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Abstract

With the semi-conductor industry facing threats of reaching fundamental limits
further miniaturization is not possible. Current trends toward device miniaturization and high-
density data storage system thus necessitate integration of multifunctions into a single
material. Multiferroics, the rare class of compounds exhibiting co-existence of two or more
ferroic orders serves the contemporary demands. Significant advancements in the atomic and
nanoscale growth and characterization techniques achieved with the developments in the field
of nanotechnology pave the way for multifunctional nanostructural materials. These
nanostructured multiferroics offer plenty of horizons for future technology because of the

tunability of properties with size and morphology.

Bismuth ferrite (BiFeO3) — the most widely studied single phase multiferroic system
in the literature displays room temperature ferroelectric (1100 K) and magnetic (640 K) order
that makes it unique of its kind. Though this feature being promising for utilization in devices
however, has failed hitherto. Its application is hampered by several serious issues that involve
high leakage currents (mainly arising due to oxygen and bismuth vacancies, non-
stoichiometery, secondary phase impurities and defects caused by the volatile nature of Bi),
and no net magnetization (mainly arising due to incommensurate spin spiral structure of
wavelength 62 nm superimposed over G-type antiferromagnetic ordering), which thus leads
to low magnetoelectric coupling in BiFeO3;. Many studies are devoted to eradicate these
problems over the time. Reviewing the literature one observes the rare earth and alkaline
earth metal ions-doping and reduction of the size to nanoscale are helpful in addressing these

issues.
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Particle size plays a crucial role in deciding the overall multiferroic properties of
BiFeO3 nanoparticles. Various aspects (structural, magnetism, dielectric behaviour, magnetic
transition temperature, photocatalytic activity, etc.) of BiFeO3 nanoparticles scrutinizing their
influence on particle size have been studied in details. However, it has been found that not
much of studies have been carried out to investigate the influence of the particle size on the
multiferroic properties of rare earth and alkaline earth metal ions doped BiFeO;

nanoparticles.

In a nutshell, the present thesis attempts to study the influence of particle size on
rare earth and alkaline earth metal ions-doped BiFeO; nanoparticles . Altogether, six
combinations (rare earth (Tbh, Dy, Gd) and alkaline earth (Ca, Sr, Ba) metal-doped BiFeO;
nanoparticles) have been studied, which are synthesized using sol-gel method. Their
structural, morphological, magnetic, dielectric and ferroelectric analyses have been done by
X-ray diffractometer (XRD), Scanning electron  microscope/Transmission electron
microscope (SEM/TEM), Vibrating sample magnetometer (VSM), LCR meter and P-E
loop tracer, respectively. Remarkable influence of particle size on magnetic, dielectric and
ferroelectric properties of rare earth and alkaline earth metal ions-doped BiFeO3; has been
witnessed. Rare earth metals in comparison to alkaline earth metals have been found to
display enhanced magnetic, dielectric and ferroelectric values. Amongst the six ions, Dy**
ions - doped BiFeO3 nanoparticles have been observed to exhibit the maximum enhancement
of multiferroic (desirable for device application) properties owing to its smallest ionic radii

and highest magnetic moment.
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Thesis Structure

In the present thesis, rare (Th, Dy, Gd) and alkaline earth (Ca, Sr, Ba) metal-doped
BiFeO3; nanoparticles of different particle size have been studied. The undoped BiFeOj3;
nanoparticles of different particle size have also been studied. Therefore, two sections
(chapter 3 and chapter 4) have been prepared comprising of three dopants each. One is about
rare earth (Th, Dy and Gd)-doped BiFeO3 nanoparticles. The other deals with alkaline earth
(Ca, Sr and Ba)-doped BiFeO3; nanoparticles. The structural, morphological, magnetic,
dielectric and ferroelectric analyses of all the combinations mentioned above have been

studied. Following is the chapter-wise description of the thesis.

Chapter 1 - Introduction

This chapter covers brief and selective introduction to electric and magnetic materials
and nanotechnology highlighting the emergence of the multiferroics. The essential details
related to the multiferroic materials have been discussed, covering the literature work
reported so far. It also includes the insight and grounds on which the objectives for the

present thesis were shaped.

Chapter 2 - Synthesis and characterization techniques

This chapter provides an overview of the synthesis method used for preparing rare
(Th, Dy, Gd) and alkaline (Ca, Sr, Ba) earth metal ions doped BiFeO3; nanoparticles. The
various characterization techniques such as X-ray diffraction (XRD), Transmission electron

microscope (TEM), Scanning electron microscope (SEM), Vibrating sample magnetometer
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(VSM), LCR meter and P-E loop tracer have been explained in detail. The working principle

and instrumentation of all the techniques mentioned above have been covered.

Chapter 3 - Rare earth doped BiFeO3; nanoparticles

The present chapter includes the experimental procedures followed for synthesizing
rare earth metal ions (Th, Dy, Gd)-doped BiFeOs; nanoparticles and their particle size
variation. Their structural, morphological, magnetic, dielectric and ferroelectric properties

have been studied.

Chapter 4 — Alkaline earth metal ions-doped BiFeO3; nanoparticles

The present chapter includes the experimental procedures for synthesizing alkaline
earth metal ions (Ca, Sr, Ba)-doped BiFeO3; nanoparticles and their particle size variation.
Their structural, morphological, magnetic, dielectric and ferroelectric properties have been

studied.

Chapter 5 - Conclusions and future possibilities

This chapter summarizes the conclusions of the research work presented in the thesis.

Also, it gives an insight into the future possibilities for augmentation of the work.
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INTRODUCTION




- Introduction

Chapter 1

The interplay between electricity and magnetism has fascinated researchers over centuries
and has had tremendous impact on the technology. This chapter covers brief introduction to
ferroelectric and magnetic materials highlighting the emergence of nanotechnology in the
existing device technology. However, the current trends toward device miniaturization
demands alternate new multifunctional materials as the semiconductor-based electronic
industry is at the verge of fundamental limit of integration. The obscure class of materials,
‘multiferroics’, is presented as a solution. Their brief definition, history, essential

requirements and applications have been discussed.

1.1 Introduction

The interplay between electricity and magnetism — fundamental tenet of the classical
theory of electromagnetism was at first uncovered by Oersted by an accident in 1820 [1]. It
involved deflection of magnetic needle on switching on or off of a battery in its vicinity [1-2].
Following this accidental observation, forty years later, the classical theory of
electromagnetism was worked out with decisive contributions from the likes of Ampére and
Faraday [3]. The key clues from these experiments, illustrating generation of magnetic fields
by electric currents, led to formulation of James Maxwell’s equations in 1860. The unified
theory magically describes all the physical phenomena governed by the electromagnetic
interactions - one of the four fundamental physical forces [2]. The link between magnetism
and electricity has remarkably influenced the technology. Materials science defines these two
phenomena separately: spin of the electron leads to magnetism while charge of the electron
yields electricity [3-6]. Magnetism is a relativistic quantum mechanical second order effect

coupled with the spin of the electron and follows the Pauli’s exclusion principle for spin of
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the electron. However, in electricity the electrostatic Coulomb interaction is the dominant

force [3].

Magnetic and ferroelectric materials are time-privileged research subjects that have
bagged lot of scientific and technological discoveries. Almost a century ago, large
piezoelectric coefficient was observed in Rochelle salt - the first material that commenced the
study on ferroelectric materials [7]. Ferroelectricity in one of the most popular perovskite i.e.
BaTiO3; was observed in 1940. It invigorated research in the field of ferroelectrics for
discovering new ferroelectric materials and their characterization. The basic understanding of
fundamentals of ferroelectrics had increased enormously with passing years, and thus, their
optimization had successfully resulted in a wide range of applications such as non-volatile

memories, promoting the data storage, transducers, actuators and capacitors [6].

Magnetic materials have had a prodigious impact on the science and technology. The
research interest drives from the urge to understand its fundamentals and demands of new
device applications. The advancement in growth at atomic- and nano scales as well as the
related characterization techniques have allowed exhibition of intriguing phenomena by
magnetic materials [6]. Some of the important applications are: Enhanced density of storing
data, magnetic valves, spin transistors etc. Based on giant and colossal magnetoresistance
effect (conductivity tuned by magnetic fields) some applications are memories, sensors and

read heads.

Though, the functional magnetic and electronic materials plinth the existing technology,
the present day technology is following trend towards device miniaturization. The field of
nanotechnology, dealing with the control of matter at atomic scale leading to fabrication of
advanced materials with superior performance for device applications, is now maturing

rapidly and has invaded all the facets of science and technology [8-14]. The term ‘nano’
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derived from the Greek prefix means dwarf and describes one billionth (10°°) of a meter [15-
17]. The dimension that typically falls in the nanoregime spans from subnanometer to several
hundred nanometers [16]. Its inspiration is often referred to R. Feynman’s famous talk,
entitled ‘There is plenty of room at the bottom’, to the American Physical Society, in 1965
[18]. The researchers are euphoric about it as novel properties are inherent to the nanosized
systems. On moving down from micro to nano scale almost all the physical and chemical
properties change drastically [17]. Precisely, this occurs due to large surface to volume ratio,
discretion of energy bands, Coulomb blockade and quantum confinement [15-17]. The
appropriate variations in size and shape thus enables the tuning of the properties of
nanomaterials such as mechanical strength, ductility, melting point, lattice constant, electrical
conductivity, thermal conductivity, density, elastic modulus, magnetism etc. [18]. This allows
the material to be manipulated as simply as software, which is highly fruitful for the

advancement of existing technology.

Though, the cognizance of nanotechnology is new, but research at nanoscale dates back
to thousand years ago [18]. Most significant applications of nanotechnology have been found
in ferroelectric and magnetic nanostructures based devices. These nanostructures provide
highly efficient device applications with novel phenomena. The current fever of
nanotechnology derives from the demand of ever shrinking size of devices in the
semiconductor industry along with availability of characterization as well as manipulation
techniques at the nano scale. The decreasing device dimension follows observation by
Gordon E. Moore in 1965 popularly known as Moore’s law [19-20]. It states that device
dimension gets half approximately every eighteen months [20]. Today’s transistors have
reached at the edge of fundamental limits i.e. atomic level. Thus, for further miniaturization

the current scenario desires materials that are able to perform multifunctional tasks.
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Multifunctional nanomaterials best suits the demand. These combine various properties in
a material to generate a single device component that can perform more than one task.
Multifunctional materials, also known as ‘multiferroics’, are particularly appealing from this
point of view. These possess not only the properties of their parent compounds, but also

interactions between these properties lead to additional functionalities.
1.2 Multiferroics
1.2.1 Definition

‘Multiferroics’ represent an uncommon class of materials having simultaneous
existence of two or more ferroic orders in the same phase [21-22]. The schematic illustration

of the combination of a ferroelectric and ferromagnetic is shown in Fig. 1.1.

Fig. 1.1 Schematic illustrating multiferroic materials combining the properties of
ferroelectrics and magnets where, the magnetic field (H) results in magnetization in
ferromagnet (blue), similar to the behavior of ferroelectrics (yellow) on the application of
electric field (E). The multiferroics (green) that are simultaneously ferroelectric and

ferromagnetic, possess magnetic response to an applied electric field, and, vice versa [5]
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1.2.2 Ferroics

Compounds that possess one of the four ferroic properties, namely, ferroelasticity,
ferroelectricity, ferromagnetism and ferrotoroidicity are known as ferroics [23-24]. It is a
material that possesses switchable and spontaneous alignment of ferroic orders [23]. These
involve appearance of their respective ferroic order (i.e. strain, spontaneous polarization,
magnetization or toroidal moment) during phase transition from higher to lower temperature.
The transition reduces symmetry and splits the ferroic phase in domains. These order
parameters are switchable in nature and switching results in hysteretic dependence of the
order parameter on its respective conjugated field (mechanical stress, electric field, magnetic
field and toroidal source vector) [24]. The hysteretic and domain switching of the four ferroic

order parameters is illustrated in Fig. 1.2.
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Fig. 1.2 Schematic of domain and hysteretic switching in the four ferroic order parameters by

its conjugated field [23]
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The glossary of various ferroic orders is given below [25].

a)

b)

d)

f)

Ferroelastic

It is the property by virtue of which spontaneous deformation (¢ ) displays

hysteresis on application of stress (o).

Ferroelectric

It is the property by virtue of which spontaneous polarization (P) displays

hysteresis on application of application of electric field (E).

Ferromagnetic

It is the property by virtue of which spontaneous magnetization (M) displays

hysteresis on application of magnetic field (H).

Ferrotoroidic

It is the property by virtue of which spontaneous order parameter (T) displays

hysteresis on application of curl of magnetization or polarization (ExH).

Antiferroelectric

It is the property by virtue of which ordered dipole moments cancel each

other completely within the crystallographic unit cells.

Antiferromagnet

It is the property by virtue of which ordered magnetic moments cancel each

other with in the magnetic unit cells.
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All ferroics individually, are of great interest because of both basic physics and
technological applications (ferroelectric or magnetic memories, transducers, actuators,
capacitors, magnetic valves, spin transistors, etc.). However, multiferroics possessing the co-
existence and coupling of these ferroic orders are technologically more prosperous and thus

are a focal point of research.
1.2.3 Multiferroism

The term ‘multiferroic’ was first coined by H. Schmid in 1994 to address the
materials exhibiting co-existence of two or more primary ferroic orders [26]. However, recent
trends exclude the necessity of ferroelasticity and include ferrotoroidic order in principle
[25]. Initially, these materials were said to comprise of compounds with two or more ferroic

orders. However, as of today, they also include materials with an antiferroic order [27-28].

Fig. 1.3 Various ferroic orders and interactions in multiferroics [3]

Fig. 1.3 illustrates the primary ferroic orderings: ferroelectricity, ferrotoroidicity,
ferromagnetism and ferroelasticity switchable by their respective conjugate fields i.e. electric,

crossed electric and magnetic fields, stress, and magnetic fields. The ‘O’ denotes other
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possibilities for example spontaneous switchable vortices, orbital orderings and chiralities,
which are intriguing for upcoming research [3]. Thus, the addressable number of order
parameters (chirality, orbital ordering and toroidal moment) has enhanced and discovering
their respective conjugate fields further increase the range of parameters for tuning and
coupling functionalities in multiferroics. This inspires the physicists to dream entirely new

list of devices, which exploits its unique and novel functionalities.
The present thesis focuses on the multiferroic materials having electric and magnetic orders.

The glossary of parameters generated due to the coupling of ferroic orders is given below

[25].
a) Magnetoelectric (ME) coupling

These illustrate the appearance of electric polarization on application of magnetic field

and vice versa.
b) Magnetostriction
These illustrate quadratically varying strain with the applied magnetic field.
c) Piezomagnetism
These illustrate linearly varying strain with the applied magnetic field and vice versa.
d) Piezoelectricity
These illustrate linearly varying strain with the applied electric field and vice versa.
e) Electrostriction

These illustrate quadratically varying strain with the applied electric field.
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These materials possess all the potential applications exhibited by the ferromagnetic,

ferroelastic and ferroelectric materials. Moreover, in multiferroics, the order parameters

possess ability to couple with each other such as the magnetic and the electric polarization

[6]. The coupling of the order parameters offers an extra degree of freedom in the device

design [6]. The coupling allows the order parameters to be tuned by the fields other than their

respective conjugate fields [25]. The coupling between electric and magnetic orders, known

as ME coupling, is of immense significance and possesses high potential in device

applications [29]. Hence, multiferroics offer a wide range of opportunity for potential

applications. Some of the important applications are listed below.

a)

b)

Multiple state memory

One important application is multiple state memories. It involves coupling of
magnetic and electric orders, which offer design of magnetic random access memory
(MRAM) having an electrical writing method (MERAM) or ferroelectric memories
having a non-destructive magnetic reading. These possess the potential to replace the

existing memory elements in near future [6].

Other applications

Multiferroic materials lead to better technology by contributing towards
advancements in extremely desired device miniaturization. These materials possess
tremendous potential for applications such as electrically tunable ferromagnetic
resonance devices and microwave devices, spintronic devices, spin valves, solid-state
transformers, transducers with magnetically modulated piezoelectricity, highly

sensitive magnetic field sensors, quantum electromagnets, electromagneto optic
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actuators, optoelectronics, sensors, microelectronic devices, magnetic-electric sensors

in radioelectronics, microwave electronics and non-volatile data storage [2, 30-32].

c) Some novel applications

Apart from the electric control of magnetism, this class of materials reveal
novel applications such as the electric control of resonances resulting in electrically
controlled microwave device prototypes; discovery of domain wall associated
functionalities for instance magnetotransport; vortex formation and electrical

conduction, which could facilitate electrical control of nanoscale storage [3].

Besides the technological perspectives, the quest to unfold the fundamental physics
involved in the coupling of order parameters makes this field intriguing. Hence, attracts

interests of the researchers worldwide.

However, this class of materials is rare. A few multiferroic materials exist in nature,
namely, congolite (Fe3sB;013Cl) and chambersite (Mn3B;043Cl) crystals [33]. The following
section shares a brief description on the factors limiting the coexistence of magnetism and

ferroelectricity in a single phase.
1.2.4 Scarcity
1.2.4.1 Symmetry

The symmetry of a material is dramatically restricted when any two of all four
primary ferroic properties (ferroelectricity, ferromagnetism, ferroelasticity, and
ferrotoroidicity) coexist. A ME multiferroic material should possess coexisting electric and
magnetic orderings [34-35]. However, symmetry consideration requires the absence of space-

inversion and time-reversal symmetry for the ferroelectricity and magnetism, respectively to
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occur in the same phase [36]. The schematic illustration of spatial-inversion and time-reversal

symmetry in ferromagnets, ferroelectric and multiferroics, is shown in Fig. 1.4.

Fig. 1.4 Schematic of spatial-inversion and time-reversal symmetry in ferromagnets,

ferroelectrics and multiferroics [25]

The influence of spatial-inversion as well as time-reversal symmetry on the ferroics is

discussed below [25].

a) Ferromagnets

These possess magnetic moment m (denoted by arrowhead representing a revolving
charge, Fig. 1.4 (a)). The time reversal results in switching of the orbit however, no

change occurs on spatial inversion.

b) Ferroelectrics

These possess dipole moment p (denoted by positive point charge, which is asymmetric in
a crystallographic unit cell with no net charge, Fig. 1.4 (b)). The time reversal results in

change however, spatial inversion reverses dipole moment.
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c) Multiferroics

These possess both magnetic and electric ordering and do not possess either symmetry

(Fig. 1.4 (c)).

Ferroelectricity requires structural distortion of the high-symmetry phase to deteriorate
the center of symmetry for the occurrence of electric polarization. There exist 31 point
groups, which allow spontaneous electric polarization, and 31, which allow spontaneous
magnetization. The 13 point groups, 1, 2, 2’,;m,m",3,3m’,4,4m'm’,;m'm2’,;m'm'2’,6, and 6m'm’,
in both sets are observed to exhibit both ferroic properties in the same phase [23-24]. This
demonstrates substantially reduced possible crystal structures out of total 122 Shubnikov
point groups. Although, this number being not very large, yet many materials that are not
even ferroelectric and ferromagnetic subsist in one of the 13 allowed symmetries. Thus,

possibly symmetry considerations are not accountable for the scarcity of multiferroics [6].
1.2.4.2 Chemistry

In order to find its possible reason, N. A. Hill studied the chemistry of these materials
using first principle of density functional theory calculations [6]. The chemistry issue

involved is briefly given below.

Multiferroism is a mutually exclusive phenomenon, owing to the contrary prerequisites
of ferroelectricity and ferromagnetism, thereby making these materials rare [37]. This
problem is also addressed as “d®vs d" problem” [6]. Ferroelectric materials possess empty 3d
electron configuration (d°) and no d electrons implies no magnetic ordering (i.e. either ferro-,
ferri-, or antiferromagnetic). When d orbital is partially occupied (d", where n is the number

of electrons), the possibility of distortion, which destroys center of symmetry, is abolished.
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1.2.5 Necessity of Multiferroics

The need of the hour demands one such material, which is simultaneously non-
volatile, robust, fast, less energy consuming and miniature in size. The vast applications
offered by electric and magnetic materials stems the desire to chase a new generation of
memories, sensors, transducers, actuators that are powered by materials combining the
properties of both electric and magnetic materials. Although the existing ferroelectric based
random access memories (FERAMS) are energy efficient and have fast writing speeds due to
switching of polarization yet they have size limitations and slow readability owing to its
destructive read operation and subsequent reset. Even in case of magnetoresistance random
access memories (MRAMS), the material being a hard ferromagnet, possessing high
coercivity necessitates larger magnetic field application for switching the magnetic states, and
thus consumes large amount of energy [38]. This necessitates the need of a memory device
possessing the best features of both MRAMSs and FeERAMs (ferroelectric write and magnetic
read operations and vice versa). This leads to effective enhancement of the writing speed,
reduction of energy consumption and obviously device miniaturization. From this standpoint,
multiferroic materials possessing coupled electric and magnetic orders offer new possibilities
towards enhancement of data density and fabrication of an “ultimate memory device”. Thus,

coupling between the electric and magnetic orders is of immense significance [39-42].
1.3 Magnetoelectric effect

The magnetoelectric (ME) effect delineates the coupling between electric and
magnetic orders in matter [43-47]. It implies that magnetization can be induced by the
application of an electric field and vice versa. This functionality enables an extra degree of
freedom and could give rise to novel phenomena such as effect of ferroelectricity on spin

transport, electrical tuning of magnetocrystalline anisotropy and exchange bias, etc [43-44].
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The electric and magnetic order coupling opens up unexplored avenues for device formation.
It may tremendously impact the areas of spintronics, data storage, actuators and transducers,
where the electric field control of magnetic spins consumes remarkably low power as
compared to magnetic control that needs electric currents to generate the magnetic field [3,

6].

It is an independent phenomenon, which occurs in any material having magnetic and
electric orders irrespective of the fact that it’s multiferroic or not [43]. The ME coupling can

be better understood by expanding the free energy of a material given below [33, 45].

F(E,H)=F, -P°E, -M°H, —%gog

ij =i

1
E'Ej —EﬂoﬂiniHj

. 1 (1.1)
~ B H =2 B EH H = py HE B~

where H and E denote the magnetic and electric field, respectively. The differentiation of the

free energy term, as given under, leads, respectively, to the electric and magnetic order

parameters.
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where gand u are, respectively, the electric and magnetic susceptibilities, « is known as the
linear ME effect and represents polarization induced by a magnetic field or vice versa. g and

y denote the higher order ME effect and are smaller in magnitude than the lower order terms.

1.4 Types of Multiferroics

On the basis of the experimental studies multiferroics can be characterized into two
classes: Type-I and type-I1I multiferroics. Type-I ferroics have independent ferroelectric and
magnetic properties arising from different sources, whereas in the type-1l multiferroics
magnetism results in ferroelectricity. This class exhibits strong ME coupling although the

polarization values are not much high. The details are given below [5].
I.  Type-l multiferroics

These are good ferroelectrics and possess ferroelectric as well as magnetic ordering well
above the room temperature. However, ME coupling in these materials is weak. They have
been further categorized in four subclasses on the basis of their primary mechanism of

ferroelectricity.
a) Multiferroic perovskite

Among perovskites there are many magnetic and ferroelectric materials. However,
these being mutually exclusive phenomena due to above mentioned “d° vs d” problem”.
The solution to this problem are the mixed perovskites having both d° and d” ions (Fig.

1.5 (a).
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b) Ferroelectrics with lone pairs

Multiferroics like BiFeO3z and PbVO3 with the lone pairs of Bi*" and Pb* ions result in
ferroelectricity. These lone pairs of 6s orbital are non bonding in nature. Their ordering in
one direction causes the ferroelectricity in these materials. Fig. 1.5 (b) illustrates orientation
of 65 electron lone pair (yellow lobes) of Bi**, which results in electric polarization (green

arrow) in BiFeOs.
c) Ferroelectrics with charge ordering

Another mechanism that results in ferroelectricity in type-l1 multiferroics is charge
ordering. This mechanism occurs in multiferroics comprising of transition metal ions having

different valence state.

The ferroelectricity is essentially observed in these systems when there is coexistence of
inequivalent sites, together with different charges, as well as inequivalent bonds. The
mechanism is illustrated in Fig. 1.5 (c). Examples of the charge ordering system are
Pry12Cai;2MnO;3 or nickelates RNiO3. However, there exist some of multiferroics where only
one of the conditions, either inequivalent sites or inequivalent bonds, leads to ferroelectricity.
CazCoMnOg is a multiferroic where ferroelectricity originates due to ions with unequal

charge and LuFe,O4 represents the example of ferroelectricity due to inequivalent bonds.
d) “Geometric” ferroelectricity

In this subclass, the structural instability is the origin of ferroelectricity. Geometerical
assumptions like size effects give rise to this phenomenon. Multiferroics like YMnOj3 fall in
this category. Fig. 1.5 (d) illustrates the mechanism of electric polarization in YMnOs. In it,

the tilting of the MnOs unit in YMnOs results in ferroelectricity. The tilting decreases the
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distance between oxygen and Y ions and generates dipole moments aligned more particularly

in one direction as compared to other directions. Consequently, ferroelectricity appears.
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Fig. 1.5 Various subclasses of type-I multiferroics. Schematic showing (a) a mixed perovskite
(where green circles represent d° ions whose shifting from the center of oxygen octahedra
leads to ferroelectricity, and red arrows represent magnetic orders corresponding to d" ions,
(b) electric polarization (green arrow) in BiFeOj3 by the orientation of 6s* electron lone pair
of Bi** ion (yellow lobes) (c) a charge ordered system generating ferroelectricity from the
coexisting inequivalent sites having different charge as well as inequivalent bonds and (d)

tilting of MnOs unit in YMnOs that leads to ferroelectricity [5]
I1.  Type-1l multiferroics - Magnetic multiferroics

This class constitutes the novel multiferroics where a specific magnetism results in
ferroelectricity. Strong ME coupling is exhibited by type-IlI multiferroics and therefore are
quite attractive. These can be further categorised into two subclasses on the basis of the

mechanism of magnetic behaviour as given below.
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a) Spiral type-11 multiferroics

Here the ferroelectricity is induced by a spiral magnetic ordering. Multiferroic TOoMnOs is
one famous example that falls under this category. The magnetic ordering appears at Tn; = 41
K, however, it being sinusoidal, results in no net magnetization (Fig. 1.6 (a)), and, thus
ferroelectricity. The magnetic ordering changes at Ty, = 28 K, thereby leading to
ferroelectricity (Fig. 1.6 (b)). The polarization is created when Mn spins move cycloidally
and the dipoles rotate in a plane having wave vector, as shown in Fig. 1.6 (b). However, if
the rotation takes place around the axis parallel to wave vector, no polarization occurs [Fig.
1.6 (c)]. This observation cannot be generalized over other symmetries. The polarization in
some cases may happen by special movements of cycloidal. The spiral multiferroics are

highly influenced by the magnetic fields, which in turn affect the electric polarization.
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Fig. 1.6 Schematics illustrating several spiral magnetic structures in type-Il1 multiferroics. (a)
Magnetic moments of different magnitude are aligned in a particular direction in every half
period of sinusoidal spin density wave. The centrosymmetry eliminates ferroelectricity. (b)
Spins rotate cycloidally in the plane of wave vector Q = Qx. The polarization appears here.
(c) Spins rotate cycloidally in the plane oriented perpendicular to the wave vector. No

polarization appears in most cases [5]
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b) Collinear type-11 multiferroics

This category involves the multiferroics where electric polarization is derived in
structures having collinear magnetic moments. Collinear magnets are structures having
magnetic moments aligned parallel to a special axis. Here, spin-orbit interaction is not
required to have ferroelectricity, while it’s caused by exchange striction. Multiferroic
CazCoMnOg presents one such example. The exchange striction is caused by transition metal
ions having different valences i.e. Mn*" and Co?*. These are placed at alternate positions in a
chain. Moreover, the materials with identical magnetic ions may exhibit this phenomenon as

in transition metal oxides exchange happens usually through intermediate oxygen ions.

