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ABSTRACT 

Bismuth iron oxide (BFO) possesses ABO3 type distorted Perovskite structure with simultaneous 

exhibition of ferroelectric and ferromagnetic properties. BiFeO3 has long range cycloidal spin structure 

with high TC = 1100K and TN = 640K respectively. However, phase stability and high leakage current 

are some problems interrelated with BiFeO3 thin films. These problems can be overcome by substitution 

of suitable elements at A or B site or both or by using suitable solvents. In this research work the surface 

and structural characterizations of bismuth iron oxide nanoparticles based thin films have been 

discussed. Sol gel method was adapted to synthesize BiFeO3 nanoparticles. Acetic acid and Ethylene 

Glycol were used as solvents for synthesis purpose by varying calcination temperatures as 100˚C, 200˚C 

and 300˚C. Anomalous behavior of dielectric constant was observed for BiFeO3 NPs even at room 

temperature. Increased value of dielectric constant (52.82 to 85.2 (log f =4)) was observed for EG based 

NPs after calcination at 300˚C. Increase in dielectric constant, along with anomalous behavior, with 

increased activation energy was observed with increase in characterization temperature (30oC– 210oC). 

Increase in conductivity with increase in temperature was termed as correlated barrier hopping 

mechanism. Polarization vs Electric field (P-E) curves indicated ferroelectric nature of nanoparticles 

even under as-synthesized conditions. Maximum polarization (Pmax ~12.22 µC/cm2) was observed for 

EG based nanoparticles calcined at 300oC. 

Bismuth iron oxide nanoparticles were also synthesized using sol-gel method with changing Bi/Fe ratio 

as 0.9, 0.95, 1.0, 1.05, 1.10, 1.15 and 1.20. XRD and Raman spectroscopy results confirmed the 

formation of phase pure crystalline rhombohedrally distorted Perovskite of BiFeO3 without the use of 

any post thermal treatment. Bi/Fe ratios 0.9-1.05, 1.15 and 1.20 resulted in amorphous nanoparticles. 

HRTEM image showed nanoparticles with size ~6-8nm. Increase in dielectric constant from 718 to 

2815 (log f =3.0) was observed with increase in Bi/Fe ratio to 1.10. Increase in dielectric constant has 

been associated with increase in crystallinity of nanoparticles. Grain and grain boundary resistances 

increased as Bi/Fe ratio was increased to 1.10. Impedance analysis showed negative temperature 

coefficient behavior for BiFeO3 nanoparticles. Increase in saturation magnetization to 9.121emu/g with 

increase in Bi/Fe ratio is attributed to suppression of helical spin structure and reduction in magneto 

crystalline anisotropy. 

Bi1-xCaxFeO3 nanoparticles (x = 0.0-0.5) were synthesized with sol-gel method. These nanoparticles 

were characterized without any post thermal treatment. XRD results showed formation of BiFeO3 phase 

at dopant concentrations 0.0-0.3. Higher dopant concentration resulted in inclusion of calcium oxide 

phase in BiFeO3. BiFeO3 phase formation and incorporation of dopant in the lattice was further 

confirmed using Raman analysis and EDS. Nanoparticles of size ~7.2nm were observed using HRTEM. 

Saturation magnetization of bismuth iron oxide nanoparticles increased from 9.202emu/g to 

21.097emu/g with reduction in magneto crystalline anisotropy. Magnetic ordering with blocking 
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temperature of ~88K (applied field 500Oe) was obtained using FC/ZFC curves. 

Bi1-xLaxFeO3 (x=0.0-0.5) thin films were prepared with sol-gel method. Formation of Perovskite BiFeO3 

with rhombohedral distortion in unit cell was confirmed using XRD. Dielectric constant increased from 

36.8 to 287 (log f =5.0) with increase in x from 0.0 to 0.3. 

Bi1-xBaxFeO3 thin films were prepared using sol-gel method and annealed at 300˚C. Phase pure BiFO3 

was observed in XRD patterns without any trace of non-Perovskite bismuth phases till dopant 

concentration 0.2. BaO phase was observed at high dopant concentration x = 0.25 and 0.3. Films with 

dopant concentration x = 0.2 showed dielectric constant and tangent loss of 153.61 and 0.0058 (log f = 

4.0) respectively. Activation energy of 1.8eV for Bi0.8Ba0.2FeO3 thin films indicated that oxygen 

vacancies were immobile thus leading to enhanced insulating behavior of BiFeO3. Bi1-xBaxFeO3 films 

showed ferromagnetic behavior with high saturation magnetization of 139.35emu/cm3 at dopant 

concentration 0.2. 

Nickel doped bismuth iron oxide nanoparticles were prepared by sol-gel route. A series of nanoparticles 

was prepared by varying their dopant concentration as 0 wt%, 1 wt%, 2 wt%, 3 wt%, 4 wt% & 5 wt%. 

XRD results confirmed formation of phase pure BiFeO3 till 4 wt% dopant concentration. Whereas peak 

corresponding to nickel oxide was observed at higher dopant concentration of 5 wt % due to increase 

of dopant concentration beyond certain limit. MH loops showed soft ferromagnetic behavior of 

nanoparticles. An increase in the value of saturation magnetization was observed from 0 wt% to 4 wt% 

(i.e., from 9.12 emu/g to 32.15 emu/g). This increase in saturation magnetization was attributed to 

suppression of helical spin structure. Further increase of dopant concentration to 5 wt% resulted in 

decrease of magnetization values due to appearance of NiO peak in XRD pattern. Nanoparticles 

synthesized by using 4 wt% carrier concentration resulted in high dielectric constant of 440.144(log 

f=5.0). Reduction in oxygen vacancies was observed by doping with Ni2+.  

Surface Photovoltage Spectroscopy (SPV) method has been used to characterize the surface of low 

dimensional structures important for applications in the electronics and optical fields. The detection of 

electronic transitions in BiFeO3 thin films helped in obtaining evidence of crystal structure induced 

phase changes in BiFeO3. The response of SPV was related to the band gap which was found to vary 

with the variation of type of solvent, ratio or substitutional variations. The work function of bismuth 

iron oxide (i.e., 4.79eV to 5.22 eV) matched well with the previously reported values under various 

conditions studied and optimized in the present study. Thus, the material prepared and optimized during 

this research work has the potential application in various electronic and spintronic devices because of 

its phase purity along with strengthened ferromagnetic nature at low synthesis / annealing temperatures.   
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Chapter # 1                  Introduction 

1.1 Introduction to Thin Film   

As transistor replaced the vacuum tube, it transformed electronics industry with more 

convenient, reliable, and flexible way to fabricate devices. Thin film integrated circuits offered 

such applications for electronic industry which were not possible to be implemented through 

discrete components. Integration allows complex circuits based on many diodes, transistors, 

capacitors, and other electronic components on a single chip which is normally made up of 

semiconducting material or an insulating substrate. Advanced circuits can be developed by 

adapting this methodology which can be used in modern computers, spaceships, and many 

other applications. Along with the benefit of size reduction, assembly of hundreds of circuits 

over a single chip makes this method cost effective along with the increase in reliability of the 

circuit. The era of integration brought us to study of thin films, in which one of the dimensions 

is reduced to less than 1 µm.  

1.2 Thin Film Network 

When circuits containing multiple components are imprinted over a substrate through thin film 

technology it is normally referred to as “thin film network”. It offers increase in circuit 

compactness. Its electrical performance is higher. It communicates between different 

constituents operating at frequencies of microwave range.  

Various applications of thin film network (TFN) are:  

1. Communication devices  

2. Electronic radar system for defense purpose  

3. Satellites  
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1.3 Deposition Techniques  

In the field of research, deposition of thin film of high quality over a substrate plays vital role. 

Various techniques have been established for this purpose (Hitchman and Jensen 1993, Smith 

1995). The various categories of thin film deposition are as follows: 

• Chemical vapor deposition (CVD)  

• Physical vapor deposition (PVD)  

• Wet chemical deposition  

Properties of the films deposited through any technique plays a vital role. Various methods 

influence growing rate, crystalline behavior (polycrystalline or single), interaction with 

substrate and structure (Tu et al 1992). A brief overview of some important techniques is given 

here.   

1.3.1 Chemical Vapor Deposition.  

CVD is the significantly utilized approach for the deposition of films. CVD is based on a 

chemical reaction of gas-based precursor from which metal oxide is deposited onto surface of 

substrate (Rees and Krauter 1996). Commonly used precursor is metal organic due to which it 

is named as MOCVD. The benefit of chemical vapor deposition is, its continuity, it can be 

executed continuously. Less energy is required in CVD as compared to other methods. It can 

be accomplished at industrial gauge. CVD enables us to deposit uniform thin films over a non-

uniform or complex shapes and surfaces. These coatings establish chemical bonds with the 

surfaces and give rise to a better adhesion. Through CVD the orientation, crystallinity, structure 

can be controlled by controlling the parameters involved. Films of high density and purity can 

be achieved by controlling deposition rate along with numbers of precursors (Choy, 2003). The 

various CVD methodologies are mentioned in figure 1.1.  
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Figure 1.1 Forms of CVD 

APCVD: Atmospherics pressure CVD involves heat treatment of precursor at atmospheric 

pressure, which develops a vapor pressure which is shifted through gas flow to the substrate at 

which reaction is done. (Choy, 2003). 

LPCVD: this technique is based on low pressure transportation of vapor pressure of precursors 

to the chamber where reaction is to be occur. (Fay et al., 2007).  

PECVD: Plasma enhanced CVD is method based on plasma in which generation of plasma in 

the reaction chamber causes the precursors to react (Lee et al. 2008).  

FACVD: In this methodology precursors which may be liquid or gas phase is transported to 

the flame under which it undergoes a chemical reaction (Choy, 2003). 

AACVD: it is the improved form of deposition which is based on solution of precursors using 

any solvent, which is shipped to substrate in form of aerosol through inert gas as a carrier. 

Solvent get evaporated on a heated substrate permitting the reaction to occur (Hou et al., 2006 

& Hamid et al., 2008). 

Spray Pyrolysis: it is latest form of deposition technique in which precursor solution is 

transferred to substrate surface in form of fine spray to form film and initiate reaction (Rees 

and Krauter 1996). 

CVD 

APCVD LPCVD PECVD AACVD
Spray 

pyrolysis
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1.3.1.1 Pros of CVD 

1. No requirement of vacuum. 

2. High rate of deposition. 

3. Relatively easy control over stoichiometry. 

4. Doping with controlled amount is fairly easy. 

5. No need of high temperature even for the deposition of material with high temperatures. 

6. Epitaxial layers with high perfection. 

7. Complex circuitry can be deposited. 

1.3.1.2 Cons of CVD 

1. Thermodynamics of reaction is difficult to control  

2. Substrates must be at high temperatures. 

3. Reaction of gases can be toxic, corrosive or explosive. 

4. Masking of substrate area is difficult. 

1.3.2 Physical Vapor Deposition.  

Physical vapor deposition (PVD) is the technique in which vapors are transported to the 

substrate by physical means. This process involves the condensation of material’s vapors 

(Pulker et. al. 1999 & Maissel et al. 1973). PVD based arrangements are listed in the figure 

1.2. 
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Figure1.2 Techniques of PVD 

1.3.2.1 Evaporation: 
When heat energy is supplied to any material up to its melting point in a chamber with reduced 

pressure, it starts evaporating. This methodology is also termed as “vacuum evaporation”. The 

atoms evaporated from the material move with higher velocity making straight line trajectory 

due to the gained energy. 

In this method substrate and source are placed into the same chamber in which vacuum is 

created. In the next step heat is supplied to source material as its melting point is achieved, it 

starts boiling and evaporation starts. The principal of evaporation is same for all technologies 

however the sources of heating can be used differently for different materials.  

The source can be melted by  

1. Resistive heating 

2. Electron beam heating 

3. RF heating 

In the past resistive and evaporation through electron beam were extensively used for the 

development of ICs, but now a days they have been swapped with sputtering for ULSI circuits. 

PVD

PLD Evaporation 

Resistive 
heating 

Electron 
beam heating 

Rf heafting 

Sputtering
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1.3.2.2 Sputtering 
In Sputtering particles bearing high amount of energy are targeted over a surface due to which 

few atoms are removed in a result of collision. This methodology belongs to the class named 

as PVD in which few atoms are ejected from target surface with the help of energetic particles 

followed by the condensation of these atoms or molecules over a surface normally referred as 

substrate (figure 1.3). through sputtering we can deposit films over variety of substrate 

including metals and semiconductors.    

Sputtering involves following steps:  

1. Generation of ions  

2. Ions are directed towards target material.  

3. Ions sputter atoms from the surface 

4. Sputtered atoms are transported towards substrate via region where pressure is kept low.  

5. Condensation occurs at substrate to form film.   

 

Figure 1.3 symbolic diagram of sputtering 

Features which ca be achieved through sputtering 

1. Good control over stress. 

2. Better adhesion of films. 

3. Horizontal and vertical thin films can be deposited  

4. Deposition of film over a selected area is difficult 
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1.3.2.3 Pulsed Laser Deposition  
Thin film deposition can be performed in high vacuum environment using this technique. In 

this method, laser pulses with high energy shines on the target due to which some of the 

material is removed through thermal process. The removed material is transported towards the 

substrate placed into the same chamber which is deposited over a substrate in the form of a thin 

film which can be crystalline or amorphous in nature (figure 1.4). in order to change thickness 

of the required films the various of pulses can be used (Park et. al., 2007). 

 

Figure 1.4  Layout of Pulsed Laser Deposition 

1.3.3 Wet Chemical Method 

Sol gel and Chemical bath deposition (CBD) are deposition methods based on chemical route. 

In these methods precursor solution is allowed to react chemically to form sol which lead to 

form a continuous solid named as gel. There are two main types  

• Spin Coating method involves the spinning of precursor solution onto the substrate 

which is kept on spinning on a certain rpm, due to rotation the solution drop spreads 

out to the substrate and solvent get evaporated (Nan et al 2008). 

• Dip Coating: in this method substrate is immersed into solution of precursor which is 

then pulled out and evaporation and annealing is being done to get layer of required 

material (Aegerter et al. 2004)   
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1.4 Characterization of Thin Film  

Various techniques for the characterization of thin film deposited through different techniques 

are listed in table 1.1. 

Table 1.1 Techniques for characterization of thin films 

Serial # Aims Methodologies 

1 How sample looks like? 

• Optical microscope 

• SEM 

• TEM 

• STM 

2 Structure of sample 

• XRD 

• RHEED 

• QCM 

• LEED 

3 Composition of the sample 

• AES 

• EDAX 

• SIMS 

• RBS 

• XPS 

4 Optical properties of the sample • Ellipsometry 

5 Electrical Properties • Four point Probe 

6 Magnetic Character 
• FMR 

• MOKE 

7 Mechanical Properties 

• Stress Curvature measurement 

• Adhesion test 

• Pin on disk test 

1.5 Multiferroics 

Multiferroic belongs to the group of materials in which there is existence of more than two 

ferroic orders like ferroelectricity, ferromagnetism and ferrotoroidicity. They have drawn 

attention due to the co-occurrence of at least two switchable states which give rise to the wide 

range of applications in various fields. Above this the coupling of two or more ferroic order 

yields new physical effects like the controlling of electric field through magnetic field and vice 

versa figure 1.5. The most desirable feature about multiferroics is the existence of both ferroic 
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orders at room temperature (fiebig 2005, Nan et al 2008, Ramesh et al. 2007, bibes et al. 2008). 

These materials have applications in memory devices, photonics and transducers etc. 

 

Figure 1.5  (a) Relationship between multiferroics (b) illustration of different types of coupling in multiferroics 

Effect of electric and magnetic field on the multiferroic materials can be illustrated as in figure 

1.6. 

 

Figure 1.6 illustration of multiferroic material as defined from the overlapped region. 

Multiferroics can be classified as  

Type I: in this type or multiferroic material ferromagnetism and ferroelectricity arises through 

independent sources. 

Type II: Ferroelectricity and magnetism are dependent on each other 

Type I multiferroic materials bismuth iron oxide is the most extensive one. BiFeO3 exhibits 

ferroelectricity and anti-ferromagnetism. The ferroelectric Curie temperature for both phases 

lies in room temperature range (Wang et al. 2003). Ferroelectric polarization about 90 µC/cm2 

is detected by bismuth iron oxide (BiFeO3) (Dho et al. 2006 and Wang et al. 2003,). Magnetic 
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moment of 0.05uB/Fe is observed (Neaton et al. 2005).  

In second type multiferroic materials like TbMnO3 the ferroelectric polarization is 

straightforwardly linked with the specific type of magnetic spiral or colinear structure.in both 

the case due to the magnetic interactions net polarization is observed at low temperatures (Hur 

et al. 2004, Kimura et al. 2003). The magnetic and electric field can be used to control the 

ferroelectric and ferromagnetic polarization (Kimura et al. 2003 and Tokura et al. 2010).  

1.6 Bismuth Iron oxide (BiFeO3)   

Among the numerous types of multiferroic constituents the bismuth iron oxide (BiFeO3), the 

most extensively studied materials. in recent years a lot of research groups has been working 

on multiferroics and the focus of research is bismuth iron oxide as displayed in figure 1.7. 

Numerous publications have been made in recent years on multiferroics in which BiFeO3 has 

major contribution.  

 

Figure 1.7 (a) Researches based on multiferroics and BiFeO3 in period of 2000–2015, and (b) publications on 

BiFeO3 during 2000–2015. 

Bismuth ferrite (BiFeO3) was firstly discovered by Royen and Swars in 1957. In 2003 

significant achievement was the large value of ferroelectric polarization of about 60 µC/cm2 

recorded from the epitaxially grown thin film of bismuth ferrite. Since bismuth iron oxide is 

widely studied in various form like bulk, thin films and nanostructures figure 1.8 indicates the 

statistics of BiFeO3 being studied in various forms.  
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Figure 1.8 Researches made on various forms of BiFeO3 in recent years. 

Bismuth iron oxide is only ABO3 type compound with single phase which exhibits multiferroic 

character at room temperature. This make BiFeO3 most suitable candidate for the fabrication 

of memory and spintronic gadgets. BiFeO3 has rhombohedrally distorted perovskite crystal 

structure. It belongs to R3c space group in bulk form. Two pseudo-cubic unit cells of bismuth 

iron oxide are represented in figure 1.9. The lattice parameters of the BiFeO3 has been reported 

in literature as a = 3.965 Å, α = 89.45˚ (Zeches et al 2009), and tilting angle of the FeO6 

octahedron is about 11˚.   

 

Figure 1.9 Structure of BiFeO3 represented with (a) hexagonal unit cell; (b) two pseudocubic 

unit cells(c) 2 ×2×2 super cell. 

It exhibits ferroelectric polarization across [111]. The unit cell of BiFeO3 exhibits hexagonal 

structure in which c axis is parallel to perovskite cubic diagonals labeled as [001]hexagonal 

parallel to [111] pseudocubic. In this state lattice constants are a = 5.58 Å and c =13.89Å (Kubel et 

al 1990). Figure 1.10 represents the hexagonal unit cell of the BiFeO3. 
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Figure 1.10 BiFeO3 unit cell illustrating hexagonal structure.  

It is also experienced that the structure of BiFeO3 can observe structural distortion at oxygen 

site with rotation angle of 11-14o about the polar axis where the rotational angle for O-2 at 

octahedral site for pure cubic structure should be zero because the sizes of both ions are same. 

The tolerance factor (τ) meant for BiFeO3 was recorded as 0.88 using Goldschmidt expression 

mentioned in equation 1.1. (Goldschmidt 1926)  

𝜏 =  
 (𝑟𝐵𝑖+𝑟𝑂)

   (𝑟𝐹𝑒+𝑟𝑂)1/2         (1.1) 

Coordination of eight- and six-fold exists among bismuth and iron. They have high spin 

(Moreau 𝑒𝑡 𝑎𝑙. 1971). As the tolerance factor becomes less than 1 the tilting of oxygen atom 

occurs, and oxygen gets fit into smaller unit cell. This shrinkage results in the distortion in iron 

oxygen iron bond angle. This shrinkage is the important reason due to which magnetic 

exchange as well as orbital overlapping can be controlled between oxygen and iron ions within 

BiFeO3 (Moreau et al 1971).  

The lone pair in s-orbital of Bi ion is responsible for the ferroelectric behavior. It shows 

ferroelectricity at Curie temperature of 1143K (Woodward et al 2003). Previous results indicate 

that defects are the main reason for the high leakage current in samples of bulk form (Lee et al 

2008, Singh et al 2006, Qi et al 2005). It was reported that deficiency of oxygen and Fe+2
 

formation was the main reasons of the leakage current. Adoption of low temperature synthesis 
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process results in reduction of leakage current (Wang 𝑒𝑡 𝑎𝑙. 2003). The temperature at which 

annealing is done reported in literature is about 450- 600oC. Problem of leakage current can be 

addressed by addition of dopant atoms as well on both A and B sites (Das 𝑒𝑡 𝑎𝑙. 2010, Singh 

𝑒𝑡 𝑎𝑙. 2006, Nalwa 𝑒𝑡 𝑎𝑙. 2008, Reddy 𝑒𝑡 𝑎𝑙. 2012 and Lebeugle 𝑒𝑡 𝑎𝑙. 2007).  

The magnetic charm of bismuth iron oxide is mainly caused by long and short-range ordering. 

BiFeO3 has G type antiferromagnetic short-range ordering as shown in figure 1.11. Single Fe+3
 

is enclosed by the anti-parallel spins of the nearest six neighboring Fe+3 ions. But adjacent spins 

are not distinctly anti parallel due to the lattice distortion. 

 

Figure 1.11 G type anti-ferromagnetism in BiFeO3. 

Weak magnetic moment is developed which is caused by the canted spin which is coupled with 

the ferroelectric polarization as shown in figure 1.12. Sublattices exhibiting antiferromagnetic 

character has spin cycloid magnetic ordering of about 62-64nm. (Lebeugle et al., 2007). The 

schematic illustration of spin cycloid is in figure 1.13. The TN in literature is reported as 641K 

(Polomska 𝑒𝑡 𝑎𝑙.  1974). In 1982, model of spin ordering in BiFeO3 was presented by 

Sosnowska, after that which was verified experimentally by XRD and Neutron scattering 

(Sosnowska 𝑒𝑡 𝑎𝑙. 1982 and Khomchenko 𝑒𝑡 𝑎𝑙. 2008).   
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Figure 1.12: weak ferromagnetic moment. 

 

Figure 1.13 Illustration of spin cycloid.  

The arrows with blue and green color in figure 1.13 indicate the canted antiferromagnetic spins 

which increase the magnetic moment. The spins are restricted within the plane distinguished 

by the cycloid propagation and polarization as represented by vectors in black and red arrows 

respectively. 

Symmetry of short-range magnetic order is broken by ferroelectric polarization. 

Dzyaloshinskii- Moriya Interactions are responsible for spin canting. Very small magnetic 

moment is observed (Singh et al., 2006). Piezoelectric and photoelectron x-rays microscopy 

are the tools which can be used to confirm the effect of coupling among ferroelectricity and 

magnetism in BiFeO3 (Zhao et al., 2006, Yan et al., 2010). 
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The amalgamation of pure phase BiFeO3 is tough to achieve. During synthesis different impure 

phases like Bi2O3, Bi25Fe99, Bi2FeO9 are observed. Volatility of bismuth is responsible for this. 

Figure 1.14 represents the phase illustration of Fe2O3 and Bi2O3. The appearance of bismuth 

abundant and lacking phases are due to the unbalanced distribution of Bi2O3 and Fe2O3 (Catalan 

et al 2009).   

 

Figure 1.14 phase diagram indicating different phases. 

The effective methods to limit the establishment of unwanted phases are replacement of 

suitable rare-earth metal like La+3, Dy+3, Ho+3, Nd+3, and Sm+3 or divalent ions like Ca+2, Sr+2, 

Ba+2, Pb+2 at bismuth site of BiFeO3 (Lahmar et al. 2009, Yuan et al. 2006, Yu et al. 2008, 

Naganuma et al. 2008, Kharel et al. 2009) or other substituents like Nb+5, Mn+4, Cr+3, Ti+4 at 

Fe site (Jun et al., 2007). A site replacement is more important because 6s2 lone pair’s reduction 

takes place with the replacement of Bi+3. In order to compensate the imbalance of charges, 

oxygen vacancies are created. The multiferroic character of bismuth ferrite is very delicate to 

the oxygen vacancies (Khomchenko et al., 2008).  

Tables 1.2 and 1.3 indicate the various substitutions made in BiFeO3 at Bi site or Fe site being 

reported in the literature 
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Table 1.2 Properties of BiFeO3 by substitution at Bi site.  

Material System Phase Structure 
d33 

(pC/N) 

Pr 

(µC/cm2) 

Ec 

(KV/cm) 

Mr 

(emu/g) 

BiFeO3 R 27 ~10 70 - 

Bi0.88Sm0.12FeO3 

(x=0.05) 
R - 40-50 130 0.07 

Bi0.875Sm0.125FeO3 Triclinic 29 15.1 90 - 

Bi1-xSmxFeO3 

(x=0.125) 
R 45 40 150 - 

Bi0.95Dy0.05FeO3 - - 31 120 0.02 

Bi1-xDyxFeO3 R 12-40 6.1-15 60-110 - 

Bi1-xNdxFeO3 R - 9-1.9 - 0-0.23 

Bi1-xNdxFeO3 R 28 - - - 

Bi1-xLaxFeO3 R >25 9.8 - 0.20 

Bi0.9La0.1FeO3 R - 6 - - 

Bi0.85La0.15FeO3 
Pseudocubic+ 

triclinic 
27.7 12 60 0.07 

Bi1-xCexFeO3 (x=0.15) R - 8.4 70 - 

Bi0.95Ho0.05FeO3 - - 1.59 5.43 0.73 

Bi0.9Ho0.1FeO3 R - 12.5 63 0.02 

Bi1-xYbxFeO3 

(x=0.15) 
R - 8.5 ~50 - 

Bi1-xEuxFeO3 (x=.10) R - - - 0.07 

(Eu,Gd,Tb,Dy)-

BiFeO3 
R 48-49 21-35 106-117 

0.01-

0.04 

Bi1-xPrxFeO3 R - - - 0.005 

Bi1-xSrxFeO3 (x=0.3) Triclinic - - - 0.09 

Bi0.74Ba0.30FeO3 
Pseudo-

tetragonal 
- - - 0.16 

Bi1-xBaxFeO3 - - ~5.5 - 0.75 

Bi1-xCaxFeO3 R-Triclinic - - - 0.03 
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Table 1.3 Properties of BiFeO3 by substitution at Fe site  

Material System 
Phase 

Structure 
Pr(µC/cm2) Ec(KV/cm) Mr(emu/g) 

BiFe0.75Ti0.25O3 - 0.08 2.57 0.02 

BiFe0.95Co0.05O3 R - -- 0.7 

BiFe0.95Zn0.05O3 - - 19.79 - 

BiFe1-xMnxO3 R 3.99 - - 

BiFe1-xTixO3 R - - - 

BiFe1-xScxO3 R - - 0.24-1.7m 

BiFe1-xTaxO3+x - 0.22 - 0.06 

BiFe1-xNbxO3 - - - 0.01 

BiFe1-xNbxO3 R - - - 

BiFe1-xHoxO3 (x = 

0.05) 
R 8.4 75 0.02 

BiFe0.95Ni0.05O3 R - - 0.1 

1.10 Role of Surface  

An interface can be defined as layer of atoms which acts as a barrier between two materials to 

come into contact. At interface, properties are significantly different as compared to the 

properties of the materials in separate state. For example, in case of a metal film over a 

semiconductor crystal is separated from the bulk of semiconductor through the metal 

semiconductor interface. 

As compared to the interface surface is a special type of interface through which material 

relates to the environment. In ideal case environment is vacuum. The development in the field 

of surface-based physics or improved knowledge of interface between solid and vacuum gained 

through modern experimental or theoretical tools led the foundation of development in the field 

of modern interfaces and physics of thin films. 

In Solid State Physics, information of surface and interface both are important for the 
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development of physical systems. A thin layer of solid deposited over a substrate can 

completely understood by the information of two things 1) interface 2) surface. Physics of thin 

films cannot be applied to the bulk materials. Similarly, the role of atoms present on the surface 

has different characteristics as compared to the atom present into the bulk  

1.8 Goals and Objectives  

Among the class of multiferroics BiFeO3 is the only multiferroic which exhibits coupling 

between ferromagnetic and ferroelectric characteristics; this character made BiFeO3 an 

unreplaceable candidate for the use in device fabrication. The Curie and Neel temperatures of 

BiFeO3 are above room temperature. Among various advantages associated to BiFeO3 there 

are some problems linked with BiFeO3 as the higher value of leakage current followed by 

higher dielectric loss which restricts application-oriented use of BiFeO3. These limitations are 

because of the existence of unwanted phases that appear during the synthesis process. Due to 

the volatile nature of bismuth, it is very difficult to achieve phase pure BiFeO3. 

In this research work we are strong-minded to characterize the surface and structure of bismuth 

iron oxide nanoparticles based thin films so that engineering of devices with the help of this 

material can be made possible  

1.9 Thesis Layout  

This thesis contains chemical based synthesis of BiFeO3 followed by different characterizations 

of nanoparticles based thin films. Current research job contains nine chapters.  

First chapter is based on the introduction of thin films, techniques which can be used to 

synthesized BiFeO3 thin films, various characterization techniques used and applications of 

thin films. 

Second chapter is based on the literature review in which effect of different dopants over 
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structural, magnetic, and other characteristics of the BiFeO3 thin films using various 

methodologies being reported into the literature. 

Chapters 3-9 cover the results and discussions of the different experimentations during this 

research work. 

Chapter 10 is a collection of all summaries of results chapters. Concluding remarks cover the 

correlation of various results according to the synthesis details. 
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Chapter 2            Literature Review 

2.1 Introduction  

Bismuth Iron oxide has drawn the attention of scientists across the globe due to its unique 

properties and the development of new physical concepts that arise due to the coupling of 

ferroelectric and ferromagnetic order.   

A lot of research article have been published in numerous research journals discussing the 

results of different researches being made regarding the issues associated with bismuth iron 

oxide.   

2.2 Literature Review   

Sharma et. al. (2020) prepared Polycrystalline nanoparticles by using sol gel technique of Bi1-

xErxFeO3 with factors x = 0.4, 0.8 and 0.12. He studied the analysis of preliminary structure 

and observed that the rhombohedral phase followed at stable position upto the value of 

approximately x = 0.08 and on the other hand, two types of phases exist at a time i.e. 

rhombohedral and orhorhombic. He also observed the relaxor behavior and studied the 

dielectric loss manner which depicted that the frequency is shifted with peak positions. He 

observed that the defects originated by the value of x = 0.04 with shifted value of x = 0.08 (213 

C) at about 240 oC and for the value of x = 0.12, it suddenly dissipated. He also discussed the 

analysis of ac conductivity which showed the process of thermally activated behavior of 

Arrhenius type. He studied the mechanism of electron and hole pair which depicted the 

dominancy under the region of low temperature value (I) whereas for the regions of low and 

medium temperature value (II and III), long- ranged small and localized hopping were 

dominant but for the region of high temperature value (IV and V), mechanism of single and 

double oxygen vacancies revealed. He also concluded that Er doped BFO showed the 
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enhancement in the properties of ferroelectric materials for the pure value of BFO i.e. x = 0.08 

and also for the value of x = 0.12, reduction in Pr value observed. He also revealed that UV-

Vis spectroscopy displayed the optical band energy under the values ranging from 2.10 eV to 

1.70 eV, signifying the various applications in the e-m spectrum of visible range. 

Wang et. al. (2020) has been prepared powders of Bi1-xSrxFe1-yCoyO3 (x, y = 0, 0.05) by using 

the technique of hydrothermal. He crystallized properly all the samples of Bi1-xSrxFe1-yCoyO3 

and showed that no phase of impurity found. He observed from XRD that by using the process 

of doping and phase alteration with Sr and Co co-doping, some sort of deformation in the 

structure of BFO observed. He also compared pure sample of BFO to attain the morphology of 

uniform surface. He studied the prologue of BFO lattice with Co and Sr and observed that BFO 

basically has resulted into the diminution of grain size particle. He also observed that the mm 

values of BFO samples increased over 0.136 emu/g in pure BFO to 5.66 emu/g in BSFCO and 

the properties of ferroelectric optimal materials has been attained through BSFCO in pure BFO. 

He concluded that the deformation in the lattices and the reduction in the size of grain particles 

have become an essential part in discussing the properties of ferroelectric and magnetic 

materials. Furthermore, he observed that the reduction of defects has also accountable for the 

enhanced properties of ferroelectric materials. He also concluded that by the doping of Sr and 

Co, the Eg value of BFO sample has effectively performed ranging from 2.06 to 1.24 eV. In 

comparison with pure BFO, the BFCO competence of photodegradation has improved 

considerably. 

Betancourt-Cantera et. al. (2018) successfully prepared Ni doped bismuth ferrites via ball 

milling technique. The sample were prepared for 5 h and pressing at 900MPa, sintered for 2 h 

at 700℃. For (x≤ 0.1), Ni doped BiFeO3 demonstrated a rhombohedral structure which shows 

unusual ferromagnetic behavior as a result of unpaid magnetic moment in two sub lattices of 

a-BiFeO3 which produced by the difference between the magnitude of magnetic moments of 
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Ni2+ and Fe3+. So, the maximum value of magnetization was obtained 2.9 emu/g for x ≤ 0.1. 

