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ABSTRACT

Undoped BiFeOs, Gd doped BiyoGdy FeOs, and Gd-Ti co-doped Biy9Gdy 1Fe;«TixOs
(x = 0.10, 0.20) materials were synthesized to report their temperature dependent
electric and magnetic properties. The structural analysis and phase identification of
these multiferroic ceramics were performed using Rietveld refinement. The Rietveld
analysis has confirmed the high phase purity of the 10% Gd-Ti co-doped
Big9Gdy 1 FeooTip O3 sample compared to that of other compositions under
investigation. The major phase of this particular composition is of rhombohedral R3¢
type structure (wt% > 97%) with negligible amount of impurity phases. In terms of
characterization, the magnetic properties of this co-doped ceramic system were
addressed by applying substantially higher magnetic fields than that applied in
previously reported investigations of this material system. Both the coercive fields
and remanent magnetizations were higher for 10% Gd-Ti co-doped
BiooGdy 1 FeooTipOssample than those for other materials. The dependence of
temperature on their magnetization behaviour have been investigated elaborately.
Unexpectedly, the coercive fields of this multiferroic system increased with
increasing temperature. The coercive fields and remanent magnetization were higher
over a wide range of temperatures in 10% Gd-Ti co-doped BiyoGdgFeooTip10;3
sample compared to those of other compositions. The magnetization versus applied
magnetic field (M-H) hysteresis loops at different temperatures exhibited an
asymmetric shift towards the magnetic field axes which indicated the presence of
exchange bias effect in this material system. The hysteresis loops were also carried
out at temperatures 150 K and 250 K by cooling down the sample from 300 K in
various cooling magnetic fields. The exchange bias fields increased with cooling
magnetic fields and decreased with temperature. The biasing fields were tunable by
field cooling at temperatures up to 250 K. Additionally, the leakage current density
has been measured to explore its effect on the ferroelectric properties of this
multiferroic system. The outcome of this investigation suggested that the substitution
of 10% Gd and Ti in place of Bi and Fe, respectively, in BiFeOs significantly
enhances its multiferroic properties. The improved properties of this specific
composition was associated with homogeneous reduced grain size, significant
suppression of impurity phases and reduction in leakage current density which was
further asserted by polarization versus electric field (P-E) hysteresis loop

measurements.
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Chapter 1

Introduction

1.1 Introduction

Multiferroic materials, in which ferromagnetic, ferroelectric, and/or
ferroelastic orderings coexist, have attracted significant research interest since many
years [1-5] due to their potential applications in data storage media, spintronics and
ferroelectric random-access memories. The co-existence of 'ferro' orders in
multiferroics allows the possibility that the magnetization can be tuned by an applied
electric field and vice versa. Among the limited choices offered by the multiferroic
materials, BiFeO3; (BFO), one of the single-phase multiferroic materials at room
temperature, exhibits the co-existence of ferroelectric ordering with Curie
temperature (Tc¢ ) of 1123 K and antiferromagnetic (AFM) ordering with a Neel
temperature (Ty ) of 643 K [6]. In BiFeO3, magnetic ordering is of antiferromagnetic
type, having a spiral modulated spin structure (SMSS) with an incommensurate long-
wavelength period of 62 nm [6]. This spiral spin structure cancels the macroscopic
magnetization and inhibits the observation of the linear magnetoelectric effect [7].
These problems ultimately limit the use of bulk BiFeOs in functional applications.
Recent investigations demonstrated that in order to perturb the SMSS and improve
the magnetic properties of BiFeOs, partial substitution of Bi by rare-earth ions [8, 9]
or alkaline-earth ions [10] and also substitution of Fe by transition metal ions [11, 12]
is an effective route. It is also reported that simultaneous minor substitution of Bi and
Fe in BiFeOs; by ions such as La and Mn, La and Ti, Nd and Sc etc, respectively [13-

15] also enhance the magnetism and ferroelectricity in BiFeOs.

Recently, Basith et. al. [16] observed that simultaneous substitution of Gd and Ti in
place of Bi and Fe, respectively in BiFeO; multiferroics improved their
morphological, dielectric and magnetic properties at room temperature. Later on,
another group also observed fascinating magnetic, optical and dielectric properties in
this Gd and Ti co-doped BiFeO; ceramic system at room temperature [17]. Therefore,
the aim of this investigation is to conduct experiments on temperature dependence of
magnetic properties of Gd and Ti co-doped BigoGdyFe;«TixO3 (x= 0.00-0.20)

multiferroic materials. In particular, our interest is to investigate the effect of
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temperature on remanent magnetization, coercive fields and exchange bias (EB)
fields of these bulk polycrystalline materials. Notably, the EB phenomenon which
manifest itself by a shift of a magnetic hysteresis loop in systems containing
ferromagnetic/antiferromagnetic bilayers has been studied extensively since many
years due to its importance in spintronic applications [18]. The EB effect usually
occurs when the system is cooled down in an external magnetic field through the
magnetic ordering temperatures. Most of the research in this field is focused on
specially prepared systems, however, recent investigations reported the presence of
EB effect in perovskite manganites [19], cobaltites [20], Heusler alloys [21] and
multiferroics [22]. Although EB has been observed in various bulk materials, the
effect in most cases has been limited to far below room temperature (<100 K) [23,

24], thus making the systems less attractive for applications.

In previous investigation conducted by Basith et. al[16], the magnetization vs.
magnetic field (M — H) hysteresis loops indicated the presence of exchange bias
effect in the Gd and Ti co-doped Big¢GdyFe;-,Ti,O5 (x = 0.00-0.20) ceramics at
room temperature although the biasing field was very small. Therefore, in the present
investigation, the exchange bias effect was explored in this material system at
different temperatures ranging from 20 K to 300 K. The influence of cooling
magnetic fields at temperatures 150 K and 250 K was also carried out to observe a
tunable exchange bias in 10% Gd and Ti co-doped BigoGdy 1FeooTip 103 composition.
Along with magnetic characterization, the leakage current behavior and their effect on
the ferroelectric properties were also part of this investigation. Finally, the
temperature dependent dielectric properties of a selected sample were measured to
confirm the presence of magnetoelectric coupling in this multiferroic material system.
The compendium of these investigations is that the nominal composition of 10% Gd
and Ti co-doped Big9Gdo FeooTip O3 with significantly improved phase purity

exhibited enhanced multiferroic properties.

1.2 Aim and Objective

The main objectives of this research are as follows:

(a) Preparation of undoped BiFeO;, Gd doped Bi¢Gdy FeO; and Gd-Ti co-doped
Bip9Gdy 1 Fe; xTixO5 (x = 0.10, 0.20) multiferroics by using solid state reaction
method.
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(b) Structural analysis and phase identification of the synthesized samples by X-ray
diffraction.

(c) Investigation of the magnetic properties from temperature dependent
magnetization experiments.

(d) Measurements of the magnetic properties such as remanent magnetization (M,),
coercivity (H.) and exchange bias field (Hgp) at particular temperatures from zero
field cooled (ZFC) and field cooled (FC) magnetic hysteresis loops.

(e) Investigation of the ferroelectric properties using a ferroelectric loop tracer
(polarization vs electric field).

(f) Investigation of the temperature dependent dielectric properties of a selected

sample at different frequencies.

1.3 Outline of the Thesis

This research work has been configured into five chapters.
Chapter 1 presents a general introduction, aim and objectives of the present
investigation.
Chapter 2 gives a brief overview of the materials as well as theoretical background.
Chapter 3 deals with the details of the sample preparation and characterization
experimental techniques used in this thesis.
Chapter 4 represents result on temperature dependent magnetic and electrical
properties of Gd and Ti co doped BiFeO; multiferroics.
The conclusions drawn from the overall experimental results and discussion are

presented in chapter 5.
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CHAPTER 2
THEORETICAL BACKGROUND

Recently, multiferroics have been an exciting study field because of their
attractive phenomena in physics and wide ranging applications. One of the most
attractive characteristic of multiferroics is the magnetoelectric (ME) effect, i.e.
ferroelectric polarization can be controlled by a magnetic field and, on the contrary,
magnetization can be controlled by an electric field [1]. Such coexistence of magnetic
and electric polarization might be exploited as an additional degree of freedom in the
design of novel devices such as actuators, transducers and storage devices [2]. At the
present time, the industry is trying to improve the efficiency of the computers. One of
the important problems is the fabrication of data storage media with a higher data
density, consequently, working on the computers becomes fast and same with the less
space. From this viewpoint the current research in the field of multiferroics might be
very exciting. Presently, either ferroelectric or ferromagnetic materials are used for
data storage media. If in its place a multiferroic could be employed as a memory, it
would include an extra dimension to the field of data storage to increase of the data
density. In recent years, the development in magnetoelectric multiferroic materials is
so fast that it becomes one of the new topics of materials science. Bi-containing
perovskites and Hexagonal manganites becomes most examined multiferroic material.
The compatibility of two materials, silicon (Si) and silicon dioxide (SiO;) with
perovskite oxides on which whole information industry is based, make these materials
most promising for technological applications. Bismuth ferrite is one of the most
studied single phase multiferroic materials exhibiting multiferroism at room
temperature [3]. Besides, these potential applications, these materials also
demonstrate exciting and complex physics. Moreover, for fabrication and integration
of these materials into devices, it is essential that they should be compatible

thermodynamically and chemically [4-5].
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2.1 ELECTRICAL PROPERTIES OF MATERIALS
2.1.1 DIELECTRICS

A dielectric material is an electrical insulator that displays or can be made to
display a polar state when subject to an applied electric field. The displacement of the
center of negative charge related to the center of positive charge in a material gives
rise to a dipole moment or a polar structure. A structure may display such
displacements spontaneously or may be induced by an applied electric field. The
polarization in an ideal dielectric material is independent of temperature and is
linearly dependent on the applied electric field. Therefore, the polarization is returned
to zero on the removal of applied electric field. The four main mechanisms for
polarization, by which a polar state or dipole moment exists within a dielectric

material, are electronic, ionic, dipolar and space charge (Figure 2.1).

Figure 2.1: Systematic representation of possible four types of polarization process.

(1) Electronic or atomic polarization involves a slight relative shift of the center of
the electron cloud in the atom and center of positive charge (i.e. Nucleus) in an

opposite direction within a dielectric material of an applied electric field. The
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electronic polarization occurs when an applied electric field distorts the cloud of

electrons in an atom in a direction opposite to the field.

(i1) Ionic polarization occurs in solids with ionic bonding which voluntarily have
dipoles. However, the dipole moments get cancelled due to the symmetry of the
crystals and the net polarization is zero in the absence of applied electric field. A
small relative displacement of ions takes place from their equilibrium position in an

applied electric field and hence inducing a net dipole moment or polarization [6].

(iii)  Dipolar or orientational polarization happens only in polar molecules which
possess permanent dipole moment. The permanent molecular dipoles present in the
material are randomly distributed due to thermal randomization. However, the
orientational polarization occurs due to the orientation of permanent molecular

dipoles present in the material by an applied electric field [6].

(iv)  Interface or space charge polarization originates due to the accumulation of
charge dipoles at grain boundaries as well as the electrode material interface. It
involves the limited movement of charges resulting in alignment of charges dipoles

under an applied electric field.

In the above four polarization mechanism, the masses of entities to be displaced are
increasing from electronic to ionic to orientational polarization and have direct
relation with the frequency of applied electric field as shown in Figure 2.2.
Obviously, heavier the particular entity more will be the time taken to displace it from
one place to another. Interface or space charge polarization involves charge dipoles
(defects, etc.) which are unable to follow the rapidly changing applied electric field,
and hence occurs at frequencies below 100 Hz. The orientational polarization
involving the moments of molecular dipoles occurs below 10° Hz, while ionic
polarization is faster and typically happens at frequencies 10°-10" Hz due to
involvement of ions. In contrast, ionic polarization is fastest and typically exists at

frequencies between 10'*-10"° Hz due to the involvement of lighter electrons.



Chapter 2 Theoretical Background

Figure 2.2 : systematic representation of various mechanisms in dielectric constant versus
frequency plot.

In presence of applied electric field, the polarization induced inside a dielectric
material is referred as dielectric behavior. The polarization behavior of dielectric
materials increases the charge storage capacities when placed between the plates of a
parallel plate capacitor. Hence, dielectric materials are extensively used in capacitors.
A dipole moment developed in response to the applied field induces a buildup of
charge on the surface of the dielectric material when placed between two conducting

plates.

2.1.2 FERROELECTRICITY

A ferroelectric material is a nonlinear dielectric that exhibits a spontaneous
electric polarization whose direction can be switched by an applied electric field [7].
A ferroelectric material undergoes a phase transition from a centrosymmetric phase at
high temperature to a noncentrosymmetric phase at low temperature. Several
properties of ferroelectric materials are analogous to ferromagnetic materials and
therefore the prefix ferro (iron) was used to describe the property despite the fact the
most ferromagnetic material do not possess iron. Amongst, 21 non centrosymmetric
classes, 20 are piezoelectric out of which 10 are pyroelectric that exhibits spontaneous

electric polarization which varies with temperature.
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Ferroelectric materials demonstrate a hysteresis effect of polarization with an applied
electric field E as shown in Figure 2.3. The hysteresis effect induced due to a
permanent dipole moment in the material. At first, increase in electric field leads to an
increase in polarization or alignment of dipoles in the direction of the applied field.
When an electric field is strong enough such that all the dipoles are aligned in the
direction of the applied electric field, consequently the material is in a saturated
polarization state (P;). The reduction in electric field leads to the reduction in
polarization and reaches a point where electric field and polarization are zero and
non-zero, respectively. Such non zero polarization at zero field is known is remnant
polarization (P;). To bring this remnant polarization to zero, the electric field is
reversed in a negative direction. The reversed field at which polarization becomes
zero is called a coercive field (E.). The additional negative field will give saturation

polarization Pgand upon reversal of the field the hysteresis loop closes.

Above the Curie temperature Tc, a ferroelectric material no longer exhibits
spontaneous polarization (P;) and therefore the structure becomes centrosymmetric
(nonpolar) and consequently, the material becomes paraelectric. Ferroelectrics
maintain their polar behaviour below T¢ and show enhancement in polarizability up to
Tc. Further, when the temperature of the material is decreased, many ferroelectric
materials display several phase transitions. These phase transitions are between one
noncentrosymmetric to another noncentrosymmetric phase and therefore exhibit a
unique polar axis. The materials remain ferroelectric despite the transformations in
crystal symmetry. The change in crystal symmetry leads to the change in the direction
of the polar axis. The origin of ferroelectricity can be explained using the well-known

example of barium titanate (BaTiO3).

