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ABSTRACT

Perovskite BaTiOs was prepared by the solid state reaction method with the materials BaCOs and
TiO,. The calcinations were carried out at 1150°C for 4 hrs. To study the structural, dielectric
and ferroelectric properties of BaTiOs ceramics, the sintering was carried out at | IUODC, 1200°C
and 1300°C for 4 hrs respectively. The XRD analysis shows the single phase tetragonal
perovskite of BaTiO; ceramics without any second phase. The average grain size increased from
0.20pm to 0.70um on increasing the sintering temperature. The dielectric properties i.e.,
dielectric constant ‘g’ and dielectric loss ‘tand’ are investigated and found to be large g, and low
loss; the ferroelectric properties (i.e., remnant polarization and the coercive field) were also

investigated and found to be large polarization.

A single-phase multiferroic ceramics of (1 — x) BiFeO; - x BaTiOs (BFO - x BTO) were
also prepared by the solid state reaction method with wide range of the material composition (x =
0.1 — 1.0). This BFO with BTO shows structural transformations over the entire compositional
range. These transformations were confirmed by the X-ray diffractions (XRD). Below x=0.3
BFO shows rhombohedral structure, above this composition it shows cubic structure and above
90% of BTO the structure becomes tetragonal. The ferroelectric Curie temperature T decreases
with increasing of BTO concentration, which shows small relaxation. Average grain size first
increases and then decreases that is found large for 0.5 BF- 0.5 BT composite. The dielectric
constant enhances as BTO content increases. The polarization first increases and becomes
maximum for x=0.3, after that it starts decrease with the increasing of the BTO concentration.
This suggested that the morphotropic phase boundary (MPB) exist at this composition that

means the rhombohedral and cubic phases coexist for 0.7BF - 0.3BT composite.



CONTENTS

W

CANDIDATE’S DECLARATION ii
CERTIFICATE ii
ACKNOWLEDGMENTS it
ABSTRACT iv
LIST OF FIGURE viii-x
LIST OF TABLES Xi
CONTENTS
CHAPTER -1 INTRODUCTION 1-3

1.1 Motivation

1.2 Outline of Thesis

1.3 References

CHAPTER -2 LETERATURE REVIEW 4-18
2.1 Multiferroics
2.1.1 Ferroelectricity
2.1.2 Ferromagnetism
2.1.3 Multiferroism
2.2 Magnetoelectric Effect
2.3 Perovskite Structure
2.4 Barium Titanate (BaTiO3)
2.5 Bismuth Ferrite (BiFeO3)

2.6 References




CONTENTS

CHAPTER - 3 SYNTHESIS AND CHARACTERIZATION TECHNIQUES
19 -34

3.1 Solid State Reaction Method

3.2 Samples Preparation
3.2.1 Synthesis of BiFeO; (BFO)
3.2.2 Synthesis of (1-x) BiFeO3 (BFO) — xBaTiO; (BTO) composites
3.2.3 Synthesis of BaTiO; (BTO)

3.3 The Structural Characterization Techniques
3.3.1 X-Ray Diffraction (XRD)
3.3.2 Field Emission Scanning Electron Microscopy (FE-SEM)

3.4 Dielectric Measurement
3.5 Ferroelectric Measurement
3.6 Differential Thermal Analysis

3.7 References

CHAPTER -4 RESULTS AND DISCUSSIONS 35-59
4.1 Characterizations of the BaTiO; ceramic
4.1.1 Structural Studies by XRD

4.1.2 Surface Morphology Analysis
4.1.3 Dielectric Properties
4.1.4 Ferroelectric Properties

4.2 Characterizations of the (1-x) BiFeQOj3 - xBaTiO; composites

4.2.1 Structural Studies by XRD

Vi



CONTENTS

4.2.2 Surface Morphology Analysis
4.2.3 Dielectric Properties
4.2 4 Ferroelectric Properties

4.3 References

CHAPTER -5 CONCLUSIONS 60

vii



LIST OF FIGURES

CHAPTER -2

Figure 1.1 Condition for the existence of the dipole moment.
Figure 1.2 Ferroelectric hysteresis loop (P-E loop).
Figure 1.3 Different types of magnetic ordering.

Figure 1.4 Interactions in multiferroic materials.
Figure 1.5 Schematic of Perovskite Structure.
Figure 1.7 (a) Unit cell of BaTiO; (b) Ion displacement due to the cubic-tetragonal distortion in

BaTiO; (c) The temperature dependence of BaTiOj; structure.
Figure 1.8 The crystal structure of the bulk BiFeOs.

Figure 1.9 A part of BiFeOs lattice with the iron and the oxygen ions, the arrows show Fe’*

moment direction.
CHAPTER -3

Figure 3.1 Diffraction of X-rays by crystal planes.

Figure 3.2 Effect of grain size on X-ray diffraction peak.

Figure 3.3 X-ray diffractometer (Bruker AXS, D8 Advance), IIC, IIT Roorkee.
Figure 3.4 Schematic diagram of the Field Emission Scanning Electron Microscope.
Figure 3.5 Interaction between electron beam and sample.

Figure 3.6 Field Emission Scanning Electron Microscope (FEI, Quanta 200F) at IIC.
Figure 3.7 (a) Agilent Impedance Analyzer, (b) Radiant Ferroelectric Test System.

Figure 3.8 Schematic of Sawyer — Tower circuit for the ferroelectric measurement.
Figure 3.9 Schematic diagram of the DTA.

Figure 3.10 Measurement principles of the DTA.

viii



LIST OF FIGURES

CHAPTER - 4
Figure 4.1 XRD pattern of the BaTiOj; sintered at 1100°C.
Figure 4.2 XRD pattern of the BaTiO; sintered at 1200°C.
Figure 4.3 XRD pattern of the BaTiO3 sintered at 1300°C.

Figure 4.4 Dependence of the lattice constants (a and c), and the c/a ratio (i.e. on right hand side)

on the sintering temperature.
Figure 4.5 SEM micrographs of BaTiOj sintered at (a) 1100°C, (b) 1200°C, and (c) 1300°C.

Figure 4.6 Dependence of the dielectric constant with temperature at various sintering

temperature.

Figure 4.7 Dependence of the dielectric loss with temperature at different sintering temperature.
Figure 4.8 P-E loop of all BaTiO3 samples prepared at different sintering temperatures.

Figure 4.9 Leakage current (Amps.) vs. time (ms) sintered at the various temperatures.

Figure 4.10 XRD patterns of (1-x) BiFeO3 - xBaTiO3 ceramics with compositions, x = 0 (BFO),
0.1 and 0.3.

Figure 4.11 XRD patterns of (I1-x) BiFeO; - xBaTiO; ceramics with compositions, x = 0.5, 0.7
and 1.0.

Figure 4.12 XRD patterns at near 31.5° (a) for pure BFO, 0.1 BT and 0.3 BT, and (b) 0.5 BT,
0.7 BT and pure BT.

Figure 4.13 SEM micrographs of (1-x) BiFeO3 - xBaTiO3; composites at (a) x = 0, (b) x = 0.1,
(c)x=0.3,(d)x=0.5,()x=0.7,and (e) x = 1.0.

Figure 4.14 The dependence of dielectric constants with temperature for all compositions.
Figure 4.15 Dependence of dielectric loss (tand) with the temperature for all compositions.