For high Ni doping concentration (0.2 ≤ x), BiFeO3 begins to alter a mixture of Bi25FeO40 

considered as majority phase and NiFe2O4that is achieved for x ≤0.4 which is obtained near to 

pure phase Bi25FeO40. This compound indicates ferromagnetic order (Ms = 9.2 emu/g) related 

to magnetic properties of NiFe2O4. For low Ni content, the sintered powders showed the 

dielectric characteristics, εr ~1000 and tan d~ 0.3 at 100 kHz attached to rhombohedral BiFeO3 

which gives the confirmation that multiferroic material is obtained with ferroelectric and 

ferromagnetic order. For high Ni content, due to the existence of Bi29FeO40, permittivity 

dismissed but losses increase. Ni2+ doping levels were higher than 0.1 which shows increase in 

conductivity due to oxygen vacancies generation.  

Lam et. al. (2017) used methods of synthesis, degradation pathways, surface alterations for the 

process of photocatalytic material and BFO photocatalysts for the treatment of water. He 

observed that the pure BFO played a wide role in accordance with deprivation of organic 

pollutants and has become advantageous as compared to the commercially offered 

semiconductor photocatalytic materials. He also discussed that in order to improve the behavior 

of photocatalytic BFO material, alterations of surface pathways together with: (i) To uphold 

the photoactivity of visible light, efficient constructing structures and facets disclosure has been 

used for the improvement of catalytic reaction by active regions and definite surface area (ii) 

To develop the division of electron hole pair competency and the wavelength of absorption, 

generation of heterojunctions possible (iii) Associate the materials of carbon by using g-C3N4 

or by using graphene to pre-concentrate the target pollutants and later photocatalysis of visible 

light. Even though, substantial innovation has been done, bitt still there are some important 

technical points that are needed to be further investigated. These points are described as (i) the 

design and strategy of more efficient nanostructures comprising porous materials through 

highly active contact surfaces (ii) The new heterojunctions developed with suitable CB and VB 
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including oxidation and reduction promises for required catalytic reactions. (iii) The visible 

light responsive mechanism of BFO photocatalysts desired in depth analysis ranging from 

experimental to computational techniques through novel characterizations.  (iv) The systematic 

and direct association of BFO with other visible light catalysts was crucial to present potential 

applications of solar photocatalyst system for next generation (v) The synthesis of BFO films 

with good photocatalytic performance. So, taking consideration on all these points, the use of 

BFO photocatalysis wastewater process would provide more interesting results in future. 

Sharma et al. (2019) used sol-gel technique to synthesize BFO polycrystalline nano structured 

and Mn doped BFO nano powder with the change of doping concentration (x = 0.1 and x = 

0.2). XRD pattern showed the pure phase of bismuth ferrite. EDX results confirmed that 

transition metals exist in the prepared samples according to stoichiometric ratio which reveals 

the combination of Mn atom in the lattice site of BFO. Dielectric analysis showed that dielectric 

constant increased value in Mn doped bismuth ferrite as compared to value of dielectric 

constant of pure phase bismuth ferrite. The ac conductivity of prepared ceramic samples was 

improved by the increased doping concentration of manganese. The magnetization of samples 

was noted to be improved as doping concentration was increased. As reported, when x = 0.2, 

there is significant increase in magnetic and electric properties of BiFe1-xMnxO3. 

Hassan et al. (2016) determined that BiFeO3 nanoparticles sysnthesized with 10% Ba Doping 

show a size reliant electrical and magnetic properties.  In this ~12 nm sample of Bi0.9Ba0.1FeO3, 

due to collective effect of cation substitution and size confinement give rise to saturation 

magnetization. A direct relationship between nanoparticles and their sizes bespeak about their 

soft nature making them suited candidate for device applications. The metamagnetic transitions 

have been observed for nanoparticles of 36 nm and 49 nm which vanishes with reducing 

particle size. Moreover, ferroelectric and optic measurements confirmed that mobile charges 

trim down due to Ba doping. Particle size dependant multiferroic characteristics are of great 
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interest and lead to think of nanoparticles synthesis process to control grain size to find 

application in devices of reduced dimensionalities. Furthermore, under low applied fields 

Bi0.9Ba0.1FeO3 nanoparticles at room temperature may find interesting for its presumptive 

magneto caloric effect. 

Danijela et al. (2016) synthesized powders BiFeO3 used hydrothermal methods in conjunction 

with hydro-evaporation and sonochemical effects to study a range of synthesis methods that 

could affect the physical and chemical attributes of samples in sintered and powder form.  A 

rigorous study of powders with smallest secondary phase content e.g., HE670 and HT200 

revealed optimal thermal treatments conditions.  The former powder HT200, in comparison to 

HE670, has slighter distribution of particle size with larger surface area. The structural, 

magnetic and ferroelectric properties were studied in ceramic specimens, HE/HT-9T of 88% 

and 96% theoretical densities. The samples were prepared by pressing powders at 9t/cm2 and 

sintered for 2 hours at 800 oC and found out that HE-9t and HT-9t, where HT-9t has relatively 

smaller grain size than HE-9t, carry small proportion of secondary phase of Bi2Fe4O9 and 

Bi25FeO39, respectively. A correlation of ferroelectric properties of samples was made with 

crystallographic and morphological attributes. At room temperature, the sample with smaller 

grain size, HT-9t, wielded larger values of electric polarization. This was expected as it has 

higher ceramic density and larger lattice distortion. However, owing to cross exchange 

interactions gave rise to coexisting anti/ferromagnetic interaction revealing exchange bias 

effect in HT-9t. However, HE-9t exhibited antiferromagnetic behaviour at room temperature 

and weak ferromagnetic at 5K. Overall the study of samples hydrothermally synthesized 

showed huge variation in ideal magnetic behavior with high electric polarization. 

Radhalayam et al. (2016) reported synthesis of BiFeO3 nanostructures by hydrothermal 

method. The synthesized samples had perovskite structure; 2-3 nm diameter nano rod 

morphology, 15-20 nm particle size, high surface area, narrow band gap, and weak 
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ferromagnetic behavior. Under the direct solar irradiance, the BiFeO3 structures showed 

photocatalytic response towards dye MV. Further, the sunlight/ BiFeO3/O2 and sunlight/ 

BiFeO3/H2O2 systems were evidenced to have contribution on the degradation of MV. 

Especially, the later of them showed stronger effect than the former. It was primarily due to 

high electron affinity of H2O2 which by restricting OH capture enhances the degradation 

efficiency. Accordingly, degradation rate constant for different catalytic systems were studied 

using XRD and Magnetic Framework to confirm the stability and recycling ability.                        

Sunil et al. (2016) described deposition of SiO2 based BiFeO3 nanoparticles developed by 

adopting solid state reaction method. The FTIR, TEM and Raman spectra also show content of 

SiO2 in SiO2 based BiFeO3 nanoparticles. Experimental studies were carried out for all three 

experiments with thermal expansion, octahedral damping, BVS, magnetic resonance 

recordings BiFeO3-SiO2 nanoparticles still showed loss of Shell in micro and Nanocrystalline 

BiFeO3. The observed changes in ε near the TN revealed a magnetoelectric relationship among 

magnetic and optical properties of BiFeO3 and SiO2 based BiFeO3 nanoparticles. The second 

phonon mode supports the theory of ferromagnetism in BiFeO3-SiO2 nanoparticles as 

compared to crystalline and microcrystalline BiFeO3. The effect of the conditions of the grain 

size of SGB on the microcrystalline mass, a BiFeO3 nano crystalline, was evaluated on the 

paper reported. The close correlation with the SGB seed price is found to be the driving force 

behind these behaviors. BiFeO3 nanoparticles turn ferromagnetic if they have sufficient grain 

boundaries. The study reveals that if SGB has a value greater than the value of 1.7 × 107 m2/ 

cm3 which is called threshold value, STH. 

Xuqing et al. (2016) processed the BiFeO3 crystals hydrothermally and noted that BiFeO3 pure 

crystals synthesis highly depends upon temperature and concentration of KOH. The unwanted 

phase Bi25FeO40 may become evident when the temperature was above 240 °C or below 140 ° 

C. The solubility of Bi6O6 6p and Fe(OH)4 strongly depend on the concentration of KOH. When 
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it is below 4 mole/L, the concentration of KOH might be due to the high concentration of Bi: 

Fe. Therefore, a temperature range of 140–240°C and a KOH concentration of 4–14 mol / L 

are useful for the growth of BiFeO3 crystals and prevents BiFeO3 decomposition. In addition, 

the normal and large crystals of BiFeO3 must be synthesized with high KOH content, low 

saturation, and reduced cooling rates. However, the influence of KOH adsorption is generally 

more striking. BiFeO3 crystals were characterized by an unusual swelling in the three-

dimensional octahedral shape and an increase in the concentration of KOH. Finally, it is 

advisable to reduce the degradation and improve the quality of BiFeO3 growth crystals to 

enhance the hydrothermal system performance. 

Yu et al. (2016) studied the effects of different (SM, Mn and Ni) doped microstructure and the 

analyzed the magnetic and optical properties of BiFeO3 films. The XRD method pattern 

showed that Sm, Mn and Ni ion are well embroiled in host lattice. The SEM scans show that 

the surface of the sample is dense and glassy. With the addition of Mn and Ni ion, the sample 

defect angle decreases from 2.61 to 2.46 volts, and the total concentration increases from 1.59 

to 5.02 emu / cm3. These results suggest that BSFMN may be a suitable target for electro-

optical and multiferroic memory devices. 

Radhalayam et al. (2016) synthesized hydrothermally nanostructures of Bi1-xLaxFeO3 (x = 0.00, 

0.05, 0.10 and 0.15). With an increasing La concentration, substitution induced lattice 

transition was observed from rhombohedral to orthorhombic. The images of HRTEM show a 

rod resembling morphology with a length ranging between 12-30 nm and about 1.5-3 nm in 

diameter. The results identified reduction of bandgap as concentration of La increases. Recent 

studies on photocatalytic catalysts have revealed significant photocatalytic degradation of 

phenol red (PR) by nanostructures. The photocatalytic activity of Bi1-xLaxFeO3 increases to 

90.1% when x rises from 0.0 to 0.10 and decreases to 82.6% for x = 0.15 resulting from the 

structural changes induced by the structure. In addition, the decomposition model of the entire 
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sample is described using the Langmuir - Hinshelwood method 

Khomchenko et al. (2016) reported the introduction of Nb in Bi0.9La0.1FeO3. Various 

characterizations have been performed in order to observe the structural variation followed by 

the alteration of magnetic and ferroelectric response. Nb concentration was varied to 0.02. 

structural analysis resulted that the rhombohedral symmetry sustained after the introduction of 

Nb as it was observed in host lattice Bi0.9La0.1FeO3. Cycloidal modulation properties which 

belonged to the rhombohedral structure were removed as the Nb incorporated into the lattice. 

decrease in grain size was observed followed by the decrease in ferroelectric response was 

observed. Magnetic behavior changed from antiferromagnetic to weak ferromagnetic. The 

occurrence of these morphological and magnetic transitions might be due to the compensation 

of charges which led the foundation of defects into the host lattice. It was observed that, these 

developments of magnetic and structural transitions occurring into the Nb doped Bi0.9La0.1FeO3 

suggested that defects introduced into the morphology of the material can be considered as 

controlling factor of magnetic character of BiFeO3 based multiferroics.  

Sando1 et al. (2016) reported that the optical fields can be controlled with the help of 

electro/acoustic-optic effects ferroelectrics or quratz like polar compounds. Recently, great 

progress has been made in the field of ferroelectric materials that has immense applications in 

spintronics, photovoltaics etc. Strain engineering done epitaxially, BiFeO3 thin films show a 

huge change in optical index. It is shown that electric field can induce a strain driven 

modification in light absorption. This gives rise to a reversible and independent of defects 

electro-chromic effect. The discoveries allow for a wide range of applications in electro-optical 

devices, showing possibility of a range of devices that can be envisioned  

Sakar et al.  (2016) reported the fabrication of 1-D bismuth ferrite nanostructures by adopting 

electrospinning process followed by the effect of applied voltage on the process. The threshold 

voltage of about 8KV was observed for the synthesis of BiFeO3 nanostructures. Applied 
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voltage is varied from 10KV to 20KV, increase in applied voltage resulted in the transition 

form of broken fibers which have rod like appearance to the belt like nanostructures. 

Morphological analysis resulted in the rhombohedral perovskite structure. Using field emission 

SEM and High Resolution TEM was used to estimate the average thickness of the developed 

rods which was observed in the range of 90-200nm. Optical response was recorded through 

UV visible spectroscopy while SQUID magnetometer was used to observe magnetic character.  

Optical properties were found to be dependent on dimension. The development of fiber was 

started as electrified jet which is forced to bend by the application of voltage.   

Sharma et al. (2016) reported photovoltaic attributes of BiFeO3 and barium titanate (BaTiO3). 

They prepared chemically thin film multilayered structure of BiFeO3/BaTiO3 on Pt/Ti/SiO2/Si 

substrate and confirmed pure polycrystalline perovskite along with rhombohedral and 

tetragonal phases of BiFeO3 and BaTiO3. With an energy gap of 2.62 eV, the ferroelectric 

structures on quartz shows a higher optical transmission (70%). The I-V characteristics and PV 

response shows a low dark current density 1.53×10-7 A at 5V. An enhancement of PV response 

was observed by adding 40 nm translucent Au as a high-resolution electrode in low-light 

conditions (λ - 405 nm, 160 mW / cm2). In addition, short circuit current and open circuit 

voltage were found to be 12.65 mA / cm2 and 1.43 V, respectively. The results obtained are 

very encouraging to use human engineering techniques to improve the properties of PV. 

William et al. (2016) adopted spin coating method to deposit thin films of bismuth ferrite using 

Pt/Ti/SiO2/Si as substrate. Thickness of the deposited film was varied. It was observed that the 

quality of the film and its thickness is strongly affected by the deposition parameters. All the 

films were uniformly deposited, and good adhesion was observed with the substrate. Various 

characterizations were performed. X-rays diffraction pattern and response of FTIR confirmed 

the formation of rhombohedral distorted structure. SEM images indicated the existence of pores 

in developed BiFeO3 phase over the said substrate. RMS was measured for different thickness 
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followed by the determination of roughness of the surface with the help of AFM. RMS was 

observed to decrease as the thickness of the film was increased. The dielectric and magnetic 

response of the porous structures was also observed.    

Zhong et al. (2016) showed the replacement of Y in BiFeO3 which resulted in 

1. elimination of impurity phases of BiFeO3 might be due to Y ions shielded those phases. 

2. Since it has been found that the magnetization potential (Mr) increases by increasing the 

dopant concentration, it can be stated that BiFeO3 can be slowly shifted from the AFM state to 

the ferromagnetic state by increasing the Y doping. 

3. It was observed that the magnetization of the sample with x = 0.20 and 5 K is about 350 

times higher than undoped ones which indicates a well-matched quality. 

4. It was concluded that the doping of Y is useful because of the balance of magnetic and 

dielectric behavior. 

5. Since the magnetic and dielectric properties of BiFeO3 have been significantly improved by 

doping with Y, it should be noted that these materials can be useful in many memory settings. 

Kuang et al. (2016) prepared thin films of BFO, BYFO, BYFC3, BYFC5 and BYFC10 with 

quartz substrate and Pt (111) / Ti / SiO2 / Si (100) using Sol-gel. XRD and micro-Raman spectra 

showed that the structure of all films is of the same rhombohedral perovskite type. Bi0.9Y0.1Fe1-

xCoxO3 (x = 0, 0.03, 0.05, 0.10) thin films showed a transition from the R3c core to the R-3m 

of the R-3m group due to the smaller Y3+. The visible Absorption spectra under UV light 

indicate that the replacement of the Y and Co ion at the Bi and Fe sites of the BiFeO3 layer 

resulted in an increase in the optical field. The absorption spectrum for example BiFeO3, 

BYFO, BYFC3, BYFC5 and BYFC10 is 2.41, 2.50, 2.42, 2.42 and 2.45 eV respectively. The 

ratio of the Fe2 + / Fe3+ concentrations of BiFeO3, BYFO and BYFC5 was 44:56, 42:58 and 

36:64 by XPS analysis. The magnetic field test revealed that the ground pressure (Hc) and 
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magnetization (Mr) values of the sample were 112 kOe and 0.34 memu / cm3 for BiFeO3, 110 

kOe and 0.24 memu / cm3 for BYFO, 205 kOe and 3.16 memu / cm3 for BYFC3, 505 kOe and 

8.50 meme / cm3 for BYFC5, 907 kOe and 39.94 meme / cm3 for BYFC10. Ferromagnetic 

behavior increased as the concentration of Co ion increased due to the absorption times of Co3+ 

and Fe3+. Co doping has been shown to play an important role in improving the ferromagnetic 

properties at the BiFeO3 (Y, Co) level. 

Mejía et al. (2016) prepared yttrium replacing the Bi1-xYxFeO3 probe (x = 0, 0.03, 0.07, 0.15, 

0.2 and 0.5) using a rigorous reaction method. Molecular imaging was obtained by scanning 

electron microscopy (SEM) techniques that demonstrate behavioral expression. In addition, the 

yttrium substitution observed a small particle size of BiFeO3. The specimens obtained by X-

ray diffraction (XRD) were also analyzed. The crystal structure and parameters were 

investigated by XRD. An update by Rietveld of the X-ray diffraction pattern showed that the 

conversion of BiFeO3 was replaced by the R3c type, with the network decreasing as the Y 

concentration increased.  

Alok et al. (2016) reported that the formation of YFe2O4 (YFO) is a challenge due to the high 

stoichiometry of oxy and can begin to understand the mechanism of various processes at low 

temperatures that is balanced by interaction between ions. (Fe2+ and Fe3+) give a telescope. 

Interfacial Fe-O lenses are calculated, inter-atomic Fe-O distances are calculated for Fe2+ and 

Fe3+ planes in poor (250 K) care conditions. Here are some of the difficulties that can be found 

during both comforts that can be solved by taking things. It is possible to improve the 

performance of the material by reducing its size, replacing the doping material and so on. 

Afzal et al. (2016) showed that bismuth ferrite is a cellular material that has high affinity and 

stiffness at room temperature. In his work, the effect of oxygen (O) on the properties of bismuth 

ferrite nanoparticles was carried out. Bismuth ferrite nanoparticles (BiFeO3) were synthesized 

using a water pump (SEM) at room temperature. The sample was subjected to two atmospheric 
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conditions, such as air and oxygen, to check the effect of gravity. The crystal size of bismuth 

ferrite (NP) nanoparticles, such as X-ray diffraction (XRD), fell between 23-32 nm and 26-39 

nm for oxygen and oxygen conditions. The temperature of bismuth ferrite nanoparticles 

increases with the temperature change from 450 oC to 650 oC. The effect of heat transfer on the 

magnetic properties of bismuth ferrite nanoparticles is observed. Bismuth ferrite nanoparticles 

were successfully completed under solidification and solidification conditions. The solvent is 

enriched with unification that leads us to beautiful architecture and beautiful architecture. 

Tang et al. (2016) catalyzed BiFeO3 and BiFeO3 in combination with Gd, Mn containing a 

hydrothermal system within KOH containing the reaction. The samples were studied using X-

ray diffraction, scanning electron microscopy, electron microscopy, Raman spectroscopy, 

quantification and quantification. Rietveld and Raman reconstructions are shown in Gd, Mn 

analysis from the transition from diamond to diamond. The selected section and the high-

resolution electric field show an impressive array of prepared images. Compared to the 

magnetization-magnetic coupling conditions found in pure BiFeO3, you can obtain a MeH 

hysteresis loop Bi0.9Gd0.1FeO3, which is provided by the half-wave and magnetic field of Gd3+. 

Electromagnetic fields are used and the flow rate is reduced to BiFe0.9Mn0.1O3 and 

Bi0,9Gd0,1Fe0,9Mn0,1O3. Exercise of BiFe0,9Mn0,1O3 and Bi0,9Gd0,1Fe0,9Mn0,1O3 by two large 

orders compared to pure BiFeO3 to date. 

Stojadinov et al. (2016) reported that the synthesis of polycrystalline Bi1-xPr(Ce)xFeO3 

ceramics (x = 0, 0.03, 0.05 and 0.10) employs urea as a fuel. The influence of Pr (Ce) on the 

structure, mobility, wood composition and properties of polymer ceramics was studied. Using 

X-ray diffraction (XRD) and electron microscopy analysis, doping imaging has been found to 

reduce the number of BiFeO3 cells as well as the rhombohedral keywords due to increased 

stress. The changes observed in the XRD and Raman spectra of 10% of the Pr (Ce) samples 

refer to the rhombic (pseudo-tetragonal) structure. Impeccable BiFeO3 shows a darker and less 
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dense hysteresis. The dielectric and dielectric properties show a low dispersion potential at low 

frequencies, which reflects BiFeO3. The dielectric and organic furniture in the room are better 

thanks to the Pr. As regards the model doped with Ce, only 3% of the sample doped with Ce 

showed an improved hysteresis cycle and better dielectric properties compared to the 

impeccable pFFOO3. As the Ce content increases, the soil degrades  

Leonard et al. (2016) The solar cells sensitized to the ZnO dye were affected by problems with 

dye aggregation that resulted in an increase in current recombination. The aggregation of dye 

has been combined with ruthenium-based dye solutions at pH 5, which is lower than the ZnO 

zero point at pH 9, which causes positive charges on ZnO surface, that form Zn2+ - staining 

complexes. The authors presented chemical method to produce the heterogeneous design of 

ZnO and BiFeO3 or BFO. Solar cells are provoked N719 and use CuSCN as a guide for hole. 

The solar cell made up of hetrostructure ZnO-BFO-N719-CuSCN showed an increase in 

efficiency about four times to 0.38%, and Jsc twice of 1.38 mA / cm2 compared to the ZnO-

N719-CuSCN architecture. An improved performancewas observed with the addition of 

BiFeO3 due to the reduction of dye. The role of BiFeO3 as an electron obstructive layer that 

avoids electron reverse tunneling. 

Beniwal et al. (2016) reported the magnetic, structural and electric response of BiFeO3 co-

doped with Ce and Mn, using sol gel method. Reduction in secondary phases and structural 

changes were observed with the introduction of both dopants into the host lattice. Temperature 

dependent dielectric behavior of pure and doped samples were determined with the range of 

1KHz- 1MHz. Magnetic character revealed better ferromagnetic character accompanied with 

improved ferroelectric character. These improvements were co related with the structural 

modifications.  Leakage current associated with BiFeO3 was observed to decrease as the dopant 

content (Ce) increased. These observed properties of doped BiFeO3 can be utilized in the 

development of functional materials.   
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Dhanalakshmi et al. (2016) adopted sol-gel based auto combustion process to develop BiFeO3 

with substitution of Mn. Various techniques like XRD, SEM, EDX, FTIR were used to 

characterize the structure of the prepared samples. Temperature dependent Conductivity and 

dielectric response was studied over a wide range of frequency. Typical dielectric behavior was 

observed in pure bismuth iron oxide whereas Mn doped BiFeO3 showed anomalous dielectric 

response which might be due to the hopping mechanism of the charge carriers. Magnetic and 

ferroelectric character was studied with the help of respective hysteresis loop. Improvement in 

the remanant polarization and saturation magnetization was observed along with increase in 

conductivity as Mn substituted Bi into the BiFeO3 lattice.  These improvements in properties 

of Mn substituted BiFeO3, make BiFeO3 a suitable candidate for the development of 

magnetoelectric devices.   

Manisha et al. (2016) synthesized Bi0.8Ba0.2Fe1-xMnxO3 (where x varies from 0 to 0.2) through 

a conventional method known as solid state reaction. The X-rays diffraction was used to study 

the structure of Ba and Mn co doped multiferroic. Rhombohedrally distorted perovskite 

structure was observed which indicated that all the samples belong to R3c space group. A good 

agreement was found between observed and calculated data through Rietveld refinement. 

Magnetic response was measured at room temperature. Transformation of antiferromagnetic 

behavior to ferromagnetic behavior was observed. This transformation of magnetic response 

was co related with the structural modifications.  Temperature dependent Dielectric response 

of all the synthesized samples was observed using impedance analyzer within the frequency 

range of 10Hz-5MHz. Dielectric constant and tangent loss showed dispersion at lower 

frequencies for various temperatures in all the samples. 
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Chapter # 3 Solvent Mediated Structural, 

Electronic and Magnetic Phase 

Stability in Bismuth Iron Oxide 

Ceramics 

3.1 Introduction  

Bismuth ferrites (BiFeO3) are widely used in engineering applications including electronics, 

microelectronics and spintronics. The favorable combination of magnetic and electronic 

properties makes them quite important and indispensable for a variety of devices / applications. 

BiFeO3 crystallizes with a rhombohedrally distorted perovskite structure at room temperature 

is one of the well-identified single-phase material having multiferroic behavior. 

Rhombohedrally distorted Perovskite structure transforms to GdFeO3-Pbnm like structure or 

to orthorhombic γ-phase at higher temperatures (~1100K) (Hong et al. 2015).  However, it is 

very difficult to prepare phase pure bismuth ferrites through conventional procedures due to 

fluctuation state of iron ions, and volatilization of bismuth ions. Thus, different wet chemical 

methods have been used to achieve phase pure bismuth iron oxide.  

Properties of BiFeO3 nanoparticles greatly depend on the particle size and morphology because one 

or more of the following reasons. (i) Quantum size effects, (ii) surface and interface effects and 

(iii) changes in cell parameters and lattice symmetry. Particles with smaller size exhibit 

quantized energy levels with energy difference of  = EF /N, where EF is the Fermi energy and 

N is the number of electrons. Quantum size effects become pronounced when particles’ sizes 

are small i.e.  is comparable to the characteristic energy parameters (Hong et al. 2015).  

Second reason is about the relative increase in number of atoms at the surfaces and interfaces 

with decrease in particle size (Pattnaik et al. 2018). Whereas, third reason deals with variation 

in the cell parameters and lattice symmetry. For smaller particle size lattice constants show a 
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steady change, i.e. an increase for most nonmetallic particles. Nevertheless, such changes are 

small but responsible for significant changes in many physical properties. Moreover, size 

effects may be large adequate for structural transition—to a phase with a more symmetric 

structure (Klarbring et al. 2018). 

For reducing the size of bismuth iron oxide nanoparticles various methods have been reported 

among which sol-gel provides the benefits of being low cost and application-oriented 

technique. However, calcination temperature reported for synthesis of phase pure bismuth iron 

oxide is in the range of 400-800˚C (Shah et al. 2014, Riaz et al 2014, Kim et al. 2005, Wang et 

al. 2012). Various synthesis parameters have been reported in addition to high temperature 

calcination for controlling the size of nanoparticles and attaining phase pure BiFeO3. Kim et 

al. (2005) prepared bismuth iron oxide powders using sol-gel method by leaching the 

nanoparticles with variation in nitric acid concentration (0.005M, 0.05M and 0.1M) along with 

annealing at 600˚C. Wang et al. (2012) synthesized bismuth iron oxide nanoparticles via sol-

gel method with citric acid and tartaric acid as chelating agents. Song et al. (2015) synthesized 

bismuth iron oxide ceramics using high-energy ball milling along with spark plasma sintering 

with variation in milling time and sintering temperature. Vijayasundaram et al. (2015) prepared 

bismuth iron oxide nanoparticles using metal complex and modified Pechini sol-gel route along 

with variation in calcination temperature as 450˚C, 500˚C and 550˚C.  

3.2 Experimental Details 

3.2.1 Preparation of BiFeO3 Ceramics – Effects of Solvents 

An important thing that has been neglected during previous sol-gel synthesis methods is the 

solvent itself. In order to obtain bismuth iron oxide nanoparticles at low temperature, we used 

two different solvents i.e. acetic acid (AA) and ethylene glycol (EG). To the best of our 

knowledge this is for the first time that phase pure bismuth iron oxide nanoparticles are 
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prepared using variation in solvents only. Variations in structural and magnetic properties of 

bismuth iron oxide nanoparticles have been correlated with the choice of solvent as well as 

with variation in calcination temperature. 

3.2.2 Materials and Methods  

Nitrates of bismuth (Bi (NO3)3.5H2O) and nitrates of iron (Fe (NO3)3.9H2O) were used as 

precursors. Two different solvents were used in this research work i.e. acetic acid CH3COOH 

(AA) and ethylene glycol (EG) C2H6O2. 2.42g of bismuth nitrate was dissolved in 20ml solvent 

(AA or EG) and was stirred at room temperature for 120mins (solution 1, pH 1). 2.01g of iron 

nitrate was dissolved in 20ml solvent and was stirred at room temperature for 120mins (solution 

2, pH 1). Solution 2 was added drop wise in solution 1. Solution 3 which is the resultant solution 

was heated on hot plate at 80˚C for 8hrs to obtain bismuth iron oxide sol with pH 1. For 

obtaining bismuth iron oxide nanoparticles, this sol was dried on hot plate to obtain powder 

that was calcined at 100˚C, 200˚C and 300˚C.  

3.2.3 Characterizations 

Structural properties and phase analysis of bismuth iron oxide nanoparticles were studied using 

Bruker D8 Advance X-ray diffractometer (XRD) using CuKα (1.5406Å) radiations and Ni 

filter. The machine was operated at 40 kV and 35 mA. Hitachi S-3400N Scanning Electron 

Microscope (SEM) was used to analyze surface morphology of samples. SEM micrographs 

were captured in SE mode of operation. Optical phonon modes of bismuth iron oxide (BiFeO3) 

nanoparticles were studied using Raman Spectroscopy. For magnetic characterization of 

samples Lakeshore’s 7407 Vibrating Sample Magnetometer (VSM) was used. The data 

acquisition was performed with a time constant of 0.3s for 60 points; this results in around 10 

mins of data acquisition time under continuous mode. 
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3.3 Results and Discussion 

M-H plots of bismuth iron oxide sols are shown in Figure 3.1 (a,b). Wasp-wait M-H curve 

(Figure 3.1(a) for bismuth iron oxide sol prepared using AA indicates the presence of 

ferromagnetic and antiferromagnetic domains. While ferromagnetic behavior (Figure 3.1(b)) 

with coercivity of ~300Oe was observed for sol prepared using EG as solvent. Development 

of uncompensated magnetic moments during sol synthesis strongly affect the magnetic 

properties of bismuth iron oxide nanoparticles, as discussed in later sections.  

 

Figure 3.1 M-H plots for bismuth iron oxide sols synthesized using (a) AA (b) EG as solvent 

Rietveld refinement of XRD patterns were carried out using High Score Plus software. Least 

square method was used to obtain best fit between experimental and calculated pattern from 

trial structure. Refinement was done with the use of R3c (161) space group using Voigt 

function and matching was done with cif file no. 1001090. Good fit was obtained between the 

experimental and calculated patterns as can be seen by low values of goodness of fit (χ2) in 

Table 3.1. Refined structural parameters and residual factors are listed in Table 3.1.         

Figure 3.2(a-d) shows the Rietveld Refined patterns of XRD for bismuth iron oxide 

nanoparticles prepared using acetic acid (AA) as solvent. These nanoparticles show amorphous 

behavior under as-synthesized conditions and after calcination at 100˚C (Figure 3.2(a, b)). At 

200˚C transition from amorphous state to crystalline BiFeO3 was observed (Figure 3.2(c)). As 
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calcination was further increased to 300˚C strengthened phases of BiFeO3 and Bi2Fe4O9 

appeared ((Figure 3.2(d)). 

Figure 3.2 Refined XRD patterns of bismuth iron oxide nanoparticles prepared using AA as solvent (a) as-

synthesized conditions and calcined at (b) 100˚C, (c) 200˚C and (d) 300˚C 

Crystalline behavior of nanoparticles was observed even under as-synthesized conditions when 

EG was used as solvent (Figure 3.3(a)). It is worth mentioning here that no complexing agent 

or stabilizer was used during synthesis process. Diffraction peaks are indexed with JCPDS card 

no. 86-1518 and all peaks correspond to BiFeO3 indicating the formation of phase pure BiFeO3 

under as-synthesized conditions.  Peaks corresponding to bismuth rich or bismuth deficient 

phases were not observed even after calcination of these nanoparticles at 300˚C showing phase 

stability after calcination (Figure 3.3(b-d)). To the best of our knowledge, this is the lowest 

temperature stated for preparation of phase pure BiFeO3. Wang et al. (2012) reported phase 

pure bismuth iron oxide at 850˚C. Song et al. (2015) reported phase pure BiFeO3 ceramics at 

750˚C. Vijayasundaram et al. (2015) reported phase pure BiFeO3 nanoparticles at 500˚C.  
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Figure 3.3 Refined XRD patterns of bismuth iron oxide nanoparticles prepared using EG as solvent (a) as-

synthesized and calcined at (b) 100˚C, (c) 200˚C, and (d) 300˚C. 