Figure 2.3: Systematic representation of ferroelectric (P-E) hysteresis loop [8].
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Barium titanate is a ferroelectric material with a perovskite structure as shown in
Figure 2.4. It has a cubic structure above T¢ ~ 120°C. It is non-ferroelectric (i.e.
cubic) because the centers of positive and negative charges overlap with each other. In
BaTiOs, below Tg, it has tetragonal structure, in which the O ions are shifted
towards negative ¢ direction, whereas the Ti*" ions are shifted towards positive c-
direction. This results in formation of electric dipole along the c-direction and

consequently it remains ferroelectric state in tetragonal structure.

Figure 2.4 : Structure of BaTiO; above (a) and (b) Curie temperature(T.)

2.2 MAGNETIC PROPERTIES OF MATERIALS

2.2.1 MAGNETIC ORDERING
Magnetism is displayed by only those compounds which possess partially

filled d-transition metal elements or partially filed f-lanthanides.

Figure 2.5: Schematic representation of spins aligned in ferromagnetic (a), antiferromagnetic

(b), ferrimagnetic (c) and canted antiferromagnetic (d) manner.

12



Chapter 2 Theoretical Background

The magnetic materials can be classified into various classes depending upon ordering
of magnetic moments. In paramagnetic materials, magnetic moments are aligned
randomly in different directions and can be aligned in one direction under the
application of an external applied magnetic field. The mutual interaction of unpaired
electrons leads to an alignment of electrons and therefore, results in spontaneous
magnetic ordering. Figure 2.5 (a)-(c) illustrate three main classes of magnetic
behavior. If the orientation of the spins is parallel with equal magnitude, ordering of
spins is ferromagnetic (Figure 2.5 (a)). If the orientation of the spins is opposite with
equal magnitude, ordering of spins is anti-ferromagnetic (Figure 2.5 (b)). If the
orientation of the spins is anti-parallel with unequal magnitude, the ordering of spins
is ferrimagnetic (Figure 2.5 (c)). Like ferrimagnetism, a residual magnetic moment
survives in a canted antiferromagnet. It demonstrates the almost anti-parallel
arrangement of the spins with canted spins (Figure 2.5 (d)) and such type of spin
arrangement is termed as weak- ferromagnetism.
Depending on the interplane and intraplane couplings, three types of
antiferromagnetic (AF) ordering are possible within a structure (Figure 2.6):

(i) A-type AF: In A-type antiferromagnetic ordering, the intra-plane coupling is

ferromagnetic while inter-plane coupling is antiferromagnetic.

(i) C-type AF: In C-type antiferromagnetic ordering, the intra-plane coupling is
antiferromagnetic while inter-plane coupling is ferromagnetic.

(iii) G-type AF: In G-type antiferromagnetic ordering, both intra-plane and inter-
plane coupling are antiferromagnetic. For an ideal cubic perovskite type

structure, each magnetic atom is surrounded by six AF neighbours in a G-type

antiferromagnetic arrangement.

Figure 2.6: Systematic representative of spin arrangements in (a) A-type, (b) C-type and (c)
G-type AF ordering.
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Figure 2.7: Systematic representation of ferromagnetic (M-H) hystersis loop.

Figure 2.7 shows a characteristic hysteresis loop for ferromagnetic materials. With
increasing applied external magnetic field, a ferromagnetic material becomes
magnetized in one direction and the saturated magnetization (M) is achieved when
the magnetization reaches a maximum value. The magnetization will be non-zero
when the field is removed and therefore an extra magnetic field in a negative direction
is required to relax the magnetization. This non-zero magnetization at zero field is
known as remanant magnetization (M;), while the coercive field (H,) is the opposite
magnetic field applied when the magnetization is relaxed to zero. If a cyclic magnetic
field is applied, the magnetization will sketch a hysteresis loop. The existences of
magnetic domains are responsible for the formation of magnetic hysteresis loop in any
material. The materials in the large hysteresis loop area are known as hard magnetic
material while the materials in small hysteresis loop area are known as soft magnetic

material.

2.2.2 MAGNETIC INTERACTIONS
I. SUPER EXCHANGE

The exchange interaction between magnetic moments leads to origin of long
range magnetic ordering. If neighbouring magnetic moments interact with each other,
a process is referred to as a direct exchange effect. But if this procedure takes place
via some midway processes it is expressed as indirect exchange or super exchange

effect.
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Figure 2.8(a) Separation of two magnetic moments by oxygen atom,(b-c) different possibility

of antiferromagnetic alignment of magnetic moment due to super exchange effect [9].

For illustration, consider two magnetic atoms, each with a single d-orbital electron
bounded by an oxygen atom. The oxygen ion has two electrons in its p-orbital which
overlap with its neighbouring d-orbital, in an ionically bonded system (Figure 2.8).
When the magnetic ions aligned antiferromagnetically, the electrons are free to move
from the oxygen ion to either magnetic ion in such a way that the energy of the
system will be minimized. On the other hand, due to Pauli Exclusion Principle

electrons of oxygen are bounded if the magnetic ions are arranged ferromagnetically.

I1. DZYALOSHINSKII-MORIYA INTERACTION

Like super exchange, Dzyaloshinskii-Moriya (DM) interaction occurs via
spin-orbit interaction rather than an oxygen ion. Exchange interactions take place
between the excited state of a magnetic ion and the ground state of the neighboring

ion. For spins S; and S;, a new term in the Hamiltonian is expressed as [10]:

- -
H=D.(S;xS§;).

When the crystal field does not have inversion symmetry with respect to the center

between S; and S;, Dzyaloshinskii-Moriya vector D remains finite. In

antiferromagnetic structure, DM interaction is responsible for small canting of

magnetic moments and consequently weak ferromagnetism occurs. The DM

interaction favors non-collinear spin ordering, which has important implications for

multiferroic properties.
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2.3 MULTIFERROICS

The term multiferroism is used to express those materials which possess
simultaneously two or all of the three properties, i.e. ferroelectricity, ferromagnetism,
and ferroelasticity in the same phase. It means these materials possess spontaneous
magnetization that can be reversed by an applied external magnetic field, a
spontaneous electric polarization that can be reversed by an applied external electric
field, and a spontaneous deformation that can be reversed by an applied external stress
[11]. Multiferroic materials include specific device applications such as multistate
memory devices, magnetically modulated piezoelectric transducers and electrically
controlled ferromagnetic resonance devices. Moreover, the ability of coupling of
magnetic and electric polarization provides an additional degree of liberty in the

design of conventional transducers, actuators, and storage devices.

The description of magnetoelectric materials is much less limited compared to
multiferroics. Those materials which are both electrically as well as magnetically
polarizable are known as magnetoelectrics as long as these two parameters are inter-
coupled directly or indirectly, such as strain-mediated magnetoelectric composites
that are not even a single phase material. In small words we can say that multiferroic
includes the coexistence of spontaneous ferroic orders and the coupling between them
while magnetoelectrics illustrate only a close coupling phenomenon in the materials
irrespective of the character of the electric and magnetic order parameters. The
relationship between magnetoelectric and multiferroic materials with all possible

coupling is demonstrated in Figure 2.9.

Figure 2.9: Relationship between magnetoelectric and multiferroic materials (a) and
illustration of different types of possible coupling in multiferroic materials (b) [12].
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2.3.1 Ferromagnetic materials

The origin of magnetism lies in the orbital and spin motions of electrons and
the Pauli Exclusion Principle. The best way to introduce the different types of
magnetism is to describe how materials respond to magnetic fields. According to the

response to the external magnetic field, the material can be classified as

1. Diamagnetism

2. Paramagnetism

3. Ferromagnetism

4. Antiferromagnetism
5. Ferrimagnetism.

Paramagnetic materials have the characteristic of displaying disordered orientations of
the magnetic moments due to thermal fluctuations. The strongest way of magnetic
response is the ferromagnetic one that has the feature of showing a parallel alignment
of adjacent magnetic moments. On the contrary, the antiferromagnetic behavior
corresponds to an antiparallel alignment of equal moments. As a last example, we
have the ferrimagnetic behavior that is characterized by antiparallel moments having

different magnitudes and thus producing a non-zero net magnetic moment.

Two phenomenological theories have successfully expounded many of the
ferromagnetic properties. One is the Curie-Weiss localized-moment theory [13] and
the other is Stoner band theory of ferromagnetism [14]. In 1907, Weiss advanced his
hypothesis that an internal 'molecular field' acts in ferromagnetic materials to align the
magnetic moments parallel to each other. Weiss localized-moment theory explains the
experimentally observed Curie-Weiss law behaviour for the susceptibility x of many
magnetic materials, that is to say

<
X =T 1¢ (1.1)

In the Stoner theory [4], ferromagnetism is also produced by the exchange interaction
which is minimized if all of the spins are aligned. Opposite alignment of the spins
conducts to an enhance in the band energy involved in transferring electrons from the

lowest band states to band states of higher energy. This band energy does not allow
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simple metals to be ferromagnetic.

Two distinct characteristics of ferromagnetic materials are their
1. Spontaneous magnetization and the existence of

2. Magnetic ordering temperature

The spontaneous magnetization is the net magnetization that is produced inside a
uniformly magnetized microscopic volume when there is not a magnetic field. The
value of this magnetization, at 0 K, is dependent on the spin magnetic moments of

electrons.

Another related term with the spontaneous magnetization is the saturation
magnetization which we can measure in the laboratory. The saturation magnetization

is the maximum induced magnetic moment that can be obtained in a magnetic field
(Hsat)-

In addition to the Curie temperature and saturation magnetization, ferromagnetic
materials can retain a memory of an applied field once it is removed. This behavior is
called hysteresis and a plot of the variation of magnetization with magnetic field is
called a hysteresis loop. There are various hysteresis parameters and they are not
solely intrinsic properties but are dependent on grain size, domain state, stresses, and
temperature. Ferromagnetics show a hysteretic response to an external magnetic field
as shown in figure 2.10. The saturation magnetization (M), coercive field (H.) and
remnant magnetization (M,) are all displayed in the figure. Based on the value of a
coercive field, magnetic materials are classified into hard (large H.) and soft (small
H.) magnets. Because hysteresis parameters are dependent on grain size, they are

useful for magnetic grain sizing of natural samples.
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Figure 2.10: Typical hysteresis loop of a ferromagnetic material displaying magnetization

switching.

Regions of a ferromagnetic material in which the magnetic dipole moments are
aligned parallel are called domains. When the material is demagnetized the vector
summation of all the dipole moments from all the domains equals zero. When the
material is magnetized the vector summation of the dipoles gives a net magnetic
moment. Thus a crystal in its ferromagnetic phase can have domain structure, with
magnetic moments of domains pointing in different directions. Suppose we apply a
magnetic field to such a sample. The applied field has a specific direction chosen by
us. Depending on the field applied, several different responses can result from the

specimen [15].

But the main outcome is that, if the applied field has a large enough magnitude, then
those spontaneous magnetic moments which are oppositely or nearly oppositely
oriented with respect to the direction of the applied field will switch to directions
parallel or nearly parallel to the field direction. For a large enough field, practically all
the magnetic moments will point along directions close to that of the applied field.
The applications of ferromagnetic materials are widely related to the characteristics of
their hysteresis loops. That is, a square-shaped hysteresis loop, with two stable
magnetization states, is suitable for magnetic data storage, whereas a small hysteresis

loop that is easily switched between the two states is suitable for a transformer core.
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2.3.2 Ferroelectric materials

Ferroelectricity is the electrical analogue of the phenomenon of
ferromagnetism. It was discovered in 1920, when it was known that crystals of
Rochelle salt (sodium potassium tartrate tetrahydrate) have spontaneous polarization,
the direction of which can be switched by the application of a strong enough electric
field. This property was denominated ‘'ferroelectricity', by analogy with
ferromagnetism, taking into account no iron or spontaneous magnetization is present

in the crystal [15].

A ferroelectric material is one that experiences a phase transition from a high
temperature phase (paraelectric) to a low temperature phase (ferroelectric), it has a
spontaneous polarization whose direction can be reversed by an applied electric field.
The existence or absence of ferroelectricity in an ionic material is determined by a
balance between the short-range repulsions, which choose the nonferroelectric
symmetric structure and additional bonding consideration which might stabilize the

ferroelectric phase.

-

Figure 2.11: Hysteresis loops of (a) ferromagnetic,(b)ferroelectric and (c) ferroelastic
materials.

The most known and used ferroelectric materials are oxides with perovskite structure,
of the form ABOs3, such as BaTiOs; it is a common example of a ferroelectric crystal.
Above 130°C it has a crystal structure such that a macroscopic polarization, that is,
electric dipole moment per unit volume can arise in it only when an electric field is

applied. It is a paraelectric phase, and the polarization is a single-valued function of
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the applied electric field. Its directional symmetry is the same as that of a cube. When
we cool down this substance below 130°C we find a phase transition to a crystal
structure in which the centroids of the positive charges and the negative charges do
not coincide, giving rise to a net dipole moment or polarization, even though there is
not external electric field acting. Dielectric permittivity is a 'response function': it is a
measure of how large is the response, that is to say, induced polarization, when a
given electric field is applied to the material. For ferroelectrics, this response function
becomes particularly large when the material is at or near the temperature of the
ferroelectric phase transition. Similarly, many applications of ferromagnetic materials

are based on their high magnetic permeability.

2.3.3: Ferroelastic materials

There is a mechanical or elastic analogue of ferromagnetism and
ferroelectricity, and this property is called ferroelasticity. Ferroelastic crystals are, in
some aspects, similar to the more familiar ferromagnetic and ferroelectric materials.
Instead of spontaneous magnetization or polarization, these materials develop a
spontaneous strain below a phase transition from paraelastic to ferroelastic. The
transition is accompanied by critical behavior of the elastic compliance (the effective
susceptibility for the strain). Ferroelastic materials are defined by having switchable
domains, or twins, which may be switched on applications of an external field: stress.

Such domain microstructures often result from phase transitions.

Ferroelasticity was first analyzed by physical metallurgists in the beginning of the last
half of XX century in the context of the rubber like behavior of a material known as
gold-cadmium and indium-thallium alloys. A formal description of ferroelasticity as
an independent property in its own right, which can occur even without
accompanying property of ferroelectricity or ferromagnetism, and even when no
defects, are present in the crystal, was provided by the scientist Aizu in Japan in 1969

[15].

