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Abstract 

 
Multiferroics, displaying more than one ferroic characteristics in the same phase, 

constitute an energetic group of materials with rich fundamental Physics and many 

promising applications in modern technologies. Polycrystalline fine powders of 

Bi0.9Sr0.1FeO3 (residue-BSFO), Bi0.9Sr0.1Fe1-xMnxO3 (BSFMO) (with x = 0, 0.05, 0.1, 

0.15 and 0.2) and Bi0.9La0.1Fe1-xCrxO3 (BLFCO) (with x = 0, 0.05, 0.1, 0.15 and 0.2) 

are synthesized successfully at relatively low temperature by sol-gel auto combustion, 

using both glycine and urea as chelating agents. BSFMO samples were sintered at 

550 ℃ for 3 h while BLFCO samples at 600 ℃ for 2 h. The structural, morphological, 

dielectric, electrical, magnetic and ferroelectric properties of the synthesized samples 

were explored using the corresponding characterization techniques. Rietveld's refined 

XRD patterns of all the prepared samples have confirmed that phase pure BFO 

ceramics were synthesized which exhibited distorted perovskite crystal structure 

(ABO3 type) having space group R3c (161). Co-doping of Sr/Mn & La/Cr at Bi/Fe 

sites respectively in BFO have not altered the crystal symmetry of the parent 

compound. FESEM images showed homogeneous microstructures with uniformly 

distributed and well interlinked multi-shaped grains with varying sizes, intergranular 

porosity and few cracks as well as a decreasing trend in grain sizes with increasing 

doping contents. The crystallite sizes calculated by Scherrer's formula are in the range 

of 9.2-15.0 nm for BSFMO and 5.8-13.7 nm for BLFCO samples. The average grain 

sizes shown by SEM images are in the range of 50-80 nm for BSFMO and 8-20 nm 

for BLFCO samples. EDX results have confirmed that all the parent and the doped 

elements (Bi, Fe, O, Sr, Mn, La, and Cr) are present in the synthesized samples 

according to their stoichiometric ratios. The dielectric behavior of all the samples 

have exhibited the conventional ferrite trend depicting larger values at lower 

frequencies which then exhibited decreasing trend with increasing frequency and 

finally became constant at higher frequencies. Complex impedance spectroscopy 

revealed the contribution of grains, grain boundaries and interfaces. The frequency 

dependent Nyquist and electric modulus graphs confirmed the non-Debye type 

relaxation. The formation of bonds between different atoms within the BSFMO 

compositions are identified through FTIR. Both magnetization and polarization have 

been observed in all the synthesized samples which have confirmed that the 

synthesized BFO based nanoparticles possess more than one ferroic order in the same 
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phase, and at the same time i.e. the samples exhibit multiferroicity. In the present 

work, the characteristics shown by the samples have been explained on the basis of 

dopant elements, their doping percentage, purity of phases, grain sizes and their 

microstructures. In summary, the sol-gel auto-combustion technique is suitable to 

synthesize phase pure BFO ceramics if the stoichiometric ratios of raw materials and 

the reaction parameters are controlled. The synthesized samples for the present 

research work are more pure, better and cost effective as compared to those which 

were found in literature. Almost all the prepared samples are impurity free so, the 

contribution of parasitic phases in improving multifunctional properties of the 

synthesized samples is negligible. Co-doping of Sr/Mn in Bi0.9Sr0.1Fe1-xMnxO3 and 

La/Cr in Bi0.9La0.1Fe1-xCrxO3 compositions have yielded improved and viable 

multiferroic features which would be beneficial to fabricate multifunctional devices 

for future technology in order to fulfill the needs of coming generations. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation for the Present Research Work  

            “There‘s plenty of room at the bottom!” (Fynman 1991). 

At present, the whole world is facing energy crisis more or less. No doubt, it is the 

most serious and alarming world problem because energy plays a key role in the 

progress and prosperity of any country in this industrial and modern technology era. 

Multifunctional devices that operate at fast speed and consume less energy are the 

requirements of future technology. Currently, one of the hottest topics being explored 

worldwide is to use the spin as well as charge of electrons to acquire new 

functionalities of such devices. The current information technology is based on the 

mass, charge and spin of electrons. The current electronic and semiconductor devices 

use only the electronic charge to process the information in ferroelectric materials 

whereas the electronic spin in ferromagnetic materials is used to store information 

through magnetic recording.  

The spin-based electronics (spintronics), also known as magneto-electronics is an 

emerging technology which is based on the potential use of spin as well as the charge 

of electron. The spintronic devices, if fruitfully developed, can offer extra features 

such as low power consumption and greater operating speed compared to charge 

based conventional electronic devices (Pearton et al. 2004). For future information 

technology, scientists are trying their best to observe both magnetism and electricity 

in the same device which would be able to use the electronic charge and spin to 

process and store the information.   

The electron’s spin (magnetism) as well as charge (electricity) in solids are of 

significant scientific interest. Feroroelectricity, ferromagnetism, ferroelasticity and 

ferrotoroidicity are the four basic ferroic orders which various materials display. 

Materials that display simultaneously more than one basic ferroic orders in a single 

crystal are called multiferroics (MFs). The field of MFs has promising significant 

applications in numerous fields as well as comprises rich and interesting Physics. 

Keeping in view the multifunctional properties and very interesting Physics involved 
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in numerous phenomena displayed by MFs, I chosed this promising field for my 

research work.  First of all, I will discuss the basic ferroic materials that make the 

foundation of MFs. 

1.2 Magnetism 

A moving electric charge, microscopically or macroscopically, is responsible for 

magnetic properties. The phenomenon due to which some materials exert force of 

attraction or repulsion upon other materials fall in the domain of magnetism and such 

materials are called magnetic materials. Such materials exhibit magnetic properties 

due to spin of electrons which is their intrinsic property. The origin of magnetism is 

the atomic magnetic dipoles which are related to (i) the orbital motion of electrons, 

(ii) electron spin and (iii) the nuclear spin (Pillai 2011). The spin of electron is the 

main source of magnetism and unpaired electrons are required for the net magnetic 

moment in an atom/molecule/material. 

1.2.1 Main Types of Magnetic Materials 

These materials are classified into several groups on the basis of their response to an 

external magnetic field (H). The magnetic induction (B) is the response shown by a 

material when it is placed in H. In SI units, the relation between B and H is given by 

the equation: 

B = μ0 (H+M)                                            (1.1) 

Here μ0 is called the permeability (free space) while M is known as magnetization 

which is the measure of magnetic moment per unit volume. M depends upon the 

number of magnetic moments in atoms, molecules or ions as well as the type of 

interaction among them. The properties of any magnetic material are not only defined 

by M or B, but also by the way in which B and M vary with the applied H. The 

susceptibility (χ) is the ratio of M to H while the permeability (μ) is the ratio of B to 

H. χ indicates how much and what type of response is shown by a material to an 

applied H while μ shows how permeable the material is to H. The magnetic behavior 

of various materials can be characterized by their corresponding values of χ and μ 

(Spaldin 2010). Mmagnetic materials are usually classified into five categories and 

are shown in Fig. 1.1. 
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Figure 1.1: Ordering of the magnetic dipole moments in the main types of magnetic 

materials and the resulting M versus H behavior (Spaldin 2010). 

 

1.2.1.1 Diamagnetic Materials 

Atoms and compounds of different elements which do not possess a net magnetic 

moment (no unpaired electrons) are diamagnetic. Diamagnetism is a fundamental 

magnetic behavior shown by all plants, water, soil, wood, our skin and all other such 

substances. H2, He, Ne, Si, Ar and Zn are pure diamagnetic materials. As, these 

materials have no permanent dipoles so, a weak diamagnetic effect is observed due to 

the response of the orbiting electrons to the applied field according to the Lenz's law 

and this effect exists as long as as the applied field persists. For these materials, the 

value of susceptibility is negative and smaller than 1 (Pillai 2011). 

1.2.1.2 Para Magnetic Materials 

Paramagnetic materials have permanent magnetic moments possess by their atoms or 

ions. The response to an external magnetic field is shown by their individual magnetic 

moments but no mutual interaction among them is observed in these materials. M is 

induced in these materials only by the application of an external H. These materials 

show a little attraction towards the applied H and lose all their magnetic 

characteristics when H is removed. Na, Mg, Al, Ca and Ti are some examples of 

paramagnetic materials. The vale of χ for these materials is small but positive while 

the value of μ is slightly larger than 1 (Pillai 2011).  
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1.2.1.3 Anti-Ferromagnetic Materials 

If the magnetic moments of A and B sub-lattices in a material are exactly equal and 

opposite, the net magnetic moment is zero and the magnetic ordering is called anti-

ferromagnetism. Antiferromagnetic materials show paramagnetic behavior above a 

critical temperature which is known as the Neel temperature. Chromium (Cr) is an 

antiferromagnetic material with Neel temperature, TN, equal to 308 K. The vale of χ 

for antiferromagnetic materials is small but positive while the value of μ is slightly 

larger than 1 (Wert and Thomson 1970).  

1.2.1.4 Ferri-Magnetic Materials 

If A and B sub-lattices of a material have opposite but not equal magnetic moments, 

the net magnetic response is not zero and such magnetic ordering is known as 

ferrimagnetism. Ferrimagnetic materials mostly behave like ferromagnetic materials 

and display hysteresis, spontaneous magnetization, remanence and coercivity. For 

these materials, the values of both μ and χ are positive and large and also a function of 

H. Magnetite oxide; Fe3O4, YIG (yttrium iron garnet), hexagonal ferrites such as 

PbFe12O19 and BaFe12O19 are the examples of ferrimagnetic materials.  

1.2.1.5 Ferromagnetic Materials (FMMs) 

These materials are described by a spontaneous magnetization (M) that is switchable 

by the application of H as shown in Fig. 1.2. Both χ and μ are large, positive and 

function of H. These materials have magnetic moments even in the absence of an 

external applied magnetic field. These materials have magnetic moments even after 

the removal of H. The structure of these materials consists of small regions known as 

magnetic domains which are separated by the boundaries, called domain walls. Each 

domain contains a large number of magnetic moments (1012 to 1015) which are 

parallel to each other within a magnetic domain so, each domain itself behaves like a 

tiny magnet. In the absence of an external H, the domains within a ferromagnetic 

material are randomly oriented such that the net magnetic moment is zero. When an 

external H is applied, these domains align themselves along the direction of H and a 

strong magnetic effect is observed (McCurrie 1982). These materials exhibit 

spontaneous magnetization only below a certain temperature which is known as the 

Curie temperature (Tc) and behave like paramagnetic materials above Tc. Fe, Co, Ni 
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and Gd are the examples of FMMs (Wert and Thomson 1970). Above Tc, the 

susceptibility of these materials varies according to the Curie- Weiss law (Pillai 

2011). FMMs are magnetic because the electrons inside possess spin and display non-

linear dependence of magnetization on magnetic field. FMMs are characterized by 

saturation magnetization (Ms- the maximum magnetization that can be achieved by 

applying an external magnetic field), remanent magnetization (Mr- a measure of the 

remaining magnetization when the external driving magnetic field is dropped to zero) 

and coercivity (Hc- a measure of the reverse magnetic field needed to make the 

magnetization zero after being saturated). The direction of magnetization can be 

changed by changing the direction of external magnetic field. 

 

Figure 1.2: M-H hysteresis loop for a FMM. 

1.3 Ferroelectric Materials (FEMs) 

These materials are described by a spontaneous polarization (P) that is switchable by 

the application of electric field (E) as shown in Fig. 1.3. The polarization versus 

electric field (P-E) hysteresis loops for ferroelectric materials are analogous to M-H 

loops for ferromagnetic materials (Spaldin 2010). The P-E hysteresis loops were 

observed for for the first time in Rochelle salt (Valasek 1921). These materials have 

an asymmetry in charge (either electronic or ionic or both). The crystal structure of 

these materials consists of small regions, known as electric domains, which are 
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separated by the boundaries, called domain walls. An electric domain is a region 

having a uniform spontaneous P. The electric domain structure exists only below a 

critical temperature, called the Curie temperature (Tc) and above Tc, FEMs behave 

like Para-electric materials. In the absence of an external E, the electric domains 

within a ferroelectric material are randomly oriented such that the net P is zero. When 

an external E is applied, these domains align themselves along the direction of E and 

produce a strong P.  

FEMs are characterized by saturation polarization (Ps- the maximum polarization that 

can be achieved by applying an external E), remanent polarization (Pr- a measure of 

the remaining polarization when the external driving E is dropped to zero) and 

coercivity (Ec- a measure of the reverse E needed to make the polarization zero after 

being saturated). The direction of polarization can be changed by changing the 

direction of external E. These materials have large values of dielectric, pyroelectric 

and piezoelectric constants.  

Ferroelectrics are usually divided into two main groups which are called proper and 

improper ferroelectrics. Classification of ferroelectrics depends upon the mechanism 

of inversion symmetry breaking. In proper ferroelectrics, the polar state is changed 

due to the structural instability in order to produce electricity as a result of electronic 

pairing. The ferroelectricity is known as improper if the polarization produces as a 

result of some complex lattice distortion or it induces accidently due to any other 

ordering and the corresponding materials are called improper ferroelectrics. 
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Figure 1.3: P-E hysteresis loop for a FEM. 

1.4 Ferroelastics 

A material is called ferroelastic if it has a spontaneous deformation that is switchable 

by applying a stress. A phase transition from Para-elastic to ferro-elastic is shown by 

these materials as a result of some strain produced in them due to some external 

source. Also, these materials are comparable to ferroelectric and ferromagnetic 

materials. These materials consist of domains which are switchable by the application 

of external stress. Mostly, phase transitions are responsible for such domain 

microstructures. Minerals usually show transformation twinning, e.g. CaTiO3. If a 

ferroelastic material is under stress, a phase change occurs within the material from 

one phase to another stable phase e.g. from cubic to tetragonal. A spontaneous strain 

occurs within the material as a result of this stress induced phase change. An example 

of ferro-elastic alloy is Nickel titanium (NiTi) which shows shape memory effect or 

super-elasticity at RT and these effects depend upon the Ni/Ti ratio in the alloy. NiTi 

undergoes a change from the cubic austenite structure at high temperature to the 

monoclinic martensite structure displaying a strongly deformed unit cell at low 

temperature. Piezoelectric response of ferroelectrics is the result of this coupling 
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which make ferroelctrics-ferroelastics a well-established group of multiferroics 

(Spaldin 2010). 

1.5 Ferrotoroidics 

In Physics, a spontaneous and uniform alignment of magnetic vortices is termed as 

ferro-toroidic state (Ginzburg et al. 1984; Schmid 2008; Spaldin et al. 2008). The 

presence of an ordered arrangement of magnetic vortices in a material is known as 

ferrotoroidicity. Generally, a magnetic toroidal moment is linked with a ring like or a 

circular arrangement of spins as shown in Fig. 1.4 (Dubovik and Tugushev 1990). 

Materials having aligned cooperatively toroidal moments are called ferrotoroidics. 

Concepts about toroidal moment have been used recently in order to manufacturing 

unique magnetoelectric materials (Delaney et al. 2009). Ferrotoroidic order was 

proposed in order to complete the group of primary ferroics due to its space-time 

symmetry properties (Weiglhofer and Lakhtakia 2003; Fiebig et al. 2004; Van Aken 

et al. 2007).  

Ferrotoroidics form such a class of materials which inherently allow the linear ME 

effect. In Fig. 1.5, it is evident that ferroelastics are invariant under both space 

inversion as well as time reversal. Both ferroelectrics and ferromagnetics are invariant 

under the first or the second operation, while ferrotoroidics change under both 

operations (Spaldin et al. 2008). I am discussing here ferrotoroidics for being relevant 

to multiferroics because an off-diagonal M-E effect can be observed in these 

materials. It means that in these materials, an applied magnetic field can induce a 

perpendicular polarization and a perpendicular magnetization can be induced by 

applying an external electric field. The ferrotoroidic order is confirmed 

experimentally by observing the ferrotoroidic domains (Van Aken et al. 2007; 

Zimmermann et al. 2009). A symmetry concept is related to the established forms of 

ferroic and antiferroic order along with ferrotoroidicity and permits extensions to 

further forms of long-range order which is reported in literature (Litvin 2008; Litvin 

2009). A microscopic framework has been reported to define ferrotoroidic system 

(Ederer and Spaldin 2007; Ederer 2009). 
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Figure 1.4: Simple arrangements of magnetic moments which can lead to toroidal 

moments (a) and (b) have equal and opposite toroidal moments. The 

antiferromagnetic arrangement in (c) has a toroidal moment, whereas that in (d) does 

not (adopted from Ederer and Spaldin 2007). 

 

 

Figure 1.5: The four basic ferroic orders, classified under the parity operations of 

space and time (adopted from Van Aken et al. 2007).  

 

1.6 Why Complex Perovskite Oxides are Important 

In recent years, a lot of interest has been taken by research community towards 

perovskite materials mainly due to their magnetic and electric characteristics. Most of 

the dynamically studied MFs belong to a group of materials which is named as 

complex oxides. These compounds consist of two or more cations (transition metals) 

and oxygen.  

Ferroelectric 

Ferrotoroidic 
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Figure 1.6: Functionalities of perovskite oxides as bulk and interface phenomena. 

These materials are important for practical applications due to the following reasons; 

these materials are non-toxic, chemically inert, their constituent elements are 

abundant, low cost, very simple and cost effective regarding instrumentation to 

prepare or synthesize oxides without creating vacuum compared to non-oxide 

materials that mostly need vacuum during preparation. The intermediate ionic-

covalent nature of transition metal-oxygen ionic bonds provide desirable ferroelectric 

feature while the highly localized transition metal 3d electrons lead to magnetic 

behavior (Spaldin et al. 2010). Further, the complex perovskites display a lot of 

phenomena in the bulk including ferroelectricity (BaTiO3), colossal 

magnetoresistance (LnMnO3), multiferroicity (BiFeO3), high temperature 

superconductivity (YBa2Cu3O7), relaxor high-k (Pb(MgNb)O3) and high temperature 

ferromagnetism in double perovskites. There are some other phenomena that can 

occur in perovskite oxides at interfaces in hetrostructures such as spin filtering, 

resistive RAM, multiferroicity (BaTiO3/CoFe2O4), strain induced orbital order, 

electronic reconstruction, enhanced mobility, interface superconductivity and 
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magneto-electric junctions (Johnsson and Lemmens 2008). All these phenomena 

make perovskite oxides as the most important group of materials among the research 

community. Few examples of bulk perovskite oxides, with phenomena that occur at 

interfaces, are shown in Fig.1.6.  

1.7 Perovskites 

1.7.1 History of Perovskites  

In 1939, in the Ural Mountains situated in Russia, a mineral was discovered by 

Gustav Rose. The discovered mineral was calcium titanate (CaTiO3) and it was given 

the named as perovskite after the name of a famous Russian mineralogist L.A. 

Perovski. Now, any material is called a perovskite which exhibits the crystal structure 

just like that of CaTiO3 which is shown in Fig. 1.7 (a). The general chemical formula 

for perovskites is ABX3, where A and B are two cations with different atomic sizes (A 

is larger than B) and X is an anion (mostly oxygen) that bonds to both A and B. First 

of all, the perovskite structure was described theoretically by Goldschmidt in 1926 in 

his work on tolerance factors and it was published later using XRD data on barium 

titanate by Megaw (1945). 

1.7.2 Crystal Structure of Perovskites 

Most of the investigated MFs are oxides having perovskite type structure. The general 

formula for perovskite family of materials is ABO3 where A is a larger cation of 

alkaline earth or rare earth elements for ferroelectric behavior. It resides on corners of 

the unit cell (0,0,0),  B is usually 3d, 4d or 5d transition metal cation (smaller  than A) 

with “d” electrons for magnetic character (ferro or ferri) with its position on the center 

of the lattice ( 1/2,1/2,1/2) and  six oxygen atoms each of it acts as an anion existing 

on each face center position ( 1/2, 1/2, 0; 1/2, 0, 1/2; 0, 1/2, 1/2)  that bonds to both A 

& B. This type of arrangement of atoms in a cubic unit cell is called the aristotype 

structure and is shown in Fig. 1.7 (b). Most of the materials, belonging to the 

perovskite family, deviate from the aristotype structure slightly. The new amended 

structure is known as hettotype structure (Megaw and Darlington 1975). Hettotype 

structure may be different from the aristotype structure in many ways including non-

cubic symmetry, changes to the lattice constants, and displacements of A or B or both 
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A and B atoms from their ideal positions as shown in Fig. 1.8. 

 

Figure 1.7: (a) A perovskite mineral (Calcium titanate, CaTiO3) from Kusa, Russia, 

taken at the Havard museum of natural history (b) An ideal perovskite structure 

(space group Pm-3m) with formula ABO3- aristotype structure.  

The perovskite minerals having cubic structure with Pm-3m symmetry can be easily 

distorted as a result of some external factors imposed on the unit cell e.g. temperature, 

pressure, applied field and doping etc. As a result, the perovskite structure can 

accommodate ions of several different elements and materials having orthorhombic, 

rhombohedral, tetragonal and monoclinic symmetry (Liu 1993; Li et al. 2004) as 

illustrated in Fig. 1.8. Three typical unstable structural distortions of the ideal cubic 

perovskites are depicted in Fig. 1.9. First, polar distortion of cations with respect to 

anions which causes an electric dipole moment and leads to the electric polarization 

and two non-polar rotational distortions, Second, + rotations of the oxygen octahedra 

(all rotations about a given axis are in phase) and third, - rotations of the oxygen 

octahedra (rotations alternate along the rotational axis). By combining or freezing 

these modes, various perovskite structures, corresponding to different structural space 

groups, can be generated.  
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Figure 1.8: Hettotype structures. Crystal structures of (a) BiFeO3 with rhombohedral 

R3c symmetry (b) BiMnO3 with monoclinic C2/c symmetry, and (c) YMnO3 with 

hexagonal P63cm ( Roy et al. 2012). 

 

 

 

Figure 1.9: Common structural distortions of the cubic perovskite cell of a BiFe (Mn) 

O3 system, (a) Polar distortion with relative shift of Bi and Fe/Mn cations with respect 

to O anions along the z-axis (b) + (in phase) rotations of the oxygen octahedra 

(dashed lines) about the z-axis (c) (out-of-phase) rotations of the oxygen octahedra 

(dashed lines) about the z-axis (Pálová et al. 2010).  
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1.7.3 Properties of Perovskite Oxides 

The family of oxides having perovskite structures displays a number of stimulating 

and captivating properties. The properties of any material can be controlled by 

controlling the crystallography of that material. The perovskite structure can expand, 

shrink and also rotate its bond angles in order to accommodate a large number of 

cations with different sizes. Consequently, minor displacements and distortions from 

the ideal perovskite structure are important factors that are responsible for a wide 

variety of properties of these materials. Many phenomena like ferromagnetism, anti-

ferromagnetism, ferroelectricity, superconductivity, magnetoresistance, photo-

catalysis and large dielectric constants have been detected in compounds with 

perovskite structure (Guo et al. 2010; Tokura 2000; Wemple 1970; Gerra et al. 2006; 

Dieny et al. 1991; Camley and Barnaś 1989). 

1.7.4 Stability of a Perovskite Structure 

For an ideal cubic perovskite with chemical formula ABX3. The unit cell parameter 

‘a’ is geometrically related to the ionic radii of A, B and X given by: 

Cubic unit cell parameter = a = √2 (rA + rX) = 2 (rB + rX)                  (1.2) 

The relative sizes of A and B cations are crucial for the geometric and thermodynamic 

stability of the perovskite structure (Yokokawa et al. 1989; Li et al. 2004). The degree 

of distortion from ideal perovskite structure is determined by the Goldschmidt 

tolerance factor (Goldschmidt 1926) given by; 

Tolerance factor = t = rA + rX / √2 (rB + rX)                                        (1.3) 

Where rA, rB and rX are the ionic raddi of A cation, B cation and X anion (mostly 

oxygen) respectively. The stability of a perovskite structure depends upon its 

tolerance factor. For an ideal stable cubic perovskite structure, t ≈ 1.00, e.g. SrTiO3. 

However, cubic perovskite crystal structures have been detected for 0.95 < t < 1.04. 

For 1.00 < t < 1.065, mostly tetragonal perovskites with space group p4mm are 

formed e.g. PbTiO3, KNbO3 and BaTiO3 (Goodenough 2004). The tolerance factor 

greater than 1.00 is usually found in II-IV and I-V perovskites. Normally, the 

perovskite structure changes from cubic to rhombohedral and further into 

orthorhombic by decreasing the value of tolerance factor (Goodenough 2004). For t < 
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0.86, the perovskite structure becomes unstable towards the hexagonal structure such 

as YMnO3 (Abrahams 2001; Van Aken et al. 2001).  The tolerance factor < 1.00 is 

normally found in III-III and II-IV perovskites.  

1.8 Multiferroics (MFs) 

1.8.1 What are Multiferroics? 

In multiferroics, two or more primary ferroic properties regarding ferromagnetism, 

ferroelectricity, ferroelasticity and ferrotoroidicity are united in the same phase 

(Pearton et al. 2004). The term ferroics is a general term which encompasses materials 

including ferromagnetic, ferrimagnetic, antiferromagnetic, ferroelectrict, ferrielectric, 

antiferroelectric, ferroelastic, ferrielastic and antiferroelastic (Wadhawan 2002).The 

spontaneous magnetization (Ms) can be controlled by external H, the spontaneous 

polarization (Ps) can be controlled by external E and the spontaneous deformation (εs) 

can be switched by external stress (σ). Recently, the ferrotoroidic materials have been 

proposed, using symmetry arguments, to complete the class of primary ferroics. It is 

suggested that the toroidization (spontaneous toroidal moment) in ferrotoroidic 

materials would be switchable by cross electric and magnetic fields. Experimentally, 

no success has been achieved to date for such type of switching process and now the 

field is open for future research (Spaldin 2010). Fig. 1.10 (a-d) shows the schematic 

hysteresis cycles and domain switching related to the four primary ferroic orders. 

1.8.2 History of Multiferroics 

In 1820, it was noted by H.C. Oersted that a magnetic needle shows deflection when 

current is switched on or off in a battery placed near the magnetic needle (Spaldin et 

al. 2010). Maxwell’s equations describe the relationship between electric fields, 

magnetic fields and electric charges (Maxwell 1865). It is also proved that the 

magnetic effect can produce ferroelectricity and vice versa (Eerenstein et al. 2006).  

Ferroelectrics and ferromagnets are being used separately and successfully since 

many decades to develop a lot of useful devices, such as magneto-resistance read-

heads, magnetic and magneto-optical recording chips. But, here, the question arises, 

whether simultaneous existence of ferroelectricity and magnetism is possible in a 

crystal or not. The answer is yes. Such a possibility was experimentally proved about 

fifty five years ago. It was found that some materials exhibit both magnetic and 
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electric characteristics in the same phase and this group of materials was named as 

electromagnets. 

 

Figure 1.10: (a-d) Schematic domain switching and hysteresis cycles of the four 

primary ferroics. The symmetry symbol used for the toroidal moment corresponds to 

the co-axial mirror plane cross-section of a toroid with an even number of windings 

(e) Note that for certain symmetries, a toroidal moment cannot only be switched by (E 

×H)i , but also by collinear electric and magnetic fields or by a magnetic field alone 

(Schmid 2008). 

The coexistence of magnetic spins and electric dipoles in ferroelectromagnets opened 

new novel possibilities of cross controlling the electric dipoles by H and magnetic 

spins by E.  The cause behind these new possibilities is the coupling among magnetic 

and electric subsystems in matter which is named as magnetoelectric (ME) coupling. 

Schmid (1994), named ferroelectromagnets as “multiferroics” for the first time. Fig. 

1.11 displays coupling among ferromagnetic, ferroelectric and ferroelastic materials.  
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Figure 1.11:  Coupling among ferromagnetic, ferroelectric and ferroelastic materials 

(Schmid 1994). 

 

1.8.3 Why Multiferroics? 

Multiferroics are catching attraction throughout the world because of the challenging 

and interesting physics involved (Koval et al. 2014) and their potential uses in 

numerous fields by designing multifunctional devices using these materials. 

Multiferroics have become popular marketing materials due to their extensive and 

promising applications ranging from giant electric transformers to small computer 

memory devices or even tiny sensors (Schmid 1994).  

1.8.4 Types of Multiferroics  

Geneally, multiferroics are divided in two main groups. These are described in the 

following sections. 

1.8.4.1 Type- I Multiferroics 

In this type of multiferroics, the sources of magnetism and electricity are different and 

are independent of each other. The ME coupling is too weak to be useful for practical 

applications. In these MFs, ferroelectricty usually appears at higher temperature while 

magnetic effects are reduced as a result of high temperature. That’s why these 

materials usually have large spontaneous polarization (10-100 µC/cm2). BiFeO3, 

PbVO3 and BiMnO3 are the typical examples of this group of MFs. These materials 

are further divided into several subgroups on the basis of mechanism to produce 

ferroelectricity as shown in Fig. 1.12. 
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1.8.4.1.1 Multiferroic Perovskites   

The prominent ferroelectric materials are considered to be perovskites such as Pb 

(ZrTi)O3 (PZT) or BaTiO3. There are also numerous magnetic and ferroelectric 

materials which are perovskites as well (Goodenough and Longo 1970; Mitsui 1981). 

For a material of this type, magnetism required partially filled d shells of transition 

metals whereas ferroelectrics have transition metal ions with an empty d shell like 

Ti4+, Ta5+ and W6+. Here, polarization is induced due to the off-center shifting of the 

transition metal ion that makes strong covalent bonds with one or three oxygen ions 

using their empty d states. This is known as “d0 vs dn problem” and it has been studied 

theoretically at the beginning of the revival of MFs (Hill 2000; Khomskii 2001). One 

possible solution of this issue is to mix perovskites with d0 and dn ions as shown in 

Fig. 1.12 (a). 

1.8.4.1.2 Ferroelectricity due to Charge Ordering  

The mechanism of charge ordering occurs in type-I MFs which have transition metal 

ions with different valancies. Ferroelectricity is induced if both the lattices and the 

sites turn out to be inequivalent as a result of this charge ordering as shown in Fig. 

1.12 (c) (Efremov et al. 2004). Nickelates (RNiO3) is one of the examples of this 

group of MFs (Cheong and Mostovoy 2007). 

1.8.4.1.3 Ferroelectricity due to Lone Pairs  

In some MF materials such as BiFeO3, BiMnO3 and PbVO3, Bi3+ and Pb2+ play a key 

role to generate ferroelectricity. These ions have two outer 6s electrons which don’t 

make chemical bonds. These electrons are named lone pairs or dangling bonds. The 

ordering of lone pair of electrons in one direction is the origin of ferroelectricity 

induced and is shown in Fig. 1.12 (b). 

1.8.4.1.4 Ferroelectricity due to Crystal Geometry  

In this type of materails, ferroelectricity is produced due to structural instability 

regarding cations/ions size effects or some other geometrical hypothesis. YMnO3 is an 

example of this group of materials (Van Aken et al. 2004). In YMnO3, magnetic ion 

(Mn3+) has no role in inducing ferroelectricity, but it is produced as a result of the tilt 

of the practically rigid MnO5 block as depicted in Fig. 1.12 (d). This tilting just 
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provides closer packing and consequently the oxygen ions move close to the smaller 

Y ions (Khomskii 2009). 

 

Figure 1.12: Different microscopic mechanisms found in type-I multiferroics. (a) In 

“mixed” perovskites with ferroelectrically active d0 ions (green circles) and magnetic 

dn ions (red), shifts of d0 ions from the centers of O6 octahedra (yellow plaquettes) 

lead to polarization (green arrows), coexisting with magnetic order (red arrows) (b) 

In materials like BiMnO3, BiFeO3 and PbVO3, the ordering of lone pairs (yellow 

”lobes”) of Bi3+ and Pb2+ ions (orange), contributes to the polarization (green arrow) 

(c) In charge ordered systems, the coexistence of inequivalent sites with different 

charges, and inequivalent (long and short) bonds, lead to ferroelectricity (d) The 

“geometric” mechanism of generation of polarizationin YMnO3 (Van Aken et al. 

2004) describes the tilting of a rigid MnO5 block with a magnetic Mn remaining at the 

center. Because of the tilting, the Y-O bonds form dipoles (green arrows), and there 

appears two “up” dipoles per one “down” dipole so that the system becomes 

ferroelectric (and multiferroic when Mn spins order at lower temperatures) 

(Khomskii 2009). 

Table 1 provides the list of some well-known MFs and the basic mechanisms that 

causes ferroelectricity in these compounds. 
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Table 1.1: Novel multiferroic materials with mechanisms to induce ferroelectricity 

(Cheong and Mostovoy 2007). 

Mechanism of inversion 

symmetry breaking 

Materials 

Covalent bonding between 3d0 transition 

metal 

(Ti) and oxygen 

BaTiO3 

polarizability of 6s2 lone pair of electrons BiMnO3, BiFeO3, PbVO3 

Structural transition 

‘ Geometric ferroelectrics’ 

K2SeO4, Cs2Cdl4, h-RMnO3 

Charge ordering 

‘ Electronic ferroelectrics’ 

LuFe2O4, RNiO3 

Magnetic ordering in 

‘Magnetic ferroelectrics’ 

o-RMnO3, RMn2O5, CoCr2O4, MnWO4 

 

1.8.4.2 Type- II Multiferroics 

In these newly discovered MFs, electricity is induced due to magnetism which 

indicates that there is some coupling between them. The small value of polarization 

exhibited by these MFs confirms that the magneto-electric effect is too weak to apply 

(Kimura, Goto, et al. 2003). Examples of this group are YbMnO3, TbMnO3 and 

TmMnO3. These multiferroics are further divided into two groups which are described 

in the following sections. 

1.8.4.2.1 Spiral Type-II Multiferroics 

In these compounds, spiral phase is responsible for ferroelectricity. Spin orbit 

coupling and magnetic field strongly affect the electric polarization due to which 

ferroelectricty is produced. It is observed that the long range magnetic ordering in 

BFO consists of spiral spin structure with an incommensurate antiferromagnetically 

ordered sublattices having long wavelength period of ≈ 64 nm as shown in Fig. 1.13. 
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Figure 1.13: The canted antiferromagnetic spins (blue and green arrows) produce a 

net magnetic moment (purple arrows). The spins are enclosed inside the plane defined 

by the polarization vector (red) and the cycloidal propagation vector (adopted from 

Bernardo 2014).  

 

1.8.4.2.2 Collinear Type-II Multiferroics 

In this type of MFs, ferroelectricity is produced in structures having collinear 

magnetic moments. Structures which have aligned magnetic moments parallel to 

special axis are known as collinear magnets. In these materials, exchange striction 

effect is the main reason to yield polarization which produces ferroelectricity as 

shown in Fig. 1.14. The origin of exchange striction is the transition metal ions with 

unequal valances. Ca3CoMnO6 is an excellent example of this group of compounds. 

 

Figure 1.14: Exchange striction effect causes displacements of ions resulting in 

ferroelectric polarization (red arrow) (adopted from Van den Brink et al. 2008). 
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1.8.4.3 Fluoride Multiferroics 

It is not necessary that all MFs should belong to the oxide family. Some compounds 

belonging to fluorides and oxyfluorides also exhibit multiferroic properties. 

Ferroelectricity induced by spin canting was observed in BaMnF4 (Zvezdin and 

Pyatakov 2010). A comprehensive review on multiferroic magnetoelectric fluorides 

has been written by Scott and Blinc (2011). Both ferreoelastic and ferroelectric 

properties were noted in K3Fe5F15 by Ravez et al. (1989) below Tc = 490 K. 

Mössbauer spectroscopy of K3Fe5F15 revealed spontaneous magnetic ordering below 

30 K and dielectric anomaly below 122 K, which is the property of magnetoelectric 

behavior. Room temperature ferromagnetism and a weak magnetoelectric coupling 

was observed by substituting Mn at the Mg site in BaMgF4 samples which were 

synthesized by a hydrothermal route (Sayed et al. 2011). Further, there are some 

magnetic fluorides that display ferroelectric switching such as (NH4)3FeF6 (Mørup 

and Thrane 1972), Pb2Cr3F19 (Andriamampianina et al. 1994) and Sr3 (FeF6)2 

(Kroumova et al. 2001). It was investigated by Nénert and Palstra (2007), on the basis 

of magnetic symmetry analysis that several fluorides including α-KCrF4, KMnFeF6 

and CsCoF4 exhibit magnetoelectric characteristics.  

1.8.4.4 Magneto-electric Multiferroics (ME-MFs) 

The materials that display ME coupling are termed as magnetoelectric multiferroics 

(ME-MFs). ME-MFs are the most favorite and interesting amongall existing MFs to 

date. In ME-MFs, the magnetic and electric order states coexist. It is essential to 

mention here that by magnetic and electric order states means all types of magnetism 

and their electrical equivalents (if applicable). The ME coupling is the induction of M 

by E or the induction of P by H and is the key feature for fabricating magneto electric 

devices (Ali et al. 2013). The basic requirement of magneto-electric technology is 

such a material which exhibits a strong magneto-electric effect at RT. Magneto-

electric coupling is usually enhanced around transition temperatures (Varshney et al. 