Table 3.1 Refined parameters for BiFeO3 nanoparticles synthesized using EG as solvent; Refinement was 

carried out using High Score Plus Software with R3c (161) space group   

Conditions  
Cell 

Parameters 
Sites 

Positional Coordinates 
R factors  

X Y Z 

AA 

200˚C 

a 5.54(Å) Bi1 0 0 0.22 Rexp 7.69 

b 5.54(Å) Fe1 0 0 0 Rp 4.24 

c 13.77(Å) O1 0.09 0.32 0.10 Rwp 13.33 

V 366.23(Å3)     Rb 49.89 

       χ2 3.00 

 

300˚C 

a 5.57(Å) Bi1 0 0 0.22 Rexp 7.69 

b 5.57(Å) Fe1 0 0 0 Rp 4.71 

c 13.67(Å) O1 0.097 0.32 0.10 Rwp 13.74 

V 367.72(Å3)     Rb 46.65 

      χ2 3.19 

EG 

As-

synthesized 

a 5.55(Å) Bi1 0 0 0.22 Rexp 8.11 

b 5.55(Å) Fe1 0 0 0 Rp 3.632 

c 13.77(Å) O1 0.09 0.32 0.10 Rwp 12.63 

V 367.58 (Å3)     Rb 43.54 

 χ2 2.42 

 

100˚C 
a 5.56(Å) Bi1 0 0 0.22 Rexp 7.61 

b 5.56(Å) Fe1 0 0 0 Rp 4.64 
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c 13.78(Å) O1 0.09 0.32 0.10 Rwp 6.65 

V 369.29(Å3)     Rb 43.54 

      χ2 0.76 

 

200˚C 

a 5.57(Å) Bi1 0 0 0.22 Rexp 7.77 

b 5.57(Å) Fe1 0 0 0 Rp 5.01 

c 13.79 (Å) O1 0.097 0.32 0.10 Rwp 6.39 

V 370.83(Å3)     Rb 41.44 

 χ2 0.67 

 

300˚C 

a 5.59(Å) Bi1 0 0 0.22 Rexp 7.43 

b 5.59(Å) Fe1 0 0 0 Rp 4.30 

c 13.79(Å) O1 0.0976 0.32 0.10 Rwp 6.41 

V 374.12(Å3)     Rb 34.53 

      χ2 0.74 

Ethylene glycol belongs to the family of organic solvents known as diols. In diol, two 

functional groups are present which are composed of oxygen atom bonded to carbon and 

hydrogen atom through ϭ-bond (González et al. 2006). Both of these bonds (C-O and H-O) are 

polar because of high electronegativity of oxygen atom. Existence of these two bonds increases 

polar nature of diol family. Ethylene glycol acts as a bridging chelating ligand because of the 

presence of second hydroxyl group which replaces alkoxide ligands and results in formation of 

bonds with alkoxides (González et al. 2006).  Such reaction is extremely desirable in achieving 

phase pure bismuth iron oxide because of the presence of heterometallic units (Chen et al. 

2015).  Existence of two hydroxyl groups in ethylene glycol as compared to one hydroxyl group 

in acetic acid (Figure 3.4), makes it promising to readily keep heterometallic units during 

hydrolysis reaction (González et al. 2006, Chen et al. 2015). Such reactions result in achieving 

a highly homogenous sol using ethylene glycol (EG) as solvent as compared to acetic acid 

based sol. Furthermore, to keep heterometallic units during synthesis, with required 

stoichiometry, is an important requirement to obtain sol with desired composition.  
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Figure 3.4 Schematic for molecular formula (a) AA (inset: sol & nanopowders synthesized using AA) (b) EG 

(inset: sol and nanopowders synthesized using EG) indicating the presence of one and two hydroxyl groups 

respectively 

Crystallite size (t) and dislocation density (δ) were calculated using Eqs. 3.1 and 3.2 (Cullity 

1956, Riaz et al. 2008). 

t = (0.9λ)/(Bcosθ)          (3.1)    

δ= (1/t)                     (3.2)             

Where, λ is the wavelength (1.5406Å) for Cukα radiations, B is full width at half maximum, 

and θ is the diffraction angle. Crystallite size and dislocations density of these nanoparticles 

synthesized using AA and EG as solvent are plotted as a function of calcination temperature in 

Figure 3.5 (a,b). Crystallite size (t) of bismuth iron oxide (BiFeO3) nanoparticles synthesized 

using AA as solvent is found to be 16.11 nm and 15.08 nm at 200˚C and 300˚C, respectively. 

Crystallite size increases from 10.21 nm under as-synthesized conditions to 11.56 nm by 

increasing calcination temperature to 300˚C. Increase in crystallite size is indicative of the 

strengthening of BiFeO3 phase (Riaz and Naseem 2007) as was observed in patterns of XRD 

of Figure 3.3(a-d). Moreover, increase in crystallite size shows lowest surface energy due to 
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diffusion of nuclei, as a result of coalescence, and migration of grain boundaries (Hillert 1983). 

 

Figure 3.5(a) Crystallite size and (b) dislocation density plotted as a function of calcination temperature 

3D Diamond structure of EG based BiFeO3 nanoparticles showed rhombohedrally distorted 

perovskite structure, as shown in Figure 3.6. It was observed from the structure that ferroic 

order and spontaneous polarization in BiFeO3 is due to Bi3+ stereo chemically 6s2 lone pair 

electron (Kumar et al. 2012). BiFeO3 possess a network of oxygen octahedral, where cations 

of Fe3+ lies inside the octahedral and cations of  Bi3+ occupy the cavities’ positions as shown 

in Figure 3.6 (a). Figure 3.6(b) shows wire model of BiFeO3 nanoparticles with citation of 

different atoms in the crystal structure. Bond length and bond angle of Fe-O and Bi-O are given 

in Table 3.2. These values are in agreement with those given in literature (Chen et al. 2015, 

Kumar et al. 2012).  It can be seen in Table 3.1 and 3.2 that increase in unit cell volume with 

increase in calcination temperature for nanoparticles synthesized using EG as solvent results 

in changes in Fe-O bond angle and bond length that will in turn strongly influence the 

magnetization of bismuth iron oxide nanoparticles.   

 

Figure 3.6 (a) Front view and (b) connectivity wire model of EG based BiFeO3 nanoparticles 
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Table 3.2 Bond lengths and angles of BiFeO3 nanoparticles synthesized using EG as solvent 

Conditions 
Bond 

Type 

Bond Length 

(Å) 
Bond Type 

Bond Angle 

(˚) 

as-

synthesized 

Bi-O1 2.29 Bi1-Fe1-O1 149.59 

Bi-Fe 3.04   

Fe-O1 1.92   

 

100˚C 

Bi-O1 2.27 Bi1-Fe1-O1 149.59 

Bi-Fe 3.00   

Fe-O1 1.91   

 

200˚C 

Bi-O1 2.29 Bi1-Fe1-O1 149.53 

Bi-Fe 3.01   

Fe-O1 1.92   

 

300˚C 

Bi-O1 2.29 Bi1-Fe1-O1 149.69 

Bi-Fe 3.02   

Fe-O1 1.94   

 

Refined lattice parameters and unit cell volume, taken from Table 3.1, are plotted as a function 

of calcination temperature in Figure 3.7(a,b) and 3.7(c), respectively. Increase in lattice 

parameters and unit cell volume was observed, in nanoparticles (Figure 3.7(c)) with increase 

in calcination temperature up to 300˚C. Stability of crystal and lattice parameters is governed 

by the balance between long-range coulomb forces and short range repulsive forces. The short-

range repulsive forces are controlled by the nearest neighbor interactions with insignificant 

influence on crystal size. Long-range forces along with cooperative phenomena are affected by 

the crystallite size (Klarbring et al. 2018).  The increment in lattice parameters and unit cell 

volume arises due to increase in crystallite size, which is still lower than the critical size of 

62nm (length scale of cycloidal spin structure in pure bismuth iron oxide), as shown in Figure 

3.5(a) and Figure 3.7. Moreover, reduction in surface tension due to increased crystallite size 

also leads to unit cell expansion (Klarbring et al. 2018).  Thus, increase in lattice parameters 

and volume of unit cell exhibits strengthening behavior of BiFeO3 phase. 
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Figure 3.7 (a,b) Lattice parameters a and c and (c) unit cell volume for bismuth iron oxide nanoparticles as a 

function of calcination temperature 

Raman spectroscopy is a powerful method to study vibrational and bonding properties of 

materials. Figure 3.8 shows Raman spectra of bismuth iron oxide nanoparticles synthesized 

using EG as solvent under as-synthesized and calcined conditions. BiFeO3 belongs to R3c with 

distorted rhombohedral unit cell and 10 atoms in the unit cell. This leads to presence of 18 

phonon modes with 4A1 modes, 5A2 modes and 9E modes (Chen et al. 2015).  According to 

group theory, 13 Raman modes are active including 4A1 and 9E modes, while A2 modes are 

inactive. Bi-O bonds contribute to both A1 (TO) and E (TO) modes while Fe-O bonds 

contribute to E (TO) modes (Chen et al. 2015).  Presence of Raman modes at wave numbers 

97.7 cm-1 corresponding to E(TO) and 126.5cm-1 and 316cm-1 corresponding to A1(TO) modes 

indicates the formation of phase pure BiFeO3 (Palai et al. 2010, Haumont et al. 2006). Raman 

spectroscopy clearly indicates that BiFeO3 nanoparticles are phase pure with no presence of 

parasitic phases. Increase in peak intensities, corresponding to both E(TO) and A1(TO), shows 

strengthening and stability of BiFeO3 phase when nanoparticles are calcined at 300˚C. 
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Figure 3.8 Raman spectra for bismuth iron oxide nanoparticles prepared using EG as solvent 

From Raman spectra, energy difference between excited and vibrational ground state for E(TO) 

and A1(TO) vibrational modes was calculated using Eq. (3.3) (Gode 2011) and are listed in 

Table 3.3. 

    ΔE=hʋ=hωc                                         (3.3) 

Where, h is the Planck’s constant, ω represents the angular frequency and c is the speed of light 

in air.   

Table 3.3 Energy difference between excited and vibrational ground states for BiFeO3 nanoparticles prepared 

using EG as solvent 

Condition Phonon mode Wavenumber (cm-1) ΔE (eV) 

As-synthesized 

E(TO) 99 0.006 

A1(TO) 
132.78 0.01 

315.45 0.01 

100˚C 

E(TO) 96.35 0.006 

A1(TO) 
124 0.01 

315 0.01 

200˚C 

E(TO) 97.23 0.006 

A1(TO) 
127 0.01 

317.5 0.01 

300˚C 

E(TO) 97.7 0.007 

A1(TO) 
126.5 0.01 

316 0.01 

Figure 3.9 shows SEM images of bismuth iron oxide (BiFeO3) nanoparticles. Nanoparticles 

synthesized using AA as solvent show large agglomerated particles with size in the range of 

100-200nm. Nanoparticles with reduced diameter ~ 50nm were observed with increase in 
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calcination temperature to 300˚C (Figure 3.9(a-d)). Whereas, spherical nanoparticles with 

diameter ~10nm were observed under as-synthesized conditions using EG as solvent [Figure 

3.9(e)]. Nanoparticles with diameter ~15 nm were observed with increase in calcination 

temperature to 200˚C and 300˚C (Figure 3.9(g-h)). It has already been mentioned earlier that 

ethylene glycol has two hydroxyl groups (Gonzalez et al. 2006, Chen et al. 2015) thus giving 

rise to fast nucleation rate. Fast rate of nucleation results in larger number of nuclei with small 

size thereby helping in producing grains with smaller diameter which has been observed in EG 

based nanoparticles. 
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Figure 3.9 SEM images of bismuth iron oxide nanoparticles prepared using AA as solvent (a) as-synthesized (b) 

100˚C, (c) 200˚C, (d) 300˚C and prepared using EG as solvent (e) as-synthesized (f) 100˚C, (g) 200˚C, (h) 

300˚C 

Bismuth iron oxide, a multiferroic material, shows varying magnetic properties depending on 

the synthesis conditions. The M-H plots for bismuth iron oxide nanoparticles under as-

synthesized conditions is shown in figure 3.10. Weak ferromagnetic (FM) behavior is observed 

(e) 

 

(f) 
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for nanoparticles prepared using AA as solvent while change from weak to strong FM behavior 

was observed when solvent was changed to EG. This change over from weak FM to strong FM 

behavior was observed owing to two reasons: 1) transition from amorphous to crystalline phase 

purity with change in solvent from AA to EG, observed in Figure 3.2(a) and Figure 3.3(a); and 

3.2) Reduced grain size of EG synthesized nanoparticles as compared to AA nanoparticles (at 

300˚C), as observed in SEM images (Figure 3.9). 

 

Figure 3.10 M-H plots for bismuth iron oxide nanoparticles under as-synthesized conditions 

Figure 3.11 (a) and (b) shows M-H curves for bismuth iron oxide nanoparticles prepared using 

AA and EG as solvent respectively and calcined in the temperature range of 100-300˚C. For 

nanoparticles prepared using AA as solvent transition from weak FM to strong FM (Figure 

3.11(a) inset) was observed as calcination temperature was increased to 200˚C. This transition 

is associated with formation of BiFeO3 phase as was observed in Figure 3.2(c). At 300˚C due 

to presence of mix phases (Figure 3.2(d)) restructuring process takes place that results in 

paramagnetic behavior of nanoparticles. Whereas, strong ferromagnetic behavior persisted as 

calcination temperature was increased to 300˚C when EG was used as solvent (Figure 3.11(b)).  
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Figure 3.11 M-H plots for bismuth iron oxide nanoparticles prepared using (a) AA (b) EG as solvent and 

calcined at 100-300˚C; inset is showing schematic representation of cycloidal spin structure of BiFeO3 

According to predicted results of local interactions in BiFeO3 lattice, antiferromagnetic spin 

ordering is mainly governed by magnetic moment and Faraday rotation (Tamilselvan et al. 

2014). Ferromagnetic behavior (FM) in bismuth iron oxide nanoparticles arises owing to two 

main reasons: 1) Ferrimagnetic alignment: in this case antiparallel alignment arises between 

Fe2+ and Fe3+ cations with unequal magnetic moments thus giving rise to finite magnetization 

in bismuth iron oxide nanoparticles. In case of stoichiometric BiFeO3 the most stable valence 

state for iron cations is 3+ (Bi et al. 2008). Antiparallel coupling between Fe2+ and Fe3+ cations 

is stable because five electrons in d-orbital can hop to their neighboring sites via oxygen as a 

result of which kinetic energy gain increases. According to Hund’s, the five unpaired electrons 

with spin up occupy half-filled 3d shell (t3
2ge

2
g). t2g orbitals take up the non-bonding character 

while eg orbital is responsible for 180˚ bonding between cations, anions and oxygen 2p orbitals. 

180o super exchange coupling in BiFeO3, dictated by Goodenough-Kanamori rule, is given in 

the following expression (3.4) (Bi et al. 2008). 

+−−−+ 323 FeOFe                                      (3.4) 

Ideally, the presence of half-filled eg orbitals on both sides of oxygen anions are responsible 

for antiferromagnetic properties. However, if iron cations are spatially ordered then a quasi-

ferrimagnetic effect can be observed. Thus, one Bohr-magneton moment will arise in the 
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material. Because of the presence of polaronic conduction between Fe3+ and Fe2+ cations (as 

can be seen in Eq. 3.5) ferromagnetic nature is induced in BiFeO3 (Kadomtseva et al 2006). 

−+++ eFeFe 32
          (3.5) 

The resultant effect of antiparallel coupling between Fe2+ and Fe3+ cations is known as super 

exchange interaction (Change et al 2006). Modification in magnetic properties takes place via 

creation of energy barrier that is related to length scales. Magnetization of the specimen will 

not be able to follow the random orientation of magnetic moment if the grain size is less than 

this length scale. From Neutron diffraction studies, the spin structure of BiFeO3 cannot be 

completely explained as G-type antiferromagnetic. Instead it is formulated by long wavelength 

forming spin cycloid as can be seen in Figure 3.11b (inset). Therefore, presence of 

ferromagnetic behavior in BiFeO3 is also attributed to the presence of cycloidal spin structure, 

which is described by a wavevector that is perpendicular to [111]c and oriented along [110]hex. 

This type of modulation results in zero-volume averaged spontaneous magnetic moment. 

However, only if the magnetic moment is non-zero over the cycloidal period then 

ferromagnetic behavior arises in BiFeO3. For pure bismuth iron oxide, length scale of cycloidal 

spin structure is 62nm (Riaz et al 2014, Riaz et al 2015, Majid et al 2015). When the grain size 

is less than 62nm, as observed in case of EG based nanoparticles, shown in Figure 3.9, 

suppression of spiral spin structure takes place that leads to ferromagnetic behavior in 

otherwise antiferromagnetic bulk bismuth iron oxide. 

Saturation magnetization (Ms) and coercivity (Hc) for bismuth iron oxide nanoparticles are 

plotted in Figure 3.12 (a) and (b) as function of calcination temperature respectively. Saturation 

magnetization of bismuth iron oxide (BiFeO3) nanoparticles prepared using EG as solvent 

increases from 9.121emu/g under as-synthesized conditions to 21.96emu/g for nanoparticles 

calcined at 300˚C. This increase in saturation magnetization arises due to two reasons: 1) Phase 
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stability of bismuth iron oxide nanoparticles as was observed in Figure 3.3(a-c); 2) Change in 

bond angle (Table 3.2) results in changes in tilting angle of FeO6 octahedron that results in 

changes in suppression of spiral spin structure 3) Relatively smaller grain size (<62nm). Low 

values of grain size leads to conversion of helical spin structure to linear spin structure as a 

result of which magnetization of bismuth iron oxide nanoparticles increases (Majid et al 2015). 

Figure 3.12 indicates that nanoparticles prepared using AA as solvent show low magnetization 

and high coercivity due to presence of amorphous structure and mixed phases as observed in 

Figure 3.2. Comparison of saturation magnetization of bismuth iron oxide nanoparticles with 

previously reported values is given in Table 3.4. It can be seen that saturation magnetization is 

high as compared to that reported in literature. 

           

Figure 3.12 (a) Saturation magnetization and (b) coercivity for bismuth iron oxide nanoparticles as a function of 

calcination temperature 

Table 3.4 Comparison of saturation magnetization of bismuth iron oxide nanoparticles, prepared using EG as 

solvent, with literature 

Present Work 

(Solvent = EG) 
Literature 

Condition 
Ms 

(emu/g) 
Method 

Calcination/Sintering 

temperature (˚C) 

Ms 

(emu/g) 

As-

synthesized 
9.12 

Modified Pechini sol–gel 

approach 

(Hasan et al 2016) 

450 7.5 

100˚C 13.17 
Thermal decomposition 

(Masoudpanah et al 2015) 
500 1.3 

200˚C 16.27 
Modified hydrothermal 

route (Jaiswal et al 2010) 
350 7.2 

300˚C 21.96 
Combustion reaction 

(Ortiz et al 2013) 
500 3.4 
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Coercivity has shown a reverse behavior to magnetization with increase in temperature, as 

shown in Figure 3.12, which is accredited to magnetocrystalline anisotropy field and grain size. 

Coercivity (Hc) is also related with crystallite or grain size in a polycrystalline ferrite and 

depends on the size of domain (Herzer 1990). To obtain first-order anisotropy constant for EG 

based BiFeO3 phase pure nanoparticles, law of approach to saturation (LAS) has been used to 

calculate the saturation magnetization (Ms) and anisotropy constant (Ku1). In polycrystalline 

materials it is assumed that spin-rotation process gives major contribution to magnetization at 

relatively high fields, as given in Eq. (3.6) (Peng et al 2015, Cullity and Graham 2009).  

M=Ms (1-A/H-B/H2)+H                                                                        (3.6) 

where H is the field-induced forced magnetization and Ms is the spontaneous saturation 

magnetization of domains, respectively. A is a constant related with effects of micro-stress 

and B is the contribution of magneto-crystalline anisotropy. Magneto-crystalline anisotropy is 

given by Eq. (3.7) (Peng et al 2015).  

B = 4K2
u1/15Ms

2         (3.7) 

The magnetization plots vs. 1/H2 at high fields, for EG based nanoparticles, exhibit straight 

lines as shown in Figure 3.13 (a). 

This trend shows that contribution of the micro stresses and the terms of magnetization are 

small. The first-order anisotropy constant Ku1 is derived from straight line slope using Eq. (3.7). 

Figure 3.13 (b), clearly represents a decrease in Ku1 with increase in temperature. This trend 

shows that BiFeO3 nanoparticles retain perpendicular anisotropy, i.e., the c-axis retains the 

principle easy axis.  

In theory, high permeability results due to small anisotropy constant. In the present studies, this 

is an important parameter to modify the dynamic response of magnetic properties while 
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retaining high permeability. Critical size of the single domain is shown in Figure 3.13 (c). This 

value was derived from Eqs. (3.8-3.9) given below (Peng et al 2015) 

=4(AKu1)
1/2                                                                              (3.8) 

d=2rc=9oIs
2=9/oMs

2                                                                                                     (3.9) 

where c is the domain wall energy density, the exchange stiffness constant A is 4.1×107 erg/cm 

(Geiler et al 2008), and d is the critical size. The assessed size of the single domain gives direct 

indication that the samples are of multiple domain structures.  

     

Figure 3.13 (a) High field magnetization vs. 1/H2 and variation in (b) first anisotropy constant Ku1, (b) critical 

size of single domain of EG based BiFeO3 nanoparticles 

Figure 3.14 shows magnetization of EG based bismuth iron oxide nanoparticles as a function 

of temperature. Magnetization measurements were carried out with 200Oe field cooling (FC) 

and without 200Oe field cooling (ZFC). No splitting of FC and ZFC curves was observed in 

EG based nanoparticles indicating the presence of ferromagnetic ordering at low temperatures. 

As temperature was decreased magnetization was observed to increase for both FC and ZFC 

curves. This behavior is ascribed to development of modulated spin structure of BiFeO3 
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(Khajonrit et al 2017). Sharp cusp is observed for nanoparticles at low temperatures (Tcusp) 

(<100K) after which decrease in magnetization of ZFC curves takes place. This type of 

behavior in bismuth iron oxide nanoparticles is associated with magnetic domain pinning 

effect. Pinning of magnetic domains at low temperatures arises due to non-uniformly dispersed 

defects that has a strongly affects domain wall motion (Huang et al 2013). 

 

     

     

Figure 3.14 FC/ZFC curves for EG based bismuth iron oxide nanoparticles under (a) As-synthesized and after 

calcination at (b) 100˚C; (c) 200˚C; (d) 300˚C 

Comparison of structural and magnetic properties of nanoparticles prepared using AA and EG 

as solvent is given in Table 3.5. It can be seen that nanoparticles prepared using EG as solvent 

show better structural and magnetic properties with phase stability as compared to 

nanoparticles prepared using AA as solvent.  
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Table 3.5 Comparison of structural and magnetic properties of bismuth iron oxide nanoparticles prepared using 

AA (acetic acid) and EG (ethylene glycol) as solvent 

 

Condition 

Phase 
Saturation 

Magnetization (emu/g) 

AA EG AA EG 

As-

synthesized 
Amorphous BiFeO3 

Weak 

ferromagnetic 
9.12 

100˚C BiFeO3+Bi2Fe4O9 BiFeO3 
Weak 

ferromagnetic 
13.17 

200˚C Amorphous BiFeO3 3.44 16.27 

300˚C BiFeO3+Bi2Fe4O9 BiFeO3 Paramagnetic 21.96 

Synthesized nanoparticles were pressed into pellets to investigate ac electrical properties. 

Dielectric constant (ε) and tangent loss (tan δ) were calculated using Eqs. 3.10 and 3.11 

(Chakarbati et al 2015). 

ε = (Cd)/εoA                               (3.10) 

tan δ = 1/(2πfεεoρ)                                        (3.11) 

Where, d and A are thickness and area of the specimen, respectively. C is the capacitance in 

parallel plate configuration, εo is the permittivity of free space and ρ is the resistivity.  

Figure 3.15(a-d) shows dielectric constant and tangent loss for bismuth iron oxide nanoparticles 

prepared using AA (acetic acid) and EG (ethylene glycol) as solvent, respectively. Fixed values 

of dielectric constant were observed in low frequency region, whereas, increased values were 

observed at high frequencies (log f > 6.5; f =3MHz) (Figure 5(a-b)) for both the solvents used. 

Different types of polarizations, i.e. ionic, electronic and dipole, are accompanied with 

dielectric constant under the effect of an alternating electric field. Net polarization in dielectric 

material is the combined effect of above mentioned 3 polarization types (Puttaswamy et al 

2016). Space charge polarization dominates at low frequency whereas electronic and ionic 

polarizations have remarkable effect at high frequency regions. Generally, higher value of 

dielectric constant is observed in low frequency regime. Such behavior of dielectric material 

arises due to presence of space charge polarization coming from the accumulated charges at 
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grain boundaries. Whereas, dipoles do not respond effectively at high frequencies producing 

low dielectric constant (Venkateswarlu et al 2001). On the other hand, ionic and electronic 

polarizations may increase at higher frequencies in nanomaterials provided the domains follow 

high frequency behavior. Polycrystalline materials comprise of various domain walls, such as 

71o, 109o and 180o (Cui et al 2010). Effective polarization, because of the easy rotation during 

polarization, can be observed in domains with 71o and 109o domain walls as compared to those 

with 180o domain walls. Moreover, the dielectric constant of the material would increase if the 

number of domains with 71o, 109o domain walls increase. Smaller values of grain size lead to 

increased number of low angle domain (Cui et al 2010) and thus increasing the value of 

dielectric constant. (Gao et al 2015).  Further, charges may get trapped by lattice distortions, 

vacancies and presence of defects at the grain boundaries and within the grains of nanoparticles 

(Qian et al 2010). Such phenomena are responsible for anomalous behavior of dielectric 

constant as observed in the present study [Figure 3.15(a, b)]. Moreover, this type of dispersion 

can be ascribed to resonance effect. Resonance effect arises when frequency of applied field 

becomes equal to the frequency of mobility of space charge carriers (Yang et al 2010).  

Tangent loss for nanoparticles prepared with AA (acetic acid) and EG (ethylene glycol) is 

shown in Figure 3.15(c,d). Tangent loss decreases as frequency of applied field increases and 

becomes constant at high frequency region exhibiting normal dispersion behavior as opposed 

to anomalous behavior observed for dielectric values. The space charge carriers originating 

from bismuth and / or oxygen vacancies follow the applied electric field at low frequencies 

thus they contribute to variation in tangent loss at low frequencies. 
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Figure 3.15  Dielectric constant for (a) AA & (b) EG based BiFeO3 NPs and tangent loss for (c) AA & (d) EG 

based BiFeO3 NPs 

Dielectric constant and tangent loss are plotted as a function of calcination temperature in 

Figure 3.16 (a) and (b), respectively. Dielectric constant for AA synthesized nanoparticles 

increased from 40.91 to 70.51 (log f =4) after calcination at 200˚C. This increase in dielectric 

constant is attributed to the transition from amorphous to crystalline state as observed in XRD 

pattern (Figure3.2(c)).  

High dielectric constant for EG based nanoparticles was observed as compared to AA. This 

increased dielectric constant is attributed to phase purity of bismuth iron oxide nanoparticles 

as was observed in the XRD patterns. In case of nanoparticles prepared with EG as solvent 

dielectric constant increased from 52.82 to 85.2 (log f =4) after calcination at 300˚C. It has 

already been mentioned in the earlier section of dielectric discussion that large number of 

domain walls with smaller angles (71˚, 109˚) are more probable to be found in materials with 

reduced grain size leading to higher dielectric constant values (Kao et al 2004). 
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Figure 3.16 Variation in (a) dielectric constant (b) tangent loss for BiFeO3 NPs as a function of calcination 

temperature 

Comparison of dielectric constant of bismuth iron oxide nanoparticles prepared using EG and 

AA as solvent with literature is given in Table 3.6. It can be clearly seen from this table that 

dielectric constant of bismuth iron oxide nanoparticles, prepared in this research work, is high 

as compared to the previously reported values (Bhushan et al 2009, Dhir et al 2014) even under 

as-synthesized conditions. This comparison shows that methodology adopted in the present 

study helped in creating low angle domain walls even in as-synthesized samples.    

 Table 3.6 Comparison of dielectric constant of bismuth iron oxide nanoparticles with literature 

 

 

Conditio

ns 

Dielectric constant 
 

 

Literature 

log f = 3.0; 

f = 1kHz 

log f = 6.0;  

f = 1MHz 

log f =7.3;   

f = 20MHz 

AA EG AA EG AA EG 

As-

synthesize

d 

33.29 58.38 33.35 
58.4

2 
86.59 170.23 

Yang 

et al. 

(2010) 

650oC 

~38 at  

f=20MH

z 

100˚C 40.91 75.06 40.99 
75.5

3 

119.6

2 
210.74 

Busha

n et al. 

(2009) 

550oC 
45.5 at 

f=1MHz 

200˚C 70.51 83.76 75.59 
83.8

2 

246.9

5 

461.91 

 

 

 

Dhir 

et al. 

(2014) 

 

450oC 

 

52.7 at 

f=1kHz 
300˚C 57.01 84.53 57.15 

84.6

2 

163.8

0 

1050.2

0 

Dielectric material is composed of grains and grain boundaries. Grains show high conductivity 

as compared to grain boundaries (Vijayasundaram et al. 2015). Grain and grain boundary 

contributions have been studied with the help of Cole-Cole plots, composed of real impedance 
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on x-axis and imaginary impedance on y-axis. In ideal case, three semicircles are obtained in 

Cole-Cole plot arising due to grain, grain boundary and interface between grains and electrode. 

Since relaxation time for grain boundaries and grains is high as compared to interface so high 

frequency semicircle is assigned to grains and mid frequency semicircle is assigned to grain 

boundaries. However, if interface boundary resistance is dominating ωmax goes outside the 

frequency range and only an arc of Cole-Cole plot is observed (Nasir et al 2011). Such behavior 

has been observed in case of nanoparticles prepared using AA as solvent (Figure 3.17(a)). 

Whereas, high frequency semicircle arc that is centered on the real axis is observed for 

nanoparticles prepared using EG as solvent (Figure 3.17(b)). In this case because of high grain 

boundary resistance semicircles of grain and grain boundaries are not separated. For 

determining the role of grain and grain boundaries, impedance data was fitted using Zview 

software according to an equivalent circuit model. The circuit model used was composed of 

grain resistance connected in series with parallel combination of grain boundary resistance and 

capacitance. Relaxation time, resistance and capacitance for BiFeO3 nanoparticles prepared 

using EG as solvent are given in Table 3.7. Increase in grain and grain boundary resistance 

with increase in calcination temperature is indicative of decrease in conductivity of 

nanoparticles thus increasing the dielectric constant. Dielectric relaxation time for bismuth iron 

oxide nanoparticles prepared using EG as solvent is close to that reported by Das et al. (2012). 

 

                  Figure 3.17 Cole-Cole plots for bismuth iron oxide nanoparticles prepared using (a) AA (b) EG as 

solvent 
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Table 3.7 Variation in relaxation time, grain boundary resistance and capacitance for BiFeO3 nanoparticles 

prepared using EG as solvent 

Condition 
fmax 

(Hz) 

τ (10-5 

sec) 

Grain 

resistance   

(Ω) 

Grain 

boundary 

resistance 

(105Ω) 

Grain 

boundary 

capacitance 

(pF) 

As-

synthesized 980.42 16.23 8626.20 7.56 214.45 

100˚C 1713.46 9.288 8529.21 7.94 116.86 

200˚C 983.49 16.18 9776.60 9.16 176.64 

300˚C 980.69 16.22 18564.0 16.37 99.08 

a.c. conductivity (ϭ) of bismuth iron oxide nanoparticles was calculated using Eq. 3.12 

(Bhushan et al. 2009, Dhir et al. 2014) 

ϭ = 2πfεεotan δ                       (3.12) 

a.c. conductivity in dielectric materials is associated with bound charge carriers 

(Vijayasundaram et al. 2015). These charge carriers hop between different states through 

tunneling from one potential well to another. Increase in frequency supports hopping process 

and results in increased a.c. conductivity. a.c. conductivity for EG based BiFeO3 nanoparticles 

(calcined at 300˚C) in the temperature range of 30-210˚C is plotted in Figure 3.18. Two distinct 

regions, observed for the entire temperature range studied, correspond to: region I-frequency 

independent conductivity and region II - frequency dependent conductivity. 

 
 

Figure 3.18 a.c. conductivity in temperature range of 30˚C to 210˚C for BiFeO3 nanoparticles prepared using EG  
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Jonscher's power-law is obeyed by the frequency dependent conductivity as mentioned in Eq. 

3.13 (Yang et al. 2010). 

ϭa.c.(ω) = ϭd.c. +Aωn                                (3.13) 

Where, ϭd.c. signifies d.c. conductivity, strength of polarizability of material is determined by 

constant A, interaction between lattice and mobile ions is reflected in the frequency exponent 

n (Nasir et al. 2011). As per Jonscher’s power law, conductivity depends upon frequency 

because of relaxation of ionic medium after movement of particles (yang et al. 2010, Nasir et 

al. 2011). Table 3.8 shows a.c. conductivity fitting parameters obtained using Eq. 3.13. For d.c. 

conductivity frequency exponent (n) is 0, and it is ≤1 when the conductivity is because of bound 

charge carriers i.e. a.c. conductivity (Das et al. 2012). Values of n, obtained using Jonscher 

fitting, lie in the range of 0.611-0.900 (<1) with variation in temperature [table 3.8]. Such 

temperature dependent behavior shows that motion of charge carriers involves sudden hopping 

process along with translational motion (Behera et al. 2008). Further, dominance of grain 

resistance over grain boundary gives rise to a change in the slope of a.c. conductivity vs. 

frequency curve. The frequency at which this phenomenon takes place is known as hopping 

frequency (Gheorghiu et al. 2013). Hopping frequency (ωp), carrier concentration (N) and 

carrier mobility (μ) were calculated using Eqs. 3.14-3.16 (Singh et al. 2011); values are given 

in Table 3.8.  

