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Abstract
Two batches of polycrystalline materials; Bi1-xBaxFeO3 and Ba1-2xBi2xFe1-xNbxO3
have been synthesized by solid state reaction method. The structural studies have been
carried out by employing high resolution synchrotron X-Ray Diffraction (XRD), scanning
electron microscopy (SEM) and Mössbauer spectroscopy. The dielectric properties are
investigated by employing impedance spectroscopy. The DC electrical transport
properties have been investigated by considering different conduction mechanisms. The
magnetic properties have also been investigated at room temperature.
The XRD data of the two batches have indicated a structural transition from
rhombohedral to pseudo cubic symmetry at about 15% Ba substitution. The impurity
phases are suppressed in the cation doped samples. The leakage current density in the Ba
doped samples is reduced up to about four orders of magnitudes; however, the cosubstitution with Ba2+ and Nb5+ in the compensated ratio has greatly reduced the leakage
current up to about six order of magnitudes as compared to the undoped BiFeO3. The
oxygen vacancies are found to have the dominant role in the leakage current. The
overlapping large polaron tunneling (OLPT) and correlated barrier hopping (CBH) are
the governing models for lightly doped samples in low temperature region and heavily
doped samples at high temperatures, respectively. Although Nb doping is useful for the
enhancement of the electrical resistivity; yet it significantly degrades the ferromagnetism
appearing in the vicinity of Ba doping.
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Chapter 1.

Introduction to Multiferroicity and its
Inherence in BiFeO3

1

1.1. Multiferroics
In the modern age ferroic properties of the materials play an important role in the
field of scientific and technological applications [1-2]. These ferroic properties include
the ferroelectricity, ferroelasticity and ferromagnetism. Although, these properties
individually have potential applications, but coupling of two or more of these ferroic
properties in a single phase material introduces a new class of materials called
multiferroics, which have attracted much attention of the modern researchers due to their
fascinating

functional

properties

and

potential

applications

in

the

field

of

microelectronics, spintronics, memory devises, actuators and sensors [3-7]. The rare earth
manganites RMn2O5 (R = Tb, Dy, Ho, Er, Yb, Tm) [8-13] show multiferroicity
exhibiting induced polarization in some particular directions under the applied magnetic
field. These materials show antiferromagnetic ordering below the Néel temperature (TN)
of about 47K [8]. Similarly, hexagonal manganites RMnO3 (R = Y, Lu, Sc, In, Ho, Er,
Tm, Yb) [14-16] exhibit multiferroic behavior in the temperature range of 70-130K.
These hexagonal manganites have a non-centrosymmetric structure with space group
P63cm, which is responsible for the ferroelectric ordering in these materials [14]. Vergara
et al. [17] have investigated the magnetoelastic coupling in the multiferroic Ni3V2O8 and
analyzed the local distortions in ferroelectric phase. In 2006, Taniguchi et al. [18]
demonstrated flopping of spontaneous polarization from b direction to a direction in
polycrystalline MnWO4 under the application of a strong magnetic field. Kimura et al.
[19]

investigated the magnetoelectric and magnetoelastic behavior of multiferroic

CuFeO2 in which noncollinear spin structure has a major role in inducing electric
polarization. Park et al. [20] discovered ferroelectricity in a spiral spin state of LiCu2O2
and found that electric polarization was flopped from c direction to a on the application
of magnetic field along b direction. In 2008, Kimura et al. [21] discovered multiferroicity
in Cupric oxide CuO which has a high ferroelectric Curie temperature TC ~ 230K. All of
the materials described above have their ferroic ordering temperatures well below room
temperature. However, BiFeO3 has attracted much attention of the material researchers
due to the presence of ferroelectric and antiferromagnetic ordering at room temperature
[22]. A brief introduction of the basic ferroic properties is given in the proceeding
sections.
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1.1.1. Ferroelectricity
Some materials sustain spontaneous electric polarization even in the absence of
electric field, these are ferroelectric materials and this property is ferroelectricity. The
direction of spontaneous electric polarization can be reversed by employing electric field.
This electric polarization introduces an electric field in the crystal, which can be stored as
electric potential energy in these materials. Valasek [23] was the who discovered the
phenomenon of ferroelectricity in Rochelle salt in 1921. About three decades later, the
most common ferroelectric material Barium titanate (BaTiO3) was discovered by Hippel
[24]. Generally ABO3 type perovskite (see section 1.3) ferroelectrics have large rare earth
cation at A sites and a relatively small transition metal (TM) cation at B sites, which is
octahedrally coordinated by six oxygen ions [25]. The TM cations having 3d0
configuration play major role in introducing the ferroelectricity in these materials. Above
Curie temperature, the perovskites are in unpolarized cubic phase with larger A cations
lying at the corners, small TM ‘B’ cations at the body centered position and the oxygen
anions occupy the face centered position in a unit cell. This unpolarized cubic phase is
stable at high temperatures because the effect of short range repulsive forces among the
electrons of the neighboring ions is dominant. However, at low temperatures the
hybridization among the 3d orbitals of TM cations and 2p orbitals of the surrounding
oxygen anions is dominant which results in the deformation of octahedron and shifting
the small TM cation in the off-center position, this generate local dipole moments which
are then aligned to give rise the ferroelectricity at macroscopic level [26]. BaTiO3 and
PbTiO3 are fundamental perovskite type ferroelectric materials in which Ti‒3d and O‒2p
orbitals are hybridized which results in the non centrosymmetric distortion of the unit cell
and hence emerging of ferroelectricity [27]. However, in most of the perovskite oxide
ferroelectircs the B-site transition metal ion has 3d0 configuration, but 3d0ness is not the
necessary condition for a material to be ferroelectric. There exist some perovskite oxides
which don’t satisfy 3d0 condition, even they show ferroelectricity. These materials are
discussed in section 1.2.1. On the basis of electric dipole orientations the materials are
divided in the following types.
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Linear Dielectric Materials: In most of oxides, the electric polarization shows a
linear dependence to the applied electric field. In these materials permittivity remains
constant even at high electric field. These materials cannot possess electric history. P-E
plot shows a straight line passing through the origin as shown in Fig. 1.1(a).
Paraelectric Materials: In some materials electric polarization is a non-linear
function of electric field, called paraelectrics. In these materials the electric dipoles
temporarily aligned in the direction of external electric field and on removal of electric
field dipoles become unaligned. Fig. 1.1(b) shows a typical P-E plot for a paraelectric
material.

Figure 1.1: Typical polarization vs electric field plots showing different hysteresis behavior of
(a) linear dielectric, (b) paraelectric, (c) ferroelectric and (d) anti-ferroelectric materials.

Ferroelectric

Materials:

Ferroelectric

materials

have

spontaneous

electric

polarization even in the absence of external electric field. In ferroelectric materials
electric dipoles are aligned in a parallel manner. The orientation of the electric dipoles
can be reversed by inverting the electric field, which shows hysteresis behavior as
presented in Fig. 1.1(c).
Anti-Ferroelectric Materials: In anti-ferroelectric materials the electric dipoles in the
crystal are aligned in an anti parallel manner that generate zero spontaneous polarization
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at zero electric field, however hysteresis behavior splits into two loops as shown in
Fig.1.1 (d).
1.1.2. Ferroelasticity
Some materials may exhibit spontaneous strain in the absence of applied stress.
This is mechanical analogous to ferroelectricity and ferromagnetism. These are
ferroelastic materials and may have two or more stable crystallographic phases with
different spontaneous strain. Aizu [28] was first who introduced the term ferroelasticity
for this behavior. Transformation of these phases is a reversible process under applied
mechanical stress which introduces spontaneous strain in a ferroelastic material.
macroscopic strain
[x10-4]

applied stress
[bar]

Figure 1.2: Ferroelastic domains and their hysteresis behavior [29].

These materials have switchable domains/twins that can switch on the application of
external field (stress) as shown in Fig. 1.2, this was demonstrated by Salje [29] in
Pb3(PO4)2. Here twin walls are aligned parallel in a certain direction on a –ve applied
stress, randomly distributed on an intermediate stress and aligned parallel in the other
direction on +ve applied stress as shown in the micrographs a, b, and c, respectively.
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1.1.3. Magnetism
Spin motion of an electron generates an active region around it that is capable of
attraction or repulsion among the other charges. This region is called magnetic field and
the behavior of attraction or repulsion is called magnetism. Anti-clockwise spin generates
magnetic field in a certain direction called ‘spin up’, while clockwise spin generate
magnetic field in the opposite direction called ‘spin down’. In addition, the orbital motion
of the electrons in an atom produce small current loops owning to the magnetic field.
Materials respond magnetically in different ways on the basis of orientation of magnetic
spins. Diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic
materials are different types of magnets. A brief discussion of different types of
magnetism is given below.
1.1.3.1. Diamagnetism
The property of a material to oppose the external magnetic field is called
diamagnetism due to which it experiences a repulsive force in the presence of magnetic
field showing a small negative susceptibility ‘’ , in the order of -10-5, which is
independent of temperature. This repulsive force is introduced due to the orbital motion
of electrons in an atom that generate tiny atomic current loops which exhibit localized
magnetic field in a direction so as to oppose the applied magnetic field. Fig. 1.3 shows a
typical M-H plot that demonstrates diamagnetism, dependence of magnetic susceptibility
‘’ on temperature; the atomic dipole configuration in the absence and presence of
magnetic field H is also presented, here M is the induced magnetization. All materials
exhibit diamagnetism [30-31], however in paramagnetic or ferromagnetic materials,
paramagnetism or ferromagnetism is dominant and diamagnetism becomes negligible. In
diamagnetic materials the magnetic domains are not present due to the absence of
unpaired electrons; however, when external magnetic field is applied the atomic dipoles
are aligned together in such a way that their induced magnetic field opposes the applied
magnetic field.
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M


T
=constant

H=0

H

H

Slope =  < 0

Figure 1.3: A typical M-H plot, vs T plot (upper right) and the atomic dipole configuration in
the absence and presence of magnetic field H (lower left) for diamagnetic materials.

1.1.3.2. Paramagnetism
Paramagnetism arises in those materials which have atomic magnetic dipoles oriented
in random directions in the absence of external magnetic field. These atomic dipoles are
generated due to the presence of unpaired electrons that prevent complete cancellation of
the electronic spins.

M
H=0

H

Slope =  > 0

H

 1/T
T

Figure 1.4: A typical M-H plot, vs T plot (lower right) and the atomic dipole configuration in
the absence and presence of magnetic field H (upper left) for paramagnetic materials.
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Fig. 1.4 shows a typical M-H plot that demonstrates paramagnetism, dependence of
magnetic susceptibility ‘’ on temperature and the atomic dipole configuration in the
absence and presence of magnetic field H is also presented. In the absence of external
magnetic field the atomic magnetic dipoles are distributed randomly, resulting in zero
magnetization, however, when an external magnetic field is applied, these atomic dipoles
are aligned along the direction of external magnetic field, reinforce it and induce a
macroscopic magnetization in the material. The magnetic susceptibility for paramagnetic
materials has small positive values i.e. more than the value of ‘’ in the vacuum, in the
order of 10-5, which has an inverse relation with temperature.
1.1.3.3. Ferromagnetism
Unlike dia- or paramagnetic materials some materials possess spontaneous
magnetization even in the absence of external magnetic field and this behavior is called
ferromagnetism. In these materials the atomic magnetic dipoles are present by the virtue
of incomplete cancellation of electrons spins, which are kept aligned by the forces of
exchange interactions among different types of ions present in these materials. The
orientation of the magnetic moments can be reversed by applying magnetic field in the
opposite direction.

M
H=0

H


Curie point

TC

T

Figure 1.5: A typical M-H plot, vs T plot (lower left) and the atomic dipole configuration in
the absence of magnetic field H (upper right) for ferromagnetic materials.
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Presence of reversible spontaneous magnetization causes a hysteresis response that
makes them important functional materials with potential applications in the field of
magnetic memory storage and electromagnetism. These materials have high susceptibility
of the order of 105, which is of great importance due to the application point of view. Fig.
1.5 shows a typical M-H plot that demonstrates ferromagnetism; dependence of magnetic
susceptibility ‘’ on temperature and the atomic dipole configuration in the absence of
magnetic field is also presented. At low temperatures the exchange interactions among
the ions in a ferromagnetic material are strong enough to align the magnetic dipoles in an
easy direction, however, at a certain high temperature the thermal agitation become more
prominent which disturb the alignment of the magnetic moments resulting a transition to
paramagnetism in the material [32]. This transition temperature is called the Curie
temperature, TC. The Curie temperature is a characteristic of ferromagnetic material,
above this temperature the susceptibility ‘’ obeys Curie-Weiss Law of paramagnetism,
which is expressed as follow:

=

C
T -

(1.1)

where, C is Curie constant, and  is a constant having units of temperature.
1.1.3.4. Ferrimagnetism
In some ionic compounds, there exist two types of magnetic sublattices, say A and B,
produced in the vicinity of the strong superexchange interaction among the different
types of cations and anions present in the material. The magnetic moments of these
sublattices are oriented in antiparallel manner in such a way that the magnitude of
collective magnetic moments on sublattice A is different from that of sublattice B, and
hence a net nonzero magnetization is produced. This behavior of the materials is called
ferrimagnetism, which is qualitatively analogous to ferromagnetism, concerning the
properties of spontaneous polarization, Curie temperature, TC, and hysteresis behavior
[30].
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O2-
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Fe3+
Fe3+
Octahedral Octahedral Tetrahedral

Figure 1.6: Alignment of magnetic moments in ferrimagnetic Fe3O4.

The magnetite, Fe3O4, is a good example of ferrimagnetic materials in which Fe ions
are present in two oxidation states, i.e., Fe3+ and Fe2+, here half of the magnetic moments
associated to Fe3+ (at octahedral sites) is aligned antiparallel to the remaining half (at
tetrahedral sites), and hence cancel their magnetic effect, while all the Fe2+ ions (at
Octahedral sites) are aligned parallel to each other giving rise to the net magnetization of
the material. Fig. 1.6 demonstrates the alignment of the magnetic moments associated
with different types of cations present in ferrimagnetic Fe3O4.
1.1.3.5. Antiferromagnetism
In antiferromagnetism, the magnetic sublattices A and B have equal collective
magnetic moments in opposite direction and hence, cancel each other resulting in zero
magnetization. Antiferromagnetism also vanishes above a certain temperature called Néel
temperature, TN, and material becomes a paramagnet. Fig. 1.7 shows antiparallel
alignment of magnetic moments associated to Mn2+ ions present in different sublattices in
an antiferromagnetic MnO2; response of magnetic susceptibility, χ, to the temperature is
also presented.
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Figure 1.7: Antiferromagnetic ordering of magnetic moments in MnO2 and a typical  vs T
curve for antiferromagnetism.

Depending upon the presence of double exchange and/or superexchange interactions
among the anions and cations, the magnetic moments are aligned in some particular
fashions giving rise to some interesting types of antiferromagnetism. On the basis of
antiparallel alignment of magnetic moments along the three different crystallographic
directions x, y and z, the antiferromagnetism is sub divided into following basic types.
A-Type Antiferromagnetism:
In A-type antiferromagnetism the magnetic moments are antiparallel in one of the
three directions x, y and z, but in remaining two direction these are parallel as shown in
Fig. 1.8 (a). In other words, ferromagnetically ordered planes are stacked in an
antiferromagnetic order.
C-Type Antiferromagnetism:
In C-type antiferromagnetism the magnetic moments are antiparallel in two, out of
the three directions x, y and z, but are parallel in remaining one direction, this
arrangement is shown in Fig. 1.8 (b). In other words, antiferromagnetically ordered
planes are stacked in parallel manner.
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G-Type Antiferromagnetism:
In G-type antiferromagnetism the magnetic moments are aligned in antiparallel
manner in three directions, as shown in Fig. 1.8 (c). This can be imagined as the
repetition of antiferromagnetically aligned planes stacked in inverse directions.

(a)

(c)

(b)

(d)

Figure 1.8: A schematic arrangement of magnetic moments for (a) A-type, (b) C-type, (c) Gtype and (d) canted spin antiferromagnetism.

Spin Canted Antiferromagnetism:
In some antiferromagnetic materials the magnetic moments are not perfectly
antiparallel but are canted with a certain canting angle, as shown in Fig. 1.8 (d). The
canted spin arrangement gives rise to a net small magnetization in a certain direction; this
behavior is known as week ferromagnetism or canted spin antiferromagnetism.
1.2. Multiferroicity in BiFeO3
Multiferroics are those single phase materials which exhibit at least two out of three
ferroic properties, namely ferroelectricity, ferroelasticity and ferromagnetism [33].
Electromagnetic coupling is an important consequence of such materials in which the
polarization and magnetization may coexist and can be varied by the application of
magnetic and electric field, respectively. The existence of two or more ferroic properties
in a single phase gives rise to an additional degree of freedom in the applications of
functional materials [34-36].
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Ferroelasticity + Ferromagnetism + Ferro electricity

Ferroelasticity

Ferroelasticity
+
Ferromagnetism

Ferroelasticity
+
Ferroelectricity

Ferroelectricity

Ferromagnetism

Ferro electricity
+
Antiferromagnetism

Every overlapping region of blue, green or red is a multiferroic
Figure 1.9: A schematic diagram demonstrating different regions of multiferroics.

Coupling among various ferroic properties gives birth to different kinds of
multiferroics which may be understood from a simple diagram shown in Fig. 1.9.
Multiferroism in BiFeO3 is the consequence of coupling between ferroelectric and G-type
antiferromagnetic ordering that can be found even at room temperature, unlike the other
multiferroic materials. When we think about the ferromagnetic ordering, it require a
nonempty 3d shell, i.e., 3dn configuration, even unpaired electrons in ‘d’ orbital.
However most of the ferroelectric are in d0 configuration, therefore it seems tricky for a
ferromagnetically ordered material to be ferroelectric, even then, the existence of both
ordering is possible which is described as below.
1.2.1. Ferroelectricity in BiFeO3
As described in section 1.1.1, in most of the ABO3 type perovskite structures the
ferroelectricity is originated mainly from the hybridization of the B site transition element
cation with 3d0 orbital and 2p6 orbitals of oxygen anions that generate a distortion in the
BO6 octahedrons [26]. The perfect cubic unit cell of ABO3 losses its centrosymmetry due
to this distortion in the BO6 and material becomes ferroelectric. This is not the case in
BiFeO3, here Fe is not in 3d0 configuration but it is in 3d5 state. Therefore, the
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ferroelectricity in BiFeO3 arises from somewhere else. Actually, 6s2 lone pair of Bi does
not contribute in chemical bonding and is free to hybridize with 2p6 orbital of oxygen
cations. This hybridization of Bi-6s and O-2p orbitals gives rise to the polar distortion in
the unit cell of BiFeO3 that is responsible for the ferroelectricity in this material; same is
the case for BiMnO3 in which Mn is in d4 state, so, Bi 6s2 lone pair is considered to be
responsible for ferroelectricity [37]. In BiFeO3 the ferroelectric ordering is observed up to
a high Curie temperature, TC, of about 1103 K [38].
1.2.2. Antiferromagnetism in BiFeO3
Multiferroic BiFeO3 have a G-type antiferromagnetic ordering up to a high Néel
temperature, TN, of about 643 K [39] . It possesses localized weak ferromagnetism in the
vicinity of the canted spin structure [40], which is suppressed by the spiral spin structure
with a period of 62 nm [41]. From analysis of high resolution time-of-flight (TOF)
neutron diffraction data, Sosnowska et al.[41]

revealed the spiral spin structure of

BiFeO3 as shown in Fig. 1.10, here a half of the period of the spiral cycloid, in which the
magnetic moment of Fe3+ ions are oriented in antiparallel mode in the adjacent layers is
shown.
c

iron

oxygen
c/2

b

Spiral
Direction
a

Figure 1.10: A schematic representation of antiferromagnetic spiral ordering in BiFeO3.
Arrows show the direction of magnetic moments of Fe3+ [41].
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Recently, Zhang et al. [42] found, by first principles calculation, that the spiral spin
structure of BiFeO3 is the result of competition between the isotropic superexchange and
Dzyaloshinskii-Moriya interactions of the nearest neighbors Fe spins.
1.2.3. Applications and Limitations of BiFeO3
Owing to its multifunctionality associated with ferroelectric and magnetic ordering at
room temperature, BiFeO3 has a wide range of potential applications. Multiple state
elements with magnetic and ferroelectric memory storage [43], magnetic random access
memory (MRAM) [44], and High-Density ferroelectric random access memory [45] are
some typical applications of multiferroic BiFeO3. It can also be used in nonlinear optics,
photoelectrochemical cells [46], micro-electromechanical, electric ﬁeld controlled
ferromagnetic resonance and ultrafast opto-electronic devices [47-49]. Other possible
applications of BiFeO3 include ﬁlters, diplexers, dielectric resonator antennas (DRA)
[50], spintronics, magnetoelectric sensors [51], transducers with magnetically modulated
piezoelectricity [48], photocatalytic compound [49] and microwave applications [52].
Although BiFeO3 has potential applications in several interesting fields, but there are
some serious drawbacks that limit its wide applications, including; (a) high leakage
current [53], which is caused by the presence of impurity phases, such as Bi2Fe4O9 or

 ) [56] and
Bi25FeO40 [54], oxygen vacancies ( VO ) [55], bismuth vacancies ( VBi
multiple oxidation states of Fe ions (Fe2+, Fe3+) [47, 55], (b) large dielectric loss [35], (c)
small remnant polarization, Pr, which is due to the semiconducting (leaky) behavior [57]
and (d) high coercive field [35]. On the other hand, localized weak ferromagnetism
generated from the spin canted magnetic structure is suppressed due to the spiral spin
structure with a period of 62 nm [40], which limits its ferromagnetic applications.
1.2.4. Approaches to Improvement in Multiferroicity
Potential applicability of BiFeO3 in the several emerging fields of science and
technology has attracted much attention of the material researchers to improve its
multiferroic properties. Leakage current density and suppression of weak ferromagnetism
are hot issues since past two decades. There is an enormous literature on different
methods for improving multiferroicity of BiFeO3 including several synthesis techniques,
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controlling sample morphology from bulk ceramics and thin films to zero, one, two, and
three dimensioned nanostructures, and the site engineering with A and/or B-site doping
with rare earth metals and transition metals, respectively. A brief description of some
selective reports in the context of improving multiferroicity in BiFeO3 is given below.
1.2.4.1. Synthesis Techniques
To suppress the formation of impurity phases and oxygen vacancies that cause the
leaky behavior in BiFeO3, researchers employed different synthesis techniques. Yang et
al. [58] and Kumar et al. [59] have employed a rapid liquid phase sintering technique to
synthesis single phase samples of undoped and Mn doped BiFeO3 ceramics. In liquid
phase sintering technique the stoichiometric amounts of starting precursors were
thoroughly mixed and heated at a temperature of 880˚C above the melting point of Bi2O3
at a high heating rate up to 100˚C/sec for a short time of about 450 sec, which gives a
pure phase desired samples. However, a slight increase in the temperature i.e. 890˚C
gives rise to formation of undesired impurity phases [60]. Kumar et al. [61] reported the
synthesis of pure phase BiFeO3 ceramic by conventional solid state reaction followed by
leaching with dilute nitric acid. Tan et al. [62] have employed microwave hydrothermal
reaction to control the formation of percentage amounts of BiFeO3 and Bi2Fe4O9
depending upon the concentration of mineralizer KOH and reaction temperature. Bo et al.
[63] synthesized BiFeO3 powder employing co-precipitation route using nitrates as
starting material, while Ke et al. [64] demonstrated, in their report, that modified
precipitation process with constant pH level ensures homogeneous phase. A simple and
low cost wet chemical synthesis route, i.e., modified pechini method, was employed by
Selbach et al. [65] and Jiang et al. [66] to prepare a pure phase BiFeO3 sample. Zhang et
al. [67] synthesized single phase BiFeO3 ceramics by conventional solid state method
followed by immediate quenching process and found that formation of Fe2+ and oxygen
vacancies were greatly suppressed. They found well saturated P-E hysteresis loop with a
remnant polarization significantly higher than the reported values for BiFeO3 ceramics.
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1.2.4.2. Sample Morphology
Bulk BiFeO3 ceramics show very weak ferroelectric hysteresis and a small value of
spontaneous polarization even having a high Curie temperature TC ~ 1103 K, this
indicates an ambiguity, whether, is it an intrinsic response of the material or it is due to
the presence of structural and chemical defects [4, 68]. Wang et al. [4] prepared an
epitaxial BiFeO3 thin film, which has a monoclinic structure in contrast to the bulk
having rhombohedral structure and found that a small change in the lattice parameters
have a great impact on the spontaneous polarization. They also observed that the
magnetism depends on the film thickness. However, Ryu et al. [69] demonstrated that,
the spontaneous magnetization, Ms, is actually directly proportional to the in-plane misfit
strain in the films, they also correlated the increase in magnetization with the decrease in
the hybridization among the 3d and 2p orbitals of Fe and oxygen. The ferroelectric and
magnetic properties are largely dependent on the crystallographic orientation and Fe ions
valence state, which is strongly affected by substrate temperature during film fabrication
[70]. Wu and Wang [71] deposited Bi0.95Gd0.05FeO3/BiFe0.95Mn0.05O3 bilayered thin ﬁlms
which possess a reduced leakage current and dielectric loss. Zhang et al. [72]
demonstrated the effect of oxygen pressure on the crystal structure and dielectric
behavior during the film deposition. They found a decrease in dielectric constant with
increase in oxygen pressure. However, there is a contradictory report by Yun et al. [73] in
which, they showed a decrease in dielectric constant with decreasing oxygen pressure.
Both of these works have been carried out employing same deposition technique, same
temperature (450˚C) and even same oxygen pressure regimes (0.001-0.1 Torr).
There are several reports in the literature, confining the growth of BiFeO3 in nano
regimes, resulting in the formation of nanoparticles, nanorods, nanotubes, nanofibers and
nanoparticle assembled in microrods. Focusing on the spiral cycloid period ~ 62 nm of
magnetic moments in BiFeO3 can be helpful to achieve better multiferroicity in these
materials. Park et al. [74] reported very interesting results; they prepared a batch of
nanoparticles with different sizes using a facile sol-gel technique. They did not find any
significant change in the magnetic properties of the samples up to size of 100 nm, but
below it, there was an abrupt increase in the spontaneous magnetization (Ms) with
17

decreasing particle size as shown in Fig. 1.11. Up to the size of 95 nm, the value of Ms is
about 0.36 emu/g; however, the particles with the size of 14 nm, this value has risen to
1.55 emu/g. Song et al. [75] fabricated nanofibers by employing electrospinning, which
exhibited weak ferromagnetism. The viscosity of the solution, value of applied electric
field and the sintering temperature were proposed to be controlling factors for the shape
of the nanofibers.

