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Introduction and Motivation of the ]_
Present Work: Single phase Mutiferroics Chapter

1.1. Introduction

Multiferroic materials have been of great interest due to their
promising applications in new kind of memory devices. These materials
have at least two ferroic properties (ferroelectricity, ferromagnetism,
ferroelasticity and ferrotoroidicity) that coexist in the same phase.

Although multiferroics were discovered long back, the
renaissance in this field actually came when the review article by Nicola
Spaldin posed a challenge to researchers in addressing the requirements
for simultaneous existence of ferroelectricity and ferromagnetism in
oxides [1]. Thereby, scientists started investigations for new materials in
their search for the problems raised by Nicola. Secondly, the continual
hunt for better technology in the investigation of new materials to be
used as better-quality transducers, integrated circuits, magnetic field
sensors, and most importantly multiple state memory elements. Besides
their abundance in applications, there is a great need to understand the
fundamental physics of these materials to improve them in order to

make new materials in place of the existing ones.
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The multiferroic material can exhibit the following coupling

mechanisms:

1. a spontaneous magnetization that can be reoriented with an

applied electric field,

2. aspontaneous polarization that can be reoriented with an applied

magnetic field.

This leads to magnetoelectric effect (ME effect). This coupling
phenomenon increases the degree of freedom in the device technological
applications in mass storage. Even though current technologies integrate
both electric and magnetic orders, for a long time, no known materials
display these properties at room temperature with a considerable
coupling.

This work examines the important properties of multiferroic
BiFeOs perovskite oxide and the effect on their properties when doped
with rare earth elements.

A brief overview of some of the fundamental and important
concepts of magnetism, including brief descriptions of different types of
magnetic materials and ferroelectric order(s) that are essential to form

magnetoelectrics will be discussed.
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1.2 Types of Magnetic orders

1.2.1. Diamagnetism

The motion of electrons in an orbital is analogues to the
circulating electric charges. According to ampere’s law the circulating
electric charge can produce a magnetic field. Such motion of electrons in
atoms can be changed by an applied field. In case of a diamagnetic
material the effect of an applied field on a single electron orbit is to
reduce the effective current of the orbit, and so to produce a magnetic
moment opposing the applied field. This is called diamagnetic effect.
This effect is summed over all the electrons in the atom, and each atom
is regarded as acting independently. The Magnetic susceptibility, x
diamagnetic materials is negative and temperature-independent as
shown in figure 1.1. Though the diamagnetism is a part of all magnetic
states, it is usually negligible in the presence of permanent magnetic
moments. Cu, NaCl, SiO are some examples of diamagnetic materials.

Superconductors are also ideal diamagnets [2, 3].
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1y

T (K)

Figure 1.1 Diamagnetic inverse susceptibility.

1.2.2. Paramagnetism

Paramagnets are the materials which have a permanent dipole
moment, by virtue of incomplete cancellation of electron spin and/or
orbital magnetic moments. This happens only when there are unpaired
electrons in the atoms of the material. Thus, a transition metal cation
having a partially filled d shell exhibit paramagnetism. The net
magnetization is zero in the absence of external field due to random
alignment of individual magnetic moments of atoms which cancels out
each other. When field is applied, all the individual magnetic moments
try to align in the field direction, giving rise to large magnetic moment.

But, thermal agitation counters their alignment, results in, only a partial
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alignment in the field direction giving rise to a small positive

susceptibility.

Paramagnetic substances obey Curie law, which indicates that the
susceptibility is inversely proportional to their temperature T.

The mathematical expression is shown in Eq.1.1

x= = (1.1)

Where C is the Curie constant, which is a material-specific. The Curie
law is only a special case of a more general law, called Curie Weiss law,

which states that X = C (1.2)
T-60

where 0 is a constant. Curie-Weiss behavior is shown in figure 1.2.

Curie

1/

Curie-weiss

T (K)

Figure 1.2 Paramagnetic inverse susceptibility (Curie and Curie-Weiss plots).
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Paramagnetic materials, due to the lack of net permanent
magnetic moment only have a few applications. However, paramagnets

are useful in Magnetic resonance imaging (MRI) [4].

1.2.3. Ferromagnetism

Ferromagnetism is a cooperative magnetism leading to a long-
range collinear alignment of all the moments in the system [3]. Origin of
ferromagnetism comes from the quantum mechanical exchange
interaction between permanent magnetic dipoles. The magnetic
susceptibility x of ferromagnets is positive. A divergence in the
susceptibility can be observed when T = 0, which corresponds to a phase
transition to a spontaneously ordered magnetic phase. When 0O is
positive, then the material behaves as ferromagnetic as it is below the
Curie temperature, Tc, which is a critical temperature above which a

ferromagnetic material exhibits paramagnetism.

Ferromagnetism was explained by Weiss in 1906 in terms of a
huge internal ‘molecular field” proportional to the magnetization [5].
Molecular field is a useful way of approximating the effect of the
interatomic Coulomb interaction in quantum mechanics, which

Heisenberg described by the Hamiltonian

H=-2JS,S,
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When there is a lattice, the Hamiltonian is generalized to a sum
over all pairs of atoms on lattice sites i, j:
H=-2)J.S.S,
i>]
where Si and Sj are operators describing the localized spins on two

adjacent atoms i and j and J is the exchange integral. When ] > 0

exchange interaction leads to ferromagnetic order.

The typical temperature dependence of the spontaneous
magnetization (Ms) is shown in figure 1.3. An ideal ferromagnet
becomes a paramagnet above Tc and Curie-Weiss law shows linear
dependence between 1/x and T. Fe, Co, Ni, Dy and Gd are examples of

elemental ferromagnets.

Msp
1/

T(K)

Figure 1.3 Ferromagnetic order parameter and inverse susceptibility
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1.2.4. Antiferromagnetism

Two identical magnetic sublattices, with antiparallel moments
form a simple antiferromagnet. The origin of this arrangement of the
moments comes from the negative exchange interactions ie. ] < 0.
Antiferromagnets have a small positive susceptibility x and a linear
dependence of magnetization with an applied field [5]. The
susceptibility of antiferromagnets is temperature dependent and below
T, it exhibits antiferromagnetic order and, above this temperature the

material behaves like a paramagnet.

Antiferromagnetism, like ferromagnetism, is a cooperative
magnetism of long-range order among identical, spontaneous moments.
Ideally, the magnetic ions occupy crystallographically identical sites [3].
Antiferromagnetic inverse susceptibility as a function of temperature is

shown in figure 1. 4.

Depending on the type of arrangement between the neighboring spins
perovskite-type oxide antiferromagnets are further classified into three

types (figure 1. 4)

A-Type Antiferromagnets: The intra-plane coupling is ferromagnetic

while inter-plane coupling is antiferromagnetic.
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C-Type Antiferromagnets: The intra-plane coupling is antiferromagnetic

while inter-plane coupling is ferromagnetic.

G-Type Antiferromagnets: Both intra-plane and inter-plane coupling are

antiferromagnetic.

These are shows schematically in below figure 1.5.
Some examples of antiferromagnets are FeO, MnS, FesMn, CrPt, PtsFe

etc.

1y

0 T (K)

Figure 1.4 Inverse susceptibility as a function of temperature
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A-type C-type G-type

Figure 1.5 Schematic representations of various magnetic orders.

1.2.5. Ferrimagnetism

A Ferrimagnetic material consists of two identical ferromagnetic
interpenetrating sublattices which are arranged in opposite direction.
The magnetization in one sublattice will have a greater value than that
of the other, resulting a net magnetic moment. Thus, ferrimagnetic

materials also exhibit a spontaneous magnetization below Tc.

In Ferrimagnets, two (or more) chemically different magnetic
species are present. These species may be two different valence states of
the same ion (Fe?* and Fe®*) or they may be two different elements (Gd
and Co). The magnetization in this system can be understood in the

following description [3].
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Let us consider that the magnetic ions in a crystalline ferrimagnet
occupy two kinds of lattice sites, namely ‘A’ and ‘B’, which have
different crystallographic environments. The each sub lattice ‘A’ and ‘B’
is occupied by the magnetic species, with ferromagnetic alignment
between the moments on the sub lattice and between ‘A" and ‘B’ the
moments are coupled anti-ferromagnetically. The spontaneous
magnetization in the ferrimagnetism results from the combination of
these two since the numbers of A and B sites per unit cell and the
magnitudes of the A and B moments are different. The two sublattices
respond to the temperature differently as they possesses different
molecular field in each sublattice. Thus, the net magnetization and Ps
have complicated temperature dependence.

According to Weiss theory of ferrimagnetism the total
magnetization is given by sum of the individual contributions of
sublattice magnetizations. The temperature dependence of spontaneous
magnetization can be derived from the expression [6]

M (T)=|M ,(T)+M,(T)|
The behavior of Ms (T) with temperature changes depending upon Ma
(T) and Ms (T) to be unequal and the different possibilities for sublattice
interaction strength. Let us consider two cases to see the variation of

total magnetization in two different situations as follows.
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First, a compound in which the A-sublattice interaction is
antiferromagnetic or only weakly ferromagnetic while the B-lattice
interaction is ferromagnetic and much stronger (figure 1.6).

Second, a case where ‘A’ moments experience more effective
molecular field compared to the field that experienced by ‘B moments
(figure 1.7).

In first case the Ma (T) decreases rapidly because the effective
molecular field experienced by the “A” moments is smaller than that
experienced by the ‘B” moments. In the second case, a sign reversal
occurs for spontaneous magnetization at a temperature called as
“compensation temperature” (Oc). In other words the temperature
where the spontaneous magnetization becomes zero from its finite value

is known as compensation temperature.

" — MM
+ve M,(T)
mod M,+M,
E
E(n
0
T(K)
=ve
M,(0)

Figure 1.6 Temperature dependence of Ms.
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M —M,M
0 — MM
+ve ——mod M,+M
M, +M,
E
(2]
s
0
T(K)
-ve
M.(0)

Figure 1.7 Temperature dependence of Ms.

Examples occur in alloys of the form RE-Fe2, where RE is a heavy
rare earth like Tb or Gd. In these alloys, the Fe-Fe and RE-RE couplings
are believed to be ferromagnetic, but the Fe-RE interaction is

antiferromagnetic [6].

1.3. Magnetic interactions
1.3.1. Super exchange

A common way to predict antiferromagnetic ordering is to
consider a system, such as FesOs, where there are linear chains of Fe*-
O: - Fe* linkages. The oxygen outer electron shell is partially filled with
6 electrons, and so hybridization occurs by the donation of electrons

from O2- ion onto the all vacant spin up (or all spin down) orbitals of the
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Fe* ions. This occurs throughout the chains leaving a zero net magnetic

moment from this oxygen mediated interaction [7].
1.3.2. Dzyaloshinskii-Moriya interaction

Dzyaloshinskii-Moriya (DM) interaction is similar to super
exchange except that spin orbit interactions mediate the process rather
oxygen. This is observed only when the space-time symmetry is broken
at the centre of two magnetic sites. Dzyaloshinskii was the first to
describe this interaction in 1958 [8]. An exchange interaction occurs
between the excited state of magnetic ion and its neighbouring ion
which is in ground state. By expanding the thermo dynamical potential
he proved the existence of terms representing the Heisenberg exchange,
magnetic anisotropy and an additional Epm term which is proportional
to the cross product of neighbouring spins Si and S;,

Epm = -D. (51X 5))

Where D is the Dzyaloshinskii-Moriya vector. Couple of years
later Moriya developed the general theory for any crystal structure and
it is less for symmetric crystals and higher for anisotropic crystals. The
effect of DM interaction is usually occurs in many Antiferromagnets to
provide a small canting of the moments and then results a weak
ferromagnetic component of the moments produced perpendicular to

the spin-axis of the antiferromagnet. It is observed in systems like Fe20s,
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MnCOs and CoCO:s etc. This interaction favours the cyclic spin ordering,
which has vital implications for multiferroic properties, will be

discussed in next chapters.

1.3.3. Crystal Field Splitting

Crystal field splitting occurs in TMO systems; basically the
transition metal ion with d» configurations is perturbed by their
chemical environment. If the B cation is in octahedral symmetry then the
degeneracy splits 3d orbitals into two different sets, triply degenerate tzg
and doubly degenerate eg orbitals, with an energy difference of Acr

(figure 1.8).

— eg(dx‘z-yz. d;2) I S—
3/SACF

IODq = ACF 71
l 2/SACF
X b (dy ddy)

xzr Yyz

Figure 1.8 Splitting of fivefold degenerate d-orbital of an isolated ion in an octahedral
crystal field environment.

Based on Hund’s rule the electrons in B cation are accommodated
in t2g-eg orbitals up to the maximum. If the crystal field splitting is larger

(A) than the pairing energy (U), the electrons first fill up the t2; orbitals
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completely. The strength of the crystal field decides the electron
configuration, if A > U leads to low spin state and if A < U gives rise to

High spin state [5].

1.3.4. Jahn-Teller Distortion

The 3d electron configuration in TMO is decided by the internal
crystalline fields. In an octahedral coordination (cubic symmetry) two
fold degenerate is present. Jahn and Teller (JT) pointed out that to lower
the energy of the crystalline fields at 3d* cations distort the cubic
symmetry. Distortion of orbital degenerate configuration to achieve
lower energy is known as static JT effect whereas dynamic JT effect is

switching of the distortion from one orientation to the other (figure 1.9)

[9].

- RO
,,,,,,,,,, g2,
——d,
t 1 || )
% M
.......... d:nz: d?ﬂ

Figure 1.9 Splitting of d-orbital of a TM ion in an octahedral crystal field environment
and Jahn-Teller splitting of weak field d* configuration.
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1.4. Perovskite Structure

ABO:s stoichiometric materials mostly stabilize in perovskite
structure. In ABOs formula, generally A is a cation with 2+ valence state
and B is a transition metal cation. A is the larger of the three ions. If
there is a distortion in perovskites due to external parameters such as
temperature, field, pressure and chemical strain induced by doping, the
structure transform from cubic symmetry depending upon the ratio of
ionic radii of A and B. The transformations may take place from cubic to
tetragonal, rhombohedral, or monoclinic depending upon the amount of
distortion. To sustain a cubic structure the three ions A, B and O should
satisfy two conditions simultaneously. The lattice parameter of the unit
cell ‘a’ should be equal to (rs+ro) and a=V2 *(ra+ro), where ra,rs and ro are
the ionic radii of AB and O. Figure 1.10 shows the typical cubic
perovskite structure.

For an ideal contact distance of A and B cations,
(r5+r0) =12 (ratro)

The above condition is difficult to satisfy, if satisfied the existing ions
show a perfect perovskite structure for a tolerance factor ‘t =1 (in an
ideal case)’ where t is defined as

t *(rs+ro) =1/N2* (ratro).
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In practice the structure normally remains cubic for t in the range from

0.9 to 1.0.

Figure 1.10 The cubic ABOs perovskite structure with B cation body center.

1.5. Ferroelectrics

Ferroelectrics are the dielectric materials which have spontaneous
polarization and it can be reversed by applying external electric field.
Out of the available 32 crystal classes, there are 21 non-centrosymmetric
and 11 centrosymmetric (non-polar) groups. Non-centrosymmetry is
necessary for a material to exhibit ferroelectric properties. Thus, in these
21 there are 10 polar piezoelectrics [10]. In a polar state, these crystals
possess a permanent dipole. A piezoelectric material is one that
experiences a change in polarization when it undergoes a mechanical
stress. On the other hand, by applying an electric field, the crystal will

undergo a change in dimension either being stretched or compressed
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depending on the electric field’s orientation to the polarization of the
crystal.

The crystals fall into the 10 polar groups are considered
Ferroelectric in which they have spontaneous polarization, a property

that is inherent to their structure.

1.5.1. Ferroelectricity

The property of the materials, possessing spontaneous
polarization, the direction of which can be reversed by applied electric
tield is termed ferroelectricity. The most extensively studied
ferroelectrics have the perovskite structure in nature. The non-Centro
symmetric structure in perovskites is reached by A or B cations (or both)
off-center relative to the oxygen anions, shown in figure 1.10, and the
spontaneous polarization comes from the electric dipole moment
created by this off centering.

A ferroelectric material possesses spontaneous polarization even
in the absence of external electric field. In these materials the centre of
negative charges will not coincide with the centre of positive charges,
and hence results in a spontaneous polarization. The thermal motion
will destroy the ferroelectric order beyond certain temperature; this
temperature is called Curie temperature (Tc) or transition temperature.

These materials will exhibit high symmetric phase (paraelectric) above
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phase transition temperature (Tc) and low symmetric phase
(ferroelectric phase) below Tc. The polarization is non-volatile and
reversible. In contrast pyroelectric materials, the polarization direction
in ferroelectrics can be switched by externally applied field.

Ferroelectric have been extensively used in nonvolatile memory
devices, fatigue which arises from multiple cycling of these materials is
the obstruction for the application able growth of ferroelectrics. Oxide
electrodes are the current research interest in overcoming the fatigue
problem. The interest in nondestructive read-out devices, ferroelectric
tield-etfect transistors (FFETs), and ferroelectric ferromagnetic structure
devices for memory applications has made ferroelectric materials and

multiferroic materials as the future technology suitable materials.

1.5.2. Antiferroelectricity

An antiferroelectric state is defined as the state in which lines of
ions in crystal are spontaneously polarized but with neighboring
antiparallel polarized lines [11]. Thus, the net polarization is zero in this
state. In simple cubic lattice the antiferroelectric state is more stable than
the ferroelectric state.

1.6. Maxwell- Wagner dielectric relaxation

In dielectrics, sometimes charge carriers can be blocked at the

external electrodes contacting the sample. This results to electrode
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polarization or Maxwell-Wagner polarization [12, 13]. Due to this, an
additional contribution to the polarization can be oserved as the
separation of charges occurs. The charge may be separated over a
considerable distance. Therefore, the dielectric loss increases by orders

of magnitude than the normal dielectric response.

The Maxwell-Wagner polarization has to be taken into
consideration for the materials where interphase polarization is
significant. Any kind of secondary phase acts as an internal phase and at
the internal phase boundaries charge can be blocked. This phenomena
gives rise to a Maxwell-Wagner polarization, which causes a large

increase in ¢’ with decreasing frequency [14].

Even though the Maxwell Wagner mechanism of relaxation is
more suitable for inhomogeneous materials, this kind of behavior is also

seen in a number of ceramics synthesized through wet chemical routes.

1.7. Multiferroics

Multiferroics are materials that exhibit more than two “ferroic”
properties namely ferroelectricity, ferromagnetism, and/or ferroelasticity
in the same phase. Materials with coexistence of magnetic and electronic
properties are of great interest in recent times which are termed as
multifunctional materials. Technically, these materials in a single device

form, can perform multiple functions. Multiferroics in recent times
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mostly are the materials that combine both ferroelectric and
ferromagnetic in the same material. Such kind of materials are attractive
for the coupling between the charges and spin order which leads to a
phenomenon called as magnetoelectric effect (ME effect). Thus, the
materials having the linear ME effect, have promising applications as
this additional functionality can give rise to a type of electric-field
controlled magnetic data storage device. By using magnetoresistance
(the effect of a magnetic field on the conductivity) and
magnetocapacitance (the magnetic field dependence on the dielectric
properties) measurements, magnetoelectric behavior can be detected.
The conditions favoring to form the multiferroic materials are very rare.
Theory explored some of the possible restricting factors to exhibit
multiferroics. The d-orbital occupancy of the B-site cation in ABO:s
perovskite type materials is a critical variable in deciding the tendency
for perovskite materials to exhibit ferroelectricity or ferromagnetism [1].
This d-orbital occupancy problem reduces the chance for materials to be
a multiferroic. However, other mechanisms such as ferroelectricity via

lone pair will allow for this phenomenon.

1.7.1. Classification of multiferroics

Multiferroics are classified into different subgroups based on the

involved mechanism of multiferroicity and its nature. Composites and
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Heterostructures have two different origin of multiferroicity in them
inspite of exhibiting some coupled effects. Thus depending upon the
mechanism these materials have divided into two categories namely

Type 1 and Type 2 multiferroics.

a. Type 1 multiferroics

In this class, the origin of the magnetism and ferroelectricity
exists independently. The nature of coupling in such systems is weak.
The origin for multiferroicity in this type can be in three ways. Firstly,
multiferroicity in the materials can arise due to lone pair of electrons.
This can be seen in compounds like BiFeOs, BiMnOs and PbVOs.
Secondly due to charge ordering for example in materials like YbFe20s,
YMnOsBaMFs (M = 3d transition metal ion). Geometric frustration is

another reason for the origin of mutiferroicity.

b. Type 2 multiferroics

In some materials, strong coupling between magnetism and
ferroelectricity can induce the magnetism due to ferroelectricity and
vice-versa. The materials falling under this type have spiral or collinear
magnetic spin structure. Thus ferroelectricity in these materials is
because of magnetic ordering of material. TbMnOs and YbMn20Os etc are

the examples for type 2 multiferroics.
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1.7.2. Single Phase Multiferroics

Single-phase multiferroics are classified into four types by Fiebig as
follows [15].

1. Perovskite structure materials (ABOs or A:B'B”Os). The
multiferroicity in these materials is because of distortion cubic
structure. BiFeOs, ferroelectric, ferroelastic, and antiferromagnetic
compounds will come under this catogiry. These compounds
have been used in preparing various solid solutions because of its
high electric and magnetic ordering at high temperatures.

2. Hexagonal structure materials, the stoichiometric formula of
these materials same as that of perovskite materials but
crystallize in hexagonal structure. This compounds also exhibits
multiferroic properties. The manganites with formula RMnOs
where R =S¢, Y, In, Ho, Er, Tm, Yb, or Lu will comes under these
family. These compounds have ferroelectric property with an
antiferromagnetic Mn* sublattice.

3. Boracites (M5B7O01:X) have ferroelectric, ferroelastic
antiferromagnets, ordering in it. These compounds also have a
weak ferromagnetic moment. The bivalent ions are M = Cr, Mn,
Fe, Co, Cu, Ni and the anions, X = Cl, Br, or I. But these materials
have ferroelectric Tc > 300 K and magnetic transitions occur

below 100 K.
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4. BaMFs (M = Mg, Mn, Fe, Co, Ni, Zn) are ferroelectric, ferroelastic
with exclusively antiferromagnetic or weak ferromagnetic
ordering. These are having their melting temperature lesser than
their Curie temperature. In spite of having multiferroic property
these materials cannot be found in many applications due to the
temperature range of the coupled phenomena or the nature of the

magnetic ordering (i.e. antiferromagnetic).

1.8. Bismuth Manganite (BiMnOs3)

Bismuth Manganite (BiMnOs3) is one of the multiferroic materials
with low-temperature ferromagnetic (below 105 K) and room-
temperature ferroelectric characteristics. Magnetization in this
compound is caused by the orbital ordering of Mn** ions [16]. And lone
pair electrons of Bi ions are responsible for the observation of
ferroelectric polarization. BiMnOs has a triclinic structure which has a
structural phase transition at 450 K to monoclinic structure and then to
orthorhombic phase at 770 K, which is a non-ferroelectric phase [17]. In
the bulk BiMnOs, multiferroic properties can be seen at 80 K [18].
However, poor resistivity of this material in polycrystalline form limits
its practical device applications. Nevertheless, the resistivity of the same

can be appreciably improved by making it in thin film form [19].
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1.9. Bismuth Ferrite (BiFeQ:3)

BiFeO:s (BFO) is the only material till date at room temperature to
exhibit multiferroic properties. It is the most promising and well-
studied material for the device applications. It shows the
antiferromagnet nature below Tx ~ 643 K and ferroelectricity below Tc ~
1143 K [20]. This material exists in a distorted rhombohedral perovskite
structure, with polar space group R3c [21]. The space group R3c allows
BFO to exhibit a large value of ferroelectric polarization of ~ 50 uC/cm?
and its polarization vector occurs along the [111] direction [22]. Unlike
the usual ABO:s perovskite structures, where B-cation is responsible for
the observation of polarization, lone pair Bi ions (65%) are responsible
for the ferroelectricity in BiFeOs [23]. Also, BiFeOs possess G-type
antiferromagnetism below a Neel Temperature Tn, that means, each
Fe® ions align with the antiparallel spins of six neighboring Fe all

three Cartesian directions.