ωp = (ϭd.c./A)1/n                      (3.14) 

N = (ϭd.c.T)/ ωp                        (3.15) 

       μ = (ϭd.c.)/ Ne                      (3.16)     

 

 

 



 Chapter # 3  Effect of Solvent 

 

 

P
ag

e 
6
2

 

Table 3.8. Parameters determined from Jonscher's power-law fitting and Eqs. 3.14-3.16 in the temperature range 

of 30˚C to 210˚C 

T 

(oC) 

ϭd.c. 

(S.m-1) 

 

 

n 

 

A 

Hopping 

frequency ωp 

Carrier 

concentratio

n N (S.m-

1.Hz-1) 

Mobility 

(m2.V-1.s-1) 

 

R-I 

(10-6) 

 

R-II 

(10-

4) 

R-

I 

 

R-

II 

 

R-I 

(10-

11) 

R-

II 

(10-

10) 

R-I 

(kHz) 

R-II 

(kHz

) 

R-I 

(10-

10) 

R-II 

(10-13) 

R-I 

(1023) 

R-II 

(1027

) 

30 5.77 6.59 
0.

88 

0.9

0 

2.5

3 

1.4

6 

1148.

9 

2484

1.37 
1.51 8.84 2.39 4.6 

60 5.10 1.82 
0.

86 

0.8

7 

2.0

3 

7.4

0 

1746.

5 

1425.

88 
1.75 9.28 1.82 3.5 

90 3.06 4.97 
0.

82 

0.8

6 

12.

0 

7.8

2 
242.4 

6017.

42 
11.4 9.18 0.16 3.4 

120 1.41 3.03 
0.

78 

0.7

7 

21.

6 

5.0

2 
73.5 

3057

2.63 
23.1 10.82 0.03 22.9 

150 1.04 65.9 
0.

76 

0.7

1 

72.

1 

4.1

8 
14.3 

1.37E

+7 
57.0 23.03 0.005 

1286

8.6 

180 1.02 68.1 
0.

71 

0.6

8 

79.

7 

6.1

2 
23.9 

2.22E

+7 
77 20.01 0.008 

2501

9.7 

210 1.24 82.3 
0.

67 

0.6

1 

81.

6 

6.8

5 
56.1 

3.46E

+8 
86.4 21.00 0.01 

4544

21 

3.4 Summary 

Bismuth iron oxide nanoparticles were synthesized using application-oriented sol-gel method. 

Acetic acid and ethylene glycol were used as solvents for synthesis purpose. Samples were 

calcined at 100oC, 200oC and 300oC. Anomalous behavior of dielectric constant was observed 

for NPs without any calcination. Higher values of dielectric constant (52.82-85.2 (log f =4)) 

were observed for EG based NPs after calcination at 300˚C. Increase in dielectric constant, 

along with anomalous behavior, was observed with raise in characterization temperature (30oC-

210oC). Increased conductivity at higher temperatures was termed as correlated barrier hopping 

mechanism using Jonscher’s power law. Raman analysis of nanoparticles showed the 

strengthening of phase of bismuth iron oxide for EG based sample. Magnetic response of AA 

based nanoparticles was weak ferromagnetic (FM) while strong FM character with higher value 

of Ms as compared to the literature was observed for EG based BiFeO3 NPs.  
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Chapter # 4  Bi/Fe Ratio based Structural, 

Electronic and Magnetic Phase 

Stability in Bismuth Iron Oxide 

Ceramics 

4.1 Introduction 

Multiferroic belong to the important class of materials that exhibit the coexistence of different 

ferroic properties including ferromagnetism, ferroelectricity, ferroelasticity etc (Riaz et al 

2014, Majid et al. 2015, Hasan et al 2016). In addition to their fascinating properties, 

magnetoelectric coupling between different properties provide multiferroic materials with 

additional degree of freedom in designing various magnetic, electronic and sensing 

applications (Biasotto et al 2011, Hasan et al 2016). However, the materials that exhibit 

multiferroic properties are limited. This limitation arises due to the fact that origin of 

ferroelectricity and ferromagnetism are different (Hasan et al 2016). Basic requirement for 

ferromagnetism is presence of partially filled dj orbital. On the other hand, basic requirement 

for ferroelectric properties is presence of do electrons (Hasan et al 2016, Riaz et al 2014, Shah 

et al 2014). 

Various multiferroic materials are reported to date including RMnO3 (R=Bi, Tb, Ho), BaMF4 

(M=Mn, Fe, Co), YMnO3, YbMnO3. Among these materials, bismuth iron oxide (BiFeO3) is a 

potential candidate as it exhibits highest antiferromagnetic Neel temperature and highest 

ferroelectric Curie temperature in contrast to other multiferroic materials (Suresh et al 2015, 

Riaz et al 2015). Bismuth iron oxide crystallizes in rhombohedrally distorted perovskite that 

belongs to R3c space group. Because of mutual interaction between spin-orbit interaction and 

exchange coupling deviation from pure antiferromagnetic behavior arises with helical spin 

structure and periodicity of 620Å (Wang et al 2012, Majid et al 2015, Shah et al 2015). Helical 
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spin structure results in cancellation of magnetic moment in bulk bismuth iron oxide. But 

significant ferromagnetic behavior arises in otherwise antiferromagnetic bismuth iron oxide 

nanoparticles as the particle size drops below critical size limit (Remirez et al 2015).  

However, preparation of bismuth iron oxide is a challenging issue due to narrow stability 

temperature range that leads to the formation of non-perovskite bismuth iron oxide (Zhang et 

al 2005). Traditional solid-state reaction methods show that bismuth iron oxide can easily lead 

to the formation of bismuth rich and bismuth deficient phases. These impurities can be removed 

by using leaching process with diluted HNO3. This leads to changed stoichiometry and coarser 

powders (Chen et al 2015). Another method reported for synthesis of bismuth iron oxide 

nanoparticles includes liquid phase sintering. But this technique involves high temperature 

sintering/calcination (Wang et al 2004). Another method reported for synthesis of bismuth iron 

oxide nanoparticles is hydrothermal method at low temperature. But this method required long 

reaction times (Di et al 2015).  

An alternate approach is to use low temperature sol-gel method. But several reports show that 

temperature required for crystallization of bismuth iron oxide nanoparticles involve high 

temperatures in the range of 400-700˚C (Liu et al 2006, Xu et al 2009). An important factor 

that is being neglected during sol-gel synthesis of bismuth iron oxide nanoparticles is Bi/Fe 

ratio.  Di et al. (2014) varied n (Bi3+/Fe3+) = 0.025, 0.0375, 0.05 and0.0625M using 

hydrothermal method at 200˚C for 6 hours. Shokrollahi et al. (2013) prepared nanoparticles by 

co-precipitation method using molar ratio of 1.03:1 and calcination was carried out at 550˚C 

and sintering at 675, 750 and 825˚C.    

4.2 Experimental Details 

4.2.1 Bismuth Iron Oxide nanoceramics – Effect of Bi/Fe ratio 
We here report synthesis of bismuth iron oxide nanoparticles using sol-gel method. Bi/Fe ratio 

during synthesis is varied as 0.9, 0.95, 1.0, 1.05, 1.10, 1.15, 1.20. These nanoparticles are 
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studied under as-synthesized conditions. Variations in structural, magnetic and dielectric 

properties are correlated with changes in Bi/Fe ratio.  

4.2.2 Materials and Method 
Research grade iron nitrate (Fe(NO3)3.9H2O, 99.9% purity) and bismuth nitrate 

(Bi(NO3)3.5H2O, 99.5 % purity) were used as precursors without further purification. Two 

different solutions were prepared by dissolving Bi(NO3)3.5H2O and Fe(NO3)3.6H2O in 

ethylene glycol. Bismuth and iron have different electronegativities (Fe~1.83 and Bi~2.03) that 

lead to different hydrolysis rates. Bismuth has a high hydrolysis rate as compared to iron so it 

becomes difficult to synthesize high quality sol. Ethylene glycol (OHC2H4OH) is a linearly 

structured molecule with two hydroxyl groups which helps to compensate for the difference in 

hydrolysis rates of bismuth and iron thus leading to the synthesis of a stable sol (Shah et al 

2014, Majid et al. 2015). Two solutions were then mixed and stirred at 80˚C for several hours 

to obtain stable sol. Details of sol-gel synthesis are reported earlier (Riaz et al 2014, Shah et al 

2014, Riaz et al 2015).In this research work, Bi/Fe ratio is varied as 0.9, 0.95, 1.0, 1.05, 1.10, 

1.15, 1.20, schematic representation is shown in Figure 4.1. Sol was then heated on hot plate 

at 100˚C to obtain bismuth iron oxide nanoparticles. 

 

Figure 4.1. Schematic representation of Bismuth iron oxide nanoparticles prepared using sol-gel method with 

Bi/Fe ratio (a) 0.9, (b) 0.95, (c) 1.0, (d) 1.05, (e) 1.10 (f) 1.15 (g) 1.20 
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4.2.3 Characterization Methods 
BiFeO3 nanoparticles were characterized structurally using Burker D8 Advance X-ray 

Diffractometer (XRD) using Ni filtered CuKα (λ = 1.5406Å) radiations. Optical phonon modes 

of bismuth iron oxide nanoparticles were studied using Raman Spectroscopy. Magnetic 

properties were studied using Lakeshore’s 7407 Vibrating Sample Magnetometer (VSM) under 

continuous mode. Shape and size of nanoparticles were observed using Transmission Electron 

Microscope (TEM). Dielectric properties were observed with the help of 6500B Precision 

Impedance Analyzer in parallel plate configuration. 

4.3 Results and Discussion 

Figure 4.2(a-g) shows XRD patterns for bismuth iron oxide nanoparticles prepared using sol-

gel method. At low Bi/Fe ratio of 0.9 and 0.95 [Figure 4.2(a) & (b)] very small diffraction 

peaks corresponding to both BiFeO3 (JCPDS card no. 86-1518) and Bi24Fe2O39 were observed. 

As Bi/Fe ratio was increased to 1.0 and 1.05 [Figure 4.2 (c) & (d)] a peak corresponding to 

plane (110) got prominent which is indicative of rhombohedral destruction in perovskite 

structure of BiFeO3. However, it can be seen that at Bi/Fe ratio 1.0 and 1.05 small diffraction 

peaks of BiFeO3 and Bi24Fe2O39 both are present at high diffraction angles. This splitting of 

planes enhances along with phase transition of pure BiFeO3 as Bi/Fe ratio was increased to 

1.10 [Figure 4.2(e)]. As Bi/Fe ratio was further increased to 1.15 and 1.20 [Figure 4.2(f) and 

(g)] again plane corresponding to plane (501) was observed of bismuth deficient phase 

(Bi2Fe4O9) indicating the destruction of perovskite structure of BiFeO3. In case of sol-gel 

method, the formation of crystalline nanoparticles along with phase purity depends strongly on 

nucleation and growth of crystallites. High nucleation rate results in large number of small 

crystallites while slow nucleation results in large crystallites. In our case rate of nucleation is 

varied by variation in Bi/Fe molar ratio. As Bi/Fe ratio increases, high number of Bi3+ cations 

diffuses in the solution and react with Fe3+ cations thus resulting in high nucleation rate. Thus, 
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high nucleation rate results in small number of crystallites that resulted in crystalline behavior 

of BiFeO3 nanoparticles along with phase purity at Bi/Fe ratio 1.10 (Figure 4.2(e)). However, 

as Bi/Fe ratio was increased from 1.10 to 1.20 number of Bi3+ cations increases and its reaction 

rate with Fe3+ cations become too high to allow complete reaction. Thus, optimal bonding 

between the atoms does not take place and long range order cannot be established thus resulting 

in amorphous nature of nanoparticles (Shokrollahi 2013, Yoo et al. 2013)  along with presence 

very small diffraction peaks corresponding to BiFeO3 and Bi2Fe4O9. It is important mentioning 

here that there are so far no reports on phase pure bismuth iron oxide nanoparticles without 

calcination (Wang et al. 2008, Palai et al. 2010, Haumont et al. 2006, Farhadi et al. 2010). Min 

et al. (2015) prepared bismuth iron oxide ceramics using liquid phase sintering at 1143K for 

8mins. Srivastav et al. (2012) prepared bismuth iron oxide powders with calcination at 400˚C. 

Hu et al. (2011) found crystallized form of bismuth iron oxide nanoparticles at 350˚C while 

using nitric acid as chelating agent. Hasan et al. (2016) reported bismuth iron oxide 

nanoparticles with annealing at 400-600˚C. This brief overview of literature indicate that this 

is the lowest temperature reported for phase pure BiFeO3.  The two important factors that 

helped in obtaining phase pure BiFeO3 nanoparticles without the use of any post thermal 

treatment include: 1) Molar ratio of Bi/Fe; 2) Ethylene glycol as solvent. It has been reported 

earlier that ethylene glycol consist of two hydroxyl groups that helps to compensate for 

difference in hydrolysis rate of bismuth and iron thus resulting in sol stability (Shah et al. 2014). 

But it can be seen that along with the use of ethylene glycol Bi/Fe ratio is the most important 

parameter for obtaining phase pure BiFeO3 without the use of any post-thermal treatment. 

When Bi/Fe ratio is varied, nucleation and growth processes of nanoparticles change. When 

Bi/Fe ratio is low (0.9-1.05) or high (1.15, 1.20), the prerequisite for stoichiometry and 

crystallization of BiFeO3 nanoparticles is destroyed (Verma et al 2011) thus resulting in mixed 

phases.  
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Figure 4.2. XRD patterns for bismuth iron oxide nanoparticles with Bi/Fe ratio as (a) 0.9 (b) 0.95 (c) 1.0 (d) 

1.05 (e) 1.10 (f) 1.15 (g) 1.20 (*BiFeO3 JCPDS card no. 86-1518) 

Lattice parameters for BiFeO3 nanoparticles prepared using Bi/Fe ratio 1.10 were 

determined and refined using Powder Cell. Refined data obtained using ‘‘Powder Cell’’ 

software is given in Table 4.1. Structural parameters for bismuth iron oxide nanoparticles 

prepared with Bi/Fe ratio 1.10 are listed in Table 4.2. 
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Table 4.1. Refined cell parameters of bismuth iron oxide nanoparticles with Bi/Fe ratio 1.10 using Powder Cell 

software 

 

Input 

parameters 

X-ray 

Wavelength = 

1.5406Å 

Symmetry:  

Hexagonal 

Output parameters 

Bi/Fe 

ratio 
H K l 2θ˚ 

2θ˚ 

(cal.) 

Diff. 

 

d-

spacing 

(obs.) 

(Å) 

d-

spacin

g 

(cal.) 

(Å) 

Std. 

deviat

ion in 

2θ 

RM

S 

erro

r 

(10-

3) 

a 

(Å) 
c (Å) 

1.10 

1 0 4 
31.

6 
31.28 0.31 2.82 2.85 

0.94 6.23 5.51 
13.9

9 

1 1 0 
32.

5 
32.46 0.034 2.75 2.75 

1 1 3 
37.

3 
38.14 -0.75 2.40 2.35 

0 0 6 
37.

8 
37.81 -0.01 2.37 2.37 

2 0 2 
39.

1 
39.80 -0.70 2.30 2.26 

0 2 4 
45.

9 
45.71 0.18 1.97 1.98 

2 1 1 
51.

2 
50.98 0.21 1.78 1.78 

0 1 8 
54.

1 
54.93 -0.88 1.97 1.98 

3 0 0 
58.

5 
57.91 0.58 1.57 1.59 

1 2 5 
63.

1 
60.69 2.35 1.47 1.52 

1 2 8 
74.

5 
74.81 -0.31 1.27 1.24 

1 3 4 
75.

9 
76.73 -0.83 1.25 1.24 

2 1 4 
55.

5 
57.18 -1.68 1.65 1.60 

1 1 6 
52.

1 
50.67 1.42 1.75 1.79 
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Table 4.2. Structural parameters for bismuth iron oxide nanoparticles prepared using Bi/Fe ratio 1.10. 

Bi/Fe ratio 1.10 

Lattice 

parameters  

a= 5.51Å; 

c= 13.99Å 

Unit cell volume 366.50Å3 

X-ray density 8.63g/cm3 

Crystallite size 10.5nm 

Dislocation 

density 

9.611×1015 

lines/m2 

 

As mentioned earlier in section 4.1 (Introduction), BiFeO3 crystallizes in perovskite 

structure with rhombohedral distortion in the structure belonging to R3c space group (Dhir et 

al. 2014). With an anitphase tilt of contiguous FeO6 octahedra and disarticulation of cations 

(Bi3+ and Fe3+) from centrosymmetric position in pseudocubic [111] direction the structure can 

be represented as Pm3m cubic. Thus the Raman modes for monoclinic, rhombohedral and 

tetragonal can be represented using Eq. 4.1-4.3 respectively (Palai et al 2010). 

ΓMonoclinic, Bb = 13A'+14A''      (4.1) 

ΓRhombohedral, R3c = 4A1+9E      (4.2) 

ΓTertagonal,P4mm = 3A1+B1+4E      (4.3) 

This gives rise to 27, 13 and 8 Raman modes for monoclinic, rhombohedral and tetragonal 

structures for BiFeO3 respectively (Palai et al. 2010). Figure 4.3 shows Raman spectra of 

bismuth iron oxide nanoparticles prepared using sol-gel method. It can be seen that no raman 

bands were observed for nanoparticles prepared using Bi/Fe ratio 0.9. As Bi/Fe ratio was 

increased to 1.05 weak bands in the wavenumber range of 300-500cm-1 evolve (Figure 4.3(a)). 

However, as Bi/Fe ratio was increased to 1.10 presence of strong bands can be seen indicating 

phase evolution of BiFeO3 (Figure 4.3(b)).  Bands below 200cm-1 are ascribed to different sites 

occupied by Bi3+ cation in the unit cell. Bands above 200cm-1 arises due to internal vibrations 

of FeO6 octahedron (Biasotto et al 2011). Peaks at 94.9cm-1, 130cm-1, 225cm-1, 317cm-1, 
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375cm-1, 475cm-1 and 555cm-1 corresponds to the presence of E(TO) phonon modes. While 

peaks at 175cm-1, 214cm-1, 470cm-1 and 525cm-1 corresponding to A1 phonon modes (palai et 

al 2010, Haumont et al 2006) indicated the formation of phase pure BiFeO3 as was observed in 

Figure 4.2(e). In addition formation of broad raman bands also indicate the formation of 

particles with small diameter (Farhadi et al 2010). No bands were observed in the raman spectra 

as Bi/Fe ratio was further increased to 1.20 (Figure 4.3(a)).    

 

Figure 4.3. Raman Spectra of BiFeO3 nanoparticles Bi/Fe ratio (a) 0.9, 1.0, 1.20 and (b) 1.10 

Figure 4.4 shows Transmission Electron Microscope (TEM) image for bismuth iron oxide 

nanoparticles prepared using Bi/Fe ratio 1.10. Figure 4.4 shows formation of spherical 

nanoparticles with size of ~10 nm. Cycloidal spin limit of bismuth iron oxide is 62nm (Majid 

et al 2015). So, this reduction in nanoparticle size down to ~10 nm will strongly affect not only 

the dielectric properties but will also affect the magnetic properties as are discussed later 

 

Figure 4.4. TEM image for BiFeO3 nanoparticles prepared using Bi/Fe ratio 1.10 
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For studying dielectric properties of BiFeO3 nanoparticles impedance analyzer was used 

under parallel plate configuration. Capacitance and resistance measurements were taken and 

dielectric constant and loss (tanδ) were calculated using Eq. 4.4 and 4.5 (Verma et al 2011).   

     ε= (Cd)/(εoA)     (4.4) 

     tanδ = 1/(2πfεεoρ)    (4.5) 

 Where, C is the capacitance, A is the area of device, d is the thickness, ρ is resistivity and 

εo is permittivity of free space. 

Dielectric constant and loss are plotted on log scale in Figure 4.5. Dielectric constant 

decreases as frequency of applied field increases and becomes constant at high frequencies. 

Sources of space charge carriers in bismuth iron oxide include lattice distortion, defects at grain 

boundaries and in grains and/or presence of bismuth and oxygen vacancies (Dhir et al. 2014). 

Space charge carriers present due to above mentioned reasons make reasonable contribution to 

dielectric constant at low frequencies. These space charge carriers are able to follow the 

variation in applied filed at low frequencies only thus resulting in high dielectric constant at 

low frequencies. At higher frequencies only electronic polarization contributes to dielectric 

constant while at low frequencies along with electronic polarization ionic, atomic and 

interfacial polarizations also contributes. This also leads to increased dielectric constant and 

tangent loss at low frequencies (Dhir et al. 2014). Relaxation peak was observed in tangent loss 

data [Figure 4.5(b)] for BiFeO3 nanoparticles synthesized with Bi/Fe ratio 0.9, 1.0, 1.10 and 

1.20. The presence of resonance peaks is characteristic of the matching to frequency of 

externally applied electric field with that the natural frequency of jumping of ions (Dhir et al. 

2014). At resonance frequency the ions starts to oscillate with their highest energy thus leading 

to significant enhancement in loss values. Observation of relaxation peak in bismuth iron oxide 

nanoparticles could be explained on the basis of Rezlescu model. According to this model, 
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polarization of n-type carriers decreases very slowly as frequency of applied field increases 

and for p-type carriers it decreases rapidly with increase in frequency. However, when both 

types of charge carriers contribute to dielectric polarization a clear resonance peak is observed 

with frequency (Ali et al. 2015). It can be seen in Figure 4.5(b) that dielectric relaxation peak 

shifts to high frequencies as Bi/Fe ratio was increased to 1.0. Further increase in Bi/Fe ratio 

resulted in shift of dielectric relaxation peak to lower frequencies. In addition, no relaxation 

peak was observed in nanoparticles prepared with Bi/Fe ratio 0.95, 1.05 and 1.15 which 

indicates that space charge effect is reduced in these nanoparticles (Das et al. 2012). As all of 

these nanoparticles are prepared under same conditions just with variation in Bi/Fe ratio so the 

possibility of space charge effect arising from electrode specimen interface can be neglected 

(Das et al 2012). 

       

Figure 4.5. (a) Dielectric constant and (b) tangent loss for BiFeO3 nanoparticles 

Figure 4.6(a) and (b) shows dielectric constant and tangent loss plotted as a function of Bi/Fe 

ratio at different frequencies. Dielectric constant increases from 718 to 2815 (log f = 3.0; 

f=1kHz) as Bi/Fe ratio was increased to 1.10. Further increase in Bi/Fe ratio to 1.20 resulted in 

reduction in dielectric constant to 708.1 (Figure 4.6(a)) and increase in tangent loss to 0.43 

(Figure 4.6(b)).  
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Figure 4.6. (a) Dielectric constant and (b) tangent loss as a function of Bi/Fe ratio 

The low values of dielectric constant and high tangent loss of nanoparticles prepared using 

Bi/Fe ratio 0.9-1.05 and 1.15-1.20 arises due to amorphous nature of nanoparticles as was 

observed in Figure 4.2. While crystallinity of bismuth iron oxide nanoparticles prepared using 

Bi/Fe ratio 1.10 along with phase purity resulted in high dielectric constant and low tangent 

loss. Molecular polarization (α) of a dielectric material, which contains both ionic polarization 

(αi) and electronic polarization (αe), is given by Clausius–Mosotti (C–M) relation given in Eq. 

(4.6) (Saravanan et al. 2009). 

     α = [Vm (ε-1)] / [b (ε+2)]                (4.6)         

Where, Vm is the molar volume in Å3, ε is the dielectric constant, b is the constant. Rearranging 

Eq. 6 in Eq. 4.7 (Saravanan et al. 2009) 

     ε = [1+2bα/Vm] / [1- bα/Vm]               (4.7) 

It can be seen in Eq. 4.7 that dielectric constant depends on: 1) ‘α’. Dielectric constant increases 

as α increases; 2) ‘Vm/b’. Dielectric constant increases rapidly as α becomes equal to Vm/b. In 

case of crystalline materials as compared to amorphous materials, additional polarizability, 

intrinsic to crystalline material, arises from lattice modes (Saravanan et al. 2009). In case of 

bismuth iron oxide nanoparticles prepared with Bi/Fe ratio, phase evolution along with 

crystallinity of nanoparticles adds to enhancement in polarization and thus dielectric constant 

of nanoparticles. In addition, grain and grain boundaries play an important role in determining 
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the behavior of dielectric constant and tangent loss. Grains are more resistive as compared to 

grain boundaries that act as insulating barrier to the flow of charges. Charges accumulate at 

grain boundaries. This will increase the dielectric constant if grain and grain boundary 

resistance increases (Majid et al. 2015). Thus, in our case, enhancement in dielectric constant 

can also be attributed to increase in grain and grain boundary resistance with increase in Bi/Fe 

ratio to 1.10. This idea is supported by Cole-Cole plots that are discussed later. Comparison of 

dielectric constant reported in literature with bismuth iron oxide nanoparticles prepared using 

Bi/Fe ratio 1.10 is carried out in Table 4.3. It can be seen that our dielectric constant is high as 

compared to that reported in literature.   

Table 4.3. Comparison of dielectric constant of bismuth iron oxide nanoparticles prepared with Bi/Fe ratio 1.10 

with that reported in literature 

Present Work Literature 

Bi/Fe 

ratio 

Dielectric 

constant 

(f=1kHz; 

log f=3.0) 

Method 
Calcination/Sintering 

Temperature (˚C) 

Dielectric 

constant 

0.9 718.32 Solid State Method 

(Suresh et al. 2015) 
600 

68 

(f=1kHz) 0.95 719.65 

1.0 812.98 Sol-gel 

(Suresh et 

al. 2015) 
600 

538 

(f=1kHz) 

(Srivastav 

et al. 

2012) 

450 
52.7 

(f=1kHz) 

1.05 1095.48 co-precipitation 

(Shokrollaji 2013) 
825 

~1000 

(log f=3) 1.10 2814.57 

1.15 752.18 Chemical 

Synthesis route  

(Das et al. 2012) 

750˚C for 4h 

885˚C for 2h 

196 

(f = 1kHz) 1.20 708.99 

According to Koop’s theory, the dielectric material is considered to be composed of grain 

boundaries that show poor conductivity and grains that are more conducting as compared to 

grain boundaries. Grain and grain boundary contribution can be separated by plotting 

imaginary component Z'' vs. real component Z' (Dhir et al. 2014, Ali et al. 2015).  This plot is 

known as Cole-Cole plot. Ideally, in Cole-Cole plot low frequency semicircle arc is due to 

interface between electrode and bulk/grains. Middle semicircle arc is assigned to grain 
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boundaries and high frequency semicircle arc is assigned to grains because relaxation time for 

grain boundary and interfacial boundary is larger than that of grains. Grain and grain boundary 

resistances can be calculated using intercept of semicircle arc on real axis. Frequency 

corresponding to maxima of semicircle is given by Eq. 4.8 (Das et al. 2012, Verma et al. 2011). 

     ωτ = 2πfRC = 1         (4.8) 

So, when resistance of grains is low and interface boundary resistance dominates, arc of 

grains is masked to limited range of frequencies. But when interface boundary resistance 

becomes high ωmax lies outside the frequency range and only small part of semicircle is 

observed in Nyquist plot (Nasir et al. 2011).    

Cole-Cole plots for bismuth iron oxide nanoparticles are plotted in Figure 4.7 is composed 

of single semicircle for nanoparticles with Bi/Fe ratio 1.0, 1.05, 1.10, 1.15, 1.20 which is 

centered on the real axis. It can be seen that none of the nanoparticles exhibit two semicircles 

corresponding to grain and grain boundary resistance in Cole-Cole plots except for 

nanoparticles prepared with Bi/Fe ratio 0.95 which shows emergence of one more semicircle 

at low frequency region. The second semicircle appears due to electrode polarization. Thus we 

suggest that semicircles corresponding to grain and grain boundaries cannot be evaluated 

separately due to high grain boundary resistance values which increase with increase in Bi/Fe 

ratio to 1.10. For determining grain and grain boundary resistance impedance data was fitted 

according to a mathematical model composed of grain resistor connected in series with parallel 

combination of grain boundary capacitor and resistor. Grain and grain boundary resistance 

along with relaxation time and frequency were then determined using Zview software and are 

listed in table 4.4. It can be seen that grain resistance and capacitance increases to 7.9×105 Ω 

and 116.9pF as Bi/Fe ratio was increased to 1.10. This increase in grain boundary resistance 

and capacitance leads to increase in dielectric constant and decrease in tangent loss was 
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observed in Figure 4.5(a,b) and 4.6(a,b). Dielectric relaxation time is close to that reported by 

Das et al. (2012). 

 

                                Figure 4.7. Cole-Cole plots for bismuth iron oxide nanoparticles 

Table 4.4. Relaxation frequency and dielectric relaxation time for bismuth iron oxide nanoparticles calculated 

from Cole-Cole plots 

Bi/Fe 

ratio 

Relaxation 

frequency 

(Hz) 

Relaxation 

time (10-5 

sec) 

Grain 

resistance 

(Ω) 

Grain 

boundary 

resistance 

(105 Ω) 

Grain 

boundary 

capacitance 

(pF) 

0.9 -- -- -- -- -- 

0.95 1512.88 10.52 9734 2.64 397.60 

1.0 13053.42 1.21 3705.9 2.59 46.93 

1.05 10451.39 1.52 3489.5 2.86 53.22 

1.10 1713.46 9.28 8529.2 7.94 116.86 

1.15 2885.64 5.51 10699 7.76 71.01 

1.20 2296.92 6.92 8940.4 7.84 88.30 

To understand the conduction mechanism in bismuth iron oxide nanoparticles a.c. conductivity 

(ϭ) was calculated using Eq. 4.9 (Patri et al. 2008). 

     ϭ = 2πfεεotan δ                (4.9) 

a.c. conductivity is plotted as a function of log f in Figure 4.8. In case of ideal dielectric 

material no free charge carriers are present. This results in zero d.c. conductivity because of 

the movement of free charge carriers. On the other hand, a.c. conductivity in dielectric material 

is associated with bound charge carriers (Jamal et al. 2011). These charge carriers hop between 

different states through tunneling from one potential well to another. Increase in frequency 

support this hopping process as the result of which a.c. conductivity increases as frequency 

increases. But practically, some free charge carriers are present in nanoparticles resulting from 
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dangling bonds, vacancies, lattice imperfections. So that both d.c. and a.c. conductivity 

contributes towards conductivity of dielectric material (Jamal et al. 2011).  as is observed in 

our case in Figure 4.8. The conductivity plot can be separated in two regions named region I 

(low frequency region log f  < 5.0) and region II (high frequency region log f  < 5.0) in Figure 

4.8. In low frequency region conductivity is unaffected by increase in frequency and is 

attributed as d.c. conductivity of nanoparticles (Sharma et al 2014, Benali et al. 2015).  

 

Figure 4.8. a.c. conductivity for BiFeO3 nanoparticles; Region I and region II are marked indicating the 

contribution from d.c. conductivity and a.c. conductivity  

     Frequency dependence of conductivity obeys Jonscher's power-law given in Eq. 4.10 

(Barosoukov et al 2018). 

     ϭa.c.(ω) = ϭd.c. +Aωn                (10) 

Where, ϭd.c. represents d.c. conductivity of specimen, A is the constant that depends on 

strength of polarizability of specimen, n is the frequency exponent that depends on the 

interaction between lattice and mobile ions (Nithya et al. 2011). According to Jonscher, 

conductivity depends upon frequency because of relaxation of ionic atmosphere after 

movement of particles (Barosoukov et al. 2018).  Results of a.c. conductivity fitting according 

to Eq. 4.10 are summarized in table 4.5. Frequency exponent (n) is 0 when the conductivity is 

d.c. conductivity and ≤1 when the conductivity is because of bound charge carriers i.e. a.c. 

conductivity (Sharif et al. 2016). It can be seen in table 4.5 that n lies in the range of 0.61-0.79 



 Chapter # 4                                  Effect of Bi and Fe Ratio 

 

 

P
ag

e 
7
9

 

(<1) with variation in Bi/Fe ratio signifying that motion of charge carriers involves translational 

motion along with sudden hopping process (Pattanayak et al. 2013). In addition, change in 

slope of a.c. conductivity vs. frequency curve takes place when grain resistance dominates the 

grain boundary resistance. The frequency at which this phenomenon takes place is known as 

hopping frequency (Patri et al. 2008). Hopping frequency (ωp), carrier concentration (N) and 

carrier mobility (μ) were calculated using Eq. 4.11-4.13 (Reetu et al. 2012, Behera et al. 2016)  

and are listed in table 4.5. Lowest mobility of charge carriers for Bi/Fe ratio 1.10 along with 

reduced carrier concentration leads to increase in dielectric constant (Riaz et al. 2015)  as was 

observed in Figure 4.5 and 4.6.  

    ωp = (ϭd.c./A)1/n                  (4.11) 

    N = (ϭd.c.T)/ ωp                   (4.12) 

    μ = (ϭd.c.)/ Ne                  (4.13)     

Table 4.5. Parameters determined from Jonscher's power-law fitting and Eq. 4.11-4.13 for BiFeO3 nanoparticles 

Bi/Fe 

ratio 

ϭd.c. 

(10-5 

S.m-1) 

N A (10-7) 

Hopping 

frequency 

ωp (kHz) 

Carrier 

concentration 

N (10-7 S.m-

1.Hz-1) 

Mobility 

(1020 m2.V-

1.s-1) 

0.9 6.10 0.71 1.44 4.88 37.45 1.01 

0.95 2.25 0.66 0.58 7.35 9.16 1.53 

1.0 34.64 0.61 9.58 15.59 66.65 3.24 

1.05 4.57 0.74 0.38 13.87 9.89 2.89 

1.10 2.00 0.73 0.10 26.91 2.23 5.60 

1.15 2.15 0.79 0.06 18.32 2.88 3.81 

1.20 2.45 0.73 0.16 12.03 4.18 2.50 

Bismuth iron oxide nanoparticles were further investigated for their magnetic properties. 