It is easy to understand ferroelastic behavior in a simple way by analyzing the case of
spontaneous distortion of a square to a rectangle. We observe that the rectangle has
spontaneous strain, that is, the strain is occurring and there is not an applied stress
with respect to the square. A three-dimensional version of this would be a cube

distorting to a square prism. This is exactly what takes place in the case of the
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ferroelectric phase transition in barium titanate. So this is both a ferroelectric phase
transition, as well as a ferroelastic phase transition. There is a change in the
dimensions of the cube that now are different from a prism and as a result we have

three possible directions that give rise to three orientation states.

According to their different character, multiferroics can be assembled in various
ways. One way to classify the multiferroic materials is based on the mechanism that
drives the ferroelectricity: proper and improper ferroelectrics [16] (Table 2.1). In
proper ferroelectric multiferroics, polarization is a major effect inducing
ferroelectricity and driven by hybridization and strong covalency or other purely
structural effects. In improper ferroelectric, multiferroic materials, polarization is a
minor effect. In these materials, ferroelectricity is determined by an electronic degree
of freedom such as spin, charge or orbital ordering creating polarization as a
derivative. The electronic order must be short of inversion symmetry if the
ferroelectricity is to be induced. Magnetoelectric multiferroics are the case of
improper ferroelectrics where polarization is created by an internal magnetic field

[16-17].

Another scheme to categorize different multiferroics is based on the origin of
magnetic and ferroelectric ordering: Single phase multiferroics can be classified into

two groups :

a) Type-I multiferroics

b) Type-II multiferroics

In type-I multiferroic materials, the two order parameters have distinct sources. Some
coupling exists between two order parameters, but the ferroelectric ordering
temperature is commonly higher than the magnetic ordering temperature. In type-II
multiferroic materials, ferroelectricity induced via magnetic ordering. In type-II
multiferroics the magnetic and electric order parameters are strongly coupled because
both parameters are set in the same temperature range. Polarization has typically

smaller values within type-II multiferroics materials [18].
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In scientific research, magnetoelectric coupling achieved more attention between all
coupling effects due to its potential for a wide variety of applications. Normally,
magnetoelectric coupling can be alienated into two major classes. Particularly the first
one refers to magnetoelectric effect, or typically linear magnetoelectric effect. Linear
magnetoelectric effect includes the induction of magnetization by an electric field or
induction of polarization by a magnetic field. According to Landau theory, the
induced electric polarization P and magnetization M can be expressed by the

subsequent equations [12]:

Pl‘:CX,'jHj'i' IB,'ijij +v,'ij,'Ej—LLL, (11)

M, =O(ijE,~+B,~jkE,Hj + 1VljkEjEk_ LLL, (12)

Table 2.1: Classification of multiferroics [17].

Methods of breaking inversion
symmetry Compounds
Covalent bonding between Ti*" (3d”) and BaTiO;
0% ions
Proper Polarization due to 6s *-lone pair of BiFeO;, BiMnOs;, and
Pb or Bi Pb(Fe23W13)03
Structural transition (Geometrical Hexagonal RMnO;,
ferroelectrics) Cs,Cdl, K;SeO,
Improper Charge Ordering
(Electronic Ferroelectrics) LuFe;04
Magnetic ordering (Magnetic Orthorhombic RMnO3;, CoCr,0s4,
ferroeletrics) RMn,Os,

Material this effect can take place only when the electric and magnetic order
parameters are coupled to each other. However, this effect is very small in most
single-phase materials. In composite multiferroic materials, the coupling of
ferroelectricity and ferromagnetism from separate phases can be done via strain-

mediated piezoelectric (electrostriction) and piezomagnetic (magnetostriction) effects
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in contrast to magnetoelectric coupling in single-phase systems. It could provide
orders-of-magnitude  enhancement in coupling coefficient. Such linear
magnetoelectric effect might discover applications in transducers, magnetic field

sensors and tunable microwave devices.

The other type of magnetoelectric coupling where the electric and magnetic long
range orders are strongly correlated exists only in multiferroics. Such coupling may
provide magnetization reversal by electric field or polarization reversal by magnetic
field. Hence, this event is referred as magnetoelectric switching [19]. A dissimilar
linear magnetoelectric effect which expressed combined properties, magnetoelectric

switching attains effect on a microscopic scale.

2.4 APPLICATIONS OF MULTIFERROICS

Multiferroics that display ferroelectricity and magnetism simultaneously, offer
an effective approach to encode and store the data. In addition, it is more exciting to
see the mutual control of electric polarization and magnetization due to its strong
magnetoelectric coupling and consequently, the possible applications in spintronics,

sensors etc [20].

2.4.1 MAGNETIC FIELD SENSORS

In order to develop a magnetic field sensor, the sensitivity of electric
polarization (voltage) to an external magnetic field is used. Magnetoelectric materials
offer different type of possibility to tune magnetic parameters with voltage. When a
voltage is applied across the slab of multiferroic material, the absorption line shifted
to modulate phase and amplitude of the propagating wave with the electric field. But,
unfortunately, it is very difficult to switch the magnetization by an electric field. On
the other hand, most of the present multiferroic materials exhibit antiferromagnetic
nature with a very small macroscopic magnetic moment. Therefore, it is difficult to
detect a minute effect of external electric field on magnetization and the

corresponding change in electric polarization directly.

2.4.2 ELECTRIC FIELD CONTROL OF EXCHANGE BIAS
The utilization of multiferroics in controlling the transport behavior of spin

valve structures could be a promising direction towards its potential applications.
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Generally, there are two types of exchange interactions at the interface of
antiferromagnetic core and ferromagnetic surface. First one is the exchange bias of
magnetic hysteresis due to the pinning of uncompensated spin at the interface, which
comes under the practical interest of usual antiferromagnetic layer in spin-valve
structures [21]. This type of exchange bias shifts hysteresis loop along the axis of the
magnetic field for the ferromagnetic layers. The second type of exchange bias is
associated with enhancement of coercivity of the ferromagnetic layer due to

increasing spin viscosity or spin drag effect.

2.4.3 MULTIFERROIC-SEMICONDUCTOR HETROSTRUCTURES AS SPIN
FILTERS

Multiferroic semiconductor heterostructures are very interesting due to their
some novel effects. A lot of effort has been done to synthesize and characterize
YMnOs; thin films to use it as a potential gate dielectric in semiconductor devices
[21]. YMnO3/GaN heterostructure is the most studied systems because both YMnOj3
and GaN possess hexagonal symmetry. Up to that time, not much interest has been
paid to the role of the heterostructure interface. According to first principle
calculation, in antiferromagnetically ordered YMnO; and GaN there are different
band offsets for spin-up and spin-down states at the interface. This type of behavior
associated to spin splitting of the valence band induced at the interface. The
depedence of energy barrier on the relative orientation of electric polarization relative
to the polarization direction of GaN substrate leads an opportunity for producing a

magnetic tunnel junction in the hetero structure.

2.4.4 MULTISTATE MEMORY DEVICES

In the case of memory devices, multiferroic materials that can be integrated
into semiconductor devices are of great interest, not only in high-density ferroelectric
memory devices(FERAM) and ferroelectric field-effect transistors(FeFET-RAM),but
also in the concept of four-state memories. In recent years, one of the typical device
for ferroelectric applications is ferroelectric random-access memories (FeRAMs)
having 5ns access speed and 64M byte memory density [20]. But the major
disadvantage of FeERAMs is destructive read and reset operation. On the other hand,

magnetic random access memories (MRAMSs) have lagged far behind FeRAMs, due
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to its slow and high power read-write operation. But in multiferroic materials, we can
combine the advantages of both FeERAMs and MRAMs in order to get electrically
erasable programmable read only memories (EEPROMs) [20].

2.5: SINGLE PHASE MULTIFERROIC COMPOUNDS

2.5.1 BISMUTH FERRITE (BiFeO3)

Due to the simplicity of their crystal structure and a large variety of
compositions, perovskite and perovskite-like structures have become the foundation
for the design of numerous functional materials. One of the most studied multiferroics
with the perovskite structure is bismuth ferrite (BiFeOs;). Amongst the various
magnetoelectric (ME) materials, BiFeO; (BFO) with ABOs-type perovskite structure
is the rarest single phase multiferroics. BiFeOs is widely studied multiferroics because
it possesses magnetoelectric (ME) coupling at room temperature. It was first

synthesized by Royen and Swars in 1957.
2.5.2 CRYSTAL STRUCTURE OF BiFeO3
In perovskite (ABO;) type BiFeOj structure, Fe’" ions are situated at B-sites

surrounded by six neighboring oxygen ions to form FeOg octahedra that are associated

with each other by sharing their corners as shown in Figure 2.12.

Figure 2.12: The perovskite crystal structure of BiFeO;.
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Figure 2.13: Crystal structure of bulk BiFeO; with opposite rotation of successive oxygen
octahedral around [111] polar axes. Red arrow indicates orientation of Fe magnetic moments
in (111) plane[23].

Bismuth ions (Bi’") occupy empty spaces between FeOg backbones. Such perovskite
structures are formed by occupying B-sites by transition metal elements while A-sites
are occupied by trivalent rare earth element or alkali earth metals [22]. The Physical
properties of such perovskite structures, mainly, depend on the transition metal
element located at B-sites. Furthermore, the electronic band formation and electronic
conduction are mostly affected by chemical bonding between Fe’" and oxygen ions
[22]. In bulk form BFO is known to be ferroelectric-antiferromagnetic multiferroic
with a ferroelectric Curie temperature of Tc ~ 1103 K and antiferromagnetic Néel
temperature of Ty ~ 643 K [19]. Bulk BFO can be described as a rhombohedrally
distorted ferroelectric perovskite with R3¢ space group as shown in Figure 2.13. The
lattice parameters of the rhombohedral unit cell are a =5.59 A and a = 60.68° [23]. In
such a distorted perovskite structure, R3¢ symmetry allow spontaneous polarization

(Ps) along the pseudo cubic [111] direction [24].

An important parameter used to determine the fitness of ions into the perovskite unit
cell is defined by ratio (r;+rp)//, known as rotation angle of the oxygen octahedra or
octahedra tilting angle [25]. Here, r represents an ionic radius of respective ion and /
define the length of octahedral edge. This angle would be zero for cubic perovskite
with perfectly matched ionic sizes. It is entirely comparable to the normally used
Goldschmid tolerance factor (t) defined as t = (rg;+ro)/(rr.tro) [26]. Using ionic
radii of Shannon, ¢ has been reported to be 0.88 for BiFeOs; with Bi** ions in eight

fold coordination and Fe’" ions in six fold coordination and high spin [25]. When ¢ is
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smaller than one, the oxygen octahedra tend to buckle in order to get fit into the unit
cell [25]. For BiFeOs, the octahedral tilting angle is found to be ~11-14° around the
polar [111] axis, with directly related Fe-O-Fe angle, equal to around 154-1568° [27].

The Fe-O-Fe angle is essential because not only it controls both magnetic exchange
and orbital overlap between Fe and O ions, but, also determines magnetic ordering
temperature and conductivity [27]. In that case, the reduction in the tolerance factor
by the substitution of smaller ionic radii A-site ions would induce more buckling in
FeOgoctahedra by improving insulating behavior [22]. Since most of the rare earth
ions have a smaller ionic radii compared to Bi*" ion, therefore substitution of these
ions is expected to bring a more insulating behavior in bismuth ferrite [22]. But, a
large variation in t value from 1 by the substitution of too small A-site ions would
cause the chemical structure unstable that will be corresponded to the late lanthanide
based perovskites having a tendency to be hexagonal perovskites rather than a normal

perovskite [22].
2.5.3 FERROELECTRICITY IN BiFeO;

Bulk BiFeOs; is known to be exhibited ferroelectric ordering below Curie temperature

Tc ~ 1103 K. Both X-ray and neutron diffraction studies confirmed the ferroelectric
phase of BFO. The origin of ferroelectricity in BFO can be understood its highly
distorted perovskite structure with rhombohedral symmetry and space group R3c. As
shown in Figure 2.13, the primitive unit cell contains two formula units (ten atoms),
arising from counter rotations of neighboring oxygen octahedra around [111] axis
[28]. The R3c symmetry allows development of a spontaneous polarization along
[111] direction in such a way that Bi, Fe, and O are displaced relative to one another
along [111] axis [28]. The largest relative displacements take place in Bi relative to O,
which is consistent with a stereochemically active Bi 6s” lone pair compared to cubic
perovskite [29]. The polar displacements in BFO are very large in comparison of non
lone-pair active perovskite ferroelectrics such as BaTiO3; and KNbOs3, but consistent
with those observed for other bismuth based perovskite structures [30]. According to
first principle calculations, it has been reported that BFO has a large spontaneous

polarization (P)of the order ~ 90-100 pC/cm? for a rhombohedral structure with R3¢

space group and around 150 uC/cm’ for tetragonal structure. But, experimentally
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observed spontaneous polarization is found to be much lesser than theoretically
predicted values [25]. This discrepancy in the values of polarization is attributed to
the presence of secondary phases, defects, volatilization of the bismuth atoms at high

temperatures, electron hopping between Fe ions that lead to high leakage current.

2.5.4 FERROMAGNETISM IN BiFeO;

With R3c space group, BiFeO; exhibits antiferromagnetic ordering below Neel
temperature Ty ~ 643 K. The magnetic structure of BFO is a G-type
antiferromagnetic, where spin is provided by the transition metal Fe®* jons. In this
arrangement, each Fe spins is surrounded by six antiparallel nearest neighbor Fe spins
as shown in Figure 2.14. It means that Fe magnetic moments are ferromagnetically
coupled within (111) plane, while antiferromagnetically aligned within adjacent
planes [31].However, it was observed that the antiferromagnetic spin structure of
BFO is modified by a long rang modulation of 62 nm leading to a spin cycloid
structure, also known as spiral modulated spin structure (SMSS) (Figure 2.15) [31].
This spiral modulated spin structure leads to cancellation of any macroscopic
magnetization. As R3c space group allows the linear magnetoelectric effect, but at the
same time SMSS prohibited linear magnetoelectric effect while allowed second order
magnetoelectric effect. According to Dzyaloshinski-Moriya (D-M) interaction theory,
the domain walls of BFO might show a weak ferromagnetic moment if Fe moments
are oriented perpendicular to [111] direction as shown in Figure 2.16 [10]. However,

this theory has not been established so far [3].
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Figure 2.14: Hexagonal structure of BiFeO; lattice with Fe’"and O*ions. The arrows indicate

direction of Fe spins .

Figure 2.15: Schematic representations of spiral spin structure of wavelength A = 62 nm. The
canted antiferromagnetic spins (purple and green arrows) give rise to a net magnetic moment

(black arrows) which spatially averaged out to zero due to the cycloid rotation .
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Figure 2.16: Representation of weak ferromagnetism in BFO due to D-M interaction .