Sosnowska et al [24] using high resolution neutron diffraction
discovered that BiFeOs has a complex magnetic spiral or helical
magnetic structure. This incommensurate cycloid spin structure has a
spin periodicity of 62 nm [25]. Due to this spin alignment the spins are
not perfectly aligned in anti-parallel direction but canted with some

angle. This leads to a net magnetic moment in the BiFeOs [26]. The spiral
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structure of BFO is stable at temperatures below the Curie temperature

Tc

1.9.1. Structure of BiFeO:s

It is well established that bulk BFO in its pure phase exhibits
rhombohedrally distorted perovskite structure with R3c polar space
group at room temperature. The schematic diagram of the crystal
structure is shown in figure 1.12. The rhombohedral unit cell contains
two formula units of BiFeOs arising from neighboring oxygen shifts
about (111) axis. This rhombohedral unit cell can also be represented as
an equivalent hexagonal cell. The magnetic and electrical properties of
the BFO are expressed based on the hexagonal cell. The rhombohedral
pseudo-cubic direction [111]c corresponding to the hexagonal [001]n
direction. The hexagonal unit cell of BFO contains 6 formula units,
where Bi* ion occupies the corner position, Fe* in the body centered,
and O% in all face centered positions. The corresponding lattice
parameters are a = 5.587 A, b =5.587 A and ¢ = 13.867 A with a = =90°
and y =120°.
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Figure 1.12 Perovskite type structure of BiFeOs [22]

1.9.2. Electrical and magnetic properties of BiFeO:s

In general, ferroelectricity is produced by vacant d° orbital but, in
BiFeOs, the space group R3c allows to exhibit ferroelectricity. The
spontaneous polarization grows along [111]c or [001]h direction due to
the cooperative displacement of Bi, Fe, and O ions relative to one
another along this [111]c axis.

As mentioned above, BFO exhibits G-type anti-ferromagnetism
below a Neel Temperature of 643 K Generally, ferromagnetism is

observed due to the availability of partially filled d» orbitals where in
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Fe* ions are responsible for the ferromagnetism in case of BiFeOs [1].
The magnetic structure of BFO is discovered by Sosnowska et al using
high resolution neutron diffraction. It has a complex magnetic spiral, or
helical magnetic structure, which is stable at most temperatures below
Tc. In this spin configuration, each Fe* spin is surrounded by six of the
nearest Fe neighbours with opposite spin. Further, this G-type
antiferromagnetic structure is modulated by a spiral spin arrangement,

whose vector has a wavelength of 620 + 20 A.

[111]

A =640 A

Figure 1.13 Spiral spin arrangement in BFO [26].

1.9.3. Applications of BFO

e Due to multiferroic nature of BiFeQ:s it has broad applications in the
field of transducers, magnetic field sensors and information storage

industry [27].
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e The magnetic state is electrically switchable in BFO because the
easy plane of its antiferromagnetic domains is correlated with the
polar direction. Thus it is a promising candidate for Spintronic
applications [28].

e Due to its magnetoelectric coupling, it has the advantage that data
can be written electrically and read magnetically. It exploits the best
aspects of ferroelectric random-access memory (FeRAM) and
magnetic data-storage [29].

e BiFeO:s is interesting to study because it can be used as a lead-free

ferroelectric and multiferroics material for nanoscale devices.

1.10. Rare earth doped BiFeOs

Bismuth Ferrite, though a room temperature multiferroic, the
observation of magnetoelectric (ME) effect in this system is restricted by
its complex spin structure. So, the question about how to derive
ferromagnetism in the canted G-type antiferromagnetic order with the
space-modulated spin structure is hunted many researchers in recent
days. In the past, it is found that the magnetism and ferroelectricity in
BFO can be improved by substituting A-site ion with rare-earth ions
such as La*, Sm*, Gd**, Eu*, and Ho* [30 - 32] or B-site ion doping by
transition-metals elements [33 - 34]. In this work, we study the crystal

structure, temperature-dependent electrical and magnetic properties of
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Bi1«RExFeOs (RE=La, Gd and Ho, abbreviated as RBFO) bulk ceramic
samples are investigated. The upper doping level was fixed at 40 mol%
for La, 30 mol% for Gd and 20 mol % for Ho. The RE elements are
selected in such a way to see the effect of non-magnetic and magnetic
element on the modification of spin structure of BFO. La is larger in
ionic radius than Bi whereas the magnetic elements, Gd and Ho are
smaller. On the basis of our studies, we show that the structural
distortion is a crucial factor in affecting the magnetic properties of BFO

material besides its electrical properties.

1.11. Motivation and objective of present work

Multiferroics are the materials in which any two or more of the
orders, viz. ferroelectricity, ferromagnetism, and ferroelasticity co-exist
in the same phase. These materials are interesting for their underlying
rich physics and technologically promising due to potential
applications. However, obtaining single phase bismuth ferrite is a
challenging task due to volatile nature of bismuth and also the
occurrence of secondary phases during the preparation of BiFeOs [35].
Due to its G-type antiferromagnetism and spin cycloid structure, BiFeOs
has a very low magnetization value. High leakage current and the poor
magnetic properties also limit this material from many useful
applications. Hence, there is a great need to stabilize the single phase

BFO and improve its multiferroic properties for real world applications.
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Rare earth elements such as La, Gd, Dy, Eu, Ho etc helps in improving
the properties when doped at A-site of ABOs type BFO.

There have been many reports on the structural analysis of BFO
based on x-ray diffraction (XRD) and neutron measurement. However,
there are very few studies probing the structural and Raman properties
of RE doped BiFeO:s. These investigations can provide useful insight into
the enhancement of the ferroelectric properties and cycloid spin
modification associated with the variation of bond length and bond
angles and also the microscopic properties such as the spin—phonon
coupling. Furthermore, there are significant discrepancies among the
structural transitions reported on RE doped BiFeOs ceramics, providing
strong motivation for further studies. Besides, there is no clear
understanding on the enhancement of the ferroelectric and magnetic
properties with RE doping. Hence a systematic study on the structural
transitions and the subsequent effect on the multiferroic properties of
RE doped BiFeO:s are desirable.

In this work, the crystal structure of Bii«RExFeOs (RE = La, Gd and
Ho) system is established through an elaborate x-ray diffraction data
refinement. RE substitution is expected to affect the structure and
multiferroic properties of BiFeOs host drastically due to the distortion in
the crystal. This prompted us to investigate the structural, magnetic and

electrical properties with the following objectives in mind.
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> The first and foremost aim is to attempt the synthesis of single
phase undoped polycrystalline BiFeOs ceramics using different
synthesis routes such as solid state and sol-gel techniques and/or
to stabilize the single phase of BFO by RE element substitution.

> Effect of synthesis route on the structural, electrical and magnetic
properties of polycrystalline undoped and RE-doped BiFeOs
ceramics.

> The effect of nonmagnetic La** and magnetic Gd* and Ho* ions
partially substituting Bi** ion on the magnetic properties such as
Hc, M:, and transition temperature (Tn).

> Temperature dependent magnetic and electric properties of
undoped and RE- doped BiFeOs (BFO) ceramics to investigate the
conduction mechanism.

» The effect of La and Gd co-doping is interesting to see the
synergy it brings to the crystal structure and also to understand
the role of each element in improving the physical properties of

BFO.
1.12. Organization of the thesis

Chapter-1
In this chapter, a brief introduction to the multiferroic oxides is

presented. Various types of magnetic order and interactions relevant to
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this field are outlined. A brief survey of the literature, highlighting the
interest in pure and RE doped BFO is made. This chapter concludes

with the aim and scope of the thesis.

Chapter - 2
In this chapter, the details of preparation and various

experiments carried out in this dissertation are explained.

Chapter - 3

Chapter 3 is divided into two parts. Chapter 3(a) describes the
synthesis, structural, microstructure, and multiferroic characterization of
BiFeO3 prepared using solid state and sol-gel methods without any
doping. Chapter 3(b) presents the effect of La substitution on the
structural and multiferroic properties of Sol-gel prepared bismuth
ferrite. BiFeOs samples were prepared through Solid State (SS) reaction
and Sol-Gel (5G) method. Using the Reitveld refinement, the
rhombohedral crystal structure with space group R3c is established and
the structural parameters for the samples prepared under different
synthesis routes are calculated. Using Field Emission Scanning Electron
Microscope (FE-SEM), particle morphology is viewed and with
combined attachment composition analysis (EDS) is carried out. Raman

studies are also carried out in this system. Dielectric constant of the BFO
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for a measured frequency range of 20 Hz - 2 MHz. M-H curves and M-T

curves are measured on BFO samples.

Chapter - 4

In this chapter, we have investigated the effect of rare earth
doping on the structural, electric and magnetic properties of solid state
reaction prepared BFO, mainly to see how RE element stabilize the
phase purity and affect G-type spin cycloid structure in BFO. To
understand the variations in the magnetic properties we have taken

nonmagnetic and magnetic rare earth elements as dopants.

Chapter - 5

Chapter 5 describes the structural, electric and magnetic
properties of La, Gd co-doped BiFeOs prepared through solid state
reaction method. A-site doping of BFO by La stabilizes the perovskite
phase, reduces leakage current and enhances the magnetic properties
whereas Gd doping improves both electric as well as magnetic

properties.

Chapter - 6
The sixth chapter presents the major conclusions drawn from the
present study and also gives some scope for future work on these

systems.
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Chapter

Abstract:—

In this chapter, the details of preparation and various experiments carried out
in this dissertation are explained. We also describe different experimental
techniques namely; X-ray powder diffraction, micro-Raman spectroscopy, Field
emission scanning electron microscope (FESEM) with energy dispersive X-ray
absorption spectroscopy (EDS), dielectric measurements, and magnetic
measurements that form the basis of the studies presented in this thesis are
explained in detail.

v
.........................................................................................................................
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2.1. Introduction

The synthesis and characterization of material is the first and
foremost important step during the experimental research in condensed
matter physics and materials science. The quality of samples depends to
a great extent on the synthesis methods used. In addition, the proper
selection of synthesis parameters helps to obtain desired properties in
the samples to be characterized along with desired potentials. Structure,
surface morphology, grain growth, dielectric and magnetic properties
depend on material synthesis. The present chapter gives a brief
introduction to different sample synthesis routes, X-ray powder
diffraction, Raman measurements, FE-SEM with EDS, Dielectric and

Magnetic measurement techniques and also basis of Rietveld analysis of

the XRD data.

2.2. Preparation and characterization techniques for ceramic samples

This section deals with the different preparation and
characterization techniques used for BiFeOs ceramic samples. Since this
material has to be characterized for its dielectric and magnetic
properties, it has to be prepared in a regular geometry with the highest
possible densification. This being a ceramic oxide material, the available
methods for its preparation are (a) Solid-state reaction method (or

ceramic method) (b) Chemical methods like sol-gel, co-precipitation,
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hydrothermal etc, and (c) Mechanical methods [1-3]. Of these, the
methods used for preparation of bulk BiFeOs preparation in this study

are the solid-state reaction method and sol-gel reaction technique.
2.2.1. Solid-state reaction method

Ceramics are polycrystalline materials having fine crystalline
grains and imperfections like grain boundaries, impurities segregated in
the grains and grain boundaries, pores etc. In general, they are brittle
thus, shaping and densifying them without cracks and deformation is a
challenge. The solid-state reaction method is used for forming BiFeOs
and RE-substituted BiFeOs compositions from the precursor reagents.
The shaping and densification are separate processes, which are
described in subsequent sections.

The conventional solid state reaction method involves the
following steps: (a) Uniform mixing of the initial reagents and (b) Phase
formation of the required compound at a high temperature, which is
called the calcination temperature. The main disadvantage of this
method is that it needs high processing temperatures to achieve the best
properties. This process increases the particle size and also causes the
loss of bismuth which eventually leads to the formation of secondary
phases. But cost effectiveness and simplicity are the major advantages of

this process.
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Raw materials Bi2Os, RE20s (RE = La, Gd and Ho), and Fe20s, of
purity ~ 99.9% from Aldrich Chemicals were used as the starting
reagents to attain control over impurities in the product and to maintain
reproducibility in properties. An electronic balance (citizen) is used to
weigh the reagents, which has an accuracy of up to 0.001 mg.

The individual reagents are mixed homogenously in order to
increase the reactivity and the point of contact between the reagents
with a suitable mixing medium. The powders were mixed using a
planetary single station ball mill (Retsch PM 100) at 250 rpm for about 10
hours in a Tungsten carbide (WC) jar with different diameters of
Tungsten carbide balls (3, 5 and 10 mm diameter). Ethanol was used as

the grinding medium.
a. Calcination stage

Calcination is a process of the solid-state, where diffusion
controlled chemical reaction between the initial reactants result in the
desired phase formation. It is the intermediate heat treatment at lower
temperatures prior to sintering. Calcination could involve chemical
decomposition reactions in which solid reactants are heated to produce
a new solid phase and remove the gases which are commonly associated
with the initial metal oxide compounds such as carbonates, hydroxides,

nitrides, sulphates, acetates and other metal salts. The parameters of the
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calcination stage such as temperature, duration of heating and
atmosphere are important factors influencing shrinkage during
sintering. In the present case, the reagents being oxides, they do not
undergo any decomposition. All the mixed reagents used in the present
study were calcined at 820°C for 30min to form the required

composition and the phase formation was maintained by XRD.
b. Particle size reduction

The particle size reduction (milling) of the complex oxides after
the calcination stage is important to homogenize the formed phase. It is
well known that the smaller initial particle size reduces the sintering
temperature and enhances the density of the ceramics. Planetary ball
mills are generally used for milling the powders to achieve particle size
reduction.

There are several processing variables that determine the finite
size of the particles after milling process, such as type of mill, vial,
milling speed, milling time, milling medium and ball to powder ratio
[4]. In the present study, Retsch PM 100 single station planetary ball mill
(figure 2.1) was used to achieve the initial stoichiometric mixing before
the calcination and to reduce the particle size of the calcined powders
(250 rpm for 4 hours). A 250 ml Tungsten carbide vial with Tungsten

carbide balls having different diameters (3, 5 and 10 mm) are used. All
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the processing conditions were optimized to achieve finite particle sizes.
In the milling process, the particle experiences the mechanical stresses at
their contact points due to compression, shear with the milling medium
or with other particles. The mechanical stresses lead elastic and inelastic
deformation. If the stress is exceeding the ultimate strength of the

particle then it will result in fracture of the particles.

Figure 2.1 Schematic diagram for Retsch ball mill system

c. Uniaxial pressing

After reducing the particle size of the calcined powder, the fine
powder is compacted into cylindrical pellets by uniaxial pressing. The
compaction of the powder should be done slowly to facilitate the escape

of the entrapped air. To make the good pellets of the ceramic powder, a
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rigid rust free dye is needed. To make the inner walls of the die smooth,
stearic acid is used as an internal lubricant. The pressure gradient on the
die as a function of the distance from the upper punch is given by the
equation

—4uKL
P=F, /7 (2.1)

Where, i is the coefficient of friction, P. is the applied pressure, L is the

length and D is the diameter of the dye and K is a constant [5].
d. Solid-state sintering

In ceramics, porosity is an important parameter which governs
many of its properties. For maximizing properties such as the dielectric
constant, electric polarization, mechanical strength, and thermal
conductivity, it is desirable to eliminate as much of porosity as possible.
The purpose of sintering is the reduction of porosity in the compact
process. The development of microstructure and densification during
sintering is a direct consequence of mass transport through several
possible paths and one of these paths is usually predominant at any
given stage of sintering [5]. In the present study, all the samples were

sintered at a temperature range of 800 °C for 4 hrs.
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2.2.2. Sol- Gel reaction method

This is an inorganic route, where in ceramics are prepared using
metal salts dissolved in an aqueous solution (chloride, oxychloride,
nitrate, etc). This is generally treated as a room temperature liquid phase
reaction route to produce ceramic materials. The sol-gel synthesis
involves two different steps. In the first stage, a colloidal suspension of
particles is formed in a liquid medium, which is referred as sol. Second
stage involves the formation of gel out of this sol. The particles in the sol
react with each other to form the polymeric chains that lead to a three-
dimensional structure. When this structure extends to the sides of the
container, the material turns rigid, called as gel. When this gel is dried, it
forms the powders, called xerogel. Final step involves the calcination of
xerogel to form the desired compound.

Simply by changing the initial reaction agents, a variety of final
ceramic samples can be formed. Moreover, this technique operates near
normal temperature and pressures and thus became an alternative route
to synthesize materials that require low temperature synthesis

conditions.
2.3. Characterization techniques used for the samples

1. Powder X-Ray Diffraction

2. Raman spectroscopy



Experimental Details and Techniques |47

3. Field Emission Scanning Electron Microscopy
4. Dielectric properties
5. Ferroelectric properties

6. Magnetic properties

2.3.1. X-ray diffraction (XRD)

X-ray Diffraction (XRD) is a nondestructive technique used to
obtain the structural properties of a material. It has a very broad range
of applications in physics, material science, geology, mineralogy,
ceramics, etc. The applications include the type and quantities of phases
present in the sample (phase analysis), the crystallographic unit cell and
crystal structure, crystallographic texture, crystallite size, macro-stress,
micro-strain and also electron radial distribution functions [6]. The
powder diffraction is characteristic of the substance and forms a sort of
fingerprint [7] of the substance and yields a great deal of structural
information about the crystalline materials. Powder diffraction method
involves the diffraction of monochromatic x-rays by a powder specimen.
Monochromatic usually means a strong Ka characteristic component of
the filtered radiation from x-ray tube operated above the Ka excitation
potential of the target material. Figure 2.2 shows INEL x-ray

diffractometer with Co target x—ray tube is used to do x-ray diffraction
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measurements. Position Sensitive Detector (PSD) filled with P10-gas (10

% methane in Argon) is employed to record the counts.

The peaks of the x-ray diffraction pattern of known as synthesized
powder samples are compared with the available standard data for the
confirmation of the crystal structure. For comparison, many standards
are available [8], some of which are Willars Hand book; Joint Committee
on Powder Diffraction Standards (JCPDS) Pcpdf win and National
Bureau of Standards.

If the material under investigation is crystalline, then well-
defined peaks will be observed while non crystalline or amorphous

systems show broad instead of well-defined peaks.

2.3.1.1. Principle

Consider a beam of X-rays of wavelength A, incidents on the
crystal at an angle O to the atomic planes. In Bragg’s law, the interaction
between X-rays and the electrons of the atoms is visualized as a process
of reflection of X-rays from a stack of parallel equidistant atomic planes.
This is an equivalent description of the diffraction effects produced by a
three-dimensional grating. The atomic planes are considered to be semi-
transparent; that is, they allow a part of the x-ray to pass through and
reflect the other part, the incident angle O (called the Bragg angle) being

equal to the reflected angle. Referring to figure 2.3, there is a path
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difference between the x-rays reflected from plane 1 and the adjacent
plane 2 in the crystal. The condition where the reflected beams interfere
positively to give a strong diffracted beam is represented by Bragg’s law
and is given by 2d sinO = nA, where n is the integral number describing
the order of reflection, A is the wavelength of X —rays, d is the inter
planar spacing and O is the Bragg angle at which a maximum in

diffracted intensity occurs.

Figure 2.2 INEL X-ray diffractometer.

In X-ray diffraction, the line broadening is caused by small
crystallite size; the crystallite size can be estimated from the Scherrer’s

equation.

_kA
D=/ 050 (2.2)

where O is the Bragg angle, A is the wavelength of the X-rays, d is the

mean dimension of the crystallite size composing the powder sample, 3
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is the full width at half maximum of the pure diffraction profile on the
20 scale in radians, k is a constant. In the determination of particle size
by this method, it must be realized that the instrumental effects might
also increase the width of reflection and correction for instrumental
broadening must be applied. This method can be used for the

determination of size of small crystals.

Incident beam Scattered beam

Gi Br

O O O O
O O O O O O

o o0 O O O O O O

Figure 2.3 Bragg diffraction of X-rays from a lattice

2.3.1.2 Rietveld Analysis

Rietveld method is a very useful tool to refine the x-ray powder
diffraction data. This is a computational fitting procedure based upon
the least squares refinement of parameters. These user defined
parameters represent a structural model that has contribution from

crystal structure, the diffraction peak profile, the diffraction optics and
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the instrumental factors. To refine a given data successfully, all the
above parameters are to be refined.
The least squares residual, S, which is to be minimized, is

defined as
S, Z w, (v, = y.) (2.3)

Where yi is the observed intensity at the it" step of the diffraction pattern,
y« is the calculated intensity at the it step and wi = 1. The calculated

intensity, y. is determined using the following equation
2
yci:SZLK‘FK‘ ¢(291 _29K)PKA+ybi (2.4)
K

where ‘s’ is the scale factor, K denotes a given Bragg reflection (h k 1),
Lk contains the Lorentz, polarization and multiplicity factors, ¢ is the
reflection profile function, Px is the preferential orientation function, A is
the absorption factor, Fx is the structure factor of the K Bragg reflection

and yvi is the background intensity.

The least squares refinement is performed by finding the partial
derivatives of y« as a function of each parameter. This non-linear
calculation is solved through an iterative procedure to get a best fit.
And to avoid a divergent solution, a good initial guess for the model is
essential. Therefore, Rietveld analysis is not a structure solution

algorithm, but only a structural refinement procedure. It is also possible
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to model and fit a number of different phases, simultaneously. In this
way impurity, presence of secondary phases or instrumental anomalies

can be quantified.

The Rietveld refinement uses a number of R factors [9-11] given in
equations 2.5 to 2.7 to give an indication of how reliable the fit of the
model is to the data once S has been minimized. Amongst a number of
software packages that implement Rietveld analysis, we employ the
TOPAS package [12] to analyze the x-ray powder diffraction data

presented in Chapter 3.

Z|yi_yc
R, =100

zyi

i

1
Suly-nf ]’
R,,=100| - (2.6)

Wizyiz

. v_p .
Clwy (27)

(2.5)

where Ry is R- pattern, R« is R-weighted pattern, R. is R-expected. N is
the number of observations, P is the number of adjusted parameters and

wi is the observation weight.
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2.3.2. Raman spectroscopy

Raman scattering is a nondestructive technique and it do not
need any special sample preparation techniques. The main difficulty of
Raman spectroscopy is separating the weak inelastically scattered light
from the intense Rayleigh scattered laser light. Historically, Raman
spectrometers used holographic grating and multiple dispersion stages
to achieve a high degree of laser rejection. In the past, photomultipliers
were the detectors of choice for dispersive Raman setups, which
resulted in long acquisition times. However, modern instrumentation
almost universally employs notch or edge filters for laser rejection.
Schematic setup of the confocal Raman spectrometer is shown in figure
2.4. Many organic and inorganic, materials are suitable for Raman
spectroscopic analysis, and it is finger print technique. These can be

solids, liquids, polymers or vapors.

We investigated Raman peaks of ceramics using HR 800 Horiba
Jobin Yvon confocal micro-Raman spectrometer equipped with grating
having 1800 groves/mm and is shown in figure 2.5. It consists of three
excitation laser sources. He:Ne laser, which provides 632 nm
wavelength, Argon ion laser, which provides 514 nm, and diode laser,
which provide 785 nm wavelengths. In the present study, 514 nm is

used to investigate the vibrational modes. The detecting system is CCD.
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A notch filter is used in the HR 800 for the rejection of the exciting line.
It is specific for one wavelength, and it is changed with excitation
wavelength source is changed. A joy stick is provided to position the
sample exactly under the illumination spot. Furthermore, the sample
holder is placed on a XY stage so that Raman mapping can be carried

out for different places of the sample.

Notch Filter Grating

i | < D
|
Slits
— LASER
Microscope Spectrometer

Figure 2.4 Schematic setup of confocal Raman spectrometer
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Figure 2.5 HR 800 Horiba Jobin Yvon confocal micro-Raman spectrometer

2.3.3. Field Emission-Scanning Electron Microscopy (FE-SEM)

Microscopy involves the study of objects that are too small to be
examined by the unaided eye. In the SI (metric) system of units, the sizes
of these objects are expressed in terms of sub-multiples of the meter,
such as the micrometer (1 pm =10 m, also called a micron) and also the
nanometer (I nm = 10° m). There are many types of microscopes, the
most common and first to be invented is the optical microscope which

uses light or electrons to image the sample [13].

The grain size and surface morphology of the powder samples
were investigated using Carl-Zeiss FESEM, model of Supra 40 VP
(figure 2.6). In this model combined with GEMINI- FESEM column with
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beam booster comprises of three direct detection systems; In-lens SE
detector for high contrast topography, In-column EsB detector for low
KV ultra-high resolution material contrast and integrated annular AsB
detector for compositional imaging. FE-SEM uses a field emission source

producing a cleaner image with a spatial resolution <2 nm.

Figure 2.6 Field emission scanning electron microscope

The electrons generated by the Field emission source under the
vacuum are accelerated in a field gradient and passes through
electromagnetic lenses. This beam focuses and bombards on to the
specimen resulting secondary electrons, back scattered electrons, auger
electrons and others which are collected by the detector. The image of

the sample surface is constructed by comparing the intensity of these
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secondary electrons to the primary electron beam and this is displayed
on the monitor.

The schematic diagram of field emission scanning electron
microscopy is shown in the figure 2.7. FE-SEM operates always under
high vacuum (less than 1x107 Pa), which prevents electron scattering
and discharges inside the instrument. The field emission electron Gun
consists of an emitter usually a Tungsten (W) wire fashioned into a
sharp point of radius ~ 100 nm so that the electric field can be

concentrated to an extreme level.

