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ABSTRACT 

This thesis constitutes a series of studies on the effects of divalent dopants (A) in place of 

Bi in the BiFeO3 (BFO) multiferroic systems. In addition the effect of film thickness on 

the multiferroic properties of BFO has also been investigated. The studies include a 

complete set of structural, electronic, magnetic, optical and dielectric studies on the Bi1-

xSrxFeO3-δ (0 ≤ x ≤ 0.45) and Bi0.75A0.25FeO3 (A = Pb, Ba) systems. The studies have been 

carried out with the knowledge that substitution of trivalent Bi with the respective 

divalent ions will induce changes in the crystalline as well as electronic structures which 

in turn would affect the multiferroic properties of the system. Accordingly we find that in 

contrast to the weak ferromagnetism of the parent material each of the x=0.25 doped 

systems exhibits ferromagnetism at room temperature. A strong correlation is observed 

between the magnetic and structural properties, e.g. in the case of Sr doped BFO there is a 

strong enhancement of ferromagnetism between x=0.15 and x=0.25 that coincides with a 

structural transition from rhombohedral to cubic phase (R3c → Pm-3m) at x=0.25. 

Magnetic moment was observed to increase with increase in the radius of A-site ion being 

largest for the Ba doped system. Further insight into the origins of the ferromagnetism 

enhancement was obtained through Mössbauer measurements which showed that despite 

being doped with a divalent ion, the Fe ions in BFO retained their trivalent state. We find 

that A
2+

 ion substitution at Bi
3+

 site results in oxygen deficiency and consequently in a 

tetrahedral coordination for some of the Fe−O ions. The role of oxygen vacancies in 

promoting ferromagnetism was evident from the decrease in ferromagnetic moment in 

oxygen annealed samples. Thus the ferromagnetism in these systems is correlated with 

the structural transformation at x=0.25 which tends to destroy/weaken the parent 

antiferromagnetic cycloidal spin structure while induced changes in the superexchange 

interactions, due to size differences and oxygen vacancy effects, also contribute to the 

observed differences. We find a systematic but anomalous decrease in the magnetic 

coercivity at low temperatures which is explained in terms of an effective magnetic 

anisotropy that includes the effects of magnetoelectric coupling. The dielectric response 

for these doped systems depends in general on the structural details as well as the 

presence of oxygen vacancies. The Sr x=0.45 composition shows a marked anomaly in 

ε(T) which is explained in terms of relaxation effects originating presumably in nanoscale 

polar inhomogeneities. The lone pair substituent Pb leads to the largest dielectric 
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constant, enhanced magnetization, and large effects on the low-temperature magnetic 

hysteresis. 

The optical response of multiferroic Bi1-xSrxFeO3 (0 ≤ x ≤ 0.45) samples is studied in the 

spectral range from 1 eV to 4 eV by means of UV/Vis spectrometry. Optical response in 

the studied spectral range was dominated by two charge transfer transitions and two 

doubly degenerate d-d transitions for all samples. The d-d transitions weakened as the Sr 

content was increased which is attributed to the transformation of the crystal structure 

from rhombohedral to cubic. A red shift in the d-d transition energies was observed with 

increasing Sr concentration which is related to an increase in the crystal field strength. 

The direct band gap was found to decrease whereas the indirect band gap decreased as the 

Sr content is increased from x = 0 to 0.45. The ultimate source of the decrease in the 

energy band gap values and the observed red shift in the d-d transition energies is 

ascribed to the chemical pressure induced reduction in unit cell volume. For Ba and Pb 

doped samples the differences in these optical properties are also consistent with the 

associated changes in the unit cell volume.   

BFO thin films with thickness increasing from 40 to 480 nm were successfully grown on 

LaNiO3 buffered Pt/Ti/SiO2/Si(100) substrate and the effects of thickness evolution on 

magnetic and ferroelectric properties have been investigated. All the BFO films exhibited 

weak ferromagnetic response at room temperature and saturation magnetization decreases 

with increase in film thickness. Well saturated ferroelectric hysteresis loops were 

obtained for thicker films; however, the leakage current dominated the ferroelectric 

properties in thinner films. The mechanisms for the evolution of ferromagnetic and 

ferroelectric characteristics in these films have been discussed. 
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Thesis Organization 

The scope of this thesis is to study various aspects (structural, morphological, electronic, 

magnetic and dielectric, and ferroelectric properties) of Bi1-xSrxFeO3 (0 ≤ x ≤ 0.45), 

Bi0.75A0.25FeO3 (A = Sr, Pb, and Ba) bulk samples and pure BFO thin films grown by 

radio frequency magnetron sputtering and a correlation between these properties has 

been drawn.   

Chapter 1 is intended to provide a general introduction of dielectrics, ferroelectrics, 

ferromagnets and Multiferroics. It includes detailed literature survey presenting the 

various theoretical predictions and recent experimental advances to enhance the 

multiferroic properties of BFO. At the end, this chapter gives a brief outline of the 

motivation for the current thesis. 

Chapter 2 briefly describes experimental and analytical methodologies that have been 

employed in the thesis to fabricate and characterize bulk samples and thin films. 

Chapter 3 gives the detailed description about synthesis conditions and growth 

parameters of bulk samples and thin films, respectively. Optimized parameters of bulk 

and thin films synthesis of BFO has been given in this chapter.   

Chapter 4 deals with the structural, electronic, magnetic, dielectric and optical 

properties of Bi1-xSrxFeO3 (0 ≤ x ≤ 0.45) samples and the correlation between these 

properties have been drawn. 

Chapter 5 investigates the effects of size and lone pair on the structural, multiferroic, and 

optical properties of Bi0.75A0.25FeO3 (A = Sr, Pb, and Ba). The anomalous trend of 

decrease in coercivity with decrease in temperature which is an indication of 

magnetoelectric coupling has been discussed in detail in this chapter. 

Chapter 6 describes the effect of thickness variation on the structural, morphological, 

magnetic and ferroelectric properties of BFO thin films grown by RF magnetron 

sputtering method. 

Chapter 7 describes the conclusions and the scope for further works. 
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Chapter 1       INTRODUCTION & BACKGROUND 

1.1 A bit History 

Oxide materials exhibiting fascinating properties and multiple functionalities have 

become very attractive for potential applications and also the subject of many 

experimental and theoretical studies. Particularly, Fe and Mn-based oxides in the ABO3 

perovskite family have attracted a lot of attention in the past few decades. Complex 

oxides exhibit rich range of properties, including magnetism [1-3], ferroelectricity [4, 5], 

strongly co-related electron behavior [6, 7], superconductivity [8-10], and 

magnetoresistance [11, 12] which have been research areas of great interest among the 

scientific and technological communities for decades. Majority of these properties result 

from the strongly correlated electronic behavior and turned out to be very sensitive to 

external parameters such as temperature, electric and magnetic fields, and pressure etc. 

Among these materials, the ones which exhibit magnetic and ferroelectric properties have 

been extensively studied because their fascinating physical properties can be used to 

realize a vast number of devices ranging from giant devices such as electrical 

transformers to tiny devices such as sensor [13], data storage memories [14, 15], and 

integrated circuits [16]. More interesting is that these ferroelectric and antiferromagnetic 

properties are present at room temperature. Such materials seem to be promising 

candidates for spintronics and magnetoelectronics. BiFeO3 (BFO) is one such material 

that has received much attention, due to its long range magnetic and ferroelectric ordering 

at room temperature [17]. 

As is well understood electric and magnetic interactions in solids are intrinsically coupled 

to each other via Maxwell’s equations. For example, in the new field of spintronics, the 

effects of spin on the transport properties of solid (and vice versa) have a primary role. 

The possibility to control electrical phenomenon via magnetic fields and vice versa is a 

major and attractive possibility for electronic applications. In systems with both types of 

orders present, viz electrical and magnetic, the coupling between the two is termed as a 

magnetoelectric (ME) effect. The history of the ME effect dates back to 1894 when Curie 

stated that it is possible for an asymmetric molecular body to polarize under the influence 

of a magnetic field [18]. Later, Landau and Lifshitz [19] showed that the ME response 

requires time-asymmetric media. Dzyaloshinskii predicted the existence of the ME effect 

in antiferromagnetic Cr2O3 [20]. This was confirmed by Astrov [21] by measuring the 
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electric filed induced magnetization and later by Rado Folen [22] by the of detection 

magnetic field induced polarization.        

This chapter gives an introduction to some basic terms which are important in 

understanding of the present work, which has been carried out on magnetic, ferroelectric 

and optical properties of BFO. This chapter revisits magnetism, models of exchange 

interaction, dielectrics, ferroelectrics, multiferroics and various important concepts such 

as possible origins of ferroelectricity and magnetism. After that physical property of BFO 

have been described in detail and a review of existing literature is also presented. In 

addition, current research issues in bismuth ferrite are briefly discussed. Last section 

intends to describe the motivation and aim of the present work. 

1.2 Theoretical models of magnetism 

1.2.1 Models of exchange interaction 

The strong force responsible for the collective behavior in ordered magnetic materials is 

the exchange interaction. The concept of exchange interaction was initially introduced in 

1926 by Werner Heisenberg and Paul A. M. Dirac and is based on quantum mechanics. 

Exchange interaction lie at the heart of the phenomenon of long range magnetic order. If 

the electrons on the neighboring magnetic atoms interact via an exchange interaction, this 

is known as direct exchange, but if the process occurs via some intermediate process then 

it is termed as an indirect exchange. Thus the indirect exchange interaction is defined as 

an exchange interaction between non-neighboring magnetic ions which is mediated by a 

non-magnetic ion which is placed in between magnetic ions. Thus there are different 

types of exchange interaction such as Heisenberg exchange interaction, Superexchange 

interaction, the Dzyaloshinskii-Moriya (DM) interaction, the double exchange interaction, 

the RKKY interaction, and the Dipole-dipole interaction. Due to their relevance for our 

work we will describe only the superexchange interaction and the DM interaction in 

detail. 

a) Superexchange Interaction 

The superexchange interaction theory was first introduced by Kramers [23] and this has 

since been developed further by Anderson and others [24]. It is the most important 

exchange mechanism for ionic crystals, and it has been studied extensively. Let’s 

consider a system with two magnetic ions (each with a single d-orbital electron) separated 



Chapter 1                                                                          INTRODUCTION & BACKGROUND  

Study of multiferroic and optical properties of pure and divalent doped BiFeO3  | 3  

 

by an oxygen atom. The oxygen ion will have two electrons in its p-orbital in an ionically 

bonded system which will overlap with the d-orbitals of the magnetic atoms (Figure 1.3).  

 

(a) 

(b) 

(c)                                     

Antiferromagnetic 

(d) 

(e) 

(f) 

Ferromagnetic 

Figure 1.1: Two magnetic atoms, M, separated by a non-magnetic, O, atom. (a) Antiferromagnetic 

alignment of the magnetic atoms is favored due to superexchange and this can mix with excited 

configurations like (b) and (c). The magnetic electrons can thus be delocalized over the M-O-M unit, 

thus lowering the kinetic energy. If the moments on the metal (M) are coupled ferromagnetically 

(d,e,f), the ground state (d) cannot mix with excited configurations like (e) and (f) because these 

configurations are prevented by the exclusion principle. The ferromagnetic configuration therefore 

costs more energy. 

The kinetic energy of the system is lowered if the magnetic atoms order 

antiferromagnetically, since the electrons are then free to move from the oxygen ion to 

either magnetic ion, which can be understood by reference of Fig. 1.3. Conversely, the 

oxygen electrons will not be able to move due to the Pauli’s exclusion principle if the 

magnetic ions order ferromagnetically. Detailed calculations have led to a number of 
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rules of thumb to estimate the strength and sign of the superexchange, which need not be 

antiferromagnetic in all cases. These are the Goodenough-Kanamori rules [25, 26].  

b) Dzyaloshinskii-Moriya (DM) interaction 

The DM interaction is a process similar to superexchange, where the intermediate process 

is via spin-orbit interaction rather than an oxygen ion. Here the excited state is not 

connected with oxygen but is produced by spin-orbit interaction in one of the magnetic 

ions. It is an antisymmetric exchange interaction and is a contribution to the total 

magnetic exchange interaction between two neighboring magnetic spins Si and Sj. The 

effect of DM in magnetically ordered systems is to provide spin canting of otherwise 

(anti) parallel aligned magnetic moment and thus, e.g., is as source of weak ferromagnetic 

behavior in an antiferromagnet. The DM exchange interaction occurs between the excited 

state of a magnetic ion and the ground state of the neighboring ion. For spin Si and Sj. 

Mathematically it is written as 

).( jiijDM SSDH   

and is known as Dzyaloshinskii-Moriya interaction. In this equation HDM is the 

Hamiltonian and Dij is the DM vector and its orientation is constrained by symmetry. The 

Dij vector is finite when the crystal field does not have inversion symmetry with respect 

to the center between Si and Sj. The form of the interaction is such that it tries to force Si 

and Sj to be at right angles in a plane perpendicular to the vector Dij in such an orientation 

as to ensure that the energy is negative. Its effect is therefore very often to cant (i.e. 

slightly rotate) the spins by small angles. It is found in, for example, α-Fe2O3, MnCO3, 

CoCO3, and BiFeO3 etc. Graphically, this interaction can be represented as 

 

Figure 1.2: Determination of the orientation of the Dzyaloshinskii-Moriya (DM) vector from the local 

geometry.  
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The antisymmetric exchange is of importance for the understanding of magnetism 

induced electric polarization in a recently discovered class of multiferroics: Here, small 

shifts of the ligand ions can be induced by magnetic ordering, because the systems tends 

to enhance the magnetic interaction energy on the cost of lattice energy. This mechanism 

is called “inverse Dzyaloshinskii-Moriya effect”. In certain magnetic structures, all ligand 

ions are shifted into the same direction, leading to a net electric polarization [27].  

1.2.2 Models of magnetic Anisotropy 

Crystal possesses magnetic easy exist and hard axis. Along certain crystallographic 

directions it is easy to magnetize the crystal, along others it is harder. The net 

magnetization of a system will prefer to lie along the easy axis. There are two 

microscopic interactions that results in energy difference between easy and hard axis. One 

is the spin orbit interaction and the other one is the long range dipolar coupling of 

magnetic moments. The anisotropy energy arises from the spin-orbit interaction and the 

partial quenching of the angular momentum [28]. The spin-orbit coupling is responsible 

for the intrinsic (magnetocystalline) anisotropy, surface anisotropy, and magnetostriction, 

while the shape anisotropy is a dipolar contribution and is calculated mostly by assuming 

a uniform distribution of magnetic poles on plane surfaces. Anisotropy energies are 

usually in the range 10
2
−10

7
 Jm

-3
. This corresponds to energy per atom in the range 10

-

8
−10

-3
 eV. The anisotropy energy is larger in lattices (of magnetic ions) of low symmetry 

and smaller in lattices of high symmetry. In bulk materials, magnetocrystalline and 

magnetostatic energies are the main source of anisotropy. Whereas in fine particles, thin 

films and nanostructures, other kinds of anisotropies such as shape and surface anisotropy 

are relevant in addition to these usual anisotropies. In the following section we will 

discuss only magnetic anisotropy: magnetocrystalline anisotropy.  

a) Magnetocrytalline Anisotropy 

Magnetic anisotropy is meant as the dependence of the internal energy on the direction of 

spontaneous magnetization. Generally the magnetic anisotropy energy term possesses the 

crystal symmetry of the material, and is known as crystal magnetic anisotropy or 

magnetocrystalline anisotropy. The preferred directions of orientation are usually related 

to the principal axes of its crystal lattice. It is a special case of magnetic anisotropy. 

Magnetocrystalline anisotropy arises mostly from spin-orbit coupling [28].  

http://en.wikipedia.org/wiki/Multiferroics
http://en.wikipedia.org/wiki/Magnetic_ordering
http://en.wikipedia.org/wiki/Crystal_structure
http://en.wikipedia.org/wiki/Crystal_lattice
http://en.wikipedia.org/wiki/Magnetic_anisotropy
http://en.wikipedia.org/wiki/Spin-orbit_coupling
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1.3  Dielectrics  

A dielectric material is an electrical insulator that can be polarized by an applied electric 

field. When a dielectric is placed in an electric field, electric charges do not flow through 

the material as they do in a conductor, but only slightly shift from their average 

equilibrium positions causing dielectric polarization. Because of dielectric polarization, 

positive charges are displaced in the direction of field and negative charges shift in the 

opposite direction. This creates an internal electric field that reduces the overall field 

within the dielectric itself [29]. The study of dielectric properties concerns storage and 

dissipation of electric and magnetic energy in materials [29]. Dielectrics are important for 

explaining various phenomena in electronics, optics, and solid-state physics and have a 

strong influence on the evolution of electrical engineering, electronics, and information 

technology.  

1.3.1 Dielectric Polarization 

a) Mechanism of Polarization 

In general, there are four main polarization mechanisms that can occur within a dielectric 

material. The total polarization of the dielectric material is the sum of all these 

contributions. Electronic polarization (Pelec) involves the displacement of the electronic 

cloud w.r.t the nucleus. Ionic polarization (Pions) is the separation of positive and negative 

ions in the crystal. Orientational polarization (Por) involves the alignment of permanent 

dipoles and the fourth one is the space charge polarization (Psc), in which free electron are 

prevented from moving by barriers, such as grain boundaries where electrons pile up. The 

contributions from the lattice are called intrinsic contributions, in contrast to extrinsic 

contributions. 


extrinsic

scor

rinsic

ionelec PPPPP 

int

       

1.3.2 Dielectric Constant and Frequency Dispersion 

The dielectric relaxation phenomenon in ferroelectric materials reflects the delay (time 

dependence) in the frequency response of a group of dipoles when an external field is 

applied. When an alternating voltage is applied to a dielectric, at certain frequencies the 

dipoles which are responsible for polarization are no longer able to follow the oscillations 

of the electric field. The field reversal and the dipole reorientation become out-of-phase 

giving rise to a dissipation of energy. Different types of polarization cause several 

http://en.wikipedia.org/wiki/Insulator_(electricity)
http://en.wikipedia.org/wiki/Dipolar_polarization
http://en.wikipedia.org/wiki/Electric_field
http://en.wikipedia.org/wiki/Electric_field
http://en.wikipedia.org/wiki/Electrical_conductor
http://en.wikipedia.org/wiki/Electronics
http://en.wikipedia.org/wiki/Optics
http://en.wikipedia.org/wiki/Solid-state_physics
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dispersion regions over a wide frequency range, and the characteristic of each 

contributing mechanism and critical frequency depends on the nature of the dipoles. 

Figure 1.3 describes the degree of polarization in a given material within frequency 

domain. 

   

Figure 1.3: Real and imaginary part of the dielectric constant as a function of frequency. 

The dispersion of the dielectric response of each contribution leads to dielectric losses of 

the matter which can be mathematically expressed by a complex dielectric permittivity: 

  i       

Dielectric losses are usually described by the loss tangent: 









tan        

It should be taken into account that the general definition of the tan δ is related to the ratio 

of loss energy and reactive energy (per period), i.e. all measurements of the loss tangent 

also include possible contributions of conductivity σ of a non-ideal dielectric given by 







tan        

1.4 Ferroelectrics 

The formal definition of a ferroelectric material is one that undergoes a phase transition 

from a high-temperature phase that behaves as an ordinary dielectric (so that an applied 
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electric field induces an electric polarization, which goes to zero when the field is 

removed) to a low-temperature phase that has a spontaneous polarization whose direction 

can be switched by an applied field. Ferroelectric materials exhibit a wide spectrum of 

functional properties, including switchable polarization, piezoelectricity, high non-linear 

optical activity, pyroelectricity, and non-linear dielectric behavior. These properties of 

ferroelectric materials are crucial for application in electronic devices such as sensors, 

microactuators, infrared detectors, microwave phase filters and, non-volatile memories. 

The basic requirement of ferroelectricity with respect to crystal symmetry has been 

described in the next section, followed by a description of various sources of 

ferroelectricity.  

1.4.1 Crystal symmetry with respect to ferroelectricity 

 Based on the possible group symmetry operations all crystals can be divided into seven 

different crystal systems, viz. triclinic, monoclinic, orthorhombic, tetragonal, trigonal, 

hexagonal, and cubic. There are only 14 space lattices called Bravais lattices that can be 

used to describe the structure of a crystal. These 14 Bravais lattices can be classified into 

7 crystal systems too. Each of the Bravais lattices can possess symmetry elements like 

centers of symmetry, mirror planes, rotation axes and points of inversion symmetry. The 

combination of all these symmetry operations results in a total of 230 different space 

groups describing all possible crystal symmetries. The 32 point groups can be further 

classified into (a) crystals having a center of symmetry and (b) crystals which do not 

possess a center of symmetry. There are only 11 point groups for crystals with a center of 

symmetry which are called centrosymmetric. It is relevant to note that centrosymmetric 

crystals cannot possess a spontaneous dipole moment. The remaining 21 point groups are 

non-centrosymmetric i.e. they do not have a center of symmetry. A crystal having no 

center of symmetry may possess one or more crystallographically unique directional axes. 

Of these, 20 classes are piezoelectric and possess the trait that the application of 

mechanical stress induces polarization, and conversely, the application of an electric field 

produces mechanical deformation. Out of these 20 piezoelectric classes, 10 own a unique 

polar axis and so are spontaneously polarized, i.e. polarized in the absence of an electric 

field. Such crystals are called pyroelectric and the corresponding spontaneous moment in 

these crystals can be observed by varying the temperature. A very closely related property 

to pyroelectricity is ferroelectricity. A ferroelectric crystal like a pyroelectric crystal also 

shows spontaneous polarization, but here the direction of the polarization can be reversed 
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by the applied electric field. Most of ferroelectric crystals have a transition temperature 

(Curie point) above which their symmetry changes to a higher symmetry, non-polar group 

and only below which the symmetry is reduced to one of the polar groups. 

1.4.2 Ferroelectric Phase Transition 

The development of spontaneous polarization in a material, often accompanied by the 

change of crystal structure is called a ferroelectric phase transitions. The phase transition 

occurs due to changes in the forces of interaction between the atoms in the crystal. An 

asymmetrical shift in the equilibrium ion positions gives rise to polarization catastrophe 

and hence a permanent dipole moment in the material. The spontaneous polarization (PS) 

is the order parameter of the ferroelectric system and may appear continuously or 

discontinuously at a critical temperature called the Curie temperature or transition 

temperature (TC). In the ferroelectric phase, at least one set of ions in the crystal can be 

described as sitting in a double well potential, where either of two possible positions are 

equally favorable energetically favorable. Above TC, the particles in the double well have 

enough kinetic energy to move back and forth over the barrier that separates the wells, so 

that the time average position of the atom is midway between the wells. 

a) First and Second Order Phase Transitions 

There are two types of phase transitions, namely first and second order. These are named 

depending on how the order parameter changes during the transition [30]. In a 

ferroelectric system, polarization P is the order parameter. The order of the phase 

transition is defined by the discontinuity in the partial derivatives of the free energy (Eq. 

1.7) of the ferroelectric at the phase transition temperature. 
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For nth-order phase transition, the nth-order derivative of F is a discontinuous function at 

the transition temperature. The spontaneous polarization and dielectric permittivity 

change continuously at the second order ferroelectric phase transition and are 

discontinuous at for the first-order ferroelectric phase transitions (Figure 1.4) [31]. 

If there is more than one ferroelectric phase, the temperatures at which the crystal 

transforms from one ferroelectric phase to another is also called the transition 

temperature. 
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Figure 1.4: Free Energy F(P), polarization P(T), and permittivity ε(T), ε
-1

(T) for a first and second 

order phase transition for E = 0 [32]. 

Near the Curie point or phase transition temperature, thermodynamic properties including 

dielectric, elastic, optical, and thermal constants show an anomalous behavior. This is due 

to the distortion in the crystal as the phase changes. The temperature dependence of the 

dielectric constant above the Curie point (T>TC) in most of the ferroelectric crystals is 

governed by the Curie-Weiss law: 

 
 





T

C
TT C

      

C and θ in the Eq. 1.8 are called Curie constant and Curie-Weiss temperature, 

respectively. For a first order phase transition θ  is less than TC whereas in a second order 

phase transition the two are equal (i.e. TC = θ ), see Figure 1.4 [33, 34]. Briefly, the Curie-

Weiss law is a characteristic of ferroelectrics, whereas the capability to reorient the 

spontaneous polarization is an essential provision for ferroelectricity. 

1.4.3 Displacive and Order Disorder Type Phase Transitions 

Ferroelectric phase transitions are classified into two categories: a displacive type and 

order-disorder types. In the displacive ferroelectric phase transition, a macroscopic 

polarization occurs as the result of relative displacements of cations and anions below TC. 

This type of phase transition is characterized by the development of a soft phonon. With 

decreasing temperature, the frequency of a low lying transverse optic mode (TO mode) 

decreases toward zero at the Brillouin zone center. At TC where a dielectric constant takes 

a maximum value, it becomes equal to zero and the structural phase transition to a polar 
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state is induced as a result of the lattice instability. This is caused by the competition 

between a long range Coulomb force which favors a ferroelectric phase and a restoring 

short range force driving to a paraelectric state. On the contrary, in the order-disorder 

type, permanent dipole moments of molecules exist even above TC. Above TC, the 

directions of dipole moments are randomly distributed and a net polarization does not 

occur. Below TC, they are aligned in a specific direction and a spontaneous polarization 

appears. The critical slowing down of the relaxation time which becomes infinite towards 

TC, is a characteristic of this transition type.  

1.4.4 Ferroelectric Hysteresis 

The ferroelectric crystals show a hysteresis loop between polarization (P) and electric 

field (E) on the application of an alternating electric field. From the hysteresis loop the 

various important parameters such as the saturation polarization (+PS), the remanent 

polarization (+Pr) and the coercive field (EC) can be determined. The shape of the loop 

(square or elongated) also provides insight into the behavior of the dipoles in response to 

the applied field. The EC as well as the shape of the loop, i.e. the ‘squareness’ or 

sharpness, are sample preparation dependent and are influenced by grain size and 

homogeneity [35]. Thy typical hysteresis ferroelectric loop is shown in Figure 1.5. 

 

Figure 1.5: Typical ferroelectric hysteresis loop. 
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1.5 Multiferroics 

Multiferroics were originally defined as materials that simultaneous possesses two or 

more of the so-called ‘ferroic’ order parameters such as ferroelectricity, ferromagnetism, 

ferroelasticity and ferrotoroidicity [36]. Nowadays, multiferroism often refers to a 

combination of ferroelectricity and magnetism (ferromagnetism, antiferromagnetism) in 

one particular material (Figure 1.6(a)). A number of multiferroics systems have been 

either found in nature, or synthesized artificially [37]. The coupling between ferroelectric 

and (anti-)ferromagnetic order parameters can lead to magnetoelectric (ME) effects, in 

which the magnetization can be controlled by the application of electric field and vice 

versa (Figure 1.6(b)). Thus multiferroic materials are attractive not only because they 

have properties of both magnetic and ferroelectric compounds, but also the ME coupling 

gives an extra degree of freedom in device functionality. Magnetoelectric switching in 

multiferroics can only be achieved if the two ferroic orders (magnetization and 

polarization) are strongly coupled. Thus search for multiferroics with a strong ME affect 

is required to construct new forms of multifunctional devices.  

 

Figure 1.6: (a) Relationship between multiferroic and magnetoelectric materials. Illustrates the 

requirements to achieve both in a material (adopted from ref [38]). (b) Schematic illustrating 

different types of coupling present in materials. Much attention has been given to materials where 

electric and magnetic order is coupled.  

1.5.1 Theoretical study of magnetoelectric (ME) effect 

As already discussed that from an application standpoint, the real interest in multiferroic 

materials lies in the possibility of strong ME coupling. ME effects include both linear and 
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non-linear responses to an external electric or magnetic field which can be 

mathematically expressed by an expansion of free energy of a material, 
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Differentiations lead to both polarization and magnetization, 
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where F is the free energy of the material, P is the electric polarization, M is the 

magnetization, E and H are the electric and magnetic fields, respectively. P
S
 and M

S
 are 

spontaneous polarization and magnetization, respectively.   and   are the electric and 

magnetic susceptibilities, respectively.   is the induction of polarization by a magnetic 

field (or induction of magnetization by electric field) and is known as linear 

magnetoelectric effect. Higher order magnetoelectric effects such as   and  also exist 

but much smaller in magnitudes [39]. 