Figure 4.9 shows M-H curves for bismuth iron oxide nanoparticles prepared with variation in 

Bi/Fe ratio. Strong ferromagnetic behavior with high saturation magnetization is observed for 

nanoparticles prepared with Bi/Fe ratio 1.10. Extended view of M-H curves of BiFeO3 

nanoparticles show that transition from weak ferromagnetic to strong ferromagnetic behavior 

is observed with increase in Bi/Fe ratio to 1.10. Being an antiferromagnetic material BiFeO3 is 

composed of spin sublattices. These sublattices are coupled antiferromagnetically with each 
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other and ferromagnetic ordering arises between the spins of same sublattice. Such an 

arrangement of spins leads to zero magnetization as no uncompensated spins are present within 

the two sublattices. According to Neel theory, ferromagnetic behavior in small particles that 

are antiferromagnetic in nature arises due to presence of uncompensated spins between the two 

adjacent planes (Dhir et al. 2014). This effect arises as long range antiferromagnetic behavior 

is disturbed at the surface of nanoparticles.  So, ferromagnetic behavior arises due to non-

collinear arrangement of spins on the surface of BiFeO3 nanoparticles (Dasilva et al. 2011, Dhir 

et al. 2014, Sakar et al. 2013). This type of surface induced magnetization is explained in terms 

of “modified core-shell model”. According to this model, ferromagnetic behavior depends upon 

the competition between two factors: 1) Effect of spin canting and 2) Cation distribution on 

surface area/surface shell of nanoparticles. Increase in magnetization is only observed when 

spin canting effect is less than non-equilibrium distribution of cations in the surface shell. But 

in case of perovskite structures enhancement in magnetization can also be caused by 

dominating effect of spin canting as pointed out by Silva et al. (2011). In case of BiFeO3, long 

range magnetic order is disrupted at the surface due to disturbance of Fe-O bonds. This results 

in missing oxygen anions thus giving rise to Fe3+ ions spin disorder. And with reduction in size 

and increase in surface to volume ratio of nanoparticles these uncompensated spins at the 

surface contribute significantly to enhancement in magnetization of BiFeO3 nanoparticles 

(Hasan et al. 2016). In addition changes in magnetic properties occur when some energy barrier 

is created. And this energy barrier, representing width of domain wall, is related to some length 

scale that determines the distance after which the direction of magnetization can change (Riaz 

et al. 2014). For BiFeO3 this length scale is found to be 62nm. It was observed in Figure 4.3 

that crystallite size falls below 10nm, well below cycloidal spin structure of BiFeO3. This 

suppresses the cycloidal spin structure of BiFeO3 thus converting it to linear spin structure 

(Riaz et al. 2014). As the result of this, strong ferromagnetic behavior arises in BiFeO3.       
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 The variation of saturation magnetization and coercivity is shown in Figure10. High value 

of saturation magnetization and low value of coercivity was observed for 1.10 Bi/Fe ratio due 

to phase pure bismuth iron oxide nanoparticles. Whereas low values of saturation 

magnetization were observed for all other ratios due to mixed phases in XRD patterns. 

 

Figure 4.9. M-H curves for bismuth iron oxide nanoparticles 

 

Figure 4.10. Saturation magnetization and coercivity as a function of Bi/Fe ratio 

Comparison of saturation magnetization of bismuth iron oxide nanoparticles prepared at 

low temperature is listed in table 4.6 It can be seen that the magnetic properties prepared with 

variation in Bi/Fe ratio are much enhanced as compared to that reported in literature. 
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Table 4.6. Comparison of saturation magnetization of bismuth iron oxide nanoparticles prepared with variation 

in Bi/Fe ratio with literature 

Present work Literature 

Bi/Fe 

ratio 

Ms 

(emu/g) 

Synthesis 

method 

Calcination/Decomposition 

temperature (˚C) 
Ms (emu/g) 

0.9 0.24 

Sol-gel 

(Dhir et al. 

2014) 

450 3.1221 

0.95 0.27 

Solution 

evaporation 

method 

(Manzoor et al. 

2015) 

450 0.2 

1.0 0.24 

Thermal 

decomposition 

(Masoudpanah 

et al. 2015) 

500 1.3 

1.05 0.40 
Autocombustion 

(Ilic et al. 2015) 
600 Antiferromagnetic 

1.10 9.12 

Modified 

Pechini sol–gel 

approach 

(Hasan et al. 

2016) 

400 7.5 

1.15 0.36 Spark Plasma 

Sintering (Song 

et al. 2015) 

650 0.18 
1.20 0.31 

In case of magnetic materials, at high fields, only slight variation is observed in magnetization 

with change in field. In this region, rotation of domains is the main mechanism. In this region, 

the value of saturation magnetization can be de determined through “Law of Approach to 

Saturation” given in Eq. 4.14 (Cullity 2009) 

   𝑀 =  𝑀𝑠 [1 −  𝐴/𝐻 – 𝐵/𝐻2]  +  𝜒𝐻              (4.14) 

Where, χH represent the forced magnetization and is usually small below Curie 

temperature and is neglected. ‘A’ and ‘B’ are constants indicating contribution from micro-

stresses and magneto-crystalline anisotropy respectively. For hexagonal crystal structures, 

magneto-crystalline anisotropy (Ku1) is given in Eq. 4.15 (Peng et al. 2015).  

   𝐵 = 4𝐾𝑢1/15𝑀𝑠2                (4.15) 

 Plot of magnetization vs. 1/H2 at high field show straight line as can be seen in Figure 4.11. 
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Straight line curve of Figure 4.11 indicate that inclusion from micro-stresses and magnetization 

terms are negligible. Ms (saturation magnetization) was determined from Figure 4.9 by 

extrapolation of straight line to 1/H2 ~ 0. Slope of straight line give first order anisotropy 

constant. Ku1 and Ms are plotted as a function of Bi/Fe ratio in Figure 4.12. It can be clearly 

seen that nanoparticles prepared with Bi/Fe ratio 1.10 show highest magnetization and lowest 

anisotropy. So, reduction in anisotropy energy increases magnetization of BiFeO3 

nanoparticles.  Critical single domain size (d) was then determined using Eqs. 4.16 and 4.17 

(Peng et al. 2015). 

    γ = 4(AKu1)
1/2                 (4.16) 

    d = (9γ)/ (μoMs
2)                 (4.17) 

Where, γ is energy density of domain wall, A is the exchange stiffness constant (4.1×10-7 

erg/cm). Critical size is listed in table 4.7. It can be seen that for bismuth iron oxide 

nanoparticles prepared with variation in Bi/Fe ratio are multiple domain structures.  

 

Figure 4.11. Magnetization and 1/H2 curve for high fields with variation in Bi/Fe ratio.  
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Figure 4.12. Saturation magnetization and anisotropy constant plotted as a function of Bi/Fe ratio 

Table 4.7 Saturation magnetization, anisotropy constant and critical size of single domain for bismuth iron oxide 

nanoparticles 

Bi/Fe 

ratio 

Saturation 

Magnetization 

(emu/g) 

Ku1 

(104erg/cm3) 

Critical size of 

single domain 

(μm) 

0.9 0.24 1.59 5.30 

0.95 0.27 1.80 4.42 

1.0 0.24 1.59 5.30 

1.05 0.40 3.37 2.75 

1.10 9.16 1.22 0.003 

1.15 0.36 2.97 3.11 

1.20 0.31 2.09 3.50 

4.3 Summary 
Bismuth iron oxide nanoparticles were synthesized using sol-gel method with changing Bi/Fe 

ratio as 0.9, 0.95, 1.0, 1.05, 1.10, 1.15 and 1.20. XRD and Raman spectroscopy results 

confirmed the formation of phase pure crystalline rhombohedrally distorted perovskite of 

BiFeO3 with the use of any post thermal treatment at 1.10 Bi/Fe ratio. While Bi/Fe ratio 0.9-

1.05, 1.15 and 1.20 resulted in amorphous nanoparticles. TEM image showed nanoparticles 

with size ~10 nm. Increase in dielectric constant from 718-2815 (log f =3.0) was observed with 

increase in Bi/Fe ratio to 1.10. This increase in dielectric constant is associated with increase 

in crystallinity of nanoparticles. In addition, decrease in carrier concentration an increase in 

carrier mobility with Bi/Fe ratio 1.10 leads to increase in dielectric constant and decrease in 

tangent loss. Grain and grain boundary resistance increases as Bi/Fe ratio was increased to 

1.10. Increase in saturation magnetization to 9.121emu/g with increase in Bi/Fe ratio was 

attributed to suppression of helical spin structure and reduction in magnetocrystalline 

anisotropy. Magneto-dielectric constant (MDC) of 22% was observed for Bi/Fe ratio 1.10.   
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Chapter # 5 Enhanced Structural and Magnetic 

Ordering in as-Synthesized Ca 

Doped Bismuth Iron Oxide 

Nanoceramics 

5.1 Introduction 

Multiferroics are among the group of efficient materials that simultaneously exhibit two or 

more ferroic orders. Ferroic orders include: 1) Ferromagnetism; 2) Ferroelasticity; 3) 

Ferroelectricity; and 4) Ferrotoroidicity. In addition to the existence of diverse ferroic orders 

coupling between the ferroic orders is desirable for their applications in multifunctional devices 

including spintronic and next generation memory devices (Schmid 1994, Hur et al. 2004, 

Zheng et al. 2004, Hill 2000). An interesting aspect is to obtain ferroic orders, i.e. coupling 

between these orders, at room temperature (Zheng et al. 2018, Shah et al. 2014, Majid et al. 

2015). Among various known multiferroic materials bismuth iron oxide (BiFeO3) is a 

prospective applicant that not only exhibits ferroelectric and ferromagnetic ordering at and 

above room temperature but also exhibits coupling between these ferroic orders (Royen et al. 

1957, Singh and Rajput 2018, Manjula et al. 2018).  

Bismuth iron oxide has attracted the researcher’s interest right after its discovery by Royen and 

Swars in 1957 (Royen et al. 1957). Bismuth iron oxide exhibits R3c space group structure and 

antiferromagnetic behavior in which the iron octahedron is arranged with tilting angle of ~11˚. 

Various efforts are being carried out to induce ferromagnetic behavior in bismuth iron oxide. 

These efforts include lowering the dimensions below cycloidal spin structure, addition of 

various dopants and strain engineering (Kiselev 1963, Damodaran et al. 2011, Park et al. 2007, 

Riaz et al. 2014, Shah et al. 2014). But magnetic behavior of reported bismuth iron oxide 
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nanoparticles is still beyond the industrial level. In addition, synthesis of phase pure bismuth 

iron oxide requires high temperature synthesis (Riaz et al. 2015, Quan et al. 2016).        

Introduction of dopants on bismuth site results in canting of the spin structure that arises from 

DM (Dzyaloshinskii–Moriya) interactions. Spin orbit coupling strongly influences the DM 

interactions. Tuning of spin orbit coupling induces ferromagnetic behavior that is desired for 

low field applications. Doping of calcium (Ca2+) ions that takes the place of bismuth ions is 

desirable because its ionic radius is slightly lower (1.10 Å) than that of host cations (1.17 Å). 

This difference in ionic radius is responsible for changes in crystal structure that in turn induces 

modifications in magnetic behavior (Park et al. 2007).  

Hu et al. (2011) reported synthesis of bismuth ferrite nanoparticles using citric acid as chelating 

agent and calcination of powders was done at 350-550 ˚C (623.16 – 823.15 K). Ferromagnetic 

behavior with saturation magnetization of ~10emu/g was obtained. Feng et al. (2013) reported 

preparation of Ca doped BiFeO3 nanofibers by electrospinning method using citric acid and 

N,N-Dimethylformamide. Nanofibers were heated at 420 ˚C (693.15 K) followed by sintering 

at 660 ˚C (933.15 K). They reported ferromagnetic behavior with saturation magnetization of 

~0.62 emu/g. Quan et al. (2016) prepared Ca and Co doped and co-doped bismuth iron oxide 

nanoparticles using tartic acid and nitric acid. For crystallization the powder was calcined at 

400 ˚C (673.15 K). Ferromagnetic behavior with saturation magnetization of ~0.54 emu/g was 

observed for Ca doped nanoparticles while saturation magnetization of ~1.70 emu/g was 

obtained for co-doped nanoparticles. Ramachandran et al. (2012) prepared Ca doped bismuth 

iron oxide samples after calcination at 850 ˚C (1123.15 K). They reported remnant 

magnetization of 0.12 μB/f.u. at 300 K. Zaki et al. (2014) reported formation of Ca doped 

bismuth iron oxide nanoparticles where the gel was preheated to 400 ˚C (673.15 K) followed 

by heating of powder at 550 ˚C (823.15 K). This brief overview of literature shows that high 

temperatures and/or complex reagents are required for preparation of undoped and doped 



 Chapter # 5                                   Effect of Ca Doping 

 

 

P
ag

e 
8
7

 

bismuth iron oxide nanoparticles. Therefore, alternate methods are to be explored for 

preparation of doped bismuth iron oxide nanoparticles. In addition, magnetization reported for 

undoped and doped nanoparticles is very low. So, it is the need of time to explore methods and 

dopants to improve the magnetization ability of pristine bismuth iron oxide nanoparticles.  

5.2 Experimental Details 

5.2.1 Preparation of Ca doped BiFeO3 Nanoceramics 

Therefore, for enhanced / modified magnetic properties of bismuth iron oxide nanoparticles 

along with overcoming its limitation of high temperature synthesis, we here describe sol-gel 

synthesis of calcium doped bismuth iron oxide nanoparticles. Nanoparticles were characterized 

under as-synthesized conditions. Role of Ca doping on magnetic and structural properties is 

investigated in detail.  

5.2.2 Materials Used 

Bismuth nitrate (Bi(NO3)3.5H2O), iron nitrate (Fe(NO3)3.9H2O) and calcium nitrate 

(Ca(NO3)2.4H2O) were acquired from Sigma Aldrich and used for sol synthesis. Calcium 

nitrate (Ca(NO3)2.4H2O) was used as doping source. Ethylene glycol (C2H6O2), also purchased 

from Sigma Aldrich, was used as solvent. 

5.2.3 Synthesis of doped and undoped Bismuth Iron Oxide 

Nanoceramics 
Sol-gel process for preparation of bismuth iron oxide nanoparticles required mixing of 

precursors in suitable solvent. In case of ethylene glycol, functional groups of C-O and O-H 

are present. These groups are sigma bonds between oxygen, carbon and hydrogen atoms. Due 

to high electronegativity of sigma bond, C-O and O-H bonds have polar nature. In ethylene 

glycol two O-H bonds are present that enhance the polar nature of solvent. Because of these 

two groups ethylene glycol functions in two ways: 1) act as a solvent; 2) form bonds with 
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alkoxide groups. This multi-tasking behavior of ethylene glycol helps to balance the 

electronegativity difference in iron and bismuth (Chauhan et al. 2016, Gonzalez et al. 2006). 

This will not only provide stability to sol but will also help in obtaining crystalline 

nanoparticles under as-synthesized conditions.     

During first stage of sol synthesis bismuth nitrate was dissolved in ethylene glycol. This step 

was carried out under continuous vigorous stirring for 30 mins at room temperature. During 

second stage iron nitrate was dissolved in ethylene glycol. This step was also performed under 

continuous vigorous stirring for 30 mins at room temp. Solutions prepared during first two 

steps were mixed in the third step followed by stirring at 353.15 K (80 ˚C) for formation of 

undoped bismuth iron oxide sol. Doping of this sol was performed by drop wise addition of 

solution of calcium nitrate in ethylene glycol. Concentration of calcium (x) in Bi1-xCaxFeO3 

was varied as 0.0-0.5 (interval 0.1). These sols were heated at 100˚C to obtain nanoparticles.  

5.2.4 Characterization  

Bi1-xCaxFeO3 nanoparticles were characterized under as-synthesized conditions i.e. without 

further heat treatment. Phase identification was performed using Bruker D8 Advance X-ray 

Diffractometer (XRD) with CuKα radiations (λ = 1.5406 Å). For further confirmation of phase 

formation of bismuth iron oxide Raman analysis was performed at room temperature using 

Reinshaw Raman Spectroscopy with Argon Laser (λ = 514 nm) used for excitation purpose. 

X-ray photoelectron spectroscopy (XPS) analysis was obtained using ThermoFisher 

ESCALAB system with Al K radiations. Lakeshore’s 7407 Vibrating Sample Magnetometer 

was utilized for magnetic analysis of nanoparticles.      

5.3 Results and Discussion 

Perovskite bismuth iron oxide structure is composed of Fe3+ cations on B-site which are 

surrounded by six oxygen anions. This results in formation of FeO6 octahedron which are 
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connected side by side with their corner atoms being shared. Empty spaces between FeO6 

octahedron (A-sites) are filled by bismuth cations. The properties of perovskite bismuth iron 

oxide are affected by chemical bonding between Fe3+, Bi3+ cations and oxygen anions. For 

perovskite bismuth iron oxide structure to be stable, ionic radius of the dopant element should 

be well matched with that of host element (Chen et al. 2015, Thakur et al. 2014). The extent of 

harmony between the ionic radius of A-site (RA), B-site (RB) cations and oxygen anions (Ro) 

is defined by Goldschmidt Tolerance factor (t′), a unit less quantity, given in Eq. 5.1 (Xu 2013).  

Ideally, tolerance factor should be equal to or less than 1. Tolerance factor for undoped bismuth 

iron oxide is 0.88 (Figure 5.1). As tolerance factor reduces, fast buckling of FeO6 octahedron 

takes place. This effect arises when ionic radius smaller than Bi3+ cation fill up the 

substitutional sites. In this case the empty space between the octahedrons is not completely 

filled and FeO6 octahedrons are tilted. This results in deviation of Fe3+-O2—Fe3+ angle from 

180˚. In case of undoped bismuth iron oxide, with tilt of ~11-14˚, Fe3+-O2—Fe3+ bond angle is 

~154-156˚. Fe3+-O2--Fe3+ bond angle is extremely crucial as it affects both exchange interaction 

between iron cation and oxygen anion (Awan et al. 2019). Substitution of bismuth cation by 

smaller ionic radius results in more buckling of Fe3+-O2--Fe3+ indicated by smaller tolerance 

factor (Figure 5.1) as compared to undoped bismuth iron oxide.          

𝑡′ =
(RA+Ro)

√2(RB+R0)
           (5.1) 

 
Figure 5.1 Tolerance factor for Ca doped bismuth iron oxide nanoparticles 
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XRD patterns for undoped and Ca doped bismuth iron oxide (Bi1-xCaxFeO3) nanoparticles can 

be seen in Figure 5.2. Diffraction peaks corresponding to planes (012), (110), (113) and (116) 

indicated the formation of perovskite structure of bismuth iron oxide (Figure 5.2(a)). As Ca 

concentration (x) was increased from 0.1 to 0.3 (Figure 5.2 (b-d)) slight shift in the peak 

positions to high diffraction angles was observed. However, no peak associated with calcium 

oxide was observed. The slight shift of peak position to higher diffraction angles indicates that 

dopant atoms reside on the substitutional sites. This shift of diffraction peaks is because of 

smaller ionic radius of Ca2+ cations as compared to Bi3+ cations. At higher Ca concentration of 

0.4 and 0.5 segregation of calcium oxide was observed, indicated by presence of diffraction 

peaks marked as “#” in Figure 5.2, along with reduced crystallinity.  

Ionic bond strength (IAB) in bismuth iron oxide is given in Eq. 5.2 (Kumar et al. 2010).   

𝐼AB = 1 − e
−(

χA−χB
4

)
                (5.2) 

Where, χA is electronegativity of cation and χB is electronegativity of anion. It can be seen in 

Table 5.1 that ionic bond strength of Ca-O is much higher as compared to that of Bi-O bond. 

This results in reduction in enthalpy of formation of Ca doped BiFeO3 in comparison with 

undoped BiFeO3. As bond strength increases the bond energy becomes more negative. This 

reduces the free energy of formation of Ca doped BiFeO3 nanoparticles. As Ca-O bond takes 

the place of Bi-O bond free energy of formation becomes more negative. In this case entropy 

change is positive. This provides phase stability to the structure as dopant concentration 

increases up to a certain content (Kumar et al. 2010).  
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Figure 5.2 XRD patterns for bismuth iron oxide nanoparticles (a) undoped and with dopant concentration (b) 

0.1, (c) 0.2, (d) 0.3, (e) 0.4 and (f) 0.5 (*bismuth iron oxide; #calcium oxide) 

Table 5.1 Bi-O and Ca-O bond strength for Ca added bismuth iron oxide 

Cation Electronegativity Anion Electronegativity Ionic bond strength 

Bi3+ 2.02 O2- 3.44 0.4262 

Ca2+ 1.0 O2- 3.44 1.3631 

3D structural view of bismuth iron oxide nanoparticles for all the dopant concentrations is 

shown in Figure 5.3. Bismuth iron oxide have hexagonal crystal structure with R3c (161) space 

group (Cullity 1956). Diamond structures [Figure 5.3] show that unit cell of bismuth iron oxide 

have Bi3+ atoms at corner position, Fe3+ at body centered position whereas oxygen atoms 

occupy face centered positions. The shifting of octahedral sites resulted in shortening of Fe-O-

Fe bond angle from 180o antiferromagnetic (AF) super exchange interaction to 156.5o 

DyzaloShinskii-Moria interaction (DM) (Schmid 1994). Due to smaller DyzaloShinskii-Moria 

interaction than antiferromagnetic resulted in stabilization of spin canting and prompts 

inadequate structure with 62nm long period (Schmid 1994, Xu 2013). Variation in bond lengths 

and bond angles as a function of varying Ca concentration is given in table 5.2.   
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Table 5.2: Bond lengths and angles of Ca doped BiFeO3 nanoparticles 

Ca Concentration 

(x) 
Bond Type 

Bond Length 

(Å) 
Bond Type Bond Angle ( o) 

Tilting Angle ( 

o) 

0 Bi-O1 1.94 Fe-O-Fe 158.65 2.1 

 Bi-Fe 3.17 O-Fe-O 151.11  

 Fe-O1 1.96 O-Bi-O 155.24  

0.1 Bi-O1 1.93 Fe-O-Fe 159.54 3.04 

 Bi-Fe 3.09 O-Fe-O 149.97  

 Fe-O1 1.94 O-Bi-O 155.28  

0.2 Bi-O1 1.91 Fe-O-Fe 161.54 5.04 

 Bi-Fe 3.04 O-Fe-O 155.24  

 Fe-O1 1.96 O-Bi-O 157.97  

0.3 Bi-O1 18.21 Fe-O-Fe 165.54 9.04 

 Bi-Fe 3.06 O-Fe-O 155.24  

 Fe-O1 1.93 O-Bi-O 157.97  

0.4 Bi-O1 2.10 Fe-O-Fe 151.52 -4.98 

 Bi-Fe 3.03 O-Fe-O 145.23  

 Fe-O1 1.93 O-Bi-O 157.78  

0.5 Bi-O1 2.19 Fe-O-Fe 152.12 -4.38 

 Bi-Fe 3.02 O-Fe-O 156.16  

 Fe-O1 1.92 O-Bi-O 162.27  
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Figure 5.3 3D diamond structures of bismuth iron oxide nanoparticles with (a) 0 (b) 0.1(c) 0.2(d) 0.3 (e) 0.4 & 

(f) 0.5 Ca concentrations 
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Crystallite size (t) and dislocation density (δ) were calculated using Eqs. 5.3 (Cullity 1956) and 

5.4 (Callister et al. 2007). 

𝑡 =
0.9λ

𝐵cos𝜃
                  (5.3) 

𝛿 =
1

𝑡2                  (5.4) 

Where, B represents full width at half maximum and θ represents the diffraction angle. Increase 

in peak full width at half maximum will result in decrease in crystallite size as shown by 

Scherrer formula (Eq. 5.3). Slight decrease in crystallite size from 7.739 nm to 7.094 nm 

(Figure 5.4), indicated by broadening of peak (Figure 5.2), was observed with increase in 

dopant concentration (x) to 0.3. When Ca2+ ions are doped in periodic crystal lattice of BiFeO3, 

strain is induced that results in changes in lattice periodicity and reduction in crystal symmetry. 

This results in inhomogeneity in crystal structure. This inhomogeneity in the structure results 

in slight increase in dislocations in Ca doped bismuth iron oxide nanoparticles.  

 

Figure 5.4 Crystallite size and dislocation density for Ca doped bismuth iron oxide nanoparticles 

Lattice parameters, refined using “Powder Cell Software”, are studied for changes in dopant 

concentration (x) in Figure 5.5 (a). Lattice parameter and unit cell volume decreased as 

concentration of dopant (x) was increased to 0.3. This reduction in unit cell volume (Figure 5.5 

(b)) is related with lower ionic radius of calcium in comparison with bismuth. As Ca 

concentration was increased to 0.4 and 0.5 increase in unit cell volume was observed. Increased 
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unit cell volume arises due to presence of calcium oxide phase as was observed in Figure 5.2. 

Segregation of Ca resulted in addition of calcium oxide phase in BiFeO3 and resulting in 

repulsion of charges from their equilibrium position thus resulting in expansion of unit cell 

(Dagotto et al. 2001, Riaz et al. 2014).      

 

Figure 5.5 (a) Lattice parameters, (b) unit cell volume for Ca doped bismuth iron oxide nanoparticles 

Raman analysis is an influential technique to study the changes in crystal structure by 

monitoring the changes in Raman bands and peak broadening. Based on Heisenberg 

uncertainty principle the position of phonon (Δp) and the particle size (Δx) are related using 

Eq. 5.5 (Pal et al. 2012).        

Δ𝑝Δ𝑥 ≥
ħ2

4
                              (5.5) 

Where, ħ represents reduced Planck’s constant. As size of nanoparticles is reduced the phonons 

become more confined within the particle. As a result, momentum related to scattered photon 

broadens. This based on law of conservation of momentum, results in broadening of phonon 

peaks along with shift of Raman bands (Pal et al. 2012). According to group theory the optical 

phonon modes for bismuth iron oxide with R3c space group are given in Eq. 5.6 (Haumont et 

al. 2006, Farhadi et al. 2010).  

ΓR3c = 4A1 + 5A2 + 9E                    (5.6) 

Where, A2 modes are optically silent and A1 and E are optically active Raman and infrared 
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modes. Raman spectra for Ca doped bismuth iron oxide nanoparticles can be seen in Figure 

5.6. Presence of Raman bands corresponding to phonon modes E(TO) (99 cm-1, 130 cm-1, 225 

cm-1, 317 cm-1, 375 cm-1, 475 cm-1 and 555 cm-1) and A1 (175 cm-1, 214 cm-1, 470 cm-1 and 

525 cm-1) point towards the formation of phase pure BiFeO3 for Ca concentration x = 0.1-0.3. 

Raman bands at wavenumber < 200 cm-1 arise due to internal vibrations arising from BiO6 

octahedron and wavenumber > 200 cm-1 arise due to internal vibrations arising from FeO6 

octahedron (Biasotto et al. 2011). Decrease in peak intensities with increase in dopant 

concentration indicates greater lattice distortion. At low wavenumber modes in bismuth iron 

oxide Raman spectra arise due to bismuth cation. Shift in peak positions to slightly higher 

wavenumber indicates decrease in stereochemical activity of lone pair present at bismuth site. 

This indicates partial replacement of bismuth cation by calcium cation (Li et al. 2016). 

 

Figure 5.6 Raman spectra for bismuth iron oxide nanoparticles (a) undoped and with dopant concentration (b) 

0.1, (c) 0.2, (d) 0.3. 

Energy dispersive spectrum for bismuth iron oxide (BiFeO3) nanoparticles at x = 0.3 (Figure 

5.7) confirms the presence of Bi, O, Fe and Ca. No extra peaks are traced indicating the absence 

of contamination in the nanoparticles.   
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Figure 5.7 EDX pattern for Ca doped bismuth iron oxide nanoparticles 

X-ray Photoelectron Spectroscopy was used to study the chemical bonding in Ca doped 

bismuth iron oxide nanoparticles as can be seen in Figure 5.8. XPS results also confirm the 

formation of single phase of doped and undoped bismuth iron oxide nanoparticles under as-

synthesized conditions. For undoped bismuth iron oxide nanoparticles Fe2p3/2 and Fe2p1/2 spin-

orbit doublets are observed at 710.9 eV and 724.8 eV (Figure 5.8 (a)). Slight shift in binding 

energy of doped nanoparticles (Figure 5.8 (b)) takes place in comparison to undoped 

nanoparticles. Large amount of Fe3+ cations are observed indicating decrease in number of 

oxygen vacancies (Figure 5.8 (c)). It can be seen by comparison of Figure 5.8 (a) and (b) that 

Ca concentration results in slight increase in number of Fe2+ ions. With replacement of Bi3+ 

with Ca2+ electron density of iron increases considerably due to lower electronegativity of Ca2+ 

as compared to Bi3+ (Table 5.1). Presence of small amount of Fe2+ ions can result in 

considerable enhancement in magnetization as reported by Feng et al. (2013). In case of XPS 

spectra for oxygen anions (Figure 5.8 (c)) only a single peak at ~530 eV was observed in 

undoped nanoparticles and this peak slightly shifted to lower binding energy with Ca doping. 

However, it can be observed in Figure 5.8 (c) that no peak corresponding to oxygen vacancies 

was observed at ~533 eV indicating that oxygen vacancies are neither created during synthesis 

nor after doping.      
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Figure 5.8 XPS analysis of Fe element for (a) x = 0 (b) x = 0.3 and (c) O1s for bismuth iron oxide nanoparticles 

Morphology and size distribution of Ca doped bismuth iron oxide nanoparticles was 

investigated using TEM images as shown in Figure 5.9. TEM image confirms formation of 

particles with average size ~8 nm. This size is comparable to that obtained using XRD patterns 

in Figure. 5.1.  

 

Figure 5.9 TEM image of bismuth iron oxide nanoparticles with Ca concentration x=0.3 

Room temperature magnetic-hysteresis curves for undoped and Ca doped bismuth iron oxide 

nanoparticles are shown in Figure 5.10. Increase in saturation magnetization (Figure 5.11 (a)) 
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from 9.20 emu/g to 21.09 emu/g was observed as dopant concentration (x) was increased from 

0.0 to 0.3. Decrease in saturation magnetization down to a value of 2.45 emu/g was observed 

with increase in calcium concentration (x) up to 0.5. This decrease in saturation magnetization 

is due to the appearance of calcium oxide phase for higher calcium content i.e. x=0.4-0.5, as 

observed in XRD results shown in Figure 5.2 (e, f).  

Bismuth iron oxide, in bulk form, exhibits G-type antiferromagnetic behavior with canting of 

the spin structure along [111] direction. Weak ferromagnetic behavior in bismuth iron oxide 

arises from Dzyaloshinsky–Moriya interactions like m~ (Pzly-Pzlx,0) where, m represents the 

average magnetization of the two sublattices, Pz is the spontaneous polarization along c-axis 

and lx and ly represent antiferromagnetic unit vectors. This shows that weak ferromagnetic 

behavior in bismuth iron oxide can only appear because of the presence of spontaneous 

polarization. From microscopic point of view, because of the superposition of incommensurate 

spin structure the antiferromagnetic spin structure is not homogenous. Because of the presence 

of long-range cycloid structure with wave vector of 62 nm the observation of even weak 

ferromagnetic behavior in bismuth iron oxide is extremely difficult. This translational 

symmetry can be broken by: 1) application of high magnetic fields; 2) presence of epitaxial or 

external stress; 3) size reduction below cycloid spin structure of bismuth iron oxide; 4) through 

modifications in the structure by substitution of A-site and B-site ions (Tong et al. 2015, Bai et 

al 2005). In the present study, size reduction of nanoparticles to a value of ~7.2 nm resulted in 

suppression of cycloidal structure in Ca doped bismuth iron oxide nanoparticles as illustrated 

in Figure 5.11 (b).   

Further, 3D structural view of bismuth iron oxide nanoparticles [Figure 5.3] showed tilting of 

FeO6 octahedra in bismuth iron oxide nanoparticles. Such tilting caused shifting of Fe and Bi 

cations and broke the inversion symmetry (Schmid 1994). The anti-ferrodistortive rotation 

causes the tilting of octahedral resulting in shortening of Bi-O bond length (Schmid 1994) from 
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2.03o to 1.82o at 0.3 Ca concentration. Such structural re-arrangement also affects the bond 

angle that is responsible for magnetic exchange interaction and overlap between Fe and O. The 

ideal structure possesses Fe-O-Fe bond angle 180o (Schmid 1994) that is decreased to 156.5o 

in R3c structure as can be seen in Figure 5.3 and table 5.2. Diamond structures showed +ive 

tilt in bond angle (i.e. 2.1o, 3.04o, 5.04 o & 9.04 o) for Ca concentration of 0.0 to 0.3. +ive tilt in 

bond angle is responsible for the formation of phase pure structure along with increased value 

of saturation magnetization (~ 21 emu/g) at 0.3 Ca concentration. Such behavior is in consistent 

with the previous study (Awan et al. 2019). Whereas, –ive tilt in bond angle (i.e. -4.98o & -

4.38o) produced mixed bismuth iron oxide phases along with decreased value of saturation 

magnetization (~2.5 emu/g) for 0.4 and 0.5 Ca concentration.  