Electron gun

| I Magnetic lens
Scannings coilsl j—

Electron beam

Backscattered
electron detector ¥

Sample

Support

Secondary electron Monitor
detector
y

Figure 2.7. Schematic diagram of field emission scanning electron microscopy.
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This emitter is held at several kilovolts (1~30 KV) negative
potential relative to a nearby electrode, so that there is sufficient
potential gradient at the emitter surface to cause field electron emission.
A high energy (10-30 keV) electron beam, emitted from a tungsten tip is
condensed to a spot diameter of 1-5 nm using electromagnetic lenses.
The pair of scanning coils deflect the electron beam over the sample
surface. This incident primary electron beam bombards the sample and
cause low energy secondary electrons generation, which originates
within a few nanometers from the surface.

The secondary electrons emitted from the sample are detected by
a scintillator-photomultiplier device and signal is modified into a two-
dimensional intensity distribution that can be viewed and saved as a
digital image in a monitor. There are the high-energy electrons called as
back scattered electrons, which are elastically scattered and essentially
possess the same energy as the incident electrons. These are used to
detect contrast between zones with different chemical compositions as
they are emitted from a depth in the sample. For specimen with poor
electrical conductivity, a negative charge builds up gradually from
bombardment by the high-energy electron beam. An abnormal contrast
and splitting of the image result from the uneven distribution of the
negative charge on the sample. A simple solution is to coat a very thin

(generally 10-20 nm thick) gold layer on the sample's surface. It can
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enhance the emission of secondary and backscattered electron,
reduction of thermal damages as well as the elimination of charge

accumulating effect.
a. Sample preparation

In the process of SEM imaging, electrons hit the sample and if the
sample is insulator, the sample may exhibit a phenomenon called
“charging.” To overcome this problem, samples can be prepared by
coating them with a conducting material. In the present work, samples

were coated with Gd-Pd, using an SPI Sputter Coater.

b. X-Ray spectral measurement via electron dispersive
spectrometer (EDS)

Energy Dispersive Absorption of x-rays (EDS) or Energy
Dispersive x-ray analysis (EDS) is a method used to determine the
energy spectrum of x-ray radiation emitted by a sample. It is a technique
used for identifying the elemental composition of the specimen in an
area of interest thereof. The EDS attachment works as an integrated
feature of a Field emission scanning electron microscope (FE-SEM), and
cannot operate, on its own, without the FE-SEM. In addition, elemental
analysis can be possible in two different ways. Based on energy called
EDS and wavelength (WDS) up to the element Boron one can determine

using this probe.
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2.3.4. Dielectric properties

The low frequency dielectric spectroscopy is emerging as an
important material characterization tool [14]. The low frequency
dielectric measurements are unequaled in their ability to dynamically
monitor the many physical and chemical processes important in the
investigation of new materials such as polymerization, phase transition
and diffusion. The conventional way for making the low frequency
measurement (below < 10 MHz) of the dielectric properties of solids is to
place a sample between closely spaced parallel conducting plates and
monitor the AC equivalent capacitance Cw) and the dissipation factor
(also known as the loss tangent) D) of the resulting capacitor [15].
Normally one has to design the plate spacing to be much less than the
plate size as this serves to minimize the effect of the fringing field. The
material under test in the parallel plate configuration can be modeled as
a frequency dependent capacitance Cw) in parallel with a frequency
independent resistor Ro. The DC resistance Ro takes into account
processes such as tunneling of thermally activated hopping and ionic
conduction. The capacitance Cw) is proportional to the complex
dielectric function of the material under test which can be represented as

follows,

€)= 1) T JE(w) (2.8)



Experimental Details and Techniques |61

The capacitance C) can be measured by a typical capacitance
bridge which can be used to calculate the real part of the complex

dielectric function €' ().

o :M (2.9)
d
Here, A is the cross section area of the capacitor, d is the
separation between the plates and & = 8.85 x10"2 F/m is the absolute
permittivity of free space. The other measured quantity, the dissipation

factor (the loss tangent) given by

d

&
D, =—24 ,
@& &, AR,

() c

(2.10)

(@)
and can be used to extract the imaginary part of the dielectric
function, £" ().

For the dielectric measurement, silver paint was applied on both
sides of the pressed pellets and cured. The samples were fixed in the
spring loaded sample holder attached to a heating chamber. The parallel
capacitance (C) and the dissipation factor (D) for all the samples were
measured using an Agilent E4980A impedance analyzer in the
frequency range of 20 Hz — 2 MHz in a temperature range of 50 to 500 °C
with a temperature control unit. The temperature and measurement

process were controlled electronically by a lab made programme using
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lab view software. The temperature was maintained with an accuracy of

+1 °C.
2.3.5. Ferroelectric properties

The ferroelectric behavior in a given material can be identified by
polarization reversal, i.e. ferroelectric switching. The polarization
reversal can be studied by recording the hysteresis loop (P-E loop) using
Sawyer-Tower circuit [16]. The principle for measuring hysteresis loops

is based on Sawyer-Tower circuit, shown in figure 2.8.

1 | —e
Vv R {> Y

Figure 2.8. Schematic representation of Sawyer-Tower circuit.

In the circuit, the Cs stands for the ferroelectric sample in capacitor
geometry, Cr represents the reference capacitor and ‘I’ represents the
integrated circuit. Since the Cs and Cr are in series, the same amount of

charge is stored in both the capacitors. The charge can be measured as

Q =CsVs = CrVr
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Vr = Q/Cr

This voltage is given as X channel to the CRO, which measures the

applied electirc field given by the relation,
E=Vi/d (2.11)

The displacement is equal to the surface charge density D = Q/A, where
A is the area of the parallel plate capacitor. We can express the

displacement vector as follows,
D =V,Cr/A

Further, the polarization and displacement vectoor are related

as D = oE+P, in this case oE << P, the polarization can be expressed as
P =V,Cr/A (2.12)

This is taken as input to Y-axis of CRO. Hence, with varying applied
tield, the polarization of the sample is measured. The typical P-E loop is

shown in schematic diagram (figure 2.10).
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Figure 2.9 Schematic diagram of P-E hysteresis loop.

The hysteresis loop shown in figure 2.10 gives information about
the remnant polarization which a material possesses when the applied
tield is zero. The length OA represents the remnant polarization (Pr) and
OB represents the minimum filed required to reverse the direction of
polarization i.e coercive field (Ec). The shape of the loop is affected by
number of factors such as dimensions of the sample, thermal and

electrical treatment of the sample, humidity, temperature and crystal

symmetry.

In the present study, the polarization vs. electric field loop is
traced by using a computer controlled standardized ferroelectric test

system with a maximum operating voltage limit of 4KV built using the
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Figure 2.10 Automated P-E loop set up.

2.3.6. Magnetic properties
2.3.6.1. Physical Property Measurement System (PPMS)

Magnetization, and AC Susceptibility measurement is carried out
using PPMS-6000 with a maximum field of 9T (Quantum Design)
attached with vibrating sample magnetometer (VSM), AC measurement
system (ACMS) and oven options. The principle and operation of each

technique will be discussed one by one [17].

a. Vibrating Sample Magnetometer (VSM)

The VSM option for the PPMS (Quantum design, U.S.A) consists
primarily of a VSM linear motor transport (head) for vibrating the
sample; a coil set puck for detection, electronics for driving the linear
motor transport and detecting the response from the pickup coils. The
basic measurement is accomplished by oscillating the sample near a

detection (pickup) coil and synchronously detecting the voltage induced
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from sample. The system is able to resolve magnetization changes even

less than 10 emu.

The basic principle of operation for a vibrating sample
magnetometer is a changing magnetic flux induces a voltage in a pickup
coil. The time-dependent induced voltage is given by the following
equation

V., =dd/dt

coil

~ (4D dz)(dz/ dt) @19)

In equation (2.13), @ is the magnetic flux enclosed by the pickup
coil, z is the vertical position of the sample with respect to the coil, and ¢
is time. For a sinusoidally oscillating sample position, the voltage is

based on the following equation

Veoit = 2rtfCmA sin (27tft) (2.14)

In equation (2.14), C is a coupling constant, m is the DC magnetic
moment of the sample, A is the amplitude of oscillation, and f is the
frequency of oscillation. The acquisition of magnetic moment
measurements involves measuring the coefficient of the sinusoidal

voltage response from the detection coil.
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b. ac Measurement System (ACMS)

The ACMS option has possibility to be used as either a DC
magnetometer or an AC susceptometer. The ACMS contains an AC-
drive coil set that provides an alternating excitation field and a detection
coil set that inductively responds to the combined sample moment and
excitation field. The copper drive and detection coils are situated within
the ACMS insert, concentric with the superconducting DC magnet of the
PPMS. The drive coil is wound longitudinally around the detection coil
set. The field amplitude that can be applied depends on the frequency of
the alternating field and the temperature within the PPMS probe, but, at
any temperature, the drive coil can generate alternating fields of up to
+10 Oe in a frequency range of 10 Hz to 10 kHz. Both the amplitude and
phase of this response are reported. Alternatively, the ACMS can report
the in-phase and quadrature components of the sample’s response. The
dynamic or ac susceptibility xa. = dM/dH, where dM is amplitude of

change in magnetic moment and dH the amplitude of alternating field.
c. High Temperature Magnetic measurements

Sensitive D.C magnetometry measurements in the temperature
range 300 K - 800 K were performed on PPMS VSM with Oven option
[18]. VSM Oven vibrates the heater stick inside the VSM detection coil

set. Heater stick is a specially designed heated sample holder that
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connects to VSM sample holder with electrical feed through and
contains a one gram heated substrate on which the sample is glued
using alumina - based cement to maximize thermal contact. Platinum
resistive heater element is lithographically patterned onto the sample
holder. Platinum heater region is wrapped securely with in a copper -
foil radiation shielded that retains heat and reduces thermal gradients
between the sample and heater stick.

Heating of the sample is achieved by applying current to
platinum resistive heating element. A thermocouple embedded on the
backside of the sample holder measures the temperature in the sample
region, and a thermistor at the top connector of the sample holder
corrects for heating of the cold junction. Due to the low thermal mass of
the heated substrate heating rates of +200 K/min at the sample can be
maintained throughout the full temperature range of the oven. Cooling
rate will depend on the current temperature of the heater stick and
occurs through thermal radiation from the heater stick to the VSM

detection coil set.
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Synthesis and multiferroic properties of BiFeOs
prepared by solid state and sol-gel methods and 3
the effect of La substitution on sol-gel prepared
BiFeOs.

Chapter

Abstract:—

Preparation of single-phase bismuth ferrite is a challenging task due to narrow synthesis
range. It has high leakage current and very poor magnetic properties. Thus, various
synthesis methods are attempted to achieve the bismuth ferrite in its single phase. The
: solid-state method do not avoid all the secondary phases but the volume fraction of
them reduces highly by optimized preparation conditions of BiFeOs (BFO), calcinated at
820 °C for 30 min. Sol-gel route is another synthesis technique in which the minor
impurity phases are avoided due to modified reaction conditions. Phase pure BFO
powders were obtained at reaction temperature of 250 °C and calcinated at 600 °C for 1
h. Sol-gel samples show an improvement in dielectric and magnetic properties due to
the homogeneity. The effect of lanthanum doping on the structure and multiferroic
properties of Sol-gel prepared BFO is studied. Lanthanum doping above 20 % results in
a structural phase transition from R3c to Pbnm. The polarization and hence, dielectric
constant increases due to the crystal distortion. A Maxwell-Wagner kind of behavior is
seen in these samples. A huge improvement in the magnetic properties, especially
coercivity suggests that lanthanum doping results in the modification of cyclic spin
structure and samples become more anisotropic. The spin glass kind of observation is
. seen in lanthanum doped samples also. High temperature magnetic measurements

: reveal that Neel temperature shifts to the higher temperatures with La doping.
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Synthesis of BiFeOs through solid state

and sol-gel methods: a comparative study

3(a)

3.1. Introduction

Among all the multiferroic materials, BiFeOs (BFO) is the only
room temperature (RT) multiferroicc, which has a G-type
antiferromagnetic order below Neel temperature, Tn = 643 K and
ferroelectric order with Curie temperature, Tc = 1103 K [1]. Because of
the simultaneous existence of these two order parameters, the mutual
control between them is possible, which has many favourable
applications. Presence of impurities results in high leakage current,
leading to poor ferroelectric behaviour [2]. Hence, in the present work,
tirst we have focused on the preparation of single phase bismuth ferrite
by using different synthesis routes, later the effect of the impurity phase

on the physical properties of the BFO is also studied.

3.2. Synthesis of BiFeO:s

Bismuth ferrite, being a vastly investigated material, many synthesis
procedures are reported to prepare single phase BFO. The preparation

of bismuth ferrite in its pure phase is a challenging task, mainly in the
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solid-state synthesis due to the following reasons.

1.Bi20s is an easily volatile material with a melting point of ~ 820 °C,
which is close to the crystallization temperature of BiFeOs,
resulting in some amount of Bi loss during the calcination at high
temperatures.

2.Bi being a metastable can easily forms secondary phases with Fe,
such as Bi2Fe4«Os and BizsFeOu, etc [3].

3. A very narrow synthesis range of pure BFO in its phase diagram as

shown in the figure 3.1.

1100
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w
(=]
o
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100
Bi,0, Mole % Fe,O, Fe,O,

Figure 3.1 Compositional phase diagram of BiFeOs. Figure adopted from Ref. [4]
In order to address the above issues, many approaches are
adopted by the researchers, such as 1) adding extra Bi:Os, 2) changing
the calcination temperature, 3) liquid phase sintering technique and 4)

leaching minor phase with HNOs. Furthermore, apart from the usual



741 Chapter 3

solid-state method, different wet chemical routes such as, hydrothermal
[5], sol-gel technique [6, 7], auto combustion [8] and other chemical
methods [9, 10] are trailed to reduce the reaction temperature and obtain
the pure phase. In the present chapter, the importance of phase purity of
BFO is highlighted by making a comparative study between the solid

state reaction and sol-gel method prepared systems.
3.2.1. Solid state reaction method

To prepare BiFeOs by conventional solid state (SS) reaction
method, stoichiometric ratios of high purity chemicals Bi2Os (99.9%
Aldrich) and FexOs (99.9% Aldrich) taken as starting materials, were
ground thoroughly in ethanol medium using high energy ball mill for 4
h. The ball milling was carried out in a Retsch single station (PM-100)
planetary ball milling system in air. A 125 mL tungsten carbide (WC)
vial and tungsten carbide balls with a diameter of 10 mm, 5 mm and 3
mm were used. The milling speed was set at 350 rpm, and it was
stopped for every 30 min of milling, for a duration of 2 min to cool down
the system, and the balls were rotated in both clockwise and anti-
clockwise directions. The mixture was then pre-calcinated at 600 °C for
30 min and ball milled again for 30 min. Later, powders are calcinated at
820 °C for 30 min. Further, pellets of 10 mm diameter and 2 mm

thickness were made and sintered at 800 °C for 4 h. The same procedure
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is followed for all the solid state prepared samples discussed in the
thesis. The flow chart of the synthesis procedure is shown in figure 3.2.

These sintered pellets are used for further characterization.

Bi,O; |+ EEXION

K )

Ball milled for 4 hrs. in the WC vial at 350
rpm in Ethanol medium

Pre calcined at 600 °C for 30 min
and again milled for % hr.

Calcined at 820 °Cfor ¥ hr

and pellets were sintered at
800 °C for 4 h.

Figure 3.2 Flow chart for the solid-state synthesis reaction method.

3.2.2. Sol-Gel technique

Sol-Gel (SG) technique is another effective method adopted to
synthesize pure BFO as it needs low temperatures for the phase
formation compared to solid-state route. This helps to avoid the bismuth
loss and in turn, reduces the formation of secondary phases. In order to
carry out the preparation, the high purity (99.9 %) precursors
Bi(NO:s)s-5H20 and Fe(NOs)s;:9H20O were taken in a stoichiometric molar
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ratio, dissolved in 1:5 HNOs solution to form an aqueous solution in
separate beakers. This mixture is continuously stirred using a magnetic
stirrer for 30 min to form a clear solution. Later, citric acid was added as a
chelating agent to the liquid solution and stirred for 2 hours at RT. The
solution was heated at 250 °C on a hot plate and subsequently, heated at
600 °C for 1 hour to form the BFO compound. This powder is pressed
into pellets and sintered for densification at 750 °C for 4 hours. Figure 3.3
gives the flow chart for the sol-gel synthesis and this is followed for La
doped BFO samples also discussed in next section. The pellets were cut

into desired geometry for magnetic and electric measurements.

Bi (NO;);:5H,0 Fe (NO;);-9H,0

K

|

Dissolved in 1:5 HNO; under
Continuous stirring

. 4

Heated at 250 °C on a hot plate
and calcined at 600 °C for 1 hr.

3

Figure 3.3 Flow chart of sol-gel synthesis reaction
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3.3. XRD Analysis

Structural Phase analyses of the samples prepared by both the
reaction methods were studied using the room-temperature powder X-
ray diffraction (Model: Inel X-Ray (Co Ka) diffractometer). XRD
patterns were recorded in 2- Theta range of 10° — 100° in a Bragg-

Brenton geometry.

3.3.1. XRD of SS prepared BFO
3.3.1.1. Optimization of calcination temperature

The BiFeO; samples prepared by solid-state reaction method are
calcined at various temperatures to optimize the calcination
temperature, time, and the corresponding XRD patterns are shown in
the figure.3.4. The calcination temperature reported in literature is
ranging from 600 °C to 820 °C [11]. In the present study, it is observed
that the BFO phase formation starts from 700 °C. As the temperature
increases the percentage of the impurity phase reduces. The prominent
peaks in XRD plot of samples calcined at 820 °C (near to the melting
point of Bi2Os) for 30 min are indexed to various (h k 1) planes of BFO,
indicating the formation of rhombohedral structured BFO. In addition,
peaks corresponding to Bi2FesOs and BixsFeOw impurity phases were

also observed with small intensities. However, the impurity phases are
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much smaller in comparison to 810 °C. The calcination temperature is
restricted to 820 °C, due to bismuth loss at higher temperatures which
leads to the increase in formation of secondary phases. Thus, calcination

temperature is optimized as 820 °C for 30 min to get the better phase

formation.
# BiFe,O, =3 ——600-1hr
% BiFeO,, [T __ ——700-1hr
—_— —_ —_ S =—800-1hr
—_ =) N < e
q T & & £ 2——s101hr
—_— =3 # - = g — = 820-30 min
S
(1]
—
> *
=
(72)
- #
(]
)
o
A
*

1 1 1 1 1 1 1 1 1 1 1 1 1
20 30 40 50 60 70 80 90
Angle (20)
Figure 34 XRD pattern of BFO prepared through SS at different calcination

temperatures
3.3.1.2. Compensation of bismuth loss

To compensate the bismuth loss, an extra amount of Bi2Os was
added to the stoichiometric amounts of precursors to get the single

phase of BFO as reported in the literature [12]. However, the percentage
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of bismuth loss is arbitrary; one do not have a clear control on how
much extra percentage to add since there was no quantitative details of
how much bismuth loss occur at high temperatures. Hence, in the
present work, 1 - 5 wt % excess Bi2Os are tried and the resulting XRD
pattern is shown in the figure 3.5. From the figure, it is very clear that all
the samples have the secondary phases in varying proportions with
respect to the primary phase of BFO. Even though 2 % excess Bi2Os helps
in reducing the fraction of impurities, this method is not very successful
in achieving the single phase BFO. Even if single phase is achieved, the
reproduction of the same is questionable as any slight change in the

reaction parameters would result into secondary phases easily.

* . .
Bi,Fe, O, BlFeO3

5 % excess Bizo3

| h 3 % excess Bi,O,

u “ 2 % excess Bi20

1 % excess BiZO

Intensity (a.u)

20 30 40 50 60 70 80
20 [degreel]

Figure 3.5 XRD pattern of BFO prepared through SS with excess bismuth oxide

compositions calcinated at 820 °C for 30 min.
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3.3.1.3. Liquid phase sintering

Another popular method implemented by the researchers is the
liquid phase sintering, where the reagents are calcined at very high
heating rates of (~100 °C/min) above the melting point of Bi:Os for
shorter durations [13, 14]. This will help to avoid the formation of
secondary phases as the precursors do not have sufficient time for the
formation of secondary phases except BFO. In the present study, the
samples were calcinated at 880 °C for various durations at a maximum
heating rate of 20 °C/min only due to the limitation of the furnace. The
XRD pattern calcined in this way are shown in the figure 3.6. From the
figure, the sample calcined at 880 °C with duration time of 30 min and 4
min are having many additional peaks other than BFO whereas that
prepared at 880 °C with 1 min duration has less impurity peaks. The
appearance of these additional phases at larger durations is due to high
bismuth loss at higher temperatures. Though this method is successful
in the literature [14, 15], in the present study, it is not helpful in getting
pure BFO phase due to smaller heating rates.

Leaching is one of the popular methods to dissolve the secondary
phases and to get the single-phase BFO for the powders obtained
through solid-state synthesis. However, leaching method often results in
the coarse powder and a poor reproducibility [16]. Hence this method is

excluded in this study.
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# Bi,Fe,0,
BFO (SS) |
— 880-30 min
g ——880-4 min
—_ A —880-1 min
N
S

Intensity (a.u)

20 30 40 50 60 70 80 90
Angle (20)
Figure 3.6 XRD pattern of BFO prepared through SS at different rapid heating

calcination temperatures

Of all the trails, the samples calcined at 820 °C for 30 min has
less impurity phase of Bi2Fe4Oy, as it is evident from the smaller (4.8 %)
peak intensity than others. Therefore, the calcination temperature is
restricted to 820 °C with 30 min for all the samples prepared through
solid state synthesis in the present study. Figure 3.7 shows the XRD
pattern of BFO prepared at 820 °C for 30 min, indexed with the
rhombohedral R3¢ structure (JCPDS file No. 86-1518).
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Figure 3.7 XRD pattern of BFO prepared through SS at 820 °C for 30 min
3.3.2. XRD of BFO prepared through sol-gel technique

The single-phase formation through a sol-gel synthesis depends
upon the reaction temperature at which the sol is heated to form the
gel. The sol formed during this process of reaction is heated at
distinctive temperatures to form the gel. Also calcination temperature
is another crucial parameter in obtaining the required phase. Hence in
this technique, these two parameters are optimized by varying all
possible calcination temperatures for every fixed reaction rate and vice
versa. XRD studies are carried out on all the samples and only two
cases are discussed below.

Figure 3.8 shows the x-ray diffraction plots of sol-gel prepared
BFO ceramics at various calcination temperatures for the powders

obtained at a fixed reaction temperature of 250 °C. It is observed that
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the BFO phase formation occurs from 450 °C and the R3c phase
evolves with an increase in the temperature till 550 °C with a minor
impurity phase. When the sample was heat treated at 600 °C for 1
hour, the R3c phase is completely stabilized and the impurity phases
are absent.

To optimize the reaction temperature, the sol is heated in the
range of 80 °C to 250 °C. The obtained powders at distinct reaction
temperatures are calcinated at a fixed temperature of 600 °C for 1 hour.
The corresponding XRD pattern is presented in the figure 3.9. From
XRD, the formations of impurity phase are minimized for the powders
obtained at a reaction temperature of 200 °C. However, the reaction

temperature 250 °C results in the formation of single phase BiFeOs.

# Bi,Fe O, BiFeO, 450-1h
% Bi,;FeO,, — 550-1h
s ——550-2h
Y
= ]
2
o #
b
£
#
% #
20 30 40 50 60 70 80 90

Angle (20)
Figure 3.8 XRD pattern of BFO prepared through SG at different calcination

temperatures
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Therefore, compared to traditional solid-state sintering process,
the pure BiFeOs is formed using sol-gel route at a much lower

temperature (600 °C) without formation of any other secondary phases.

g # B'iZFEAO9 80 OC
o Tl  *BixfeO, ——100°C
=3 = 0
= F - —150 C
N ©o 0
e = —200C

—250°C

Intensity (a.u)

20 30 40 50 60 70 &80 90
Angle (20)
Figure 3.9 XRD pattern of BFO prepared through SG at different reaction temperatures

calcinated at 600 °C.
3.4. Rietveld refinement of X-ray results

The x-ray diffraction data were further analyzed by Rietveld
refinement method using “TOPAS” software. The Rietveld refinement of
the samples processed using SS and SG routes were carried out by
considering rhombohedrally distorted perovskite structure with the R3c
space group. We obtained a good refinement with the R3c symmetry.
The good refinements are confirmed by the good statistics that we

obtained Rwp = 6.81% and Rp =4.99 % at room temperature. The fittings
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thus obtained for BFO are shown in figure 3.10 and corresponding
refined lattice parameters, and position coordinates are listed in table

3.1- 3.3.
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Figure 3.10 Rietveld refinement of the XRD data for BFO sample prepared by (a). SG
and (b) SS. Observed (red lines), calculated (blue line), and difference (bottom line)
profiles are shown. The Bragg reflections are marked by vertical bars. The bars

correspond to R3¢ phase.
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Table 3.1 Refined Structural Parameters for SS prepared BiFeOs.