1.6 Band Structure and type of band gaps in semiconductors 

Materials with band gap energy of less than 3 electron volts (eV) are generally considered 

semiconductors. While those with greater band gap energy are considered insulators. A 

graphical representation of the band gap of various materials is shown in Fig. 1.7. The 

key property of a semiconductor material is that it can be doped with impurities that alter 

its electronic property in a controllable way. 
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Figure 1.7: Band energies of different materials: (a) insulator, (b) semiconductors, and (c) conductor 

in terms of conduction and valance band. 

The band gap of semiconductors is always one of the two types, a direct band gap and an 

indirect band gap. Some materials like BFO have both direct and indirect band gaps. The 

minimum energy state in the conduction band and the maximum energy state in the 

valance band are each characterized by a certain crystal momentum (k-vector) in the 

Brillouin zone. In direct band gap, the top of the valance band and bottom of the 

conduction band occur at the same value of momentum whereas in case of an indirect 

band gap the maximum energy of valance band occurs at different value of momentum to 

the minimum in the conduction band energy (Figure 1.8). Thus in direct band gap an 

electron can directly emit a photon whereas in an indirect band gap, a photon cannot be 

emitted because the electron must pass through an intermediate state and transfer 

momentum to the crystal lattice. 

 

Figure 1.8: Illustration of direct and indirect band gap of semiconductors, and photon emission 

process. 
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1.7 Electronic transitions 

When light interacts with matter electronic transitions takes place (promotion of electrons 

from ground state to higher excited state) [40]. The intensity of these electronic 

transitions is governed by few selection rules (spin selection rule, Laporte selection rule, 

and symmetry selection rule) [40]. In the nomenclature of electronic states, e.g. 
4
A2g, the 

labels A, E, and T, stand for non-degenerate, doubly degenerate, and triply degenerate, 

while the numeric superscript stands for the multiplicity of the state, which is the number 

of unpaired electrons plus one.  

1.7.1 Charge transfer transition 

An electronic transition in which a large fraction of an electron charge is transferred from 

one region of a molecular entity, called the electron donor, to another, called electron 

acceptor (intramolecular charge-transfer) or from one molecular entity to another 

(intermolecular charge transfer).  

1.7.2 d-d transitions 

These are the transitions of electrons which take place within d orbitals. Many transition 

metal ions solutions are colored as a result of their partially filled d-levels, which allows 

promotion of an electron to an excited state (change of d-level occupation) by the 

absorption to relatively low energy visible light. In order to discuss d-d transitions, a 

crystal field theory should be utilized. In an octahedral environment, all d orbitals will not 

interact to the same extent with the six ligand atoms. The orbitals which lie along these 

axes (i.e. dx
2

−y
2
,dz

2
) will be destabilized more because of the strong repulsion between the 

electrons of the ligand ion and the d-electrons of transition-metal ion. Therefore these 

dx
2

−y
2
 , dz

2
(eg) orbitals will be at higher energy than the orbitals which lie in between the 

axes (i.e.dxy, dxz, dyz) (t2g) orbital. The splitting of five d-orbitals in the octahedral crystal-

field with cubic Oh symmetry is shown in Figure 1.9. The crystal field splitting between 

the t2g and eg levels is often designated as ∆, and is known as crystal field splitting. When 

the symmetry changes from cubic to rhombohedral (as in case of BFO), the three the t2g 

orbitals of the octahedral field become non degenerate as shown in Figure 1.9. For d-

electron system, the splitting of energy levels depends not only on the crystal field effect 

but also on the electrostatic repulsion between d-electrons and the spin orbit interaction 

[40]. 
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In BFO, the energies of these d-d transitions is understood to depend strongly on Fe−O 

bond length, site symmetry and Fe−O−Fe bond angle [41]. The observed red-shift/blue-

shift in d-d transition energies is proportional to the increase of the crystal field splitting, 

Δ [41], according to the modified Tanabe-Sugamo diagram [41]. 

 

Figure 1.9: Symmetry breaking in BiFeO3 from Oh to C3v. 

1.8 Physical properties and literature review of BiFeO3 

1.8.1 Synthesis, phase diagram, and structural stability of BiFeO3 

The compositional phase diagram of BFO has been mapped out in ref [42, 43] and is 

shown in Fig. 1.10. BFO is prepared from 50:50 molar ratios Bi2O3 and Fe2O3. 

 

Figure 1.10: Compositional phase diagram of BiFeO3. 
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It has been reported in literature that BFO is metastable in air and is prone to show 

parasitic phases such as Bi2Fe4O9 and Bi25FeO39 that tend to nucleate at grain boundaries. 

The occurrence of these impurity phases is very common and is widely reported in 

literature. Phase diagram shows that as the temperature is increased above 825°C, BFO 

undergoes a structural phase transition to an orthorhombic β-phase and changes to a γ-

phase above 931°C. Under high temperatures BFO decomposes back to its starting 

materials as given in eq. 1.16. 

323232 OBiOFeBiFeO   

Bernardo et al.[44] suggested a plausible mechanism for the reaction paths during the 

solid state synthesis of BFO. They inferred that the diffusion of Bi ions activates before 

the diffusion of Fe species which means that the solid state reaction of BFO is controlled 

by the diffusion of Bi through the Fe2O3 grains. Schematic diagram shown in Fig. 1.11 is 

a core shell configuration which can be described as follows: as the reaction proceeds, the 

penetration of Bi ions in to Fe2O3 particle will lead to the formation of three different 

compounds. The Fe deficient phase (Bi25FeO39) known as sillenite will be formed in the 

outer surface and the BFO perovskite phase will develop as we move inside the structure. 

The nuclei of Bi deficient phase (Bi2Fe4O9) known as mullite would form deeper inside, 

constituting the diffusion/reaction front towards the Fe2O3 core. With increase in 

temperature, diffusion process will speed up and more perovskite may be formed in spite 

of the Fe rich nucleus. The hypothetical end of the reaction will be such that the mullite 

front should entirely decompose to complete the reaction and just grain of stoichiometric 

BFO phase should be expected as shown in Fig. 1.11(a). However the real situation is far 

from that as the end product always contains small traces of the sillenite and mullite 

phases. Increase in reaction temperature will certainly enhance the diffusion of Bi ions 

and consequently accelerates the reaction process but this will also promotes the 

crystallization of Bi2Fe4O9. Once crystallized the mullite primary particles are 

exceptionally stable and consequently the reaction is stopped in a situation in which BFO 

coexist with small traces of sillenite and mullite as shown in Fig. 1.11(b). Thus the final 

situation is the result of competition between two different processes: the diffusion of Bi 

ions throughout Fe2O3 particles to complete the formation of BFO on the one hand, and 

the crystallization of Bi2Fe4O9 particles on the other hand.    
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Figure 1.11: Schematic diagram of the reaction paths in the solid state synthesis of BiFeO3. (a) 

Hypothetical end of reaction and (b) Real experimental Situation. 

1.8.2 Crystallographic structure of BiFeO3 

It order better explore the multiferroic and magnetoelectric properties of BFO, it would be 

essential to have a better understanding of its basic crystal structure. BFO has a 

rhombohedrally distorted perovskite structure with R3c space group at room temperature 

[45]. BFO unit cell can be described by pseudo-cubic, rhombohedral or hexagonal 

settings, where [111]pc ║ [111]rh ║ [001]hx with lattice parameters apc = 3.965 Å, αpc = 

89.35° for the pseudo-cubic unit cell (containing one formula unit) [46, 47], arh = 5.6343 

Å and αrh = 59.348 Å in the rhombohedral unit cell (containing two formula units), or ahex 

= 5.578 Å and chex = 13.868 Å (containing six formula units) [46]. A very important 

structural parameter is the rotation angle of the oxygen octahedra. This angle would be 0° 

for a cubic perovskite with perfectly matched ionic sizes. A measure of how well the ions 

fit into a perovskite unit cell is the ratio(𝑟𝐵𝑖 − 𝑟𝑂)/𝑙, where r is the ionic radius of the 

respective ion and l is the length of the octahedral edge. This is completely analogous to 

the commonly used Goldschmidt tolerance factor [48], which is defined as 𝑡 = (𝑟𝐵𝑖 +

𝑟𝑂)/√2(𝑟𝐹𝑒 + 𝑟𝑂). For BFO, we obtain t = 0.88 using the ionic radii of Shannon [49], 

with Bi
3+

 in eight fold coordination and high spin. Thus to gain the structural stability Bi 

and Fe ions are moved along the pseudocubic [111] direction and O atoms along the 

equivalent [110] direction. The unit cell is thus elongated with the neighboring oxygen 

octahedra rotated in anticlockwise sense about the [111] axis. The rotation angles of the 

two adjacent octahedra are ± 12° around the polar [111] axis [45, 46]. As a result of this 
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octahedra rotation, the Fe−O−Fe bond angle becomes ca. 154−156° which is of great 

importance because it controls both the magnetic exchange and the orbital overlap 

between Fe and O, and it determines the magnetic ordering temperature and the 

conductivity. The crystal structure of BFO in pseudocubic and hexagonal settings is 

shown in Fig. 1.12(a, b). 

 

Figure 1.12: (a) The crystal structure of BiFeO3, the direction of ferroelectric polarization is given by 

blue arrow and red arrows indicate the orientation of magnetic moment in (111) plane [50] (b) 

Hexagonal cell of BFO [51]. 

The R3c symmetry permits the development of spontaneous polarization (PS) along the 

one of the eight pseudo-cubic [111] axis with a high Curie temperature of ~ 1100K [46, 

47]. High temperature X-ray study showed that the temperature has an important effect on 

the crystal structure and lattice spacing of BFO. Between 5 K and 300 K the atomic 

coordinates in the unit cell of BFO are almost unchanged whereas the z atomic 

coordinates of Fe and O ions (which determines the BFO polarization) increases 

considerably above 300 K [52]. The rhombohedral bulk structure has a strongly first order 

transition near 1100 K to a β-phase that is orthorhombic and at around 1198 K; there is 

nearly second order transition to a γ-phase, which is cubic.   

1.8.3 Ferroelectric properties in BiFeO3 

The ferroelectric properties of BFO originate from A-site ions (Bi
3+

). Bi
3+

 ions have an 

active lone pair (two valance electrons) capable of participating in chemical bonds using 

sp
2
 hybridized states but they do not participate in such bonding.  The stereochemically 

active 6s
2
 lone pair causes the Bi 6p (empty) orbital to come closer in energy to the O 2p 

orbitals. This leads to hybridization between the Bi 6p and O 2p orbitals and drives the 
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off-centering of the cation towards the neighboring anion resulting in ferroelectricity. So 

the B-site cation (Fe
3+

) lowers its energy by shifting along one of the [111] directions. 

Hence the direction of ferroelectric polarization in bulk BFO is along 

[001]hexagonal/[111]pseudocubic of the perovskite structure.  

Early measurements of bulk ferroelectricity in the 1960s and 1970s yielded only small 

values of the polarization. Teague et al. [53] claimed that this small value of P was due to 

the leakage current in BFO and the actual polarization value of BFO should be an order of 

magnitude higher. This explanation was later verified [54]. The large polarization of the 

BFO thin films was initially thought to be due to strain enhancement [55], but later results 

showed that good single crystals also showed large remanent polarization values of 60 

μC/cm
2
 along the direction normal to (001) and, therefore, approximately 100 μC/cm

2
 

along [111] pseudocubic [56]. Ab initio calculations also agreed with the obtained results 

[50]. These studies revealed that the major problem in the BFO films is their low 

resistivity and high leakage, caused by defects and nonstoichiometric compositions in the 

BFO materials. Considerable attempts have been made to enhance the ferroelectric and 

properties of BFO via ion substitution/co-doping A/B-sites [57]. “Chemical pressure” has 

been introduced into the perovskite crystal (ABO3) to vary the electronic and crystalline 

structure. Ca, La, Sm, Tb, Gd and Nd ions partially substituting at the A-sites bring 

improvement in ferroelectricity and enhance homogenization of spin arrangement [58-

60]. Doping of Mn, Sc, Cr, Ti and Nb ions into B-site could eliminate oxygen vacancies, 

decrease the leakage current, and change the overall magnetic spin structure [61-63]. In 

the meantime, other ABO3 perovskite materials have also been introduced to form solid 

solutions with BFO. For example, ferroelectric properties have been enhanced in PbTiO3, 

PbZrO3, and BaTiO3 modified BFO ceramics and thin films [64-66]. The insertion of 

other ABO3 perovskite into BFO not only stabilizes the BFO perovskite phase but also 

forms a morphotropic phase boundary (MPB) with BFO due to their different crystal 

symmetries.  

1.8.4 Magnetic properties of BiFeO3 

Magnetic properties of bulk BFO have been studied for many years. Sosnowska et al.[67] 

studied the BFO magnetic structure and showed that below its Néel temperature (TN ~ 

643K), BFO has a G-type antiferromagnetic configuration. In G-type structure each Fe
3+

 

with spin-up is surrounded by six of the nearest Fe neighbors with spin down. In Fe
3+ 

there are five spins which are aligned in a half filled 3d shell. The Fe
3+

 magnetic moments 
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are coupled ferromagnetically within the pseudocubic (111) planes and 

antiferromagnetically between adjacent planes. The antiferromagnetic order of BFO is 

oriented in the [001]h/[111]c direction and the spin rotation plane is parallel to the [110]h. 

A schematic diagram of the spin rotation and the spiral direction is shown in Fig. 1.15. 

 

Figure 1.13: The part of the BiFeO3 lattice in hexagonal frame of reference with only iron and oxygen 

ions shown. The arrows indicate the Fe
3+

 moment direction. Figure adopted from Sosnowska et al 

[67]. 

As mentioned earlier in section 1.8.2, that tilting of the FeO6 octahedra reduces the 

Fe−O−Fe angle from 180°, reducing the overlap of Fe d and O 2p orbitals. At ambient 

temperature and pressure the Fe−O−Fe angle is 154−156°. If the Fe−O−Fe angle was 

180° one would expect collinear antiferromagnetism. It was also noted that if the 

moments were oriented perpendicular to the ˂111˃ polarization direction, the symmetry 

also permits a small canting of the moments resulting in a weak ferromagnetic moment 

due to the Dzyaloshinskii-Moriya (DM) effect (Fig. 1.18(a)) [68-70]. On a local scale, 

BFO thus possesses both ferroelectric polarization and a weak ferromagnetic moment [71, 

72]. However, the G-type antiferromagnetic structure of BFO is not homogeneous and is 

modulated to a spiral spin structure with a spiral direction of [110] and a spin rotation 

plane of (110). The modulation vector has a long period of λ = 620−640 Å [67]. The 

spiral modulated spin structure leads to the cancellation of any macroscopic 

magnetization as shown in Fig. 1.18(b) [67]. This perhaps is the main cause why BFO 

does not generally exhibit a detectable magnetic moment in its bulk form or 

nanostructures in contrast to other Fe based materials. 
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Figure 1.14: (a) Weak ferromagnetic moment induced by canted spin sublattices caused by the 

Dzyaloshinskii-Moriya (DM) interaction, (b) Schematic representation of the spin cycloid. The canted 

antiferromagnetic spins (blow and green arrows) give rise to a net magnetic moment (purple arrows) 

that is specially averaged out to zero due to the cycloid rotation. 

The spiral spin structure is known to be suppressed by the factors such as (a) the 

application of high magnetic field (˃ 18 T) [73]; (b) the application of external stress or 

due to epitaxial constraints in thin films [74]; (c) finite size effects in nanosized BFO 

[75]; and (d) the imposition of structural modifications introduced by appropriate cationic 

substitution [76, 77]. Several attempts have been made to increase the magnetization in 

BFO, with most efforts focusing on the possibility of using chemical substitution to 

“unwind” the spiral spin structure and extract the canted magnetic moment. A-site 

substitutions of trivalent (La
3+

, Eu
3+

, Nd
3+

 or Sm
3+

) [78-80] cations for Bi
3+

 and B-site 

substitutions of donors (V
5+

, Nb
5+, 

Mn
4+

, Ti
4+

 or Cr
3+

) [81-86] for Fe
3+

 have recently been 

investigated in order to improve the multiferroic properties. Doping with transition metals 

(Co, Mn, and Cr) has also proven to be an effective way to improve the magnetic 

properties of BFO ceramics [87].  

1.8.5 Limitations of BiFeO3  

BFO is a unique material which exhibit ferroelectric and magnetic ordering at room 

temperature. As mentioned previously that the ferroelectric Curie temperature of BFO is 

~ 1103 K whereas the antiferromagnetic Néel temperature is ~ 643 K, hence there appears 

a strong potential for applications at room temperature. Despite various interesting 
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features there are some difficulties due which this material in not very useful for technical 

application.  

Difficulty in Formation of single phase: The impurity formation may be for two different 

reasons: First, the evaporation of the Bi component occurs easily at the onset of synthesis 

because of the low decomposition temperatures of bismuth salts; this Bi2O3 component re-

appears in the final production as an impurity. Secondly, as shown in the phase diagram 

(Figure 1.14), the synthesis region of the single phase BFO in the phase diagram of 

Bi2O3−Fe2O3 is very narrow from the perspective of thermodynamics, in which two kinds of 

impurities (Bi2Fe4O9 and Bi25FeO39) are the usual substitution for BFO.  

Electrical Resistivity: Chemical valance of Fe ion changes in oxygen deficient atmosphere; 

the charge defects with respect to Fe2+ ions produced in the synthesis are usually related to 

the large leakage current in BFO. The leakage current is often so high that the ferroelectric 

behavior is compromised. 

Cycloidal Spin Structure: Due to its cycloid spin structure with long wavelength (~ 62 

nm) even the weak ferromagnetism that is present is not observed in BFO and the cycloid 

averages out any linear magnetoelectric coupling between polarization and magnetization. 

Weak Magnetoelectric Coupling: Theoretical calculations predict that a large difference 

between the transition temperatures TC and TN causes weak ME coupling in BFO. If the 

ME coupling is weak, corresponding ME voltage signal would also be weak. So it is 

difficult to measure ME coupling of the material. Moreover the antiferromagnetic nature 

of BFO is a big obstacle to achieve to high ME coupling. 

1.9 Literature review on divalent ion doped BiFeO3  

Literature review on the effect of several dopants other than the divalent ions on 

structural, magnetic, and ferroelectric properties have been described earlier. Here we will 

give a brief review of the effect of divalent dopants in bulk BFO on different physical 

properties. The usual divalent ion dopants are Ca
2+

, Sr
2+

, Pb
2+

, and Ba
2+

.  

The introduction of the divalent substituents for Bi affects the rhombohedral structure of 

BFO, both at the long range and the micro and nanoscale structure. Most studies have 

shown a weakening of the rhombohedral R3c structure and the eventual transformation to 

some other phase while some do not find any such change. For example, A
2+

 substituted 

samples are indexed in the same space group (R3c) as BFO: for A = Ca, Sr, Pb, Ba and x 

= 0.2, 0.3 [82], and for A = Sr and x = 0.5 [83]. But even for the same nominal 
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composition, different structures have been reported. In the Ca based series, a structural 

transition occurs from rhombohedral R3c to tetragonal I4/mcm (√2𝑎𝑝 × √2𝑎𝑝 × 2𝑎𝑝, 

where 𝑎𝑝 denotes the ideal perovskite cell edge ≅ 3.8 Å) at x = 0.25 [84] or from R3c to 

cubic Pm-3m at x = 0.20 [85], whereas compositions in the range 0.20 ≤ x ≤ 0.49 were 

indexed in a tetragonal cell (a = b = 𝑎𝑝 ≅ c) with an incommensurately modulated 

superstructure observed by transmission electron microscopy (TEM) [86]. An 

orthorhombic superstructure has also been proposed for Bi0.5Ca0.5FeO2.75 (a ≅ b ≅ 2𝑎𝑝, c 

≅ 8𝑎𝑝) [87]. Substitution with Pb
2+

, which also has a lone pair, stabilizes the cubic 

structure [88]. Indeed, for x ≤ 0.05 the space group remains R3c, while for x > 0.125 the 

structure is described in Pm-3m, with a two phase mixture observed between these limits. 

Pachoud et al.[89] reported that for Bi0.75Sr0.25FeO3−δ the long range structure on average 

can be described by the cubic space group Pm-3m. Electron microscopy study indicates 

the existence of local phenomena like local ordering of oxygen vacancies, which are 

segregated at the randomly spaced parallel (FeO2−δ) planes, or the existence of region of 

different symmetry, probably R3c. These studies shows that differences of charge and 

ionic radii between Bi
3+

 and A
2+

, particularly by changing the oxygen content, have a 

major effect on the stability of the structures. Thus, it is crucial to understand the origin of 

the structural transformation by doping related stresses. 

Khomchenko et al.[82] showed that for particular compositions of Ca
2+

, Sr
2+

, Pb
2+

 and 

Ba
2+

 at the A-site of BFO the magnetization increases with increase in the ionic radius of 

the dopant. However, this result conflicts with the result reported by Bhushan et al.[90] in 

which the smallest sized ion Ca results in the largest magnetization. In another report, no 

increase in magnetization has been observed for Ca and Sr doped samples upto 30% 

doping [54]. Balamurugun et al. [83] showed that Bi0.5Sr0.5FeO3−δ exhibited a 

ferromagnetic behavior at 300 K. They showed a ferro-/ferri- magnetic to paramagnetic 

transition well above 300 K. Spin-glass like behavior and exchange bias effect has been 

reported in multiferroic Bi1/3Sr2/3FeO3 ceramics [91]. Hence the above literature review 

shows that there are contradictory reports related to the magnetic properties of divalent 

substitution at A-site in BFO.  

Recently, Yang et al.[92] showed the presence of a ferroelectric-paraelectric boundary in 

Ca
2+

 doped multiferroic BFO films at an atomic fraction of x = 0.125. Khomchenko et al. 

[82] also studied the dielectric properties as a function of temperature for Ca
2+

, Sr
2+

, Pb
2+

 

and Ba
2+

 samples. No ferroelectric to paraelectric phase transition was observed in their 
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study as the measurements were performed below room temperature. In a recent study on 

Bi0.75Sr0.25FeO3-δ samples, the observed magnetic field induced polarization (Pr = 96 

μC/cm
2
 at 10 T) is among the highest reported for BFO based systems in either thin film 

or bulk forms [93]. Balamurugun et al. [83] showed that the Bi0.5Sr0.5FeO3−δ composition 

exhibited ferroelectric hysteresis at room temperature. While large amount of work has 

been done on the structural properties of the divalent doped BFO comparatively less has 

been reported on the dielectric response of these systems. Most of the studies are 

restricted to the low temperature region (T < 300 K). Furthermore, to the best of our 

knowledge, optical response of divalent doped BFO samples has not been explored yet.    

1.10 Motivation of the work  

As discussed in the previous section there are several contradictions regarding the 

structural, magnetic and dielectric properties of divalent doped BFO systems. Our aim is 

to study these properties in a systematic and as far as possible in a consistent conceptual 

framework. The observations with regard to the effect of the dopants can be summarized 

in the following main categories: (a) Structural changes; (b) oxygen vacancy and Fe 

valence changes caused by difference in the valence state of host and dopant; (c) 

accompanying strain due to the size differences between host and dopants.   

As discussed above the introduction of the divalent substituents for Bi affects the 

rhombohedral structure of BFO, both at the long range and the micro and nanoscale 

structure. Most studies have shown a weakening of the rhombohedral R3c structure and 

the eventual transformation to the cubic Pm-3m structure while some do not find any such 

change [94, 96]. This structural change is expected to led to changes in the magnetization 

via disruption of the spin cycloid that suppresses the weak ferromagnetism of the system. 

Hence it is interesting to correlate the detailed structural changes accompanying the 

dopants with the magnetic behavior. 

There are contradictory reports on the origin of ferrimagnetism in the Sr substituted 

compound e.g. with respect to the role of the Fe oxidation state (Fe
2+

, Fe
3+

 and Fe
4+

) 

or/and coordination. The quantum mechanical exchange (superexchange and double 

exchange) interaction is determined by the oxidation state of the Fe cations. Some reports 

[83] on Bi0.5Sr0.5FeO3 have shown that Fe ions exhibited both Fe
2+

 and Fe
5+

 states while 

others found that Fe ions maintained a +3 state and the magnetization of the samples 

decreases with the increase in Sr content [94]. Mandal et al. [95] found evidence for 
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oxygen vacancies and showed that the Fe ions exhibited both Fe
3+

 and Fe
4+

 states. Hence 

there are contradictory reports related to the Fe valency on substitution of Sr in place of 

Bi. Thus the electronic state of Fe in Sr doped BFO compound needs to be studied by 

some microscopic technique such as Mössbauer spectroscopy. The above mentioned 

observations motivated us to substitute Sr
2+

 ions to the Bi
3+

 site in BFO and investigate 

the compositional variation in multiferroic properties of Bi1-xSrxFeO3-δ. In this context the 

role of oxygen vacancies is also very relevant. Oxygen vacancies generated in these 

systems, both due to the need for charge compensation and as a consequence of Bi 

volatization, can lead to changes in Fe coordination, and generate strains and changes in 

local microstructure. This in turn will affect the magnetization by altering the bond angles 

and lengths (without changing the basic lattice structure) that have a profound role in the 

superexchange interaction. To the best of our knowledge there is no study on the effect of 

O vacancies on the magnetic properties of the Bi1-xSrxFeO3-δ system, where there are 

conflicting reports of the magnetic behavior. Hence there is a need to investigate this 

aspect from both macroscopic and microscopic directions. 

We have included Ba and Pb dopants respectively in addition to a more detailed study on 

various Sr doped compositions. While the variation of Sr composition has been carried 

out to see systematic changes in the structural, dielectric, magnetic and optical properties 

with increasing content of one type of divalent dopant, the Ba and Pb doped systems 

serve a different purpose. Firstly these allow a comparison of the properties between 

dopants of different ionic size. The ionic size variation between the dopants (Sr
2+

 

(1.1.8A), Pb
2+

 (1.20 Å), Ba
2+

 (1.36 Å)) and the host (Bi
3+

 (1.03 Å)) is expected to 

generate lattice distortions resulting in changes in the Fe–O bond length and/or a change 

in the Fe–O–Fe bond angle [27] with obvious implications for the magnetic properties. 

Secondly the choice of Pb
2+

 is motivated by the knowledge that it is unlike Ba and Sr and 

like Bi
3+

 a lone pair ion having high polarizability. The charge asymmetry produced by 

the lone pair is expected to play its own role in affecting the lattice distortion [88]. 

Additionally the effect of lone pair dopants like Pb on the local anisotropy has also been 

shown to be anomalous []. Hence it is expected that both from the dielectric and magnetic 

aspects the effect of Pb on the multiferroic properties of BFO may show interesting 

differences from those of the two other divalent doped systems.    

The multiferroic and optoelectronic properties of BFO make it a potential candidate for 

next generation ferroelectric random access memories, magnetic sensors, and 
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photovoltaics [97, 98]. The correct determination and tailoring of the band gap of BFO 

thus acquires special significance in photovoltaic applications. It is generally accepted 

that a band gap of 1.4 eV is most suitable for photovoltaic applications [106, 107]. Thus if 

the band gap of BFO is 2.67 eV then it needs to be reduced for enhanced photo-

absorption. It has been suggested that the band gap can be controlled in an effective way 

by introducing strains, by the application of either external or internal pressure. The latter 

can be generated through internal stresses such as chemical pressure or lattice mismatch 

[109-112]. Typically chemical pressure is developed in these systems with the 

substitution of parent elements of BFO by suitable elements of smaller size that produce 

shrinkage of unit cell volume and thereby affects the band gap as well as the multiferroic 

properties. However producing band gap changes by introducing dopants generally also 

leads to inter-band electronic states that affect the conductivity mechanisms and intrinsic 

leakage current in multiferroics. Hence a clearer understanding of in-gap states and their 

changes with varying chemical pressure is required. With this view we aimed to study the 

chemical pressure induced changes in the band gap of BFO generated by partial 

substitution of the parent Bi atom with the di-valent alkaline earth Sr. Introduction of 

different dopants and accompanying chemical pressure affect the crystal field splitting 

and thus the d-d transition energies. These latter changes have also been investigated.  