Figure 1.11: Hysteresis loops for BiFeO3 nanoparticles of different sizes. The inset shows the
magnetization behavior of as-prepared BiFeO3 nanoparticles at 50 kOe as a function of
size[74].

Another group employed polymer-directed synthesis route to fabricate nanoparticlesassembled microrods, and investigated their magnetic properties [76]. In this report the
nanoparticles and microrods, both shows weak ferromagnetism in contrast to the bulk
BiFeO3, which is attributed to the size effect of these samples. Gao et al. [77] fabricated
BiFeO3 nanowires by anodized alumina template technique and found weak
ferromagnetism in these nanowires due the size effect on the orientation of the magnetic
moments in BiFeO3. Selbach et al. [78] synthesized BiFeO3 nanoparticles by modified
Pechini route and found a decrease in rhombohedral distortion with reducing the particle
size of the samples, causing a decrease in the spontaneous polarization as well as the Néel
temperature of the samples.
18

1.2.4.3. Doping strategy at A or/and B sites of BiFeO3
In order to improve the multiferroicity in BiFeO3 most of the work has been done on
isovalent and aliovalent substitution at A-site or/and at B-site of BiFeO3. Normally,
divalent (Ba2+, Sr2+, Ca2+, Pb2+, etc.) [22, 79-80] or trivalent (Sc3+, Gd3+, Ce3+, La3+, etc.)
[6, 81-83] metals have been substituted at A-sites, while tetra- or pentavalent (Ti4+, Zr4+,
Mn4+, Nb5+, V5+, Ru5+, etc.) [84-89] or trivalent (Cr3+, Mn3+, etc.) [90-91] transition
elements are substituted at B-site in BiFeO3. Generally, A-site doping is favorable for the
stability of phase formation, reduction of impurity phases, controlling leaky behavior and
dielectric loss and spontaneous polarization. On the other hand, the doping at B sites has
major benefits in stabilizing the oxidation state of Fe3+, suppressing the formation of
oxygen vacancies, and improving the magnetic properties of multiferroic BiFeO3. This
doping strategy has been employed in the synthesis of nanostructures, thin films and
ceramic single crystal and polycrystalline materials.
Lin et al. [6] synthesized La doped BiFeO3 ceramics and found a structural phase
transformation from R3c to C222 near 15% La doping accompanied with destruction of
spin cycloid resulting in an enhanced magnetism. Resistivity of the BiFeO3 is found to be
increased six orders of magnitude by Nd doping [36]. The saturation magnetization is
reported to be enhanced from 0.144 to 6.2774 emg/g on 15% substitution of Y at Bi-site
while 15% doping of Yb at the same site significantly reduces the leakage current and
enhances remnant polarization [38, 92]. Benfang et al. [88] reported well saturated P-E
loops with a high remnant polarization (39.4mC/cm2) and low coercive field (43.1
kV/cm) in codoped Bi0.85La0.15Fe0.9V0.1O3 sample. Doping of 5% Ta in BiFeO3
nanopowder causes a strong ferromagnetism which is attributed to distortion of FeO6
octahedra and a statistical distribution of multiple oxidation states of Fe ions [93].
Substitution of magnetically active Gd3+ ions distort the spin cycloid that enhances the
ferromagnetism in Gd doped BiFeO3 nanoparticles [82]. Liu et al. [94] reported an
enhancement in remnant magnetization in Eu doping and attributed it to the
ferromagnetic coupling between the Fe3+ and Eu3+ ions.
Kharel et al. [95] fabricated transition metal doped thin films and found that
saturation magnetism increases while resistivity decreases by the doping of transition
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metals (Ti, V, Cr, Mn, Co, Ni, Cu and Zn). Tb doping at A-site and Ti doping at B-site is
reported to reduce the leakage current and enhance the remnant and saturation
polarization [7, 96]. Substitution of La at Bi sites modifies the structure form
rhombohedral to monoclinic and enhances the spontaneous polarization in thin film form,
and suppresses the formation of oxygen vacancies and Fe2+ ions while substitution of Mn
at Fe promotes the formation of oxygen vacancies and Fe2+ which enhances the
conductivity, resulting in an increase in spontaneous magnetization [97-99]. Chung et al.
[100] reported space charge limited conduction for undoped, ohmic conduction for Mn
doped and grain boundary limited conduction for Nb doped thin films. Qi et al. [55]
performed aliovalent doping of Ni2+ and Ti4+ and found that Ni doping increases leakage
current by more than two orders of magnitude and Ti doping decreases leakage current by
about three orders of magnitude as compared to bifeO3.
1.3. Crystal Structure of BiFeO3
ABO3 perovskite is a common structure adopted by most of the transition metal
oxides which have very interesting physics and technological applications as
superconductors and important functional materials including ferroelectric, ferromagnetic
and multiferroics, due to the presence of structural flexibility that can incorporate several
A and B site cations with various ionic radii. Ideal perovskite has a cubic structure with
lattice parameter ‘a’ which relates the ionic radii rA, rB and rO of A and B cations and O
anion with following expressions:
(1.2)

a = 2(rB + rO ) = 2 (rA + rO )

where 2(rB + rO) is the edge length and 2(rA + rO) is the face diagonal length of the
perovskite unit cell. Here note that the B site smaller cations occupy the octahedral sites
surrounded by six O2- anions forming eight corner sharing BO6 octahedrons, each
centered at one vertex of the perovskite unit cell. On the other hand the lager A cation
occupies the dodecahedral site formed by twelve O2- anions at the center of unit cell.
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1.3.1. Goldsmith Tolerance Factor t
Goldsmith conducted the basic work on the structure of perovskites in 1926 and
proposed a formula to predict the distortion in the perovskite structure, and is given as:
t=

(rA + rO )
2 (rB  rO )

(1.3)

where, t is called Goldsmith tolerance factor which has a value of 1 for an ideal cubic
perovskite structure, e.g., SrTiO3. If the value of t is less than 1, it causes a tilt in BO6
octahedrons to occupy the extra space which produces a distortion in the perovskite
structure towards lower symmetry, i.e., orthorhombic or rhombohedral, etc.
BiFeO3 has a rhombohedrally distorted perovskite structure with Bi cation occupying
the dodecahedral site at the center of unit cell and Fe cations make FeO6 octahedrons at
eight corners of the unit cell. Using the ionic radii of 1.17, 0.61 and 1.21 Å [101] for
Bi3+, Fe3+ and O2-, respectively, the calculated value of tolerance factor for BiFeO3 is
found to be 0.925, which may cause a possible tilting in FeO6 octahedrons resulting in a
rhombohedral distortion [102]. However, it is not a unique reason for structural
distortion, actually, the 6s2 lone pair electrons of Bi3+ ion hybridize with 2s and 2p orbital
of O2- and form a space filling localized lobe, which repel the neighboring ions resulting
in a structural distortion [43]. Deficiency of bismuth, due to its volatile nature, and the
oxygen concentration may also contribute to the structural distortion in BiFeO3.
1.3.2. BO6 Octahedral Tilting
The octahedral tilting of FeO6 in perovskites was extensively studied by Glayzer
[103]. The magnitudes of tilting in three crystallographic directions [100], [010] and
[001] are described by letters a, b and c respectively, with same letters for equal
magnitudes. The in-phase (in same direction) and antiphase (in opposite directions) tilting
along a specific tilt axis are described by superscripts ‘+’ and ‘’ respectively, while
superscript ‘0’ represent no tilting. Two consecutive ‘+’ or one ‘+’ and one ‘’ signs
show that the tilt axes are normal to each other while two consecutive ‘’ signs show that
the axes are inclined to each other. Thus, a+b+c express a tilting of octahedron with
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different magnitudes along three tilt axes which are oriented normal to each other, while,
aaa describes a tilting of octahedron with same magnitude along the three axes which
are inclined to each other. Fig. 1.12 shows a simple example of the (a) in-phase (a0a0c+)
and (b) antiphase (a0a0c) tilt systems only along [001] direction, normal to the plane of
the page; while there is no tilting in other two directions. This method of expression of
tilting the FeO6 octahedrons is known as Glazer notation.

(a)

(b)

a0a0c+

a0a0c

(c)

Figure 1.12: A schematic representation of (a) in-phase and (b) antiphase tilting of BO6
octahedrons along the tilt axis c normal to the plane of the page; whereas, (c) shows the tilting
of FeO6 octahedrons in BiFeO3, here central spheres represent Fe atoms while corners of
octahedrons are the positions of oxygen atoms.
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BiFeO3 exhibits aaa tilt system with equal antiphase tilting along the three tilt
axes which are inclined to each other. Fig. 1.12 (c) shows FeO6 tilting of octahedron in
BiFeO3 ceramics. The tilting of FeO6 is emerged in the vicinity of small tolerance factor t
and hybridization between 6s2 lone pair electrons of Bi3+ and 2p6 electrons of O2- which
is responsible for the rhombohedral distortion in the crystal structure of BiFeO3 ceramics.
1.4. Motivation for The Present Study
The role of crystal geometry and the electronic configuration of the outermost shell of
the cations is of fundamental importance in the functional properties of the materials. The
noncentrosymmetric polar structure has its significance in the ferroelectric properties,
which provides an additional degree of freedom to the cations to be displaced introducing
polarization of the charges and ferroelectricity. In addition, the modification in the
structure may cause the reorientation of the magnetic spins, which may enhance the
ferromagnetism of the materials. On the other hand, cationanioncation and
cationcation interaction of magneto-active elements with different oxidation states is a
well recognized origin of magnetism. In multiferroics, such as BiFeO3, the coupling of
ferroelectric and ferromagnetic ordering requires a serious attention of the researcher to
play with structure and oxidation state of magneto-active elements. Despite the fact, that
BiFeO3

is

a

unique

multiferroic

material

that

possesses

ferroelectric

and

antiferromagnetic ordering at room temperature, it shows small value of spontaneous
polarization and weak ferromagnetism. Small value of polarization is due to the leaky
behavior of the material due to presence of bismuth and oxygen vacancies and multiple
oxidation states of Fe ion, while, suppression of weak ferromagnetism is due to the spiral
spin structure of the magnetic spins of Fe ions. In this scenario, substitution of rare earth
and transition elements at A and B-sites is very useful to:
a) Modify the crystal geometry, which may enhance spontaneous polarization by
increasing the noncentrosymmetry, and ferromagnetism by destroying the spiral spin
structure or by enhancing the canting of the magnetic moment.
b) Change the oxidation state of transition elements which may affect the ferroelectric
and magnetic ordering.
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c) Suppress the formation of bismuth or oxygen vacancies or impurity phases and
stabilize Fe3+ state that overcome the leakage current through the material and
consequently enhance the ferroelectric properties.
To achieve these goals, substitution of large cations, i.e., Ba, at A-site (Bi1-xBaxFeO3)
seems fruitful in modifying structure, while, co-substitution of Ba and Nb at A and Bsites (Bi1-2xBa2xFe1-xNbxO3) is useful in neutralization the charge produced by Ba
substitution and suppressing the formation of oxygen vacancies. To the best of our
knowledge with the exception of first batch, these materials have not been studied before.
Thus, a detailed structural and electrical transport study of these materials is of a great
importance to understand the limiting factors and improving the multiferroics properties
of these materials. It is anticipated that this study will contribute towards application of
BiFeO3 in practical applications.

1.5. Objective of This Study
The objective of this work is
•

To discuss the effects of Ba and Nb doping on the crystal structure of BiFeO3.

•

To study the impact of Ba and Nb doping on the improvement of resistivity of
BiFeO3.

•

To describe the AC conduction mechanisms involved in the electrical transport
properties of these materials, and

•

To explain the enhancement of magnetic properties as a result of Ba and Nb doping in
BiFeO3.
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Chapter 2.

Experimental Techniques
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2.1. Synthesis Technique for Preparing the Samples
In literature, several synthesis techniques have been reported to prepare pure and
doped BiFeO3 polycrystalline materials as discussed earlier (see session 1.2.4.1.)
including rapid liquid phase sintering technique, microwave hydrothermal reaction, coprecipitation route and modified Pechini method, however, the mostly employed
synthesis route is the solid state reaction method due to its simplicity and having several
advantages such as, it is economical in a sense that there is no need of solvent to dissolve
the precursors, cleaning (washing) of the final products is not required, it eliminates the
impurities, it is an environmental friendly process as there is no waste in the form of
solvent. It is short time process as compare to other wet chemical synthesis routes. For
this study all the samples were prepared using solid state reaction method. Solid state
reaction method for synthesizing materials involves the following steps.
o Drying the highly pure starting materials, usually oxides or carbonates of the
constituent elements.
o Thoroughly mixing the weighted amounts of the precursors using a pestle and
mortar.
o Calcination (reaction) of the mixed powder in furnace at a suitable temperature
for a specific time with intermediate grinding.
o Examining the pure phase formation of the desired material by XRD analysis.
o Molding the fine ground powder of the pure phase sample in the desired shape
using a suitable die.
o Finally sintering the pellets of the sample at high temperatures slightly less than
their melting points to achieve a hard and dense material.
The following expression was involved in calculating the required amounts of the
starting precursors (reactants) for synthesizing the samples.

Wr =

Wp  f  M r

(2.1)

nM p
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where, Wr and Wp are the required amount of reactant and the product; Mr and Mp are the
molecular weights of the reactant and product, and f is the fractional amount of element
of reactant present in the product and n is the number of atoms present in the formula unit
of reactant.
2.2. X-ray Diffraction (XRD) Analysis
After the synthesis of a material, first step is to examine the phase formation of that
material and confirmation of the absence of other impurity phases. For this purpose XRD
is a very commonly employed technique. An X-ray diffractometer is simply based on the
concept of diffraction of X-ray beam from the consecutive planes of atoms, oriented in
different directions in a crystalline material. The X-ray beam of wavelength, ,
diffracting at an angle,  from the two planes separated with an interplanar distance, d,
obeys the Bragg’s law as following [104]:
2dsin = n

(2.2)

where ‘n’ is the order of diffraction and normally consider as 1. A schematic diagram
for Bragg’s diffraction of X-rays from the consecutive planes of atoms in a crystal is
presented in Fig. 2.1.
Bragg’s Law
2dsin= n


2

d



dsin

Figure 2.1: A schematic ray diagram showing Bragg’s diffraction of X-rays interacting with
two consecutive layers of atoms.

Here, 2dsinis the path difference of two rays diffracted from two consecutive layers.
When the value of 2dsinbecomes equal to an integral multiple of , the condition of
constructive interference is satisfied and an intense peak is generated corresponding to
the specific values of ‘d’ and ‘’ in the XRD data. From equation 2.2, it is clear that, 
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being a constant, the diffraction peaks corresponding to the planes with shorter
interplanar spacing lie at higher  values. The diffraction peak positions for a material are
considered as characteristics of the structure of that specific material to identify it. In this
study the following routes are employed for the structural consideration.
2.2.2. Laboratory X-ray Diffraction Analysis
Although the laboratory X-ray diffractometer gives low intensities of the diffraction
peaks, however it is easily available. Therefore, laboratory XRD analysis was performed
to check the phase purity of all the samples prepared in this study. Laboratory XRD
analysis gives the information about the following features of a material.
o The diffraction peak positions show the presence of specific planes which are
corresponding to specific crystallographic phase and hence helpful in
recognizing the phase formation of a particular material.
o The values of cell parameters a, b, c and ,  and  can be calculated from the
values of diffraction angle hkl associated with the diffraction peaks and
corresponding miller indices (hkl) of the planes; by using following formulas:

Putting n=1 for first order diffraction and rearranging the equation 2.2, we get;

d hkl

4 sin 2 hkl
1
=
2
d hkl
2


=

2 sin  hkl

For Rhombohedral structure:
1
2
d hkl

=

h

2



 k 2  l 2 sin 2   2hk  kl  hl cos2   cos 



a 2 1  3 cos2   2 cos3 



(2.3)

o The splitting of some diffraction peaks occurs due to the appearance of
distortion in the crystal structure of the material, and new peaks appear with
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structural transformation to the other crystallographic phase under the
influence of varying temperature or doping concentration.
o The unwanted impurity phases, if present, can be detected from their
characteristics diffraction peaks.
o The shape of the diffraction peaks is affected mainly from the following
factors;


Crystallite size of the material, and hence can be used to calculate an
average crystallite size from the following well famous Scherrer’s
formula [105];
D=

0.94  
B cos 

(2.4)

where, D is average diameter of the grains and B is full width at half
maximum (FWHM) of the diffraction peaks. For a single crystal the
diffraction peaks are observed as sharp line; however, peaks gradually
broaden with a gradual decrease in crystallite size and eventually
disappear for amorphous materials.


The strain broadening due to presence of grain boundaries and other
types of structural defects in the material [106].



Instrumental broadening due to the imperfection of the instrument
optics.

o Shifting of the diffraction peaks from their actual position towards higher
angle,  indicates a decrease in the length of cell parameters and/or a
presence of compressive strain and vice versa.
The effects of strained structure on the shape and position of the diffraction peaks can be
visualized from Fig. 2.2. This shows that a non-uniform stain causes broadening of the
peaks while a uniform strain only shifts the peak position towards lower or higher angle
for an expansion or compression of the structure, respectively.
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Diffraction line

No strain

Uniform strain

Non-uniform strain

Figure 2.2: A schematic diagram demonstrating the effect of strain on XRD data [106].
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2.2.2. Synchrotron X-ray Diffraction Analysis

The laboratory XRD has several limitations such as, a long time scan is required to
attain a reasonable intensity, a large background to diffracted data ratio, and low
resolution, which is unable to identify a slight peak splitting and to detect the minor
impurity phases. However, synchrotron XRD is very useful technique to get extensively
strong data with well resolved, intense and sharp peaks, free of α1 and α2 doublets. To
investigate the phase purity and structural deformation in A-site doped samples,
synchrotron radiation X-ray diffraction data were collected at the European Synchrotron
Radiation Facility (ESRF) employing High Resolution Powder Diffraction Beamline
(ID31). The collected data exhibit well resolved and very intense diffraction peaks.

Figure 2.3: A brief description of the information exhibited in an XRD pattern.
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2.2.3. Rietveld Refinement
The structural parameters including a, b, c, ,  and  bond lengths and bond angles
among the cations and anions and their position in x, y and z coordinates were determine
by employing Rietveld refinement using GSAS software [107]. Fig. 2.3 demonstrates a
brief description of the different features of an XRD pattern that can be revealed by
employing Rietveld refinement of an XRD data.
The following is the expression that is used for least square fitting in Rietveld
refinement of XRD data:

s =  wi yio  yic

2

(2.5)

i

The goal is to minimise ‘s’ for better fitting. Here wi, is suitable weight reciprocal
to the sum of squares of standard deviations associated with the ith step and
corresponding background, whereas, yio and yic are the observed and calculated intensities
at ith step respectively. The calculated intensity is the sum of background and Bragg’s
diffraction intensity and can be expressed as:

yic = S  mk Lk Fk G  ik   yib
2

(2.6)

k

where S is a scale factor, mk is the multiplicity factor, Lk is the Lorentz–
polarization coefficient for the reflection k, Fk is the structure factor, G is the reflection
profile function, yib is the background intensity and ik = 2i  2k here, 2k is the
calculated position of the Bragg’s peak. However, normally the shape of the diffraction
peaks is described by pseudo-Voigt (pV) function which comprises of Lorentzian (L) and
Gassian (G) functions as given below.
pV = L  (1   )G

(2.7)

where,  is mixing factor and L and G can be mathematically expressed as:
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L(T ,  L ) =

2

 L

1
1   2T 
L 


(2.8)

2

and

G( T, G ) =

  4 ln 2(T ) 2 
4 ln 2


exp
G2
G2



(2.9)

where, L and G are Lorentzian and Gaussian widths of the diffraction peaks which
are dependent on the diffraction angle as given below:

 =

X
 Y tan 
cos

(2.10)

where X and Y amount the crystallite and strain broadening respectively, whereas
G = U tan 2   V tan   W 

P
cos2 

(2.11)

here, U, V and W are related to the instrument broadening and P describes the crystallite
broadening in the sample.
The average grain size is given by:

D=

18000 18000
=
X
 P

(2.12)

and percentage strain is expressed as:

S = 100% 

Y
1800

= 100% 

 U

(2.13)

1800

Goodness of the fit for observed and fitted data can be estimated by the value of 2 as
follows:

2 =  wi  yio  yic  / N  P 
2

(2.14)

where, N and P are the total numbers of observations and total numbers of variables,
respectively, which are used in the Rietveld refinement.
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2.3. Scanning Electron Microscopy (SEM)
The scanning electron microscopy is very useful technique to determine the surface
morphology of the materials. It can also be used for qualitative and quantitative analysis
for determining the types and amounts of elements present in the material. The surface
morphology of the materials gives information about the size and shape of its building
particles (or grains), which can be used to estimate the contribution of ordered (grains)
and disordered (defects or grain boundaries) regions to electrical and mechanical
properties of the material. Scanning electron microscopes normally have magnification
of up to 30,000 with a resolution of about 50 nm. The three dimensional view of the
surface morphology can be visualized in the vicinity of large depth of field.
2.3.1. Working Principles
In a scanning electron microscope an intense and fine beam of electrons interacts with
the material which results in the generation of various types of signals. Among these
signals the secondary electrons, diffracted backscattered electrons, and characteristics Xrays are of much interest, which are collected using their specific detectors for analyzing
surface morphology, crystal structure (atomic orientation) and compositional chemistry,
respectively.
2.3.2. Instrumentation
The scanning electron microscope mainly consists of an electron gun, condensing
lenses, condenser aperture, objective aperture, deflecting coils, objective lens, sample
stage and some specific detectors. Fig. 2.4 represents a schematic diagram showing
different parts of scanning electron microscope. Normally the electron gun is made of a
tungsten filament cathode which is heated for thermionic emission of electrons, which are
accelerated towards the positively charged anode by applying electric field. These
electrons are passed through a hole in anode plate and then focused in a fine beam of
electrons using condenser lenses consisting of electromagnetic coils. The strength of
these lenses is controlled by changing electric current through the coils. The condenser
aperture is used to allow a desired amount of electrons. The objective lens focuses the
electron beam on the material under observation which is placed on the sample stage.
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Figure 2.4: A schematic diagram showing different parts of a scanning electron microscope.