2011).  This coupling offers extra degrees of freedom which may permit M to be 

switched by E and P to be switched by H (Ma et al. 2011). Magnetoelectric materials 

can be used for many applications in place of ferroelectric and ferromagnetic 

materials. However, the most potential applications of these materials are those which 

are derived from the possibility of switching magnetization by applying an electric 
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field and vice versa. Hence, the extra degrees of freedom provided by the ME 

coupling  provide new applications such as electromagnetic resonance devices 

controlled by electric fields, transductors with tunable piezoelectricity and memory 

storage devices (Bibes and Barthélémy 2008; Scott 2007). The relations between 

multiferroic and magnetoelectric materials are shown in Fig. 1.15. 

 

Figure 1.15: (a) A schematic Venn-diagram showing the relations between 

multiferroic and magnetoelectric materials (Martin et al. 2008) (b) The magnetization 

of a ferromagnet in a magnetic field shows the usual hysteresis (blue), and 

ferroelectrics display a similar response to an electric field (yellow). ME-MFs are 

simultaneously ferromagnetic and ferroelectric (green) (Dawber et al. 2005).  

Some important multiferroic materials along with their physical properties are listed 

in Table 1.2. It is obvious from the table that most of the multiferroic materials are 

antiferromagnetic without spontaneous magnetization. Further, most of the MF 

compounds exhibit very low values of ferroelectric Curie temperature (Tc) as well as 

antiferromagnetic Neel temperature (TN) or magnetic transition temperature (TM).  
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Table 1.2: Some MF materials and their physical properties.  

Material 

 

Crystal 

structure 

Space 

group 

Ele El 

Electrical 

ordering 

Orde    

Magnetic 

Ordering 

Tc (K) TN or 

TM 

(K) 

Reference 

BiFeO3 rhombohedral R3c FE AFM 1103 643 Catalan and 

Scott 2009;  

Das and 

Mandal 2012  

BiMnO3 monoclinic C2 AFE FM 723 105 Dos Santos et 

al. 2002;   

Shishidou et al. 

2004; 

Yokosawa et 

al. 2008  

BiCrO3 monoclinic C2/c AFE AFM 420 109 D.H. Kim et al. 

2006; Belik et 

al. 2008 

DyMnO3 orthorhombic pbnm FE AFM 19 40 Goto et al. 

2004 

TmMnO3 hexagonal P63cm FE AFM > 573 86 Smolenskiĭ 

1982; Lonkai et 

al. 2004 

TbMnO3 orthorhombic pbnm FE AFM 28 41 Kimura, Goto, 

et al. 2003, 

Kenzelmann et 

al. 2005 

HoMnO3 hexagonal P63cm FE AFM 875 72 Vajk et al. 

2006 

YbMnO3 hexagonal P63cm FE AFM 983-

993 

87 Smolenskiĭ 

1982; Lonkai et 

al. 2004 

YMnO3 hexagonal P63cm FE AFM 914 70-80 Huang et al. 

1997; Munoz et 

al. 2000 

LaMnO3 orthorhombic pbnm FE AFM 150-

225 

140 Joy et al. 2000;  

Kimura, 

Ishihara, et al. 

2003b 

BiMn2O5 orthorhombic pbam FE AFM 38 39 Alonso et al. 

1997; Munoz et 

al. 2002;  
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Kimura, 

Kobayashi, et 

al. 2007 

HoMn2O5 orthorhombic pbam FE AFM 39 45 Alonso et al. 

1997; Kimura, 

Kamada, et al. 

2007 

YMn2O5 orthorhombic pbam FE AFM 41 45 Alonso et al. 

1997;  Kimura, 

Kobayashi, et 

al. 2007 

ErMn2O5 orthorhombic pbam FE AFM 39 45 Alonso et al. 

1997; Kimura, 

Kamada, et al. 

2007 

DyMn2O5 orthorhombic pbam FE AFM 38 42 Alonso et al. 

1997; Hur et al. 

2004 

TmMn2O5 orthorhombic pbam FE AFM 36 45 Alonso et al. 

1997;  Kimura, 

Kobayashi, et 

al. 2007 

TbMn2O5 orthorhombic pbam FE AFM 38 45 Alonso et al. 

1997;  Kimura, 

Kobayashi, et 

al. 2007 

N13B7O13I cubic F¯43c FE AFM < 64 120 Ascher et al. 

1966;   Von 

Wartburg 1974 

 

1.8.4.4.1 History of Magneto-electric Coupling 

Electric and magnetic phenomena are known for a long time and their use is quite 

common in our daily life. The connection between electricity and magnetism has a 

long history. Maxwell’s equations were proposed by Maxwell (1865) which described 

the relationship between electric fields, magnetic fields and electric charges. The 

control of spins by E and the control of electric charges by H is known as ME effect 

and was presented first time by Curie (1994) on the basis of symmetry consideration. 

It was a first discussion of an intrinsic correlation between magnetic and electric 

properties. This type of effect can be utilized to design multi-state memory and 
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spintronic devices (Eerenstein et al. 2006; Gajek et al. 2007). The real beginning to 

explore this effect was started in 1959 with the description of this effect by Landu and 

lifshitz in a book related to their course of Theoretical Physics. The ME effect was 

keenly investigated in the 1960s and 1970s (O’Dell 1970) after its theoretical 

prediction by Dzyaloshinskii (1959) using an oxide material Cr2O3 and the first 

experimental observation by Astrov (1960). Cr2O3 was not a suitable material to be 

used practically because antiferromagnetism in this compound was coupled with 

paraelectricity.  

The magnetic field induced-electric polarization was also studied by Folen et al. 

(1961).  After that, two groups became active to combine FM and FE properties in the 

same material in Soviet Union: first, the group of Smolenskii in St.Petersburg 

(Smolenskii 1971; Smolenskii 1982) and second, the group of Venevstev in Moscow 

(Venevtsev and Gagulin 1994). Since then, the ME effect continued to attract the 

interest of the researchers. The control of M by E can play a vital role in future 

technology because the materials which exhibit the ME effect, can be used to 

fabricate the more efficient spin based electronic devices. This is the basic reason 

behind the current robust research to investigate the magnetoelectric effect.  

1.8.4.4.2 Why ME-MFs are Rare? 

Many fluoride based materials with perovskite structure are magneticallyferroelectric 

but they do not display magnetic and ferroelectric properties at room temperature 

(Scott and Blinc 2011). Perovskites with magnetic ferroelectric orderings are rare in 

nature as shown in Fig. 1.16. The partially filled d orbitals of the TMs which are 

responsible for magnetic ordering, have a tendency to eradicate the displacement of 

cations which leads to ferroelectricity (Hill 2000).  It is important to mention here that 

Bi based perovskites do not face this problem because in these compounds, 

ferroelectricity derives from the bismuth 6s2 orbitals (Neaton et al. 2005).  

It is hard to find single phase ME-MFs at RT with large magneto-electric coupling. 

Ferroelectrics are usually insulators (having no free carriers but electric diploes), 

while ferromagnets are usually conductors (mostly metals, like iron), where spins of 

electrons of the partially filled d orbitals are magnetically ordered (Hill 2000). 

Further, different criteria are needed for a material to be ferroelectric and 

ferromagnetic simultaneously. Broken inversion symmetry is needed to fulfill the 
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requirements of ferroelectrics while broken time reversal symmetry is needed in case 

of ferromagnets (Mostovoy 2006). In spite of these problems, some materials exhibit 

ME properties simultaneously but they have either very weak ME coupling or have 

very low transition temperatures as well as low electric polarizations and they can’t be 

used for practical applications (Ederer and Spaldin 2007; Nan et al. 2008). 

Figure 1.16: ME-MFs (adopted from Hill 2000). 

1.8.4.4.3 Multiferroicity in Multiferroics 

The primary requirement for a material to be a ME-MF is the coexistence of 

ferroelectricity and magnetism simultaneously in it. The contradiction between 

traditional magnetism and ferroelectricity has motivated the researchers a lot to 

investigate new mechanisms for the coexistence of spins and electric charges. 

Keeping in view the basic physics and most promising applications of MFs, here a 

question arises, how multiferroicity is possible in these materials?. The very first 

requirement of multiferroicity is the combination of two unlike cations into a single 

compound, one of them provides the ferroelectricity while the other provides the 

magnetism. For example, in BiFeO3 perovskite structure, Bi3+ contributes 

ferroelectricity due to distortion in the structure because of its non-bonding electrons 

(lone pairs of electrons) while Fe3+ delivers magnetism via its five 3d electrons (Wang 

et al. 2003) as shown in Fig. 1.17 (a). Another fascinating mechanism to produce 
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multiferroicity is a non-centrosymmetric magnetic ordering which induces 

polarization although the magnetic structure itself is centrosymmetric. First of all, this 

idea was presented by Newnham et al. (1978) who reported that a slight ferro-electric 

polarization was induced due to non-centrosymmetric, spiral anti-ferromagnetic 

ground state of chromium chrysoberyl (Cr2BeO4). This type of spiral state is shown in 

Fig. 1.17 (b). In 2003, a group at University of Tokyo (Kimura, Goto, et al. 2003) also 

observed the same type of effect in terbium manganite.  

 

Figure 1.17: (a) The alignment of lone pairs of electrons in Bi3+ results in a 

ferroelectric polarization (P), (b) A spiral state- the atoms are symmetric with respect 

to the point ‘x’ but the spins are not, which results in a ferroelectric polarization (P), 

(c) The structural change in BaNiF4 from a centrosymmetric, nonpolar phase (left), 

with the ‘x’ marking the center of inversion symmetry to the distorted, 

noncentrosymmetric ferroelectric phase (right) (Spaldin et al. 2010). 

 

Cheong, Malashevich and others proved theoretically that the ME coupling was also 

induced from weak spin-orbit interactions (Cheong and Mostovoy 2007; Malashevich 

and Vanderbilt 2009). A strong multiferroicity was also observed due to non-

centrosymmetric magnetic ordering in TbMn-2O5 and Ca3CoMnO6 in which the 

coupling was arbitrated to strong super-exchange (Cheong and Mostovoy 2007). 

Another route to observe multiferroicity was provided by geometric ferroelectrics in 

which the layered compounds supported the rotations of the anionic sublattices and 

unusual polar tilting. Barium nickel fluoride and rare-earth manganites are the 

examples in this regard. In these materials, steric and electro-static effects induce 
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ferro-electric distortions which were well-matched with the company of magnetic ions 

(Spaldin et al. 2010). Fig. 1.17 (c) displays such types of distortions. 

1.8.4.5 Main Problems with Multiferroics and Their Solutions 

Unfortunately, MFs are rare in nature and mostly are synthesized artificially using 

different techniques. There exists only few MFs to date which exhibit the 

multifunctional characteristics. Low ferroelectric transition temperatures and very 

weak ME effect are the major obstacles with MFs to fabricate the multifunctional 

devices based on MF properties for room temperature applications. This problem can 

be solved by introducing new methods to develop structures with improved MF 

characteristics and by doping some suitable elements in the parent compound. The 

main challenge in the field of MFs is to enhance coupling among P, M, and ε (shown 

in Fig. 1.18) in order to design multifunctional devices for future technology. 

 

Figure 1.18:  Coupling among P, M, and ε (adopted from Spaldin 2005). 

1.8.4.6 Applications of Multiferroics 

Multifunctional devices based on multiferroic materials are the demand of future 

technology. These materials have potential applications in several fields such as 

audio-video digital recording, microwave filters, satellite communication, 

optoelectronics, solar energy devices, thin film capacitors, non-volatile memories, 
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field effect transistors, electrical switching, nano-electronics, generators, 

transducers, transformers, displays, sensors, amplifiers and phase shifters. 

(Eerenstein et al. 2006; Gajek et al. 2007; Surowiak and Bochenek 2008; Wang et 

al. 2009; Garcia et al. 2010; Farhadi & Rashidi, 2010; Lotey and Verma, 2012; Qin 

et al. 2012, Rashad 2012; Tlemçani et al. 2015). Some important applications of 

MFMs are discussed in the following sections. 

1.8.4.6.1 Multistate Memories 

MF and ME materials provide new possibilities to enhance data density by many 

folds and facilitate the opportunity towards the manufacturing of the ultimate 

memory devices (Schmid 2008; C.-H. Yang et al. 2009). Commercially available 

magnetic memories use a magnetic field for writing information with two magnetic 

states (+M and –M) which represent magnetic bits “0” and “1”. Magnetic memories 

are usually made of hard magnetic materials in order to protect the information that 

need a high coercive field which means high energy consumption but low writing 

speed. On the other hand, ferroelectric memories have faster writing speed via 

switching polarization states (+P and –P) and consume less energy. But, in these 

memory devices, the data is not reliable due to their destructive read operation. 

These limitations can be resolved by fabricating multistate memories based on 

multiferroism which possess ferroelectric-write and magnetic operations. This 

would effectively enhance the writing speed with reliable data and significantly 

reduce energy consumption (Scott, 1989; Scott, 2007; Roy et al. 2012). The work 

on this type of possibilities in other devices, based on ME effect, is still in progress 

and has become the leading driving force in multiferroic materials research.  

1.8.4.6.2 Multiferroic Microwave Phase Shifter    

These devices can be used for telecommunications, phased array antenna systems 

and radar applications. These devices are based on ferroelectrics, ferrites and 

semiconductors. It is possible to combine magnetic ferrites with ferroelectrics to 

derive a MF composite that can operate as a dual phase tunable microwave for high 

frequency applications. Based on theoretical studies, the development of such 

devices has been reported in literature (Demidov et al. 2003; Ustinov et al. 2007). 
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1.8.4.6.3 Shape Memory Alloys  

In these alloys, ferromagnetic and ferroelastic phases are combined together. These 

alloys can change their shape under the effect of an applied magnetic field and are 

called ferromagnetic inter-metallic materials. These alloys can be used for many 

applications including storage, solid-state refrigeration, energy conversion and 

shape memory actuation. NiTi is an example of such an alloy which converts heat 

energy into mechanical work by undergoing a reversible martensitic transformation 

(Krulevitch et al. 1996).  

1.8.4.6.4 Negative Index Materials (NIMs) 

These materials exhibit negative permeability and permittivity simultaneously. 

These materials are gaining interest for researchers because their interaction with 

the electromagnetic radiation may be described by a negative index of refraction. A 

negative index of refraction in the terahertz region has been reported in this regard 

(Shelby et al. 2001; Ward et al. 2004; Gajek et al. 2007). This result favors the 

capacity of the mechanical phase to control the phase between the magnetic field 

and the electric field by manipulating the direction of power propagation which 

recognizes MFs as a possible source for a negative index of refraction (Wang et al. 

2009). 

1.8.4.7 Applications of BiFeO3-based Multiferroic Materials 

Multifunctional devices are the demand of future technology. BiFO3-based 

multiferroic materials have potential applications in several fields. These include 

audio-video, digital recording, microwave, satellite communication, optoelectronics, 

piezoelectric applications, solar energy devices (Cheng et al. 2009; Catalan and Scott 

2009; Farhadi & Rashidi 2010; Qin et al. 2012), thin film capacitor, non-volatile 

memory (Garcia et al. 2010), as a visible-light photo-catalyst for water splitting and 

degradation of organic pollutants because of its small band gap ∼2.2 eV (Guo et al. 

2010), field effect transistors, electrical switching, and nanoelectronics (Lotey 

&Verma 2012). All the novel-concept multiferroic devices which have been proposed 

to date could derive in reality only using multifunctional materials having unique 

multiferroic properties such as BiFO3. 

1.8.4.8 Future Aspects of Multiferroics and Recommendations 



 
 

32 

No doubt, MFs are a big source of technological applications as these materials may 

simultaneously display tunable magnetic, thermal, mechanical, electrical, dielectric 

and optical properties. A lot of research, both theoretically and experimentally, is 

needed to understand and enhance the required multiferroic characteristics of these 

materials is required in order to explore the multifunctional properties to fabricate 

multiferroism based devices to fulfil future demands. A few present and future aspects 

related to MFs are shown in Fig. 1.19. Some commmon requirements for the fruitful 

applications of MFs and few future aspects are given below: 

 MFs must exhibit strong ME effects at any required temperature. 

 Easy manufacturing/synthesizing of MFs, using cheap raw materials (chemical 

elements and compounds) should be made possible. 

 The merging of MFs with spintronic materials and semiconductors for the 

development of multifunctional hybrid structures might assist the beginning of 

really novel 

technologies. 

 Scientists and researchers should explore (naturally or artificially) new 

multiferroic materials.  

 New materials having magnetic cations on geometrically frustrated lattices are 

needed which result in canted/spiral magnetic structures.  

 Research should be done on such compounds about which prior studies have 

indicated spin canted or spiral structures but they have not been investigated 

for multiferrocity. 

 The compounds should be taken under investigation where ferroelectricity has 

been reported or predicted.  

 New possible crystal structures can be explored using first principle 

calculations. 

 Ferrotoroidics, the fourth basic ferroic order is an open area for future research 

Summarizing, we can say that the field of MFs has promising significant applications 

in numerous fields as well as it comprises rich and interesting Physics. The trend of 
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producing and developing multifunctional materials is a tremendous activity but there 

is much more work is needed yet for the development of this field both in basic 

Physics and in manufacturing of multifunctional devices to serve humanity. 

 

 

 

 

 

 

Figure 1.19: Interactions in MFs. The well-established primary ferroic orderings, 

ferroelectricity (P), ferromagnetism (M), and ferroelasticity (ε), can be switched by 

their conjugate electric (E), magnetic (H), and stress (σ) fields, respectively. Cross 

coupling allows ferroic orderings to be tuned by fields other than their conjugates; 

for example, in ME-MFs, an electric field can modify magnetism. Physicists are 

also exploring the possibility of ferrotoroidics, a promising new ferroic ordering of 

toroidal moments (T), which is switchable by crossed electric and magnetic fields. 

The “O” represents other possibilities, such as spontaneous switchable orbital 

orderings, vortices, and chiralities that will likely enrich future research (adopted 

from Spaldin 2010).  
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CHAPTER 2 

FUNDAMENTALS OF BISMUTH FERRITE (BiFeO3) 

 

2.1 Why BiFeO3 (BFO)? 

Different MFs possess different crystal structures. MF materials have been divided 

into four major groups. There also exists few other MFs with such crystal structures 

which are not included among these four major groups which are described here 

(Smolenskiĭ and Chupis 1982).  

 ABO3 is the general formula for the MFs having perovskite crystal structure. 

In these compounds, "A" site is occupied by rare-earth or alkaline earth 

elements for ferroelectric behavior while "B" site is occupied partially or fully 

by magnetic ions to display magnetic behavior. This is the largest group 

among MFs and the eminent member of this group is BFO. This group also 

contains some complex perovskite like layered compounds having common 

formula Am+1BmO3m+3, here A = Bi, Ba, Sr, Ca, and B = Fe, Mo, Ni, Ti. 

 MFs with hexagonal crystal structure. These compounds include rare earth 

manganites with general formula RMnO3, where R = Er, Yb, Ho, Y, Sc, Lu 

and Tm. These compounds are good ferroelectrics along with weak 

ferromagnetic or antiferromagnetic properties. YMnO3 is the most 

investigated member of this group. 

 Boracites, MFs with chemical formula M3B7O13X, where M = Fe, Ni, Cu, Mn, 

Co, Mn and X = Br, Cl, I. These compounds exhibit ferroelectric as well as 

weak ferromagnetic or antiferromagnetic properties. 

 MFs having a general formula BaMF4, where M = Fe, Zn, Mn, Mg, Ni and 

Co. These compounds display pyroelectric or ferroelectric properties and also 

exhibit weak ferromagnetic or antiferromagnetic behavior at relatively low 

temperatures. 

Classification of different insulating materials on the basis of different behaviors, 

shown by materials, is depicted in Fig. 2.1. At present, only few multiferroic materials 

display magnetic and ferroelectric orderings at well above RT and the most prominent 

among them is bismuth ferrite (BFO). BFO is one of the rare and the most studied MF 

materials during the past couple of years. I have selected this material for my PhD 
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research work because of its hopeful multifunctional properties above room 

temperature compared to other multiferroics. BFO is the sole multiferroic compound 

which exhibits both ferrreoelectric and magnetic characteristics at elevated 

temperatures (Catalan and Scott 2009) which make this material very smart and 

attractive for magneto-electric and many other applications. The recorded ferroelectric 

Curie temperature for BFO is 830 ℃ (1103 K) and the G-type anti-ferromagnetic Neel 

temperature is 370 ℃ (643 k) (Das and Mandal 2012).  

 

Figure 2.1: Classification of insulating oxides. The largest circle denotes all 

insulating oxides among which one finds electrically polarizable materials (green 

ellipse) and magnetically polarizable materials (orange ellipse). Within each ellipse, 

the circle denotes materials with a finite polarization (ferroelectrics) and/or a finite 

magnetization (ferro- and ferrimagnets). Depending on the definition, multiferroics 

correspond to the intersection among the ellipses or the circles. The small circle in 

the middle represents systems displaying a magnetoelectric coupling (Béa et al. 

2008). 

 

2.2 Background  

In 1958, Smolenskii group started research on BFO. This group could not prepare 

phase pure BFO ceramics. The crystal structure of the prepared BFO was also 

unstable. In 1967, Achenbach and his co-workers succeeded in producing phase pure 

BFO multiferroic by eliminating the impurities with the help of HNO3. In 1969, 
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Michel et al. determined the crystal structure of BFO by performing XRD (on BFO 

single crystal) and neutron diffraction (on BFO powder).  In 1990, Kubel and Schmid 

adopted X-ray diffraction technique to investigate the mono domain single-phase of 

BFO. BFO attained more attention and interest by researchers when Wang et al. 

(2003) prepared thin films of this material which displayed remnant polarization 15 

times stronger than that of the bulk BFO. After that a lot of research has been 

performed to explore the multifunctional characteristics of BFO by preparing it in 

different morphologies such as thin film, bulk, powder and other nanostructures. 

2.3 Crystallographic Structure of BFO 

In 1969, Michel et al. determined the crystal structure of BFO. At atmospheric 

pressure and temperature, BFO was found to exhibit rhombohedral distorted 

perovskite structure (shown in Fig. 2.2) belongings to space group R3c having two 

formula units of BFO with lattice parameters of ar = b = c = 5.63 Å and with distorted 

angles of α = β= γ = 59.4° (Moreau et al. 1971; Eerenstein et al. 2005; Das et al. 

2012). Its melting point is 934 ℃ (Sverre et al. 2007) and it has a small band gap of 

2.2 eV (Guo et al. 2010). The lattice parameters and its crystal structure depend on 

temperature. Significant changes are observed in this material above 300 K. The 

rhombohedral symmetry can also be described with the pseudo-cubic crystal structure 

with unit cell dimensions of ac = 3.965 Å and pseudo-cubic angle, αc = 89.3-89.4°. 

The crystal structure of BFO can also be represented using hexagonal frame of 

reference by connecting two perovskite cubes with the c axis parallel to the diagonals 

of the perovskite cubes. The hexagonal unit cell dimensions are ahex = bhex =5.58 Å 

and chex =13.90 Å (Kubel et al. 1990; Catalan and Scott 2009).  

Some important structural and physical properties of BFO at RT are listed in Table 

2.1. The electric and magnetic characteristics of BFO are frequently demonstrated 

using the hexagonal unit cell and the pseudo-cubic direction where the [111]c 

corresponds to the hexagonal [001]h. The P is mainly contributed by the Bi+ lone pair 

of electrons (6s2 orbital) and the M comes from Fe3+ (Varshney et al. 2011). Weak 

ferromagnetism, observed in BFO, is due to residual magnetic moment from the 

canted Fe3+ spin structure (Sen et al. 2012). The rotation angle of O2 octahedra is 

another significant structural factor of BFO, which is associated with the Goldschmid 

tolerance factor for perovskites. For BFO, the octahedral tilt is 11–140 around the 

polar [111] axis. The stability of a perovskite structure depends upon its tolerance 
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factor. For BFO, the tolerance factor is 0.88 so, the oxygen octaedra must buckle in 

order to fit into a small cell resulting in a Fe-O-Fe angle value of 154-156º (Catalan 

and Scott 2009). The conduction and magnetic properties of BFO depend upon the 

Fe-O-Fe angle because this angle controls the magnetic exchange and the orbital 

overlapping between O and Fe.  

 

Figure 2.2: Schematic drawing of the crystal structure of distorted perovskite BFO 

(space group: R3c) exhibiting the ferroelectric polarization (arrow) and anti-

ferromagnetic plane (shaded planes) (Baek et al. 2017). 

 
Table 2.1: Important structural and physical properties of BFO at RT. 

 
Property Information Reference 

Family Perovskite-type (ABO3) Catalan and Scott 

2009 

Crystal system(1) Trigonal 

ahex = 5.58 Å, chex = 13.90 Å, 

α = β = 90°, γ = 120° 

apc = 3.965 Å, αpc = 89.35° 

arh = 5.6343 Å, αrh = 59.348° 

Michel et al. 1969; 

Catalan and Scott 

2009; 

Kubel and Schmid 

1990; 

Moreau et al. 

1971; Bernardo 

2014  

Space group R3c (161) Das and Mandal 

2012 

Tolerance factor t = 0.88 Catalan and Scott 

2009 



 
 

38 

FE Curie temperature Tc = 830 ℃ = 1103 K Mohanty et al. 

2015 

AFM Neel temperature TN = 370 ℃ = 643 K Mohanty et al. 

2015 

Melting point 934 ℃ Sverre et al. 2007 

Density D = 8.40 g/cm3 Thomas and 

Beitollahi 1994 

Band gap Eg = 2.2 eV Guo et al. 2010 

Polyhedral volume ratio VA/VB = 4.727 Thomas and 

Beitollahi 1994 

Thermal expansion Non-linear and anisotropic Ismailzade 1966, 

Bucci et al. 1972 

 
(1) Trigonal crystals may be described with hexagonal, pseudocubic or rhombohedral 

crystallographic parameters. 

The unit cell of BFO in the hexagonal system is shown in Fig. 2.3. The magnetic 

structure of BFO is illustrated in Fig. 2.4 (a-d).  

 

 

Figure 2.3: Schematic presentation of BiFeO3 unit cell in the hexagonal and pseudo-

cubic settings of R3c space group (Lazenka et al. 2012). 
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Figure 2.4: (a) Structure of BFO is shown (a) down the pseudocubic-[110], (b) down 

the pseudocubic-[111]-polarization direction, and (c) a general three-dimensional 

view of the structure. (d) The magnetic structure of BFO is shown including G-type 

antiferromagnetic ordering and the formation of the weak ferromagnetic moment 

(Martin et al. 2008). 

 

2.4 The Phase Diagram of BFO 

In the mid-60s, the first phase diagrams were published for both Bi2O3 and Fe2O3 

system and few years later, some modifications to these diagrams were made and 

published, although some discrepancies were observed  among them (Bernardo 2014). 

The Equation 2.1 desceibes the reaction between Bi2O3 & Fe2O3 (raw materilas) to 

produce BFO. 

         Bi2O3 + Fe2O3 → 2BiFeO3                         (2.1) 

At high temperature, the prepared BFO can decompose back into the starting 

materials (Catalan and Scott 2009) as shown in Equation 2.2; 

                                      2BiFeO3 → Bi2O3 + Fe2O3                          (2.2) 

The phase diagram of Bi2O3/Fe2O3 system is shown in Fig. 2.5. Here, many other 

phases such as Bi2O3, Bi2Fe4O9 and Bi25FeO39, along with BFO, can also be observed. 

In 2008, Palai et al. reported that the peritectic decomposition of BFO happened from 

the γ-phase but Lu et al. (2011) asserted that this phase was not thermodynamically 

stable. It has been reported by many researchers that the production of single phase 
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structure due to parasitic/impurity phases is very difficult in case of BFO ceramics 

(Achenbac et al. 1967; Morozov et al. 2003; Valant et al. 2007; Carvalho and Tavares 

2008; Selbach et al. 2008). It is possible to obtain phase pure BFO by carefully 

controlling the stoichiometric composition while a slight deviation from the 

stoichiometric ratio would result in a mixture of BFO. Also, many secondary phases 

like Bi2O3, Bi2Fe4O9, Bi25FeO39 andBi25FeO40 may also exist (Bernardo 2014). Valant 

et al. (2007) reported the co-existence of three phases in an equilibrium state. This 

research group also asserted that the Bi2O3/Fe2O3 system would behave like a pseudo-

binary system in the presences of small amounts of secondary phases and a minor 

deviation from the stoichiometric composition would increase the percentage of the 

impurity phases. Some researchers (Carvalho and Tavares 2008; Selbach et al. 2008; 

Catalan and Scott 2009) claimed that BFO actually has a metastable state in air and 

bismuth oxide also possesses volatility nature so, under certain conditions, the 

stoichiometric composition could be changed and it would decompose to produce the 

secondary phases (Bi2Fe4O9, Bi25FeO39) according to the following reaction; 

                            49BiFeO3 → 12Bi2Fe4O9 + Bi25FeO39                        (2.3)  

 

Figure 2.5: Compositional phase diagram of BFO (Catalan and Scott 2009). 

The conditions at which BFO decomposes are controversial and are still under 

discussion. It has been reported by Morozov et al. (2003) that BFO decomposes at 

temperature greater than 780 ºC. On the other hand, Carballo and Tavares (2008) 
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reported that BFO was decomposed at temperature lower than 600 ºC. It was Selbach 

et al. (2008) who reported that BFO was metastable from 447-767 ºC. This research 

group also asserted that, within this range of temperatures, the secondary phases 

(Bi2Fe4O9, Bi25FeO39) were more stable compared to BFO phase so, it is possible to 

obtain phase pure BFO structure at temperature slightly greater than 767 ºC. 

2.5 Different Techniques to Synthesize BFO 

Different techniques have been adopted by researchers to prepare BFO ceramics. The 

important parameters to be controlled and secondary phases which apper along with 

BFO in the preparation are listed in Table 2.2. 

Table 2.2: Different methods to synthesize BFO ceramics. 

Ref Calcination 

Temperature 

Parameters to 

be controled 

(Treatment 

temperature 

and time 

common for 

all techniques) 

  

 

Special 

equipm

ent 

needed 

Secondary 

phases during 

synthesis 

 

Method 

Chen et 

al. 2006; 

Chaudh

uri et al. 

2010; 

Cai et al. 

2012 

200-240 ℃ Concentration 

of mineralizers 

such as NaOH 

and KOH 

Auto-

clave 

Bi25FeO40,  

Bi2Fe4O9,  

Bi2 

(Bi0.5Fe0.5)O19.5      

Hydrother

mal 

Kumar 

et al. 

2000; 

Bernard

o 2014;  

Suresh 

and 

Srinath 

2015 

> 600 ℃ milling speed 

and time 

Ball mill Bi25FeO39, 

Bi2Fe4O9, 

Bi2O3 and 

Fe2O3 

Solid state  

Selbach 

et al. 

2007; 

Popa et 

al. 2007; 

Kumar 

et al. 

600 ℃ Concentration 

of chelating 

and 

polymerizing 

agents  

 Bi25FeO40,  

Bi2Fe4O9,  

Bi36Fe2O57      

Pechini 

method 
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2008 

Wang et 

al. 2004; 

Sagdeo 

et al. 

2013 

880-910 ℃  Rapid 

thermal 

annealin

g system 

Bi25FeO39,  

B36Fe2O57 

Rapid 

liquid 

sintering 

Ke et al. 

2011 
550 ℃ when 

Bi content is 3 

% excess 

Concentration 

of precipitating 

agents  

 Bi2Fe4O9, 

Bi2O3,  

Bi25FeO39 

Modified 

co-

precipitati

on 

J. Xu et 

al. 2009;  

Ilić et al. 

2015 

 

500-600 ℃ Concentration 

of chelating 

agents such as  

urea, citrate 

acid  

Hot 

plate, 

magneti

c- stirrer 

Bi24Fe2O39, 

Bi2Fe4O9,  

Bi25FeO40 

Sol-gel 

auto-

combustio

n 

Biasottt

o et al. 

2011; 

Wang et 

al. 2012 

200 – 220 ℃ Concentration 

of mineralizers 

such as NaOH 

and KOH 

Auto-

clave, 

centrifu

ge, 

microwa

ve 

furnace 

Bi25FeO39, 

Bi2Fe4O9, 

Bi2O3, Fe2O3, 

Bi(OH)3 

Micro-

wave 

hydro-

thermal 

Shami et 

al. 2011 
600 ℃ Concentration 

of precipitating 

agents 

 Bi2Fe4O9, 

Bi2O3 

Conventio

nal co-

precipitati

on 

Das et 

al. 2007 
500 ℃ Control of pH, 

solvents 

having low 

viscosity and 

low volatility 

ultrasoni

c probe, 

centrifu

ge 

 Sonochem

ical 

method  

 

2.6 BFO Nanostructures 

In the beginning, BFO was prepared and investigated only in bulk form. Later, BFO 

obtained great attention and interest by scientists after 2003 when Wang group made 

the thin films of BFO which exhibited very interesting and hopeful properties related 

to multifunctional devices. After that BFO has been characterized by preparing 

different microstructures including nanopowder, nanoparticles (NPs), thin films, 

nanowires, nanofibers, nanosheet, nanoplate and nanotubes (Fig. 2.6).  
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Figure 2.6: Different morphologies of BFO nanostructures (Wu et al. 2016). 

2.6.1 Nanopowder and Nanoparticles 

Zero-, one-, and two-dimensional nanostructures of BFO have been developed by 

many researchers (Park et al. 2007; Wei and Xue 2008b; Kang et al. 2009). Sol-gel 

technique is the most suitable method to produce BFO NPs ranging in size smaller 

than 15 nm to larger than 100 nm. BFO NPs show strong size-dependent magnetic 

behavior according to confinement effects and the magnetic response enhances as the 

size of BFO NPs decreases. However, some other parameters and theories, for 

example, strain effects, material quality and interference of the helix modulated spin 

structure should also be taken under consideration. BFO nano powder and SEM 

image of BFO NPs are presented in Fig. 2.7 (a-b). 

Figure 2.7: (a) BFO nano powder, (b) SEM image of BFO NPs sintered at 600 ºC 

(Wei and Xue 2008). 



 
 

44 

2.6.2 Thin Films 

High quality thin films (shown in Fig. 2.8) can be prepared using different techniques 

and various types of substrates including Si, SrRuO3 and SrTiO3. Properties of thin 

films can be affected by changing the growth technique and the substrate (Chu et al. 

2006). The detail of some well-known thin film growth techniques can be found in 

literature (Ma et al. 2011: Bernardo 2014; Riaz et al. 2015; Wu et al. 2016).    

 

Figure 2.8: Typical plan-view bright-field image of BFO films with (a) periodic 

domain structure and (b) multi domain structure (Chu et al. 2006). 

 

2.6.3 Nanowires, Nanotubes and Nanofibers 

Nanofibers, nanowires and nanotubes are one dimensional nanostructures. These 

structures are capturing intense attention among the research community due to their 

exceptional size-dependent characteristics and applications in the field of mesoscopic 

Physics and manufacturing of nanoscale devices. The devices, made from the bulk, 

display distinct properties from those of the nanometer-sized components. Nanowires 

exhibit multifunctional properties which are suitable for many applications including 

sensors and magnetic memory devices. Many templates are used to fabricate 

nanowires but anode aluminum oxide templates are more suitable for the synthesis of 

these wires (Khikhlovskyi and Blake 2010).  

Nanotube arrays of ordered BFO are very motivating for future technology 

applications, for example, vertical magnetic recording media. Sol-gel template 

procedure is the most suitable method to fabricate oxide nanotubes. SEM and TEM 
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images of BFO nanowires are shown in Fig. 2.9 (a) and (b) respectively. The SEM 

images of BFO nanofibers, calcined at different temperatures, are displayed in Fig. 

2.10 (a-d). It is clear from Fig. 2.10 that BFO fibers, calcined at 450 ºC have smooth 

surfaces compared to other micrographs because of insufficient calcination. BFO 

fibers, calcined at 500 ºC, show polycrystalline structure having grains of almost 100 

nm in size. If calcination temperature is increased above 550 ºC, the grains in BFO 

fibers become larger and larger resulting in splitting of the fiber (Song et al. 2011). 

 

Figure 2.9: (a) SEM and (b) TEM images of BFO nanowires (Li, Zhang, et al. 2013), 

(c) SEM image of BFO nanotube arrays; inset shows a close-up of vertical BFO 

nanotube arrays (bar = 100 nm) (Wei et al. 2008).  
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Figure 2.10: SEM images of BFO nanofibers calcined at different temperatures: (a) 

450 ºC, (b) 500 ºC, (c) 550 ºC, and (d) 600 ºC (Song et al. 2011). 

2.7 Applications of Multifunctional Materials 

Multifunctional materials to manufacture multifunctional devices are the demand of 

future technology. BFO based materials have potential applications in several fields, 

such as audio-video, digital recording, microwave, satellite communication, 

optoelectronics, solar energy devices (Qin et al. 2012; Farhadi and Rashidi, 2010), 

thin film capacitor, non-volatile memory (Garcia et al. 2010), field effect transistors, 

electrical switching, nanoelectronics (Lotey and Verma 2012). All the novel concepts 

related to the multifunctional devices which have been suggested to date can be 

brought in reality only by using multifunctional materials having unique multiferroic 

properties such as BFO. 