The incorporation of multifunctional films into practical devices alongside the constraint 

of size reduction has triggered a fundamental question concerning thickness dependence 

of magnetic and ferroelectric properties. The technological importance of these 

multifunctional films depends on their maintaining stable multiferroic behavior as devices 

continue to be miniaturized. It is therefore essential to study the thickness dependent 

multiferroic properties of BFO thin films. However, as mentioned earlier, there are some 

issues which need to be addressed first. The high unwanted leakage current limits the 

performance of multiferroic BFO thin films. The major contributors to the leakage current 

are chemical fluctuations and poor film texture [114]. Furthermore the source of the 

ferromagnetic moment in BFO and its variation with film thickness has been reported 

variously by different authors and demands attention.  

We note that in most of the published work on BFO thin films, either the magnetic 

properties or the ferroelectric properties have been reported separately. Some papers 

describe the basic leakage mechanisms in BFO [115-118]. However generally no 

correlation between all properties viz. structural, morphological, magnetic, ferroelectric 
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and leakage current properties of films has been drawn. Therefore, these various aspects 

(morphological, magnetic, ferroelectric and leakage current properties) have been 

investigated and we have tried to explain the co-relation between these various properties.  

We expect that the results of our studies will not only add to the basic understanding of 

the roles played by the divalent dopants in stabilizing structure and tuning multiferroic 

and optical properties but may also help in optimizing the divalent doped BFO system for 

development as a multifunctional material. 
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Chapter 2       Experimental and Analytical Methodology 

This chapter describes the experimental setups and measurement techniques used in this 

work to study the structural, electronic, morphological, magnetic, dielectric and 

ferroelectric properties of divalent doped BFO bulk samples and pure BFO thin films. 

Some of these measurements were carried out in the Magnetism lab, Quaid-i-Azam 

University, Islamabad while other measurements were conducted in the Material Science 

laboratory, University of Delaware, USA. 

The overall experimental procedure for bulk samples and thin films are summarized in 

Fig. 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: The overall experimental procedure for bulk samples and thin films. 
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2.1 Experimental Methodology 

2.1.1 Synthesis and thin film growth techniques 

Several synthesis routes to obtain ceramic compounds have been developed. These 

methods have become available for both laboratory and industrial production. In the 

preparation of a ceramic compound with desired properties, the structural properties 

(crystalline or amorphous structure, size, shape morphology), and chemical properties 

(composition of bulk, interface, and surface) are important factors to be considered. Thus 

selection of the synthesis route is crucial to achieve desired properties of a chosen 

material. There are mainly two approaches for synthesis of ceramic powder, (a) mixed 

oxide process or solid state reaction process, and (b) chemical methods or soft chemistry 

routes. The chemical methods of synthesis of ceramic powders are sol-gel methods, co-

precipitation method, hydrothermal method, combustion method, molten salts, liquid-

phase and gas-phase reactions, polymer pyrolysis, pechini method, citrate gel methods, 

aerosols and emulsions etc. [89]. The main advantage of the chemical routes is the 

compositional homogeneity of the precursors with higher reactivity than those produced 

by the conventional solid state reaction method. This characteristic allows a sensible 

reduction in the temperature of the perovskite phase formation and helps to reduce loss of 

volatile species. The disadvantage of chemical method is that it is time consuming, 

reaction procedures are complex and costly ingredients are required. The chemical 

precursors taken in chemical method are hydrophobic, unstable at room temperature, 

hence react with other materials. On the other hand, the disadvantage of solid state 

reaction assisted synthesized powders is that they yield imperfect surface structure, non-

uniform strain and coarse particle size due to prolonged heating at high temperature [90]. 

Still the solid state reaction method is well appreciated for a large-scale production of 

bulk ceramic powders. It requires low cost precursors which are readily available and 

needs easier preparation technique. We used solid state reaction method for the 

preparation of pure and divalent doped BFO samples which is described below in detail. 

Based on the nature of deposition process, the methods employed for thin oxide 

film deposition can be divided into two group i.e. physical and chemical methods. The 

physical deposition processes include vacuum evaporation, laser ablation, molecular 

beam epitaxy (MBE), and sputtering [91]. The chemical deposition processes comprise 

gas phase deposition methods and solution techniques. The gas phase methods are 



Error! Reference source not found.                                                                    Experimental and 

Analytical Methodology 

Study of multiferroic and optical properties of pure and divalent doped BiFeO3  | 31  

 

chemical vapour deposition (CVD) and atomic layer epitaxy (ALE), spray pyrolysis, sol-

gel, spin- and dip-coating methods [91]. We utilized RF magnetron sputtering for BFO 

thin film deposition. The main advantage of sputtering is that it is a non-thermal physical 

process. One of the advantages of sputtering is that it may also be utilized for etching 

process to clean the surfaces, in addition to its role as a deposition technique. The main 

principle and working of RF magnetron sputtering is described later in detail.  

2.1.2 Solid state reaction method 

For the preparation of polycrystalline solids, solid state reaction method is generally used. 

In general it is necessary to heat the reacting powders to much higher temperatures (often 

to 1000-1500 °C) in order for the desired reaction to occur at an appreciable rate. These 

high temperatures are required because a significant amount of energy is required to 

overcome the lattice energy so that a cation or anion can diffuse into a different site. 

There are certain factors on which the feasibility and the rate of reaction depend. These 

include, reaction conditions, surface area of the solids, their reactivity, structural 

properties of the reactants and the thermodynamic free energy change associated with the 

reaction. This method can be used to prepare whole range of materials including mixed 

metal oxides, sulfides, nitrides, aluminosilcates, etc. The advantage of solid state reaction 

method is the availability of precursors in abundance and low cost for powder production 

on the industrial scale. The steps involved in the preparation of a polycrystalline solid 

using solid state reaction method include: 

 Appropriate amounts of reactants are weighted.  

 Homogenous mixture of reactants is achieved through grinding. Grinding is 

essential to ensure that particle sizes are reduced and that particles of different 

chemical species are in contact with one another, because reaction occurs at these 

contact points. 

 Before first heat treatment pellets are made as the number of crystallites in contact 

may be increased by pelletizing. 

 Heat treatment is performed for several hours depending on the material 

characteristics. Containers for the reaction (crucibles) must be able to withstand 

high temperatures and be sufficiently inert to the reactants. Common crucibles are 

silica (to 1157 °C), alumina (to 1927 °C), zirconia (to 2027 °C), or magnesia 

(2427 °C). 



Error! Reference source not found.                                                                    Experimental and 

Analytical Methodology 

Study of multiferroic and optical properties of pure and divalent doped BiFeO3  | 32  

 

 Intermediate grinding is performed before each heat treatment cycle to ensure 

homogeneity. 

a) Calcination  

The heating of the mixture depends on the form and reactivity of the reactants. 

Calcination is used to achieve the desired crystal phase and particle size. The calcination 

process is an endothermic decomposition reaction which gives oxide as a solid product 

and liberates gases [92]. 

b) Sintering  

Sintering is the process of compacting and forming a solid mass of material by 

heat and/or pressure without melting it to the point of liquefaction. Sintering is the 

removal of pores between the calcined particles by the shrinkage of the powder as well as 

the growth of particle and formation of the strong bond between adjacent particles. The 

powder is mixed with a binder and then compacted into a pellet form using a hydraulic 

press and is used for sintering. The binder burns out during sintering. The sintering 

transforms the pellet to a strong, dense ceramic body with closely packed grains and 

randomly distributed crystallographic orientation. The reduction of excess energy 

associated with the surface is the driving force of the sintering process [93]. The 

solid/vapor interface becomes solid/solid interface which gives rise to the grain boundary 

area and the grain growth mechanism gives densification to the sample. The sintering 

temperature is always higher than calcination temperature. 

2.1.3 Radio frequency (rf) sputtering 

Sputtering is a versatile technique for thin film deposition with a precise control over the 

film composition and thickness. The technique was developed by Grove in 1853 [94, 95]. 

The basic sputtering process has been known for many years and thin films of different 

materials have been successfully deposited by this process. In the basic sputtering 

process, atoms are ejected from the surface of a solid target due to the bombardment 

caused by accelerated Ar
+
 (argon) plasma in high energy state. Ejected atoms may then 

condense on a substrate as a thin film. As a result of Ar
+
 ions bombardment, secondary 

electrons are also emitted which play an important role in maintaining plasma. The 

bombarding ions initiate a collision cascade [96], i.e. dissipate their energy to the 

bombarding area and initiate collisions between the atoms in the crystal lattice. The 
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energy of incident ion is distributed among atoms within the volume at the surface. An 

atom is ejected from the surface when an atom gains energy greater than the surface 

binding energy with collision cascades reaching the target surface. Majority of the 

sputtered atoms emerge only from the first few atomic layers. The process has been 

elaborated in Fig. 2.2. The number of emitted atoms depends on the collisions taking 

place near the surface. The average number of atoms emitted from the surface per 

incident ion is known as sputtering yield. The sputtering yields depend on various factors 

such as the structure of the target surface, composition of the target material, the 

parameter of the incident ion beam and the experimental geometry. The incident particles 

may be energetic ion or electron, neutral atoms, energetic photon, molecules or large 

atoms cluster.  

 

Figure 2.2: Illustration of the collision cascade process. 

The density of the incident ions are increased further by addition of magnetic field in the 

system [97]. The electrons in the plasma will move in spiral path following the magnetic 

lines of forces increasing probability of their collision with the neutral atom such as Ar 

atom. The density of argon ions may increase up to 10
13

 ion/cm
3

 and consequently the 

deposition rate can be increased. The sputtering in the presence of magnetic field is 

known as magnetron sputtering. The functioning principle of sputtering is shown in Fig. 

2.3(a).  

Typical experimental setup employing the sputtering setup for the growth of thin films in 

the present study is shown in Fig. 2.3(b). The system consists of main chamber and 

different units such as vacuum, gas controlling, sputtering gun, sample loading, heater 

and water cooling system. The main chamber vacuum system includes turbo molecular 

pump followed by roughing pump and a cryopump to obtain a base pressure as low as  
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10
-8 

Torr. The gas pressure is monitored with the help of different gauges (Convectron, 

Baratron, and ion gauges). Ultra high purity Ar gas was used for the plasma diagnostics 

and a small amount of O2 gas was also added during the thin film deposition process. The 

gases are inserted through needle valves and two mass controllers are used to monitor 

their flow rates and to maintain the desired ratio of Ar and O2 gases. I did the installation 

of mass flow controllers and heater.    

 

Figure 2.3: (a) Block diagram of a system showing the functioning principle of sputtering (b) 

Photograph of the sputtering system used for the deposition of BFO thin films place at Department of 

Material Science and Engineering, University of Delaware, USA. 

Sputtering is a widely used technique for growing thin films with the advantage over 

other vacuum techniques. The merits of using RF sputtering are as follows; 

 Composition of the films is approximately same as that of targets. 

 Thickness of films can be controlled. 

 Ratio of oxygen can be adjusted for composition of film. 

 Films with uniform thickness over large wafers can be achieved. 

In semiconductor industry, Sputtering is used for depositing thin films of various 

materials in integrated circuit processing [98, 99]. Sputtering is an ideal technique for 

depositing metal contacts for thin film transistors which is typically done at low substrate 

temperatures. It is also used in ion milling and ion etching process. In optics, a thin film 

on glass is deposited by sputtering for anti-reflection purposes [100]. It is also used in 

covering of a non-conducting specimen with a thin layer of a conducting material such as 

gold/palladium. In order to prevent the charging of a sample and to take good SEM 

images, a conducting coating is deposited by sputtering.  
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2.1.4 Photolithography 

Photolithography also termed as UV lithography aims at transferring a geometric pattern 

from a photo-mask to a light sensitive chemical “photoresist”. Extremely small patterns 

(down to a few tens of nanometers in size) can be created with exact control over the 

shape and size. Photoresists are of two types: positive and negative. For positive resists, 

the resist is exposed with UV light wherever the underlying material is to be removed. In 

this case, exposure to the UV light changes the chemical structure of the positive resist so 

that it becomes more soluble in the developer. The exposed resist is then washed away by 

the developer solution, leaving windows of the bare underlying material. Therefore, the 

mask contains an exact copy of the pattern which is to remain on the wafer. Negative 

resists behave in just the opposite manner. Exposure of negative resist to the UV light 

causes resist to become polymerized, and more difficult to dissolve. Therefore, the 

negative resist remains on the surface wherever it is exposed, and the developer solution 

removes only those portions which are unexposed to the UV light. Masks used for 

negative photoresists, therefore, contain the inverse of the pattern to be transferred. The 

pattern differences generated from the use of positive and negative resist are shown in 

Fig. 2.4. Some common photoresists are AZ-300, AZ-4620, AZ-4562, AZ-5214 and SU-8 

etc. (supplied by AZ electronic materials). Photolithography is used for the fabrication of 

printed circuit boards, sand carving, pattering and etching of substrates and in 

microelectronics. 

 

Figure 2.4: The pattern difference generated for negative and positive photoresist in 

photolithography. 
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2.2 Analytic Methodology 

2.2.1  X-ray diffraction 

X-ray diffraction (XRD) is a widely used technique that provides useful information 

about crystallographic structure, including lattice parameters, orientation of single 

crystalline films, preferred orientation of a polycrystalline material, crystallite size, 

defects, stress, identification of unknown materials, etc. Since the wavelength of X-rays is 

of the order of the size of atoms (approx. 1 Å), they are ideally suited for probing the 

structural arrangement of atoms.  

XRD method is based on Bragg’s law given by: 

 nd sin2  

Where d is the separation between the atomic planes, 𝜃 is the angle of incidence of X-rays 

with respect to the plane, n is a positive integer, 1, 2, 3, 4 etc., representing the order of 

the diffraction and λ is the wavelength of X-rays. Figure 2.5 shows an incident beam of 

parallel X-rays impinging on the surface of the crystal at an angle 𝜃 and is reflected from 

the set of parallel planes of atoms. The reflected X-rays will interfere constructively or 

destructively depending upon the path difference between the X-rays. When the path 

difference is an integral multiple of the wavelength of X-rays, constructive interference 

will take place and a characteristic diffraction pattern is produced. The measured 

diffraction pattern can then be compared with a known database of reference patterns to 

determine the crystal structure of the material. 

 

Figure 2.5: X-ray reflection from lattice planes illustrating Bragg’s law. 
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The XRD scans were performed at QAU Magnetism labs using a PANalytical Empyrean 

system. The major components of X-ray diffractometer includes: (a) X-ray tube with Cu-

Kα source (λ = 1.540598 Å), (b) X-rays detector, (c) Goniometer with sample holder, and 

(d) Computer control. In an X-ray source used in laboratory a beam of electrons is 

emitted from a heated tungsten filament in a vacuum tube, operated at 45 kV and 40 mA. 

with X-ray wavelength λ = 1.540598 Å. Samples were scanned over the range 20−80° 

with a step size of 0.01° and a 3 second count time per step in general longer time scans 

were taken or the step size were reduced to enable higher resolution scans required for the 

Rietveld refinement of peaks or the resolution of overlapping or closely spaced peaks.  

2.2.2 Rietveld Refinement 

Rietveld refinement technique is helpful in quantifying the different structural phases 

present in a sample; to estimate the amount of disorder or mixing of a Wyckoff site, and 

to determine the crystallite size and strains within a sample. Both neutron and X-ray 

patterns can be refined by this technique. This technique uses a least squares approach to 

refine the theoretical line profile until it matches to the measured one and is a significant 

step forward in the X-ray diffraction analysis of powder samples as it is able to deal with 

strongly overlapping reflections reliably. There are different programs available for the 

refinement of a crystal structure such as General Structure Analysis System (GSAS), 

Fullprof, MAUD, and TOPAS etc. We carried out the Rietveld refinements using TOPAS 

(version 4.1) [101]. The factors related to instrument and the sample which must be taken 

into account during the Rietveld refinements are given in Table 2.1.  

Table 2.1: Instrument and sample based factors which must be considered during refinement in 

order to obtain the best agreement between the calculated and experimental models. 

 Instrument/Experimental factors Sample based factors 

Peak Positions Wavelength, Zero point error, and 

Sample height 

Unit cell dimensions 

Peak Shapes Diffractometer geometry, Slit sizes, 

Types of detectors, and X-ray source 

Size of crystallites, Strain, and 

Defects 

Intensities Amount of the sample, Lorentz 

polarization and other diffractometer 

factors 

Atomic coordinates, 

Temperature factors, 

Absorption and Site 

occupancies 

Background Air scatter, Detectors noise and 

Sample holder 

Fluorescence and Disorder 
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Once the refinement is complete it is necessary to check whether the results are 

meaningful and whether they meet certain standard criteria. This holds both for single 

peaks and for full pattern refinements. 

In Rietveld refinement, the fit of calculated profile to the experimental one is evaluated 

numerically, providing an indication that how well the fit is. This is usually done in terms 

of R values. Graphically it is shown in terms of a difference plot. There are different R 

factors in Rietveld analysis such as Rwp, Rexp, and RBragg.  

Rwp is termed as the weighted profile and is given by 
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Where 𝑦𝑖(𝑜𝑏𝑠) and 𝑦𝑖(𝑐𝑎𝑙𝑐) is the observed and calculated intensity at step i and 𝑤𝑖is 

the weighting. Rwp is important as this is the quantity actually minimized during the 

Rietveld refinement. The better the fit the lower the Rwp and is true until the Rwp tends 

towards the value of Rexp, the statistically expected value of R   defined as 
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Here N is the number of observations and P is the number of parameters. Rwp reflects the 

quality of statistics and the ratio of these two R values gives χ
2

 (equation 2.4), the 

goodness of fit  

exp

2

R

Rwp
  

This should approach unity; however χ
2
 is affected by the length of time over which data 

are collected. The value of χ
2
 is therefore not always a good measurement of the 

reliability of refinement.  

Perhaps the most informative R factor for structural work is the Bragg R factor, RBragg 

(equation 2.5);  
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Where 𝐼ℎ𝑘𝑙 = 𝑚𝐹ℎ𝑘𝑙
2

 (m is multiplicity). This is closely related to the quantities reported 

in single crystal work.  

2.2.3 Scanning electron microscopy 

The scanning electron microscopy (SEM) is one of the most widely used technique to 

characterize the surface morphology and cross section of thin films. Figure 2.6(a) shows 

schematic diagram of path of the electron beam inside the electron gun colomn, while 

Fig. 2.6(b) shows the photograph of SEM. The scanning electron microscope (SEM) is a 

type of electron microscope that images the surface of the sample by scanning it with a 

high energy beam of electrons. The electron gun at the top of the colomn produces an 

electron beam through thermionic emission which is accelarated towards an anode, with 

typical energy ranging from a few 100 eV to 40 keV. The electron beam is focused into a 

fine spot (< 4 nm in diameter) on the specimen by the use of one or two condenser lenses 

and pairs of scanning coils deflect the beam horizontaly and vertically. Due to the 

interaction of the primary electron beam with the sample, various signals inclucding 

secondary eletrons (SEs), backscattered electrons (BSEs), Auger electrons, and X-rays 

are generated. SEs are mostly used for imaging as they mainly provide the information 

about the sample surface where the BSEs are useful to distinguish one specimen from 

another (since yield of the backscattered electrons increases monotonically with 

specimen’s atomic number).  

JOEL JSM-7400F SEM was used in this work to perform imaging which is placed at 

House of Microscopy at University of Delaware, USA.The standard detection mode of 

SEM is the secondary electron imaging (SEI). A wide range of magnifications is possible, 

25× to about 250,000× which is about 250 times the magnification limit of the best light 

microscope. 
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Figure 2.6: (a) Schematic diagram of electron gun column, (b) Photograph of JEOL JSM-7400F SEM 

at University of Delaware, USA with the major components identified. 

2.2.4 Atomic force microscopy (AFM) 

The atomic force microscope (AFM) is a very high-resolution type of scanning probe 

microscope (SPM) with resolution of fractions of a nanometer. AFM is designed to 

measure interaction forces between a sharp fine tip and the sample surface. The working 

of an atomic force microscope is schematically represented in Fig. 2.7. 

 

Figure 2.7: Schematic of AFM diagram 

The tip is attached to one end of the cantilever and the other end of the cantilever is fixed 

to a solid support. The sample is mounted on a piezoscanner that can move the sample in 

x, y, and z directions. A laser beam is focused on to the back surface of the cantilever. 

The detector position is adjusted so that reflected laser beam falls at photodiode and it 

read the zero deflection of cantilever. On interaction of tip with the sample while 

scanning, the cantilever deflects and the laser spot on the photodiode moves proportional 
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to the cantilever deflection. A feedback mechanism is attached with photodiode to keep 

the tip-sample interaction constant by adjusting the measured quantity (deflection or 

oscillation amplitude, depending on the operation mode). A controller is used to collect 

and process the data, and to drive the piezoscanner. AFM can be operated in various 

modes to measure the interaction forces as a function of the tip position over the entire 

scanned area. These modes differ according to the force between the tip and sample. One 

is contact mode and other one is tapping mode, we used the tapping mode. AFM 

measurements were performed at the House of Microscopy at University of Delaware, 

USA. 

2.2.5 Mössbauer spectroscopy 

Mössbauer effect relies on the recoil free resonant emission and absorption of γ radiation. 

The effect was discovered by Rudolf Mössbauer in 1957. Tiny changes in the energy 

levels of an atomic nucleus in response to its environment can be probed by this 

technique. Typically three types of nuclear interactions may be observed, (a) isomer shift, 

also known as chemical shift, (b) quadruple splitting, and (c) hyperfine splitting, also 

known as Zeeman effect. High energy and extremely narrow line widths of γ-rays makes 

Mössbauer spectroscopy a very sensitive technique in terms of energy (and hence 

frequency) resolution, capable of detecting changes in just a few parts per 10
11

. In a 

conventional 
57

Fe-Mössbauer experiment, radioactive 
57

Co(Rh) isotope is used as a 

source. 
57

Co(Rh) decays by electron capture to an excited state of 
57

Fe which emits 14.4 

keV γ-rays as it subsequently decays to its ground state. To use the Mössbauer source as a 

spectroscopic tool we must be able to vary its energy over a significant range. This is 

accomplished by Doppler shifting the energy of the γ-beam. By moving the source the 

energy of the γ-ray is slightly changed. This movement adds or subtracts energy to the 

particle by way of Doppler effect. Moving the source at a velocity of 1mms
-1

 towards the 

sample will increase the energy of the photons by 14.4 keV × (v/c) = 4.8 × 10
-8

 eV, 

which is comparable to energy shifts and splitting of nuclear states caused by hyperfine 

interaction, which is ~ 10
-7 

eV. Thus the obtained Mössbauer spectrum consists of a plot 

of intensity of γ-radiations transmitted through the absorber as a function of source 

velocity. A source velocity in the interval ±10 mm/s is enough to compensate for the shift 

due to hyperfine interaction in 
57

Fe-Mössbauer spectroscopy. A schematic view of 

Mössbauer spectrometer is given in Fig. 2.8. 
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Figure 2.8: A schematic view of Mössbauer spectrometer. 

Before measurement, the prepared samples were gently ground and sandwiched between 

two pieces of adhesive tape for the Mössbauer effect measurements. Mössbauer data has 

been collected in transmission geometry at room temperature using a 
57

Co (Rh-matrix) 

source of 25 mCi initial activity. Metallic iron foil was used for velocity calibration. The 

data analysis was performed using a computer program MOS-90, assuming that all peaks 

are Lorentzian and the recoil free fractions for all components are equal [102, 103]. 

The Mössbauer spectrum which is described by the number, position, shape and relative 

intensity of the absorption line is governed by the nature of different hyperfine 

interactions. The nuclear energy levels are perturbed by these interactions and give rise to 

hyperfine parameters which will now be described in detail. The measurements were 

performed with the help of the Mössbauer group at PINSTECH (Pakistan Institute of 

Nuclear Science and Technology). 

a) Isomer shift 

This parameter produces a velocity shift of the peak in the transmission spectrum in either 

positive or negative direction and is denoted by IS or δ. The IS arises due to the non-zero 

volume of the nucleus and the electron charge density due to s electrons within it leading 

to an electric monopole (columbic) interaction which alters the nuclear energy levels. The 

volume of the nucleus in its ground and excited states are different and the s-electron 

densities are affected the chemical environment through screening effect. Any difference 

in s-electron environment between emitter and absorber thus produces a shift in the 

resonance energy of transition. 

b) Quadruple splitting  

Quadruple splitting arises due to the interaction between the nuclear energy levels and 

surrounding electric field gradient (EFG). A nucleus in states with non-spherical charge 
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distribution (all those with angular quantum number greater than 1/2) produces an 

asymmetric electric field which splits the nuclear energy levels.  This produces a nuclear 

quadruple moment. 

c) Hyperfine splitting 

A magnetic moment is associated with the 
57

Fe nucleus that is caused by an interaction 

between the nucleus and its electrons. This magnetic moment can interact with external 

magnetic fields (that originate from the structure of the iron-bearing material). The result 

is a complete loss of degeneracy in the energy levels of the 
57

Fe nucleus. As a result 6 

peaks appear in the spectrum instead of 1 or 2 as shown in Fig. 2.8. This is called 

magnetic hyperfine interaction or Zeeman interaction. In most cases, selection rules for 

the nuclear energy level transitions exist, (|ΔmI| = 0, ±1), forbidding the transitions from I 

= 1/2 to I = -3/2 and I = -1/2 to I = 3/2, such as in Fe foil. All three nuclear interactions 

are given in Fig. 2.9.  

 

Figure 2.9: Scheme of possible Mössbauer spectra as a result of (a) no interaction, (b) electric 

interaction (EFG ≠ 0), and (c) magnetic interaction. 

2.2.6 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a powerful tool in modern physics used to 

measure the chemical composition and the electronic states of the elements in solids, 

gases or liquids. It provides the information about the surface electronic structure 
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independent of the crystalline quality of the surface. The information originates from the 

top ~ 10 nm surface layer. A scheme showing the principles of XPS is shown in Fig. 

2.10(a). XPS is based on two simple processes which result from the interaction of X-rays 

with electron. The basic effect is photoelectric effect which is monitored in the XPS and 

the energy of the emitted core photoelectron is measured and the binding energy of the 

parent state is determined from the basic relation given in equation 2.6, if the kinetic 

energy of the electrons is known and the wavelength of incident X-rays is known. 

specKEhBE    




c
  

where 𝐵𝐸 is the binding energy of the electron, ℎ is plank’s constant, υ is the frequency 

of incident X-ray which is related to wavelength λ, 𝐾𝐸 is the kinetic energy and 𝜑𝑠𝑝𝑒𝑐 is 

the correction factor that is unique to the spectrometer. 

   

(a) 

 

(b) 

Figure 2.10: (a) A scheme showing the principles of X-ray photoelectron spectroscopy (XPS), and (b) 

X-ray photoelectron spectrometer placed at department of material science and engineering 

University of Delaware, USA.  

XPS data presented in this thesis was collected in the Material Science lab, University of 

Delaware USA using a Gammadata Scienta SES-100 hemispherical analyzer equipped 

with an Al-Kα (hυ = 1486.6 eV) X-ray source. The experiment was performed in a 

vacuum below 1.0 × 10
-9

 Torr at room temperature. The photo graph of the setup used is 
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shown in Fig. 2.10(b). The escape depth of the photoelectron was about 10 nm, with a 

beam size of about 1 mm. The fitting of the data was done by using CasaXPS software.  

2.2.7 Vibrating sample magnetometer (VSM) 

VSM principle is based on the Faraday’s law of Induction which states that the induced 

electromotive force emf (voltage) in a circuit is proportional to the time rate of change of 

magnetic flux. Mathematically it is written as: 

dtdBAdtdemf B    

Where 𝐵⊥ 
is the component of the magnetic field perpendicular to the loop and A is the 

area of a loop of wire. A multiplicative factor for the number of windings should be 

included, if a number of windings are used. The VSM magnetometers measure voltage 

which is induced in the pickup coils. The induced voltage is proportional to the time rate 

of change in the magnetic flux density B. If the sample is moved by means of a 

mechanical vibrator near the measurement coil in constant magnetic field (see Fig. 