Site Np x y z  Atom Occupancy
Bi 2 0 0 0 Bi” 1
Fe 2 0 0 022 g° 1
o 6 0.445 0.0187 0952 2 3

Table 3.2 Refined Structural Parameters for SG prepared BiFeOs.

Site Np x y z  Atom Occupancy
Bi 2 0 0 0 Bi" 1
Fe 2 0 0 0203  ge” 1
o 6 0435 0.0207 0914 5? 3

Table 3.3 Comparison of Structural Refined parameters of SS and SG prepared BFO
SS-BFO SG -BFO

a (A) 5.620(3)  5.5786(4)
b (A) 5.620(3)  5.5786(4)
c (A) 13.692(8)  13.871(6)
V (A3 374.62(5)  373.84(5)
Bi-O (A) 2.889 2.849
Fe-O (A) 220 2.21
Fe-O-Fe (°) 153.42 153.02
Ruwp % 6.81 5.01

3.5. FE-SEM and EDS studies

The microstructure of the samples viewed after polishing the

surface of the samples with the help of a Carl-Zeiss Ultra55 Field
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Emission Scanning Electron Microscope (FE-SEM is presented in figure
3.11. The microstructure shows well densified samples with few voids.
The sol-gel (SG) synthesized materials contain fine grains, with average
grain size ~0.6 um, compared to powders synthesized via the solid-state
(8S) reaction method (~0.9 um). The density of SG prepared samples is
higher than the SS prepared samples. The microstructure of the SG
processed sample is agglomerated and exhibits grains of various shapes
and sizes (0.1 um to 1 um). Energy Dispersive X-Ray Spectroscopy
(EDS) analyses of these samples is shown in Figure 3.12 to determine
chemical composition analysis of samples. From EDS spectra, no extra
peaks other than the constituent elements are observed. The signals
match exactly for the standard peak position for Bi, Fe, and Oxygen.
Moreover, the EDS analysis shows that the chemical composition of BFO
prepared through SS has bismuth loss whereas the samples processed
through SG have nearly stoichiometric ratios (table 3. 4). This reveals
that the elemental composition of BFO sample does not contain any

foreign elements and the samples are chemically homogeneous.
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Figure 3.11 FE-SEM images of BiFeOs samples prepared by (a) sol-gel and (b) solid

state methods.
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Figure 3.12 EDS spectram of SS prepared BFO.

Table 3.4 EDS composition
Element Solid state Sol-Gel
Weight % | Atomic % | Weight % | Atomic %
@) 18.76 65.14 15.40 59.06
Fe 18.20 18.10 20.92 21.61
Bi 63.05 16.76 63.68 19.34
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3.6. Raman Spectroscopy studies

The variation in the Raman modes with respect to different
synthesis route will provide the information about the structural
changes since Raman spectroscopy is sensitive to atomic displacements
[17] and crystal symmetry [18]. The Raman modes of BFO prepared
using SS and SG methods are presented in figure 3.13 and figure 3.14
respectively. For the pure BFO, Group theory calculations predict I'zsc =
13 (4A1+9E) Raman modes in its rhombohedral distorted R3c space
group [19, 20]. In the present study, out of 13 expected modes, twelve
active Raman modes are detected. In addition to this, two phonon
modes are also observed around 1100 — 1300 cm in all samples, as
observed in the previous studies on BFO [21, 22] (inset of the figure
3.13). From the first principal theory, the low frequency modes are
attributed to the Bi-O bonds in the BFO. Most of the A1 modes and some
of the E (TO) modes are governed by the Bi-O bonds while Fe-O bonds
contribute to the higher order E (TO) modes [22]. The observed Raman
modes are same for the samples prepared by SS and SG. These modes
are compared with the literature values and tabulated below in the table
3.5. All the observed modes in this study are well comparable with early
reports and the mode at 98 cm, which is inactive in the pure samples is

seen in the doped systems, which will be discussed in the next session.
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Figure 3.13 Raman modes of BFO prepared by SS method.
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Figure 3.14 Raman modes of BFO prepared by SG method.
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Table 3.5 Raman mode comparison of present study with the literature

Raman mode | x=0.0 Literature values
Present | D. Kothari | Fukumura | Singh et al.
Study | etal[23] | etal. [24] [25]
E (cm™) 75.193 71.3 77 -
E (cm™) - 98 - -
Al (cm™) 136 135 136 136
A1 (cm™) 169 167 176 168
Ai1? (cm™) 215 218 227 211
E (cm™) 256 255 265 -
E (cm) 278 283 279 275
E (cm) 330 321 351 335
E (cm™) 367 351 375 365
A1 (cm™) 438 431 437 425
E (cm) 465 467 473 456
E (cm) 552 526 525 549
E (cm™) 644 - - -

3.7. Electrical properties

The dimensions of the sample and the electrodes are very crucial
in electrical measurements. The thickness of the sample determines the
strength of the electric field applied. In the current study, silver paint is

used as electrode and the sample thickness for dielectric measurements
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is maintained as 1.5 mm while for ferroelectric measurements, it is

reduced to 0.5 mm.

3.7.1. Dielectric properties

The dielectric measurement as a function of frequency in the
range 20 Hz to 2 MHz are carried out to explore the effect of synthesis
route on the electrical properties. The variation of dielectric constant (er)
with frequency for SS and SG processed BFO is shown in figures 3.15
and 3.16 respectively. The dielectric constant for BFO at a frequency of 1
kHz is 68 and 538 for SS and SG, respectively. There is a remarkable
increase in eof sol gel prepared samples. The dielectric constant for SS
prepared BFO decreases continuously with an increase in frequency
showing the Debye relaxation. Whereas, for the samples prepared using
SG, a large dielectric constant is found at low temperatures, which
drastically falls up to a certain frequency range, and later it decreases
slowly. This kind of behavior may come from the space charges at low
frequencies. Along with the improvement in the dielectric constant, an
increase in the dielectric loss (inset) is also found. The large dielectric
value compared to SS processed samples indicates that the observed
increase in the dielectric constant in SG processed samples is not intrinsic
but has few contributions from other source. The high dielectric constant

associated with high dielectric loss at low frequencies is a mark of
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Maxwell-Wagner relaxation, generally exhibited by most of the samples

prepared by wet chemical routes [26].
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Figure 3.15 Dielectric constant versus frequency of BiFeOs samples prepared by solid

state route. Inset shows the variation of dielectric loss with frequency.
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Figure 3.16 Dielectric constant versus frequency of BiFeOs samples prepared by sol-gel

technique. Inset shows the variation of dielectric loss with frequency.
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High frequency dielectric constant (60 and 150 at 10 kHz for SS and SG
respectively) is due to the intrinsic nature of the sample. This increase in
dielectric constant for SG samples is due to the smaller grain size and

higher density.

The temperature dependent dielectric constant of SS prepared
BFO at different frequencies is shown in the figure 3.17. Dielectric
constant increases with an increase in the temperature for all the

frequencies.
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Figure 3.17 Dielectric constant versus temperature at various frequencies of SS

prepared BiFeQ:s. Inset shows the variation of dielectric loss with temperature.

It is observed that the temperature-dependent response shows a

broad transition region at round 365 °C at 1 kHz. This temperature
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corresponds to the Néel temperature (Tn) of BFO. The measurements at
various frequencies show relaxor characteristics as the peak in dielectric

plot shifts to higher temperatures with an increase in frequency.
3.7.2. P-E Hysteresis analysis

The ferroelectric polarization behavior of BFO was then
investigated using electric response of the polarization. Bismuth ferrite
undergoes a ferroelectric ordering along [001] polarization due to the
cooperative distortion of the Bi centro-symmetric positions. The
spontaneous polarization (Ps) is along pseudo-cubic [111]c. The dielectric
hysteresis loop was first measured by Teague et al [27] on the single
crystal BFO at 70 K and the reported spontaneous polarization (Ps)
value as ~ 3.5 pC/cm? for an applied electric field of 55 kV/cm. However,
this value is much smaller than the theoretical predictions for such a
ferroelectric material with a high Curie temperature and large distortion
[28]. Nevertheless, a large P: is also reported for BFO thin films and
single crystals [29, 30]. The electric polarization hysteresis loops (P-E) of
the bulk bismuth ferrite prepared through solid-state route is shown in
figure 3.18. A non-linear P-E relationship can be seen with an
unsaturated loop within the field limit of E ~ 60 kV/cm. The loops are

not saturated at RT due to its high conductivity at high temperatures
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[31]. It was found that the remnant polarization (Pr) and coercivity (Ec)

of the BFO are around 0.83 uC/cm? and 35 kV/cm respectively.
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Figure 3.18 P-E loop for BiFeOs prepared through SS.
3.8. Magnetic properties

Subsequently, the magnetization behavior of the BFO samples
prepared by both SS and SG was measured for different temperatures to
see the effect of impurity phases on the magnetic properties. The M-H
response of BFO at an applied field of 7 T is shown in figure 3.19. From
the figure, the unsaturated and linear loops at 300 K indicate the
antiferromagnetic nature of these samples. However the M-H loops
measured at 5 K in both the samples show a curvature, indicating the
existence of weak ferromagnetism at low temperatures. M-H loops

clearly demonstrate that ceramics prepared through SG have enhanced
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magnetic parameters, such as remnant, coercivity and saturation
magnetizations, than that of SS prepared BFO. This improvement in
magnetic properties can be attributed to the impure free phase of BFO in

SG processed samples.
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Figure 3.19 M-H loops at various temperatures for BFO prepared through (a) SS and
(b) SG methods.

It is noted that the ceramics prepared through SS has a small
percentage of secondary phase Bi:Fe:Os, which is antiferromagnetic
below room temperature with Tn ~ 250 K [32]. This impurity phase is
almost absent in the SG samples. Thus, there is a small contribution of
this impurity phase on the magnetic properties of BFO. The magnetic
parameters derived from the magnetic hysteresis curves are listed in the
Table 3.6. There are some interesting observations, the high field

magnetization (Mrr) and remnant magnetization (M) increases with
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decrease in temperature. But the temperature dependence of coercivity
shows that Hc increases with an increase in the temperature. Similar

kind of observation is reported in the literature for nanocrystalline BFO

[33].

Table 3.6 Magnetic parameters of BFO prepared through SS and SG.

Solid state Sol-gel

5K 300 K 5K 300 K

M: (emu/g)  5.9x10° 53x10°  0.01 0.01
Hc (Oe) 6.8 8.8 52 63
Mrr(emu/g) 0.40 0.40 0.57 0.53

3.8.1. Low temperature M-T studies

Temperature dependence of magnetization, M (T) data is shown
in figure 3.20. The ZFC and FC measurements are carried out in the
temperature range 5 K - 300 K for an applied field of 1 kOe and 500 Oe
for SS and SG prepared BFO samples respectively. Magnetization
decreases with decrease in the temperature, which indicates
antiferromagnetic nature. A sudden upturn in the magnetization is
observed below 50 K for all the samples. The value of the magnetization
at 5 K is 7.9x10° emu/g, 0.041 emu/g for SS and SG samples respectively.

It is interesting to note that for solid state prepared samples, a cusp in
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FC, ZFC is observed at 50 K. This indicates a change in spin ordering at

low temperatures from AFM to FM in BiFeQO:s.
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Figure 3.20 Temperature dependent magnetization curve (M-T) for BFO prepared
through (a) SS and (b) SG.
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Figure 3.21 ac susceptibility data for BFO prepared through SS method.
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Though the cusp at 50 K is not observed for SG samples in the
present study, Park et al [34] reported this behavior for BFO prepared
through the wet chemical method for different particle sizes. The
splitting in ZFC and FC magnetization at 50 K is attributed to spin-glass
transition in BFO in the previous studies [35, 36]. To confirm the spin
glass nature, ac susceptibility measurements are carried out at hac = 10
Oe and various frequencies as presented in figure 3.21 to see the time
dependence. The ac susceptibility data mimics the dc magnetization
behavior with a cusp at 50 K. However, no frequency dependence is
seen in the magnetization, which rules out the spin glass nature in these

samples.
3.8.2. High Temperature M-T studies

So far, in the literature ZFC-FC measurements are reported
mainly from 300 K to the lowest temperature 5 K. But to measure the
true ZFC the sample needs to be cooled in zero fields from above the
ordering temperature. In this thesis, to measure ZFC, the samples are
cooled in zero fields from 850 K. The high-temperature ZFC-FC
magnetization measured at 500 Oe is shown in figure 3.22. The magnetic
transition is clearly seen in the M-T curves. Néel temperature (Tn) of the
BFO is found to be 651 K. This value is well comparable with the

reported value [33]. From the figure, it is noted that unlike low
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temperature M-T, this shows a clear bifurcation in the ZFC and FC
magnetization right from the transition temperature, representing the
magnetic irreversibility present in this sample. After crossing the Tk,

presence of short range magnetic interactions is seen.
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Figure 3.22 M-T for BFO prepared through SS method from 300 K — 850 K.

Conclusions

In summary, single phase bismuth ferrite is prepared through SG
method and the secondary phases are minimised in SS route. The
electrical and magnetic properties are enhanced slightly for SG

processed samples.
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Effect of RE element (La) doping on the 3
(b)

Sol-gel prepared BiFeO:s

3.9. Introduction

In the previous section, although the single-phase BFO is
achieved through sol-gel reaction, the electric and magnetic properties
are still very weak. In this regard, doping with La is chosen since many
recent studies suggest La doping is effective to improve the multiferroic
properties. Hence, the aim of present study is to prepare single phase La
doped bismuth ferrite and measure different physical properties to

understand the doping effect of rare earth element.

3.10. Experimental Details

To prepare La:Bii-FeOs (LBFO) ceramics with x = 0 - 0.5 high-
purity precursors Bi(NOs)s-5H20, La(NOs)3-6H20 and Fe(NOs)s-9H:20 of
Sigma- Aldrich make were taken in a stoichiometric molar ratio for the
Sol-gel synthesis as described in the previous section. The structural,

electrical and magnetic properties are investigated.
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3.11. Results and Discussion

3.11.1. X-ray diffraction Analysis

Figure 3.23 shows the room-temperature x-ray diffraction (XRD)
pattern of the La:Bii«FeOs (x = 0.0 - 0.5) samples. The diffraction peaks
observed for pure BFO (x = 0) indicate the rhombohedral phase with
the R3¢ space group and are consistent with powder diffraction patterns
provided by the international Centre for diffraction data (JCPDF File
No. 86-1518). A low-intensity peak at 27° indicates the presence of
Bi2sFeOu as a secondary phase. However, absence of peak at 27° on La
doping indicates that the BizsFeOus secondary phase is completely stifled
and stable rhombohedral phase of BFO is established for La doping as
low as x = 0.05. On increasing x = 0 to x = 0.2 and further to 0.5, the
intensity of (1 2 2), (1 3 1) reflections found to decrease gradually and the
intensity of (1 0 4) diffraction peak suppresses while the intensity of (1 1
0) peak increases and finally these two merge into a single broad peak
with a shift towards higher angles as depicted in the inset of figure 3.23.
These observations clearly indicate the gradual structural phase
transition from the distorted rhombohedral R3c to orthorhombic Pbnm
[37]. Further, the XRD pattern in the range of 31°- 33° (inset of fig.3.23)
shows the resulting crystal distortion on substituting the larger La* (r =

1.22 A) ion for Bi** (r = 1.14 A) ion in LBFO.



104 Chapter 3

=3
S La Bi, FeO, _
= - S 2
N
o
~A

? 318 A si.r?gIEZO) 32.5 x=9 - 5

E’ AL L x=£ '4

>

= x=0.3

w A s s

c —

‘8 . o X—&Z

= N x=0.1
x=0.05

l || x=0.0
20 30 40 50 60 70 80 90 100
Angle (20)

Figure 3.23 XRD data for La:Bii«FeOs samples prepared by SG (Inset shows the

zoomed view of the same around 32°).

3.11.2. Rietveld refinement

Rietveld refinement is carried out on La:Bii«FeOs ceramics for x =
0.0, 0.05, 0.2 and 0.4. As the concentration of La increases, the structure
is anticipated to go to orthorhombic Pbnm phase since pure LaFeO:s
exists in Pbnm. Hence, R3¢ and Pbnm structural models are considered
for refinement below and above certain concentration of lanthanum. The
detailed analysis of Rietveld refinement reveals that up to x = 0.2, LBFO
is in R3c phase and the structure becomes Pbnm for 0.2 < x < 0.5, which is

consistent with earlier reports [38]. The rietveld refinement pattern is
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shown in the figure 3.24 and corresponding refined lattice parameters

for La:BiixFeOs powders are tabulated in table 3.7.

Table 3.7 Refined parameters of LaxBii«FeOs sample.

x=0 x=0.05 x=0.2 x=0.4
a (A) 5.5786(4) 5.5782(9) 5.5789(7) 5.6095(5)
b (A) 5.5786(4) 5.5782(9) 5.5789(7) 7.8139(4)
c(A) 13.871(6) 13.865(4) 13.85(13) 5.432(8)
V(A3 373.84 373.63 373.32 238.09
Fe - 02 (A) 2.20 2.178 2.12 2.11
Fe- Oz —Fe (°) 153.4 153.3 152.3 152.01
Ruwp % 2.95 4.2 3.06 5.34
Rp % 2.12 2.40 3.10 2.20
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Figure 3.24 Rietveld refinement of the XRD data for LaxBiixFeOs sample prepared by
SG at (a) x = 0.0, (b) x = 0.05, (c) x = 0.2 and (d) x = 0.4. Observed (red lines), calculated
(blue line), and difference (bottom line) profiles are shown. The Bragg reflections are

marked by vertical bars.
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3.11.3. Raman Studies

Figure 3.25 shows the Raman spectra of LBFO samples recorded
at 300 K. The Raman spectra from the LBFO samples exhibit almost the
same BFO modes, but with reduced intensities accompanied by a slight
shift in the wave number to lower frequency with x. The modes appear
with a strong intensity for the composition x = 0.05 consistent with the
rhombohedral, R3c structure of single phase BFO. A new mode
corresponding to R3c structure is observed at 94 cm™(E) in all the doped
samples. As the value of x rises, the modes at 215 (A1?), 278 (E), 330 (E),
367 (E) and 465 (E) cm? were found to vanish, and the modes at
438 (A1), 552 (E) and 644 (E) cm® were found to shift towards lower
frequency. It is very interesting to note that the intensity of the mode at
136 cm? (A1) decreases gradually with x up to x = 0.1 and disappears
completely for x = 0.2 and suddenly it reappears for x > 0.3. The mode at
169 (A1?) cm™ diminishes and shifts to a low frequency up to x = 0.3 and
it vanishes for further doping levels. As x increases, these displacements
in Raman modes are attributed to structural distortion and reduction of
vibrations in the FeOs octahedral with increasing substitution of Bi by
La. The fundamental 12 Raman modes of BFO are reduced to 10 modes
in LBFO for x = 0.2 and further reduced to 7 modes for x = 0.4. This is a

clear indication of structural modification and symmetry change in BFO
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due to the La doping. The observed results of Raman spectra are found

to be consistent with XRD results.

La Bi, FeO,

x=0.4

Intensity (a.u)

100 200 300 400 500 600 700 800
wave number cm

Figure 3.25 Raman spectrum at 300 K of LaxBii«<FeOs (x =0 - 0.4).
3.11.4. Dielectric properties

One of the main problems of BiFeOs that limit the usage in
devices is its low resistivity. A very low dielectric constant is observed
for undoped BFO. Hence, the effect of Lanthanum doping on its
electrical properties is interesting as lanthanum results in crystal
distortion due to unequal ionic radii.

The variation of dielectric constant (¢') of these samples as a

function of frequency in the range 20 Hz - 2 MHz prepared by SG route
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is shown in figure. 3.26. The maximum value of dielectric constant can
be observed at La content x = 0.05. It is clear that all the SG prepared
samples have a very high value of dielectric constant in low frequency
region which is higher than previous reports in other RE doped BiFeOs
[39, 40]. Similar kind of dielectric behaviour with huge value of
dielectric constant has been found in citric acid route prepared SmFeOs
[41]. This kind of behaviour exhibiting high dielectric constant at low
frequency and the low value at high frequency is a mark of Maxwell-
Wagner type dielectric dispersion [26]. The high value of dielectric at
low frequency is not merely from the sample but other contributions
such as silver paint or unevaporated reagents, along with the space-
charge polarization. The true dielectric constant of the SG processed
samples can be seen at high frequency range, which has the values 59,

61, 75, 78 and 97 for x =0, 0.05, 0.1, 0.2 and 0.3 respectively at 1 MHz.
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Figure 3.26 Dielectric versus frequency graph of La:BiixFeOs (x = 0, 0.05, 0.2 and 0.4)

samples.

3.11.5. Magnetic properties

The magnetic hysteresis loops of LBFO samples with x = 0.0, 0.05,
0.2 and 0.4 are measured by applying a field of 7 T at 300 K and 5 K
(Figure. 3.27(a)) The M-H curve for x = 0.0 sample show a linear field
dependence of magnetization indicating the antiferromagnetic nature of
undoped BFO. Remnant magnetization (M:) for BFO at RT is found to be
almost zero and increases gradually with x reaching a maximum value
of 0.274 emu/g for x = 0.4. The coercive field, Hc is found to increase
from 8.53 to 591.8 Oe as x increases to 0.05 and further rise in La to x =
0.4 results in a huge improvement in Hc to ~19 kOe, which is the highest

Hc reported for any RE doped BFO system, to the best of our
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knowledge. This increases further to ~ 20 kOe at 5 K (Figure 3.27(b)).
The increase in the Hc at low temperatures is due to the increase in
anisotropy constant of these samples. However, the Hc of the order of
~15 kOe at RT was previously reported for the other dopant systems [42,
43]. This remarkable enhancement in the Hc and M: with La is a clear
indication of the transition from antiferromagnetic to ferromagnetic
nature. The M measured at 7 T (Mrr) increases linearly with x at RT

whereas at 5 K it reaches a maximum value of 0.88 emu/g for x =0.2.
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Figure 3.27 M-H loops of La:Bii«FeOs (x = 0, 0.05, 0.2, 0.4, 0.45 and 0.5) samples at (a)
300 K, and (b) 5K.

The G-type AFM structure in BFO limits the observation of net
magnetization. The potential magnetization locked in the spin cycloid of
the BFO can be released by destroying the cyclic spin structure upon
doping [44]. The systematic increase in M: with x is due to the gradual

collapse of the space-modulated spin structure of BFO. The hysteresis
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loops for various doping levels of La are compared in figure 3.28. The M
at 7 T for x = 0.05 is very low compared to x = 0.2, while a radical
improvement is found for x = 0.4. As a result, clear openings in the
hysteresis loops are observed for 0.2 and 0.4 samples. This is in good
agreement with the change in the crystal structure caused by La doping.
For x < 0.2 the structure remains in R3¢, whereas a change in the
structure to Pbnm is observed for 0.2 < x < 0.5. Thus, both the canting
angle of the spins and the cycloid spin structure gets modified with the
doping. As x increases, the approach to the saturation in M-H loops
starts at lower fields and high Hc is observed for doped samples, which
is associated to the doping-driven increase in the magnetic anisotropy
[45, 46]. The La substitution can influence the anisotropy directly by
inducing changes in the crystal field of ligands through the doping or
indirectly by changing spontaneous polarization through the chemical
pressure and dilution of polar-active Bi sub lattice [47]. The observed
magnetic anisotropy may mainly come from magneto crystalline and
magneto elastic anisotropy. Further studies are needed to compliment
the details of the high magnetic anisotropy in La-doped BFO.
Temperature dependences of the ‘zero field cooled” (ZFC) and
‘tield cooled” (FC) magnetization curves measured at H = 500 Oe for
LBFO samples (x = 0, 0.05 and 0.2) are depicted in figure. 3.28. It is

observed that the magnetization is enhanced significantly by La doping.
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The M at 5 K for x = 0 found to be 0.011 emu/g increases to 0.169 emu/g
for x = 0.2 sample. Similar to SS prepared BFO, a cusp at 50 K is
observed in all the samples, which is attributed to the spin glass
transition in the literature [36]. To confirm the spin glass nature, ac
susceptibility measurements are carried out on x = 0.2 sample with an
applied field of 10 Oe for several frequencies. The ac susceptibility data
shows a peak near 60 K, following the dc magnetic behaviour with no
frequency dependence of magnetization (figure 3.29). This rules out the

possibility of spin glass nature in these systems.
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Figure 3.28 M-T curve of La:Bi1+FeOs (x = 0.05 and 0.2) samples at 500 Oe from 5K -

M (emu/g)

300K.
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The high-temperature M-T curves are shown in the figure 3.30 at
H =500 Oe. Similar to the low-temperature M-T curve, magnetization in
high temperature region shows an increase in the magnetization for the
La doping level x = 0.4 compared to x = 0.05. It clearly shows the
magnetic transition in these samples. Tn of the BFO is found to be 651 K.
The value of T linearly increases with x, and it reaches to 663 K for x =
0.4 sample in agreement with the earlier report [48]. The increase in Tn
with x approaching Tn of LaFeOs (738 K) also supports the structural
transition to orthorhombic Pbnm. The significant bifurcation between
the ZFC and FC curves indicate the presence of magnetic irreversibility

in magnetization in all the samples below Tx.
3.12. Summary

Bismuth ferrite is prepared through solid state and sol gel
reactions. Solid-state reaction method prepared BFO contains minor
secondary phases for calcination at 820 °C for 30 min. whereas, sol-gel
method helps in removing the secondary phases for the optimal
preparation conditions. A huge improvement in the dielectric constant is
seen for the SG prepared compounds due to Maxwell-Wagner
contribution. Magnetic properties also increased slightly in SG.