2.5.5 MAGNETOELECTRIC COUPLING IN BiFeO;

The importance of multiferroic bismuth ferrite lies in the coupling between the
electric and magnetic order parameters rather than a simple sum-up of the individual
properties. The cycloidal modulation of the spiral spin structure prevents a macroscopic
weak ferromagnetism as well as hides the observation of the linear magnetoelectric effect.
At large magnetic fields >20 Tesla, the cycloidal modulation is suppressed and
consequently the observation of linear magnetoelectric coupling is possible. As the
ferroelectric polarization can couple to magnetic gradients and induce the spin cycloid,
therefore, ferroelectric polarization is believed to be responsible for the origin of the

cycloidal spin structure.

It can be considered as the opposite effect of the polarization induced by spiral magnetic
order in improper ferroelectric multiferroics [32-33]. It is known that bismuth ferrite is a
proper ferroelectric with weak ferromagnetism due to the Dzyaloshinskii-Moriya (DM)
interaction, ferroelectric control of the magnetic structure is obviously more feasible than
vice versa, as e.g. demonstrated in TbMnO; [34]. On the basis of theoretical studies of
bismuth ferrite, it has been established that the direction of the weak ferromagnetic
moment can be reversed by switching the direction of antiferro distortive rotation of the
FeOg octahedra, but it remains invariant under 180° switching of the direction of polar

displacements of the Bi*" and Fe*“cations [19].
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2.5.6 CHALLENGES WITH BiFeO;

Despite the advantages of being exhibiting room temperature ferroelectricity and
antiferromagtism (or weak ferromagnetism), BFO suffers many serious drawbacks like
low values of polarization and magnetization, high conductivity due to leakage current,
the formation of secondary phase, the presence of oxygen and bismuth vacancies etc,
which limit the potential applications of BFO in devices [25]. According to phase diagram
analysis of the Bi,0s-Fe,O; binary system, BiFeOj; is a linear compound prepared from
equal parts of bismuth oxide (Bi,Os) and iron oxide (Fe,Os3) [25]. A slight difference in
stoichiometric ratio can produce several types of secondary phases such as BiyFe Oy
(mullite phase), BixsFe;039, BizgFe,0s7, BisgFe,07,, or a sillenite type phase (BiysFeOqo)
and parasite ferromagnetic phase Fe,O; due to volatilization of bismuth at high
temperature and valence fluctuation in Fe ion from Fe?' to Fe** [35-37]. BFO is very
prone to show parasite phases and therefore it has a tendency to nucleate at grain
boundaries and give rise to impurities. However, it has also been reported that BiFeOs;
phase is metastable along with optically visible impurity spots appearing well below the
melting temperature [38]. The synthesis of single phase BiFeOs is still under examination.
Although, a small fraction of impurities does not affect significantly the structural and
magnetic properties of BiFeOs;, but it can alter its dielectric, electrical and optical
properties. Due to volatilization of bismuth atoms, electron hopping between Fe ions, and
conducting parasites phase, BFO exhibits high dielectric loss and large leakage current.
Moreover, BFO exhibits lossy ferroelectric loops with small remnant polarization and
large coercive fields. The absence of saturated ferroelectric loop in BFO hinders its
potential applications at room temperature. In addition, the electromechanical coefficients
of BFO are much smaller than those reported for traditional lead-based compositions like
PZT owing to large leakage current [39]. Therefore, it becomes necessary to adopt
artificial method for the formation of pure BFO compounds. Furthermore, a large number
of other problems in BFO such as antiferromagnetic nature, low magneto-electric (ME)
coupling coefficients, large differences between T (Curie temperature) and Ty (Neel
temperature) remains to be overcome to the technological point of view [25]. The major
problem is the G-type canted antiferromagnetic ordering with an incommensurate space
modulated spiral spin structure of 62 nm that inhibits the observation of any linear ME
effect in BFO [19].

In order to overcome these problems much efforts have been devoted which include the
chemical substitution of rare earth ions (like Eu’", Sm*", Gd**) [40] or divalent ions (like
Pb*", Sr**, Ca®") [41-42] at the A site and doping of nonmagnetic ions (like Ti*", Nb>")

[43,46] at the B site of BFO have proved effective ways to enhance multiferroic
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properties. Furthermore, attempts have also been made towards fabrication of different
solid solution composites and multilayer structures of BFO with other ABO; based
perovskites materials such as BaTiO3-BiFeO; [43] and PbTi0O;-BiFeO; [44] which leads
to favorable structure distortion resulting in enhanced electrical and ferroic properties
[37]. However, site engineering technique with substitution of dopants either at A-site or
B-site in BFO perovskite cell is the most successful and effective approach. This is
because a slight change in atomic composition can produce large distortion within
perovskite unit cell that might have dramatic impacts on the properties of the material
such as structural evolution, transport properties, magnetic properties and polarization
[45].
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Sample Preparation

3.1 Sample preparation

3.1.1 Introduction
Ferrites can be prepared by a wide variety of forms polycrystalline,

aggregates, thin and thick films, single crystals. Preparation methods have been
developed to prepare ferrites with specific microstructures. The preparation of
polycrystalline ceramics with optimum desired properties is still a complex and
difficult task and the control of the chemical composition, homogeneity and
microstructure are very crucial. As the most of the properties needed for ceramics
applications are not intrinsic but extrinsic, preparation of samples has to encounter
added complexity. Now a day, the majority of ceramic powders are made by the
conventional ceramic process or standard solid state reaction technique. Most of the
non-conventional process are involved in producing the powder. The four basic

operations in the ceramic method are shown schematically shown in below.

Ceramic method Basic operations New methods
Miling of raw Powder preparation Coprecipitation
materials Precursor routes

Sol-gel methods
Spray-drying
Freeze-drying

Combustion synthesis
Glass crystallization

Uniaxial pressing Green body forming Isostatic pressing

Slip casting

Solid state sintering Sintering Hot isostatic pressing
Liquid phase sintering

v Microwave sintering

Surface treatment Finishing Laser annealing
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Here,the standard solid state reaction technique that will be used in this research work
has been described.

3.1.2 Standard solid-state reaction technique

The preparation of polycrystalline solids from a mixture of solid starting
materials is known as solid-state reaction. Solids do not react together at room
temperature over normal time scales and it is necessary to heat them to much higher
temperatures, often to 1000 to 1500 °C in order for the reaction to occur at an
appreciable rate because temperature provides the necessary energy for the reaction to
occur. The factors on which the feasibility and rate of a solid state reaction depend
include reaction conditions, structural properties of the reactants, surface area of the
solids, their reactivity and the thermodynamic free energy change associated with the
reaction. Solid-state reaction occurs much more quickly with increasing temperature
and reaction does not normally occur until the reaction temperature reaches at least

2/3 of the melting point of one of the reactants.

In solid-state reaction method, raw materials are weighted out according to the
stoichiometry of the compound with due consideration for impurity and moisture
contents. Raw materials are mechanically mixed and then grinding operations are
performed to control the particle size and to make the mixture homogeneous. For this
purpose milling operation is performed which can reduce the particle size to 1-10um
range. Sufficient amount of some volatile organic liquid preferably acetone or alcohol
is added to the mixture to aid homogenization. This forms a paste which is mixed
thoroughly. During the process of grinding and mixing, the organic liquid gradually

volatilizes and has usually evaporated completely after 10 to 15 minutes.

Since ferrites possess a very high melting temperature, both reaction and densification
usually take place in solid state. Initial formation of the product occurs at the contact

surface between particles of the two reactants.
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The flow chart for the preparation of samples by solid state reaction technique is shown in
figure no 3.1:

High purity oxides of raw materials

|

Weighing by different mole percentage

¥

Oxides powder mixing by agate
mortar

. 4

Wet mixing by ball milling

2

Drying

b

Calcining

¥

Grinding and adding binder

¥

Pressing to desired shapes

\ 4

Sintering

.

Finished products

Figure 3.1: Flow chart of solid state reaction technique

As reaction proceeds, the product layer becomes thicker, the length of the diffusion

paths of the reactants increases and thus the reaction rate decreases. A simple method
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of increasing reaction rates is to crush, mill and repress the product of a first thermal

treatment and perform a second sintering.

Next step is the solid-state reaction between the constituents of starting materials at
suitable temperature. This process is called firing or calcinations. During calcinations,
control over stoichiometry is essential and for it volatile constituents have to be
compensated. Calcination causes the constituents to interact by inter-ionic diffusion
and resulting in a homogeneous body. Hence it is considered the part of the mixing
process. After calcinations powder is compacted to give desired shape, known as
green body and it’s densified through sintering. A good furnace is used for heat
treatment. Pelleting of samples is preferred prior to heating, since it increases the area
of contact between the grains. A general discussion on calcinations and sintering is

given in the next sections.

3.1.3 Calcination

The solid state synthesis route consists of two steps of thermal treatments,
calcination and sintering, which take place below the melting temperatures of the
materials. The function of calcination is to remove undesired substances by
decomposition and volatilization and to homogenize the material and to alleviate

material shrinkage for the subsequent sintering process.

The conventional solid state synthesis route, also known as the ceramic
method, refers to a procedure of heating two or more non-volatile solid state materials
that can react with one another forming a new compound. The calcination reaction
usually takes place at or above the thermal decomposition or transition temperature.
This temperature is usually defined as the temperature at which the standard Gibbs

free energy for a particular calcination reaction is zero [1].

Typically, the high temperature treatment (500°C-2000°C) is required during the
process, which provides the energy condition that enables the ions to leave their
original sites and diffuse to different sites. The solid state reaction is quite slow but
the reaction can speed up considerably if the temperature is increased. However, due

to the decomposition or melting of materials, extremely high temperature is not
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favored. In principal, the optimal temperature is defined by a rule of thumb that two-
thirds of the melting temperature of the compound always gives best reaction time.

The solid state reactions are always performed in either box furnace or tube furnace,
high resistances of metal heating elements inside the furnaces create heat by
conversion of electrical energy. In general the tube furnace can with stand higher
temperatures (<2300°C) than that of box furnaces. If the reactants are volatile and
vulnerable to the oxygen in air, experiments are supposed to be performed in a sealed
tube with or without certain gas flowing over the reactant during heating and cooling

processes.

3.1.4 Shaping

Calcined powders are ball milled again to give suitable shaping to the powder.
Then uniaxial pressing is used to make compacts of small sizes with simple shapes of
Calcined powder. It is carried out in a die having movable top. A cavity is formed at
the bottom in lower portion. This cavity is filled with free flowing granulated powder
and it is stuck with top to die. With the help of the top-punch, pressure in the range of
20-50Mpa is applied using hydraulic press. The powders have been pressed into
pellets of thickness 1 mm and diameter 12 mm by using a uniaxial hydraulic press.

Typically cold pressed pellets are 20% to 40% porous. Depending upon
requirement of our sample formation, sometimes hot press is required. So that the
combined effect of temperature and pressing may cause the particle to fit together

better but densification process is usually slow and may require several hours [2].
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3.1.5 Sintering

Sintering is defined as the process of obtaining a dense, tough body by heating
a compacted powder for a certain time at a temperature high enough to significantly
promote diffusion, but clearly lower than the melting point of the main component.
The ideal sintering process results in fully dense material by elimination of the

porosity.

Sintering is a technique based on atomic diffusion at higher temperature. Thermal
expansion caused by the diffusion of atoms diminishes the area between two grains in
contact. Atoms in solids are compressed on the surface of their neighboring grains by
diffusion of atoms across the boundaries of grains, which increase the density of
ceramics. The driving force for sintering is the reduction in surface free energy of the
powder. Part of this energy is transferred into interfacial energy (grain boundaries) in
the resulting polycrystalline body [3, 4].

Sintering of crystalline solids is dealt by Coble and Burke [5] who found the

following empirical relationship regarding rate of grain growth:

d =kt"
Whered is the mean grain diameter, n is about 1/3, ¢ is sintering time and k is a

temperature dependent parameter.

Sintering is divided into three stages, Fig. 3.1 [3, 6].
Stage 1. Contact area between particles increases,
Stage 2. Porosity changes from open to closed porosity,

Stage 3. Pore volume decreases; grains grow.

In the initial stage, neighboring particles form a neck by surface diffusion and
presumably also at high temperatures by an evaporation-condensation mechanism.
Grain growth begins during the intermediate stage of sintering. Since grain boundaries
are sinks for vacancies, grain growth tends to decrease the pore elimination rate due to
the increase in distance between pores and grain boundaries, and by decreasing the
total grain boundary surface area. In the final stage, the grain growth is considerably

enhanced and the remaining pores may become isolated.
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The interacting variables in sintering process:

Table3.1: variable in sintering

Powder Composition

Average particle size

Particle size distribution

Particle shape
Compaction(green body density)

Impurities Melting temperature
Solubility in product phase

Cation valencies

Conditions Heating rate
Temperature
Time

Cooling rate

Oxygen partial pressure

The purposes of sintering process are:
e To bind the particles together so as to import sufficient strength to the product
e To densify the material by eliminating the pores and
e To homogenize the materials by completing the reactions left unfinished in the

calcining step.

3.1.6 Synthesis of the present composition

The polycrystalline samples having compositions BigpoGdy Fe;xTixO3 (x =
0.00-0.20) were synthesized by using standard solid state reaction technique. The high
purity oxides of Bi,Os, Gd,0s;, Fe,0s, and TiO3; powders were carefully weighed in
stoichiometric proportion mixed thoroughly with acetone and grounded in an agate
mortar until a homogeneous mixture was formed. The compacted mixtures of reagents
taken in desired cation ratios were calcined at 800 °C for 1.5 h in a programmable
furnace. The calcined powders were grounded again for 2 h to get more homogeneous

mixture. The powders were pressed into pellets of thickness Imm and diameter 12mm
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by using a uniaxial hydraulic press and sintered at 825 °C for 5 h at heating rate 10 °C
per minute. The sintered pellets and powders were used to measure the required

morphological, structural, magnetic, electrical and dielectric properties.