Figure 4.16 Differential thermal analysis graphs.



Figure 4.17 Hysteresis loops of polarization (P) vs. electric field (E) for (a) x=0, (b) x=0.1, (c)
x=0.3, (d) x=0.5, (e) x=0.7, and (f) x=1.0.

Figure 4.18 Leakage current versus time of (1-x) BF-x BT ceramics (a) at x=0, 0.1, 0.3 and (b)
at x=0.5, 0.7, 1.0.



LIST OF TABLES

T T T e T T R Tt I

Table 1. Lattice parameters calculated at various sintering temperature

Table 2. Crystallite Sizes calculated at various sintering temperature

Table 3. Average grain size calculated at different sintering temperatures

Table 4. The values of & and tand at RT and Tc¢

Table 5. The values of P, P; and E¢ of BTO samples sintered at various temperatures

Table 6. Leakage current density for different samples

Table 7. The values of lattice constants, angle ‘a’ and particle size

Table 8. Average grain size for all compositions

Table 9. Dielectric constant and dielectric loss at room temperature

Table 10. The values of P, P, and Ec

Xi



CHAPTER - | INTRODUCTION

1.1 Motivation

The properties of ferroelectricity, piezoelectricity and ferromagnetism are shown by the
materials like BaTiO; (or BTO), BiFeO; (or BFO) and BFO-BTO composites. These materials
are used in various applications like capacitors, non volatile memories, FeRAM (ferroelectric
random access memory), multilayer charged capacitors (MLCC) , magnetic sensors, transducers
and spintronic ones [1- 3].

Out of the various ferroelectrics, the BaTiO; has a high dielectric constant and shows
mostly the best ferroelectric properties. It is used for various applications because of its
promising structural, dielectric, electrical and the ferroelectric properties [4-6]. The BTO based
ferroelectric materials are also strong candidates for the piezoelectric transducers due to their
large permittivity, large polarization and the large strains. Because it is a lead free ferroelectric
material; therefore, it is an environmentally friendly material.

Bismuth ferrite (BiFeO;) is the only multiferroic material that exhibits a microscopic
coupling between the electric and magnetic ordering at the room temperature. It also shows good
ferroelectric and the piezoelectric properties [7-9]. It is difficult to prepare the BFO ceramics
with the pure perovskite structure [10] (i.e. a secondary or impurity phase is observed). The
substitution of the ferroelectrics to the BFO can reduce the impurity phase.

Many researchers used the addition of PbTiO5 in BFO to suppress the secondary phase. |
used the BTO, which is a good ferroelectric, and it shows a tetragonal structure at room
temperature. It is similar to that of PbTiOs.

Many methods can be used to synthesize the BF-BT ceramics like wet chemical methods
such as sol-gel method, co-precipitation, micro emulsion, hydrothermal and solid state reaction
method. First three methods offer advantages such as phase purity, processibility, controlled
stoichiometry and homogeneity, but still give serious problems like complicated washing
conditions that is difficult to control. Sol-gel method requires precursors which are expensive
and not commonly available.

Traditionally, solid state reaction method is used to prepare the BTO, and BFO-BTO
composites. Out of these various methods solid state reaction method (SSR) is one of the most

used method, because of its amenability to the large scale production [11-12] and can be easily
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handled. The implication of these materials in any devices required a definite shape which can be

given during sintering process.

1.2 Outline of Thesis

This thesis is divided into the 4 chapters; chapter 2 contains the literature review which
includes the brief description of ferroelectricity, ferromagnetism, anti-ferromagnetism, and
perovskite structure along with some necessary definitions related to these phenomenons as well
as the brief introduction of BaTiO; and BiFeQ; materials.

Chapter 3 includes the synthesis of BTO, (1-x) BFO-x BTO ceramics by solid state
reaction method. It also covers the structural, dielectric, ferroelectric and differential thermal
analysis (DTA) properties of these ceramics.

Chapter 4 includes the optimization of the BTO and (1-x) BFO-x BTO ceramics at
different compositions of x. XRD, FESEM, differential thermal analysis (DTA), dielectric and
ferroelectric properties shown by these composites are also included in results and discussion
part of this chapter.

Chapter 5 contains the conclusions.
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2.1 Multiferroics

Multiferroics are the materials that exhibit more than two ferroic states i.e.
ferroelectricity, ferromagnetism and ferroelasticity [1-2]. Multiferroics are used in memory
devices, spintronics [3-4] and in many potential applications. It becomes a hot topic of research
in recent years. Magnetism appears in the materials which have partially filled d orbital shells
whereas ferroelectricity originates from empty d orbital shells. Multiferroics have the ABO;

perovskjte structure.

Brief theory

In this section we will discuss the brief theory of ferroelectricity, ferromagnetism and
multiferroism. , since ideal multiferroic materials possess simultaneously both types of ordering.
However, antiferromagnetism (AFM) is also considered because BiFeOs possesses AFM as well
as ferroelectricity. The last part is focused on the origin of multiferroism and the properties of

multiferroic materials.

2.1.1 Ferroelectricity

Ferroelectricity was discovered in 1921 by Valasek in Rochelle salt. The molecular
formula of Rochelle salt is KNaC4H4O4-4H;0. Initially this effect was not considered for some
time; a few decades ago they approached into a great use [5]. Nowadays, these ferroelectrics are

widely used in the memory devices.

It is the phenomenon in which the ferroelectric materials have phase transition above a
temperature, this temperature is consider as transition or Curie temperature and above this
temperature the ferroelectric materials become paraelectric materials. This phenomenon is
known as ferroelectricity. Ferroelectric materials have the spontaneous electric polarization. This
polarization is reversible, non-volatile and its direction can be changed by applied field.
Polarization (P) is directly proportional to the applied electric field (E) [6]. Most ferroelectric

materials are of perovskite structure ABO;.
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The ferroelectric materials have a net dipole moment (p) that arises from the vector sum
of the dipole moments in every unit cell, 4. It means that the dipole moment cannot occur in a
structure which has centre of symmetry. Therefore, the ferroelectrics should be non-
centrosymmetric. It is not only essential along with there must be a local dipole moment (that
typically shows a macroscopic polarization but not necessarily if these have domains that cancels

completely). It means that central atom should be in the non-equilibrium position [6].

A) 4 B) +

+ g

[Py 4

+ +

Figure 1.1 Condition for the existence of the dipole moment

General properties of the ferroelectrics:

Polarization

Polarization (P) is defined as electric dipole moment per unit volume, and it is related to
the dielectric displacement (D) with the linear expression D = P + ¢E, where P, ¢ and E are

polarization, permittivity of free space (equal to 8.854 x10"'*Coulomb/volt) and applied electric

field respectively.
There are four types of polarization:

Electronic: Displacement of the electrons with respect to nucleus.
Ionic: separation of negative and positive ions in crystal.

Orientational: alignment of the permanent dipoles (molecules).
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Space-charge: free electrons are present and prevented from moving by the barriers such

as the grain boundaries.

Spontaneous polarization

Spontaneous polarization (Ps) is the magnitude of polarization in a single domain of
ferroelectric material in absence of external field. It is the fundamental property of all the
pyroelectric crystals, but it is reorientationable and reversible in the ferroelectrics only.