2.11(a)), magnetic flux would change due to the change in the magnetic moment of the 

sample or due to the change in flux. Known standard sample (generally Ni) is usually 

used to perform the calibration of the magnetometer to obtain a calibration constant 

relating the moment to the induced voltage. VersaLab Cryo-free VSM (see Fig. 2.11(b)) 

was used to determine the magnetization M of bulk samples and thin films with high 

precision as a function of parameters such as external magnetic field H or temperature T. 

It can provide a magnetic field of -3T ≤ H ≤ +3T, a temperature range of 50 K to 400 K 

and offers sensitivity of better than 1 x 10
-6

 emu. 

 

       (a) 

 

(b) 
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Figure 2.11: (a) Principle of VSM, (b) Quantum design VersaLab VSM placed at department of 

Physics, University of Delaware, USA. 

Both magnetizations as a function of magnetic field and temperature (M(H) and M(T)) 

measurements were performed in the Zero Field Cooled (ZFC) mode. For M(H) loops, 

sample was first cooled from room temperature to desired temperature in zero applied 

fields and then after stabilizing the desired temperature, the field was varied between -3T 

to 3T. The M(T) measurements were recorded by cooling the sample to 60 K and then the 

field was applied with subsequent rise in temperature. The sample holder used for 

magnetic measurements was made of glass which has a diamagnetic response. 

2.2.8 Diffuse Reflectance Spectroscopy (DRS) 

In order to study the optical properties, especially to measure the band gap of the samples 

from reflectance spectra and to study its variation, photo-spectrometer was used. Diffused 

reflectance was recorded on a Perkin-Elmer Lambda 950 Photo-spectrometer equipped 

with an integrating sphere of 160 mm diameter. Additionally to reject the background 

signal during the measurement it is equipped with a double beam and a double 

monochromator. The light source in the spectrometer is a pre-aligned tungsten-halogen 

and deuterium and has a photomultiplier tube and PbS detector for full range of UV/Vis 

and NIR, respectively. The Lambda 950 covers a wide range of 175−3300 nm with a 

resolution of  0.05 nm and it scans from higher to lower wavelength. The reflectance 

measurements were calibrated using the standard “Spectralon”. “Spectralon” is a diffuse 

white plastic that provided a highly lambetian surface and reflects more than 98% of light 

in the range 400−1500 nm and more than 95% in the range 2000−2500 nm. The optical 

system is depicted schematically in Fig. 2.12. 
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Figure 2.12: Lambda 950 spectrometer features. 

Kubelka-Munk function 

If the sample is a diffusively scattering medium, and reflectance is affected by both 

absorption and scattering properties [104], the equation for total reflectance can be 

written as,  

)2( SKKSK

S
R


  

Where R stands for infinitely thick sample, K for light absorption coefficient and S  for 

light scattering coefficient.  

The ratio K/S describes the Kubelka-Munk (K-M) function F(R), and can be derived from 

the above relation as, 






R

R

S

K
RF

2

)1(
)(

2

 

For 0K  (mean no absorption)  1 R , i.e. all light reflected; 

For 0S   (no scattering)  0 R , i.e. all light transmitted or absorbed; 

The samples were held normal to the incident light and reflectance spectra were measured 

using unpolarized light with wavelength between 250 nm and 1200 nm. The data was 

used to determine the band gap for samples of various compositions using the K-M 
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function as defined above (Eq. 2.10) and also to study the electronic excitations e.g. d-d 

transitions etc., that manifest themselves in enhanced absorption at the corresponding 

energy. The direct energy band gap of samples was determined from the reflectance 

spectra by plotting the square of the Kubelka-Munk function )(2 RF  versus energy and 

extra-polating the linear part of the curve to 0)(2 RF  whereas the indirect band gap 

was determined by extra-polating the linear part of the curve to 0))(( RFsqrt . 

2.2.9 Dielectric Properties measurements 

Dielectric measurements as a function of frequency and temperature were carried out. 

The capacitance and dielectric loss were recorded simultaneously using an LCR meter 

(Wayne-Kerr model 4275). Dielectric measurements as a function of frequency were 

carried out in the frequency range between 100 Hz to 1 MHz while the dielectric 

measurements as function of temperature were carried out from 300−650 K at 20 kHz 

frequency.     

a) Sample preparation for electrical measurements 

For powdered samples pellets were prepared and pellet surfaces were polished by sand 

paper for smoothness. Silver paint was used as an electrode which was polished on both 

sides of the pellet to form a parallel plate capacitor. The Silver paint should adhere to the 

sample surface perfectly and electrodes should have zero electrical resistance.  

For thin films BFO MFM (M: metal; F: ferroelectric film) structures were formed via 

radio frequency (rf) magnetron sputtering method. LaNiO3 (LNO) buffer layer was first 

deposited on Pt/Ti/SiO2/Si(100) substrate before the deposition of ferroelectric film. The 

BFO films with different thickness were grown and then Pt top electrodes with a diameter 

of 100 μm were lithographically patterned. The MFM capacitor structure is shown in Fig. 

2.13. 
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Figure 2.13: Schematic of BiFeO3 thin films bottom-top measurement configuration. 

b) High temperature Dielectric Measurement System 

For the high temperature measurement of dielectric constant, we used a homemade 

furnace and sample probe which is attached to the LCR meter for the measurements. 

Functionally, the set-up consists of following parts: the sample holder, the main heater, 

temperature control unit, Pyrex vacuum tube, data processing equipment, and the vacuum 

handling unit. Figure 2.14 shows final apparatus after completion.  

 

Figure 2.14: Photograph of high temperature dielectric measurement setup. 

Heater is wound over Pyrex glass tube, which can sustain temperature up to 600 ºC. The 

heating element is capable to produce temperature up to 500 °C. A small AC bias of 50 

mV was applied to the capacitors at various frequencies. The disc shaped pellets having 

diameter of 10−12 mm and a thickness of 0.6−1 mm, with electrode on both sides were 

used for the measurements. 

The dielectric permittivity of a material in an alternating field has a complex form; εr = 

  -j  where the real part represents the energy stored and the imaginary part represents 

the energy loss of the field in the material. For the case of parallel plate capacitor, the 

dielectric constant was determined by using the following equation. 

d

A
C 0 , yielding 

A

Cd

o
        

Here A is the area and d is the spacing between the plates. The dielectric loss is given by 

Si(100) 
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2.2.10 Leakage current characterization 

Leakage current density in BFO thin films was measured by an HP 43156 precision 

semiconductor parameter analyzer (Hewlett Packard). The applied voltage signal is 

shown as Fig. 2.15(a).  

 

(a) 

 

(b) 

Figure 2.15: (a) Waveform of input signal in J-E measurement (single pulse). (b) Photograph of the 

setup used. 

At the initial stage one is able to set the hold time during which the voltage is not applied. 

For each measurement, the delay time is adjusted before applying voltage. Thus the 

voltage pulse follows up with an escalating rate of 50 mV per step and the voltage pulse 

in each step lasts for 10 msec. It is worth noting that the hold time just applies at initial, 

but delay time appears in each step. In some cases change of delay time is very useful for 

studying the transient response in the investigation of leakage mechanisms. The setup 

used for the leakage current measurements is shown in Fig. 2.15(b). 

2.2.11 Ferroelectric property characterization 

The ferroelectric properties were measured using a precision LC tester. Precision LC 

tester uses an in built modified Sawyer-Tower circuit for Hysteresis measurements as 

shown in Fig 2.16(a) [105]. By measuring the potential (V) across a reference capacitor in 

series with the ferroelectric thin film capacitor (FEC) one can determine the charge (Q) 

on the FEC using the relation [106]; 

CVdteCVjIdtQ ti

o  
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Where the input voltage is V = Voe
jωt

 and C is the capacitance of reference capacitor. 

When two capacitors are connected in series the charge stored on each capacitor must be 

the same (ideally), so the electric charges on the reference capacitor and the FEC are the 

same. Since the reference capacitor has a very high capacitance, most of the voltage drops 

across the FEC. Thus the signal V in the display represents the voltage across the sample. 

The polarization (P) signal is proportional to the charge on the FEC. In the FEC there is a 

remnant polarization, i.e., the electric dipole moments remain aligned in the direction it 

was poled by the applied field even after this field has been removed. Thus a plot of P 

versus V displays hysteresis [107]. 

The setup consists of an LC tester, an optical microscope; a probe station and a control 

PC (see Fig. 2.16(b)). The FE thin film capacitor is usually fabricated using top and 

bottom electrodes as shown in Fig. 2.16(c). For the ferroelectric polarization 

measurements, very small electrodes with a diameter of approximately 100 μm were 

fabricated which could be seen only through microscope. The needles made up of 

tungsten or Pd alloy with the tip diameter of 20 μm were used to connect the electrodes 

on the film to the ferroelectric tester.  

 

(a) 

 

(b) 
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(c) 

Figure 2.16: (a) Block diagram of Sawyer-Tower circuit used for hysteresis measurements of 

ferroelectric thin films. (b) Photograph of the setup used for ferroelectric measurements, and (c) 

Schematic of the ferroelectric thin film capacitor (FEC). 
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Chapter 3                          Processing and Optimization of 

Bulk Samples and Thin Films 

In this chapter we describe the detailed description about synthesis of all the studied bulk 

samples and thin films. Optimization of synthesis procedures and structural 

characterization of bulk samples and thin films of pure BFO are also described at the end 

of the chapter. 

3.1 Processing of Bulk Samples 

The detailed steps of the fabrication process of multiferroic materials through solid-state 

reaction are summarized in Figure 3.1. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Various steps in conventional sintering method for processing of bulk materials. 
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3.1.1 Precursors 

The precursors used for the preparation of multiferroic samples are given in the Table 3.1. 

All the used oxides/carbonates powders have at least 99% purity. Polyvinyl Alcohol 

(C2H3
*
) is used as binder for the pelletization of samples. 

Table 3.1:  The precursors used for the bulk powder processing and thin film growth. 

Chemicals Formula Purity 

(%) 

Molecular 

Weight 

Supplier 

Bismuth Oxide Bi2O3 99.9 465.96 Cerac 

Iron (III) Oxide Fe2O3 > 99 159.69 Aldrich 

Strontium Carbonate SrCO3 99.5 147.63 Cerac 

Lead Oxide PbO 99.9 223.20 Aldrich 

Barium Carbonate BaCO3 99.99 197.34 AvonChem 

Lanthanum Nitrate La(NO3)3.6H2O 99 433.01 Aldrich 

Nickel Nitrate Ni(NO3)2.6H2O 99 290.79 Acros 

Polyvinyl Alcohol C2H3*   Riedel-de Haёn 

3.1.2 Synthesis of Pure BiFeO3 

3.1.2.1 Using conventional solid state reaction method 

Pure BFO was synthesized by rapid two stage solid state reaction method using the 

Bismuth Oxide (Bi2O3) and Iron Oxide (Fe2O3). The rapid synthesis method was used to 

prevent extensive evaporation of Bi2O3 so as to avoid impurity phases. The stoichiometric 

amounts of reactants used was calculated using the chemical equation given below 

33232 2BiFeOOFeOBi   

The mass ratio of the precursors used in accordance with a 1:1 molar ratio was:  

Bi2O3 : Fe2O3 

9.3191 : 3.1937 

In a typical procedure, stoichiometric amounts of Bi2O3 and Fe2O3 were thoroughly 

mixed in agate and mortar with suitable amount of acetone for 2 hours. The volatile 

organic liquid was added in the mixture for homogenization of required phases. The 

acetone gradually vaporized during the process of mixing and grinding. To obtain BFO as 

a pure single phase product is particularly complex since the formation of secondary 

phases seems to be unavoidable. Thus the homogeneously mixed powder was calcined at 
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several different temperatures from 600 °C to 900 °C inside a box furnace in a porceline 

crucible at heating rate of 5 °C/min and then cooled with the same rate. Several 

calcination times from 30 min to 2 hour were also tried. 

3.1.2.2 Using leaching technique 

Variation of calcination temperature, time, and repetitive grinding failed to produce single 

phase BFO. In order to avoid the impurity phases, the technique developed by Achenbach 

et al.[108] was used by which we were able to synthesize pure perovskite phase of BFO. 

The amounts of reactants were calculated using equation 3.1. However, an excess amount 

of Bi2O3 (10 wt % extra) was added to the starting reactants and calcination was done at 

800 °C for 12 hours. After the calcination, multistep leaching with HNO3 (2.5 M) was 

performed. Powder was then washed with distilled water and then heated in a furnace at 

400 °C for 1 hour. The main disadvantage of this process is that the leaching of the 

unwanted phases using an acid results in a coarser powder of the product. Although we 

were able to synthesize pure BFO using leaching technique but one of our targets was to 

achieve pure phase BFO using suitable dopants without performing a leaching process.  

3.1.3 Synthesis of multiferroic Bi1-xSrxFeO3 (0.15≤x≤0.45) 

Bi1-xSrxFeO3-δ (0.15 ≤ x ≤ 0.45) samples were synthesized by a rapid two stage reaction 

method using the high purity starting oxides of Bismuth Oxide (Bi2O3), Strontium 

Carbonate (SrCO3) and Iron Oxide (Fe2O3) [109]. The detail about the precursors is given 

in Table 3.1. The atomic fraction of Sr, x, in the doped compositions was 0.15, 0.25, 0.35, 

and 0.45, respectively. Stoichiometric compositions of Bi1-xSrxFeO3-δ (0.15 ≤ x ≤ 0.45) 

samples were prepared by thoroughly mixing the stoichiometrically weighed oxides and 

carbonate powders. The general chemical reaction of Bi1-xSrxFeO3-δ (0.15 ≤ x ≤ 0.45) in 

equation form is given below. 

(1-x)Bi2O3 + 2xSrCO3 + Fe2O3 → 2Bi1-xSrxFeO3 + 2xCO + 0.5xO2              

The stoichiometric amounts of precursors used was calculated using the above equation 

for different values of “x” and are listed in Table 3.2. The started powders were 

thoroughly mixed in an agate mortar with suitable amount of acetone (volatile organic 

liquid) for 2 to 3 hours. The homogeneously mixed powder is then calcined at 850 °C for 

30 min inside a box furnace in a porcline crucible at heating rate of 5 ˚C/min and then 

cooled with the same rate. The heat treatment procedure is shown in Fig. 3.2. The 
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calcined powders were reground to fine powder by an agate mortar for breaking the 

agglomerates. Calcination was performed to avoid the additional undesirable phases in 

the final materials. The powder was further homogenized by grinding for 2 hours in 

acetone. Then the resulting powder was mixed with 5 at% polyvinyl alcohol (PVA) which 

was used as a binder in mortar and pestle. The binder mixed powder was compacted to 

form pellets by a hydraulic press at 5×10
6
 kg/m

2
 pressure using die set. The pellets were 

then placed on porcline crucibles and sintering was carried out at 990 °C for 15 min at 

heating rate of 5 °C/min in air. In order to perceive the exact change in properties we have 

adopted identical sintering temperature and processing conditions for all the samples. 

However, another sample with x=0.25(OA) composition was prepared in pure oxygen 

environment at identical temperatures in order to study the effect of O vacancies on 

structure and magnetic properties. Few of the sintered pellets were reground to fine 

powder for X-ray diffraction studies. 

 

Figure 3.2: Schematic diagram showing the heat treatment procedure for Bi1-xSrxFeO3-δ (0.15 ≤ x ≤ 

0.45) samples. 
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Table 3.2:  The stoichiometric ratio of the precursors used for Bi1-xSrxFeO3 (0.15 ≤ x ≤ 0.45) samples. 

 

X 

 

Formula 

Stoichiometric ratio of precursors 

Bi2O3 Fe2O3 SrCO3 

0.15 Bi0.85Sr0.15FeO3 7.9213 3.1937 0.8857 

0.25 Bi0.75Sr0.25FeO3 6.9893 3.1937 1.4762 

0.35 Bi0.65Sr0.35FeO3 6.0574 3.1937 2.0668 

0.45 Bi0.55Sr0.45FeO3 5.1255 3.1937 2.6573 

3.1.4 Synthesis of multiferroic Bi0.75A0.25FeO3 (A = Sr, Pb, and Ba) 

The samples assigned as Bi0.75Sr0.25FeO3 (Sr-25), Bi0.75Pb0.25FeO3 (Pb-25) and 

Bi0.75Sr0.25FeO3 (Ba-25), were prepared by rapid two stage solid state reactions between 

stoichiometric amounts of dried Bi2O3, Fe2O3, SrCO3, PbO and BaCO3 [110]. The target 

atomic ratio in case of substituents was Bi: A: Fe = 0.75: 0.25: 1, where A = Sr, Pb, and 

Ba. The rapid synthesis method was used to prevent extensive evaporation of Bi2O3 and 

PbO and to avoid impurity phases. Stoichiometric compositions of Bi0.75A0.25FeO3-δ 

(A=Sr, Pb, and Ba) were prepared by thoroughly mixing the stoichiometrically weighed 

oxide and carbonate powders. The general chemical equations used to calculate the 

stoichiometric amounts of Sr-25, Pb-25, and Ba-25 samples are  

(0.75)Bi2O3 + (0.5)SrCO3+ Fe2O3 → 2Bi0.75Sr0.25 FeO3 + (0.5)CO + (0.125)O2   

(0.75)Bi2O3 + (0.5)PbO + Fe2O3 → 2Bi0.75Pb0.25 FeO3 – (0.125)O2    

(0.75)Bi2O3 + (0.5)BaCO3 + Fe2O3 → 2Bi0.75Ba0.25 FeO3 + (0.5)CO + (0.125)O2   

The stoichiometric amounts of the precursors used for Sr-25, Pb-25, and Ba-25 samples 

are listed in the Table 3.3. The started powders were thoroughly mixed in an agate mortar 

with suitable amount of acetone (volatile organic liquid) for 2 to 3 hours. The 

homogeneously mixed Sr-25, Pb-25, and Ba-25 samples are then calcined at 900 °C, 800 

°C and 850 °C, respectively for 30 min inside a box furnace in a porcline crucible at 

heating rate of 5 °C/min and then cooled at the same rate. The calcined powder was 

further homogenized for 2 hours in acetone. Then the resulting powder was mixed with 5 

at% polyvinyl alcohol (PVA) in mortar and pestle. The binder mixed powder was 

compacted to form pellet by a hydraulic press at 5×10
6
 kg/m

2
 pressure using die set. The 

pellets were then placed on alumina crucibles and sintering was carried out at 990 °C, 800 

°C and 900 °C for 15 min for Sr-25, Pb-25, and Ba-25 samples, respectively. Few of the 
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sintered pellets were reground to fine powder for X-ray diffraction studies. The heat 

treatment procedure is shown in Fig. 3.3.  

 

Figure 3.3: Schematic diagram showing the heat treatment procedure for Bi0.75A0.25FeO3-δ (A=Sr, Pb, 

and Ba). 

Table 3.3: The stoichiometric ratio of the precursors for Bi0.75A0.25FeO3 (A = Sr, Pb, and Ba). 

Sample 

Name 

 

Formula 

Stoichiometric ratio of precursors 

Bi2O3 Fe2O3 SrCO3 PbO BaCO3 

Sr-25 Bi0.75Sr0.25FeO3 6.9893 3.1937 1.4762   

Pb-25 Bi0.75Pb0.25FeO3 6.9893 3.1937  2.2320  

Ba-25 Bi0.75Ba0.25FeO3 6.9893 3.1937   1.9734 

3.2 Processing of thin films 

3.2.1 Fabrication of Targets 

3.2.1.1 BiFeO3 target 

BFO target was prepared by solid state reaction method. BFO target with a nominal 

composition of Bi1.1FeO3 was prepared by sintering the constituent oxide mixture of 

Bi2O3 and Fe2O3 at 820 °C for 6 hour. A 10% excess Bi was used in the target to 

compensate the loss of Bi during heat treatment. The stoichiometric ratio of the 

precursors used is given in section 3.1.2. The obtained powder was putted in a 2 inches 

Cu cup to prepare target for radio frequency magnetron sputtering. 
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3.2.1.2 LaNiO3 target 

Self-ignition method was used to prepare LNO target to be used for depositing an 

intermediate matching layer between the substrate and the final BFO film. For the 

synthesis La(NO3)3.6H2O, Ni(NO3)2.6H2O and glycine were used. Glycine was used as an 

ignition agent and was added to an aqueous solution of metal nitrates with the appropriate 

stoichiometry, in order to get a NO3/NH2 = 1 ratio. The resulting solution was heated at 

250 °C and evaporated. Continuous heating changes the solution to a green gel and finally 

the ignition occurred yielding a powder precursor containing carbon residues. The 

resulting powder was heated at 800 °C for 8 hours where all the carbon species were 

eliminated. The obtained nanoparticles were further pressed into a Cu cup to prepare the 

target for radio frequency magnetron sputtering. 

3.2.2 Thin Film growth  

BFO and LNO thin films were deposited by radio frequency magnetron sputtering. 

Before deposition of thin films, substrates and targets were properly cleaned. 

3.2.2.1 Substrate and Target Cleaning 

The substrates should be cleaned to remove all organic and inorganic residues on the 

substrate’s surface before thin film deposition. The substrate was washed with acetone 

and methanol in an ultrasonic agitation. Following that it was cleaned in de-ionized water 

and finally blown by N2 gas before being fixed on to the substrate holder. The target was 

washed by pre-sputtering for 10 min before than film deposition. 

3.2.2.2 BFO thin films with varying thicknesses grown by rf magnetron sputtering 

Prior to the deposition of BFO thin films, LNO buffer layer with a thickness of 85 nm 

was sputtered on Pt/Ti/SiO2/Si(100) substrate at 350 °C and then the BFO thin films with 

thickness in the range between 40‒480 nm were sputtered at 570 °C. All the LNO and 

BFO thin films were deposited in a high vacuum system. The deposition rate of LNO and 

BFO films was calculated to be 1 nm/min and 4 nm/min, respectively. The details of 

optimized sputtering parameters used to grow LNO and BFO thin films are given in Table 

3.4.  
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Table 3.4: Sputtering parameters used for LNO and BFO thin films deposition. 

Sputtering Parameter Conditions for LNO Conditions for BFO 

Target LaNiO3 Bi1.1FeO3 

Substrate Pt/Ti/SiO2/Si(100) Pt/Ti/SiO2/Si(100) 

Target Substrate Distance 10 cm 10 cm 

Atmosphere Ar/O2 = 4:1 Ar/O2 = 4:1 

Base Pressure 6 x 10
-6 

Torr 6 x 10
-6 

Torr 

Working Pressure 10 mTorr 10 mTorr 

Deposition Time 90 min 10‒120 min to achieve 

different thicknesses 

RF Power 40 W 100 W 

Substrate Temperature 350 °C 570 °C 

For electrical measurements, Pt top electrode with a thickness of 150 nm and diameters of 

50, 100, 185 and 270 μm were lithographically patterned using a lift off process. Pt was 

deposited at room temperature at a deposition pressure of 4.5 mTorr.  

Steps involved in photolithography are listed below and summarized in the chart in Fig. 

3.4. 

Step 1: Coating the negative photoresist on the whole film with a spin-coating machine. 

Step 2: Bake at 90 °C for 1 min. 

Step 3: Expose the coated film under the UV light with the mask for 0.7 second. 

Step 4: Bake the film at 110 °C for another 1 min. 

Step 5: Expose the film under the UV light without mask for 45 seconds. 

Step 6: Develop the film in the AZ-300 developer for 30 seconds and wash in the de-

ionized water. Now dot type windows with different sizes are opened on the film. 

Step 7: Deposit the Pt on the samples through sputtering. 

Step 8: After sputtering put the samples in acetone to do the lift-off process. 

Pt is left on the area where the windows opened and other area with negative photoresist 

is washed away. 
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Figure 3.4: Steps involved in photolithography. 

3.3 Optimization of bulk and thin films of BiFeO3 

3.3.1 Optimization of bulk BiFeO3 

3.3.1.1 XRD patterns for optimization of bulk BiFeO3 

As already discussed our goal was to stabilize the perovskite phase of BFO with suitable 

dopants without using leaching process. The detailed structural analysis of divalent doped 

bulk samples is given in chapter 4 and 5. Here we will only discuss the structural analysis 

of undoped bulk samples and thin films of BFO. 

The evolution of BFO stoichiometric composition was initially studied by X-ray 

diffraction measurements conducted on the Bi2O3‒Fe2O3 mixture prepared by 

conventional solid state reaction method. Figure 3.5 shows diffractograms corresponding 

to calcination experiments for 1h at different temperatures. At 600 °C, all the diffraction 

peaks belonged to Bi25FeO39 (sillenite) phase. As the temperature was increased to 700 

°C, small diffraction peaks corresponding to the perovskite BFO phase started to appear, 

together with intense signals of Bi25FeO39. Further increase in temperature decreased the 

amount of the Bi25FeO39 phase and apparently the BFO is obtained as a pure phase at 800 

°C. Finally at 950 °C, well above the peritectic decomposition temperature, BFO again 
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decomposes to Fe2O3 and Bi2O3 compounds. These results are consistent with the 

plausible mechanism suggested by Bernardo et al.[44] for the reaction paths of BFO 

during the solid state reaction as discussed in first chapter.  
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Figure 3.5: X-ray diffractograms of the powders obtained by the mixed oxide route and calcined 

between 600 C to 950 C. (◊) Bi25FeO39, (♦) BiFeO3, (∆) Bi2O3, and (●) Fe2O3.  

3.3.1.2 X-ray diffraction patterns of BFO prepared by leaching technique 

We found in the last section that the BFO can be obtained near 800 °C, but still it is 

impossible to achieve the pure BFO phase. Thus to achieve the pure BFO phase, a 

technique developed by Achenbach et al. [108] was used as discussed earlier. Figure 3.6 

shows X-ray diffraction patterns taken at room temperature for leached and unleached 

BFO sample prepared by conventional solid state reaction method. It was observed that in 

unleached BFO sample, along with the intense diffraction peaks of perovskite BFO, some 

low intensity diffraction peaks of Bi2O3 were also observed which remain unreacted. 

XRD patterns of leached BFO samples shows that the unreacted Bi2O3 phase is washed 

away and pure perovskite phase of BFO is obtained.  
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Figure 3.6: XRD patterns of BiFeO3 prepared by multistep leaching in HNO3. 

3.3.2 Optimization of Thin films of BiFeO3 

3.3.2.1 XRD scans of LaNiO3 and BiFeO3 target used for thin films 

Figure 3.7(a) shows the XRD pattern of LNO perovskite prepared by self-ignition 

method. All diffraction peaks can be indexed with rhombohedral crystal structure 

(space group R3m) and no impurity peaks have been observed. The relative 

intensities are in good agreement with the standard card, JCPDF # 00-010-0341. 

Figure 3.7(b) shows the XRD pattern of BFO target which was prepared by solid state 

reaction method. A 10% excess Bi was used in the target to compensate the loss of Bi 

during heat treatment. The XRD pattern of pure BFO can be indexed with R3c symmetry. 

However, a small fraction of impurity phase (Bi2O3) was also observed in the XRD 

pattern of undoped BFO sample which is understandable as 10% excess Bi was used. 
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Figure 3.7: XRD patterns for (a) LaNiO3 and (b) BiFeO3 targets. 

3.3.2.2  Effect of LaNiO3 buffer layer on the growth and crystallization of BiFeO3 

film 

The optimization of BFO thin films is discussed in this chapter whereas the structural 

analyses of the optimized parameter are given in chapter 6. Figure 3.8 shows the XRD 

patterns of BFO thin film deposited directly on Pt/Ti/SiO2/Si(100) substrate without LNO 

buffer layer and then in the presence of LNO buffer layer. For the BFO film deposited 

without LNO buffer layer, a small amount of the perovskite phase was detected but 

together with the perovskite phase, considerable amount of impurity phase (Bi2Fe4O9) 

was also found as shown in Fig. 3.8(a). However the BFO film deposited on LNO 

buffered Pt/Ti/SiO2/Si(100) substrate under identical sputtering conditions (substrate 

temperature 570 °C, working pressure 10 mTorr, and deposition time = 90 min) exhibit 
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no extra phases and the crystallinity is improved as evidenced by the appearance of 

stronger diffraction peaks corresponding to the perovskite phase as shown in Fig. 3.8(b). 