The electron beam is then scanned over the sample using scanning coils. Different
detectors are installed to collect the specific signals such as secondary electrons, back
scattered electrons and characteristics X-rays. The collected signals are displayed by
using appropriate monitors.
2.4. Mössbauer Spectroscopy
When the nucleus of an isolated atom undergoes a transition from higher energy level
to lower one, the energy of the emitted photon is less than that of natural energy of this
transition while for a transition from lower to higher level the energy of the photon to be
absorbed is greater than that of natural energy of this transition. In other words, the
resonant absorption or emission is not possible for an isolated atom. Actually the
difference between the emitted or absorbed energies and the natural energy is utilized in
the recoil of nucleus to preserve the conservation of momentum. To investigate the local
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environment of a nucleus a recoil free emission or absorption is necessary. Rudolph
Mössbauer was the first one who discovered a recoil free, resonant absorption and
emission of gamma rays in 1957 and received a Nobel Prize for Physics in 1961. He
found that an atom bonded in a crystal can undergo recoil free transition [108] because
now its apparent mass consists of the mass of whole specimen which is hard to move
with such a small energy, which is known as “Mössbauer effect”. The locations of energy
levels within the nucleus are strongly associated with its surrounding environment,
including the structure, oxidation states and spin states of its own and neighboring atoms.
Thus a slight variation in the environment of nucleus strongly affects its internal energy
levels. Thus knowledge of nuclear energy levels is very helpful for investigating its
surrounding environment including crystal structure, spins and oxidation states associated
with the neighboring atoms, which can be achieved by employing Mössbauer
spectroscopy.
2.4.1. Working Principles of Mössbauer Spectroscopy
To utilize “Mössbauer effect” for investigation of the local environment of an element
in a material, it is subjected to the beam of narrow energy spectrum emitted from a source
of gamma radiations consisting of an isotope of that specific element. The narrow energy
spectrum is generated by setting the source in a to and fro motion with a variable
velocity, v, parallel to the direction of absorber (specimen), this vibration produces
gamma rays at absorber with slightly varying energies due to the Doppler Effect [109].

Figure 2.5: A schematic diagram of the apparatus for Mössbauer spectroscopy.

These gamma rays, with different energies, interact with specimen and undergo recoil
free events of resonant absorbance or emission and give specific features on the detector
in the form of dips in the transmission spectra. Fig. 2.5 shows a schematic diagram of the
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apparatus used for Mössbauer spectroscopy. It simply consists of a source of gamma rays
with varying energies, a collimator to find a parallel beam of rays, a sample holder and a
detector to measure the absorbance of gamma rays. On the basis of relative local
environment of the source isotope and absorber element, some specific phenomena may
occur, which are described in the following paragraphs.
Isomer Shift (): As discussed above, interaction of the gamma rays with the absorber
exhibit specific absorption dips in the Mössbauer spectrum. When the source and
absorber have same local environment, it shows absorption dip located at ‘0’ velocity.
However a shift, generally called isomer shift (), in the dip position appeared due the
different environments, depending upon a difference in the density of s electrons in the
source and absorber, which is shown in Fig. 2.6. Isomer shift can be used to estimate the
oxidation state of surrounding ions and electron shielding around the absorber nucleus
[110]. For example, ferrous ion Fe2+ with 3d6 configuration have larger positive value of
as compared to Fe3+ ion with 3d5 configuration due the greater shielding by d6 electrons
than that by d5 electrons.
Quadrupole Splitting (): The electric field gradient appeared in the vicinity of nearby
electrons around the nucleus causes doubly splitting of quadrupole energy levels with
angular momentum quantum number I > 1/2. Fig. 2.6 shows the splitting of energy level
with I=3/2 into two substates mI = 1/2 and mI = 3/2. This is called Quadrupole
splitting, generally denoted by symbol and can be calculated by the following
expression:

=

eQVzz
2

(2.15)

where, e is charge on electron while Q and Vzz are nuclear quadrupole moment and
principle component of electric field gradient, respectively.
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Figure 2.6: A schematic demonstration of the Isomer Shift (IS), Quadrupole Splitting (QS) and
Hyperfine Splitting in Mössbauer spectrum along with associated nuclear transitions among
different splitted substates. [Adapted ; M. D. Dyar et. al., Annu. Rev. Earth. Planet. Sci., 2006, 34, 83].

Magnetic splitting: In the presence of magnetic field, the nuclear spin I is splitted into
2I+1 substates. The splitting of nuclear spin in a magnetic field is called Magnetic,
Zeeman or Hyperfine splitting. Thus, I = 3/2 splits in (2(3/2) + 1=4) four substates with
mI values of +3/2, +1/2, 1/2 and 3/2, while, I = 1/2 splits in two substates with mI
values of +1/2 and 1/2. Only those nuclear transitions are possible for which the mI  1,
which results in only six possible transitions from 3/2 to 1/2 substate, exhibiting sextet
(six dips) in the Mössbauer spectrum as shown in Fig. 2.6. The intensities of these
absorbance dips depend on the angle ‘α’ between the direction of gamma rays and the
direction of orientation of nuclear spin moment. The relative intensities of these dips can
be written mathematically as:





3 : 4 sin2  (1  cos2 ) : 1

(2.16)

This means that the intensities of outer and central couples of dips in a sextet remained in
a constant ratio, while relative intensity of remaining couple of dips may vary from 0 to 4
depending upon the angle ‘α’. However, normally the ratio of the dips in a sextet
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appeared to be 3:2:1:1:2:3. The hyperfine splitting gives the information about the
presence of magnetic field around the nucleus and the orientation of the moments of the
nucleus.
2.5. I-V Characteristics
One of the main drawbacks of BiFeO3 is its leaky behaviour (low resistivity) that
limits the application of high electric field to attain saturation polarization, and hence
degrades ferroelectric properties of this material. The high leakage current may originate
in the presence of structural defects; dislocation, broken bonds and dangle bonds at the
grain boundaries or charge defects; such as bismuth or oxygen vacancies and multiple
oxidation state of Fe ions [56]. Analysis of current-voltage (I-V) characteristics is a very
useful tool to find the origin of high leakage current in a material.
2.5.1. Leakage Current Density
When comparing the electric response of different samples, it is more convenient to
take account of the sample’s geometry in the analysis of electric data. Therefore, instead
of using current I and voltage V, current density per unit area ‘J’ and electric field ‘E’ are
employed in this study, which can be simply drive as:

J=

I
A2

and

E=

V
d

(2.17)

where, A is the area of the sample covered by the electrodes, while d is the thickness
of the sample between the two electrodes.
2.5.2. Conduction Mechanisms
Considering direct current (DC) electrical measurements of the samples, several
features of the materials are involved. In the transition metal oxides, current may flow
due to the presence of various types of charge carries, including electrons, holes, ions,
polarons or oxygen vacancies. A and B-sites doping in BiFeO3 with aliovalent rare earth
and transition metal ions respectively, may generate acceptor or donor levels that may
introduce additional paths for electric conduction. J-E characteristics data can be
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manipulated in various ways to investigate the involvement of different conduction
mechanisms. Electric transport conduction mechanisms are mainly divided in two
categories. One is Bulk limited, which include the Space Charge Limited (SCL) current,
Pool-Frenkel (PF) conduction and Intrinsic conduction, while the other is Barrier
Limited, which includes Schottky Emission (SE), Fowler-Nordheim (FN) Tunneling and
Grain Boundaries limited conduction [111]. A brief theoretical description of some
commonly occurring DC conduction mechanisms is given here.
Space Charge Limited Conduction (SCLC): Current in metals obeys Ohm’s law
exhibiting a linear dependence with applied voltage. It is due to large number of charge
carriers present in metals. However in case of insulators, there are limited numbers of
charge carriers. Therefore, insulators can exhibit Ohmic conduction only at low voltages.
At high voltages, the density of charge carries injected from electrode to the bulk exceeds
the density of thermally stimulated charge carriers present in the bulk. This induces an
electric potential that suppresses the injection of further charge carriers from the
electrode, and hence control the flow of current. The rate of flow of charge carrier
through the bulk is governed by the carrier mobility. This current losses linear
α

dependence with electric potential and obeys modified Child’s Law, (J E ), where α >
1; this is a characteristics of space charge limited conduction. The relation between space
charge limited current density and the applied voltage can be expressed as:

J SCL =

9 r  o E 2
8d

(2.18)

where, r and o are relative permittivity and permittivity of free space, while 
and  are the mobility of the charge carriers and the ratio of free charge carrier density to
the density of total charge carriers, respectively. It is also reported that for grain
boundaries limited conduction, the value of α is found to be less than unity [100, 112].
Poole-Frenkel Emission (PF): Pool-Frenkel emission takes place in the vicinity of
impurities or charge defects, which act as deep trap levels (Pool-Frenkel traps) for the
charge carriers. In the presence of electric field, trapped charge carriers are thermally
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activated to the conduction band. The conduction takes place by the successive hopping
of the charge carries among the traps. The current density based on Pool-Frenkel
emission can be expressed as [113]:

J PF

 E  q 3 E /  K
o
= AE exp  I

k BT







(2.19)

where, q is charge on the charge carrier, kB is Boltzmann constant, T is absolute
temperature, A is a constant, EI is ionization energy of the traps and K is optical dielectric
permittivity which is equal to n2, where ‘n’ is the refractive index of the material.
Schottky Emission: Schottky emission is a phenomenon that occurs at the sampleelectrode interface in dielectric materials. The charge distribution at the sample-electrode
interface gives rise to a potential barrier ΦB. When the applied voltage exceeds this value,
the charge carriers are transferred to the conduction band of the material. The Schottky
emission can be described by the following equation [98]:

   q 3 E /  K
o
J S = BT 2 exp  B

k BT







(2.20)

where, B is a constant, and the value of K present in equations (2.19) and (2.20) can
be extracted by plotting the J-E data according to these equations. The presence of PoolFrenkel or Schottky emission can be identified by matching the corresponding extracted
values of K with its actual value for a specific material.
2.6. Impedance Spectroscopy
Impedance spectroscopy is a powerful tool to distinguish different electrically active
regions in a material. It can differentiate intrinsic and extrinsic behaviour on the basis of
similarity and dissimilarity present in the electric response of grains and grain boundaries
[114]. Different types of charge carries may be recognized by their associative values of
activation energy extracted from temperature dependent impedance spectroscopic data. In
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impedance spectroscopy, the sample is subjected to the ac electric field with varying
frequency and real and imaginary parts of complex impedance, (Z* = Z ʹ + jZ ″ ), are
measured as a function of frequency at different temperatures.
Complex impedance Z* of a material is the ratio of the applied alternating electric
potential V(t) to the resulting alternating current I(t) through it. For a pure resistive
material, electric potential V(t) and resulting current I(t), both vary in phase, but in the
vicinity of a capacitive response in the material, there appears a phase difference φ in
these two quantities. In this case the impedance of the material can be calculated using
following equation:

Z =

V e jt
V
V (t )
= o j (t  ) = o e j = Z o e j = Z o cos  j sin  
I (t ) I o e
Io

 Z  = Z o cos  jZ o sin  = Z ' jZ "

(2.21)

In the above equation, j =  1 while Z′ and Z″ are real and imaginary parts of
complex impedance Z*, which can be graphically represented as in Fig. 2.7.

Figure 2.7: Demonstration of real and imaginary parts (Z′ and Z″) of complex impedance Z*
presented in vector form.
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2.6.1. Definitions of Terminology involved in Impedance Spectroscopy
A considerable portion of this study is comprises of impedance spectroscopy,
therefore it is important to define the terminology that is commonly involved in this
technique, these terms are briefly described in the subsequent paragraphs.
Admittance is the reciprocal of impedance. It is a complex quantity, denoted by Y*
and can be expressed as: Y* = Yʹ + jY″. It is also known as complex conductance.
Dielectric permittivity is the ratio of the surface charge density (dielectric
displacement) to the applied electric field that causes this displacement [115]. The
dielectric permittivity is a complex quantity which is written as: ε*=ε′ +j ε″ = (εr′ +j
εr″)εo, where εr′ is the dielectric constant and εr″ is the loss factor, so that

tan  =  r "  r ' , here is the loss angle [116].
Complex Modulus is reciprocal of the complex dielectric constant and primarily
describes the capacitive behaviour of a material. It can be expressed as: M* = Mʹ + jM″.
Immittance is a general term to mention any of electrical complex quantity, including
Z*, *, M* and Y*. It can be written as: I*= Iʹ + jI″.

For detail analysis of the impedance data, it is converted to other formalisms, such as
complex electric modulus, M*, complex permittivity, and complex admittance, Y*, by
employing the following conversions [117].

Z* =

1 M*
1
=
=

Y*
 *

(2.22)

where is immittance function so that

 = jCo ,

here

 = 2f

is angular

frequency of the applied electric field and Co is the capacitance of the empty electrodes.
Different formalisms, i.e., Z*, M*, and Y* are used to resolve the contribution of
various electrical properties; such as, resistance, capacitance and inductance related to the
sample. For instance, Z* describes the more resistive part of electric response normally at
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low frequency region where as M* is more sensitive to capacitive part in the high
frequency region. Thus Z* and M* explore the grain boundaries and bulk (grain)
contribution to the same complex impedance data [118].
2.6.2. Information Accomplished From The Impedance Spectroscopic Plots
Information about the different features of material and their associated electrical
properties can be found by plotting the impedance spectroscopic data in different styles.
A brief description of some important plots, which are frequently employed for data
analysis, is given below.
Nyquist or complex plane plot (Zʹ vs Z″) gives the information about the number of
relaxation process and their corresponding values of capacitances and resistances. In Fig.
2.8 (a) the intersection of semicircle on the real axis gives the value of DC resistance, R,
associated with the relaxation process while the corresponding value of C can be found
by using the expression r = 1  = 1 RC where ωr is the relaxation frequency and  is
the time constant. Fig. 2.8 (b) shows the four individual arcs along with their resultant
arcs. The two consecutive arcs can be identified separately if their respective time
constants differ by at least two orders of magnitude.

If a small difference occurs in

time constants of two relaxations, then their semicircles overlap and result in a depressed
semicircle with centre lying under the real axis as shown in Fig. 2.8 (b).

b

a

Resultant arcs

- Z"

r = 1/RC

Individual arcs

Z'

Figure 2.8: The typical Nyquist plots showing (a) a single semicircle for a single relaxation
and (b) several semicircles with their resultant arcs exhibiting multi-relaxation process.
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Figure 2.9: A typical representation of Bode plot of Z″ and M″ versus log of frequency.

Bode plot (Zʹ or Z″ vs log(f)) is very useful in exploring the data under the whole
frequency range with equal weight [118], in contrast to the Nyquist plot, where the high
frequency region is not very clear without zooming in. Bode plot is also known as
spectroscopic plot in which an immittance quantity is plotted against log of frequency. To
investigate the low frequency resistive and high frequency capacitive responses, a
combined Bode plot is commonly used by taking Z″ and M″ as separate along y-axes and
log of frequency as x-axis. A typical Bode plot of this type is shown in Fig. 2.9.
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(a)

(b)

Figure 2.10: Typical plots of Z″ and M″ versus frequency for the involvement of (a) single type
of charge carriers and (b) different types of charge carriers, in a relaxation process.

Combined plot of Z″ and M″ versus frequency in log-log scale is a convenient way to
examine the involvement of single type of charge carriers in a relaxation process. In the
presence of a single type of charge carriers, the Z″ and M″ peak maxima coincide at a
single frequency (Fig. 2.10 (a)), having slope of value 1 at both sides of relaxation
frequency; however, in the presence of different nature of charge carriers these peak
maxima are separated and Z″ peak is broadened in lower frequency side while M″ peak
is broadened in higher frequency side as shown in Fig. 2.10 (b) [114].
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2.6.3. Analysis of Immittance Data by Employing Equivalent Circuit Model
Applying an equivalent circuit model, consistent of different electric elements, such
as, resistance, R, capacitance, C, inductance, L, or/and constant phase element (CPE), Q,
to fit the measured data is a good practice to analyze the qualitative and quantitative
contribution of various electrically active regions present in a material. The electric
response of a relaxation process exhibiting a single type of charge carriers is similar to
that of an electric circuit consistent of a resistance, R, and a capacitance, C, connected in
parallel mode. It is an ideal case; however, many of the relaxation process exhibit the
involvement of different types of charge carriers (as discussed earlier), showing a nonideal behaviour, which can be compensated by introducing a constant phase element, Q,
in the equivalent circuit model. The capacitance, C, associated with CPE, Q, and
resistance, R, can be calculated by the following equation [117]:

C = R(1-n)/n  Q1/n

(2.23)

where, 0  n  1 ; ‘n’ is zero for pure resistor and unity for pure capacitor. The impedance
of CPE, Z*Q, can be obtained from the following relation [119]:

Z Q* = {(i )n Q}-1

(2.24)

The values of complex immittance quantities, that is, Z*, M*, and Y* associated
with the individual resistance, R, capacitance, C, and their series and parallel
combinations are expressed in Table 2.1. where, Rs and Cs; and, Rp and Cp are the values
of resistance and capacitance for connection in series and parallel mode, respectively,
while j, ω and Co have their usual meanings. The corresponding Nyquist plots in Z*
formalism are presented in Fig. 2.11.
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Figure 2.11: Typical Nyquist plots corresponding to individual resistance R, capacitance, C
and their series and parallel combinations.
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Table 2.1: Equivalent circuits along with corresponding formulas for finding complex immittance quantities; Z*, M*, ε* and Y*
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2.6.4. AC conductivity
The response of AC conductivity to the variation of frequency at different
temperatures is very useful to investigate the possible conduction mechanisms involved
in the electrical transport properties of the materials. The complex AC conductivity can
be written as:
 ( ) =  ' ( )  j " ( )
 ac

(2.25)

where, σʹ(ω) and σ″(ω) are the real and imaginary parts of the complex AC conductivity
while j =  1 and ‘ω’ is the angular frequency. The real part of the complex AC
conductivity can be calculated from the real (Z′) and imaginary parts (Z″) of the complex
impedance Z* by employing the following equation:

Z  d

 ac ( ) =  2
2 
 Z  Z   A

(2.26)

where, ‘d’ is the thickness and ‘A’ is the area of the sample. The real part of the AC
conductivity, at the frequencies less than 10 MHz and temperatures more than 150 K, can
also be described by the Jonscher power law as given by the following equation:

 ac ( ) =    B s

(2.27)

where, σ˳ is the frequency independent part of the conductivity as can be treated as DC
conductivity, while ‘B’ and ‘s’ are frequency independent parameters which are
dependent on temperature; the value of ‘s’ varies between 0 and 1.
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Chapter 3.

Structural and Electrical Transport
Properties of BiFeO3
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3.1. Introduction
Coupling between the ferroelectric and ferromagnetic ordering is of great importance
in the field of spintronics, memory devices and sensors [4, 120-121]. BiFeO3 is believed
to be a promising material in this regard due to its electro-magnetic coupling at room
temperature [122]. It belongs to R3c space group with rhombohedrally distorted,
noncentrosymmetric structure [120, 123-124]. It possesses G-type antiferromagnetic
ordering (Néel temperature TN ~ 643 K) due to spin canting with a spiral spin structure
[125]. This spiral spin structure has a wavelength of about 62 nm which causes vanishing
of magnetism at macroscopic level [126]. Ferroelectric ordering (Curie temperature TC ~
1103 K) in BiFeO3 is generated due to off centered displacement of Fe3+ cation from its
noncentrosymmetric position under the influence of crystal potential introduced in the
vicinity of 6s2 lone pair of Bi3+ cations. However, ferroelectric properties are hard to
characterize due to high leakage current that restricts the application of high electric field
to be investigated. It is well known that large number of oxygen vacancies and multiple
oxidation state of Fe, caused by the volatile nature of Bi, provide path to the flow of
leakage current [127-129].
Several authors have described the conduction mechanisms involved in the dc
transport properties of BiFeO3 [130-132], but dc characterization does not give a clear
picture of nature of charge carriers and their associative regions in the material. In order
to find out the contribution of the grains and grain boundaries in leaky behavior we
employed ac electrical measurements in the frame work of impedance spectroscopy.
Impedance spectroscopy is a powerful tool to distinguish different electrically active
regions in a material. It can differentiate intrinsic and extrinsic behavior on the basis of
similarity and dissimilarity present in the electric response of grains and grain boundaries
[114]. Different types of charge carries may be recognized by their associative values of
activation energy extracted from temperature dependent impedance spectroscopic data.
For detail analysis of data, it is converted to other formalisms, such as complex electric
modulus, (M* = Mʹ + jM″) and complex permittivity, (=ʹ j″ by employing
equation 2.22. Different formalisms i.e. Z*, M*, and are used to resolve the
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contribution of various electrical properties, such as, resistance, capacitance and
inductance associated with different electro-active regions of the sample. For instance, Z*
describes the more resistive part of electric response normally at low frequency region
where as M* is more sensitive to capacitive part in the high frequency region. Thus Z*
and M* explore the grain boundaries and bulk (grain) contribution to the same complex
impedance data [118]. Applying an equivalent circuit model, consistent of different
electric elements, such as, resistance, R, capacitance, C, inductance, L, or constant phase
element, Q, to fit the measured data is a good practice to analyze the qualitative and
quantitative contribution of various electrically active regions present in the sample.
3.2. Experimental
3.2.1. Synthesis of BiFeO3
BiFeO3 polycrystalline sample was synthesized by conventional solid state
reaction method. Stoichiometric amounts of Bi2O3 and Fe2O3 having 99.9% purity were
thoroughly mixed and ground in an electric pestle-mortar for 30 min. The ground powder
was calcined at temperatures of 750˚C and 800˚C for 20h, with an intermediate grinding
for 30 min. The calcined powder was ground and pressed into pellet having diameter of
about 10 mm and thickness of about 1 mm and sintered at 825˚C for 20h.
3.2.2. Characterizations
Laboratory XRD was used to check that single phase material has been
synthesized. In order to investigate the structure of the synthesized sample, synchrotron
radiation X-ray diffraction data were collected at the European Synchrotron Radiation
Facility (ESRF) using High Resolution Powder Diffraction Beamline (ID31) at a
wavelength of = 0.35412 Å. The XRD data were collected in 1˚ ≤ 2≤ 40˚ range with a
step size of 0.002˚. Crystal structure of the synthesized sample was analyzed using GSAS
Rietveld refinement software [133]. Scanning electron microscopy (SEM Leo440i, UK)
was employed to explore the microstructure of the synthesized sample. The operating
voltage of SEM was set as 15.000 kV. For measuring the complex impedance data, the
opposite flat surfaces of the pellet were polished, coated with silver paste in the
configuration of parallel plate capacitor and cured at 150˚C for an hour. Temperature
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dependant impedance spectroscopic data in the frequency range from 200 Hz to 2 MHz
was collected using Agilent E4980A LCR meter. The impedance data were fitted in
ZView software using an appropriate equivalent circuit model [134]. Temperature
dependent Hall coefficient measurements were carried out on a square shaped pellet with
dimensions ~ 7 mm × 7 mm × 0.6 mm, in the temperature range of 330 – 380 K, the
applied magnetic field was of 0.4 Tesla.
3.3. Results and discussion
3.3.1. Synchrotron X-Ray Diffraction Study
The synchrotron X-ray diffraction (XRD) data analysis was employed to obtain the
structural information and phase identification, the synchrotron XRD spectrum is shown
in Fig. 3.1(a). Observed and calculated profiles, their difference and the diffraction peak
positions are also shown. Enlarged view of some major diffraction peak positions in the
range 4˚ ≤ 2≤ 14˚, is presented in Fig. 3.1(b), the inset shows the fitted result of the two
principal peaks. The diffraction peak positions match well with those of rhombohedrally
distorted perovskite structure with space group R3c [135-136]. However minor traces (<
5%) of commonly reported secondary phases of Bi2Fe4O9 and Bi25FeO40 are also present,
which are often unavoidable due to complex reaction kinetics of formation of metastable
BiFeO3 [67]. The cell parameters, bond distances, and atomic positions of various atoms,
extracted from Rietveld refinement of the X-ray diffraction data are presented in Table
3.1. These results are comparable with reported parameters for single crystal BiFeO3
[137]. Fig. 3.2(a) shows the crystal structure of a unit cell in hexagonal symmetry; it
consists of 6 Bi, 6 Fe and 18 O atoms and hence has 6 formula units of BiFeO3. Off
centered displacement of Fe ions along the c-axis is observed which is about 0.397 Å =
((3.865-3.071)/2) Å. Two types of bonds (Fe-O1 and Fe-O2) with different bond length
are present in FeO6 octahedron as shown in Fig. 3.2(b); these bond lengths are computed
from the refined XRD data by executing “DISAGL” program incorporated in the GSAS
software [133]. Fe-O1 bond lengths (~1.935 Å) are slightly shorter than Fe-O2 bond
lengths (~2.131 Å); which results in the distortion of FeO6 octahedra.
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Figure 3.1: (a) Fitting profile of the Synchrotron X-ray diffraction data of BiFeO3, (b) enlarge
view of some major diffraction peaks, with inset showing fitted result for two principal peaks.
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Figure 3.2: (a) Local atomic arrangement in a unit cell of BiFeO3 extracted from refined
Synchrotron X-ray diffraction data, (b) FeO6 octahedron with two sets of Fe-O bond lengths.

Table 3.1: Structural parameters extracted from Rietveld refinement of the Synchrotron X-ray
diffraction data.