Lanthanum doped bismuth powders were prepared using sol gel

method taking citric acid as a complexion agent. The R3c structure



116 | Chapter 3

changes to orthorhombic Pbnm phase as the La doping increases. The
smaller particle size ~0.4 um of SG prepared samples results in the high
densification and the dielectric constant increases. A large dielectric
constant in the order of ~10* is observed in these samples at low
frequencies. M-H loops show a huge coercivity due to the high
anisotropy in LBFO samples. The increase in the magnetization of these

samples is due to the destruction of spin cycloid structure.
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Effect of A-site substitution of RE (La, Gd and

Ho) element on the structure, electric and 4
magnetic properties of solid state prepared Chapter
BiFeOs.

Abstract:—
In this chapter, we have investigated the effect of rare earth (RE) doping on the
structure; electric and magnetic properties of BiFeOs; (BFO) prepared by the
conventional solid-state reaction method. The main aim is to stabilize the phase
purity of BFO and also to address how the G-type antiferromagnetic spin
structure of BFO gets affected by doping with different RE elements. To
understand the variations in the magnetic properties, non-magnetic (La) and
magnetic (Gd and Ho) rare-earth elements as dopants with different ionic radii are
considered. 3
: Detailed XRD analysis on RE.Bi;..FeO; (RE = La, Gd and Ho) (x = 0.0 -
0.4 for La, x = 0.0 - 0.35 for Gd and x = 0.0 - 0.2 for Ho) samples revealed a
structural phase transition with increase in x. Lanthanum doping results in the
huge coercivity, while Gd helps in improving dielectric constant and
magnetization. Ho doping results in highest magnetization among all the rare
earths studied in the present dissertation. An enhancement in the dielectric
constant is observed due to crystal distortion, due to ionic radii mismatch at A- :
site. Magnetic properties are greatly improved due to the modification of spin
cycloid structure since the bond angle Fe-O-Fe and bond length Fe-O reduces
with doping. In addition, magnetic RE doped samples have contributions from
RE-RE and RE-Fe interactions. The results are discussed in terms of a model

consisting of two sublattices coupled antiferromagnetically.
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Effect of La doping on the multiferroic 4
(a

properties of BiFeOs

41. Introduction

As discussed in the previous chapter, synthesis of pure BiFeOs
BFO through solid-state reaction method is a challenging task due to the
formation of impurity phases like Bi:Fe4Oo, BizsFeOu. Further, the high
leakage current and low magnetic properties are found to be limiting
factors for its extensive use [1]. Furthermore, the spiral spin structure of
BFO cancels out the ferromagnetic interaction in this system resulting in
a very weak magnetization. As reported in the earlier studies, and as
well as in chapter. 3, La substitution at A-site of ABOs type BiFeO:s
improves magnetic properties [2, 3] by suppressing spin cycloid
structure. Moreover, La doping results in remarkable improvement of
dielectric constant and decreases the leakage current [4]. La doping
results in the structural phase transition due to the variation of ionic
size. In the literature, a series of structural transitions from
rhombohedral R3¢ (0 < x < 0.06) to triclinic P1 (0.06 < x <0.24) and then
to orthorhombic C222 (0.25 < x < 0.4) [5] are reported. Zang et.al,,
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observed a transition directly from R3c (0 < x < 0.25) to orthorhombic
Pbnm for x > 0.3 [6]. Where as, Yuan et al., reported a structural change
from R3c to P1 for 0.05 < x < 0.15 and P4mm, P4/mmm for x = 0.2, 0.25
respectively [7]. Thus, systematic study is required to establish the
clarity regarding the structural change with La doping. In this chapter, a
two-phase model consisting of R3c and Pbnm is used to carry out a
detailed structural refinement and quantitative estimates of
rhombohedral and orthorhombic phases with La doping are reported.
The dielectric, and temperature dependent magnetic properties in LaxBii-

:FeOs (x = 0.0 - 0.4) powders are also presented.

4.2. Experimental details

The synthesis of La:Bii«FeOs (x = 0.0 - 0.4) (LBFO) powders is
carried out by solid-state reaction method. The stoichiometric amounts
of La:0s, Bi2Os and Fe:0s are considered as starting materials for the
solid state reaction, discussed in the chapter 3. The pellets of the samples
after annealing are characterized for structural, electrical and magnetic

properties.
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4.3. Results and Discussion
4.3.1. Structural properties

Figure 4.1 shows the XRD pattern of La:Bii-FeOs (x = 0.0 - 0.4)
samples. The analysis of XRD patterns of pure BiFeOs sample reveals the
Rhombohedral structure with a space group of R3c. XRD peak at 27. 7°
indicates the presence of a minor phase BixsFeOu along with BFO. The
introduction of La suppresses the formation of this secondary phase.
The XRD patterns clearly show the absence of impurity phase as the La
concentration increases beyond x = 0.15. Compared to pure BFO, the
peaks in XRD pattern are found to shift to higher angle with increasing
La concentration. It is also observed that, with increasing La
composition, the doublets at 32° and 57° disappeared and new peaks are
observed at 22° and 46°. This confirms a structural phase transition from

Rhombohedral to Orthorhombic.
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Figure 4.1 XRD of La:Bii-+FeOs (x = 0, 0.05, 0.2, 0.25, 0.4) ceramics (Inset highlights the

evolution of diffraction peaks at 32" and 57° with x).

XRD data of La:Bii«FeOs is refined with two phases with varying
volume fractions as a structural transition is expected with an increase
in x. Hence, R3c and Pbnm input phases are considered for the
refinement since pure BFO exists in rhombohedral R3¢, while pure
LaFeOs exists in orthorhombic Pbnm structure [8]. The Rietveld
refinement performed on samples for 0.05 < x < 0.4 using R3c+Pbnm
symmetry as depicted in figure 4.2 is found to fit better than other

structural models proposed in the literature such as R3c, P1, C222,

R3c+Pnma and R3c+Pbnm [5, 9-10].
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It can be noticed from table 4.1 that the calculated lattice

constants and unit cell volume decrease systemattically with x. This

reduction is due to contraction in spacing between the atomic planes

in which the Bi* having lower ionic radius of 1.14 A is replaced with

La3% ion with 1.22 A ionic radius. As the La content increase from 5%

to 40%, the volume fraction of rhombohedral R3¢ decreases from

~92.4% to ~58.39% while that of orthorhombic Pbnm phase increases

from ~7.59% to ~41.60%.

Table.4.1 Refined Structural Parameters for La:Bii-+FeOs (0, 0.05, 0.2 and 0.4) samples.

Compound BiFeOs Lao.osBioosFeOs Lao2BiosFeOs Lao.4BiosFeOs
Structure R3c R3¢ Pbnm R3¢ Pbnm R3c Pbnm
(92.4%) (7.59%) (77.8%) (22.11%)  (58.39%) (41.60%)

a(A) 5.6207(3) 5.6137(5) 5.5561(3)  5.6000(8)  5.5400(4)
b (A) 5.6207(3)  5.6137(5) 5.5617(7)  5.6000(8)  5.5500(6)
c(A) 13.692(13) 13.6467(8) 7.8514(11) 13.6200(4) 7.8400(8)
V (A3) 374.62(7) 371.62(3) 242.04(9) 369.89(9)  241.05(7)
Fe-O2 (A) 220 2.18 2.068 2.13 2.065
Fe-O»-Fe 153.4° 153.25° 156.7° 152.9° 155.3°
Rup % 2.95 3.01 3.36

Rp % 2.12 2.20 2.40

5.5796(7)  5.4934(8)

5.5796(7)  5.5384(4)
13.5973(9)  7.5929(6)
366.60(8)  238.92(5)

2.12
152.02°

2.058
154.85°

3.34
2.50
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Figure 4.2 Rietveld refinement of the XRD data for LBFO samples (a) x = 0 (R3c), (b) x =
0.05 (R3¢ and Pbnm), (c) x = 0.2 (R3¢ and Pbnm), and (d) x = 0.4 (R3¢ and Pbnm).
Observed (red lines), calculated (blue line), and difference (bottom line) profiles are
shown. The Bragg reflections are marked by vertical bars. The upper bars in (b, ¢ and

d) correspond to R3¢ phase while the bottom bars to Pbnm phase.



130 | Chapter 4

4.3.2. Morphological studies

The field emission scanning electron micrograph (FE-SEM) of the
LBFO sample is shown in figure 4.3. Microstructure shows an uniform
grain distribution for the sample x = 0.05 and a non uniform grain
distribution for other compositions x = 0.2, 0.3 and 0.4. The average
grain size of the samples is found to be 0.25, 0.1, 0.2 and 0.21 pum. The
average grain size of these samples is smaller than the undoped sample.
However it is much more interesting if the grain size reduces below 62
nm, which is spin cycliod wave length of BFO. Also, the microstructure

shows well densified samples with fewer voids.

Signal A = InLens Date :2 Mar 2011 Mag = 50.00 K X EHT =1500kV  Signal InLen: Date :2 Mar 2011 ZEISS
WD=40mm  VacStatus=Ready  Time :14:21:20 T WD=40mm  VacStatus=Ready  Time 16:50:23

Figure 4.3 FE- SEM Images of LBFO samples.
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The EDS spectra and its compositional analysis for these samples
are shown in figure 4.4, indicates samples chemical homogenity and

absence of any magnetic impurity.

Element Weight%  Atomic%
OK 23.13 66.55
FeK 26.17 21.57
LaL 6.44 2.14
BiM 44.26 9.75
Totals  100.00 o o5 18 7 253 a8

ull Scale 387 cts Cursor. 0.000 kev|

Element Weight%  Atomic% sk

0K 1691 62.54
FeK 16.67 1765 | x=03

LaL 7.01 2.99
BiM 5941 16.82
Totals 100.00 o 05 1 15 2 25 3 35

ull Scale 468 cts Cursor: 0.000 keV|

Figure.4.4 Elemental composition for LBFO samples from the EDS
measurements.

4.3.3. Raman Spectroscopy

To confirm the systematic structural changes observed in XRD,
we performed Raman Scattering measurements on La:Bii--FeOs (x = 0.0 -
0.4). The Raman spectra of LBFO ceramics is shown in figure 4.5. The
twelve normal modes of rhombohedral R3c BiFeOs sample are

identified at 75.6, 136, 169, 215, 256, 278, 330, 367, 438, 465, 552 and 644
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cml. It is found that a new mode at 92 cm™ is seen in all La doped
samples, which is inactive in the sample. For x > 0.15, the vibrational
modes at 215 and 465 cm? completely disappear whereas the 438, 552
and 644 cm® modes of BFO decrease with an increase in x. These

changes reflect the change of Bi—O bond length with increasing x.

La Bi, ,FeO,

X=0.4
X=0.25
:0.2

Intensity (a.u)

X=0,15

A1 E
E E Xx=0.05
{

100 200 300 400 500 600 700 80
Wave number (cm™)

Figure 4.5. Room temperature Raman spectra of La:Bi1«FeOs (x =0, 0.05, 0.2, 0.25, 0.4).

The mode at ~ 136 cm™ is observed in all the samples (except for x = 0.2
and 0.25) which is due to the sizeable signature of R3c phase in La
doped BFO. For the samples x = 0.2 and 0.25, this mode is inactive. The
reoccurrence of 136 cm™ mode in x = 0.4 indicates its active signature in

the sample, confirms the presence of R3c phase in 40% doped sample is
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agreement with the XRD data. Thus, Raman studies reconfirms
substitution-induced structural phase transition from rhombohedral to

orthorhombic as x increases in La:BiixFeOssamples.

4.3.4. Dielectric properties

The dielectric constant (er) of La:Bii-FeOs samples at room
temperature in the frequency range of 20 Hz — 2 MHz is measured to
investigate the variation of &r with La doping. The plot of frequency
versus dielectric constant is shown in figure 4.6 (Note that the frequency
is represented in log scale). &: of the undoped BiFeO:s is 68 at 1 kHz and
it decreases to 40 at 2 MHz. The &: values for LBFO are found to be 143,
90, 127, 160 and 144 for the compositions x = 0.05, 0.15 0.2, 0.25 and 0.4,
respectively at the frequency of 1 kHz. Reducing the grain size to nano
scale will increase the dielectric constant due to the large number of
grain boundaries as scattering centers. However, in the present study,
the influence of the grain size on the dielectric constant is not significant
in these samples as the average grain size is above the nano scale range.
Hence, the changes observed in dielectric constant are primarily due to
the lanthanum doping. The improvement in the dielectric constant is
due to the change in the structure, especially the variation of Fe—O bond
length, which favors the off-centro symmetry with the substitution of

lanthanum [11]. The dielectric constant decreases with an increase in
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frequency and follows Debye law of frequency dispersion as it is nearly
constant at very high frequencies [12]. A systematic enhancement in the
dielectric constant is observed with La doping at lower frequencies. As
the frequency increases to higher values, there is a crossover in the
dispersion curves with doping level. Such a crossover was also seen in
previous studies involving La, and Pb doped BFO systems [13, 14]. The
inset of figure 4.6 shows the plot of dielectric constant at selected
frequencies as a function of La concentration. There is a sudden increase
in the dielectric constant for a small doping of x = 0.05. This sample does
not show much variation of & with frequency. Further, with an increase
in La concentration, a decrease in &: is seen, nevertheless, this is higher
than the undoped sample. The frequency dispersion of &: is higher for x

=0.2 and 0.25 samples.

The dielectric loss curves as a function of frequency are shown in
the figure 4.7. It is interesting to note that La doping results the
reduction in the dielectric loss due to the reduction in the leakage
current in BFO system. The dielectric loss continually decreases as the
La doping content increases. The improvement in the dielectric constant
with a low dielectric loss for La doped BFO samples make them as a

promising candidate for device applications.
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Figure 4.6 Dielectric constant (€r) verses frequency of La:Bii«FeOs (x =0, 0.05, 0.2, 0.25,

0.4) samples at 300 K. Inset shows the variation of & with La content at selected

frequencies.
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Figure 4.7 Dielectric loss verses frequency of La:Bii<FeOs (x = 0, 0.05, 0.2, 0.25, 0.4)
samples at 300 K.
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4.3.5. Ferroelectric Measurements

P-E loops of La doped BFO is shown in the figure 4.8 for a
particular composition x = 0.15. It is noted that with La substitution, BFO
turns into a hard ferroelectric with electrical coercivity of 37 kV/ecm and

remanance polarization Pr=2.81 pc/cm?.
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Figure 4.8 P-E loop of Lao.1sBiossFeOs sample.

4.3.6. Magnetic properties

Figure 4.9 shows the magnetic hysteresis loops for the undoped
and La doped BiFeOs system at room temperature. The M-H curve of
BFO for an applied field of 7 T is nearly a straight line indicating the

antiferromagnetic nature of BiFeOs. As already discussed in chapter 3,
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the canting of Fe* sublattice in BiFeOs results in a small residual
magnetic moment but the appearance of ferromagnetism is suppressed
by the spiral spin structure [15]. On the other hand, substitution of La
into Bi results in weak ferromagnetism in La:Bii«FeOs. A significant
enhancement in the remenant magnetization (Mr) and coercivity (Hc) is
observed for these samples depending on the concentration of doping.
As evident from table 4.3, M: measured at 7 T increases continuously
with x and exhibits a peak at x = 0.25. The room-temperature coercivity
of pure BFO is 0.3 mT, whereas for doped samples, it is found to be 1.21,
1.39, 1.08 and 148 T for x =0.05, 0.2, 0.25 and 0.4 respectively. A large
Hc is observed in the La doped BFO samples. At 5 K (figure. 4.10), the
Hc values are found to increase further to 1.34, 1.64, 1.25 and 1.24 T for
x = 0.05, 0.2, 0.25 and 0.4 respectively. The increase in the Hc at low
temperatures is due to the increase in anisotropy constant of these
samples. The value of M:reaches a maximum for x = 0.25 with a value of
0.3 emu/g and the increase in M: indicates the alignment of Fe** magnetic
moments with decrease in temperature. The magnetization (M)
measured at 7 T increases linearly with x, and it reaches a maximum a
value of 0.98 emu/g for x = 0.4. This is found to be slightly higher than
the room-temperature value. Weak ferromagnetism can arise in BiFeOs
when the particle/grain size reaches below its spin periodicity of 620 A.

Enhancement in the magnetic properties can also arise due to the
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presence of small magnetic impurities. In the present study, the
enhancement of the magnetization is intrinsic one as the grain size is
much larger than its spin periodicity, and no ferromagnetic impurity is
observed in EDS. This enhancement in the magnetization in general is
attributed to the modification of spin structure from helical to the linear
due to the interaction between Fe-Fe sub lattice, which results from a
change in the canting angle arising from the Dzyaloshinskii-Moriya
interaction [16, 17]. The Fe - O bond lengths decrease from 2.20 A for x =
0 to 2.03 A for x = 0.25 and the bond angle Fe-O-Fe decreases from 153.4°
for x = 0.0 to 152.8° for x = 0.25. Due to this reduction in the bond lengths
and bond angles between Fe and O, the spin structure of pure BFO gets
modified in the doped samples. Similar results were observed by Rai et.
al [18], where they attribute the occurrence of high Hc values to the
structural distortion caused by canting effect or uncompensated anti-
parallel sublattice magnetization with La doping . The huge coercivity of
the order of 1-2 Tesla at room temperature is also observed in the other
dopant systems [19, 20]. The high Hc of our samples can be due to the
magnetocrystalline anisotropy, arising from the deformation of Fe
sublattice due to the La doping [17]. Besides magneto crystalline
anisotropy, the contribution from the magnetoelastic anisotropy [3],

may also lead to the variation of Hc values with La concentration.
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Figure 4.9 M-H loops of La:Bii+FeOs (x = 0, 0.05, 0.2, 0.25, 0.4) at 300 K.
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Figure 4.10 M-H loops of La:Bii-+FeOs (x =0, 0.05, 0.2, 0.25, 0.4) at 5 K.
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Table.4.3 Magnetic parameters for LaxBii«FeOs samples at 5 K and 300 K.

Compound Hc (T) M: (emu/g) M at 7T (emu/g)
5K 300K 5K 300K 5K 300 K
x=0 5x10+ 3x10* 6x10* 5x10* 0.41 0.40
x=0.05 134  1.21 013 0.13 0.66 0.66
x=0.2 1.64 139 027 024 090 0.83
x=0.25 125 1.08 030 028 092 0.88
x=04 1.24 1.48 0.22 0.21 0.98 0.81

The ‘field cooled” (FC) and 'zero field cooled” (ZFC)
magnetization curves for LBFO samples are measured from 5 K - 300 K
and also from 300 K - 850 K using high temperature oven option of
PPMS to determine the effect of La doping on the ordering temperature.
Figure 4.11 shows the M-T curve in the low temperature region 5 K - 300
K for an applied field of 500 Oe. It is clearly seen that magnetization
increases as the temperature decreases for all the samples. Unlike pure
BFO, La doped samples shows irriversability in this temperature region.
A change in the slope of the curve is observed near 50 K in both ZFC
and FC. A cusp at 50 K is observed in all the doped samples and also in
the undoped BFO. This cusp can be attributed to the change in the spin
configuration. That means the ferro magnetic component is increasning
more as the system goes to lower temperatures. This is seen as the steep

increase in magnetization below 50 K.
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Figure 4.11 M-T curve of LBFO sample from 5 K-300 K.

The high-temperature ZFC-FC magnetization measured at 500
Oe is shown in figure.4.12. The magnetic transition is clearly seen in the
M-T curves. Néel temperature (Tn) of the BFO is found to be 651 K. The
value of Tn increases to 658.3 K for x = 0.2 sample. The increase in Tn is
approaching the Néel temperature of LaFeOs (738 K) [21] with La
doping (table.4.4), consistent with the reported ones [22]. In agreement
with the low-temperature magnetization data, there is an increase in the
magnetization with La doping content. All the samples show a large
magnetic irreversibility Mir given by (Mrc —-Mzrc) from the ordering

temperature to room temperature.
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Figure 4.12. Temperature dependent magnetization curves (M-T) from 300 K to 850 K

for LaxBi1«FeOs (x = 0, 0.05, 0.15 and 0.2) samples.

Table.4.4. T~ values for LaxBii«FeOs samples.

Composition Tn (K)

x=0 651.0
x=0.05 659.4
x=0.15 662.6

x=0.2 658.3
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Conclusions

La doping helps in stabilizing the phase of BFO and results into a
structural transition. Enhancement in dielectric constant with low
dielectric loss is found with La doping. La improves the magnetic
properties due to structural changes and modification of spin cyclic
structure. Tn of the BFO samples increases as La doping content

increases.
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Effect of Gd doping on the multiferroic 4
(b)

properties of BiFeOs

44. Introduction

The doping of a foreign atom at A-site of the ABOs structured
BFO lattice plays a vital role in improving its properties. For example, as
seen in the previous section, substitution of Bi** with rare-earth element
La* results in phase stabilization, reduced dielectric loss, remarkable
improvement of the dielectric and magnetic properties of BFO, which
eventually leads to the enhancement of magneto electric effect. Among
RE elements, Gd* (4f’) is a magnetically active ion (i = 7.8 ps) and has
the largest number of unpaired electrons. Doping with Gd* in BFO is
remarkable as it results in a huge structural distortion due to the large
ionic radii mismatch at A-site and introduces additional magnetic
interaction between Gd* and Fe*, improving magnetic properties even
for small doping concentration. In the literature, Khomchenko et al [23]
found a structural modification in Gd.Bii+FeOs (GBFO) with Gd
composition as R3c—>Pn21a for x ~ 0.1 and Pn21a—Pnma for 0.2 <x <0.3.

It is also reported [24] that GBFO has R3c structure for x < 0.08, Pbnm
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structure for x > 0.3 and both the phases coexist for 0.08 < x < 0.3.
Furthermore, a two phase structural model is used to quantify the
structural changes in Gd doped BFO nanoparticles [25, 26]. However, a
detailed structural analysis on phase transition and the quantitative
details of the phases present in the bulk system with the Gd doping are
still lacking. Hence it is proposed to investigate the quantitative
refinement of the phases and its influence on the dielectric and magnetic

properties of GBFO samples.

The present section is aimed to understand (i) the structural
transition with respect to the Gd content, (ii) the dielectric properties
and (iii) enhanced magnetic behaviour of these compounds. To achieve
above mentioned objectives, we have prepared the GBFO samples and
used the two phase structural model by considering the (R3c+Pn21a) and
(R3c+Pnma) to refine the structure for the bulk samples and estimated
the quantitative results of these phases of Gd:Bii-FeOs (x = 0.0 - 0.35).
The observed structural changes are correlated with Raman, dielectric
and magnetic studies on these samples.