In summary, type-1 multiferroics are older and possess magnetic and electric transition
temperatures well above the room temperatures [6]. However, the coupling in magnetic and
electric orders is very weak. In type-1l multiferroics, the ME coupling is strong but the
ordering temperatures are extremely below the room temperature. Thus, efforts are made in
the direction of enhancing the ME coupling in type-l1 multiferroics so as to have their
practical applications. Among the entire identified single phase ME multiferroics, BiFeOs is
one of the few candidates that exhibits room temperature ferroic ordering [48]. Hence, it is
fascinating from technological standpoint and accordingly, it has received considerable

attention by the research community.
1.5 Bismuth Ferrite (BiFeOs3)

The most promising single phase ME material known till date is ‘BiFeOs3’ - a
perovskite belonging to type—I category of multiferroics. It has set up a global benchmark,
and the research interest in BiFeOs; derives from its well above room temperature

ferroelectric (Curie temperature (T¢) ~ 1103 K) and G-type antiferromagnetic (Néel
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temperature (Tn) ~ 643 K) orders [23]. This feature makes it unique and intriguing for
research [48]. It is an incommensurate antiferromagnet and commensurate ferroelectric [25].
No other single phase multiferroic material has gained the attention of the same level as
BiFeOs. On looking back at the history, it has been found that in the late 1950s the perovskite
BiFeO3 was first produced focusing its important feature - the ME coupling [25]. Smolenskii
[49] in 1960 started the initial research on BiFeO3 and, was unsuccessful to synthesize single
phase BiFeOs. The successful preparation of single phase BiFeO3; was done by Achenbach in
1967 by eliminating secondary phases by using nitric acid (leaching) [50]. Its structural and
physical properties were under controversies during the 1960s and 1970s. Until 1960 it was
considered to be an antiferromagnetic and ferroelectric multiferroic [51]. However, its
ferroelectric nature was doubted to be an antiferroelectric, and, due to its high Curie
temperature, it was expected to possess high spontaneous polarization, similar to other
ferroelectrics [32]. In 1970, spontaneous polarization value of ~ 6.1uCem 2 along [111] was
observed from the ferroelectric measurements done at 77 K, which corroborated well with the
rhombohedral phase (Rsc; polar space group) determined using x-ray diffraction (XRD) [52].
These observations were confirmed by the detailed structural analysis of ferroelectric/elastic
monodomain of single crystalline BiFeOg3 later in 1980s [43]. Finally, the polar nature of
BiFeO3; was confirmed by the chemical etching experiments performed on ferroelastic single
domains of BiFeO3 and set aside the questions of it being antiferroelectric. It proved the
thermodynamic stability of ferroelectric/elastic phase of BiFeOjs ranging from 4 to 1103 K
[43]. In 2003, an enormous remnant polarization (50-60 uC/cm?) value was reported by
Ramesh’s group in thin films of BiFeOs [53]. Later larger polarization values (100 uC/cm?)
were obtained in single crystals [54]. These studies revealed defects to be the major cause for

high leakage currents that resulted in poor polarization and dielectric constant (&) values.

35



- Introduction

Thus, an increase in interest in BiFeO3; began owing to the advances in the fabrication,

characterization and computational systems for modelling the multiferroics [3].
1.5.1 Crystal Structure

BiFeO; crystallizes in rhombohedrally-distorted perovskite structure that belongs to

the space group Ra [55].

The crystal structure of BiFeO3 can be characterized by two distorted perovskite units
attached along the body diagonal (or pseudocubic axis [111]). The schematic showing crystal
structure of BiFeOs is presented in Fig. 1.7. The two oxygen octahedra connected along [111]
rotate clockwise and anticlockwise around [111] by £13.8° and the Fe-ion shift by 0.135 A

along it away from the center position in oxygen octahedron [45].

The ground-state of the crystal structure is attained from the ideal cubic perovskite
(Pm3m) by implying two symmetry lattice modes [56]: (i) a nonpolar R-point mode that
rotates the successive oxygen octahedral opposite to each other around [111] and (ii) a polar
I, distortion, comprising of polar displacements around [111] along with symmetric

breathing of adjoining oxygen octahedras. The rhombohedral lattice constant was determined
as 5.63 A and the rhombohedral angle being a = 59.35°, - almost equal to the ideal value,

i.e., 60° value [32, 57].
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Fig. 1.7 Schematic illustrating the crystal structure of BiFeO3 [56]

The crystal structure of BiFeOg3 (Fig. 1.7) has two perovskite unit cells with successive
oxygen octahedra rotating opposite to each other along [111]. Red arrows at Fe atoms denote

orientations of magnetic moments in (111) plane [56].

This structure results in two important considerations, namely ferroelectric

polarization and magnetization.
1.5.2 Ferroelectric state in BiFeOg3

The ferroelectric state of BiFeOs is realized by the large displacement of the 6s? lone
pair of Bi ions with respect to FeOg octahedra [43, 58]. The ferroelectric polarization along
the [111] direction by the displacement of the Bi** ions (shown by arrow in Fig. 1.8 (a))

forms the eight polarization variants P* i<‘;1,4: (polarization vectors having negative and

positive orientations along four cube diagonals), analogous to four structural variants [59-60].
The central unit denotes the perovskite building block of rhombohedral structure (Fig.

1.8(a)).
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Fig. 1.8 Schematic illustration of (a) four different structural variants [60], polarization (b)
before electrical poling with “up” out of plane component, (c) 180° (d) 109°, and (e) 71°

switching mechanisms [61]

Fig. 1.8 (b-e) shows the bold arrows and shaded plane representing ferroelectric polarization
and antiferromagnetic planes, respectively in (001)-oriented BiFeOs crystal structure. It
reveals that the switching direction of polarization in BiFeO3 can be 180°, 109°, and 71° [61-

62]. The schematic illustrating the polarization in the above said directions is shown in Fig. 4.

1.5.3 Magnetic state in BiFeO;

BiFeO; is a G-type antiferromagnet (as shown in Fig. 1.9 (a)) having Néel
temperature Ty = 643 K [32]. Its antiferromagnetic structure is quite complex - a combination
of spin, charge, and lattice degrees of freedom in the multiferroics [63]. The magnetic nature
of BiFeO3 was studied in detail during the 1980s [59]. However, Sosnowska in 1982 reported

that BiFeOj is a G-type antiferromagnet [64].
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Fig. 1.9 Schematic showing (a) the magnetic structure of BiFeO3; having G-type

antiferromagnetic ordering and (b) formation of weak ferromagnetic moment [43]

This implies ferromagnetic coupling of Fe magnetic moments in (111) planes and
antiferromagnetic, between the adjacent planes. The symmetry allows canting of the
antiferromagnetic sublattices that leads to weak ferromagnetism (of the Dzyaloshinskii—
Moriya type) if the orientation of the magnetic moments is perpendicular to the [111]

direction, as shown in Fig. 1.9 (b) [65].

However, neutron diffraction studies [66] have revealed incommensurate spin spiral
structure (shown in Fig. 1.10) of wavelength of 62 nm superimposed on the antiferromagnetic
ordering [65]. This spin spiral structure, leads to cancelation of the overall magnetization and
hence, hampers the occurrence of linear ME effect. A quadratic ME effect has been measured
in the presence of this spiral spin structure, which, if destroyed, leads to visualization of
linear ME effect [27]. This can be achieved by many ways, for example application of high

magnetic field (20 T), doping etc.

The reason for small magnetization and a linear ME coupling i.e. spiral spin structure

was found by time-of-flight neutron measurements in 1980s [55]. Moreover, the position of
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satellite peak observed in these measurements along the [110]nex resulted in the determination
of the wavelength of the spiral spin structure to be 62 nm and, also, it is incommensurate with

the crystallographic lattice parameters.

Fig. 1.10 Schematic illustrating the long range spiral spin structure. Arrows represent the

antiferromagnetic vector [55]
1.5.4 Drawbacks of BiFeO3;

The research interest in BiFeOs; derives from its well above room temperature
ferroelectric and antiferromagnetic orders [67-70]. Also, as discussed above it possesses
rhombohedral crystal structure having space group Rsc, which allows weak ferromagnetism
and linear ME coupling [65]. While these being promising features from application point of

view, it has a few inherent problems that restrict its device application; these are listed below.

a) Bulk BiFeOs; possesses weak magnetism due to orientation of magnetic moments
perpendicular to the rhombohedral axis, magnetic moment canting and spiral spin
structure having wavelength of 62 nm. The spin spiral structure superimposed over

the G-type antiferromagnetic order prevents the net magnetization [65].

b) The high leakage current, which is usually due to the secondary phases associated

with the kinetics of its formation, nonstochiometery issues, defects, reduction of Fe3*
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to Fe?* (i.e. change of oxidation state) thereby giving rise to oxygen vacancies [71].
These lead to low resistivity, which in turn makes the complete polarization

impossible.
c) It possesses low ME coupling coefficient values [65].

d) It possesses wider difference between the electric and magnetic transition

temperatures [72].

The above issues altogether contribute towards the disappointingly low values of
polarization and magnetization when compared to the standard ferromagnetic and
ferroelectric materials. These parameters when taken care of enable its use in device

applications.

To overcome the above mentioned issues, a number of studies abound in literature. The

literature has been reviewed in detail described in the following section.
1.6 Literature review

It all began with the accidental discovery by Oersted in 1820 of magnetic needle
fluctuation in the vicinity of an electric battery, as discussed in the beginning [1]. The
prediction of ME dates back to 1894 by Pierre Curie. It stated that symmetry conditions allow
polarization of an asymmetric crystalline body under the magnetic field [73]. Despite Curie’s
prediction highlighted the symmetry - a key parameter for the observation of ME effect, it
took several decades to observe this effect until pioneering work by Landau and Lifshitz
revealed that ME response requires time-asymmetric media [74]. On the basis of crystal
symmetry considerations, in 1959, Dzyaloshinskii [5] theoretically predicted this effect in
Cr,03 followed by its experimental confirmation by Asrov in 1960 [47]. Schimd, in 1966, for

the first time, reported experimental observation of the ME effect on the ferromagnetic
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ferroelectric material ‘nickel iodine boracites (Ni3B;O13l) [6]. This material known to be
“Rochelle salt” of magnetic ferroelectrics is of high significance for proving the concept;
however, it fails to find applications as well as the understanding of this vast field.
Suchetelene in 1972, developed first magnetic field sensor in the Philips Laboratories based
on ME effect. The sensitive material used was CoFeO4-BaTiO3 composite [75]. This
discovery led to the synthesis of several other ferromagnetic ferroelectrics compounds in
1960s and 1970s, primarily by the two Russian groups - Smolenskii and Venevtsev [6].
However, the ME coupling, being weak in most of the materials, hampered their applications
and, thus, the research in this area stagnated for almost two decades. However, the revival of
interest in the field of ME materials was commenced by the theoretical investigations done by
N. A Hill in 2000, employing density functional theory [28]. The theory successfully
addressed the fundamental question: Why very few multiferroic materials are present in
nature or hard to synthesize in laboratory. It, also, explained the unusual phenomena
occurring in existing multiferroics along with predictions of the new ones. This opened up
new possibilities for developing new materials with strong ME effect. In the past few years
efforts have been made to synthesize new multiferroic materials, such as perovskites ABO3
(A = Bi, Gd, Tb, Dy, Ho, Y, Na etc., B= Fe, Mn, Co, Sc, V, Ti, Nb etc), hexagonal
manganites (RMnOg3, R =Y, Sc, Ho, Er, In, Dy, Th, Gd etc.), cuprates, and other compounds
(BaMnF4, CuB204, NizV,0g, spinel CoCr,0,4 delafossite CuFeO,, hexagonal ferrite
(Ba,Sr),ZnyFe 2042, and MNnWO, [31, 34-35, 5]. However, due to very small ME coupling in
the multiferroic materials [34, 76-77], and, in case the coupling is large, it is attainable at
temperatures far below room temperature [78]; Collectively, it hampered their

implementation in technological applications.
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Among these, BiFeO3 is amongst the few known single-phase ME material exhibiting
room temperature magnetic and electric ordering that makes it a centre of attraction for the

researchers worldwide [42, 76-77].

A tremendous amount of research has been progressing on BiFeOs since the year of
its production (1950) [60]; this is precisely due to its unique room temperature multiferroism
— an important feature required for technological applications. However, its inherent
problems (discussed in section 1.7.4) hamper its device application. Thus, globally research is
carried on to overcome the issues associated with BiFeOs. The attempts have been made by
doping various ions. A lot of reports are available on doping at A (rare earth [79-88], alkaline
earth [89-99]) and at B (transition metals [100-105]) sites in BiFeOgs at bulk scale. However,
very low values of magnetization and electrical behaviour were witnessed that were poor

from technological standpoint. Thus, further attempts continued to overcome its drawbacks.

It has been observed that with the succeeding years, the field of nanotechnology
began to invade the various research areas and the work on BiFeOj3 at nanoscale began. A lot
of reports are available on the synthesis and investigation of various multiferroic properties of
BiFeO3 nanoparticles [106-123]. Moreover, it was observed that particle size plays a crucial
role in deciding the multiferroic properties of nanoscale BiFeO3 and, consequently, a lot of
studies investigating influence of particle size on various aspects of BiFeO3 were reported
[106-122]. Park et al. reported strong dependence of magnetism of single crystalline BiFeO3
nanoparticles [110]. The nanoparticles were synthesized by a popular technique — sol-gel
[124-128]. Increasing magnetism with decreasing particle size is correlated to increasing
suppression of its spin cycloid and uncompensated spins on particle size. Mazumder et al.
studied particle size dependence of magnetization and phase transition at Néel temperature
[106]. High saturation magnetization (0.4pg/Fe) along with calorimetric and dielectric
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anomalies at magnetic transition points, which indicate strong coupling of electric and
magnetic order parameters in nanoscale BiFeO3 nanoparticles (4-40 nm) [107] were reported.
The influence of particle size on lattice parameters and polar displacement of atoms was
reported by Selbach et al. [108]. It has been shown by rietveld refinement that rhombohedral
distortion, reduced with decreasing particle size, is accompanied with decaying polarization.
Significantly high photocatalytic activity in nanoscale BiFeOs, as compared to bulk, is owed

to high surface to volume ratio of nanoparticles [109].

It was observed that reducing the size to nano-regime was of immense advantage. It
leads to partial destruction of spin spiral structure for the particles having size below its
period (i.e. 62 nm) that releases magnetism and results in net magnetization [110]. Also, since
the synthesis method of BiFeO3 at nanoscale involves low temperatures that prevent the
volatilization of Bi. Consequently, it leads to the reduction of the secondary phase
formations, defects, oxygen vacancies and non-stoichiometric related issues thereby
enhancing the resistivity [110]. Thus, reduction of size to nano scale has proven to be quite
efficient in enhancement of its multiferroism. These studies unveils crucial role of particle

size.

Since, it has been revealed that reducing the size surmount the issues by destroying
the incommensurate spin spiral structure and reduction of impurities and doping at A- and B-
sites in BiFeOs lead to the enhancement of its multiferroic properties. Thus, it was observed
that studies began to be conducted on A - (rare earth [129-136], alkaline earth [137-144]) and
B - (transition metal [145-147]) sites of BiFeOs nanoparticles. It has been revealed that
doping of rare earth and alkaline earth metal ions at A-site are of much significance
compared to others. Also, A-site substitution is the most popularly employed method for the
enhancement of magnetic and electric properties of BiFeO3; [129-143]. It results in lattice

44



- Introduction

structure variation, suppression of spin spiral structure, and reduction in the non-

stoichiometric issues resulting in elimination of oxygen vacancies thereby improving the

shortcomings of BiFeO3 [148].

The mechanisms involved in the doping of rare earth and alkaline earth metal ions in

BiFeOs that result in enhancement of multiferroism in BiFeOs; are listed below.

a)

b)

Mostly rare earth metals (having non-filled f-orbitals and smaller ionic radii than Bi)
are substituted as the smaller ionic radii cause large distortion of lattice, which thus
suppresses the spin spiral structure and consequently unlocks the magnetism. Also,
these result in high magnetization values due to their inherent high magnetic moment
and coupling between magnetically active 4f electrons of rare earth ions with Fe**
ions as revealed by the first-principle calculations [132]. The electric properties are
also enhanced as the smaller ionic radii induces more buckling in the Fe-O-Fe bond
angle that accompanies smaller tolerance factor that results in more insulating

character [48].

When alkaline earth ion (divalent) substitutes Bi®*" (trivalent) ions charge imbalance
is created in the system. Three possibilities exist to balance the charge [149]: (i)
creation of oxygen vacancies, (ii) transformation of some of Fe*" into Fe** and (iii)
coexistence of two or more phases. It has been demonstrated that charge
compensation takes place via the creation of oxygen vacancies and Fe** preserves its
oxidation state. These oxygen vacancies suppress the spin spiral structure of BiFeOs
and thus unlock the magnetism. Also, the being less volatile than Bi reduces the
secondary phases and other related issues that degrade the insulating behaviour of

BiFeO; [150].
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A lot of reports are available revealing that doping of rare earth (Tb, Dy, Gd) and alkaline

earth (Ca, Sr, Ba) metals at A-site are of high advantage. A few are listed below.

Doping of Tb*" ions have produced several interesting results. For example, Nan et al.
observed the influence of Th-doping on the crystal structure of BiFeOj3 that largely enhances
the magnetic and electric properties of BiFeO3 [129]. It stabilizes the valence of Fe** ions that
reduces the leakage current. The effect of nano-size and Tb-doping on structural, magnetic
and ME coupling revealed the structural transition from rhombohedral to orthorhombic phase
[151]. The substitution driven structural transition resulted in ferromagnetism in the
synthesized nanoparticles. The observed ME effect was explained on the basis of quantum

confinement, magnetostriction effect, spin-exchange constriction and exchange interactions.

Dy** ion- doping have been observed to enhance the multiferroism of BiFeOs. Qian et al.
addressed Dy-doped BiFeO3 nanoparticles prepared by sol-gel method resulted in change
from the rhombohedral to the orthorhombic structure that enhanced the magnetization as well
as dielectric ordering in 2009 [130]. In the following year i.e. 2010, Qian et al. synthesized
BiFeO; co-doped with Dy** and La®** ions, which were indexed to the orthorhombic structure.
It was found that that the small amount of substitution of smaller trivalent rare-earth ions at
the place of Bi** ion along with high magnetic moment in the nano-system is a way to

improve the multiferroism of BiFeO3 [152].

Gd* ion having high magnetic moment (8.0pg) is optimum candidate for enhancing the
magnetism. Guo et al. scrutinized the effect of Gd dopant on the structural, photocatalytic
activity, and ferromagnetic properties of BiFeO3z nanoparticles [132]. The compositional-
driven phase transition from rhombohedral to orthorhombic distorted spin cycloid that
unlocked the magnetization and enhanced the photocatalytic activity. It also reduces the

possibility of creation of oxygen vacancies due to the substitution of less volatile Gd** ions at
46




- Introduction

Bi site thereby, improving the resistance of the system and thus ME coupling [130]. Hu et al.
synthesized Bi;.xGdxFeOs (x= 0, 0.1, 0.2, 0.3) nanoparticles by polyol-mediated method,
which possessed improved ferroelectric and ferromagnetic behaviour with the increasing
Gd* ions concentration [134]. Temperature and field dependent magnetic measurements

reveal the frustrated magnetic behavior of this system.

Ca-doping has been observed to act as a good proxy for chemical or hydrostatic pressure
by Catalan et al., which may be used to bring the magnetic and ferroelectric temperatures
close and thus enhancing ME coupling in BiFeO3 [91]. It is reported that structural effects
increase the magnetic transition temperature so that charge compensation mechanism occurs

by formation of oxygen vacancies [91].

Sr®* ions of comparable ionic radius to that of Bi** ions have produced several interesting
results [137-138, 153]. For example, Bhushan et al. addressed how the dielectric constant
decrease with increase in the ionic radius of alkaline earth metal ions (Ba, Sr, Ca) doped in
nanoscale BiFeOs; [137]. Wang et al. observed that magnetization enhanced in Sr-doped
BiFeO; nanoparticles, as doping divalent - Sr** at trivalent (Bi**) site creates charge
imbalance and therefore suppresses spiral spin structure [138]. Mandal et al. formed
tailorable morphologies ranging from spherical to pillar-like of Sr-doped BiFeO;
nanoparticles by varying calcination temperature and found tunable magnetic and
photoluminescence properties [153]. However, the influence of particle size of Sr-doped
BiFeOs; nanoparticles on magnetic as well as electric order has not been studied. The
corresponding characterization of Sr-doped BiFeO3; nanoparticles would give size-dependent
trends under the influence of surface strains induced by confined particle size dimensions

unlike strain induced from the substrate in thin films [110].
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Doping of Ba** ions having ionic radius larger than that of Bi** ions have produced
several interesting results. For example, Li et al. prepared Bi;xBaxFeOs; (x=0, 0.01, 0.03,
0.05, and 0.1) nanoparticles by sol-gel process that exhibited strong absorption in visible
light region and increased photocatalytic degradation under visible light with the increasing
concentration of Ba’* ions [139]. Yang et al. prepared Ca?* and Ba?* ions co-doped BiFeOs;
nanoparticles, which exhibited  structural transformation from the rhombohedral to
orthorhombic and then to tetragonal with increasing dopant concentration [140]. The
dielectric as well as magnetic properties of the nanoparticles were improved greatly. Also, the

co-doped samples exhibited increased magnetic transition temperature.

It has been summarized that these dopants are a way to improve the shortcoming of
BiFeOs. Also, on reviewing the literature it has been demonstrated that particle size plays a
crucial role in deciding the overall multiferroism in nanoscale BiFeO3 system (as discussed
previously). However, not much of the work has been done that explores the influence of
particle size on the magnetic and electric properties of rare earth and alkaline earth metal
ions-doped BiFeO3 nanoparticles. Thus, being motivated from the mentioned gap work has

been carried out in the said direction.

This thesis reports the particle size influence on structural, morphological, magnetic,
dielectric and ferroelectric properties of rare earth (Th, Dy, Gd) and alkaline earth (Ca, Sr,
Ba) metal-doped BiFeOs nanoparticles prepared by sol-gel method. The particle size was
tailored by varying the calcination temperature. Their structural, morphological, magnetic,

dielectric and ferroelectric properties have been investigated.
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Chapter 2

Synthesis is the first step in the direction of realizing the various applications of
multifunctional nanomaterials. It involves the optimization of experimental parameters so as
to ensure the desired structure, phase purity, composition, size, shape etc. Characterizing the
synthesized nanomaterials for the confirmation of the above parameters is the second
necessary step. The present chapter provides brief description of the synthesis method and
various characterization techniques employed for investigating the structural, morphological,
magnetic, dielectric and ferroelectric properties of the rare earth and alkaline earth metal ions

doped-BiFeO3 nanoparticles.

2.1 Synthesis method

In the present work, sol-gel method has been used for the synthesis of undoped rare
earth and alkaline metal doped-BiFeO3 nanoparticles [152]. The particle size of synthesized
nanoparticles has been tailored by varying the calcination temperature. Following section

provides a brief description of the sol-gel method.

2.1.1 Sol-gel method

Sol stands for the dispersions of the colloidal particles (particles having dimensions ~
1 - 100 nm) in a liquid while term gel denotes a rigid network having pores and polymeric
chains [154]. It is an attractive as well as versatile technique employed for the synthesis. A
wide range of products (thin films, fibers, wires, ceramic powders, nanoparticles, etc.) can be
processed for metallic, organic, inorganic and hybrid materials [155]. It has many advantages
over other techniques namely, readily available equipments, low temperature synthesis which

offers well controlled compositions of materials and also, homogeneity at atomic level [18].
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A typical sol-gel processing involves hydrolysis and condensation of precursors [18].

Precursors used are metal alkoxide or organic or inorganic salts while organic or aqueous

solvents can be used as solvent for dissolving the precursors. A brief description of sol-gel

method is given below [156].

a)

b)

Firstly, the ligands present in precursor attached to metal atom get replaced by
hydroxyl groups and thereby, results in the formation of M-OH bonds (M denotes
metal). The reaction is known as hydrolysis since hydroxyl ions get attached to metal

atom.

Partially hydrolyzed molecules link together in the condensation reaction.
Condensation releases small molecules (water or alcohol) and links hydrolyzed
molecules together to form M-O-M bonds. This process continues to form larger
molecules via process known as polymerization and when the dimensions of molecule
extends throughout the solution then the gel is said to be formed. The remaining water
or other solvent are then dried in order to obtain the final product. A schematic of the

sol-gel method is shown in Fig. 2.1.