BiFeO3 Space group: R3c (Hexagonal symmetry)
Atom

Atomic positions

Multiplicity

x

y

z

Bi

0.0000000

0.0000000

0.0000000

6

Fe

0.0000000

0.0000000

0.22138(13)

6

O

0.4479(12)

0.0183(12)

0.9501(4)

18

Lattice parameters
a = 5.57967(2) Å

c = 13.87138(6) Å

V = 373.996(3) Å3

Interatomic distances (Å)
Bi-O 2.546(6) × 3

Fe-O 1.935(6) × 3

2.249(6) × 3

2.131(6) × 3
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2 = 8.265

3.3.2. Scanning Electron Microscopy
The knowledge of microstructure of a material is very useful in understanding the
electric transport properties of that material. Polycrystalline materials consist of grains
with uniformly arranged atoms and the grain boundaries containing different types of
defects like broken bonds and segregation of impurity phases, etc. Normally electric
behavior of grains and grains boundaries is quite different. Generally, grain boundaries
play a major role in resisting the flow of charges in most of the ferrites. The SEM image
of BiFeO3 sample taken from the fractured surface of the sintered pellet is
presented in Fig. 3.3. The microstructure reveals that average grain size is ~5 m and
grains have well defined geometrical shapes and sharp grain boundaries.

Figure 3.3: SEM image of BiFeO3 sintered at 825˚C.

3.3.3. Mössbauer Spectroscopy of BiFeO3
The oxidation state of Fe cations plays an important role in determining the
quantum mechanical exchange interactions among different types of ions, such as, direct,
double and super exchange interactions among the Fe3+ and/or Fe2+ cations. On the other
hand the multiple oxidation states of Fe introduce different types of electrical transport
behaviour in the material, such as, existence of Fe4+ may introduce hole hopping through
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Fe4+-O-Fe3+ and the presence of Fe2+ may promote the electron hopping among Fe2+ and
Fe3+.

-10

-5

0
Velocity [mm/s]

5

10

Figure 3.4: Fe57 Mössbauer spectrum for the undoped BiFeO3 ceramics collected at room
temperature.

Mössbauer spectroscopy has been employed to find the oxidation state of Fe ions
and their structural environment. The Mössbauer spectrum for undoped BiFeO3 is
presented in Fig. 3.4, which is well fitted by one singlet and one sextet. The singlet peak
with an isomer shift (δ) of 0.30 mm/s and line width (Γ) of 1.04mm/s, has 20% relative
area which may corresponds to the impurity phases such as Bi25FeO40 [138] and/or
Bi2Fe4O9 [139]. This singlet peak has no hyperfine mean field which shows that these
impurity phases have no contribution to the magnetic ordering in BiFeO3 ceramics. On
the other hand the Zeeman splitting shown by the sextet indicates the magnetic ordering
which might be due to the anti-ferromagnetic alignment of the magnetic spins among the
adjacent planes, which is also found in the magnetic measurements. The value of
hyperfine magnetic field, Heff, is 496 kOe (49.6T), which is in good agreement with the
typical value for BiFeO3 reported in the literature [126].
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3.3.4. Complex Impedance Spectroscopy
Visual inspection of the impedance data plotted in different formalisms is the first
tool to find the various relaxation phenomena involved in the electric transport properties
of a material. The Cole-Cole plots (Z′ vs. Z″) in the complex impedance formalism are
shown in Fig. 3.5(a) these plots apparently show single but depressed semi-circles, the
arrow indicates the direction of increase of frequency. Depression of the semi-circle
indicates more than one relaxation process present in the dielectric properties. However,
the imaginary parts of complex permittivity,  ″ , versus frequency plots show two
relaxation peaks, to be discussed later; from these results we can infer the presence of two
relaxation process. On the basis of visual inspection of these plots we fitted some
plausible equivalent circuit models using ZView software. The equivalent circuit model,
shown in the inset of Fig. 3.5(a), consistent of two RgbCgb/ReQe parallel circuits,
connected in series with a resistance Rg, gives the best fit among the various employed
circuits. Normally in ceramics, the values of resistance, R, and capacitance, C, associated
with the grain boundaries are greater than that related with the grains due to the presence
of structural and charge defects like dangling bonds and oxygen non-stoichiometry.
Therefore, the grain boundary relaxation occurs at lower frequency (fr = 1/2πRC) as
compared to relaxation corresponding to the grains. Similarly, the sample-electrode
interface has greater resistance and capacitance due the formation of Schottky layer at the
interface, as compared to the grain boundaries [140]. Hence, the electrode-interface
relaxation will take place at even low frequency. In this scenario, on the basis of the
values of different electric parameters of proposed equivalent circuit model, we have
assigned the corresponding symbols of Rg, Rgb and Re to the resistances of grains, grain
boundaries and sample-electrode interface and Cgb to the capacitance associated with the
grains boundaries and Qe to constant phase element related to the sample-electrode
interface. The constant phase element, Q, is introduced in the circuit to take into account
the non ideal behavior of the capacitance that causes depression in the semicircle
corresponding to the electrode effects in low frequency region.
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Figure 3.5: (a) Complex impedance Cole-Cole plots for BiFeO3 at temperature range from 325
K to 365 K, along with fitted results, by employing an equivalent circuit model shown in the
inset. (b) Impedance data presented as Cole-Cole plots at 325 K differentiating electrode and
grain boundary arcs, inset shows the resistance (Rg) in units of ohm () associated with the
grains.
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It is clear from Fig. 3.5(a) that the diameters of semi-circles decrease with
increasing temperature showing a semiconducting behavior. Fig. 3.5(b) shows impedance
plane plot at 325 K along with its fitted profile which differentiates two arcs, an electrode
arc at low frequencies and a grain boundary arc at high frequencies, while the inset shows
the resistance corresponding to grain region of the sample as indicated in the electric
circuit model used. The values of fitted electric parameters, extracted from the equivalent
circuit model are listed in Table 3.2. The complex impedance fitted data is divided into
two frequency regime, a low frequency region dominated with the electrode contribution
and a high frequency region dominated by grains boundaries contribution, while the
grains shows a non-capacitive response in the whole temperature range. Table 3.2 shows
that the resistance associated with grain (Rg) is strongly dependent on temperature up to
375 K; after that it becomes almost constant. However, the resistance associated with
grain boundaries shows temperature dependence in whole measuring temperature range.
This shows that the density of charge carriers associated with grains conduction increases
with temperature and becomes saturated at 375 K.
Bode plots (″ vs. f) in * formalism show two loss peaks indicating two relaxation
processes involved in the transport properties of BiFeO3 sample as shown in Fig. 3.6. As
discussed above, the peak lying in the low frequency region (up to about 100 kHz) have
high values of capacitance and resistance which correspond to the electrode relaxation;
and for the peak present in the high frequency region (above 100 kHz), the respective
values of capacitance and resistance correspond to the grain boundaries relaxation. It is
observed that both peaks are shifted toward high frequency with rise in temperature due
to increase in the relaxation frequencies, which shows that these processes are thermally
activated [141].
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Table 3.2: The values of electric parameters associated with grains, grain boundaries and
sample electrode interface, extracted from the equivalent circuit model at some selected
temperatures.

Temperature

Rg

Rgb

Cgb

Re

Qe

(K)

(Ω)

(Ω)

(nF)

(kΩ)

(nF)

325

104.64

2183.02

29.21

1018.8

10.26

0.935

330

89.39

1505.74

29.21

851.08

10.48

0.935

335

76.33

1102.51

26.51

632.60

10.35

0.939

340

66.77

927.11

21.74

443.58

9.684

0.950

345

58.41

720.95

20.36

328.16

9.569

0.954

350

51.95

587.22

19.30

266.77

9.585

0.956

355

45.41

463.17

18.95

209.94

10.39

0.953

360

39.58

350.70

20.12

183.02

12.25

0.943

365

33.80

255.70

22.48

154.02

15.99

0.926

370

30.33

206.46

24.27

152.61

19.94

0.912

375

27.75

169.28

24.30

156.11

24.46

0.901

380

27.05

150.08

21.86

160.91

26.32

0.903

385

25.43

126.04

18.55

163.51

26.18

0.911

390

25.38

110.49

17.40

155.14

24.27

0.923

395

25.04

90.37

17.72

146.90

22.65

0.934

400

24.40

71.27

19.09

129.82

21.72

0.941

ne

The sample-electrode interface relaxation peaks show more dispersion as compare
to grain boundaries relaxation peaks with increasing temperature; this demonstrates that
sample-electrode interface transport properties are more dependent on temperature as
compare to that of grain boundaries. The correlation between the real and imaginary parts
of complex permittivity, can be described by the following relation:

 ( , T ) =


2



 ( , T )
(ln  )

(3.1)
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This relation is demonstrated graphically in the inset of Fig. 3.6, where the coincidence of
the peak frequency of the ″ and the frequency at the maximum slope in the ′ plot is
obvious.

Figure 3.6: Imaginary part of permittivity,  ″ , vs. frequency plots at some selected
temperatures, inset shows the combined plot of ′ and ″ vs. frequency at 300K.

Figure 3.7: Plots of ln(R/T) vs. 1000/T, associated with grain and grain boundary regions
employing SPH model.
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The complex reaction kinetics of the formation of BiFeO3 due to the highly
volatile nature of Bi, may generate different types of defects in this material. The Bi
vacancies may create oxygen vacancies and/or promote multiple oxidation state of Fe3+
(i.e. Fe2+ or Fe4+). By employing Kröger-Vink notation, the generation of oxygen
vacancies and their ionization may proceed in following steps:

1
Oo  Vo  O2
2

(3.2)

Vo  Vo  e

(3.3)

Vo  Vo  e

(3.4)

Similarly, the Fe ions may exchange their oxidation states according to the following
expression:


FeFe
 FeFe
 e

(3.5)

On the basis of above expressions various types of charge carriers may contribute in
the electrical transport properties of BiFeO3. Migration of first ionized oxygen vacancies,
electronic conduction at high temperatures, hole hopping between Fe3+ and Fe4+ or
electron hopping through the first ionized oxygen vacancy bridge Fe3+ -

- Fe2+ are

possible conduction processes in this material.
In this study, we investigate the nature of charge carriers, involved in conduction
mechanism, associated with the grains and grain boundaries; Fig. 3.7 shows the variation
of Rg and Rgb when plotted against inverse temperature, by employing the adiabatic small
polaron hopping (SPH) model, using the equation, R T = Ao exp( Ec K BT ) ; where R is
the resistance at absolute temperature T, Ao is pre-exponential coefficient, Ec is the
activation energy for the conduction and kB is the Boltzmann constant. From these results
we note that for conduction of grain boundaries a single linear fit is applicable in the
whole temperature range; for grain boundaries the activation energy, Ec, of 0.53±0.01 eV
is obtained. On the other hand, for conduction in grains, two regions are observed, below
375 K the value of activation energy is 0.31±0.01 eV while above 375 K it is 0.09±0.01
eV.
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The value of activation energy defines the type of charge carrier involved in the
conduction mechanism. Generally, the values of activation energy, Ec, for ionic
conduction are greater than 0.9 eV [47, 142], while the n-type polaronic hopping is
observed with Ec < 0.2 eV and p-type hopping conduction is observed with Ec > 0.2 eV
[143]. The values of activation energy for BiFeO3 are significantly less than 0.9 eV and
hence the presence of any oxide ion conduction is ruled out. The activation energy Ec
associated with the grain boundaries is 0.53 eV in the whole measured temperature range,
which shows the presence of p-type polaron hopping conduction mechanism. Maso and
West [144] have attributed similar values of activation energy to hole conduction due to
the oxidation of Fe3+ to Fe4+. The activation energy associated with grain has a value of
0.31 eV at temperatures less than 375 K, however above 375 K the activation energy is
0.09 eV. These results suggest that at 375 K, there may a change from p-type to n-type
conduction mechanism in grains. The low value of activation energy in grains as
compared to that of grain boundaries may due to more ordered structure in the grains.
The first ionization energy of the oxygen vacancy is reported to be about 0.1 eV [47],
which may generate a bridge Fe3+ -

- Fe2+ responsible for the n-type electronic

conduction in grains above 375 K.
3.3.5. Measurement of Hall Coefficient
However above mentioned limits of activation energy for n and p-type conductions
are not followed strictly, some reports are present in the literature in which conduction
mechanism does not obey these limits of activation energy [145-146]. These
discrepancies can be resolved by employing Hall coefficient measurements [147]. It is
well known that the value of Hall coefficient, RH, estimates the charge carrier density,
while its sign defines the polarity of the charge carriers, i.e., RH is negative for the
negative charge carriers and positive for positive charge carriers. In order to confirm the
transition of p-type and n-type conduction mechanism below and above 375 K, we
performed Hall coefficient (RH) measurements in the temperature range of 350 – 390 K.
From Fig. 3.8 it is obvious that below 375 K, the value of RH is positive and is decreasing
with increase in the temperature; however at around 375 K, the sign of RH changes to
negative, which indicates that at this temperature the conduction mechanism changes
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from hole hopping, between Fe3+ and Fe4+, (i.e., positive charge carriers), to electron
hopping, (i.e., negative charge carriers), where the first ionized oxygen bridge
Fe3+ -

- Fe2+ plays a dominant role. From these results it is deuced that transformation

of p-type to n-type conduction takes place around 375 K. These results support the
decrease of activation energy and the anticipated conduction mechanisms, as discussed
above.

Figure 3.8: Variation of Hall coefficient (RH) with temperature for BiFeO3.

A combined plot of the normalized M″ and Z″ or Y″ and ″ versus frequency
demonstrates the nature of conduction, whether is it short range (localized hopping) or
long range (band) conduction [47, 148-149]. Existence of the relaxation frequencies of
M″ and Z″ or Y″ and ″ at the same position in such plots is the consequence of long
range conduction mechanism whereas the mismatch of the relaxation frequencies shows
the short range conduction mechanism [47].
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Figure 3.9: Plots of (a) Z″/Z″max, M″/M″max vs. frequency and (b) ″/″max, Y″/Y″max vs. frequency
demonstrating short range conduction processes.
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Figs. 3.9(a) and (b) show Z″/Z″max, M″/M″max versus frequency plots, associated with
the electrode sample interface and ″/″max, Y″/Y″max versus frequency plots, related to
the grain boundaries regimes, respectively at 360 K. From these results we observed an
obvious mismatch in the relaxation frequencies which suggests a short range (localized
polaron hopping) conduction process at the electrodes and grain boundaries.
3.4. Summary
BiFeO3 ceramics was synthesized by solid state reaction technique. High resolution
Synchrotron X-ray diffraction analysis confirmed the phase formation as rhombohedrally
distorted perovskite structure having space group R3c. Fe-O bonds in FeO6 octahedron
are of two types with bond lengths of ~ 1.935 Å and ~ 2.131 Å. Fe3+ ions show an off
centered shift of ~ 0.397 Å along c-axis. SEM shows widely grown grains with average
grain size of 5m. From the complex impedance spectroscopy we observed that ac
electric transport behavior in grain boundaries follows small polaron hopping model
assisted with hole hopping, in the temperature range of 300-400 K; whereas in grain
region, below 375 K p-type conduction is involved, but above 375 K, conduction due to
electron hopping is dominant. In addition, analysis of impedance data indicates the short
range conduction process in the electric response of the sample.
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Chapter 4.

Structural, Electrical Transport and
Magnetic Effects of Ba Substitution at Bi-sites
in BiFeO3
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4.1. Introduction
Large number of oxygen vacancies produced due to highly volatile nature of Bi
and the multiple oxidation states of Fe (Fe2+ and Fe3+) cause a high leakage current in
BiFeO3 that degrades its ferroelectric properties. On the other hand, the localized
ferromagnetism produced by the canting of spins vanishes at macroscopic level due the
spiral spin structure of the magnetic domains with a wavelength ~ 62 nm. Due to these
limitations BiFeO3 has restricted applications. Several researchers have worked to
overcome these limitations by synthesizing nanostructures or thin films of BiFeO3 using
appropriate synthesis technique and/or by doping rare earth metals/lanthanides at Bi sites
and/or transition elements at Fe sites. Kawae et al. [132] codoped BiFeO3 with Mn and Ti
and found greatly reduced leakage current and high remnant polarization of 75 C/cm2
when they applied an electric field of 2100 kV/cm. Qian et al. [150] found a large
magneto-dielectric coefficient of 4.7% in as-prepared BiFeO3 nanoparticles. Wang et al.
[151] found a great enhancement in magnetization with Co2+ substitution for Fe3+ ions.
Wang et al. [152] studied the magnetic and ferroelectric properties of Ba doped BiFeO3.
In this chapter, the effects of replacement of Bi3+ ions with Ba2+ to modify the structure
and transport properties of BiFeO3 have been investigated. Moreover, the analysis of
leakage current density and dielectric properties with increasing Ba concentration is
carried out.
4.2. Experimental
4.2.1. Synthesis of Bi1-xBaxFeO3 (x=0.00 ‒ 0.25)
Polycrystalline samples of Bi1-xBaxFeO3 (x=0.00, 0.02, 0.05, 0.10, 0.15, 0.20, 0.25)
were synthesized by conventional solid state reaction method. Stoichiometric amounts of
Bi2O3, Fe2O3 and BaCO3 having 99.9% purity were thoroughly mixed and ground in an
agate pestle and mortar for 30 min for each composition. The calcinations of the ground
powders were carried out at temperatures of 750˚C and 800˚C for the time duration of 20
h, with an intermediate grinding for 30 min. Then the powders were ground and pressed
into pellets having diameter of ~ 9 mm and thickness of ~ 1mm and sintered at 825˚C.

70

4.2.2. Characterizations
The Laboratory X-ray diffraction data were collected to confirm the single phase
formation of the synthesized samples. The XRD data were collected using D8 Discoverer
HR-XRD BRUKER (Germany) with CuKα radiations (λ = 1.5418 Å). The data were
collected in 15˚≤ 2θ ≤ 70˚ range with a step size of 0.02˚ and count rate of 2 s/step. In
order to reveal the phase and structure of the synthesized sample, synchrotron radiation
X-ray diffraction data were collected at the European Synchrotron Radiation Facility
(ESRF) using High Resolution Powder Diffraction Beamline (ID31) at a wavelength of
= 0.35412 Å. The XRD data were collected in 1˚ ≤ 2≤ 40˚ range with a step size of
0.002˚. Scanning electron microscopy (SEM) was carried out to observe the
microstructure of the synthesized samples using Jeol JSM 5910 scanning electron
microscope. The operating voltage of SEM was set as 15.000 kV. The Fe57 Mössbauer
spectra were collected using Co57 in Rh-matrix as a source of γ-ays in the transmission
geometry and analyzed by applying MOS-90 computer program. For electrical
measurements the opposite flat faces of the pellets were coated with silver paste to make
them a parallel plate capacitor and cured at 150˚C for 1hour. Room temperature dielectric
measurements were carried out using Agilent E4980A LCR meter in the frequency range
from 20 Hz to 2 MHz.The response of the current density, J, to applied electric field, E,
was analyzed using Keithley 2400 source meter. A Quantum Design VersaLab VSM was
used to collect the magnetic data at room temperature.
4.3. Results and discussion
4.3.1. X-ray diffraction analysis
The laboratory X-ray diffraction data collected at room temperature for
Bi1-xBaxFeO3 (x=0.00- 0.25) are shown in Fig. 4.1. All the diffraction peak positions for
BiFeO3 polycrystalline match well with those of the rhombohedral R3c structure [135,
136] with no impty peak. The diffraction data for pure BiFeO3 indicates splitting of the
diffraction peaks which is gradually suppressed with increasing doping level. These
results indicate a structural phase transition with Ba doping at Bi sites in BiFeO3;
however, the resolution of the lab XRD data is not signification to reveal the structural
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transition. Therefore in order to investigate the effects of Ba substitution on the crystal
structure and possibility of any structural phase transition in Bi1-xBaxFeO3, we have
collected the high resolution Synchrotron X-ray diffraction data at room temperature.

Figure 4.1: Laboratory XRD patterns of Bi1-xBaxFeO3 (x=0.00-0.25) collected at room
temperature.

In Fig. 4.2(a) the synchrotron XRD patterns of Bi1-xBaxFeO3 samples recorded at
room temperature are shown. The diffraction peak positions for Ba doped BiFeO3 show
gradual variations in peaks when compared with parent BiFeO3. Doubly split peaks near
7.2˚; (104) and (110), near 9˚; (006) and (202) and near 11.5˚; (116) and (112) merge
gradually. This shows a structural phase transition from distorted rhombohedral to pseudo
cubic symmetry. Similar behavior has also been reported for Pb substitution at Bi site in
BiFeO3 [154]. Fig. 4.2(b) shows the enlarged portion between 2 of 7.1˚-7.4˚, where
mergence of (104) and (110) peaks is evident. The emergence of a shoulder on the lower
angle side of the peak is also clear in Fig. 4.2(b) which indicates the appearance of
another crystallographic phase.
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Figure 4.2: (a) High Resolution Synchrotron XRD patterns of Bi1-xBaxFeO3 (x=0.00-0.25);
Enlarged view of the diffraction peaks (104) and (110) near diffraction angle 2=7.2˚ (b) and
12.5˚ (c).
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Fig. 4.2(c) demonstrates a close view of XRD data in the 2 range of 12.2˚‒13˚,
where triply splitted peaks are very clear for undoped BiFeO3 sample. However, the
relative intensities of these peaks are gradually suppressed with the emergence of a fourth
diffraction peak (marked with *) which is more clear for the sample with x=0.10; this
peak becomes the only dominant peak for the samples with x=0.20 and 0.25 in the 2
range of 12.2˚‒13˚. From these results we infer that on 5% Ba doping in BiFeO3, a
second crystallographic phase appeared, on further Ba doping the primary rhombohedral
phase is gradually modified to the pseudo cubic second phase, and for 20% Ba doping,
primary phase is totally transformed to the pseudo cubic phase, which is demonstrated
from the appearance of a single diffraction peak for this composition. All diffraction
peaks shift slightly towards low angle indicating an increase in lattice parameters [56]
caused by the substitution of Ba atoms with larger ionic radius (1.49 Å) at Bi sites
having smaller ionic radius (1.17Å). The lattice parameters, unit cell volume and the FeO bond lengths for different samples are listed in Table 4.1. These results show a gradual
increase in the lattice constant ‘a’; the unit cell volume is also increased with dopant
concentration.
Table 4.1: The structural parameters extracted from the Rietveld refinement of XRD data for
Bi1-xBaxFeO3 samples considering space group R3c in Hexagonal symmetry.

Sample

a

c

Unit cell

Bond length
3

(x)

(Å)

(Å)

volume (Å )

0.00

5.57967

13.87138

373.996

0.05

5.58544

13.87276

374.808

0.10

5.59323

13.84438

375.085

0.15

5.62099

13.78455

377.180

0.20

5.63944

13.80277

380.162

74

Fe-O (Å)
1.935×3
2.131×3
1.903×3
2.171×3
1.852×3
2.212×3
1.657×3
2.339×3
1.919×3
2.145×3

4.3.2. Scanning Electron Microscopy
In Fig. 4.3, SEM images demonstrate the effects of Ba concentration in BiFeO3 on
the grain size and porosity of the samples. From these results it is observed that the
average grain size is greatly reduced from 5 m to 100 nm with increasing Ba
concentration. However, for 15% Ba, the grain size is slightly increased. This may be due
to the structural phase transition from rhombohedral to pseudo cubic structure as
indicated by the XRD data.
It has been suggested that the grain growth depends upon the concentration of
oxygen vacancies [155] and diffusion rate of the ions. Due to highly volatile nature of Bi,
its evaporation generates large number of oxygen vacancies in pure BiFeO3. This makes
it easy for the ions to diffuse, resulting in a very large grain size as compared to the Ba
doped BiFeO3 samples. This phenomenon may be suppressed by the occupation of
certain probable evaporated Bi sites by Ba ions at low doping level. Although, on further
Ba doping oxygen vacancies are generated for charge neutralization, but grain growth is
limited due to substitution of Ba atoms with larger ionic radius at Bi sites having smaller
ionic radius. It is also obvious from Fig. 4.3 that the undoped sample has more compact
microstructure with negligible porosity, however, when Ba is substituted at Bi sites,
porosity increases with increase in the Ba concentration.
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Figure 4.3: SEM photographs of the samples Bi1-xBaxFeO3, (a) x=0.00, (b) x=0.05, (c) x=0.10,
(d) x=0.15, (e) x=0.20 and (f) x=0.25, sintered at 825 °C.
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4.3.3. Mössbauer Spectroscopy
The information about the oxidation state of Fe (i.e., Fe2+, Fe3+ and/or, Fe4+) is
useful to understand the electrical and magnetic properties; the possible oxidation states
of Fe can be estimated by employing Mössbauer spectroscopy. In addition, the magnetic
ordering among the spins can be examined from the hyperfine splitting of the field. The
Mössbauer spectroscopy has been employed to investigate the environment of the Fe
cations, their possible oxidation state, and the crystal structure of the samples. The
Mössbauer spectra of the Bi1-xBaxFeO3 (x = 0.0-0.25) samples collected at room
temperature are presented in Fig. 4.4; while the fitted Mössbauer parameters are listed in
Table 4.2. The fitted spectrum of undoped BFO sample exhibits a hyperfine splitting in a
sextet with 80% area along with a singlet having 20% area. The sextet corresponds to the
major crystallographic phase, while the presence of singlet may be attributed to the minor
impurity phases like Bi2Fe4O9 and Bi25FeO40 [138-139]. The relative area of the singlet is
found to be decreased with increasing dopant concentration and eventually vanishes for
the 20% Ba doping as shown in Fig. 4.4(d). This indicates that the doping of Ba2+ at Bi3+
sites in BiFeO3 suppress the formation of impurity phases, which is also evident from the
XRD results shown in Fig. 4.2(a). Fig. 4.4(a) indicates that the sextet for BFO sample is
not symmetric which may attributed to the presence of spiral spin structure of the
magnetic moments [79]; however, the doping of Ba2+ at Bi3+ sites suppresses the spiral
spin modulation and the Mössbauer spectra for these samples is found to be symmetric.
This phenomenon suggests the possible enhancement in the ferromagnetism in the higher
doped sample, this will be discussed in the section 4.3.8.
The Mössbauer spectra of the BBFO-25 consist of a primary sextet along with an
emerging second sextet. The second sextet can be attributed to the appearance of the
second crystallographic phase as can be seen from the XRD data presented in Fig. 4.2 (b)
for x = 0.25 which indicates the emergence of a shoulder in the left of the diffraction peak
(104) near 2θ of 7.2˚. The values of isomer shift, δ, for all samples are found to be in the
range of 0.30 - 0.40 mm/s which correspond to the presence of only Fe3+ cations at Fe
sites and therefore the existence of Fe2+ and Fe4+ can be ruled out [156].
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Table 4. 2: Mössbauer spectroscopic parameters extracted from the fitting of the hyperfine data
for the Bi1-xBaxFeO3 (x=0.0-0.25) samples collected at room temperature.