This suggests that LNO acts as an effective buffer layer for the growth and crystallization 

of BFO thin films on Pt/Ti/SiO2/Si(100) substrates.  
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Figure 3.8: XRD patterns of BiFeO3 thin film deposited with LaNiO3 buffer layer and in the absence 

of LaNiO3 buffer layer under identical sputtering conditions (peaks indicated by s correspond to 

peaks from the substrate). 

The improvement in the BFO crystalline quality may follow from the similarity of the 

crystalline structure of the LNO with BFO which ensures a compatible interface between 

BFO and the LNO. As reported, LNO grows preferentially oriented along (100) direction 

[111, 112], which seemingly facilitates the growth of our BFO thin films as highly 

oriented along (100) orientations regardless of film thickness. 

3.3.2.3 Effect of deposition pressure on LaNiO3 buffered BiFeO3 thin films. 

Figure 3.9 shows the XRD patterns of the films deposited at various partial pressures of 

0.1, 10, 50 and 100 mTorr. All the films deposited at various partial pressures exhibit the 

preferential growth along the (100) direction but the film deposited at low partial pressure 

of 0.1 mTorr shows some growth along the (110) direction as well. However, the film 
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deposited at 0.1 mTorr is not pure and a small amount of impurity phase (Bi2Fe4O9) is 

also detected. The film deposited at 10 mTorr has the highest intensity of diffraction 

peaks compared with other films. Hence 10 mTorr was chosen as optimum pressure for 

obtaining required thickness variation of the films and has been discussed in detail in 

chapter 6.  
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Figure 3.9: BiFeO3 thin films deposited at various partial pressures on LaNiO3 buffered on 

Pt/Ti/SiO2/Si(100) substrate at 570 °C. 
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Chapter 4          Structural and Electronic Studies of 

Sr Doped BiFeO3 System     

4.1 Introduction 

The available literature on the topic of Sr doped BFO has focused either on a limited Sr 

concentration range or on one of three common aspects viz. structure, electronic 

configuration and O vacancy defect formation. In this study we attempt to address all 

three of these aspects and to correlate their effects with the dielectric and magnetic 

properties. Bi1-xSrxFeO3-δ (0 ≤ x ≤ 0.45) samples were prepared and the effects of Sr 

concentration variation on the structural, multiferroic, and optical properties were studied. 

Rietveld refinement of the XRD data and Mössbauer measurements have been carried out 

to determine the structural and electronic valence changes occurring with Sr 

concentration. Furthermore, to understand the role of O vacancies, the structural effects 

and Mössbauer and magnetic studies have also been investigated in a composition 

(x=0.25) annealed in pure oxygen environment. Diffuse reflectance spectroscopy 

measurements were performed to observe the variation of band gap with Sr content. 

4.2 Structural analysis 

X-ray diffraction measurements were carried out on all the compositions (x=0‒0.45) and 

the data are shown in Fig 4.1(a-f). The pure BFO composition (x=0) displayed all the 

characteristic peaks of BFO referred to the rhombohedral crystal structure. Additionally, 

some peaks corresponding to Bi25FeO39 were also observed as is common in this material. 

With increasing Sr concentration changes in the diffraction pattern were noticeable and 

the data were analyzed using the Rietveld refinement of the peaks to get an accurate 

description of the changes. Figure 4.1(a-f) shows the Rietveld refinement fitting results of 

the Bi1-xSrxFeO3-δ (x = 0, 0.15, 0.25, 0.25 OA, 0.35, and 0.45) samples. The crystal 

structure and lattice parameters extracted via Rietveld fitting for all compositions are 

summarized in Table 1. The XRD pattern of pure BFO were refined primarily using R3c 

symmetry [113]. However, a small fraction (7%) of impurity phase (Bi25FeO40) was also 

observed in the XRD pattern of undoped BFO sample [114]. The occurrence of this phase 

has been commonly reported [115]. All the Sr doped BFO samples (0.15 ≤ x ≤ 0.45) were 

carefully checked for traces of other impurity phases (e.g., Bi2O3, Bi2Fe4O9, Bi25FeO40, 

Fe2O3 etc.) up to x=0.45, employing the quantitative Rietveld refinements technique and 
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no impurity phases were detected. The absence of impurity peaks in Sr substituted 

samples implies that Sr substitution did not trigger the formation of the impurity phase, 

thereby endorsing the controlled synthesis procedures. Analysis of XRD patterns reveal 

that with increase in Sr content, the doubly split peaks observed in the x=0 composition 

viz. near 2θ ~ 32° for the (104) and (110), and near 37° for the (006) and (202) peaks, and 

near 52° for the (116) and (112) peaks, gradually merge together. Refinement of the 

x=0.15 composition on the basis of Pm-3m space group unveils a small shoulder on lower 

2θ side which correlates with the R3c space group of BFO [116]. Quantitative Rietveld 

refinement showed that R3c comprises 15% of the total amount of the x=0.15 sample. 

Phase transformation from the rhombohedral to the cubic phase was observed with 

increasing Sr concentration. While for the x=0.15 an admixture of both phases coexists, 

the structure transforms to cubic with further Sr doping; x=0.25 and onwards. Figure 

4.2(a) shows the enlarged portion between 31° and 33° which shows that for x=0.15, the 

doubly split peaks merge partially to form a broadened peak while for x=0.25 

composition, the doubly split peaks completely combine into a single peak. Similar phase 

transformation behavior has been reported in the Pb doped BFO samples [116]. The 

crystal structure of Bi1-xSrxFeO3-δ (0.15 ≤ x ≤ 0.45) was refined in the space group Pm-3m 

with Fe at 1a(0, 0, 0) Wyckoff position, whereas Sr and Bi are randomly distributed on 1b 

(½, ½, ½) site and oxygen occupy the 3d(0, 0, ½ ) site. While refining the site occupancy 

of Sr, Bi, and Fe, which comprises the net positive charges in the cell, isotropic thermal 

vibration parameters and occupancies were found to be highly correlated. The refinement 

of oxygen site occupancy is obtained by charge balancing, shows vacancies attributed to 

the aliovalent substitution at the Bi
3+

site.  
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Figure 4.1: (a-f) Rietveld refinement fitting results of the X-ray powder diffraction patterns of Bi1-

xSrxFeO3-δ (x=0, 0.15, 0.25, 0.25 (OA), 0.35, and 0.45) samples measured at 300 K, showing the 

observed pattern (diamonds in red color), the best fit Rietveld profiles (black solid line), reflection 

markers (vertical bars), and difference plot (gray solid line at the bottom). 

20 30 40 50 60 70 80

 obs

 calc.

 obscalc.

 reflection positions

In
te

n
s
it

y
 (

a
r
b

. 
u

n
it

s
)

2degree

x = 0.45

-----Pm-3m

(f)

20 30 40 50 60 70 80

 obs

 calc.

 obscalc.

 reflection positions

In
te

n
s
it

y
 (

a
r
b

. 
u

n
it

s
)

2degree

------Pm-3m

x = 0.35(e)

20 30 40 50 60 70

 obs

 calc.

 obscalc.

 reflection positions

In
te

n
s
it

y
 (

a
r
b

. 
u

n
it

s
)

2degree

x = 0.25 (OA)

-----Pm-3m

(d)

20 30 40 50 60 70 80

 obs

 calc.

 obscalc.

 reflection positions

In
te

n
s
it

y
 (

a
r
b

. 
u

n
it

s
)

2degree

x = 0.25

-----Pm-3m

(c)

20 30 40 50 60 70 80

 obs

 calc.

 obscalc.

 reflection positions

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
)

2 (degree)

x = 0.15

-----R3c (15%)
------Pm-3m (85%)

(b)

20 30 40 50 60 70 80

 obs

 calc.

 obscalc.

 reflection positions

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
)

2degree

x = 0

----BiFeO3 (R3c)

----Bi25FeO40(7%)

(a)



Chapter 4                                       Structural and Electronic Studies of Sr Doped BiFeO3 System     

Study of multiferroic and optical properties of pure and divalent doped BiFeO3  | 70  

 

Table 4.1: Structural parameters for Bi1-xSrxFeO3 (0 ≤ x ≤ 0.45) samples obtained from Rietveld 

refinement. 

 

Bi1-xSrxFeO3-δ 

Sr content 

Cubic 

Phase 

(Pm-3m) 

 

Rhombohedral 

Phase (R3c) 

 

Vol.(Å
3
) 

 

Wt% Rietveld 

 

Rwp 

 

RBragg 

ac(Å) ah(Å) ch(Å) R3c Pm-3m 

x = 0  5.5813 13.877 374.37 100  10.755 4.5401 

x = 0.15 3.9502 5.5768 13.8301 61.639 15 85 1.411 0.5385 

x = 0.25(AA) 

x = 0.25(OA) 

3.9485  61.563  100 0.324 0.5199 

3.9520 61.725  100 0.801 0.3346 

x = 0.35 3.9475 61.516  100 0.186 0.1930 

x = 0.45 3.9453 61.410  100 0.169 0.0559 

 

Although ionic size of Sr
2+

 (1.18 Å) is greater than Bi
3+

 (1.03 Å) and we may expect an  

increase of the lattice constant and consequent decrease of the 2 with increasing Sr 

content, the opposite effect was observed. Increase in the Sr
2+

 content shifted all the 

diffraction peaks to higher angles as shown in Fig. 4.2(b), indicating decrease in the unit 

cell volume. The variation in the lattice constant “a” and cell volume “V” as a function of 

Sr content x are plotted in Fig. 4.3. The unexpected decrease in the lattice constant with 

increasing Sr content is most likely an indicator of an increase in the concentration of O 

vacancies, due to the need for charge compensation. Li et al.[117] have also reported a 

decrease in the lattice constant in Sr substituted BFO compounds. In order to confirm our 

conjecture that the peak shift to higher angles as a function of Sr substitution is due to the 

increase in the number of O vacancies with increase in Sr substitution, another sample 

with x=0.25 composition was synthesized in pure oxygen environment. Comparison of 

XRD peak near 2θ ≈ 32° for air annealed (AA) and oxygen annealed (OA) samples is 

given in Fig. 4.2(c). For Oxygen annealed sample the diffraction peak is shifted to a lower 

angle, indicating an expansion of the cell volume with incorporation of oxygen. This is 

consistent with our assertion that the incorporation of Sr leads to the development of O 

vacancies presumably to provide charge compensation. The single phase Bi1-xSrxFeO3-δ 

samples were synthesized up to x=0.45 beyond which formation of extra or impurity 

phase was observed. Hence we conclude that the charge neutrality on Sr
2+

 substitution of 

Bi
3+

, occurring via creation of O vacancies, becomes increasingly difficult when x 

becomes higher than 0.45 and destabilizes the perovskite structure. This conclusion will 

be further supported by the results of Mössbauer spectroscopy. 
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Figure 4.2: (a) Expanded XRD spectra near 32
o
 for x=0, 0.15, and 0.25 samples, indicating phase 

transition from rhombohedral (R3c) to cubic (Pm-3m) phase, (b) Shift in the (110)c XRD peak with Sr 

substitution for concentrations from x=0.15 to x=0.45, and (c) shows comparison of (110)c XRD peak 

of AA and OA samples for x=0.25 composition. Note: AA = Air annealed, OA = Oxygen annealed, 

Rwp and RBragg = R-factors. 
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Figure 4.3: Variation of lattice constant ‘a’ and unit cell volume ‘V’ of cubic unit cell as a function of 

Sr content x. 
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4.3 Morphological and Elemental Study 

SEM micrographs shown in Fig. 4.4(a-e) of Bi1-xSrxFeO3 (0 ≤ x ≤ 0.45) depict the 

microstructural changes as compared to the un-substituted BFO. It is clear from Fig. 

4.4(a-e) that the average grain size decreased significantly with increase in Sr
2+

 content. 

The grains are non-uniform with varying sizes and all substituted samples have faceted 

growth. It has been suggested that grain growth depends on the concentration of oxygen 

vacancies [118] and diffusion rate of the ions. Large number of oxygen vacancies 

generated in BFO due to high volatility of Bi ions results in easy diffusion of ions which 

lead to larger grain sizes in BFO compared to the Sr substituted samples. At low doping 

levels this phenomenon may be suppressed by the occupation of certain vacant Bi
3+

 sites 

by Sr
2+

 ions. With increase in Sr substitution the concentration of O vacancies increases 

due to the mechanism of charge compensation, but the grain growth is now limited due to 

the substitution of Sr
2+

 with larger ionic radius (1.18 Å) in place of Bi
3+

 ions with a 

smaller ionic radius (1.03 Å). Similar reduction in grain size was discussed in an earlier 

report on Pb and Ba doped BFO ceramics [119]. Even though from the SEM 

micrographs, the grain size versus Sr concentration trend is clear, SEM data does not 

allow quantitative analysis of grain size distribution. However qualitatively we see that 

for pure BFO (x=0) the typical grain size is greater than 1m while for x = 0.45 

significantly smaller typical grain size is observed, being less than 200 nm. 

 

Figure 4.4: Scanning electron micrographs (SEM) of Bi1-xSrxFeO3 samples, (a) x=0, (b) x=0.15, (c) 

x=0.25, (d) x=0.35, and (e) x =0.45. 

(e) (d) 

(c) (b) (a) 
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The elemental analysis of samples was carried out using energy dispersive X-ray 

spectroscopy (EDS)  and Rutherford backscattering spectroscopy (RBS). The typical EDS 

pattern of Bi0.85Sr0.15FeO3 sample has been shown in Fig. 4.5 (EDS spectra for other 

compositions is not shown). The EDS spectrum was attained from the area shown in the 

SEM micrograph in Fig. 4.5. The EDS pattern reveals the presence of Bi (M), Sr (L), Fe 

(K) and O (K) elements in the sample. No extra peaks have been traced which indicates 

that there is no contamination in the sample. The atomic percentage of Sr obtained from 

the EDS spectra’s is 16, 24, 34, and 45mol% for the x = 0.15, 0.25, 0.35, and 0.45 

samples, respectively. The atomic % obtained from EDS spectra agrees well with the 

nominal values.   

 

Figure 4.5: EDS spectra of Bi0.85Sr0.15FeO3 sample and inset shows the FE-SEM image. 

RBS measurements were also carried out to check the elemental composition. We note 

that all the constituent elements (Bi, Sr, Fe, and O) are present and are clearly identified 

as shown in Figure 4.6. The values of the atomic percentage of elements as determine 

from the simulation are given in Table 4.2. The atomic % of Sr obtained from RBS 

spectra’s agrees well with the nominal values. A comparison between the atomic % of Bi 

and Fe shows that Bi atomic % is less than that of Fe, which indicates that Bi volatization 

occurs during heat treatment. However, Bi volatization reduces with increase in Sr 

substitution which suggests that Sr substitution stabilizes the perovskite structure. Atomic 

% of oxygen is slightly less than the nominal value which shows that oxygen vacancies 

are present in the samples and concentration of oxygen vacancies is increasing with 

increase in Sr substitution for the requirements of charge compensation mechanism.  
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Figure 4.6: RBS spectrum and the XRUMP simulations on the data for x=0.45 composition 

Table 4.2: Atomic percentage of elements for Bi1-xSrxFeO3 (0 ≤ x ≤ 0.45) samples. 

 

Sample ID 

Atomic % of elements 

Bi+dopant(Sr) Fe O 

x = 0 17 21 62 

x = 0.15 19 21 60 

x = 0.25 20 22 58 

x = 0.35 22 22 56 

x = 0.45 22 23 55 

 

4.4 Mössbauer analysis 

To address the issue of possible valence changes in Fe ions on the incorporation of Sr into 

the system, room temperature Mössbauer spectra were obtained. The data for all the 

compositions i.e. Bi1-xSrxFeO3-δ (x=0−0.45) are shown in Fig. 4.7. The parameters 

extracted from the best fits are summarized in Table 4.2. The BFO (x=0) spectrum is well 

fitted with a sextet and a singlet. The sextet indicates that magnetic ordering exists in the 

material and consequently that the Néel temperature TN is above room temperature. The 

sextet having hyperfine field of about 500 kOe is considered as originating from the iron 

ions located on sites with octahedral symmetry [120]. The isomer shift (Г) of both spectra 

(sextet and singlet) correspond to Fe
3+

 state and the value of the quadruple splitting () is 

nearly equal to zero, indicating the presence of cubic symmetry. The singlet/sextet 
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relative area under the peaks is about 0.07 (7 % relative area) which may correspond to 

the contribution of an impurity phase Bi25FeO40 [121, 122]. The Rietveld refinement of 

XRD data for this composition has, as mentioned earlier, shown the presence of the 

Bi25FeO40 impurity phase with the same concentration. The Mössbauer spectra of pure 

and 15% substituted composition are similar except for a decrease in the impurity phase 

contribution from 7% to 5%, respectively. Consistently as the Sr content increases to 

25%, the singlet associated with the impurity phase disappears but another sextet (sextet 

2) starts to appear. The absence of the singlet indicates the absence of the impurity phase 

with increased levels of Sr incorporation, as discussed earlier in the XRD discussion. The 

reduction of impurity phase in Sr substituted samples indicates that Sr substitution 

reduces the formation of the impurity phases.  

 

Figure 4.7: The Mössbauer spectra for Bi1-xSrxFeO3-δ with various x measured at room temperature. 

To study the origin of the sextet 2 appearing in the Sr doped compositions, the x=0.25 

composition that had been further annealed in pure oxygen (OA sample) was also studied. 

The Mössbauer parameters in both cases (air and oxygen annealed x=0.25) have small 
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differences as can be seen in Table 4.3. Noticeably the relative area of sextet 2 is smaller 

for the sample annealed in oxygen environment compared with that annealed in air 

suggesting its connection with the presence of O vacancies. We further notice the growth 

of the sextet 2 peaks with increasing Sr concentration. In the light of these observations 

the growth of sextet 2 can be attributed to the substitution of divalent Sr ions in the place 

of trivalent Bi ions that may force some Fe
3+

 ions to adopt Fe
4+

 state or induce oxygen 

deficiency in lattice [117]. We note that the reported values of isomer shift, Г, are in the 

range of 0.6‒1.7 mm/s for Fe
2+

; 0.05‒0.5 mm/s for Fe
3+

 and -0.15‒0.05 for Fe
4+

 [120], 

whereas the values of Г obtained in our case lie in the range between 0.38 to 0.26 for all 

the compositions. Thus to the extent of our resolution, the  measured Г values indicate the 

presence of all iron ions in Fe
3+

 state and the possibility of Fe being in either the Fe
2+ 

or 

Fe
4+

 states may be ruled out for all the compositions. For sextet 2 the measured hyperfine 

field value (Heff) was ~410 kOe and corresponds to the value reported for asymmetrically 

tetrahedrally coordinated Fe
3+

. Hence the Mössbauer data strongly suggests that sextet 2 

may be attributed to the presence of some asymmetrically tetrahedrally coordinated 

trivalent iron ions. The Fe ions are forced to adopt this coordination, most likely due to 

the presence of O vacancies that would affect the six-fold octahedral coordination. This 

conclusion is supported by the previous observation that the relative amount of the 

tetrahedral Fe coordination increases with the increase of Sr content, where we have 

already shown the number of O vacancies as increasing. 

Table 4.3: Room temperature Mössbauer parameters of Sr substituted Bi1-xSrxFeO3-δ (0 ≤ x ≤ 0.45). 

Sample 

  (x) 

Fe site Heff 

(kOe) 

 

(mm/s) 

Г 

(mm/s) 

Rel. Area 

(%) 

0.00 

 

0.15 

 

0.25 (OA) 

 

0.25 (AA) 

 

0.35 

 

0.45 

 

Sextet 

Singlet 

Sextet 

Singlet 

Sextet 1 

Sextet 2 

Sextet 1 

Sextet 2 

Sextet 1 

Sextet 2 

Sextet 1 

Sextet 2 

499 

--- 

501 

--- 

504 

423 

503 

430 

505 

420 

506 

430 

0.07 

0.00 

0.00 

0.00 

-0.03 

0.30 

0.00 

0.30 

-0.05 

0.34 

-0.10 

0.63 

0.38 

0.26 

0.36 

0.25 

0.36 

0.36 

0.37 

0.36 

0.36 

0.26 

0.36 

0.28 

93 

7 

95 

5 

91 

9 

86 

14 

83 

17 

75 

25 
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4.5 Magnetic measurements 

4.5.1 Magnetization as a function of magnetic field 

The magnetization (M-H) curves at 75 K and 300 K for Bi1-xSrxFeO3-δ (x = 0, 0.15, 0.25, 

0.35, and 0.45) samples are shown in Fig. 4.8(a) and (c). As mentioned earlier, BFO is a 

G-type antiferromagnet with a cycloid spin arrangement incommensurate with its lattice 

over a period of 62 nm [67]. The spin cycloid of BFO exists only in the R3c structure. 

Therefore on Sr substitution the structural phase transformation to the cubic phase is 

expected to suppress the cycloidal spin structure. As can be seen from Fig. 4.8(a) and (c), 

the magnetization of x=0 composition increases linearly up to the maximum field (3T), 

which confirms that the sample is in the antiferromagnetic state even at the highest 

applied field, confirming  that the cycloid spin structure is present in the pure sample. The 

values of magnetization at maximum applied field are 0.20 and 0.21 emu/g at 300 K and 

75 K, respectively. However the x=0.15 sample exhibits a narrow hysteresis loop and a 

linearly increasing magnetization at higher fields that has the value of 0.24 and 0.25 

emu/g (at 3T) at 300 K and 75 K, respectively. The linearly increasing trend is attributed 

to the antiferromagnetic contribution still dominant in the system. Our magnetization 

values for x=0 and 0.15 sample are very close to those reported in the literature where no 

impurity phases have been reported [123, 124]. Hence we conclude that our observed 

moment is not affected in any significant way by the presence of the small amount of 

impurity phases noted in the Mössbauer measurements. The observed ferromagnetic 

component for x > 0 is attributed to the fact that the antiferromagnetic cycloid spin 

structure is weakened due to Sr substitution [78] resulting in a net uncompensated 

moment. Clear hysteresis loops are obtained with further increase in Sr concentration 

with the Ms values for x=0.15 being significantly less than those for the x ≥ 0.25 samples. 

We understand this rapid increase in Ms for x=0.25 to be related with the change in the 

crystal structure triggered by the Sr substitution [78, 125]. When the doping concentration 

is less than x=0.25, the Sr substitution can only weaken the cycloid spin structure and a 

limited increase in Ms is expected, as also observed. However at x=0.25 the structure 

completely transforms from rhombohedral to cubic leading presumably to the collapse of 

the cycloid spin structure [125, 126]. However the further increase observed in Ms for 

𝑥 > 0.25 compositions, where the crystal structure does not undergo any further changes, 

suggests that along with the suppression/destruction of the cycloid spin structure, other 

factors such as e.g. O vacancies also contribute to the increase in magnetization. To 



Chapter 4                                       Structural and Electronic Studies of Sr Doped BiFeO3 System     

Study of multiferroic and optical properties of pure and divalent doped BiFeO3  | 78  

 

confirm the role of O vacancies M-H loops for x=0.25(AA) and x=0.25(OA) samples 

recorded at 75 K and 300 K are shown in Fig. 4.9(a) and (b). We can note that for the 

oxygen annealed sample (OA), Ms decreases quite significantly, confirming thereby that 

O vacancies contribute to increasing magnetization values. Another point to note is that 

the coercivity values are high for the air annealed sample which has higher concentration 

of O vacancies. It is well known that the coercivity of magnetic materials is affected by 

the presence of defects that are able to trap (pin) the magnetic domain walls. The presence 

of O defects/charge defects or associated magnetic anisotropy changes in the system may 

create such effects leading enhanced domain wall pinning and increase of coercivity 

values. (The effects of magnetic anisotropy are of course the determining factors for 

nanoparticle systems, however even in bulk systems there are models that exhibit a 

dependence of the coercivity on anisotropy [127]. Conversely O annealing is expected to 

suppress such defects and lead to lower coercivity values. 

 

Figure 4.8: Magnetization (M-H) curves for Bi1-xSrxFeO3-δ (0 ≤ x ≤ 0.45) samples at (a) 75 K and (c) 

300 K. Variation of MS and HC as a function of Sr content x.  
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comparison between the air annealed and oxygen annealed samples. To understand how 

O vacancies affect the increase of magnetic moment we refer to the Mössbauer results. 

These suggest that increasing Sr concentration leads to increased number of O vacancies 

and to a change in Fe coordination without changes in the Fe valence. We suggest that 

this change in Fe co-ordination from octahedral to tetrahedral could be generating 

distortions in the crystal lattice thereby pushing the Fe‒O‒Fe bond angle away from full 

antiferromagnetic alignment. This may be expected to enhance the magnetization values 

quite significantly. Hence we suggest that the structural changes induced both by the size 

difference between host and dopants and by the presence of O vacancies lead to the 

marked increase of magnetization on Sr substitution. 

 

Figure 4.9: Comparison between M-H curves for x=0.25(AA) and x=0.25(OA) composition at (c) 75 K 

and (d) 300 K. 

The measured values of coercivity (Hc) and Ms at 75 K and 300 K as a function of the Sr 

content x for air annealed samples are shown in Fig. 4.8(b) and (d) where a systematic 
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all the ferromagnetic compositions, the coercivity is found to decrease anomalously as 

the temperature decreases (Table 4.3). The usual trend in typical ferro or ferrimagnets is 

for the coercivity to increase with decreasing temperature. A similar trend has been 

observed by us in Bi0.75A0.25FeO3 (A = Sr, Pb, and Ba) (chapter 5) [128] where the effect 

has been discussed in detail. Here we note briefly that the presence of magnetoelectric 

coupling, between the polarization (P) and magnetization (M), can lead to modified 

effective single ion anisotropy. As will be discussed in detail later, the effect of the 

electric polarization is to lead to an effectively reduced uniaxial anisotropy and in turn, a 

reduced coercivity. We observed the largest decrease in coercivity between room and low 

temperature (~25%) for the x=0.45 composition as given in Table 4.4. 

Table 4.4: Percentage decrease in coercivity with temperature. 

Sample Name 𝑯𝒄 (𝟑𝟎𝟎 𝑲) 𝑯𝒄 (𝟕𝟓 𝑲) 𝑯𝒄 (𝟑𝟎𝟎 𝑲)− 𝑯𝒄 (𝟕𝟓 𝑲)

𝑯𝒄 (𝟑𝟎𝟎 𝑲)
 × 𝟏𝟎𝟎 % 

Sr-15 722 563 22 

Sr-25 1259 1006 20 

Sr-35 1199 995 17 

Sr-45 1880 1414 25 

4.5.2 Magnetization as a function of temperature: 

Figure 4.10 shows the temperature dependence of the ZFC magnetization, M(T), 

measured at 500 Oe for Bi1-xSrxFeO3-δ (x=0, 0.15. 0.25, 0.35, and 0.45) samples over a 

temperature range of 60−330 K. The TN for BFO is at 643 K, which is well above our 

studied temperature range. As expected for a typical antiferromagnet, the magnetization 

of the x=0 composition decreases as the temperature is decreased. Additionally a weak 

hump is visible around 260 K which is attributable to the presence of Bi deficient 

impurity phase (Bi2Fe4O9), [129, 130] which has a TN of 260K. However this phase was 

not observed in the XRD suggesting that its amount is below the level of the XRD 

resolution. As the Sr content increases to 15%, the hump related to the Bi2Fe4O9 phase 

weakens suggesting a decrease in percentage of this impurity phase. For this composition 

(x=0.15) also, the antiferromagnetic response was apparent. The M(T) data for both the 

x=0.00 and 0.15 compositions shows a large low temperature rise in the magnetization 

around 175 K and 210 K, respectively. This rise is attributable to the presence of the 

small concentration of defects which generate weak ferromagnetic response in the low 

temperature regime [131]. However in these compositions (x=0.00 and 0.15) the AFM 
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behavior is still dominant as observed in the low temperature magnetic hysteresis shown 

in Fig. 4.8(a) and (c). For x=0.25, 0.35 and 0.45 compositions there is a marked change in 

the temperature dependence of the magnetization, with the magnetization increasing 

consistently as the temperature is decreased. The behavior is clearly indicative of 

ferromagnetic response, consistent with the low temperature hysteresis behavior of these 

compositions. 