Dense thin film

Fig. 2.1 Schematic of sol-gel processing of materials [157]
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2.2 Characterization techniques
2.2.1 X-ray diffraction
2.2.1.1 Introduction

X-ray diffraction (XRD) - the most basic instrument for a material scientist is a non-
destructive technique widely employed for addressing issues related to crystalline structure of

a material [18].

The energy of accidently discovered x-rays by W.C. Rontgen lies in the range of 3
and 8 keV [158]. After the evidences of wave properties and diffraction of x-rays from the
periodic array of atoms in 1912 -13 by von Laue and his student, analytical applications of
XRD started developing. The quantification and identification of crystalline compounds by
powder diffraction pattern was finally suggested by Debye, Scherrer (1916) and Hull (1917)

[158].
2.2.1.2 Instrumentation and working principle

W.L. and W.H. Bragg in 1913 proposed formulation of x-ray diffraction [18]. The
crystal is modelled as discrete set of parallel planes having a constant spacing (d).
Electromagnetic radiations when incident on the periodic structure having geometrical
variations equivalent to their wavelength, diffraction is observed [158] and in x-rays the
interatomic distance amounts to 0.15 — 0.4 nm. When x-rays are incident at an angle 6 on the
regular array of atoms it reflects at the same angle and results in constructive and destructive
interference. When the path difference is a whole number multiple of wavelength (i.e.
constructive interference), this condition is known as Bragg’s law 2dsinf = nA where n =0, 1,
2... and 2dsin® is the path difference between reflected rays. A schematic presenting Bragg

law is shown in Fig. 2.2. Constructive interference results in enhanced intensity in certain
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directions and its measurement helps in determining the crystalline structure of the materials.
The intensities of the diffracted beams are dependent on the type of atoms and their
arrangement in the unit cell [158]. Atoms with low atomic number scatter less than those
having higher one. This difference is thus then reflected in the intensities of the diffracted
beams and hence provides the information regarding the arrangement of the atoms in the

crystal structure.

Incident wave Reflected wave

2dsin®

{ : \ Constructive interference
d sin @ when
e o o o o o nA=2dsin@
Bragg’s Law

Fig. 2.2 Bragg’s Law [159]

The components of a x-ray diffractometer (Fig. 2.3 (a)) consist of: x-ray tube, a
goniomter, sample holder, and x-ray detector [160]. The schematic illustrating the various
components is shown in Fig. 2.3 (a). X-rays are produced inside cathode ray tube which
consists of two electrodes namely, an anode (metal target) at ground potential and a cathode,
at highly negative potential. The cathode (tungsten filament) when heated emits electrons,
which drifts towards the target under high potential. Electrons having sufficient energy
remove inner shell electrons of the target material and results in characteristic x-ray spectra.
The spectra so produced have various components: K, Kg and continuous spectrum. The
undesired components are reduced relative to K, by allowing their passage through filters
(made of materials with atomic number one less than the target). Copper is the most

commonly used target material in single-crystal diffraction, which produces CuK, radiation
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of wavelength 1.5418 A. Finally, filtered x-rays are collimated and directed onto the sample.
The geometry of the diffractometer is set in such a way that the rotation of the sample takes
place at 0 degrees in the path of the collimated x-ray beam. However, the diffracted beams
are collected by the detector rotating at an angle of 20 [161]. A schematic has been shown in
Fig. 2.3 (a). The instrument taking care of the angle and rotation of the sample is known
as goniometer. Whenever the Bragg equation is satisfied, constructive interference takes
place and peak intensity increases. These varying peak intensities are recorded by a detector
and the signals being processed are converted into count rate. This output is finally displayed

on a computer.

goniometer circle
2D detector

X-ay tube

Fig. 2.3 (a) Schematic of goniometer [162] and (b) pictorial view of an Xx-ray

diffractometer [163]

2.2.1.3 Sample preparation

Few gram of finely ground powder is required for the measurement. The powder
when placed in the sample holder needs to be flattened ensuring that it is in level with the

surface of sample holder; else the results will not be appropriate.
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2.2.1.4 Information from XRD

The diffraction data obtained from XRD is quite informative and involves a wide set

of applications. Their details are given below [164].

Identification of the crystalline structure of solids. The obtained diffraction
peaks are compared with the International Center Diffraction Data (ICDD) or
formerly known as Joint Committee on Powder Diffraction Standards

(JCPDS) data base. The corresponding best match is selected.

o Determination of the structural information involving space group, lattice
constants, volume, strain, bond angles, bond lengths, crystallite size,

orientation, preferred orientation in case of polycrystals, defects etc.

o Identification of the various phases present in the material and also, their

amount.

o Determination of the purity of sample.

e A table summarizing various information that can be obtained from the

different features of an XRD pattern is given as under:

Table 2.1 Set of information from various features of x-ray diffraction pattern

Peak positions Space group symmetry, crystal system, qualitative phase

identification and unit cell dimensions

Peak shapes & . . . o
Defects, non uniform micro strain and crystallite size (2-200 nm)

widths

Peak intensities Point symmetry quantitative phase fractions and unit cell contents
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In the present thesis, the X-ray patterns of the synthesized nanoparticles were

recorded on x-ray diffraction (XRD, X Pert PRO Panalytical MRD ML).

2.2.2 Scanning electron microscope

Imaging is the most essential tool in nanotechnology and nanoscience. Scanning

electron microscope (SEM) has unique capabilities for analysing surfaces.

2.2.2.1 Introduction

SEM analogous to light microscope uses electron radiations, which results in
magnification 2k X times the later [165]. High depth of field (ability to maintain focus)
enables micrographs to possess three dimensional view of the surface to be examined by the
unaided eye. Itenables the investigation of specimens with a resolution down to the

nanometer scale.

2.2.2.2 Instrumentation and working principle

Its instrumentation and operation can be mainly divided into the following four parts

[165]:
a) IHluminating/Imaging system

It consists of an electron gun and magnetic lenses which together form a
collimated and coherent beam of electrons to be focused on the sample. Electron gun
comprises of (i) filament; that generates electron and hence is negative with respect to
ground, (ii) aperture shield; at a slight positive potential to that of filament and (iii)
anode; held at very high positive potential relative to filament. Electrons are produced

by passage of current through filament and it is heated till the voltage gradient
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b)

amongst filament and anode produces electrons. These electrons then get accelerated
in the potential difference of anode and filament. Tungsten hairpin is the most regular
electron source in use nowadays. The diameter of the electron beam exiting the gun
needs to be narrowed for efficient image analysis as the smaller it is better is the
resolution. This purpose is solved by a series of convergent magnetic lenses that

demagnifies the beam to ~100 A.
Information system

It comprises of (i) sample; that produces a variety of signals on interaction
with the electron beam and (ii) series of detectors which identify and analyze the
signals. The sample placed on a conductive substrate (aluminum stub or carbon
planchet) is put inside the sample stage of SEM. The sample stage possesses electrical
pathway to ground and control over the sample movement in X, Y and Z directions.
Information regarding data signals originating from electron beam and atoms of
sample interaction is important in order to control the sample movement. The data
signals results from elastic (electron-nucleus) and inelastic (electron-electron)
collisions of electron beam and atoms of the sample. Elastic collisions give rise to
backscattered electrons which give topographical as well as compositional
information of the sample. However, inelastic collisions deposit energy in the sample
and return to its ground state by releasing energy in various forms such as secondary
electrons, x-rays, photons and non-radiative transitions like phonons producing heat.
A schematic presenting various data signals is shown in Fig. 2.4. All SEMs detect
secondary and back scattered electrons (used for conventional imaging) by Everhart-

Thornley electron detector. Its position is at 90° with respect to optical axis and is
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aligned in the direction of sample so that more number of electrons enter the detector,

which in turn improves image quality.

Electron beam
Characteristic X-rays Backscattered electrons

Cathodoluminescence

Secondary electrons
Auger electrons

Secondary fluorescence !
by continuum and |
characteristic x-rays %

Fig. 2.4 Various data signals in a SEM [166]

Display system

The images thus, produced are displayed on the screen of cathode-ray tube
(CRT) and the micrographs are recorded. Two CRTs are preferred as (i) the
perseverance of light emission by fluorescent screen coating of the CRT after
removing excitation, produces noise thereby, degrades the resolution of micrograph
and (ii) fine-grained fluorescent coatings in the record CRTs give fine resolution
relative to coarse grained visual CRTs. Nowadays SEMs have only one CRT
incorporated with fine-grained, low halation phosphors, which eliminates above

problems.

d) Vacuum system

The operation of optical column and specimen chamber of SEM is done under
high vacuum (=10 torr) owing to many reasons: (i) presence of gas would result in

scattering of the electron beam with its molecule, which would result in degradation
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of image resolution due to chromatic aberration, (ii) low vaccum conditions accelerate
the oxidation of tungsten filament, haphazard discharge along the optical axis and
hence, contamination of the sample. Thus, SEM is employed with high vacuum
system consisting of diffusion and turbo molecular pumps, which are backed up by

low-vacuum rotatory pumps.

A schematic presenting working principle and pictorial of SEM view is shown in Fig. 2.5 (a)

and (b), respectively.

JAN

L)1\

l

Fig. 2.5 Working principle [167] and pictorial view [168] of a SEM

2.2.2.3 Sample preparation

Firstly, during sample preparation, the size of the sample should be such that it fits into
the specimen chamber and able to perform X, Y, Z, tilt and rotation translation of the stage
freely. Secondly, cleanliness of the sample surface is necessary as presence of any unwanted

material on the surface of the sample will hamper the image analysis. The contaminants such
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as non conductive particles are shown as area of charging in SEM, which hides the sample
surface. These not only create problem in analysis but also when exposed to vacuum vaporise
and get deposited on the detector, apertures, etc. The sample can be ultrasonically cleaned by
organic solvents followed by blast of compressed gas. It can also be gently brushed if the
sample can’t be solvent cleaned. After cleanliness the sample can be mounted on aluminium
or carbon stub, which is placed inside specimen stage of SEM. Thirdly, non-conductive
samples such as ceramics, glasses, plastics, etc. display charging artifacts and thus are
examined at low voltages which result in limited resolution and magnification. These need to
be coated with a conductive thin film so that it raises the density and conductivity of the
sample, which previously absorbed the beam. The thin film remarkably enhances the

magnification and resolution. Mostly, gold is employed as the coating.

In the present work powder was compacted for the microstructure analysis. The gold
coating was done by sputtering technique and then the sample was placed on the aluminium

stub with the help of double adhesive carbon tape.

2.2.2.4 Information from SEM

e The data signals generated from the electron beam and sample interaction
reveals topography, morphology, chemical composition, crystalline structure
and orientation [169].

e It’s of immense use for analyzing the fractured surfaces [169-170].

e It is able to perform selected point analysis, which is used in qualitative
determination of chemical compositions and also, their spatial variation [170-

171].
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In the present thesis, micrographs of the synthesized nanoparticles were recorded on
SEM: LEO 435VP and FEG SEM (field emission gun scanning electron microscope): JSM-

7600F.

2.2.3 Transmission electron microscope
2.2.3.1 Introduction

Imaging, measuring, modelling, and manuplating matter is possible by transmission
electron microscope (TEM) [172]. It is an important research tool, whose working principle
is same as that of SEM except that the electron beam used for analysis is transmitted through
the sample under investigation. Thus, this instrument provides compositional, topographical,
morphological and crystalline information [173]. Ernst Ruska and Knoll in 1932 developed
first TEM [174] and its goal was to achieve resolution higher than the optical microscope.
The electron beam employed allows the probing of materials at atomic scale. The greatest
advantage of using TEM is its ability to provide both image as well as diffraction
information, simultaneously [18]. The electron when scattered by sample determines the kind
of information obtained. Elastic scattering results in diffraction patterns and inelastic
interactions at heterogeneities such as defects, grain boundaries, and dislocations lead to
spatial varying intensity due to the complex absorption and scattering effects. TEM employs
switching between the diffraction pattern and image viewing via controlling strength of the

intermediate lens.
2.2.3.2 Instrumentation and working principle

TEM consists of three basic systems (Fig. 2.6 (a)) namely, an electron gun and condenser
system, image producing system, and image recording system [175]. The pictorial view of a

TEM is shown in Fig. 2.6 (b). The detailed functioning of these systems is given as under:
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a) Electron gun and condenser system

The electron gun consists of an anode and cathode. The electron source (cathode),
usually a tungsten filament or lanthanum hexaboride, emit electrons when heated. The
filament is surrounded by control grid known as Wehnelt cylinder. Both the control grid and
cathode are set at negative potential that equals the required accelerating voltage. Both of
them are insulated from the instrument. The electrons on leaving the cathode, accelerate
towards anode. The beam passes at a constant energy through the central aperture when the
high voltage stabilizes. Now the intensity and angular aperture of the beam is controlled by
the condenser lens system. Two lenses are required to converge the beam on the object. The
first lens is used to form a reduced image, which is finally imaged by the second lens. The
electron beam when impinges on the sample under investigation, it results in various
interactions namely, coherent elastic scattered electrons, incoherent elastic forward scattered
electrons, incoherent inelastic electrons, transmitted beam, backscattered electrons, secondary
electrons, characteristic, auger electrons and continuum Xx-rays etc. These interactions are

then detected by different detectors in order to view the images.
b) Image producing system

The specimen stage is movable. The objective lens having short focal length of 1-5
mm is used that forms a real image, which is again magnified by projector lens/lenses.
Modern instruments consist of two projector lenses for greater magnification. The various
mechanical and electrical adjustments, i.e. alignment of various lenses with respect to each
other as well as the illuminating system, decide the final quality of the image. For the high
resolution, the operation of lenses requires power supplies having high degree stability. The

modern electron microscopes are controlled via software installed in the computer.
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c) Image recording

Monochromatic image is formed by electrons, in order to make the image visible to
the eye the electrons are fallen on a fluorescent screen present in the microscope column or
another way by digital capture of the image. The images are saved in computers and finally,
can be used for analyzing purposes.

(@)
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Fig. 2.6 (a) Schematic outline [176] and (b) pictorial view of a TEM [177]

2.2.3.3 Sample preparation

Firstly, the powdered samples were ground to form a smooth powder. Then the powdered
sample was dispersed in ethanol, and subjected to ultrasonication. A drop or two of this

solution was spread on carbon coated copper grid to perform the analysis.

2.2.3.4 Information from TEM

It finds wide applications in the field of nanotechnology, biology, materials research,
industry, metallurgy, forensic sciences, geophysics, etc. The details of information are given

as under:
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« It provides topographical, morphological, particle size and crystalline information

of the material.
« Compositional analysis.

« Crystalline investigations are done by switching to the diffraction pattern
(Selected area electron diffraction; SAED) of a specimen region at the same time.
It helps in identification of crystalline structure from the lattice distances of the

material. It also helps in determining crystallinity of the material.

« High resolution transmission electron microscopy (HRTEM) enables imaging of
lattice fringes, which again provides structural details. One can visualize the

defects and interfaces at atomic scale.

In the present thesis, TEM micrographs of the synthesized nanoparticles were
recorded on transmission electron microscope (TEM; Hitachi (H-7650) and Philips

(CM200)).

2.2.4 Vibrating sample magnetometer
2.2.4.1 Introduction

The vibrating sample magnetometer (VSM) is a simple yet an effective technique
employed for characterizing the magnetic properties. This instrument is credited to S. Foner
and thus, sometimes known as Foner magnetometer [178-179]. It is based on the Faraday’s
law of induction [180] and relies on the detection of induced emf in a coil when a magnetized
sample is vibrated in its vicinity. The induced emf generates electrical signal in the pick-up

coils. The electrical signal is directly proportional to the magnetization of the sample.

63



- Synthesis method and characterization techniques

2.1.4.2 Instrumentation and working principle

The operation of VSM is quite simple. Fig. 2.7 (a) shows the block diagram of VSM. The
pictorial view of a VSM has been shown in Fig. 2.7 (b). The main components of a VSM can

be mainly divided into four categories and their details are as under [180]:
a) Oscillating sample mount

Firstly, the sample under investigation is placed in a DC uniform magnetic field so
that the magnetic domains get aligned. Then sample is placed on a non magnetic rod, which
is oscillated by a mechanical drive. It is mounted to a x-y-z translator so as to ensure centre
positioning of the sample between the magnet poles. Drinking straws also provide enough

strength and rigidity and hence are used as the shaft of the sample mount.
b) Experimental magnetic field

The magnetic field is provided by an air-cooled electromagnet in between whose pole
pieces the sample is placed. The magnetic field is measured by a Gauss-meter whose Hall
probe is placed close to the sample position. The detection coils are mounted to the
electromagnet. The pick-up coils assembly are important as these determine the resolution of

the system.
¢) Signal detection

The ac signal is measured and in order to reduce the signal-to-noise ratio lock-in
amplifier is used. Its purpose is to provide a signal to the mechanical vibrator and also, serve
as the reference signal for the lock-in. The oscillatory motion of the sample induces voltage
in the pick-up coils, which is proportional to the magnetization, in accordance with the

Faraday’s law. The induced voltage is amplified and recorded with the lock-in amplifier.
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d) Automated data collection

At each field setting, the induced signal read by the lock-in amplifier is transferred to
the computer having software that enables the experimental control as well as data

acquisition. Once a field cycle is complete, the data is plotted and saved.

OSCILLATOR ‘ OSCILLOSCOPE

LOCK-IN AMPLIFIER ‘

|
|

GAUSSMETER

COMPUTER

MAGNET
POWER SUPPLY

Fig. 2.7 (a) Block diagram [181] and (b) pictorial view of a VSM [182]

2.2.4.3 Sample preparation

The measurements were carried out using finely ground powder having weight 3 mg

to0.1g.
2.2.4.4 Information from VSM
o Determination of the hysteresis curve of a magnetic material.

o Identification of nature of magnetism i.e. paramagnetism, ferromagnetism,

diamagnetism, antiferromagnetism and ferrimagnetism can be done.

o Determination of various magnetic parameters such as magnetic saturation,

retentivity, coercivity, exchange bias and vertical asymmetry.
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e The magnetic recording materials, CMR, GMR, spin valve, magneto-optical

materials can also be studied using VSM.

e The temperature response of the various magnetic parameters, hysteresis
curves can also be checked with additional accessories in VSM. These can

enable the both below and above room temperature dependent studies.

In the present thesis, M-H curves of the synthesized nanoparticles were recorded on

VSM: Princeton Applied Research Model 151/155 and Lake Shore Cryotronics 7400.

2.2.5 Dielectric measurement
2.2.5.1 Introduction

Dielectric materials exhibit the unique property of storing electric charge on
application of external electric field. The dielectric constant of a material placed between two
parallel plate capacitors of area Aand distance d with air as the medium having dielectric

constant &,can be given as under:

C (2.1)

gg, A

A . , , . ,
where C, = ga andC = are the capacitances with and without the dielectric

material, respectively [183]. In these materials, the electrons do not flow under applied
electric field however; these slightly shift from their equilibrium positions and create an
internal field. The dielectric measurements in the present thesis have been performed by
LCR meter 4284 A. The name LCR meter derives from the measurement of inductance,

capacitance and resistance.
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2.1.5.2 Instrumentation and working principle

The measurement system of a typical LCR meter is based on the automatic balancing
bridge method, as shown in Fig. 2.8 (a) [184]. A brief explanation of the circuit is given as

follows [185-186]:

A high gain amplifier set the gain level automatically so that electric current starts
drawing through the resistor (R). Here, R always equals the current flowing through the
device under test (DUT). In other words, the lower voltage side i.e. potential of DUT is
always equal to the zero electric potential i.e. virtual ground level. At this condition the

impedance value of DUT is calculated from the R, output (E,) and input (E,) voltage as

under:

(2.2)

where E,and E, are given as

E, =|E,|6, =|E,|c0s, +|E,|sin 6, (2.3)
E, =|E,|0, =|E,|c0s6, +|E,|sin b,

6, andd,- the phase angles of E, and E, are calculated at the same time. The

pictorial view of LCR meter is shown in Fig. 2.8 (b).
2.2.5.3 Sample preparation

For the measurement, the powder was finely ground along with PVA (Poly vinyl
alcohol) as a binder. Further, these were compacted in a uniaxial press at pressure of

10ton/cm? to form cylindrical pellets of diameter 10 mm and thickness 1 mm. Finally, the
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pellets were sintered at 500 °C and there circular surfaces were coated with silver paste to

form contacts.
2.2.5.4 Information
« Determination of the dielectric constant and loss of a material.

e The temperature as well as frequency dependent studies of the dielectric
constant and loss can be performed. These provide information regarding the

type of relaxation behaviour, defects, conductivity, etc. in a system.

o Determination of various electric parameters such as capacitance, real and
imaginary impedance, real and imaginary permittivity, conductivity and

activation energy.

In the present thesis, frequency response of dielectric constant as well as loss were

recorded on LCR meter: Agilent 4284 A and PSM 1735.

(@)

()

Fig. 2.8 (a) Block diagram [186] of automated balancing bridge and (b) pictorial view of

a Agilent LCR meter 4284 A [187]
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2.2.6 P-E loop tracer
2.2.6.1 Introduction

On application of electric field to a material having positive and negative charges,
these charges get displaced in a direction towards the opposite ends of the electric field. The
local dipoles are created inside the material. The dipole moment per unit volume of the
material is the summation over the individual dipole moments in that volume and is known as
polarization. Several mechanisms are responsible for the polarization in a material and a brief

description of each is given as under [188]:
a) Electronic polarization

The displacement of nucleus (positively charged) and electrons (negatively charged)
away from each other in an atom on application of electric field results in electronic
polarization. The extent of the displacement depends on the strength of the applied electric

field.
b) lonic polarizability

In case of ionic solids, when an electric field is applied the cations and anions are
displaced in opposite directions. The ionic polarizability may be defined as the shift of the
ions with respect to other oppositely charged neighbour. It is different from electronic

polarization as in it the shift of electron cloud relative to nucleus is involved.
c) Orientation polarization

This type of polarization occurs in molecules having electronegativity difference (for e.g.

CH3ClI). These carry net dipole moment even in the absence of electric field. On application
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of electric field these align themselves in its direction. This alignment results in polarization

known as orientation polarization.
d) Space charge polarization

It results from the accumulation of the charges at the electrodes, grain boundaries or any

other interface due to their limited motion.

Thus, the total polarization of a material is the sum of the above contributions from

various sources.

The Sawyer Tower circuit was firstly used by C. B. Sawyer and C. H. Tower to
measure the ferroelectric hysteresis loop of Rochelle Salt in 1930 [189]. It is a very practical
circuit for characterizing ferroelectrics and studying their fundamental parameters
spontaneous polarization, remanent polarization, coercive field and polarization reversal

[190].
2.1.6.2 Instrumentation and working principle

The ferroelectric measurements were carried out using P-E loop tracer based on
Sawyer Tower circuit, as shown in Fig. 2.9 (a). It is the original method for measurement of
ferroelectric hysteresis measurements and possesses quite simple principle of operation [191].
When two capacitors are connected in series, the charge on them is same. Following are the

components of the Sawyer Tower circuit [192]:

a) two capacitors: fixed capacitor of known capacitance and ferroelectric sample

to be measured
b) function generator

C) an oscilloscope.
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The function generator generates ac voltage and the x- and y-axes of oscilloscope

shows potential across the standard capacitor. The voltage drop across the standard capacitor

is proportional to the charge (V = Cg)' However, if the voltage across the standard capacitor

increases then the voltage drop across the sample decreases (back voltage effect) [193]. Thus,
the standard capacitor is chosen in such a way that it is very large than the sample under
investigation. It implies that the standard capacitor has to be adapted to every investigated

sample. The pictorial view of a P-E loop tracer has been shown in Fig. 2.9 (b).
2.2.6.3 Sample preparation

The sample preparation procedure for the ferroelectric measurements is same as that

of the dielectric measurement.

2.2.6.4 Information
o Determination of the polarization-electric hysteresis loop of a material.

o Determination of various electric parameters such as remanent polarization,
coercive field, saturation polarization, maximum field applicable i.e.

breakdown.

e The temperature dependent polarization measurements can be performed to
check the temperature response of the hysteresis curve and its various

parameters.

e The fatigue measurements can be performed to check the performance of the

ferroelectric sample over a number of cycles.

e The response of fatigue measurements at various temperatures can also be
performed to determine the performance of the sample at various

temperatures.
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In the present thesis, polarization electric field hysteresis loops have been measured

using P-E loop tracer: Marine India.

Fig. 2.9 (a) Block diagram [194] of Sawyer Tower circuit and (b) pictorial view of P-E

loop tracer [195]
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Rare earth metal ions doped-BiFeOs; nanoparticles

Chapter 3

The present chapter deals with the experimental procedures employed to the undoped
and rare earth (Tb, Dy, Gd)-doped BiFeO3; nanoparticles as well as varying their particle
sizes. Their structural, morphological, magnetic, dielectric and ferroelectric properties have

been discussed.

Following are the communications corresponding to undoped and rare earth doped-BiFeO3

nanoparticles. Some of the results have been discussed in this chapter.

1. Gitanjali Dhir, Poonam Uniyal, N. K. Verma, Sol-gel synthesized BiFeOs
nanoparticles: Enhanced magnetoelelctric coupling with reduced particle size, J.

Magn. Magn. Mater. 394 (2015) 372-378.

2. Gitanjali Dhir, Gurmeet Singh Lotey, Poonam Uniyal, N. K. Verma, Size-dependent
magnetic and dielectric properties of Th-doped BiFeO3; nanoparticles, J Mater. Sci.:
Mater. Electron. 24 (2013) 4386-4392.

3. Gitanjali Dhir, Poonam Uniyal, N. K. Verma, Effect of particle size on magnetic and
dielectric properties of nanoscale Dy-doped BiFeOs, J Supercond. Nov. Magn. 27
(2014)1569-1577.

4. Gitanjali Dhir, Poonam Uniyal, N. K. Verma, Enhancement in magnetic and electrical
properties of Big.gsThoosFeO3 nanoparticles with reducing size, J Mater. Sci.: Mater.
Electron. 26 (2015) 3538-3544.