Sample

Heff

QS (Δ)

IS (δ)

LW (Γ)

Area

(kOe)

(mm/s)

(mm/s)

(mm/s)

(%)

Sextet

496

0.110

0.37

0.440

80

Singlet

--

0.000

0.30

1.040

20

Sextet

497

0.04

0.40

0.56

94

Singlet

--

0.00

0.30

1.09

6

Sextet

499

-0.02

0.37

0.61

93

Singlet

--

0.00

0.30

1.40

7

Sextet

498

-0.04

0.37

0.67

100

Sextet 1

500

-0.08

0.37

0.63

75

Sextet 2

422

0.34

0.35

1.44

25

Fe Site

(x)

0.00

0.10

0.15

0.20

0.25
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Figure 4.4: Fe57 Mössbauer spectra for the Bi1-xBaxFeO3 samples collected at room
temperature (a) x=0.00, (b) x=0.10, (c) x=0.15, (d) x=0.20 and (e) x=0.25.

79

4.3.4. J-E Characteristics
To investigate the leaky behavior of the Bi1-xBaxFeO3 (x=0.0-0.25) system, these
materials were subjected to the electric field, up to 400 V/cm at room temperature and
leakage current densities were measured against varying electric field. In Fig. 4.5(a), it is
demonstrated that the current density increases with increase in electric field for all
compositions. When considering the effects of Ba concentration on the leakage current
density, it is clear from the Fig. 4.5(a) that 5% Ba doping has no considerable effect on
leakage current density but doping of 10% Ba in BiFeO3 reduces its leakage current
density up to four orders of magnitude as compared to pure BiFeO3. This makes a
significant improvement in ferroelectric properties of the material. On further increase in
Ba concentration, leakage current density first increases up to 20% and then decreases for
25% Ba contents. This behavior will be investigated by tanversus frequency
measurements in section 4.3.5. Hu et al. [157] have reported similar behavior for Gd
doped BiFeO3.
Although, the transport behavior of BiFeO3 system is very complicated but there
are primarily three possible factors that may control the transport properties. First is the
concentration of oxygen vacancies [38, 56] produced due to highly volatile nature of Bi.
These oxygen vacancies generate deep trap energy levels within the band gap and
provide a path for thermally or electrically stimulated charge carriers to flow under
applied electric field; this phenomenon has direct correspondence with the leakage
current density. Second is the multiple oxidation states of Fe ions (Fe2+ and Fe3+) [55, 83,
121, 158]; this behavior of Fe contributes to the conduction at high electric field by the
transfer of the electrons from Fe2+ to Fe3+, that is, virtual hopping of the Fe2+ takes place
in the vicinity of high electric field. Thus, a high concentration of Fe2+ ions in the
material gives rise to high leakage current [55]. The third factor that significantly affects
the leaky behavior of BiFeO3 system is the microstructure, i.e. volume of the grains and
grain boundaries and the density of the material. It is a well known fact that decrease in
the grain size increases the grain boundary region and hence, increases the resistivity of
the material [83, 141, 159-160]. Therefore, large number of oxygen vacancies, high
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concentration of Fe2+ ions, large grain size and more compact structure give rise to the
leaky behavior in the BiFeO3 system.

Figure 4.5: (a) Leakage current density, J, versus Electric field, E, and (b) log (J) vs log (E)
plot for the Bi1-xBaxFeO3 samples (x=0.00-0.25)
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The anomalous leaky behavior, as shown in the Fig. 4.5(a), can be estimated by
considering three factors, as mentioned above. The substitution of Ba2+ for Bi3+ may
cause two parallel phenomena with respect to the concentration of oxygen vacancies, one
is decrease in concentration of oxygen vacancies by filling the probable vacant volatized
Bi3+ sites and the second is the creation of oxygen vacancies to neutralize the charge
produced by substituting Ba2+ for Bi3+. Hence, we may expect a decrease in the number
of oxygen vacancies in low doping level up to 10% Ba and then an increase in oxygen
vacancies concentration on further doping. Therefore, the reduced leakage current density
for 10% Ba is due to decrease in grain size (shown in Fig. 4.3), and reduction in the
concentration of Fe2+ ions and oxygen vacancies related defects [53, 161]. For 15% Ba,
grain size as well as oxygen vacancies concentration are slightly increased due to
relatively large substitution of Ba as discussed earlier, the current density is found to be
increased. Although, grain size of the 20% Ba doped sample is decreased slightly as
compared to 15% Ba but the microstructure is more compact (less pores) and oxygen
vacancies concentration also increases which may results in increase in the leakage
current density. For 25% Ba doped sample, leakage current density is slightly decreased
due to comparatively large porosity in the structure as indicated in Fig. 4.3 (this has been
discussed in SEM results (section 4.3.2)).
Ohmic conduction (when bulk charge density is larger than the density of injected
charges form the electrode) and the space-charge-limited conduction (when density of
injected charges form the electrode is larger than that of the charges in the bulk)
mechanisms are commonly involved in the transport behavior of BiFeO3 ceramics.
Logarithmic plot of the current density, ‘J’ and electric field, ‘E’ is a useful tool to find
the conduction mechanism involved in leakage behavior of the samples. Based on the
power law J α Em relationship, we plotted log(J) vs log(E) in Fig. 4.5(b) for three selected
samples with x=0.00, 0.10 and 0.20. The value of slope ‘m’ for a specific region of these
curves gives the information about the conduction mechanism involved in that region
[55]. In the low electric field region the value of slope of the curves is less than unity for
all the samples indicating grain boundary limited conduction [100]. In the high electric
field region, the value of slope for undoped and 20% Ba doped BiFeO3 is greater than 2
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(m > 2) which shows that the space-charge-limited conduction (SCLC) is dominant for
undoped and 20% Ba doped BiFeO3 [55]. In the samples with x=0.15 and 0.25, same
conduction mechanisms are involved as that of 20% Ba doped BiFeO3. However, for
10% Ba doped sample, it is less than unity (m < 1), indicating that the grain boundary
limited conduction is dominant for this sample. This is expected due to reduced
concentration of charge defects (oxygen vacancies and impurity phases etc.) in this
sample. However, for intermediate values of electric field, the slope of the curve for 20%
Ba doped sample is 1 (m = 1) indicating an Ohmic conduction mechanism in this sample
in the presence of intermediate electric fields.
4.3.5. Dielectric Measurements
Figure 4.6 shows the dielectric measurement of Bi1-xBaxFeO3 (x=0.00-0.25) in the
wide frequency range from 20 Hz to 2 MHz at room temperature. The dielectric constant
 has maximum values at the lower frequencies for all samples which decrease sharply
with increasing frequency up to about 1 kHz and then become almost constant at high
frequencies. This phenomenon shows a large dielectric dispersion due to the MaxwellWanger type of interfacial (ionic and dipole) polarization. The reason is that, the larger
size and mass of dipoles can respond to only low frequencies but at high frequencies they
are unable to be in step with the frequency of the applied electric field and relaxed down
[159].This behavior is common in dielectric and ferroelectric materials [162]. The
dielectric constant as well as its frequency dependent region change systematically with
doping concentration. Very large values of dielectric constant at low frequencies for pure
and 5% Ba doped BiFeO3 samples are observed. This may be attributed to the interfacial
polarization due to high concentration of oxygen vacancies which are produced due to
highly volatile nature of Bi, and/or multiple oxidation states of iron (Fe3+ and Fe2+) [161].
For Bi1-xBaxFeO3 the dielectric constant depends on the concentration of Ba; we found
that the dielectric constant decreases substantially as concentration of Ba is increases.
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Figure 4.6: Frequency response of dielectric constant for the Bi1-xBaxFeO3 samples (x=0.000.25)

The inset shown in Fig. 4.6 is an enlarged view of dielectric measurements for
10% Ba and higher concentrations. The sample with 10% Ba substitution shows lowest
value of dielectric constant due to reduced grain size [163] and low concentration of
charge defects (oxygen vacancies and Fe2+) [53]. On further doping, the value of
dielectric constant becomes larger due to increase of oxygen vacancies. However for 25%
Ba dielectric constant is reduced due to significant replacement of Bi3+ with Ba2+ ions;
which is responsible for ferroelectricity in these materials [158].
The dielectric loss tan shows strong frequency dependence as indicated in Fig.
4.7. For all concentrations, tan has high values in the low frequency region that decrease
gradually with increase in frequency. For x=0.00 and 0.05, a second Debye like
relaxation peak appears at higher frequencies; which can be attributed to the relaxation of
charge carrier trapped among the oxygen vacancies. This ionic relaxation is a high
frequency phenomenon that originates from thermally activated hopping of ions
generated due to these oxygen vacancies.
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Figure 4.7: Frequency response to the dielectric loss for the samples Bi1-xBaxFeO3 (x=0.000.25)

The value of relaxation frequency in tan measurements helps to predict the
relative mobility of the charge carriers [164]. In the present study, the relaxation peak
shifted towards higher frequency for 5% Ba sample indicates relatively high mobility.
However, it is shifted towards very low frequency for 10% Ba showing very low mobility
(reduced leakage current). On further increase in Ba concentration up to 20%, the
relaxation peak is again shifted towards high frequency predicting the high leakage
current. For 25% Ba contents, it is shifted towards low frequency indicating low leakage
current. Thus, the tanrelaxation peak shift towards the lowest frequency for 10% Ba
doped sample also confirms its lowest mobility as compared to other samples. These
results are well consistent with the findings discussed for leakage current density
measurements.
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4.3.6. Impedance Spectroscopy
In the previous section the DC electrical transport properties have been discussed,
which explain the collective behaviour of the materials including various structural
phases, such as, grains, grain boundaries and sample electrode interfaces. However, it is
more important for technological and application point of view that the response of
individual electrically active regions to the electrical transport properties should be
separated. In this scenario, impedance spectroscopy is a useful analytical technique to
reveal the electrical response of these electro-active regions in a material. A detailed
investigation on the AC electrical properties of BiFeO3 sample has been carried out
previously in section 3.3.3, by employing impedance spectroscopy. In this section six
samples namely Bi1-xBaxFeO3, with x=0.02 (BBFO-02); x=0.05 (BBFO-05); x= 0.10
(BBFO-10); x=0.15 (BBFO-15); x=0.20 (BBFO-20) and x=0.25 (BBFO-25) have been
investigated for the AC electrical transport properties using impedance spectroscopy.
Impedance spectroscopy of BBFO-02:
The spectroscopic plots for Z″ and M″/ε˳ as a function of frequency for BBFO-02
sample are shown in Fig. 4.8. A single Debye peak is visible for Z″, however, for M″/ε˳
plot, a single complete peak and an onset of the second peak are observed. These three
peaks can be correlated with different electro-active regions by the inspection of the
corresponding values of resistance, R, and capacitance, C, extracted from these peaks by

 = R 2 ; M"max   = 1 2C and
employing the relations given by Li and Sinclair [165]; Z max
M"
max RC = 2f max RC = 1 where, Z"max and max are the maximum values of Z″ and M″/ε˳at



corresponding peaks and

f max is the respective frequency at the peak positions. Normally,

the relaxations corresponding to the sample-electrode interface and the grain boundaries
occur at low frequencies giving larger values of resistances and capacitances as compared
to the grains which relax at higher frequencies. The typical values for the capacitance
associated with the different electro-active regions are listed in the Table 4.3 [166], while
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the values of resistances and capacitances associated with the different relaxation peaks at
different temperatures for BBFO-02 sample are listed in Table 4.4. Considering the
values of capacitances listed in Table 4.3 for different structural phases and that, which
are listed in Table 4.4 for different relaxations processes (which are in few nF), it is
concluded that the single peak appeared in Z″ curve and the complete peak appeared in
M″/ε˳ plot shown in Fig. 4.8, can be attributed to the relaxation process allied to the grain
boundaries region of the BFO-02 sample. The offset of the second peak in the high
frequency region in M″/ε˳ plot owning the least values of capacitance, can be attributed
to the grains. Fig. 4.9 shows the Bode plots of M″/ε˳ versus frequency at different
temperature. The relaxation peaks for M″/ε˳ shift towards higher frequencies with rise in
temperature, which shows that these relaxation processes are thermally activated.
Moreover, the intensities of the peaks in Fig. 4.9 are slightly increasing, which indicate
that the capacitance of the grain boundary region is weakly dependent on the temperature
in the measurement temperature range.
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Figure 4. 8: Spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFO-02 at 349 K.
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Table 4.3: Values of capacitances and their associated possible relaxation processes [166].

Capacitance (F)

Possible relaxation

10-12

Bulk or core

10-11

Minor second phase

10-11 −10-8

Grain boundary

10-10 −10-9

Bulk ferroelectric

10-9 −10-7

Surface layer

10-7 −10-5

Sample electrode interface

Table 4.4: The values of electrical parameters associated with the grain boundaries in the
BBFO-02 sample extracted from the impedance spectroscopic data.

Temperature
(K)

Rgb
(Ω)

Cgb
(nF)

S*

299

164830

1.340

0.250

314

39070

1.296

0.382

331

9482.8

1.237

0.622

349

2716.4

1.165

0.971

368

907.28

1.084

0.962

388

335.44

0.972

0.918

409

124.702

--

0.652

* S is taken from equation 2.27 and its values have been discussed in section 4.3.7.
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Figure 4.9: Bode plots of M ″ /ε˳ versus frequency for BBFO-02 sample at different
temperatures.

The values of capacitances associated with the grain boundaries region are plotted

M"max
in Fig. 4.10. The values of grain boundary capacitance, Cgb, are extracted from the

plots shown in Fig. 4.9, at different temperatures. Form Fig. 4.10, it is clear that the
capacitance is weakly dependent on temperature and remain in between 1 to 2 nF, which
is in the range of grain boundary like capacitance. The grain boundaries are consistent of
the broken bonds, dangling bonds and segregation of impurity phases and have more
disordered structure than that of the grains, hence, the capacitance of the grain boundaries
is larger as compared to that of the grains.
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Figure 4.10: Capacitance associated with the grain boundaries of BBFO-02 sample as a
function of temperature.
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Figure 4.11: Plots of ln(1/R) as a function of 1000/T for the grain boundaries of BBFO-02
sample.
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The values of AC conductivities σgb (1/Rgb) corresponding to the grain boundaries
have been extracted from the Z″ vs frequency plots, and then plotted against the inverse
of absolute temperature in the Arrhenius format. The values of AC conductivity decrease
linearly with increase in an inverse of temperature which shows that the conduction
obeys Arrhenius Law as demonstrated in Fig. 4.11. The increase in conductivity with
increase in temperature is the consequence of an increase in concentration of the charge
carrier’s density. These results show that the conduction in the grain boundary region is
thermally activated; the activation energy allied to the conduction process is calculated by
using the following equation:
  Ea
 k BT

 =   exp





(4.1)

where, σ˳ is the pre-exponential constant while Ea, kB, and T are the activation energy,
Boltzmann constant and absolute temperature, respectively. The value of activation
energy associated with grain boundary region, Egb, is calculated to be 0.68 eV. Similar
values for the grain boundary conduction have been reported by Hunpratub et al. [167]
and Zuo et al. [168] in the pure and doped BiFeO3 ceramics. The binding energy of the
oxygen vacancy is reported to be about 0.60 eV [169], therefore, the value of activation
energy can be attributed to the relaxation caused by the oxygen vacancies [119].
Impedance spectroscopy of BBFO-05:
The spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFO-05 at 344 K
are presented in Fig. 4.12. The plot of Z″ versus frequency shows a single relaxation peak
while that of M″/ε˳ versus frequency exhibits two overlapping relaxation peaks. The
values of resistance and capacitance corresponding to the Z″ and M″/ε˳ relaxation peaks
are calculated and listed in Table 4.5. On the basis of the respective values of resistance
and capacitance, the relaxation in Z″ versus frequency plot is associated with the grain
boundaries region, while the onset of the second relaxation in the high frequency side in
M″/ε˳ plot is associated with the grain region.
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Figure 4.12: Spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFO-05 at 344 K.
Table 4.5: The values of electrical parameters associated with the grain boundaries in the
BFFO-05 sample extracted from the impedance spectroscopic data.

Temperature

Rgb

Cgb

(K)

(kΩ)

(×10-10 F)

299

472.00

2.65

0.541

308

129.64

2.50

0.710

328

31.68

2.39

0.812

344

9.46

2.24

0.870

363

2.96

2.01

0.863

386

--

1.50

0.867

398

0.44

--

0.644

426

0.13

--

0.392
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S

The Bode plots of M″/ε˳ versus frequency for BBFO-05 sample at different
temperatures are presented in Fig. 4.13. These plots show a single relaxation peak along
with an onset of the second relaxation peak. The height of the relaxation peak is slightly
increased with temperature and the overlapping with the onset of the second relaxation
peak is also enhanced. The enhancement in the overlapping of the peaks with increase in
temperature is due to the decrease in the difference among the relaxation time =RC
associated with these peaks. The slight increase in the peak height with rise in
temperature indicates a small decrease in the capacitance associated with the grain
boundary region, as is also clear from Fig. 4.14, which demonstrate that the capacitance
corresponding to grain boundaries is weakly dependent on temperature and has the values
in few 10th of nF, which is typical range of capacitance of the grain boundaries.
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Figure 4.13: Bode plots of M ″ /ε˳ versus frequency for BBFO-05 sample at different
temperatures.

From the results shown in Fig. 4.13, it is also clear that the relaxation peaks are
shifted towards the higher frequencies with rise in temperature. This shows that these
relaxation processes are thermally activated. To find the activation energy related to
different electro-active regions, the respective conductivities were calculated from the
resistances listed in Table 4.5 and plotted against the reciprocal of temperature as shown
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in Fig. 4.15. The plot shows a linear fitting which infer that the conduction obeys the
Arrhenius Law as expressed in equation 4.1. The extracted value of activation energy was
found to be Egb = 0.67 eV. This value of activation energy corresponds to the relaxation
due to the oxygen vacancies as described in the explanation of the impedance results of
BBFO-02 sample.
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Figure 4.14: Capacitance associated with the grain boundaries of BBFO-05 sample as a
function of temperature.
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Figure 4.15: Plots of ln(1/R) as a function of 1000/T for the grain boundaries of BBFO-05
sample.
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Impedance spectroscopy of BBFO-10:
The spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFO-10 at 364 K
are presented in Fig. 4.16. The plot of Z″ versus frequency exhibits a single relaxation
peak while the plot of M″/ε˳ versus frequency shows a hump and an onset of the second
relaxation peak. The hump is merged in the second relaxation peak due to a small
difference in the relaxation time. The values of resistance and capacitance associated with
the relaxation peaks present in Z″ versus frequency plots are calculated for different
temperatures and are listed in Table 4.6. However, the respective values of the resistance
and capacitance from the M″/ε˳ versus frequency plots cannot be extracted due to the
overlapping of the two vaguely relaxation peaks.
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Figure 4.16: Spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFO-10 at 364 K.
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The values of capacitance extracted from the plots of Z″ versus frequency are in few 10th
of nF which is a typical range for the grain boundaries capacitance as described in Table
4.3. These values are plotted in Fig. 4.17, which shows that the capacitance associated
with the grain boundaries are independent with temperature. The Bode plots of M″/ε˳
versus frequency for BBFO-10 sample at different temperatures are presented in Fig.
4.18. The hump associated with the relaxation process shifted towards the higher
frequencies, which infer that, the relaxation process is thermally activated. To find the
nature of the charge carriers involved in the relaxation process, the activation energy is
extracted from the Arrhenius plot between σgb and the reciprocal of temperature as shown
in Fig. 4.19. The values of σgb have been calculated from the values of Rgb at different
temperatures. The plot demonstrates a linear dependence of σgb with 1/T which shows
that the conduction process associated with this relaxation obeys the Arrhenius Law. The
value of activation energy is found to be Egb = 0.57 eV which may be attributed to oxygen
vacancies related relaxation.
Table 4.6: The values of electrical parameters associated with the grain boundaries in the
BBFO-10 sample extracted from the impedance spectroscopic data.

Temperature

Rgb

Cgb

(K)

(kΩ)

(×10-10 F)

301

1905.26

3.33

0.764

313

974.96

3.26

0.758

341

180.52

2.79

0.668

364

53.13

2.99

0.648

386

18.55

2.71

0.649

410

6.49

3.09

0.657

433

2.84

2.81

0.660

458

1.25

3.19

0.621
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Figure 4.18: Bode plots of M ″ /ε˳ versus frequency for BBFO-10 sample at different
temperatures.
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Figure 4.19: Plots of ln(1/R) as a function of 1000/T for the grain boundaries region of
BBFO-10 sample.

Impedance spectroscopy of BBFO-15:
The spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFO-15 at 346 K
are presented in Fig. 4.20. Two relaxation peaks with a considerable difference in the
relaxation frequencies are observed in these plots which can be the response of two
different electro-active regions. To find the different electro-active regions associated
with these relaxations, their corresponding resistance and capacitance have been
calculated and are given in Table 4.7. Contrary to the previous samples, BBFO-15
exhibited very small capacitances in the range of pF, typical values for the grains of the
materials. The values of capacitances for the electro-active region associative to the lower
frequency peak and that associative to the higher frequency peak are comparable;
however, there is a significant difference in the values of their resistances. Sinclair and
West [170-171] have proposed this kind of behavior as a response of the grain interior
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(i.e., core) and the outer surface of the grain (i.e., shell). They proposed that the grain
boundaries are properly oxidised resulting in a most insulating region; the grain interior is
conducting owing to the oxygen deficiency and the outer surface of the grains is partially
oxidized and exhibit intermediate resistance. The samples in this study may also exhibit
the similar behavior due to similar nature of the materials. Considering the values of
resistance and capacitance associated with the two relaxation peaks, the left relaxation
may be attributed to the outer surface of the grain and can be designated by Rshell and
Cshell whereas right side relaxation peak may be attributed to the interior of the grains and
can be represented by Rcore and Ccore, respectively.
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Figure 4.20: Spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFO-15 at 346 K.

It is clear from Fig. 4.21 that the intensity of the relaxation peaks is slightly
decreased with rise in temperature which infers that the capacitance of the core region is
slightly increased with rise in temperature. The values of capacitance associated with the
shell and core regions are presented in Fig. 4.22, which shows a slight increase in
capacitances with increase in temperature. It is also obvious from Fig. 4.23 that the
relaxation peaks are shifted towards the higher frequencies with rise in temperature. This
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indicates that these relaxation processes are thermally activated. To find the activation
energy of the different relaxation processes and the nature of their corresponding charge
carriers, σshell and σcore are calculated from Rshell and Rcore and are plotted against the
reciprocal of absolute temperature in Fig. 4.23. The linear dependence of the plots
indicates that these relaxation process obey the Arrhenius Law given in equation 4.1,
from which the values of activation energies are deduced to be Eshell = 0.64 eV and Ecore =
0.61 eV. These values of activation energies can be attributed to oxygen vacancies
related relaxation processes as demonstrated in the previous sections. Low value of the
activation energy for the ore region as compared to that of the she is due to the presence
of larger concentration of oxygen vacancies in the core region.
Table 4.7: The values of electrical parameters associated with the shell and the core regions in
BBFO-15 sample extracted from the impedance spectroscopic data.