4.5. Experimental Details

The ceramics of Gd:BiixFeOs (GBFO) for x = 0, 0.05, 0.1, 0.15, 0.2,
0.25, 0.3 and 0.35 were prepared by conventional solid-state reaction
method. Stoichiometric ratios of Bi2Os, Gd20s and Fe20s powders were

used as the starting chemicals to synthesis through solid state reaction.
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The pellets of the samples after annealing are characterized for

structural, electrical and magnetic properties.
4.6. Results and Discussion
4.6.1. Structural Analysis and Morphology

The effect of the Gd doping on the BFO structure is analyzed
using X-ray diffraction (XRD). The obtained XRD pattern of Gd:Bii+FeOs
for x = 0 - 0.35 samples are shown in figure 4.13. The pure BFO is easily
indexed as rhombohedral with the space group of R3c. As the Gd
concentration increases, noticeable features are observed in the
diffraction pattern. The enlarged XRD pattern between 31°- 34" is
presented in the inset of figure 4.13, which shows the split reflections of
(1 04) and (1 1 0) merge into a single broad peak with a shift towards
higher 20 value. This is a clear indication of structural modification due
to the lattice distortion caused by Gd doping. Similarly, additional
peaks corresponding to the new phase of GdFeOs are also observed in
the XRD pattern (marked by hash #). Besides, a small secondary phase
corresponding to BixsFeOu is present in the entire diffraction pattern
(marked by asterisk *) which is not ferromagnetic in nature at room
temperature [27]. Our observations are consistent with recently reported
rare earth doped BFO systems [28, 29]. Rietveld refinement of the XRD

patterns (figure 4.14) of these samples was carried out and the structural
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parameters obtained are listed in table 4.5. For pure BFO (x = 0), the
structure is directly refined by considering the single input model of R3c
symmetry resulting in the refined lattice parameters, a = b = 5.6207 A, ¢ =
13.6923 A and the corresponding cell volume (V) is found to be 374.62
A3 A similar refinement result as of the pure BFO is obtained for x = 0.05

but the lattice parameters are slightly reduced and listed in table 4.5.
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Figure 4.13. XRD data for GBFO samples (Inset shows the magnified data around 32°).
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Figure 4.14 Rietveld refinement of the XRD data for GBFO samples. Observed (red
lines), calculated (blue line), and difference (bottom line) profiles are shown. The Bragg

reflections are marked by vertical bars. The bars correspond to structure phase.
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However, the structure started modifying from rhombohedral
(R3c) to orthorhombic for 0.1 < x < 0.15. Samples with higher
composition, i.e. for x > 0.1 are refined with a two-phase model, because
a structural change in GBFO is anticipated from rhombohedral (R3c) to
orthorhombic (either Pn21a or Pnma) as the end compound, GdFeO:s
exists in orthorhombic structure. Hence along with the R3c phase, Pn21a
and Pnma phases are considered for refinement. However, the two
phase input model with R3c+Pn21a was found to fit better than R3c as
well as R3c+Pnma structure models for 0.1 < x <0.15. For x =0.1, the R3¢
phase is prominent with ~77% and Pn21a phase is ~22%. Further for x =
0.15, the Pn2la phase is prominent with ~60% and the R3c phase
decreases to ~39%. The Pn21a and Pnma structure models fits better for x
= 0.2, 0.3 and 0.35 respectively. The phase transition in the BFO with Gd
can be understood from the lattice contraction caused by the low ionic
radii of Gd* (r = 1.05 A) over Bi* (r = 1.14 A). These structural

classifications are in accordance with earlier reports [25, 26, 30].

Lattice parameters and volume of the GBFO system obtained
from the Rietveld refinement method are plotted in figure 4.15 as a
function of Gd content. The lattice parameter ‘¢’ is slightly varying up to
x = 0.1 and later it rapidly decreases for further Gd content. The lattice
parameter ‘b" increases to higher values from x = 0.1 whereas the lattice

parameter ‘a’ is almost constant when compared to ‘b’ and ‘c’. The
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variations of the lattice parameters resulted in the volume collapse of the

structure as Gd content increases as shown in the inset of figure 4.15.

(L TP — 7
% b—o—q |—o—van

R Oo—V(A IS
{ (b) g e v

x / /
2 2315 ) (SIS
~ 12 H 3 )
7 S 280 D SIS,
7)) —O—a = B VS
nma | A

S 8 s =\ Pn21a P SIS
(] —A—Db O—o o—o "/
) vV

0.00 0.15 0.30 GIIIS
Q Gd concentration (x) PSP IYd
—%—C SIS
E 10_ ,///////////
© 0
© E v /////,
Pnma
— \ K
2 : \A—a KK
- 2 P
b ] SIS
- g:__ I ISP
[\ R3c Pn21a N
- 7 ////////
N o—O— — i
4 ? —
v N

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Gd concentration (x)
Figure 4.15 Lattice parameters verses Gd content plot for Gd:Bii--FeOs (x = 0, 0.05, 0.1,

0.15,0.2, 0.3 and 0.35).

The increase in the lattice parameter ‘b’ indicates the presence of
Gd-Bi and Gd-Fe interactions brought by Gd in the structures whereas
the reduction in the ¢ values can be attributed to the low ionic radius of
Gd when compared to Bi. It is clearly seen from the figure 4.15, that a=b
# ¢ is modified to a # b # ¢ and the reduction in the volume is a clear

signature of the structural transition.
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Table 4.5. Refined structural parameters for Gd:Bii+FeOs (0, 0.05, 0.1, 0.15, 0.2,0.3 and

0.35) samples.
Compo  Structural a(A) b(A) c(A) V(A3) Fe-O2-  Bi-O2
und Model Fe(®) (A)
x=0.0 R3c 5.620(3) 5.620(3) 13.69(8) 374.62(5) 153.42 2.88

)
x=0.05 R3c 5.577(6) 5.577(6) 13.82(4) 372.3(3) 153.02 2.85
x=0.1 R3c (77.64 %) 5.567(8) 5.567(8) 13.78(7) 370.02(9) 152.81 2.82

Pn21a (2235 %) 5.592(7) 7.879(3) 5.443(8) 239.84(3) 158.42 254
x=015 R3¢ (39.19 %) 5.562(6) 5.562(6) 13.73(4) 368.1(5) 152.04 2.80
)
)
)
)

Pn21a (60.80 %) 5.587(8) 7.87(12) 5.439(9) 239.23(7) 157.36 2.31

x=02  Pn2la 557(13) 7.805(7) 5.418(2) 235.79(3) 156.44 226
x=03  Pnma 56208) 7.81(16) 5.44(19) 239.28(4) 14858 2.15
x=035 Pnma 5619(9) 7.810(8) 5.43(10) 238.63(6) 143.02 220

4.6.2. Microstructural properties

In order to find the grain size distribution in Gd doped BFO, the
morphology of GBFO has been studied using FE-SEM. The
microstructure for different Gd compositions is shown in figure 4.16(a).
It is observed that all the samples are granular and dense. For x = 0.1, the
sample is homogeneous with rectangular grains having an average
grain size of 1.2 um. This grain size reduces to ~ 0.5 um for x = 0.15 and
0.2. For x > 0.3, the clusters were aggregated and the size of the grain
increased to ~ 2.1 um. It is clear that the grain growth found to be
suppressed up to certain concentration (x = 0.2) and on the further

increase in x, grains start growing and helps in densification. The
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chemical compositions of pure and doped BFO samples were
determined using EDS technique and presented in figure 4.16(b).
Besides the obvious signals for O, Bi, and Fe elements, the EDS spectra
shows a weak signal of Gd in the doped samples. Moreover, the EDS
analysis confirms that the chemical composition of GBFO is nearly in

stoichiometric ratios.
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Mag = 10.00 K X Mag = 10.00 KX
= WD= 37mm  VacStaus=Ready  Time :14:59.06 ﬁ H g WD= 42mm  VacStatus=Ready  Time :16:0643

Figure 4.16(a) FE- SEM Images of GdxBii«FeOs (a). x =0.1, (b) x = 0.15, (c) x = 0.2 and (d)

x=0.35.
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Figure 4.16(b) EDS spectra and elemental composition of GBFO samples.

4.6.3. Raman Spectroscopy

The Raman spectra of GBFO for different Gd concentrations are
shown in figure 4.17. Twelve active Raman modes are observed for x =0,
which are assigned as 4A1 + 8E phonon modes. The four A1 modes are
assigned to 136 (M3), 169 (M4), 215 (M5) and 438 (M11) cm™. The eight E
modes are assigned to 75 (M1), 256 (M6), 278 (M7), 330 (M9), 367 (M10),
465 (M12), 552(M13) and 644 (M14) cm™. All the mode frequencies as a
function of Gd content are plotted in figure 4.18. It is observed that some

of the modes M1, M5, M6, M7, M9, M11 and M12 of parent phase found
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to disappear as Gd concentration increases and only seven (3Ai+ 4E)
modes are present in the GBFO samples. It is noted that new mode
frequencies at 95 (M2) and 300 (M8) cm™ are observed in all the samples.
The modes M3, M14 and M13 decrease with the Gd content, whereas the
modes M4 and M10 increase. The low-frequency modes M1, M2, M3
and M5 are attributed to the Bi-O bonds; the intensity of these modes

decreases with increasing Gd concentrations.
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Figure 4.17. Raman spectra of Gd:Bii«FeOs (x = 0, 0.05, 0.15, 0.2, 0.25, 0.3 and 0.35)

samples.

The shift in the M3 mode is due to the decrease in Bi-O bond length
(see table 4.5) with an increase in x. The disappearing of the M1 and M3

modes indicates that some of Bi-O bonds are missing due to the
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introduction of Gd. Due to the presence of Gd, a new peak (Ag) with
high scattering intensity around 300 cm is observed for all the doped
samples, which is related to GdFeOs orthorhombic phase [31, 32]. The
shift in the Raman peaks and appearance of new modes suggest that the
structural phase transition occur from rhombohedral to orthorhombic

phase as Gd substitutes Bi, which confirms the XRD results.

% (b)
600 - \*—*\%——*—Hjﬁm
e 1o—oqp M3
£ 500-* *\o O0—O0——O0——0-0-M4
A=t —— M5
10 AN
& 400- l>~[>—[>—l>—l>—$—mg
s B
o 300 O—O—O—O0——o<—M9
I.&I: X—V Ag —>—M10
© 200- Ee el
-g {3 g o o " " I:I—O—M13
= 100- _ b~ M1a
K—K o] o) o (o] o ¥

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Gd concentration (x)

Figure 4.18 Raman mode frequency verses Gd concentration of Gd:Bii«FeOs (x = 0,

0.05, 0.15, 0.2, 0.25, 0.3 and 0.35) samples.

4.6.4. Dielectric properties

Figure 4.19 shows the variation of dielectric constant (&) of GBFO
samples as a function of frequency from 20 Hz to 2 MHz. The dielectric

constant of all the samples decreases with an increase in frequency and
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follows the general relaxation. There is a remarkable enhancement in the
value of the dielectric constant with increasing Gd substitution. The
dielectric constant increases to 200 at 1 kHz for x = 0.05 which is four
times higher than that of pure BFO. As Gd3* content increases, the
dielectric constant also increases and reaches the maximum value of 900
at 1 kHz for x = 0.1. However, a non-systematic increase in ¢ is observed
with x. The enhancement in dielectric constant can be understood in
terms of the ferroelectric off-centering distortion. The ferroelectric off-
centering distortion is due to the change in crystal structure brought
about by the Gd ions whose ionic radius is smaller than Bi* ion. This
leads to the change in the Fe-O bond length and hence the distortion of
FeOs octahedron cage. The distortion in FeOs cage is predominantly
responsible for the increase in polarization; thereby increase in dielectric
constant [11]. GBFO sample with doping concentration, x = 0.1 has the
highest value of dielectric constant compared with other samples. The
maximum é: is due to the presence of (R3c+Pn21a) polar phase. On the
further increase in Gd content to x > 0.3, & decreases, this is due to
reduction of the unit cell volume and thereby causes less freedom of Fe*
electron displacement in the FeOs octahedron [13]. This is also due to the
non-polar Pnma symmetry for x = 0.3 and 0.35. The inset of figure 4.19
shows the compositional dependence of dielectric constant in Bi-

+Gd<FeOs (x = 0 - 0.35) ceramics. As described above the dielectric
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0.1 and minimum for x =

0.3, and the

compositional dependence has the same trend for all the frequencies.
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Figure 4.19 (a). Dielectric constant vs. frequency and (b). Dielectric loss vs. frequency of
Gd:Bii«FeOs (x = 0, 0.05, 0.1, 0.15, 0.2. 0.3 and 0.35) samples at 300 K (Inset of figure

shows dielectric constant verses Gd doping concentration for different frequencies).

The dielectric loss of these samples shown in the figure 4.19(b)
reveals that as compared with the undoped BFO system, the loss is more
for Gd doped samples. This trend is opposite to the behavior of La
doped samples, where a decrease in the dielectric loss is observed. Thus,
even though Gd improves the dielectric constant, it also increases the
loss which is undesirable for the device applications.

Temperature dependent dielectric measurements on the sample x
= 0.05 is shown in the figure 4.20. As the temperature increases the

dielectric constant increases and a change in slope is observed for all the
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frequencies around 370 °C. This temperature corresponds to the Tn of
BFO. That means an indirect coupling between the spin and electric field
is seen in this system. This is observed for all other doping
concentrations, revealing the presence of magneto electric effect in these

samples.
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Figure 4.20 Dielectric constant versus Temperature for different frequencies.

4.6.5. Ferroelectric measurements

The electric field induced polarization of these samples x = 0.1 —
0.3 are measured and corresponding loops are shown in figure 4.21. The
polarization increases remarkably with Gd doping. The remnant

polarization increases to 2.26 uC/cm? for x = 0.1, which is maximum and
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for 30 % Gd a decrease in the Prvalue to 1.13 uC/cm? is observed. The
variation of the polarization with respect to the Gd doping content is in
accordance with the dielectric results and the same explanation is valid

here.

Gd Bi, FeO,

_3 - L . L . . .
40 -20 0 20 40 60
E (kV/cm)

Figure 4.21 P-E loops of Gd:Bii-«FeOs samples (x = 0.1, 0.2 and 0.3).
4.6.6. Magnetic properties

The field and temperature dependent magnetic properties of GBFO
are measured as a function of Gd content to understand the different
magnetic interactions involved in the system. The magnetic hysteresis
loops recorded for an applied field of 5 T at 300 K are shown in figure
4.22(a). The hysteresis loop for the pure BFO is almost a straight line
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indicating its antiferromagnetic behaviour and the M: value is 5.08 x 10
emu/g. Since Gd has a high magnetic moment of 7.8 us, a small amount
of Gd doping introduces additional magnetic contributions to the
existing interactions between Gd-Fe ions and Gd-Gd ions in pure BFO.
These interactions bring dramatic changes in the M-H hysteresis loops.
A remarkable enhancement in the magnetization is observed for x = 0.05
and the value of M: increases to 0.15 emu/g and Hc to 0.2 T. A decrease
in the magnetization is observed for further doping levels up to x = 0.15.
When x = 0.2, the magnetization increases and reaches a maximum value
of 0.255 emu/g (see figure 4.22(a)). Although saturation of magnetization
is not observed even up to 5 T magnetic field, the antiferromagnetic
nature of BFO turns to the ferromagnetic as values of M: as well as Hc
enhance with Gd doping. The enhancement in the magnetization is
primarily due to the modification of the spiral spin structure into linear
caused by the decrease in the Fe-O-Fe bond angles (table 4.5). The
interaction between Gd* and Fe* also contributes for the higher
magnetization values in comparison to the other non-magnetic rare
earth doping systems. The low temperature magnetic hysteresis loops
recorded at 5 K are shown in figure 4.22(b). The magnetic moment is
greatly enhanced at 5 K compared to 300 K due to the ordering of the
spins. The magnetic moment at 5 T increases to 36.3 emu/g for x = 0.05

and reaches a maximum of 36.9 emu/g for x = 0.3, these are similar to the
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trends observed at 300 K. The magnetization values of the present study

are higher than the earlier reports on Gd doped BFO [33].
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Figure 4.22(a) M-H loops of GBFO (x =0, 0.05, 0.1, 0.15, 0.2, 0.3 and 0.35) at 300 K.
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Figure 4.22(b). M-H loops of GBFO (x =0, 0.05, 0.1, 0.15, 0.2, 0.3 and 0.35) at 5K.
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Figure 4.23. M-H loops of Gd.Bii-+FeOs (x = 0.2) at (a) 5K and (b) 300 K.

Figure 4.23 shows an enlarged M-H loops for the x =0.2 sample. An
interesting double hysteresis loop is observed at RT for this sample with
a minimum Hc value of 1.15 kOe. This double hysteresis kind of loop is
not observed for the loops measured at 5 K. In general, such kind of

loops is typical to the orthoferrites as the structure changes to Pnma [34].
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Figure 4.24 Variation of Hc and M: for different doping levels in GdBii«FeOs.
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The variation of Hc at 5 K and 300 K as a function of Gd doping
composition is shown in the figure 4.24. From the figure, two
phenomenological observations are made; firstly, non-uniform variation
of Hc with the doping level at both temperatures and secondly, the
value of Hc is higher at 300 K compared to 5 K. This can be understood
in terms of sub lattice model, which will be discussed at the end of this

chapter.

The ZFC and FC measurements are carried out in two different
temperature ranges namely 5 K - 300 K (figure 4.25(a)) and 300 K - 850 K
(figure 4.27) in an applied field of 500 Oe. A sudden upturn in the
magnetization is observed below 50 K for all the samples. This can be
attributed to the ordering of magnetic moment of Gd3*. Similar results
are observed in the previous studies [23, 26]. The value of the
magnetization increases from 0.015 emu/g for x = 0 to 0.89 emu/g for a
small amount of Gd doping, x = 0.05, and it reaches a maximum of 1.31
emu/g for x = 0.3 at 5 K. These variations in the magnetization can be
attributed to the change in Fe-O-Fe bond angle and the contribution
from the canted antiferromagnetic moments of Fe sub lattice arising due
to the change in the crystal structure. Our refinement results show a
decrease in the bond angle and bond lengths with x (table 4.5) indicating

the structural transformation.
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Figure 4.25 (a). M-T curve at an applied field of H = 500 Oe. (b). 1/x versus T graph for
GBFO samples.

The careful observation of the M-T curves shows a minimum at
180 K and 140 K for the x = 0.1 and 0.2 respectively. This is seen more
clearly as a hump in the 1/ x versus T curves (figure 4.25 (b)). The
frequency dependent on these samples at an ac amplitude of 10 Oe is
investigated and a representative figure for x = 0.2 is depicted in figure
4.26. Ac susceptibility measurements do not show any slope changes in
the magnetization curve and no frequency dependence is observed,
which rules out the possibility of observation of spin glass nature in this

system.
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Figure 4.26 ac susceptibility of GBFO for x = 0.2.
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Figure 4.27 Magnetization in the temperature region 300 K to 850 K for GdxBii«FeOs (x

=0, 0.15, 0.2, and 0.35) samples at an applied field of H =500 Oe.

The previous reports [33] of FC and ZFC measurements at below

300 K do not show any irreversibility (which is also true in the present
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study) as the ZFC magnetization in these measurements are carried out
by cooling the sample only from 300 K and do not reflect the true ZFC
measurements as the Tn is much above the room temperature. In order
to investigate the irreversibility in these systems, the ZFC measurements
need to be carried out by cooling the sample in zero fields from above
Tn. So as to investigate the true nature of irreversibility M-T
measurements are carried out in ZFC-FC mode by cooling the sample
from above Tn. Unlike the M-T curve in the low temperature region, the
M-T curve measured from 300 K - 850 K (figure 4.27) shows a strong
irreversibility in these samples. The magnitude of irreversibility (which
is estimated as Mrc — Mzrc) increases with an increase in x. The onset of
irreversibility temperature (Tir) initially rises with an increase in x and
Tir decreases for x = 0.35 for which a reduction in magnetization is also
observed. The plot between 1/y vs. T for T > Tx (figure 4.28) is non-linear
indicating the presence of short range magnetic correlations even for

temperatures much beyond Tn.

The Tn of BFO with Gd content shows an opposite trend
compared to La doped samples (table 4.4). Table 4.6 shows the Tn
dependence on Gd content, from the figure; the Tn reduces with increase

in Gd content.
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Table 4.6, Variation of Tn with Gd content.

Composition Tn (K)
x=0 651.0
x=0.05 640.9
x=0.15 635.9
x=0.2 612.7

x=0.25 632.4

| 167



168 Chapter 4

Conclusions

Gd doping in BFO results into a series of structural phase
transitions with Gd content. The both dielectric constant and loss
increases with Gd. An indirect evidence of linear magneto-electric effect
is observed in temperature dependent dielectric constant. Magnetic
properties are very much improved with Gd element. The minimum in
magnetization seen for x = 0.1 and 0.2 samples can be understood in
terms of a two sublattice model which will be discussed at the end of

next section.
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Effect of Ho doping on the multiferroic 4( :
C

properties of BiFeOs

4,7. Introduction

The doping of Ho, which has the highest magnetic moment of
10.6 ps among all the rare earths is interesting as it results in a huge
structural distortion due to the large ionic radii mismatch at Bi-site and
induces additional magnetic interactions that can enhance the magnetic
properties. In the present study, we report the systematic structural,
Raman, dielectric and magnetic properties in low and high temperatures
of BiixHoxFeOs (x = 0, 0.05, 0.1, 0.15 and 0.2) ceramics prepared by solid-

state reaction method.
4.8. Experimental Details

Bii-xHoxFeOs (x = 0, 0.05, 0.1, 0.15 and 0.2) powders were synthesized
using conventional solid-state reaction method taking the stoichiometric
amounts of Ho20s, Bi2Os and Fe:0s. The samples thus obtained are used

for further characterization.
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4.9, Results and discussion
4.9.1. X-Ray Diffraction (XRD)Analysis

The XRD pattern of Ho:Bii«FeOs (x =0, 0.1, 0.15 and 0.2) ceramics
carried out using Co Ka = 1.7887 A is shown in figure 4.29. The
introduction of Holmium (Ho) in BFO found to suppress the formation
of the secondary phases. The XRD patterns clearly show the absence of
impurity phase as the Ho concentration increases beyond x = 0.1.
Compared to pure BFO the peaks in XRD pattern found to shift to
higher angle as x increases. The inset of figure 4.29 shows magnified
XRD pattern around 37" show the split reflections (1 0 4) and (1 1 0) try
to merge into a single broad peak with a shift towards higher angles.
The shift in the diffraction peak positions towards higher angles
confirms substitution effects and indicates a structural change due to the
lattice distortion caused by the Ho doping. The new peaks are noticed in
the diffraction pattern for x = 0.2 around 37°. This peak corresponding to
HoFeOs, that means the rhombohedral phase of BFO is transforming to
orthorhombic phase. To confirm this, we have performed Rietveld
refinement on all the samples. The calculated lattice parameters for pure
BFO is a =5.62 A and ¢ =13.69 A. These are reduced to a=5.55 A and ¢ =
13.58 A for x = 0.15 as the ionic radius of Bi** (1.14 A) is greater than Ho%

(1.015 A). The detailed refinement results are tabulated in table 4.7.
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Figure 4.29 X-ray diffraction pattern of HoxBii«FeOs (x = 0, 0.05, 0.15 and 0.2). Inset
shows the diffraction peaks at 37"

Table 4.7. Refined Structural Parameters for HoxBii«FeOs samples.

x=0 x =0.05 x=0.1 x=0.15 x=0.2

Structure R3¢ R3¢ R3¢ R3c Pnma
a(A) 5.620 5.600 5.582 5.554 5.615

b (A) 5.620 5.600 5.582 5.554 7.840
c(A) 13.692 13.620 13.612 13.586 5.461
V(A3 374.62 369.89 367.34 363.02 240.40
Fe-O:(A) 2.20 2.198 2.185 2.181 2.172
Fe-O:-Fe (°) 153.4 153.31 153.03 152.82 152.4
Rwp % 2.95 3.36 5.34 9.02 8.23

Ry % 2.02 2.14 3.35 6.85 6.54
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4.9.2. Microstructural properties

The microstructure of Ho doped samples is shown in figure 4.30.
Similar to La and Gd doped samples all the Ho doped samples are
dense and granular. For x = 0.05, the sample has a larger grain growth
having an average grain size of 1.6 um. This grain size reduces slightly
for x = 0.1(0.8 um). However, addition of 15% Ho in BFO results in the
aggregation of these clusters and grain size increases to 1.5 um with an
irregular shape. For x = 0.2 grain growth again decreases (0.7 um). The
Ho doping up to certain concentration prevent the grain growth and on

the further increase in x, grains start growing and helps in densification.
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Figure 4.30 FE- SEM images of Ho:Bii-«FeOs (x = 0.05, 0.1, 0.15 and 0.2) samples.
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Thus, FE-SEM observations show that morphology changes with the
doping, but the size of the grains is greater than the spin cycloid wave
length of BFO, 62 nm.

The Energy Dispersive Spectra (EDS), performed on the pure and
doped samples, shows the major signal corresponding to O, Bi and Fe
and a weak signal of Ho for doped samples. This confirms that all the
samples are pure, and no secondary magnetic impurity is detected (See

table in the figure 4.31).

Element | Weight% Atomic%

OK 15.00 59.76
Fe K 16.85 19.22
Ho L 2.81 1.09
Bi M 65.34 19.93
1 v v Totals 100.00
o 1 2 1
Full Scale 11225 cts Cursor: -0.018 (2711 cts) keV§
. Element | Weight% Atomic%
oK 15.46 61.01
Fe K 15.79 17.85
HolL 4.63 1.77
Bi M 64.12 19.37
Ll oA Totals | 100.00
1] 1 2 3 4 5 6 7 8 9 1
Full Scale 11225 cts Cursor: -0.018 (2679 cts) keV|

Element | Weight% Atomic%

oK 15.48 60.00
Fe K 17.68 19.63
HolL 6.75 2.54

BiM 60.09 17.83

Totals 100.00

10
keV|

ull Scale 11225 cts Cursor: -0.018 (2722 cts)

Figure 4.31 The EDS for Ho:Bi1xFeOs (x = 0.05, 0.1, and 0.15) samples.