5. Gitanjali Dhir, Poonam Uniyal, N. K. Verma, Effect of particle size on multiferroic

properties of Th-doped BiFeQOs3, J. Supercond. Nov. Magn. (2016) 1-8.
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3.1 BiFeO3 nanoparticles
3.1.1 Synthesis

BiFeO3 nanoparticles were prepared by sol-gel method [152]. A stoichiometric ratio
of Bi(NO3)3.5H,0 and Fe(NO3)3.9H,O were dissolved in ethylene glycol under constant
magnetic stirring at 70 °C. Tartaric acid was added in the ratio of 1:1 molar ratio with respect
to precursors to the above solution. After continuous stirring of above solution for 15 h, sol
completely turned into brownish gel. The gel was dried at 90 °C and ground into powders.
The so-obtained powder were calcined at different temperatures viz. 450 °C (Bi4), 550 °C

(Bi5), and 650 °C (Bi6) for 4 hour.
3.1.2 Results and discussion

3.1.2.1 Structural and phase analyses
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Fig. 3.1 (a) XRD patterns of Bi4, Bi5 and Bi6 nanoparticles (b) their enlarged XRD patterns

at around 20 ~ 32° and (c) variation of crystallite size with calcination temperature
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Fig. 3.1 (@) shows XRD patterns of the synthesized nanoparticles, where all
diffraction peaks characterize rhombohedral structure (JCPDS Card No. 86-1518). Peaks
denoted by (*) are attributed to BiysFe;,O39 (JCPDS Card No. 42-0201). Typical broadened
peaks in XRD patterns illustrate formation of nanocrystallites. The average crystallite size
(D) of the synthesized nanoparticles was calculated using Debye-Scherrer equation given
below [196].

D - 0.94 (3.1)
pcosd

where g is the full width at half maximum of the most intense peak, A is the Cu target

wavelength (1.5406 A) and @ is the glancing angle. The values obtained are given in Table

3.1.

The influence of different calcination temperatures on the crystal structure of the synthesized
nanoparticles has also been investigated with the help of XRD data. Rhombohedral phase
remains consistent with increasing calcination temperature. Enlarged (Fig. 3.1 (b)) view of
XRD patterns reveal broadening of peaks with decreasing calcination temperature, indicating
decreasing crystallite size. The variation of crystallite size as a function of calcination
temperature has been shown in Fig. 3.1 (c). This observation corroborates well with

crystallite size values, determined from Eq. 3.1.
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3.1.2.2 Morphological analysis

Fig. 3.2 TEM micrographs of (a) Bi4 and (b) Bi6 nanoparticles

Topographical investigations, carried out using TEM, revealed agglomerated
nanoparticles (Fig. 3.2 (a) and (b)). Agglomeration is an inherent property of nanoparticles
owing to their high surface to volume ratio. Similar observations, reported earlier, are

attributed to high surface energy [108, 130].

Tuning of size via calcination temperature has shown immense influence over the
multiferroic properties of nanoscale BiFeO3;. However, the underlying growth phenomenon
has not been well studied. Many phenomena (ostwald ripening, heterogeneous nucleation,
homogeneous nucleation, etc.) describe growth of nanoparticles [153]. Here the growth
mechanism of nanoparticles formed by sol-gel can be explained by thermodynamic
homogeneous nucleation [18]. It is based on minimization of Gibb’s free energy. Nucleation
of a solid phase from a supersaturated (exceeding the solubility) solution involves high
Gibb’s free energy and it reduces through segregation of solute for maintenance of

equilibrium. The reduced Gibb’s free energy leads to both nucleation and growth. The Gibb’s
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free energy per unit volume (AG,) having atomic volumeQ, supersaturationoc and
temperature T is given below [18].

AG, =T+ o)
Q

(3.2)

c-C : N
where o = c ¢, Cand C, are the concentration of the solute and equilibrium

0

concentration and k is the Boltzmann constant. The conditions for the occurrence and non-
occurrence of nucleation are C > C_ ando =0, respectively. The reduction in Gibb’s free
energy is balanced by increase in surface energy due to the formation of new phase and the

total change in chemical potential (AG ) for forming a nucleus of radius r can be written as

below.

_4ar’AG, (3:3)

2

AG + 4y

where AG, is the Gibb’s free energy per unit volume and yis the surface energy per unit
area. However, a nuclei formed will be stable only if its radius is greater than critical size

(rr=-—2-2") and pOSsess critical energy (AG™ = 167 ).

AG,  (3AG))

Subsequent to the initial nucleation, concentration of growth species starts decaying and so
does the Gibb’s free energy. Hence, no further nuclei are formed but the growth continues
until equilibrium concentration is achieved. The critical size of the formed nuclei can be

reduced by reducing the surface energy of the new phase () and increasing the change in

Gibb’s free energy (AG, ). Further, AG, can be enhanced by increasing supersaturation and
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Eq. 3.2 indicates that supersaturation increases with decreasing temperature. Thus, smaller
nuclei are formed at lower formation temperature. It can be concluded that the formation
temperature has significant influence on the shape and size of the nanoparticles, which is well
exhibited in the TEM micrographs (Fig. 3.2). Average particle size was found to be 27.3 and

153.2 nm for Bi4 and Bi6 nanoparticles, respectively.

X 30,000

Fig. 3.3 FEG-SEM micrographs of (a) Bi4 (b) Bi5 and (c) Bi6 nanoparticles at 30k X and

length scale of 100 nm

The microstructural surface properties were investigated by FEG-SEM, which
revealed densely packed grains having well-defined boundaries (Fig. 3.3) thereby indicating
their crystalline nature. The variation in microstructure and average grain size with increasing
calcination temperature, at 30k X and length scale of 100 nm, is presented in Fig. 3.3.
Significant effect of calcination temperature on the grains has been observed: The grains
formed at smaller calcination temperature coalesce to form bigger ones via diffusion through

grain boundaries [197] - this observation is also in agreement with the XRD results.
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3.1.2.3 Magnetic analysis
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Fig. 3.4 (a) Room temperature M-H loops of Bi4, Bi5, and Bi6 nanoparticles and (b) their

enlarged views

Fig. 3.4 shows room temperature M-H loops of the synthesized nanoparticles. The
contribution of the impurity revealed in XRD (Fig. 3.1), towards the observed magnetism, is
ruled out as it doesn’t exhibit room temperature ferromagnetism [130]. The nanoparticles are
found to exhibit ferromagnetism, contrary to its bulk counterpart (antiferromagnetic) [108].
Following are the attributed reasons [110]: (i) according to Néel’s theory, nanoparticles
possessing small antiferromagnetic display measurable magnetization due to incomplete spin
compensation between two spin sublattices (ii) the larger surface to volume ratio of the
nanoparticles enhances the contribution of uncompensated surface spin and (iii) the particle
size suppresses spin spiral structure of BiFeO3 being below 62 nm (TEM) due to grain size

confinement effect.

Saturation magnetization value (M, ) has been found to increase with reduction in

particle size (Table 3.1) - it is typical for antiferromagnetic nanoparticles [152]. On reducing
size, surface to volume ratio increases and so does uncompensated spin’s contribution. Also,

grain size confinement effect comes into play below 62 nm [110]. This effect modulates spin
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cycloid, which results in strongly size-dependent magnetism. The observed M, values are

higher than the BiFeO3; nanoparticles of comparable size reported by Park et al. [110].

A material can be put to device applications by using exchange bias mechanism,
which exploits the magnetoelectrically coupled antiferromagnetic and ferroelectric orders;
this is so because the control of exchange bias by electric field via magnetoelectric coupling
results in change of magnetization. Thus, magnetization can be tuned by electric field, which
would result in electronically writable spintronics devices [198]. Exchange interaction
between pinned uncompensated spins in antiferromagnetic core and moments in

ferromagnetic surface result in exchange bias [135]. The exchange bias field (H,,) has been

calculated using equation [107].

He, —Hg, (3.4)

H., =
eb 2

where H., and H,are the absolute positive and negative coercive field values. The
calculated H , values are shown in Table 3.1. A highly shifted hysteresis loop in Bi4 has been

observed (Fig. 3.4 (b)). Particle size variation leads to exchange bias variation in the system.
It is observed to increase with decreasing particle size. The reason may be attributed to the
lowering density of uncompensated spins with the decreasing particle surface area, which is
also well in agreement with the Néel’s theory implied on the synthesized samples. Moreover,
the unstable charge configuration of Fe** would require generation of oxygen vacancies,
which, in turn, decrease the uncompensated spins and consequently decrease the exchange
bias. This observation indicates increasing oxygen vacancies with calcination temperature.

The decreasing uncompensated spins also well explain the decrease of M, with reduction in

particle size.

The magnetic hysteresis curves of nanoparticles unveil the presence of vertical shift

(M« ), which has been calculated using equation [199].

+ -
M sat + M sat

M i = f (3.5)
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where M, M are the absolute positive and negative saturation magnetization values. This

rarely found M, indicates the uncompensated spins at the ferromagnetic-antiferromagnet

interface. This intriguing observation of vertical shift, present in the synthesized

nanoparticles, has been found to vary with particle size. Both H,, and M, have been found

to follow the same trend i.e. increase with reducing particle size (Table 3.1). Thus, particle

size is an essential factor that controlsM, H,, and M .

Table 3.1 Structural, magnetic, and electrical parameters of Bi4, Bi5 and Bi6 nanoparticles

Structural parameters

Magnetic parameters

Electric parameters

D a c \Y M. H., M i &  Loss P Ps E.
Sample A A A3 2 2] kv
p nm emu/g Oe emu/g @ 0.1 kHz pC/em pClecm /cm
Bi4 12,7 | 5585 | 13.822 | 431.1 3.12 0.1650 0.2001 272 0.03 3.32 4.82 11.59
Bi5 28.6 | 5.582 | 13.825 | 430.7 2.13 0.0025 0.0203 246 0.08 141 2.00 4.08
Bi6 53.2 | 5,573 | 13.842 | 429.9 0.38 0.0020 0.0052 233 4.20 9.03 0.80 3.63
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3.1.2.4 Electrical analysis

3.1.2.4.1 Dielectric analysis

Dielectric constant (E]
SSOT

Frequency (kHz)

Fig. 3.5 Frequency response of dielectric constant and loss of Bi4, Bi5 and Bi6 nanoparticles

in the range 0.1-1000 kHz

All the nanoparticles display Debye-type relaxation [137]. Dielectric constant (&)
decreases with increasing frequency, as shown in Fig. 3.5. The dispersions observed in the
dielectric behavior indicate the space charge polarization [137]. In BiFeO3; oxygen and
bismuth vacancies, lattice distortions and defects are sources of space charges [152]. These
space charges follow applied field at lower frequencies, but do not get time to undergo
relaxation at higher frequencies. Also, amongst four types of polarizations (electronic,
dipolar, ionic, and interfacial), only electronic polarization contributes at high frequencies.

This also decays dielectric constant at higher frequencies [76-77].
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Enhanced dielectric constant at 100 Hz (Table 3.1), with reducing particle size, is
attributed to the presence of nanosize grains (Fig. 3.3) [130]. These result in low leakage
current and hence, low loss. These provide large insulating barrier to conduction current [130,
152]. Thus, smaller grains efficiently prevent conductivity than the larger ones and
consequently, the dielectric constant decreases. The decrease in number of oxygen vacancies,
indicated by increasing exchange bias in magnetic analysis, is well supported by the reducing

loss observed with decreasing particle size.

3.1.2.4.2 Ferroelectric analysis

P (uC/cm?)

- E (kV/cm)
Fig. 3.6 Room temperature P-E loops of Bi4, Bi5 and Bi6 nanoparticles

To obtain a well saturated P-E loop has been a challenge for BiFeO3; owing to its low
resistivity [110]. The variable oxidation states of iron i.e. Fe**, Fe** need oxygen vacancies
for the compensation of charge, which, thus, leads to conductivity in the system. Table 3.1

shows electrical parameters (spontaneous polarization (P,), remanent polarization (P,) and
coercive field ( E_) obtained from the hysteresis loops. Fig. 3.6 demonstrates P-E loops of the

synthesized nanoparticles. Relatively high polarization values, at low applied electric field,
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have been observed as compared to the report on BiFeO3 nanoparticles by Wang et al. [121].
Reduction in particle size has quite effective influence on ferroelectric properties. No
saturated hysteresis loops have been observed for Bi6 and Bi5 nanoparticles, which indicate
high conductivity of the samples. However, Bi4 nanoparticles exhibit well saturated
hysteresis loop with high polarization value. The reason may be attributed to the reduced loss
due to the insulation provided by smallest nanosize grains (FEG-SEM) [130]. It has been

observed that P, as well as applied electric field decay drastically with increasing particle

size. This observation corroborates well with the dielectric analysis, which also shows
enhanced conductivity with particle size [200]. Thus, higher resistivity has enabled the

observation of better P-E loops in reduced size. Moreover, the increasing P, with reducing

size approves of the decreasing losses due to leakage current.
3.2 Th-doped BiFeO3; nanoparticles

3.2.1 Synthesis of Th-doped BiFeO3; nanoparticles (Bi;xThxFeOs; x = 0, 0.05, 0.10, 0.15

and 0.20)

Undoped and Th-doped BiFeOs (Bi;xThiFeOs; x = 0, 0.05, 0.10, 0.15 and 0.20)
nanoparticles were synthesized using sol-gel method [152]. A schematic presenting the
various synthesis steps is shown in Fig. 3.7. A stoichiometric ratio of Bi(NO3)3;.5H,0,
Tb(NO3)3.5H,0 and Fe(NO3)3.9H,0 dissolved in ethylene glycol, was taken, and stirred
magnetically at 70 °C. The low heating temperature ensures homogeneous and small size of
the nanoparticles. This was followed by addition of tartaric acid in 1:1 molar ratio with
respect to the precursors. It acts as the fuel for combustion and chelating agent to form
complexes with metal ions. The solution so obtained was stirred till it became gel. The gel

was then dried for overnight at 90 °C in an oven, and ground into powder. Undoped (x = 0)
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and Tb-doped BiFeO; (x = 0.05, 0.10, 0.15 and 0.20) nanoparticles were obtained by

calcination at 450 °C for 4 hour.

| Ethylene glycol (solvent) |

( Bi(NOy);'5H,0 —|» l P 2|« Fe(NO;);'SH,0 )
v 0 —T—
Dopant
Th(NO3),.5H,0 My,
Stirring at 70°C to form gel

.
Drying

l

Tb-doped BiFeO, Calatin

nanoparticles d

Fig. 3.7 Schematic representation of synthesis of Th-doped BiFeO3 nanoparticles
3.2.2 Results and discussion

3.2.2.1 Structural and phase analyses
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Fig. 3.8 (a) XRD patterns of undoped (x = 0) and Bi;«xThsFeO3 (x = 0.05, 0.10 and 0.15)
nanoparticles at room temperature (b) their enlarged view around 26 ~ 32° (¢) XRD patterns

of Bi1xThxFeO3 (x = 0.20) nanoparticles
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Fig. 3.8 (a) shows XRD patterns of Bi;xThyFeO3 (x = 0, 0.05, 0.10 and 0.15)
nanoparticles. The diffraction peaks of undoped BiFeOj3 characterize rhombohedral structure
having Rs. space group (JCPDS Card No. 86-1518). Minor traces of impurities (Fig. 3.8 (a))
have been observed in the XRD patterns denoted by * and $, which correspond to BizsFe;O39
(JCPDS Card No. 42-0201) and Th,O3 (JCPDS Card No. 26-0177), respectively. Fig. 3.8 (b)
shows the enlarged view of XRD patterns at around 20 ~ 32° and the obvious effects on the
BiFeO3; crystal structure has been found on Tb-doping. With increasing Th-doping
concentration, some noticeable features have been observed in the XRD patterns. Th-doping
has resulted in distortion of the rhombohedral structure of BiFeOs. The merging of peaks
(104) and (110) at around 26 ~ 32° (Fig. 1 (b)) into a single broad peak, which further shifts
towards higher 20, indicates the onset of orthorhombic structure [132]. This result is
consistent with the other rare earth doped BiFeO3; nanoparticles in which the contribution
from the rhombohedral phase decreases while from orthorhombic phase increases at the 15%
concentration of rare earth ion [76-77, 136]. The shifting of peak towards higher 260 with
increasing Th content confirms successful substitution of Th®* ions at Bi** site [129]. Also,
the diffraction peaks tend to broaden with the increasing Th-concentration, which indicates
the decrease of crystallite size. The reason may be attributed to the smaller ionic radii of Th**

ions (0.923 A) as compared to Bi** ions (1.17 A) [129].

On increasing the concentration of Th** ions to x = 0.20 (Fig. 3.8 (c)) high impurity
content has been observed thereby indicating good dispersivity of Tb** ions into BiFeOs;
lattice upto x = 0.15. This observation indicates the solution limit of the system to be around

x =0.15.

It has been observed from the XRD patterns that in our case x = 0.15 is the solubility

limit and also literature reveals enhancement in electric and magnetic properties with
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increasing concentration [129-141]. Accordingly, the concentration has thus been optimally
chosen to be x = 0.15, in the present thesis, to carry out the further studies (particle size

dependent studies).
3.3 Th-doped BiFeO3; nanoparticles (Bi;x ThyxFeO3; x=0, 0.15)
3.3.1 Synthesis

The procedure followed for the synthesis of undoped and Th-doped BiFeO3 (x = 0.15)
nanoparticles is same as described in section (3.2.1). The undoped BiFeO3 nanoparticles were
obtained by calcination at 450 °C (undoped) for 4 hour. Nanoparticles of Th-doped BiFeOs of
different sizes have been obtained by the calcination at different temperatures viz., 450 °C

(Tb4), 550 °C (Tbh5) and 650 °C (Th6) for 4 hour.
3.3.2 Results and discussion

3.3.2.1 Structural and phase analyses

— Tbé (@) (b) — Undoped
Th5
— Tb4 — Tb4
~ — Undoped ary
= * TbFeO5 3
s . #BiyFey0 —
- , 2Feq09
2] | B
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o | =
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Fig. 3.9 (a) XRD patterns of undoped, Th4, Th5 and Th6 nanoparticles and (b) enlarged view

of XRD patterns of undoped and Th4 nanoparticles around 20 ~ 32°
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The effects of doping and particle size on the crystal structure have been studied by
the XRD. Fig. 3.9 (a) shows the XRD patterns of undoped, Th4, Tb5 and Th6 nanoparticles.
The peaks associated with the undoped BiFeO3; nanoparticles are well matched with the
rhombohedral structure (JCPDS Card No. 86-1518). Doping of Tb** ions in BiFeOs;
nanoparticles resulted in some notable features as shown in the Fig. 3.9 and Fig. 3.10. First,
its doping induces structural transformation from rhombohedral phase to orthorhombic phase,
which is in well agreement with previous reports [129-130] as well as match with ThFeOs
having orthorhombic structure (JCPDS Card No. 74-1477). Fig. 3.9 (b) clearly reveals the
merging of two distinctive diffraction peaks i.e. (104) and (110) around 26 ~ 32° in the Tb-
doped BiFeO3; nanoparticles, which are found to shift further to the higher 26. This indicates
that the structural transformation has been induced by the substitution of Tb*" ions (x = 0.15).
This observation confirms the distortion of rhombohedral structure of undoped BiFeO;
nanoparticles by the substitution of Th*" ions in the BiFeOj lattice. This result is consistent
with the other rare earth doped BiFeO3; nanoparticles in which the contribution from the
rhombohedral phase decreases while from orthorhombic phase increases at the 15%
concentration of rare earth ion [76-77, 136]. The average crystallite size of the nanoparticles
was calculated using the Debye—Scherrer equation [196]. It has been found that the doping
leads to remarkable reduction of the crystallite size (Table 3.2) that resulted in the broadening
of the diffraction peaks (Fig. 3.10 (a)). This is due to the substitution of larger Bi** ions (1.03
A) with the smaller Th** ions (0.923 A). The significant shift of diffraction peaks toward the
larger 26 in doped nanoparticles with respect to the undoped one indicates that the Th** ions

has substituted the Bi** ions in the lattice and hence is responsible for the above features.
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Fig. 3.10 (a) Enlarged view of XRD patterns around 20 ~ 43 - 48° and (b) Crystallite size of

undoped and Th-doped BiFeO3 nanoparticles calcined at different temperatures

The investigation of the effect of different calcination temperatures on the crystal
structure has also been done with the help of XRD data. The peaks for Th4 nanoparticles are
more broadened and tend to sharpen as the temperature rises to 550 °C and then to 650 °C.
The peaks denoted by (*) in Th-doped BiFeOs are attributed to terbium oxide (Th,Og3)
matching with the JCPDS Card No. 74-2131.However, it does not display any room
temperature ferromagnetism [201], thereby ruling out the possibility of its contribution
towards magnetization. The significant effect of different calcination temperatures on the Tbh-
doped BiFeO3 nanoparticles has been revealed by Fig. 3.9 and Fig. 3.10. The enlarged view
of peaks around 20 ~ 43 - 48°, displays the sharpening of the XRD peaks (Fig. 3.10 (a)) with
the increase in calcination temperature, thereby indicating their higher crystallite size and
crystallinity as compared to undoped BiFeO3 nanoparticles. Fig. 3.10 (b) shows the variation
of average crystallite with calcination temperatures and Tb-doping, revealing that the
crystallite size increases with increase of calcination temperature in doped samples. The
shifting of diffraction peaks with the doping as well as with the variation of calcination
temperature in illustrates the change of lattice parameters. The values of lattice parameters (a,
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b, c) and volume (V) have been summarized in Table 3.1. It has been found that compression
of lattice takes place by the substitution of Tb** ions in BiFeOs. The reason may be attributed

to the substitution of smaller Th** ions in place of larger Bi** ions.

3.3.2.2 Morphological analyses
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Fig. 3.11 (a) TEM image of undoped BiFeO3; nanoparticles and SEM micrographs of (b)

undoped (c) Th4, (d) Tb5 (e) Th6 nanoparticles at the same magnification (10,000 X)

TEM has been carried out in order to investigate the topography of the nanoparticles.
Fig. 3.11(a) shows that the synthesized undoped BiFeO3 nanoparticles are in agglomerates.
The agglomeration is due to two reasons: one, high surface to volume ratio, and second,
magnetic interactions in nanoparticles. The average particle size has been found to be 40 nm.
The mean crystallite size, as determined by Scherrer’s equation is slightly smaller than the
average particle size. The typical agglomerates found in the TEM image are the reason for
such an observation [110]. Such phenomenon has also been reported previously [108, 130,
133]. Many phenomena are attributed to the growth of nanoparticles [18]. Here the growth

mechanism of the nanoparticles formed by sol-gel method can be explained by
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thermodynamic homogeneous nucleation [153]. The detailed description of the mechanism is

given in section 3.1.2.2.

Scanning electron micrographs of undoped, Th4, Tb5 and Th6 nanoparticles are
shown in Fig. 3.11 (b)-(e). All the micrographs were captured at the same magnification i.e.
10,000 X. It has been observed that the decrease of grain size takes place with the doping of
15% Tb in BiFeO3; nanoparticles as shown in Fig. 3.11 (b) and 3.11 (c). The grain size has
been witnessed to increase as the calcination temperature increased from 450 °C (Fig. 3.11
(c)) to 550 °C (Fig. 3.11 (d)) and, it further increased at 650 °C (Fig. 3.11 (e)). Fig. 3.11
illustrates that the coalescence of the Tb-doped BiFeOs; nanoparticles increases as the
calcination temperature increases. So, it is apparent that the increase of crystallite size takes

place as a function of increasing calcination temperature.

3.3.2.3 Magnetic analysis
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Fig. 3.12 The room temperature magnetization versus applied magnetic field (M-H) curves of

undoped, Th4, Tb5 and Th6 nanoparticles
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Fig. 3.12 shows the room temperature M-H curves of undoped, Th4, Tb5 and Th6
nanoparticles. The magnetic hysteresis loops of the samples indicate the typical
ferromagnetic behavior, as reported in the rare earth ion doped BiFeO3; nanoparticles [130-
131, 133, 202]. A significant increase in magnetization has been observed with doping of
Tb* ions. The saturation magnetization value for undoped BiFeO; nanoparticles has been
found to be 1.33 emu/g while that of Th4 nanoparticles has been found to be 3.11emu/g. The
enhancement in ferromagnetism with doping can be possibly attributed to the following three
reasons. First, in accordance with the Néel’s theory, the enhancement in magnetization in
small antiferromagnetic BiFeO3z nanoparticles is attributed to the spin non-compensation
between the magnetic sub-lattices. As the antiferromagnetic order at the particle’s surface
gets interrupted, incomplete spin compensation gives rise to a measurable magnetization
[130]. Also, the surface to volume ratio is large in nanoparticles; the uncompensated spins at
the surface give a noticeable contribution to the particles overall magnetization [110].
Secondly, on the suppression of the spin cycloid structure [135] of BiFeQOs3, by the reduction
of particle size to 40 nm (below 62 nm, as revealed by the TEM image) and substitution of
smaller Tb®* ions in place of Bi*" ions, a large lattice distortion takes place. This lattice
distortion is due to the structural transformation (rhombohedral to orthorhombic) with 15%
Tb ion doping in BiFeO3; nanoparticles, which destroys the spin spiral structure and thereby
leading to enhanced magnetization. Third, the Tb®" ions are magnetically active with the
effective magnetic moment of 9.72 pg/mol, and when it couples with Fe** ion, it leads to the
enhancement of the magnetization [132]. The obtained saturation magnetization value is
higher than sol-gel synthesized Th-doped BiFeO3; nanoparticles reported by Lotey et al.