Temperature

Rshell

Cshell

Rcore

Ccore

(K)

(kΩ)

(pF)

(kΩ)

(pF)

300

20548.00

61.50

9648.43

26.13

0.642

318

6300.00

50.39

2981.71

26.74

0.769

346

936.00

53.75

444.83

28.41

0.762

367

274.54

57.95

135.91

29.41

0.711

383

116.44

54.43

65.72

30.49

0.670

401

73.99

68.05

31.58

31.79

0.624

421

35.20

71.63

11.91

33.56

0.530

100

S

M"/

o

(F-1.cm x 109)

25
300K
318K
346K
367K
383K
401K
421K
456K
476K
500K
508K
533K

20

15

10

5

0
1

10

100

1k

10k

100k

1M

Frequency (Hz)

Figure 4.21: Bode plots of M ″ /ε˳ versus frequency for BBFO-15 sample at different
temperatures.
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Figure 4.22: Capacitance associated with the shell and the core regions of BBFO-15 sample as
a function of temperature.
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Impedance spectroscopy of BBFO-20:
The spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFO-20 at 383 K are
presented in Fig. 4.24. Both plots exhibit single ideal Debye like relaxation peaks at
significantly different frequencies, which demonstrate the involvement of two individual
relaxation processes. To find the nature of the charge carriers responsible for these
relaxations, the values of capacitance and resistance associated with these relaxations
have been calculated and listed in Table 4.8. The values of Rshell and Cshell are extracted
from Z″ versus frequency plots while that of Rcore and Ccore are deduced from M″/ε˳
versus frequency plots. The values of capacitances related to the two relaxations are
found to be in pF, which belong to the representative values for the grains region of the
materials.
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Figure 4.24: Spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFO-20 at 383 K.

The values of capacitance and resistance associated with the Z″ versus frequency plots
are greater than that, associated with the M″/ε˳ versus frequency plots; therefore, these
plots are related to the shell and core regions of the sample, respectively. The Bode plots of
M″/ε˳ versus frequency for BBFO-20 sample at different temperatures are shown in Fig. 4.25. It
is clear from this figure that the height of the relaxation peaks is gradually decreased with an
increase in the temperature. This points out that the capacitance associated with the core region is
dependent on temperature. The capacitance calculated from these plots along with that, calculated
from the Z″ versus frequency plots are presented in Fig. 4.26 as a function of temperature.

These plots reveal that the capacitances allied to the shell and core regions are increased
with a rise in temperature.
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Table 4.8: The values of electrical parameters associated with the shell and the core regions in
the BBFO-20 sample extracted from the impedance spectroscopic data.

Temperature

Rshell

Cshell

Rcore

Ccore

(K)

(kΩ)

(pF)

(kΩ)

(pF)

320

--

--

4399.11

14.40

0.811

343

6309.80

20.04

824.86

15.33

0.812

365

1458.92

2.1.77

311.54

16.16

0.713

383

472.00

26.78

90.69

17.55

0.603

409

126.69

25.06

32.77

19.33

0.437

433

45.62

27.73

11.49

21.95

0.318

458

19.81

31.99

6.42

24.80

0.277

479

10.18

--

2.65

--

0.280

506

7.09

70.94

--

--

0.334

528

3.45

73.05

--

--

0.299

548

1.51

83.80

--

--

0.238
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Figure 4.25: Bode plots of M ″ /ε˳ versus frequency for BBFO-20 sample at different
temperatures.

The Bode plots of M″/ε˳ versus frequency shown in Fig. 4.25 also demonstrate a
shift of relaxation peaks towards higher frequencies with rise in temperature, which
shows that these relaxation processes are thermally activated. The activation energies
associated with the two different relaxation processes are calculated by plotting the
conductivities σshell and σcore against the reciprocal of absolute temperature in an
Arrhenius format as demonstrated in Fig. 4.27. The values of activation energies
associated with the shell and core regions are extracted to be Eshell = 0.67 eV and Ecore =
0.61 eV, respectively. These values of activation energies are matched well with those
reported for the relaxation related to the oxygen vacancies [168].
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Figure 4.26: Capacitance associated with the shell and the core regions of BBFO-20 sample as
a function of temperature.
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Figure 4.27: Plots of ln(1/R) as a function of 1000/T for the shell and the core regions of
BBFO-20 sample.
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Impedance spectroscopy of BBFO-25:
The combined plots of Z″ and M″/ε˳ as a function of frequency for BBFO-25
sample collected at 364 K are presented in Fig. 4.28. Both the plots exhibit single ideal
Debye like relaxation peaks at different frequencies, which indicates the presence of two
different electro active regions in the material. The extracted values of resistance and
capacitance corresponding to these two relaxation peaks are listed in Table 4.9. The
values of capacitance for the two different electro active regions are in the range of few
pF, which is referred to the capacitance appropriate for grains of a material. The values of
resistance and capacitance extracted from Z″ versus frequency plots have rather larger
than that extracted from M″/ε˳ versus frequency plots. Therefore, the Z″ vs f plots are
recognized as the relaxation due to the shell region while the M″/ε˳ vs f plots are assigned
as the relaxation from the core regions of the material.
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Figure 4.28: Spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFO-25 at 364 K.
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The spectroscopic plots of M″/ε˳ versus frequency for BBFO-25 sample at
different temperatures are shown in Fig. 4.29. These plots show that the value of M″/ε˳max
is significantly decreased with rise in temperature. This indicates that the capacitance
related to the core region of the sample strongly depends on the temperature. The values
of capacitance associated with the shell and core regions are plotted in Fig. 4.30 which
demonstrates an increasing trend with an increase in temperature. It is also clear from the
Bode plots of M″/ε˳ versus frequency shown in Fig. 4.29 that the relaxation peaks are
shifted towards higher frequencies when the temperature is increased. This phenomenon
specifies that these relaxation processes are thermally activated. To find the activation
energies allied to these two relaxations the values of conductivities; σshell and σcore are
calculated form Rshell and Rcore and plotted against the reciprocal of absolute temperature
by employing the equation 4.1 presenting the Arrhenius Law. These plots are shown in
Fig. 4.31.
Table 4.9: The values of electrical parameters associated with the shell and the core regions in
the BBFO-25 sample extracted from the impedance spectroscopic data.

Temperature

Rshell

Cshell

Rcore

Ccore

(K)

(kΩ)

(pF)

(kΩ)

(pF)

300

22796.00

13.93

15536.73

8.14

0.948

320

8899.00

17.88

6203.90

8.61

0.766

341

5418.60

11.69

3641.46

8.72

0.485

364

1223.66

13.01

858.14

9.29

0.289

388

317.22

12.60

251.56

10.03

0.200

411

103.63

15.36

91.59

10.96

0.176

434

39.81

15.92

33.01

12.11

0.195

459

17.47

22.88

11.51

13.83

0.222

481

8.77

28.76

5.13

15.54

0.948
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Figure 4.29: Bode plots of M ″ /ε˳ versus frequency for BBFO-25 sample at different
temperatures.

The plots of ln(1/R) versus 1000/T presented in Fig. 4.31 exhibit a linear
dependence which confirm that the relaxation processed involved in the electrical
properties obey the Arrhenius Law and the values of activation energies associated with
these relaxation can be calculated from the slope of these plots. The activation energies
associated with the shell and core regions are found to be Eshell = 0.64 eV and Ecore = 0.66
eV, respectively. As has been demonstrated in the previous discussion, these values of
activation energies can be attributed to the relaxation due to the presence of oxygen
vacancies.
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Figure 4.30: Capacitance associated with the shell and the core regions of BBFO-25 sample as
a function of temperature.

Figure 4.31: Plots of ln(1/R) as a function of 1000/T for the shell and the core regions of
BBFO-25 sample.
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4.3.7. AC conductivity of Bi1-xBaxFeO3 (0.0-0.25)
The response of AC conductivity to the variation of frequency at different
temperature is very useful to investigate the possible conduction mechanisms involved in
the electrical transport properties of the materials. The complex AC conductivity for
different samples has been calculated by employing equations 2.25-2.26. The variation of
AC conductivity with frequency in log(σ’ac ) versus log(ω) plots at different temperatures
for the samples Bi1-xBaxFeO3; with x = 0.00, 0.02, 0.05, 0.10, 0.15, 0.20 and 0.25 (BFO,
BBFO-2, BBFO-05, BBFO-10, BBFO-15, BBFO-20 and BBFO-25) are presented in
Figs. 4.32, 4.33, 4.34, 4.35, 4.36, 4.37 and 4.38, respectively. All the plots for all samples
exhibit a frequency independent plateau at lower frequency region and a frequency
dependent part in the high frequency region.
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Figure 4.32: Variation of AC conductivity with frequency presented in log(σ’ac ) versus log(ω)
plots at different temperatures for BFO sample.
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Figure 4.33: Variation of AC conductivity with frequency presented in log(σ’ac ) versus log(ω)
plots at different temperatures for BBFO-02 sample.
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Figure 4.34: Variation of AC conductivity with frequency presented in log(σ’ac ) versus log(ω)
plots at different temperatures for BBFO-05 sample.
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Figure 4.35: Variation of AC conductivity with frequency presented in log(σ’ac ) versus log(ω)
plots at different temperatures for BBFO-10 sample.

The results of the AC conductivities presented in the Figs. 4.32 ‒ 4.38 obey the
Jonscher power law presented in equation 4.7, which contains a frequency independent
term σ˳ which can be treated as the DC part of the conductivity, and a frequency
dependent term B s which accounts the frequency dependent region of the log(σ’ac )
versus log(ω) plots. The frequency independent plateau involves the long range
conduction due to the drift motion of the free charge carriers present at the electrode
sample interface and grain boundaries [172-173]. The DC conductivities of all the
samples under consideration are found to increase with increase in the temperature at
lower frequencies, which is a characteristic behavior of variable range hopping
mechanism (VRH), thus the frequency independent plateau may be attributed to the
dominant contribution of variable range hopping mechanism [174]. On the other hand the
frequency dependent part of these plots is governed by the hopping of the charge carriers
among the neighboring sites. The trapped charge carriers at the oxygen vacancies and
other electrically unbalanced sites are released with increasing frequency, causing an
increase in the AC conductivity of the sample. The frequency at with the frequency
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dependent region starts is called the hopping frequency. The mobility of the localized
trapped charges is increased with rise in temperature and hence these trapped charge
carriers remained localized even at relatively higher frequencies, and hence the hopping
frequency is increased with temperature [164].
From the Figs. 4.32 ‒ 4.38 it is clear that the hopping frequency for a given
sample increases with rise in temperature, i.e., the width of the frequency independent
plateau increases with increase in the temperature. Moreover, the AC conductivity data at
room temperature for different samples demonstrate that the hopping frequency (width of
frequency independent plateau) decreases with increasing doping level. The low
temperature data for the lightly doped samples up to x = 0.05; indicate the presence of a
second frequency independent plateau, which is gradually departs with increasing
temperature as well as dopant concentration. However, the low temperature data for
BBFO-20 and BBFO-25, exhibit two dispersions in log (σ’ac ) versus log (ω) plots, which
indicates the presence of two different types of hopping mechanisms involved in the AC
conduction for these samples which may be attributed to the shell and core regions of the
sample.
The nature of the hopping mechanism involved in the AC conduction of these
samples can be examined by fitting the frequency dependent part of the data by
employing the modified equation of the Jonscher Power Law, i.e.,

 ac ( ) = B s .The

values of s for different samples at different temperatures have be extracted from the
slope of the respective log (σ’ac ) versus log (ω) plots and are given in the corresponding
Tables 4.4 ‒ 4.9, respectively. From the values of ‘s’ given in the respective Tables 4.4 ‒
4.9 for different samples, it is found that the parameter ‘s’ have different trends for
various samples, which specify the conduction mechanism involved in the electric
transport properties of these samples.
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Figure 4.36: Variation of AC conductivity with frequency presented in log(σ’ac ) versus log(ω)
plots at different temperatures for BBFO-15 sample.
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Figure 4.37: Variation of AC conductivity with frequency presented in log(σ’ac ) versus log(ω)
plots at different temperatures for BBFO-20 sample.
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Figure 4.38: Variation of AC conductivity with frequency presented in log(σ’ac ) versus log(ω)
plots at different temperatures for BBFO-25 sample.
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To investigate the possible conduction mechanisms involve in the AC
conductivities of the samples, the values of ‘s’ have been plotted as a function of
temperature as demonstrated in Fig. 4.39. It is well known that the value of ‘s’ exhibits a
decreasing trend with increasing temperature for the conduction governed by the
correlated barrier hopping (CBH) model. On the other hand, the increase in exponent ‘s’
with increase in temperature can be elucidated by the overlapping large polaron tunneling
(OLPT) model [175]. Therefore, the results presented in Fig. 4.39 can be explained in
such a way that, the two samples, BBFO-02 and BBFO-05, follow the OLPT model at
lower temperatures and CBH model at higher temperatures. For BBFO-10 sample, the
OLPT and CBH models have comparable contributions at lower temperatures while at
higher temperatures the effect of CBH model is dominant. However, for the samples with
x ≥ 0.15 , i.e., BBFO-15, BBFO-20 and BBFO-25; the CBH model plays the dominant
role in the electrical transport properties of these samples as shown in the plots of
BBFO20% and BBFO25% presented in the Fig. 4.39. Gopalan et al. [176] have reported
similar results for Mn1−xZnxFe2O4 nanoparticles.
4.3.8. Magnetic Measurements
The magnetic data collected at room temperature with a scan rate of 25 Oe/sec for
the samples Bi1-xBaxFeO3 have been presented as M‒H curves in the Fig. 4.40. The M‒H
curve for the undoped BFO sample exhibits a linear dependence of magnetization with
the applied magnetic field and does not show any significant hysteresis behavior. This is
attributed to the typical antiferromagnetic ordering of the magnetic moments, which are
spirally modulated and hence canceled out the net spontaneous magnetization in the
range of 62 nm [41]. However, 5% Ba doping in BiFeO3 dramatically increases the
magnetization up to 10 times along with an increase in ferromagnetism. On further Ba
doping, the ferromagnetism is systematically enhanced. The values of the coercive field,
remanent magnetization and maximum magnetization for different compositions are
presented in Table 4.10. The values of remanent and maximum magnetizations are first
increased up to 10 % Ba doping; for BBFO-15 sample these values are decreased which
may be attributed to the structural transition from rhombohedral to the pseudo cubic, as
confirmed from the XRD results presented in section 4.3.1. However, on further
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increasing the doping level, the values of remanent and maximum magnetization are
increased.
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Figure 4.40: The magnetic hysteresis loops for the samples Bi1-xBaxFeO3 (x = 0.00 ‒ 0.25)
collected at room temperature.
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The ferromagnetism in BiFeO3 can be enhanced either by suppressing the spiral
spin modulation or by increasing the canting angle between the antiferromagnetically
ordered adjacent planes [177] in the crystallographic [111] direction. The spiral spin
modulation and the canting angle of antiparallel aligned spins can be modified by
disturbing the crystal structure of the material or by the contribution of multiple oxidation
states of Fe cations, i.e., Fe2+, Fe3+ and Fe4+ [178-180]. The crystal structure may be
modified as a result of cation doping with a different ionic radius than that of the host ion
and/or due to the presence of oxygen vacancies in the material [181].
Table 4.10: The magnetic parameters extracted from the M-H loop for the Bi1-xBaxFeO3
samples measured at room temperature.
Sample

Coercive field

Remanant magnetization

Maximum magnetization

(Oe)

(emu/g)

(emu/g)

BFO

-22.40

6.67×10-4

0.07406

BBFO-05

-650.10

0.1976

0.74145

BBFO-10

-1000.04

0.32353

0.78236

BBFO-15

-1500.21

0.34398

0.64147

BBFO-20

-1800.14

0.33361

0.64510

BBFO-25

-2600.25

0.47998

0.84817

From the Mössbauer results of Bi1-xBaxFeO3 discussed in the section 4.3.3 it was
clear that Fe cations are in Fe3+ state and the presence of mixed oxidation states of Fe2+
and Fe4+ was not found from these data. On the other hand, the suppression of oxygen
vacancies on increasing doping level has been proposed in the electrical properties of
these samples; therefore, the improved magnetic properties cannot be related to the
concentration of oxygen vacancies. In this scenario, the enhancement in the
ferromagnetism is proposed to be the consequence of the structural distortion caused by
the doping of Ba2+ ions with larger ionic radius as compared to the host cations, i.e., Bi3+.
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This structural distortion results in a tilting of FeO6 octahedrons due to which Fe ‒ O ‒ Fe
bond angles are disturbed. The disturbance of Fe ‒ O ‒ Fe bond angles may cause the
suppression of spiral spin structure and/or the improvement in the canting angle of
antiferromagnetically ordered adjacent planes, which results in the enhancement of the
ferromagnetism. Li et al. [182] have also proposed that, the magnetic coupling of Fe2+
or oxygen vacancies are not more effective for enhancement of ferromagnetism but,
substitution of larger cations at Bi3+ sites has dominant role in the improvement in the
ferromagnetism of the BFO system.
4.4. Summary
Polycrystalline samples with formula Bi1-xBaxFeO3 (x = 0.0 ‒ 0.25) were
synthesized by conventional solid state reaction method. Synchrotron XRD diffraction
confirmed the structural phase transition from rhombohedral to pseudo cubic symmetry.
The SEM micrographs demonstrated a rapid decrease in the grain size due to cation
doping which may have possible contribution in handling the leakage current in these
samples. The Mössbauer results inferred the presence of only Fe3+ ions, these results also
indicated the suppression of spiral spin structure, resulting in the enhancement of
ferromagnetism.
The leakage current density of 10% Ba doped sample is about four orders of
magnitude less than those of pure BiFeO3 sample. Anomalous variations are observed in
dielectric and transport properties with Ba substitution that may be attributed to charge
defects and variation of grain size. The impedance spectroscopy revealed that the oxygen
vacancies have dominant role in the transport properties of these materials. The
overlapping large polaron tunneling (OLPT) and correlated barrier hopping (CBH) are
the governing models for lightly doped samples in low temperature region and heavily
doped samples at high temperatures, respectively. The enhancement in the ferromagnetic
behavior is found to be the consequence of the structural distortion caused by the
substitution of larger ion at the smaller ones.
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Chapter 5.

Structural, Electrical Transport and
Magnetic Effects of Ba at Bi-sites and Nb at
Fe-sites Substitution in BiFeO3
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5.1. Introduction
Several researchers have employed different techniques to control the leakage current
in BiFeO3. Xiao et al. [128] employed oxygen ions implantation to reduced leakage
current by decreasing concentration of oxygen vacancies in BiFeO3 thin film. They found
that the leakage current density in the implanted films was reduced by two orders of
magnitude when compared to unimplanted films. Yang et al. [53] prepared as-deposited
and post-annealed BiFeO3 thin films and found that the post-annealing of the film has
reduced the oxygen vacancies concentration to half of the as-deposited film, which
resulted in a reduced leakage current by two orders of magnitude when compared with
the as-deposited thin film.
Doping at Bi and/or Fe-sites, with aliovalent or isovalent cations, has been employed
to improve the electrical properties of BiFeO3. Singh et al. [45] doped BiFeO3 with La,
(BLFO) and Ni (BFNO) and co-doped with La and Ni (BLFNO) and found that the
leakage current density of BLFNO was reduced by three orders of magnitude, compared
with BiFeO3. Similarly co-doping with Nd and Mn showed reduced leakage current as
compared to their individually doped and undoped BiFeO3 [183]. The volatile nature of
Bi promotes the formation of oxygen vacancies in order to neutralize the charge;
therefore, doping with Nb5+ may suppress the formation of oxygen vacancies by
compensating the unbalanced charge produced due to Bi loss. Jun et al. [36] have
observed that when BiFeO3 is doped with Nb5+, the resistivity of the material has
significantly increased. Moreover, the formation of impurity phases like Bi2Fe4O9 and
Bi25FeO40 may also contribute to the leaky behaviour in BiFeO3. We have already
discussed in Chapter 4, that doping of Ba in BiFeO3 suppresses the formation of impurity
phases and enhances the electrical resistivity. On the other hand, the bulk BiFeO3 exhibits
anti-ferromagnetic behaviour due to G-type spin arrangement. The rhombohedral
distorted perovskite structure gives rise to the canting of magnetic spins resulting in a
localized weak ferromagnetism which is locked in the region of 62 nm due to the spiral
spin modulation of the magnetic moments with a cycle length of 62 nm. The
ferromagnetism can be accomplished either by suppressing the spiral spin structure or by
increasing the canting level of the anti-parallel spins.
122

To enhance ferromagnetism in BiFeO3, several researchers have worked on cosubstitution at Bi and Fe sites, and observed significant improvement [156, 184-187]. Wu
et al. [153] found enhanced multiferroic properties in Ba and Nb co-doped BiFeO3,
which is analogous to the results presented in this study. Zhongqiang et al.[186] have
fabricated pure and Nd and Mo co-doped BFO thin films and observed that the co-doped
films exhibit spontaneous magnetization more than two times as compared with the
undoped film. Zheng et al. [187] have observed that the magnetization in
(Bi0.9La0.1)(Fe0.95Co0.05)O3 ceramics was two orders of magnitude larger than that of pure
BiFeO3 ceramics. There are a number of reports available that demonstrate the
enhancement of ferromagnetism in BiFeO3 as the consequence of Ba substitution at Bi
sites. Khomchenko et al. [79] and Li et al. [182] have independently demonstrated that,
among the various divalent cations, i.e., Ca2+, Sr2+, Ba2+ and Pb2+, substitution of Ba2+
has dominant role in the improvement of ferromagnetism in BiFeO3. Moreover, it has
been reported that substitution of Nb at Fe sites in BiFeO3 ceramics introduces
ferromagnetism [36]. Jun and Hong [188] have observed enhanced remanent
magnetization and coercive field in Co and Nb co-doped BiFeO3 as compared to the
undoped sample. Considering these aspects, in the this study, BiFeO3 is substituted by
Ba2+ and Nb5+ at Bi3+ and Fe3+ sites, respectively, and the resulting materials, i.e., Bi12xBa2xFe1-xNbxO3,

have been characterized for structural, electrical transport and

magnetic properties.
5.2. Experimental
5.2.1. Synthesis of Bi1-2xBa2xFe1-xNbxO3 (x=0.00-0.15)
The polycrystalline Bi1-2xBa2xFe1-xNbxO3(x=0.00, 0.02, 0.05, 0.10, 0.15) ceramics
have been synthesized by solid state reaction technique. The stoichiometric amounts of
dried Bi2O3, BaCO3, Fe2O3 and Nb2O5 were thoroughly mixed and ball-milled in
isopropanol using Y2O3-stabilized ZrO2 grinding media for half an hour. After wet
sieving, the slurry was dried in an oven for overnight followed by the dry sieving to get a
fine powder. The fine powder was calcined at 800˚C for 12h and then pressed into pellet
form and finally sintered up to a maximum temperature of 900˚C for 20h to get dense
pellets.
123

5.2.2. Characterizations
The structural studies of the synthesized samples, Bi1-2xBa2xFe1-xNbxO3, has been
carried out by employing X-ray Diffraction (XRD) analysis and Scanning Electron
Microscopy (SEM). The X-ray diffraction (XRD) data of all the samples were collected
from SIEMENS D5000 diffractometer (University of Sheffield UK) using Co-K
radiations (λ = 1.7902Å) in the 2range of 15˚ to 80˚ with a step size of 0.01˚ and scan
rate of 4.4 sec/step. The microstructure of the synthesized samples was investigated by
using (SEM Leo440i, UK). The Fe57 Mössbauer spectra of ground powders of the
sintered pellets were collected at room temperature. Co57 in Rh-matrix was used as a
source of γ-rays in the transmission geometry. The calibration of the Mössbauer
spectrometer was performed using a thin α-Fe foil. Mössbauer data was analyzed by
applying MOS-90 computer program. The fitting was performed by considering all peaks
to be Lorentzian in shape. For DC measurements the pellets were thinned to about 0.5mm
in order to apply strong electric field. Keithley 2400 source meter was used to measure
the J-E characteristics of the samples at room temperature. The investigation of dielectric
properties, different AC conduction mechanisms and their relation to different electroactive regions like grains and grain boundaries was performed by employing impedance
spectroscopy. For dielectric measurements the opposite faces of the pellets were coated
with gold paste to form the geometry of parallel plate capacitor. These samples were
subjected to the Agilent E4980A LCR meter for dielectric measurements in the frequency
range from 20 Hz to 2 MHz and the temperature range of 300 K to about 550 K. To
perform magnetic measurements the sintered pellets were ground to powder; very small
amount of powder ~ 50mg was used for the measurement of each sample. The magnetic
data were collected from Quantum Design VersaLab VSM.
5.3. Results and Discussion
5.3.1. X-ray Diffraction Analysis
In order to investigate the phase purity of freshly synthesized samples, XRD data
have been collected at room temperature. The crystal structural refinement was carried
out by using GSAS software [107]. The combined X-ray Diffraction plots for
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Bi1-2xBa2xFe1-xNbxO3 (x=0.00, 0.02, 0.05, 0.10, 0.15) are shown in Fig. 5.1. From XRD
plots it is clear that the formation of impurity phases like Bi25FeO40 [189] and Bi2Fe4O9
[190] is greatly suppressed in the doped samples. The major impurity peaks are lying in
the 2θ range of 25˚ - 40˚ in the XRD data of undoped sample; however, these impurity
peaks have gradually disappeared with increasing doping concentration. All the major
diffraction peaks shown in Fig. 5.1 correspond to the rhombohedrally distorted perovskite
structure. This structure is generated due to anti-phase tilting of the adjacent FeO6
octahedrons which results in the displacement of Bi3+ and Fe3+ ions from their
centrosymmetric positions along [111] crystallographic direction [103]. The Glazer
notations of this system are (a− a− a−) which shows an equal amount of anti-phase tilt in
all three crystallographic directions [191].
The splitting of the diffraction peaks, like (104) and (110) near 37˚; (006) and
(202) near 46˚; (116) and (122) near 60˚ and (018), (214) and (300) near 67˚ present in
the XRD data of the lightly doped samples, shown in Fig. 5.2, are caused by the structural
distortion due to the tilting of FeO6 octahedrons. However, with increasing doping level
these splitted peaks have gradually merged making single broad peaks, which indicate a
gradual transformation of rhombohedral to pseudo cubic phase. It is also clear from Fig.
5.2 that the diffraction peaks shift towards the lower 2 values on increasing doping level
which indicates an increase in unit cell parameters as was expected due to the substitution
of larger ions (Ba2+, RBa=1.49Å and Nb5+, RNb=0.72Å) at smaller ions (Bi3+, RBi=1.17Å
and Fe3+, RFe=0.55Å) [101].
The results of Rietveld refinement for Bi0.8Ba0.2Fe0.9Nb0.1O3 are presented in Fig.
5.3 which shows the observed X-ray diffraction data along with its fitted profile and their
difference. The inset of Fig. 5.3 shows that the unit cell volume increases with increase in
the doping concentration. The lattice parameters, unit cell volume, Fe-O bond lengths and
the Fe-O-Fe bond angles are listed in Table 5.1. The increase in the unit cell parameters
causes a change in the Fe-O bond lengths and Fe-O-Fe bond angles which have
significant effects on the electrical transport and magnetic properties of these materials.
The value of ‘c’ is decreased for x=0.15 which may be attributed to the structural change
from rhombohedral to pseudo cubic phase.
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Figure 5.1: X-ray diffraction plots for all the samples in a wide 2 range indicating elimination
of impurity phases with increasing doping level,
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Figure 5.2: An enlarge view of XRD data in 2 range, 40˚70˚, indicating a shift of diffraction
peaks towards smaller angle and a suppression of peak splitting with increasing doping level.
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Figure 5.3: The results of Rietveld refinement for the Bi0.8Ba0.2Fe0.9Nb0.1O3, including the
observed and calculated diffraction data along with their difference, the inset shows the effect
of co-doping of Ba and Nb on the unit cell volume.
Table 5.1: The structural parameters extracted from the Rietveld refinement of XRD data for
Bi1-2xBa2xFe1-xNbxO3 samples considering space group R3c in Hexagonal symmetry.