3.2 Characterization technique

The following characterization techniques were used in the present investigation:

e Field Emission Scanning Electron Microscope

e X- ray Diffraction analysis

e X-ray Photoelectron Spectroscopy

e SQUID Magnetometer

e Ferroelectric (P-E) measurement using loop tracer

¢ Dielectric property measurement using impedance analyser

3.2.1 Field emission scanning electron microscopy

Field emission scanning electron microscopy (FESEM) is an electronic
microscope that permits taking high resolution three dimensional appearance images
of the surface of samples. Alike TEM microscopes, the difference between a FESEM
and a conventional SEM is the way the electrons are produced. In FESEM a field
emission electron gun is used, whereas in conventional SEM the electrons are
produced thermoionically by heating a W or LaBg cathode. FESEM has the advantage
of producing much smaller-diameter electron beam (< 100 A), which leads to obtain
much higher resolution images (it can be attained spatial resolutions down to 2 nm,
between 3 and 6 times better than the resolution of a conventional SEM). In addition,
since the electron beam has a smaller diameter, the affected area of the sample is
reduced. As a consequence, samples are less electrostatically charged and the need of
covering insulating materials with conducting coatings is reduced to a large extent or

even eliminated.
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Figure 3.2: (a) Basic scheme of a typical SEM, (b) Jeol JSM 6490LA scanning electron

microscope

The SEM process is schematically depicted in Fig. 3.2(a). The electron beam follows
a vertical path through the column of the microscope in ultra-high vacuum, where
electromagnetic lenses focalizes the beam onto the sample. The scanning coils are
used to move the electron beam on the sample. When the electron beam hits the
sample, then an interaction between the primary electrons (electron beam) and the
matter takes place.

From the sample both electron and photon signals are emitted. Not all the signals are
detected and used for information. The signals most commonly used are the so-called
secondary electrons, backscattered electrons and X-rays. The secondary electrons are
the electrons coming from atoms of the sample that have been ionized by the impact
of the primary electrons; the backscattered electrons are primary electrons that have
been elastically backscattered; and the production of X-ray is due to electron
transitions of the atoms of the sample as they have been excited on being hit by the
primary electrons. Both the secondary and the backscattered electrons are used to
form the image. They are collected and turned into a signal that is represented by a
two-dimensional distribution of intensities and it is viewed as an image by means of a
cathode-ray-screen. The X-rays give compositional information and therefore they are
not used to characterize the topography.

There are two basic modes for taking the image: by collecting the secondary electrons

or by collecting the backscattered electrons. The first ones have the advantage of
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giving higher resolution images since they tend to have energies around 50eV and
they are therefore ejected from a region very close to the surface. It is necessary to
apply a low voltage in order to collect them. The second ones might come from
deeper regions as they have higher energy. Because of this they lose surface
resolution; however, they give a better contrast as they follow rectilinear trajectories.
In this work it has been collected the secondary electrons in order to attain higher
spatial resolutions. The microstructure of the surface of pellets was observed using a
field emission scanning electron microscope (FESEM, JEOL, JSM 5800) (figure
3.2(b)).

3.2.2 X-ray Diffraction:

X-ray diffraction (XRD) is a rapid analytical technique primarily used for
phase identification of a crystalline material and can provide information on unit cell
dimensions [7]. The analyzed material is finely ground, homogenized, and average

bulk composition is determined.

The atomic planes of a crystal cause an incident beam of X-rays to interfere with one
another as they leave the crystal. The phenomenon is called X-ray diffraction. X-ray
diffraction is now a common technique for the study of crystal structures and atomic
spacing. X-ray diffraction is based on constructive interference of monochromatic X-

rays and a crystalline sample.

Figure 3.3: X-ray Diffractometer (XRD).
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X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder,
and an X-ray detector. X-rays are generated by a cathode ray tube by heating a
filament to produce electrons, accelerating the electrons toward a target by applying a
voltage, and bombarding the target material with electrons. When electrons have
sufficient energy to dislodge inner shell electrons of the target material, characteristic
X-ray spectra are produced. These spectra consist of several components, the most
common being K, and Kg. Copper is the most common target material for single-
crystal diffraction, with Cu-K, radiation = 1.5418A. Then the diffracted X-rays are
filtered to produce monochromatic radiation, collimated to concentrate, and directed
toward the sample. The interaction of the incident rays with the sample produces
constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law

which is given by:
2dpy; sin@ = ni

This law relates the wavelength (1) of electromagnetic radiation to the diffraction
angle (0) and the lattice spacing (dpx;) between two crystal plane in a crystalline
sample. These diffracted X-rays are then detected, processed and counted. By
scanning the sample through a range of 20angles, all possible diffraction directions of

the lattice should be attained due to the random orientation of the powdered material.

The intensity of diffracted X-rays is continuously recorded as the sample and detector
rotate through their respective angles. A peak in intensity occurs when the mineral
contains lattice planes with dj;spacings appropriate to diffract X-rays at that value
of 8.0nce all dp;-spacings have been determined they can be compared with
standard data, available from the International Centre for Diffraction Data as the
Powder Diffraction File (PDF), which facilitates to identify any impurity phases

appeared as extra peaks.

The average size of particles of crystals in the form of powder can be determined

from XRD patterns using Scherrer equation which is given by:

K2
T_ﬁcose

Where 7 is the mean size of the ordered (crystalline) domains, which may be smaller

or equal to the grain size; K is a dimensionless shape factor, with a value close to
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unity. The shape factor has a typical value of about 0.9, but varies with the actual
shape of the crystallite; A is the X-ray wavelength; £ is the line broadening at half the
maximum intensity (FWHM). 6 is the Bragg angle. The crystal structure of the
samples (sintered powder) was determined from x-ray diffraction (XRD) data. XRD
patterns were collected at RT using a diffractometer (Rigaku Ultimate VII) with Cu-
Ka (A =1.5418A ) radiation.

3.2.3 X-ray Photoelectron Spectroscopy:

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that identifies the composition and valence state of the
elements in the samples. It is used to measure the elemental composition at the parts
per thousand range, empirical formula, chemical state and electronic state of the

elements that exist within a material.

X-ray photoelectron spectroscopy uses soft x-rays (with a photon energy of
200-2000 eV) to examine core-levels. The energy of a photon of all types of

electromagnetic radiation is given by the Einstein relation:
E=hv

Where, 4 - Planck constant ( 6.62 x 107*J s), v - frequency (Hz) of the radiation.

In XPS the photon is absorbed by an atom in a molecule or solid, leading to ionization
and the emission of a core (inner shell) electron. The kinetic energy distribution of the
emitted photoelectrons (i.e. the number of emitted photoelectrons as a function of
their kinetic energy) can be measured using any appropriate electron energy analyzer
and a photoelectron spectrum can thus be recorded. An electron at a given electronic
level is characterized by its binding energy (Ep) which can be determined by using the

energy conservation law

hv:EB+EK+¢)O

where, hv is known as the incident photon energy, Ep represents the binding energy
and ¢, is the work function of the sample, and Ey is kinetic energy possessed by

emitting electron.
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The XPS spectrum shows the peaks that are directly related to the electronic structure
of atoms. The peaks are indexed like the electronic levels from where the
photoelectrons are coming. Since each element has a unique binding energy, the XPS
spectrum can be used to give quantitative information on the elemental composition
of a sample and the chemical state. Because each element has unique set of binding
energies, XPS can be used to identify and determine the concentration of the elements
in the surface. Variation in the elemental binding energies (the chemical shifts) arise

from differences in the chemical potential and polarizability of compounds.

Figure 3.4: XPS Spectrometer.

These chemical shifts can be used to identify the chemical state of the material being
analyzed. In our studies, X-ray photoelectron spectroscopy (XPS, ULVAC-PHI Inc.,

Model 1600) analysis was carried out with a Mg-K,, radiation source.

51


https://www.google.com/search?biw=1366&bih=657&q=xps+spectroscopy&spell=1&sa=X&ved=0CBoQBSgAahUKEwjBjeLA2NDHAhUEBI4KHfuaDcY

Chapter 3 Sample Preparation

3.2.4 The SQUID Magnetometer

The influence of magnetic flux on a Josephson junction may be employed for
measuring magnetic fields or magnetizations. The basic element of a Superconducting
Quantum Interference Device (SQUID) magnetometer is a ring of superconducting
metal containing critical current of an array of two Josephson junctions is periodic in
field units of one or two weak links. The name quantum interference is derived from
the fact that the due to interference effects of the electron-pair wave functions. A dc
SQUID is built with two Josephson junctions and a dc current is applied to this
device. The effect of a radio frequency (RF) field on the critical current is used to
detect quasi-static flux variations. The RF SQUID is a simple ring with only one
Josephson junction. Variation of the flux in the ring results in a change of impedance
[8]. This change in impedance results in detuning of a weakly coupled resonator

circuit driven by an RF current source.

Figure 3.5: Cutway view of the MPMS SQUID magnetometer

When magnetic flux is applied to the ring, an induced current flows through the

superconducting ring. In turn, this current induces a variation of the RF voltage across
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the circuit. With a lock-in amplifier this variation is detected. A feedback arrangement
is used to minimize the current flowing in the ring, the size of the feedback current
being a measure of the applied magnetic flux. The method is capable of measuring
magnetic moments in the range 107°-10° Am® with an accuracy of 1%. Custom-
designed dc SQUIDs can have a few orders of magnitude higher.

The traditional superconducting materials for SQUIDs are pure niobium or a lead
alloy with 10% gold or indium, as pure lead is unstable when its temperature is
repeatedly changed. To maintain superconductivity, the entire device needs to operate
within a few degrees of absolute zero, cooled with liquid helium.

High-temperature SQUID sensors are made of high-temperature superconductors,
particularly YBCO, and are cooled by liquid nitrogen which is cheaper and more
easily handled than liquid helium. They are less sensitive than conventional low

temperature SQUIDs but good enough for many applications.

Magnetoencephalography (MEG), for example, uses measurements from an array of
SQUIDs to make inferences about neural activity inside brains. Another area where
SQUIDs are used is magnetogastrography, which is concerned with recording the
weak magnetic fields of the stomach. A novel application of SQUIDs is the magnetic
marker monitoring method, which is used to trace the path of orally applied drugs. In
the clinical environment SQUIDs are used in cardiology for magnetic field imaging
(MFI), which detects the magnetic field of the heart for diagnosis and risk
stratification. Probably the most common commercial use of SQUIDs is in magnetic
property measurement systems (MPMS). SQUIDs are being used as detectors to
perform magnetic resonance imaging (MRI). While high-field MRI uses precession
fields of one to several teslas, SQUID-detected MRI uses measurement fields that lie
in the microtesla range. The use of SQUIDs in oil prospecting, mineral exploration,
earthquake prediction and geothermal energy surveying is becoming more widespread
as superconductor technology develops.

A cutaway view of the Quantum Design MPMS XL7 SQUID 45 magnetometer used

for the measurement of magnetization of materials is shown in figure 3.5.
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3.2.5 Ferroelectric measurements

A ferroelectric measurement (automatic P-E Loop tracer, MARINE INDIA)
system (Figure 3.6) was carried out for electrical characterization of synthesized
materials. The system measured the hysteresis loops and leakage current for these
materials. Measurements were performed at line frequency of 50 Hz.

The complete measurement system consists of the following:

e PE main unit
e Sample holder
e Furnace with temperature controller

e Desktop PC

Figure 3.6: Automatic P-E Loop tracer at Nanotechnology Research Laboratory, BUET.

The following studies can be done with the apparatus
1) Determination of spontaneous polarization (P;)
2) Determination of Remnant polarization (P;)
3) Determination of coercive field (E.)

4) Determination of Curie temperature (T.)
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3.2.5.1 Basic theory of operation

The basic PE test system is based on Sawyer Tower (S-T) circuit [3]
(Figure 3.7).

Figure 3.7: Sawyer Tower (S-T) circuit

The circuit consists of two capacitors, one due to sample (C) and other one is a linear
known valued internal capacitor (C,) they are connected in series. The principal is
simple when two capacitors are connected in series and AC voltage is applied on both
in series, the charge on both will be same. In order to get complete saturation the

internal capacitance must be bigger than of the sample capacitance.

A high voltage oscillator produces an adjustable sinusoidal output from 0 to 350V
(r.m.s.). The frequency is variable in a small range around 30Hz. The oscillator output
is applied to the dielectric sample kept in a temperature-controlled oven. Due to the
large amplitude of the alternating source, the dielectric material exhibits a hysteresis
loop similar to that observed in a ferromagnetic material under the influence of an
alternating magnetic field. The loop can be displayed on a CRO with the help of a
circuit, which basically monitors the charge flow through the sample and plots it

against the voltage applied on it.
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3.2.6: Dielectric Properties Measurement

A dielectric is an electrical insulator that may be polarized by the action of an applied
electric field. When a dielectric material is placed in an electric field, electric charge
do not flow through the material, as in a conductor, but only slightly shift from their
average equilibrium positions causing dielectric polarization: positive charges are
displaced along the field and negative charges shift in the opposite direction.
Dielectric typically means materials with a high polarizability. The latter is expressed
by a number called the relative permittivity (also known in older texts as dielectric
constant). A common example of a dielectric is the electrically insulating material
between the metallic plates of a capacitor. The polarization of the dielectric by the
applied electric field increases the capacitor's surface charge for the given electric

field strength.

The dielectric properties were measured using Wayne Kerr impedence analyzer 6500
B series. Measurements of dielectric properties normally involve the measurements of
the change in capacitance and loss of a capacitor in presence of the dielectric
materials. The behavior of a capacitance can now be described as follows. Here an
ideal loss less air capacitor of capacitance Cy. On insertion of a dielectric material in a
space the capacitance will be changed. The dielectric constant (§¢) and electrical
properties measurements on disk-spaced specimens will be carried out at room

temperature on all the samples in the high frequency range.

' :
il o*R *4%,
lj '

Figure 3.8: WAYNE KERR impedance analyzer 6500B series
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The dielectric constant € will be calculated using the following relations, € =C/Cy and
£ = ¢ tano where, C is the capaciatance of the sample and Co= €y4/d, is derived

geometrically. Here C, is the capacitance of the capacitor without the dielectric
materials, d is the thickness of the capacitor and A(= mr?) is the area of cross section
of the disk space sample. For the measurement of dielectric properties the samples

will be painted on either side with silver paste to ensure good electric contacts.
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Results and Discussion

The nominal compositions of BigoGdyFe;xTixO; (x = 0.00-0.20) ceramics were
synthesized by conventional solid state reaction technique and their temperature
dependent magnetic properties were investigated in details. The outcome of this

investigation is presented in this chapter.