[151].
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The influence of the size of the synthesized nanoparticles on the magnetic moment
has also been observed. The saturation magnetization value has been found to decrease with
the increase in size of Tb-doped nanoparticles (Table 3.2). The monotonic decrease in the
magnetization with the increase in particle size (below 62 nm) is quite obvious. As the
particle size increases, the surface to volume ratio decreases and so does the contribution of
the non-compensated spins present on the surface. This observation is consistent with the
previous reports on size dependent studies of BiFeO3 nanoparticles [107, 110]. The magnetic
response of Bi;xThyFeOs (x = 0, 0.15) below 62 nm is size dependent, which is due to the

grain size confinement that modifies its spin spiral structure [110].
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Fig. 3.13 Shifting in hysteresis loops of the undoped, Th4, Tb5 and Th6 nanoparticles

Fig. 3.12 exhibits the enlarged view of central region of the M-H curves of all the

synthesized nanoparticles. The presence of finite H,, and M has been observed in all the

synthesized nanoparticles. Their respective values have been calculated using Eq. 3.4 and 3.5,

which are summarized in Table 3.2.
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The shift in the hysteresis loops is due to exchange coupling between the
ferromagnetic surface and antiferromagnetic core [135]. The presence of finite coercivity and
exchange bias field rules out the possibility of superparamagnetic behavior in the
nanoparticles; this confirms the ferromagnetic order and pinning of spins at the

antiferromagnetic-ferromagnetic interfaces [107, 135, 147].

The presence of rarely observed vertical shift has been revealed by the M-H loops. It
confirms the presence of uncompensated spins at the ferromagnetic-antiferromagnet

interface. The intriguing M, shows significant particle size dependence. It has been

observed to increase with reduction in particle size (Table 3.2). It may be owed to the
lowering density of uncompensated spins with the decreasing particle surface area, which
corroborates well with the Néel’s modelling of the system. Thus, particle size is of immense

importance in deciding the various magnetic parameters.

Table 3.2 Structural, magnetic and electric parameters of undoped, Th4, Th5 and Th6

nanoparticles

Structural parameters Magnetic parameters Electric parameters
Sample D a b c \Y, M, H,, M. £  Loss Ps P Ec
nm A A A A3 @0.1kHz | pClem® | pClem® | kViecm

emu/g Oe emu/g

Undoped | 31.7 5.574 5574 | 13.781 | 428.2 1.3 5.2 13 725 0.4 2.6 1.4 10.4
Th4 14.5 5.411 5.573 7.700 | 232.2 3.1 11.2 3.2 4163 1.2 10.0 6.2 30.1
Th5 20.2 5.570 5.590 7.710 | 232.4 2.0 7.9 1.94 2083 1.0 6.1 4.1 25.4
Thé 28.6 5.577 5.578 7.754 | 234.0 0.8 44.3 0.72 1388 11 4.2 2.4 26.3
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3.3.2.4 Electrical analysis

3.3.2.4.1 Dielectric analysis
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Fig. 3.14 Frequency dependence of (a) dielectric constant and (b) dielectric loss of undoped,

Th4, Tbh5 and Th6 nanoparticles in the range 0.1-1000 kHz

Fig. 3.14 shows room temperature frequency dependence of dielectric constant and
dielectric loss for the undoped, Th4, Tb5 and Th6 nanoparticles. In all the synthesized
nanoparticles, the dielectric constant value has been found to decrease as the frequency
increases. Since, the contribution to the dielectric constant value in the low frequency region
is from the different kind of polarizations (electronic, atomic, interfacial, and ionic etc.) while
at higher frequencies only the electronic polarization contributes [203]. Hence, the dielectric
constant value decreases at higher frequencies. But, at higher frequencies the trend of
dielectric constant has been found to be constant for all the samples. This phenomenon is
attributed to space charge relaxation due to the fact that the space charges follow the applied
field at low frequencies while, at high frequencies, they are unable to undergo relaxation;

thus, the dielectric value remains constant [204].
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The increase in the dielectric constant value has been observed with the doping of
Tb* ions in BiFeOs nanoparticles (Table 3.2). This increase in the value may be due to the
structural distortion (as revealed by XRD) induced by the substitution of Tb in the BiFeO3;
[76-77]. Also, Th-doped BiFeO3 nanoparticles have been found to show significant frequency
dispersion. However, low frequency dispersion has been observed for undoped BiFeO;
nanoparticles due to the presence of oxygen vacancies, leading to finite conductivity [203].

This indicates the presence of less charge defects in the Th-doped BiFeO3 nanoparticles.

The significant effect of the particle size on the dielectric constant has been observed.
The dielectric constant values have been found to decrease with the increase in the size of Th-
doped BiFeO3 nanoparticles (Table 3.2). This observation is in contradiction to the other
studies. Since, grain and grain boundaries present in the polycrystalline nanoparticles have an
important role in deciding the electrical properties. The reason for such an observation may
possibly due to the role of the nanosize grains [130, 202], which act as large insulating
barriers, thereby giving rise to increase in the dielectric constant and low loss values for the
smaller size of Th-doped BiFeO3; nanoparticles. Since, the average grain size for Th4, Th5
and Th6 are nearly same so, another deciding factor may also be the porosity of the samples,

which also plays an important role in deciding the dielectric properties.

The dielectric loss proportional to imaginary part of the dielectric constant represents
the energy dissipation of the system. The resonance peaks observed in the loss spectra are
indicative of correlation of dielectric polarization of the sample and conduction mechanism
[133]. The low losses (Table 3.2) may be attributed to the nanosized grains, giving rise to
large insulating barriers between the grains, i.e., low leakage current [130]. Thus, the
observed decrease in loss with the Tb doping in BiFeO3 nanoparticles may be possibly due to

the lowering of the grain size, which further improves the dielectric properties.
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3.3.2.4.2 Ferroelectric analysis
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Fig. 3.15 Ferroelectric hysteresis loops of undoped, Th4, Th5 and Th6 nanoparticles at room

temperature

Fig. 3.15 shows room temperature P-E hysteresis loops of the synthesized
nanoparticles at frequency of 100 Hz. The electric hysteresis parameters obtained from the P-

E loops are summarized in Table 3.2.

The polarization in BiFeO3 results due to displacement of Bi vis a vis FeOg octahedra,
which is the result of stereochemically active 6s? lone pair of Bi [133]. In general, the defects
and non-stoichiometric issues prevent the observation of well-saturated P-E loops in BiFeO3
[205]. To measure the P-E loops, voltage was varied in steps until the breakdown of the
sample. All the synthesized nanoparticles have been found to show different breakdown
voltages. The doping of Tb* ions in BiFeO; lattice has resulted in enhanced ferroelectric
properties. The spontaneous polarization as well as the applied electric field values have been
found to increase with doping of Tb® ions (Table 3.2). The enhancement in ferroelectric
behavior may be attributed to two reasons [76-77, 129]. One, rhombohedral distortion of

BiFeOs lattice into orthorhombic structure (as revealed by XRD) due to ionic radii mismatch
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indicating the reduction of centre of symmetry with the introduction of Tb*" ions in BiFeO3
lattice. Second, the lowering of space charges and leakage current density due to decrease in
average grain size by Th-doping. The substitution of Tbh** ions at volatile Bi** ions site

reduces the secondary phase formation, and thus enhances the resistivity if the system.

Particle size has been found to play a vital role in deciding the ferroelectric properties

of the synthesized nanoparticles. The P, value decays with increasing particle size. Also, the

samples are unable to withstand higher electric field with increasing particle size. This
indicates that increasing particles size leads to increase in leakage current. The presence of
nanosized grains in the synthesized nanoparticles (FEG-SEM) acts as a large insulating
barrier to the mobile charge carriers [130]. The particle size, found to increase with the grain
size, decreases the insulating behaviour, which, in turn, decays ferroelectricity. This
observation points towards the increasing defects and vacancies (oxygen and bismuth) with
the increasing particle size as both of these are well known sources for enhancing the

conductivity and thus lead to leakage current in BiFeOs.
3.4 Dy-doped BiFeO3; nanoparticles (Bi;xDyxFeO3; x=0, 0.15)
3.4.1 Synthesis

The synthesis of Bi;xDyxFeO3 (x = 0.15) nanoparticles was carried out via sol-gel
method same as described in section (3.2.1). BiFeO3; nanoparticles were acquired by
calcining at 450 °C (P4). 15% Dy-doped BiFeOs nanoparticles of different sizes were then
obtained by the calcination at different temperatures viz., 450 °C (Dy4), 550 °C (Dy5) and

650 °C (Dys6) for 4 hour.
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3.4.2 Results and discussion

3.4.2.1 Structural and phase analyses
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Fig. 3.16 (a) XRD patterns of P4, Dy4, Dy5 and Dy6 nanoparticles at room temperature and
(b) enlarged view of XRD patterns around 20 ~ 31 - 34°. Inset shows the variation of

crystallite size as a function of calcination temperature.

The structural and phase investigations were carried out in order to study the
influence of Dy-doping and calcination temperature on BiFeO3 nanoparticles. Fig. 3.16 (a)
shows the XRD patterns of P4, Dy4, Dy5 and Dy6 nanoparticles. The lattice parameters,
crystal structure and crystallite size related to the synthesized nanoparticles are summarized
in the Table 3.3. From the XRD patterns of P4 nanoparticles, it has been observed that all the
diffraction peaks characterize a rhomb-centered lattice of BiFeO3 having Rsc space group
(JCPDS Card No. 86-1518). One additional peak observed at 20 = 28° is attributed to
BiysFe,O39. The presence of this minor secondary phase does not contribute towards
magnetism since; it’s not room temperature ferromagnetic [130].

Remarkable features have been observed with the substitution of Dy** ions in BiFeOs;
lattice. It has been observed that the doping of Dy** ions led to a structural transformation.

As, XRD patterns of Dy4, Dy5 and Dy6 nanoparticles correspond to the orthorhombic phase
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of DyFeO3; having Pbnm space group (JCPDS Card No. 46-0135). This observation is well
supported by the merging of (104) and (110) peaks at around 20 ~ 32° in BiFeOj;
nanoparticles into a single peak with the doping of Dy*" ions (Fig. 3.16 (b)). It is indicative of
the distortion of structure from rhombohedral to orthorhombic structure due to doping
[132].This is consistent with the other rare earth doped BiFeOs reports [129, 132]. The reason
for the structural transformation due to Dy** ions substitution is attributed to the size effects
[129]. In the Ry structure of BiFeO3; when the Dy** ions with smaller ionic radius (0.912 A)
replaces Bi** ions with larger ionic radius (1.17 A) the tolerance factor (t) decreases given by
the expression given below [206].

{— R, + R,
~V2(R, +Ry) (3.6)

where Ra, Rg, and Rp are the ionic radii of the atoms at A, B, and O sites.

The decrease in tolerance would lead to compression amongst Fe-O bonds and
stiffness amongst Bi**/Dy**- O* bonds. The stress in the lattice is relieved by the oxygen
octahedra rotation [206]. The relative angle of rotation between two oxygen octahedra in the
Rsc structure along [111] polarization axis increases with the substitution of Dy** ions
thereby, inducing distortions in the structure [151]. Thus, the rhombohedral phase of BiFeO3
becomes unstable and transforms into orthorhombic phase along with the reduction of lattice
parameters and overall volume of the lattice.

It can be well observed from Fig. 3.16 (b) that, two separated peaks merged into a
single broad peak which is shifted towards higher 26 with respect to undoped one. This shift
of the diffraction peaks towards the higher angle approves the substitution of Dy** ions in
place of Bi** ions in the lattice. Since, in case of the interstitial site substitution diffraction

peaks shift toward the lower angle [152]. According to the criterion of the incorporation of
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guest ion into the host lattice, the substitution may be interstitial or substitutional. For the
substitution to be interstitial, the ionic radius ratio of solute and solvent is 0.59. From the
Shannon’s ionic radius values, the ratio of Dy** ion to Bi** ion has been found out to be 1.28
[152]. The higher ratio indicates that the Dy** atoms substitute the Bi** atoms. Traces of
impurity related to Dy,03 (JCPDS Card No. 22-0259) indicated by (#) have been found in
Dy4 nanoparticles. However, its contribution towards the magnetism is ruled out as, it does
not display any room temperature magnetism [207]. The impurity phase detected in the XRD
pattern of Dy4 nanoparticles was however, found to diminish with the raising of calcination

temperature.
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Fig. 3.17 Lattice parameters (a) a, (b) b, (c) ¢ and (d) volume of P4, Dy4, Dy5 and Dy6

nanoparticles at room temperature

The average crystallite size of the synthesized nanoparticles has been calculated using
Debye-Scherrer equation [196]. The values thus, obtained are summarized in Table 3.3. The
variation of crystallite size as a function of calcinations temperature has been shown in Fig.

3.16 (b). It has been revealed that the doping of Dy** ions lead to a remarkable reduction in
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the crystallite size. The shifting of diffraction peaks with the doping as well as with the
variation of calcination temperature in Fig. 3.16 (b) illustrates the change of lattice
parameters. This can be observed in Fig. 3.17 as well, where the variation of lattice
parameters (a, b, ¢) and volume (V) has been depicted. It has been observed (Fig. 3.17) that
compression of lattice takes place by the substitution of Dy*" ions in BiFeOs. The reason may
be attributed to the substitution of Dy** (0.912 A) with smaller ionic radius in place of Bi**
(1.17 A) having comparatively larger ionic radius [152].

The influence of variation of calcination temperature for the 15% Dy-doped BiFeOs
nanoparticles is clearly revealed by Fig. 3.16 (b) and its inset. Along with the consistency in
the phase i.e. orthorhombic, the broadening of peaks take place as the calcination temperature
is decreased (Fig. 3.16 (b)). This therefore, reveals the decrease of crystallite size, which is
also well in agreement with the values of average crystallite size calculated using Debye-
Scherrer equation (Table 3.3).

3.4.2.2 Morphological analysis

Fig. 3.18 TEM micrographs of (a) P4, (b) Dy4, (c) Dy5 and (d) Dy6 nanoparticles and (e)

enlarged view of Dy6 nanoparticles
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TEM micrographs of P4, Dy4, Dy5 and Dy6 nanoparticles are shown in Fig. 3.18 (a-
e). It exhibits agglomerated nanoparticles of average particle size 30, 20, 45 and 86 nm for
P4, Dy4, Dy5 and Dy6 respectively. Similar formation of agglomerated nanoparticles has
also been reported previously [108, 130, 133]. The reason of agglomeration is attributed to
the high surface energy of nanoparticles [108]. High agglomeration witnessed for Dy4, Dy5
and P4 nanoparticles than Dy6 nanoparticles is attributed to their comparatively smaller
particle size. Fig. 3.19 (e) shows the enlarged view of the micrograph shown in Fig. 3.18 (d).
It reveals the morphology of Dy6 nanoparticles to be nearly elliptical. Many phenomena can
be (Ostwald ripening, kinetically controlled, homogeneous nucleation) attributed to the
growth of nanoparticles [153]. For the present nanoparticles synthesized by sol-gel method,
the growth mechanism is described by homogeneous nucleation as explained in section

3.1.2.2.

X 100,000

(©) e

ETI frd 100nm X 100,000

Fig. 3.19 FEG-SEM micrographs of (a) P4, (b) Dy4, (c) Dy5 and (d) Dy6 nanoparticles at the

same magnification (100,000 X)
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The morphological and microstructural surface properties are depicted by FEG-SEM
micrographs of P4, Dy4, Dy5 and Dy6 nanoparticles (Fig. 3.19). The FEG-SEM micrographs of all
the synthesized nanoparticles reveal uniform distribution of densely packed grains having well-
defined boundaries indicating their crystalline nature. The morphology has been witnessed to be
spherical for all the nanoparticles. Fig. 3.19 compares the microstructure and average grain size
amongst all the nanoparticles at the same magnification i.e. 100, 000 X. It has been observed that
doping of Dy** ions in BiFeO; lattice remarkably reduced the grain size (Fig. 3.19 (b)). The reason
may be attributed to the inhibition of grain growth by smaller Dy*" ions which, thereby, help in
densification [97]. Fig. 3.19 (b), (c) and (d) clearly reveals the influence of increase of calcination
temperature on the Dy-doped nanoparticles. The grains with smaller size (450 °C) aggregate to form
bigger ones (550 °C) which further expands as the calcination temperature was raised to 650 °C.
Raising calcination temperature results in the coalescence of grains via grain boundaries [197]. This
observation corroborates well with the XRD results, which also indicate the increase of crystallite size
with the increasing calcination temperature. Thus, it is evident that calcination temperature has a

direct influence on the size of synthesized nanoparticles.

3.4.2.3 Magnetic analysis
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Fig. 3.20 Room temperature magnetization hysteresis loops of BiFeO; nanoparticles P4, Dy4, Dy5

and Dy6 nanoparticles
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Room temperature magnetic hysteresis loops of P4, Dy4, Dy5 and Dy6 nanoparticles
are shown in Fig. 3.20. The values related to magnetic parameters such as, saturation
magnetization, exchange bias field and vertical asymmetry are summarized in Table 3.3.
Ferromagnetism has been displayed by all the synthesized nanoparticles, which is consistent

with the previous reports on rare earth doped BiFeO3 nanoparticles [130, 133, 135, 152, 202].

The origin of ferromagnetic ordering in BiFeO3 nanoparticles has mainly two causes.
Firstly, it is owed to the magnetic ordering in BiFeOs. Being an antiferromagnetic system, it
comprises of spin sublattices having ferromagnetic interactions inside them but
antiferromagnetic interactions amongst each other [130]. In accordance with the Néel’s
theory, the observation of ferromagnetic behavior in these small antiferromagnetic
nanoparticles is ascribed to incomplete spin compensation amongst two spin sublattices
[152]. This gives rise to a measurable magnetic moment in case of small antiferromagnetic
systems as; the antiferromagnetic ordering gets interrupted at the surface of particle. Owing
to the large surface to volume ratio in the nanoparticles, the non-compensated spins
contribute substantially towards the enhancement of particle’s overall magnetization.
Secondly, it is the modification of spin cycloidal structure due to the particle size of
synthesized BiFeOj3 being below 62 nm (spin cycloid wavelength). The average particle size
of 30 nm, as revealed by TEM image, remarkably modifies the spin cycloidal structure due to
grain size confinement [110]. Due to this effect, the long range spin cycloidal structure gets

partially destroyed hence, gives rise to ferromagnetism.

The hysteresis loops shown in Fig. 3.20 indicate a remarkable rise in the saturation
magnetization value with the doping of Dy** ions. This observation is consistent with the
other rare earth doped BiFeO3 nanoparticles [130, 133, 135, 152, 202]. The enhancement in

magnetization due to Dy - doping is attributed to three reasons. Firstly, it is the large lattice

105



Rare earth metal ions doped-BiFeOs; nanoparticles

distortion induced due to the substitution of the smaller Dy** ions (0.912 A) in place of larger
Bi** (1.17 A) [129]. This results in structural change of BiFeOs (from rhombohedral to
orthorhombic as revealed by XRD) which further leads to the destruction of spin cycloid.
Hence, giving rise to the enhanced magnetization [132]. Second reason is the coupling of
magnetically active 4f electrons of Dy** ions with Fe** ions as revealed by the first-principle
calculations by Liu [131] and Guo [132] et al. Quite large magnetic moment of Dy** ions
(10.6 pg) leads to enhancement of ferromagnetism in the present system. Thirdly, it is the
suppression of oxygen ion vacancies with the doping of less volatile Dy** ions at Bi-site that

reduces the variable valances of Fe [202]. Here, the M (value registered with Dy-doping is

quite higher than that reported by Qian et al. [130].

Correlation between magnetism and particle size of 15% Dy-doped BiFeOs;
nanoparticles is clearly revealed by Fig. 3.20. It has been observed that particle size controls
the overall magnetism of the Dy-doped nanoparticles. The magnetization has been found to
rise drastically with decreasing particle size (Table 3.3), similar to the other size dependent
reports on BiFeO3; nanoparticles [108, 110]. The reasons responsible are decreasing oxygen
ion vacancies [130, 133, 135] and increasing surface to volume ratio [110, 130]. As explained
above, in case of antiferromagnetic nanoparticles, the incomplete spin compensation at the
surface of antiferromagnetic BiFeO; becomes measurable on reducing its size. With the
decrease in particle size, the surface to volume ratio increases and so does the contribution of
non-compensated spins present on particle’s surface [110]. Since, Dy4 nanoparticles possess
the smallest particle size (as revealed by TEM) it exhibits highest saturation magnetization
value (13.8 emu/g) which is also well in accordance with Néel’s modelling of the present
system. The saturation magnetization value decreases for Dy5 and Dy6 accordingly as, the

particle size increases. Thus, the present study depicts strong correlation between magnetism
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and particle size in Dy-substituted BiFeO3; nanoparticles. Also, in BiFeO3 nanoparticles of
size below 62 nm (spin cycloid wavelength) magnetic properties are strongly size-dependent,
owing to the grain size confinement effect [110]. It is an effect which modulates the spin
spiral structure present in BiFeOs. The remarkably high saturation magnetization value at

room temperature for Dy4 nanoparticles is of great interest from device application point of

VIEW.
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Fig. 3.21 Zoomed in view of magnetization hysteresis loops of (a) P4, Dy4, Dy5, and (b) Dy6

nanoparticles

A shift in the magnetic hysteresis loops indicating H,, as well as M, has been

observed for all the synthesized nanoparticles (Fig. 3.21). The shift is due to the exchange
coupling amongst the ferromagnetic surfaces and antiferromagnetic cores [135]. The values

of H,, (Table 3.3) have been calculated using Eq. 3.4. The presence of finite coercivity as

well as exchange bias field rules out the possibility of superparamagnetism. Also, it approves
the ferromagnetism and pinning of spins at the ferromagnetic-antiferromagnetic interfaces
[107]. This further supports the Néel’s modelling of the magnetization of synthesized
nanoparticles. The room temperature coercivity is of high interest from application point of

view.
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The rarely observed Mg, in the M-H loops is ascribed to the presence of

uncompensated spins at the ferromagnetic-antiferromagnet interface. It is calculated using

Eq. 3.5 [199]. The values thus obtained are summarized in Table 3.3. It has been observed to

increase with reduction in particle size. It may be owed to the lowering density of

uncompensated spins with the decreasing particle surface area, which corroborates well with

the Néel’s modelling of the system.

Table 3.3 Structural, magnetic and electric parameters of P4, Dy4, Dy5 and Dy6

nanoparticles

Structural parameters

Magnetic parameters

Electric parameters

D a b c \% M H., M i &  Loss P, Ps E.
Sample | nm A A A A3 emulg e emulg @ 0.1 kHz uC/em? | uClem? kV/em
P4 14.8 5,57 | 5,57 | 13.86 | 430.0 2.2 2.0 0.82 699 0.38 4.2 3.4 134
Dy4 6.2 3.19 | 554 | 7.83 | 1385 13.8 2.2 0.07 11,645 0.36 12.4 8.3 41.3
Dy5 8.9 3.20 | 555 | 7.84 | 139.3 4.4 1.8 0.05 2067 1.55 8.3 5.4 374
Dy6 10.5 321 | 555 | 7.85 | 139.7 0.5 16.1 0.005 640 1.31 2.1 14 19.4
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3.4.2.4 Electrical analysis

3.4.2.4.1 Dielectric analysis
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Fig. 3.22 Room temperature frequency dependence of the (a) dielectric constant of Dy4, Dy5
and Dy6 nanoparticles (b) dielectric loss of P4, Dy4, Dy5 and Dy6 nanoparticles in the range

0.1-1000 kHz. Inset shows frequency dependence of dielectric constant of P4 nanoparticles

Fig. 3.22 (a) displays the room temperature frequency dependence of dielectric
constant and dielectric loss in the range 0.1-1000 kHz on the log scale. It has been observed
that in all the synthesized nanoparticles the dielectric constant values descend in the lower
frequency range and becomes constant thereafter. These dispersions in the dielectric
behaviour are maximum for Dy4 and minimum for Dy6 (Fig. 3.22 (a)). Frequency
dependence of dielectric constant has been witnessed to decrease with increasing frequency.
Two reasons may be attributed to this. First, is the space charge relaxation according to the
Maxwell-Wagner model associated to interfacial charge relaxation [130, 133, 135]. Oxygen
and bismuth vacancies, lattice distortions, defects at the interfaces and in the grains are the
sources of space charges in BiFeO3 [152]. They contribute towards the dielectric constant at
lower frequencies as, they are able to follow the applied field but unable to do so at higher

frequencies. Secondly, different kinds of polarizations that contribute towards dielectric
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constant at lower frequencies are electronic, atomic, interfacial and ionic. While, only
electronic polarization contributes at higher frequencies thereby, resulting in the decrease of

dielectric constant with the increasing frequency [202].

The dielectric constant for all the nanoparticles was witnessed to be of Debye-type
[137]. The room temperature dielectric constant values at 0.1 kHz are summarized in Table
3.3. These values points towards a significant rise in the dielectric constant value with the
Dy-doping. The reason may be attributed to the substitution induced lattice distortion (as
revealed by XRD) which happens due to the smaller ionic radius of Dy** ion (0.912 A) than
the Bi** ion (1.17 A) [152] and suppression of oxygen vacancies [133, 135]. Here, the Dy-
doping has been found to register quite high value of the dielectric constant as compared to
that reported by Qian et al. [130]. Further, dielectric constant of Dy-doped BiFeO;
nanoparticles has been found to be greatly particle size-dependent. Fig. 3.22 (a) illustrates the
decrease of dielectric constant with the increasing particle size. Two reasons may be
attributed to this. Firstly, as grain and grain boundaries play an important role in deciding the
overall dielectric properties in a material. The reason for it may be owed to the presence of
nanosized grains in the synthesized nanoparticles [130]. These act as large insulating barrier
for the mobile charge carriers. As, from the FEG-SEM micrographs average grain size has
been found to increase with the increasing calcination temperature. The dielectric constant
values have been observed to decay accordingly. So, Dy4 comprising of smallest nanograins,
gives rise to large insulation as compared to Dy5 and Dy6. Thus, it indicates that grain and
grain boundaries play a crucial role. Secondly, this behaviour may be due to the oxygen ion
vacancies, which also play a crucial role [135]. These give rise to dc conductivity thereby,

deteriorating the dielectric constant. As discussed previously, oxygen vacancies increase as
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we move from Dy4 to Dy5 to Dy6. Consequently, dielectric constant has been found to

decrease.

Fig. 3.22 (b) represents the frequency dependence of dielectric loss. The loss values at
0.1 k Hz have been summarized in Table 3.3. These low loss values pertain to the nanosized
grains (as revealed by FEG-SEM) [130]. The dielectric loss has been found to decrease with
Dy- substitution in BiFeO3; (Dy4). Thus, indicating the improvement of dielectric properties
with the doping. The appearance of dielectric relaxation peak has been witnessed for all the
synthesized nanoparticles. The resonance peak is attributed to the matching of the natural
frequency of jumping of the ions with that of the applied external field [152]. At the
resonance, ions oscillate with maximum electrical energy thus, the loss values enhance

remarkably.