Sample

a

Unit cell

c

3

Bond length

Bond angle

(x)

(Å)

(Å)

volume (Å )

Fe-O (Å)

Fe-O-Fe (°)

0.00

5.580

13.871

373.996

152.120

0.02

5.592

13.893

376.225

0.05

5.606

13.912

378.589

0.10

5.635

13.915

382.737

0.15

5.666

13.881

385.959

1.935×3
2.131×3
1.845×3
2.209×3
1.871×3
2.174×3
1.610×3
2.508×3
1.782×3
2.295×3
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156.950
159.525
151.335
158.687

5.3.2. Scanning Electron Microscopy
The electric properties of a material strongly depend on its microstructure. In
ceramic materials the microstructure is mainly comprises of grains and grain boundaries.
The grains with a regular arrangement of ions offer less opposition to the flow of charge
carrier and show conductive behaviour with minute capacitance, while the grain
boundaries consist of dangling bonds, precipitates of secondary phases, oxygen nonstoichiometry and schottky barriers, which offer more resistance to the flow of charge
carriers and show more resistive behaviour with considerable capacitance. Therefore, the
materials with smaller grain size exhibit more resistance due to the presence of large
grain boundaries volume. Similarly, a compact and dense structure presents low
resistance as compared to the porous material.

(a)

(b)

(c)

(d)

4m

Figure 5.4: SEM micrographs taken from the fractured surfaces of the sintered pellets of
Bi1-2xBa2xFe1-xNbxO3 (a) x=0.00, (b) x=0.05, (c) x=0.10 and (d) x=0.15.

To reveal the microstructure of the synthesized materials scanning electron
microscopy (SEM) was employed. The micrographs of the fractured surfaces of the
sintered pellets of some selected samples are presented in Fig. 5.4. It is clear from Fig.
5.4 that all samples have dense and compact structure with a slight porosity in pure
BiFeO3. The grains in these samples have different geometrical shapes with well defined
grain boundaries. There is a distribution of grain sizes with an average grain size of about
5µm. There is no significance difference among the grain size of these samples. The
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grain boundaries of the samples with x=0.00, 0.10 and 0.15 are very sharp, however, the
grains of the sample with x=0.05 (shown in Fig. 5.4 (b)) possesses monotonous grain
boundaries with a very compact interlinked grains.
5.3.3. Mössbauer Spectroscopy
The oxidation state of Fe cations plays an important role in determining the
quantum mechanical exchange interactions among different types of ions, such as, direct,
double and super exchange interactions among the Fe3+ and/or Fe2+ cations. On the other
hand the multiple oxidation states of Fe introduce different types of electrical transport
behaviour in the material, such as, existence of Fe4+ may introduce hole hopping through
Fe4+-O-Fe3+ and the presence of Fe2+ may promote the electron hopping among Fe2+ and
Fe3+.
Mössbauer spectroscopy has been employed to find the oxidation state of the Fe
ions and their structural environment. The Mössbauer spectrum for the undoped BiFeO3
has been presented in Fig. 3.9, which is well fitted by one singlet and one sextet. The
singlet peak with an isomer shift (δ) of 0.30 mm/s and line width (Γ) of 1.04 mm/s, has
20% relative area which may corresponds to the impurity phases such as Bi25FeO40 [138]
and/or Bi2Fe4O9 [139]. This singlet peak has no hyperfine mean field which shows that
these impurity phases have no contribution to the magnetic ordering in BiFeO3 ceramics.
On the other hand the Zeeman splitting shown by the sextet indicates the magnetic
ordering which might be due to the anti-ferromagnetic alignment of the magnetic spins
among the adjacent planes, which is also found in the magnetic measurements. Fig. 5.5
shows a combined Mössbauer spectra for Bi1-2xBa2xFe1-xNbxO3 (x=0.02-0.15) samples
and the corresponding values of fitted parameters including magnetic hyperfine field,
Heff, quadruple splitting, QS (Δ), isomer shift, IS (δ), line width, Γ and relative area, A
are presented in Table 5.2.
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Table 5. 2: Mössbauer spectroscopic parameters extracted from the fitting of the hyperfine data
for the Bi1-2xBa2xFe1-xNbxO3 (x=0.00-0.15) samples collected at room temperature.

Sample

Fe Site

Heff

QS (Δ)

IS (δ)

LW(Γ)

Area

(kOe)

(mm/s)

(mm/s)

(mm/s)

(%)

Sextet 1

496

0.110

0.370

0.440

80.0

Singlet

0

0.000

0.300

1.040

20.0

Sextet 1

490

-0.068

0.373

0.351

42.6

Sextet 2

494

0.331

0.364

0.449

44.6

Singlet

0

0

0.254

0.86

12.8

Sextet 1

491

-0.127

0.376

0.281

37.3

Sextet 2

495

0.287

0.362

0.378

56.5

Singlet

0

0

0.274

0.50

06.2

Sextet 1

481

-0.159

0.363

0.592

62.9

Sextet 2

479

0.410

0.400

0.508

33.1

Singlet

0

0

0.228

0.50

04.0

Sextet 1

447

-0.065

0.368

0.757

52.7

Sextet 2

479

-0.032

0.349

0.518

42.7

Singlet

0

0

0.341

0.50

04.7

(x)

0.00

0.02

0.05

0.10

0.15
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Figure 5.5: Fe57 Mössbauer spectra for the Bi1-2xBa2xFe1-xNbxO3 samples collected at room
temperature; (a) x=0.02, (b) x=0.05, (c) x=0.10 and (d) x=0.15.
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These spectra exhibit six line hyperfine splitting including two sextet. A singlet,
which was observed in undoped BiFeO3 and also visible in the doped samples, can be
attributed to the presence of impurity phases. The fractional area of the singlet in the
Mössbauer spectra is decreased from 20% (for undoped sample) to about 4% when
doping is increased up to x=0.10, which indicates the elimination of impurity phases with
increasing doping level, this has also been deduced from XRD data of these samples. The
Zeeman splitting of the hyperfine field is shown in figures 3.4 and 5.5 for undoped and
doped samples, respctively; up to x=0.05, the spectra are asymmetric, which arises due to
the spiral rotation of magnetic moments in these samples [126]. However, the Mössbauer
spectra become more symmetric on increasing doping level, which has been attributed to
the suppression of spiral spin structure in doped samples [79]. The values of isomer shift
(IS) of sextet 1 for all the samples listed in the Table 5.2 have similar values of about 37
mm/s which may be attributed to the antiparallel ordering of magnetic moments in the
consecutive plane, responsible to the generation of antiferromagnetism in these materials.
However, the sextet 2 may be the consequence of the generation of weak ferromagnetism
introduced due to the substitution of Ba2+ and Nb5+ at Bi3+ and Fe+3 sites, respectively (as
has been discussed later in section 5.3.6). From Table 5.2, it is clear that the values of
quadruple splitting, Δ, for the sample with x=0.15 are -0.065 and -0.032 for two different
sextets, these values infer that this sample has a pseudo cubic structure, which has also
been suggested in the XRD analysis (section 5.3.1). It has also been reported that the
value of isomer shift, δ, suggests the presence of possible oxidation state of the Fe ions
(i.e., Fe2+, Fe3+ or Fe4+). The values of isomer shift, δ, are reported to be in the range of
0.6–1.7 mm/s for Fe2+, 0.05–0.5 mm/s for Fe3+and -0.15–0.05 mm/s for Fe4+ (relative to
the α-Fe standard) [192]. The values of isomer shift for all the samples, listed in the Table
5.2 are in between 0.22 to 0.40 which suggest that Fe is in Fe3+ oxidation state and the
presence of Fe2+ and Fe4+ can be ruled out.
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5.3.4. J-E Characteristics
The plots of current density, J, versus electric field, E, for Bi1-2xBa2xFe1-xNbxO3
are presented in Fig. 5.6(a). A gradual decrease in leakage current density is observed, on
increasing the doping level. The sample with x=0.10 has minimum value of current
density, which is about six orders of magnitude less than that of the undoped BiFeO3.
This shows that co-doping of Ba2+ and Nb5+ in BiFeO3 at Bi3+ and Fe3+ sites,
respectively, enhances the resistivity of the material, which eventually improves its
ferroelectric properties. For the measurement of DC electrical properties of cation doped
BiFeO3 several reports are available, which describe different types of conduction
mechanisms including Ohmic conduction [83], space charge limited conduction [112],
grain boundary limited conduction, Pool-Frenkel emission [98], Schottky emission [35]
and Fowler-Nordheim tunneling [112]. The density of the charge carriers present in the
bulk of a material defines the active conduction mechanism responsible for the leakage
current. If the density of the charge carriers present in the bulk is greater than the density
of the charge carriers injected from the electrodes, Ohmic conduction is dominant, and if
the density of the charge carriers present in the bulk is smaller than the density of the
injected charge carriers from the electrodes, space charge limited conduction is dominant.
The space charge limited conduction (SCLC) is a commonly occurring conduction
mechanism which obeys the power law relationship: J  Eα; where the value of α
estimates the possible conduction mechanism involved in the transport properties. The
value of α is the slope of log (J) versus log (E) plot which is normally less than one for
grain boundary limited conduction, equal to one for Ohmic conduction and equal or more
than 2 for space charge limited conduction [112]. Fig. 5.6(b) shows log (J) versus log (E)
plots for the samples which indicates same conduction mechanism for the samples with
x=0.02, 0.05 and 0.10 having slopes of 1.29, 1.15 and 1.11, respectively, indicating that
the Ohmic conduction is dominant in these samples in whole electric field range.
Moreover, there is a continuous decrease in the slope with increase in the doping level
which may be attributed to the decrease in the density of charge carriers such as oxygen
vacancies.
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Figure 5.6: (a) Plots of current density, J, versus electric field, E, and (b) plots of ln(J) versus
ln(E) for Bi1-2xBa2xFe1-xNbxO3 (x=0.00, 0.02, 0.05, 0.10, 0.15).
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A gradual increase in the length of unit cell parameters with increasing doping
level may results in an increase in the hopping distance of the charge carriers. This may
also contribute in lowering the slopes of log (J) versus log (E) curves. However, the
undoped sample and the sample with x=0.15 exhibit two slopes around the electric field
of about 160 V/cm which indicates the involvement of two different conduction
mechanisms. For undoped BiFeO3, the slope of low electric field region is 1.25 and that
of high electric field region is 2.61 which indicate that Ohmic conduction and space
charge limited conduction are dominant mechanisms in the low and high electric field
regions, respectively. On the other hand, for sample with x=0.15 the slope of low electric
field region is 0.7 and that of high electric field region is 1.35 which indicates that grain
boundary limited and Ohmic conduction mechanisms are dominant in low and high
electric field regions, respectively.
In Chapter 4, the effects of Ba doping at Bi sites were explained and it was
observed that the leakage current density has been gradually decreased to about four
orders of magnitude, for the samples up to 10% Ba doping as compared to pure BiFeO3,
after which it was increased on further increasing the dopant concentration. This
behaviour was attributed to the two parallel but opposite tendencies of Ba doping
regarding the generation and suppression of oxygen vacancies. Considering the volatile
nature of Bi, two Bi3+ vacancies give birth to three oxygen vacancies in order to
neutralize the unbalanced charge, while filling of two probable Bi3+ vacancies by Ba2+
ions can hinder the formation of two oxygen vacancies. On the other hand, replacement
of two Bi3+ ions with two Ba2+ ions causes the generation of one oxygen vacancy to
compensate the unbalanced charge. On the basis of these inclinations it was suggested
that at low doping level the suppression of oxygen vacancies was dominant propensity
resulting a decrease in the leakage current density; while at higher Ba dopant
concentration the formation of oxygen vacancies is dominant proclivity resulting an
increase in the leakage current density. In the present study, co-substitution of Ba2+ and
Nb5+ in stoichiometric amounts seems to cease the second inclination, i.e., the formation
of oxygen vacancies; in this case the unbalanced charge produced by replacing two Bi3+
ions with two Ba2+ ions is compensated by the opposite charge created by the
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replacement of one Fe3+ ion with one Nb5+ ion. This process restricts the formation of
oxygen vacancies resulting in a greatly reduced leakage current density. From these
results we can infer that by Ba2+ doping the leakage current density reduces up to four
orders of magnitude; however, when BiFeO3 is co-doped with Ba2+ and Nb5+ the leakage
current density can be reduced up to six orders of magnitude, when compared with
undoped BiFeO3.
5.3.5. Impedance Spectroscopy
It is very important in technological and application point of view that the response
of individual electrically active regions to the electrical transport properties should be
separated. In this context, impedance spectroscopy is a useful analytical technique to
reveal the electrical response of these electro-active regions in a material. The high
temperature synthesis of polycrystalline materials by using solid state reaction technique
promotes the oxygen loss at high sintering temperature. During the gradual decrease in
temperature, the re-oxidation of the material is not homogeneous due to different
diffusing rates at the grain boundaries and the grains interior. In this scenario, the grain
boundaries became highly oxidised insulating region while the grains may exhibit two
regions; a partially oxidised semiconducting outer grain ‘shell’ region and an oxygen
deficient relatively conducting grain interior region called as the ‘core’. West and
coworkers [171] have demonstrated this mechanism as presented in Fig. 5.7.

Grain interior ‘core’
Outer grain ‘shell’

Grain boundary region

Figure 5.7: A schematic diagram which demonstrates the microstructure of the ceramics
materials including core, shell and the grain boundaries.

136

The three samples namely Bi1-2xBa2xFe1-xNbxO3, with x=0.02 (BBFNO-02); x=0.05
(BBFNO-05) and x= 0.15 (BBFNO-15) have been analyzed for the AC electrical
transport properties using impedance spectroscopy. These samples were subjected to
small AC voltage of 0.1volt with a varying frequency from 20 Hz to 2 MHz at different
temperatures ranging from 300K to 550K, and the corresponding complex impedance Z*
was measured. The impedance data were then converted to the complex modulus, M*,
and AC conductivity, σ, to find the nature of the conduction process involved in different
electro-active regions of the samples and their corresponding values of activation
energies.
Impedance spectroscopy of BBFNO-02:
The combined spectroscopic plots of the Z″ and M″/ε˳ versus frequency for
BBFNO-02 sample are shown in Fig. 5.8. A single relaxation peak is appeared for the
plots of Z″ as well as M″/ε˳, at different relaxation frequencies. This shows that the
impedance spectroscopic data contain the response of two different electro-active regions
present in the material.
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Figure 5 8: Spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFNO-02 at 387 K.
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The values of resistances and capacitances corresponding to these two regions at
different temperatures have been extracted by using the values of Z″ and M″/ε˳ at the

 = R 2
peak positions and the corresponding relaxation frequencies in the equations; Z max
; M"max   = 1 2C and max RC = 2f max RC = 1 and are listed in Table 5.3. The capacitance

values are in pF range, which match with that of the grains. However, the grains are
usually comprised of inner ‘core’ and outer ‘shell’ regions, therefore, the higher values of
capacitance and resistance (i.e., Rshell and Cshell) which are calculated from Z"max can be
associated with the shell region and the lower values of these quantities, i.e., Rcore and

M"max
Ccore, extracted from
can be related to the core of the material.

Table 5. 3: The values of electrical parameters associated with the shell and core regions in the
BBFNO-02 sample extracted from the impedance spectroscopic data.

Temperature

RShell

CShell

RCore

CCore

(K)

(kΩ)

(pF)

(kΩ)

(pF)

342

23242.00

60.87

2236.43

17.88

0.624

364

6620.00

60.39

722.01

17.51

0.613

387

2096.20

63.27

291.51

17.26

0.603

410

758.56

66.35

94.12

16.91

0.564

433

304.02

65.90

38.19

16.59

0.512

455

137.62

68.03

19.49

16.30

0.462

478

64.89

68.67

7.91

16.00

0.424

505

30.84

72.42

--

--

0.384

524

17.77

71.14

--

--

0.360

550

8.66

73.13

--

--

0.314
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The graphs of imaginary part of modulus, M″/ε˳, versus frequency at different
temperatures are plotted in Fig. 5.9. The intensity of the relaxation peaks is slightly
increased with temperature which shows that the capacitance of the core region, Ccore, is
weakly dependent on temperature. Fig. 5.10 shows the plots of capacitances of the shell
and the core regions as a function of temperature; form this figure we observed that the
capacitances associated with the shell and core regions are weakly dependent on
temperature. Moreover, the capacitance of the shell exhibits an increasing trend while
that of the core has a decreasing trend with rise in temperature; however, the values of
both capacitances fall in the pF range which is typical for the grains region as given in
Table 4.2.
Fig. 5.9 shows that the relaxation peaks of M″/ε˳ are shifted towards higher
frequencies with increasing temperatures, which demonstrate that this relaxation process
is thermally activated. To find the nature of charge carriers involved in the low and high
frequency relaxation processes, the conductivities σshell and σcore, associated with the shell
and core regions, respectively, are plotted against reciprocal of temperature in Arrhenius
format by using equation 4.1; these results are shown in Fig. 5.11. The value of activation
energy for relaxation associated with the shell is found to be 0.61 eV and that allied to the
core relaxation is calculated to be 0.58 eV. These values of activation energies are similar
to that reported for the oxygen vacancies related conduction [119, 169]. The value of
activation energy related to the core is slightly smaller than that of the shell region, which
may be attributed to the relatively large concentration of oxygen vacancies in core
regions as compared to that in the shell region.
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Figure 5.9: Bode plots of M ″ /ε˳ versus frequency for BBFNO-02 sample at different
temperatures.
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Figure 5.10: Capacitance associated with the shell and core regions of BBFNO-02 sample as a
function of temperature.
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Figure 5.11: Plots of ln(1/R) as a function of 1000/T for the shell and core regions of
BBFNO-02 sample.

Impedance spectroscopy of BBFNO-05:
The impedance spectroscopic data for BBFNO-05 have been collected in the temperature
range of 299-488 K. The Cole-Cole plots of Z′ versus Z″ show a depressed semicircle
below 428 K; however, above this temperature, an additional semicircle has appeared,
while the previous depressed semicircle is gradually disappeared with increasing
temperature. This behaviour can be seen in Fig. 5.12, which shows the Z′ versus Z″ plots
for three selected temperatures at 403 K, 428 K and 451 K. The frequency of the
impedance data in these plots increases from right to the left direction. The semicircle in
the low frequency region corresponds to the grain boundaries relaxation while the
depressed semicircle in the high frequency region corresponds to the combine effect of
the core and shell relaxations, which have been discussed in the following paragraphs.
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Figure 5.12: Cole-Cole plots between Z ′ versus Z ″ at some selected temperatures which
indicates the emergence of grain boundary relaxation and vanishing of the core relaxation at
428 K for BBFNO-05.

The spectroscopic plots of the Z″ and M″/ε˳ as a function of frequency for
BBFNO-05 sample collected at 428 K are presented in Fig. 5.13. Below the temperature
of 428 K, the Z″ plots show a single relaxation peak which may corresponds to the grain
boundary relaxation, however, at and above this temperature, two relaxation peaks are
observed which may be allied to the grain boundaries and shell relaxations. On the other
hand, the M″/ε˳ plots show a single relaxation peak below 428 K which disappears to the
high frequency side with increasing temperature as shown in Fig. 5.14. This relaxation
peak may correspond to the interior ‘core’ of the grains. These results indicate that at
lower temperatures the effect of shell and core of the grains is dominant, while, at higher
temperatures, the effect of grain boundaries is emerged in the electric response of the
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material; however, the response of the grains (shell and core) region is diminished due to
a substantially decrease in the resistance of the this region.
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Figure 5.13: Spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFNO-05 at 428 K.

The values of capacitance and resistance related to these electro-active regions

"

M max
have been extracted from the peak values of the Z"max ,
and their associated values



of relaxation frequencies, which are listed in Table 5.4. The values of Rgb, Cgb, Rshell and
Cshell are extracted for the Z″ plots, while that of Rcore and Ccore have been extracted from
the M″/ε˳ plots. The values of Cgb are in typical range of 10-9-10-10 for the capacitance of
the grain boundaries; therefore, these are related to the grain boundary region. On the
other hand Cshell and Ccore have the values in the range of 10-12 typical for the capacitance
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of the grains. Therefore, Cshell and Ccore may be related to the shell and the core regions,
in spite of the fact that capacitance of the shell is larger than that of the core.

Table 5. 4: The values of electrical parameters associated with the grain boundaries, shell and
core in the BBFNO-05, extracted from the impedance spectroscopic data.

Temperature

Rgb

Cgb

RShell

CShell

RCore

CCore

(K)

(kΩ)

(pF)

(kΩ)

(pF)

(kΩ)

(pF)

299

--

--

3080.00

20.6

1780.00

11.20

0.278

316

--

--

1130.00

17.7

708.00

11.30

0.220

338

--

--

304.00

16.6

222.00

11.40

0.191

360

--

--

106.00

18.9

69.80

11.40

0.176

381

--

--

42.30

18.9

27.50

11.50

0.165

403

--

--

18.40

17.3

13.70

11.70

0.148

428

4.44

714.72

7.76

20.5

--

--

0.135

451

2.81

711.77

3.90

20.4

--

--

0.139

470

1.84

685.22

--

--

--

--

0.149

488

1.37

733.84

--

--

--

--

0.172

S

The Bode plots of M″/ε˳ versus frequency for the sample BBFNO-05 at different
temperatures are presented in Fig. 5.14. The intensity of the relaxation peaks has
approximately same values which indicate that the capacitance of the core is independent
of temperature. This can be seen from Fig. 5.15, which also shows that the capacitance
values of other two regions, namely, grain boundaries and the shell are also independent
of temperature and exist in the respective ranges typical for these regions. Moreover, the
relaxation peaks shift towards the higher frequencies, which show that the relaxation
process is thermally activated.
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Figure 5.14: Bode plots of M ″ /ε˳ versus frequency for BBFNO-05 sample at different
temperatures.
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Figure 5.15: Capacitance associated with the grain boundaries, shell and core regions of
BBFNO-05 sample as a function of temperature.
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Figure 5.16: Plots of ln(1/R) as a function of 1000/T for the shell and core regions of
BBFNO-05 sample.