174 | Chapter 4

4.9.3. Raman spectroscopic studies

The room temperature (RT) Raman scattering spectra on the
samples under present study are shown in the figure 4.32. It clearly
shows a systematic structural transition in accordance with the results of
XRD. The modes which are observed for pure BFO exist even for Ho
doped samples with a slight shift toward higher frequencies. The modes
gradually decrease with increase in Ho content. However, the intensity
of the low-frequency modes corresponding to the pure BFO sample
reduces, and new peaks at 329 cm™ and 475 cm™ emerges as x increases.
These peaks are also observed for other dopant systems [25]. The new

peaks may result from HoFeOs orthorhombic phase.

’f_/\-\/\/\—/\———-/ij
JJ\/\—\/\_ﬁ—‘-“x=o-1s
M
x=0.0
—
1 i 1 i 1 " L "
500

1 " L "
100 200 300 400 600 700
Raman Shift (cm)

Intensity (a.u)

Figure 4.32 Raman spectra of Ho:Bii«FeOs (x = 0, 0.05, 0.15, 0.1 and 0.2) samples.
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The low-frequency modes are related to Bi atoms of perovskite layer.
The modes located at high frequencies are caused by internal vibration
of FeOs octahedra. The changes in Raman modes can be attributed to the
change in the occupation of bismuth at different sites by holmium
within the perovskite units and the change in the Bi-O covalent bonds
due to the Ho doping. Hence the structural phase transition modifies the

Raman modes.
4.9.4. Dielectric Properties

The dielectric constant (er) of BiixHo.FeOs samples in the
frequency range of 20 Hz — 2 MHz is measured at room temperature to
investigate the variation of & with Ho doping. The plot of dielectric
constant versus frequency is shown in figure 4.33. The dielectric
constant decreses with an increase in frequency and follows Debye law
of frequency dispersion as it is nearly constant at very high frequencies
[12]. &r of the undoped BFO is 68 at 1 KHz and it is decreased to 40 at 2
MHz. The &: values for Bii-xHo:FeOs are found to be 67, 88, and 49 for
the compositions x = 0.05, 0.1, and 0.15 respectively at the frequency of 1
KHz. The enhancement in dielectric constant can be understood in terms
of the ferroelectric off-centering distortion brought by the difference in
the atomic radii of Ho and Bi. This leads to the change in the Fe-O bond

length in the FeOs octahedron cage which in turn is responsible for the
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increase in polarization and hence the dielectric constant [11]. On
further increase in Ho content to x = 0.15, &r decreases but it possesses a
maximum values of dielectric constant for x = 0.2, where a structural

transition is observed.

350[\  Ho Bi,_FeO, e x=0.0

300 [ ——x=0.05
250
200
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500

Dielectric constant

10 10° 10* 10° 10°
Frequency (Hz)

Figure 4.33 Dielectric constant (er) versus frequency HoxBiixFeOs (x = 0 — 0.2) samples
at 300 K.

The variation of dielectric constant as a function of temperature at
different frequencies for x = 0.05 sample is plotted in figure 4.34.
Dielectric constant increases as the temperature increases and exhibit
higher values for lower frequencies. At higher frequencies, electric
dipoles have shorter time to follow the applied field and hence dielectric
constant decreases. A clear transition is observed around 377 °C, which

is more prominent for low frequencies. This corresponds to an



RE Doped BiFeOs |177

antiferromagnetic transition of Ho doped BFO and the Tn is found to

increase slightly compared to the BFO.

20
Hog o5Bip 95Fe03 #

% f
=157 —o0—1kHz

- —A— 2 kHz 2
2 ] v SkHz &
S —&—10 kHz ‘
L < 20 kHz

g 5 > 50 kHz

°

a _

100 200 300 400 500
T (°C)

Figure 4.34 Dielectric constant (er) verses temperature HoxBii--FeOs (x = 0.05) samples at
different frequencies.

4.9.5. Ferroelectric measurements

Polarization hysteresis loops on the HBFO samples measured at a
maximum applied field of 40 kV/cm are shown in the figure 4.35. The
remnant polarization (Pr) as well as saturation polarization (Ps) values
are found to increase with Ho substitution. This increase in polarization
values is due to the crystal distortion caused by the doping of the
dissimilar ions, which decreases the Fe-O bond length and favours the
growth of polarization vector. Polarization parameters for HBFO

samples are tabulated in table 4.8. As the Ho content increases, similar to
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the observed trend in dielectric measurements, polarization values
increases with x except for 0.15. For x= 0.2, Pr exhibits a maximum value

of 2.16 uC/cm?.

3
- Ho Bi, FeO,
2 | X =X
& 1+
g L
% _
a- -1 —s— x=0.05
R —o—x=0.1
21 S —a—x=0.15
3' —v— X= 0.2

40 -30 20 10 0 10 20 30 4C
E (kV/cm)

Figure 4.35 Polarization verses Electric field loops for HBFO samples at RT.

Table 4.8 Polarization parameters for HBFO samples.

Ho content P: (uC/cm?) Ec (kV/cm)

x=0.0 1 39

x=0.05 1.44 18.5
x=0.1 1.62 19.8
x=0.15 1.06 15.5

x=02 2.16 23
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4.9.6. ac conductivity measurements

Conductivity measured at different frequencies and temperatures ou (f,
T) is used to investigate the conduction mechanism in many different
systems. Ac conductivity is calculated using the expression,

7

where Z' and Z'' are the real and imaginary parts of impedance, Y' the
real part of the admittance, ‘t’ the thickness (m) and A the area (m?) of
the sample, respectively. Temperature was stabilized (+ 0.5 °C) at 10°C

intervals, while sweeping Z* as a function of frequency.

A typical plot of the ac conductivity (c') derived from Eq. (4.1) is
shown in figure 4.36 as a function of f at temperatures 35 < T < 450 °C
measured in the frequency range of 100 Hz- 1 MHz. The ac conductivity,
o' (f, T), is generally described using Jonscher’s power laws, which were
found to be universal in many materials such as disordered solids and

ionic conducting glasses.

a‘<f>=odc[1+<wﬂ>"] 4.2)

where oa. is the dc conductivity, @ and wy are the applied frequency and

the relaxation frequency in radians, respectively, and 7 is an exponent.



180 | Chapter 4

0.1L| o 35° ¢ o o se ssees—STT
E| o e0°C M
o 110°C
L| e 160°C oo 00000
0.01 L 210°C | o9 o —9 o o °
E| o 260°C DU o
= 3 310°C - o— = 8% 5
’é\ [ o 360° e/e*g&
o, -
T 1E-3 L| © 410°c oo —0—9° 000
o o———F —o— P
S © 460°C e "
[3] e oo ‘,g/"
-8 — o -
o o
1 E'4 E oo Y * i ad
3 o« oo et i . el
i o 09 y//f' =
1E-5¢ +—*""" Hoy 1Big gF €O
E e 0.1°2%0.9 3
ul aaal

10" 10> 10° 10* 10° 10°
Frequency (Hz)

Figure 4.36 Ac conductivity as a function of frequency at different temperature for Ho
doped BFO, Lines are fits based on Eq. (4.2).

A long-range hopping of mobile charges will occur at high
temperatures and low frequencies, resulting in a Jonscher-type hopping
conduction. Depending on the variation of the conductivity with
frequency in general two regimes are found in the literature, for
frequencies f < f,, the ion hopping termed as “diffusive”, leading to a
frequency-independent conductivity oa. For f > f,, the frequency
dependent dispersion in the conductivity is observed due to the
inhomogeneous potential distribution. For RE doped BFO in the entire
measured temperature range of RT to 450 °C the conductivity increases
with T and also with increase in frequency. The frequency dependency

is described by Eq. (4.2) and the fits based on this equation are shown in



RE Doped BiFeOs |181

figure 4.36, with n value lying between 0.4 and 0.6 for the measured
temperature range depending on the system and concentration of RE
doping. The value of the conductivity exponent depends on the type of
conduction mechanism. In this study it is found that 7 lies between 0 <n

<1 indicating that the conduction to be of translational hopping motion.
4.9.7 Magnetic Properties

The detailed M-H measurements of Ho.Bii--FeOs (0.05 - 0.2) are
carried out at various temperatures up to a field of 9 T in order to
investigate the effect of Ho doping on the magnetic properties. Figure
4.37 (a) shows the M-H loop for x = 0.05 measured in the temperature
range of 2 K - 300 K. As expected, remarkable increase in M is observed
at RT for this sample compared to x = 0. With decrease in temperature,
the magnetization at 9 T field increases systematically from its value of
1.39 emu/g at RT to 5.62 emu/g at 2 K. It can be also seen from the figure
that there is a gradual increase in curvature of M-H loops with decrease
in temperature, tending towards saturation. However, even the M-H at
2 K is far from saturation for fields up to 9 T. In order to estimate the
magnetic parameters such as Hc, Mr and also observe the nature of M-H
loop clearly, the M-H loops measured at 2 K and 300 K are plotted in
tigure 4.37 (b and c). The inset shows the enlarged picture indicating the

finite coercivity observed at these temperatures. It can be noticed
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immediately that there is huge increase in Hc with increase in
Temperature (which is counter intuitive). But this behavior is also seen
in few other samples studied in this work such as the parent BFO, La
doped BFO for x = 0.4 and Gd doped BFO and also La, Gd co-doped

samples (will be discussed in chapter 5).
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Figure 4.37 (a) M-H loops of HBFO (x = 0.05) at different temperatures.
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Figure 4.37 (b, ¢) M-H loops of HBFO (x = 0.05) at (b) 2 K and (c) 300 K.
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Figure 4.38 Variation of Hc and M: with temperature for HBFO (x = 0.05).

The variation of He and M: are plotted in figure 4.38. At 2 K, Hc has a
value of 210 Oe and there is decrease with increase in T up to 10 K and
reaches a value of 46 Oe as expected for normal ferromagnetic materials
whereas with further increase in T, Hc increases almost linearly and
reaches a value of 1720 Oe at 300 K. Even though the increase in Hc is
seen for undoped BFO and La doped BFO for x = 0.4, the variation of Hc
in these samples is very small. But both in Gd doped samples and also
for this Ho doped sample with x = 0.05, there is a huge increase in Hc.
The increase in Hc with T is not completely understood at present. The
temperature variation of M: is similar to that of Hc where in M:
decreases initially from 2 K to 10 K and with further increase in T, M:

increases.



184 Chapter 4

The M-H loops for x = 0.1 are shown in figure 4. 39 (a) in the entire
measured temperature range of 2 K — 300 K. With increase in Ho content
the magnetization increases and has a value of 2.37 emu/g at RT. There
is a systematic increase in M with decrease in T and reaches a maximum
value of 10.91 emu/g at 2 K. The selected M-H loops at 2, 60 and 300 K
are shown in figure 4.39 (b, ¢, d). The shape of M-H changes quite
remarkably with change in temperature. At 2 K, M-H shows the
ferromagnetic loop with a Hc of 2020 Oe and with increase in T, the
shape turns towards antiferromagnetic loop with a narrow waist
thereby decreasing the Hc. The inset shows the enlarged view of the
hysteresis close to H = 0. The temperature dependence of the Hcand M:
are shown in figure 4.40. Hc decreases initially with decrease in T up to
30 K and shows a peak at 60 K (Hc ~ 620 Oe) beyond which decreases
with increase in temperature and reaches a value of 358 Oe at RT. The
temperature dependence of M-H loop shape and Hc can be understood
in terms of a model which will be discussed later. M: decreases sharply
up to 30 K and beyond which there is a small decrease with increase in

temperature.
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Figure 4.39 (a) M-H loops of HBFO (x = 0.1) at different temperatures.
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Figure 4.39 (b, ¢) M-H loops of HBFO (x = 0.1) at (b) 2 K and (c) 300 K.
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Figure 4.39 (d) M-H loops of HBFO (x = 0.1) at 60 K.
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The M-H loops measured at various temperatures in range of
2 K - 300 K for x = 0.15 are shown in figure 4. 41 (a). Similar to x = 0.1,
even in the case of x = 0.15, the magnetization increases with increase in
Ho content and has a value of 3.81 emu/g at RT for 9 T field. With
decrease in T, the magnetization increases systematically and reaches a
value of 14.4 emu/g at 2 K. The curvature of M-H is more pronounced in
comparison to x = 0.05 and 0.1 indicating the increase in the
ferromagnetic component. The M-H at 2 K still has a large high field
susceptibility indicating that the magnetization is far from saturation
even at a field of 9 T. The magnified M-H loops at a few selected
temperatures (2 K, 80 K and 300 K) are shown in figure 4.41 (b, ¢, d).
Similar to x = 0.1, in this case also the shape of the loops changes
dramatically with increase in T. At low temperatures the M-H exhibit
the ferromagnetic behavior but with increase in T, the curves exhibit the
so called double hysteresis loops with a pinching close to H = 0. The
variation of Hc and M:r with T are plotted in figure 4. 41. Hc has a
maximum value of 1380 Oe at 2 K and with increase in T, Hc decreases
and reaches ~ 400 Oe at 20 K (we do not have M-H at 30 K in this case)
but with further increase in T, Hc starts increasing and has a peak at 80
K with a value of ~ 1360 Oe which is close to the Hc at 2 K. The Hc
decreases with further increase in T and reaches a value of 63 Oe at RT.

The decrease in Hc above 80 K reflects the pronounced pinching
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observed above this temperature. The variation of Mr with T is shown in
figure 4.42. M decreases sharply from 2.4 emu/g at 2 K to 0.22 emu/g at
80 K and with further increase in T a slight increase is observed at 150 K
and finally decreases to a RT value of 0.24 emu/g. At 80 K, the Hc has a
peak whereas M: has a minimum value. M-T measurements at low fields
also show corresponding changes at this temperature, which can be

explained by a model which is discussed at the end of this section.
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Figure 4.41 (a) M-H loops of HBFO (x = 0.15) at different temperatures.
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Figure 4.41 (d) M-H loops of HBFO (x = 0.15) at 80 K.
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Figure 4.42 Variation of Hc and M: with temperature for HBFO (x = 0.15).

Finally, the M-H behavior for x = 0.2 where a structural transition
from R3C to Pnma occurs is discussed. The M-H loop measured at
different temperatures is shown in figure 4.43 (a, b, c and d). As the Ho
concentration increases, the value of M (9T) at 300 K increases to 5.67
emu/g and with decrease in T, high field magnetization, Mor increases
systematically and reaches a value of 17.9 emu/g at 2 K. The increase in
M as well as increase in curvature of M-H indicates the increase in
ferromagnetic component with increase in Ho content. But, even for x =
0.2, the M-H loops do not saturate even for 9 T field. Similar to the other
two compositions of x = 0.1 and 0.15, in this case also M-H loop changes
quite a bit with increase in temperature. The M-H loops exhibit a
beautiful ferromagnetic loop at 2 K but at high temperatures, the loop
exhibits pinching close to H = 0, giving rise to double hysteresis loop.

The variation of Hc and M: are plotted in figure 4.44. Both Hc and M:
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behave exactly similar to those observed for x = 0.15. In this case, Hc has
a maximum value ~ 1558 Oe at 2 K and decreases to 331 Oe at 2 K, with

a peak value of 1208 Oe at 80 K and finally decreasing to 463 Oe at RT.
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Figure 4.43 (a) M-H loops of HBFO (x = 0.2) at different temperatures.
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Figure 4.44 Variation of Hc and M: with temperature for HBFO (x = 0.2).
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The variation of Magnetization at 9T as a function of
Temperature is plotted in figure 4.45 for all the Ho concentrations (0.05 <

x £0.2) which shows an increase in M with Ho concentration.
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Figure 4.45 Temperature dependence of Magnetization measured at 9 T for HBFO.
4.9.7.1. Low temperature M-T studies

Magnetization as a function of temperature in both zero field
cooled (ZFC) and field cooled (FC) modes are measured for all the
samples at H = 500 Oe and 1 kOe. Figure 4. 46 (a) shows the M-T for x =
0.05. The Magnetization increases continuously with decrease in T for
both the fields and also ZFC and FC curves overlap throughout the
temperature range. Figure 4.46 (b) shows 1/y versus T and shows a

nonlinear behavior in the entire temperature range. The M-T data for x =
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0.1 measured at H = 500 Oe and 1 KOe in ZFC and FC modes is shown
in figure 4.47. The magnetization decreases from RT with decrease in
temperature up to 95 K (denoted as ©c) for 500 Oe field and up to 82 K
(Oc) for 1 kOe in both ZFC and FC indicating the antiferromagnetic
nature of the system. Beyond this temperature both FC and ZFC
increases sharply indicating the ferromagnetic nature. ZFC and FC start
bifurcating at T = 41 K for H = 500 Oe and the irreversibility increases
with decrease in temperature. The M-T for H = 1 kOe, below the
minimum in FC and ZFC is quite different in comparison to the 500 Oe
tield case. The ZFC and FC increases and reaches a peak at 16 K and 13
K respectively before decreasing with further decrease in temperature.
This complete M-T behavior can be explained in terms of two sublattice

model which will be explained in the next section.
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Figure 4.46 (a). M-T curves for HBFO (x = 0.05) sample at different fields and (b). 1/

versus T
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Figure 4.47 M-T curves for HBFO (x = 0.1) sample at different fields.

The overall behavior for M-T for x = 0.15 (figure 4.48) and 0.2
(figure 4.49) are very similar to x = 0.1 but there are certain differences.
In both these cases, the magnetization decreases from RT to ®c. The
value of Oc for H =500 Oe is 82 K and for H = 1 kOe it is 79 K, which is
the same for both x = 0.15 and 0.2. It can be noted that @c for both these
samples is smaller than that of x =0.10. As the temperature is decreased
further below Oc the magnetization increases and shows a bifurcation
between ZFC and FC at lower temperatures. Similar to x = 0.1, ZFC
shows a peak at 17 K for x =0.15 and at 15 K for x = 0.2 in the case of H =
500 Oe whereas the FC continues to increase albeit with a change in

slope.
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Figure 4.48 M-T curves for HBFO (x = 0.15) sample at different fields.
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Figure 4.49 M-T curves for HBFO (x = 0.2) sample at different fields.
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For H = 1 kOe field both the ZFC and FC increases with decrease in
temperature and the irreversibility in magnetization sets in at 30 K for x
= (0.15 and it shifts to a lower temperature of 23 K for x = 0.2. The
temperature and field dependence of magnetization and the significance
and shift of ®c with respect to Ho concentration and applied field will

be discussed in the next section.

4.9.7.2. ac susceptibility studies

To investigate the dynamics of temperature dependence of
magnetization in Ho doped samples, the ac susceptibility measurements
are carried out in zero dc field with an ac amplitude of 10 Oe at various
frequencies. The representative figure of frequency and temperature
dependence of ac susceptibility measurements carried out on x = 0.15 is
shown in figure 4.50. The ac susceptibility data mimics the low field dc
magnetization data carried out on the same sample where the ac
susceptibility decreases with decrease in temperature up to ®c ~ 75 K
and beyond which there is an increase and reaches a peak close to 30 K.
With further decrease in temperature, ac susceptibility decreases with a
minimum at 15 K beyond which a sharp rise in susceptibility is seen.
Important point to know from this measurement is the fact that there is
absolutely no frequency dependence in any of the features observed in

magnetization including that of Oc.
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Figure 4.50 ac susceptibility as a function of Temperature at hac = 10 Oe for HBFO (x =

0.15) sample.
4.9.7.3. High temperature M-T studies

In order to investigate the magnetic transition and also to study
the composition dependence on the Neel temperature (Tn), temperature
dependence of magnetization is measured between RT and 850 K using
high temperature oven option of the PPMS. All the samples show a
magnetic transition from AFM to PM which is shown in figure 4.51 and
composition dependence of T is given in table 4.9. It can be seen that
the Tn decreases with increase in x up to 0.15 and beyond which Tn
increases for x = 0.2. This is presumably due to the change in crystal

structure from R3c to Pnma. The inverse susceptibility versus
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temperature is non-linear even above the Tn indicating the presence of

short range magnetic correlations up to a very high temperature.
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Figure 4.51 Field cooled M-T curves for HBFO samples at 500 Oe.

Table 4.9 Variation of Tn with Ho content.

Composition Tn (K)
x=0 651
x=0.05 641
x=0.1 605
x=0.15 596

x=0.2 617
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410. A simple model to explain the temperature, field and
concentration dependence of magnetization in Ho doped BFO

system.

The magnetization of the rare earth substituted BFO can be
understood in terms of two sublattices with an antiferromagnetic
coupling between them. The two sublattices primarily consistes of a
rare-earth (RE) ferromagnetic sublattice and a canted antiferromagnetic
Fe sublattice (which again can be considered as a combination of two
FM sublattices). Typically at low temperatures the rare-earth
magnetization dominates whereas at high temperatures, the canted
antiferromagnetic Fe sublattice magnetization is largest. At some
intermediate temperatures the two sublattice magnetizations are equal
and opposite resulting in zero net magnetization and the temperature at
which it occurs are know in general as a compensation temperature Gc.
The overall magnetization at any temperature is the vector sum of the
individual sublattice magnetizations. The temperature dependence of
each subalttice magnetization is very complex and essentially decided
by the temperature dependece of effective anisotropy seen by the

sublattice.

If we consider the present results, for undoped and low

concentration (x = 0.05), the M-H curves and the M-T curves are very



RE Doped BiFeOs |201

similar and that is decided by mainly the temperature dependece of
canted antiferromagnetic sublattice magnetization. With the increase in
Ho concentration, due to the effect of RE ferromagnetic sublattice, the
complexity increases and the M-H loops at RT and up to almost close to
Oc show a complicated double hysteresis loops with pinching close to
H = 0, where the magnetization is determined by both the canted AFM
Fe  sublattice and ferromagnetic RE  sublattice  coupled
antiferromagnetically. But below ©c, the magnetization is mainly
decided by the ferromagnetic Ho sublattice and weakly ferromagnetic
Fe subalattice there by increasing the Hc and sharp increase in
magnetization. The M-H loops in this temperatue region essentially

show the ferromagnetic character of the system.

The temperature dependence of Hc can also be very well
explained using the above model. For x = 0.05, Hc increases with
increase in T, similar to the undoped sample. The increase in Hc with
temperature is seen in 40% La doped sample and also in all the Gd
doped samples. So this increase may not be due to the RE sublattice but
mostly due to the complicated temperature dependence of the
anisotropy. But for x = 0.1, 0.15 and 0.2, Hc decreases initially from RT
indicating the AFM nature of the Fe sublattice and close to ©Oc the
coercivity tends increases since there is no net magnetization to be acted

upon by a magnetic field as He = 2K/Ms. The decrease in remanent
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magnetization close to ®c can also be seen from the expanded view of
M-H loops and temperature dependence of remanent magnetization.
Just below @c, there is an increase in Hc due to the increase in
magnetization. As the temperature is decreased further, at low
temperatures, the ferromagnetic component of magnetization from the
RE sublattics dominates and a weak ferromagnetism is induced in the Fe
sublattice. The total magnetization as well as the total anisotropy of the

system will increase resulting in an increase in the He.

The concentration and field dependence of ®c can be explained
using this model. The decrease in ®c with concentration and also the
tield is due to the increase in FM component of RE sublattice

magnetization.

This two sublattice model can also explain the magnetic properties of
Gd doped BFO system, wherein a minimum in magnetization (M-T
curve) is seen for x = 0.1 and 0.2. This model can also be extended to
explain the magnetic properties of La and Gd co-doping system which is

the topic of the next chapter.
411. SUMMARY
In summary, we have successfully synthesized La:Bii--FeOs (x =

0.0 - 0.4) ceramics using solid state reaction method. The phase relations

of these samples were investigated by XRD. The compositional
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dependence of the lattice parameters, unit-cell volumes of the samples
were obtained. Rietveld refinement shows a continuous structural
evolution of orthorhombic Pbnm phase as the La doping increases. The
quantitative estimates of the R3c and Pbnm phases as a function of x are
reported. Dielectric constant is enhanced with the lanthanum doping.
M-T curve shows an anomaly at 50 K, a spin transition temperature of
these samples. M-H loops show a huge coercivity which may be due to
the high anisotropy in LBFO samples. The enhancement in both
dielectric and magnetic properties is attributed due to the structural
changes caused by the lanthanum doping. The Néel temperature (Tn) of
the BFO increases with La doping.

Gd:Bii-FeOs (x = 0 - 0.35) ceramic samples were successfully
synthesized through solid-state reaction method. XRD and Raman
measurements reveal a structural phase transition with x. The
rhombohedral phase with R3c symmetry of BFO sustains up to the
doping level of x = 0.05, and then it exhibits a mixed structure (R3c+
Pn21a) up to 0.1 < x < 0.15. The structure transforms to Pn21a for x = 0.2
and beyond that the structure transforms to orthorhombic Pnma.
Dielectric constant increases to three folds with Gd doping. Great
enhancement in the remnant magnetization (Mr) and Hc values over the
undoped system is observed in Gd doped samples and is due to the

destruction of spin cycloid structure and the interactions between Gd3*
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and Fe*. The effect of increase in & and M on the magneto-electric
effects needs to be investigated in these samples.