Most phases of ferroelectrics arise from non-polar original phase and all the polarization
is reorientationable.

D

r

A 4

Fig. 1.2 Ferroelectric hysteresis loop (P-E loop)

Hysteresis Loop

By using domain concept, the existence of the hysteresis loop in polarization (P) vs.
electric field (E) is described as follows. Considering, initially the overall polarization of a
crystal equal to zero, i.e., the vector sum of the dipole moments in the individual domain

vanishes. Fig.1.2 shows the hysteresis loop (i.e. P vs. E loop).
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When we applied electric field to the crystal, these domains in the crystal with the
polarization across the field direction develop at the outgoing of the "antiparallel" domains;
therefore, the polarization rises. The crystal becomes a single domain and the polarization
saturates whenever all the domains are associated in the same direction of the applied field [7].
With increasing the applied field a further increase in the polarization results from "normal
polarization" may effects; the rotation of domain vectors may also be convoluted if the external
field does not coexist with any possible direction of the spontaneous polarization. The
extrapolation of linear part (saturated value of the polarization) to zero external field as shown in
fig. (1.2) that gives the spontaneous polarization Ps (since the relation among electric
displacement, electric field and polarization, D = P + gE), in the above relation, the polarization
arises from both the polarization of the material in the presence of a field and from the
spontaneous alignment of dipoles in the ferroelectric. The dependence of spontaneous
polarization on temperature or on the other external conditions that might be imposed can be
measured from the hysteresis loop which is displayed on an oscilloscope screen. When the
applied field is reduced for a crystal in Fig. 1.2, the polarization of the crystal also decreases, but
there is some remnant polarization (P,) when the applied field is zero. A hysteresis loop
illustrates the coercive field (Ec), the remnant polarization (P;) and the spontaneous polarization
(Py). Further, to remove remnant polarization (Py), the polarization must be reversed of the crystal
and this occurs when a negative field is applied to the erystal. This field is called the coercive

field (Ec) where the polarization is zero [8].

2.1.2 Ferromagnetism

The phenomenon of ferromagnetism was discovered about more than 2000 years ago.
Ferromagnetic materials undergo a phase transition from paramagnetic phase (high temperature)
to the ferromagnetic phase (low temperature) at a temperature. This temperature is considered as
Curie temperature (T¢) [9].

In the ferromagnetic materials, there is a net magnetic moment because of the coupling

between the spins in the preferred orientation (remembering this coupling of spins is the quantum
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mechanical in the nature, not entirely from the magnetic forces which acting between the

neighbouring atoms). Fig. 1.3 shows the different types of magnetic ordering.
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Fig.1.3 Different types of magnetic ordering.

In the paramagnets there is random orientation of the spins when we applied the field
spins are oriented in the direction of applied field. When the field is removed, ferromagnetic
materials retain the component of the magnetization in the direction of applied field i.e. they are
permanently magnetized (they have hysteresis). Also, their susceptibility is independent on the

temperature.

Antiferromagnetism

In antiferromagnetic materials, the spins of the electrons give no overall magnetization
because the spins are opposite to each other in the crystals. These materials also possess a phase
transition from paramagnetic state to the low temperature state with the antiferromagnetic

ordering. While in ferrimagnetism, the spins of the electrons give small overall magnetization.
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Multiferroic materials are the materials which exhibit two or more ferroic states (i.e.
ferroelectricity, ferromagnetism and ferroelasticity) [1-2]. These materials also known as
multifunctional materials. In ferromagnetic materials, the alignment of the electron spins can be
switched by the magnetic field; in ferroelectric materials, the polarization can be switched by an
electric field and the stress field can switch the strain alignment in ferroelastics. While in
multiferroics, polarization can be switched by a magnetic field and magnetization can be
switched by an electric field and vice versa. Figure 1.4 shows the interactions in multiferroic
materials.

In 1959, Landau and Lifshitz showed the theoretical possibility of the coupling between
electric and magnetic ordering in a single material [10]. Such type of materials has magnetization
that is controlled via electric field and polarization proportional to the magnetic field. Later,
Dzyaloshinskii [11-12] and Astrov observed this type of coupling is known as magnetoelectric

effect.

Figure 1.4 Interactions in multiferroic materials.

The next step was to create a novel material that possesses two or more ordering i.e.
ferroelectricity and ferromagnetism. This was first achieved by Soviet Scientists. Nevertheless,
the study of the multiferroics was stopped soon later due to very few multiferroic materials are

the linear magnetoelectrics. Further, increase of interest in the multiferroics begun again around
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2003. At present many researcher are working on multiferroics. Nowadays multiferroics are used

for potential applications, such as magnetic sensors, transducers, magnetic data storage devices,

quantum electro-magnets and spintronics [13-14].

Types of multiferroics

Mainly there are two types of multiferroics. The summary of the pathways to

multiferroics including type I and type Il and relative materials [ 10] are given in following table:

Pathways Mechanism for the Exampl
to multiferroism es
Type I A-site Ferroelectricity — arises BiFeO;,
driven from A-site (Bi) lone BiMnO;
pair and B-site (Fe)
cation gives magnetism.
Geometr- The system comes to YMnOs;,
ically the stable ferroelectric BaNiF,
driven state due to the oxygen
rotations and long range
dipole- dipole
interactions.
Charge Ferroelectricity arises in LuFe,0,4
ordering magnetic materials due
to non-centrosymmetric
charge ordering
Type 11 Magnetic ordering | Formation of symmetry that | TbMnos,
lowered the magnetic ground state | DyMnO3
lacking  inversion  symmetry
induced ferroelectricty.

10
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From the above multiferroic materials bismuth ferrite (BiFeO3) is the only material that shows a

microscopic coupling of electric and magnetic ordering at room temperature [15].

2.2 Magnetoelectric Effect

Magnetoelectric effect (ME) is a phenomenon in which the inducing magnetic or electric
polarization can be achieved by an applied magnetic (electric) field. This effect may be linear
or/and non linear in respect of the external fields. Generally, ME effect depends upon the

temperature. This effect is expressed as:

P = Zﬂ:‘jHj + Z_ﬁgijij Aan »
‘1’11 4 Z QIJEJ =5 Z -"—.‘ij'l"EJ-iE;‘-. Sy

Here ‘P’ is the electric polarization, ‘M’ is the magnetization, ‘E’ is the applied electric field, "H’
is the magnetic field, and o, P are linear and non linear magnetoelectric susceptibilities
respectively. This effect may be found in both single phase and the composites. For example,
single phase materials are Cr,O5 [16] and multiferroics that show the coupling in electric and
magnetic ordering. The composite magnetoelectrics are the combinations of electrostrictive and
magnetostrictive materials like piezoelectric and ferromagnetic materials. And the size of this
effect is dependent on nanoscopic mechanism. In the single phase, this effect is due to the
combination of electric and magnetic ordering as found in some multiferroic materials and in
composites this effect originates from the interface effects as the strain. The applications of ME
are advanced logic devices, tunable microwave filters and sensitive detection of the magnetic

fields.