The values of the activation energies have been calculated from the conductivities
by plotting them with reciprocal of temperature in the format of Arrhenius law by using
equation 4.1. The values of conductivities are determined from the resistance values of
different electro-active regions. For all regions the values of conductivities are linearly
dependent on temperature which confirmed the implement of the Arrhenius law as shown
in Fig. 5.16. The activation energies for the shell and core regions are found to be 0.50
eV and 0.51 eV, respectively. Wu et al. [193] have reported similar values of activation
energies for pure and cation doped BiFeO3 and attributed these values to the involvement
of the first ionized oxygen vacancies. The small difference in the activation energies of
the core and shell indicates a small difference in the concentration of the oxygen
vacancies in the core and shell.
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Impedance spectroscopy of BBFNO-15:
The plots of Z″ and M″/ε˳ versus frequency for the BBFNO-15 at 371K are shown
in Fig. 5.17; the Z″ data exhibit a single relaxation peak at lower frequency and a hump at
the higher frequencies, where the relaxation peak corresponding to the M″/ε˳ data also
exists. In addition, the M″/ε˳ data presents an onset of another relaxation peak at the high
frequency end of the graph which may be attributed to the core region of the sample.
These three peaks infer the presence of three relaxation processes associated with three
different electro-active regions.
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Figure 5.17: Spectroscopic plots for Z″ and M″/ε˳ versus frequency for BBFNO-15 at 371 K.

To establish the relation of these relaxations to the microstructure of the sample,
the corresponding values of the capacitance and resistance have been extracted from the
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"

M max
peak values of Z"max and
and their corresponding frequencies. The values of Rgb



and Cgb are determined from Z″ data while the values of Rshell and Cshell are determined
from the M″/ε˳data. The values of these electric parameters are presented in Table 5.5.
Table 5.5: The values of electrical parameters associated with the grain boundaries and the
shell in the BBFNO-15, extracted from the impedance spectroscopic data.

Temperature

Rgb

Cgb

RShell

CShell

(K)

(kΩ)

(nF)

(kΩ)

(pF)

299

--

--

--

--

0.920

316

--

--

--

--

0.857

330

--

--

6049.42

66.09

0.758

352

--

--

1102.57

91.08

0.667

371

605.50

1.046

252.49

125.77

0.653

393

175.19

1.013

57.77

173.82

0.597

416

63.82

0.993

21.61

232.90

0.570

428

25.79

0.978

8.98

280.92

0.536

446

10.86

0.925

3.78

334.14

0.493

476

5.61

0.897

2.04

391.76

0.422

495

3.19

0.794

--

--

0.367

S

The values of Cgb presented in the Table 5.5 exist in the typical range related to
that of grain boundaries. On the other hand the values of Cshell are in the range of 10-11
Farad which is one order of magnitude higher than that for grains, and hence can be
related to the capacitance of the shell region. Moreover, the resistance of the grain
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boundaries is larger than that of the shell, which indicates that the resistive behaviour of
the material is dominated by the grain boundaries.
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Figure 5.18: Bode plots of M ″ /ε˳ versus frequency for BBFNO-15 sample at different
temperatures.

Fig. 5.18 demonstrates the effect of temperature on the Bode plots of the M″/ε˳
versus frequency in the temperature range of 330 ‒ 531 K. The plots show a single
relaxation peak along with an onset of the second peak. The intensity of the peak which
corresponds to the shell relaxation is rapidly decreased with rise in temperature. This
shows that the capacitance allied to the shell region is strongly dependent on temperature,
as demonstrated in Fig. 5.19, which infers that the capacitances related to the grain
boundaries is decreased while that of shell is increased with temperature.
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Figure 5.19: Capacitance associated with the grain boundaries and the shell regions of
BBFNO-15 sample as a function of temperature.
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Moreover, on increasing the temperature the relaxation peaks are shifted towards
the higher frequencies, which indicate that the relaxation processes involved in the
electrical behaviour of the sample are thermally activated. To find the activation energies
and corresponding nature of the charge carriers the conductivities of the different regions
have been plotted against the reciprocal of temperature in log ‒ log scale as shown in Fig.
5.20. The value of σgb and σshell are calculated from Rgb and Rshell, respectively. The plots
in Fig. 5.20 are fitted linearly which infer that the conductivities associated with different
relaxation processes obey the Arrhenius law. Thus the activation energies Egb and Eshell
corresponding to the grain boundaries and shell regions are calculated using the equation
4.1, which are found to be 0.77 eV and 0.68 eV, respectively. As we have already
discussed that these values of activation energies can be attributed to the small
concentration of oxygen vacancies present in the grain boundaries and the shell regions
of the sample.
5.3.6. AC conductivity of Bi1-2xBa2xFe1-xNbxO3 (x=0.00, 0.02, 0.05, 0.15)
To investigate the conduction mechanism involved in the electrical transport
properties of Bi1-2xBa2xFe1-xNbxO3 samples, the real part of AC conductivity, σ’ac (ω) has
been calculated from the complex impedance data measured at different temperatures, as
previously described in Chapter 2 (section 2.6.4). The data have been plotted as log(σ’ac
(ω)) versus log(ω) in Figs.5.21(a), (b), (c) and (d) for the samples BFO, BBFNO-02,
BBFNO-05 and BBFNO-15 at some selected temperatures in the range of 300K to 550K.
From Fig. 5.21(a) it is clear that for BFO sample the plots at each temperature show two
regions in the applied frequency range, a frequency independent plateau at low
frequencies and a frequency dependent region, where the conductivity starts to increase
with frequency. At relatively lower temperatures, the appearance of second frequency
independent plateau starts which may be the consequence of the saturation of the released
charges from the traps. However, on increasing temperature the hopping frequency
increases and the second frequency independent plateau is disappeared in the higher
frequency side. The AC conductivity data for BBFNO-02 plotted against frequency
shown in Fig. 5.21(b) exhibit a frequency independent region at lower frequencies and a
frequency dependent region at higher frequencies; however, the width of frequency
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independent plateau decreases as the temperature is decreased from 550 K and almost
vanished at about 342 K. An onset of a second frequency independent plateau is appeared
at higher frequencies at about room temperature, which is more prominent in BFO
sample as shown in Fig. 5.21(a).
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Figure 5.21: Variation of AC conductivity with frequency presented in log(σ’ac ) versus log(ω)
plots at different temperatures for the sample (a) BFO, (b) BBFNO-02, (c) BBFNO-05 and (c)
BBFNO-15.

The AC conductivity data for the sample BBFNO-05 as a function of frequency at
some selected temperatures have been presented in Fig. 5.21(c). Contrary to the other
samples, the width of frequency independent plateau remains unchanged in a wide
temperature range of 381‒488 K, which infer that the hopping frequency for this material
is weakly dependent on temperature. Moreover, the increase in AC conductivity as a
function of frequency and temperature is very slow as compared to the other materials of
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this series of samples. The conductivity versus frequency plots for BBFNO-15 sample at
different temperatures is shown in Fig. 5.21(d). All plots exhibit a frequency independent
plateau at lower frequencies followed by a frequency dependent region. The frequency
independent plateau increases with increasing temperature, which indicates that, the
hopping frequency is increased with increasing temperature.
The frequency independent conductivity is due to the presence of the free charge
carriers which have drift motion exhibiting long range conduction under the applied
voltage. However, there exists a nonequilibrium occupancy of the trapped charges [194],
these trapped charges are localized at low frequencies. When the frequency goes beyond
a certain value, normally called hopping frequency, the trapped charges at the grain
boundaries and the shell region are released and the conductivity starts increasing. With
rise in the temperature, the frequency independent plateau becomes wider and the
hopping frequency is shifted towards higher values. The mobility of the localized trapped
charges is increased with rise in temperature and hence these trapped charge carriers
remained localized even at relatively higher frequencies, and hence the hopping
frequency is increased with temperature [164].
The typical trend of frequency independent plateau and a frequency dependent
region found in all samples of the series Bi1-2xBa2xFe1-xNbxO3 in the AC conductivity
versus frequency plots at different temperatures is governed by the famous Jonscher

 ( ) =    B ; where, σ˳ describes the frequency independent plateau,
power law,  ac
s

which may also be treated as DC conductivity, σdc; while Bωs exhibits the frequency
dependent region of the plots. The exponent ‘s’ is a temperature dependent factor which
specifies the possible hopping conduction mechanism involved in the electrical transport
properties of these materials. The overall deliberation of all the samples shows that the
DC response is dominant at higher temperatures and lower frequencies, while at lower
temperatures and high frequencies the AC response in dominant. The DC conductivities
of all the samples under consideration are found to be increased with an increase in
temperature at lower frequencies, which is a characteristic behavior of variable range
hopping mechanism (VRH), thus the frequency independent plateau may be attributed to
the dominant contribution of variable range hopping mechanism [174]. The frequency
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dependent behaviour of AC conductivities at high frequency for different samples can be
revealed by plotting the exponent ‘s’ against temperature for these samples, as presented
in Fig. 5.22. It is well known that the value of ‘s’ exhibits a decreasing trend with
increasing temperature when the conduction is governed by the correlated barrier
hopping (CBH) model. On the other hand, the increase in exponent ‘s’ with increase in
temperature can be explained by the overlapping large polaron tunneling (OLPT) model
[175]. In this scenario, the results expressed in Fig. 5.22 can be explained in such a way
that, the BFO sample obeys the OLPT model at lower temperatures and CBH model at
higher temperatures. For BBFNO-02 sample, the OLPT and CBH models have
comparable contributions at lower temperatures while at higher temperatures the effect of
CBH model is dominant (Fig. 5.22 (b)). However, for heavily doped samples, i.e.,
BBFNO-05 and BBFNO-15; the CBH model plays the dominant role in the electrical
transport properties of these samples as shown in parts (c) and (d) of the Fig. 5.22.
Gopalan et al. [176] have reported similar results for Mn1−xZnxFe2O4 nanoparticles.

(a)

1.0

BFO

0.7

(b)

BBFNO2%

(d)

BBFNO15%

0.6

0.8
0.6

0.5

0.4
0.4
0.2

s

0.3
1.0

0.0
0.30

(c)

0.25

BBFNO5%

0.8

0.20

0.6

0.15

0.4

0.10

300

350

400

450

500

0.2

300

350

400

450

500

550

Temperature T (K)

Figure 5.22: Variation in the exponent‘s’ in Jonscher power law as a function of temperature.
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5.3.7. Magnetic Measurements
The M-H loops for the samples Bi1-2xBa2xFe1-xNbxO3 (x=0.00, 0.05, 0.10 and 0.15)
collected at room temperature with a scan rate of 25 Oe/sec have been presented in Fig.
5.23 as separate plots for each sample and in Fig. 5.24 as the combined plots for all the
samples to demonstrate the relative effect of doping on the magnetic properties of these
samples. Fig. 5.23(a) shows a minute curvature in M-H curve near origin and then
exhibits a linear dependence of magnetization on the applied magnetic field. No magnetic
hysteresis is found that confirms the typical antiferromagnetic nature of the BiFeO3 with
exclusion of any ferromagnetism. BBFNO-02 sample exhibits a tiny magnetic hysteresis
along with the antiferromagnetism as demonstrated in Fig. 5.23(b) and its inset. However,
the samples BBFNO-10 and BBFNO-15 exhibit significant magnetic hysteresis which
confirms the presence of weak ferromagnetism in these samples.
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Figure 5.23: The magnetic hysteresis loops for the samples; (a) BFO, (b) BBFNO-05, (c)
BBFNO-10 and (d) BBFNO-15 collected at room temperature.
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The combined plots of M-H curves for all the samples presented in Fig. 5.24 demonstrate
that none of the sample exhibit saturation magnetization due to the presence of
antiferromagnetism. The slopes of the curves at high magnetic fields are same indicating
the similar amount of antiferromagnetism in these materials. However, the amount of
magnetic hysteresis is not the same and increases rapidly with doping level up to x = 0.10
for the sample BBFNO-10 and then slightly decreases. From these results it is inferred
that the ferromagnetism is enhanced in Bi1-2xBa2xFe1-xNbxO3 system up to x=0.10, with
an increase of about two order of magnitude in remanent magnetization as compared with
undoped BiFeO3 sample. The values of the coercive field, remanent magnetization and
maximum magnetization for different samples are listed in Table 5.6, which shows that
these values first increase up to x = 0.10 and then start decreasing.
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Figure 5.24: The room temperature magnetic hysteresis loops for four selected samples, plotted
with the same scale.
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Table 5.6: The magnetic parameters extracted from the M-H loop for the Bi1-2xBa2xFe1-xNbxO3
measured at room temperature.
Sample

Coercive field

Remanant magnetization

Maximum magnetization

(kOe)

(emu/g)

(emu/g)

BFO

-0.0224

6.67×10-4

0.07406

BBFNO-05

-0.0378

3.69×10-3

0.10559

BBFNO-10

-1.1001

39.33×10-3

0.13254

BBFNO-15

-0.5502

13.61×10-3

0.09519

Several elucidations have been proposed for the enhancement in ferromagnetism
in the cation doped BiFeO3. The ferromagnetism can be enhanced either by suppressing
the spiral spin modulation or by increasing the canting angle between the
antiferromagnetically ordered adjacent planes [177]. Both goals can be achieved by
affecting the crystal structure of the material or by involvement of the multiple oxidation
states of Fe cations, i.e., Fe2+, Fe3+ and Fe4+ [178-180]. The crystal structure may be
modified as a consequence of cation doping with a different ionic radius than that of the
host ion and/or due to the presence of oxygen vacancies in the material [181].
For the samples under investigation in this study, the presence of mixed oxidation
states has been eliminated from the Mössbauer results, which indicates the presence of
Fe3+ oxidation state, as discussed in section 5.3.3. Moreover, the elimination of oxygen
vacancies on increasing doping level has been proposed in the electrical properties of
these samples; therefore, the enhanced magnetic properties cannot be related to the
concentration of oxygen vacancies. From these results we can propose that the
enhancement in the ferromagnetism may be the consequence of the structural distortion,
which is caused by doping of Ba2+ and Nb5+ ions with larger ionic radii as compared to
the host cations, i.e., Bi3+ and Fe3+, respectively. This structural distortion causes a tilting
of FeO6 octahedrons due to which Fe ‒ O ‒ Fe bond angles are disturbed. The disturbance
of Fe ‒ O ‒ Fe bond angles may be due to the suppression of spiral spin structure and/or
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the improvement in the canting angle of antiferromagnetically ordered adjacent planes,
which results in the enrichment of the ferromagnetism. Li et al. [182] have also proposed
that, none of the magnetic coupling of Fe2+ or oxygen vacancies are more effective for
enhancement of ferromagnetism but, substitution of larger cations at Bi3+ sites has
dominant role in the improvement in the ferromagnetism of the materials.
5.4. Summary
The polycrystalline Bi1-2xBa2xFe1-xNbxO3 (x = 0.00 ‒ 0.15) ceramics were
synthesized by solid state reaction method. Formation of impurity phases like Bi2Fe4O9
and Bi25FeO40 is greatly suppressed by cation doping in BiFeO3. A gradual suppression in
the X-ray diffraction peaks splitting indicates that the octahedral distortion is decreasing,
resulting in a pseudo cubic geometry; whereas a gradual increase in the unit cell volume
is found with increase in the doping level. The grains with different geometric shape with
well defined grain boundaries were observed by SEM, having average grain size of
~5m.
The Mössbauer spectra exhibit one singlet and two sextets which correspond to
the presence of impurity phases, ferromagnetic and antiferromagnetic ordering,
respectively. These spectra show the elimination of impurity phases, and a constant
antiferromagnetic ordering and a varying ferromagnetic ordering in the material with
increasing doping level. The presence of Fe2+ and Fe4+ is also ruled out by the values of
isomer shift, δ, for all the materials. The emergence of pseudo cubic crystal geometry is
also found from the values of quadruple splitting, Δ, associated with the BBFNO-15
sample.
The leakage current density is found to decrease gradually with increasing
dopants concentration. The sample with x = 0.10 have the least value of leakage current
density which is about six orders of magnitude less than that of undoped BiFeO3. Ohmic
conduction was found to be dominant mechanism in all the samples, however, undoped
sample showed space charge limited conduction in high electric filed region, while the
sample with x=0.15 exhibited grain boundary limited conduction in low electric field
region. The decrease in leakage current density may be attributed to the elimination of
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impurity phases, suppression of oxygen vacancies and dilation of hopping distance of the
charge carriers on increasing the doping concentration.
The investigation of impedance data of the Bi1-2xBa2xFe1-xNbxO3 series
demonstrates that, all the samples have semiconducting like behavior, such that the
resistance associated with different regions of microstructure of the all samples is
decreased with rise in temperature. The relaxation processes associated with grain
boundaries, shell and core regions for all the samples are found to be thermally activated,
and the extracted values of activation energies suggest the oxygen vacancies related
conduction in these materials. The analysis of AC conductivity data revealed a frequency
independent plateau followed by the frequency dependent region for all samples, which
show an increase in hopping frequency with rise in temperature. The conduction in the
frequency independent plateau is attributed to the variable range hopping (VRH), while
for frequency dependent regions the conduction is suggested to be governed by
overlapping large polaron tunneling (OLPT) model for lightly doped and low
temperatures; and correlated barrier hopping (CBH) for heavily doped and high
temperatures.
The magnetic measurements demonstrate primarily antiferromagnetism in all
the samples superimposed with an enhancing weak ferromagnetic ordering with
increasing dopants concentration up to x=0.10. The enhanced ferromagnetism has been
attributed to the structural modification caused by the substitution of bigger ions at the
smaller ones and not due to the influence of oxygen vacancies or the multiple oxidation
states of Fe, i.e., Fe2+ and/or Fe4+.
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Chapter 6.

Conclusion
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6.1. Conclusion
The single phase BiFeO3 ceramic was successfully synthesized by the
conventional solid state reaction method. High resolution Synchrotron X-ray diffraction
analysis has confirmed the phase formation as rhombohedrally distorted perovskite
structure with the space group R3c. Fe-O bonds in FeO6 octahedron are of two types
having bond lengths of ~ 1.935 Å and ~ 2.131 Å. Fe3+ ions show an off centered shift of
about 0.397 Å along c-axis. SEM results have shown widely grown grains with average
grain size of 5m. From the complex impedance spectroscopy we observed that the ac
electric transport behavior in grain boundaries follows small polaron hopping model
assisted with hole hopping, in the temperature range of 300-400 K; whereas, in grain
region, below 375 K, p-type conduction is involved, but above 375 K, conduction due to
electron hopping is dominant. In addition, the analysis of impedance data has indicated
the short range conduction process in the electric response of the sample.
The polycrystalline samples with formula Bi1-xBaxFeO3 (x = 0.00 ‒ 0.25) were
also synthesized by conventional solid state reaction method. Synchrotron X-ray
diffraction data have elucidated the structural phase transition from rhombohedral to
pseudo cubic symmetry. The SEM micrographs have demonstrated a rapid decrease in
the grain size of the cation doped sample which has possible contribution in handling the
leakage current in the samples. The Mössbauer results inferred the presence of only Fe3+
ions, these results also indicated the suppression of spiral spin structure, resulting in the
enhancement of ferromagnetism. The leakage current density of 10% Ba doped sample is
found to be about four orders of magnitude less than that of pure BiFeO3 sample. The
impedance spectroscopy revealed that the oxygen vacancies have dominant role in the
transport properties of these materials. It has been observed that the overlapping large
polaron tunneling (OLPT) is the governing model for lightly doped samples in low
temperature region while the correlated barrier hopping (CBH) model is applicable for
the heavily doped samples at high temperatures. We have observed an enhancement in
the ferromagnetic behavior which is found to be the consequence of the structural
distortion caused by the substitution of larger ion (i.e., Ba2+) at the smaller ones
(i.e., Bi3+).
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In the series of Bi1-xBaxFeO3 samples, we observed that substitution of 5% Ba2+
at Bi3+ sites has greatly enhanced the ferromagnetism; i.e., more than two orders of
magnitudes as compared to the BiFeO3, which gradually increased with further
substitution. In addition the leakage current density has been observed to be decreased up
to four orders of magnitudes for 10% Ba2+ sample and then increased on further increase
in the dopant concentration due to substantially charge unbalance. To neutralize the
charge co-substitution of aliovalent ions, i.e., Ba2+ and Nb5+ at Bi3+ and Fe3+ sites has
been performed, respectively. For this purpose, the polycrystalline Bi1-2xBa2xFe1-xNbxO3
(x = 0.00 ‒ 0.15) ceramics were synthesized by solid state reaction method. Formation of
impurity phases like Bi2Fe4O9 and Bi25FeO40 is greatly suppressed by cation doping in
BiFeO3. A gradual suppression in the X-ray diffraction peaks splitting has indicated that
the octahedral distortion is decreasing, resulting in a pseudo cubic geometry; whereas a
gradual increase in the unit cell volume is found with increase in the doping level. The
Mössbauer spectra exhibit one singlet and two sextets which correspond to the presence
of impurity phases, ferromagnetic and antiferromagnetic ordering, respectively. These
spectra have shown the elimination of impurity phases, and a constant antiferromagnetic
ordering and a varying ferromagnetic ordering in the material with increasing doping
level. The presence of Fe2+ and Fe4+ is also ruled out by the values of isomer shift, δ, for
all the materials. The emergence of pseudo cubic crystal geometry is also found from the
values of quadruple splitting, Δ, associated with the BBFNO-15 sample. The leakage
current density is found to decrease gradually with increasing dopants concentration.
BBFNO-10 have the least value of leakage current density which is about six orders of
magnitude less than that of undoped BiFeO3 and two orders of magnitudes less than
leakage current density observed in BBFO-10 sample. Ohmic conduction was found to be
dominant mechanism in all the samples, however, undoped sample showed space charge
limited conduction in high electric filed region, while the sample with x=0.15 exhibited
grain boundary limited conduction in low electric field region. The decrease in leakage
current density may be attributed to the elimination of impurity phases, suppression of
oxygen vacancies and dilation of hopping distance of the charge carriers on increasing
the doping concentration.
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The investigation of impedance data of the Bi1-2xBa2xFe1-xNbxO3 series has
demonstrated that all the samples have semiconducting like behavior. The relaxation
processes associated with grain boundaries, shell and core regions for all the samples are
found to be thermally activated, and the extracted values of activation energies have
suggested that the oxygen vacancies related conduction is dominant in these materials.
The analysis of AC conductivity data revealed a frequency independent plateau followed
by the frequency dependent region for all samples, which showed an increase in hopping
frequency with rise in temperature. The conduction in the frequency independent plateau
is attributed to the variable range hopping (VRH), while for frequency dependent regions
the conduction is suggested to be governed by overlapping large polaron tunneling
(OLPT) model for lightly doped and low temperatures; and correlated barrier hopping
(CBH) for heavily doped and high temperatures. The magnetic measurements
demonstrated the existence of primarily antiferromagnetism in all the samples
superimposed with weak ferromagnetic ordering which is found to be enhanced with
increasing dopants concentration up to x=0.10.
Although, the enhancement in the ferromagnetism in the batch Bi1-2xBa2xFe1xNbxO3

is significantly smaller than that of the batch Bi1-xBaxFeO3 which may be

attributed to the replacement of magnetically active Fe3+ ion by the Nb5+. However, the
leakage current density is greatly reduced in the batch Bi1-2xBa2xFe1-xNbxO3 as compared
to the batch Bi1-xBaxFeO3, which has been suggested to be due the charge compensated
aliovalent substitution of Ba2+ and Nb5+ at Bi3+ and Fe3+ sites, respectively.
6.2. Future recommendations
 As we have observed a significant effect of Ba2+ and Nb5+ substitution on the
electrical and magnetic properties of BiFeO3; therefore, the substitution of other
isovalent and aliovalent cations may be useful to enhance these properties.
 The dielectric data of the synthesized samples were analyzed at and above room
temperature. In this temperature range the effects of the electrodes and grain
boundaries were dominant in the batch Bi1-xBaxFeO3. However, to find the
electric response from the grains, low temperature measurement may be helpful.
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 After the achievement of highly resistive samples, the measurements of the
polarization versus electric field (P-E) should be carried out to reveal the
ferroelectric behaviour of these samples.
 As discussed in Chapter 1 (section 1.2.4.2) that, the morphology of the materials
plays an important role in the multiferroic properties of the materials, therefore,
the synthesis of the samples, studied in this work, in thin film form or
nanostructures may have substantially improved the multiferroic properties of
these samples.
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