2.7.1 Ferroelectric and Piezoelectric Applications 

BFO can be used to fabricate FE memories because it has some advantages when it is 

compared to PZT, a traditional ferroelectric memory element. BFO being lead free, is 

safer than PZT. Moreover, switchable P of BFO is double compared to PZT. 

However, BFO is more conductive than that PZT and it needs to be addressed this 

problem in order to make BFO suitable for device applications. BFO can be used for 

piezoelectric applications. Pure BFO has a small value of piezoelectric coefficient but 
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when it is mixed with PbTiO3, the piezoelectric coefficient of BFO increases nearly 

close to that of PZT (Cheng et al. 2009; Catalan and Scott 2009). 

2.7.2 THz Radiation Applications 

BFO emits tetra-hertz (THz) radiation when it is hit by a femtosecond laser pulse 

which offers an ultrafast and non-destructive approach of FE memory readout having 

extra advantage of non- leakage tendency at high frequency (Takahashi et al. 2006; 

Rana et al. 2009). 

2.7.3 Spintronic Applications 

BFO can be used to fabricate such types of memories on which data can be written by 

E and read by H. Such memories have the advantages of (i) a circuit (solid state) 

without any mobile parts, (ii) little energy consumption, (iii) the voltage decreases 

with thickness, (iv) non-destructive memory data. BFO can also be used as barrier 

layer. BFO can perform as an electrically switchable tunnel junction when it is 

sandwiched between two FM electrodes (Gajek et al. 2007; Scott 2007; Catalan and 

Scott 2009).    

2.7.4 Optical Applications 

The optical bandgap (Eg) of BFO mentioned in the literature is in the range of 2.2-2.8 

eV. This band gap is interesting for the applications of this material using 

photovoltaic effect or photocatalytic characteristics as well as photoconductivity 

(sensors). BFO NPs have been proposed by researchers to use it as photo-catalysts 

(Luo et al. 2006; Gao et al. 2006; Lu et al. 2007; Gao et al. 2007; Joshi et al. 2008; Li 

et al. 2009). Basu et al. (2008) has reported a significant photoconductivity in BFO 

thin films. Choi et al. (2009) has reported that due to its semiconducting nature, BFO 

can also be exploited in diodes being sensitive to the ferroelectric state because the 

direction of the diode can be reversed by switching the ferroelectric polarization using 

an external electric field. The diode effect is also linked with photovoltaic current, 

having switchable direction that can be determined by the ferroelectric state. It is 

hoped that BFO will be useful for fabricating devices for future technology utilizing 

magnetism and ferroelectricity along with semiconducting and optical properties.     
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2.8 Major Flaws in BFO and their Solutions  

The commercial applications of BFO are restricted because of many challenges. 

These challenges should be solved in order to make BFO a suitable material for 

practical applications. The main challenges related to BFO are: (i) difficulty in 

preparing pure single phase material (due to narrow temperature ranges in which BFO 

stabilizes & a number of secondary phases of Bi & Fe appear if temperature and 

stoichiometry composition are not controlled carefully), (ii) high leakage current and 

large loss factor exist due to oxygen non-stoichiometry, (iii) spiral spin structure 

resulting in low saturation magnetization, (iv) poor linear magneto-electric effect at 

room temperature, (v) small remnant polarization and (vi) high coercive field. Most of 

these problems are the result of structural imperfections such as oxygen vacancies 

(because of highly volatile nature of Bi at high temperature), pores, valency 

fluctuations of Fe ions and secondary phases (C. Yang et al. 2012; Mao et al. 2012; 

Arya and Negi 2013; Reddy et al. 2014, Amin et al. 2016; Amin et al. 2017). The 

main issue with BFO is its conducting grain boundaries and domain walls at RT 

which lead to large loss factor that produces heating of a device which may destroy it. 

To materialize BFO based multifunctional devices, it is necessary to improve its MF 

properties by minimizing the problems associated with it. Usually, chemical 

composition, synthesis procedures, chemistry, processing atmosphere, sintering 

temperature and substituted ions determine the properties of BFO MFs. In order to 

solve these problems, research is being done on various frameworks including single 

or co-doping in BFO with suitable dopants and synthesis of this material in various 

morphologies (ceramics, films, nano) (Luo et al. 2009), using different preparation 

techniques. Leakage current problems can be controlled by synthesizing denser and 

impurity free BFO nanoparticles (Bernardo 2014; Amin et al. 2017). The 

magnetization can be enhanced by synthesizing NPs less than 62 nm in size which 

will surely break the modulated spin structure of BFO and release the locked spins 

inside the structure (Reddy et al. 2012; Dhir et al. 2014). 
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CHAPTER 3 

LITERATURE REVIEW 

3.1 Introduction 

MFs display at least two primary ferroic orders simultaneously in a single phase. The 

term is mainly used for the materials that exhibit ferromagnetic and ferroelectric 

behavior simultaneously. These are called magneto-electric multiferroics. The 

magneto-electric coupling is the key feature for multifunctional devices based on 

multiferroics (Ali et al. 2013). Among the existing multiferroics, BiFeO3 (BFO) is the 

most important member among perovskite materials having formula ABO3 which 

depicts ferromagnetic and ferroelectric behavior simultaneously at well above the 

room temperature. In spite of being a strong candidate for many applications, BFO is 

restricted for practical use in numerous fields due to some artifacts within this 

material particularly high leakage current density, very low macroscopic 

magnetization, impurity phases along with BFO, large loss factor and weak magneto-

electric coupling (C. Yang et al. 2012; Mao et al. 2012; Arya and Negi 2013). In order 

to solve such issues, various steps are being taken by the researchers e.g. (i) single or 

co-doping of suitable elements in the parent compound, (ii) synthesis of BFO in 

different structures (bulk, NPs, thin films, nanowires, nanofibers, nanotubes, nanorods 

etc.), (iii) different preparation methods and techniques to produce this material. 

Research is being done to synthesize high quality phase pure BFO crystals to 

overcome these problems specially the leakage current. The structural changes in 

BFO can be done through doping in order to tailor its properties. For practical 

applications, a device for the specific requirements can be fabricated just by 

controlling the desired properties of BFO by chemical doping using various methods. 

3.2 Various Methods to Synthesize Single Phase Bismuth Ferrite 

(BFO) 

Various methods have been adopted by researchers to synthesize phase pure BFO in 

order to investigate its multiferroic properties to fabricate multifunctional devices. I, 

here describe some important procedures that are being used by material science 

researchers, in their try, to produce single phase BFO.  
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3.2.1 Mixed-Oxides Method 

First time, BFO compound was synthesized in Russia using conventional mixed 

oxides method (Smolenskii et al. 1958). At that time, it was reported by many 

researchers that BFO could be synthesized through solid state reaction of iron oxide 

(Fe2O3) and bismuth oxide (Bi2O3) precursors at temperatures around 700-800 ºC and 

with annealing times from 30-120 minutes. Achenbach et al. (1967) pointed out the 

difficulties in obtaining phase pure BFO. Pure BFO always results in multiphase 

products with small amounts of parasite phases. Moreover, modifications in the 

temperature range, timing and atmosphere of the annealing treatment, repeated 

grinding and firing and even the addition of slight amounts (less than 0.5 mol %) of a 

third component could not help in obtaining the phase pure BFO. It is also reported in 

literature that the formation reaction of BFO is incomplete at temperature below 700 

ºC and at temperatures between 700 & 750 ºC, BFO formation completes with the 

formation of Bi2Fe4O9 as a secondary phase and finally, at temperatures above 750 ºC, 

BFO becomes unstable and decomposes (Bernardo 2014).  

Achenbach et al. (1967), in view of all these impediments, proposed a technique to 

acquire phase pure BFO which is still being used by many research groups (Dai and 

Akishige 2012; Wang et al. 2013). In this method, firing of such compositions (Fe2O3 

and Bi2O3) at temperatures around 750 ºC leads to a mixture of BFO and unreacted 

Bi2O3. By leaching with concentrated HNO3, this Bi2O3 can be lixiviated resulting in 

phase pure BFO.  In 2003, Morozov emphasized that the production of pure BFO was 

impossible through solid state reaction method because its decomposition temperature 

was lower than its activation one.  

Soon after, Wang et al. (2004) recommended a new method to obtain phase pure 

BFO. In this new method namely “rapid liquid phase sintering”, the oxide precursors 

are thermally heated at high temperatures up to 880 ºC for a short period of time (450 

s) and followed by externally fast heating and cooling rates around 100 ºC/s. It is 

claimed that the presence of a liquid phase, along with the fast heating rate, 

effectively speeds up the formation reaction of BFO phase and prevents the formation 

of secondary phases. This method was adopted by many researchers to synthesize 

BFO free of impurity phases (Pradhan et al. 2005; Yuan, S. W. Or, et al. 2006). 
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Pradhan et al. (2005) investigated the effect of minor variations in the annealing 

conditions and concluded that the temperature should be exactly 880 ºC to obtain 

phase pure BFO. Temperatures lower than 850 ºC lead to an incomplete reaction, 

while higher temperatures contribute in multiphase products as a consequence of Bi-

2O3 volatilization. Yuan, S. W. Or, et al. (2006) studied the effect of particle size of 

the precursor powders. These authors reported that working with Fe2O3 or Bi2O3, 

having an average particle size greater than 1 μm, hinders the formation of the 

reaction to be completed and again results in a final product with minor impurity 

phases.  

In 2012, Bhole prepared BFO ceramics from Bi2O3 and Fe2O3 taking as starting 

materials through the solid state method. The XRD patterns confirmed that BFO 

ceramics crystallized in a rhombhohedral perovskite phase with phase group R3c. 

Secondary phases of Bi2Fe4O9/Bi2O3 were observed in XRD pattern around 30° in 2θ 

range. The ferroelectric hysteresis loop which was taken at room temperature revealed 

a loosey and unsaturated loop indicating the limited reversal of polarization. The 

temperature dependent dielectric constant was measured which  represented an 

anomaly around 350 ºC for all frequencies ranging from 1 kHz to 5 kHz which was a 

confirmation of phase change from antiferromagnetic to paramagnetic BFO. It was 

also observed that both dielectric constant and dielectric loss enhanced with 

enhancing temperature. However, they showed a decreasing trend with enhancing 

frequency for BFO. ` 

3.2.2 Synthesis by Chemical Methods 

Chemical synthesis routes have also been adopted to get phase pure BFO. One of the 

chemical routes is co-precipitation synthesis which involves simultaneous 

precipitation of various elements at certain pH and concentration conditions (Shetty et 

al. 2002; Chen and Wu 2007; Liu et al. 2010; Ke et al. 2011; Shami et al. 2011; 

Kothai and Ranjan 2012). A following thermal annealing process causes the reaction 

between the co-precipitated hydroxides to obtain the final composite oxide. This 

method has two main advantages compared to the mixed-oxides method: (i) lower 

contamination probability, (ii) higher reactivity (Rahaman 2007). Consequently, this 

method upgrades the reaction kinetics resulting in minimizing the impurities that 

could stabilize the secondary phases. Many researchers proclaime that it is possible to 
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get phase pure BFO using co-precipitation synthesis method (Chen and Wu 2007; Liu 

et al. 2010; Ke et al. 2011; Shami et al. 2011). Yet, in some cases, the accurate 

conditions to avoid the formation of secondary phases are in contradictory. For 

example, Ke et al. (2011) favored that excess Bi was essential to compensate its 

volatilization during the annealing process. Chen and Wu (2007) and Liu et al. (2010) 

suggested that the production of phase pure BFO was possible by starting from the 

stoichiometric composition. Shami et al. (2011) reported that phase pure BFO could 

be obtained using co-precipitation method if Bi2O3 was used as the Bi3+ precursor 

instead of commonly used Bi(NO3)3·5H2O.  

Some other chemical methods including sol-gel along with spin coating and dip 

coating etc  and the Pechini method have been considered useful to synthesize phase 

pure BFO. In some cases, BFO NPs have been obtained successfully by using these 

methods (Park et al. 2004; Ghosh et al. 2005; Popa et al. 2007; Selbach et al. 2007, 

Wang et al. 2010), but divergences are also frequent. Muneeswaran et al. (2013) 

reported the synthesis of BFO powders using co-precipitation method. They were 

succeeded to prepare phase pure BFO ceramics by controlling the calcination 

temperature and pH level during the synthesis process. FTIR spectra exhibited a 

strong bond due to Fe-O stretching and O-Fe-O bending vibrations. Powders 

synthesized at pH 10.8 approved better phase purity by showing lower leakage and 

higher dielectric properties. Hydrothermal (solvothermal) is another chemical route 

which has become very attractive method for the synthesis of advanced materials 

including BFO during the past few decades. The importance of this method is due to 

its intrinsic benefits including a high composition and morphological control as well 

as a high purity of the final powders by avoiding subsequent milling or annealing 

treatments (Yoshimura and Byrappa 2008). It has been reported in literature that 

micron-sized particles of pure BFO were obtained by using the hydrothermal method 

(Han et al. 2006; Chen et al. 2006). Small changes in the experimental conditions 

including slight variations in temperature, pressure and / or pH factors resulted in the 

formation of different unwanted phases. Furthermore, it has also been reported that 

the microwave assisted hydrothermal method is helpful in improving crystallinity and 

purity of the obtained BFO samples compared to the conventional hydrothermal 

processes (Prado-Gonjal et al.  2009; Prado-Gonjal et al. 2011; Li, Nechache, et al. 

2013).  
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3.2.3 Mechano-Chemical Synthesis 

Another method that is being used to prepare pure BFO powders is the mechano-

chemical synthesis. Using this method, different complex oxides can be obtained 

within one step without following thermal annealing. The main advantage of this 

technique is the possibility to obtain metastable phases which are difficult to obtain by 

other conventional synthesis techniques (Kong et al. 2008). Szafraniak et al. (2007) 

reported the synthesis of BFO particles using mechano-chemical process using Bi2O3 

and Fe2O3 as precursors at room temperature. The final product consists of irregular 

agglomerates of NPs of ~ 50 nm in size. It was observed that BFO powder was 

composed of loosely packed grains of different sizes. The grains have core/shell 

structure and grains with sizes greater than 30 nm display well-developed crystalline 

structure. Similar results have also been reported by Da Silva et al.  (2011). 

3.3 Doping in BFO 

The most studied compound among MFs is the bismuth ferrite. Multifunctional 

properties of BFO can be influenced by doping. Doping is an important method in 

order to improve physical properties of BFO to make it a beneficial material for 

practical applications. In doping, various ions are incorporated into the A-site (Bi) or 

B-site (Fe) or both A & B sites (Bi & Fe) of BiFeO3 as shown in Fig. 3.1. Now, I 

discuss various types of doping in BFO by researchers to improve its multifunctional 

properties. The doping ions are selected on the base that what types of properties are 

needed to improve.  

 

Figure 3.1: An ideal perovskite structure with formula ABO3 showing A and B sites. 
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3.3.1 A-Site Doping in BFO 

A-site doping is done by substituting doping ions at Bi3+ lattices in BFO. It is clear 

that the Fermi level is far away from the electronic levels of A-site ions, the band 

structure can be influenced indirectly by the A-site substitution. Band width and band 

filling can be controlled through A-site doping. If ionic radius of the A-site ion is 

smaller than Bi3+, more buckling in Fe-O-Fe bond angle will be induced which will 

reduce the value of tolerance factor which results in improved insulating behavior of 

BFO. Replacing Bi3+ ions by divalent ions such as Sr2+ & Ca2+ may lead to unusual 

conducting behavior of BFO, unless oxygen vacancies or some other defects are 

created. Band filling is controlled by introducing holes because some ligand levels are 

vacant in the valence band as a result of charge neutrality. Conversely, electrons 

carriers can be produced by the substitution of Ce4+ type ions at Bi3+ site (C.-H. Yang 

et al. 2012). In 2009, C.-H. Yang, noticed that the conducting behavior of BFO can be 

controlled in Ca-doped BFO through band filling.  

Many attempts have been made by material science researchers to boost up the 

multifunctional characteristics of BFO by doping of trivalent ions La3+ (Sen et al. 

2012), Nd3+ ( Xu et al. 2009), Sm3+ (Pattanayak, Choudhary, and Das 2014), Gd3+ 

(Pattanayak, Parida, et al. 2013), or divalent ions Ca2+ (C.-H. Yang et al. 2009), Pb2+ 

(Mazumder and Sen 2009), Sr2+ (Varshney and Kumar 2013), Ba2+ (Das and Mandal 

2012) at the A site of BFO to substitute part of Bi3+ ions. Synthesis and magnetic 

properties of pure BFO and Bi0.98Y0.02FeO3 samples by a solution combustion 

technique using oxayldihydrazide as fuel agent were reported by Bellakki et al. 

(2009). The XRD results confirmed single phase and rhombohedral structure of the 

prepared samples with space group R3c. Y-doped BFO compositions displayed 

significant enhancement in magnetization.  

It was investigated by Mazumder et al. (2009) that Pb doping increased the density of 

BFO resulting in improved ferroelectric and dielectric characteristics. The 

precipitation method followed by the conventional sintering process was adopted to 

produce undoped and Pb-doped BFO samples with stoichiometric formula Bi1-

xPbxFeO3. The XRD pattern exhibited small amounts of Bi2Fe4O9 and Bi2O3 as 

impurity phases along with BFO crystal structure. The DSC graph for undoped BFO 

displayed a sharp endothermic peak at 373 ºC which indicated a transition from 
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antiferromagnetic to paramagnetic behavior whereas no such sharp transition was 

observed for Pb-doped sample. A reduction in dielectric constant for Pb doped sample 

was noted compared to pure BFO sample due to higher space charge polarization for 

the latter one. It was also observed from P-E loops that saturated polarization could be 

achieved by Pb-dpoing in BFO before the leakage current became significant. The 

frequency dispersion of BFO was extremely reduced as a result of Pb-doping. The 

resistance and dissipation factor increased in starting up to a certain percentage of Pb 

doping in BFO but after that both the resistance and dissipation factor started to 

decrease. Suppression of impurity phases was observed by La doping (Zheng et al. 

2010). The increased resistivity, dielectric and ferro-electric properties were observed 

in La doped BFO compared to pure BFO (Sen et al. 2012). A structural 

transformation from rhombohedral to tetragonal was seen with Ba doping (Wei et al. 

2012). Chauhan et al. (2013) synthesized Bi1-xBaxFeO3 NPs by sol-gel method and 

hence improved electric and magnetic properties were reported. 

Varshney et al. (2014) studied the structural, magnetic, dielectric and vibrational 

characteristics of pure and doped (5% Pr at Bi lattices) BFO ceramics prepared using 

solid state route. Rietveld refined analysis of XRD data demonstrated the formation of 

rhombohedral crystal structure (R3c) for both undoped and Pr doped BFO samples. A 

significant enhancement in magnetization, remanent magnetization and coercivity was 

observed for the doped sample. The improvement in magnetic properties by Pr doping 

in BFO was attributed to the destruction of antiferromagnetic helix spin structure as 

well as a strong interaction among magnetic ions. It was noticed that by increasing 

frequency, both dielectric permitivity and loss factor for the doped sample were 

decreased effectively. It was seen from the conductivity analysis and modulus spectra 

that the oxygen vacancies played an important role in hopping of electrons in the Pr 

doped BFO sample. 

Solid state reaction method was used to yield Bi1-xSmxFeO3 (x = 0.00, 0.05 and 0.10) 

polycrystalline ceramics. As a result of interactions among Sm3+ and Fe3+ or Fe2+ 

ions, improved magnetic properties were observed. A weak ferromagnetic behavior 

was displayed by Sm doped ceramics due to better crystallinity and the absence of 

parasitic phases. Narrow hysteresis loops displayed by Sm doped samples suggested 

that the present composition was beneficial to design transformers and motor cores to 

reduce the energy loss. A non-Debye type relaxation was depicted by the impedance 
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plot while first and second semicircles represented the grain and grain boundary 

effects respectively. A dispersion was seen both in energy loss factor and dielectric 

constant with increasing frequency and were explained well by Maxwell-Wagner 

model. Ac conductivity followed the typical features of jump relaxation model while 

frequency dependent conductivity obeyed the universal power law (Godara et al. 

2015). Weak ferromagnetic nature in Eu3+ doped BFO (Bi1-x EuxFeO3 (x = 0.0- 0.15) 

ceramics was attributed to the ferromagnetic coupling between Eu3+-Eu3+ and Eu3+-

Fe3+ ions. An increasing trend was observed in the optical band gap with increasing 

Eu3+ contents because of the alteration in local FeO6 location. For x = 0.15 sample, 

improved dielectric properties were noted with the maximum frequency independent 

region (Sati et al. 2015).  

Tartaric based sol-gel techniques was employed to produce Bi1-xCexFeO3 (x = 0.03, 

0.05, 0.07 and 0.10) NPs. Up to x = 0.07, the doped samples exhibited rhombohedral 

crystal structure and for x = 0.10 sample, a structural transition was observed from 

rhombohedral to orthorhombic. Magnetization was enhanced as a result of Ce ions 

substitution into BFO due to breaking of spiral spin structure. Reduced energy loss 

and improved dielectric properties were shown by Ce doped samples. The optical 

band gap of Ce doped BFO sample was found in the visible region whose value was 

found to be decreased with increasing doping concentration. It was suggested on the 

basis of increased ferromagnetism and range of optical band gap in the 

electromagnetic spectrum that the present prepared NPs could be used in 

photocatalytic activities as well as to fabricate optoelectronic devices and (Arora and 

Kumar 2015).  

Wang et al. (2015) synthesized polycrystalline Bi1-x NdxFeO3 (x = 0.00, 0.05, 0.075 & 

0.10) NPs having diameter up to 100 nm, through sol-gel technique. The effects of Bi 

contents, annealing temperature, annealing time and the solvent, were investigated on 

the crystallographic parameters of BFO. The influence of Nd contents on structural, 

magnetic, and dielectric characteristics was also explored. It was suggested that the 

addition of excess Bi (3-6 %) along with glycine as a reducing agent and then 

calcination at 550-600 ºC /1.5 h was the suitable condition in order to develop phase 

pure structure of BFO. With increasing Nd concentration, a transition from 

rhombohedral to orthorhombic crystal structure was observed from XRD patterns. 

Curie temperature, dielectric constant and energy loss factor were also decreased as a 
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result of Nd doping in BFO. Using solid state reaction method, polycrystalline Bi1-x 

ScxFeO3 (x = 0.00, 0.05, 0.10, 0.15) ceramics were derived by Rao et al. (2015). Co-

existence of ferroelectric and anti-ferroelectric phases were observed in the Sc doped 

BFO samples and anti-ferroelectric phase was fond to be developed at the cost of 

ferroelectric phase with the Sc doping content. The presence of anti-ferroelectric 

phase was attributed to the appearance of non-centrosymmetric monoclinic phase 

which resulted in antiferro distortions in the doped samples. Sc doped BFO samples 

exhibited enhanced activation energies and improved grain and grain boundary 

resistances. Impedance and modulus data of all the substituted samples exhibited the 

non-Debye type relaxation due to the movements of doubly ionized oxygen vacancies.  

Ilić et al. (2016) used sol-gel based auto-combustion route to prepare Yttrium doped 

BFO samples with stoichiometric formual, Bi1-xYxFeO3 (x= 0.00, 0.01, 0.03, 0.5, 0.1). 

Minor changes were observed in Fe-O-Fe bond angle and unit cell size up to 5 mol% 

Yttrium doping. Above this percentage, a transition in space group from 

rhombohedral to orthorhombic symmetry was noted. Morphology of the doped 

samples depicted smaller grains and large porosity. An increasing trend in resistivity 

with increasing Y contents was seen. Doped BFO samples exhibited less temperature 

dependent properties which was a positive sign for potential applications. Polarization 

started to rise with Y doping, but began to decrease after the structural transformation. 

On the basis of large magnetic and electric coercive fields, it was concluded that 

numerous imperfections were created within the structure as a result of very robust 

auto combustion and these defects acted like pinning points for the movements of 

domain walls. Spectroscopic Ellipsometry analysis showed a small increase in band 

gap with yttrium doping in BFO.  

It was reported by Das et al. (2016) that Bi1-xBaxFeO3 ceramics around x = 0.20 

illustrated structural transition from rhombohedral to tetragonal crystal system along 

with a minor distortion in the parent unit cell. The XPS results exhibited a change in 

oxygen vacancies concentration with Ba substitution. Reduction in the concentration 

of oxygen vacancies was observed in doped samples and it was elucidated by Kroger-

vink notation. Relaxation time as well as dc part of conductivity obeyed the Arrhenius 

power law. Conductivity of the doped samples reduced with increasing Ba 

concentration. It was proposed that Ba doping at Bi-site in BFO would significantly 

improve the insulating behavior of BFO by minimizing the mobility of oxygen 
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vacancies within the material. A simple co-precipitation technique was used to 

synthesize Bi1-xLaxFeO3 (x=0, 0.05, 0.1, 0.2, & 0.3) multiferroic NPs having sizes 19-

67 nm (Yotburut et al. 2017). The structural, microstructural, electrical and dielectric 

characteristics of the doped samples were explored. The leakage current density was 

effectively decreased while breakdown voltage was enhanced by increasing the 

doping level of La in Bi1-xLaxFeO3. The RT grain boundary resistance was affected 

due to dc bias while the grain resistance at RT was independent of dc bias. It was said 

that the results exhibited by La doped BFO ceramics were the result of interfacial 

polarization existed at the grain boundary. 

3.3.2 B-Site Doping in BFO 

In B-site substitutions, Fe3+ ions are replaced by some TM ions. It is well known that 

conduction band of BFO and d orbital state of Fe3+ ion are correlated to each other. 

Consequently the physical properties of BFO may be influenced strongly as a result of 

B-site substitutions by altering the electronic structure nearby the Fermi level (C.-H. 

Yang et al. 2012). An ordered structure may be induced, especially in heavy doping 

cases, due to larger mismatching between the ionic radii of Fe3+ and the dopant. Cox 

(2010) has discussed the defect levels of different TM impurities in detail. The 

electrons are trapped within the defect sites and can travel towards the conduction 

band due to arbitrary thermal fluctuations. These electrons can move freely within the 

structure before relaxing to the defect sites. In case of TM oxides, the band edge states 

may be localized up to a particular level, known as mobility edge, because of 

polaronic self-localization and randomness. Such type of electronic conduction within 

the material can be explained by variable range hopping mechanisms (Mott 1969).  

It is also reported that even at comparatively low temperature, electrons can conduct 

among localized impurity sites in a large electric field through Poole-Frenkel hopping 

mechanism (Frenkel 1938). The magnetic properties of insulating compounds can 

well be explained on the basis of super-exchange interaction. Mostly, magnetism is 

controlled though B-site substitution. Cr3+ is one of the interesting B-site dopants 

having three electrons in d orbitals and hence they can produce a magnetic moment of 

3μB. These three electrons fill only t2g orbitals while vacating eg orbitals. There is a 

ferromagnetic exchange interaction between Cr3+ and Fe3+ ions through half-filled eg- 

empty eg interaction (d5+-d3 type). As Cr3+ ions are not able to meet each other at the 
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nearest neighboring sites in case of minor substitution ratio. Hence, a weak anti-

ferromagnetic interaction exists among the neighboring Cr3+ ions due to half-filled t2g-

half-filled t2g interaction. To have a ferromagnetic state, the number of Fe3+-Cr3+ 

bonds should be maximum avoiding Cr3+-Cr3+ bonds and Fe3+-Fe3+ bonds. Mn3+ ion is 

another interesting B-site impurity which have four electrons in d orbitals. As Mn3+ 

ion is Jahn-Teller active, therefore the destruction of local structure related to an 

anisotropic orbital is possible (Kugel’ and Khomskiĭ 1982). Both Mn3+ as well as Cr3+ 

ions produce FM exchange interactions with the nearby Fe3+ ions, so a minor doping 

of these ions hardly stabilize a FM state. As a result of such random substitutions, 

various alterations occur within the magnetic structure which may destroy the 

magnetic orderings and lower the Neel temperature due to a magnetic frustration 

effect (Yang et al. 2006). The magnetic transition temperature can be tuned through 

doping of magnetic ions in BFO. The importance of magnetic transition temperature 

lies in the fact that transitions in dielectric and magnetoelectric properties also occur 

around this temperature (Yang et al. 2005). 

The concept of doping has also been utilized for tailoring the magnetic and electronic 

properties to minimize leakage currents in BFO (Lee et al. 2006). It was reported by 

Qi et al. (2005) that Ti4+ doping at B-site in BFO reduced leakage current up to three 

orders of magnitude whereas in case of Ni2+ ions, doping at B-site enhanced 

conductivity up to two orders of magnitude. It was reported by J.K. Kim et al. (2006) 

that the leakage current in BFO films was reduced due to substitution of Cr3+ or Mn3+ 

at Fe-site in BFO. Ions of Nb5+ (Singh and Yadav 2012), Mn4+ (Li et al. 2013), Ti4+ 

(Kim et al. 2010), Cr3+ (Cheng et al. 2010), Zr4+ (Xie et al. 2014) at the B-site have 

been substituted with Fe3+ ions. Sol-gel route was employed to synthesize Mn doped 

BFO (Mn = 5, 10 & 15 mol %) NPs. Structural, magnetic, dielectric, optical and 

magnetoelectric characteristics were investigated to see the effect of Mn on these 

properties. The grain sizes were found in the range of 50-200 nm. Improved magnetic 

properties with increasing Mn percentage were attributed to breaking of spiral spin 

structure which results in unlocking magnetic spins. For all Mn doped samples, a 

dielectric anomaly was observed near the Neel temperature which was an indirect 

evidence of magnetoelectric coupling. An enhancement in magnetoelectric coupling 

confirmed the improvement in multiferroic properties. Both the yellow-orange Mn2+ 

ion related emission and the blue defect related emission were seen in PL spectra for 
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Mn doped NPs. On the basis of observed fascinating optical properties, the samples 

under investigation were proposed to design optoelectronic devices for potential 

applications (Chauhan et al. 2012).  

Ali et al. (2013) studied the influence of Co doping on structural, magnetic and 

electrical characteristics of Bi0.9La0.1Fe1-xCoxO3 NPs. Sol-gel combustion route was 

used to prepare single phase multiferroic ceramics. Rhombohedral perovskite 

structure was confirmed from the XRD patterns. Undoped BFO composition 

exhibited no impurity phase. However, a second phase Bi2Fe4O9 was appeared in all 

other Co doped XRD patterns which have already been reported in literature (Kharel 

et al. 2008). The crystallite sizes found by the Scherrer formula were in the range of 

17-19 nm. A small alteration in lattice constants was attributed to a minor difference 

in the ionic radii of the dopant and the host ions. The morphological studies using 

SEM revealed the well- shaped crystalline bounded grains. Room temperature 

dielectric constants and energy loos factors for the samples were found to be 

decreased with increasing frequency. The analysis of temperature-dependent 

resistivity depicted insulating performance for all the samples. The M-H loops taken 

by VSM displayed the ferromagnetic nature for all the doped compositions exhibited 

enhanced magnetization with increasing Co concentration. The perovskite Co doped 

solid solution at room temperature was confirmed to display the ferromagnetic 

behavior of BFO.  

Xie et al. (2014) prepared BiFe1-xZrxO3 (x= 0.02, 0.04, 0.06, 0.08, 0.1) multiferroic 

ceramics using solid state reaction procedure. The doped samples were characterized 

by XRD and XAFS. It was observed from the XRD patterns that the characteristic 

peaks of the samples were shifted towards the smaller angle with increasing Zr4+ 

concentration which confirmed that Zr4+ ions had incorporated into the crystal lattice. 

XAFS results showed that Zr-O bond was much shorter compared to Fe-O bond. The 

lattice constant-temperature spectra exhibited the ME coupling. The Neel temperature 

of Zr4+ doped samples was much decreased compared to that of undoped BFO. All the 

prepared samples revealed the antiferromagnetic nature. The structure and electronic 

behaviors of Mn doped BFO powders were studied in detail by Chen et al. (2015). A 

transition in crystal structure was observed from rhombohedral (R3c) to orthorhombic 

(pbnm) through a biphasic region with increasing Mn concentration. Further, the local 

structure of FeO6 octahedral was also modified due to induced Jahn-Teller effect as a 
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result of Mn substitution. The M-H loops of the doped samples exhibited increasing 

remanent magnetization behavior up to x = 0.03. The increased magnetization was 

credited to an increased Jahn-Teller distortion as a result of Mn doping in BFO. Low 

temperature, sol-gel auto combustion route was adopted to produce pure and Mn 

doped BFO NPs (Dhanalakshmi et al. 2016). SEM images of pure BFO depicted fine 

uniform clusters of grains whereas Mn doped BFO micrographs portrayed non 

uniform scattering of grains resulting in smaller grain sizes. Pure BFO showed typical 

ferroelectric behavior while Mn doped BFO displayed anomalous dielectric behavior 

due to the formation of bismuth/oxygen vacancies as a result of charge carrier 

hopping because of structural imperfections. Room temperature conductivity and 

dielectric constant increased as a result of Mn doping in BFO. Improved ferroelectric 

and ferromagnetic characteristics represented by doped samples confirmed the 

enhancement of ME coupling within the system which made the present samples 

suitable for magnetoelectric devices.  

Recently, single phase BiFe1−xCrxO3 (x = 0.2 & 0.4) samples were prepared and 

studied by Arafat and Ibrahim (2017) through solid-state reaction method. It was 

noted that Cr doped prepared samples exhibited a rhombohedral perovskite crystal 

structure which showed an enhancement in dielectric values, significantly decreased 

the dielectric loss and the leakage current density which is favorable for dielectric 

applications of the prepared ceramics. 

3.3.3 Oxygen-Site Doping in BFO 

It is reported that BFO can lose oxygen due to which both bulk and surface vacancies 

may be created. These oxygen vacancies can tailor both the electronic and chemical 

characteristics which may affect the performance of BFO based devices (Scullin et al. 

2008; Scullin et al. 2010). It has been shown that oxygen vacancies influence the 

electronic characteristics of Bi0.9Ca0.1FeO3-0.05 (Seidel et al. 2012) as well as the tuning 

of domain wall conductivity. After the investigation of formation of oxygen vacancies 

in bulk BFO, it was reported that oxygen vacancies might be transfered from bulk to 

the surface of oxide. It is mentioned in literature that only a few attempts have been 

made by researchers, to compute the concentration of oxygen-atom defects both in 

bulk and surface because it is not easy to calculate the minor variation in the oxygen 

contents due to experimental limitations. In bulk BFO, vacancies are also produced as 
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a result of heating it in the Vacuum, or heating it in an atmosphere with deficiency of 

oxygen or reducing gas. The transport properties, such as ionic conductivity, diffusion 

and electronic conductivity, are affected very much as a result of ionic defects like 

oxygen vacancies (Yang et al. 2012). In many ferroic compounds including BFO, a 

number of investigations with very interesting results have shown that ferroelectric 

domain walls are responsible for the electrical conducting behavior in these materials. 

(Seidel et al. 2009; Choi et al. 2009; Yang et al. 2010; Seidel et al. 2010; Borisevich 

et al. 2010; Seidel et al. 2011; Farokhipoor and Noheda 2011; He et al. 2012; Lubk et 

al. 2012; Catalan et al. 2012). Interfaces are involved in breaking the symmetry by 

inducing stress and changing the bonding among ions due to which alterations in 

orbital interactions, bandwidth, and level degeneracy can occur which can  create new 

sites within the electronic structure tailoring the conducting properties of these 

materials. The charge density of the bulk material is different compared to the charge 

density of interface due to charge transfer. Hence, both bulk materials and their 

interfaces may display different physical properties (Ohtomo et al. 2002; Yamada et 

al. 2004; Dagotto 2007; Mannhart and Schlom 2010).  

Research on controlling and tailoring the physical characteristics of domain and as 

interfaces through doping may encourage novel research areas and provide 

multifunctional platforms for future nanotechnology (Zubko et al. 2011). Multferroics 

display changes in transport behavior as a result of changes in their electronic 

structure at domain boundaries by doping. Different ferroic materials exhibit different 

conducting properties due to difference in domain wall conductivity. It is also 

reported that compared to domains, the domain walls are more conducting in case of 

BFO. On the other hand, in case of YMnO3, the domain walls display more insulating 

or conducting behavior which depends upon their orientation (Choi et al. 2009; Meier 

et al. 2012). The energies of charged domain walls are higher (about one order) 

compared to the energies of uncharged domain walls (Gureev et al. 2009) because of 

defects and imperfections within the crystal structure (Bi and O2 vacancies). Also, due 

to defects and charge layers, the domain walls supply highly conducting pathways 

among the electrodes, which results in electrical failure. In La-doped BFO samples, a 

tunable electronic conductivity was observed at the domain boundaries which was 

linked with the density of O2 vacancies (Seidel et al. 2010). It will surely help to 

justify the conduction mechanisms and related FE characteristics in complex oxides.  
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3.3.4 A-Site or B-Site Doping in BFO 

In 2008, Naganum et al. prepared Mn, Co, Cr, Cu and Ni doped polycrystalline BFO 

thin films. All the doped films with thickness ≈ 200 nm were synthesized by chemical 

solution deposition technique and then annealed at 923 k for 10 min in the air. 