4.1 Morphological Studies

To investigate the microstructure of the surface of the pellets, FESEM
imaging was carried out for all of the samples. Figure 4.1(a) and (b) demonstrates the
surface morphology of the pellet of undoped BiFeO3; sample and the 10% Gd doped
Bip9Gdy FeO; sample respectively. Notably, in the nominal compositions of
Biy9Gdy 1 Fe; TixO3 ceramics, it is expected that titanium is in its tetravalent state and
the non-magnetic Ti*" substitutes Fe*". This is in fact not very simple because in order
to accommodate a charge balance some Fe must be present as Fe* or there must be
present some type of non-stoichiometry. Figure 4.1(c) shows the microstructure of the
Ti doped Biy9Gdy FepoTip O3 ceramic with x = 0.10 as a representative of the x
=0.20 ceramics. Insets of Figs. 4.1(a), 4.1(b) and 4.1(c) show the histograms of the
grain size distributions of the respective micrographs. It is clear from Figs. 4.1(b) and
4.1(c) and their respective histograms that the average grain size is reduced from ~1.5
pum to ~200 nm with increasing Ti concentration. Previous studies demonstrated that
undoped BiFeO; had a dense microstructure with an average size of ~5 to ~15 um
[1,2]. In our investigation, we have also observed that the average grain size of pure

BiFeOs is around ~3.5 um .

Therefore, unlike the non-modified BiFeOs sample, the average grain size of the Ti
undoped, i.e., 10% Gd doped BiypoGdyFeOs; sample is ~1.5 um which is well
consistent with previous investigation [3]. The substitution of the Ti content to 10%

(x = 0.10) reduced the average grain size to ~200 nm as well as made the distribution
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of the grains homogeneous (Fig. 4.1(c)). Notably, increase of the Ti content from x =
0.10 to x =0.20 does not reduce the average grain size from ~200 nm. Due to the
substitution of Ti, the average grain size was reduced and the peak in the XRD pattern
of the Ti substituted sample was widened as shown in Fig.4.2. Previous investigation
suggested that the grain growth depends upon the concentration of oxygen vacancies
[4] and diffusion rate of the ions. Large number of oxygen vacancies are generate in

pure BiFeOs due to highly volatile nature of Bi.

An increment of the Ti doping concentration in BiypoGdy Fe;«TixO; decreased the
average grain size significantly due to the fact that Ti possesses a higher valence than
Fe and suppresses the formation of oxygen vacancies. Therefore, the significant
reduction of the average grain size in Gd and Ti co-doped BiFeOs; samples could be
interpreted by the suppression of the formation of oxygen vacancies because of the
requirements of the charge compensation. The decreased oxygen vacancies lead to a

lower grain growth rate which is actually a consequence of slower oxygen ion motion

[5].
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(a)

Counts

(b)

(c)

Figure 4.1: FESEM micrograph of BiyyGd, Fe;Ti,O3 ceramics: (a) undoped BiFeO; (b) x =
0.00, (c) x=0.10. Inset: respective histograms of images (a), (b) and (c).

4.2 Structural Characterization

The XRD patterns of undoped BFO, Gd doped BFO and Gd-Ti co-doped BFO
ceramics, sintered at 825 °C and their optimum density indicate the formation of
polycrystalline structure. The formation of secondary phases during the solid state
synthesis of bulk undoped BFO and cations substituted BFO was almost unavoidable
in a number of previous investigations [6—9]. The final distribution of these
secondary phases [10] was influenced greatly by the specific reaction path way,
however, the latent mechanism behind this formation is still unknown.

In a previous investigation [11], the structural analysis and phase identification of
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these multiferroic ceramics was not performed using Rietveld refinement. This time
around, Rietveld refinement was carried out using the FULLPROF package [12] to
analyze the crystal structure as well as to quantify the crystallographic phases of these
compounds. The Rietveld refined XRD patterns of the four samples under scrutiny
are depicted inFig.4.2. The structural parameters obtained with the help of the
refinement as well as phases present are (in wt%) obtained from XRD studies of
BFO, Gd doped BFO and Gd-Ti co-doped BFO are listed in supplemental Table 4.1.
In each of the sample, we found that the major phases namely, BFO, Gd doped BFO
and Gd-Ti co-doped BFO are of rhombohedral R3c type crystal structure. In BFO,
besides the major phase, the impurity phase BiyFe4Oy is present as well (3.91%) as
shown in Fig. 4.2. This undesired phase has orthorhombic structure (pbam) with
lattice parameters, a = 8.35024°, b = 7.84894 "and ¢ = 5.92754". Next, for the Gd
doped BFO, again a significant amount of impurity phase concentration is observed
which is BiyFe4sO9(7.51%). Interestingly, when we performed Gd and Ti co-
substitution, this unintended phase is suppressed significantly as the wt% of Bi,Fe4Oq
reduces to 1.38% in 10% Gd and Ti co-doped Big9Gdy Fep9TipOs. Further more,
when the Ti doping is increased to 20% in Big9GdoFeosTip,03, the amount of
undesired phases increases to 4.2% which substantiates our idea of the10% Gd and Ti
co-doped BFO, Bi¢Gdy FeooTi 03 being the most suitable composition to perform
extensive investigation of its multiferroic properties. This is also illustrated in Fig. 4.2
from the difference between the observed and calculated XRD patterns of the samples
obtained from Rietveld refinement. We note that highest match occurs between these
two patterns for 10% Gd and Ti co-doped BigoGdy 1Feo¢Tip 103 which indicates very
negligible impurities present in this particular composition. The atomic coordinates of

the samples have also been listed in the Table 4.1.
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Figure 4.2: Rietveld refined XRD patterns of (a) undoped BiFeOs;, (b) Gd doped
Bi0Gdg 1Fe—Ti, 05 (x = 0.00), (¢) Gd-Ti co-doped BiyoGd,Fe1—Ti, O3 (x = 0.10) and (d)
Gd-Ti co-doped Bij¢Gd, Fe;Ti,O; (x = 0.20) ceramics carried out at RT. Here the
observed data are represented by red circles (Yobs), the black solid line represents the
calculated pattern (Ycal) and the blue bottom curve is their difference (Yobs-Ycal), green
bars correspond to Bragg positions of the major phase of the corresponding samples.
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Table 4.1: Rietveld refined structural parameters and amount of phases present (in wt%)
obtained from XRD studies of BFO, Gd doped BFO and Gd-Ti co-doped BiyoGdg 1Fe; «Ti1,05
(x=0.10-0.20) .

The X-ray photoelectron spectroscopy (XPS) of the above mentioned samples was
performed. To investigate the oxygen vacancy related effects, in Fig. 4.3 the O 1s
core XPS spectra of the corresponding samples are shown. The plots display an
asymmetric peak very close to 529 eV along with an additional peak at slightly higher
binding energy (HBE). The asymmetric curves of the samples have been Gaussian
fitted by two symmetrical peaks. The lower binding energy (LBE) peak around 529.3
eV corresponds to the O 1s core spectrum, while the HBE peak is related to the
oxygen vacancy in the samples [13]. The area ratios of the two peaks (HBE/ LBE) for
the samples BFO, Gd doped BFO, Bi9Gdy 1Fey9Tip03 and BigoGdy 1FesTip,0; are
1.59, 3.46, 1.21 and 1.07 respectively. So, clearly the ratio decreases with Gd-Ti co-
substitution as compared to BFO and Gd doped BFO indicating reduction in oxygen
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vacancies. The effect of this reduced vacancy is further explored in section C where

we investigate the leakage current density of the samples.

Figure 4.3: The O 1Is core XPS spectrum of (a) undoped BiFeOs,(b) Gd doped
Bio'ngo'lFelfxTiXO3(X = OOO), (C) Gd-Ti CO-dOped Bio'ngO'lFelfxTiXO:; (X = 010) and (d)
Gd-Ti co-doped BiyoGdg 1Fe;—Ti,O3(x = 0.20) samples.

4.3 Magnetic characterization

Room Temperature Magnetic Characterization carried out by SQUID

magnetometer:

For magnetic characterization, the M — H hysteresis loops of undoped, Gd
doped and Gd-Ti co-doped BFO ceramics were carried out at RT with an applied
magnetic field of up to £50 kOe. The undoped BFO sample possesses a very narrow
hysteresis loop with a very small but non-zero remanent magnetization (0.001emu/g)
and a coercive field of ~ 132 Oe at RT. This is due to antiferromagnetic (AFM)
nature of undoped BFO which possesses no spontaneous magnetization [14] but has

residual magnetic moment for a canted spin structure. The Gd doped Bi9Gdy ;FeO;
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and Gd-Ti co-doped Bip9Gdy Fe;xTixOs3(x = 0.10-0.20) samples also exhibit
unsaturated hysteresis loops but with large remanent magnetizations and coercive
fields. Due to the substitution of Gd and co-substitution of Gd and Ti in place of Bi
and Fe in BiFeOs, respectively, the unsaturated magnetization behavior of the
samples remains unaltered, however, the center of the hysteresis loops was many
folds wider compared to that of undoped BFO. For obtaining quantitative measures of
the coercive fields (H.) and remanent magnetization (M;) from the hysteresis loops,
formulas used were: H, = (H; —Hc)/2, where H¢; and H, are the left and right
coercive fields [11, 15] and M; = |(M;-Mp)|/2 where M;; and M;, are the
magnetization with positive and negative points of intersection with H = 0,
respectively [16]. Calculated values of M; and H, for undoped, Gd doped and Gd-Ti
co-doped BFO bulk materials are inserted in Table 4.2.

Both the coercive fields and remanent magnetizations are higher for 10% Gd
and Ti co-doped Biy9Gdy Fe;—«TixO3 (x = 0.10) sample than those for other materials.
However, when we further increased the Ti concentration to 20% in
Bi9Gdy 1 Fe; «TixO3(x = 0.20), H, and M; got reduced despite their net values being
still higher compared to that of Gd doped Biy9Gdy 1FeooTip ;O3 sample. The larger
values of H, and M; in sample x = 0.10 are associated with the microstructure of the
composition, i.e. with its homogeneous reduced grain size than that of the other
materials as reported in a previous investigation [11]. Zhai et al. attributed increase in
coercive field with the co-substitution of La and Nb in BiFeOs [17]. Similar reasoning
was reported for P, and Z; co-substituted BiFeO; compounds in Ref. [18]. The
unsaturated magnetization behavior at higher fields clearly indicates the dominating
AFM nature of these ceramics. A large coercive field, of up to 6399 Oe is observed
for 10% Gd and Ti codoped BigpoGdy FepoTip10; sample owing to the strong

magnetocrystalline anisotropy of the compound despite having a FM component.
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Figure4.4: The M — H hysteresis loops of undoped, Gd doped and Gd-Ti co-doped BFO
ceramics were carried out at RT with an applied magnetic field of up to =50 kOe.

An asymmetric shift towards the magnetic field axes [19] in the M — H hysteresis
loops at RT is observed as depicted in Fig. 4.4. The asymmetry was shown in the
Fig.4.4 for sample x =0.00-0.20. The presence of an exchange bias (EB) effect is

evinced by this asymmetry phenomenon in this multiferroic material [11, 19, 20].
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TABLE 4.2: The table shows the calculated values of M,, H. and Hgg for undoped BiFeO;,
Gd doped BioGd,  Fe,- TiyO3 (x = 0.00) and Gd-Ti co-doped BiyoGdo Fe;Ti,O; (x =0.10-

0.20) ceramics observed at RT.

Samples M; (emu/g) H. (Oe) Hgg (Oe)
BFO 0.001 132 81
0.00 0.065 3406 33
0.10 0.155 6399 -13
0.20 0.073 3532 40

As mentioned earlier, the hysteresis loops of these ceramics showed in Fig.4.4,
confirm the basic AFM nature of the compounds. We notice that the centers of M — H
loops of BiyyGd Fe;Ti,O; (x = 0.00-0.20) compounds get widened when compared
to undoped BFO. This provides an indication of their weak ferromagnetic nature [21].
The temperature dependent magnetization curves [21] further assert this weak
ferromagnetic nature as described later on. I presume that this multiferroic material
system bears the coexistence of the anisotropic ferri/ferromagnetic (FM) and anti-
ferromagnetic domains. The exchange coupling at the interfaces between the multiple
magnetic domains, forces the system to act as a natural system for generating EB

effect [15, 22-24].

Figure 4.5: The M — H hysteresis loops of 10% Gd and Ti co-doped BiyoGdg FeqoTig 103

ceramics for different H,,, at RT.

68



Chapter 4 Results and Discussion

The quantification of the exchange bias field (Hgg) found from the loop asymmetry
along the field axis was performed using Hgg = —(H¢; + Hep)/2 where H,; and He, are
the left and right coercive fields, respectively [19, 22]. The variation of Hgp
calculated from the asymmetric shift of the M-H hysteresis loops was inserted in
Table 4.2. Generally, the EB effect is observed when a system is cooled down in an
external magnetic field through the Neel temperature (Ty). Notably, the BiFeO;
ceramic system exhibited the EB effect without any quintessential method of
inducing unidirectional anisotropy [25] during the magnetic field annealing process
through Ty [26]. This ceramic system also showed the EB effect without using any
alloy layers [27] at RT.

The coupling strength of an exchange bias system is indicated by the EB fields. The
Hgp values inserted in Table 4.2 are observed without applying any cooling magnetic
field and therefore the biasing strength is weak and random. The effect of temperature
and cooling magnetic fields on EB effect of this multiferroic system is elaborately
described in Ref. [28]. Previously, EB effect has been observed in various bulk
materials, however, this effect in most cases was limited to far below RT (< 100K)
[29-31] making the systems less lucrative for applications. Therefore, the observation
of EB in this co-doped BFO multiferroics up to RT, albeit small, is promising from

the perspective of practical applications.

Notably, the M—H hysteresis loops of this multiferroic ceramic at RT demonstrate the
unsaturated magnetization behavior even by applying a high magnetic field of up to
+50 kOe. The cation doped multiferroic materials which involve mixed magnetic
ordering with large anisotropy do not show a saturating trend even for H>50 kOe.
Thus, the proper choice of maximum field applied for recording a magnetic hysteresis
loop, Hyuax 1s crucial for investigating the magnetization parameters, in particular to

investigate the EB effect at RT.
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Figure 4.6: The variation of H. and Hgg of 10% Gd and Ti co-doped BiyoGdg 1FeoTig 103
material as a function of maximum applied magnetic fields. The inset shows the variation of

M; also as a function of Hyp.