 

Figure 5.10 M-H curves for undoped and Ca doped bismuth iron oxide nanoparticles 

         

Figure 5.11 (a) Saturation magnetization and coercivity for Ca doped bismuth iron oxide nanoparticles plotted 

as a function of dopant concentration (b) Representation of suppression of cycloidal spin structure of BiFeO3 

Magnetic properties of bismuth iron oxide nanoparticles doped with diamagnetic ion Ca2+ is 

based entirely on the iron sublattice that is magnetically active. The possible super exchange 
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interactions in bismuth iron oxide are Fe3+-O2—Fe4+ or Fe3+-O2—Fe3+; antiferromagnetic in 

nature. Probable explanation for the appearance of magnetization in bismuth iron oxide 

nanoparticles is canting of the sublattice that results in transition from spiral spin structure to 

homogenous spin structure. The transition has been proposed theoretically using “Landau–

Ginzburg (LG) formalism for the free energy (F)” (Eq. 5.8) (Bai et al. 2005). 

𝐹ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑖𝑜𝑢𝑠 < 𝐹𝑐𝑦𝑐𝑙𝑜𝑖𝑑                (5.8) 

Based on Landau–Ginzburg formalism, free energy ferromagnetism in otherwise 

antiferromagnetic perovskite structure arises when free energy of formation of homogenous 

spin structure is less than that of spiral spin structure. Landau–Ginzburg (LG) formalism for 

the free energy for cycloid spin structure depends on magnetoelectric interactions, magnetic 

anisotropy and non-homogenous exchange energy. The magnetic energy for cycloid structure 

is given in Eq. 5.9 (Bai et al. 2005, Hussain et al. 2017). 

𝐹𝑐𝑦𝑐𝑙𝑜𝑖𝑑𝑎𝑙 = A𝑞2 − 𝛾𝑃𝑧𝑞 + 𝐾𝑢′sin𝜃             (5.9) 

Where, A represents exchange stiffness, q is the wave vector representing the cycloid spin 

structure, Pz represents the polarization, Ku' is the effective anisotropy constant and γ is the 

magnetoelectric coefficient that is also related to inhomogeneity in the spin structure. Effective 

anisotropy constant considers: 1) true anisotropy; 2) contribution from magnetoelectric effect 

(Bai et al. 2005, Hussain et al. 2017, Awawdeh et al. 2014) that is homogenous and is 

represented in Eq. 5.10 (Hussain et al. 2017).           

𝐾𝑢′ = 𝐾𝑢 − χ⊥
(β𝑃𝑧)2

2
              (5.10) 

Where, χ┴ is the magnetic susceptibility and its direction is perpendicular to the 

antiferromagnetic vector, β represents magnetoelectric coefficient corresponding to 

homogenous antiferromagnetic spin structure (Hussain et al. 2017). 
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The above discussion is effective in understanding the role of dopant on relaxing the spin 

structure of bismuth iron oxide. Firstly, the incorporation of dopant in bismuth iron oxide 

crystal structure results in strain because of the size difference between host and dopant ions. 

This results in shift in position and spins of bismuth and iron cations. Because of which 

disturbance of spins in the antiferromagnetic structure occurs. Extent of change in spiral spin 

structure depends not only on the difference in dopant and host ions’ radius but also on the 

electronic polarization. No magnetic behavior exists without the presence of polarization in 

perovskite structure of bismuth iron oxide (Peng et al. 2015, Khajonrit et al. 2017). So, 

according to Eq. 5.10, substitution of host ion with dopant ion affects the magneto anisotropy 

constant through changes in polarization. Magnetocrystalline anisotropy (Ku1) for Ca doped 

bismuth iron oxide nanoparticles was calculated using Eq. 5.11 (Cullity et al. 2009).  

𝐾𝑢1 = √
15|S|𝑀𝑠

4
               (5.11)  

Where, S is the straight line slope of saturation magnetization vs. 1/H2 at high fields as can be 

seen in Figure 5.12. Variation in magnetocrystalline anisotropy constant as a function of Ca 

concentration (x) is shown in Figure 5.13. Decrease in magnetocrystalline anisotropy with 

increase in dopant concentration to 0.3 resulted in increased magnetization of Ca doped 

bismuth iron oxide nanoparticles. In addition, Ca2+ ions are non-magnetic in nature and hence 

the contribution directly to magnetization is negligible. Net magnetization is thus the result of 

lattice distortion created by substitution of bismuth cation with calcium cation. Lattice 

distortion, supported by increase in dislocation density (Figure 5.4), results in further 

suppression of spiral spin structure with increase in dopant concentration to 0.3.             
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Figure 5.12 Ms vs. 1/H2 for Ca doped bismuth iron oxide nanoparticles 

 

Figure 5.13 Magnetocrystalline anisotropy plotted for changes in Ca concentration 

In addition, as observed in XPS data (Figure 5.8) that Fe2+ cations were also present in a very 

small amount. This can also be one of the reasons for increase in magnetization of doped 

nanoparticles. However, as observed from TEM images that size of particles was ~7.2 nm, 

much smaller than critical size of cycloidal spin structure of bismuth iron oxide. So it can be 

predicted that major contribution to ferromagnetic behavior arises from reduced particle size 

in Ca doped bismuth iron oxide nanoparticles.   

Comparison of saturation magnetization of Bi1-xCaxFeO3 nanoparticles with literature is given 

in Table 5.3. It can be seen that magnetization values obtained in the present study are relatively 

high as compared to those reported in literature under as-synthesized conditions. 
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Table 5.3 Comparison of saturation magnetization (Ms) of Bi1-xCaxFeO3 nanoparticles with literature 

Ca 

concentratio

n (x) 

Conditio

n 

Ms 

(emu/g

) 

Literature 

Method 
Conditio

n 

Calcination 

temperatur

e (˚C / K) 

Ms 

(emu/g

) 

0.0 

A
s-

sy
n
th

es
iz

ed
 

9.20 Sol-gel (Quan 

et al. 2016) 

undoped 
400 /673.15 

~0.4 

0.1 11.19 10% Ca ~0.54 

0.2 13.10 
Sol-gel (Park 

et al. 2007) 
Undoped 600 /873.15 1.55 

0.3 21.09 Sol gel route 

(Hu et al. 

2011) 

Undoped 350/ 623.15 10 
0.4 6.96 

0.5 2.45 

Electrospinnin

g (Feng et al. 

2013) 

10% Ca 660 /933.15 0.62 

High temperature magnetic data was measured to explore the effect of Ca doping on Neel 

temperature of undoped and doped BiFeO3 nanoparticles. Magnetic transition temperature for 

undoped nanoparticles was found to be ~643.7 K (Figure 5.14). Increase in transition 

temperature to 697 K was observed with increase in Ca concentration to 0.3. The increase in 

magnetic transition temperature in Ca doped BiFeO3 nanoparticles is due to replacement of Ca 

in the host lattice. Unit cell volume decreases when smaller radius cation, as in the present 

study, replaces cation with larger ionic radius as observed in Figure 5.5 (b). This results in 

changes / variations in exchange interaction energy. Due to the above-mentioned reasons, 

higher thermal energy is required for magnetic disordering. This results in shift of Neel point 

to higher temperature (Kamynin et al. 2018).     

 

Figure 5.14 High temperature magnetization measurements for bismuth iron oxide nanoparticles with x=0.0 – 

0.5 Ca concentrations 
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Figure 5.15 shows field cooled (FC) and zero field cooled (ZFC) curves for bismuth iron oxide 

nanoparticles with dopant concentration x = 0.3. For FC magnetic measurements, films were 

cooled in magnetic field (100 Oe, 500 Oe, 1000 Oe) from room temperature to 5 K. With the 

application of magnetic field FC measurements were carried out in the warming cycle. In case 

of ZFC curves, the films were cooled to 5 K without the presence of magnetic field and then 

the measurements were carried out in warming cycle under magnetic field of 100 Oe, 500 Oe 

and 1000 Oe. FC curves show increase in magnetization with decrease in temperature from 

300 K to < 100 K. Decrease in magnetization in case of ZFC curves at very low temperatures 

might be because of exchange interactions of spins present at the surface of nanoparticles 

(Khajonrit et al. 2017). This variation in FC and ZFC curves can be explained on the basis of 

vacancies and disorders associated with the surface of nanoparticles. Based on Neel model, 

antiferromagnetic nanoparticles are composed of two sublattices i.e. one with spin down and 

other with spin up at the surface. Imbalance between number of spins at the surface results in 

net magnetization in nanoparticles below ordering temperature (Verma et al. 2016). In addition, 

FC/ZFC curves are field dependent.  Small particle size (less than 62 nm) and reorientation of 

Fe3+ cations at the surface along with Ca doping results in magnetization of nanoparticles with 

blocking temperature of ~88 K at applied field of 500 Oe. Blocking temperature of ~73 K and 

99.7 K was observed at field of 100 Oe and 1000 Oe, respectively.         
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Figure 5.15 FC and ZFC curves for BiFeO3 nanoparticles with Ca concentration x = 0.3 

5.4 Summary   

Bi1-xCaxFeO3 nanoparticles (x = 0.0 - 0.5) were synthesized with sol-gel method. These 

nanoparticles were characterized without any post thermal treatment. XRD results show 

formation of BiFeO3 phase at dopant concentration 0.0 - 0.3. Higher Ca concentration resulted 

in inclusion of calcium oxide phase in BiFeO3. BiFeO3 phase formation and incorporation of 

dopant in the lattice was further confirmed using Raman analysis and EDS. Size distribution 

and morphology of nanoparticles, with size ~8 nm, was observed using TEM. XPS analysis 

indicated the presence of small number of Fe2+ cations while no change in oxygen 

stoichiometry was observed. Saturation magnetization of bismuth iron oxide nanoparticles 

increased from 9.202 emu/g to 21.097 emu/g with reduced magnetocrystalline anisotropy.  

Increase in magnetic ordering temperature from 643.7 K to 697 K was observed with increase 

in dopant concentration from 0.0 to 0.3. Blocking temperature of ~88 K (applied field 500 Oe) 

was obtained using FC/ZFC curves.    
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Chapter # 6 Enhanced Structural and Magnetic 

Ordering in As-Synthesized La Doped 

Bismuth Iron Oxide Nanoceramics 

6.1 Introduction 

Multiferroic nature of BiFeO3 makes its versatile and suitable material for diverse applications 

in electronics and spintronic devices and sensors. BiFeO3 is among the tens of reported 

multiferroics which have high Neel and Curie temperatures, respectively 643 K and 1103 K 

for BiFeO3. The volatility of Bi2O3 results in the formation of bismuth rich and bismuth 

deficient phase which may be undesirable for electronic and magnetic applications (Dhir et al. 

2014, Catalan & Scott 2009, Kaixin et al. 2016, Ahmed et al. 2015, Riaz et al. 2016). The 

impurity phases cause the inhomogeneity in spin structure which adversely effects macroscopic 

magnetization. The impurity phases can be reduced by leaching in concentrated HNO3 solution 

however this method has poor reproducibility (Majid et al. 2015, Betancourt et al. 2018, Wang 

et al. 2013, Ishiwara 2012, Sen et al. 2010). BiFO3 possess rohmbohedarl distorted perovskite 

structure with R3c space group.  

Rhombohedral BiFeO3 has ~ 62 nm long incommensurate antiferromagnetic spiral spin 

structure (Wang et al. 2013). The practical use of BiFeO3 in sensors and devices is subdue due 

to large leakage current, untenable magnetization and remnant polarization at room 

temperature. (ishiwara 2012, Sen et al. 2010, Miyahara & Furukawa 2016). Synthesis of single 

pure phase thin films of BiFeO3 is quite challenging because Bi2O3 is volatile, which leads to 

undesirable impurity phases.  To improve ferroelectric, ferromagnetic and dielectric properties 

of BiFeO3 and to overcome the hindrance in the way to its use in practical applications, several 

synthesis methods have been reported in literature using different dopants, process conditions 

and techniques (Wei et al. 2016, Liu et al. 2013, Lazenka et al. 2012, Oingrong et al. 2016, 
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Shah et al. 2014, Das et al. 2016). Among various reports it has been observed sol-gel method 

is very much cost effective technique to fabricate BiFeO3 thin films, which provide an easy 

way and stoichiometry control over the synthesis process for enhancement of thin film 

properties (Riaz et al. 2014, Jangid et al. 2012, Lee et al. 2005). 

6.2 Experimental Details 

Sol-gel and spin coating method was used for the preparation of lanthanum doped bismuth iron 

oxide thin films. Nitrates of bismuth and iron were used as precursors for the preparation of 

bismuth iron oxide sol. For doping purpose nitrate of lanthanum was used.  Three solutions 

were prepared for formation doped bismuth iron oxide sol. Solution 1 was prepared by 

dissolving bismuth nitrate in ethylene glycol.  Solution 2 was prepared by dissolving iron 

nitrate in ethylene glycol. Solution 3 was prepared by dissolving lanthanum nitrate in ethylene 

glycol. Solution 1 & 2 were mixed together at room temperature. For deposition purpose 

etching of substrate was done. 

6.3 Results and Discussion 

6.3.1 Structural analysis 

Figure 6.1 show XRD patterns for Bi1-xLaxFeO3 thin films. Occurrence of diffraction peaks in 

undoped films (Figure 6.1(a)) matching with planes (012), (104), (110), (024), (116) and (128) 

(JCPDS card no. 86-1518). No peaks matching with non-perovskite bismuth iron oxide phases 

(Bi24Fe2O39 and Bi2Fe4O9) and lanthanum oxide were observed. Whereas, with the increase of 

La concentration (x) no peak corresponding to LaO was observed. 
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Figure 6.1 XRD patterns for Bi1-xLaxFeO3 thin films with x as (a) 0.0 (b) 0.1 (c) 0.2 (d) 0.3 (e) 0.4 and (f) 0.5 

Crystallite size (t) (Cullity 1956) and dislocation density (δ) (Kumar et al 2011) of lanthanum 

doped bismuth iron oxide thin films are calculated by using Eqs (6.1) & (6.2).  





cos

9.0

B
t =                  (6.1) 

2

1

t

=                  (6.2) 

Where, B represnts full width at half maximum, θ represents diffraction angle, Δd is the change 

in d-spacing. Crystallite size increases from 23.5nm in undoped BiFeO3 thin films to 25.8nm 

Figure 6.2 as dopant was incorporated in the host lattice (x = 0.1). Increase in x to 0.3 resulted 

in increased crystallite size of 28.3nm. Further increasing x to 0.4 and 0.5 resulted in decrease 

in crystallite size. 

 

Figure 6.2 Effect of La concentration (x) on (a) Crystallite size and dislocation density for Bi1-x LaxFeO3 thin 

films  

Lattice parameters were determined and then refined with the help of “Powder Cell Software”. 

Refined lattice parameters, x-ray density and porosity of Bi1-xLaxFeO3 thin films can be seen 
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in Table 6.1 and 6.2. Lattice parameters and unit cell volume decreased as x was increased due 

to slightly less ionic radius of lanthanum as compared to that of bismuth. Decrease in volume 

of unit cell consequently leads to increased density. High density indicates compact structure 

of Bi1-xLaxFeO3 thin films. XRD patterns, presented in Figure 6.1, show that La doping did not 

change the structure of BiFeO3 though it generates an impact on structural parameters (Figure 

6.2 and table 6.1) that will in turn affect its dielectric and magnetic properties. 

Table 6.1 Structural parameters for Bi1-xLaxFeO3 thin films 

Dopant 

concentratio

n (x) 

Lattice 

parameters (Å) 

Unit cell 

volume 

(Å3) 

X-ray 

density 

(g/cm3) a c 

0.0 5.45 14.28 368.72 8.58 

0.1 5.44 14.27 367.05 8.61 

0.2 5.41 14.24 361.43 8.75 

0.3 5.40 14.20 359.49 8.80 

0.4 5.39 14.19 358.28 8.83 

0.5 5.38 14.14 355.90 8.88 

6.3.2 Dielectric Analysis  

Dielectric constant and tangent loss were calculated by means of Eq. 6.3 and 6.4 (Barsoukov 

et al 2018) 

Ao

dC




=


                (6.3) 




of2

1
tan =               (6.4) 

Where, C represents the capacitance, d and A are thickness and area of films, εo is permittivity 

of free space and ρ represents the resistivity.  

Dielectric constant and tangent loss for Bi1-xLaxFeO3 decreases with increase in log f at lower 

frequencies (Figure 6.3). (Riaz et al 2016, Riaz et al 2015, Azam et al 2015).  
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Figure 6.3 (a) Dielectric constant (b) tangent loss for Bi1-xLaxFeO3 thin films 

Dielectric constant and tangent loss are plotted for changes in x in Figure 6.4. Increase in 

dielectric constant (Figure 6.4(a)) from 36.8 to 287 (log f = 5.0) was observed as x was 

increased from 0.0 to 0.3.  

          

Figure 6.4 (a) Dielectric constant (b) tangent loss for Bi1-xLaxFeO3 thin films plotted for changes in x 

6.3.3 Impedance analysis 

Figure 6.5 shows real (Z') and imaginary impedance (Z') for Bi1-xLaxFeO3 thin films. Z' (Figure 

6.6 (a) remains constant at log f < 2.0. For the region 2.0 < log f < 6.0 Z' decreases as frequency 

increases and becomes constant at log f > 6.0. This high frequency region of Z' arises due to 

increase in conductivity. On the other hand, Z'' (Figure 6.5(b)) at low frequencies (log f < 4.0) 

increases as frequency of applied field increases, attains a maximum value (Z''max) and then 

again decreases in high frequency region. Z''max shifts to low frequencies indicating decrease 

in tangent loss (Behera et al. 2014) as was also observed in Figure 6.5(b) and increase in 

relaxation time with increase in x to 0.3.                
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Figure 6.5 (a) Real impedance (b) Imaginary impedance for Bi1-xLaxFeO3 thin films plotted as a function of log f 

Impedance spectroscopy is an important means to comprehend the heterogeneity of 

polycrystalline specimen. In order to interpret the role of grain and grain boundaries, Cole-Cole 

plots (-Z'' vs. Z') can be seen in Figure 6.6. Increase in curvature of Cole-Cole curves with 

increase in x to 0.3 is indicative of increase in resistance and decrease in leakage current for 

Bi1-xLaxFeO3 thin films. These Cole-Cole plots were fitted using “Zview software”. Parameters 

of Zview fitting are listed in table 6.2. It can be seen that grain boundary resistance increase 

from 53.11kΩ to 179.23kΩ as x was increased to 0.3. Increase in grain boundary resistance 

results in accumulation of space charge carriers at the grain boundaries (Riaz et al. 2015). This 

accumulation results in increase in dielectric constant as was observed in Figure 6.4(a) and 

6.4(b).     

 

Figure 6.6 Cole-Cole plots for Bi1-xLaxFeO3 thin films 
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 Table 6.2 Depression angle and fitting parameters obtained from Z-view software  

(x) 
Rg 

(Ω) 

Rgb 

(kΩ) 
Cgb (nF) α 

Ri 

(kΩ

) 

Ci 

(nF

) 

Relaxation 

time (10-5 

sec) 

Relaxation 

frequency 

(kHz) 

τgb τi fgb fi 

0.0 828 53.11 0.26 0.93 
40.

5 

1.5

5 
1.40 6.27 71.05 15.92 

0.1 48.79 109.78 0.08 --- --- --- 0.89 --- 17.87 --- 

0.2 340.9 165.45 0.07 --- --- --- 1.21 --- 13.08 --- 

0.3 707.0 179.23 0.11 --- --- --- 2.06 --- 7.69 --- 

0.4 30.49 68.61 0.14 --- --- --- 0.97 --- 16.28 --- 

0.5 88.38 22.40 0.90 --- --- --- 2.02 --- 7.85 --- 

6.3.4 a.c. conductivity 

For investigating the role of dopant on electronic conduction in BiFeO3 thin films, conductivity 

was calculated with the help of Eq. 6.5 (Patri et al. 2008). 

 tan2 of=                

(6.5) 

Conductivity of Bi1-xLaxFeO3 thin films is plotted for changes in log f in Figure 6.7. Two 

distinct regions can be observed in Figure 6.7: Region I: Frequency independent region 

representing d.c. conductivity that is related to the existence of free charge carriers; Region II: 

Frequency dependent region that is attributed to a.c. conductivity and arises due to the presence 

of bound charges (Jamal et al. 2011). At high frequencies, charge carriers hop from one 

potential well to the other thus resulting in increase in conductivity at high frequencies. The 

variation of conductivity with frequency can be clarified on the basis of by Jonscher’s Power 

Law given in Eq. 6.6 (Barsoukov et al. 2018)  

nAcdca  += ..)(..               (6.6) 

Where, ϭd.c. is the d.c. conductivity, n is the frequency exponent that depends on the interaction 

between lattice and mobile ions, ω is the frequency, A is the constant that depends on strength 

of polarizability of specimen. If “n” is zero it indicates the contribution from d.c. conductivity 
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while if “n” is less than 1 the conductivity is referred to as a.c. conductivity (Sharif et al. 2016). 

Figure 6.7 was fitted using Jonscher’s Power Law (Eq. 6.6) for values of n. For Bi1-xLaxFeO3 

thin films “n” is less than 1 thus indicating the motion of charge carriers is translation motion 

along with hopping phenomena at the grain boundaries (Pattanayak et al. 2013).  

 

Figure 6.7 Conductivity for Bi1-xLaxFeO3 thin films as a function of log f 

6.4 Conclusions 

Bi1-xLaxFeO3 (x = 0.0-0.5) thin films were prepared with sol-gel method. These thin films were 

characterized without undergoing any thermal treatment. XRD results confirmed the formation 

of phase pure BiFeO3 with rhombohedral distortion in unit cell. No peak corresponds to any 

secondary phase was observed. Increase in crystallite size up to 28.3 was observed as dopant 

content was increased to 0.3. Dielectric constant increases from 36.8 to 287 (log f =5.0) with 

increase in x from 0.0 to 0.3. Increase in curvature of Cole- Cole plot up to x = 0.3 indicated 

the increase in grain boundary resistance followed by the reduction in leakage current.  
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Chapter # 7 Role of Barium Substitution on 

Oxygen Vacancy Reduction in 

BiFeO3 Thin Films  

 

7.1 Introduction 

In the recent times, semiconductor magnetic nanomaterials are of particular interest owing to 

their distinctive properties in comparison to their bulk counterparts. Distinctive structural, 

magnetic and electronic properties arose from their high surface to volume ratio. 

Semiconductor magnetic nano-materials have found various applications in various spintronic 

and magnetoelectric devices (Ravichandran et al. 2018, Pedro et al. 2018). Surrounded by a 

variety of spintronic and magnetoelectric devices, memories that can be written electronically 

and read magnetically are of momentous concern. Writing a bit electrically has certain 

advantages including low power consumption and reduced size. But most outstandingly this 

technology can be executed in circuits without the use of mobile parts (Catalan and Scott 2009). 

Alternatively, reading a bit magnetically makes the memory non-destructive. Direct 

ferroelectric reading is also non-destructive but it involves change of polarization to read the 

bit (Catalan and Scott 2009).  Important prerequisite for future memories is that the magnetic 

state must be magnetically readable along with electric switching capability (Catalan and Scott 

2009).  For that reason, new materials are to be investigated for this purpose (Catalan and Scott 

2009, Sobhani et al. 2017, Ziarati et al. 2017, Rahimi et al. 2015). Amid a choice of materials, 

bismuth iron oxide is a probable candidate as its sublattice magnetization can be controlled by 

altering the ferroelectric polarization and vice versa (Bordacs et al. 2018).  

BiFeO3 fit in R3c space group with perovskite unit cell including rhombohedral distortion 

(Bordacs et al. 2018). BiFeO3 reveal high ferroelectric Curie and antiferromagnetic Neel 
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temperature of 850˚C and 370˚C, respectively (Tian et al. 2018, Xu et al. 2018, Zhang et al. 

2018, Zhou et al. 2018, Pedro et al. 2018). Regardless of the advantages of BiFeO3 drawbacks 

allied with phase pure BiFeO3 inflict big obstruction to its industrial applications. The biggest 

downsides comprise of antiferromagnetic or weak ferromagnetic behavior of BiFeO3 along 

with high leakage current (Shah et al. 2014, Cebela et al. 2017, Majid et al. 2015, Azeem et al. 

2019).  

To surmount this intricacy substituting A-site (replacing Bi) and B site (Fe replacement) is 

being proposed by different researchers (Azeem et al. 2019, Khomchenko et al. 2009, Ge et al. 

2018, Riaz et al. 2014, Dhahri et al. 2008, Shah et al. 2014, Sun et al. 2018, Riaz et al. 2015, 

Yang et al. 2010). Common substituents for A site include La (Ge et al. 2018), Ca (Riaz et al. 

2014), K (Shah et al. 2014, Dhahri et al. 2008). Common substituents for B site include Ni 

(Sun et al. 2018), Mn (Riaz et al. 2015) etc. Interesting is the fact that magnetic properties of 

BiFeO3 substituted with rare earth elements, that are scarce, are comparable to divalent cationic 

substitution (Yang et al 2010). Replacement of Bi or Fe cation results in enhanced dielectric 

and ferroelectric properties and hence reduced leakage current density (Zhou et al. 2018). This 

also alters the spin structure of BiFeO3 thus, inducing ferromagnetic behavior (Zhou et al. 2018, 

khomchenko et al. 2009). Among various substituents Ba (Barium) has been recognized to 

enhance magnetization (Wang et al. 2006). This enhancement has generally been credited to 

suppression of spin structure and increase in canting angle (Das & Mandal 2012). Another 

reason mentioned in literature for enhanced magnetic properties is valence fluctuation and/or 

existence of oxygen vacancies (Singh & Jung 2010). Structural changes from rhombohedrally 

distorted structure to tetragonal are also known to be a cause of enhanced magnetization (Yang 

et al. 2010). But neutron diffraction studies have shown that tetragonal BiFeO3 also exhibit 

antiferromagnetic behavior (Luo et al. 2013, Jo et al. 2012). So, the origin of ferromagnetic 

properties is still under debate. Controversial reports are present on enhancement in magnetic 



 Chapter # 7                                    Effect of Ba Doping                                                                                                 

 

P
ag

e 
1
1
7

 
P

ag
e 

1
1
7

 
P

ag
e 

1
1
7

 

properties. Moreover, dielectric properties still require attention before BiFeO3 can be utilized 

for industrial applications (Riaz et al. 2014). 

7.2 Experimental Details  

7.2.1 Barium Substitution in BiFeO3 Thin Films 

In this research, pristine and barium substituted BiFeO3 (Bi1-xBaxFeO3) thin films were 

prepared using sol-gel method. Variations in dielectric and magnetization properties have been 

correlated with variation in concentration of barium. Impact of substitution on changes in work 

function of the films has also been correlated with changes in magnetic and dielectric 

properties. It is important mentioning here that combined advantages of low annealing 

temperature and barium substitution results in enhanced dielectric and magnetic properties in 

Bi1-xBaxFeO3 thin films.     

7.2.2 Materials Used 

Precursors and solvent, iron nitrate (Fe(NO3)3.9H2O), bismuth nitrate (Bi(NO3)3.5H2O), 

barium acetate (Ba(CH3COO)2) and ethylene glycol were purchased from Sigma-Aldrich and 

were used without purification. Diluted hydrochloric acid, acetone and isopropyl alcohol were 

used for substrate etching and cleaning. 

7.2.3 Synthesis of Pristine and Ba substituted BiFeO3 Sols 

Bi(NO3)3.5H2O was dissolved in 20ml of ethylene glycol (Solution 1). Solution 1 was stirred 

for 60min. Solution 2 was prepared by dissolving Fe(NO3)3.9H2O in 20ml of ethylene glycol 

and stirring for 60min. Solution 2 was then added to solution 1. Reaction mixture was heated 

on hot plate at 80˚C for sol synthesis. For barium substitution, Ba(CH3COO)2 was dissolved 

separately in the solvent and added to bismuth iron oxide sol to obtain Bi1-xBaxFeO3 sols. 

Concentration of barium (x) was varied as x=0.0-0.3 with interval of 0.05. Sols prepared using 
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above procedure have shelf life of more than two years. Ethylene glycol has linear structure 

with two –OH groups. Due to the presence of two hydroxyl groups, ethylene glycol works as 

a bridging chelating ligand that can replace the alkoxide ligand. Such action is extremely 

desirable for bismuth iron oxide sol’s homogeneity and stability because of the presence of 

heterometallic units (Fe and Bi) (Shah et al. 2014).    

7.2.4 Preparation of Ba substituted BiFeO3 thin films 

To have smooth and clean substrate surface is important for homogenous film formation 

(Asghar et al. 2006, Asghar et al. 2006). For deposition of films, etching of copper (Cu) 

substrates was done using diluted hydrochloric acid. Etched Cu substrates were washed 

repeatedly using de-ionized (DI) water. Washed Cu substrates were cleaned further 

ultrasonically with acetone and isopropyl alcohol for removal of residual organic impurities 

(Asghar et al. 2006, Asghar et al. 2006).  

Bi1-xBaxFeO3 sols were coated on Cu substrate with Delta 6RC Spin Coater at 3000rpm for 

30sec. Films were annealed for 60min at 300˚C in vacuum under 500Oe magnetic field. 

Thickness of all Bi1-xBaxFeO3 films was 700nm as measured using Variable Angle 

Spectroscopic Ellipsometer. 

7.2.5 Instruments 

Bruker D8 Advance X-ray Diffractometer (XRD) with CuKα radiations (λ=1.5406Å) and 

nickel filter was used for diffraction analysis. XRD data was traced across 2θ˚ range of 20˚-

80˚. Lakeshore’s 7407 Vibrating Sample Magnetometer was used for magnetic 

characterization of the films. Data acquirement was done with time constant of 0.3sec under 

continuous mode. For dielectric and impedance analysis, 6500B Precision Impedance Analyzer 

by Wayne Kerr was used. Kelvin Probe Surface Photo Voltage Station was used for Surface 

Photo Voltage (SPV) measurements. X-ray photoelectron spectroscopy (XPS) analysis was 
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obtained using Thermo Fisher ESCALAB system with Al K radiations. Scanning Electron 

Microscopy and Energy Dispersive X-ray Spectroscopy of films were done with NOVA field 

emission SEM.        

7.3 Results and Discussion 

7.3.1 Structural analysis 

Figure 7.1 shows XRD patterns of Bi1-xBaxFeO3 (where x=0.0-0.3 with interval of 0.05) thin 

films. Occurrence of diffraction peaks belonging to planes (012), (104), (110), (024), (116) and 

(128) in pristine bismuth iron oxide films (x = 0.0; Figure 7.1(a)) indicated formation of 

perovskite structure of BiFeO3 with rhombohedral destruction. Indexing of BiFeO3 phase was 

done using JCPDS card no. 86-1518.  

Proposed mechanism for formation of BiFeO3 films can be seen in Eqs. 7.1-7.5 (Majid et al. 

2015, Gujar et al. 2005) 

𝐵𝑖(𝑁𝑂3)3 + 𝑂𝐻 − 𝐶2𝐻4 − 𝑂𝐻 → 𝐵𝑖3+𝑂𝐻− + 𝑂𝐻 − 𝐶2𝐻4
+ + 3𝑁𝑂3

1−         (7.1) 

𝐹𝑒(𝑁𝑂3)3 + 𝑂𝐻 − 𝐶2𝐻4 − 𝑂𝐻 → 𝐹𝑒3+𝑂𝐻− + 𝑂𝐻 − 𝐶2𝐻4
+ + 3𝑁𝑂3

1−          (7.2) 

2𝐵𝑖(𝑂𝐻)3 ⟺ 𝐵𝑖2𝑂3 + 3𝐻2𝑂               (7.3) 

2𝐹𝑒(𝑂𝐻)3 ⟺ 𝐹𝑒2𝑂3 + 3𝐻2𝑂               (7.4) 

𝐵𝑖2𝑂3 + 𝐹𝑒2𝑂3 → 2𝐵𝑖𝐹𝑒𝑂3                (7.5) 

As barium was incorporated into the structure no peaks corresponding to barium and/or barium 

oxide were observed till barium concentration of 0.2 (Figure 7.1(b)-(e)). This indicates that at 

low concentration barium has been successfully substituted in the lattice. At barium 

concentration x = 0.25 and 0.3 diffraction peaks matching to barium oxide (BaO, marked as ^ 

in Figure 7.1) were observed. When barium substitutes in BiFeO3 lattice, diffraction peaks shift 

to higher angles till x=0.2. At barium concentration 0.25 and 0.3 diffraction peaks shift to low 

diffraction angles. Shift of diffraction peaks to higher angles at x = 0.05-0.2, indicates decrease 

in lattice parameters, due to strain relaxation (Vagadia et al. 2013) in thin films. Strain 

relaxation in Bi1-xBaxFeO3 thin films results in shift of diffraction peaks to high diffraction 
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angles as opposed to that reported in literature. Various previous studies show that addition of 

barium in the host lattice resulted in shift of peak positions to lower angles (Makhdoom et al. 

2012). When Bi3+ is replaced with Ba2+ increase in tolerance factor (calculated using Eq. 7.6 

(Dhir et al. 2014)) from 0.84023 to 0.87342 was observed (Figure 7.2). This results in 

expansion of Fe-O bond length that consequently leads to reduction in stiffness in Bi3+-O and 

Ba2+-O bonds. As the result of which relative rotation angle between oxygen octahedron 

decreases thus leading to phase stability of R3c space group (Dhir et al. 2014). Yet, tolerance 

factor for Bi1-xBaxFeO3 thin films was still less than 1 that indicates tendency of tilting 

distortion in perovskite structure (Dachraoui et al. 2012).     