 

Figure 4.10: The zero field cooled (ZFC) magnetization vs. temperature plots for Bi1-xSrxFeO3-δ (0 ≤ x 

≤ 0.45) samples under the applied field of 500 Oe. 
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4.6 Dielectric measurements 

4.6.1 Dielectric constant as a function of applied frequency 

Figure 4.11 shows the variation of dielectric constant (𝜀) for Bi1-xSrxFeO3-δ (x = 0, 0.15, 

0.25, 0.35 and 0.45) samples as a function of log of frequency (f) in the range 100 Hz to 1 

MHz, measured at room temperature. For all the compositions dielectric constant initially 

decreases rapidly with increasing frequency and thereafter reaches an almost constant 

value. Similar behavior has been reported in the literature for pure and variously doped 

BFO samples [132]. The large value of dielectric constant at lower frequencies and its 

rapid decrease at moderate frequencies is attributed to the interfacial charge build up, 

dislocation pile ups, O vacancies and grain boundary effects etc. describable as the 

Maxwell-Wagner contribution to the dielectric response [133]. The relative dielectric 

constants at 1 MHz (where interfacial polarization effects are insignificant) for the x = 0, 

0.15, 0.25, 0.35, and 0.45 samples are 65, 112, 99, 70, and 64, respectively. The small 

value for pure BFO may be the consequence of the impurity phases present in this 

composition, as discussed in the context of the XRD. These impurity phases are known to 

be conducting and can lead to leakage currents that degrade the dielectric constant. We 

note that these impurity phases were estimated to be decreasing in magnitude on going 

from x=0.00 to x=0.15. There is a significant increase in the dielectric constant over the 

same composition range suggesting that the reduced value for x=0.0 is related to the 

leakage currents expected from the impurity phases. On further Sr substitution the 

dielectric constant decreases consistently. In this composition range we did not observe 

any impurity phases hence the changes are related to intrinsic reasons. Two reasons are 

apparent. Firstly with increasing x, the Bi ion which is mainly responsible for the 

ferroelectric behavior is being replaced by the Sr ion. Secondly the crystalline structure is 

itself also moving away from the rhombohedral to the cubic. Both of these factors are 

expected to degrade the dielectric response. 

A decrease in the loss tangent (tanδ) has also been observed for all substituted samples 

compared to the x = 0 sample and is shown in Fig. 4.11(b), indicating an improvement of 

dielectric properties of BFO samples with Sr doping. The high tan δ in BFO may be the 

consequence of the impurity phases present in this composition and consequent leakage 

currents, as discussed above. The most significant decrease in the tanδ values for 

substituted samples was observed for x=0.15 sample which also has the largest dielectric 
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constant, whereas tanδ increases with further increase in Sr substitution. This latter 

increase in the values of tanδ (losses) is attributed to the increasing conductivity (due to 

the higher number of O vacancies) with increasing Sr content. 

 

Figure 4.11: (a) Frequency dependence of dielectric constant (𝜺) for Bi1-xSrxFeO3-δ (0.15 ≤ x ≤ 0.45) 

samples. Inset shows the response for pure BiFeO3 sample. (b) Frequency dependence of dielectric 

loss for Bi1-xSrxFeO3-δ (0 ≤ x ≤ 0.45) samples. 

4.6.2 Dielectric constant as a function of temperature 

For Bi1-xSrxFeO3-δ (x = 0, 0.15, 0.25, 0.35, and 0.45) samples, the variation of 𝜀 and tan δ 

with temperature at a measurement frequency of 20 kHz are shown in Fig. 4.12(a-e), 

displaying the behavior expected for the dielectric response of a ferroelectric for T < Tc. It 

is noticeable that the dielectric response evolves with concentration systematically. The 
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sharp rise with no indication of a peak at T~645 K for x=0.0, develops into a clear 

maximum for x=0.35 while the trend for 𝜀(𝑇) for x=0.15 and 0.25 is intermediate 

between these two cases. For the x=0.35 and x=0.45 samples, small dielectric anomalies 

can be seen at T=615 K and 613 K, respectively. (The strong peak for x=0.45 at T=450 K 

is discussed later). We understand these anomalies at 613 K and 615 K as corresponding 

to the antiferromagnetic transition temperature TN for these samples, since for un-

substituted BFO the TN is 643 K [134]. For the x=0.45 composition a strong anomaly, 

reminiscent of a ferroelectric transition, is observed at 450 K. Balamurugan et al.[135] 

reported a similar anomaly for 50% replacement of Sr at Bi-site, and attributed it to a 

ferroelectric transition. This would imply that the ferroelectric Tc of BFO shifts down 

from 1103 K to 465 K for x=0.45. Since the observed dielectric peak was very 

pronounced it was considered that the transition, if any, would leave its imprint in a 

Differential thermal analysis (DTA) measurement. With this intent DTA upto 1200K was 

performed for both x=0.0 and x=0.45 compositions. While the x=0.0 composition 

showed a clear anomaly in the DTA at T~1103 K, corresponding to the ferroelectric Tc; 

no similar feature was observed for the x=0.45 composition upto 1200 K. This clearly 

indicates that the strong dielectric anomaly observed in the dielectric response for x=0.45 

is not related with a ferroelectric phase transition (figure not shown). We have considered 

the possibility of this anomaly as originating in relaxation effects, in line with the 

discussion in Ref. 6 and 27 where a relaxor-like scenario was speculated for higher Sr 

doping in BFO. Using various microstructural techniques it was shown (ref 6 and 27) that 

on doping with Sr or Pb a chemically non-homogeneous system results. These studies 

showed that at low dopant concentrations there are cubic nano-regions embedded in a 

rhombohedral matrix, while at higher concentrations rhombohedral nano-regions inhabit 

the cubic matrix. Such a system can in general be a candidate for exhibiting relaxor like 

features. Since relaxors exhibit well defined shifts in the dielectric peak position with 

frequency, we conducted measurements for the x=0.45 system over the frequency range 5 

to 250 kHz (see figure 4.12(f)). While large frequency dependent shifts in the forward 

direction were obtained in most cases, the increase with frequency was not consistent 

with typical relaxor behavior. Measurements were repeated on the same sample and then 

on a different sample of the same composition to ensure reproducibility. It was thus 

verified that the non-monotonic variation of the peak position was not an experimental 

artifact and was a feature of this particular composition. It therefore appears that while 

this anomaly is related to the relaxational dynamics of the dipolar system it does not 
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exhibit typical relaxor behavior. Further studies are needed to investigate this behavior in 

more detail. 

 

Figure 4.12: (a-e )Variation of dielectric constant (𝜺) and dielectric loss (tan δ) with temperature for 

Bi1-xSrxFeO3-δ (0 ≤ x ≤ 0.45) samples at a measurement frequency of 20 kHz. (e) Variation of dielectric 

constant (ε) with temperature at different frequencies for x = 0.45 composition. 
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4.7 Diffuse reflectance spectroscopy of Bi1-xSrxFeO3 (0 ≤ x ≤ 0.45) 

In this section we present the effect of Sr doping on the optical characteristics of BFO 

utilizing Diffuse Reflectance Spectroscopy (DRS). Figure 4.13(a-e) shows the diffuse 

reflectance spectra of Bi1-xSrxFeO3 (0 ≤ x ≤ 0.45) samples at room temperature in which 

the Kubelka-Munk function, F(R) = (1-R
2
)/2R, is plotted as a function of energy. BFO 

has a rhombohedrally distorted structure, hence there is a point group symmetry breaking 

from Oh to C3v. (The symmetry change has been discussed in section 1.7). In all six d-d 

transitions  are expected between 0 and 3 eV [136], if we consider that Fe
3+

 ions (3d
5
 high 

spin configuration, 𝑡2𝑔
3 𝑒𝑔

2) in BFO are present in C3v local symmetry and the group 

theoretical analysis for the symmetry breaking from Oh to C3v is used [136]. It can be seen 

in Fig. 4.13(a) that four shoulders centered on 1.45 eV, 1.90 eV, 2.5 eV and 3.3 eV are 

present in BFO (x=0). The first two shoulders centered around 1.45 eV and 1.90 eV 

correspond to 
6
A1g → 

4
T1g and 

6
A1g → 

4
T2g excitations, respectively, which are very close 

to reported values for BFO single crystals and thin films [136]. These excitations are 

known to be d-d crystal excitations of Fe
3+

 ions in BFO. These excitations change the 

local spin of Fe
3+

 from S=5/2 to S=3/2 and formally they are forbidden. However, these 

transitions are observed when the spin orbit coupling relaxes the spin selection rule [137]. 

These transitions have been reported in other systems like Fe2O3 and GaFeO3 [138]. In 

our data there is a substantial increase in the absorption of BFO spectrum above 2.2 eV 

until a third shoulder is reached at 2.5 eV, while a fourth feature can be seen at 3.3 eV. 

The third and fourth transitions were assigned as charge transfer (CT) excitations [138, 

139]. Among these CT transitions the band centered around ~ 2.5 eV corresponds to two 

center CT transition driven by Fe1 3d – Fe2 3d intersite electron transfer. The band 

centered on ~ 3.3 eV corresponds to one center CT transitions which is associated with 

the interatomic p-d (O 2p – Fe 3d) transition. All these four excitations are also present in 

Sr doped samples (x=0.15‒0.45). However, the intensity of d-d excitations weakens as 

the Sr content is increased. 
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Figure 4.13: Room temperature diffuse reflectance UV-VIS spectroscopy plots depicting the 

electronic transitions of Bi1-xSrxFeO3-δ (x=0, 0.15, 0.25, 0.35, and 0.45) samples. 

In Figure 4.14 all the graphs are plotted together to see the variation in these transitions 

with increase in Sr content. With increasing Sr content two features are visible: (a) Both 

the d-d transitions weaken, with the 
6
A1g → 

4
T2g excitation disappearing as the Sr content 

reaches x = 0.45, (b) there appears to be a slight red shift in the d-d transition energies 

(80‒90 meV). It is known that in centrosymmetric complex such as octahedral 

environment, d-d transitions are forbidden by the Laporte rule [140]. While the d-d 

transition is present in the C3v symmetry (non centrosymmetric) of the parent compound, 

its weakening is an indication of change in Fe environment with increase in Sr content. 

This weakening is consistent with the XRD studies that show the crystal structure 

changing from rhombohedral (non-centrosymmetric) to the cubic (centro-symmetric) as 

the Sr content reaches x = 0.25 [141].  

The energies of these d-d transitions is understood to depend strongly on Fe‒O bond 

length, site symmetry and Fe‒O‒Fe bond angle [41]. The observed red shift in d-d 

transition energies is proportional to the increase of the crystal field splitting, Δ [41]. 

Susana et al.[41] observed a similar red shift in d-d transition for BFO with externally 

applied pressure. A similar red shift observed in our case is therefore indicative that Sr
2+

 

substitution in BFO increases the internal chemical pressure with resultant changes in the 

FeO6 environment and coordination [141], as a consequence of contraction in unit cell 

volume and transformation to cubic symmetry. This chemical pressure induced volume 
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reduction in the Sr doped BFO samples increases the crystal field splitting which leads to 

a red-shift in the two d-d transition band according to the modified Tanabe-Sugamo 

diagram [41]. 
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Figure 4.14: Room temperature diffuse reflectance UV-VIS spectroscopy plots depicting red shift in 

the electronic transitions with Sr content. 

The band gap of the Bi1-xSrxFeO3-δ (0 ≤ x ≤ 0.45) samples was determined by plotting the 

square of the Kubelka–Munk function F
2
(R) versus energy and extrapolating the linear 

part of the curve to F
2
(R) = 0 as shown in Fig. 4.15(a‒c). This yields the direct band gap 

energy. The band gap of the pure BFO was determined by the above method to be 1.99 

eV consistent with literature reports [142]. The variation of direct energy band gap as a 

function of Sr concentration is shown in Fig. 4.15(d), which shows that the band gap first 

increases slightly and then decreases for x > 0.15. The initial increase in the band gap 

may be ascribed to the change in crystal structure and decrease in the amount of a 

secondary phase present in the parent compound [141]. As compared to other oxides with 

wider band gaps e.g. TiO2 with Eg=3.32 eV [143], the lower band gap values in Sr doped 

BFO suggest that these materials may have a comparatively higher photocatalytic 

activity. 
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Figure 4.15: (a-c) Plot of square of K-M function i.e. F
2
(R) versus E (eV) for all Sr doped BiFeO3 

samples. (d) Shows the variation of band gap as a function of Sr concentration. 

The indirect band gap of the Bi1-xSrxFeO3-δ (0 ≤ x ≤ 0.45) samples was determined by 

plotting the square root of the Kubelka-Munk function 2/1))(( RF  versus energy, and 

extrapolating the linear part of the curve to zero as shown in Fig. 4.16(a‒c). (Here the 

square root of the KM function has been labeled as sqrt(F(R)). The indirect band gap for 

BFO was determined in this way to be equal to 1.41 eV, i.e. 0.58 eV smaller than the 

direct band gap, consistent with the literature [144, 145]. The variation of the indirect 

band gap energy as a function of Sr concentration is shown in Fig. 4.16(d), which shows 

that the band gap decreases with increase in Sr content. The decrease is more rapid for x ≥ 

0.25 most likely due to the change in crystal structure for higher Sr content. 
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Figure 4.16: (a-c) Plot of square root of F(R) versus E (eV) for all Sr doped BiFeO3 samples. (d) 

Shows the variation of indirect band gap as a function of Sr concentration. 

To further confirm the effect of chemical pressure on the band gap of Sr doped BFO 

samples, we have plotted the direct and indirect band gap values against the 

experimentally determined volume of the cubic unit cell, as shown in Fig. 4.17. It is 

found that both the direct and indirect band gap values of the Sr doped samples shift to 

lower energies with decreasing unit cell volume. The graph shows an almost linearly 

decreasing trend for the band gap, starting at x=0.25. The clear dependence of the gap 

energy on the unit cell volume (Figure 4.17) also explains the strong decrease in the direct 

and indirect band gap for x=0.45 seen in Fig. 4.15(d) and 4.16(d). Fig. 4.17 shows that 

this rapid change of the gap with increased concentration is actually completely consistent 

with the decreased cell volume caused by the increased chemical pressure. The deviation 

of the x=0.15 sample from the linear trend is understood by us as being due to its mixed 

crystal structure (cubic + rhombohedral) unlike the higher x compositions that are fully 

transformed to the cubic structure. The band gap being a bulk property depends on the 
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specific crystal structure, and in the presence of the two different structures, the band gap 

changes with volume are not expected to follow the same trend as the purely cubic 

structures. These observations are consistent with the hydrostatic pressure induced 

changes in the optical properties of BFO which were recently reported by Salces et al.[41]  
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Figure 4.17: Direct and Indirect energy band gaps as a function of volume of the cubic unit cell. 

4.8 Conclusions 

Our studies on the Bi1-xSrxFeO3-δ (0 ≤ x ≤ 0.45) system show that with increasing Sr 

concentration there is a structural transformation from the rhombohedral to the cubic 

phase. We find that up to x=0.15 the system exhibits a mixture of both the phases while it 

becomes fully cubic at x=0.25 and onwards. Mössbauer studies confirm that on 

incorporation of divalent Sr, charge compensation occurs via the generation of O 

vacancies while the Fe ion continues to be present in the Fe
3+

 state. Clear ferromagnetic 

hysteresis loop with a strong increase in saturation magnetization is observed for the 

x=0.25 sample consistent with the observed structural transformation (rhombohedral to 

cubic) that destroys the cycloid spin structure. However continued increase of the 

magnetization beyond x=0.25 suggests that at least part of the magnetization is 

contributed by the structural distortions developed by the increasing number of oxygen 

vacancies. This conclusion is supported by the observed decrease in saturation 

magnetization for the x=0.25 composition annealed in oxygen and the corresponding 

Mössbauer data. On Sr addition the dielectric constant shows an initial increase that is 
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attributed to the decrease in the presence of impurity phases present in the parent 

compound. The subsequent decrease of the dielectric constant, on further Sr 

incorporation, is connected to the change in the crystal structure and the growth of 

oxygen vacancies. Finally for the x=0.45 composition we find a strong and anomalous 

peak in the temperature dependence of the dielectric response that is attributed to 

relaxation phenomenon most likely related to the complex dipolar structure viz. nanopolar 

regions imbedded in the cubic matrix. Further studies, particularly of a microscopic 

nature, are required to investigate the details of this anomaly and the observed relaxation 

trends in this (x=0.45) composition. 

For optical properties the observed effects are consistent with Sr substitution resulting in 

an increase in the internal pressure due to the accompanying volume changes. Both the 

structural changes (rhombohedral to cubic) and the volume decrease generate changes in 

the FeO6 local environment. These factors affect the band gaps as well as the crystal field 

splitting which in turn affect changes in the energies of various transitions. The d-d 

transitions energies are found to develop a small red shift (80‒90 meV) consistent with 

the increased crystal field splitting which is expected as a consequence of increased 

chemical pressure. The d-d transitions were also observed to grow weaker with increase 

in Sr content and the effect is attributed to the change in crystal structure from 

rhombohedral to the cubic, since the centro-symmetric structure of these latter 

compositions forbids these transitions. The direct and indirect band gaps were both found 

to decrease with increase in the internal chemical pressure. The small band gap of Bi1-

xSrxFeO3-δ (0 ≤ x ≤ 0.45) compared to other ferroelectric perovskite compounds suggest 

its usefulness in oxide-based photovoltaic devices, with the added functionalities of a 

multiferroic. 
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Chapter 5                 Structural, Multiferroic, and Optical 

Studies of Bi0.75A0.25FeO3 (A=Sr, Pb, 

and Ba) 

5.1 Introduction 

In this chapter we present a comparative study of the effects of divalent Sr, Pb, and Ba 

substituents on the multiferroic properties of BFO. The multiferroic properties of 

Bi0.75A0.25FeO3 (A = Sr, Pb, Ba) samples have been explained taking into account the 

effects of size differences and electronic configuration differences between the host 

element (Bi) and the substituent. The preparation of these samples has been already 

discussed in chapter 3. In a previous chapter we observed that in BFO along with the 

suppression/destruction of the cycloid spin structure, other factors such as e.g. O 

vacancies also contribute to the increase in magnetization, which suggested that local 

lattice distortion also plays a key role in tuning magnetism. Hence the variation of the 

ionic size of the dopant is also expected to alter the multiferroic properties. The ionic size 

variation is expected to generate lattice strains resulting in changes in the Fe‒O bond 

length and/or a change in the Fe‒O‒Fe bond angle [146]. Moreover, since Bi is a lone 

pair element which factor plays an important role in its ferroelectricity, the role of lone 

pair of electrons on the dielectric and magnetic properties has also been investigated by 

comparing the effects of non-lone pair and pair di-valent dopants. Lone pair ions play a 

special role with regard to their higher polarizability and lack of spherical symmetry. Pb 

has been used as a lone pair dopant and the structure-property correlations have also been 

investigated.  

5.2 Structural Analysis 

The doping concentration for the various elements has been fixed at 25% keeping in view 

the maximum solid solubility limit of Pb and Ba in BFO which is around 30%. Figure 5.1 

shows X-ray diffraction patterns of BFO, Bi0.75Sr0.25FeO3 (Sr-25), Bi0.75Pb0.25FeO3 (Pb-

25) and Bi0.75Ba0.25FeO3 (Ba-25) samples at room temperature. The crystal structure and 

lattice parameters extracted via Rietveld fitting for all samples are summarized in Table 

5.1. The XRD patterns of pure BFO and Sr-25 samples have already been discussed in 

chapter 4. All the divalent doped BFO samples were carefully checked for traces of other 

impurity phases (e.g., Bi2O3, Fe2O3, Bi2Fe4O9 and Bi25FeO39, Fe2O3 etc.), employing the 
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quantitative Rietveld refinements technique. No peaks from possible residual impurity 

phases (Bi2O3, Fe2O3, Bi2Fe4O9 and Bi25FeO39, Fe2O3) were observed for the Sr-25, Pb-25 

and Ba-25 samples. Absence of impurity phases in Sr-25, Pb-25 and Ba-25 samples 

implies that these substituents suppress the formation of impurity phases observed for 

pure BFO.  

 

Figure 5.1: Rietveld refinement fitting results of the X-ray powder diffraction patterns of BFO, Sr-25, 

Pb-25, and Ba-25 samples measured at 300 K, showing the observed pattern (diamonds in red color), 

the best fit Rietveld profiles (black solid line), reflection markers (vertical bars), and difference plot 

(gray solid line at the bottom). 

To further investigate the influence of Sr, Pb and Ba substitution on the structure of BFO, 

the detailed XRD patterns in the 2θ range of 30.5
o
‒33.5

o
 are shown in Fig. 5.2. As can be 

seen in Fig. 5.2, that two clearly well separated reflection peaks of (104)h and (110)h in 

the vicinity of 2θ=32
o
 in the pattern of BFO merged into a single peak (110)c in the 

diffraction patterns of the substituted samples. These signs indicate a structural 

transformation between pure and substituted BFO. Substitution of Bi by Sr and Pb 

changes the structure from rhombohedral (𝑅3𝑐) to cubic (𝑃𝑚 − 3𝑚). For the Ba 

substituted sample, the asymmetric feature of the peak shows that rhombohedral and 

cubic phases coexist [116]. Quantitative Rietveld refinement showed that for Ba-25 
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sample, Pm-3m phase comprises 70% while R3c comprises 30% of the total amount. 

Indeed this structural transition is consistent with some reported results [116, 117, 147]. 

The effective ionic radii of Sr
2+

, Pb
2+

 and Ba
2+

 under the anion coordination number of 6 

are known to be 1.18 Å, 1.20 Å and 1.36 Å, respectively, which are significantly larger 

than the effective ionic radius of 1.03 Å for Bi
3+

 [148]. A comparison of (110)c diffraction 

peak associated with the cubic phase reveals that for the substituted samples, the peak 

shift towards lower angles with an increase in the ionic radii of the substituent, as can be 

seen in Fig 5.2. 
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Figure 5.2: Expanded view and deconvoluted XRD patterns of BFO, Sr-25, Pb-25 and Ba-25 near 

2θ=32
o
. Labels of the samples defined in the text. 

Table 5.1: Structural parameters for BFO, Sr-25, Pb-25, and Ba-25 obtained from Rietveld 

refinement. 

 

Sample 

Name 

Cubic 

Phase 

(Pm-3m) 

Rhombohedral 

Phase (R3c) 

 

Vol.(Å
3
) 

 

Wt% Reitveld 

 

Rwp 

 

RBragg 

ac(Å) ah(Å) ch(Å) R3c Pm-3m 

BFO  5.5813 13.877 374.37 100  10.755 4.5401 

Sr-25 3.9485  61.563  100 0.324 0.5199 

Pb-25 3.9590  62.055  100 6.017 2.362 

Ba-25 3.9453 5.6206 13.814 63.3709 30 70 5.645 3.329 

Note: AA = Air annealed, OA = Oxygen annealed, Rwp and RBragg = R-factors 
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The lattice constant ‘a’ of the cubic unit cell as a function of effective ionic radii of the A-

site substituent is shown in Fig. 5.3. For Ba-25, which has a mixed phase, the (110)c peak 

of the cubic component was used to extract the lattice constant. The lattice constant 

shows an increasing trend as the ionic size of the substituent gets larger which results in 

the increase of the unit-cell volume.  
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Figure 5.3: The lattice constant ‘a’ for cubic unit cell as a function of the ionic radii of the substituted 

A-site ions (x=0.25). 

5.3 Rutherford backscattering spectroscopy (RBS) analysis 

In order to measure actual atomic percentage (at. %) of the elements, RBS measurements 

were carried out. The RBS spectrum for pure BFO, Sr-25, Pb-25 and Ba-25 samples is 

shown in Fig. 5.4. The obtained RBS spectrum was analyzed using XRUMP simulation 

software to extract the composition of the samples. Table 5.2 summarizes the atomic 

percentage and atomic ratio of the elements for pure BFO and substituted samples. A 

comparison between the atomic percentage of Bi and Fe or in the case of doped samples 

between Bi+dopant and iron, suggests that Bi ions are fewer than Fe ions in all the four 

studied samples. For an ideal situation these two concentrations (Bi and Fe) should be 

equal. Since Fe volatization is not expected, this compositional difference is an indication 

of Bi volatization during the synthesis procedure, in particular the heat treatment. The 

atomic percentage of O ions is also than expected (60%) indicating that the oxygen 

content is reduced due to formation of O vacancies, as a charge compensation 

mechanism. In the case of pure BFO this is necessary to compensate for the Bi 
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volatization while in the case of the doped compositions it may also compensate for the 

divalent substituent. The resulting non-stoichiometry due to oxygen vacancies may be 

expressed as Bi0.75A0.25FeO3-δ. 

 

 

Figure 5.4: RBS spectra and XRUMP simulation on the data for BFO, Sr-25, Pb-25, and Ba-25 

samples.  

Table 5.2: Atomic ratios of elements for pure BFO, Sr-25, Pb-25, and Ba-25 samples. 

 

Sample Name 

Atomic % of elements 

Bi Dopant Bi + Dopant Fe O 

BFO 17 0 17 21 62 

Sr-25 15 5 20 22 58 

Pb-25 16 5 21 23 56 

Ba-25 15 5 20 23 57 
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5.4 Morphological Study 

The morphologies of BFO, Sr-25, Pb-25, and Ba-25 samples are shown in the SEM 

images of Fig. 5.5. It can be seen that the grain sizes are greater than 1 μm for pure BFO 

and lie in the range of 0.2‒0.4 μm for doped samples. In the case of Sr-25 and Ba-25 

faceted growth is apparent while this tendency is suppressed in Pb-25. The final 

morphology of a crystal depends on both its intrinsic lattice structure and external 

conditions for growth. The former will lead to the equilibrium crystal shape (ECG) with 

minimum total surface energy and the latter forces the crystal to deflect from ECG [149]. 

The actual crystal shape is derived from the competition of internal and external factors. 

In the fast reaction period, the resultant samples undergo a fast evolution process and as a 

result Sr-25 and Ba-25 develop facets while this faceted growth is suppressed in Pb-25. 

This might be due to the different electronic structure of Pb (Pb has a lone pair) compared 

to Sr and Ba.  

 

Figure 5.5: SEM Images for (a) BFO,(b) Sr-25, (c) Pb-25, and (d) Ba-25 samples. 
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5.5 Mössbauer analysis 

The possible valance changes in Fe ions on incorporation of 25% Sr, Pb and Ba into the 

system have been investigated using Mössbauer spectroscopy measurements. The 

Mössbauer spectra obtained for BFO, Sr-25, Pb-25, and Ba-25 samples at room 

temperature are presented in Fig. 5.6. The parameters extracted from the best fits for the 

respective compositions are summarized in Table 5.3. The BFO (x=0) spectrum is well 

fitted with a sextet and a singlet. The sextet indicates that the sample is in a magnetically 

ordered state. The sextet having hyperfine field of about 500 kOe is considered as 

originating from the iron ions located on sites with octahedral symmetry, as already 

discussed in the previous chapter [120]. The presence of the singlet is anomalous and may 

correspond to the presence of Fe in an impurity phase. The singlet/sextet relative area 

under the peaks is about 0.07 (7 % relative area) which may correspond to the 

contribution of the impurity phase Bi25FeO40 [121, 122]. The Rietveld refinement of XRD 

data for this composition also shows Bi25FeO40 impurity phase with about the same 

amount. However we note that when Bi is doped with 25% of Sr, Pb and Ba, the singlet 

associated with the impurity phase disappears but another sextet (sextet 2) starts to 

appear. The absence of the singlet indicates the absence of the impurity phase due to 

dopant incorporation, as discussed earlier in the XRD section. The reduction of impurity 

phase in divalent substituted samples indicates that these substituents reduce the 

formation of the impurity phases.  