Ferroelectric, electrical and magnetic properties of these films were explored. 

Polycrystalline rhombohedral crystal structure was confirmed from the XRD patterns. 

Co doped BFO diffraction peak was stronger compared to that of other dopants. A 

secondary phase of Bi7 CrO12.5 was observed along with BFO phase in Cr doped film. 

Ni doped thin film displayed higher leakage current compared to pure BFO while 

significantly reduced leakage current was observed in all other doped films. The P-E 

loops for Co and Cu doped films showed a decreased coercive field without 

decreasing the remanent polarization.  

A comprehensive study was performed by Kharel et al. (2008) to explore the effects 

of different TMs on various properties of BFO thin films. Spin coating route was 

adopted to prepare pure and TMs-doped BFO thin films. Rhombohedral distorted 

perovskite structure (R3c) for all the doped samples was confirmed from the XRD 

patterns. Almost, all the doped samples exhibited single phase crystal structure. 

However, a secondary phase Bi2Fe4O9 was also identified in Co doped sample which 

was already reported in the literature (Ali et al. 2013). The calculated grain size for 

un-doped BFO film was ≈ 17nm while ranged from 16-30 nm for the other doped 

samples. The measurement of electrical properties showed that these films were rather 

leaky even at modest applied voltage. Only Co doped thin film exhibited a reduction 

in leakage current. The saturation magnetization in all the TM-dope BFO thin films 

increased and it was found to be maximum for the Cr-doped sample. It was found that 

magnetic and electrical characteristics of samples under investigation were affected 

due to grain boundaries and other microstructural defects. It was proposed that 

intrinsic effects were very low to be negligible compared to the extrinsic effects. The 

extrinsic effects can be minimized by preparing high quality TM-doped BiFeO3 thin 

films. A conventional hydrothermal process was used to produce Mn & Ca doped 

BFO ceramics by Pei and Zhang (2013). The SEM images displayed affected 

morphologies and multisized particle sizes for Ca and Mn doped BFO ceramics 

compared to pure BFO. The doping also changed the energy band gap of BFO system. 



 
 

64 

As compared to other samples, smaller band gap was found for Mn doped 

microcrystals which resulted in higher photocatalytic efficiency. 

3.3.5 Co-doping in BFO 

The results of co-doping are also investigated by many scientists (C. Yang et al. 2012; 

Arya and Negi, 2013; Xi et al. 2014; Varshney et al. 2014; Naeimi et al. 2015). Co 

doping in BFO increased the electrical resistivity of BFO by two orders while Co and 

Nb co-doping raised the resistivity by six orders of magnitude (Jun and Hong 2007). 

Doping of Gd3+ and Ca2+ ions in BFO were observed by Al-Haj (2010). Solid state 

route was used to produce single doped (Sm, Gd, Ca) and co-doped (Sm/Ca, Gd/Ca) 

BFO samples. The XRD patterns verified rhombohedral perovskite crystal structure 

for all the doped samples along with a minor secondary phase Bi2Fe4O9 (≈3%) which 

has already been reported in literature and could not be removed easily (Naganuma et 

al. 2008; Kharel et al. 2009; Ali et al. 2013). The crystallographic results of all the 

doped samples matched well with the previous results related to BFO. The VSM 

results exhibited a weak ferromagnetic behavior that could be attributed to the 

impurity phase Bi2Fe4O9 which is paramagnetic at room temperature. It was 

concluded that this improvement in Mr and Hc in Gd-doped samples was the result of 

breaking of the helix spin structure of BFO due to lattice distortion and the strong 

interactions among magnetic ions. For all the samples, the recorded magnetic 

transition temperatures were in the range of 300-310 ºC.  

Polycrystalline Bi1-xBaxFe1−yMyO3 (M = Co & Mn; x = 0.1, y = 0.1) ceramics were 

produced using the conventional solid state route (Varshney et al. 2011). Structural, 

thermal, and dielectric properties of the doped BFO ceramics were explored. Room 

temperature XRD patterns along with Rietveld refined dta using Full Proof program 

exhibited the rhombohedral perovskite crystal structure (space group R3c) for the 

doped samples. An impurity phase Bi25FeO39 was observed (1-2%) along with pure 

BFO. The DSC measurements were taken between the temperature range 200-450 ºC. 

It was suggested that ferroelectric nature of BFO was due to “A” site doping while the 

magnetic behavior of BFO was due to “B” site substitution. The Neel temperature of 

Co doped BFO sample was 370 ºC while it was 326 ºC in case of Mn doped BFO 

sample. At higher frequencies, Mn doped sample exhibited higher dielectric constant 

and lower energy loss compared to Co doped BFO sample. Puli et al. (2011) explored 



 
 

65 

the linear magneto-electric coupling and magnetic properties in Co/Sm co-doped BFO 

multiferroics. The BFO ceramics were synthesized at low temperature around 600 ºC 

using the sol-gel technique. When the doped samples were leached in nitric acid, then 

a significant reduction in impurity phases was observed. Improved magnetic 

properties, weak magneto-electric coefficient and linear magneto-electric coupling 

were observed in Co/Sm co-doped samples. The observed P-E linear lossy loops were 

attributed to impurity phases, leakage current and conducting grain boundaries. Rare 

earth and TM ions at BFO sites and/or secondary phases present in the doped BFO 

might be responsible for the observed improved magnetic properties. Compared to 

pure BFO, the co-doping (Eu, Co) in BFO dramatically enhanced both the coercivity 

and the saturation magnetization almost 20 times. (Chakrabarti et al. 2012).  

Bi1-xInxFe1-yMnyO3 NPs were manufactured by ethylene glycole based solution 

combustion technique. The Formation of phase pure rhombohedral structure along 

with some structural distortions was confirmed from the XRD patterns. The co-doping 

of In and Mn improved the surface morphology, magnetic as well as electric behavior 

of the prepared NPs. The magnetocrystalline anisotropy was decreased which resulted 

in lesser coercivity of these NPs. The improved dielectric and resistive characteristics 

of doped BFO ceramics were due to reduction in oxygen vacancies. It was suggested, 

on the basis of observed properties, that the present samples could be beneficial for 

fabricating multifunctional nano devices for future technology (Arya and Negi 2013). 

The role of La/Mn co-doping on multiferroic characteristics of BFO ceramics was 

investigated by Ghosh et al (2013). Bi0.80La0.20FeO3 and Bi0.80Lax0.20Fe0.90Mn0.10O3 

polycrystalline ceramics were produced using solid state route. Rietveld refinement of 

the XRD patterns confirmed orthorhombic crystal structure with space group pnma 

for both Bi0.80La0.20FeO3 and Bi0.80Lax0.20Fe0.90Mn0.10O3 samples. Ferroelectric 

transition temperature (Tc) was reduced swiftly by the substitution of La at Bi-site in 

BFO and an additional incorporation of Mn at Fe-site reduced Tc quite slowly. As a 

result, increased magnetization depicted in M-H loops which was attributed to 

partially suppression or destruction of spiral spin structure within BFO and/ or due to 

mixed valence states of Mn (Mn3+ and Mn4+). The P-E loop for 

Bi0.80Lax0.20Fe0.90Mn0.10O3 sample exhibited high leakage current.  
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Godara et al. (2014) prepared co-doped (Ba, Co) BFO samples by SSR method. A 

structural transition from rhombohedral to tetragonal was observed from both the 

XRD and the Rietveld studies for the 3% Co doped (at Fe sites) BFO sample. At low 

frequency, 3% Co doping reduced dielectric constant and then enhanced it sharply for 

5% Co doped samples. It was thought that there might be some connection between 

the dielectric constant and the crystal structure transformation. Improved magnetic 

properties were attributed to the broken cycloidal spin structure of BFO. Co-doping 

(Ca & Ba) in BFO resulted in dramatic increase in magnetic properties (Xi et al. 

2014). The conductivity of co-doped ( La, Ce) BFO was observed several times less 

in magnitude compared to that of un-doped bulk BFO ceramics (Priyadharsini, 

Pradeep, Sathyamoorthy, et al. 2014). Solid state route was processed to prepare Bi1-

xTbxFe1-xMnxO3 (x = 0.00, 0.10, 0.15, 0.20) multiferroics by Kumar et al. (2014). The 

required phase formation was verified from the XRD patterns. A shrinkage in the unit 

cell of Tb/Mn doped BFO indicated the influence of defects and the thermally 

stimulated charge carriers increased with increasing temperature. The XPS results 

showed that the formation of oxygen vacancies is controlled by the existence of Mn 

and Tb in +3 states. A weak ferromagnetic behavior at low fields was observed from 

M-H loops due to modified magnetic structure by unlocking the canted spins as a 

result of destruction of spiral spin orderings. The doped samples displayed lossy P-E 

loops at higher electric fields and they were found to be stable only at lower electric 

fields which is an indication of enhanced leakage current due to effects induced by the 

doping. It was suggested that the effect of Tb and Mn co-doping should be 

investigated by making thin films of the present composition.  

Polycrystalline Bi1-xPrxFe1−xMnxO3 (x = 0.0, 0.10, 0.15, 0.20) multiferroics were 

made by SSR route (Kumar et al. 2015). The crystal structure, with a reduction in unit 

cell and phase formation, was confirmed from the XRD patterns. The XPS results 

showed that Bi, Fe, Pr and Mn had +3 charge states. The SEM images depicted no 

difference between the pure and the doped BFO samples. The enhanced 

magnetization at maximum field was attributed to the possible release of canted 

antiferromagnetic spins due to breaking of the spiral spin structure. Bi1-xBaxFeO3 and 

Bi1-xBaxFe1-xNbxO3 (x= 0.05, 0.1) NPs were synthesized by Godara and Kumar (2015) 

through sol-gel auto-combustion technique. The XRD patterns for doped BFO 

samples revealed the rhombohedral structure along with minor amount of pseudo 
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cubic phase. Lattice constants were increased due to the incorporation of larger ions in 

place of smaller ones while the degree of rhombohedral distortion decreased gradually 

with increasing doping concentration. The TEM images depicted uniform and well-

shaped particles with continuous decreasing crystallite sizes with the increasing 

doping level. This co-doping decreased the sizes of the particles and reduced the 

degree of structural distortion which improved both Ms and Mr. The Ba/Nb 

substituted samples displayed almost frequency independent dielectric constant and 

small energy loss. In case of temperature dependent dielectric analysis, a broad peak 

was observed for all the doped samples near Neel temperature showing the 

electromagnetic coupling. As a result of Ba/Nb co-doping in BFO, leakage current 

was reduced up to 3 orders and it was ascribed to the reduction in O2 vacancies. The 

improved ferroelectric properties were exhibited by the P-E hysteresis loops and were 

attributed to the enhanced resistivity of the doped samples.  

Bi0.85-xLa0.15HoxFeO3 (x=0.00, 0.05, 0.10, 0.15, 0.25) NPs were produced through sol-

gel technique (Rahimkhani and Khoshnood 2015). The XRD, FESEM and 

magnetometry results were obtained at RT to study the structural, morphological and 

magnetic characteristics respectively. For x > 0.10, a structural transition was seen 

from rhombohedral to orthorhombic. The FESEM images exhibited NPs with 50-100 

nm sizes which were found to be decreased with increasing Ho concentration due to 

ionic difference of the host and the doped ions. Improved magnetic properties were 

observed in all the La/Nb substituted samples due to distortion of lattice and spiral 

spin structure and modifying exchange interaction because of decreased Fe-O-Fe 

bond angle.  

Gowrishankar et al. (2016) synthesized single phase Bi1-xLaxFe1-xTixO3 (x= 0.00, 

0.10, 0.20) using sol-gel based technique. The Rietveld analysis confirmed the 

structural transition from R3c space group to Pbnm. The XPS analysis verified the 

existence of Fe3+ oxidation state in the co-doped samples, showing the suppression of 

the oxygen deficiencies. The observed anomaly in the temperature dependent studies 

around the Neel temperature confirmed the changes in the magnetic ordering. The 

modified samples exhibited an enhancement of the coupling between the magnetic 

and the electric orderings demonstrated by magnetodielectric studies. Gu et al. (2016) 

prepared La/Co co-doped BFO samples with reduced Fe vacancies. SSR route was 

adopted to yield La/Co co-doped BFO polycrystalline ceramics. The XRD patterns 
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confirmed the rhombohedral structure along with a slight amount of secondary phase 

such as Bi46Fe2O72. For Co = 0.01, the substituted Co may occupy some Fe vacancies 

resulting in an alteration in the lattice structure and increased concentration of Fe2+ 

ions. On the other hand, for x = 0.05, due to the creation of impurity phase, the Fe 

vacancies were again induced which reduced the number of Fe2+ ions. The Fe-

deficiency, Fe-Co super-exchange interaction and clusters could be the reasons of 

improved ferromagnetic behavior. It was concluded that the lattice distortion and the 

alteration in the valence state due to Co substitution in BFO might change some 

physical properties including decreasing of conducting current, dielectric constant, 

energy loss and increasing ferromagnetic and ferroelectric behavior. 

Pure BFO and Bi1-xDyxFe0.98Cu0.02O3 (x= 1-5 %) NPs were synthesized by Priya et al. 

(2016) using sol-gel route. The calculated crystallite sizes of the pure and the doped 

BFO NPs were in the range of 31-69 nm. The doped BFO NPs exhibited significantly 

high values of remnant magnetization, saturation magnetization and coercivity 

compared to the undoped BFO NPs. The improved ferroelectric properties and the 

magnetoelectric effect were observed in the doped samples compared to those of pure 

BFO. It was demonstrated that Dy/Cu co-doped BFO NPs could be smart materials at 

room temperature for spintronics, magnetic recording devices, spin valve and sensor 

applications. The effects of La and Cr on the structural, morphological, dielectric, 

leakage and magnetic characteristics were investigated by Lin et al. (2017).  

Solid-state reaction method was employed to prepare pure BFO and Bi1-

xLaxFe0.9Cr0.1O3 (x = 0.1-0.2) samples. The results of pure and co-doped BFO samples 

were compared. It was observed that this co-doping suppressed the creation of oxygen 

vacancies, improved dielectric constant, decreased leakage current density and 

tailored the spiral spin structure which resulted in enhanced magnetization. The 

authors claimed that magnetic and electrical properties were effectively improved as a 

result of La and Cr co-doping at Fe and Bi sites in BFO which would be beneficial to 

fabricate magneto-electric devices.  
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3.4 Effects of Some Other Parameters on BFO Properties 

The properties of BFO are affected by many factors including purity of starting 

materials, preparation method, annealing temperature, annealing time, sintering 

atmosphere and chelating agents etc. Chen et al. (2006) produced BFO ceramics using 

hydrothermal process. The effects of reaction temperature, concentration of KOH 

(potassium hydroxide), morphologies and particle size of the synthesized BFO 

ceramics were investigated. KOH with 4M concentration, refrained the creation of 

secondary phases and favored the growing of BFO into single-phase perovskites. The 

synthesis of nano sized BFO was made by combustion method using niterates as 

starting materials by Paraschiv et al. (2008). It was concluded that the presence of 

both urea/glycine as reducing agents in precursor and oxidizing components, modified 

their thermal behavior compared to raw materials. The thermal behavior of the 

compound depends on the fuel nature but it is independent of the fuel content. Certain 

features of the prepared oxides including phase composition and morphologies were 

affected due to the fuel nature. Ke et al. (2012) showed that the dielectric 

characteristics of BFO multiferroics were dependent on a number of factors including 

intrinsic and extrinsic defects. Rapid heating and quenching technique was selected to 

prepare two samples of pure BFO ceramics in different atmospheres. One BFO 

sample was produced in oxygen while the second one in an argon atmosphere. Both 

samples were characterized by the XPS technique to study their intrinsic defects. 

Argon-sintered sample exhibited large enegy loss and dielectric dispersion which 

were attributed to the presence of Fe2+ ions and the increased O2 vacancies within the 

sample. Bi3+ evaporates easily due to its highly volatile nature during the sintering of 

BFO ceramics and changes the valency of Fe from Fe3+ to Fe2+. It was suggested that 

the dielectric behavior of BFO might be affected a lot due to presence of Fe3+ and 

Fe2+ ions.  

The influence of the preparation methods on the phase purity and multiferroic 

characteristics of BFO was investigated by Suresh and Srinath (2015). Polycrystalline 

BFO powder was produced via SSR and SG techniques. The BFO sample prepared by 

SG showed single phase material at lower temperature while the sample prepared 

through SS reaction exhibited minor amount of Bi2Fe4O9 as secondary phase. The SG 

processed sample depicted the grain size one half of the size of grain displayed by the 
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sample produced via SS reaction method. Improved electrical properties were 

observed for the SG processed ceramics. M-H loops for SG processed sample 

exhibited enhanced magnetic properties due to the absence of impurity phases. It was 

concluded that sol-gel technique is better than the solid state route in order to produce 

single phase BFO ceramics.  
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CHAPTER 4 

EXPERIMENTAL AND CHARACTERIZATION 

TECHNIQUES 

In this chapter, the method to prepare samples and various characterization techniques 

to explore the multifunctional properties of the synthesized samples have been 

described in detail. The Sol gel auto-combustion technique has been chosen to 

synthesize the samples for my research work. Different parameters and characteristics 

of the synthesized samples were investigated using various characterization 

techniques given below:  

 X-ray diffraction (XRD) 

(Rigaku-D/MAX-11A Diffractometer) 

 Rietveld’s whole-profile fitting method 

 Fourier transform infrared spectroscopy (FTIR) 

(Agilent technologies Cary 630 FTIR) 

 Field emission scanning electron microscopy (FESEM) 

(NovaNano SEM 450) 

 Energy dispersive X-ray spectroscopy (EDXS) 

 Impedance analyzer 

(6500B Wayne-Kerr) 

 Vibrating sample magnetometer (VSM) 

(Lake Shore; 7404, USA) 

 Ferroelectric analyzer 

(Radiant technologies Inc., USA) 

The above mentioned characterization techniques are described in the following 

sections.    

 

4.1 Experimental Technique and Apparatus 

The properties of any material depend on the method of its preparation. Multiferroic 

materials are synthesized using different experimental techniques. Numerous methods 

are adopted to prepare BFO ceramics. Some techniques are named below:  

 Sol-gel auto-combustion technique (Ali et al. 2013) 

  High-energy ball-milling method (Sharma and Verma 2015) 
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  Solid state reaction method (Xu et al. 2015) 

  Hydrothermal method (Tang et al. 2016) 

  Co-precipitation technique (Ke et al. 2011)  

  Sonochemical / microemulsion technique (Das et al. 2007)  

4.1.1 Sole-Gel (SG) Auto-Combustion Technique 

Sol-gel is a well-known and simple wet chemical technique which is benig used 

currently in the field of material science and ceramic engineering. Using this 

technique, materials in various forms including bulk, powder, thin films, nano-tubes, 

nano-flowers, nano-rods etc. are pepared (Wei and Xue 2008; Riaz et al. 2015, Khalid 

et al. 2016).   

Sol-gel based auto-combustion technique primarily comprises some intense 

exothermic chemical reactions due to the presence of some chelating agents (urea, 

glycine etc.) and oxidizers (metal nitrates). The key features for the success of this 

method are the intimate mixing of the constituents to form a transparent homogeneous 

aqueous solution and subsequently depends upon a redox reaction (Peng et al. 2006). 

In a particular auto-combustion technique, proper heat is given to the aqueous 

solution of oxidizers and chelating agents through hot plate with continuous stirring 

by magnetic stirrer until a gel is formed. Afterwards, an intense auto-combustion 

exothermic reaction takes place and the gel so formed is converted into a fine powder. 

The intensity of exothermic reaction mainly depends upon the type of the chelating 

agent used and its ratio with oxidizers (McKittrick et al. 1999). The temperature 

during the reaction is controlled due to dispersion of heat in the form of various gases 

which are liberated during the exothermic reactions involved. The liberation of 

numerous gases during the reaction also help in breaking the agglomerates to get the 

final product in the form of a dry and fine powder (Peng et al. 2006; Purohit et al. 

2001). Schematic of various chemical routes for materials fabrication based on sol-gel 

technique is shown in Fig. 4.1.  

Intense research is being done on oxide materials throughout the world in order to 

fulfil the requirements of the future technology for the coming generations. The 

control of reaction parameters and the formation of parasitic phases along with the 

required material are the main problems which are being faced by the material science 

researchers. It is hoped that high quality single phase oxide materials without 
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impurities can be prepared by eliminating such problems by utilizing some other 

advanced synthesizing techniques (Rao and Rao 1994). 

4.1.2 Chemistry Involved in Sol-gel Technique 

The chemistry involved in SG technique comprises hydrolysis and condensation 

which are described here by chemical equations: 

Hydrolysis (Decomposition of a compound by reaction with water) 

  M- O- R + H- OH (H2O)   →   M- OH + R- OH                                      (4.1) 

Condensation (The conversion of vapors or gas into a liquid by cooling) 

           M- OH + HO- M   → M- O- M + H- OH (H2O)                              (4.2) 

 

4.1.3 Chelating Agents or Catalysts Commonly Used in Sol-Gel Auto-

Combustion Technique 

Chelating agents or fuel agents are the organic chemicals which are used along with 

metal nitrates to synthesize sol-gel based materials. These fuel agents act as helping 

agents to boost up the process to synthesize the materials by sol-gel auto-combustion 

technique. They help in auto ignition i.e. to start the combustion process which results 

in intense exothermic reaction which leads to liberation of unwanted materials in the 

form of various gases in order to purify the final product. The effects of different fuel 

agents on purity and phase formation of BFO have been reported (Silambarasan et al. 

2015; Ilić et al. 2015). Some fuel agents which are commonly used in SG auto-

combustion technique are given below:  

    

 Urea (CO (NH2)2); (Tripathy et al. 2013) 

 Citric acid (C6H8O7); (Godara et al. 2014; Dhanalakshmi et al. 2016; Khalid et 

al. 2016) 

 Ethylene glycol (C2H6O2) (Silambarasan et al. 2015)  

 Citrate acid (C6H8O7) (J. Xu et al. 2009) 

 Glycine (NH2CH2COOH); (Ray et al. 2012; Zhang et al. 2012) 

 Sucrose (C12H22O11); (Yang et al. 2011) 

 Tartaric acid (Wang et al. 2017) 
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4.1.4 Factors Affecting Reactivity 

Factors which affect the reactivity regarding sample preparation are given below: 

 H2O/ precursor ratio 

 Reaction temperature 

 Time for the complete procedure 

 PH of deionized water 

 Catalyst used 

 Drying conditions 

It is possible to vary the structures and properties of the prepared materials through 

sol-gel auto-combustion technique by controlling the above mentioned factors. 

 

Figure 4.1: Schematic of various chemical routs for materials preparation based on 

sol-gel technique (https://str.llnl.gov/str/Satcher.html). 

 

4.1.5 Advantages of Sol-Gel Auto-Combustion Technique 

 Some advantages of sol-gel auto-combustion technique are mentioned below: 

 Production of phase pure materials at low temperatures during short reaction 

times, owing to the formation of small particles 
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 Multi-components compounds can be made very easily by mixing the 

solutions of different compounds and their stoichiometry can be controlled.  

 Low cost due to energy saving technique 

 very simple and cost saving instrumentation 

 Easily controllable conditions- simple chemistry 

 Self-purification of final products due to highly exothermic reactions involved 

 Gelation process minimize the problem of co-precipitation 

 Materials can be shaped easily into complex geometries 

 Easy to control the desirable shapes and size of particles 

 Low volatility of Bi due to low temperature 

 No vacuum needed 

 Enable mixing at atomic level 

 Highly homogeneous and very fine crystalline nano-powders 

4.1.6 Drawbacks and Precautions Regarding to Sol-gel Technique 

 Large shrinkage during processing.  

Material often come out from the container during the auto-combustion 

process and may be wasted. So, the container should be covered.   

 Health hazards 

Organic solvents may be harmful to the human body. So, safety parameters should be 

fulfilled while working in the lab.  

4.2 Apparatus  

4.2.1 Analytical Electronic Balance 

OHAUS’s PioneerTM Analytical and Precision Balance with a model # PA64 (Fig. 

4.2) was used to weigh the accurate concentrations of various raw materials.  
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Figure 4.2: OHAUS’s PioneerTM Analytical and Precision Balance. 

4.2.2 Fume Hood 

Both the hot plate and the beaker containing precursor are kept inside the fume hood 

and is covered by a glass shutter for safety. ESCO Frontier Mono fume hood, having 

an air flow velocity of 0.5 m/s was used for the present work and is shown in Fig. 4.3.    
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Figure 4.3: ESCO Frontier Mono Fume Hood. 

4.2.3 Hot Plate and Magnetic Stirrer 

For the present study, Mtops Hot plate and magnetic stirrer of model # MS300HS 

(shown in Fig. 4.4) was used for heating and stirring purposes. The apparatus consists 

of following parts;    

1. Container 

2. Cover plate 

3. Reaction solution 

4. Magnetic stirrer 

5. Hot plate 

6. Temperature regulator 

7. Rotating speed regulator 
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Figure 4.4: Mtops Hot plate and Magnetic stirrer of model # MS300HS. 

 

4.2.4 Muffle Furnace 

A high temperature chamber furnace with MoSi2 heating rods of Nabertherm model # 

LHT 02/18 was used for the heat treatment of the present synthesized samples and is 

shown in Fig. 4.5.   

 

Figure 4.5: Nabertherm LHT 02/18 Muffle Furnace. 
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4.3 Synthesizing of the Samples 

Keeping in view the literature survey, the following series of the BFO samples are 

chosen for the research work for my PhD thesis. Glycine + urea are used as fuel 

agents to synthesize the polycrystalline fine powders of the compositions which are 

described in the following section. 

4.3.1 First Series 

The first series of the samples consists of following compositions: 

 Bi0.9Sr0.1Fe1-xMnxO3 (x = 0, 0.05, 0.10, 0.15 & 0.20) 

 Bi0.9Sr0.1FeO3 

 Bi0.9Sr0.1Fe0.95Mn0.05O3 

 Bi0.9Sr0.1Fe0.90Mn0.10O3 

 Bi0.9Sr0.1Fe0.85Mn0.15O3 

 Bi0.9Sr0.1Fe0.80Mn0.20O3 

4.3.2 Second Series 

The second series of the samples includes the following compositions: 

 Bi0.9La0.1Fe1-xCrx O3 (x = 0, 0.05, 0.10, 0.15 & 0.20) 

 Bi0.9La0.1FeO3 

 Bi0.9La0.1Fe0.95Cr0.05O3 

 Bi0.9La0.1Fe0.90Cr0.10O3 

 Bi0.9La0.1Fe0.85Cr0.15O3 

 Bi0.9La0.1Fe0.80Cr0.20O3 
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4.3.3 Raw Materials Used for the Preparation of BFO Samples 

Different raw materials were used for the fabrication of BFO NPs through sol-gel auto 

combustion technique and are listed below:  

 Bismuth nitrate [Bi(NO3)2.5H2O, Sigma Aldrich, 99. %]  

 Strontium nitrate [Sr(NO3)2, Merck, 99.9%] 

 Iron nitrate [Fe(NO3)3. 9H2O, Merck, 99.9%] 

 Manganese nitrate [Mn(NO3)2, Merc 99.9%] 

 Lanthanum nitrate [La(NO3)3, Merc 99.9%] 

 Chromium nitrate [Cr(NO3)3, Merc 99.9%] 

 Urea [CO(NH2)2] (fuel agent) 

 Glycine [NH2CH2COOH] (fuel agent) 

 Nitric acid [HNO3] (solvent) 

 

4.3.4 Experimental Procedure 

Sol-gel auto combustion technique was used to synthesize the samples for the present 

research work. Nitrates of different metals as well as fuel agents according to the 

stoichiometric ratio were used as reactants. As bismuth nitrate does not dissolve 

completely in distilled water therefore another beaker was taken to dissolve it in nitric 

acid (molarity 3M) with continuous stirring by magnetic capsule, to make a 

transparent solution. Other nitrates were dissolved in another beaker. After mixing the 

two solutions, the stoichiometric amounts of chelating agents (urea + glycine) were 

added with continuous stirring until a transparent solution was formed. Afterwards, 

the precursor was put on a hot plate at 85 °C with continuous stirring until it was 

converted into a dark viscous resin. When the gel was formed, the temperature was 

raised up to 350 °C. This continuous increasing temperature led to auto-ignition with 

the liberation of various gases due to highly exothermic reactions involved (shown in 

Fig. 4.6). After the combustion process was completed, the final product was further 

heated 30 minutes for the complete combustion of the material. After cooling the 

beaker up to RT, the final residue was taken out and was grinded with a mortar and 

pestle to produce the fine grain powder. This powder was sintered at 550 °C for 3 hrs 

using a muffle furnace to develop the crystalline phase of the fabricated sample. 
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Figure 4.6: Auto-combustion in full swing. (https://www.youtube.com/watch?v=OFEbiMxKa_8) 

 

4.3.4.1 Pellet Formation 

Some characterization techniques such as Impedance Spectroscopy (IS) and Electron 

Microscopy (EM) need cylindrical shaped pellet with a smooth surface for better 

results. Samples of bulk material in the shapes of pellets were made by compressing 

powder with the help of a hydraulic press. For this purpose, pellets having 10 mm 

diameter with thickness nearly equal 1mm were made using APEX hydraulic press 

which is shown in Fig. 4.7. 
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 Figure 4.7: APEX hydraulic press. 

4.4 Characterization Techniques 

For the present research work, the characterization techniques which were used to 

characterize the synthesized samples, are discussed below.  

4.4.1 X-Ray Diffraction (XRD) 

The importance of X-rays for material science lies in the fact that they are 

electromagnetic waves having wavelengths in the range comparable to inter-planer 

distances of the atoms within a crystal material. This matching of length scales 

between the wavelength of X-rays and the interatomic distances make these waves 

suitable for the study of crystalline materials. X-rays are diffracted from crystalline 

materials because the atomic planes in these materials behave like three-dimensional 

gratings as the inter-planer spacing is comparable to the wavelength of the incident X-

rays.  

XRD is a versatile and powerful experimental technique which is used to study the 

crystallographic structure, chemical composition and phase analysis of the materials 

under investigation. In 1895, X-rays were discovered by WC Rontgen. Laue 

discovered the phenomenon of XRD and his first diffraction pattern was published in 

June 1912 in the Proceedings of the Royal Bavarian Academy of Science. This 

diffraction pattern supported the hypothesis that X-rays are waves in nature and 
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hence, are electromagnetic radiation. William Bragg consequently used X-rays as a 

tool to determine the crystal structure of sodium chloride (NaCl) which was published 

in June 1913. By comparing the wavelength of X-rays with interatomic distances, 

Bragg concluded that X-rays were suitable to determine the crystal structure of the 

materials instead of visible light. After these discoveries, a lot of work was published 

by researchers related to the crystal structure measurement of the materials. XRD 

technique is also used to calculate unit cell dimensions, lattice strain and crystallite 

size (Bragg 1912; Bragg 1913; Suryanarayana and Norton 1998).   
X-rays are commonly produced in an X-ray tube when high speed electrons, having 

sufficient kinetic energy, are rapidly decelerated by colliding with a metal target 

inside the X-ray tube. The other phenomenon regarding production of X-rays is due to 

the excitation and de excitation of the atoms of the target material by the incident 

electrons. An X-ray tube consists of a source of electrons (hot W filament), a high 

accelerating voltage between the cathode and the anode and a metal target (Cu, Al, 

Mo, Mg). The X-rays thus produced are filtered to generate monochromatic radiation, 

collimated to concentrate and then directed towards the sample (Cullity and Stock 

2001). When X-rays are incident on the sample, they are diffracted (scattered) as a 

result of collisions between X-rays and electrons present in the material. If the 

material is crystalline (atoms in the material are arranged in a regular periodic 

structure), scattering of X-rays will result in maxima and minima of the diffracted 

intensity. The interaction between the X-rays and the atomic planes causes a 

constructive interference in the form of a diffracted ray only if it satisfy Bragg's law 

as shown in Fig. 4.8  where n is an integer,  λ is the X-ray wavelength, d is the inter 

planer spacing and θ is the diffraction angle. Bragg’s law is satisfied when the path- 

difference of the X-rays (2d Sine θ) is equal to nλ. The angle of diffraction θ is half of 

the angle between the incident and the diffracted X-rays.  
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Figure 4.8: Schematic representation of diffraction of X-rays in a crystalline. 

material. (http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/bragg.html) 

 

For each inter atomic spacing d, a maxima at a typical diffraction angle θ is proposed 

by Bragg’s law. Both the angles of incidence and detection are scanned during the 

XRD measurement. An XRD pattern is obtained which comprises intensity of 

detected X-rays as a function of diffraction angle θ. The obtained XRD pattern is a 

characteristic of the sample under investigation and is unique for different materials. 

Three features of a peak shape in XRD pattern are very important which are; (i) peak 

position-to determine the size and shape of the unit cell (ii) peak width-to determine 

the crystallite size and residual strain and (iii) peak intensity-it tells about the 

arrangement and nature of atoms present in the unit cell (atomic positions within the 

unit cell).  

An XRD technique is a nondestructive fast technique which requires a small amount 

of the specimen and in most of the cases, no elaborate sample preparation is 

necessary. From the XRD pattern, a lot of information about the specimen under 

investigation can be obtained such as: (i) average distance between rows of the atoms 

(d-spacing), (ii) crystal structure of known or unknown materials, (iii) phase 

identification-one of the most important use of XRD i.e. from XRD pattern by 

measuring d-spacing, indexing the reflections appearing in the XRD pattern, obtaining 

integrated intensities and comparing the data with known standards JCPDS cards, the 

phase is identified. (iv) crystallite size using Scherrer equation; D = kλ/βcosθ, where 

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/bragg.html
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D = crystallite size, k = 0.89 which is called sample shaped factor, λ is the wavelength 

of radiation used (1.5406 Ǻ for Cu), β is the full width at half maximum in radians 

and θ is the Bragg’s angle, (v) number of atoms per unit cell, (vi) lattice parameters 

and (vii) internal stress in crystalline materials.  

For the present research work, to confirm phase purity and determine some structural 

parameters of the synthesized samples, a Rigakhu D/Max-IIA XRD (CuKα radiation, 

λ = 1.5406 Ǻ) was used. 

4.4.2 Rietveld Refinement 

The prime aim of solving an XRD pattern is to determine the lattice parameters. 

Sometimes, there might be some issues with the XRD pattern such as (i) an XRD 

pattern may have more than one phases, (ii) the coordinates may not be well defined, 

(iii) there may be missing details related to the structure like disorders. In these cases, 

refinement of the apttern is done by assigning a molecular model to the obtained XRD 

pattern. The model consists of some predefined parameters (atomic positions etc.) 

which are attained from the intensity of the XRD pattern under investigation. The 

refinement is performed by the repetition of the changeable molecular models in 

which the required parameters are changed repetitively until these parameters come in 

agreement with the original data. The atomic positions are obtained from the electron 

density map of the XRD peaks. In each repeating cycle, various parameters are 

adjusted in order to make the pattern more and more refine. Hence, various results can 

be made more accurate by using different modern techniques. Each atom within a unit 

cell is described by crystallographic parameters which include three coordinates and 

six anisotropic displacement factors. Some other factors comprise scale factors, 

isotropic parameters, preferred orientation parameters and site occupancy factors. Our 

results may become more reliable by tailoring all these parameters since the statistical 

data can be improved through iteration. In the present research work, the Rietveld's 

whole-profile fitting method was used for the phase identification and the refinement 

of the XRD patterns was done using the PANalytical X’Pert High Score Plus software 

version 1.1. The microstructural as well as the structural parameters of the synthesized 

samples are refined (Kumar and Varshney 2012). A detailed explanation about this 

technique has been described in literature (Rietveld 1967; Rietveld 1969; Bid and 

Pradhan 2002). The following structural and microstructural parameters can be 
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calculated from the Rietveld's refined XRD graphs: crystallite size (D), lattice 

constants (a, b, c), unit cell volume (V), the pattern (Rp), structure factor (RF), the 

expected pattern (RExp), the residuals for the weighted pattern (Rwp), Braggs factor 

(RBragg), density (ρ), Wyckoff positions and goodness of fit (GoF).  

4.4.3 Fourier Transform Infrared Spectroscopy (FTIRS) 

The study of interactions between matter and electromagnetic fields in the infrared 

(IR) region is termed as infrared spectroscopy. FTIRS is an analytical technique 

which is used to determine the molecular signature of a material. The specimen under 

test is scanned using the infrared light by the spectrometer and provides a molecular 

vibrational spectrum related to the chemical properties of the material. The spectrum 

is obtained by passing a beam of infrared light directly through the specimen. When 

the vibrational frequency of a bond or collection of bonds among elements present in 

the material becomes equal to the frequency of the infrared light then absorption takes 

place. Molecular structures and components are identified by the infrared absorption 

bands. This technique measures a plot of percentage absorbance/ transmittance versus 

wave number which provides information related to the bending and stretching of 

vibrations of the bonds. Every bond within the material vibrates at a unique 

wavenumber and hence, information about different types of bonds present in the 

sample under test can be obtained by analyzing the recorded spectrum.  