Therefore, we have carried out M — H hysteresis loops at different maximum applied
magnetic fields (H,,,) for 10% Gd and Ti co-doped Biy9¢Gdo FeooTip ;O3 samples as
showed in Fig. 4.6. This particular composition was chosen due to its improved
structural properties with significantly reduced impurities. The magnetization
parameters were calculated from the respective M-H loops (Fig. 4.5). The influence
of measuring magnetic fields on the H, and Hgp are shown in Fig. 4.6. The inset of
Fig.4.6 shows the variation of M, with H,,,,. The H. and M, were found to increase
with H,,,, while recording a hysteresis loop, however, the Hgz decreased. Notably, the
H., M, and Hgp values are almost stabilized (considering experimental values) at
higher H,,,, 1.e. at >30kOe. Moreover, at RT, we observed a transition from positive
to negative exchange bias with decreasing H,,,, to record the respective hysteresis
loops. A similar transition was observed in LagsSryosMnggCop,03 ceramics at

temperature much lower than RT [31].
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Temperature Dependent Magnetic Hysteresis (M-H) Loops:

For magnetic characterization, the M—H hysteresis loops of BigoGdy1Fe;xTixOs3 (x =
0.00-0.20) samples were measured at different temperatures ranging from 20 K to 300
K with an applied magnetic field of up to 50 kOe. As a typical example, the M — H
loops of sample x = 0.0 (composition Bip9Gdy FeOs) at different temperatures were
presented in figure 4.7 (a). Figures 4.7 (b-h) demonstrate an enlarge view of the low
field M-H hysteresis loops of this sample measured at temperatures: (b) 20 K (c¢) 50 K
(d) 100 K (e) 150 K (f) 200 K(g) 250 K and (h) 300 K.

Figure 4.7: (a) The M — H hysteresis loops of sample x = 0.00 (composition Bi;9Gd, FeO;)
carried out at different temperatures. (b-h) An enlarged view of the low field M — H
hysteresis loops of sample x = 0.00 obtained at temperatures: (b) 20 K (¢) 50 K (d) 100 K (e)
150 K (f) 200 K (g) 250 K and (h) 300 K.
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Figure 4.7(a) demonstrates the M — H hysteresis loops of Bip9Gdo Fe;xTixO3 (x =
0.00) sample measured at different temperatures. This is a Ti undoped and only Gd
doped Bij9Gdy.;FeO; multiferroic material. The asymmetric shift along the field axes
are shown in the enlarged view at temperatures: (b) 20 K (¢) 50 K (d) 100 K (e) 150
K (f) 200 K (g) 250 K and (h) 300 K. Figure 4.8 (a) demonstrates the M-H hysteresis
loops of BigoGdy 1Fe;xTixO3 (x = 0.10) sample measured at different temperatures.
The asymmetric shift along the magnetic field axes are also shown separately in the
enlarge view at temperatures: (b) 20 K (¢) 50 K (d) 100 K (e) 150 K (f) 200 K (g) 250
K and (h) 300 K. The value of the exchange bias field at different temperatures in
Biy.9Gdy 1 Fe; xTixO3 (x = 0.00 and 0.20) compositions are shown in table 4.3.

Figure 4.8: (a) The M — H hysteresis loops of sample x = 0.10 (composition Big¢Gdg ;FeqTig03) carried out at
different temperatures. (b-h) An enlarged view of the low field M — H hysteresis loops of sample x = 0.10
obtained at temperatures: (b) 20 K (¢) 50 K (d) 100 K (e) 150 K (f) 200 K (g) 250 K and (h) 300 K.
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As shown in figure 4.7 and figure 4.8 and figure 4.9, the Gd and Ti co-doped
Biy9Gdy 1 Fe; xTixO3 (x = 0.00-0.20) samples show unsaturated magnetization loops
even with an applied magnetic field of up to 50 kOe which confirm the basic
antiferromagnetic nature of the compounds. Notably, pure BiFeO; possesses a very
narrow hysteresis loop with a very small but non-zero remanent magnetization
(0.0009emu/g) and a coercive field of 110 Oe at room temperature [11]. Compared to
pure BiFeOs, the center of M-H loops of Biyy9Gdy Fe;«TixOs (x = 0.00-0.20)
compounds are wider (as shown typically in the enlarged view of sample x=0.1,
figures 4.8(b-h)) which indicate the co-existence of weak ferromagnetic nature along

with the antiferromagnetic nature of the compounds [52].

Figure 4.9: (a) The M-H hysteresis loops of sample x = 0.20 (composition
BiGdy 1 FegTig»0s) carried out at different temperatures. (b-h) An enlarged view of the low
field M-H hysteresis loops of sample x = 0.20 obtained at temperatures: (b) 20 K (c) 50 K (d)
100 K (e) 150 K (f) 200 K (g) 250 K and (h) 300 K.
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Effect of Temperature on Coercive Field (H.) and Remanent

Magnetization (M,):

From the hysteresis loops, the coercive fields (H.) and remanent
magnetization (M,) were quantified as: H.= (H.1— H~)/2, where H.; and H,, are the
left and right coercive fields [11,15] and M, = [(M,1-M,2)|/2 where M,; and M, are
the magnetization with positive and negative points of intersection with H = 0,
respectively [32]. Calculated values of H. and M, are plotted as a function of
temperature in figures 4.10 (a and b) respectively Big.oGdy Fe; <xTixO3; (x = 0.00-0.20)
samples. Both the coercive fields and remanent magnetizations are higher for sample
x = 0.10 than those for x = 0.00 and x = 0.20. Therefore, it is clear that the
substitution of 10% Ti in place of Fe in Biy9Gdy;FeOs; compound significantly
increased H, and M,. However, a further increment of Ti to 20% in place of Fe
reduced H, and M, although their net values are still higher than that of Ti undoped
Biy.9Gdy 1 FeO; sample.

In a previous investigation [11], the larger values of H. and M, in sample x = 0.10 are
related with the microstructure of the composition i.e. with homogeneous small grain
size of the material. In the case of La and Nb co-substituted BiFeO3 [17] and Pr and
Zr co-substituted BiFeO; compounds [34], increase in coercive field with the
substitution was also attributed to decrease in grain size. The value of H. in these
materials are much larger than that in pure BiFeO; [35, 11] and such a large value of
coercivity in Gd and Ti co-substituted BiFeO; samples may be related to their

magnetic anisotropy [35, 36, 37].

Notably, at RT the M —H hysteresis loops of this multiferroic ceramic demonstrate
the unsaturated magnetization behavior even by applying a high magnetic field of up
to £50 kOe. The cation doped multiferroic materials which involve mixed magnetic

ordering with large anisotropy do not show a saturating trend even for H >50 kOe.
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Figure 4.10: The variation of (a) coercivity (H.) and (b) remanent magnetization (M,) as a
function of temperature in BigyGdyFe;Ti,O3 (x =0.00-0.20) compounds. Both H, and M,

are higher over a wide range of temperatures in sample x =0.10.
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Figure 4.11: The variation of M; (the maximum magnetization at 50 kOe) and H. as a

function of temperature in sample x = 0.10 (Big9Gdy1Feo9Ti103).

The remarkable feature observed from figure 4.10 is that the coercivity of these
ceramic samples increases with temperature. Figure 4.11 shows, as a typical example
for x = 0.10 sample, that while the coercivity increases with increasing temperature,
the maximum magnetization (M;) at 50 kOe decreases with increasing temperature
[38]. For all studied samples, the coercivity shows a strong temperature dependency
and the H, values are significantly higher at room temperature than that at 20 K. For
example, the H, value at room temperature for sample x = 0.10 is three times higher

than that at 20 K.

The usual trend in a typical magnetic system is for the coercivity to increase with
decreasing temperature [22,24,39] since the anisotropy decreases much more sharply
than does the magnetization with increasing temperature [40]. In similar multiferroic
material systems, e.g. La doped BiFeO; [36,37] and LuFe,04[41], the H, values were
found to increase at low temperature than that at room temperature. The unexpected

decreasing trend of H. at low temperature as compared with the room temperature
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values for all the compositions may be explained by the presence of magnetoelectric
coupling in these multiferroic materials [38, 40].

The presence of the magnetoelectric coupling produces additional contribution to the
anisotropy that actually acts to decrease the effective magnetic anisotropy [38,40]. If
K, is the uniaxial anisotropy constant in the absence of coupling effects and K, is the

uniaxial anisotropy constant in the presence of magnetoelectric coupling, then

K'y=Ky— pan (BPZ)2/2

Here B is the homogeneous magnetoelectric co-efficient that is related to the
Dzyaloshinsky Moriya magnetic field, y. is the magnetic susceptibility in the
direction perpendicular to the antiferromagnetic vector, P, is the spontaneous electric
polarization [40, 42].Thus the temperature variation in H. is determined by the
competition between the magnetic anisotropy and the magnetoelectric coupling [38,
40,42].

The higher values of H; and M; in sample x = 0.10 than those of x = 0.00 and 0.20
compositions motivated us to investigate further its magnetic and electric properties
in details. Therefore, we have carried out the temperature dependence of the

magnetization (M-T) of BiyoGdy Feo9Tip, ;O3 bulk sample.

Temperature Dependent Magnetization:

The M-T curves measured in zero fields cooled (ZFC) and field-cooled (FC)
modes in the presence of 500 Oe applied magnetic field is shown in figure 4.12,
figure 4.13 and figure 4.14. In the ZFC process, the sample was initially cooled from
300 to 5 K and data were collected while heating in the presence of the applied field.
On the other hand, in the FC mode, data values are collected while cooling in the
presence of the magnetic field which is commonly known as cooling magnetic field
[33]. Here the temperature dependence magnetization measurements demonstrate
clearly that both ZFC and FC curves of Bip9Gdy Feo9Tip 103 ceramic coincide with
each other without showing any bifurcation which indicates the absence of any spin
flipping effect [43,44].. In similar multiferroic materials both the ZFC and FC curves

were also found to coincide with each other [ 45, 46].
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Field: 500 Oe
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Figure 4.12: The temperature dependence of magnetization (M-T curves) of Big¢Gd FeO;
sample measured in ZFC and FC processes in the presence of 500 Oe applied magnetic fields.

Both ZFC and FC curves coincide with each other without showing any bifurcation.
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Figure 4.13: The temperature dependence of magnetization (M-T curves) of

BiGdg.1FeoTig 105 sample measured in ZFC and FC processes in the presence of 500 Oe

applied magnetic fields. Both ZFC and FC curves coincide with each other without showing

any bifurcation.
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Figure 4.14: The temperature dependence of magnetization (M-T curves) of
BiGdy. 1 FesTip,0; sample measured in ZFC and FC processes in the presence of 500 Oe
applied magnetic fields. Both ZFC and FC curves coincide with each other without showing

any bifurcation.

As shown in figures 4.7, figure4.8 and figure 4.9 (a-h), the room temperature M-H
hysteresis loop as well as the loops taken at other temperatures exhibit an asymmetric
shift towards the magnetic field axes [52]. This is a signature of the presence of an

exchange bias effect in multiferroic BigoGdg 1FeooTip ;O3material [11, 52, 43].

In the present investigation, the hysteresis loops of Gd and Ti co-doped BiFeO;
ceramic system is unsaturated even with an applied magnetic field of up to +50 kOe
which confirm the basic antiferromagnetic nature of the compounds. Notably,
undoped BiFeOs possesses a very narrow hysteresis loop with a very small but non-
zero remanent magnetization (0.0009emu/g) and a coercive field of ~ 110 Oe at room
temperature [11]. Compared to pure BiFeOs;, the center of M-H loops of
Biy9Gdy 1 Fe; «TixO3 (x = 0.00-0.20) compounds are wider (as shown typically in the
enlarged view of sample x = 0.10, figures 4.8(b-h)) which suggests a weak
ferromagnetic nature [21] of this co-doped ceramic system. The weak ferromagnetic
nature of this material system is also revealed from temperature dependent
magnetization curves [21]. In this way we anticipate the co-existence of strong-

anisotropic ferri/ferromagnetic (FM) and antiferromagnetic domains in this
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multiferroic material system. As a consequence of the exchange coupling between
these multiple magnetic domains, it is expected that the system acts as a natural
system for generating EB effect in Biy9Gdy FeooTip ;O3 multiferroics[15, 22, 23, 24].
The exchange bias field (Hgg) from the loop asymmetry along the field axis can be
quantified as

Higg= —(HatH»)/2

Where H,; and H, are the left and right coercive fields, respectively [22,52]. The
variation of Hgp as a function of temperature in BigoGdy 1Feo9Ti,105 calculated from
the asymmetric shift of the M-H hysteresis loops of figures 4.8(b-h) is shown in
figure 4.15. The temperature dependence of Hgp for two other compositions were
calculated from the asymmetric shift of the M-H hysteresis loops of figures 4.7(b-h)
and 4.9(b-h) and presented in the information table 4.3[11].

As was mentioned earlier, the EB effect usually occurs when the system is cooled
down in an external magnetic field through the Neel temperature (Ty ). It is worth
mentioning that in BiFeOs ceramic system the exchange bias effect was observed
without any magnetic field annealing process through Ty [26] which is the
conventional method of inducing unidirectional anisotropy[25]. It has also been
observed without using any alloy layers [48], however, then the biasing strength of
BiFeOs; is observed to be very weak with Hgg = 36 Oe [27] at room temperature. The
exchange bias fields indicate the strength of the exchange coupling of an exchange

bias system.
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Temperature dependent exchange bias field without applying cooling magnetic

field:

Figure 4.15: The variation of exchange bias fields (Hgs) as a function of temperature in

Bi9Gdy 1 FeyoTig 105 The Hep values were calculated from the asymmetric shift of the M-H

hysteresis loops of figures 4.8 (b-h).

Table 4.3: The table shows the exchange bias fields of Bi;¢Gdy Fe,TiyO; (x = 0.00-0.20)

compositions at different temperatures.

Hzs(Oe)
X= T=20K | T=50K | T=100K | T=150K | T=200K | T=250K | T=300K
0.00 8 70 101 122 122 143 31
0.10 0 6l 80 161 56 85 -17
0.20 7 64 61 80 26 64 33

As shown in figure 4.15, values of Hgp of BigoGdy 1FeoTip;05 at 150K and 250 K are

much higher than that at any other temperatures. The values of Hgg shown in figure
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4.15 are observed without applying any cooling magnetic field and therefore the
biasing strength is weak and random. In the case of a FM/AFM bilayer system, it is
well known that cooling magnetic field plays an important role in establishing a
strong unidirectional anisotropy due to the exchange coupling [48]. Hence, in the
following experiments, the magnetic hysteresis loops of Bij¢Gdy FeooTi;0; material
were carried out at temperatures 150 K and 250 K by cooling down the sample from
300 K in various cooling magnetic fields (Hcoo) ranging from 20 kOe to 60 kOe. In
each experiment related to cooling magnetic fields, the measuring magnetic fields
were from -30 kOe to 30 kOe. The details of the loop asymmetry at different cooling
fields and temperatures can be found in the figures 4.16 and 4.17 [11].