3.4.2.4.2 Ferroelectric analysis
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Fig. 3.23 P-E loops of P4, Dy4, Dy5 and Dy6 nanoparticles at room temperature
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Room temperature ferroelectric behaviour of the synthesized nanoparticles at
frequency of 100 Hz is shown in Fig. 3.23. Various polarization parameters are summarized
in Table 3.3. Bulk BiFeO3 is known to suffer from high leakage problems arising due to
variable oxidation state of Fe, defects, oxygen vacancies, volatile nature of Bi, non-
stochiometric issues and secondary phases [150-152]. Undoped BiFeO3 nanoparticles have
been found to exhibit better ferroelectric behaviour with respect to its bulk counterpart. The
nanoscale particle size leads to increased density of the pellets (FEG-SEM; Fig. 3.19), which

thus reduces the current conduction [130].

On introduction of Dy** ions in BiFeOs lattice the polarization as well as the applied
electric field values (Table 3.3) have been found to enhance, which means improvement of
ferroelectric property by Dy** ions. Dy-substitution induced rhombohedral distortion of
BiFeO; due to ionic mismatch between Dy** ions (0.912 A) and Bi** (1.17 A) ions
remarkably enhanced the polarization values. The bond dissociation energy of the rare-earth
metal ion-oxygen (Dy-O) bond is higher than the Bi-O bond [150]. This in turn reduces the
non-stoichiometric issues, space charge defect (oxygen and bismuth vacancies) and
secondary phases as the Dy** ions substitute volatile Bi** ions. Grain and grain boundaries
significantly contribute towards the electric properties. Polycrystalline nanoparticles,
consisting of high grain boundary region and inhomogenity amongst the grain and grain
boundaries, enhance the resistivity [133]. Since Dy-doping has been found to reduce the grain
size it implies that the smaller grains in this sample (FEG-SEM; Fig. 3.19) provide better

insulation barrier to the conductivity of mobile charge carriers.

Influence of particle size of Dy-doped BiFeOs; nanoparticles on the ferroelectric
property has also been analysed. It has been revealed that the remnant polarization and

applied electric field values enhance as the particle size reduces. The possible reason is the
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presence of nano-sized grains (FEG-SEM; Fig. 3.19) in the synthesized nanoparticles [130].
The smaller grains act as a better insulating barrier for the conducting charge carriers than the
larger ones. Therefore, ferroelectricity has been found to enhance with the reducing particle

size of Dy-doped BiFeO3 nanoparticles.
3.5 Gd-doped BiFeO3; nanoparticles (Bi;-xGdxFeOs; x =0, 0.15)
3.5.1 Synthesis

The synthesis of Bi;xGd xFeO3 (x = 0.15) nanoparticles was carried out via sol-gel
method same as described in section (3.2.1). BiFeO3; nanoparticles were acquired by
calcining at 450 °C (Bi4). 15% Gd-doped BiFeO3 nanoparticles of different sizes were then
obtained by the calcination at different temperatures viz., 450 °C (Gd4), 550 °C (Gd5) and

650 °C (Gd6) for 4 hour.
3.5.2 Results and discussion

3.5.2.1 Structural and phase analyses
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Fig. 3.24 (a) XRD patterns of Bi4, Gd4, Gd5 and Gd6 nanoparticles and (b) enlarged view of

XRD patterns of Bi4 and Gd4 nanoparticles
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The influence of Gd-doping and varying particle size on the crystal structure of
BiFeOj3 has been studied by XRD. Fig. 3.24 (a) shows XRD patterns Bi4, Gd4, Gd5 and Gd6
nanoparticles. The diffraction peaks associated with undoped BiFeOj3 correspond to rhomb-
centered lattice with Rzcspace group (JCPDS Card No. 86-1518). Minute traces of impurity
denoted by # and * (Fig. 3.26 (a)) correspond to BiysFe,039 (JCPDS Card No. 42-0201) and

Gd,03 (JCPDS Card No. 43-1015), respectively.

Gd-doping introduces some noticeable features in the XRD patterns. It has been
observed that the doping of Gd*" ions results in a structural transformation. Fig. 3.24 (b)
clearly reveals two distinctive diffraction peaks i.e. (104) and (110) around 2 6 ~ 32° in
undoped BiFeO3 nanoparticles merge to form a single peak with Gd-doping, which is further
shifted to the higher 20. It indicates the structural transformation from rhombohedral phase to
orthorhombic phase owing to the substitution of smaller Gd** ions (0.938 A) at larger Bi**
ions (1.17 A) place [132]. The shifting of diffraction peaks of Gd4 nanoparticles towards the
higher angle approves the successful substitution of Gd** ions in BiFeOs lattice. As if the
substitution would have been at interstitial site the shifting of diffraction peaks takes place
towards the lower angle [152]. The values of various lattice parameters are given in Table
3.4. The doping of smaller Gd** ions are observed to compress the BiFeO; lattice. The
average crystallite size of the nanoparticles was calculated using the Debye-Scherrer
equation [196]. The values obtained are summarized in Table 3.4. It has been found that Gd-
doping leads to remarkable reduction of the crystallite size and is well reflected in the
broadened diffraction peak in Gd4 nanoparticles (Fig. 3.24 (b)). The reason may be attributed

to the substitution of smaller Gd** ions at larger Bi-site.

The variation of calcination temperature has been found to influence the XRD
patterns. All the Gd-doped BiFeO3; nanoparticles have been observed to possess the
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orthorhombic phase. As XRD patterns of Gd4, Gd5 and Gd6 nanoparticles correspond to the
orthorhombic phase of GdFeO3; (JCPDS Card No 74-1477). The impurity phase detected in
the XRD pattern of Gd4 nanoparticles has been observed to diminish with the increase in
calcination temperature. The average crystallite size values (Table 3.4) of the Gd-doped
BiFeO3; nanoparticles indicate the decrease in crystallite size with calcination temperature,
which is well reflected in the broadening of the peaks (Fig. 3.24 (a)).

3.5.2.2 Morphological analysis

Fig. 3.25 TEM micrographs of (a) Gd4 and (b) Gd6 nanoparticles

Fig. 3.25 (a) and (b) represent TEM micrographs of Gd4 and Gd6 nanoparticles. The
highly agglomerated nanoparticles of irregular morphology have been observed to form
similar to previous reports [108, 130, 133]. The reason of agglomeration may be attributed to
the high surface energy of nanoparticles [108]. The average particle size has been found out
to be 16 and 150 nm, respectively, for Gd4 and Gd6 nanoparticles. Here the growth
mechanism of nanoparticles formed by sol-gel has been found to take place via homogeneous

nucleation [18]. The details of the mechanism are described in section 3.1.2.2.
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Fig. 3.26 FEG-SEM micrographs of (a) Gd4 (b) Gd5 and (c) Gd6 nanoparticles at 50k X

Fig. 3.26 illustrates the FEG-SEM micrographs of Gd4, Gd5 and Gd6 nanoparticles at
50k X (magnification) and 100 nm (scale). The microstructures have been found to possess
uniformly distributed densely packed grains having well-defined boundaries, which reveal
their crystalline nature. The morphology of all the nanoparticles has been observed to be
almost spherical. On comparing the microstructures, the increase in grain size with
calcination temperature has been observed. This indicates grain growth with temperature. The
reason may be attributed to the coalescence of grains via grain boundaries with rise in

temperature [197].

3.5.2.3 Magnetic analysis

6
—=— Bi4 (@)
" —e— Gd4
1 - cds
v Gd6
24
® .
~
= =
E g
9 3
=
= 2]
-4
-6 T T T T T T T T o '
20 15 -10 -5 0 5 10 15 20 o L L
H (kOe) H (kOe)

Fig. 3.27 (a) Room temperature magnetization hysteresis loops of Bi4, Gd4, Gd5, and Gd6

nanoparticles and (b) their enlarged views
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Fig. 3.27 shows M-H loops of the synthesized nanoparticles. All the nanoparticles
have been found to exhibit ferromagnetism. The impurity (revealed in XRD; Fig. 3.24)
contribution, towards the observed magnetism, is ruled out as it doesn’t exhibit room
temperature ferromagnetism [208]. Undoped BiFeO3; nanoparticles are found to possess
ferromagnetism, contrary to its bulk counterpart (antiferromagnetic) [107]. Following are the
attributed reasons [110]: (i) incomplete spin compensation between two spin sublattices in
small antiferromagnetic nanoparticles leads to measurable magnetization, according to Néel’s
theory and (ii) at nanoscale the large surface to volume ratio enhances the contribution of

uncompensated surface spin.

Various magnetic parameters obtained from the enlarged view of M-H curves (Fig.
3.27 (b)) are summarized in Table 3.4. Saturation magnetization value has been found to
increase with Gd-doping in BiFeOs lattice (Table 3.4). The observation is similar to other rare
earth doped-BiFeO3; nanoparticles [129-133]. Gd-doping induces large lattice distortion
owing to its smaller ionic radius (0.938 A) as compared to Bi** (1.17 A), which in turn
suppress the spin cycloid structure of BiFeO3 and thus enhances the magnetization [129, 132].
Also, Guo and Liu et al observed enhanced magnetism due to the coupling of magnetically
active rare earth ion (Eu®") with Fe** by the first-principle calculations [132]. As Gd**
possesses quite high magnetic moment (8.0 ug), its coupling with Fe** ions leads to

enhancement of ferromagnetism in the present system. Here, the M  value observed with Gd-

doping is quite large as compared to the sol-gel synthesized Gd-doped BiFeO3 nanoparticles

reported by Guo et al. [132].

Saturation magnetization value has been found to increase with reduction in particle
size (Table 3.4) - behavior typical for antiferromagnetic nanoparticles [133]. As surface to

volume ratio increases with reducing particle size, the density of number of uncompensated
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spins increases, which results in enhanced magnetization. Also, grain size confinement effect
comes into play for particles below 62 nm [110]. It modulates the spin cycloid structure of

BiFeO3 and thus leads to strongly size-dependent magnetism.

In magnetoelectric material, the exchange bias mechanism allows the exploitation of
coupling of antiferromagnetic and ferroelectric orders, for device application [198]. The
exchange bias field (H.,, ) has been observed in the present system and is calculated using Eq.
3.4 [107]. Exchange bias results from exchange interactions between pinned uncompensated
spins in antiferromagnetic core and moments in ferromagnetic surface [135]. The
calculated H , values are shown in Table 3.4. It has been found to tune with variation in
particle size. It enhances with reduction in particle size. The reason is attributed to the
decrease in the density of uncompensated spins on the particle surface with size [107]. It is
well in agreement with the Néel’s modelling of the synthesized samples. This observation
indicates that in the present system oxygen vacancies increase with calcination temperature.
As the unstable charge configuration of Fe** require generation of oxygen vacancies and

hence decrease the uncompensated spins, which in turn decrease the exchange bias.

Also, the presence of M, along with horizontal sift has been observed in the
magnetic hysteresis curves. It has been calculated using Eq. 3.5 [199]. The rarely found M g,

is indicative of the uncompensated spins at the ferromagnetic-antiferromagnet interface. It

has been found to be influenced by variation in particle size. Both H,, and M, have been

observed to follow the same trend i.e. increase with decrease in particle size (Table 3.4).
Thus, particle size plays a significant role in deciding the various magnetic parameters

(Ms'Heb and Mshift)'
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Table 3.4 Structural, magnetic and electric parameters of Bi4, Gd4, Gd5 and Gd6

nanoparticles

Structural parameters Magnetic parameters Electric parameters
D a b c \Y & L P P E
M, Hep, | Mg 0% * ' ¢
Sample | nm A A A A emu/g Oe emulg @0.1 kHz pC/em?* | upClem® | kviem
Bi4 212 | 556 5.56 139 | 429.6 25 11 0.005 690 0.34 2.6 21 9.1
Gd4 9.2 5.60 5.59 7.8 244.2 49 3.2 0.002 2193 0.32 8.4 7.0 13.3
Gd5 16.2 5.53 5.54 7.6 232.8 11 1.0 0.001 77 13 7.1 6.2 134
Gd6 20.1 | 551 5.36 8.1 239.2 0.6 0.5 6E-4 546 1.8 5.1 4.3 8.2
3.5.2.4 Electrical analysis
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Fig. 3.28 Room temperature frequency response of dielectric constant and loss (Inset) of

synthesized nanoparticles in the range 0.1-1000 kHz
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Fig. 3.28 illustrates frequency response of dielectric constant and dielectric loss of
synthesized nanoparticles in the range 0.1-1000 kHz. The dielectric behaviour has been
observed to show dispersive behaviour, which approves the presence of space charges [137].
The observation can be explained by the dipole relaxation phenomenon where the space
charges are able to follow the lower frequencies of the applied field however fail to do so at
higher frequencies [133]. These space charges are trapped by the grains, defects of
nanoparticles at the interfaces, lattice distortions, and oxygen and bismuth vacancies [152].
Moreover, dielectric constant is dependent on different kinds of polarization (electronic,
interfacial, atomic, and ionic etc) at low frequency but at higher frequencies only electronic

polarization contributes thereby resulting in its decrease [202].

All the synthesized nanoparticles have been found to display Debye-type relaxation
[137]. The various dielectric parameters are summarized in Table 3.4. It has been observed
that Gd-doping enhances the dielectric constant value owing to the rhombohedral lattice
distortion by substitution of smaller Gd** ion (0.938 A) at larger Bi** ion (1.17 A) [76-77]. It
results in orthorhombic phase formation, which being less centrosymmetric crystal structure
gives rise to more polar displacements and thus, higher dielectric constant value [149]. The
dielectric loss (inset Fig. 3.28) has been found to decrease with Gd-doping (Table 3.4). This
result indicates that Gd** ions improve the dielectric properties of BiFeOs. The substitution of
smaller Gd* ions (0.938 A) at A-site decreases the average ionic radius of A-site and
decreases Fe—O—Fe bond angle (0). The smaller 6 lowers the electronic bandwidth, which, in
turn, increases the charge-transfer gap between oxygen 2p valence band and Fe 3d
conduction band, which allows slow transfer of the charge carriers [152]. Moreover, the rare
earth metal ions substitution strengthens random as well as Coulomb potential, which further

strengthens the localization degree of Fe** and enhances the resistivity [152].
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Further, particle size significantly influences the dielectric properties of Gd-doped
BiFeO3 nanoparticles (Table 3.4). It has been observed that the dielectric constant decreases
with increase in particle size. The reason may be attributed to the nanosized grains present in
the synthesized nanoparticles as revealed by FEG-SEM (Fig. 3.26) [130]. These act as large
insulating barriers to mobile charge carriers, which thus result in reduced conductivity in the
system [130]. Here, FEG-SEM micrographs reveal decreasing grain size with calcination
temperature. Hence, smaller the grain size better is the insulation consequently higher the
dielectric constant. The polycrystalline nanoparticles have large grain boundary region. Grain
and grain boundary regions are crucial in deciding the electrical properties as the

inhomogenity amongst them reduces the mobility of charge carriers [202].

A decrease in dielectric loss (energy dissipation in the dielectric system) has been
observed with particle size (Table 3.4) indicating increased resistivity provided by the smaller
nano-sized grains as described above. The resonance observed in loss spectra indicates
correlation of dielectric polarization of the sample and conduction mechanism [133]. The

peak appears when the hoping frequency matches with that of applied external electric field.

3.5.2.4.2 Ferroelectric analysis
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Fig. 3.29 Ferroelectric hysteresis loops of Bi4, Gd4, Gd5 and Gd6 nanoparticles at room temperature
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Fig. 3.29 shows room temperature P-E hysteresis loops of the synthesized
nanoparticles at frequency of 100 Hz. Table 3.4 summarizes various polarization parameters.
Undpoed BiFeO3 nanoparticles have been found to exhibit weak polarization. Bulk BiFeOg is
reported to show poor ferroelectric behaviour due to non-stoichiometric issues, oxygen
vacancies and space charge defects arising due to high volatility of BiFeO3 [150]. Undoped
BiFeO3 nanoparticles have been found to exhibit better ferroelectric behaviour. The improved
ferroelectric behaviour may be owed to increased density of the pellet in nano regime that
reduces the current conduction [134]. The polarization values (Table 3.4) have been found to
enhance in all the Gd-doped BiFeOj3 nanoparticles, thereby indicating improved polarization
values. Three reasons may be attributed to this behaviour: (i) The substitution of Gd** ions at
Bi*" ion site reduces the said issues as the energy required to dissociate the rare-earth metal
ions-oxygen (Gd-O) bond is higher than the Bi-O bond [150]. The reduced defects in turn
lower the leakage current that results in polarization, (ii) Grain and grain boundaries also
influence the leakage current. Gd-doping has been found to reduce the grain size and smaller
grains provide insulation barrier to the conductivity by charge carrier [133, 202] and (iii) The
rhombohedral structural distortion of BiFeO3; by Gd®* ions into orthorhombic due to
mismatch between their ionic radii also leads to the enhancement of ferroelectricity as the

later structure is less centrosymmetric [150].

Varying particle size has significantly influenced the ferroelectric behaviour of Gd-
doped BiFeO3; nanoparticles. The spontaneous polarization and the applied electric field
values have been found to enhance with reduction in particle size. The reason may be
attributed to the nano-sized grains [130]. The smaller the grain size better is the obstruction to
the charge carriers, which in turn increases the insulation of the nanoparticles having smaller

grain  size giving rise to increasing  saturation  polarization  values.
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Chapter 4

The present chapter deals with the experimental procedures employed for synthesizing the
alkaline earth doped BiFeO3; nanoparticles and varying their particle size. Their structural,

morphological, magnetic, dielectric and ferroelectric properties have been discussed.

Following is the communication corresponding to alkaline earth doped BiFeO3 nanoparticles.

Some of the results have been discussed in this chapter.

1. Gitanjali Dhir, Poonam Uniyal, N. K. Verma, ‘Effect of particle size on multiferroism
of barium-doped bismuth ferrite nanoparticles’, Mater. Sci. in Semicond. Process. 27
(2014) 611-61.

2. Gitanjali Dhir, Poonam Uniyal, N. K. Verma, ‘Sol-gel synthesized Sr-doped BiFeO3
nanoparticles : Enhanced multiferroic properties with reduced particle size’, Mater.

Sci. in Semicond. Process. (Under review with minor revisions).

4.1 Ca-doped BiFeO3; nanoparticles (Bi;xCaxFeO3; x =0, 0.15)

4.1.1 Synthesis

The procedure followed for the synthesis of undoped and Ca-doped BiFeO3 (x = 0.15)
nanoparticles is same as described in section (3.2.1). The undoped BiFeO3 nanoparticles were
obtained by calcination at 450 °C (U4) for 4 hour. Nanoparticles of Ca-doped BiFeO3 of
different sizes have been obtained by the calcination at different temperatures viz., 450 °C

(Ca4), 550 °C (Cab) and 650 °C (Ca6) for 4 hour.
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4.1.2 Results and discussion

4.1.2.1 Structural and phase analyses
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Fig.4.1 (a) XRD patterns of U4, Ca4, Ca5 and Ca6 nanoparticles and (b) enlarged patterns of

U4 and Ca4 nanoparticles

The phase formation and structural analysis was carried out using XRD. Fig. 4.1 (a)
shows XRD patterns of U4, Ca4, Ca5 and Ca6 nanoparticles. All the diffraction peaks of
undoped BiFeOj3 characterize rhombohedral structure having Rs. space group (JCPDS Card
No. 86-1518). Minute traces of impurity denoted by * and # (Fig. 4.1 (a)) correspond to

BiysFe;,039 (JCPDS Card No. 42-0201) and CaO (JCPDS Card No. 28-0775), respectively.

Ca-doping in BiFeO3 has been observed to show two features. One is that the twin
peaks (104) and (110) merge on doping Ca* ions in BiFeO; nanoparticles (enlarged view at
around 20 ~ 32° Fig. 4.1(b)) to form a single peak in Ca-doped samples. It indicates
induction of structural transformation from rhomboheral to orthorhombic phase by Ca®* ions
[129]. Second feature is that the merged peak is further shifted towards higher 26, which is
attributed to the substitution of smaller Ca** (1.00 A) ions in the place of larger Bi** (1.17 A)

ions [137]. The various structural parameters are summarized in Table 4.1. Ca-doping has
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been found to contract the lattice as it reduces the volume. The analysis of varying calcination
temperature effects on the crystal structure has also been done with the help of XRD data.
The crystallite size values (Table 4.1) calculated using Debye-Scherrer equation has been
found to increase with calcination temperature [196]. The diffraction peaks have been found
to sharpen with enhancement in calcination temperature. This indicates the increase of
crystallinity. The average crystallite size values summarized in Table 4.1, point towards
remarkable reduction of the crystallite size by Ca-doping, which is also illustrated by the
relatively broadened diffraction peaks of Ca-doped BiFeO3; nanoparticles as compared to
undoped BiFeO3; nanoparticles (Fig. 4.1(b)). This is due to the substitution of comparatively

smaller Ca* ions in place of larger Bi*" ions [137].

4.1.2.2 Morphological analysis

Fig. 4.2 TEM micrographs of (a) Ca4 and (b) Ca6 nanoparticles

To see the calcination temperature dependence on shape and size of nanoparticles,
TEM has been employed. The topographical analysis reveals high agglomeration; it is

precisely due to nanoparticles’ high surface energy [108].
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The nanoparticles exhibit almost spherical morphology (Fig. 4.2 (a)) at lower
calcination temperature (450°C; Ca4) but these, when exposed to higher calcination
temperature (650°C; Ca6), agglomerate irregularly (Fig. 4.2 (b)). The average particle size
has been found out to be 11 and 53 nm, respectively, for Ca4 and Ca6 nanoparticles.

Nanoparticles of almost spherical morphology at lower calcination temperature (Ca4)
tend to merge asymmetrically to form bigger particles (Ca6). Many phenomena are attributed
to growth of nanoparticles [18]. Here the growth mechanism of nanoparticles formed by sol-

gel can be explained by thermodynamic homogeneous nucleation given in section 3.1.2.2.

Fig. 4.3 FEG-SEM micrographs of (a) Ca4 and (b) Ca6 nanoparticles at 50k X

A comparative illustration at length scale of 100 nm and magnification of 50k X
presented in Fig. 4.3 reveals increasing grain size with calcination temperature. Coalescence
of grains via grain boundaries takes place with increasing temperature, which results in
growth [197]. The morphological analysis reveals uniform distribution of almost spherical
grains, which are densely packed and have well-defined boundaries. This indicates their

crystalline nature.
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4.1.2.3 Magnetic analysis
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Fig. 4.4 Room temperature magnetization hysteresis loops of U4, Ca4, Ca5 and Cab6

nanoparticles. The inset shows their enlarged views

Fig. 4.4 shows room temperature M-H loops of synthesized nanoparticles and the
magnetic parameters obtained are given in Table 4.1. All the loops have been found to
display ferromagnetism. The contribution of minute traces of impurities (observed in XRD;
Fig. 4.1 (a)) towards observed magnetic behavior is ruled out as these do not exhibit room
temperature magnetism [209]. Undoped BiFeO3 has been found to display ferromagnetism in
contrast to its bulk counterpart, which is antiferromagnetic [92]. Three possible reasons may
be attributed to this behaviour. Firstly, small antiferromagnetic nanoparticles possess
measurable magnetic moment [110]. An antiferromagnet consists of spin sublattices, which
have intra ferromagnetic and inter antiferromagnetic interactions. According to Néel’s theory,
incomplete spin compensation between sublattices results in magnetic moment as, the

antiferromagnetic  order gets interrupted at the particle’s surface in small
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antiferromagnetically ordered systems [152]. Secondly, the large surface to volume ratio
raises the number of uncompensated spins at the particle’s surface contributing towards

enhancement of overall magnetization.

Magnetic parameters obtained from the enlarged view of hysteresis loops (inset Fig.
4.4) have been summarized in Table 4.1. Enhancement in saturation magnetization value has
been observed with the Ca-doping. Three reasons may be attributed to it: (i) substitution-
induced distortion of rhombohedral lattice [132], (ii) suppression of spin spiral structure of
BiFeO; due to reduction in particle size (TEM) and (iii) the divalent (Ca®") ion substitution at
trivalent (Bi**) site creating oxygen vacancies, which result in destabilization of the system
due to charge imbalance [137-138]. Subsequently, two alkaline earth metal ions create one
oxygen vacancy to keep the system neutral. These oxygen vacancies suppress spiral spin

structure, and, thus, increase ferromagnetism.

Remarkable impact of particle size on magnetic parameters has been observed (Table

4.1). M, increases as the particle size decreases (Table 4.1). The increasing surface to

volume ratio with decreasing particle size increases the contribution of uncompensated
magnetic spins and thus enhances the magnetization [110]. The grain size confinement effect
comes into play for particles having dimensions below 62 nm due to which the spin spiral

structure of BiFeO3 gets modulated and results in strong size dependence of magnetism [110].

The exploitation of magnetoelectric coupling in a material, with antiferromagentic
and ferroelectric orders, for practical application is possible by exchange bias mechanism as
it allows electric field control of magnetization [198]. So, its presence was investigated in the
present system and it has been found that exchange interaction between pinned

uncompensated spins in antiferromagnetic core and moments in ferromagnetic surface results
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in exchange bias [135]. The exchange bias field (H,,) values [107] are calculated using Eq.

3.4. Particle size variation has resulted in tuning of exchange bias in the Ca-doped BiFeO;
system. It has been observed to increase with reducing size (Table 4.1). It may be owed to the
lowering density of uncompensated spins with the decreasing particle surface area, which is

consistent with the explanation done using Néel’s modelling.

In addition to horizontal, the presence of rarely observed vertical shift (Mg,,) has

been revealed by the M-H loops, which has been calculated using Eg. 3.5. It is indicative of

uncompensated spins at the ferromagnetic-antiferromagnet interface [199]. The intriguing

M . Varies with particle size and follows the same trend as H,, (Table 4.1). Thus, particle

size has a vital role.