The FTIR spectrometer operates on the basic principal of Michelson interferometer 

(shown in Fig. 4.9). An interferometer is a device which uses the technique of 

interfering (superimposing) two or more waves to detect the difference in optical path 

length between the two arms of the interferometer. A typical Michelson 

interferometer consists of (i) a broad band coherent light source, (ii) a beam splitter 

made of KBr or CsI, (iii) two front surface coated mirrors (one moveable and the one 

fixed) and (iv) a detector. A light beam emitted from a polychromatic IR source is 

collimated and is then allowed to fall on a beam splitter. The beam splitter transmits 

half of the light (50%) towards a moving mirror while the remaining light towards a 

fixed mirror. Two beams of light (one coming from the moving mirror and the other 

from the fixed mirror) are reflected back towards the beam splitter and this light is 

then focused on the specimen. Now, the light leaving the specimen is focused on the 

detector. The two beams reaching the detector may interfere because they have an 
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optical path difference that can be determined by the positions of the two mirrors. 

Constructive or destructive interference can be made by positioning the moving 

mirror, resulting in a sinusoidal signal. The maximum of the wave corresponds to 

constructive and the minimum is related to destructive inference respectively. This 

sinusoidal signal is known as interferogram which is a measure of detector signal 

(intensity) against the path difference. The FTIR spectrometer converts the raw data 

into real spectrum using Fourier transform.  

 

Figure 4.9: Schematic diagram of a Michelson interferometer-configured for FTIRS. 

(https://commons.wikimedia.org/wiki/File:FTIR_Interferometer.png) 

4.4.4 Impedance Analyzer 

The electrical and dielectric characteristics of a material can be investigated with the 

help of an impedance analyzer in same frequency domain. This is a non-destructive 

technique and can be used to find dielectric constant, resistance, tangent loss, 

conductivity and capacitance of the material under study. This technique also provides 

a comprehensive information related to the relaxation behavior and complex 

https://commons.wikimedia.org/wiki/File:FTIR_Interferometer.png
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impedance properties of the material. Here, the material should be in the form of a 

pellet having a smooth surface and homogeneous cylindrical shape. Better results can 

be obtained by minimizing the thickness of the pellet. For the present PhD research 

work, 6500B series of Precision Impedance Analyzer of Wayne Kerr electronics was 

used and is shown in Fig. 4.10. This model offers fast and precise impedance 

measurements over a wide frequency range of 20 Hz to 120 MHz.

 

Figure 4.10: Wayne Kerr Precision Impedance Analyzer. 

4.4.5 Field Emission Scanning Electron Microscope (FESEM) 

The characteristics of materials are strongly influenced by their microstructures. The 

surface morphology of a material is investigated using a scanning electron scope. This 

study comprises surface roughness level, material homogeneity, porosity content, 

particle size distribution and grain size determination.  

When high energy electrons strike with the surface of a specimen, a lot of signals in 

the form of radiation are produced as a result of this collision. All these signals can be 

used to get some useful information about the specimen being examined. Fig. 4.11 

shows the interaction among the specimen and the incident electrons. Usually, SEs 

imaging is used to study the surface morphology. Principally, SEs are used for 

topographic contrast in the SEM image which depends on the fact that how many SEs 

are received by the detector. Ultra-high magnification imaging can be obtained using 

FESEM. It also removes the issue of using the conductive coatings for insulating 

materials as well as the low voltage images in minor electrical charging of the 
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specimen. For the present research work, Nova NanoSEM 450 field emission 

scanning electron microscope was used and is shown in Fig. 4.12. 

 

Figure 4.11: Interaction between the incident electrons and the specimen. 

(https://www.hzdr.de/db/Cms?pOid=45259&pNid=67&pContLang=de) 

 

Figure 4.12: Nova Nano SEM for microscopy equipped with EDXS. 

4.4.6 Energy Dispersive X-ray Spectroscopy (EDXS) 

Quantitative and qualitative analysis of all the elements having an atomic number 

greater than that of boron, present in the specimen under test, can be studied through 

an SEM image using the X-ray fluorescence effect. When the incident electrons strike 
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the specimen, they interact with the atoms in the sample and emit X-ray photons 

whose energy contain useful information about the nature and composition of those 

atoms. Modern EDXS systems have the ability to detect X-rays, and then the plot of 

the energy dispersive graphs thus obtained in which the elements responsible for the 

peaks are automatically identified. Impurities and contaminants can be detected 

through EDXS. This technique may be helpful for specimen verification and 

identification of unknown elements in the material.  For the present research work, 

Nova Nano SEM microscope, shown in Fig. 4.12, was used to obtain EDXS graphs 

for the elemental compositional analysis to confirm their chemical stoichiometric ratio 

in the synthesized samples. 

4.4.7 Vibrating Sample Magnetometer (VSM)  

A VSM is a powerful, non-destructive characterization technique which is used to 

study the magnetic properties of the materials under investigation. It was invented by 

Simon Foner, at Lincoln laboratory in 1955. The specimen to be investigated by VSM 

may be in various forms such as bulk, thin films and powder. Faraday’s law of 

electromagnetic induction shown in Fig. 4.13 is the basic principle for the working of 

a VSM. According to this law, a time varying magnetic flux induces an emf in the coil 

which is directly proportional to the total magnetic moment of the specimen under 

test. The induced emf can be changed by altering the magnetic field of the 

electromagnet (Burgei et al. 2003) and it can be calculated by using the following 

equation; 

𝜀 = −𝑁
𝑑

𝑑𝑡
(𝐵𝐴𝑐𝑜𝑠𝜃)                                        (4.3) 

 Where N is the number of turns in pick-up coils, A is the area of coil turns and θ is 

the angle between the magnetic field (B) and the direction perpendicular to the coil 

surface.  
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Figure 4.13: Faraday’s law of electromagnetic induction. 

The circuit diagram of VSM is shown in Fig. 4.14. The specimen is placed inside a 

sample holder and both are kept between the poles of an electromagnet which can 

produce a uniform magnetic field. The sample is then given a to-and-fro motion by a 

mechanical vibrator in the uniform magnetic field. An emf is induced due to the 

oscillating magnetic field of the vibrating sample and this emf can be detected by the 

pick-up coils (usually made of copper), attached to the poles of the electromagnet. 

The magnitude of the induced emf is directly proportional to the total magnetic 

moment of the sample. A lock-in amplifier can be used to amplify the induced emf.   

 

Figure 4.14: Circuit diagram of VSM.                                                    

(https://www.researchgate.net/figure/Schematic-diagram-for-VSM_fig11_303841235) 
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The magnetic properties of the sample can be measured by analyzing the hysteresis 

loop so obtained as shown in Fig. 4.15. The hysteresis loop is traced out by changing 

the applied magnetic field H (by changing the voltage applied to the electromagnet) 

between positive to negative values and measuring the corresponding values of 

magnetization M. When H is increased from zero to a maximum value towards 

positive direction, M is called the saturation magnetization (Ms). Now, H is reduced to 

zero, after saturation and the corresponding exiting M is known as retentivity or 

remanence magnetization (Mr). Then H is reversed to reduce Mr to zero and this value 

of H is called the coercivity (Hc). Hard and soft ferromagnetic materials are classified 

on the basis of the value of Hc. Now, H is increased to an extreme negative value to 

obtain saturation in the reverse direction. The traced loop is known as the hysteresis 

loop which provides magnetic characteristics of the sample under investigation.  

 

Figure 4.15: A typical magnetization field (M-H) hysteresis loop. 

(https://www.researchgate.net/figure/A-typical-magnetisation-field-M-H-hysteresis-loop_fig13_271480985) 

For the present research work, a "7404-Lakeshore" (shown in Fig. 4.16) vibrating 

sample magnetometer was used to examine the magnetic properties of all the prepared 

samples. A computer software was used to calculate the saturation magnetization 

(Ms), remanence magnetization (Mr) and coercivity (Hc) of the synthesized samples. 
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Figure 4.16: "Lake Shore 7404" Vibrating Sample Magnetometer. 

4.4.8 Ferroelectric and Multiferroic Analysis 

An experimental set up that provides polarization (P) versus electric field (E) plot of a 

specimen under test is termed as a P-E loop tracer. Different electrical parameters can 

be determined from the P-E loop including saturation polarization (Ps), remanent 

polarization (Pr) and coercive electric field (Ec). On the basis of these electrical 

parameters, the feasibility of a material in relation to its device applications can be 

concluded. A typical P-E loop tracer operates on the basic principal of Sawyer-Tower 

circuit which consists of a huge capacitor in series with the specimen, a resistive 

divider and an oscilloscope and is shown in Fig. 4.17. During the operation, an 

electric field (E) is applied directly across the specimen that is attenuated by the 

resistive divider and the capacitor in series with the specimen integrates the current 

into charge. The P-E loop is traced by putting these two values along the X and the Y 

axes of the oscilloscope. The huge capacitor in the system can be replaced by a virtual 

ground op-amp as a current to voltage converter with an integrating capacitor (Stewart 

et al. 1999).  
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Figure 4.17: Schematic representation of Sawyer Tower circuit which is based on P-

E loop tracer system (Stewart et al. 1999). 
 

For the present research work, a Precision Multiferroic Material Analyzer of Radiant 

Technologies Inc. (shown in Fig. 4.16) was used to investigate the multiferroic and 

ferroelectric properties of the synthesized samples. The P-E loop tracer system has a 

frequency range up to 30 kHz to operate under a 200V internal amplifier. It also has a 

50 kHz measurement mode under 100V amplifier. The magnetic response of P can 

also be determined by using Helmholtz coil.  

 

 

Figure 4.18: Radiant Technologies Precision Multiferroic Material Analyzer with 

Helmholtz Coil. 
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CHAPTER 5 

RESULTS AND DISCUSSIONS 

Structural and Impedance Spectroscopic Analysis of Sr/Mn 

Modified BiFeO3 Multiferroic 

5.1 Motivation 

Practical applications of BFO are hindered due to its some drawbacks such as 

impurity phases owing to narrow temperature ranges in which BFO stabilizes and 

highly leakage current density. Most of these problems are the result of structural 

imperfections such as oxygen vacancies (because of highly volatile nature of Bi at 

high temperature), pores, valency fluctuations of Fe ions and secondary phases (Arya 

and Negi 2013; Reddy et al. 2014; Amin et al. 2016). The main issue with BFO is its 

conducting grain boundaries and domain walls at RT leading to large loss factor that 

produces heating of a device which may destroy it. Leakage problems can be 

controlled by synthesizing impurity free BFO phases (Bernardo 2014). For fabricating 

multifunctional devices using BFO, it is necessary to improve its multifunctional 

properties by minimizing the problems associated with it. Usually, chemical 

composition, synthesis procedure, chemistry, processing atmosphere, sintering 

temperature, sintering time and substituted ions dictate the properties of BFO 

ceramics. A lot of research is going on to produce suitably doped BFO materials using 

various techniques in order to achieve the required results. For example, larger 

dielectric constant and smaller dielectric loss were observed by Varshney et al. (2011) 

for Mn doped BFO ceramics. A decrease in leakage current was detected by co-

doping of In and Mn in Pure BFO (Arya and Negi 2013). Li et al. (2013) observed 

increased resistivity and decreased leakage current by doping Mn in BFO ceramics. 

Wei and Xue (2007) reported that Sr+ doping at Bi site in BFO ceramics reduced the 

oxygen vacancies leading to reduction of the dielectric loss and improved leakage 

properties. The lower leakage current in Nd/Mn doped BFO thin films was achieved 

by Kawae et al. (2008).  

Keeping in view the literature survey, I was motivated for the co-substitution of Sr2+ 

at Bi3+ site and Mn4+ at Fe3+ site in BFO to see the combined effects of these dopants 

especially on its dielectric properties. It has been reported in literature that Sr helps in 
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suppressing the secondary phases (Ghosh et al. 2012) and decreasing the dielectric 

loss (Wei and Xue 2007) whereas Mn4+ decreases the fluctuation of the Fe valency 

and oxygen vacancies which help in reducing the leakage current in BFO system 

(Kumari et al. 2015). In this research work, Sr/Mn doped BFO nano particles (NPs) 

were synthesized using sol-gel auto-combustion method. This is a unique technique to 

prepare the oxide materials in phase pure form which has advantages of energy, cost 

saving instrumentation and self-purification due to highly exothermic reactions 

involved.  

5.2 Experimental  

5.2.1 Sample Preparation 

Glycine + urea were used as fuel agents to synthesize the polycrystalline fine powders 

of as-burnt Bi0.9Sr0.1FeO3 (residue-BSFO) and Bi0.9Sr0.1Fe1-xMnxO3 (BSFMO),(x= 0, 

0.05, 0.10, 0.15 and 0.20) by SG auto-combustion technique at relatively low 

temperature. All the reagents used, were of analytical grade which were used without 

any further purification. As bismuth nitrate does not dissolve completely in distilled 

water therefore, a beaker was taken to dissolve it separately in the nitric acid (molarity 

3M). A continuous stirring was done using a magnetic capsule in order to form a 

transparent solution of bismuth nitrate. Another beaker was taken and it was filled 

with deionized water up to 100 ml to dissolve other raw materials. Then, the two 

transparent solutions (from two beakers) were mixed and the stoichiometric ratios of 

the chelating agents (glycine and urea) were added in it. The beaker, containing the 

precursor, was then put on a hot plate (85 ℃). Here, a continuous stirring was also 

done using a magnetic capsule until the precursor in the beaker was converted into a 

dark viscous resin. After the formation of gel, the temperature was raised up to 350 ℃. 

This continuous high temperature heating led to auto-ignition of dried resin with the 

release of numerous gases due to highly exothermic reactions involved. The final 

product, after the complete combustion, was brownish color ash that was analyzed for 

perovskite type BiFeO3 phase. The whole process took about 4 h but the time of 

actual ignition and combustion was less than 30s. The fine powder was calcined at 

550 ℃ in a muffle furnace for 3 hours. The flow chat related to the preparation steps, 

using SG auto-combustion technique, is shown in Fig. 5.1. The pellets were made 

from powders, using a steel dye of 10 mm diameter and an Apex hydraulic press, by 
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applying a pressure equal to 4 tons. The pellets were sintered in air at 300 ℃ for 2 h in 

a muffle furnace.  

5.2.2 Characterizations 

For the present research work, to confirm phase purity and to determine some 

structural parameters of the synthesized samples, a Rigakhu D/Max-IIA X-Ray 

diffractrometer (CuKα radiation, λ = 1.5406 Ǻ) was used. The morphological and 

elemental analysis was done using FESEM equipped with EDX. Dielectric, electrical 

and complex impedance spectroscopies were performed using a precision impedance 

analyzer, 6500B.  

 

Figure 5.1: Flow chart of sol-gel auto-combustion technique to synthesize Sr/Mn 

doped BFO NPs. 
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5.3 Results and Discussion 

5.3.1 X-ray Diffraction Analysis 

Fig. 5.2 compares the XRD patterns obtained at RT for residue-BSFO (S1) and 

Sr0.1Bi0.9Fe1-xMnxO3 (x = 0, 0.05, 0.1, 0.15 and 0.2) abbreviated as (S2-S6) 

respectively and as a whole BSFMO system. The graph (S1) shows the XRD pattern 

of the combustion residue-BSFO. The pattern confirms the formation of almost 

amorphous phase as several broad diffraction peaks can be observed in it. The 

crystallinity is obtained rapidly when residue-BSFO is calcined at minimum 550 ℃ 

for 3 h as shown in graph (S2). It can be inferred that no crystallinity develops in BFO 

ceramics without sintering. It is concluded that sintering temperature is the most 

important parameter for developing the crystal phase during the synthesis process of 

BFO ceramics. The phase diagram (Fig. 2.5) of Fe2O3 and Bi2O3, showing bismuth 

ferrite with undesired impurities, also confirms the importance of controlling the 

sintering temperature to synthesize single crystal BFO ceramics (Catalan and Scott 

2009). All the sintered XRD patterns confirm the formation of single phase 

rhombohedral perovskite structure with space group R3c (161) related to BFO 

because all the major XRD peaks matched well with the ICSD Reference no. 01-071-

2494. This means that the doping of Sr and Mn in place of Bi and Fe respectively in 

BFO has not affected the crystal structure of the parent compound. It has been also 

proved already that substitution of Mn and Sr in BFO do not disturb the lattice 

symmetry of BFO (Wei and Xue 2007). The absence of impurity peaks in all the 

patterns may be attributed to the doping of Sr ions at Bi-sites because it has been 

proved that doping of Sr ions with limited contents hinders the formation of impurity 

phases in BFO ceramics without affecting the crystal structure (Ghosh et al. 2012). 

All the XRD patterns depict that the intensities of the diffraction peaks increase 

slightly with the increase of Mn doping. Since the peak intensity is linked to the 

amplitude of rotation of the octahedra (Zhang et al. 2009), therefore the amplitude of 

the tilt of rhombohedral distortion increases. It is inferred that polarization increases 

with increase of Mn doping.  

 



 
 

99 

 

Figure 5.2: XRD patterns of all the synthesized samples from S1 to S6.  

The crystallite sizes of all the prepared samples were calculated and are presented in 

Fig. 5.3 by considering the most intense diffraction peak in each pattern using 

Scherrer's formula (Fu et al. 2012) which is given below: 

D = kλ/β cos θ                                      (5.1) 

Where, D is crystallite size (nm), k = 0.89, is a constant which is known as shape 

factor and it depends upon the shape of the crystal, ‘λ’ is the wavelength of the Cu Kα 

incident X-rays (1.54056 Å), ‘β’ is the full width at half maximum in radians and ‘θ’ 

is the Bragg’s diffraction angle in degrees. A slight difference is observed among the 

widths of the most intense peaks of all the doped samples so, the crystallite sizes of all 

the samples are very close to each other having values in the range of 9 to 15 nm. It is 

suggested that the impurity free nano structure of BFO will improve its 

multifunctional properties. No shifting of peaks is observed towards higher or smaller 
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angles after the doping of Sr and Mn at Bi and Fe sites respectively. This may be due 

to the differences in ionic radius of Sr2+ (1.18Å), larger than Bi3+ (1.03 Å) and Mn4+ 

(0.53 Å), smaller compared to that of Fe3+ (0.645 Å). These differences in radii of 

substituted ions compensate the contraction or expansion of the unit cell structure 

which shows non distortion in the crystal symmetry. This also confirms 100% 

incorporation of dopant ions at host sites. A very small shifting of XRD peaks is noted 

only in 10% Mn/SBFO sample towards higher angle. Lattice constants of all the 

samples are almost the same  with  a minor difference as mentioned in ICSD 

Reference no. 01-071-2494. The calculated lattice parameters, unit cell volumes and 

crystallite sizes of all the doped samples are listed in Table 5.1. Unit cell lattice 

parameter (a) versus c/a ratio and unit cell volume as a function of Mn contents in 

Sr0.1Bi0.9Fe1-xMnxO3 (x = 0, 0.05, 0.1, 0.15 and 0.2) compositions are shown in Figs. 

5.4 and 5.5 respectively. It is evident that c/a ratio of the prepared BFO system 

remains almost constant throughout the series which shows that there is a little change 

in all the cell parameters resulting no change in the crystal system. Bulk BFO phase is 

generally formed at temperatures above 825 ℃ when synthesized via conventional 

solid state reaction process (Nalwa and Garg 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Crystallite sizes as a function of Mn contents in Sr0.1Bi0.9Fe1-xMnxO3. 
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Table 5.1: Calculated parameters of the doped BFO samples. 

Composition Crystallite 

size (nm) 

a (Å) c (Å) c/a volume 

(Å3) 

BiFeO3 

ICSD Reference Code 

= 01-071-2494 

 5.5876 13.8670 2.4817 374.94 

~ 375 

 

Sr0.1Bi0.9FeO3 9.2 5.61 13.92 2.4813 379 

Sr0.1Bi0.9Fe0.95Mn0.05O3 10.3 5.59 13.89 2.4848 376 

Sr0.1Bi0.9Fe0.90Mn0.10O3 13.5 5.58 13.88 2.4874 374 

Sr0.1Bi0.9Fe0.85Mn0.15O3 13.8 5.56 13.85 2.4910 371 

Sr0.1Bi0.9Fe0.80Mn0.20O3 15 5.54 13.83 2.4964 368 

 

 

Figure 5.4: Unit cell lattice parameter (a) versus c/a ratio as a function of Mn 

contents. 
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Figure 5.5: Unit cell volume as a function of Mn contents in Sr0.1Bi0.9Fe1-xMnxO3. 

 

It is worth mentioning here that the present study shows the formation of BFO NPs at 

550 ℃ which is much lower than those which have been reported earlier using sol-gel 

method. It is also proved by Tripathy et al. (2013) that a heat treatment at 550 ℃ for 

minimum 3 h is required to transform the gel into oxide in case of BFO. It can be 

inferred that the synthesis of pure BFO ceramics at lower temperatures can prevent 

the vaporization of Bi due do its highly volatile nature at higher temperature, resulting 

in secondary phases along with BFO, which limits its use to fabricate multifunctional 

devices. 

5.3.2 Surface Morphology and Elemental Compositional Analysis 

Figs. 5.6 to 5.11 (S1-S6) respectively show the RT FESEM images of BSFO and 

BSFMO samples with magnification 25000x using secondary electron image mode 

for surface analysis. The micrographs elucidate the grain growth, voids, boundaries 

and surface morphology of the samples under investigation. The graph (S1) represents 

the combustion residue of BSFO having no identification of crystals which 

demonstrates the amorphous behavior of the sample. An improvement in crystallinity 

was observed in all other samples (S2-S6) with increasing Mn contents. 20% BSFMO 

image (S6) depicts well shaped, interlinked and dense rich crystal consistents along 

with the XRD results. 20% BSFMO XRD pattern has the most intense peak compared 

to the other samples. The Most intense XRD peak means the highest crystallinity in 
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the sample. Similarly, 20% BSFMO SEM image displays a perfect developed crystals 

compared to the other samples. Thus, both XRD and SEM results for the present 

communication support each other. The average estimated grain sizes evaluated from 

the SEM images are in the range of 50-80 nm. S1-S5 samples reveal nanoparticles 

having non-uniform shape and size with intergranular porosity which may affect the 

sample density. Some large sized grains could be the result of agglomerates of the 

small sized grains.  

 
 

Figure 5.6: FESEM image of as-burnt Bi0.9 Sr0.1FeO3 (S1). 

 

 

 

 
 

Figure 5.7: FESEM image of sintered Bi0.9 Sr0.1FeO3 (S2). 
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Few cracks on the surfaces of some micrographs are present which may be attributed 

to the liberation of gases during the sintering process of pellets. The micrograph for 

sample (S6) shows the most uniform distribution of spherical shaped and well linked 

NPs compared to other samples.  

 

Figure 5.8: FESEM image of Sr0.1Bi0.9Fe0.95Mn0.05O3 (S3). 

 

 

   

Figure 5.9: FESEM image of Sr0.1Bi0.9Fe0.90Mn0.10O3 (S4). 
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Figure 5.10: FESEM image of Sr0.1Bi0.9Fe0.85Mn0.15O3 (S5). 

 

                                                                                                                                                                 
 

Figure 5.11: FESEM image of Sr0.1Bi0.9Fe0.85Mn0.15O3 (S6). 
 

 

The EDX spectra of BSFO and BSFMO samples are displayed in Fig. 5.12 and 5.13 

respectively. Each spectrum depicts that each sample contains all the elements i.e. Bi, 

Fe, Mn, Sr and O corresponding to its stoichiometric formula. The atomic ratio of 

Bi:Sr:Fe:Mn:O match well with the expected stoichiometry ratio of the solid 

solutions. The EDX spectra also confirm the completion of chemical reaction of the 

precursor to synthesize the required material without any loss of constituent elements 

during the whole process. Quantitative data of EDX analysis of BSFO and BSFMO 

samples is given in Table 5.2. 
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Figure 5.12: EDX spectrum of BSFO sample. 

 

 

Figure 5.13: EDX spectrum of BSFMO sample. 
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Table 5.2: Quantitative analysis of all the elements present in BSFO and BSFMO 

samples. 

 

Elements                            BSFO                                                    BSFMO 

                                       -------------------------                             ----------------------- 

                                        wt %                  at %                             wt %                  at % 

 

Bi                                    61.96                   16.37                            66.64                   

22.14  

Sr                                      0.29                     0.18                              0.56                     

0.45 

Fe                                    19.01                   18.79                            20.93                   

26.02 

Mn                                     -                            -                                  0.04                     

0.05 

O                                      18.74                  64.66                            11.83                    

51.34                                      --------                              ----------------------------                           

----------------------------- 

Total                                100.00                                                        100.00 

 

5.3.3 Dielectric Properties 

The real (ε′), imaginary (ε″) parts of dielectric constant (ε) and dielectric loss (Tan δ) 

of BSFMO ceramics are plotted against frequency (20 Hz- 20MHz) at RT and are 

depicted in Figs. 5.14 to 5.16 respectively. It is clear from the figures that intense 

dielectric dispersion exists with increasing value of frequency in ε′ and ε″ parts of ε 

for BSFMO samples (except S6). Both ε′ and ε″ decrease with increasing frequency. 

The decrease is speedy in the low frequency region and remains constant at higher 

frequencies. According to Kumar et al. (2000), this rapid fall of ε is due to the fact 

that polarization does not occur instantaneously with the applied electric field due to 

inertia. At low frequencies, all the polarizations (atomic, electronic, interfacial and 

ionic etc.) contribute which give rise to high value of ε. At a certain increased 

frequency, those polarizations which have large relaxation times cease to respond 
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(only electric polarization mainly contributes) and hence, ε is decreased. Similar trend 

related to ε has been reported in the case of Mn (Riaz et al. 2014) and Sr (Hussain et 

al. 2013) doped BFO ceramics. These types of processes could well be explained on 

the basis of Maxwell-Wagner model (Wang et al. 2005) which is also in agreement 

with the Koop’s phenomenological theory (Koops 1951). The dielectric constant 

increases with increasing Mn concentrations and has maximum value for 15% Mn 

doping in BSFMO Nps. Further, the increase in Mn content (x =20%) would result in 

the reduction of the unit cell volume because the ionic radius of Mn is smaller than 

that of Bi3+. The available free volume for the movement of Fe3+ ions in the oxygen 

octahedra (FeO6) becomes smaller leading to a decrease in the dielectric polarization 

which consequently reduces the dielectric constant. Another reason related to low 

value of ε for sample S6 compared to other samples in low frequency region is due to 

well-shaped and interlinked grains (SEM micrograph-S6) which are suitable for easy 

conduction and reduces the value of ε. The real part of dielectric constant as a 

function of Mn contents in Sr0.1Bi0.9Fe1-xMnxO3 is shown in Fig. 5.17.  

 

 

                             

 

 

 

 

 

 

 

 

Figure 5.14: Real (ε′) parts of dielectric constant of S2–S6 samples. 
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Figure 5.15: Imaginary (ε″) parts of dielectric constant of S2–S6 samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: Dielectric loss (Tan δ) of S2–S6 samples. 
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Figure 5.17: ε as a function of Mn contents in Sr0.1Bi0.9Fe1-xMnxO3. 

 

The dielectric loss is the energy dissipation in the dielectric system and is found to be 

proportional to ε″. The dielectric loss arises generally because of impurities and 

defects in the crystal lattice which cause polarization to lag behind the applied a.c. 

field. In Fig. 5.16, the dielectric loss of all the doped samples decreases up to a wide 

frequency range with increasing doping concentration. This reduction in dielectric 

loss recommends that co-doping of Sr and Mn in BFO ceramics causes reduction in 

oxygen vacancies (Vo). These vacancies are created during the process of sintering at 

high temperature because of highly volatile nature of Bi due to its low melting and 

boiling points compared to other elements. The presence of Vo lead to a change in the 

valency state of iron (Fe3+-Fe2+) due to electron exchange which contributes a lot in 

conductivity of the materials. Vo are considered one of the main reasons for high 

leakage current leading to high dielectric loss in bismuth ferrite (Lee et al. 2005). It is 

concluded that Sr/Mn co-doping decreases the leakage problems of BFO ceramics 

which ultimately reduces the dielectric loss. The observed Debye peaks or relaxation 

phenomenon in S3, S4 and S5 samples may be the result of ferromagnetic resonance 

in which matching of electron hopping frequency and the frequency of the applied 

field occurs (Chen et al. 2010). The dielectric constant of BSFMO NPs is found high 
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while loss factor is observed less than 1 which indicates that the present compositions 

are good choices for high frequency/microwave applications.  

5.3.4 a.c. Conductivity 

Electrical conductivity measurements of materials are usually performed to relate the 

macroscopic measurement with the microscopic movement of ions. The a.c 

conductivity can be calculated using an empirical relation given below: 

σa.c = ε′ ε0 ω tan δ                                        (5.2) 

where ℰʹ is the dielectric constant, ℰ0 is the vacuum permittivity, ω is the angular 

frequency (2πf) and tan δ is the tangent loss.  

The frequency (20Hz-20MHz) dependent a.c. conductivity (σa.c) spectrum of 

Bi0.9Sr0.1Fe1-xMnxO3 (x= 0, 0.05, 0.10, 0.15 and 0.20) taken at RT is shown in Fig. 

5.18. It is evident from figure that for all the doped samples, σa.c has very small value 

which approaches to zero and remains constant up to a wide frequency range 

depicting that high resistance (Mn/Sr doping effect) is faced by electrons for 

conduction. After a particular high frequency, the conductivity increases sharply. This 

process could be explained very well on the basis of Koop’s model (1951). According 

to this model, poor conducting grain boundaries are responsible for low conductivity 

at lower frequencies, while at higher frequencies, it is due to highly conducting grains. 

The total σa.c of ferrites is supposed to consist of two factors given by the relationship: 

σa.c (total) = σd.c + σa.c                                                     (5.3) 

The first term is the temperature dependent d.c. conductivity, which is due to the band 

conduction while the second term is both frequency and temperature dependent part 

of a.c. conductivity and is related to the dielectric relaxation due to localized charge 

carriers. The variable nature of conductivity recommends that frequency dependent 

σa.c obeys Jonscher’s universal power law (1977) which is given below: 

σa.c (ω) = σ (0) + Aωn                                                    (5.4) 

here σ (0) is the frequency independent (dc or electronic) part of σa.c, A is the 

amplitude constant that controls the polarization, n (0 < n < 1) is the index whose 

value depends upon the temperature and doping concentrations hence, it shows the 

collaboration of mobile ions with the lattice. At lower frequencies, σa.c remains almost 

frequency independent while at higher frequencies, σa.c α ωn. The value of n can be 

calculated from the slope of the graph shown in Fig. 5.19. The behavior of ac 
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conductivity as a function of Mn contents in Sr0.1Bi0.9Fe1-xMnxO3 has been displayed 

in Fig. 5.20. 

 

Figure 5.18: Log σac vs log ω of S2–S6 samples. 

 

 

Figure 5.19: Exponent n as a function of Mn contents in Sr0.1Bi0.9Fe1-xMnxO3. 
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Figure 5.20: log ac conductivity as a function of Mn contents in Sr0.1Bi0.9Fe1-xMnxO3. 

 

5.3.5 Impedance Spectroscopy 

Impedance spectroscopy is a non-destructive, unique and multipurpose technique 

which is used to examine the conduction mechanisms in different phases 

(microstructures) inside the polycrystalline and ionic materials over a wide range of 

frequency and temperature. This technique is very useful to find out the contribution 

of grains (bulk), grain boundaries and electrode polarization in complex impedance 

and other related electrical parameters with different equivalent circuits. In this 

technique, an AC signal is applied across the pellet sample and the output response is 

measured (Pattanayak, Priyadarshan, et al. 2013). The parameters related to 

impedance spectroscopy which are measured in this research work are described in 

the following sections. 

5.3.5.1 Real (Z′) and Imaginary (Z″) Parts of Impedance 

The variation of real (Z′) and imaginary (Z″) parts of impedance as a function of 

frequency (20Hz-20MHz) at RT for BSFMO compounds are presented in Figs. 5.21 

and 5.22 respectively. The observed decrease in both Z′ and Z″ with increasing 

frequency may be attributed to the enhancement in conduction mechanism due to 

hopping of electrons between the localized ions which increases with increasing 

frequency of the applied electric field (Batoo et al. 2013). At higher frequencies, both 
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Z′ and Z″ become independent of frequency. Similar type of behavior has also been 

reported by Singh et al. (2011) for some other material.  
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Figure 5.21: Real (Z') part of impedance of (S2–S6) samples. 

 

Figure 5.22: Imaginary (Z") part of impedance of (S2–S6) samples. 
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Figure 5.23: Z′ as a function of Mn contents in Sr0.1Bi0.9Fe1-xMnxO3. 

 

The magnitude of Z′ decreases with increase of Mn contents in Bi0.9Sr0.1Fe1-xMnxO3 

(up to x = 0.15), which indicates that the conductivity of the samples increases. Since, 

at higher frequencies, Z′ for all the samples coincide with each other therefore, a 

possible release of space charge and a consequent dropping of the barrier properties 

inside the materials is expected (Pattanayak, Parida, et al. 2013). Usually, Zʹʹ vs 

frequency plot is used to estimate the value of relaxation frequency but in the present 

case, no Debye peaks are visible, therefore, I will rely on the study of complex 

impedance spectroscopy. The trend of Z′ with Mn contents in Sr0.1Bi0.9Fe1-xMnxO3 is 

exhibited in Fig. 5.23. 

5.3.5.2 Modulus Analysis 

To clarify the involved relaxations and conduction processes in the complex dielectric 

response, dielectric modulus formalism is employed. Generally, this technique is used 

to determine, analyze and interpret the dynamical aspects related to electrical 

transport processes in the materials i.e. ions/carriers hoping rate and conductivity 

relaxation times with smallest capacitance occur in a dielectric system. Modulus 

spectroscopy plots are suitable for separating spectral components of the materials 

with same resistances but different capacitances. Another advantage of this method is 

that the electrode effect is almost suppressed (Behera et al. 2015). Real and imaginary 

parts of electric modulus (M′ and M″) of BSFMO (S2-S6) samples as a function of 

frequency (20Hz-20MHz) at RT are displayed in Figs. 5.24 and 5.25 respectively. In 

the low frequency region, M′ for all samples tends to be very small approaches to zero 
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and coincides with each other. This confirms a negligibly minor contribution of 

electrode effect.  

 

Figure 5.24: Real (M′) parts of electric modulus of S2–S6 samples. 

 

 

 

Figure 5.25: Imaginary (M″) parts of electric modulus of S2–S6 samples. 
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A continuous dispersion is observed with the increase of frequency which may be 

attributed to the conduction phenomenon due to short range mobility of charge 

carriers. This indicates the lack of restoring force for flow of charge under the 

influence of a steady electric field. With increasing frequency, the value of M′ 

increases and reaches a maximum constant value at higher frequencies for all the 

doped BFO samples (except S2 for which M′ remains almost constant throughout the 

frequency range). This may be due to differences in relaxation processes spread over a 

wide range of frequencies. For S2, Mn = 0 and it confirms that M′ remains constant 

due to the effect of Sr. Moreover, dispersion takes place due to the effect of Mn 

doping in BFO ceramics. In Fig. 5.25, it can be seen that M″max shifts towards higher 

frequency side by increasing the doping level of Mn in Sr0.1Bi0.9Fe1-xMnxO3 (x = 0, 

0.05, 0.1, 0.15 and 0.2). The peaks are wider and asymmetric on both sides of maxima 

which indicate the spread of relaxation times with different time constants and hence, 

the relaxation is of non-Debye type (Macedo et al. 1972; Pattanayak, Parida, et al. 

2013; Anwar et al. 2014; Behera et al. 2015). 

5.3.5.3 Nyquist or Cole-Cole Graphs 

Nyquist or Cole-Cole plots for Bi0.9Sr0.1Fe1-xMnxO3 (x = 0, 0.05, 0.10, 0.15 and 0.20) 

NPs in the frequency range of 20Hz-20MHz taken at RT are presented in Figs. 5.26 to 

5.30 (S2-S6) respectively. The data can be represented in the form of an equivalent 

electrical circuit with parallel combination of resistance and capacitance as shown in 

Fig. 5.31. The complex impedance properties of ceramics are characterized by the 

formation of semicircular arcs whose extent of intercept on the Z′- axis and its number 

in the spectrum provide information about the type of electrical processes which are 

occurring within the material (Rout et al. 2015). For the sample S2 (x = 0), two 

semicircular arcs can be observed which indicate two different types of contributions. 

The high frequency semicircle denotes the contribution of bulk (grain) property of 

that material, while low frequency semicircle represents the contribution of grain 

boundary (Kumari et al. 2015). This type of electrical process can be designed in 

terms of equivalent circuit according to the Brick layer model. It consists of a series 

combination of two parallel R-C circuits related to both grain and grain boundary 

effects (Rout et al. 2015). For the sample S3 (x = 0.05), a third semicircular arc (not 

fully form the semicircular arc but somewhat approaches towards the shape) was also 
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observed. This may be attributed to the beginning of the polarization effects at the 

material-electrode interface.  
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Figure 5.26: Cole-Cole or Nyquist plot for Sr0.1Bi0.9FeO3 composition. 
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Figure 5.27: Cole-Cole or Nyquist plot for Sr0.1Bi0.9Fe0.95Mn0.05O3 composition. 
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Figure 5.28: Cole-Cole or Nyquist plot for Sr0.1Bi0.9Fe0.90Mn0.10O3 composition. 
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Figure 5.29: Cole-Cole or Nyquist plot for Sr0.1Bi0.9Fe0.85Mn0.15O3 composition. 
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Figure 5.30: Cole-Cole or Nyquist plot for Sr0.1Bi0.9Fe0.80Mn0.20O3 composition. 