We have also successfully synthesized BiixHo:FeOs (x = 0 - 0.2)
ceramic samples through solid-state reaction method. XRD and Raman
measurements reveal a structural phase transition for x = 0.2. The
rhombohedral phase with R3c symmetry of BFO sustains up to the
doping level of x < 0.15 and beyond that the structure changes to
orthorhombic Pnma. Dielectric constant increases twice with Ho doping
content x = 0.05. Great enhancement in the remnant magnetization (M)
and Hc values over the undoped system is observed in Ho doped
samples and is due to the destruction of spin cycloid and the new

interaction between Ho®* and Fe?*.
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multiferroic properties of BiFeOs
Chapter

Abstract:—

The single site doping of BiFeOs; (BFO) by La at A-site is effective in
stabilizing the perovskite R3c phase, reducing dielectric loss and improving the Hc.
Similarly, doping with Gd results in the observation of high magnetization along with
the improvement in dielectric constant of BFO. Hence, improvement in the electric and
magnetic order parameters can be achieved by co-doping of these two ions at A-site of
ABO:; type perovskite BFO. Hence, the ceramics of La,Gd,BigsFeOs (LGBFO) for (x, y)
= (0.05, 0.15); (0.1, 0.1); (0.15, 0.05) are prepared through solid state reaction method.
XRD show that as La content increases, the impurity phases reduce and stabilizes the
phase of BFO. Whereas, Gd doping is not effective for phase stabilization. There is no
structural phase transition observed within the compositional range of doping. The
morphology shows that the density of the samples increases monotonically and reaches
about 92 % for the x = 0.15 sample. The Raman modes show significant changes in the
mode frequencies confirming the changes in Bi-O and Fe-O bonds due to substitution at
Bi*". A maximum value in dielectric constant is achieved with low dielectric loss for a
particular composition of x, y = 0.1. M-H loops at 9 T show the presence of
ferromagnetic and antiferromagnetic (AFM) contribution. M; and Mor increases with Gd
content but Hc increases with La. A minimum in the M-T curve is observed in the 100
Oe field, around 290 K, which is caused due to the two sub lattice interactions.

. .
---------
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5.1. Introduction

There are many reports on the single site doping (doping either at
A-site or B-site) in BiFeOs (BFO) [1-3] in which the improvement in the
electric and magnetic properties is achieved effectively subject to the
type of element and doping site. The control over both the order
parameters can also be achieved by co-doping method. In this context,
recently, A and B sites co-doped BFO such as Bi** ions by La* or Nd*
and Fe* ions by Mn*, V*, Ti* have paid a growing interest as they seem
to improve the electric and magnetic properties, simultaneously [4, 5].
So far, there have been reports on the co-doping simultaneously at A
and B sites of BFO, focusing on the phase stabilization, leakage current
and improvement in magnetic properties. In such co-doping, the electric
properties are governed by the A-site element whereas the B-site
element is responsible for the improvement in the magnetic properties.
But, dilution of Fe with any other transition metal leads to reduction of
d electrons, which are responsible for exhibiting the magnetization. But,
A-site co-doping by some ions with similar ionic radius can induce more
decrease in the Fe-O-Fe bond angle accompanying the structural
changes leading to improved multiferroicity at room temperature. In
this respect, there are few reports on the A-site co-doping such as La%*
and V*, enhance the dielectric and ferroelectric properties of BFO

ceramic [5]. Singh et al [6] and Cheng et al [7] reported that both the BFO
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films co-doped with La and Ni*, and with La* and Nb*, respectively,
had reduced leakage current and improved ferroelectric properties.
However, there are very few reports on the improvement of the both
electrical and magnetic properties of the A-site co-doped BFO. In the
literature, it is well established that the substitution of La in Bi is
effective in stabilizing the perovskite phase [8], reducing leakage current
[9] and enhancing the magnetic properties of BFO [10]. On the other
hand, Gd, a rare earth magnetic element is very effective to increase the
magnetization along with electrical properties compared to other rare
earth elements when doped at A-site of BFO [11, 12]. Therefore, it is
interesting to investigate the effect of A-site co-doping with La and Gd
on the electrical and magnetic properties of the BFO material in order to
combine the advantages of La and Gd dopings. Hence, in this chapter, a
systematic study on the effect of La and Gd co-doping in BFO is carried
out. Here La* and Gd* partially substitute for Bi** at the A-site of BFO
such that the stoichiometry of A-site doping (Lat+Gd) is always
maintained at 20% thereby the stoichiometry of Bi is fixed at 80%. The
role of each dopant on the structure, electric and magnetic properties is

discussed in detail.
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5.2. Experimental details

The ceramics of La:Gd,BiosFeOs (LGBFO) for (x, y) = (0.05, 0.15);
(0.1, 0.1); (0.15, 0.05) were prepared by the conventional solid state
reaction method by taking the stoichiometric ratios of Bi:Os, La20s,
Gd20s and FexOs powders as precursors. All the characterization
techniques mentioned in the experimental section (chapter 2) are used to
characterize the material to study their properties.
5.3.  Results and discussion
5.3.1. Structural Analysis

The obtained XRD pattern of LGBFO for x = 0.05, 0.1 and 0.15
samples are shown in figure 5.1. The secondary phases, which are
present in undoped BFO (not shown in the figure) exists in all the XRD
patterns shown in the figure 5.1. However, a careful observation of the
XRD spectra reveals that with increase in La doping, the percentage of
this impurity phase gets suppressed that means La stabilizes the single
phase BFO. This is also observed in our previous studies on La doped
BFO samples as discussed in chapters 3(b) and 4(a). Whereas, Gd
doping is not effective for phase stabilization as the impurity peaks still
exists with Gd doping. To further investigate the influence of La*, Gd*
doping on the structure of LGBFO, magnified XRD pattern near 32" is
shown in the inset of figure 5.1. It can be clearly seen that with

increasing x, the split reflections (1 0 4) and (1 1 0) shifted to a higher
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diffraction angle. This indicate a gradually decreased lattice distance of
these planes caused by the crystal distortion of the samples due to
varying doping concentrations and different ion radii between La%(1.22

A) and Gd*(1.05 A ) compared with Bi*(1.14 A).
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Figure 5.1 XRD of LaxGdyBii«yFeOs (x = 0.05, 0.1, and 0.15) ceramics. Inset shows the

magnified view of the diffraction peaks at 32°

Detailed Rietveld refinement of these XRD data depicted in figure
5.2 reveal that these systems belong to rhombohedral structure with R3¢
space group and structural parameters thus obtained are tabulated in
table 5.1. In comparison to the pure sample, the refined lattice
parameters, a = b # ¢ and the corresponding cell volume (V) and also
bond angle Fe-O-Fe (°) found to decrease systematically as x increases,

indicating the distortion in the crystal lattice. In our previous work
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(chapter 4), A-site doping of La results a mixed structure of (R3c+Pbnm)
for the concentrations 5 % - 40 %, whereas a structural transition to
(R3c+ Pn21a) is observed for 15% Gd doping concentration. But in the
present study, no such structural transition to either Pbnm or Pn21a is
observed over all the doping range. This is because La with higher ionic

radius and Gd with lesser ionic radius than Bi occupy the same Bi-site

and presumably maintain the structure in R3c phase.

Table 5.1. Refined structural parameters for LaxGd,BiosFeOs samples.

. . . . Fe-Ox-  Bi-O:2
Composition a(A) b(A) c(A) V(A3) .
Fe(®) (A)
BFO 5.620(7)  5.620(7)  13.692(4) 374.62(5) 153.42  2.889
x=0.05, 5.5829(5) 5.5829(5) 13.825(9) 373.20(8) 153.04  2.858
x=0.1, 5.4634(8) 5.4634(8) 13.641(7) 352.64(3) 152.49  2.813
x=0.15, 5.3860(3) 5.3860(3) 13.406(6) 336.81(9) 152.14 2.794
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Figure 5.2. Rietveld refinement of the XRD data for LGBFO samples. Observed (red
lines), calculated (blue line), and difference (bottom line) profiles are shown. The Bragg

reflections are marked by vertical bars corresponds to R3c phase.
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5.3.2. Surface morphology

In order to find the grain size distribution in these samples, the
morphology of LGBFO has been studied. The typical FE-SEM images of
the samples at different La (x), Gd (y) compositions are shown in figure
5.3. It can be found that the grain size becomes larger as the La doping
concentration increases and the distribution of the grain size is
inhomogeneous. The estimated average grain size is about ~ 1 um, 1.2
um, and 1.4 um for the samples with compositions x = 0.05, 0.1 and 0.15,
respectively. The FE-SEM image also show that some porosity exists
among the loosely connected grains especially for the low
concentrations of the La doped samples. With the increase in the grain
size, the density of the samples increases monotonically and reaches

about 92% for the x =0.15 sample.

The energy dispersive x-ray (EDS) analysis carried out show
observable signals for O, Bi, and Fe elements while weak signals for La
and Gd confirming the chemical homogeneity of the samples. The
composition of the La and Gd varies in accordance with the doping
level. The EDS spectra of the sample with x = 0.15 has the estimated ratio
between La, Gd, Bi and Fe at different places is approximately 0.13: 0.06:

0.9: 1, revealing the compositional homogeneity of the sample.
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Figure 5.3 FE- SEM Images of La:Gd,Bii-+yFeOs samples.

5.3.3. Raman Spectroscopy studies

In order to understand the effect of co-doping on the lattice
dynamics, the vibrational modes of the samples under present study are
recorded by Raman spectroscopy at room temperature. The variation in
the Raman modes with respect to La and Gd content level will provide
the information about the structural changes. The Raman modes of
LGBFO with different doping concentrations are plotted in figure 5.4(a).
The decrease of low frequency A1 mode intensities (136, 169, 215 and 438

cm™) of the LGBFO confirms La® and Gd?** substitution at the Bi** site.
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Figure 5.4 (a) Raman spectra of LaxGdyBiosFeOs samples.

Raman mode frequencies as a function of La content are plotted
in figure 5.4 (b). From the figure, it is clear that some of the modes
related to parent compound disappear with doping and a new mode at
90 cm is observed in all the co-doped samples. The shift in the modes
below 200 cm™ is due to the decrease in Bi-O bond length (table 5.1) with
an increase in x. The disappearing of the low frequency modes indicate
that some of Bi - O bonds are missing due to the introduction of La and
Gd. In our previous studies on Gd doped BFO, a peak (Ag) with high

scattering intensity at 300 cm™ is observed, which correspond to GdFeOs
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orthorhombic phase [13]. But this peak is absent in the present case even
for the highest Gd doping (y = 0.15) suggesting the absence of a

structural phase transition to orthorhombic phase in co-doped samples.
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Figure 5.4(b) Raman mode frequency verses La concentration of LaxGdyBiosFeOs (x =0,
0.05, 0.1 and 0.15) samples.

5.3.4. Dielectric properties

Figure 5.5 shows the measured dielectric constant and dielectric
loss at room temperature for a frequency range of 20 Hz- 2 MHz. It is
observed that the dielectric constant of the bismuth ferrite is greatly
improved with a decrease in the dielectric loss due to co-doping. The
value of the dielectric constant for pure BFO at 1 MHz is found to be 60,
which increases to a maximum value of 135 for a particular composition

of x, y = 0.1. For this composition, dielectric loss also reduces but the
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lowest loss is found for the highest doping concentration of La (x = 0.15,
y = 0.05). The improvement in the dielectric constant is due to crystal
distortion brought about by co-doping which favors the polarization.
Also, the substitution of Gd* can compensate for the oxygen vacancies if
any, since the bond dissociation energy of the Gd-O bond (71946 kJ/mol)
is stronger than that of the Bi-O bond (337+12 kJ/mol) [14, 15].

200 -
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Figure 5.5. Dielectric constant vs. frequency of LaxGdyBiosFeOs (x = 0, 0.05, 0.1 and 0.15)
samples at 300 K. Right panel shows dielectric loss verses frequency for different

doping levels.

5.3.5. Magnetic properties

The M-H hysteresis loops of the LGBFO samples at different
temperatures are shown in figures 5.6, 5.8 and 5.10. It is clear that a non-
zero remnant magnetization (M) and coercive field (Hc) are observed

for all samples. The magnetization curve at 2 K for x = 0.05 tends to
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saturate (figure 5.6(b)) whereas all the other M-H loops do not saturate
even with the field as high as 9 T showing the long range
antiferromagnetic (AFM) correlations present in these samples.
Magnetic parameters obtained from the M (H) loops with the LGBFO
samples are summarized in table 5.2. Compared to the undoped BFO
sample, the co-doping of La* and Gd* ions in BFO greatly improves the

magnetization.

Table 5.2. Derived magnetic parameters of La:Gd,BiosFeOs samples at different

temperatures.
Sample 2K 300 K
Mat9T Hc M, M at 9T Hc M,
(emu/g)  (T)  (emu/g) (emu/g)  (T)  (emu/g)
x=0.0 0.41 0.0005 0.0006 0.40 0.0003 0.0005
x=0.05 12.43 0.08 0.51 1.68 0.88 0.19
x=0.1 10.09 0.082 0.43 1.47 0.91 0.17
x=0.15 6.90 0.112  0.35 1.33 1 0.18

A closer look at the M-H loops measured at 2 K and 300 K show
that the loops have a clear opening with a good coercivity even at 300 K.
The temperature dependence of Hc and M: for x = 0.05, 0.1 and 0.15 are
shown in figures 5.7, 5.9 and 5.11 respectively. The Hc increases with an
increase in temperature for all the samples, whereas a sharp drop in M:

is seen for all samples at low temperatures.
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The doping of La and Gd independently in BiFeOs known to
effectively modify its space modulated spin structure and liberate the
magnetization locked within the cycloid resulting in a remarkable
enhancement in Hc and M: [16, 17]. In these co-doped samples, the
dilution of the spin cycloidicity and the decrease in the bond lengths (Bi-
O), bond angle (Fe—O-Fe) is a result of distortion created by the La* and
Gd3 co-doping. This may also be a possible reason for the enhancement
in magnetization as these changes in oxide systems generally influence
the magnetic properties, having indirect exchange interactions [18-20].
Moreover, Gd doping brings additional magnetic interactions into the
system. Hence, as the concentration of Gd (y) increases, a noticeable and
systematic increase is observed in the remnant magnetization (Mr) and
high field magnetization (Mor) exhibiting the maximum values for the
highest Gd doping composition of y = 0.15 in the entire temperature
region. In contrast, the value of Hc follows an opposite trend as it
decreases systematically with Gd content (i.e. x increases) and possesses
a maximum Hc of 1 T for x = 0.15. This is due to the high coercivity
exhibited by the La doped BFO compared to Gd doped BFO. That
means La controls the Hc while Gd is responsible for the enhancement
in M: and Mor. However, more thorough studies are needed to
differentiate between each element contribution. The M versus H curves

tends to approach the saturation at 2 K and show a high field
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susceptibility at 300 K, and the magnetization curves do not show any
tendency to saturate even at 9 T, which is due to the uncompensated
antiferromagnetic nature persisting in the samples. But interestingly the
Hc value increases as the temperature of the sample increases for all the
compositions. Thus, it is evident that at room temperature these
compounds have noticeable ferromagnetic contribution along with
usual AFM. Thus, the coexistence of two magnetic phases such as
ferromagnetism and anti-ferromagnetism results in the appearance of

the unsaturated hysteresis loops with high coercivity.
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Figure 5.6 (a) M-H loops of La:GdyBiosFeOs for x = 0.05 at different temperatures.
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Figure 5.6 (b, c) M-H loops of LaxGdyBiosFeOs for x = 0.05 at (b). 2 K and (c). 300 K.
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Figure 5.7 Temperature dependence Hc and M: of LaxGd,BiosFeOs for x = 0.05.



Effect of co-doping..... 1225

9F
[ Lag 1Gdg 1Big gFeO3
6F
Y
SR A=
£ 0} T
o |
3l — 2K --- 100K
= i 10K 200 K
Y L BRI 300 K
i ——60K 399 K
-9 -‘ ) [ ] 2 [ ] 5 1 3 1 2 5 [ 2 [ [} ) 1 2
-10 -8 6 4 -2 0 2 4 6 8 10

H (T)
Figure 5.8 (a) M-H loops of LaxGdyBiosFeO:s for x = 0.1 at different temperatures.
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Figure 5.8 (b, c) M-H loops of LaxGdyBiosFeOs for x = 0.1 at (b) 2 K and (c) 300 K.
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Figure 5.9 Temperature dependence Hc and M: of LaxGd,BiosFeOs for x = 0.1.

rLag.15Gdg,05Bip.gFeO3
5t
—
3 (a)
0
0
A
s —2K
I —10K — 200K
5 —25K — 300K
~r 60 K 399 K
L 1 1 1 A 1

108 6 4 2 0 2 4 6 8 10
H (T)

Figure 5.10 (a) M-H loops of La:Gd,BiosFeOs for x = 0.15 at different temperatures.
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Figure 5.10 (b, ¢) M-H loops of LaxGdyBiosFeOs for x = 0.15 at (b).2 K and (c).300 K.
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Figure 5.11 Temperature dependence Hc and M: of LaxGd,BiosFeOs for x = 0.1.

The ZFC and FC measurements are carried out in two different
field ranges namely 100 Oe and 1000 Oe (figure 5.12, 5.13 and 5.14) in
the temperature range of 5 K - 300 K. From the graph, it is clear that the

magnetization increases as temperature decreases due to ordering of
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moments at low temperature and a sudden rise in the magnetization is
seen below 50 K for all the samples due to the ordering of magnetic
moment of Gd3*. Similar results are observed in the recent studies on Gd
doped samples [21]. In conformity to M-H data, the M-T curve shows
the increase in the magnetization with Gd content. The value of the
magnetization increases from 0.015 emu/g for x = 0 to 0.34 emu/g for a
small amount of Gd doping, x = 0.05, and it reaches a maximum of 0.70
emu/g for x = 0.15 at 3 K for the applied external field of 1000 Oe. This
enhancement in the magnetization can be attributed to the change in Fe
— O - Fe bond angle due to the crystal distortion. Our refinement results
show a decrease in the bond angle and bond lengths with x (table 5.1)
indicating the distortion in the crystal. From the figures 5.12 and 5.13,
the magnetization value increases with the field and a minimum in the
M-T curve is observed in the 100 Oe fields, which is completely
suppressed by the applied field value 1000 Oe. However, this observed
minimum is not present for the sample, this minimum in M-T around
290 K may be due to the two sub lattice interactions. Here, La and Gd
form a sublattice in which the interaction between the spins is mainly
ferromagnetic and Fe makes the second sublattice consisting of canted
antiferromagnetic interaction with in the sublattices. These two
sublattices interact antiferromagnetically. At low temperatures the field

holds the anti-parallel alignment of the spins and moment seems to
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decrease up to certain temperature but as the temperature increases, the

AFM alignment disrupts due to thermal agitation and there by spins try

to align parallel results in the increase in the moment at high

temperatures. The increase in coercivity with increase in temperature

may be due to the presence of complex temperature dependence of

anisotropy and sublattice magnetizations in these systems.
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Figure 5.12 Temperature dependent magnetization curves (M-T) from 2 K to 400 K of

Lao.osGdo.15Bio.sFeQOs.
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5.4. Summary

In summary, we have successfully synthesized La:GdyBiosFeOs
(LGBFO) for (x, y) = (0.05, 0.15); (0.1, 0.1); (0.15, 0.05) ceramic samples
through solid state reaction method. The multiferroic properties of
LGBFO samples improve greatly with La-Gd co-doping retaining the
crystal structure of the parent compound. The enhancement in the
dielectric constant with a reduction in the loss is achieved for an optimal
concentration of co-doping. Improvement in the magnetization along

with coercivity is achieved in these systems.
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\_ Chapter

6.1. Summary
6.1.1. Preparation of pure and La doped BiFeOs: effect of synthesis

route

Bismuth ferrite is prepared through solid state and sol gel reactions.
Solid-state reaction method does not form pure compound, but sol-gel
method helps in removing the secondary phases for the optimal
preparation conditions. The density of the samples is more for SG
processed samples with a smaller grain size. A huge improvement in the
dielectric constant at low frequencies is noticed for the SG prepared
compounds due to Maxwell-Wagner contribution. The comparisons of

various parameters are given in table 6.1.

Table 6.1 Magnetic and dielectric parameters of BFO prepared through SS and SG.

Solid state Sol-gel
5K 300 K 5K 300 K
M: (emu/g) 5.9x10° 5.3 x10° 0.01 0.01
Hc (Oe) 6.8 8.8 52 63
M7t (emu/g) 0.40 0.40 0.57 0.53

erat 10 kHz - 60 - 150
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Further, the effect of synthesis route on the Lanthanum doped BFO
samples is studied in the compositional range x = 0 - 0.4. The SS
processed samples exhibit a mixed structure of R3c+Pbnm for all
compositional range whereas SG prepared samples show a complete
structural change to Pbnm for x > 0.2. The smaller particle size ~0.4 um of
SG prepared samples results in the high densification and the dielectric
constant increases. The comparison of various parameters for LBFO

samples prepared through SS and SG are given in table 6.2.

Table 6.2 Magnetic and dielectric parameters of LBFO prepared through SS and SG.

La Solid state Sol gel
content 300 K 300 K
Hc M; 1 kHz Hc M; 1 kHz
(kOe) (emu/g) (kOe) (emu/g)
x=0.0 032 5x104 53.23 0.853 5.4x10™ 538.89
x=0.05 12.1 0.13 127.91 5.91 0.076 12,696
x=02 139 0.24 143.72 10.23 0.259 2520
x=04 148 0.21 145.01 19.46 0.274 2187

6.1.2. Effect of Rare earth element (La, Gd and Ho) on the properties of
BiFeOs.

The effect of Rare earth element substitution on the structure,

magnetic order and electric properties of the BiFeOsis investigated.
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RE:Bii«FeOs (RE = La, Gd and Ho) ceramics were synthesized
successfully using high energy ball milled solid state route. Rietveld
refinement shows a continuous structural evolution from rhombohedral
R3c to orthorhombic Pbnm/Pnma phase as the RE doping increases.

The observed structural changes with different doping elements
are tabulated below with respect to the concentrations (table 6.3). The
variation in the structural changes is caused by the difference in the

nature of dopant atom and its ionic radius.

Table 6.3 Structural changes of BFO with RE doping.

Dopant Element | Composition (x) | Structure
La 0.05< x< 04 | R3ctPbnm
0.1<x<0.15 | R3c+Pn2la
Gd 0.2 Pn2la
0.2<x<0.35 Pnma
0.0<x<0.15 R3c
Ho x>0.2 Pnma

Dielectric constant (&) is enhanced with the RE doping as the
distortion occurred in the FeOs cage. All the RE dopants show an

enhancement in the & with along with the increase in dielectric loss
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except lanthanum. La results in the observation of reduction in the
dielectric loss with an increase in &. Polarization hysteresis loops show
that La doping results BFO into a hard ferroelectric and a significant
improvement in the values of Pris observed with all RE doping elements

studied in this work.

M-H loops show a remarkable improvement in the Hc and M: of
BFO. With RE element substitution the antiferromagnetic (AFM) nature
of BFO turns to ferromagnetic (FM). For La doped samples, a huge
coercivity of the order of 1 Tesla is observed. Whereas great
enhancement in the remnant magnetization (M:) is observed in Gd
doped samples. The high magnetization values are observed with the
holmium doping. The improved magnetic properties are due to the
destruction of spin cycloid structure and the interactions between Gd¥,
Ho* and Fe*. The Néel temperature (Tn) of the BFO increases with La

doping, where as it is reduced with Gd and Ho content.
6.1.3. Effect of co-doping

La and Gd co-doping in the A-site of BFO showed improved
properties. Enhancement in the & with low dielectric loss is obtained for
10 % doping level. The improvement in Hc along with Mr is achieved

with co-doping.
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6.2. Future scope

Bismuth ferrite is also a promising material for use as an optical
tilter, and as a part of communication devices, hence the study of
its optical properties is highly anticipated.

Micro magnetic modeling or numerical technique is required for
finite analysis for the observed magnetic properties.

Analyzing the magnetic properties using numerical techniques
such as finite elemental analysis using the two sublattice model to
quantify the sublattice magnetization and anisotropy.

Need to understand the high dielectric constant in sol-gel
prepared samples. What contribute to the observation of such a
huge dielectric constant with high loss.

Study of thin films of RE doped BFO using different substrates
with mismatched lattice parameters with respect to BFO in order
to induce epitaxial strain effects.

Anisotropy measurements need to be carried out to understand
the observed increase in Hc with temperature.

The high temperature studies are required very much, especially
structural transitions and its effect on electric and magnetic

properties at high temperatures.
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