2.3 Perovskite Structure

A perovskite structure of any material is such type of crystal structure as the calcium
titanate with the formula CaTiOs, known as the perovskite structure, or AZB*05% [17]. The
perovskite name comes from this compound that was discovered by Gustav Rose in 1839, in
Ural Mountains of Russia. It was named by L. A. Perovski, a Russian mineralogist. The
perovskite structure of crystals was first reported in 1926 by V. M. Goldschmidt. Generally, it

has the chemical formula ABOs, where A and B are the two cations having different size, and O

11
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is anion. Many oxides have the perovskite structure of the formula ABOs. In an idealized cubic
unit cell, the atom A sits at the corner positions i.e. (0, 0, 0) of the cube, the atom B sits at the
centre position i.e. (1/2, 1/2, 1/2) and the atoms O sit at the face centered positions i.e. (1/2, 1/2,
1/2).

Fig.1.5 Schematic of Perovskite Structure

Figure 1.5 shows the edges for the unit cell in which A at corners, atom B at body centre and the

O at faces of the cube.

2.4 Barium Titanate (BaTiO3)

Most of the important ferroelectrics are oxides that possess the well known structure (i.e.
perovskite structure). BaTiOs [18] is oné of them which having perovskite structure. Apart from
its outstanding properties such as high dielectric constant, piezoelectricity and pyroelectricity,
BaTiO; shows ferroelectricity at the room temperature.This makes BaTiO; to the essential
ferroelectric perovskite material. For BaTiO;, Ti is a 3d transition element and has the d orbital
for electrons to form covalent bonds with its neighbors. The radius of Ba** is about 1.35 A” and
that of Ti** ion is about 0.68 A°. These ions form a nice octahedral cages, with the O ions held
apart. The structure of BaTiO; is shown in fig. 1.5, where A stands for Ba’* and B for Ti*".
BaTiO; is the temperature dependent at certain transition temperatures, the particular structure of
the unit cell becomes unstable and must transform to a more stable one. The temperature
dependence of BaTiO; structure is shown in fig. 1.6. Below 120°C the structure of BaTiO;

changes from cubic to tetragonal phase resulting from the stretching of the cubic unit cells along

12
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one edge, as shown in Figure. In fact, the Ba® ions shift in the upward direction from the
original position in cubic structure; Ti** ions also shift upward and the O ions shift downward
to form tetragonal structure. As a result, shifting in ions the centroid of the negative charges does
not coincide with the centroid of the positive charges. Therefore, the unit cell becomes
permanently polarized and behaves as the permanent dipoles, leading to the spontaneous
polarization.

Although BaTiOj is a high dielectric material with the high values of the piezoelectric and
pyroelectric coefficients but hopping of the electrons between Ti** and Ti** ions increases the

leakage current and also makes it chemically unstable.

Rhombohedral orthorhombic tetragonal cubic

(c)

Fig. 1.7 (a) Unit cell of BaTiO; (b) Ion displacement due to the cubic-tetragonal distortion in

BaTiO; (c) The temperature dependence of BaTiOj; structure .
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To reduce the leakage current in BaTiOjs at the cost of the dielectric constant. Usually, for
the ABOj3 perovskite structure, by introducing A or/and B sites [19] with the others that enhances
the dielectric properties of the given materials. There are two main categories for A and/ or B site

substitution of ABO; perovskite.

(nH isovalent substitution: A or/and B-sites has been substituted with the ions of
same type, substitution of this type usually bring curie temperature towards
the lower side and lowers the dielectric constant.

(2) offvalent substitution: A and/or B-sites has been substituted by ions of

opposite type.

The structure of BaTiO; is the temperature dependent. Above 12(]”C, it is cubic and from
120°C down to ~5°C, there is a distortion to a tetragonal phase. Further, from 5°C down to
around —9{}“C, the structure is orthorhombic and finally at low temperature (below —900C) shows
rhombohedral, distortion along the body diagonal. These all the structure of BaTiO; are shown in

figure 1.7 (c).

2.5 Bismuth Ferrite (BiFeQ;)

Bismuth Ferrite (BiFeO;) is an inorganic chemical compound and a well known
multiferroic material with perovskite structure because it shows both ferroic states such as
ferroelectricity and magnetism (antiferromagnetism) above the room temperature. It was first
incorporated in 1957 by Swars and Royen[20]. It is also denoted as BFO in material science.
Numerous studies of multiferroics have been assigned to this compound inspired by the
multiferroic properties and magnetoelectric property. The structure of BiFeOs is rhombohedral
that belongs to the R3c space group. BiFeOs is synthesized in both form i.e. bulk and thin film
and both are having G- type antiferromagnetism ordering. Antiferromagnteism Neel temperature
(Tn) and ferroelectric Curie temperature (T¢) of BFO are well above the room temperature
(approximately Ty ~643K and Tc¢ ~1103K respectively) [21]. For the rhombohedral unit cell, the
lattice parametres are a = 5.59 A and o = 60.68" [22]. And in such distortion, the symmetry of

R3c allows development of the spontaneous polarization ‘Ps’ through the pseudocubic [111]

14
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direction with the magnitude of 90 - 95 uC/cm?[22]. The structure of the bulk BFO is shown in
fig 1.7.

Fig.1.8 The crystal structure of the bulk BiFeO;[23].

The spontaneous magnetetization in the BFO can be caused by substitution of the Fe** ion by
the other transition metal ions or in Bi** by the other diamagnetic ions, or by the co-substitution
at the both Fe** and Bi’* sites. The ferroelctricity of the BFO 1s caused by lattice distortion
arising from the lone pair of the Bi**. The large polarization is achieved in BiFeO; thin films and
hetrostructures [24]. The electrical characterization of the bulk BFO has been more difficult due
to their lower resistivity. The controversy whether it is antiferroelectric or ferroelctric was finally
based on hysterisis loop given by Teague et al., who has performed the experiments at the liquid

nitrogen.

Sonsnowka [25] has studied the BiFeO; magnetic structure and found that spin of each
Fe* ion is surrounded by the six antiparallel spins (spin up) with the nearest iron (Fe) neighbors
(spin down), shown in figure 1.9, which is a G-type antiferromagnetism. It means that the
magnetic moments of the Fe are paired ferromagnetically in the pseudocubic (111) direction and

the antiferromagnetically between the adjacent planes.

15
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R
el

Fig.1.9 A part of BiFeO;lattice with the iron and the oxygen ions, the arrows show Fe**

moment direction [25].

Figure 1.9 shows a G — type antiferromagnetism in the BiFeO3 with only iron and the oxygen

ions. And arrows indicate the moment direction of the Fe**.

As the bulk BFO is a ferroelectric at room temperature, has spontaneous polarization that
is directed along (111) directions of perovskite structure fig. (1.8). The value of spontaneous
polarization through the (100) direction is 3.4 ;.lC.*‘cm2 and 6.0 pC/cm’ [22] through the (111)
direction at the 77 K [26], that is smaller than what would be expected for ferroelectric material

with such high temperature (T¢).

In the recent times, the BFO has been observed as a predominant material for the
progress of the multifunctional devices due to their peculiar optical, ferroelectric, magnetic and
piezoelectric properties.These are lead free piezoelectrics and in visible region, they show large
flexibility. These qualities make the BFO a specialy applicable in fields of optics, piezoelctrics,
ferroelectrics and magnets. In addition, these properties show the cross correlation that expected

above the room temperature.
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3.1 Solid State Reaction Method

Many methods are used to make materials but solid state reaction method is a popular
and widely used method. It has many advantages over other methods like no required of

precursor, simply used at room temperature and no requirement of purification [1].