 

The electrode polarization may be neglected because it usually dominates at very low 

frequencies (Rout et al. 2015). For the sample S4 (x = 0.10), the plot has a 

semicircular arc and then becomes almost a straight line with positive slope which is 

the indicative of very high impedance. In the plot for the sample S5 (x = 0.15), two 

suppressed, distorted semicircular arc shapes and one straight line like that of sample 

S3 can be seen. Perhaps, variation in grain size distribution, defects, imperfections, 

and grain boundary stress strain and volume fraction of the components may be the 

factors that contribute to such type of behavior (Rahman and Ramana 2014). The plot 

for the sample S6 (x = 0.20) displays one semicircle and one straight line just like that 

of sample S4 but towards the higher frequency side, it shows the grain boundary and 

material-electrode interface effects respectively. For an ideal Debye-type relaxation, a 

perfect semi-circle with its center at real Z-axis should exist, but in present case, the 

centers of the semicircles exist well below the real Z-axis which indicates non-Debye-

type relaxations within the present BFO compositions. This shows the distribution of 

relaxation times instead of a single relaxation time in the material. The intercept of 

each semicircle on Z′- axis gives the value of grain and grain boundary contribution in 

resistance/impedance (Rout et al. 2015). The capacitance can be calculated by using 

resistance and fmax for each semicircle by Equation 5.5 which is given below:  

ωτ = 2πfmaxτ = 2πfmaxRC = 1                                               (5.5) 

where τ is the relaxation time. 
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The calculated values of Rg, Cg, Rgb and Cgb are listed in Table 5.3. It was noted 

that the grain boundary resistance (Rgb) was larger compared to the grain resistance 

(Rg). The high value of Rgb was the result of highly electrons scattering due to 

disordered atomic arrangement at the grain boundaries (Batoo et al. 2013). 

 

            

Figure 5.31: Equivalent circuits used to represent the electrical properties, (a) grain 

effects, (b) grain and grain boundary effects, and (c) grain boundary effects. 

 

 

Table 5.3: Grain and grain boundary contribution of the doped compositions. 

 

Composition   Rg (MΩ) Cg (pF) Rgb (MΩ) Cgb (pF) 

Sr0.1Bi0.9FeO3 1.4607 1.6804 ---- ---- 

Sr0.1Bi0.9Fe0.95Mn0.05O3 1.117 79.2319 1.3 971.3557 

Sr0.1Bi0.9Fe0.90Mn0.10O3 0.401 194.1464 ---- ---- 

Sr0.1Bi0.9Fe0.85Mn0.15O3 0.7352 14.1150 0.2683 684.8196 

Sr0.1Bi0.9Fe0.80Mn0.20O3 52.8635 7.9760 ---- ---- 
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5.4 Conclusion 

In summary, polycrystalline fine powders of as-burnt Bi0.9Sr0.1FeO3 and Bi0.9Sr0.1Fe1-

xMnxO3 (x = 0, 0.05, 0.10, 0.15 and 0.20) were synthesized successfully by a simple 

and cost effective sol-gel auto-combustion method at relatively low temperature. A 

heat treatment at 550 ℃ for minimum 3 h is required to transform the gel into oxide in 

case of BFO. It is concluded that sintering temperature is the most important 

parameter for developing the crystal phase during the synthesis process of ceramics. 

The phase purity of the synthesized BFO samples was confirmed through structural 

analysis. The doping of Sr/Mn at Bi/Fe sites in BFO has not changed the crystal 

symmetry of the parent compound. The calculated crystallite sizes using Scherrer's 

formula are in the range of 9.2-15 nm while the estimated grain sizes evaluated from 

the SEM images are in the range of 50-80 nm. At high frequencies, the dielectric 

constant of the samples is found to be high (>200) while loss factor is less than 1 

which makes the present compositions a good choice for high frequency/microwave 

applications. The complex impedance spectroscopy has confirmed the existence of 

relaxation processes and non-Debye-type relaxation in BSFMO NPs. The frequency 

dependent analysis indicates that there exists an overall correlation between the Sr/Mn 

contents incorporated, properties and microstructures of the BSFMO ceramics. The 

analysis confirms that the dielectric and impedance properties are improved with 

Sr/Mn doping in bismuth ferrite. This would be helpful in studying the properties of 

thin films with similar compositions to develop miniaturized multifunctional devices. 
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CHAPTER 6 

RESULTS AND DISCUSSIONS II 

Multiferroicity in Sol-Gel Synthesized Sr/Mn Co-

doped BiFeO3 Nanoparticles 

6.1 Motivation 

Multiferroic based multifunctional devices are the demand of future technology for 

coming generations. BFO is a sole and hopeful candidate among the existing 

multiferroics to date to fulfill the requirement of such devices. Some problems linked 

with BFO are the main hurdles in making the multifunctional devices based on BFO. 

It is very difficult to synthesize phase pure BFO samples. Often some impurity phases 

appear along with BFO due to very narrow temperature range in which BFO may be 

stable. The value of Ms observed from M-H hysteresis loops is very low due to G-type 

anti-ferromagnetic spiral spin structure of BFO. The P-E hysteresis loops are very 

lossy due to highly conducting nature of BFO which results in high leakage current. 

Multiple ionic states of iron and some defects (related to oxygen) are the main reasons 

of this leakage current density and other electrical losses associated with BFO. Due to 

these problems, the multiferroic behavior and the required ME effect shown by BFO 

at room temperature is too low to fabricate the magneto-electric and other 

multifunctional devices (Ivanov et al. 2008; Bernardo 2014; Pattanayak, Choudhary, 

and Pattanayak 2014; Wu et al. 2016; Amin et al. 2016).  

In order to solve these problems, using different synthesizing techniques, research is 

being done on various frameworks including A or B site doping with suitable dopants 

and the synthesis of impurity free BFO in various forms (ceramics, films, nano) (Luo 

et al. 2009). The leakage current problems can be controlled by synthesizing denser 

and impurity free BFO nanoparticles (Bernardo 2014). The magnetization can be 

improved by synthesizing NPs less than 62 nm in size which will surely break the 

modulated spin structure of BFO and release the locked spins inside (Reddy et al. 

2012; Dhir et al. 2014). Improved multifunctional properties are reported in literature 

by single and co-doping of various rare-earth and transition metal ions at A or B or 

both at A & B sites in pure BFO (Reetu et al. 2011; Khomchenko et al. 2011; Chan-

Ho et al. 2012; Hussain et al. 2013; Kumar et al. 2014;  A. Mukherjee et al. 2014; 
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Ayan Mukherjee et al. 2014; Hussain et al. 2015; Rout et al. 2015; Kumari et al. 2015; 

Sharma and Verma 2015; Tang et al. 2016; Khalid et al. 2016; Syazwan et al. 2017; 

Zhu et al. 2017).  

Keeping in view the above discussed literature survey, I have chosen Sr/Mn as A/B 

dopants for Bi/Fe sites in BFO. The aim of co-doping is to observe the combined 

effects of Sr/Mn, particularly on ferro-electric and ferro-magnetic characteristics of 

BFO at room temperature. Many researchers have reported that the multifunctional 

properties of BFO can be improved by doping Sr and Mn in BFO ceramics (Wei and 

Xue 2007; Yu and An 2009; Riaz et al. 2015; Dhanalakshmi et al. 2016; Sharma et al. 

2017). Numerous methods have been adopted to prepare this material, for instance; 

sol-gel auto-combustion technique (Khalid et al. 2016), high-energy ball-milling 

method (Sharma and Verma 2015) and mixed oxides synthesis such as solid state 

reaction method (Xu et al. 2015), hydrothermal method (Tang et al. 2016), co-

precipitation (Ke et al. 2011) and sonochemical / microemulsion technique (Das et al. 

2007). Being simple, low energy consumer, vacuum free and cost effective, sol-gel 

auto-combustion technique was employed to synthesize the samples for the present 

research work. 

6.2 Experimental 

6.2.1 Sample Preparation 

The technique (sol-gel auto-combustion) to synthesize samples for this research work 

has been described in 5th chapter and the detail of this technique can also be found in 

the 4th chapter of the thesis. The flow chart describing the present technique to 

synthesize Sr and Mn co-doped BFO fine NPs is shown in Fig.5.1. An Apex hydraulic 

press was used to make pellets from powder by applying a pressure of 4 tons using a 

steel dye of 10 mm diameter. The pellets were sintered at 400 ℃ for 1 hr.   

6.2.2 Characterizations 

For the present research work, to confirm phase purity and to determine some 

structural parameters of the synthesized samples, a Rigakhu D/Max-IIA X-Ray 

diffractrometer (CuKα radiation, λ = 1.5406 Ǻ) was used. The morphological and 

elemental analysis were done using FESEM equipped with EDX. Agilent 

technologies Cary 630 was used to perform FTIR analysis. The magnetic properties of 
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all the prepared samples were examined using a "7404-Lakeshore" VSM. A Precision 

Multiferroic Material Analyzer of Radiant Technologies Inc. was used to explore the 

ferroelectric properties of the synthesized samples. The above mentioned 

characterizations are described in detail in the following sections. 

6.3 Results and Discussion 

6.3.1 X-ray Diffraction Analysis 

The Rietveld's whole-profile fitting method was employed for the refinement of fine 

BFO NPs using X’pert Highscore Plus software (Priyadharsini, Pradeep, 

Sathyamoorthy, et al. 2014). The XRD patterns of parent and the doped BFO samples 

were refined primarily using space group R3c (161). Both the structural (unit cell 

parameters, atomic positions) and micro structural parameters (crystallite size) were 

refined simultaneously (Kumar and Varshney 2012). A detailed explanation about this 

technique has been described in literature (Rietveld 1967; Bid and Pradhan 2002). 

The Rietveld’s refined XRD patterns, along with their difference plots for all the 

doped samples, were calcined at 550 ℃ and matched well with crystallographic 

information file (CIF) # 1001090 and are shown in Figure 6.1 (a-e). It is evident from 

the refined XRD patterns and their corresponding difference plots that there is no 

impurity phase present in both the parent and the doped samples. This confirmed the 

synthesis of impurity free BFO NPs having rhombohedrically distorted ABO3 type 

perovskite structure with space group R3c. The measured and the refined XRD 

patterns are well matched with each other. The refined XRD graphs have small R-

values which shows the phase purity of the synthesized compositions.  

The following structural and microstructural parameters have been calculated from 

the Rietveld's refined XRD graphs of Sr0.1Bi0.9Fe1-xMnxO3 (x = 0, 0.05, 0.1, 0.15 and 

0.2) samples and are given in Tables 6.1 and 6.2 : crystallite size (D), lattice constants 

(a, b, c), unit cell volume (V), the pattern (Rp), structure factor (RF), the expected 

pattern (RExp), the residuals for the weighted pattern (Rwp), Braggs factor (RBragg), 

density (ρ), Wyckoff positions and goodness of fit (GoF). It can be noted that the 

values of GoF, Rp and Rwp are small which show that both the refined and the 

measured XRD graphs coincide well with each other. Various calculated parameters 

from the refined XRD graphs fluctuate with increasing doping level of Mn in 

Sr0.1Bi0.9Fe1-xMnxO3 and are presented in Fig. 6.2 (a-c). 
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Figure 6.1: Rietveld’s refined XRD patterns of Bi0.9Sr0.1Fe1-xMnxO3 with (a) x = 0.0, 

(b) x = 0.05, (c) x = 0.10, (d) x = 0.15 and (e) x = 0.20. 

 

The reduction in unit cell parameters (a & c) with Mn contents may be attributed to 

the difference in the ionic radii of Fe3+ (0.645 Å) and Mn4+ (0.53 Å). The c/a ratio 

remains almost constant for all the doped samples despite decreasing both a & c with 

increasing Mn contents. This confirmed the doping of Sr and Mn at Bi and Fe sites 

respectively in BFO without affecting the crystalline structure of the parent compound 

(Amin et al. 2016). The contraction in the unit cell volume is the result of decreasing 

the unit cell parameters with Mn contents. X-ray densities of all the samples 

demonstrate that Bi0.9Sr0.1Fe0.85Mn0.15O3 is the densest composition. The crystallite 
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size of the samples exhibited an increasing trend with Mn substitution in BFO. 

 

Figure 6.2: (a) Unit cell lattice parameter (a) and c/a ratio as a function of Mn 

contents, (b) Crystallite sizes as a function of Mn contents, (c) X-ray density and unit 

cell volume as a function of Mn contents. 

Important bond lengths and bond angles which were calculated for the synthesized 

compositions are listed in Table 6.3. There is a relation between the ferroelectric 

characteristics of BFO and Fe-O bond length. It is known that BFO consists of a 

network of oxygen octahedra (FeO6) where Fe3+ ions are situated inside the 

octrahedra whereas the cavities are filled by Bi3+ ions. BFO belongs to the space 

group R3c and for its crystal structure, an octahedral bond consists of three long 

degenerate Fe-O bond lengths and three short degenerate bond lengths. When Sr is 

doped in BFO at Bi lattices, the bond angles and the bond lengths are changed due to 

distortion of oxygen octahedra (FeO6). Chemically active non-bonding electrons (lone 

pair of electrons) are responsible for the induced polarization in BFO. The ionic 

radius of Bi3+ is 1.03 Ǻ which is smaller than the ionic radius of Sr2+ (1.18 Ǻ). 

Replacement of Bi3+ ions with Sr2+ ions in BFO can distort the crystal structure 

through the following ways: (i) the long range ferro-electric order owing to non-

bonding electrons (lone pairs) is changed, (ii) the ionic state of Fe (Fe3+ ions to Fe4+ 
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ions) can be changed due to cationic imbalance caused by Sr2+ doping in BFO at Bi 

sites, (iii) the doping of Sr at Bi sites can produce distortion in the cationic spacing in 

between the octahedron which may produce the octahedral rotation (Kumar et al. 

2012). These transitions will cause the magnetic parameters to be affected.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Table 6.1: Rietveld’s refined structural parameters of Bi0.9Sr0.1Fe1-xMnxO3(x = 0, 

0.05, 0.10, 0.15 & 0.20) crystal structure. 

      x = 0.20      x = 0.15   x = 0.10             x = 0.05  x = 0.00 
Parame

ters 

 
5.5384 5.5556 5.5732 5.5869 5.6006 a = b (Å) 

13.7539 13.7661 13.7846 13.8118 13.8748 c (Å) 

2.4833 

90 

2.4778 

90 

2.4734 

90 

2.4722 

90 

2.4774 

90 

c/a                    

α = β (degree)  

120 120 120 120 120 γ (degree) 

364.4236 367.2996 370.8008 373.3594 375.2761 V (Å3) 

25.00 23.10 19.23 17.24 12.37 D (nm) 

3.46 10.17 17.8 16.58 14.17 RBragg 

2.3554 12.52139 19.18507 19.70068 25.46985 RExp 

3.42516 14.07204 26.24969 25.83904 22.088 Rp 

4.74861 20.65102 40.61788 38.69282 33.63634 Rwp 

4.06447 2.72006 4.88237 3.85743 1.74404 GoF 

0.022621 0.01662 0.00556 0.00389 0.028 Dstats 

                         0.02799 0.0181 0.0176 0.07396 Wt. Dstats 

7.95 8.38 8.02 7.92 7.89 ρ (g/cm3) 
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Table 6.2: Atomic positions, Sof, Wykoff positions, multiplicity factor and B isotropic 

parameters of Bi0.9Sr0.1Fe1-xMnxO3 (x = 0, 0.05, 0.10, 0.15 & 0.20) crystal structure 

after Rietveld’s refinement. 

B 

isotropic 

Multicity 

factor 

Wykoff 

positions 
Sof z y x Composition 

 

0.5 

0.5 

0.5 

 

6 

6 

18 

 

6a 

6a 

18b 

 

0.91492 

0.61526 

0 

 

0.2212 

0 

0.1002 

 

0 

0 

0.3213 

 

0 

0 

0.0976 

x = 0.00 

Bi 1 

Fe 1 

O 1 

 

0.5 

0.5 

0.5 

 

6 

6 

18 

 

6a 

6a 

18b 

 

1.00 

1.00 

0.5871 

 

0.2212 

0 

0.1002 

 

0 

0 

0.3213 

 

0 

0 

0.0976 

x = 0.05 

Bi 1 

Fe 1 

O 1 

 

0.5 

0.5 

0.5 

 

6 

6 

18 

 

6a 

6a 

18b 

 

1.02 

0.98 

0.59 

 

0.2212 

0 

0.1002 

 

0 

0 

0.3213 

 

0 

0 

0.0976 

x = 0.10 

Bi 1 

Fe 1 

O 1 

 

0.5 

0.5 

0.5 

 

6 

6 

18 

 

6a 

6a 

18b 

 

1.00 

1.00 

1.00 

 

0.2212 

0 

0.1002 

 

0 

0 

0.3213 

 

0 

0 

0.0976 

x = 0.15 

Bi 1 

Fe 1 

O 1 

 

0.5 

0.5 

0.5 

 

6 

6 

18 

 

6a 

6a 

18b 

 

1.00 

1.00 

0.69 

 

0.2212 

0 

0.1002 

 

0 

0 

0.3213 

 

0 

0 

0.0976 

x = 0.20 

Bi 1 

Fe 1 

O 1 
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Table 6.3: Bond types and bond lengths of Bi0.9Sr0.1Fe1-xMnxO3 (x = 0, 0.05, 0.10, 

0.15 & 0.20) samples.   

Bond length 

(Å) 

Bond Type  Composition 

2.33 

3.058 

1.940 

Bi/Sr1 - O1 

Bi/Sr - Fe 

Fe - O1 

x = 0.00 

 

3.037 

2.298 

1.931 

Bi/S r- Fe/Mn 

Bi/Sr - O 

Fe/Mn – O 

x = 0.05 

3.043 

3.193 

1.930 

Bi/Sr- Fe/Mn 

Bi/Sr – O 

Fe/Mn - O 

 

x = 0.10 

3.056 

2.307 

1.936 

Bi/Sr –Fe/Mn 

Bi/Sr – O 

Fe/Mn – O 

x = 0.15 

3.310 

2.311 

1.930 

Bi/Sr – Fe/Mn 

Bi/Sr – O 

Fe/Mn – O 

x = 0.20 

 

6.3.2 FTIR Analysis 

Infrared spectroscopy can be used to identify the bonds which are formed among 

different atoms of a material. FTIR spectra of the synthesized samples for the present 

research work is shown in Fig. 6.3 (a-e). It is reported by Chen et al. (2012) that the 

peaks which appear from "400 - 700" cm-1 in FTIR spectra, describe the presence of 

metal oxides within the material so, the band appearing at 650 cm-1 in the present 

FTIR spectra may be attributed to the bending modes of vibrations of metal oxides 

(Bi-O or Fe-O) and thus confirm the formation of perovskite structure (Hu et al. 2011; 

Biasotto et al. 2011; Parveen et al. 2016). The peaks which appear in FTIR spectra 

between "800 - 1000" cm-1 show the presence of metal-oxygen (Fe-O) bond which 

may be attributed to the formation of highly crystalline BFO crystal structure 
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belonging to R3c phase (Jain and Srivastava 2016; Harzali et al. 2016). The stretching 

of C-O bond can be realized from the absorption peaks which appear around 1040 cm-

1 (Bajpai et al. 2014). It can be understand due to the presence of carbonyl group that 

a small quantity of bio-organic compounds is left even after the process of auto-

combustion is completed (Bajpai et al. 2014). It is suggested that further steps are 

required in order to eliminate such types of organic compounds. Some highly 

absorptive peaks which appear around 1350 cm-1 confirm that trapped nitrate (NO) 

groups are present along with BFO (Jain and Srivastava 2016). The peak appear at 

1638 cm-1 is due to the bending vibrations of H2O molecules. This water may be 

absorbed from the atmosphere because the surface area may increase due the presence 

of nanoparticles. The small peaks which appear between "1800 - 24000" cm-1 may be 

attributed to the presence of small amount of carbonaceous constituents which may 

remain even after the combustion of the entire fuel. The symmetric and anti-

symmetric stretching of water (H2O) and O-H bonds are responsible for the peaks 

which appear between "3100 - 3600" cm-1. The O-H bond vibrations in bismuth 

ferrite exists from "3110 - 3650" cm-1 and these vibrations depend on the arrangement 

of H atoms and number of H atoms absorbed by BFO. Generally, in the as-burnt 

product, hydroxyl ions and water molecules are left as residue which can be removed 

by additional heating of the as-burnt compositions (Biasotto et al. 2011; Jain and 

Srivastava 2016; Parveen et al. 2016). The varying nano sized grains present in 

different samples are responsible for a slight shift in the absorption active modes for 

different compositions (Parveen et al. 2016). It is reported that after the process of 

combustion is completed, the major components of the final product are metal oxides 

while some un-reacted bio-organic compounds are also present. Hence, the presence 

of minor impurities in the synthesized compositions can be detected through FTIR 

spectroscopy which cannot be identified using XRD technique. 
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Figure 6.3: RT FTIR spectra for Bi0.9Sr0.1Fe1-xMnxO3 with (a) x = 0.0, (b) x = 0.05, 

(c) x = 0.10, (d) x = 0.15 and (e) x = 0.20. 

 

6.3.3 Surface Morphology and Elemental Compositional Analysis 

The properties of materials are strongly influenced by their microstructures. Surface 

morphology includes the growth of grains, shapes of grains, grain boundaries, voids, 

defects, and porosity etc. Improved crystallinity with Mn substitution in the parent 

compound can be judged by analyzing all the SEM images of Sr0.1Bi0.9Fe1-xMnxO3 (x 

= 0, 0.05, 0.1, 0.15 and 0.2) nanoparticles which have been discussed in a previous 

report (Amin et al. 2016). RT SEM image, obtained at a magnification of 50k for x = 

0.20 composition, is displayed in Fig. 6.4 (a). It depicts well shaped and uniformly 

distributed NPs compared to all other SEM images for x = 0, 0.05, 0.10, 0.15 

compositions (Amin et al. 2016). It was necessary to show here at least one SEM 

image because the magnetic and ferroelectric properties of the samples under test, in 

the present communication, have been explained on the basis of sizes of nanoparticles 

exhibited by the SEM images. The microstructure is examined by clusters of 

submicron sizes embedded by multifarious grains. A correlation between the Sr/Mn 

doping contents and grain sizes exists. Homogeneous microstructure with uniformly 
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distributed multi-shaped grains with varying sizes can be clearly seen from the 

micrograph of the sample with x = 0.20 [Fig. 6.4 (a)]. Also, porosity increases 

because numerous small holes can be observed on the surface of this image which 

ultimately will affect the microstructural related properties of the parent compound. 

This decreasing trend of grain sizes can be described in terms of decreased oxygen 

vacancies as a result of Sr/Mn co-doping in BFO that can slow down the motion of 

oxygen ions, which results in hindering the grain growth rate (Wei and Xue 2007; 

Kim et al. 2010; Xu et al. 2014; Amin et al. 2016). The micrograph shown in Fig. 6.4 

(a) exhibits varying grain sizes ranging from 45 nm to 80 nm. These grains consist of 

crystallites having sizes from 12 nm to 25 nm as can be seen from the data provided 

in Table 6.1. When pellets are sintered at high temperature, several gases are released 

which results in pores and voids on the surface of the pellets (Deraz 2010) and can be 

seen on the surface of the micrograph as shown in Fig. 6.4 (a).  

The elemental analysis of all the doped samples is performed using EDX 

spectroscopy. Fig. 6.4 (b) displays the EDX spectrum of Sr0.1Bi0.9Fe1-xMnxO3 (x = 

0.2) composition. It can be seen from the spectrum that all the elements (Bi, Fe, O, Sr, 

Mn) are present in Sr0.1Bi0.9Fe1-xMnxO3 (x = 0.2) composition according to their 

stoichiometric ratio in the empirical formula. It is clear that no impurity has been 

traced in EDX spectrum so, it is concluded that the technique (sol-gel auto 

combustion), which has been used to synthesize the samples for the present research 

work, is very suitable to derive phase pure BFO nanoparticles. The quantitative data 

(at % and wt %), derived from the spectrum (Fig. 6.4-a) for the elements present in 

Sr0.1Bi0.9Fe1-xMnxO3 (x = 0.2) composition, is presented in Fig. 6.4 (b). 
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Figure 6.4: (a) FESEM image, (b) EDX spectrum with quantitative analysis of all the 

elements present in Bi0.9Sr0.1Fe1-xMnxO3 [(e) x = 0.20] composition. 

 

6.3.4 Magnetic Properties 

The characteristics of a magnetic material are generally recognized through a 

hysteresis loop by exposing the material in an external magnetic field. Magnetization 

versus magnetic field (M-H) loops of Bi0.9Sr0.1Fe1-xMnxO3 (x = 0, 0.05, 0.10, 0.15 & 

0.20) fine NPs were taken at RT by applying a maximum magnetic field (H) of 15 

kOe and are shown in Fig. 6.5. The loops reveal that the magnetization increases with 

H exhibiting the characteristic anti-ferromagnetic behavior of BFO system. It is noted 

from the magnetization (M) values as listed in Table 6.4 that M depends on Mn 

contents in Bi0.9Sr0.1Fe1-xMnxO3. Moreover, M-H loops for all the samples (except 

sample with x = 0.15 which shows large Mr) show very small values of magnetic 

remanence (Mr) and coercivity (Hc) which are in consistent with the previous BFO 
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related magnetic results (Hussain et al. 2013; Koval et al. 2014; Sharma and Verma 

2015).  

 

Figure 6.5: Magnetization (M) vs magnetic field (H) loops of Bi0.9Sr0.1Fe1-xMnxO3 [x 

= 0.0, x = 0.05, x = 0.10, x = 0.15 and x = 0.20] NPs traced at RT. 
 

The shapes of the loops for the samples under investigation (Fig. 6.5) exhibit the 

super para-magnetic nature, which was expected as it was reported by Tang et al. 

(2016) that Mn doped BFO nanoparticles revealed the same behavior (super para-

magnetic). It can be seen that magnetization increases by increasing the doping level 

of Mn in Sr0.1Bi0.9Fe1-xMnxO3 (x = 0, 0.05, 0.1, 0.15 and 0.2) up to x = 0.15 and after 

that decreases for the composition with x = 0.2. The increasing and decreasing trend 

of magnetization with increasing doping level in the parent compound has also been 

discussed by many researchers (Li et al. 2013; Kumar et al. 2014; Riaz et al. 2015) 
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which may be attributed to the domain wall pinning effect due to the random 

distribution of oxygen vacancies on the domain walls (Singh et al. 2008; 

Ramachandran and Rao 2009).  

 Table 6.4: Magnetization (M), saturation polarization (Ps), coercive electric field 

(Ec) and remanence polarization (Pr) of Bi0.9Sr0.1Fe1-xMnxO3 (x = 0, 0.05, 0.10, 0.15 

& 0.20) NPs. 

 

It was found by Riaz et al. (2015) that BiFe1-xMnxO3 system, x = 0.2 composition 

exhibited the maximum value of saturation magnetization (Ms) while further increase 

of Mn contents decreased the value of Ms. Ce doped BFO NPs, with Ce concentration 

in the range of 1–5 mol%, were synthesized by Bhushan et al. (2012). It was observed 

that 3% Ce-doped BFO NPs displayed the largest value of Ms whereas for further 

increase in doping concentration upto 5%, the value of Ms was reduced. It is 

concluded that tailoring the microstructure of a material over a certain doping limit 

may dwindle its further performance. The maximum value of M is 1.121 emu/g for 

sample with x = 0.15 which is 6.5 times larger compared to the value for the 

composition with x = 0.00. Many authors believe that M improves by single or co-

doping of Mn along with some other element in BFO ceramics (Yu and An 2009; 

Koval et al. 2014; Rout et al. 2015; Sharma and Verma 2015). It has been reported by 

many researchers that the improved magnetization shown by BFO system is due to 

the presence of impurities (Fe2O3, Bi2Fe4O9, Bi36Fe24O57, Bi25FeO40 etc.) along with 

BFO and often detected in XRD patterns. Since, BFO has metastable phases due to 

narrow temperature range in which it exists so, these parasitic phases also exist along 

with BFO and contribute in improving the magnetization shown by BFO as mostly 

secondary phases display magnetic behavior (Hussain et al. 2013; Bernardo 2014; 

Pr (μC/cm2) Ec (volt) Ps (μC/cm2) M (emu/g) Sample 

3.67 × 10-5 2.62 2.15 × 10-4 0.172 Bi0.9Sr0.1FeO3 

3.55 × 10-5 2.80 2.11 × 10-4 0.173 Bi0.9Sr0.1Fe0.95Mn0.05O3 

1.80 × 10-5 10.01 2.89 × 10-4 0.334 Bi0.9Sr0.1Fe0.90Mn0.10O3 

1.04 × 10-4 6.56 2.59 × 10-4 1.121 Bi0.9Sr0.1Fe0.85Mn0.15O3 

4.66 × 10-5 4.53 2.59 × 10-4 0.6 Bi0.9Sr0.1Fe0.80Mn0.20O3 
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Priyadharsini, Pradeep, Murugesan, et al. 2014). In the present research work, almost 

all the prepared samples are impurity free as mentioned earlier during the discussion 

of Rietveld’s refined XRD data. So, the contribution of parasitic phases in M is 

negligible. 

The observed saturation magnetization in our samples can be elucidated on the basis 

of the following factors; the effective magnetic moment of Mn (5.9 μβ) is larger 

compared to that of Fe (5.1 μβ). So, magnetically active Mn ions can improve M when 

substituted in BFO in place of Fe. The improvement in M can also be attributed to the 

reduction in size of NPs due to doping of Mn in BFO system as it is clear from the 

SEM images. The antiferromagnetic G-type helical spin structure of BFO with 

periodicity of 62 nm can be suppressed or broken to unlock the canted spins to 

improve magnetic properties by decreasing the size of NPs less than 62 nm (Yang et 

al. 2011; Reddy et al. 2012; Dhir et al. 2014). It has been reported in literature that 

both Mn and Sr are responsible for decreasing the grain size when they are doped in 

BFO system (Hussain et al. 2013; Varshney and Kumar 2013; Pei and Zhang 2013). It 

was investigated that BiFe1-xMnxO3 exhibited ferri or ferro magnetic behavior due to 

reduction in grain size as a result of Mn doping in BFO (Basu et al. 2011). It was also 

observed that doping of Mn in BFO reduced the grain size which caused structural 

distortion in it. As a result of this strucrural distortion, the helical spin structure of 

BFO may be broken and the G-type spiral spin structure may be converted into linear 

one which can improve the magnetic properties (Huang et al. 2009; Basu et al. 2011). 

The observed M in the present samples could also be the result of size-confinement 

effects as most of the grains in the present samples have size less than 62 nm which 

can be seen from SEM images. Thus, the magnetic parameters are in consistent with 

the particle sizes of the samples. Enhancement in magnetic behavior due to particle 

size effects has been reported in literature (Yang et al. 2011; Reddy et al. 2012; Dhir 

et al. 2014). When a divalent cation (Sr2+) is doped at the site of a trivalent cation 

(Fe3+), a mechanism of charge compensation is always required. The conversion of 

Fe3+ cations into Fe4+ cations or the formation of oxygen vacancies may be the result 

of this charge compensation. The statistical distribution of Fe4+ and Fe3+ ions inside 

the octahedra may be one of the reasons behind the resulted net M (Reetu et al. 2011; 

Hussain et al. 2013; Riaz et al. 2015). The tilt angle of octahedron (FeO6) may be 

modified due to change in both the bond angle and the bond length as a result of 
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doping of Sr/Mn at Bi/Fe lattices in BFO. This tilting of angle may destroy the spiral 

spin structure of BFO by suppressing it which results in better magnetic response 

(Zhu et al. 2017; Sharma et al. 2017). Another reason for the boosted magnetic 

behavior exhibited by the co-doped (Sr/Mn) BFO NPs may be the spin canting which 

rises as a result of Dzyaloshinsky-Moriya interaction within the orthorhombic phases 

(Sergienko and Dagotto 2006; Khomchenko et al. 2011). 

6.3.5 Ferroelectric Properties 

The ferroelectric materials are normally characterized by analyzing the P-E loops 

traced for these materials. Fig. 6.6 displays the P-E loops, traced at room temperature, 

for Sr0.1Bi0.9Fe1-xMnxO3 (x = 0, 0.05, 0.1, 0.15 and 0.2) refine NPs. It can be seen that 

P-E loops for almost all of the samples are broken and unsaturated. High leakage 

current due to highly conducting nature of BFO and high coercive field may be the 

reasons behind these unsatisfied P-E loops. Such types of loops for BFO system have 

also been reported in literature (Tang et al. 2016; Rout and Choudhary 2016; Sharma 

et al. 2017). It was reported by Tang et al. (2016) that high voltage cannot be applied 

to saturate P-E loops for BFO because these ceramics are electrically broken down in 

the high electric field region due to high leakage current. The applications of BFO as 

a ferroelectric material is restricted mainly due to large electrical conductivity shown 

by it. The polarization remains limited due to the leaky nature of BFO which results in 

unsaturated P-E loops. Many researchers have reported that like real ferroelectric 

materials, it is challenging to trace the saturated P-E loops at room temperature for 

BFO ceramics. The occurrence of break down voltage in the region of high electric 

field due to conducting current is the main reason in limiting the polarization in BFO 

system (A. Mukherjee et al. 2014; Ayan Mukherjee et al. 2014; Dhanalakshmi et al. 

2016). The loops reveal partially saturated behaviors that confirm the ferroelectric and 

leaky nature of the compounds. The P-E loop for x = 0.10, shows the most lossy 

dielectric behavior displaying rounded shape with decreasing polarization by applying 

further electric field due to break down voltage. The observed roundness in the P-E 

loop for x = 0.10 may be the result of possible artifacts or high leakage current due to 

high conductivity shown by this sample (Dhanalakshmi et al. 2016). 
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Figure 6.6: Polarization vs electric field (P-E) loops for Bi0.9Sr0.1 Fe1-xMnxO3 (x = 0, 

0.05, 0.10,    0.15 & 0.20) NPs taken at RT. 

 

Several flaws including imperfections, lack of crystallinity, low density, defects, high 

porosity, impurity phases, grain size effects and formation of anion and/or cation 

vacancies are responsible for larger electrical losses and high leakage current 

problems in BFO ceramics (Ke et al. 2011; Bernardo 2014; Pattanayak, Choudhary, 

and Pattanayak 2014; Wu et al. 2016; Amin et al. 2016; Tang et al. 2016; Sharma et 

al. 2017). It was reported by Dho et al. (2006) that defects and impurity energy levels 

in the band gap of BFO caused by cation/anion vacancies are responsible for its high 

conductivity resulting in leakage current issue. Some authors found that oxygen 

vacancies compared to Fe2+ ions were more responsible for larger leakage current 

revealed by BFO that dramatically lower the breakdown voltage (Xiao et al. 2007; Hu 

et al. 2008). This high leakage current may destroy a device by producing unbearable 

heat in it and thus prevents the saturation of electric polarization. Both Sr and Mn 

when are doped in BFO, they improve the ferroelectric properties as it can be seen 

from narrowing P-E loops approaching saturating nature with doping contents. The 

calculated saturation polarization (Ps), coercive field (Ec) and remnant polarization 

(Pr) are documented in Table 6.4. Keeping in view the breakdown voltage, the 
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maximum applied electric field was observed to be 20 volt. The maximum value of Pr 

is 1.04 × 10-4 μC/cm2 for x = 0.15, the densest composition with density 8.38 g/cm3 as 

can be seen from Rietveld’s refined structural parameters shown in Table 6.1. The 

values of P and M as a function of Mn contents for Sr0.1Bi0.9Fe1-xMnxO3 (x = 0, 0.05, 

0.1, 0.15 and 0.2) compositions are shown in Fig. 6.7. All the present synthesized 

BFO samples fulfil the basic requirement of a multiferroic material by displaying 

multiferroicity (M and P) in a single phase. Substitution of Sr and Mn in the parent 

compound was done to stabilize its structure in order to enhance its multiferroic 

behavior. As the composition Bi0.9Sr0.1Fe0.85Mn0.15O3 (Mn = 15%) exhibited the 

maximum values of both M and P simultaneously compare to other compositions so, 

it was proposed to use this composition, being ME-MF, to fabricate ME devices. It is 

suggested that in search of manufacturing multifunctional devices for future 

technology, the researchers should adopt various procedures to synthesize less porous 

or denser BFO microstructures in order to solve the conducting problems which is 

being offered by this system. The ferroelectric response of BFO ceramics can be 

upgraded by improving the crystallinity and solving the densification problems in the 

form of high porosity within the microstructure of this unique multiferroic material 

(Bernardo 2014; Tang et al. 2016). Kumar et al. (2000) could not obtained a saturated 

P-E loop even for a phase pure BFO microstructure because of its low density and 

high conductivity. Highly leaky and lower resistive nature of a low density (highly 

porous) BFO sample was supported by its lossy P-E loop. However, highly resistive 

and lower leakage behavior was displayed by a high density (less porous) BFO 

sample (Mazumder et al. 2009). 