Temperature dependent Exchange bias field with applying cooling magnetic

field :

The influence of cooling magnetic fields on exchange bias effect at
temperatures 150 K and 250 K in BigyGdy FeooTio;0; multiferroic material is
illustrated in figure 4.18. The Hggp values increased significantly upon the application
of cooling magnetic fields. For example, at temperature 250 K and cooling magnetic
field 60 kOe, the biasing field increased more than twelve times than that for a
cooling magnetic field of 20 kOe. During the field cooling experiments, the Hgp
values reduced with increasing temperature, figure 4.18, which is similar to results
reported in previous investigations [33, 30, 49]. The Hgg values are higher than those

in related material systems [33, 50] specifically at high temperatures.

In the present investigation, the temperature dependent ZFC and FC measurements
(figure 4.13) demonstrate the absence of any bifurcation from 300 K down to 5 K and
therefore, we had conducted the field cooling experiments by cooling the sample
from 300 K down to 150 K and 250 K. By using the SQUID magnetometer (Quantum
Design MPMS-XL7, USA), it was not possible to heat the sample above 300 K;
therefore, the field cooling experiments were not possible to conduct by cooling down
this sample through Tx which is around 520+10 K for BigoGdy FeyoTiy;0; ceramic
measured from temperature dependent dielectric measurements (data not shown
here). As was mentioned earlier, the EB has been observed in various bulk materials,

however, the effect in most cases has been limited to low temperatures [29, 30]. The
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observation of EB up to room temperature is of interest from the perspective of
practical applications. Therefore, in future we intend to conduct field cooling
experiments at room temperature by cooling BiyoGd, FeooTiy ;03 material through Ty

which is above the room temperature.

Figure 4.16: (a) The M — H hysteresis loops of sample x = 0.10 measured at 150 K by
applying cooling magnetic fields. (b-e) The enlarged views show the effect of cooling
magnetic field on asymmetric shifting of the hysteresis loops.

The M — H hysteresis loops of sample x = 0.10 measured at 150 K after being cooled
from 300 K in zero field and then in separate experiments in the presence of various
cooling magnetic fields are presented in figures 4.16 (a). The enlarge views, figures

4.16(b-e) demonstrate the asymmetric shifting along the field axes. Similarly,
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hysteresis loops measured at 250 K after being cooled from 300K in zero field and
then in the presence of various cooling magnetic fields are shown in figures 4.17(a).
The enlarged views, figures 4.17(b-e) show the asymmetric shifting of the hysteresis

loops along the magnetic field axes.

Figure 4.17: (a) The M — H hysteresis loops of sample x = 0.10 measured at 250 K in
presence of cooling magnetic fields. (b-e) The enlarged views demonstrate the effect of
cooling magnetic field on asymmetric shifting of the field axes.
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Figure 4.18: Cooling field dependence of exchange bias field (Hgg) at 150 K and 250 K for

Biy9Gdy 1 FegoTip 105 ceramic. The graph also demonstrates the dependency of Hgg on

temperature.

Table 4.4: The table

shows the effect of cooling magnetic fields on H, of

Biy9Gdg 1FegoTig10; sample at temperatures 150 K and 250 K. Notably, the effect of

temperatures on H, of BiyoGdy FeqoTig ;05 sample without applying cooling magnetic fields

was inserted in figure 4.17.

T(k) H, (kOe)

Heoot =00KOe | Hepo =20 KOe Heoo=40KOe Heoo=60KOe
150 4.7 4.7 5.0 5.0
250 5.6 5.6 5.8 5.8

The influence of Ho on coercive field was also measured at temperatures 150 K and

250 K and the results are displayed in table 4.4. Notably, in figures 4.11, we have

shown the effect of temperature on H, without applying any cooling magnetic field.

Here in table 4.4, we have inserted the effect of cooling magnetic field on H; and the
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measurements were carried out at two different temperatures close to room
temperature. The exchange bias fields are strongly affected by cooling magnetic field
as shown in figure 4.18, however, the H, values (table 4.4) are influenced merely by a
small extent. This is not unusual, in the case of NiFe/Co bilayers, similar effect was
previously observed, i.e. the exchange bias field is strongly affected by cooling

magnetic field whereas the H, is weakly influenced [48].

In a previous investigation [25], they have synthesized nanoparticles of the same
composition i.e. of BigoGdy1FegoTip 103 with a mean size of 40-100 nm directly from
their bulk powder by using the sonication technique described in Ref. [15]. In this
specially prepared nanoparticle system, we have observed exchange bias effect and
the magnitude of the exchange bias fields were also found to increase with cooling
magnetic fields [52]. Obviously, the cooling field dependence of Hgp values of
Bip9Gdy1Fep9Tip 103 bulk system were weaker than those of specially prepared
Bip9Gdy.1Feo9Tip O3 nanoparticles. For example, in both bulk and nanoparticle
system the highest Hgp values were observed at temperature 150 K by applying 60
kOe cooling magnetic field. At this temperature and cooling magnetic field, the Hgp
value of the bulk system is 20 % less than that of nanoparticles having sizes 40-100
nm. This is worth noting as the preparation of bulk materials is comparatively easy
and straightforward considering the multistep processing for the preparation of

nanoparticles.

4.4 Electric measurements

To compare the leaky behavior of undoped, Gd doped and Gd-Ti co-doped
BFO ceramics, leakage current density, J versus electric field, E measurements were
performed. Figure 4.19 shows that the leakage current density of 10% Gd and Ti co-
doped Biy 9Gdy 1Feo9Tip ;O3 bulk materials is smaller than that of other compositions.
Particularly, the leakage current density of this co-doped ceramic is much small than
that of undoped BFO. The high leakage current of bulk material is predominantly
connected with impurity phases and oxygen vacancies[46, 47]. Therefore, it is
expected that due to the substitution of Gd and Ti in BiFeO; the oxygen vacancies

induced mainly due to the volatilization of Bi ion in the lattice was suppressed and
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consequently the leakage current density was reduced. Figure 4.20 (a-d) shows the
ferroelectric polarization hysteresis loops (P-E loops) of undoped, Gd doped and Gd-
Ti co-doped BFO ceramic systems which were carried out by varying E-fields. The
continuous increment of electric field results in the increase of remanent polarization
while the driving frequency was maintained at 50 Hz. This is due to the fact that
larger electric field provides higher level of driving power responsible for reversal of
ferroelectric domains [48]. It is expected that in undoped BFO freely movable

charges appear to contribute significantly to the electrical hysteresis loop.

Figure 4.19: Current density of undoped, Gd doped and Gd-Ti codoped BigoGdy1Fe;— Ti,O;3
(x =0.00, 0.10 and 0.20) materials as a function of applied electric fields. The upper x-axis is
correspond to bulk BiFeOs.

Therefore, the undoped BFO material exhibit a round shaped P-E loop as shown in
figure 4.20 (a) due to its high leakage current was evidenced in figure 4.19. The
substitution of Gd in place of Bi in BiFeOs; i.e in sample x = 0.00 (figure 4.20 (b))
reduces the contribution to the polarization from the freely movable charges, as
evidenced by the less rounded features of the loops. The leakage current density was
also found to decrease upon the substitution of Gd in place of Bi in BiFeO3; compared
to that of undoped BFO. In the case of 10%Gd and Ti co-doped
Bip9Gdy 1 FeooTip10s1.e. for x= 0.10 composition, figure 4.20(c), the P-E loops

become more and more typical which is associated with their reduced leakage current
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density [49] compared to that of all other compositions. For a further increment of Ti
concentration to 20% i.e. for sample x = 0.20, figure 4.20 (d), the shape of the loop
remains elliptical, however, the remanent polarization is enhanced again probably due
to the contribution of the increased freely movable charges. Hence, the electrical
measurements clearly show an improved ferroelectric behavior of 10% Gd and Ti co-
doped BFO material due to its reduced leakage current density.

Figures 4.20 (a-d) show the ferroelectric polarization hysteresis loops (P-E loops) of
(a) undoped BiFeOs;, (b) Gd doped BipoGdy FeOs; (x=0.00), Gd-Ti co-doped
Biy9Gdy 1 Fe;«TixO3 with (¢) x = 0.10 and (d) x = 0.20 compositions measured at
selected electric fields. The P-E loops of these ceramics were carried out by varying
electric fields. For a fixed driven frequency of 50 Hz, the remanent polarizations were
found to increase gradually with an increase in electric field. This is due to the fact
that larger electric field provides higher level of driving power responsible for
reversal of ferroelectric domains [48]. It is expected that in undoped BiFeO; freely

movable charges appear to contribute significantly to the electrical hysteresis loop.

Figure 4.20: The P-E hysteresis loops of (a) undoped BFO, (b) Bi;+Gdy FeOs (x = 0.00) (c)
Bio_ng0'|Feo_9Tio_103 (X :OIO) and (d) Bio'ngO‘lFeo‘gTio‘zo::) (X = 020) materials.

Therefore, the undoped BiFeO; material exhibit a round shaped P-E loop as shown in

figure 4.20 (a) due to their high leakage current . Due to the substitution of Gd in
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place of Bi in BiFeOs i.e in sample x = 0.00 (figure 4.20(b)), the contribution to the
polarization from the freely movable charges is reduced, as evidenced by the less
rounded features of the loops. The leakage current density was also found to decrease
upon the substitution of Gd in place of Bi in BiFeO3; compared to that of undoped
BiFeOs. In the case of 10% Gd and Ti co-doped Big7Bag 3Fe9Tip 103 i.e. for x =0.10
composition, figure 4.20 (c), the P-E loops become more and more typical which is
associated with their reduced leakage current density [49] compared to that of all
other compositions. For a further increment of Ti concentration to 20% i.e. for sample
x = 0.20, figure 4.20(d), the shape of the loop remain elliptical, however, the
remanent polarization is enhanced again probably again due to the contribution of the

increased freely movable charges.

4.5 Dielectric measurements

In our previous investigation, dielectric properties of this material system were
carried out as a function of frequencies [11] at RT. In this investigation, the
temperature dependence of dielectric constant and dielectric loss of 10% Gd and Ti
co-doped BigoGdoFepoTip0; material was investigated at three different
frequencies. Figures 4.21 (a) and (b) illustrate the variation of dielectric constant and
dielectric loss as a function of temperature at frequencies 1 kHz, 10 kHz and 200
kHz. The dielectric constant as well as dielectric loss is fairly constant up to 485+10
K, above this temperature both dielectric constant and loss gradually increase and a
broad peak is observed around the antiferromagnetic Neel temperature, Ty = 520+10
K. With the increase in frequency, this peak shifts to a higher temperature and it also
decreases in intensity which is a typical characteristic of relaxor ferroelectrics [57-
59]. This type of dielectric anomaly around the Neel temperature may be a
consequence of magnetoelectric coupling [60,61]. To confirm the dielectric anomaly,
we performed the measurements at a very high frequency of 200 kHz. Interestingly,
the anomaly was observed at this frequency too, as shown separately in the insets of
Fig. 421 (a) and (b). Both the dielectric constant and dielectric loss functions
exhibited the anomaly around 520 K even at 200 kHz corroborating the claim of this
being a consequence of ME coupling. Here the modifications in spin structure for a

typical magnetic transition are expected to be coupled with ferroelectric ordering.
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These modifications ultimately cause a change in structural parameters, hence, an

anomaly in dielectric behavior is likely.

FIG. 4.21: The variation of (a) dielectric constant and (b) dielectric loss as a function of
temperature in 10% Gd and Ti co-doped BigoGd 1FeqoTip.103 at 1 kHz, 10 kHz and 200 kHz.
The dielectric anomaly is clearly visible around the antiferromagnetic Neel temperature. The

insets show the zoomed in view around 520 K at 200 kHz.
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Chapter 5

Summary and Conclusions
5.1 Summary

The Gd and Ti co-doped multiferroic bulk polycrystalline materials were
prepared by conventional solid state reaction technique and characterized by using a

number of techniques. The outcomes of this investigation are summarized as,

» The FESEM images demonstrated that the grain size was reduced with
simultaneous substitution of Gd and Ti in Bi and Fe sites of BiFeOs;

respectively.

» The major phase rhombohedral R3c is 97.16 % in 10% Gd and Ti co-
doped Bio,ngo,lFeo,gTio.l()y

» Both H, and M; are higher over a wide range of temperatures in 10% Gd
and Ti co- doped BFO material.

» The coercive fields of this multiferroic system were enhanced anomalously
with increasing temperature. The anomalous enhancement of the
coercivity with increasing temperature and particularly the observation of
the high values of H, near/at room temperature may be of future use in
potential applications where a coercivity stability at high temperature is

crucially effective.

» ZFC and FC curves coincide with each other without showing any

bifurcation.

» The presence of exchange bias effect due to the interface exchange
coupling between FM and AFM domains of Gd and Ti co-doped BiFeOs
material system was observed. The magnitude of the exchange bias fields
in bulk Biy9Gdy FeyoTip ;05 were also found to increase with cooling

magnetic field.
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» The electrical measurements clearly show an improved ferroelectric
behavior of 10% Gd and Ti co-doped BiFeOs material due to its reduced

leakage current density.

» The broad peak of dielectric constant near Ty is frequency dependent and
shifts to a higher temperature and decreases in intensity with an increase in

frequency.

5.2 Conclusions

The compendium of these investigations is that the nominal composition of
10% Gd and Ti co-doped BiFeOs with significantly improved phase purity exhibited
enhanced multiferroic properties. We anticipate that the presence of both exchange
and magnetoelectric coupling in Bi9Gdy 1Feo9Tip O3 multiferroic material might be
worthwhile for potential applications in novel multifunctional devices. We may
further conclude that an appropriate choice of co-doping elements and fine
composition adjustment are keys to optimize the multiferroic properties of BiFeO;

ceramics.

5.3 Future work

In a previous investigation simultaneous substitution of Gd and Ti in place of
Bi and Fe, respectively in BiFeO; multiferroics improved their morphological, di-
electric and magnetic properties at room temperature [1]. Therefore, in this
investigation, we were interested to conduct experiments on temperature dependence
of magnetic properties of Gd and Ti co-doped Biy9Gdy 1Fe;«TixOs (x = 0.00 - 0.20)
multiferroic materials. Later on, the optical properties and photocatalytic activity of
10% Gd and Ti co-doped BiFeO; multiferroic materials will be carried out in the

Nanotechnology Research Laboratory, Department of Physics , BUET..

It might be interesting and equally important to prepare 10% Gd and Ti co-
doped BiFeOs nanoparticles [2] by using wet-chemical technique like sol-gel.
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