3.2 Samples Preparation

Solid state or “shake and bake” reaction method is used to make pellets of (1-x) BiFeOs-
x BaTiO; composites at different compositions (x=0, 0.1, 0.3, 0.5, 0.7 and 1.0) [2]. This method
is probably more traditional and by this route we have been prepared an extremely large number
of the single-phase perovskite materials with high quality that can be used in many applications.

The following sections present the synthesis procedure of ceramic pellets used in this thesis.

3.2.1 Synthesis of BiFFeO; (BFO)

Stoichiometric BiFeO; (BFO) pellet was synthesized by the solid state reaction method
(SSR) [3]. Starting raw materials used with high purity bismuth oxide (Bi,O3) and Iron oxide
(Fe;0s). These precursors were mixed in requisite ratio and then grinded for 10-12 hrs. After this
we mix binder polyvinyl alcohol (PVA) and again grinded for 3 hrs. After that, by mixing the
mixture properly and pressed in the form of pellets. The pellet then sintered at 870°C for 5 min

with the heating rate of 10°C and then rapidly quenched in liquid N».
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Synthesis of BFO by Solid State Reaction Method

Precursors

Bismuth Oxide
(Bi,03)

~

Iron Oxide
(Fex03)

/

Mixed and grinded for 10-12 hrs

v

Adding binder and again grind for 2-3 hrs

v

Sintered and then rapidly quenched in liquid N,

3.2.2 Synthesis of (1-x) BiFeO; (BFO) - xBaTiO; (BTO) composites

The pellets of stoichiometric (1-x) BiFeO; — xBaTiO; composites at different values of x
(ie. x =0, 0.1, 0.3, 0.5, 0.7 and 1.0) were prepared by the solid state reaction method. At x=0,
(i.e. pure BFO), we discussed the synthesis of BFO is already. At x= 0.1, 0.3, 0.5 and 0.7, the
starting materials for these samples are bismuth oxide (Bi»Qj), Iron oxide (Fe;O3), barium
carbonate (BaCO;) and titania (TiO;). These precursors were mixed in requisite ratio and then
grinded for 10-12 hrs. Calcinations were carried out at 750°C for 1 hr for all samples. After this
binder polyvinyl alcohol (PVA) is mixed and again grinded for 3 hrs. After mixing of these
mixtures properly, we pressed the mixtures into the pellets. The pellets then sintered at 980°C,

980°C, 1020°C and 1040°C (at x = 0.1, 0.3, 0.5 and 0.7) for 5 min with the heating rate of 10°C

respectively and then rapidly quenched in liquid N».
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Synthesis of (1-x) BFO — x BTO composites by Solid State Reaction Method

Precursors

Bismuth Oxide (Bi,03), Ian.Oxi.de (Fezoa),
Barium Carbonate (BaCO3) Titania (TiO,)

~ e

Mixed and grinded for 10-12 hrs

.

Calcinations at 750°C for 1 hr

v

Adding binder and again grind for 2-3 hrs

.

Sintered at different temperatures and then

rapidly quenched in liquid N,

3.2.3 Synthesis of BaTiO3 (BTO)

Stoichiometric BaTiO; (BTO) pellet was prepared by the solid state reaction
method [3]. Starting raw materials for this occured high purity barium carbonate (BaCOs) and
titania (TiO,). These precursors were mixed in requisite ratio and then grinded for 10-12 hrs.
Calcination was carried out at 1150°C for 4 hr. After this we mix binder polyvinyl alcohol (PVA)
and again grinded for 2-3 hrs. The mixture was mixed properly and pressed into the pellets. The

sintering of the pellet is done at 1300°C for 4 hrs with the heating rate of 10°C.
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Synthesis of BTO by Solid State Reaction Method

Precursors

Barium Carbonate Titania
(BaCO;) (TIOZ)

W o

Mixed and grinded for 10-12 hrs

v

Calcinations at 1150°C for 4 hrs

v

Adding binder and again grind for 2-3 hrs

'

Sintered at various temperatures for 4 hrs

3.3 The Structural Characterization Techniques
3.3.1 X-Ray Diffraction (XRD)

X-ray diffraction method is primarily used for the phase identification of a crystalline
material. It is most widely used in the crystal structure determination, including lattice con'stants,
crystallite size, phase analysis, crystal defects, stress etc. X-ray data provides information
regarding the crystalline structures of different materials in bulk, powder and thin film forms.
Such data can be used to determine the relative atomic positions atoms of simple and complex
materials.

Fig 3.1 shows the basic principle of X-ray diffraction. A parallel beam of X-rays strikes
the crystal where the atoms are placed on parallel planes which are separated by a distance’d’
(interplanar spacing). The parallel X-ray beams on the left impinge onto the planes at an angle 6

and the atoms scatter the X-ray beams in all directions [4]. The interaction of the incident rays
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with the sample produces constructive interference and mathematically this is expressed by

Bragg’s law

2dsinf = ni

(3.1)

where,d’ is the spacing between two adjacent atomic planes, ‘0’ is the angle between the atomic

plane and X-ray, ‘n’ is the order of diffraction maximum, and X is the wavelength of the X-rays

[5].

Plane
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o
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L

Fig. 3.1 Diffraction of X-rays by crystal planes

The XRD pattern can also provide the information about the material’s microstructures such as

crystallite size. The crystallite size of a crystallized material is usually related with the full width

half maximum (FWHM, ‘B’) of an X-ray diffraction peak (Fig.3.2). The peak width (B) is

measured from the diffraction peak where its intensity is at half of its maximum intensity. The

measured FWHM can be mathematically converted into the crystallite size of nanostructures by

using the ‘Scherrer’s Equation’ [6].

The Scherrer equation can be expressed in the following form,

0.94
~ Bcos@
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(3.2)



Where D is the average crystallite size, A is the wavelength of the incoming X-ray beam (Cu-Ka
radiation, 1.5402 A), B is the FWHM of diffraction peak in radius, is the position of the

diffraction peak.

172 Fome

20
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—i dli Mrsction mmyle

Fig. 3.2 Effect of grain size on X-ray diffraction peak

The X-ray diffractometer in the Nano Science laboratory (IIC, IIT Roorkee) is shown in figure

(3.3),

|
15
A
7
1

|
gl

Fig. 3.3 X-ray diffractometer (Bruker AXS, D8 Advance), IIC, IIT Roorkee.
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The X-ray diffraction pattern can also be used to calculate the lattice parameters of the crystal
structure. For example, the lattice parameters of the rhombohedral structure (a=b=c, a==y#90"),
for the tetragonal structure (a=b #c, a=f=y=90") and for cubic structure (a=b=c, a=p=y=90") can

be calculated from the following equations [5].

1 _ (h2+k?+1?)sin?oc+2 (hk+kl+hl) (cos? x—cosx)

33
d? a?(1-3cos?x+2cos3x)
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1Y hZ4k? VP
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i SR | 35
d aZ

3.3.2 Field Emission Scanning Electron Microscopy (FE-SEM)

A Scanning Electron Microscope (SEM) is such type of electron microscope which scans
the sample along with a focused electron beam and produce images of the sample. These
electrons contact with the atoms in sample that produces different signals, can be observed and
that carry information regarding the surface topography of the sample and composition. The
SEM can attain resolution superior than 1 nm and specimens can be observed in the low vacuum,
in the high vacuum and also in the wet conditions [7].