Generally high porosity decreases the permittivity of a material and therefore, a 

denser microstructure, being lesser porous, will increase the permittivity of a material 

which consequently enhance its ability to store electrical energy and thus improve 

polarization (Mazumder et al. 2009). It is concluded that leakage problems with BFO 

system can be controlled by synthesizing pure and denser BFO microstructures. A 

denser BFO microstructure, compared to porous one, will possess more number of 

electric diploes per unit volume resulting in enhanced polarization. Furthermore, the 

oxygen vacancies are reduced due to doping of Sr/Mn at Bi/Fe sites in BFO. This 

reduction in oxygen vacancies may decrease the conduction current by refining the 

domain pinning effect which results in improved polarization (A. Mukherjee et al. 
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2014; Ayan Mukherjee et al. 2014; Amin et al. 2016; Sharma et al. 2017). Unlike 

other perovskites, the mechanism of polarization is different in BFO ceramics. The 

non-bonding electrons (lone pair of electrons of 6s2 orbital) at A-site (Bi3+) can be 

hybridized with an O2-anion or with an empty Bi3+ 6p orbital which results in making 

a localized lobe by driving the off-center movement inside the cationic atmosphere. A 

structural distortion may occur as a result of this off-center displacement which yields 

the observed polarization exhibited by P-E loops of the synthesized samples for the 

present research work (Yuan, S. W. Or, et al. 2006; Dhanalakshmi et al. 2016).  
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Figure 6.7: Polarization vs magnetization for Bi0.9Sr0.1 Fe1-xMnxO3 (x = 0, 0.05, 0.10,    

0.15 & 0.20) NPs.  
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6.4 Conclusion 

In summary, the structural, morphological, magnetic and ferroelectric properties of 

Sr0.1Bi0.9Fe1-xMnxO3 (x = 0, 0.05, 0.10, 0.15 & 0.20) fine NPs, synthesized by using 

familiar and cost effective sol-gel auto-combustion technique at low temperature, 

were investigated systematically. Phase purity of the synthesized compositions was 

confirmed through the Rietveld’s refinement of XRD patterns. The refinement also 

revealed that co-doping of Sr and Mn at A and B sites in BFO system did not alter the 

crystal symmetry of the parent compound. The average grain sizes calculated from 

SEM images, were found to be in the range of 20-85 nm. The grains were composed 

of smaller crystallites with sizes 12-25 nm. The maximum value of magnetization was 

1.121 emu/g for the sample with x = 0.15, which was 6.5 times larger compared to the 

value when x = 0.00. The maximum value of Pr was 1.04 × 10-4 μC/cm2 for x = 0.15, 

which was the most dense composition with density ~ 8.38 g/cm3. All the samples 

under investigation have exhibited the magnetization and polarization simultaneously 

so, it can be claimed that the prepared samples are multiferroics. It is concluded that 

tailoring the microstructures of materials over a certain doping limit may reduce their 

performance. It is inferred that by adopting optimum conditions to synthesize less 

porous and denser BFO microstructures, the issues could be addressed in order to 

solve the conducting problems being faced by this sole multiferroic at RT, regarding 

the manufacturing of multifunctional devices for future technology. 
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CHAPTER 7 

RESULTS AND DISCUSSIONS III 

Structural, Morphological and Impedance Spectroscopic 

Analysis of La/Cr Modified BiFeO3 Multiferroic 
 

7.1 Motivation 

During this revolutionary era of technology, people are looking for multifunctional 

devices that can operate with fast speed and consume less energy. Such smart devices 

are possible to fabricate by using spin and charge of electrons in order to explore new 

functionalities of materials. The spin-based electronics (spintronics), also known as 

magneto-electronics, is an emerging technology which is based on the potential use of 

the spin as well as the charge of electrons. The spintronic devices, if fruitfully 

developed, can offer extra features like low power consumption and greater operating 

speed compared to charge based conventional electronic devices (Pearton et al. 2004). 

Multiferroics (MFs) that exhibit multifunctional properties simultaneously provide the 

raw materials to manufacture multifunctional devices for future technology. Bismuth 

ferrite is the only multiferroic material among all the existing MFs to date which 

exhibits magnetic as well as ferroelectric response at and above the room temperature. 

This material is a promising candidate for the practical applications to fabricate 

multifunctional tools which are based on multferroism. The crystallographic structure 

and morphology of any material dictate its properties. In spite of significant research 

on this unique and hopeful multiferroic material, some basic issues related to BFO 

still a hurdle to contrive devices by using this material. For instance, to synthesize 

phase pure BFO samples without secondary phases is still a challenge. BFO is 

generally produced by taking equal quantities of Fe2O3 and Bi2O3 and it can 

decompose back into the starting materials at high temperature according to the 

following chemical equation (Catalan and Scott 2009). 

                 2BiFeO3 → Fe2O3 + Bi2O3     (7.1) 

Many researchers have reported that BFO actually has a metastable phase therefore, it 

can decompose under certain conditions yielding Bi2Fe4O9 and Bi25FeO39 as 

byproducts (Bernardo 2014) through the following chemical reaction.  
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                49 BiFeO3 → Bi2Fe4O9 + Bi25FeO39     (7.2) 

As, Gibbs energy difference between BFO and the decomposition phases (Bi2Fe4O9, 

Bi25FeO39) is very small so, the equilibrium of BFO formation/composition reactions 

might be shifted due to slight changes in certain limits as shown in the following 

chemical equation (Bernardo 2014). 

    Bi2Fe4O9 + Bi25FeO39      
     49 BiFeO3   (7.3) 

The issue can be solved by synthesizing phase pure BFO ceramics by controlling the 

stoichiometric composition as well as well as the sintering temperature and other 

reaction parameters. Poor multifunctional properties (low resistivity, high current 

leakage etc.) due to non-stoichiometry and oxygen related defects exhibited by this 

material is another problem which is hindering the incorporation of BFO into practical 

instruments. Doping of suitable elements at Bi or Fe lattice (single doping) or at both 

at Bi and Fe lattices simultaneously (co-doping) are found to be helpful to solve these 

issues and  to enhance the multifunctional properties of BFO ceramics (Du et al. 

2010; Godara et al. 2014; Priyadharsini, Pradeep, Sathyamoorthy, et al. 2014; Jaffari 

et al. 2015; Juan et al. 2015; Verma 2015; Vanga et al. 2015; Qingrong et al. 2016; 

Gowrishankar et al. 2016; Zhang et al. 2016; Gu et al. 2016; Singh et al. 2017; Guo et 

al. 2017). The co-doping was found to be more effective compared to single doping in 

improving the multifunctional characteristics of BFO multiferroic material. Keeping 

in view the literature survey, La and Cr were chosen as dopants at Bi and Fe lattices in 

BFO to tailor the structural, morphological, dielectric and impedance properties of the 

doped samples. It has been reported in literature that when La was doped at Bi lattice 

in BFO, it helped in suppressing the secondary phases, minimizing the leakage 

problem and improving the dielectric propertied (Cheng et al. 2008; Zheng et al. 

2010; Jangid et al. 2012; Vanga et al. 2015). Palkar (2004) described that the 

substitution of a small quantity of La at Bi site stabilized the perovskite BFO 

structure. As Cr and Fe both are 3d transition metals so, it was expected that Cr might 

be replaced by Fe sites in BFO (Kumar and Yadav 2011). Zhang et al. (2010) stated 

that as the ionic radius of Cr3+ (0.615Å) was similar to that of Fe3+ (0.645 Å) so, the 

crystal structure of the parent BFO compound would be less affected by the 

incorporation of Cr3+ at Fe3+ sites. Murari et al. (2009) found that Cr doping in BFO at 

Fe site refined the morphological features, increased dielectric constant and decreased 
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leakage current. Chang et al. (2007) reported that it was difficult to obtain stable bulk 

BFO perovskite structure by Cr substituting in BFO but Li et al. (2007) and Luo et al. 

(2011) claimed that the sol-gel technique was helpful for synthesizing stable BFO 

bulk in case of Cr substitution. This was the reason behind choosing the sol-gel auto-

combustion technique to synthesize the Cr doped samples for the present research 

work. It was hoped that the co-doping of both La and Cr at Bi and Fe sites in BFO 

would yield improved and hopeful results which would be advantageous to fabricate 

the multifunctional devices.  

7.2 Experimental 

7.2.1 Sample Preparation 

Bi0.9 La0.1 Fe1-xCrx O3 (x = 0, 0.05, 0.10, 0.15 & 0.20) nanoparticles were synthesized 

using a sol-gel auto combustion technique (Shanmugavel et al. 2015; Kurian and Nair 

2016; Durrani et al. 2017). The detail of this popular technique can be found in the 4th 

chapter of the thesis and also in my research article (Amin et al. 2016).  Bismuth 

nitrate [Bi (NO3)2.5H2O, Sigma Aldrich, 99. %], Lanthanum nitrate [La (NO3)3, Merc 

99.9%], Iron nitrate [Fe (NO3)3. 9H2O, Merck, 99.9%] and Chromium nitrate [Cr 

(NO3)3, Merc 99.9%] were used as basic raw materials. Urea [CO(NH2)2] and Glycine 

[NH2CH2COOH] were used as chelating agents. The flow chart diagram describes all 

the important steps during the derivation of La/Cr doped nanoparticles (NPs) using 

the sol-gel auto-combustion technique is shown in Fig. 7.1. The pellets of the samples 

were made from the final product (powder) of each composition using a steel dye with 

10mm diameter, with the help of an Apex hydraulic press by applying a pressure 

equal to 4 tons. The pellets were sintered in air at 300 ℃ for 2 hrs using a muffle 

furnace.  
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Figure 7.1: Flow chart of sol-gel auto-combustion technique to synthesize La/Cr co-

doped BFO ceramics. 

 

7.2.2 Characterizations 

The crystal structure of the synthesized samples was determined using a Rigaku 

D/MAX-IIA X-Ray diffractometer (XRD) with CuKα radiations. Field effect 

scanning electron microscope (FESEM) equipped with an energy dispersive X-ray 

(EDX) system was employed for morphological and compositional analysis. 

Dielectric, electrical and complex impedance spectroscopies were performed using a 

precision impedance analyzer, 6500B. The above mentioned characterizations are 

described in the following sections. 
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7.3 Results and Discussion 

7.3.1 X-ray Diffraction Analysis 

Fig. 7.2 shows the XRD patterns obtained at room temperature for La0.1Bi0.9Fe1-

xCrxO3 (x = 0, 0.05, 0.10, 0.15 and 0.20) samples abbreviated as (LBFCO1, LBFCO2, 

LBFCO3, LBFCO4 and LBFCO5) respectively and as a whole LBFCO system. All 

the sintered XRD patterns confirm the development of single phase rhombohedral 

perovskite structure which belongs to the space group R3c (161) related to BFO 

because all the major XRD peaks are matched well with the ICSD Reference no. 01-

071-2494 and have been indexed as a hexagonal unit cell. This means that the doping 

of La and Cr at Bi and Fe lattices respectively in BFO system has not affected the 

crystal symmetry of the parent compound. It was expected so because it was reported 

by Cheng et al. (2008) that 10% doping of La at Bi lattice did not disturb the crystal 

system of BFO while 20% La doping at Bi site altered the BFO basic symmetry to 

C222 orthorhombic symmetry. Further, it was found that below 10% La doping in 

BFO retained the rhombohedral crystal structure. However, 20% and 30% La doping 

in BFO altered the structure to the orthorhombic and tetragonal respectively 

(Varshney et al. 2011). Similarly, Li (2007) proved that the XRD patterns of the 

BiFe1-xCrx (x ≤ 0.2) exhibited the peaks only related to the BFO crystal structure with 

space group R3c while for x = 0.3, the XRD pattern showed the peaks of a secondary 

phase (Fe, Cr) 3O4 with space group Fd3¯m. Also, there is a small difference between 

the ionic radii of Cr3+ (0.615Å) and Fe3+ (0.645 Å). So, the crystal structure of the 

parent BFO compound would be less affected by the incorporation of Cr3+ at Fe3+ 

lattices (Zhang et al. 2010). Luo et al. (2010) reported that the rhombohedral structure 

was not altered due to the doping of Cr at Fe lattice in BFO system.  

Keeping in view the above mentioned literature, it was expected that the co-doping of 

La/Cr at Bi/Fe sites in BFO with nominal composition (La = 0.1 and Cr ≤ 0.2), 

without affecting the parent compound crystal symmetry, might be possible and the 

combined effect of La/Cr to explore the multifunctional properties of BFO 

multiferroic can be investigated. Hence, it will surely be beneficial to fabricate 

multifunctional devices. One of the goals of the present research work is to synthesize 

phase pure BFO compounds because it is anticipated that impurity free nano structure 

of BFO will improve its multifunctional properties (Amin et al. 2016). The absence of 
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impurity peaks in all the synthesized samples may be attributed to the doping of La 

ions at Bi lattices in BFO system because it was claimed by Jaffari et al. (2015) that 

La is helpful in stabilizing the BFO crystal structure and reducing the secondary 

phases. Zheng et al. (2010) also confirmed that La is an effective dopant which helped 

to suppress the impurity phases in BFO system and its derivatives. 
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Figure 7.2: XRD patterns of La0.1Bi0.9Fe1-xCrxO3 (x= 0, 0.05, 0.10, 0.15 and 0.20) 

NPs. 

Similar results about stabilizing the BFO structure and inhibiting the formation of 

impurity/secondary phases by La doping at Bi site in BFO have also been reported in 
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literature (Ke et al. 2010; Jian et al. 2015). The crystallite size of all the prepared 

samples are calculated by considering the most intense diffraction peak in each 

pattern using Scherrer's formula (Fu et al. 2012), which isgiven by: 

Crystallite size = kλ/β cos θ                                     (7.4) 

where k = 0.89, is a constant which is known as shape factor and it depends upon the 

shape of the crystal, ‘λ’ is the wavelength of the Cu Kα incident X-rays (1.54056 Å), 

‘β’ is the full width at half maximum in radians and ‘θ’ is the Bragg’s diffraction 

angle in degrees. The crystallite sizes, as a function of Cr contents in La0.1Bi0.9Fe1-

xCrxO3 (x= 0, 0.05, 0.10, 0.15 and 0.20) NPs, are shown in Fig. 7.3. A slight 

difference is observed among the widths of the most intense peaks of all the doped 

samples so, the crystallite sizes of all the samples are very close to each other having 

values in the range 5.8 to 13.7 nm. Shifting of XRD peaks is observed towards higher 

angles as a result of doping of La and Cr at Bi and Fe sites in BFO respectively which 

is an indication of decreasing the unit cell lattice parameters for the BFO system 

(Kumar and Yadav 2011; Arafat 2014; Suresh and Srinath 2014). The lattice 

parameters ahex & chex of the hexagonal unit cells were calculated using the following 

equation: 

1/d2 = 4/3a2 (h2 + hk +k2) + l2/c2      (7.5) 

The reduction in lattice constants (a & c) was expected due to the smaller ionic radius 

of La (1.16 Å) compared to that of Bi (1.17 Å) and the smaller ionic radius of Cr 

(0.615 Å) than that of Fe (0.645 Å) (Shannon 1976). Similar results were also 

observed by Lin et al. (2017) as a result of co-doping of La and Cr in BFO ceramics. 

With increasing Cr contents in La0.1Bi0.9Fe1-xCrxO3 ceramics, the lattice constants and 

the unit cell volume gradually decreased as shown in Fig. 7.5. The c/a ratio remains 

almost constant for all the doped samples in spite of decreasing both a & c with Cr 

contents. This confirmed the substitution of La and Cr at Bi and Fe sites respectively 

in BFO without affecting the crystalline structure of the parent compound. The 

crystallite size increases while unit cell volume decreases as a function of Cr doping 

in Bi0.9La0.1Fe1-xCrxO3 (x = 0, 0.05, 0.10, 0.15 & 0.20) compositions. The contraction 

in the unit cell volume is the result of decreasing the unit cell parameters with Cr 

contents. The calculated lattice parameters, unit cell volumes and crystallite sizes of 

all the doped samples are listed in Table 7.1 
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Figure 7.3: Crystallite sizes as a function of Cr contents in La0.1Bi0.9Fe1-xCrxO3. 
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Figure 7.4: Unit cell lattice parameter (a) versus c/a ratio as a function of Cr 

contents. 
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Figure 7.5: Unit cell volume as a function of Cr contents in La0.1Bi0.9Fe1-xCrxO3. 

  

Table 7.1: Calculated parameters for La/Cr co-doped BFO NPs. 

Composition Crystallite 

size(nm) 

a (Å) c (Å) c/a volume 

(Å3) 

BiFeO3 

ICSD Reference Code 

= 01-071-2494 

 5.5876 13.8670 2.4817 374.94 

~ 375 

 

La0.1Bi0.9FeO3 5.8 5.5813 13.8772 2.486 374 

La0.1Bi0.9Fe0.95Cr0.05O3 9.3 5.5763 13.8543 2.484 373 

La0.1Bi0.9Fe0.90Cr0.10O3 13.7 5.5692 13.7941 2.477 371 

La0.1Bi0.9Fe0.85Cr0.15O3 11.6 5.5560 13.7683 2.478 368 

La0.1Bi0.9Fe0.80Cr0.20O3 7.4 5.5385 13.7006 2.480 364 

 

7.3.2 Surface Morphology and Elemental Compositional Analysis 

The microstructure of a material play an important role related to its various 

properties. Surface morphology includes the growth, sizes and shapes of grains and 

grain boundaries, voids, defects, and porosity (Amin et al. 2017). Figs. 7.6 to 7.10 

display the RT FESEM images of BLFCO1-BLFCO5 samples respectively with 
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magnification 100,000x using a secondary electron image mode for surface analysis. 

Improved crystallinity with Cr substitution in the parent compound, can be observed 

by analyzing all the SEM images of Bi0.9La0.1Fe1-xCrxO3 (x = 0, 0.05, 0.10, 0.15 & 

0.20) ceramics.  

 

Figure 7.6: RT FESEM image of La0.1Bi0.9FeO3. 

 

 

 

Figure 7.7: RT FESEM image of La0.1Bi0.9Fe0.95Cr0.05O3. 

The microstructures of all the doped samples are examined by clusters of submicron 

sizes embedded in multifarious grains. A correlation between the La/Cr doping 

contents and grain sizes can be found. An improvement in morphology can be 

observed in all the micrographs with increasing Cr contents. Homogeneous 
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microstructure with uniformly distributed multi-shaped grains (mostly spherical 

shaped) with varying sizes can be clearly seen from all the BLFCO micrographs. 

Grain size is the most important microstructural parameter having a crucial role in 

dictating the properties of polycrystalline materials (García-Zaleta et al. 2014). A 

close look on all the SEM images reveals that porosity and grain sizes demonstrate a 

decreasing trend with increasing Cr contents in the BLFCO system which will 

ultimately affect the microstructural related properties of the parent compound. This 

decreasing trend of grain sizes can be described in terms of decreased oxygen 

vacancies as a result of La/Cr co-doping in BFO that can slow down the motion of 

oxygen ions, resulting in hindering the grain growth rate (Wei and Xue 2007; D.H. 

Kim et al. 2006; Kim et al. 2010; Xu et al. 2014; Jaffari et al. 2015). The decreasing 

trend of grain size by La/Cr co-doping in BFO system may also be attributed to their 

lower diffusivity as reported by Zhang et al. (2013) i.e. the rare-earth ions suppress 

the grain growth in perovskites due do their lower diffusivity. BLFCO3 SEM image 

displays the most developed NPs compared to all the other images. Calculated grain 

sizes from SEM images of all the doped samples are in the range of 8 - 20 nm which 

are composed of smaller crystallites with 5.8-13.7 nm sizes (Table 7.1). Some large 

sized grains could be the result of agglomeration of the small sized grains. When 

pellets are sintered at high temperature, several gases are released which result in 

pores and voids on the surfaces of the pellets (Deraz 2010) and can be seen on the 

surfaces of the FESEM images of the samples under investigation for the present 

research work. Some deformation can be observed on the grain boundaries almost in 

all the SEM images of the BLFCO system which may be attributed mainly to the 

grinding of the powder samples during the material synthesis process (Ahmad et al. 

2016). 

The EDX spectra of BLFCO system are displayed in Figs. 7.11 to 7.15. Each 

spectrum depicts that every sample contains all the elements i.e. Bi, La, Fe, Cr and O 

corresponding to its stoichiometric formula. The atomic ratio of Bi:La:Fe:Cr:O is well 

matched with the expected stoichiometry ratio of the solid solutions. Minor traces of 

C in the EDX spectra may emerge from the sample stub due to lack of cleanliness. 

The EDX spectra also confirm the completion of the chemical reaction of the 

precursor to synthesize the required material without any loss of constituent elements 

during the whole process. Impurity free EDX spectrum favors the sol-gel auto-
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combustion technique to synthesize impurity free BFO ceramics. The quantitative 

data in the form of at- and wt% of all the elements extracted from the EDX spectrum 

of all the doped samples is given in Table 7.2.  

 

 

Figure 7.8: RT FESEM image of La0.1Bi0.9Fe0.90Cr0.10O3. 

 

 

Figure 7.9: RT FESEM image of La0.1Bi0.9Fe0.85Cr0.15O3. 
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Figure 7.10: RT FESEM image of La0.1Bi0.9Fe0.80Cr0.20O3. 

 

 

 

 

Figure 7.11: EDX spectrum of La0.1Bi0.9FeO3.  
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Figure 7.12: EDX spectrum of La0.1Bi0.9Fe0.95Cr0.05O3. 

 

 

Figure 7.13: EDX spectrum of La0.1Bi0.9Fe0.90Cr0.10O3. 

 

 

Figure 7.14: EDX spectrum of La0.1Bi0.9Fe0.85Cr0.15O3. 
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Figure 7.15: EDX spectrum of La0.1Bi0.9Fe0.80Cr0.20O3. 

 

Table 7.2: Quantitative analysis of all the elements present in BLFCO samples. 

Element

s 

LBFCO1 LBFCO2 LBFCO3 LBFCO4 LBFCO5 

 wt% at% wt% at% wt% at% wt% at% wt% at% 

C 0.8.3

4 

2.58 6.05 1.69 5.02 1.67 5.23 1.72 5.35 1.73 

O 18.94 14.0

6 

16.0

7 

11.2

3 

25.9

8 

27.1

7 

18.2

9 

14.9

6 

16.3

5 

12.9

6 

Cr - - 0.81 0.79 2.14 2.54 2.15 2.42 3 3.33 

Fe 14.95 16.2

9 

17.2 17.7

2 

24.7

7 

29.3

9 

13.7

8 

16.3

2 

12.4

9 

14.6

1 

La 3.78 3.77 3.94 3.7 7.06 8.23 4.16 4.49 4.76 5.07 

Bi 53.99 58.6

8 

55.9

3 

56.7

5 

35.0

2 

40.0

7 

56.3

9 

66.4

3 

58.0

5 

67.6

3 

Total 100 100 100 100 100 100 100 100 100 100 

 

7.3.3 Dielectric Properties 

The real (ε′) and imaginary (ε″) parts of dielectric constant (ε) and dielectric loss (Tan 

δ) of BLFCO ceramics plotted against frequency (20 Hz- 20MHz) at RT are depicted 

in Fig. 7.16 and 7.17 respectively. These graphs show the effect of La/Cr co-doping 

on the dielectric properties of BFO ceramics.  It can be seen that intense dispersion 

exists with increasing value of frequency in ε′, ε″ and Tan δ for all the BLFCO 
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samples. It is obvious that ε′, ε″ and Tan δ decrease with increasing frequency and can 

be well explained through conventional dielectric relaxation process (Du et al. 2010). 

The decrease is speedy in the low frequency region and remains constant at higher 

frequencies. According to Kumar et al. (2016), this rapid fall of these parameters is 

due to the fact that polarization does not occur instantaneously with the applied 

electric field due to inertia.  
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Figure 7.16: Real (ε′) part of dielectric constant of BLFCO samples. 
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Figure 7.17: Imaginary (ε″) part of dielectric constant of BLFCO samples. 

 

During low frequencies, all the polarizations (atomic, electronic, dipolar, interfacial 

and ionic etc.) contribute, which results in high value of dielectric constant. At a 
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certain increased frequency, those polarizations which have large relaxation times 

cease to respond (only electric polarization mainly contributes) and hence, ε is 

decreased. Many researchers have reported similar trend related to ε versus frequency 

exhibited by single and co-doped BFO systems (Du et al. 2010; Kumar and Yadav 

2011; Verma 2015; Kumar et al. 2016; Godara et al. 2016; Sing et al. 2017). The 

dielectric loss corresponding to the energy dissipation in the dielectric system and it is 

found to be proportional to ε″. The dielectric loss arises generally because of 

impurities and defects in the crystal lattice which cause polarization to lag behind the 

applied a.c. field. As indicated in Fig. 7.19, the dielectric loss of all the doped samples 

exhibited the similar trend like dielectric constant and displays maximum value at 

lower frequency before decreasing at higher frequency. The frequency independent 

response of the dielectric constant and dielectric loss at higher frequencies could well 

be explained on the basis of Maxwell-Wagner type of interfacial polarization model 

(Wang et al. 2005) which is also in agreement with the Koop,s phenomenological 

theory (Koops 1951). According to this model, polarization is produced in any given 

polycrystalline material due to well conducting grains separated by poor grain 

boundaries (Kumar et al. 2016). At lower frequencies, the space charges have enough 

time to follow the external applied field while at higher frequencies, they have very 

short time and cannot follow the applied field and hence, are unable to undergo 

relaxation (Kamba et al. 2007; Cui et al. 2010; Singh et al. 2017).  
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Figure 7.18: ε as a function of Cr contents in La0.1Bi0.9Fe1-xCrxO3. 

At a particular lower frequency, the value of dielectric constant (Fig. 7.18) and 

dielectric loss (Fig. 7.20) exhibit an increasing trend with increasing Cr contents in 
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the BLFCO system while at higher frequencies, both show frequency independent 

behavior. At f = 100 Hz, the value of ε′ = 127 for x = 0 and ε′ = 551 for x = 0.20 for 

the La0.1Bi0.9Fe1-xCrxO3 (x= 0, 0.05, 0.10, 0.15 and 0.20) ceramics. The increasing 

trend of dielectric constant and dielectric loss with increasing Cr contents in BiFe1-

xCrxO3 have already been reported by Murari et al. (2009). A significant increment in 

the value of dielectric constant due to Cr doping at Fe site in the BFO system was also 

reported by Du et al. (2010). Increased values of dielectric constant and dielectric loss 

were found by La doping at Bi site in the BFO ceramics (Zhang et al. 2013). The 

results shown by the present samples may be the result of the combined effect of 

La/Cr on BFO system. As the concentration of La is fixed (10%) for the present 

compositions, therefore, it is concluded that the doping of Cr ions at Fe sites in the 

BFO ceramics is beneficial to improve its dielectric characteristics. The enhancement 

in the dielectric constant may also be the result of the suppression of impurity phases 

and oxygen vacancies (Vo) due to co-doping of La/Cr ions at Bi and Fe sites 

respectively in the BFO system as it has been mentioned by many researchers (J.K. 

Kim et al. 2006; Zheng et al. 2010; Jaffari et al. 2015; Wei et al. 2015; Gowrishankar 

et al. 2016; Singh et al. 2017).  
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Figure 7.19: Dielectric loss (Tan δ) of BLFCO samples. 

 

The trend of the dielectric loss versus frequency is similar to that of dielectric 

constant. However, the observed Debye peaks or relaxation phenomenon exhibited by 
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BLFCO3, BLFCO4 and BLFCO5 samples may be the result of ferromagnetic 

resonance where the matching of electron-hopping frequency and the frequency of the 

applied field happens (Chen et al. 2010). The dielectric constant of BLFCO5 

composition is found to be exceptionally high which suggests that this composition is 

a good choice for high frequency/microwave applications. 
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Figure 7.20: Tan δ as a function of Cr contents in La0.1Bi0.9Fe1-xCrxO3. 

7.3.4 a.c. Conductivity 

The study of electrical conductivity is usually performed to relate macroscopic 

measurements to microscopic movement of ions in the ionic oxides. The a.c 

conductivity can be calculated using the following empirical formula: 

σa.c = ε′ ε0 ω tan δ                                               (7.6) 

where ℰʹ is the dielectric constant, ℰ0 is the vacuum permittivity, ω is the angular 

frequency (2πf), and tan δ is the tangent loss. 

The frequency (20Hz-20MHz) dependent a.c. conductivity (σa.c) spectrum of 

Bi0.9La0.1Fe1-xCrxO3 (x = 0, 0.05, 0.10, 0.15 & 0.20) ceramics taken at RT is illustrated 

in Fig. 7.21. It is evident from the spectrum that for all the doped samples, the σa.c has 

very small value which approaches to zero and remains constant up to a wide 

frequency range depicting that the high resistance is faced by electrons during 

conduction. This high resistance may be attributed to the combined effect of La/Cr co-

doping in BFO. After a particular high frequency, the conductivity increases sharply. 

This process could be explained very well on the basis of Koop’s model (1951). 
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According to this model, the poor conducting grain boundaries are responsible for low 

conductivity at lower frequencies, while at higher frequencies, it is due to highly 

conducting grains.  
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Figure 7.21: Log σac vs log ω of BLFCO samples. 

The total σa.c of ferrites is supposed to consist of two factors given by the relationship: 

σa.c (total) = σd.c + σa.c                                                    (7.7) 

The first term is the temperature dependent d.c. conductivity which is due to the band 

conduction while the second term is the frequency and temperature dependent part of 

a.c. conductivity and it is related to the dielectric relaxation due to localized charge 

carriers. The nature of variation of conductivity recommends that the frequency 

dependent σa.c obeys Jonscher’s universal power law (1977) given below: 

σa.c (ω) = σ (0) + Aωn                                                       (7.8) 

here σ (0) is the frequency independent (dc or electronic) part of σa.c, A is the 

amplitude constant that controls polarization, n (0 < n < 1) is the index whose value 

depends upon the temperature and doping concentrations and hence shows the 

collaboration of mobile ions with the lattice. At lower frequencies, σa.c remains almost 

frequency independent while at higher frequencies, σa.c is proportional to ωn. The 

behavior of ac conductivity as a function of Cr contents in La0.1Bi0.9Fe1-xCrxO3 NPs is 

shown in Fig. 7.22. 
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Figure 7.22: log ac conductivity as a function of Cr contents in La0.1Bi0.9Fe1-xCrxO3 

NPs. 

 

7.3.5 Impedance Spectroscopy  

7.3.5.1 Real (Z′) and Imaginary (Z″) Parts of Impedance 

The variation in real (Z′) and imaginary (Z″) parts of impedance as a function of 

frequency (20Hz-20MHz) at RT of La0.1Bi0.9Fe1-xCrxO3 (x = 0, 0.05, 0.1, 0.15 and 

0.2) compositions are displayed in Figs. 7.23 and 7.24 respectively. The observed 

decrease in both Z′ and Z″ with increasing frequency may be ascribed to the 

improvement in conduction mechanism due to hopping of electrons between the 

localized ions which increases with increasing frequency of the applied electric field 

(Batoo et al. 2013). At higher frequencies, both Z′ and Z″ become independent of 

frequency. Similar behavior of both Z′ and Z″ versus frequency has already been 

reported by Singh et al. (2011) for some other material. The magnitude of Z′ 

decreases with increasing Cr contents in Bi0.9La0.1Fe1-xCrxO3 which indicates that the 

conductivity of the samples increases (Amin et al. 2016). At higher frequencies, Z′ for 

all the samples coincide with each other, which is attributed to a possible release of 

space charge and a consequent dropping of the barrier properties inside the materials 

(Pattanayak, Parida, et al. 2013). Usually, Zʹʹ vs frequency plot is used to estimate the 

value of relaxation frequency but in the present case, no Debye peaks are visible, 



 
 

164 

therefore, I will rely on the study of complex impedance spectroscopy. The trend of Z′ 

as a function of Cr contents in La0.1Bi0.9Fe1-xCrxO3 NPs is depicted in Fig. 7.25.  
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Figure 7.23: Real (Zʹ) part of impedance of BLFCO samples. 
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Figure 7.24: Imaginary (Z") part of impedance of BLFCO samples. 
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Figure 7.25: Z′ as a function of Cr contents in La0.1Bi0.9Fe1-xCrxO3 NPs. 

 

7.3.5.2 Modulus Analysis 

The real and imaginary parts of electric modulus (M′ and M″) of BLFCO samples as a 

function of frequency (20Hz-20MHz) at RT are displayed in Fig. 7.26 and 7.27 

respectively. The behavior of these graphs is just like the Modulus graphs represented 

in Fig. 5.21 so, the detail can be found in Chapter 5. In the low frequency region, M′ 

for all the samples is very small and approaches to zero and coincides with each other, 

which confirms a negligibly minor contribution of electrode effect. From Fig. 7.27, it 

can be seen that M″max shifts towards higher frequency side on increasing Cr contents 

in La0.1Bi0.9Fe1-xCrxO3 (x = 0, 0.05, 0.1, 0.15 and 0.2) compositions which means that 

the relaxation time at higher frequency is increasing i.e. the energy storing capacity is 

increasing with increasing Cr doping level. The peaks are wider and asymmetric on 

both sides of maxima which indicate the spread of relaxation times with different time 

constants and hence, the relaxation is of non-Debye type (Macedo et al. 1972; 

Pattanayak, Parida, et al. 2013; Behera et al. 2015). 
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Figure 7.26: Real (M′) parts of electric modulus of BLFCO samples. 

 

2 3 4 5 6 7 8
-2m

0

2m

4m

6m

8m

10m

12m

 

 

Im
a
g

. 
M

o
d

u
lu

s
 (

M
'')

log f 

 LBFCO1

 LBFCO2

 LBFCO3

 LBFCO4

 LBFCO5

 

Figure 7.27: Imaginary (M″) parts of electric modulus of BLFCO samples. 

 

7.3.5.3 Nyquist or Cole-Cole Graphs 

Nyquist or Cole-Cole plots for BLFCO NPs in the frequency range of 20Hz-20MHz 

taken at RT are presented in Fig. 7.28. For the samples BLFCO1 and BLFCO3, two 

semicircular arcs can be seen which indicate two different types of contributions. The 

high frequency semicircle denotes the contribution of bulk (grain) property of that 

material while low frequency semicircle represents the contribution of grain boundary 

(Kumari et al. 2015). This type of electrical process can be designed in terms of 
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equivalent circuit according to the Brick layer model which comprises of a series 

combination of two parallel R-C circuits related to both grain and grain boundary 

effects (Rout et al. 2015) as shown in Fig. 7.29. 

 

 

Figure 7.28: Cole-Cole or Nyquist plot for BLFCO system. 

 

For the samples LBFCO2, LBFCO4 and LBFCO5, only one circle is observable 

representing the electrically active region within the polycrystalline material related to 

bulk (grains). The centers of the semicircles exist well below the real Z-axis 

indicating Non-Debye-type relaxations within the BLFCO compositions. This shows 

the distribution of relaxation times instead of a single relaxation time in the material. 

The detail related to Nyquist plots is described in Chapter 5. 
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Figure 7.29: Equivalent circuits used to represent the electrical properties, (a) grain 

effects, (b) grain and grain boundary effects, and (c) grain boundary effects. 
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7.4 Conclusion 

Polycrystalline fine powders of Bi0.9La0.1Fe1-xCrxO3 [BLFCO] (x = 0, 0.05, 0.10, 0.15 

and 0.20) were synthesized successfully by simple and cost effective sol-gel auto-

combustion method at relatively low temperature. The phase purity of the synthesized 

BLFCO samples was confirmed through XRD analysis. Doping of La/Cr at Bi/Fe 

lattices in BFO has not changed the crystal symmetry of the parent compound. The 

calculated crystallite sizes using Scherrer's formula were in the range of 5.8 to 13.7 

nm while the average estimated grain sizes evaluated from the SEM images were in 

the range of 8-20 nm. At frequency f = 10000 Hz, the value of ε′ = 26 for x = 0 and ε′ 

= 119 for x = 0.20 while dielectric loss is less than unity for both these samples which 

recommends that devices for high frequency/microwave applications can be 

fabricated by using La0.1Bi0.9Fe0.80Cr0.20O3 composition. The complex impedance 

spectroscopy confirmed the existence of relaxation processes and non-Debye-type 

relaxation in BLFCO NPs. The frequency dependent analysis indicated that there 

existed an overall correlation between the La/Cr contents incorporated, properties and 

microstructures of the BLFCO ceramics. The analysis confirmed that the dielectric 

and impedance properties were improved with La/Cr doping in bismuth ferrite. 

Hence, it would be beneficial to study the properties of thin films with similar 

compositions to develop thin film based multifunctional devices.  
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CHAPTER 8 

RESULTS AND DISCUSSIONS IV 

Multiferroicity in Sol-gel Synthesized La/Cr Co-

doped BiFeO3 Nanoparticles 

8.1 Motivation 

Multiferroism based multifunctional devices are the need of future technology.  The 

appearance of both ferromagnetic and ferroelectric characters simultaneously at RT 

has revolutionized the field of ME devices which is based on ME effect (Singh et al. 