                 (7.6) 

Where, RA is radius of ion on A-site, RB is radius of ion on B site and Ro is ionic radius of 

oxygen ions.    

It is vital mentioning here that this is the low temperature for formation of BiFeO3 thin films 

that is being reported. In literature, temperature reported for preparation of phase pure BiFeO3 

thin films is ≥400˚C (Bordacs et al. 2018, Tian et al. 2018, Xu et al. 2018, Zhang et al. 2018, 

Zhou et al. 2018).  Use of ethylene glycol as solvent, as discussed in section 3.2, leads to phase 

stability at low temperature of 300˚C.   

 

Figure 7.1 XRD patterns for Bi1-xBaxFeO3 thin films x = (a) 0.0 (b) 0.05 (c) 0.1 (d) 0.15 (e) 0.2 (f) 0.25 (g) 0.3 
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Figure 7.2 Tolerance factor for Bi1-xBaxFeO3 thin films 

Crystallite size (t), strain (Cullity 1956), dislocation density (δ) (Kumar et al. 2011) and 

stacking fault probability (Chen et al. 2005) for peaks with full width at half maximum (B) and 

at diffraction angles (θ) were calculated using Eqs. 7.7-7.10.  

                 (7.7) 

               (7.8) 

                  (7.9) 

               (7.10) 

Where, d represents the d-spacing, B represents full width at half maximum.  

Crystallite size (Figure 7.3(a)) increases from 23.5nm to 29.32nm with increase in Ba 

concentration from 0.0 to 0.2. At Ba concentration 0.25 and 0.3 decrease in crystallite size was 

observed. Increased crystallite size at 0.0 to 0.2 specifies that Ba atoms get dissolved in the 

lattice. This reduces dislocations in the films. At concentrations 0.25 and 0.3 chances that Ba 

atoms occupying positions on the grain boundaries or interstitial positions are high (Akbar et 

al. 2015, Riaz et al. 2014). This leads to reduced crystallite size at high Ba concentration (0.25 

and 0.3) and increased dislocation density and strain (Figure 7.3(b)). Moreover, in 
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polycrystalline material difference in strain between grains also leads to grain growth (Riaz & 

Naseem 2007). The driving force behind this is the decrease in strain energy. This process 

proceeds with elimination of grains with high strain (Deus et al. 2002). Strain (Figure 7.3(b)) 

decreased from 0.031 to 0.020 as Ba concentration increased from 0.0 to 0.2. Further increasing 

Ba concentration resulted in increased strain. Increased strain and dislocation density at high 

Ba concentration was also due to presence of BaO phase that disturbs the stacking sequence of 

thin films (Figure 7.3(b)).  

  

Figure 7.3 (a) Crystallite size and Dislocation density and (b) Strain and stacking fault probability plotted for 

changes in x 

Shift of diffraction peak corresponding to planes (024) and (116), as was observed in Figure 

7.1, with substitution indicates change in lattice parameters. Lattice parameters (Figure 7.4(a) 

and (b)) decrease as the concentration of Ba increases to 0.2 thus resulting in decrease in unit 

cell volume despite the larger ionic radii of barium (1.42Å) as compared to that of bismuth 

(1.17Å). Decrease in lattice parameter and consequently unit cell volume is due to strain 

relaxation in the films (Vagadia et al. 2013). This is supported by shift of peak positions to 

slightly higher angles (Figure 7.1). At high Ba concentration, increase in lattice parameters and 

unit cell volume is ascribed to presence of BaO in BiFeO3 (Figure 7.1f, g). Increase in x-ray 

density indicates more compact structure of Bi1-xBaxFeO3 thin films at x = 0.0-0.2 (Figure 

7.4(b)). 
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Das et al. (2016) pointed out that combined positive charge in BiFeO3 reduces as Ba replaces 

Bi in the host lattice. Thus in this case charge balance occurs through creation of less number 

of oxygen vacancies as compared to that created by volatile nature of Bi. These oxygen 

vacancies are suppressed and are immobile thus helping in enhancement of the insulating 

nature of BiFeO3. 

 

Figure 7.4 (a) Lattice parameters (b) Unit cell volume and x-ray density plotted for changes in x 

XPS core spectrum for BiFeO3 and Bi0.8Ba0.2FeO3 thin films can be seen in Figure 7.5. The 

peaks at binding energies 710.4eV and 723.8eV match with Fe 2p3/2 and Fe2p1/2 peaks of Fe3+ 

ions. No separate peak corresponding to Fe2+ ions at 709.5eV was observed (Figure 7.5(a)). If 

the background is large than it is difficult to predict the oxidation state of iron cation (Das et 

al. 2016). Because of the difference in electronic configuration of Fe2+ and Fe3+ ions “satellite 

peak” is an accepted way to predict the oxidation state. Fe2+ ions exhibit satellite peak with 

binding energy 6.0eV greater than Fe2p3/2 peak while Fe3+ ions exhibit satellite peak at binding 

energy 8-8.5eV greater than Fe2p3/2 peak. It can be seen in Figure 7.5 that satellite peak occurs 

at 718.4eV thus confirming that the BiFeO3 and Ba substituted BiFeO3 thin films are composed 

of Fe3+ ions.  

Figure 7.5(b,c) shows asymmetric O 1s core spectrum for BiFeO3 and Bi0.8Ba0.2FeO3 thin films. 

Peak at lower binding energy of 529.12eV represents O1 core spectrum for BiFeO3. Peak at 

higher binding energy 530.8eV corresponds to oxygen vacancies in BiFeO3. Comparison of 
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Figure 7.5(b) and (c) shows that intensity of low binding energy peak increases and high 

binding energy decreases in Bi0.8Ba0.2FeO3 as compared to BiFeO3 thin films. This indicates 

decrease in oxygen vacancies. This suggests that charge balance occurs due to the presence of 

Ba ions rather than mixed valence state of iron cations thus resulting in decrease in oxygen 

vacancies.   

 

Figure 7.5 XPS spectra for (a) Fe2p (b) O1s for BiFeO3 (c) O1s for Bi0.8Ba0.2FeO3 

SEM images and Energy dispersive spectra (EDS) for pristine and Ba substituted BiFeO3 thin 

films can be seen in Figures 7.6 and 7.7. It has already been mentioned in section 3.2 that 

ethylene glycol possesses two hydroxyl groups that give rise to fast nucleation rate resulting in 

large number of nuclei with smaller grain size (Shah et al. 2014). SEM images (Figure 7.6) 

reveal grain size less than 60nm with well-defined grain boundaries. EDS patterns (Figure 7.7) 

reveal the presence of Bi, O and Fe elements in BiFeO3 thin films while inclusion of Ba was 

observed for substituted films. Observed weight percentage of Ba increases with increased 

substitution level while decrease in weight percentage of Bi takes place. It can also be observed 

in Figure 7.7 that weight percentage of oxygen increases with increased substitution level thus 
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strengthening the claim of decrease in oxygen vacancies. 

  

  

  

  

  
Figure 7.6 SEM images for Bi1-xBaxFeO3 thin films x = (a) 0.0 (b) 0.05 (c) 0.1 (d) 0.15 (e) 0.2 
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Figure 7.7 EDS patterns for (a) BiFeO3; (b) Bi0.95Ba0.05FeO3; (c) Bi0.90Ba0.1FeO3 (d) Bi0.85Ba0.15FeO3 (e) 

Bi0.80Ba0.20FeO3 

7.3.2 Dielectric and impedance analysis 
Dielectric constant ε and tangent loss (tan δ) of films with area A and thickness d were 

calculated using Eqs. 7.11 and 7.12 (Barsoukov  & Macdonald  2018). 

             (7.11) 

                     (7.12) 

Where, C is capacitance of the films, εo represents permittivity of free space and ρ is the 

resistivity of the films. Dielectric constant (Figure 7.8(a)) decreases as the frequency was 
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increased to log f = 5.0 and becomes constant at frequencies (log f > 5.0). Decrease in dielectric 

constant at low frequencies is attributed to different polarization mechanisms (Makhdoom et 

al. 2012, Shah et al. 2015). Polarizations that contribute to dielectric constant in lower 

frequency region are: 1) Space Charge, 2) Ion Displacement, 3) Electron Displacement and 4) 

Turning Direction polarization. At high frequencies only electron displacement polarization 

takes place (Makhdoom et al. 2012). Further, in polycrystalline aggregate both grain and grain 

boundaries affect the dielectric constant. Role of the grains dominates at high frequencies and 

grain boundaries are functional at low frequencies thus producing dispersion (Riaz et al. 2015). 

Due to high resistance at grain boundaries high energy is required by charge carriers to jump 

from one state to another. This results in high tangent loss (Figure 7.8(b)) at low frequencies 

(Riaz et al. 2015). 

 

Figure 7.8(a) Dielectric constant (b) Tangent loss for Bi1-xBaxFeO3 thin films 

Dielectric constant (Figure 7.9 (a)) increases from 45.8 (log f = 4.0) to 153.6 (log f = 4.0) at x 

=0.0 to 0.2. At x=0.25 and 0.3 decreased dielectric constant of 60.14 and 35.8 (log f = 4.0) was 

observed. Decrease in tangent loss (Figure 7.9 (b)) from 0.017008 to 0.0058 (log f =4.0) was 

observed (Figure 7.9(b)) at x =0.0 to 0.2. Further addition of barium resulted in increased 

tangent loss. As it was explained in Figure 7.2(a) that crystallite size increased from 23.5nm to 

29.32nm as Ba concentration was increased to x = 0.2. Increasing the concentration resulted in 

decrease in crystallite size. Increase in crystallite size resulted in decrease in strain from 0.031 
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to 0.02. This decrease in strain favors the formation of 180˚ domains. Thus, dielectric constant 

increases (Riaz et al. 2015).  At x = 0.25 and 0.3 partial clamping of domain wall motion 

(Dhahri et al. 2008) takes place due to increased strain (Figure 7.3(b)). This results in decrease 

in dielectric constant and increase in tangent loss.  

Moreover, it was observed in Figure 7.6 that Bi1-xBaxFeO3 thin films exhibit grain size less 

than 60nm along with well-defined grain boundaries. Smaller grain size results in higher grain 

boundary scattering (Goktas et al. 2018, Tikhii et al. 2013, Goktas et al. 2012, Verma et al. 

2011) and high grain boundary resistance. This will, thus, also result in increased dielectric 

constant in thin films at x=0.2. 

  

Figure 7.9 (a) Dielectric constant (b) Tangent loss for Bi1-xBaxFeO3 thin films plotted for changes x 

One aspect that strongly influences the dielectric constant and tangent loss is the existence of 

oxygen vacancies. It has been reported previously that because of the charge compensation 

mechanism required by substitution of Ba in BiFeO3 increase in number of oxygen vacancies 

takes place. This increases the probability of “hopping conduction mechanism” that results in 

increase in dielectric loss (Verma et al. 2011, Chauhan et al. 2013). But it can be seen in Figure 

7.9(b) that tanδ decreases with increase in Ba concentration to 0.2. Oxygen vacancies in pristine 

BiFeO3 can occur during high temperature treatment while in substituted BiFeO3 it occurs 

because of both high temperature treatment and charge compensation mechanism.  
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Chandrasekha et al. (2014) pointed out that during high temperature treatment, thermodynamic 

rate of oxidation and reduction reactions at grain and grain boundaries are different. This leads 

to deficiency of oxygen in grains whilest grain boundaries are rich in oxygen. This can be 

explained by Kroger–Vink notation in Eqs. 7.13-7.15 (Chandrasekha et al. 2014).   

              (7.13) 

               (7.14) 

               (7.15) 

Singly and doubly ionized oxygen vacancies thus lead to presence of conducting electrons in 

the system. As mentioned earlier (Section 7.2) these films were annealed at 300˚C, rather low 

temperature as compared to that reported in literature. This, thus, reduces the probability of 

presence of oxygen vacancies due to thermal treatment. On the other hand, in case of Ba 

substituted BiFeO3 thin films, a larger positive charge (+3) is being replaced by smaller positive 

charge (+2). As the result of this, local negative charge is created relative to pristine BiFeO3. 

In order to compensate the negative charge oxygen vacancies are created i.e. local positive 

charge is present in BiFeO3 (Das et al. 2016). These local positive charges then acts as trapping 

centers for oxide ion vacancies thus leading to decrease in conductivity (Maso & West 2012). 

As the result of which, tangent loss in Bi1-xBaxFeO3 thin films decreases and dielectric constant 

increases.     

Comparison of dielectric constant of Bi1-xBaxFeO3 thin films with literature (Table 7.1) reveals 

high dielectric constant as compared to literature reported values.  
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Table 7.1Comparison of dielectric constant of Bi1-xBaxFeO3 thin films with literature 

x 

Dielectric constant Literature 

log f  

=3.0 

(1kHz) 

log f =4.0 

(10kHz) 

log f =6.0 

(1MHz) 
Method 

Dielect

ric 

constan

t 

Freque

ncy 

(Hz) 

0.0 89.66 45.8 35.81 Soft Chemical 

method (Arora et 

al. 2013) 

~130 10kHz 
0.05 156.63 60.99 41.85 

0.1 235.16 77.9 51.5 
Sol-gel (Bhushan 

et al. 2009) 45.5 1MHz 

0.15 220.46 97.43 60.07 Electrophoretic 

deposition (Tian et 

al. 2018) 

~4 
log f 

=4.0 0.2 465.56 153.61 68.31 

0.25 293.86 60.14 28.12 Sol-Gel (Dhir et al. 

2014) 95.8 1kHz 
0.3 79.66 35.8 25.81 

Figure 7.10 shows real and imaginary impedance plotted for Bi1-xBaxFeO3 thin films. Real 

impedance (Z') (Figure 7.10(a)) decreases with increase in frequency and becomes frequency 

independent at high frequencies. This indicates the rise of conductivity at high frequencies. 

Imaginary impedance (Z'') (Figure 7.10(b)) increases as frequency of field increases and attains 

a maximum value (indicating relaxation process) and then decreases at high frequencies. At 

very high frequencies (log f ≥ 6.5) Z'' becomes frequency independent. Relaxation process at 

low temperatures occurs due to contribution from immobile charges (Rout & Choudhry 2015). 

It can be seen in Figure 7.10(b) that decrease in broadening and asymmetry of the peaks arises 

as Ba content increase to 0.2. This indicates that there is a decrease in distribution of relaxation 

time and behavior becomes more close to Debye-like behavior (Pradhan et al. 2009).     
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Figure 7.10 (a) Real impedance (b) Imaginary impedance plotted as a function of log f for Bi1-xBaxFeO3 thin 

films 

For correlating the microstructure and impedance behavior in polycrystalline specimen, the 

complex impedance is represented in the form of Cole-Cole plots in Figure 7.11(a). Relation 

corresponding to Cole-Cole plots representing complex impedance (Z*), can be seen in Eq.  

7.16 (Singh et al. 2012). 

            (7.16) 

Where, Rg and Rgb are grain and grain boundary resistance, Cg and Cgb are grain and grain 

boundary capacitance, αg and αgb are relaxation time distribution functions for grains and grain 

boundaries, respectively. Grain and grain boundary resistances were obtained from fitting of 

Cole-Cole using Zview software. The angle between Z' and center of semicircular arc in Cole-

Cole plots is the measure of depression angle (θ). The depression angle (listed in table 7.2) is 

indicative of deviation of dielectric relaxation from ideal Debye type  (Singh et al. 2012). For 

taking into account the non-Debye type behavior the capacitance is substituted by Constant 

Phase Element (CPE) (Tikhii et al. 2013) whose impedance is given in Eq. 7.17 (Benali et al. 

2015).  

               (7.17) 
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Where, Q is the proportionality factor, α is the empirical constant whose values vary between 

0 and 1. CPE behaves as ideal capacitor when α = 1 and as ideal resistor when α =0  (Benali et 

al. 2015). Model used for fitting of Cole-Cole plots can be seen in Figure 7.11(b). Fitted 

parameters obtained from Zview are listed in table 7.2. Grain boundary resistance increases 

from 53kΩ to 99kΩ thus supporting the increase in dielectric constant of Bi1-xBaxFeO3 thin 

films as was observed in Figures 7.8(a) and 7.9(a).      

      

Figure 7.11(a) Cole-Cole plots for Bi1-xBaxFeO3 thin films (b) Equivalent circuit model defined for fitting of 

Cole-Cole plots using Zview software where, Rg corresponds to grain resistance, Rgb and CPEgb are resistance 

and constant phase element related to grain boundaries and Ri and Ci represents the resistance and capacitance 

of interface region 

Table 7.2 Depression angle and fitting parameters obtained from Zview software of equivalent circuit model in 

Figure 7.11(b) 

x θ Rg (Ω) 
Rgb 

(kΩ) 

Cgb 

(nF) 
α 

Ri 

(kΩ) 

Ci 

(nF) 

Relaxation time 

(10-5 sec) 

Relaxation 

frequency (kHz) 

τgb τi fgb fi 

0.0 27.76 828 53.11 0.26 0.93 40.5 1.55 1.40 6.27 71.05 15.92 

0.05 21.47 250 59.11 0.32 0.94 37.2 2.2 1.89 8.18 52.86 12.21 

0.1 27.76 350 70.11 0.26 0.94 55.5 1.45 1.82 8.04 54.85 12.42 

0.15 15.62 250 76.01 0.36 0.95 46.3 2.05 2.77 9.26 36.04 10.79 

0.2 11.85 300 180.0 0.28 0.96 99.8 1.3 5.04 12.9 19.84 7.707 

0.25 34.34 441.2 95.23 0.88 0.80 45.3 1.25 8.38 5.65 11.93 17.67 

0.3 36.25 775.8 85.66 3.22 0.71 35.2 1.23 27.5 4.33 3.62 23.06 

Conductivity was calculated using Eq. 7.18(Patri et al. 2008). 

          (7.18) 
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a.c. conductivity is plotted as a function of log f in Figure 7.12. In case of dielectric materials, 

the small d.c. conductivity, frequency independent, arises because of the presence of free 

charge carriers and a.c. conductivity, frequency dependent, is associated with bound charge 

carriers (Jamal et al. 2011). Hopping of charge carriers from one potential well to another is 

supported by increase in conductivity at high frequencies as can be seen in Figure 7.12. 

Conductivity decreases as Ba concentration (x) was increased from 0.0 to 0.2. Frequency 

dependence of conductivity is given by Jonscher’s Power Law given in Eq. 7.19 (Barsoukov  

& Macdonald  2018).  

              (7.19) 

Where, ϭd.c. represents d.c. conductivity, n is the frequency exponent that depends on the 

interaction between lattice and ions that are mobile, ω is the frequency, A is the constant that 

depends on strength of polarizability of specimen (Masó & West 2012). Zero value of “n” 

represent d.c. conductivity and less than 1 value corresponds to a.c. conductivity (Sharif et al 

2016). “n” less than 1 was obtained in Bi1-xBaxFeO3 thin films thus indicating the translational 

motion of charge carriers along with sudden hopping process (Pattanayak et al. 2013, Nithya 

et al. 2011). Reduced conductivity at x=0.2 arises due to reduced mobility of charge carriers.   

 

Figure 7.12 a.c. conductivity for Bi1-xBaxFeO3 thin films 
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Based on the above discussion, activation energy for Bi0.8Ba0.2FeO3 thin films was determined 

using Arrhenius equation (Eq. 7.20) (Barsoukov & Macdonald 2018) that explains the 

dependence of a.c. conductivity on temperature.  

              (7.20)    

Where, kB is the Boltzmann constant and Ea is the activation energy. Activation energy was 

found by straight line slope of ln σ vs. 1000/T curve (Figure 7.13). Activation energy of 2.1 eV 

was found for Bi0.8Ba0.2FeO3 thin films. Oxygen vacancies in their singly ionized state result 

in activation energy of 0.3-0.4eV. High activation energy of 0.6-1.2eV corresponds to doubly 

ionized oxygen vacancies (Gheorghiu et al. 2013). High activation energy confirms that 

contribution of oxygen vacancies to conduction is suppressed in Bi0.8Ba0.2FeO3 thin films. This 

effect is associated with decrease in long range motion of charge carriers with decrease in 

mobility and reduced carrier concentration and reduced conductivity as observed in Figure 

7.12.                    

 

Figure 7.13 Arrhenius plot for Bi0.8Ba0.2FeO3 thin films 

7.3.3 Magnetic Analysis of Bi1-xBaxFeO3 thin films 

Effect of Ba substitution on room temperature magnetic properties of BiFeO3 thin films was 
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also investigated (Figure 7.14). Films show ferromagnetic behavior as opposed to 

antiferromagnetic behavior of bulk BiFeO3. Magnetic properties further enhanced as barium 

was added to the host lattice (Figure 7.14(a,b)). In BiFeO3, electric field associated with crystal 

lattice is strong as compared to magnetic field i.e. ∆cryst (crystal field induced splitting) is 

greater than ∆H (orbital moment interaction energy with externally applied magnetic field) 

(Khomchenko et al. 2009). Thus, spin moment is the sole contributor to magnetism. But spin-

orbit interaction (∆LS), whose energy lies between ∆H and ∆crystal, leads to small magnetic 

moment that is associated with orbital motion of electron. This small magnetic moment then 

decides the direction of spin moment thus leading to magnetic anisotropy in the spin magnets 

(Khomchenko et al. 2009). This anisotropy is due to combined action of spin orbit interaction 

and crystal field. So, the magnetic moment induced due to spin orbit interaction will shift the 

g-factor from its ideal value (2.0023) (Khomchenko et al. 2009). This results in enhancement 

in magnetization as was observed in Figure 7.14(b). It was also observed in Figure 7.14(b) that 

coercivity of Bi1-xBaxFeO3 thin films was high as compared to pristine BiFeO3. The two factors 

associated with increase in coercivity are: 1) Pinning of domain walls (Costa et al. 2015); 2) 

Magnetic anisotropy (Wang et al. 2006). For further investigation magneto-crystalline 

anisotropy and size of single domain particles (d) were determined using Eqs. 7. 23-7.26 (peng 

et al. 2015, Awawdeh et al. 2014).  

               (7.23) 

              (7.24) 

               (7.25) 
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               (7.26) 

Where, Ku1 is the first order anisotropy constant and S is the straight line slope for Ms vs. 1/H2 

(Figure 7.15), γ is the energy density of domain walls, A is the exchange stiffness coefficient 

(4.1×10-7 erg/cm) (Peng et al. 2015). Anisotropy constant and the size of single domain are 

listed in table 7.3. Reduced anisotropy and size of single domain less than 62nm leads to 

ferromagnetic behavior and increased magnetization of the films.   

In addition, large lattice mismatch between the film and the substrate is also known to induce 

strain in thin films (Goktas et al. 2012, Siwach et al. 2003, Goktas et al. 2016) that also results 

in annihilation of cycloid modulation thus introducing weak ferromagnetic behavior in BiFeO3 

(Zhai et al. 2015, Anthonyraj et al. 2015, Ravalia et al. 2015, Mukherjee et al. 2015, Qi et al. 

2017, Yun et al. 2015, Hussain et al. 2015). However, as it was observed in Figure 7.3(b) that 

strain decreased in Ba substituted films while magnetization increased (Figure 7.14). Thus, it 

can be predicted that dominant role in enhancing the magnetic properties of Bi1-xBaxFeO3 thin 

films comes from substitution process and strain plays a minimal role. 

      

Figure 7.14 (a) M-H curves for Bi1-xBaxFeO3 thin films (b) Ms and Hc plotted for changes in x 
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Figure 7.15 Ms vs. 1/H2 (kOe)-2 curves 

Table 7.3 Anisotropy constant and size of single domain for Bi1-xBaxFeO3 thin films 

x Ku1 (erg/cm3) 
Size of single 

domain (nm) 

0.0 5.8×105 40.83 

0.05 5.10×105 23.05 

0.1 4.81×105 22.48 

0.15 4.58×105 18.52 

0.2 3.92×105 7.64 

0.25 1.76×106 68.59 

0.3 1.15×106 77.83 

 Comparison of saturation magnetization (Ms) of Bi1-xBaxFeO3 thin films with literature is listed 

in table 7.4 and enhanced magnetic properties are observed in our case.  
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Table 7.4 Comparison of Ms of Bi1-xBaxFeO3 thin films with literature 

Present work Literature 

x 
Ms 

 Method Ms 
emu/cm3 emu/g 

0.0 59.98 6.99 
Bi0.7Ba0.3FeO3 

(Yang et al. 2010 
Sol-gel 4.512emu/g 

0.05 74.64 8.68 Bi0.75Ba0.25FeO3 

(Singh et al. 2010) 

Solid state reaction 

method 
<1emu/g 

0.1 80.31 9.32 

0.15 93.72 10.88 Bi0.95Ba0.05FeO3 

(Bhushan et al. 

2009) 

Sol-gel 0.91emu/g 
0.2 139.35 16.17 

0.25 69.42 8.07 Bi0.75Ba0.25FeO3 

(Li et al. 2007) 
Pulsed laser deposition 3.3emu/g 

0.3 27.57 3.21 

    

7.4 Conclusion     

Bi1–xBaxFeO3 thin films were prepared using sol–gel method that were annealed at 300 °C. 

Phase pure BiFeO3 was observed in XRD patterns without any trace of non-perovskite bismuth 

phases till x = 0.2. BaO phase was observed at high barium concentrations x = 0.25 and 0.3. 

Films with barium concentration x = 0.2 showed dielectric constant and tangent loss of 153.61 

and 0.0058 (logf = 4.0) respectively. Decrease in oxygen vacancies was also confirmed using 

XPS and EDS analysis. Grain size of < 60 nm with well-defined grain boundaries was observed 

in SEM images. Activation energy of 1.8 eV for Bi 0.8Ba0.2FeO3 thin films indicated that oxygen 

vacancies were immobile thus leading to enhanced insulting behavior of BiFeO3. This increase 

in dielectric constant is also supported by increase in work function from 5.08 to 5.12 eV with 

increase in x from 0.1 to 0.3. Bi1–xBaxFeO3 films showed ferromagnetic behavior with high 

saturation magnetization of 139.35 emu/cm3 at x = 0.2. 
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Chapter # 8 Role of Nickel Substitution on 

Oxygen Vacancy Reduction in 

BiFeO3 Thin Films  

 

8.1 Introduction 

         Multiferroics have attained the attention of researchers during the last few years due to 

simultaneous manifestation of ferromagnetic and ferroelectric properties (Riaz et al. 2014, 

Majd et al. 2015, Hasan et al. 2015, Biasotto et al. 2011). Bismuth ferrite possess 

rhombohedrally distorted perovskite structure with room temperature magneto electric 

coupling. Although the weak magnetization and inhomogeneity induces a leakage current 

which make it difficult to manifest ferroelectric (FE) loops (Riaz et al. 2014, Shah et al. 2014). 

However when the particle size is less than 62nm it results in suppression of modulated spin 

structure and ferromagnetism (FM) is observed. Whereas the coexistence of ferroelectricity 

and ferromagnetism finds its applications in multifunctional devices like data storage based on 

electric field control of magnetization and vice versa (Suresh & Srinath 2015, Riaz et al. 2015, 

Di et al. 2015). Bismuth is highly volatile at high temperatures so therefore low temperature 

synthesis is very necessary (Shah et al. 2014). Also practical applications are suffering from 

problems owing to leakage current based on non-stoichiometry so therefore single phase 

bismuth ferrite is very necessary for its usage in practical applications (Riaz et al. 2015).  

Bismuth ferrite has been studied by various physical and chemical methods like the solid state 

reaction (Sinha et al 2019), sol-gel (Wrzesinska et al. 2019), hydrothermal (Di et al. 2015) and 

spark plasma sintering method (Wang et al. 2012) etc. Although many properties of bismuth 

iron oxide have been reported by many researchers however many of the properties such as 

non- linear optics and magneto electric coupling have not been reported so far (Ramirez et al. 
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2015, Chang et al. 2007, Chen et al. 2015, Abushad et al. 2019, Mao et al. 2019, Kumar et al. 

2015). In spite of all these, magnetization of bulk BiFeO3 is very low and high leakage current 

is still remains great gaps to bridge. Therefore many strategies have been implemented by many 

researchers such as modified preparation techniques, chemical substitution on A- site and B-

site (Ramirez et al. 2015, Chang et al. 2007, Chen et al. 2015, Abushad et al. 2019, Mao et al. 

2019, Kumar et al. 2015).    

It is important mentioning here that there are so far no reports on phase pure bismuth iron oxide 

nanoparticles without calcination (Riaz et al. 2014, Shah et al. 2014, Suresh & Srinath 2015, 

Riaz et al. 2015, Di et al. 2015, Wang et al. 2012). Sinha et al. (2019) used sol-gel method for 

the Synthesis of Cr doped BiFeO3 nanoparticles at sintering temperature of 550°C. The 

synthesized nanoparticles exhibited Ms of 1.5 emu/g  and dielectric constant of 350 at 100Hz. 

Wrzesinska et al. (2019) used microwave assisted solution combustion method to study the 

effect of La3+, Eu3+ and Er3+ on BiFeO3nanoparticles. The synthesized nanoparticles were 

annealed in air at 650°C for 30min. However mixed rohombohedral-orthorhombic crystal 

structures along with Bi2O3 and Bi2Fe4O9 secondary phases were observed in XRD patterns for 

all the samples. The synthesized nanoparticles showed dielectric constant of 41, 38, 34 and 36 

for BLaFO, BFO, BEuFO and BErFO respectively at 1.15MHz frequency. Pedro-García et al. 

(2019) studied the effect of co-doping of Sr2+ and Ni2+ of BiFeO3 by assisted high energy ball 

milling method and sintered at 800°C for 6h. XRD results confirmed formation of 

rhombohedral distorted perovskite structure at low doping concentration of 0.05. Whereas, for 

high dopant concentration i.e. 0.10 resulted in formation of NiFe2O4 and Bi25FeO40 phases. The 

co-doped sample showed specific magnetization of 2.2 emu/g for 0.05 doping concentration. 

Whereas, for 0.01 doping concentration, specific magnetization increased due to increase of 

dopant concentration.  
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The effect of Ni2+ on structural, magnetic and dielectric properties of bismuth iron oxide 

(BiFeO3) nanoparticles is studied with the reduction of oxygen vacancies and enhancement of 

Fe-O-Fe bond angle with the aim to improve the overall multiferroic properties. Oxygen 

vacancies are very common in bismuth iron oxide and their presence leads to the formation of 

Fe2+ ions (Kumar et al. 2015). It is reported that when Ni is substituted on B site it induces 

structural distortion and reduces oxygen vacancies and results in enhancement of multiferroic 

property. However doping of Ni2+ reduces the secondary phases and results in improvement of 

magnetic and dielectric properties which is suitable for magneto electric applications (Ramirez 

et al. 2015, Chang et al. 2007, Abushad et al. 2019, Mao et al. 2019). 

8.2 Experimental Details 

8.2.1 Chemicals Used 

Bismuth nitrate [Bi(NO3)3.5H2O], iron nitrate [Fe(NO3)3.9H2O] and nickel nitrate 

[Ni(NO3)2.9H2O] were used as precursors. These salts were purchased from Sigma Aldrich 

(purity 99.99%).  

8.2.2 Synthesis of nickel doped bismuth iron oxide nanoparticles 

To synthesize nickel doped bismuth iron oxide nanoparticles nitrates of bismuth and iron were 

used as precursors for the preparation of bismuth iron oxide sol. For the doping purpose nickel 

nitrate was used as precursor.  First, salt of iron was dissolved in 20 ml ethylene glycol and 

was stirred at room temperature for half an hour. Secondly, salt of bismuth was dissolved in 20 

ml ethylene glycol and stirred at room temperature for half an hour. After that these solutions 

were mixed together at room temperature and stirred at 80˚C for formation of sol. For doping 

purpose salt of nickel was dissolved in 20 ml ethylene glycol and stirred at room temperature 

for sol formation. The sol was then added to bismuth iron oxide sol for doping purpose and it 
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is varied as 0 wt%, 1 wt%, 2 wt%, 3 wt%, 4 wt% & 5 wt%. To obtain nickel doped bismuth 

iron oxide nanoparticles these sols were heat treated at 100˚C. The flow chart for nickel doped 

bismuth iron oxide is shown in Figure 8.1.   

 

              Figure. 8.1 Flow chart for the synthesis of nickel doped bismuth iron oxide nanoparticles 

For the characterization of nickel doped bismuth iron oxide nanoparticles, D8 Bruker X-ray 

diffractometer was used for structural analysis. Magnetic analysis of nickel doped bismuth iron 

oxide nanoparticles was carried out using Lakeshore 7407 Vibrating Sample Magnetometer. 

For dielectric analysis Wayne Kerr 6500 B Precision impedance analyzer was used.  

8.3 Results and Discussion 

8.3.1 Structural Analysis 

To identify crystal structure and phases of Ni doped BiFeO3 nanoparticles XRD technique is 

used. Rietveld Refined XRD spectra of nickel doped bismuth iron oxide nanoparticles for 

various dopant concentrations (0 wt%, 1 wt%, 2 wt%, 3 wt%, 4 wt% & 5 wt%) is shown in 

Figure 8.2(a-f). To minimize the difference between experimental and calculated profiles, 

Rietveld Refinement technique is used. In Refinement, number of parameters, are refined such 

as structural model, profile parameters scale and occupancy factors. R3c space group using 

pseudo voigt function is used. Cif file i.e. 1001090 was used for fitting process. Rietveld 

Refined parameters are listed in Table 8.1. All the main peaks in XRD spectra match to phase 
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pure bismuth iron oxide (BiFeO3) (JCPDS card # 86-1518), whereas peaks corresponding to 

nickel oxide (NiO) is observed at higher dopant concentration i.e. 5 wt%. Ni doped BiFeO3 

nanoparticles possess planes (012), (110), (113) and (116) corresponding to angles 

22.41°,32.06°, 37.64° and 51.31° with R3c space group. XRD pattern shows that peaks shift to 

higher angles with the increase of carrier concentration. The shifting of the peaks towards 

higher angles is due to difference in ionic radii of Ni and Fe. The ionic radius of Ni2+ (0.69Ǻ) 

is greater than the ionic radius of Fe3+ (0.645Ǻ). Substitution of smaller ionic radius cation 

(Fe3+) with larger ionic radius cation (Ni2+) leads to increase in average B-site cationic radius. 