In conventional SEM, Tungsten is used as filament because it has low vapor pressure and
high melting point [8, 9]. On the other hand, in Field Emission Scanning Electron Microscope
(FE-SEM) electrons are emitted via field emission (FE) by applying high voltage. FE-SEM
provides 2 nm resolutions which is 3 to 6 times better than the conventional SEM, and minimizes
sample charging and damage. Fig. 3.4 shows a schematic diagram of the field emission scanning

electron microscope. The beam of electrons produces by an electron gun, typically having energy
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. ranging from a few hundred eV to 50 keV. A scan generator produces a varying voltage, by
which coils are energized and it creates a magnetic field, which diverts the electron beam back
and forth in a controlled design called a raster scan (point by point scanning) over a rectangular

region of the sample surface [7, 10].

high-voltage
(]

P

adiustable
aperiure

energy dispersive
x-ray detector g

A

Fig. 3.4 Schematic diagram of the Field Emission Scanning Electron Microscope

When the beam of incident electrons strikes the surface of a sample, it produces variety

of signals such as:

Signal Information
(i) Secondary electrons : Surface Morphology and Topography of the samples
(i1) Backscattered electrons ; Composition in multiphase samples
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(iii) Diffracted backscattered electrons :  Orientation of the grains

(iv) Photons or Characteristic X-rays  :  Identification of material and quantitative
or semi-quantitative analysis
Some other signals are also generated during the interaction such as Bremsstrahlung X-rays,
Auger electrons, visible light (cathodoluminescence), specimen current and heat. The interaction

of the electron beam with the sample is shown in figure (3.5),

Secondary

eflectrons -\ - Primary Beam
Bm‘kgf‘gg: ere g‘ _\ \ -Reaction vessel

X-Rays -Specimen

- ¥isable Light

Transmitted electrons'

Fig. 3.5 Interaction between electron beam and sample

The reflected beam of electrons from the sample by an elastic scattering considered as
Back-scattered electrons (BSE) and the intensity of these electrons is strongly associated to the
atomic number (Z) of the sample. The BSE images can yield information over the distribution of
various elements present in the sample. When an electron beam interacts with the inner shell, an
electron removes that releases characteristic X-rays which fill the shell and also release some
energy. And these X-rays are utilized to recognize the composition and to measure the affluence

of the elements in the specimen [7, 11].

Sample Preparation for FE-SEM

All the samples should be of a proper size that fit properly into specimen chamber and

gradually mounted on a holder, which is known as a specimen stub.
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For the conventional image in the SEM, the specimens should be conductive at the
minimum at the surface and also electrically grounded to stop the gathering of electrostatic
charges at the surface. The metal targets need little special arrangement for the SEM besides
cleaning and the mounting on a stub. When a non-conducting sample is analyzed, a negative
charge built up gradually on the area, where bombardment of electrons occurs.

Therefore, these specimens are coated by an ultrathin coating for the conducting
materials; the deposition is taken either by the low-vacuum sputter coating or by the high-

vacuum evaporation on the sample.

FE-SEM Set-up

Fig. 3.6 Field Emission Scanning Electron Microscope (FEL Quanta 200F) at IIC

3.4 Dielectric Measurement

The dielectric properties of the sample are measured using Cryo Chamber and Impedance
Analyzer, shown in figure 3.7 (a). For dielectric measurements the samples were prepared by
electroding with the silver paste. The frequency range for this was varied from 100 Hz to 1 MHz.

The dielectric behavior has also been studied as a function of temperature. With this
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experimental setup we can measure the variation in dielectric constant with temperature ranging

from 50 K to 450 K. Also, we can also measure the dielectric loss vs. temperature [12, 13].

(a) (b)

Fig. 3.7 (a) Agilent Impedance Analyzer, (b) Radiant Ferroelectric Test System

3.5 Ferroelectric Measurement

The ferroelectric properties that are polarization (P) vs. electric field (e) loop, also called
hysteresis loop, at room temperature forall samples were recorded by using precision premier II,
which is a standard ferroelectric testing machine (Radiant Technology), shown in figure 3.7 (b).
With this experimental setup we can measure the electric polarization vs. applied electric field,
leakage current vs. frequency and leakage current vs. time. From the P-E hysteresis loop we can
also obtain the remnant polarization (P,), saturation polarization (P;) etc. and find whether the
sample is soft or hard electric. The ferroelectric measurement is based on the principal of the
Sawyer- Tower circuit. The schematic diagram of this is shown in figure 3.8. In this circuit, step
voltage V is applied to the pair of electrodes on surfaces of a sample capacitor (Cx) with the
thickness d. This is then plotted on horizontal x- axis, that is proportional to the applied field,
E=V/d, across the sample [14, 15].
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I —
C, 1
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Fig. 3.8 Schematic of Sawyer — Tower circuit for the ferroelectric measurement.

The sample is connected in series with parallel RC circuit; the voltage is measured across the
reference capacitor (C;). Because two capacitors are connected in the series, so the charge on
both capacitors must be same. Once charge on the sample is known, polarization can be

determined by using the relation.
P =Q/A

Where Q is the charge on the electrodes and A is the area of the electrodes.

3.6 Differential Thermal Analysis

The differential thermal analysis (or DTA) is a technique that is similar to differential
scanning calorimetry (or DSC), used to study the temperature difference between the sample
material and an inert reference, that undergo identical thermal cycles [16]. This difference in the
temperature is then plotted with time or with the temperature, which is called DTA curve or
thermogram. The change in the sample can be detected comparative to the inert reference, either
exothermic or the endothermic. It shows at which a material reacts and if the change in heat is

positive or the negative. It is more difficult to determine with the DTA measurements, which
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kind of reaction is detected. It is a quick method that does not demand complicated instruments

[17]. The schematic diagram of DTA is shown in figure 3.9 [18].

Sample

Fumace

- Sample Temperature

Temperature Difference

Fig. 3.9 Schematic diagram of the DTA

Principle of DTA

Both reference and the sample are situated symmetrically in the furnace. The furnace is
controlled with the temperature program, and this temperature of the reference and the sample
are changed. Throughout this process, a differential thermocouple is set up which detect the
difference in the temperature between the reference and the sample. The sample temperature is
also detected on the sample side from the thermocouple. Fig. 3.10 (a) shows the change in the
temperature of the furnace, the sample and the reference with the time, and the fig. 3.10 (b)
shows change in the temperature difference ‘AT’ with the time that detected by the differential

thermocouple. The AT signal is referred as DTA signal.

When furnace starts heating, the sample and the reference begin heaﬁng with the slight

delay, which depends on their heat capacity.
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Fig.3.10 Measurement principles of the DTA

After heating begins the AT changes till the steady state is reached and after achieving
stability, it reaches a set amount adaptable with the difference in the heat capacity between the
reference and the sample. This static signal is called the baseline. When temperature increases
and the melting arise in the sample, for example, shown in fig 3.10 (a), the temperature rise stops

and AT increase.

When the melting stops, the temperature curve quickly returns to the baseline. At this

2 point, AT signal reaches to the peak which is shown in fig.3.10 (b). From this we can observed
the transition temperature of the sample and reaction temperature from AT signal. In fig. 3.10

- (b), the temperature differences due to the exothermic change is given as positive direction and

due to the endothermic change is given as a negative direction [18].