2017). BFO is a unique and sole multiferroic material which exhibits ME effect at RT 

but this effect is too weak to fabricate ME devices for practical applications. The ME 

effect is suppressed mainly due to the space modulated spin structure (SMSS) of 

BFO. The SMSS can be destroyed by: (i) the substitutions of rare-earth elements 

(REE) at Bi sites in BFO, (ii) by applying a high magnetic field and (iii) by making 

BFO thin films (Amirov et al. 2015). It is needed to optimize both magnetic and 

ferroelectric characteristics of BFO in order to use it as a ME multiferroic material. 

Improved multiferroic properties are reported in literature by doping of 

lanthanides/alkaline ions at Bi sites and transition metal ions at Fe sites in pure BFO 

(Zhang et al. 2010; Luo et al. 2010; Godara et al. 2014; Priyadharsini, Pradeep, 

Sathyamoorthy, et al. 2014; Wei et al. 2015; Verma 2015; Jaffari et al. 2015; Gu et al. 

2016; Vanga et al. 2016; Lin et al. 2017).  

Gowrishankar et al. (2016) found that La/Ti co-doped BFO NPs exhibited a strong 

ME response. Enhanced magnetic properties and electromagnetic interactions shown 

by La/Nd co-doped BFO bulk ceramics were reported by Amirov et al. (2015). La 

doping at Bi site in BFO was found to be helpful in suppressing the 

secondary/impurity phases, reducing the formation of oxygen vacancies, stabilizing 

the perovskite structure, reducing the leakage/conducting problems to observe 

considerable PE loops and enhancing magnetization (Palkar et al. 2004; Cheng et al. 

2008; Zheng et al. 2010; Jangid et al. 2012; Jaffari et al. 2015; Suresh et al. 2016). 

Improved magnetization was observed by Baettig and Spaldin (2005) as a result of 

Cr3+ ions substitution at Fe3+ sites in BFO due to strong super-exchange interaction. 

The doping of Cr ions at Fe sites improved morphological features, enhanced 
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dielectric as well as magnetic properties and minimized the leakage current (Murari et 

al. 2009). This motivated me to investigate the combined impact of La/Cr as dopants 

at Bi/Fe sites to explore the multiferroic properties of BFO in search of materials to 

fabricate the multifunctional devices. The aim of the present research work is to 

synthesize phase pure BFO NPs, understand the crystal structure, explore the 

magnetic and ferroelectric properties of   Bi0.9 La0.1 Fe1-xCrx O3 (x = 0, 0.05, 0.10, 0.15 

& 0.20) ceramics. 

8.2 Experimental 

8.2.1 Sample Preparation 

La0.1Bi0.9Fe1-xCrxO3 (x = 0, 0.05, 0.1, 0.15 and 0.2) nanoparticles were prepared 

through a familiar and cheap chemical technique named as sol-gel auto-combustion 

which is described in the 7th Chapter of the thesis. The detail about the sol-gel 

technique can be found in the 4th Chapter of the thesis. 

8.2.2 Characterizations 

The crystal structure of the synthesized samples was determined using a Rigaku 

D/MAX-IIA X-Ray diffractometer (XRD) with CuKα radiations. A "7404-

Lakeshore" vibrating sample magnetometer (VSM) was used to examine the magnetic 

properties. Ferroelectric properties were investigated using a precision multiferroic 

tester (Radiant technologies Inc. U.S.A).  

8.3 Results and Discussion 

8.3.1 Rietveld’s Analysis of XRD Patterns 

The Rietveld's whole-profile fitting method was employed for the refinement of fine 

BFO NPs using X’pert Highscore Plus software (Priyadharsini, Pradeep, Murugesan, 

et al. 2014. The XRD patterns of the parent and the doped BFO samples were refined 

primarily using space group R3c (161). Both the structural (unit cell parameters, 

atomic positions) and micro structural parameters (crystallite size) were refined 

simultaneously (Kumar and Varshney 2012). A detailed explanation about this 

technique has been described in literature (Kumar and Varshney 2012). The 

Rietveld’s refined XRD patterns along with their difference plots, for all the doped 

samples calcined at 600 °C for 2 h, were matched well with crystallographic 
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information file (CIF) # 1001090 and are shown in Fig. 8.1 (a-e). It is evident from 

the refined XRD patterns and their corresponding difference plots that there is no 

impurity phase present in both the parent and the doped samples. This confirmed the 

synthesis of impurity free BFO NPs adopting a rhombohedrically distorted ABO3 type 

perovskite structure with space group R3c. All the simulated XRD patterns coincided 

well with the measured XRD patterns with generally small R-values which also 

confirmed the phase purity. Both the structural and the microstructural parameters 

including, unit cell lattice constants (a, b, c), unit cell volume (V), crystallite size (D), 

the residuals for the weighted pattern (Rwp), the pattern (Rp), the expected pattern 

(RExp), structure factor (RF), Braggs factor (RBragg), goodness of fit (GoF), density (ρ ), 

and Wyckoff positions were calculated from Rietveld's refined XRD patterns of 

La0.1Bi0.9Fe1-xCrxO3 (x = 0, 0.05, 0.1, 0.15 and 0.2) nanoparticles and are presented in 

Table 8.1 and 8.2.  

 

Figure 8.1: Rietveld’s refined XRD patterns of Bi0.9 La0.1 Fe1-xCrx with (a) x = 0.0, (b) 

x = 0.05, (c) x = 0.10, (d) x = 0.15 and (e) x = 0.20. 
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It can be noted that the values of GoF, Rp and Rwp are small which show that both 

the refined and the measured XRD graphs coincide well with each other. Various 

calculated parameters from the refined XRD graphs which fluctuate with increasing 

doping level of Cr in Bi0.9La0.1Fe1-xCrxO3 (x = 0, 0.05, 0.10, 0.15 & 0.20) 

compositions are shown in Figs. 8.2 to 8.4. The reduction in unit cell parameters (a & 

c) with Cr contents may be attributed to the difference in the ionic radii of Fe3+ (0.645 

Å) and Cr3+ (0.615 Å). The c/a ratio remains almost constant for all the doped 

samples despite the decreasing of both a & c with Cr contents. This confirmed the 

doping of La and Cr at Bi and Fe sites respectively in BFO without affecting the 

crystalline structure of the parent compound (Amin et al. 2016). The contraction in 

the unit cell volume is the result of decreasing unit cell parameters with Cr contents.  

Table 8.1: Rietveld’s refined structural parameters of Bi0.9La0.1Fe1-xCrxO3 (x = 0, 

0.05, 0.10, 0.15 & 0.20) crystal structure. 

x = 0.20 x = 0.15 x = 0.10 x = 0.05 x = 0.00 Parameters 
 

5.4572 5.4931 5.5190 5.5584 5.5807 a = b (Å) 

13.6730 13.7139 13.7627 13.7934 13.8679 c (Å) 

2.4926 

90 

2.4965 

90 

2.4936 

90 

2.4815 

90 

2.4850 

90 

c/a                    

α = β 

(degree)  

120 120 120 120 120 γ (degree) 

352.6421 358.3858 363.0405 369.0639 374.0405 V (Å3) 

25.7 37.3 33.5 27.3 17.9 D (nm) 

18.55 10.17 22.5 15.93 11.71 RBragg 

12.15 12.1313 16.234 10.66 8.026 RExp 

16.046 15.6584 26.51 11.45 9.154 Rp 

18.65 17.658 29.57 13.542 10.245 Rwp 

2.34 2.11 3.31 1.61 1.59 GoF 

0.1921 0.1662 0.0096 0.087 0.125 Dstats 

2.793 2.799 0.471 7.76 34.98 Wt. Dstats 

8.49 8.45 8.43 8.43 8.40 ρ (g/cm3) 

 

The density analysis of all the samples demonstrates that Bi0.9La0.1Fe0.80Cr0.20O3 is of 

the densest composition. The crystallite size of the samples exhibited an increasing 

trend with Cr substitution in BFO up to x = 0.15 samples and then decreases for x = 



 
 

174 

0.2 composition. Important bond lengths and bond angles which are calculated for the 

synthesized compositions are listed in Table 8.3.  
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Figure 8.2: Unit cell lattice parameter "a" and "c" as a function of Mn contents. 
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Figure 8.3: Unit cell volume "v" and "c/a" ratio as a function of Mn contents. 

There is a relation between the ferroelectric characteristics of BFO and Fe-O bond 

length. It is known that BFO consists of a network of oxygen octahedra (FeO6) where 

Fe3+ ions are situated inside the octrahedra whereas the cavities are filled by Bi3+ ions. 
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BFO belongs to space group R3c and for its crystal structure, an octahedral bond is 

consists of three long degenerate Fe-O bond lengths and three short degenerate bond 

lengths. When La is doped in BFO at Bi lattices, the bond angles and the bond lengths 

are changed due to distortion of oxygen octahedra (FeO6). Chemically active non-

bonding electrons (lone pair of electrons) are responsible for the induced polarization 

in BFO. The doping of smaller La ions having ionic radius 1.16 Å at Bi sites with 

ionic radius 1.17 Å (Lin et al. 2017) will distort the crystal in many ways. First, it will 

distort the cationic spacing between the octahedron which will initiate the octahedral 

rotation, second, the long range ferroelectric order due to the available lone pairs 

would also be changed (Kumar and Varshney 2012). This transition will affect the 

magnetic parameters.  
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Figure 8.4: Density "ρ" and crystallite size "D" as a function of Mn contents. 
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Table 8.2: Atomic positions, Sof, Wykoff positions, multiplicity factor and B isotropic 

parameters of Bi0.9La0.1Fe1-xCrxO3 (x = 0, 0.05, 0.10, 0.15 & 0.20) crystal structure 

after Rietveld’s refinement.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

B 

isotropic 

Multicity 

factor 

Wykoff 

positions 
Sof z y x Composition 

 

0.5 

0.5 

0.5 

 

6 

6 

18 

 

6a 

6a 

18b 

 

0.91492 

0.61526 

0 

 

0.2212 

0 

0.1002 

 

0 

0 

0.3213 

 

0 

0 

0.0976 

x = 0.00 

Bi 1 

Fe 1 

O 1 

 

0.5 

0.5 

0.5 

 

6 

6 

18 

 

6a 

6a 

18b 

 

1.00 

1.00 

0.5871 

 

0.2212 

0 

0.1002 

 

0 

0 

0.3213 

 

0 

0 

0.0976 

x = 0.05 

Bi 1 

Fe 1 

O 1 

 

0.5 

0.5 

0.5 

 

6 

6 

18 

 

6a 

6a 

18b 

 

1.02 

0.98 

0.59 

 

0.2212 

0 

0.1002 

 

0 

0 

0.3213 

 

0 

0 

0.0976 

x = 0.10 

Bi 1 

Fe 1 

O 1 

 

0.5 

0.5 

0.5 

 

6 

6 

18 

 

6a 

6a 

18b 

 

1.00 

1.00 

1.00 

 

0.2212 

0 

0.1002 

 

0 

0 

0.3213 

 

0 

0 

0.0976 

x = 0.15 

Bi 1 

Fe 1 

O 1 

 

0.5 

0.5 

0.5 

 

6 

6 

18 

 

6a 

6a 

18b 

 

1.00 

1.00 

0.69 

 

0.2212 

0 

0.1002 

 

0 

0 

0.3213 

 

0 

0 

0.0976 

x = 0.20 

Bi 1 

Fe 1 

O 1 
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Table 8.3: Bond types and bond lengths of Bi0.9La0.1Fe1-xCrxO3 (x = 0, 0.05, 0.10, 

0.15 & 0.20) ceramics.  

Bond length (Å) Bond Type  Composition 

2.33 

3.058 

1.940 

Bi/La1 - O1 

Bi/La - Fe 

Fe - O1 

x = 0.00 

 

3.037 

2.298 

1.931 

Bi/La- Fe/Cr 

Bi/La - O 

Fe/Cr - O 

x = 0.05 

3.043 

3.193 

1.930 

Bi/La- Fe/Cr 

Bi/La – O 

Fe/Cr - O 

 

x = 0.10 

3.056 

2.307 

1.936 

Bi/La –Fe/Cr 

Bi/La – O 

Fe/Cr - O 

x = 0.15 

3.310 

2.311 

1.930 

Bi/La – Fe/Cr 

Bi/La – O 

Fe/Cr - O 

x = 0.20 

 

8.3.2 Magnetic Properties 

The properties of magnetic materials are usually investigated through a hysteresis 

loop by exposing the materials in an external magnetic field. Magnetization versus 

magnetic field (M-H) loops of fine NPs of La0.1Bi0.9Fe1-xCrxO3 (x = 0, 0.05, 0.1, 0.15 

and 0.2) were taken at RT by applying a maximum magnetic field (H) of 10 kOe and 

are shown in Fig. 8.5 (LBFCO1-LBFCO6). The M-H loops are in consistent with 

those which are reported in literature (Hu et al. 2010; Liu et al. 2014; Yao et al. 2015). 

The loops reveal that the magnetization increases with H exhibiting the characteristic 

anti-ferromagnetic behavior of BFO system. It is clear from Table 8.4 that both 

saturation magnetization (Ms) and retentivity (Mr) show an increasing trend by 

increasing the doping level of Cr in  La0.1Bi0.9Fe1-xCrxO3 (x = 0, 0.05, 0.1, 0.15 and 

0.2) nanoparticles up to x = 0.15 and after that decreased for x = 0.2.  
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Figure 8.5: Magnetization (M) vs magnetic field (H) loops of Bi0.9La0.1Fe1-xCrxO3 

[(LBFCO1) x = 0.0, (LBFCO2) x = 0.05, (LBFCO3) x = 0.10, (LBFCO4) x = 0.15 

and (LBFCO5) x = 0.20] NPs traced at RT. 

 

The ratio of Mr/Ms is known as squareness which simply measures how square a 

hysteresis loop is. It was found that the value of the retentivity depends on the value 

of squareness (Priya et al. 2015). Mostafavi and Ataie (2016) reported that the larger 

value of squareness (Mr/Ms > 0.5) indicated the existence of single-domain grains, 

while smaller value of squareness (Mr/Ms < 0.5) was a characteristic of multi-domain 

particles in a material.  
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Table 8.4: Saturation Magnetization (Ms), Coercivity (Hc), Retentivity (Mr) and 

squareness (Mr/Ms) of Bi0.9Sr0.1Fe1-xMnxO3 (x = 0, 0.05, 0.10, 0.15 & 0.20) NPs. 

Composition (Hc) 

(G) 

(Ms) 

(emu/g) 

(Mr) 

(emu/g) 

(Mr/Ms) 

La0.1Bi0.9FeO3 1.0265 4.843 × 10-3 106.30 × 10-6 0.022 

La0.1Bi0.9Fe0.95Cr0.05O3 496.99 4.9817 × 10-3 1.0170 × 10-3 0.20 

La0.1Bi0.9Fe0.90Cr0.10O3 366.83 7.0077 × 10-3 1.4509 × 10-3 0.21 

La0.1Bi0.9Fe0.85Cr0.15O3 136.84 32.798 × 10-3 4.9142 × 10-3 0.15 

La0.1Bi0.9Fe0.80Cr0.20O3 114.48 4.6857 × 10-3 579.32 × 10-6 0.12 

 

For the present research work, it can be noted from Table 8.4 that the value of 

squareness for all the doped compositions is less than 0.5 which is an evidence of the 

existence of multi-domain particles in all the synthesized La/cr doped BFO samples. 

The maximum value Mr is 4.9142 × 10-3 emu/g for sample with x = 0.15 which is 

almost 47 times larger compared to the value when x = 0.00. This anomaly of 

increasing and decreasing of magnetization in Cr and La doped BFO system has 

already been reported in literature (Cheng et al. 2008; Hu et al. 2010; Wang et al. 

2014; Sharma and Verma 2015) which may be attributed to the domain wall pinning 

effect due to the random distribution of oxygen vacancies on the domain walls (Singh 

et al. 2008; Ramachandran and Rao 2009). The Ce doped BFO NPs with Ce 

concentration in the range of 1–5 mol% were synthesized by Bhushan et al. (2012). It 

was observed that 3% Ce doped BFO NPs displayed the largest value of Ms whereas a 

further increase in doping concentration to 5%, the value of Ms was reduced. It was 

reported that with increasing Cr contents in BFO system, the magnetization increased 

initially and then decreased by further increasing Cr doping level (Wang et al. 2014). 

Hu et al. (2010) described that for a LaFe1-xCrxO3 (0 ≤ x ≤ 1) system, both maximum 

magnetization and remnant magnetization increased first with Cr doping at Fe sites 

and reached at a maximum at x = 0.5 and then decreased for further increasing the 

doping level. It is concluded that tailoring the microstructure of a material over a 

certain doping limit may reduce its further performance. The enhancement in 

magnetization with increasing Cr doping level in BFO system has  been reported by 

many authors (Cheng et al. 2010; Du et al. 2010; Godara et al. 2014; Wang et al. 

2014; Arafat 2014; Wei et al. 2015; Guo et al. 2017). It is reported by many 

researchers that the improved magnetization shown by BFO system is due to the 
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presence of impurities (Fe2O3, Bi2Fe4O9, Bi36Fe24O57, Bi25FeO40 etc.) along with BFO 

and are often detected in the XRD patterns. Since, BFO has metastable phases due to 

narrow temperature range in which it exists so, these parasitic phases also exist with 

BFO and contribute in improving the magnetization shown by BFO. This is due to the 

fact that most of the impurity phases show magnetic response (Hussain et al. 2013; 

Bernardo 2014; Priyadharsini, Pradeep, Murugesan, et al. 2014). For the present 

research work, almost all the prepared samples are impurity free as mentioned earlier 

during the discussion of Rietveld’s refined XRD data. So, the contribution of parasitic 

phases in M is negligible. Further, Zhang et al. (2006) explored that for Bi1−xLaxFeO3 

system, La substitution up to 20 % at Bi lattice in BFO can not destroy the spin 

cycloid and not able to enhance considerable magnetization. Cheng et al. (2008) also 

proved that magnetization did not enhance effectively due to 10 % La doping at Bi 

sites in BFO system. In the present research work, 10 % La has been incorporated at 

Bi sites as co-dopant along with Cr doping at Fe sites in BFO system. The role of La 

in increasing magnetization in La/Cr doped BFO system is negligible as mentioned 

above so, when we talk about improved magnetization versus doping level, Cr is 

responsible for the observed enhancement in magnetization in the present La/Cr co- 

doped BFO system. Many other factors, along with La/Cr doping level, are 

responsible for the magnetization exhibited by the present synthesized samples. 

Magnetization as a function of Cr contents in Bi0.9La0.1Fe1-xCrxO3 NPs is displayed in 

Fig. 8.6.  

The observed results can be elucidated on the basis of following factors. When Cr 

ions are doped at Fe sites in BFO system, the result is promising regarding magnetic 

orderings i.e., the ferromagnetic planes of iron and chromium being anti-

ferromagnetically are coupled to each other. As the values of magnetic moments are 

different for Fe (5 μβ) and Cr (3 μβ) therefore, a magnetic moment of 2 μβ (160.53 

emu/cm3) per Fe-Cr pair will be the result of this type of magnetic ordering which 

results in enhanced magnetization (Baetting and Spaldin 2005). There is a strong 

super-exchange interaction under 180 degree between Fe3+ and Cr3+ that may induce a 

ferromagnetic coupling among these ions which gives enhanced magnetization 

(Baetting and Spaldin 2005). Improvement in M can also be attributed to reduction in 

size of NPs due to the doping of Cr in BFO system as exhibited by the SEM images 

(Chapter 7). The antiferromagnetic G-type helical spin structure of BFO with 
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periodicity of 62 nm can be suppressed or broken to unlock the canted spins to 

improve magnetic properties by decreasing the size of NPs less than 62 nm (Yang et 

al. 2011; Reddy et al. 2012; Dhir et al. 2014). 
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Figure 8.6: Magnetization vs Cr contents in Bi0.9La0.1Fe1-xCrxO3 NPs. 

The calculated grain sizes from SEM images of all the doped samples are in the range 

of 8 - 20 nm which are composed of smaller crystallites with 5.8 - 13.7 nm sizes 

(Table 7.1). It is also asserted by many authors that distortion in spiral spin structure 

of BFO increases with decreasing grain size which caused conversion of G-type 

helical structure to linear structure which gives rise to enhanced magnetic 

characteristics (Huang et al. 2009; Basu et al. 2011). The detected M in the present 

samples could be the result of size-confinement effects as most of the grains in the 

present samples have sizes less than 62 nm which can be seen from FESEM images 

(Chapter 7). Thus, the magnetic parameters are in consistent with the particle sizes of 

the samples. Enhancement in magnetic behavior due to particle size effects has been 

reported by many researchers (Yang et al. 2011; Reddy et al. 2012; Dhir et al. 2014). 

The uncompensated spins present at the surface due to large surface to volume ratio, 

as a result of decreasing particle size, might be another reason behind the 

improvement of the observed magnetization. The improvement in magnetization and 

retentivity, with enhancing Cr doping level, may also be the result of the spiral spin 

structure (Ederer and Spaldin 2005) which can be confirmed from the XRD patterns 
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(Fig. 1 Chapter 7) and also from Rietveld’s refined structural parameters (Table 8.1) 

which exhibit that the lattice constants (a and c) continuously decreasing with 

increasing Cr doping level in BFO system giving an evidence of collapsing of the 

spiral spin structure. The tilt angle of octahedron (FeO6) may be modified due to 

changing of both the bond angle and bond length as a result of doping of La/Cr at 

Bi/Fe lattices in BFO. This tilting of angle may destroy the spiral spin structure of 

BFO by suppressing it which results in better magnetic response (Huang et al. 2009; 

Basu et al. 2011; Lane et al. 2011; Zhu et al. 2017; Sharma et al. 2017). Another 

reason for the boosted magnetic behavior exhibited by the co-doped (La/Cr) BFO NPs 

may be the spin canting which rises as a result of Dzyaloshinsky-Moriya interaction 

within the orthorhombic phases (Sergienko and Dagotto 2006; Khomchenko et al. 

2011). The structural distortion due to substitution of Cr3+ ions at Fe3+ lattices may 

alter the spin order or Fe-O-Fe bond angle and hence will induce a transition from a 

spatially modulated structure to a homogeneous canted one which gives an upsurge of 

magnetization (Arafat 2014).  

8.3.3 Ferroelectric Properties 

The ferroelectric materials are normally characterized by analyzing the P-E loops 

traced for these materials. Fig. 8.7 displays the P-E loops, traced at room temperature, 

for La0.1Bi0.9Fe1-xCrxO3 [x = 0.0 (LBFCO1), 0.05 (LBFCO2), 0.1 (LBFCO3), 0.15 

(LBFCO4) and 0.2 (LBFCO5)] refine NPs. It can be seen that P-E loops for almost all 

of the samples are broken and unsaturated. High leakage current due to highly 

conducting nature of BFO and high coercive field may be the reasons behind these 

unsatisfied P-E loops. Such types of loops for BFO system have also been reported in 

literature (Tang et al. 2016; Rout and Choudhary 2016; Sharma et al. 2017). It was 

reported by Tang et al. (2016) that higher voltage cannot be applied to get saturated P-

E loops for BFO because these ceramics will be electrically broken down in the high 

electric field region due to high leakage current. The applications of BFO as a 

ferroelectric material is restricted mainly due to large electrical conductivity shown by 

it. The polarization remains limited due to the leaky nature of BFO which results in 

unsaturated P-E loops. Many researchers have reported that like real ferroelectric 

materials, it is challenging to trace saturated P-E loops at room temperature for BFO 

ceramics. The occurrence of break down voltage in the region of high electric field 

due to conducting current is the main reason in limiting the polarization in BFO 
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system (A. Mukherjee et al. 2014; Ayan Mukherjee et al. 2014; Dhanalakshmi et al. 

2016). The loops reveal partially saturated behaviors that exhibit the ferroelectric and 

leaky nature of the compounds. The P-E loop for x = 0.20 (LBFCO5) shows the most 

lossy dielectric behavior, displaying rounded shape with decreasing polarization by 

applying further electric field, due to break down voltage. The maximum value of 

polarization for LBFCO5 sample is 5.90 × 10-4 μC/cm2 at 1.75 kv/cm applied electric 

field which is decreased without saturation by applying further electric field. The 

exact value of saturation polarization was not attained because of electrical 

penetration before full switching could happen (Cheng et al. 2008). 

 

Figure 8.7: Polarization vs electric field (P-E) loops for Bi0.9La0.1Fe1-xCrxO3 

[(LBFCO1) x = 0.0, (LBFCO2) x = 0.05, (LBFCO3) x = 0.10, (LBFCO4) x = 0.15 

and (LBFCO5) x = 0.20] NPs traced at RT. 
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Figure 8.8: Polarization vs Cr contents in Bi0.9La0.1Fe1-xCrxO3 NPs. 

Such type of ferroelectric behavior for BFO system has been reported in literature 

(Das et al. 2006; Cheng et al. 2008; Dhanalakshmi et al. 2016). The observed 

roundness in the P-E loop for LBFCO5, maybe the result of possible artifacts or high 

leakage current due to high conductivity shown by this sample (Dhanalakshmi et al. 

2016). Several flaws including imperfections, lack of crystallinity, low density, 

defects, high porosity, impurity phases, grain size effects and formation of anion 

and/or cation vacancies are responsible for larger electrical losses and high leakage 

current problems in BFO ceramics (Ke et al. 2011; Bernardo 2014; Pattanayak, 

Choudhary, and Pattanayak 2014; Wu et al. 2016; Amin et al. 2016; Tang et al. 2016; 

Sharma et al. 2017). It was reported by Dho et al. (2006) that defects and impurity 

energy levels in the band gap of BFO, caused by cation/anion vacancies are 

responsible for its high conductivity resulting in leakage current issue. Some 

researchers found that the oxygen vacancies compared to Fe2+ ions are more 

responsible for larger leakage current revealed by BFO that dramatically lower the 

breakdown voltage (Xiao et al. 2007; Hu et al. 2008). This high leakage current may 

destroy a device by producing unbearable heat in it and thus it prevents the saturation 

of electric polarization. Both La and Cr, when doped in BFO, improve the 

ferroelectric properties as it can be seen from narrowing the P-E loops which 

approaches to saturation with increasing doping contents. The dependence of 

polarization on Cr contents in Bi0.9La0.1Fe1-xCrxO3 NPs is displayed in Fig. 8.8. The 
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calculated saturation polarization (Ps), coercive electric field (Ec) and remnant 

polarization (Pr) are presented in Table 8.5. Keeping in view the breakdown voltage, 

the maximum applied electric field was observed to be 5 volts. The maximum value 

of Pr is 5.50.04 × 10-4 μC/cm2 for x = 0.2 which is almost 24 times larger than the 

value when x = 0.00. It can also be noted that La0.1Bi0.9Fe0.8Cro.2O3 is the densest 

composition (density = 8.38 g/cm3) compared to all other compositions as can be seen 

from Rietveld’s refined structural parameters shown in Table 8.1. All the present 

synthesized BFO samples fulfill the basic requirement of a multiferroic material by 

displaying multiferroicity (M and P) in a single phase and it can be seen in Figs. 8.5 

and 8.7 respectively.  

) and remanence c), coercive electric field (Esaturation polarization (PSTable 8.5: 

.(x = 0, 0.05, 0.10, 0.15 & 0.20) NPs 3OxCrx-1Fe0.1La0.9) of Birpolarization (P 

 

It is suggested that in search of manufacturing multifunctional devices for future 

technology, the researchers should adopt various procedures to synthesize less porous 

or denser BFO microstructures in order to solve its conducting problems. The 

ferroelectric response of BFO ceramics can be upgraded by improving the 

crystallinity and solving the densification problems in the form of high porosity 

within the microstructure of this unique multiferroic material (Bernardo 2014; Tang et 

al. 2016). Kumar et al. (2000) could not obtained a saturated P-E loop even for a 

phase pure BFO microstructure because of its low density and high conductivity. 

Highly leaky and lower resistive nature of a low density (highly porous) BFO sample 

was supported by its lossy P-E loop while highly resistive and lower leakage behavior 

was displayed by a high density (less porous) BFO sample (Mazumder et al. 2009). 

Generally, high porosity decreases the permittivity of a material and therefore, a 

)2(μC/cm rP (volt) cE  maxP

)2(μC/cm 

Sample Sr 

No. 

5-2.31 × 10 1.45 5-6.80 × 10 La0.1Bi0.9FeO3 1 

5-10 2.42 × 1.52 5-7.01 × 10 La0.1Bi0.9Fe0.95Cr0.05O3 2 

5-3.64 × 10 1.84 5-8.47 × 10 La0.1Bi0.9Fe0.90Cr0.10O3 3 

5-4.01 × 10 1.97 5-8.55 × 10 La0.1Bi0.9Fe0.85Cr0.15O3 4 

4-5.50 × 10 4.09 4-5.90 × 10 La0.1Bi0.9Fe0.80Cr0.20O3 5 
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denser microstructure, being lesser porous, will increase the permittivity of a material 

which results in enhancing its ability to store electrical energy and thus improve 

polarization (Mazumder et al. 2009). It is concluded that the leakage problems of 

BFO system can be controlled by synthesizing pure and denser BFO microstructures. 

A denser BFO microstructure, compared to porous one, will possess greater number 

of electric diploes per unit volume resulting in enhanced polarization. Unlike other 

perovskites, the mechanism of polarization is different in BFO ceramics. The non-

bonding electrons (lone pair of electrons of 6s2 orbital) at A-site (Bi3+) can be 

hybridized with an O2-anion or with an empty Bi3+ 6p orbital which results in making 

a localized lobe by driving the off-center movement inside the cationic atmosphere. A 

structural distortion may occur as a result of this off-center displacement which yields 

the observed polarization exhibited by the P-E loops of the synthesized samples for 

the present research work (Yuan, S. W. Or, et al. 2006; Dhanalakshmi et al. 2016).  
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8.4 Conclusion 

In summary, the structural, magnetic and ferroelectric properties of La0.1Bi0.9Fe1-

xCrxO3 [BLFCO] (x = 0, 0.05, 0.10, 0.15 and 0.20) fine NPs, synthesized by familiar 

and cost effective sol-gel auto-combustion technique at low temperature, were 

investigated systematically. Phase purity of the prepared compositions was confirmed 

through the Rietveld’s refinement of XRD data. It was confirmed that co-doping of 

La/Cr at Bi/Fe sites in BFO system did not alter the crystal symmetry of the parent 

compound. The maximum value of retentivity (Mr) was 4.9142 × 10-3 emu/g for the 

sample with x = 0.15, which was 47.0 times larger compared to the value when x = 

0.00.  The maximum value of Pr was 5.50 × 10-4 μC/cm2 for x = 0.2 (almost 24 times 

larger when x = 0) which was the most dense composition (density ~ 8.49 g/cm3). All 

the synthesized samples have displayed the magnetic and ferroelectric behavior which 

confirmed that the prepared compositions are multiferroics. It is inferred that by 

adopting optimum conditions to synthesize less porous and denser BFO 

microstructures, the issues could be addressed in order to solve the conducting 

problems being faced by this sole multiferroic at RT, regarding the manufacturing of 

multifunctional devices for future technology to serve humanity. 
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CHAPTER 9 

CONCLUSION  

Multiferroics, displaying more than one ferroic characteristics in the same phase, 

exhibit numerous properties and phenomena that are beneficial to manufacture a wide 

range of multifunctional devices ranging from giant electric transformers to small 

computer memory devices or even tiny sensors. In this context, polycrystalline fine 

powders of Bi0.9Sr0.1FeO3 (residue-BSFO), Bi0.9Sr0.1Fe1-xMnxO3 (BSFMO) (with x = 

0, 0.05, 0.1, 0.15 and 0.2) and Bi0.9La0.1Fe1-xCrxO3 (BLFCO) (with x = 0, 0.05, 0.1, 

0.15 and 0.2) were produced fruitfully at relatively low temperature using a cheap and 

useful technique namely sol-gel auto combustion, using both glycine and urea as 

chelating agents. BSFMO samples were sintered at 550 ℃ for 3 h while BLFCO 

samples at 600 ℃ for 2 h. The structural, morphological, dielectric, electrical, 

magnetic and ferroelectric properties of the synthesized samples were explored using 

the corresponding characterization techniques. Rietveld's refined XRD patterns of all 

the prepared samples have confirmed that phase pure nanoparticles of BFO were 

prepared which exhibited distorted perovskite crystal structure (ABO3 type) having 

space group R3c (161). It was concluded that sintering temperature is the most 

important parameter for developing the crystal phase during the synthesis process of 

BFO ceramics. Co-doping of Sr/Mn & La/Cr at Bi/Fe sites respectively in BFO did 

not alter the crystal symmetry of the parent compound. FESEM images showed a 

homogeneous microstructure with uniformly distributed and well interlinked multi-

shaped grains with varying sizes, intergranular porosity and few cracks as well as a 

decreasing trend in grain sizes with increasing dopant contents. The crystallite sizes 

calculated by Scherrer's formula were in the range of 9.2-15.0 nm for BSFMO and 

5.8-13.7 nm for BLFCO samples. The average grain sizes shown by SEM images 

were in the range of 50-80 nm for BSFMO and 8-20 nm for BLFCO samples. EDX 

results have confirmed that all the parent and the doped elements (Bi, Fe, O, Sr, Mn, 

La, and Cr) were present in the prepared samples according to their stoichiometric 

ratio. The dielectric behavior of all the samples have exhibited the conventional ferrite 

trend depicting larger values at lower frequencies which then exhibited decreasing 

trend with increasing frequency and finally became constant at higher frequencies. At 

high frequencies, the dielectric constant of BSFMO samples was found to be high 

(>200) while loss factor was less than 1. Similarly, For BLFCO samples, at frequency 
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f = 10000 Hz, the value of ε′ = 26 for x = 0 and ε′ = 119 for x = 0.20 while dielectric 

loss was less than unity for both these samples which recommended that devices for 

high frequency/microwave applications could be fabricated by using 

La0.1Bi0.9Fe0.80Cr0.20O3 composition. Complex impedance spectroscopy revealed the 

contribution of grains, grain boundaries and interfaces. The frequency dependent 

Nyquist and electric modulus graphs confirmed the non-Debye type relaxation. The 

formation of bonds between different atoms within the BSFMO compositions were 

identified through FTIR. It was observed from M-H loops that by increasing the 

doping level in the parent compound, the saturation magnetization also increased. 

Improved P-E loops were observed in all the synthesized doped BFO samples which 

had confirmed that the leaky or conducting nature of BFO had been controlled. The 

maximum value of magnetization exhibited by BSFMO samples, was 1.121 emu/g for 

the sample with x = 0.15, which was 6.5 times larger compared to the value when x = 

0.00. The maximum value of Pr for the same sample, was 1.04 × 10-4 μC/cm2 for x = 

0.15, which was the most dense composition with density ~ 8.38 g/cm3. For 

Bi0.9La0.1Fe1-xCrxO3 compositions, the maximum value of retentivity (Mr) was 4.9142 

× 10-3 emu/g for the sample with x = 0.15, which was 47.0 times larger compared to 

the value when x = 0.00.  The maximum value of Pr was 5.50 × 10-4 μC/cm2 for x = 

0.2 (almost 24 times larger when x = 0) which was the most dense composition 

(density ~ 8.49 g/cm3). It is inferred that by adopting optimum conditions to 

synthesize less porous and denser BFO microstructures, the issues could be addressed 

in order to solve the conducting problems being faced by this sole multiferroic at RT, 

regarding the manufacturing of multifunctional devices for future technology. Further, 

tailoring the microstructures of materials over a certain doping limit may reduce their 

performance. Both magnetization and polarization have been observed in all the 

synthesized samples which have confirmed that the synthesized BFO based 

nanoparticles are multiferroics because they exhibit more than one ferroic order in the 

same phase, and at the same time. The chemical composition, synthesis procedure, the 

chemistry, processing atmosphere, sintering temperature, sintering time and the 

substituted ions dictate the properties of BFO ceramics. The characteristics shown by 

the synthesized samples under investigation have been explained on the basis of 

dopant elements, their doping percentage, purity of phases, grain sizes and their 

microstructures. In short, the sol-gel auto-combustion technique is suitable to 

synthesize phase pure BFO ceramics if the stoichiometric ratio of raw materials and 
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the reaction parameters are controlled. The synthesized samples for the present 

research work are more pure, better and cost effective as compared to those which 

were found in literature. Co-doping of Sr/Mn in Bi0.9Sr0.1Fe1-xMnxO3 and La/Cr in 

Bi0.9La0.1Fe1-xCrxO3 compositions have yielded improved and viable multiferroic 

features. Almost all the prepared samples are impurity free so, the contribution of 

parasitic phases in improving multifunctional properties of the synthesized samples is 

negligible. The analysis confirmed that the explored properties were improved with 

Co-doping of Sr/Mn and L/Cr in bismuth ferrite. Hence, it would be beneficial to 

study the properties of thin films with similar compositions to develop thin film based 

multifunctional devices. 
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