As discussed in chapter 4 the origin of sextet 2 is due to the oxygen deficiency in the 

lattice. We note that the values of isomer shift, Г, are reported to be in the range of 0.6‒

1.7 mm/s for Fe
2+

; 0.05‒0.5 mm/s for Fe
3+

 and -0.15‒0.05 for Fe
4+

 [120], whereas values 

of Г obtained in our case lie in the range between for 0.38 to 0.25 for all samples. Thus to 

the extent of our resolution the measured Г values are typical of high spin Fe
3+

 and no 

indication of the presence of Fe
4+

 in the lattice was detected. Thus the Mössbauer 

spectroscopy results indicate that the divalent substitution at Bi-site in BFO does not lead 

to stabilization of the Fe
+4

 state but causes the formation of O vacancies. For sextet 2 the 

measured hyperfine field values (Heff) were ~ 430 kOe, 428 kOe and 427 kOe for Sr-25, 

Pb-25 and Ba-25 samples, respectively, and corresponds to the value reported for 

asymmetrically tetrahedrally coordinated Fe
3+

. Hence the Mössbauer data strongly 

suggests that sextet 2 may be attributed to the presence of some asymmetrically 

tetrahedrally coordinated trivalent iron ions. The presence of Fe in an asymmetric 
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tetrahedral (4 fold) coordination with oxygen is indicative of the deficiency of oxygen. 

Thus one can argue that the formation of O vacancies is a general mechanism of charge 

compensation in the case of A
2+

 substitution in BFO.  

  

  

Figure 5.6: Mössbauer spectra for the BFO, Sr-25, Pb-25, and Ba-25 samples at room temperature. 

Table 5.3: Room temperature Mössbauer parameters of BFO, Sr-25, Pb-25, and Ba-25 samples. 

Sample 

Name 

Fe site Heff 

(kOe) 

Δ 

 (mm/s) 

Г  

(mm/s) 

Rel. Area 

(%) 

BFO Sextet 

Singlet 

499 

--- 

0.07 

0.00 

0.38 

0.26 

93 

7 

Sr-25 Sextet 1 

Sextet 2 

503 

430 

0.00 

0.30 

0.37 

0.36 

86 

14 

Pb-25 Sextet 1 

Sextet 2 

499 

428 

-0.12 

0.30 

0.26 

0.25 

88 

12 

Ba-25 Sextet 1 

Sextet 2 

504 

427 

-0.08 

0.30 

0.26 

0.25 

88 

12 
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5.6 Magnetic Measurements 

Figure 5.7(a) and (b) shows the magnetization hysteresis (M-H) loops (at room 

temperature and 50 K) of BFO, Sr-25, Pb-25 and Ba-25 samples for the maximum 

magnetic field (Hm) of 3T. BFO is a G-type antiferromagnet with a cycloid spin 

arrangement incommensurate with its lattice over a period of 620 Å [150]. Hence M(H) 

dependence of BFO has a linear character without any spontaneous magnetization, thus 

confirming the antiferromagnetic nature of the sample as shown in the Fig. 5.7. Sr-25, Pb-

25 and Ba-25 samples demonstrate a weak ferromagnetic behavior at room temperature 

and at 50 K, evidenced by the presence of non-zero remnant magnetization (Mr) and 

coercivities (Hc) as can be seen in Fig. 5.7(a) and (b). The variation of the saturation 

magnetization (Ms) as a function of average ionic radius of the A-site ion is shown in Fig. 

5.8. The correlation between the ionic radii of the substituting element and the value of 

Ms shows that increase in the ionic radii of the substituent results in an increase in Ms. 

Even though divalent Sr and Pb are very close in ionic size there is a significant 

difference in their moments. As expected the largest size Ba yields the largest moment 

e.g. a moment Ms of 2.2 emu/g has been obtained for the Ba-25 sample at 50 K. Since 

Sr
2+

, Pb
2+

 and Ba
2+

 are like Bi
3+

, nonmagnetic ions; they are not expected to contribute 

directly to the magnetic properties of this material. Net magnetization in Sr-25, Pb-25 and 

Ba-25 samples should therefore be related to local lattice distortion [151], and the 

substitution induced suppression of the inhomogeneous modulated cycloid spin structure 

[152]. XRD results, as discussed above, indicate that for Sr-25 and Pb-25, the structure 

was transformed from rhombohedral to cubic (𝑅3𝑐 → 𝑃𝑚3𝑚) and this transformation is 

expected to weaken the inhomogeneous spin structure and a homogeneous spin structure 

may be formed. As such the latent magnetization locked within the cycloid will be 

released and a significant enhancement of magnetic properties can be observed. The 

largest size Ba-25 sample for which XRD studies showed that the transformation to the 

cubic phase was not complete, as in the case of Sr-25 and Pb-25 samples, however, had 

the largest magnetization. This suggests that along with the suppression/destruction of 

spiral spin structure caused by the structural phase change there may be other structural 

changes e.g. the change in local environment due to a larger size ion that can also have a 

significant effect on magnetic properties. We suggest that the evolution of weak 

ferromagnetism due to these substituents can be further explained by noting that the 

structural changes observed for the Sr-25, Pb-25 and Ba-25 samples would also induce 

Inhomogene

ous: weak 

FM? 

Homogenous

: more FM? 

Needs 

clarification 
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local changes such as Fe‒O bond lengths and Fe‒O‒Fe bond angles as evidenced from 

the structural analysis data (Fig. 5.3). We have noted that the lattice constant ‘a’ increases 

as a function of ionic radii of the A-site substituent. Here we recall that superexchange 

interaction which leads to the AFM behavior of the host BFO system is highly sensitive 

to bond distances and angles. This strongly suggests that afore mentioned changes in the 

Fe‒O local environment would affect the superexchange interaction and hence the 

magnetization. Although the ionic size of Sr is comparable with Pb, Pb-25 was found to 

have a significantly larger magnetization. This might be due the presence of a lone pair in 

Pb since lone pair cations are an additional source of structural distortion [88]. We also 

note that the “uprightness” or vertical-ness of the hysteresis loops increases in the same 

sense as the magnetization of the different compositions. This suggests that the initial 

susceptibility of the compositions also increases along with the magnetization. This is 

consistent with the work of Wang et al.[77] showing that the magnetoelectric effect and 

the weakening of the spin cycloid lead to enhancement of polarization and in turn to 

enhancing the initial susceptibility. 

 

Figure 5.7:  Field dependences of magnetization for BFO, Sr-25, Pb-25 and Ba-25 ceramics at (a) 300 

K, and (b) 50 K. Note the slight shrinkage of the 50 K loops horizontally indicating lowered 

coercivities. 
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Figure 5.8: Saturation magnetization of Bi1-xAxFeO3-δ (A = Sr, Pb, and Ba) compounds as a function 

of the average ionic radius of A-site ions.  

The derived magnetic parameters (e.g., Ms, Mr and Hc) at 50 K and 300 K are 

summarized in Table 5.4. As expected, the low temperature magnetic characteristics show 

higher values for MS and Mr for all substituted samples. However unexpectedly, the trend 

is opposite for HC. The coercivity is observed to be significantly smaller at low 

temperatures for all of the divalent doped samples. The percentage decrease in the HC as 

the temperature is decreased from 300 K to 50 K is 22%, 40%, and 18% for Sr, Pb, and 

Ba doped samples, respectively. Whereas the percentage increase in MS as the 

temperature is decreased over the same temperature range is 29%, 28%, and 37% for Sr, 

Pb, and Ba doped samples, respectively (Table 5.5). We can note that percentage decrease 

in HC and percentage increase in MS has no correlation with each other.   

It is observed that the room temperature coercivity is high in all these samples and such 

values of coercivity (1.1 to 2.7 kOe) are not typical to situations where domain wall 

pinning alone determines the coercivity. The typical coercive fields due to domain wall 

pinning effects are typically smaller, less than a few hundred Oersteds [153]. This implies 

that the strong coercive force observed in our case may be related to the magnetic 

anisotropy that can lead to large values for the coercivity. We note however that in 

ferromagnetic systems larger coercivity values are generally observed at lower 

temperatures. For large size specimens the coercivity is defined by the various pinning 

mechanisms for the domain walls. However for single domain type situations the 

maximum possible coercivity of small particles is given by 
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where 𝐾𝑢is the uniaxial magnetic anisotropy of the crystal [154]. For a constant magnetic 

moment per single domain particle, T < TB, where TB is the blocking temperature, the 

increase in uniaxial magnetic anisotropy at lower temperatures yields larger coercivities 

for small particles or systems dominated by single ion type anisotropies. The application 

of this relation (Equation 5.3) to our system is debatable in the sense that we do not have 

single domain particles. However, we note that for operational purposes we can consider 

our grains (d~200−400 nms) to be divided into smaller regions (similar to a collection of 

single domains) with the coercivity basically defined by the magnitude of the effective 

magnetic anisotropy. Later analysis of the data will be used to substantiate this assertion. 

Within this general picture the observed decrease of coercivity at lower temperatures can 

be explained if we consider magnetoelectric coupling as producing an additional 

contribution to the anisotropy that actually acts to decrease the effective magnetic 

anisotropy. There is an extensive literature on the effects of ferroelectricity and its 

associated structural changes on the single ion anisotropy. Several studies have 

considered the trend of the coupling of ferromagnetic and ferroelectric hysteresis and on 

the correlations in the behavior of the ferroelectric and magnetic domains [155, 156]. This 

includes studies on the rotation of the magnetic easy axes at the structural transitions 

accompanying the ferroelectric transitions and electric field control of magnetic domain 

reversals. Ruette et al.,[73] have shown that the ESR spectra in BFO can be interpreted in 

terms of a Ginzburg-Landau free energy that includes the magnetoelectric coupling via 

the Dzyaloshinskii-Moriya (DM) interaction. The zero field energy can be written as a 

sum of the anisotropy constants Ku and K2 and a coupling energy term proportional 

to (𝛽. 𝑃)2, where 𝛽 is the magnetoelectric constant and P the polarization. This equation 

can be interpreted as indicating that the effective anisotropy energy of the multiferroic is 

reduced by the effect of the magnetoelectric coupling. Thus in the presence of 

magnetoelectric coupling, a modified uniaxial anisotropy constant can be written that also 

takes into account the contribution due to the magneto-electric effect, which can be 

expressed as [73, 77] 

2

)( 2
/ z

uu

P
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Here 𝛽 is the homogeneous magnetoelectric coefficient that is related to the DM magnetic 

field, 𝜒⊥is the magnetic susceptibility in the direction perpendicular to the 

antiferromagnetic vector, 𝑃𝑧 is the spontaneous electric polarization, while 𝐾𝑢 is the 

anisotropy constant in the absence of the coupling effects [73, 157].  

Accordingly an increase in the polarization at lower temperatures in a ferroelectric is 

expected to lead according to Equation 5.4, a decrease in the value of the effective 

anisotropy constant and hence to a reduced coercivity. Thus, we suggest that the observed 

decrease in coercivity at lower temperature is to be explained by the presence of 

magnetoelectric coupling in Sr-25, Pb-25 and Ba-25 samples. In particular, we note that 

in our case the largest effect in the decrease of coercivity is for the lone pair possessing 

Pb compound (~40% decrease) which also has the largest dielectric constant (section 5.7), 

while the other two non-lone pair systems show about 22, and 18% decrease for Sr-25, 

and Ba-25 samples, respectively, consistent with the discussion [158]. 

Table 5.4: Derived magnetic parameters for Sr-25, Pb-25 and Ba-25 samples. 

 

Sample 

Name 

 

Dopant 

 

Ionic radius 

of dopant 

 (Å) 

Remanent 

Magnetization 

(emu/g) 

Saturation 

Magnetization 

(emu/g) 

Coercive 

Field 

 (Oe) 

50 K 300 K 50 K 300 K 50 K 300 K 

Sr-25 Sr
2+

 1.18 0.17 0.16 0.75 0.58 980 1259 

Pb-25 Pb
2+

 1.20 0.24 0.23 1.20 0.94 650 1100 

Ba-25 Ba
2+

 1.35 0.85 0.66 2.20 1.61 2200 2700 

Table 5.5: Percentage decrease in HC and percentage increase in MS with temperature for Sr-25, Pb-

25, and Ba-25 samples. 

Sample 

Name 

𝑯𝑪(𝟑𝟎𝟎𝑲) − 𝑯𝑪(𝟓𝟎𝑲)

𝑯𝑪(𝟑𝟎𝟎𝑲)
 × 𝟏𝟎𝟎% 

% age change in HC 

𝑴𝑺(𝟑𝟎𝟎𝑲) − 𝑴𝑺(𝟓𝟎𝑲)

𝑴𝑺(𝟑𝟎𝟎𝑲)
 × 𝟏𝟎𝟎% 

% age change in MS 

Sr-25 +22 -29 

Pb-25 +40 -28 

Ba-25 +18 -37 

In order to have further insight of the coercivity variation at lower temperatures we have 

taken M-H loops at selected temperatures between 50 K and 400 K for Sr-25, Pb-25, and 

Ba-25 samples and the obtained data is shown in Fig. 5.9. The variation of MS and HC as 
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a function of temperature is also shown in the Fig. 5.9. (here MS represents the maximum 

moment at 3T applied field and is not to be confused with the MS in equation 5.3, which 

refers to the saturated magnetization  per particle). Figure 5.10 shows that the coercivity 

of Sr-25, Pb-25, and Ba-25 samples decreases systematically as the temperature is 

decreased. M-H measurements on one of the sample (Bi0.55Sr0.45FeO3) studied in chapter 

4 were also taken between 5 K and 300 K at selected temperatures. It can be seen that 

that coercivity decrease with decreasing temperature up to 50 K and then again starts 

increasing as the temperature is further decreased below 50 K. This feature may be 

interpreted as indicating that the overall trend of the variation in HC is determined by the 

competition between the usual magnetic anisotropy and the coupling term as given in 

Equation 5.4. At lower temperatures where the variation of P(T) may be very slow 

increase in some form of magnetic anisotropy e.g. surface anisotropy of nanograins may 

lead to further increase in magnetic coercivity.  
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Figure 5.9: Magnetization as a function of magnetic field at different temperatures for Sr-25, Pb-25 

Ba-25, and Sr-45 samples, respectively. Saturation magnetization and coercivity at different 

temperature is also shown for these samples.  

 

Figure 5.10: Magnetization as a function of magnetic field at different temperatures for Sr-45 sample. 

Saturation magnetization and coercivity at different temperature is also shown for this sample.  
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5.7 Dielectric Measurements 

5.7.1 Dielectric constant as a function of frequency 

Figure 5.10 shows the frequency dependence of dielectric constant (ɛ) for all samples at 

room temperature. In general, ɛ is seen to decrease gradually with increasing frequency at 

low frequencies and to remain fairly constant at higher frequencies. The low frequency 

dispersion can be attributed to Maxwell-Wagner type interfacial polarization [159]. These 

dipoles may arise due to charge defects (Bi and O vacancies) and localized charges [160]. 

Similar trend has also been reported in Dy, Sm and La doped BFO [161-163]. The 

corresponding values of ɛ at 1 MHz for the BFO, Sr-25, Pb-25 and Ba-25 samples are 65, 

99, 124 and 86, respectively. While the relatively lower value for the pure BFO may be 

attributed to its lower density and the presence of leakage currents in this system, the 

comparison between the dielectric response of the three doped systems is more difficult to 

pin down to a definite reason. We note that SEM images do not show any significant 

difference in grain sizes or density between the three doped systems. Similarly oxygen 

vacancy effects as determined indirectly via Mössbauer are very similar for all three 

compositions. Furthermore all three systems are structurally very similar showing the 

removal of the rhombohedral distortion and the stronger presence of the cubic phase. We 

note that the differences in dielectric response between the Sr and Ba doped systems are 

small while the Pb doped sample has a significantly larger value compared to the former 

two. In the light of the various similarities between these three systems the larger 

dielectric constant in the case of the Pb doped system can be attributed to the fact that Pb 

ion has a higher polarizability due to the presence of a lone pair.   
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Figure 5.11: Frequency dependence of dielectric constant (ɛ) at room temperature for Sr-25, Pb-25 

and Ba-25 samples. The inset shows the behavior of the pure BFO. 

5.7.2 Dielectric constant as a function of temperature 

Figure 5.11 shows the temperature dependence of ɛ and tan δ of BFO, Sr-25, Pb-25 and 

Ba-25 samples at 20 kHz. The maximum values of ɛ for the samples are 1350 (Sr), 2000 

(Ba) and 6000 (Pb), calculated at 640 K. Higher value of the ɛ for the case of Pb doped 

sample is evident. It can be seen that ɛ and tan δ remains almost constant in the low 

temperature regime whereas in the higher temperature region (T ˃ 400 K), the values of 

both of these parameters rises significantly as temperature increases. We recall that the 

Néel temperature of BFO is about 643 K while its ferroelectric Curie temperature is about 

1103 K hence the rapid rise observed may not be attributed to the ferroelectric transition. 

Several reports have shown similar behavior in BFO bulk and nanoparticle systems and 

the behavior has been variously attributed to the movement of charge carriers through the 

lattice creating additional polarization and to the thermal activation of dipoles over 

orientational barriers. Such effects have been shown to be prominent at low frequencies 

typical of Maxwell Wagner type dispersion and negligible at high frequencies, in excess 

of a few Mega Hertz [164]. While dispersive effects were seen to be small in these 

samples at low temperatures, the same obviously is not necessary at the elevated 

temperatures (T > 400 K), where thermal activation effects are more significant. This 

feature (rapid increase of ɛ) is common to all three dopants.  
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We note that an additional anomaly is observed in both the ɛ and tan δ patterns at 493 K 

and 497 K, respectively for Pb-25. This anomaly has been previously attributed to a 

transient interaction between oxygen ion vacancies and the Fe
+3

/Fe
+2

 redox couple [165]. 

Similar results have been reported for Y doped BFO, in particular for Bi0.85Y0.15FeO3, 

which shows that both the presence of a particular dopant and the concentration of O 

vacancies plays a significant role in the existence of such a broad peak in ɛ(T) in the case 

of BFO [166]. No other dielectric anomalies corresponding to the Néel temperature or 

ferroelectric to paraelectric transition have been observed for BFO, Sr-25, Pb-25 and Ba-

25 samples, implying that these transition lie outside the studied temperature window. 

 

Figure 5.12: Temperature dependence of dielectric constant (ɛ) and loss tangent (tan δ) for BFO, Sr-

25, Pb-25 and Ba-25 samples. The presence of an anomaly for the Pb-25 sample at T ~ 490 K is 

evident. The data was taken at 20 kHz for all samples.  

5.8 Diffuse reflectance spectroscopy (DRS) 

Kubelka-Munk function, F(R) = (1-R
2
)/2R, where R is the reflectance, is plotted as a 

function of energy for BFO, Sr-25, Pb-25 and Ba-25 samples and is shown in Fig. 5.12. 

The near band gap charge transfer bands (or states) and doubly degenerated d-d 

transitions of Fe
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chapter that the two transitions observed in the energy range ~ 2.50 eV and 3.3 eV are 

assigned as charge transfer (CT) excitations [138], whereas the reflectance bands between 

1 and 2 eV predicted (but spin forbidden) to be on-site d-d crystal field excitations of Fe 

ions. As already discussed in the previous chapter that d-d transitions are forbidden for 

Fe
3+

 ions present in a centrosymmetric environment. Hence the weakening of d-d 

transitions for Sr-25, Pb-25 and Ba-25 samples is due to symmetry breaking from C3v to 

Oh (structural transformation from rhombohedral to cubic).     

 

Figure 5.13: Kubelka-Munk function as a function of energy for BFO, Sr-25, Pb-25, and Ba-25 

samples showing Charge transfer bands (C-T) and double degenerated d-d transitions of Fe
3+

 ion. 

To investigate the chemical pressure effect on the d-d transition energies we have plotted 

all graphs together in Fig. 5.13(a), while Fig. 5.13(b) is the same data as shown earlier in 

Fig. 4.14 in a previous chapter. As we noted in the context of Fig. 4.14, the red shift of d-

d transition energies occurred due to a decrease in the unit cell volume. Hence in the 

present case a blue shift in the d-d transition energies is expected for Sr-25, Pb-25, Ba-25 

samples due to the concomitant increase in the unit cell volume (see Fig. 5.3) with these 

divalent dopants. It can be clearly seen in Fig. 5.13(b) that the d-d transitions show a blue 

shift (90‒100 meV) as the unit cell volume increases. As already discussed that the 

energies of these d-d transitions is understood to depend strongly on Fe‒O bond length, 
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site symmetry and Fe‒O‒Fe bond angle [41]. It has been suggested that the red shift in d-

d transition energies is proportional to the increase of the crystal field splitting, Δ, [41], 

hence the observed blue shift in this case reflects a decrease in Δ. Thus increase in unit 

cell volume of Sr, Pb, and Ba doped BFO samples decreases the crystal field splitting 

which leads to a blue-shift in the two d-d transition bands according to the modified 

Tanabe-Sugamo diagram [41]. 

 

Figure 5.14: (a) A flash back from chapter 4 showing a red shift in d-d transition energies, (b) A blue 

shift in d-d transition energies for BFO, Sr-25, Pb-25, and Ba-25 samples due to increase in unit 

volume.    
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Pb doped system where the band gap actually decreases. The increase for the cases of Sr 

and Ba can be attributed to the decrease in chemical pressure as a result of increase in unit 

cell volume. The anomalous behavior observed for the case of the Pb doped sample 

suggests that the introduction of Pb may be facilitating the presence of interband states 

thereby lowering the band gap. Amongst these dopants Pb of course is unique in the sense 

of possessing a lone pair. 
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Figure 5.15: (a-d) Plot of square of K-M function i.e. F
2
(R) versus E (eV) for all BFO, Sr-25, Pb-25, 

and Ba-25 samples. (e) Shows the variation of direct band gap for these samples. 
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5.9 Conclusion 

In summary, pure BFO and Bi0.75A0.25FeO3 (A = Sr, Pb, Ba) single phase solid solutions 

were synthesized by a solid state reaction method. The diffraction pattern revealed a 

possible structural phase transformation from rhombohedral to cubic structure with 

divalent ion substitution. In all the compositions it appears that charge compensation 

occurs by the formation of O vacancies and Fe ions retain their trivalent state. Saturation 

magnetization increases with increase in radius of A-site ion. Saturation magnetization 

increase is explained in terms of the suppression/destruction of spiral spin structure along 

with possible changes in Fe−O local environment that will affect the superexchange 

interaction. All substituted samples show large coercivities which may have resulted from 

magnetic anisotropy effects while the reduction of coercivity at low temperatures points 

towards the presence of magnetoelectric coupling in these systems. It is apparent that all 

the details of the experiments cannot be explained simply in terms of the size differences 

of the divalent substituents and consequent structural distortion. The behavior of the Pb 

doped system, where it has the largest ɛ, much larger magnetic moment compared to Sr 

ions of a similar size, and the largest decrease in magnetic coercivity at low temperatures, 

clearly indicates that despite its divalent state it stands somewhat apart from the Sr and Ba 

doped systems. Since structural phases and grain size or porosity do not point towards 

any unique aspects of the Pb doped system as compared to the Sr doped system, we 

understand the differences in its case to be a consequence of the lone pair that it 

possesses. It is suggested that the lone pair not only affects the AFD distortions leading to 

larger magnetization but also to an enhanced ferroelectric distortion, as evidenced in its 

larger dielectric constant, and stronger magnetoelectric effects evidenced in the 

temperature dependence of the coercivity. The d-d transitions energies are found to 

develop a small blue shift (90‒100 meV) consistent with the decreased crystal field 

splitting which is expected as a consequence of decreased chemical pressure. The d-d 

transitions were also observed to grow weaker in Sr, Pb and Ba doped samples, which is 

attributed to the change in crystal structure from rhombohedral to the cubic, since the 

centro-symmetric structure of these latter compositions forbids these transitions. The 

direct band gap was found to increase with decrease in the internal chemical pressure. In 

general we can assert that the modification of the multiferroic and optical properties of 

BFO by these dopants depends on both their size and electronic configurations. 
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Chapter 6       Thickness Dependent Magnetic and Ferroelectric 

Properties of BiFeO3 Thin Films 

6.1. Introduction 

From both a fundamental and applied perspective, it is essential to study the thickness 

dependence of multiferroic properties of BFO thin films. While a vast amount of 

published work exists on this theme, in most cases the magnetic properties or the 

ferroelectric properties have been reported separately. Some papers describe the basic 

leakage mechanisms in BFO [167-170]. However no correlation between these viz. 

morphological, magnetic, ferroelectric and leakage current properties has been drawn. In 

this chapter, such different aspects (morphological, magnetic, ferroelectric and leakage 

current properties) have been investigated and a co-relation between various properties 

has been drawn.  

In the current chapter we present the thickness dependent multiferroic properties of BFO 

thin films deposited on LaNiO3 (LNO) buffered Pt/Ti/SiO2/Si(100) substrate, grown by 

radio frequency (RF) sputtering. The BFO films were deposited with and without LNO 

buffer layer to study the effect of LNO buffer layer on film growth and crystallinity. The 

thickness of the films was varied in the range between 40‒480 nm to understand the 

effect of thickness variation on crystal structure, ferroelectric and magnetic properties.  

6.2. XRD patterns for BiFeO3 thin films with various film thickness 

The synthesis and optimization procedure for the RF sputtered films has been discussed 

in Chapter 3. Here we discuss the thickness dependence of the observed structure and 

morphology. Figure 6.1(a) shows the XRD patterns of all the BFO thin films at room 

temperature. As discussed earlier in chapter 3, BFO thin film was first deposited directly 

on Pt/Ti/SiO2/Si(100) substrate without LNO buffer layer and the XRD revealed a  small 

amount of the perovskite phase as well as considerable amount of the impurity phase 

(Bi2Fe4O9), as shown in Fig. 6.1(a). However all the BFO films deposited on LNO 

buffered Pt/Ti/SiO2/Si(100) substrate, under identical sputtering conditions, exhibit no 

extra phases  and the crystallinity is improved. This suggests that LNO acts as an 

effective buffer layer for the growth and crystallization of BFO thin films on 

Pt/Ti/SiO2/Si(100) substrates. The improvement in the BFO crystalline quality may 

follow from the similarity of the crystalline structure of the LNO with BFO, which 
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enables a compatible interface between BFO and the LNO. As reported, LNO grows 

preferentially oriented along (100) direction [111, 112], which seemingly facilitates the 

growth of our BFO thin films as highly oriented along (100) orientations regardless of 

film thickness. This can be seen clearly in Fig. 6.1(a). Figure 6.1(b) shows the 

arrangement of different layers, as grown. In Fig. 6.1(c) we show the variation in full 

width at half maximum (FWHM) of the (100) diffraction peak which decreases with 

increase in film thickness, particularly at the low thickness regime. This suggests an 

increase in the grain size and lesser strains in the films with increasing thickness. Longer 

in-situ annealing times employed for thicker films support larger grain growth and reduce 

the strains.  

 

Figure 6.1: (a) XRD patterns of LaNiO3 buffered BiFeO3 thin films with different thicknesses in the 

range between 40−480 nm deposited at 10 mTorr and 570 °C. Substrate response and the BiFeO3 thin 

film deposited without LaNiO3 buffer layer is also shown (b) Schematic diagram showing the 

arrangement of different layers, and (c) Full width at half maximum (FWHM) as a function of film 

thickness (tBFO). 
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6.3. Rutherford Backscattering Spectroscopy measurements 

We estimated the stoichiometric composition of films and film thickness using RBS 

techniques. XRUMP simulation software was used to analyze the RBS spectrum. Figure 

6.2 shows the typical RBS spectrum and the simulation fit to the data for all BFO films.  

  

  

  

Figure 6.2: RBS spectrum for BiFeO3 films having different thickness, (a) 40 nm, (b) 120 nm, (c) 240 

nm, (d) 335 nm, and (e) 480 nm. These labeled thickness values are obtained from SEM. Solid red 

line is the XRUMP simulation on the data. All peaks corresponding to different elements are 

distinctly located showing that substantial diffusion between different phases is not observed. 
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The thickness of the films extracted from RBS agrees well with the thickness obtained 

from SEM cross sectional images (Table 6.1). We note that all the constituent elements of 

substrate and deposited films as present and are clearly identifiable as shown in Fig. 6.2. 