Applications of DTA

1. To study the phase transitions and to construct the diagrams.

. 2. To find the change in the enthalpy (AH).
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. CHAPTER - 4 RESULTS AND DISCUSSIONS

4.1 Characterizations of the BaTiO; ceramic

4.1.1 Structural Studies by XRD

An X-ray diffractometer with the Cu K, target of wavelength (A = 1.5406 /—f\) is used for
the structural analysis of the BaTiO; samples by varying the diffraction angle ranging from 10°
to 80", Following figures show the XRD patterns for the different BaTiO; pellets, sintered at
1100°C, 1200°C and 1300°C. The pellets are optimized at the above sintering temperatures.
These optimized temperatures for the synthesis of BaTiO; are determined by analyzing these
XRD patterns. Formation of the BaTiOs; was confirmed with the JCPDS database. The
crystalline BaTiO; is formed at these sintering temperatures. The XRD peaks confirm the single

perovskite phase at these sintering temperatures.
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Fig.4.1 XRD pattern of the BaTiOj sintered at 1 100°C.
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Fig.4.2 XRD pattern of the BaTiOs sintered at 1200°C.
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Fig.4.3 XRD pattern of the BaTiO; sintered at 1300°C.
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Above all XRD patterns of BaTiOjs sintered at different temperatures i.e. | IOOUC, 1200°C
and 1300°C show pure crystalline phase without any impurities of the secondary phase. By the
XRD lattice parameters and crystallite sizes are to be calculated, which are given in the
following tables. The calculated values are the nearly same as the theoretical values and the
distortion ratio (c/a ratio) is above the one for all the samples [1]. From XRD, it is confirmed that

the structure of all BaTiO; samples is tetragonal [2]. The standard lattice parameters are a =

3.9998 A and c = 4.018 A.

The lattice parameters are calculated by the following formula

1 hZ+k2. P

d? a? 2
And crystallite size (D) is obtained by using

0.94
~ Bcoso

Where, B is F.W.H.M. and calculated from the relation:

6;—86,
5y 2

Table 1. Lattice parameters calculated at various sintering temperature

Samples Lattice Constants (A) c/a ratio
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From the table 1, it is clear that the standard lattice parameters are in the excellent
agreement with the calculated lattice parameters. Hence, these results confirm the formation of

the tetragonal BaTiO; for all samples.

Table 2. Crystallite Sizes calculated at various sintering temperature

Samples Crystallite Size (nm)
'BTO 1100
BTO 1200
‘BTO 1300
1.0085
4.03 L -
\ \® > A 1.0080
A c/a M ’
4.02 1.0075
2 ®
‘5' 4.01 4 1.0070 <
Z i E
1.0065
S 400 @ p
)
é / A 1.0060
3 399 > P
/" '/’ 1.0055
A/ | -
3.98 ™ 1.0050
1100 1150 1200 1250 1300

Sintering Temperature (°C)

Fig.4.4 Dependence of the lattice constants (a and c), and the ¢/a ratio (i.e. on right hand side) on

the sintering temperature.
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From XRD, it is observed that the lattice parameters and the crystallite size of BaTiOs
increase as the sintering temperature increases. These parameters increase due to the unit cell
expansion as sintering temperature increases. Figure 4.4 shows the dependence of the lattice
constants and c/a ratio on the sintering temperature at the room temperature. From table (1), it is
also clear that the distortion ratio (c/a ratio) first increases that is for 1100° C and 1200°C and
then decreases for 1300°C. This means that a strong tetragonal structure at 1200°C and above
1300°C it can become a cubic structure since the c/a ratio approaches to 1. From table (2), it is

found that the particle size also increases as the sintering temperature increases.

4.1.2 Surface Morphology Analysis

The Surface morphology of the BaTiO; samples was investigated by a Field Effect
Scanning Electron Microscopy (FESEM}, and the compositions were determined by EDAX
(Energy Dispersive Analysis of the X-rays). The beam of electrons of energy about 15 keV is
incident on the samples. Then the resulting X-rays give the information about the surface and the

compositions of the specific part under scan.

100 EHT= 15008/ Signal A= SE2 Date 25 0ct2013 Fiaany || 100 EHT = 1500 kY Signal A= SE2 Dete 25 Cct 2013
r W= 78mm Mag= 100.00 KX Time 161847 e WO= 77mm Mag= 100.00K X Time 162937
(a) (b)
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Fig.4.5 SEM micrographs of BaTiOj; sintered at (a) 1 100°C, (b) 1200°C, and (c) 1300°C

From the micrographs, microstructure properties such as grain size, porosity, grain distribution,

interfaces and presence of the different phases can be measured.

From figure (4.5), it can be observed that the BaTiOs has spherical morphology sintered
at different temperatures. It is also noticed that the average grain size grows as the sintering
temperature increases; this is known as the grain growth. The term grain growth is commonly
used in the metallurgy but also used in the ceramics and minerals [3]. This occurs because the
grain boundaries have higher energy in comparison of a perfect lattice, so there is a force (called

driving force) that reduces the area of the grain boundaries, hence increasing the grain size.

Table 3. Average grain size calculated at different sintering temperatures

Samples Average grain size (nm)

40



CHAPTER-4 __________________ RESULTSAND DISCUSSIONS

P From the XRD, it is also observed that the density increases, structure is more uniform, more
homogeneity and pore free structure as sintering temperature increases. The values of average

¢ grain size are calculated for different sintering temperatures are shown in table 3.

4.1.3 Dielectric Properties

Dielectric measurements of the BaTiO; samples sintered at different temperature were
carried out by the impedance analyzer with respects to the temperature at frequency 1 MHz [4].
Fig. 4.6 displays the dependence of the dielectric constant with the temperature. From figure, it
is clear that the sintered BaTiO; samples posses the high relative permittivity at room

temperature.
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Fig.4.6 Dependence of the dielectric constant with temperature at various sintering temperature.

From figure (4.6), it is clear that the dielectric constant is increasing as the temperature increases.

The dielectric constant is found maximum for BaTiO3; sample sintered at 1300°C.

’ 41



CHAPTER-4 _______________ RESULTSAND DISCUSSIONS

0'11 —
—=—1100°C
.

0_10_. L 120000
| A 1300°C
| ]
0.09 >
%
=] |
= 0.08-
E
o 007 1'
T .
= o.osj

0O 20 40 60 8 100 120 140 160 180

Temperature ‘0

Fig.4.7 Dependence of the dielectric loss with temperature at different sintering temperature.

The phase transition temperature is different for different samples. Curie temperature (Tc)
increases with increase in the sintering temperature because the internal stress can shift it to the

higher temperature with the increased grain size.