Table 4.1 Structural, magnetic and electric parameters of U4, Ca4, Ca5 and Ca6 nanoparticles

Structural parameters Magnetic parameters Electric parameters
D a c \% M, H., M i &  Loss Ps P E.
Sample nm A A Al emulg O emulg @ 0.1 kHz ucC/em? pC/em? kV/cm
U4 15.0 557 | 13.89 | 373.13 1.29 174 0.017 733 0.3 2.02 1.43 4.07
Cad 104 5.58 | 13.77 | 372.05 7.68 0.40 0.005 1678 3.6 3.32 2.50 3.47
Ca5 20.6 554 | 13.60 | 362.74 2.58 0.38 0.003 642 1.3 0.48 0.50 5.85
Ca6 21.3 556 | 13.65 | 365.76 0.91 0.25 8.4E-4 474 1.7 0.61 0.36 5.61
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4.1.2.4 Electrical analysis

4.1.2.4.1 Dielectric analysis
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Fig. 4.5 Room temperature frequency response of dielectric constant and dielectric loss of

synthesized nanoparticles in the range 0.1-1000 kHz

Fig. 4.5 illustrates the frequency dependence of dielectric constant and loss (tan ) in
the range 0.1 — 1000 kHz. The dispersions observed in the dielectric behaviour unveil the
presence of space charges. In BiFeOs, oxygen and bismuth vacancies, lattice distortions and
defects act as sources of space charges [156]. These space charges are able to follow the
applied electric field at lower frequencies but unable to do so at higher frequencies,
subsequently, the dielectric constant decreases at higher frequencies. Also, various
polarizations (electronic, atomic, ionic and interfacial) contribute towards dielectric constant.
However, only electronic polarization contributes towards dielectric constant at higher

frequencies thereby, resulting in its decrease [76].
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The synthesized nanoparticles have been found to exhibit Debye-type relaxation
[137]. Table 4.1 summarizes the dielectric parameters. Ca-doping has been observed to
enhance the dielectric constant value. The reason may be attributed to the rhombohedral
distortion of the BiFeOs lattice induced by Ca-doping, which forms orthorhombic phase. This
being less centrosymmetric allows more polar displacements and hence, the enhanced
dielectric constant value [149]. However, high loss value has been also observed with Ca-
doping. The defect chemistry corresponds to the creation of oxygen vacancies for charge
maintenance owing to the substitution of divalent ions (Ca®") at the trivalent (Bi*") site [137-
138]. Since oxygen vacancies are well-known sources for inducing conductivity in the system

loss has been observed to increase [150].

The particle size has a crucial role in deciding the dielectric properties of Ca-doped
BiFeO3; nanoparticles (Table 4.1). The dielectric constant has been found to decrease with
increasing particle size. The reason is owed to the presence of nanosized grains (FEG-SEM)
[130]. These provide large insulating barriers to mobile charge carriers thereby, resulting in
decreasing the conductivity of the system [152]. FEG-SEM micrographs reveal increasing
grain size with calcination temperature, thus consequently, the dielectric constant decreases.
Ca-doping has also resulted in reduction of the crystallite size as well, which, also attributes

to its enhanced dielectric constant value.
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4.1.2.4.2 Ferroelectric analysis
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Fig. 4.6 Room temperature ferroelectric hysteresis (P-E) loops of (a) U4, Ca4, Ca5 and Ca6

nanoparticles and (b) the P-E loops of Ca5 and Ca6 nanoparticles

Room temperature ferroelectric behavior of the synthesized nanoparticles was
analysed at frequency of 100 Hz, as shown in Fig. 4.6. Various electric hysteresis parameters
obtained from P-E loops are summarized in Table 4.1. In BiFeO3, polarization arises from the
displacement of 6s® electron lone pair of Bi with respect to FeOs octahedra [210]. Literature
reveals poor ferroelectric behaviour for bulk BiFeO3; owing to non-stoichiometric issues,
secondary phases due to volatile nature of Bi as well as are the oxygen vacancies originating
because of the unstable Fe (variable oxidation state Fe®*, Fe*) [150]. However, reduction of
size to nanoscale has been observed to improve the ferroelectricity of BiFeOg3 as it suppresses
the secondary phase formation. Another possible reason may be that the bulk samples possess
porosity, which enhances current conduction. However, the samples at the nano-regime
become denser resulting in reduced leakage current and consequently giving rise to regular
electric hysteresis loop [211]. Ca-doping has been observed to enhance the spontaneous

polarization (Table 4.1) owing to the rhombohedral lattice distortion induced by it [76-77]

132



- Alkaline earth metal ions doped-BiFeO3 nanoparticles

and reduction in grain size (FEG SEM; Fig. 4.3) [130, 134]. However, a well saturated
polarization loop has not been observed; it is so because the divalent Ca®* ions substitution
leads to the generation of oxygen vacancies in BiFeOs lattice that degrades the polarization

[137].

Effect of particle size on the ferroelectric behaviour of Ca-doped BiFeO3; nanoparticles
has also been investigated. It has been observed that ferroelectricity deteriorates with
increasing particle size. It can be understood from the role of grain and grain boundaries
contribution towards the electric properties in nanoparticles. The inhomogenity in the grain
and grain boundaries enhances the insulation of the system [133]. The synthesized
nanoparticles consist of nano-sized grains and these acts as an insulating barrier for the
charge carriers [130]. Smaller the grain size better is the obstruction of charge carriers. Thus,
the spontaneous polarization value has been found to decrease with the increase in particle
size. The coercive field has been found to enhance with the particle size. Two possible
reasons may be owed [212] to it: (i) resistance to the off-centre displacement of Ca** ions
with respect to FeOg octahedra resulting in prevention of polarization reversal and enhancing
the coercivity and (ii) the space charge defects (mainly oxygen vacancies) resulting from

increasing particle size that subsequently enhance the coercivity.

4.2 Sr-doped BiFeO3 nanoparticles (Bi1xSrxFeOs; x=0, 0.15)

4.2.1 Synthesis

The synthesis of BiixSrxFeO3; (x = 0.15) nanoparticles was carried out via sol-gel
method same as described in section (3.2.1). BiFeOs; nanoparticles were acquired by
calcining at 450°C (B4). 15% Sr-doped BiFeOs nanoparticles of different sizes were then
obtained by the calcination at different temperatures viz., 450 °C (Sr4), 550 °C (Sr5) and 650

C (Sr6) for 4 hour.
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4.2.2 Results and discussion

4.2.2.1 Structural and phase analyses
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Fig. 4.7 XRD patterns of B4, Sr4, Sr5 and Sr6 nanoparticles at room temperature

The XRD patterns of the synthesized nanoparticles are shown in Fig. 4.7. From the
diffraction patterns it has been observed that undoped BiFeO3 nanoparticles could be indexed
to rhombohedral structure having space group Rsc using the standard crystal data (JCPDS
Card No. 86-1518). Traces of impurities denoted by # and * (Fig. 4.7) correspond to
BiysFe,039 (JCPDS Card No. 42-0201) and SrO (JCPDS Card No. 27-1304), respectively.
Due to kinetics of formation some impurity phase are always formed during the synthesis

[71].

Sr-doping in BiFeO3; has not been found to affect the lattice symmetry. The various
structural parameters of the synthesized nanoparticles have been listed in Table 4.2. Sr-

doping has been found to reduce the crystallite size, which could be attributed to the
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inhibition of the grain growth by Sr** ions [138]. Varying calcination temperature has been
found to affect the diffraction patterns. Scherrer formula indicates an increase in crystallite
size values (Table 4.2) with calcination temperature. However, the lattice symmetry has been
found to be consistent with varying calcination temperature. Variation in particle size has
been observed to influence the lattice parameters. The unit cell volume increases with

reduction in crystallite size, which is typical for partly covalent oxides [108].

4.2.2.2 Morphological analysis

Fig. 4.8 TEM micrographs of (a) Sr4 (b) Sr6 nanoparticles

The topographical analysis has been carried out using TEM. Agglomerated
nanoparticles have been formed as observed in Fig. 4.8. Similar observation due to the high
surface energy of the nanoparticles has been reported previously [108]. Agglomeration has
been observed to decrease as the particle size increases. Nanoparticles of almost spherical
morphology at lower calcination temperature (Sr4) tend to merge asymmetrically to form
bigger particles (Sr6). The average particle size has been found to be 16, and 50 nm,
respectively, for Sr4 and Sr6 nanoparticles. Many phenomena (Ostwald ripening, kinetically

controlled, homogeneous nucleation) are attributed to explain the growth of nanoparticles
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[153]. For the present synthesized nanoparticles by sol-gel method, the growth mechanism is

described by homogeneous nucleation explained as in section 3.1.2.2.

Fig. 4.9 FEG-SEM micrographs of (a) Sr4 and (d) Sr6 nanoparticles at 20k X

A comparative demonstration of variation in microstructure at 20k X and length scale
of 1 um is presented in Fig. 4.9. The micrographs are observed to possess uniformly
distributed and densely packed grains having well-defined boundaries, which indicate their

crystalline nature. The morphology of the nanoparticles is almost spherical.

4.2.2.3 Magnetic analysis
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Fig. 4.10 (a) Room temperature magnetization hysteresis loops of B4, Sr4, Sr5 and Sr6 nanoparticles

and the enlarged views of (b) B4, Sr4, Sr5 and (c) Sr6
136



- Alkaline earth metal ions doped-BiFeO3 nanoparticles

Fig. 4.10 illustrates magnetic curves of the synthesized nanoparticles. The impurity
phase does not contribute towards observed magnetic behaviour as these do not exhibit room
temperature ferromagnetism [209]. Various magnetic parameters calculated from the
enlarged magnetic curves (Fig. 4.10 (b, ¢)) are summarized in Table 4.2. All the synthesized
nanoparticles have been found to exhibit ferromagnetism. Bulk BiFeOj3 is antiferromagnetic
[147]. However, in nano regime it displays magnetism [107]. The antiferromagnetic
nanoparticles possess incomplete spin compensation between sublattices due to
ferromagnetic interactions within the sublattice however, antiferromagnetic interactions
between the sublattices [110]. The incomplete spin compensation becomes considerable in
small antiferromagnetic nanoparticles as the antiferromagnetic order gets interrupted at the
particle’s surface. This leads to net magnetization owing to incomplete spin compensation
between sublattices, according to Néel’s theory [152]. The large surface to volume ratio
enhances the number of uncompensated spins present at the surface of nanoparticles thereby

resulting in their enhanced contribution towards magnetization.

Sr-doping has enhanced saturation magnetization value (Table 4.2). Two reasons
may be attributed to it: (i) the reduction in particle size resulting in suppression of spin
cycloidal structure (below 62 nm, as revealed by the TEM image) [110] and (ii) Sr** ions
(divalent), when substituted at trivalent (Bi*" ions) sites, creates one oxygen vacancy for
every two alkaline earth metal ions due to charge imbalance and thus suppressing spiral spin

structure, and, enhancing magnetization [138].

M. increases with reduction in particle size (Table 4.2) owing to increasing surface to

volume ratio, which enhances the number of uncompensated spins participating towards
magnetism [132, 202]. The grain size confinement effect modulates the spin cycloid structure

for particles below 62 nm thereby making magnetism strongly size-dependent [110]. With the
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reduction in particle size enhanced strain of the nanoparticles leads to coordination distortion
as well as lattice disorder, which is confined not only to the surface alone but to the whole

particle thereby results in creation of different frustrated spin structure [110].

Enlarged magnetic hysteresis loops are observed to show both horizontal and vertical

asymmetry (Fig. 4.10 (b) and (c)). These corroborate well with the observed ferromagnetism

in the synthesized nanoparticles. H,and M, stand for exchange interactions between

pinned uncompensated spins in antiferromagnetic core and moments in ferromagnetic surface
[107, 199]. The exchange bias field and vertical shift (Table 4.2) for the synthesized
nanoparticles has been calculated using Eq. 3.4 and 3.5, respectively. The presence of finite
coercivity as well as exchange bias field rules out the possibility of superparamagnetism.
Also, it confirms the ferromagnetism and pinning of spins at the ferromagnetic-
antiferromagnetic interfaces [107]. This further supports the Néel’s modelling of the
magnetization of synthesized nanoparticles. The room temperature coercivity is of high

interest from application point of view. M ., is indicative of uncompensated spins at the

ferromagnetic-antiferromagnet interface [199]. It has been found to enhance with reduction in
particle size thereby revealing increasing density of uncompensated spins. Thus, particle size

has a vital role.
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Table 4.2 Structural, magnetic and electric parameters of B4, Sr4, Sr5 and Sr6 nanoparticles

Structural parameters Magnetic parameters Electric parameters
D a c \Y M . H ob M it & Loss Ps Pr E.
Sample A A A Clem? Clem® | kV/
p nm emu/g Oe emulg @ 0.1 kHz pClecm pCl/cm cm
B4 21.3 5.57 13.84 | 373.06 2.5 0.69 0.0035 699 0.4 25 2.4 194
Sr4 15.3 5.59 13.78 | 373.63 53 0.28 0.2171 654 1.0 1.6 1.0 3.3
Sr5 16.7 5.61 13.69 | 373.60 3.9 0.01 0.0015 551 1.2 1.4 0.8 -1.4
Sr6 20.2 5.59 13.76 | 372.54 1.1 6.2 0.0005 93 2.2 0.8 0.4 3.6
4.2.2.4 Electrical analysis
4.2.2.4.1 Dielectric analysis
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Fig. 4.11 Room temperature frequency response of dielectric constant and loss of B4, Sr4,

Sr5 and Sr6 nanoparticles in the range 0.1-1000 kHz

Fig. 4.11 illustrates the room temperature frequency dependence of dielectric constant

and loss of the synthesized nanoparticles in the frequency range of 0.1-1000 kHz. The
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presence of space charges in the synthesized nanoparticles manifests from the observed
dispersions in the dielectric behavior [92]. The dispersions in dielectric constant and a
corresponding relaxation peak in loss are apparently due to Maxwell-Wagner relaxation
mechanism [212]. The mechanism states that space charges are able to follow the applied
field at lower frequencies but they are unable to do so at higher frequencies. Oxygen and
bismuth vacancies, various lattice distortions, and defects at the interfaces as well as inside
grains, act as the sources of space charges in BiFeO3 [152]. Higher strain in the nanoscale
systems results in strongly coupled electric and magnetic orders. The higher values of
dielectric constant at lower frequencies are also due to the presence of different kinds of
polarizations, namely, electrode, dipolar, electronic, atomic, ionic and interfacial. However,
at higher frequencies only electronic polarization contributes [202], which results in the

decrease of dielectric constant.

All the nanoparticles have been observed to exhibit Debye-type relaxation [137]. The
as-obtained values of dielectric constant and loss are summarized in Table 4.2. The values
point toward decay of dielectric constant with the inclusion of Sr** ions in BiFeOs lattice
similar to previous report [137]. Sr-substitution has resulted in enhanced loss, which indicates
deterioration of dielectric properties (Fig. 4.11). The reason may be attributed to the creation
of oxygen vacancies due to the substitution of Sr** (divalent ions) at the trivalent (Bi**) site
for the maintenance of charge neutrality in the system [138]. Oxygen vacancies induce

conductivity, which enhance leakage current density and thus lowers the dielectric constant.

Particle size has been found to effectively influence the dielectric constant values of
Sr-doped BiFeO3; nanoparticles (Table 4.2). The reason is attributed to the size effects of
nanosized grains (as revealed by FEG-SEM micrographs) [130]. The decrease in calcination

temperature has been found to lower the grain size as well. It indicates the increase in volume
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fraction of grain boundaries. These act as large insulating barriers between the grains when
the grain size is very small and hampers the mobility of charge carriers resulting in decrease
of conductivity in the system [152]. Thus, accordingly the dielectric constant value has been
found to increase with the decreasing grain size. It indicates the decrease of oxygen vacancies
with reducing particle size.

The crystallite size value has been found to decrease with the Sr-doping. However, the
formation of oxygen vacancies for charge neutrality has possibly resulted in the degradation

of dielectric constant, according to the defect chemistry [92].

4.2.2.4.2 Ferroelectric analysis
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Fig. 4.12 P-E loops of B4, Sr4, Sr5 and Sr6 nanoparticles at room temperature

Fig. 4.12 shows room temperature P-E loops of the synthesized nanoparticles at
frequency of 100 Hz. Table 4.2 summarizes various electric hysteresis parameters obtained
from P-E loops. It has been observed that BiFeO3 nanoparticles show well saturated P-E loop

in contrast to its bulk counterpart. In BiFeOs;, Bi being volatile deviates oxygen
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stoichiometry, which results in creation of oxygen vacancies, unstablization of oxidation state
of Fe (Fe®*, Fe**) and formation of secondary phases thereby leading to high conductivity
issues in this material [76-77]. However, at nanoscale, the low formation temperature
prevents volatization of Bi and thus preserves Bi content in the material, which consequently

avoids the high conductivity related issues in BiFeOs.

Sr-doping has been found to degrade the ferroelectricity of BiFeOs, which is due to
the formation of oxygen vacancies when divalent ion (Sr**) substitutes the trivalent ion (Bi**)

for maintaining the charge neutrality of the system [137].

Particle size variation has been observed to influence the ferroelectric behaviour of Sr-
doped BiFeO3 nanoparticles. It has been found that increasing particle size deteriorates the
spontaneous and remnant polarization values. The reason may be attributed to the presence of
nano-sized grains in the synthesized nanoparticles. These act as insulating barrier for the
mobile charge carriers in the system [152]. Larger the grain size, poorer is the insulation and

thus ferroelectricity decreases.

4.3 Ba-doped BiFeO3 nanoparticles (BiyxBaxFeOs; x = 0, 0.15)

4.3.1 Synthesis

The procedure followed for the synthesis of undoped and Ba-doped BiFeO3; (x = 0.15)
nanoparticles is same as described in section (3.2.1). The undoped BiFeO3 nanoparticles were
obtained by calcination at 450°C (Bi4) for 4 hour. Nanoparticles of Ba-doped BiFeO; of
different sizes have been obtained by the calcination at different temperatures viz., 450 °C

(Ba4), 550 °C (Bab) and 650 °C (Ba6) for 4 hour.
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4.3.2 Results and discussion

4.3.2.1 Structural and phase analyses
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Fig. 4.13 (a) XRD patterns of Bi4, Ba4, Ba5 and Ba6 nanoparticles at room temperature and

(b) enlarged view of XRD patterns at around 26 ~ 32° for Bi4 and Ba4 nanoparticles

Fig. 4.13 (a) shows XRD patterns of Bi4, Ba4, Ba5 and Ba6 nanoparticles. All the

diffraction peaks characterize rhombohedral structure of undoped BiFeO3; having Rs; space
group (JCPDS Card No. 86-1518). Traces of impurities denoted by # and * (Fig. 4.13 (a))
correspond to BiysFe,039 (JCPDS Card No. 42-0201) and BaO (JCPDS Card No. 26-0177),
respectively. Structural parameters, namely, crystallite size and lattice parameters are

summarized in Table 4.3.
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Fig. 4.14 (a) Enlarged view of XRD patterns at around 20 ~ 32° for Ba4, Ba5, Ba6
nanoparticles and (b) variation of crystallite size of all the synthesized nanoparticles with

calcination temperature
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Remarkable features have been observed with Ba-substitution in BiFeOj3 lattice. Enlarged
view of XRD patterns at around 26 ~ 32° in Fig. 4.13 (b) reveals that Ba-substitution has not
resulted in structural transformation of rhombohedral phase of undoped BiFeO3 since splitting
of (104) and (110) peaks in Bi4 do not merge into a single peak; this is one of the signatures
of structural transformation. This indicates no reduction in lattice symmetry in the present
system. Similar observations reporting no structural transformations are available for alkaline
earth metal doped BiFeO; [92]. However, substitution of Ba** ions in BiFeOs lattice is
confirmed by the shifting of diffraction peaks towards lower 26 with respect to the undoped
BiFeO; (Fig. 4.13 (b)). The reason may be attributed to the substitution of Ba®* (1.42 A) ions

having larger ionic radii at smaller Bi (1.17 A) site [97].

The various structural parameters of the synthesized nanoparticles have been given in
Table 4.3. From the values summarized in Table 4.3, it has been found that the doping leads
to remarkable reduction of the crystallite size, which is also, illustrated by the relatively
broadened diffraction peaks of Ba-doped BiFeO3; nanoparticles with respect to undoped
nanoparticles (Fig. 4.14 (a)). Reason for reduction may be attributed to the inhibited crystal
growth caused by the substitution of divalent ion (Ba**) in place of trivalent ion (Bi**) [97,

137].
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Fig. 4.15 Volume and lattice parameters of Bi4, Ba4, Ba5 and Ba6 nanoparticles as a function

of crystallite size

The influence of increasing calcination temperature for Bi;.xBaxFeOs; (x = 0.15)
nanoparticles has been observed. The diffraction peaks has been found to sharpen with the
increasing calcination temperature (Fig. 4.15 (a)). This reveals the increase of crystallinity
and crystallite size - an observation well in agreement with the values of crystallite size
calculated using Debye-Scherrer equation (Table 4.3). It has been observed that crystallite
size increases as a function of increasing calcination temperature (4.14 (b)). Fig. 4.14 (a) also
illustrates the shifting of diffraction peaks towards higher 20 with the decreasing crystallite
size. It indicates the decrease of lattice parameters with the decrease of crystallite size, shown
in Fig. 4.15. This observation corroborates well with the calculated lattice parameters (Table

4.3).
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4.3.2.2 Morphological analysis

Fig. 4.16 TEM micrographs of (a) Bi4 (b) Ba4 (c) Ba5 and (d) Ba6 nanoparticles

The topographical analysis has been carried out with the help of TEM. Fig. 4.16
represents TEM micrographs of Bi4, Ba4, Ba5 and Ba6 nanoparticles. The irregular
morphology of the agglomerated nanoparticles has been observed whose reason is attributed
to the high surface energy of nanoparticles [107-108, 202]. Agglomeration has been observed
to decrease as the particle size increases. The average particle size has been found out to be
31, 19, 53, and 74 nm, respectively, for Bi4, Ba4, Ba5 and Ba6 nanoparticles. The reduction
in particle size by the substitution is well in agreement with XRD analysis. The growth
mechanism of the synthesized nanoparticles formed by sol-gel has been found to take place
via homogeneous nucleation [18]. The details of the mechanism are described in section

3.1.2.2.
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Fig. 4.17 FEG-SEM micrographs of (a) Bi4 (b) Ba4 (c) Ba5 and (d) Ba6 nanoparticles at 50k X

Fig. 4.17 illustrates the FEG-SEM micrographs of Bi4, Ba4, Ba5 and Ba6
nanoparticles at same magnification (50k X) and scale (100 nm). The morphological analysis
reveals uniformly distributed densely packed grains having well-defined boundaries. This is
indicative of their crystalline nature. Fig. 4.17 depicts the morphology of all the nanoparticles
to be almost spherical. A comparative demonstration of microstructures, shown in Fig. 4.17,
at 50k X, reveals that doping of Ba®* ions remarkably reduced the grain size. This happens
due to the inhibited grain growth by Ba®* ions resulting from divalent substitution for
trivalent ions, and, thus, helps in the densification [97, 137]. Also, the grain size has been
observed to increase with calcination temperature. Coalescence of grains via grain boundaries
results in the growth with the increase of temperature [197]. Thus, morphological analysis

supports that the calcination temperature has direct effect nanoparticles’ size.
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4.3.2.3 Magnetic analysis

5
{—=— Bi4
44 e Ba4
3] 4 Bas

{ v Baé6
2

14
04
1
2]
-3
4]

'5 1 g I U 1 U 1 E I N I

-20 -15 -10 -5 0 5 10 15 20
H(kOe)

M(emu/g)

Fig. 4.18 Room temperature magnetization hysteresis loops of Bi4, Ba4, Ba5 and Ba6

nanoparticles

Fig. 4.18 illustrates room temperature magnetic hysteresis loops of Bi4, Ba4, Ba5 and
Ba6 nanoparticles. All the loops exhibit ferromagnetism similar to other alkaline earth metal
ions doped BiFeO3 nanoparticles [137, 153]. Various magnetic parameters are summarized in
Table 4.3. Traces of impurities, namely, BisFe;O39 [130] and BaO [209] do not exhibit room
temperature magnetism, and, hence, rules out the possibility of their contribution towards
room temperature magnetic behavior. Undoped BiFeO3; nanoparticles have been found to
display ferromagnetism contrary to the antiferromagnetic nature of its bulk counterpart [107-
108]. Two reasons may be attributed to this behaviour. Firstly, it is the modulation of long-
range spin spiral structure of BiFeO3 due to its size (31 nm, as revealed by TEM) being less
than its incommensurate period of 62 nm, due to which, the effect known as grain size

confinement effect comes into play. It partially destroys the long-range spin cycloidal
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structure thereby, leading to ferromagnetism [110]. Secondly, it is the antiferromagnetic
nature of BiFeO; [107-108, 110, 130, 137], which possess spin sublattices having
ferromagnetic interactions within the sublattice and antiferromagnetic interactions between
sublattices. This results in magnetic moment due to incomplete spin compensation between
sublattices, as the antiferromagnetic order gets interrupted at the particle’s surface as per the
Néel’s theory [152]. Further, owing to the large surface to volume ratio in case of
antiferromagnetic nanoparticles, the uncompensated spins at the surface becomes remarkable,

and, hence, enhances overall magnetization of the system [110].

Enhancement in saturation magnetization value has been observed with the doping of
Ba®" ions, which is consistent with the other alkaline earth metal ions doped BiFeOs
nanoparticles [137-138]. The saturation magnetization for undoped BiFeO3 has been found to
be 2.5 emu/g and with Ba-substitution it enhances by 1.7 times. Two reasons may be
attributed to this behaviour. First, it is the suppression of spin spiral structure of BiFeO3 by
the reduction of particle size to 19 nm (below 62 nm, as revealed by the TEM image).
Second, it is the substitution of divalent ion (Ba®* ions) at trivalent (Bi** ions) sites in the
lattice [137]. This creates charge imbalance thereby destabilizing the system. So, one oxygen
vacancy is created for every two alkaline earth metal ions to maintain the neutrality in the
system. These oxygen vacancies suppress spin spiral structure, and, thus, result in the

enhanced ferromagnetism in the Ba-substituted BiFeO3 nanoparticles [137].