The ratio of Bi, Fe and O for all BFO films is 1:1:3. The peaks corresponding to different 

elements are distinctly located which shows that the there is no substantial diffusion 

between different layers. The width of the Bi peak is also increasing as can be seen in Fig. 

6.2, which is an indication of increase in film thickness.  

Table 6.1: Comparison of BiFeO3 film thickness obtained from SEM and RBS. (Include error bars) 

Thickness of the films obtained by SEM 

(nm) 

Thickness of the films obtained by RBS 

(nm) 

40 43 

120 125 

240 251 

335 327 

480 493 

6.4. Morphological Studies 

6.4.1. Cross sectional and surface images by SEM  

The cross sectional SEM images of LNO buffered BFO thin films are shown in Fig. 

6.3(a-e). It can be seen that thickness of LNO buffer layer is same for all films (85 nm) 

whereas BFO films have thickness in the range between 40 nm to 480 nm. All the 

interfaces appear well defined   indicating that the BFO layer is well-sputtered on to the 

LNO buffer layer and substantial diffusion between different phases is not observed. The 

absence of mixing between distinct elements in different layers was further supported by 

Rutherford backscattering spectroscopy results (Figure 6.2) where we find that the peaks 

corresponding to different elements are distinctly located. Moreover, all the BFO films 

have columner, crack free texture and are well adhered to the LNO buffer layer. SEM 

surface images for the BFO thin films are shown in Fig. 6.3(f-j). The microstructure of 

BFO films is dense where there is a good distribution in the grain size which is observed 

to increase with increase in film thickness, consistent with the conclusions from the XRD 

data.  



Error! Reference source not found.    Thickness Dependent Magnetic and Ferroelectric 

Properties of BiFeO3 Thin Films 

Study of multiferroic and optical properties of pure and divalent doped BiFeO3  | 119  

 

 

Figure 6.3: (a-e) Cross sectional SEM images of LaNiO3 buffered BiFeO3 thin films on LaNiO3 

buffered Pt/Ti/SiO2/Si(100) substrate having different thicknesses. Different layers are clearly 

identifiable, and (f-j) Surface morphology of BiFeO3 thin films. 
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6.4.2. Atomic Force Micrographs 

Figure 6.4(a-e) present the atomic force micrographs of BFO thin films. The root-mean-

square (rms) surface roughness for BFO films are 1.17, 1.70, 2.69, 4.44 and 3.52 nm for 

40, 120, 240, 335 and 480 nm thin films, respectively. (Include error bars)  

 

Figure 6.4: Topographic images of BiFeO3 thin films with thickness of (a) 40 nm, (b) 120 nm, (c) 240 

nm, (d) 335 nm, and (e) 480 nm, (f) Root-mean-square (rms) surface roughness as a function of film 

thickness. 

The rms roughness of films as a function of film thickness is plotted in Fig. 6.4(f), which 

shows that roughness of the film is increasing with increase in film thickness. As the BFO 

films get thicker, grain size increases, and correspondingly, the surface roughness of films 

increases. Phase images of BFO films are shown in Figure 6.5.  

 

Figure 6.5: Phase images of BiFeO3 thin films with thickness of (a) 40 nm, (b) 120 nm, (c) 240 nm, (d) 

335 nm, and (e) 480 nm. 



Error! Reference source not found.    Thickness Dependent Magnetic and Ferroelectric 

Properties of BiFeO3 Thin Films 

Study of multiferroic and optical properties of pure and divalent doped BiFeO3  | 121  

 

6.5. Electronic Structures 

Electronic structure was explored using X-ray photoelectron spectroscopy (XPS) 

measurements where the main emphasis was to determine the oxidation state of Fe. The 

survey scans for thin films are shown in Fig. 6.6(a), which reveals a series of sharp peaks 

resulting from the direct excitation of electrons from the core levels. All the peaks 

reported are charge corrected with respect to C 1s peak positioned at 284.6 eV. Figure 

6.6(b, c) shows the fitted high resolution spectra of Bi-4f and Fe-2p peaks for BFO thin 

films having different thickness. Figure 6.6(b) shows that the Bi-4f doublet consists of 

two peaks of 4f7/2 and 4f5/2 mainly identified as the signal from Bi-O bonds corresponding 

to trivalent oxidation state [171]. No signatures of metallic Bi was found at the expected 

position of 156.7 eV [172]. Figure 6.6(c) shows that the Fe-2p doublet consist of two 

wide peaks of Fe-2p3/2 and Fe-2p1/2 mainly identified as the signal from Fe−O bonds 

[171]. The Fe-2p3/2 peak is asymmetric, indicating the possibility of the existence of 

multicomponent of Fe. Fe-2p3/2 peak deconvolution and fitting to the data shows that this 

peak can be divided into two peaks corresponding to Fe
3+

 and Fe
2+

. However on the basis 

of the integrated areas under the curves for the respective peaks, the atomic ratios of Fe
3+

 

and Fe
2+

 ions are estimated to be 70:30 for all the films which shows that Fe
3+ 

was 

dominant in all the films. No signatures of metallic Fe was found at the expected position 

of 706.8 eV [172]. We note that the presence of Fe
2+

 ions in BFO is taken as an indicator 

of the presence of oxygen vacancies, to be consistent with charge balance requirements in 

the presence of Bi
+3

 state only. The XPS results obtained by us are consistent with various 

published reports [63, 173, 174].  
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Figure 6.6: XPS scans for BiFeO3 thin films with various thicknesses, (a) Survey scans; (b) High 

resolution scans for Bi region, and (c) Deconvoluted High resolution scans for Fe region. 
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6.6. Magnetic Measurements 

Figure 6.7(a) plots room temperature magnetic hysteresis (M-H) loops of BFO thin films 

measured up to a magnetic field of 30 kOe. The diamagnetic response of the 

LNO/Pt/Ti/SiO2/Si(100) substrate was measured and subtracted from the raw data. All 

(100) oriented BFO films exhibited weak ferromagnetic response at room temperature 

and a monotonic decrease in the magnetization was found as function of increasing film 

thickness (tBFO). The saturation magnetization as function of film thickness is shown in 

Fig. 6.7(c), which shows that an increase in tBFO results in a consistent decrease in the 

value of Ms. The maximum value of Ms obtained corresponds to Ms ~ 26 emu/cm
3
 for the 

40 nm thin film whereas for 480 nm thin film Ms ~ 2.32 emu/cm
3
. Similar size effects 

have been reported in BFO nanoparticles and in thin films with great enhancement in 

magnetization as the nanoparticle size or film thickness decreased below the length of the 

spiral (62 nm) [75, 175, 176]. In order to exclude the presence of γ-Fe2O3 which can 

contribute to the magnetic signal, a high resolution θ-2θ XRD scan was performed 

between 2θ = 90° to 100° where the peak related to γ-Fe2O3 (2θ ~ 95.5°) is to be 

expected. No such peak or its indication was observed as shown in Fig. 6.7(b). The 

observed ferromagnetism in BFO thin films, therefore, must originate from an inherent 

feature and does not originate from the secondary phase. There can be two sources for the 

observed Ms and its variation with film thickness. Firstly, for 40 nm thick film where the 

film thickness is smaller than the cycloidal spin spiral modulation of 62 nm reported for 

bulk, significant high Ms is obtained compared to other films which imply the role of the 

cycloidal spin structure in tuning magnetism. Ederer and Spaldin predicted from first 

principle calculations that weak ferromagnetism of Dzyaloshinskii-Moriya (DM) type 

exist in BFO due to the suppression of  the cycloid spin structure in bulk single crystals 

[177]. It can be seen from Fig. 6.7(c) that the decrease in the moment is particularly sharp 

between 40 and 120 nms as compared to the subsequent decrease with increasing films 

thickness. This is noticeable in the sense that the 40 nm film thickness lies below the 62 

nm length of the spin spiral. While the film thickness quoted is along the [100] direction 

and not the actual [101̅] direction of the spin spiral, it is reasonable to expect that limiting 

the size along the [100] direction would also limit the available length for the spiral along 

the [101̅] direction to a large extent. Hence the initial strong suppression of the moment 

between 40 and 100 nm can be related primarily to the suppression of the spiral. For 

continued decrease of the moment beyond 100 nm thickness films secondary effects e.g. 
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grain boundary based interruptions of the antiferromagnetic order need to be invoked. In 

an antiferromagnetic system with small grain sizes the long range antiferromagnetic order 

is frequently interrupted at the grain surfaces and can also contribute to the magnetization 

values [75]. Such incomplete spin compensation would also be more significant for 

thinner films with smaller grain sizes where larger number of such surfaces would be 

present. The smallness of the grain size in thinner films has already been noted in the 

context of the SEM images.  

 

Figure 6.7: (a) Magnetization hysteresis (M-H) loops taken at room temperature of LaNiO3 buffered 

BiFeO3 thin films having thickness in the range from 40 nm to 480 nm, (b) XRD pattern of the 40 nm 

thick film signifying the absence of Fe2O3 impurity phase, and (c) Variation of saturation 

magnetization (Ms) of BiFeO3 films as a function of film thickness measured at 30 kOe. 

6.7. Leakage Current Measurements 

The leakage current density (J) versus electric field (E) of BFO thin films having 

thickness in the range between 40 nm to 335 nm are shown in Fig. 6.8. The shown data 

have been collected in decreasing applied electric fields. (The value of the current at E = 

0 therefore corresponds to its value in the remanent state). The J-E curves of all films 
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exhibited an initial rapid increase followed by a slower increase in J which has not been 

able to achieve saturation due to the limitation of the applied field magnitude. With 

increasing film thickness the leakage current density decreased strongly. The leakage 

current density of the 335 nm film was nearly three orders of magnitude smaller than that 

observed for the 40 nm thin film at all values of applied field. The decrease in leakage 

current density is attributed to the enhanced crystallinity, a general decrease in defect 

density between metallic electrode and BFO film and increasing grain size, with increase 

in film thickness [178]. 

 

Figure 6.8: J-E relationships of LaNiO3 buffered BiFeO3 thin films with thickness increasing from 40 

to 335 nm. 

6.8. Ferroelectric Characterization  

Figure 6.9(a) and (c) shows the polarization-electric field (P-E) hysteresis loops for BFO 

thin films having thickness of 240 nm and 335 nm which were measured at 1 kHz and 

300 K, while the P-E loops for 120 nm thin film is shown in the inset of Fig. 6.9(b). The 

P-E loops were measure up to various maximum applied fields. In BFO the polarization 

is directed along the body diagonal of the cube and the theoretically predicted value of 

polarization for BFO film oriented along [111] direction is ~ 100 μC/cm
2
 in the 

rhombohedral phase [50]. Thus, BFO films oriented in different directions should have 

polarization value such that )100()3()110()23()111( rrr PPP  [179]. Hence for 
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the films along the (100) direction, as in our case, we expect a value of 55 μC/cm
2
. For 

the 40 nm thin film the polarization could not be properly measured due to high leakage 

current while for the 120 nm thin film the leakage current still dominated the ferroelectric 

properties even at low electric fields as evident from the opening of the loops as shown in 

the inset of Fig. 6.9(b). However well-established ferroelectric loops were observed for 

240 nm and 335 nm thin films. For the 240 nm thick film the freely movable charge 

carriers still appear to contribute slightly to the P-E loop, as manifested by the rounded 

feature of the loop as shown in Fig. 6.9(a). However the BFO film with a thickness of 335 

nm exhibited a nearly saturated P-E loop as shown in Fig. 6.9(c). The effects of the 

leakage current as manifested in the rounded feature of the loop for the 240 nm film also 

disappear. We note that the theoretical value of the remanent polarization (Pr) along the 

(100) direction in BFO is 55 μC/cm
2
. For both the 240 and 335 nm films we obtain a 

value of 49 μC/cm
2
. The value is satisfactory considering that the system has not attained 

full saturation due to the limitation of the applied field. Hence our results suggest that for 

the thinner films (t < 200 nm) defects degrade the intrinsic properties of these BFO thin 

films. The obtained P-E loops are also consistent with the leakage current density 

measurements where we observed that the leakage current density decreased with 

increase in film thickness. The behavior of Pmax and EC as a function of applied electric 

field for the BFO thin films with the thickness of 240 nm and 335 nm is shown in Fig. 

6.9(b) and (d), respectively. At low applied electric fields, where the effective field is 

expected to be reduced more significantly by the depolarization field, both the parameters 

increase slowly and almost linearly with applied field. However for applied electric field 

of about 450 kV/cm the poling behavior becomes apparent and polarization increase 

rapidly for both the films. It is noticeable that as a function of the applied field the trend 

for both the parameters is very similar. The values of Pmax and HC at maximum applied 

fields are 64 μC/cm
2
, 382 kV/cm and 71 μC/cm

2 
and 486 kV/cm for 240 nm and 335 nm 

thin films, respectively. From XRD results it is clear that all the BFO films are (100) 

oriented regardless of the film thickness. We attribute our values of Pmax to the highly 

(100) preferred orientation. These values of polarization are higher than or comparable to 

those reported for the (100) oriented BFO films [55, 180], and almost an order of 

magnitude higher than those for bulk [53].  
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Figure 6.9: (a) and (c) P-E loops of LaNiO3 buffered BiFeO3 thin films with thickness of 240 nm and 

335 nm, respectively, at various maximum applied electric fields, (b) and (d) shows the variation of 

Pmax and Hc as a function of applied electric field for 240 nm and 335 nm, respectively. P-E loops for 

120 nm film are shown in the inset of (b).  

6.9. Conclusion 

We have successfully grown BFO thin films with varying thicknesses on LNO buffered 

Pt/Ti/SiO2/Si(100) substrates by radio frequency sputtering method. LNO buffer layer is 

effective in facilitating the formation and crystallization of BFO perovskite phase. All the 

films exhibited the (100) orientation with a dense microstructure. A weak ferromagnetic 

response was observed in all the films with a definite decreasing trend with increasing 

thickness. The origin and evolution of magnetization with film thickness is explained on 

the basis of suppression of spiral spin structure and the presence of uncompensated spins 

at the grain surfaces. The analysis of the XPS data, in particular the relative intensity of 

the Fe
2+

 peak that corresponds to the presence of oxygen vacancies, does not show any 

systematic change with thickness unlike the changes observed in the magnetization. We 

note that the magnetization drops very strongly between 40 and 120 nm suggesting that 

for film thickness less than the stipulated spin spiral length (62 nm) the antiferromagnetic 
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spiral is interrupted and the canted antiferromagnetic or weak ferromagnetic behavior 

results. Well-developed ferroelectric hysteresis loops were obtained for thicker films (t > 

200 nm), while leakage current dominated the ferroelectric properties in the thinner ones. 

The leakage current density decreased by three orders of magnitude between the 40 and 

335 nm films respectively, consistent with the microstructural measurements that show 

higher density and larger grain sizes for the thicker films. These findings suggest that 

while tailoring of film thickness is an effective way to modulate the magnetic and 

ferroelectric properties of BFO thin films, there is an apparent tradeoff in the properties. 

The magnetic properties are enhanced with decreasing films thickness but the dielectric 

response is degraded. We suggest that film thickness of about 200−240 nm is an optimum 

thickness in our case where both the ferromagnetic and ferroelectric properties exhibit 

significant values consistent with the requirements for a useful multiferroic material.   
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Chapter 7        Conclusions and Scope for Further Work 

The objective of this chapter is to place the entirety of our results in a general and, as far 

as possible, in a consistent conceptual framework. As the preceding chapters have 

illustrated the primary focus of the work resides in obtaining an understanding of the 

effects of divalent dopants on the multiferroic properties of BFO. In this context it is 

understood that structural changes and oxygen content variation are the primary driving 

forces of the ensuing changes and these effects have been discussed in detail using a 

variety of experimental techniques for the various dopants and comparisons made therein. 

Additional focus has been on the optical and electronic properties. Thin film studies have 

been carried out to correlate thickness variation in the primary system particularly with 

reference to the changes in magnetization.  

On the structural side the role of the divalent dopants has been seen to result in the 

stabilization of pure phase BFO without using leaching technique. All the divalent doped 

BFO samples were carefully checked for traces of impurity phases (e.g., Bi2O3, Bi2Fe4O9, 

Bi25FeO40, Fe2O3 etc.) employing the quantitative Rietveld refinements technique and no 

impurity phases were detected. The reason for this stabilization is suggested as lying in the 

reduced volatility of the divalent dopants and their stronger bond dissociation energies as 

compared to those of Bi. A structural phase transformation (from rhombohedral phase 

(R3c) to the cubic phase (Pm-3m)) was observed for all divalent doped samples, which is 

effective to suppress the spiral spin structure inherent in pure BFO. This transformation 

proceeds systematically with increasing divalent doping content. 

Another issue that was addressed was regarding the discrepancies in the reported valance 

state of Fe in both pure and divalent doped BFO and its effect on magnetic properties. 

The divalent substitution for the trivalent Bi is expected to convert a fraction of Fe
3+

 to 

Fe
4+

 for charge compensation mechanism. Our measurements using Mössbauer 

spectroscopy do not support the presence of Fe
4+

 ions and the measured isomer shift 

values indicate the presence of all iron ions in Fe
3+

 state. Hence we propose that the 

charge imbalance introduced by the divalent cations has been compensated by the 

development of oxygen deficiency (O3-δ instead O3 where δ increases with the increase in 

the divalent content). Mössbauer spectra (Figure 4.7) show that the measured hyperfine 

field value for sextet 2 was (Heff) ~410 kOe and corresponds to the value reported for 

asymmetrically tetrahedrally coordinated Fe
3+

.
 
From this it has been concluded that the 
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tetrahedrally coordinated Fe
3+

 ions are sitting in an oxygen deficient environment. This 

conclusion is supported by the observation that strength of sextet 2 increases with 

increasing Sr content, consistent with the expectation of higher O vacancies in higher 

divalent compositions. No indication of the existence of Fe
2+

 was found which suggests 

that the leakage current effects arising from the multiple Fe valence ions would be 

reduced in these compositions. 

The effects of the divalent ions on the magnetic behavior are consistent with the structural 

changes observed. We recall that BFO shows antiferromagnetic behavior due the 

presence of a cycloid spin structure. For the x=0.25 Sr doped composition where the 

structural transformation (rhombohedral to cubic) is completed, a clear ferromagnetic 

hysteresis loop with a strong increase in saturation magnetization is observed. The cubic 

structure is expected to destroy the cycloid spin structure leading to non-cancellation of 

the moments arising from different planes. However continued increase of the 

magnetization beyond x=0.25 suggests that at least part of the magnetization is 

contributed by the spin-spin bond angle changes introduced by the structural distortions 

due to the oxygen vacancies. The correlation between oxygen vacancies and magnetic 

moment is supported by the observed clear decrease in saturation magnetization for the 

x=0.25 composition annealed in pure oxygen. As mentioned above Mössbauer results 

show that increasing Sr concentration leads to increased number of O vacancies and to a 

change in Fe coordination without changes in the Fe valence. We suggest that this change 

in Fe co-ordination from octahedral to tetrahedral is generating distortions in the crystal 

lattice thereby pushing the Fe‒O‒Fe bond angle away from full antiferromagnetic 

alignment. This may be expected to enhance the magnetization values very significantly. 

Hence we suggest that the structural changes induced both by the size difference between 

host and dopants and by the presence of O vacancies lead to the marked increase of 

magnetization on Sr substitution. To the best of our knowledge the effect of O vacancies 

on magnetic properties have never been reported before.  

This line of reasoning, viz. increase in magnetic moment due to structural distortions, 

motivated us to vary the size of the dopant at Bi-site that would further affect the strains 

and lead to further changes in magnetic properties. We note that the ionic radii of Bi
3+

, 

Sr
2+

, Pb
2+

, and Ba
2+

 are 1.03 Å, 1.18 Å, 1.20 Å and 1.36 Å, respectively. Consistent with 

size variation the largest sized Ba
2+

 ion was found to result in the largest moment, even 

though it has a mixed crystal structure where the AFM spin spiral may be expected to 

survive partially. The systematic increase in the spontaneous magnetization with 
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increasing average ionic radii of the divalent cation indicates that the enhanced 

magnetization may be related to the progressive suppression of the spiral spin structure 

and/or increase in the canting angle of antiferromagnetically coupled layers due to strains 

induced by the dopant. However it is difficult to differentiate between the effects 

produced by either mechanism without resort to microscopic techniques such as magnetic 

neutron diffraction. In general we can assert that the modification of the magnetic 

properties of BFO by divalent dopants depends on structure, dopant size and electronic 

configurations.  

All divalent doped samples show large coercivities which suggest the role of an effective 

magnetic anisotropy. However the most intriguing result in this context is the consistent 

and reproducible effect whereby the coercivity decreased with decrease in temperature. 

While this effect has been reported in a FE-FM composite system and in single crystal 

BFO there has been no systematic investigation of this trend. To the best of our 

knowledge our study on a number of compositions and over a wide temperature range 

constitutes the first such study. The explanation has been discussed in detail earlier and 

here we summarize that it is a clear manifestation of the presence of magneto-electric 

coupling resulting in an effective magnetic anisotropy. The coercivity depends on the 

strength of this anisotropy and with decreasing temperature the increase of polarization 

can generate a reduction in the effective magnetic anisotropy and thereby in the 

coercivity. In particular, we note that in our case the largest effect (~40% decrease in HC) 

was observed for the Pb compound which also has the largest dielectric constant. In 

comparison the other two systems with not very different dielectric constant show about 

20% decrease. Thus the reduction of coercivity at low temperatures points towards the 

presence of magnetoelectric coupling in these systems. Larger dielectric constant for the 

lone pair possessing Pb system is consistent with the stereochemical activity of the lone 

pair while computational studies have shed light on the strong effects of lone pairs on 

single ion anisotropy where ferroelectric distortions are present. (ref Weigart etal) 

The high frequency (1MHz) dielectric constant measurements on the various Sr 

compositions reveal that initially (15% Sr substitution) there is an increase in the value of 

the dielectric constant compared to pure BFO which is attributed to the decrease in the 

presence of impurity phases present in the parent compound. The subsequent decrease of 

the dielectric constant, on further Sr incorporation, is connected to the change in the 

crystal structure and the growth of oxygen vacancies. However, at least at room 
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temperature and high frequencies, the dielectric constant of all divalent doped samples 

was higher as compared to the undoped BFO. Further we note that differences in 

dielectric response between the Sr and Ba doped (x=0.25) systems are small while the Pb 

doped (x=0.25) sample has a significantly larger value of dielectric constant compared to 

the former two. In the light of the various similarities between these three dopants the 

larger dielectric constant in the case of the Pb doped system can be attributed to the fact 

that Pb ion has a higher polarizability due to the presence of a lone pair. 

To the best of our knowledge the optical properties of divalent doped samples have not 

been explored before. Salces et al.[41] studied the effect of hydrostatic pressure on d-d 

transition energies and band gap of BFO. They found a red shift in d-d transition energies 

and in the band gap as the hydrostatic pressure was increased. Our optical studies on 

divalent doped systems can be considered as being analogous to the external pressure 

studies. Even though Sr
2+

 is a larger sized ion, the unit cell volume decreases on Sr 

substitution due to the increase in number of oxygen vacancies. This is equivalent to an 

internal or chemical pressure. The small red shift (80‒90 meV) observed in the d-d 

transitions energies are consistent with the increased crystal field splitting due to 

increased chemical pressure. The d-d transitions were also observed to grow weaker with 

increase in Sr content and the effect is attributed to the change in crystal structure from 

rhombohedral to the cubic, since the centro-symmetric structure of these latter 

compositions forbids these transitions. The direct and indirect band gaps were both found 

to decrease with increase in the internal chemical pressure. The small band gap of Bi1-

xSrxFeO3-δ (0 ≤ x ≤ 0.45) compared to other ferroelectric perovskite compounds suggest 

its usefulness in oxide-based photovoltaic devices, with the added functionalities of a 

multiferroic. The optical properties of Sr doped samples were then compared to Pb and 

Ba doped samples where the chemical pressure should decrease due to increase in unit 

cell volume. A blue shift in the transition energies was observed in these cases consistent 

with the expansion of the cell volume. The band gap variation also followed the trend 

suggested by the chemical pressure induced changes except for the case of the Pb doped 

sample where a red shift was observed contrary to expectations. It is suggested that this 

anomalous trend may be due to the presence of interband states. The tuning of the band 

gap in BFO with suitable divalent dopants so as to make it more suitable for photovoltaic 

applications is thus a possibility. 
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In the course of this study, multiferroic BFO thin films with varying thickness were deposited 

using radio frequency magnetron sputtering on LNO buffered Pt/Ti/SiO2/Si(100) substrates. 

We found that the LNO buffer layer is effective in facilitating the formation and 

crystallization of BFO perovskite phase. All the films exhibited the (100) orientation with 

a dense microstructure. A weak ferromagnetic response was observed in all the films with 

a definitely decreasing trend with increasing thickness. The evolution of magnetization 

with film thickness is explained on the basis of suppression of spiral spin structure in thin 

enough films and the presence of uncompensated spins at the grain surfaces. We note that 

the magnetization drops very strongly between 40 and 120 nm suggesting that for film 

thickness less than the stipulated spin spiral length (62 nm) the antiferromagnetic spiral is 

interrupted and the canted antiferromagnetic or weak ferromagnetic behavior results. 

Well-developed ferroelectric hysteresis loops were obtained for thicker films (t > 200 

nm), while leakage current dominated the ferroelectric properties in the thinner ones. The 

leakage current density decreased by three orders of magnitude between the 40 and 335 

nm films respectively, consistent with the microstructural measurements that show higher 

density and larger grain sizes for the thicker films. These findings suggest that while 

tailoring of film thickness is an effective way to modulate the magnetic and ferroelectric 

properties of BFO thin films, there is an apparent tradeoff in the properties. The magnetic 

properties are enhanced with decreasing films thickness but the dielectric response is 

degraded. We suggest that film thickness of about 200−240 nm is an optimum thickness 

in our case where both the ferromagnetic and ferroelectric properties exhibit significant 

values consistent with the requirements for a useful multiferroic material. 

7.2 Scope for further work 

Finally we can make some suggestions about possible future directions to throw further 

light on the features observed in this work. Although we have presented the detailed 

structural, electronic, magnetic, dielectric, and optical properties of divalent doped BFO 

compounds and pure BFO thin films as systematically as possible, there are still many 

issues which remain unsolved. Among them the following are listed as possibilities for 

future work in the same direction:  

1. We observed that the increase in doping concentration transforms the crystal 

structure from rhombohedral to cubic in divalent doped BFO. It will be interesting to 

perform Raman measurements to study the evolution of different Raman modes as the 

crystal structure changes from rhombohedral to the cubic. 
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2. Magnetoelectric coupling in single phase materials is generally small. It has been 

reported that weak magnetization of BFO is the main hindrance to achieve higher 

magnetoelectric effect. Now in case of divalent doped BFO samples where we have 

achieved significantly higher magnetization, it will be interesting to study 

magnetoelectric coefficient. We observed a decrease in coercivity with decrease in 

temperature which has been related to the presence of magnetoelectric coupling. 

Polarization loops at low temperature for these divalent doped samples can provide us 

more insight about the origin of coercivity change.   

3. Although we studied the electronic transition and optical band gap in divalent 

doped BFO systematically. Further research should be carried out on the optical 

properties of divalent doped BFO in order to study charge transfer and d-d transitions in 

detail. A clear understanding of the in-gap states is necessary for understanding the 

conductivity mechanisms and intrinsic leakage currents in multiferroics. A better 

understanding of the mechanisms governing the optical response in BFO can enable 

researchers to engineer the band gap and conductivity to enhance the photoferroelectric 

properties. 

4. It will be interesting to study the effect of co-doping on multiferroic properties. 

We noted that Ba
2+

 substitution at Bi
3+

 site significantly enhanced the magnetic 

properties. Hence Ti
4+

 or Nb
5+

 doping at Fe
3+

 site can enhance the dielectric properties by 

increasing the resistivity of samples. 
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