The values of dielectric constant ‘g’ and the dielectric loss ‘tand’ at room temperature
(RT) and Curie temperature (T¢) are given in table.4 [, 6]. Figure 4.7 shows the dependence of
dielectric loss versus temperature at 1100°C, 1200°C and 1300°C sintering temperature. From
figure (4.7), it is also observed that the dielectric loss is low for BaTiO; sintered at 1300°C. The
value of dielectric constant is much higher and the value of dielectric loss is much low than the
reported [7]. The higher value of the & of BTO samples that found in our case is assigned to
uniform and the dense surface microstructure, which show better crystallinity and higher density
than the earlier reports on the BTO [7-9]. And the lower value of the tand indicates that the

synthesize sample was almost impurity/ defect free.
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Table 4. The values of ¢, and tand at RT and T¢

Samples Tc Dielectric Constant  Dielectric Loss

L

123 2500 4500 0082  0.105

6800  0.052 0.082

'BTO 1300 152

It is observed that the value of g is much high and tand is low of BTO ceramic sintered at
1300°C. This shows that the BTO sample is much useful sintered at 1300°C than the other
sample sintered at 1100°C and 1200°C.

4.1.4 Ferroelectric Properties

The ferroelectric properties, i.e., remnant polarization (P,), saturated polarization (P,) and
coercive field (E¢) are measured by the polarization versus electric field (i.e. by Sawyer Tower
circuit), also called P-E loop. Fig.4.8 shows P-E loop of all BaTiOs samples sintered at 1100°C,
1200°C and 1300°C. The ferroelectric nature of the sintered BaTiO; ceramics is confirmed by the
development of saturated P-E loops. The prepared samples also show better crystallinity and
homogeneity, which is described by the sharpness of the P-E loop [7]. The values of coercive
field ‘Ec’ and remnant polarization ‘P’ are in good agreement with the earlier reported for all

BaTiO; samples [10].

From figure, it is observed that there is a gap in the P-E hysteresis loop that can be due to
the ohmic contacts of the electrodes and also due to the leakage current. The values of remnant
polarization (P;), saturated polarization (P;) and the coercive field (Ec) are given in table 5. It is
observed that the remnant polarization is high for BTO sample sintered at 1300°C, because

interfacial polarization (grain boundary) increases as the sintering temperature increases. This
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means that the number of dipole moments of every domains increases as the grain size increases

with increase the sintering temperature.
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Fig.4.8 P-E loop of all BaTiO; samples prepared at different sintering temperatures.

Table 5. The values of Ps, P, and Ec of BTO samples sintered at various temperatures

Samples P, (uC/ em®) P, (uC/ em”) Ec (kV/ cm)
BTO 1100 16.63 3.24 2.54
BTO 1200 14.18 4.67 2.79
BTO 1300 1825 _ 6.64 4.28
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Fig.4.9 shows the leakage current vs. time graph, that shows the stability of the materials.
From figure (4.9), it is noticed that the leakage current against the time is almost constant for
BTO sample sintered at 1300°C than the other samples. This means that the BTO sample sintered

at 1300°C is more stable in comparison of others.
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Fig. 4.9 Leakage current (Amps.) vs. time (ms) sintered at the various temperatures

It is also observed that the leakage current reduces as the sintering temperature increases
and it is low for BTO sample sintered at 1300°C. The values of the leakage current density at

time zero are given in the table 6.

Table 6. Leakage current density for different samples

Samples Leakage current density (Amp/cm”)
BTO 1100 3.18x 10™
BTO 1200 2.18 x 10
BTO 1300 0.99 x 10°®
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4.2 Characterizations of the (1-x) BiFeQO; - xBaTiO; composites

4.2.1 Structural Studies by XRD

The structural studies of (1-x) BiFeOs — xBaTiO3 composites (i.e. x =0, 0.1, 0.3, 0.5, 0.7
and 1.0) were carried out by an X-ray diffractometer with the Cu K, target of wavelength (A =
1.5406 A). Following figures show the XRD patterns for the different composites, sintered at
various temperatures. The calcinations of the prepared powder were carried out at 750°C for 1 hr.
The pellets are optimized at the sintering temperatures that are 870°C, 980°C, 980°C, 1000°C,
1020°C and 1200°C for x = 0, 0.1, 0.3, 0.5, 0.7 and 1.0 respectively. These optimized
temperatures for the synthesis of these composites are determined by analyzing these XRD
patterns. Formation of (1-x) BiFeO3 - xBaTiO; composites were confirmed with the JCPDS
database. The crystalline (1-x) BiFeO; - xBaTiOj3 composites are formed at these sintering

temperatures.
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Fig. 4.10 XRD patterns of (1-x) BiFeO; - xBaTiO; ceramics with compositions, x =0
(BFO), 0.1 and 0.3
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Fig. 4.11 XRD patterns of (1-x) BiFeQOs - xBaTiOj; ceramics with compositions, x = 0.5,
0.7 and 1.0

Figure 4.10, it is observed that a minor second phase of the possible Bi,Os as indicated by “*’,
i.e. due to the bismuth excess (Bi;O;). It is proved that to prepare a pure BFO is a difficult task
because of its low structural stability and relatively the low tolerance factor. As the BT

concentration added the second phase is disappears, it is clear from the figure 4.11.

The XRD graph of BFO shows an observable splitting in the higher 26 peaks that
specifies a rhombohedral symmetry [11]. This splitting of the X-ray diffraction peak gradually
reduces as increasing in the BT concentration and becomes almost single in 0.5BF-0.5 BT
composite that indicates appearance of the cubic phase [12], shown in figure 4.12. It is also
observed that XRD peaks shift towards lower 20 positions as BT concentration increases, mainly
caused by the Ba”* ion has larger ionic radius (1.35 f\) in comparison of Bi** ion (1.03 A) on the
A site of the perovskite structure. While the Ti** ion (0.605 A) and Fe*" ion (0.64 A) have the

similar radii [11].
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Fig. 4.12 XRD patterns at near 31.5° (a) for pure BFO, 0.1 BT and 0.3 BT, and (b) 0.5 BT, 0.7
BT and pure BT
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From figure 4.12(a), it is observed that the intensity of the peak (hlk111) on the right side
reduces and linewidth of peak (h2k212) on the left side is broadened. These changes in (h1k111)
and (h2k212) peaks intensity and the broadening are due to increase of Cm phase by decreasing
the BFO content [13]. For x= 1.0, i.e. pure BTO shows the tetragonal perovskite structure which
is already discussed in section 4.1. The lattice constants, the angle ‘a’ and particle size are given

in table 7.

Table 7. The values of lattice constants, angle ‘e’ and particle size

Samples Lattice constants (A) a (degree) Particle size (nm)
= TR . - .

e, 8

T

0.9BF-01B
~ 0.7BF-0.3BT
 0.5BF - 0.5BT

L

JBT

It is clear that the lattice constants and distortion angle ‘o’ are increasing with increasing
in the BT content due to the lattice ex'pansion and the structure distorted from rhombohedral to
cubic above x=0.3 BT, and cubic to tetragonal above x=0.9 [14]. It is also observed that the
particle size decreases as the BT concentration increases due to the radii of Ba®* (1.35 A) is

different from the Bi** (1.03 A).

4.2.2 Surface Morphology Analysis

The Surface morphology of the (1-x) BiFeOs - xBaTiO3 composites was investigated by
a Field Effect Scanning Electron Microscopy (FESEM) and the compositions these composites

were determined by EDAX (Energy Dispersive Analysis of the X-rays). Figure 3.13 shows the
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- SEM micrographs of BFO, 0.9BF-0.1BT, 0.7BF-0.3BT, 0.5BF-0.5BT, 0.3BF-0.7BT, and BT

respectively.
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