A.J. Mazumder, editors. WILEY
Online Librairy of Ferroic Materials-
Based Technologies. Hoboken, New
Jersey: WILEY US; 2024. pp. 35-54

[3] Smolenskii GA, Agranovskaya Al
Dielectric polarization and losses of some
complex compounds. Zhurnal
Tekhniceskoj Fiziki. 1958;28. p. Medium:
X; Size: Pages: 1380-1382

[4] Mostovoy M. Multiferroics: Different
routes to magnetoelectric coupling. NPJ
Spintronics. 2024;2(1):18

[5] Pereira N et al. Magnetoelectrics:
Three centuries of research heading
towards the 4.0 industrial revolution.
Materials. 2020;13(18):4033

[6] Lines ME, Glass AM. Principles and
Applications of Ferroelectrics and
Related Materials. Walton Street in
Oxford, England: Clarendon Press; 1977

[7] Acosta M et al. Relationship between
electromechanical properties and phase
diagram in the Ba(Zr0.2Ti0.8) 03—x
(Ba0.7Ca0.3)TiO3 lead-free
piezoceramic. Acta Materialia. 2014;80:
48-55

[8] Arimoto Y, Ishiwara H. Current
status of ferroelectric random-access
memory. MRS Bulletin. 2004;29(11):
823-828

[9] Cong J et al. Spin-induced
multiferroicity in the binary perovskite

166

manganite Mn203. Nature
Communications. 2018;9(1):2996

[10] Heron JT et al. Deterministic
switching of ferromagnetism at room

temperature using an electric field.
Nature. 2014;516(7531):370-373

[11] Buurma AJC et al. Multiferroic
materials: Physics and properties. In:
Reference Module in Materials Science
and Materials Engineering. 360 Park
Avenue South, 6th Floor, New York:
Elsevier; 2016

[12] Chen R et al. Magnetic field induced
ferroelectricity and half magnetization
plateau in polycrystalline R2V2 07 (R=
Ni, Co). Physical Review B. 2018;98(18):
184404

[13] Oh YS et al. Non-hysteretic colossal
magnetoelectricity in a collinear
antiferromagnet. Nature
Communications. 2014;5(1):3201

[14] Rondinelli JM, Eidelson AS,
Spaldin NA. Non-d 0 Mn-driven
ferroelectricity in antiferromagnetic
BaMnO 3. Physical Review B—
Condensed Matter and Materials
Physics. 2009;79(20):205119

[15] Zhai K et al. Giant magnetoelectric
effects achieved by tuning spin cone
symmetry in Y-type hexaferrites. Nature
Communications. 2017;8(1):519

[16] Vopson MM. Fundamentals of
multiferroic materials and their possible
applications. Critical Reviews in Solid
State and Materials Sciences. 2015;40(4):
223-250

[17] Zhao H et al. In: Kimura H, Cheng Z,
Jia T, editors. 3 - Aurivillius Layer-
Structured Multiferroic Materials, in
Nanoscale Ferroelectric-Multiferroic



Multiferroic Materials: Synthesis, Properties, and Sintering

DOI: http://dx.doi.org/10.5772/intechopen.1008834

Materials for Energy Harvesting
Applications. Amsterdam, The
Netherlands: Elsevier; 2019.

pp. 41-60

[18] Fontcuberta J. Multiferroic RMnO3
thin films. Comptes Rendus Physique.
2015;16(2):204-226

[19] Martin LW, Chu YH, Ramesh R.
Advances in the growth and
characterization of magnetic,
ferroelectric, and multiferroic oxide thin

films. Materials Science and Engineering:
R: Reports. 2010;68(4):89-133

[20] Wen Y et al. Fabrication and
photonic applications of Si-integrated
LiNbO3 and BaTiO3 ferroelectric thin
films. APL Materials. 2024;12(2):
020601-020630

[21] Kanneth Sivaraman S et al. Lead-free
piezoelectric energy harvester based on
2D bismuth titanate. ACS Applied
Materials and Interfaces. 2023;15(49):
57192-57200

[22] Ramam K et al. Magnetic properties
of nano-multiferroic materials. Journal
of Magnetism and Magnetic Materials.
2017;442:453-459

[23] Guo J et al. Strain-induced
ferroelectricity and spin-lattice coupling
in SrMn O 3 thin films. Physical

Review B. 2018;97(23):235135

[24] Wang S et al. Enhanced multiferroic
properties of Co-doped BiFeO3
nanoparticles via structural changes.
Physica Scripta. 2024;99(9):

095411

[25] Apostolov AT, Apostolova IN,
Wesselinowa JM. Theoretical study of
co-doping effects with different ions on
the multiferroic properties of BiFeO3
nanoparticles. Materials. 2024;17(17):
4298

167

[26] Gadwala N. Effect of trivalent Ho3+
ion doping on structural, magnetic,
optical, and electrical properties of
BiFeO3 nanoparticles. Physica Status
Solidi (b). 2024;262(2):2400304

[27] Lin T et al. Multiferroic properties of
BiFeO3 thin films with Ce substitution.
Journal of Physics and Chemistry of
Solids. 2023;183:111662