Strong correlation between particle size and magnetic property has been observed.
The magnetization increases remarkably as the particle size decreases (Table 4.3). This
observation is consistent with other size-dependent reports. The reason may be attributed to
the increase in surface to volume ratio [107, 110]. Since, in antiferromagnetic nanoparticles,
as discussed above, the contribution of uncompensated magnetic spins increases with the
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surface to volume ratio, therefore, the magnetism enhances as the particle size reduces. This
observation is well in accordance with Néel’s modelling of the present system. Moreover, the
particles possessing size below 62 nm, depict strong size-dependent magnetism owing to the

fact that the grain size confinement effect modulates the spin spiral structure of BiFeO3[110].
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Fig. 4.19 Zoomed in view of magnetization hysteresis loops showing the presence of

hysteresis and exchange bias coupling of (a) Bi4, Ba4, Ba5 and (b) Ba6 nanoparticles

The zoomed in view of magnetization hysteresis loops are shown in Fig. 4.19. These
indicate vertical as well as horizontal asymmetry. The exchange bias field and vertical shift
(Table 4.3) for the synthesized nanoparticles has been calculated using Eq. 3.4 and 3.5,
respectively. These support ferromagnetism and spin pinning at the ferromagnetic —
antiferromagnetic interfaces as well as rules out the possibility of superparamagnetism [107].
These shifts are attributed to exchange coupling between ferromagnetic surfaces and

antiferromagnetic cores [135]. The rarely observed M, indicates the presence of
uncompensated spins at the ferromagnetic-antiferromagnet interface [199]. M has been

observed to enhance with reducing size (Table 4.3) due to the lowering density of
uncompensated spins. It is in consistence with the explanation done using N¢éel’s modelling.

It also enhances with reducing particle size.
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Table 4.3 Structural, magnetic and electric parameters of Bi4, Ba4, Ba5 and Ba6

nanoparticles

Structural parameters Magnetic parameters Electric parameters
D a c \Y M. H, | Mg &  Loss Ps P E.
Sample A A Al 2 2 kV.

p nm emu/g Oe emulg @ 0.1 kHz pC/em pCl/cm /cm
Bi4 355 | 5554 | 13.72 423.28 25 0.23 0.04 697 0.4 2.67 2.24 20.03
Ba4 15.0 | 5556 | 13.73 423.83 4.4 0.32 0.06 595 1.6 1.07 0.68 12.20
Ba5 19.3 | 5563 | 13.75 425.52 3.6 0.20 0.02 153 3.4 33.61 34.22 2.23
Ba6 325 | 5567 | 13.78 427.06 0.6 16.06 0.012 33 0.6 59.50 59.33 2.15

4.3.2.4 Electrical analysis
4.3.2.4.1 Dielectric analysis
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Fig. 4.20 Room temperature frequency dependence of (a) dielectric constant and (b) dielectric

loss of Bi4, Ba4, Ba5 and Ba6 nanoparticles in the range 0.1-1000 kHz
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Fig. 4.20 shows the room temperature frequency response of dielectric constant and
loss in the range 0.1 — 1000 kHz. The dispersions in the dielectric behaviour have been
observed in all the nanoparticles. This phenomenon is related to space charge relaxation
effect. Lattice distortions, oxygen and bismuth vacancies, and defects at the interfaces as well
as inside grains are the sources of space charges in BiFeO3; [152]. These space charges are
able to follow the applied field at lower frequencies but they are unable to do so at higher
frequencies [137]. Also, different kinds of polarizations contribute towards dielectric
constant, namely, electronic, atomic, ionic and interfacial. However, at higher frequencies
only electronic polarization contributes [202], which also leads to the decrease of dielectric

constant at higher frequencies.

Debye-like relaxation has been observed for all the nanoparticles [137]. Undoped
BiFeO3 nanoparticles have been found to possess dielectric constant of 697. However, on Ba-
substitution in BiFeOs, a decay of 0.85 times has been registered. Increase in loss value with
Ba-substitution also indicates degradation of dielectric properties (Fig. 4.20 (b)). Addition of
divalent ions (Ba®") at the trivalent site (Bi**) results in the formation of oxygen vacancies for
maintaining neutrality in the system [137]. These are the well-known sources responsible for
the decay of dielectric constant as they induce dc conductivity [135]. Thus, consequently, a

decrease has been observed in the dielectric constant.

The dielectric constant of Ba-doped BiFeO3; nanoparticles shows particle size
dependence. The values summarized in Table 4.3 points towards decrease of dielectric
constant with the increasing particle size. Reason may be attributed to formation of nanosized
grains indicated by FEG-SEM micrographs. These provide large insulation to the mobile
charge carriers thereby decreasing conductivity of the system [130]. As, the grain size has
been found to increase with increasing calcination temperature, consequently, the dielectric
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constant registers decrease. Although, a decrease of crystallite size has been observed with
Ba-doping as well, but the defect chemistry corresponds to the formation of oxygen ion
vacancies for charge compensation; these possibly lead to the degradation of dielectric

constant value [92].

4.3.2.4.2 Ferroelectric analysis
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Fig. 4.21 Ferroelectric hysteresis loops of (a) Bi4, (b) Ba4, (c) Ba5, and (d) Ba6 nanoparticles

at room temperature

Fig. 4.21 shows the room temperature ferroelectric measurements of the synthesized
nanoparticles were performed at frequency of 100 Hz. The electric hysteresis parameters
obtained from P-E loops are summarized in Table 4.3. The stereochemical activity of 6s? lone
pair of Bi with respect to oxygen octahedra results in polarization in BiFeO3; [210]. Bulk
BiFeO3; is known to suffer from impurities and non-stoichiometric issues as the

thermodynamic stability of BiFeOgs is in low temperature range [71], which hampers its
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complete polarization. However, reduction of size to nanoscale has been observed to improve
the ferroelectric behavior of BiFeOs. Two reasons may be attributed to it [76-77, 110, 211]:
(i) the suppression of the secondary phase formation at nanoscale as the formation
temperature involved is quite low that prevents the Bi from volatizing and (ii) the nanoscale
samples are denser and possess less porosity as compared to bulk, which results in reduction

of leakage current.

Ba-doping has been observed to degrade the ferroelectric behaviour of BiFeO3; (Table
4.3). The reason may be attributed to the creation of oxygen vacancies for the charge
maintenance in the system as the divalent Ba®* ions substitutes Bi** ions [137]. The oxygen

vacancies enhance the conduction and thus lower the polarization value.

Particle size has been found to influence the ferroelectric behaviour of Ba-doped
BiFeO3 nanoparticles. It has been observed that the ferroelectricity deteriorates as the particle
size increases (Fig. 4.21). The reason may be attributed to the presence of nano-sized grains
in the synthesized nanoparticles. These are effective in obstructing the mobile charge carriers
[130]. The smaller grain size thus provides better hindrance to the mobility of charge carriers.
Accordingly, the spontaneous polarization value has been observed to decrease with the
increase in particle size (Table 4.3). The round shaped P-E loops are indicative of high
leakage current, which is the case with Ba5 nanoparticles (Fig. 4.21 (c)). It happens due to
the contribution from mobile charges resulting from the valence fluctuations of Fe ions [110,
120-121]. On raising the temperature further to 650 °C, the Ba6 nanoparticles (Fig. 4.21 (d))
exhibit a complete circle like P-E loop that indicates severe leakage current and implies that

the sample is highly conductive at room temperature [97].
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Chapter 5

This chapter concludes the entire work done, along with an insight into the future

possibilities of the present research work.

5.1 Conclusions

This thesis presents a study on undoped BiFeO3 nanoparticles, rare earth (Th, Dy, Gd)

and alkaline earth metal ions (Ca, Sr, Ba)-doped BiFeO3 nanoparticles. Further, the particle

size of these systems varied, and their structural, morphological, magnetic and electrical

analyses done. The research work presented is divided into three sections with dopant

systems having three combinations each, as given below.

I. BiFeO3nanoparticles

BiFeO3; nanoparticles were synthesized by sol-gel method. Their particle size was

tailored by varying the calcinations temperature.

XRD patterns showed the rhombohedral structure for all the synthesized

nanoparticles.

Topographical investigations, done by TEM, revealed agglomerated nanoparticles
with average particle size, 27.3 and 153.2 nm, for Bi4 and Bi6 nanoparticles,
respectively. The microstructural analysis by FEG-SEM has been found to show
densely packed grains having well-defined boundaries. The average grain size was

found to increase with calcination temperature.

Magnetic analysis confirmed ferromagnetic nature of all the synthesized

nanoparticles. The incomplete spin compensation in small antiferromagnetic
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nanoparticles exhibited measurable magnetization with particle size below 62 nm
suppressing the spin spiral structure of BiFeOs, which results in ferromagnetism. The
effect of particle size on the magnetic properties was studied. The saturation
magnetization value was observed to enhance with reducing particle size due to the

increase in the number of uncompensated spins.

The dielectric as well as ferroelectric properties were found to improve with reduction
in particle size of BiFeO3 nanoparticles. The reason is attributed to the presence of
nanosized grains. The grain boundaries increase with reduction in size that provide
large insulating barrier to the conduction current. The smaller grains efficiently
prevent conductivity compared to the larger ones. Consequently, the dielectric

constant and ferroelectric properties registered an improvement.

Table 5.1 summarises the structural, magnetic and electric parameters obtained for the

undoped BiFeO3 nanoparticles. .

Table 5.1 A comparison of structural, magnetic and electric parameters obtained for the

undoped-BiFeO3 nanoparticles

Structural parameters Magnetic parameters Electric parameters
D a c \% M H., M g &  Loss P, Ps E.
Sample nm A A A3 el 6 emulg @ 0.1 kHz uC/ecm? pC/em?® | kviem
Bi4 12,7 | 5585 | 13.822 | 431.1 3.12 0.1650 0.2001 272 0.03 3.32 4.82 11.59
Bi5 28.6 | 5.582 | 13.825 | 430.7 2.13 0.0025 0.0203 246 0.08 141 2.00 4.08
Bi6 53.2 | 5,573 | 13.842 | 429.9 0.38 0.0020 0.0052 233 4.20 9.03 0.80 3.63
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Il. Rare earth-doped BiFeO3 nanoparticles
1. Tbh-doped BiFeO3; nanoparticles (Bi;xThxFeO3; x =0, 0.15)
e The synthesis of Tb-doped BiFeO3 nanoparticles was done by sol-gel method.

e XRD patterns showed the structural transformation from rhombohedral to

orthorhombic structure with the doping of Tb** ions in BiFeOs lattice.

e TEM micrographs revealed highly agglomerated BiFeO3 nanoparticles of average
particle size 40 nm. High agglomeration is attributed to the high surface energy of

the nanoparticles.

e SEM analysis revealed reduction in grain size with Th-doping. Further, the grain
size of Th-doped BiFeO3; nanoparticles was observed to increase with calcination

temperature. The grains coalesce via grain boundaries with the rise in temperature

e Magnetic analysis showed enhancement in saturation magnetization value with
Tb-doping, as the smaller ionic radii of Th** ions distort the rhombohedral lattice
that suppresses the spin spiral structure of BiFeOs. This value further enhanced on
reducing the particle size owing to the increasing surface to volume ratio, which in
turn increases the density of the uncompensated spins contributing towards the

magnetism.

e The dielectric property was found to improve with Tb-doping owing to the
rhombohedral distortion of BiFeOs. The influence of particle size on the dielectric
properties of the Th-doped BiFeOs; nanoparticles reveals the reduction in the
dielectric constant with the increase in the size of the nanoparticles; the reason is
their smaller nanosized grains providing better obstruction to the charge carriers

compared to the larger ones.
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The doping of Tb*" ions in BiFeOs lattice has resulted in enhanced ferroelectric
properties as it leads to the formation of less centrosymmetric orthorhombic
structure. The spontaneous polarization and applied electric field values were
observed to decrease with increasing particle size of Tb-doped BiFeO;

nanoparticles, thereby indicating the degradation of the ferroelectric property.

2. Dy-doped BiFeO3; nanoparticles (Bi;xDyxFeOs; x =0, 0.15)

Sol-gel method was used to synthesize the Dy-doped BiFeO3; nanoparticles.

The structural analysis by XRD revealed rhombohedral to orthorhombic structural

transformation due to the doping of Dy** ions in BiFeOs lattice.

TEM micrographs exhibited nanoparticles having average particle size 30, 20, 45
and 86 nm for P4, Dy4, Dy5 and Dy6, respectively. Agglomeration was observed

to decrease with increasing particle size of Dy-doped BiFeO3; nanoparticles.

The FEG-SEM micrographs revealed uniform distribution of densely packed
grains with well-defined boundaries. Doping of Dy*" ions resulted in reduction of
the grain size. The grain size was observed to increase with the increase in

calcinations temperature of Dy-doped BiFeO3 nanoparticles.

Magnetic analysis, by VSM, revealed that Dy-doping enhanced the saturation
magnetization value as it induces rhombohedral distortion due to its smaller ionic
radii as compared to Bi** ions. Further, the saturation magnetization value was
found to increase with reducing particle size owing to the increasing surface to

volume ratio.

Dy-doping in BiFeO; lattice enhanced the dielectric and ferroelectric properties

owing to the structural transformation to orthorhombic phase. Further, these
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properties were observed to enhance on the reduction of particle size of Dy-doped

BiFeO3 nanoparticles. These comprise of nanosized grains that act as insulating

barrier to the mobile charge carriers.

3. Gd-doped BiFeO3; nanoparticles (Bi;-xGdyxFeOs; x =0, 0.15)

Sol-gel method was employed for the synthesis of Gd-doped BiFeOj3

nanoparticles.

XRD patterns revealed rhombohedral distortion of BiFeOj; lattice by Gd**

ions.

TEM micrographs revealed highly agglomerated Gd4 and Gd6 nanoparticles
of irregular morphology. Their average particle size was found out to be 16

and 150 nm, respectively.

The FEG-SEM micrographs illustrated the increase in grain size with
calcination temperature for the Gd-doped BiFeOsz; nanoparticles, thereby

indicating grain growth with temperature.

Magnetic measurements exhibited enhanced magnetization by Gd** ions
owing to its high magnetic moment and induction of large lattice distortion in
BiFeO; lattice. Further, the magnetization was found to increase with
decreasing particle size of Gd-doped BiFeO3; nanoparticles; the reason being
that the surface to volume ratio increases. It increases the density of

uncompensated spins on the surface, which thus enhances magnetization.

The dielectric and ferroelectric properties have been observed to improve by
Gd*" ions. The rhombohedral lattice distortion by substitution of smaller Gd**

ion (0.938 A) at larger Bi** ion (1.17 A) results in less centrosymmetric crystal
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structure that gives rise to more polar displacements and thus, higher dielectric
constant and polarization values. Further, these properties were observed to
enhance with reducing particle size of Gd-doped BiFeO3; nanoparticles. The
attributed reason is the presence of nanosized grains, which act as large

insulating barriers to mobile charge carriers.

Table 5.2 summarises the structural, magnetic and electric parameters obtained for for the

rare earth (Th, Dy, Gd) doped-BiFeO3; nanoparticles.
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Table 5.2 A comparison of structural, magnetic and electric parameters obtained for the rare

earth (Th, Dy, Gd) doped-BiFeO3 nanoparticles

Property - Structural parameters Magnetic parameters Electric parameters
D a b c Vv M, H., | Mg &  Loss P, Ps Ec
Sample nm A A A Al Clem?| puClem? | kVicm
p‘ emu/g | O€ | emulg @0.1kHz H H
und- | 31.7 | 5.574 | 5,574 | 13.781 | 428.2 13 5.2 1.300 725 0.40 2.6 1.4 10.4
oped
BiixTb«FeOs 57175 (5411 (5573 | 7700 | 822 | 31 | 112 3200 | 4163 | 120 | 10.0 62 | 301
(x=0,0.15) [ Tp5 | 202 | 5570 | 5590 | 7.710 | 2324 | 2.0 | 7.9 | 1.940 | 2083 | 1.00| 6.1 4.1 25.4
Th6 28.6 | 5577 | 5,578 7.754 234.0 0.8 443 | 0.720 1388 1.10 4.2 2.4 26.3
BiixDyxFeO; | P4 | 148 | 5570 | 5570 | 1386 | 4300 | 22 | 20 | 0820 | 699 |038| 4.2 3.4 134
Dy4 6.2 3.190 | 5.540 7.830 138.5 13.8 2.2 0.070 11,645 | 0.36 12.4 8.3 41.3
(x=0,0.15)
Dy5 8.9 3.200 | 5.550 7.840 139.3 4.4 1.8 0.050 2067 1.55 8.3 5.4 37.4
Dy6 | 10.5 | 3.210 | 5.550 7.850 139.7 0.5 16.1 | 0.005 640 1.31 2.1 1.4 19.4
Bi,GdFeO; | Bi4 | 212 | 5560 | 5560 | 13900 | 4206 | 25 | L1 | 0005 | 690 | 034 | 26 21 9.1
Gd4 | 92 | 5600 | 5590 | 7.800 | 244.2 4.9 3.2 | 0.002 2193 | 0.32 8.4 7.0 13.3
(x=0,0.15)
Gd5 | 162 | 5530 | 5540 | 7.600 | 2328 1.1 1.0 | 0.001 777 | 1.30 7.1 6.2 134
Gd6 20.1 5.510 | 5.360 8.100 239.2 0.6 0.5 6E-4 546 1.80 5.1 4.3 8.2
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I11. Alkaline earth-doped BiFeO3; nanoparticles

1. Ca-doped BiFeO3; nanoparticles (BiixCaxFeOs; x = 0, 0.15)

The synthesis of Ca-doped BiFeOs; nanoparticles was done by sol-gel

method.

XRD patterns showed the structural transformation from rhombohedral to

orthorhombic structure with the Ca-doping in BiFeOs lattice.

The topographical analysis by TEM reveals high agglomeration due to the
high surface energy of nanoparticles. The average particle size has been

found out to be 11 and 53 nm, for Ca4 and Ca6 nanoparticles respectively.

The FEG-SEM micrographs exhibited uniform distribution of spherical
grains having well-defined boundaries. The comparative illustration at the
same length scale revealed increasing grain size with calcination
temperature as the smaller grains coalesce via grain boundaries with

increasing temperature.

Magnetic analysis, by VSM, revealed increase in magnetization by Ca-
doping as it induces large lattice distortion in BiFeOs lattice. The
magnetization further enhanced on reducing the particle size of Ca-doped
BiFeO3 nanoparticles. The increased particle surface area with reduction in
particle size increases the number of uncompensated spins on the surface

contributing towards magnetization.
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The electrical (dielectric and ferroelectric) properties were observed to
enhance with doping of Ca** ions in BiFeOs. The rhombohedral distortion
of the BiFeO3; lattice induced by Ca-doping, results in less
centrosymmetric phase, which enhances the dielectric constant and
polarization values. Moreover, these properties further show improvement
on reduction of the particle size of Ca-doped BiFeO3 nanoparticles owing
to the nanosized grains. The smaller nanosized grains are better in

obstructing the mobile charge carriers than the larger ones.

2. Sr-doped BiFeO3z nanoparticles (BiyxSrxFeO3; x =0, 0.15)

Sol-gel method was used to synthesize the Sr-doped BiFeO3 nanoparticles.

The structural analysis done by XRD illustrated rhombohedral phase of the

synthesized nanoparticles.

TEM micrographs exhibited agglomerated nanoparticles having average

particle size of 16, and 50 nm, respectively, for Sr4 and Sr6.

The FEG-SEM micrographs showed uniformly distributed densely packed
grains with well-defined boundaries. The comparative analysis

demonstrated increase in grain size with calcination temperature.

Magnetic measurements confirmed enhancement in  saturation
magnetization value owing to the suppression of spin spiral structure by
oxygen vacancies as the divalent ion (Sr?*) substitutes the trivalent (Bi*")
sites. Further, the magnetism of this system enhances on reducing the

particle size as it increases surface to volume ratio and, consequently
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increasing the number of uncompensated spins contributing towards the

magnetization.

e Sr-doping in BiFeO; lattice degrades the dielectric and ferroelectric
properties. The attributed reason is the creation of oxygen vacancies due to
the doping of Sr** (divalent) ions at the trivalent (Bi*") site for maintaining
the charge neutrality. Particle size variation has been observed to influence
both the dielectric as well as ferroelectric behaviour of Sr-doped BiFeO3;
nanoparticles. These enhance with the reducing particle size as the
nanosized grains present in the nanoparticles act as insulating barrier for

the mobile charge carriers.
Ba-doped BiFeO3; nanoparticles (Biy.xBaxFeOs; x = 0, 0.15)

Sol-gel method was employed for the synthesis of Ba-doped BiFeO;

nanoparticles.

XRD patterns showed that Ba-substitution resulted in no structural transformation

of rhombohedral phase of undoped BiFeOs.

TEM micrographs exhibited agglomerated nanoparticles of irregular morphology
due to the high surface energy of the nanoparticles. The agglomeration decreases
as the particle size increases. The average particle size has been found out to be

31, 19, 53, and 74 nm, respectively, for Bi4, Ba4, Ba5 and Ba6 nanoparticles.

FEG SEM micrographs reveal uniformly distributed densely packed spherical
grains having well-defined boundaries that indicate crystalline nature of all the

synthesized nanoparticles. The smaller grains were observed to coalesce via grain
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boundaries to form bigger grains on increasing calcination temperature of Ba-

doped BiFeO3 nanoparticles.

e Magnetic analysis showed enhancement in saturation magnetization value with
Ba-doping, as the substitution of divalent ion (Ba®" ions) at trivalent (Bi** ions)
sites creates oxygen vacancies, which suppress spin spiral structure of BiFeOs.
The saturation magnetization value was further observed to enhance on reducing
the particle size of Ba-doped BiFeO3 nanoparticles. The reduction in particle size
results in the increasing surface to volume ratio, which, thus, increases the density
of the uncompensated spins on the particle surface contributing towards the

magnetism.

e The dielectric and ferroelectric properties were found to degrade with Ba-doping
owing to the creation of well known source of conductivity i.e. oxygen vacancies
as the divalent ions (Ba®") substitutes at the trivalent site (Bi**). Further, these
properties witness enhancement on reducing the particle size of the Ba-doped
BiFeO3 nanoparticles; the reason the nanosized grains providing insulation to the
conduction of charge carriers. The smaller grains obstruct the conductivity of the
mobile ions better than the larger grains and hence, improve the dielectric constant

and ferroelectric property of the system.

Table 5.3 summarises a comparison of structural, magnetic and electric parameters obtained

for the alkaline earth (Ca, Sr, Ba) doped-BiFeO3 nanoparticles
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Table 5.3 A comparison of structural, magnetic and electric parameters obtained for the

alkaline earth (Ca, Sr, Ba) doped-BiFeO3 nanoparticles

Structural parameters

Magnetic parameters

Electric parameters

Property mmmp | D a b c v M. |H,| M, | € Los P, P, E
nm | A A A A3 0.1 kH Clem? | uClem? | kV/cm
Sampli emulg | ©° emu/g @ 2 |H H
U4 | 150 | 5570 | 5570 | 13.89 | 37313 | 129 |17.4] 00170 | 733 | 03 | 2.02 | 143 | 4.07
_ Cad | 104 | 5580 | 5580 | 13.77 | 372.05 | 7.68 | 0.40 | 0.0050 | 1678 | 3.6 | 332 | 250 | 347
Bi,.xCa,FeO;
Cab | 20.6 | 5540 | 5540 | 13.60 | 362.74 | 258 | 038 | 0.0030 | 642 | 1.3 | 048 | 050 | 585
(x =0, 0.15)
Cab | 21.3 | 5560 | 5560 | 13.65 | 36576 | 091 | 025 | 84E-4 | 474 | 1.7 | 061 | 036 | 561
B4 | 213 | 5570 | 5570 | 13.84 | 373.06 | 250 | 069 | 0.0035 | 699 | 04 | 250 | 240 | 19.40
_ Sr4 | 153 | 5590 | 5590 | 13.78 | 373.63 | 530 | 028 | 02171 | 654 | 1.0 | 1.60 | 1.00 | 3.30
Bi;SrFeO;
S5 | 16.7 | 5.610 | 5.610 | 13.69 | 373.60 | 3.90 | 001 | 0.0015 | 551 | 1.2 | 140 | 080 | -7.40
(x =0, 0.15)
S16 | 202 | 5590 | 5590 | 13.76 | 37254 | 1.10 | 6.20 | 0.0005 | 93 | 22 | 080 | 040 | 3.60
Bid | 355 | 5554 | 5554 | 13.72 | 423.28 | 250 | 023 | 0.0400 | 697 | 04 | 267 | 224 | 2003
Bi.xBaxFeOs "Ba4 [ 15.0 [ 5556 | 5.556 | 13.73 | 423.83 | 440 |032| 00600 | 595 | 1.6 | 1.07 | 068 | 12.20
_ Bab | 19.3 | 5563 | 5563 | 13.75 | 42552 | 3.60 | 020 | 00200 | 153 | 34 | 3361 | 3422 | 2.23
(x =0, 0.15)
Bab | 325 | 5567 | 5567 | 13.78 | 427.06 | 060 |16.0 | 0.0120 | 33 | 06 | 5950 | 5933 | 2.15
6
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5.2 Future Scope

The work can be further extended to study the influence of different nanostructures on
the multiferroic properties of doped-BiFeO3; at nanoscale. It is motivated by the fact that
varying shape as well as dimensionality has a critical role in determining the properties of a
material owing to the different ways the electrons interact in three-dimensional, two-
dimensional and one- dimensional structures. This has had pronounced effects on the
multiferroic properties of BiFeOs; and thus the size investigations on the multiferroic
properties of doped BiFeO3; can be studied. Various dopants, such as rare earth, alkaline
earth, transition metals, can be studied as each category of dopants has its own influence on
multiferroism of BiFeOs. The particle size investigation of multiferroic properties of co-
doped BiFeO3; nanoparticles is another possibility. Also, a number of parameters influence
the multiferroics properties of BiFeOs, such as (i) synthesis method, (ii) particle size varying
method, (iii) site of doping, (iv) nature of dopant, (v) dopant size. All these parameters need

to be comprehensively analysed.
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