[28] Carranza-Celis D et al. Control of
multiferroic properties in BiFeO3
nanoparticles. Scientific Reports. 2019;
9(1):3182

[29] Muneeswaran M et al. Structural,
electrical, ferroelastic behavior, and
multiferroic properties of BiFeO3.
Journal of Materials Science: Materials in
Electronics. 2020;31(16):13141-13149

[30] Wang D et al. Multidomains made of
different structural phases in
multiferroic BiFeO 3: A first-principles-
based study. Physical Review B—
Condensed Matter and Materials
Physics. 2013;88(13):134107

[31] Magbool A et al. Evolution of
ferroelectric and piezoelectric response
by heat treatment in pseudocubic
BiFeO3-BaTiO3 ceramics. Journal of
Electroceramics. 2018;41(1):99-104

[32] Jia D-C et al. Structure and
multiferroic properties of BiFeO3
powders. Journal of the European
Ceramic Society. 2009;29(14):3099-3103

[33] Yu Y. Field-Induced
Antiferroelectric-Ferroelectric Phase
Switching Behavior in Lead Strontium
Zirconate Titanate Ceramics. Ann Arbor,
Ml, USA: University of Cincinnati; 2000

[34] Martin LW, Schlom DG. Advanced
synthesis techniques and routes to new
single-phase multiferroics. Current



Ferroic Materials — Understanding, Development, and Utilization

Opinion in Solid State and Materials
Science. 2012;16(5):199-215

[35] Prajapati P et al. Effect of sintering
temperature on multiferroic properties
of Mg-doped bismuth ferrite. Solid State
Communications. 2024;392:115656

[36] Clabel HJL et al. Insights on the
mechanism of solid state reaction
between TiO2 and BaCO3 to produce
BaTiO3 powders: The role of calcination,
milling, and mixing solvent. Ceramics
International. 2020;46(3):2987-3001

[37] Bernardo MS et al. Reaction
pathways in the solid state synthesis of
multiferroic BiFeO3. Journal of the
European Ceramic Society. 2011;31(16):
3047-3053

[38] Thankachan RM, Balakrishnan R.
Synthesis strategies of single-phase and
composite multiferroic nanostructures.
In: Synthesis of Inorganic
Nanomaterials. Amsterdam, The
Netherlands: Elsevier; 2018. pp. 185-211

[39] Osman KI. Synthesis and
Characterization of BaTiO3 Ferroelectric
Material. Giza Egypt: Cairo University;
2011

[40] Joshi CR et al. Effect of cobalt
substitution on the structural,
ferroelectric, and magnetic properties of
bismuth ferrite thin films. Journal of
Applied Physics. 2022;132(19):194102-
194113

[41] Wang N et al. Structure,
performance, and application of BiFeO3
nanomaterials. Nano-Micro Letters.
2020;12:1-23

[42] Gongalves MD et al. Dielectric
characterization of microwave sintered
lead zirconate titanate ceramics.
Ceramics International. 2016;42(13):
14423-14430

168

[43] Saleem M et al. Dielectric response
on microwave sintered BaTiO3
composite with Ni nanopowder and
paste. Materials Research Bulletin. 2015;
64:380-385

[44] Tanvir G et al. Study of ferroelectric
and piezoelectric response of heat-
treated surfactant-based BaTiO3
nanopowder for high energy capacitors.
Materials Science and Engineering: B.
2023;287:116100

[45] Harshapriya P, Kaur P, Basandrai D.
Influence of La-Ag substitution on
structural, magnetic, optical, and
microwave absorption properties of
BiFeO3 multiferroics. Chinese Journal of
Physics. 2023;84:119-131

[46] Ji C et al. Influence of sintering
method on microstructure, electrical and
magnetic properties of BiFeO3-BaTiO3
solid solution ceramics. Materials Today
Chemistry. 2021;20:100419

[47] Chen P-Y, Chen J-R. Microwave-
sintering enhanced photovoltaic
conversion in polycrystalline Nd-doped
BiFeO3. Ceramics International. 2020;
46(13):20963-20973

[48] Chavarria CC et al. Low temperature
spark plasma sintering of efficient

(K, Na) NbO3 ceramics. Journal of the
European Ceramic Society. 2024;44(6):
4319-4322

[49] Pedro-Garcia F et al. Multiferroic
properties of nanostructured BiFeO3
tailored by milling and sintering by SPS.
Journal of Alloys and Compounds. 2019;
792:694-701

[50] Wang B et al. Promising lead-free
BiFeO3-BaTiO3 ferroelectric ceramics:
Optimization strategies and diverse
device applications. Progress in Materials
Science. 2024;146:101333









	Ferroic Materials - Understanding, Development, and Utilization
	Contents
	Preface
	Chapter1
Ferroelasticity in Ferroic Materials
	Chapter2
Domain and DomainWall Motion
	Chapter3
Structure and Symmetry of Ferroelectric BaTiO -Based Ceramics
	Chapter4
Polarization and Ferromagnetism in Microwave-Absorbing Materials
	Chapter5
Anhysteretic Magnetization in Ferromagnetics
	Chapter6
PVDF Based Flexible Ferroelectrics
	Chapter7
Multiferroic Materials: Synthesis, Properties, and Sintering