This increase in ionic radius at B-site leads to changes in octahedral tilting and variation in Fe-

O (2.03-1.85Ǻ) bond length and Fe-O-Fe bond angle (180-156.5°)  (Majid et al. 2015). Oxygen 

vacancy defect is common in bismuth iron oxide (BiFeO3) (Kumar et al. 2015). Moreover, 

perovskite structures contain three short length and three long lengths bond length between Fe-

O. By increasing carrier concentration FeO6 gets distorted which results in variation of bond 

length and bond angle, and phase purity was observed at particular concentration i.e. at 4 wt% 

at low synthesis temperature. It has been observed from literature that relatively higher 

temperature is required to synthesize phase pure BiFeO3 nanoparticles even by chemical 

methods. Abushad et al. (2019) used sol-gel method to study effect of Mn doping on BiFeO3 

nanoparticles at 600°C annealing temperature for 6h and observed bismuth deficient phase i.e. 

Bi2Fe4O9 at 2,4 & 6 wt% dopant concentrations. Mao et al. (2019) synthesized BiFeO3 ceramics 

by Dy and transition metal co-doping by solid state reaction route at annealing temperature of 

850°C for 30min and observed Bi2Fe4O9 phase along with BiFeO3. 
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Figure 8.2 Rietveld Refined XRD patterns for nickel doped bismuth iron oxide nanoparticles with variation in 

carrier concentration (a) 0 wt% (b) 1 wt% (c) 2 wt% (d) 3 wt% (e) 4 wt% &(f) 5 wt% 
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To calculate crystallite size of nickel doped bismuth iron oxide nanoparticles Debye Scherrer 

formula is given in Eq. (8.1) (Cullity 1978). 





cos

9.0

B
t =            (8.1) 

The dislocation density of nickel doped bismuth iron oxide nanoparticles can be calculated 

using Eq. (8.2) (Cullity 1978). 

2

1

t
=             (8.2) 

Here, 

B= is Full Width at Half Maximum, 

θ =is the diffraction angle.  

The variation of crystallite size and dislocation density of doped nanoparticles as function of 

dopant concentration is shown in Figure 8.3. Increase in crystallite size from 7.73 nm to 7.89 

nm was observed with the increase in carrier concentration of Ni in bismuth iron oxide 

nanoparticles form 0.0 wt% to 1 wt %. Whereas, further increase of carrier concentration to 2 

wt% crystallite size increases from 8.12 nm to 8.59 nm. Maximum value of crystallite size was 

observed for 4 wt% dopant concentration due to strengthened and stable phase i.e. 9.02 nm. 

While further increase of carrier concentration to 5 wt % resulted decrease in crystallite size to 

7.03 nm and increase of dislocation density.  Generally, polymerization of colloidal particles 

takes place in sol-gel process. Number of interacting particles increases by increase of nickel 

concentration that resulted in increase of electrostatic interactions among the particles, so high 

value of crystallite size was observed for 4 wt% dopant concentration. However, increase of 

nickel concentration to 5 wt%, number of interacting particles increases beyond certain limit 

thus gives relatively reduced crystallite size and crystallinity. Dependence of crystallite size 
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lies on strengthened and stable phase at particular concentration (Manzoor et al. 2015, 

Masoudpanah et al. 2015). 

 

Figure 8.3 Variation of crystallite size and dislocation density as function of dopant concentration 

The variation of lattice parameters (a & c) and unit cell volume (V) of doped NPs can be 

elucidated using Eqs. (8.3) & (8.4) (Cullity 1978). 

     𝑆𝑖𝑛2𝜃=
𝜆2

3𝑎2
(ℎ2 + 𝑘2 + ℎ𝑘) +

𝜆2𝑙2

4𝑐2                                                             (8.3)                                                                                                    

    V =  0.866a2c                  (8.4) 

Figure 8.4 (a) & (b) shows the variation of lattice parameters (a & c) and unit cell volume of 

nickel doped bismuth iron oxide nanoparticles. The value of  lattice parameter increased with 

the increase of nickel concentration up to 4 wt%. By further increase of nickel concentration 

to 5 wt%, decrease in lattice parameter and unit cell volume was observed owing to increase 

of carrier concentration beyond certain limit. The increase of carrier concentration beyond 

certain limit results in production of localized heating around the ions and formation of 

temperature gradient that cause delay in Ostwald ripening mechanism and hence reduction in 

unit cell volume as well as distortion in structure i.e. at 5 wt% carrier concentration (Ilic et al 

2015, Cullity 2011). The bond lengths and bond angles are listed in Table 8.2 calculated 

through High score Plus software.   
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Figure 8.4 Variation of (a) Lattice parameters (a & c) and (b) Unit cell volume (V) plotted as function of dopant 

concentration for nickel doped bismuth iron oxide nanoparticles 

Table 8.1 Rietveld Refined structural parameters of Nickel doped BiFeO3 Nanoparticles 

Parameters 0 wt% 1 wt% 2 wt% 3 wt% 4 wt% 5 wt% 

a=b 5.51 5.53 5.55 5.56 5.59 5.58 

C 13.82 13.84 13.86 13.82 13.89 13.81 

α=β 90 90 90 90 90 90 

Γ 120 120 120 120 120 120 

V 364.01 367.32 369.98 370.51 376.13 372.50 

Rexp 8.55 11.25 10.21 10.29 11.07 10.97 

Rp 12.16 10.51 10.47 11.97 13.04 9.09 

Rwp 14.55 15.97 13.81 14.98 12.49 15.81 

Rb 36.44 34.23 37.99 38.21 37.98 26.54 

ϰ2 2.89 2.01 1.82 2.11 1.27 2.07 
Table 8.2 Bond lengths and Bond angles of Nickel doped BiFeO3 Nanoparticles 

Dopant 

Concentration 

(wt%) 

 

Bond 

Type 

 

Bond Length 

(Å) 

 

Bond 

Type 

 

Bond Angle ( o) 

 

0 

Bi-O1 2.26 Fe-O-Fe 159.65 

Bi-Fe 3.14 O-Fe-O 151.21 

Fe-O1 1.95 O-Bi-O 155.12 

 

1 

Bi-O1 2.38 Fe-O-Fe 159.97 

Bi-Fe 3.04 O-Fe-O 149.96 

Fe-O1 1.92 O-Bi-O 154.28 

 

2 

Bi-O1 2.23 Fe-O-Fe 161.54 

Bi-Fe 3.05 O-Fe-O 155.14 

Fe-O1 1.91 O-Bi-O 158.17 

 

3 

Bi-O1 2.36 Fe-O-Fe 163.53 

Bi-Fe 3.07 O-Fe-O 148.83 

Fe-O1 1.97 O-Bi-O 159.98 

 

4 

Bi-O1 2.31 Fe-O-Fe 165.52 

Bi-Fe 3.01 O-Fe-O 145.23 

Fe-O1 1.95 O-Bi-O 158.78 

 

5 

Bi-O1 2.12 Fe-O-Fe 154.12 

Bi-Fe 3.07 O-Fe-O 156.26 

Fe-O1 1.94 O-Bi-O 163.27 
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8.3.2 Magnetic Analysis  

Lakeshore 7407 Vibrating sample Magnetometer is used for the study of magnetic properties 

of nickel doped bismuth iron oxide nanoparticles. MH curves for all dopant concentrations are 

plotted in Figure 8.5 (a). Dopant concentration is varied as 0.0 wt%, 1 wt%, 2 wt%, 3 wt%, 4 

wt% & 5 wt%. Weak ferromagnetic behavior was observed for undoped bismuth iron oxide 

with saturation magnetization (Ms) =9.121emu/g. However with the substitution of Ni2+ an 

increase in Ms value from 11.017emu/g to 32.347emu/g was observed till 4 wt% carrier 

concentration. Whereas with further increase of carrier concentration to 5 wt% decrease in Ms 

i.e. from 29.347emu/g to 4.981emu/g was observed. 

An increase in Ms with the substitution of Ni2+ at B-site may be attributed to structural 

distortion which results in suppression of cycloid spin structure and as well as canting of spins 

as shown in Figure 8.5 (b) (Peng et al. 2015). This canting of spins results in alteration of Fe-

O-Fe bond angle from 156.5° to 165.52° for 4 wt% dopant concentration calculated using 

X’Pert Highscore Plus software. Consequently an alteration in bond angle results in 

modification of magnetic properties. The variation in bond angle play very vibrant role in 

magnetic properties of material. Based on Landau-Ginzburg theory destruction or distortion in 

cycloid spin structure results in enhancement of magneto-electric interaction which improve 

the ferroelectric and magnetic properties. Being an antiferromagnetic material, bismuth iron 

oxide possesses spin sublattices which are antiferromagnetically coupled with each other and 

ferromagnetic behavior arises in those lattices which have same spin (Dasilva et al. 2011, 

Pashchenko et al 2019). Substitution of cations of different radius results in distortion of lattice 

which may affect the ferromagnetic double exchange and as well as antiferromagnetic super 

exchange interactions. Generally, the cations with large ionic radius results in stabilization of 

ferromagnetic state at low temperatures whereas, in case of small ionic radius 

antiferromagnetic state is stable. These results can be understood in terms of electron 
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bandwidth whose dependence lies on Fe-O-Fe bond angle and average bond length Fe-O can 

be calculated using Eq.(8.5) (Wang et al. 2019).  

𝑊 ∝
𝐶𝑜𝑠

1

2
(𝜋−<𝜃>)

𝑑3.5                                                                        (8.5) 

where < 𝜃 > is the average Fe-O-Fe bond angle and d is the average Fe-O bond length. An 

increase in bandwidth observed when bond angle Fe-O-Fe approaches towards 180o. The 

increase in bandwidth favours ferromagnetic double exchange interaction due to overlap of Fe 

eg and O 2pσ orbitals.  Whereas, decrease in bond angle leads to narrower electron bandwidth 

and favors an insulating state. However, increasing the dopant concentration from 0 wt% to 4 

wt% leads to increase of bond angle from 159.65° to 165.52°, moving closer towards 180°. 

This results in wider electron bandwidth and favours the FM double exchange interaction in 

otherwise antiferromagnetic material (Wang et al. 2019). 

 

Figure 8.5 Magnetic hysteresis loops for nickel doped bismuth iron oxide nanoparticles (b) Canting of spin and 

uncompensated surface spins 

Figure 8.6(a) shows the variation of saturation magnetization (Ms) and coercivity (Hc) of 

nickel doped bismuth iron oxide nanoparticles. High value of Ms and low value of Hc was 

observed for 4 wt% carrier concentration due to phase pure bismuth iron oxide nanoparticles. 

Whereas low value of Ms was observed for 5 wt% dopant concentration due to appearance of 

NiO peak in XRD pattern [Figure 8.2(f)] and as well as increase of carrier concentration beyond 
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certain limit. According to modified core shell model, dependence of ferromagnetic behavior 

lies on two factors; 1) Canting of spin and 2) distribution of cations on the surface of 

nanoparticles. The ferromagnetic behavior is prominent when spin canting effect is small than 

the non-equilibrium distribution of cations. But in case of perovskite structures enhancement 

in magnetization can also be caused by dominating effect of spin canting as pointed out by 

Silva et al. (2011). Moreover, variation in magnetic properties can also occur when some 

energy barrier is created which is related to width of domain wall. In case of BiFeO3, the value 

of length scale is 62nm. In addition changes in magnetic properties occur when some energy 

barrier is created. And this energy barrier, representing width of domain wall, is related to some 

length scale that determines the distance after which the direction of magnetization can change 

(Riaz et al. 2014). Length scale in BiFeO3 is found to be 62nm. It was observed in Figure 8.3 

that crystallite size falls below 10nm, well below cycloidal spin structure of BiFeO3. This 

suppresses the cycloidal spin structure of BiFeO3 thus converting it to linear spin structure 

(Majid et al. 2015, Riaz et al. 2014). As the result of this, strong ferromagnetic behavior arises 

in BiFeO3 at 4 wt% dopant concentration.   

 

Figure 8.6 Variation of saturation magnetization and coercivity plotted as function of dopant concentration 

It is important to mention here that such strong ferromagnetic behavior of doped bismuth iron 

oxide (BiFeO3) nanoparticles at low synthesis temperature has been rarely reported in 

literature. Pashchenko et al. (2019) prepared La doped BiFeO3 multiferroics at 850° C sintering 
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temperature by liquid phase sintering method. The increase value of saturation magnetization 

(Ms) form 0.58 to 0.65 emu/g was observed by increasing dopant concentration from 0 to 0.1. 

Wang et al. (2019) synthesized Nd/Mn doped BiFeO3 nanoparticles by hydrothermal method. 

Phase transformation from R3c to Pnma was observed by Nd doping. Undoped BiFeO3 showed 

antiferromagnetic behavior while weak ferromagnetism was observed by increase of dopant 

concentration to 0.05.  

To determine magneto crystalline anisotropy Law of Approach to Saturation is used in order 

to obtain useful relationship between magnetization and applied field (H) given in Eq.8.6 

(Manzoor et al. 2015). 

𝑀 = 𝑀𝑠  [1 −
𝑎

𝐻
−

𝑏

𝐻2] + 𝜒𝐻                                                                                        (8.6) 

Where Ms denotes the saturation magnetization  

𝜒𝐻 = forced magnetization. 

 “a” and “b” = constants 

 where constant “a” represents micro stress and “b” represents crystal anisotropy which is 

accredited with magneto crystalline anisotropy as given in Eq. (8.7) (Cullity 2011, Peng et al. 

2015). 

2105

8

s

eff

M

K
b =           (8.7) 

Table 8.3 shows that lowest values of magneto crystalline anisotropy are observed at 4 wt% 

dopant concentration. Magnetocrystalline anisotropy can be used to calculate size of single 

domain by using Eqs (8.8) – (8.11) 

2

2
1

15

4

s

u

M

K
B =                       (8.8) 
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Ku =           (8.9) 
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AK=           (8.10) 
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=           (8.11) 

Where, Ku1 is the first order anisotropy constant and S is the straight-line slope for Ms vs. 1/H2, 

γ is the energy density of domain walls, A is the exchange stiffness coefficient (4.1 ˟10-7 

erg/cm) (Riaz et al. 2015, Verma et al. 2011, Rawat et al. 2014). 

Table 8.3 Anisotropy constant and critical size of single domain for Nickel doped bismuth iron oxide 

Nanoparticles 

 

 

 

 

 

8.3.3 Dielectric Analysis 

   The dielectric materials are generally insulators but when the external electric field is applied, 

they have the ability to store the electric charge. In order to analyze the dielectric properties of 

nickel doped bismuth iron oxide nanoparticles, at 0 wt%, 1 wt%, 2 wt%, 3 wt%, 4 wt % & 5 

wt% dopant concentrations, the dielectric constant (dielectric permittivity) and tangent loss are 

calculated using Eq. 8.12 & 8.13 (Verma et al. 2011). 

     ε= (Cd)/(εoA)                 (8.12) 

     tanδ = 1/(2πfεεoρ)     (8.13) 

Dopant Concentration 

(wt% ) 

Ku1 

(105erg/g) 

Critical size of single 

domain (nm) 

0 2.44 42.01 

1 2.39 28.79 

2 2.19 14.73 

3 2.27 7.44 

4 1.74 9.46 

5 3.33 87.44 
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 Here,  C = is the capacitance,  

A= is the area of device,  

d= is the thickness,  

ρ= is resistivity &  

ϵo= is permittivity of free space.   

Figure 8.7(a) & (b) shows the real part of dielectric constant and imaginary part i.e. tangent 

loss for nickel doped bismuth iron oxide nanoparticles measured at room temperature. All the 

samples exhibit abnormal dielectric behavior of dielectric constant i.e. dielectric constant is 

increasing with frequency and can be explained based on resonance phenomenon, which results 

when the frequency of applied field matches to frequency of carriers (Dhir et al. 2014, Ali et 

al. 2015).   

Present study show that inclusion of Ni2+ ions results in alteration of polarization process. By 

increasing the dopant concentration from 1 wt% to 2 wt% increase in dielectric constant is 

observed due to increase of Ni2+ ions and decrease in Fe3+ ions on B-sites. This decrease in 

Fe3+ ions on B-site results in weakening of electron exchange process of Fe3+↔Fe2+ and reduce 

the number of pile up electrons at grain boundary hence impeding the space charge polarization 

process (Das et al. 2012, Saravanan et al. 2009). Moreover, different parameters are also 

contributing towards polarization such as oxygen vacancies, interfacial dislocation pile up and 

grain boundaries defects and it is hard to find out that how much each factor is contributing 

towards polarization. The variation of tangent loss (tanδ) as function of frequency is shown in 

Figure 8.7 (b). Tangent loss decreases with the increase of frequency, and it arises when applied 

field frequency is much lesser than the hopping frequency of electrons exchange between Fe3+ 

and Fe2+ ions at B-site the electrons follow the direction of field and results in maximum loss. 
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Whereas at high applied electric field the hopping frequency cannot chase the applied field and 

hence loss is minimum (Verma et al. 2011, Nasir et al. 2011, Patri et al. 2008). 

The variation of dielectric constant and tangent loss at different frequencies are shown in inset 

of Figure 8.7(a) & 8.7(b) respectively. The highest value of dielectric constant of 440.144(log 

f = 5.0) was observed for nanoparticles (phase pure BiFeO3) prepared with 4 wt% carrier 

concentration. Whereas for higher dopant concentration (i.e. at 5 wt%) decrease in dielectric 

constant along with increased tangent loss was observed because of the formation of NiO phase 

along with BiFeO3. Increase in dielectric constant at 4 wt% carrier concentration specifies the 

suppression of oxygen vacancies and as well as the presence of mix Fe3+ and Fe4+ cations 

instead of presence of oxygen vacancies (Jamal et al. 2011, Sharma et al. 2014). Decrease in 

dielectric constant of 193.700 & 187.264(log f = 5.0) at higher carrier concentration of 5 wt% 

might be due to presence of mixed phases (i.e.BiFeO3 & NiO phase) and also due to increase 

of carrier concentration beyond certain limit. Pile up of charge layer occurs owing to hopping 

of Fe3+ and Fe2+ ions at less conducting grain boundaries and results in increased polarization 

at 4 wt% dopant concentration.  

Complex impedance spectroscopy is used for the study of electrical properties of nickel doped 

bismuth iron oxide nanoparticles. The plots between real (Zˈ) and imaginary (zˈˈ) are plotted 

in Figure 8.7(c). Grain, grain boundary and electrode interface can be differentiated on the 

basis of Nyquists plots. Nyquist plots can be elucidated based on equivalent circuit model that 

comprised of passive components. The equivalent circuit model can be in series or parallel 

arrangement or their combination by using different models based on resistors and capacitors. 

To study the role of grain and grain boundary effect Zview software is used which is 

commercially available software.  The parameters obtained from Zview software are listed in 

Table 8.4 which showed that grain boundary resistance is the important factor in dielectric 

constant [Figure8.7(a)] (Benali et al. 2015, Barsoukov & Macdonald 2018). 
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Figure 8.7 Dielectric Properties i.e.(a) Dielectric constant(ϵ) (b) Tangent loss(ϵˈˈ) and (c) Nyquist plot for Ni 

doped bismuth iron oxide (BiFeO3) nanoparticles, inset depicts the dielectric constant & tangent loss at different 

frequencies 

Table 8.4. Variation in relaxation time, grain boundary resistance and capacitance for Ni doped BiFeO3 

nanoparticles 

Doping 

Concentration 

(wt %) 

fmax 

(kHz) 

τ (10-5 

sec) 

Grain 

resistance 

(Ω) 

Grain 

boundary 

resistance 

(105Ω) 

Grain 

boundary 

capacitance 

(pF) 

0.0 0.98 16.23 8626.2 7.56 214.45 

1 4.10 3.87 6523.1 18.13 21.40 

2 2.18 7.29 3698.2 18.75 38.88 

3 2.58 6.16 1025.5 18.25 33.77 

4 1.65 9.59 540.3 25.22 38.02 

5 1.51 10.51 1265.8 16.50 63.71 

 

The conductivity of nickel doped BiFeO3 nanoparticles was determined using Eq. 8.14 (Patri 

et al. 2008) shown in Figure 8.8. 

 tan2 of=                     (8.14) 
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Conduction is mainly categorized into two parts (i) Region I which is frequency independent 

part arises due to band conduction (ii) Region II which is frequency dependent region arises 

owing to hopping mechanism between Fe3+ and Fe2+ ions (Jamal et al. 2011, Sharma et al. 

2014, Benali et al. 2015). Bismuth iron oxide is volatile in nature and it readily oxidize at high 

temperature and results in formation of bismuth vacancies and hence to the formation of 

oxygen vacancies. When Ni2+ is doped in BiFeO3 it suppresses the formation of oxygen 

vacancies due to presence of mix Fe3+ and Fe2+ cations and also results in decrease of leakage 

current due to suppression of oxygen vacancies (Nithya et al. 2011, Song et al. 2015, Rout & 

Choudhary 2015, Mahato et al. 2016).  Relatively high value of conductivity was observed for 

4 wt% carrier concentration due to strengthened and stable phase in XRD pattern. Whereas, 

further increase of carrier concentration beyond certain limit resulted in decrease of 

conductivity values. 

 

Figure 8.8 Conductivity for Ni doped bismuth iron oxide nanoparticles 

8.4 Conclusions 

Nickel doped bismuth iron oxide nanoparticles were prepared by sol-gel route. A series of 

nanoparticles were prepared by varying their dopant concentration as 0 wt%, 1 wt%, 2 wt%, 3 

wt%, 4 wt% & 5 wt%. XRD results confirmed formation of phase pure BiFeO3 till 4 wt% 
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dopant concentration. Whereas, peak corresponding to nickel oxide was observed at higher 

dopant concentration of 5 wt % due to increase of dopant concentration beyond certain limit.  

MH loops showed soft ferromagnetic behavior of nanoparticles. An increase in the value of 

saturation magnetization was observed from 0 wt% to 4 wt% (i.e. from 9.12 emu/g to 32.15 

emu/g). This increase in saturation magnetization was attributed to suppression of helical spin 

structure. Further increase of dopant concentration to 5 wt% resulted in decrease of 

magnetization values due to appearance of NiO peak in XRD pattern. Nanoparticles 

synthesized by using 4 wt% carrier concentration resulted in high dielectric constant of 

440.144(log f=5.0). Reduction in oxygen vacancies was observed by doping with Ni2+. Zview 

fitting of cole-cole plots showed dependence of dielectric constant on grain boundary resistance 

(Rgb).Change in bond angle by doping results in an increase in canting angle, observed from 

magnetic studies and evaluated using Rietveld refinement of XRD patterns. It is important to 

mention here that combine tuning of magnetic and electrical properties are observed in the 

present research work by doping of Ni2+. 
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Chapter # 9 Electronic Transitions in Nanoparticles 

based BiFeO3 Thin Films using Surface 

Photovoltage Spectroscopy (SPS)  

9.1 Introduction 

Surface photovoltage spectroscopy (SPS) is modern technique to characterize semiconductors. 

It is contact less method. In this method changes induced in surface potential is measured after 

illumination. Since last five decades this technique is widely used by the researchers to get 

information regarding surface of semiconductors and interfaces.it helps us to determine the 

surface potential, flat band potential, thickness of the oxide layer deposited and bulk parameters 

like doping densities, minority carrier life time etc. determination of the information strongly 

depends upon the wavelength of light or photon flux which is used to induce potential at the 

surface (Kronik & Shapira 2001).  

This technique was established in earlies of 1970 by Gatos, Lagowski and Balestra (1973). SPS 

was applied on many semiconductors by many research groups till 1980s. In mid of 1990s this 

technique was utilized by Shapira’s and Pollak’s research groups to study the semiconductor 

surfaces and heterostructures (Kronik & Shapira 1999).   

9.2 Basics of Surface Photovoltage Spectroscopy (SPS)  

Normally surface is considered as boundary between two mediums with different physical 

properties. According to band theory, in semiconductors there are allowed energy bands 

separated by the gap referred as forbidden band gap. The periodic structure of the crystal 

usually terminates at the surface which give rise to the electronic states in band gap or surface 

dipole is produced.  Dangling bonds present at the surface are responsible for these localized 

states. Surface reconstruction occurs by changing position of surface atoms or by changing 
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bond angles. Surface energy is minimized by the adsorption of impurity atom. The 

development of surface localized states give rise to transportation of charges between bulk and 

surface for the establishment of thermal equilibrium. Lets say Q is the surface charge density 

and Qs is the equivalent charge density of semiconductor than the relation in Q and Qs is given 

in Eq 9.1 and 9.2. 

𝑄 +  𝑄𝑆  =  0                                                                 (9.1) 

Where  

𝑄𝑠 =  𝑞𝑁𝐴𝑊           (9.2) 

Where q is charge of electron, NA represents acceptor density (for p type semiconductor) and 

W indicates the space charge region. Surface potential can be determined through the 

expression mention in Eq 9.3 

𝑊 =  
𝑄𝑠

𝑞𝑁𝐴
=  √

2𝐾𝑠𝜀𝑜𝑉𝑠

𝑞𝑁𝐴
         (9.3) 

Where Ks represents the dielectric constant and εo indicates the dielectric constant of vacuum. 

Solving equation 9.3 for Vs we get  

𝑉𝑠 =  
𝑄𝑠

2

2𝐾𝑠𝜀𝑜𝑁𝐴
=

𝑞𝑁2

2𝐾𝑠𝜀𝑜𝑁𝐴
          (9.4) 

Where N is the surface charge density(cm-2). Samples characterized by SPV method contains 

difference of charges as well as work function. Figure 9.1 indicates the band diagram of p and 

n type semiconductors representing depletion condition.  
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Figure 9.1: Band diagram of a p-type (left) and n-type (right) semiconductor close to the surface. The band 

edges EC and EV, Fermi Energy EF, the surface potential Vs are indicated in the diagram 

As the surface is illuminated the equilibrium is disturbed and some charges are transported 

within the material. the surface photovoltage is represented as in Eq 9.5  

𝑆𝑃𝑉 = 𝑉𝑆(𝑙𝑖𝑔ℎ𝑡) – 𝑉𝑆(𝑑𝑎𝑟𝑘)    (9.5) 

The SPV signal is generated when carrier generation is the accompanied by the redistribution 

of net charge. SPV signal can be detected through illumination of surface with light which has 

less and more energy as compared to band gap energy. When the light of energy equal to band 

gap is illuminated over the surface generation of electron and hole pair occurs which results in 

the reduction of surface potential. The super band gap bending of a p type semiconductor under 

illumination is represented in figure 9.2. SPV signal is negative for p type and positive for n 

type.  

 

Figure 9.2 Band and diagram of a p-type semiconductor close to the surface under illumination. 
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9.3 Experimental Details  

Free charge carriers are injected in the sample in order to perform SPV experiment. Photon 

source is an easy source for carrier injection. Photon source can be a quartz lamp, halogen lamp 

or xenon lamp. Lamp is coupled with monochromator. To avoid unwanted diffraction peaks 

cut off filters of suitable frequency are used. Charge carriers are separated with the help of 

electric filed. The contactless experimental arrangement of SPV technique is represented in 

figure 9.3.  

 

Figure 9.3 Sketch of the experimental apparatus of the SPV method. 

Two different modes are used in contactless approach. 1) metal-insulator Semiconductor 2) 

Kelvin Probe. In MIS mode optical chopper is used to chop light frequency and the signal is 

recorded by the FET based lock in amplifier. The signal recorded by the probe VP is SPV 

represented in Eq 9.6.  

𝑉𝑝 =  𝑆𝑃𝑉      (9.6) 

According to above equation variation in surface band bending caused by the illumination is 

equal to the magnitude of surface work function. We can say that measurement of work 

function is equivalent to the measurement of SPV. Where as in Kelvin probe mode difference 

between work function of sample and probs is determined through null method and normally 

known as contact potential difference (CPD). The CPD is determined easily with the 
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determination of d.c. voltage applied across the sample and probe tip. Current can be 

determined through the equation 9.7-9.8 given below.  

𝐼 =  (𝐶𝑃𝐷 −  𝑉𝐵)𝑑𝐶/𝑑𝑡 =  0    (9.7) 

𝐶𝑃𝐷 =  𝑉𝐵  =  𝑉𝑃   (9.8) 

9.4 Results and Discussion  

Kelvin probe Surface photo voltage spectroscopy is used to determine the work function of the 

sample. In KP method, tip is kept on vibrating which is considered as a reference electrode. 

This reference electrode is placed above and parallel to the surface of the sample. This assembly 

results in the formation of parallel plate capacitor. The work function is termed as the difference 

between the fermi energy levels of both plates or electrodes. As the tip is brought near to the 

sample surface the alignment of fermi level occurs.  According to this method the contact 

potential difference (V) is defined according to the Eq. 9.9. 

𝑒𝑉 =  𝜑𝑡 − 𝜑𝑠                            (9.9) 

Where 𝜑𝑡 represents the work function of the vibrating tip and 𝜑𝑠 is the work function of the 

sample.  In case of parallel plate capacitor voltage is represented as Eq.9.10. 

𝑉 =
𝑒

𝐶
            (9.10) 

where C is the capacitance and represented as Eq. 9.11. 

𝐶 =
𝐴𝜀𝜀0

𝑑
            (9.11) 

Substituting the value of capacitance, we get Eq. 9.12. 

𝜑𝑠 = 𝜑𝑡 −  
𝑒2𝑑

𝜀𝜀0𝐴
           (9.12) 
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where 𝜑𝑡 represents the work function of the vibrating tip and 𝜑𝑠 is WF of the sample. The 

above equation shows that WF is directly related to the effective area of the plate of the 

capacitor. Surface area of tip at a flat surface of a film in case of flat surface or not is represented 

by A. 

9.4.1 KPV and SPV of Phase Pure BiFeO3 Thin Films - Effect of 

Solvent  

Work function of bismuth iron oxide nanoparticles synthesized using ethylene glycol (EG) and 

acetic acid (AA) as solvent was calculated using eq. 9.12. Figure 9.4(a-c) represents the surface 

work function for the bismuth iron oxide nanoparticles synthesized using EG as solvent and 

calcinated at 100-300oC. the work function was found to be in range of 5.16- 5.22 eV(a-c). 

 

 

Figure 9.4   Surface Work function for BiFeO3 nanoparticles using EG as solvent at (s) 100˚C; (b) 200˚C; (c) 

300˚C 

Figure 9.5 (a-c) indicates the work function of BiFeO3 nanoparticles using AA as solvent 

BiFeO3 nanoparticles shows that WF varies from 5.07 to 5.18 eV.  
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Figure 9.5   Surface Work function for BiFeO3 nanoparticles using AA as solvent at (s) 100˚C; (b) 200˚C; (c) 

300˚C 

Effect of surface plays a vital role in the determination of electrical properties. Figure 9.6 

illustrates the SPV spectrum of phase pure bismuth iron oxide (BiFeO3) nanoparticles obtained 

using ethylene glycol as a solvent calcinated at 300oC. SPV spectrum is recorded by 

illuminating the surface and response has been normalized up to its maximum value. SPV 

response is proportional to the optical parameter like absorption coefficient α. Band gap energy 

Eg can be determined by the variation in absorption coefficient plotted against the energy of 

photon. In such type of plots usually extrapolation method is adapted in order to determine 

band gap value. It can be observed in the figure 9.6 that SPV response gradually increases as 

the energy approaches to band gap value. The energy position of the knee determines the band 

gap value. in this case a peak is observed as compared to the knee. This appearance of peak 

indicates the recombination of electron and hole at the surface. This recombination results in 

the reduction in SPV value at E>Eg (Cavalcoli, & Cavallini 2010).  
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Figure 9.6 SPV response recorded against energy for BiFeO3 nanoparticles synthesized using ethylene glycol as 

solvent and calcinated at 300oC 

 

 

9.4.2 KPV and SPV of Phase Pure BiFeO3 Thin Films - Effect of 

Bi/Fe Ratio  

             Figure 9.7(a-g) shows the three dimensional surface work function of bismuth iron 

oxide nanoparticles with variation in ratio from 0.9 to 1.20. The area of the sample was kept 

2×5 mm2. The work function is varied from 4.9 eV to 5.02 eV.  
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Figure 9.7 Surface photovoltage results of bismuth iron oxide nanoparticles with variation in Bi/Fe ratio as (a) 

0.9, (b) 0.95, (c) 1.0, (d) 1.05, (e) 1.10 (f) 1.15 (g) 1.20 

Figure 9.8 represents the SPV response of bismuth iron oxide (BiFeO3) nanoparticles in which 

ratio of Bi and Fe is kept 1.1. Figure 9.8 illustrates that as the energy increases the SPV signal 

show very small variation. However, when the energy values approach to 2 eV a sharp rise in 

SPV signal is observed. This sharp peak is related to the band gap value Eg of BiFeO3. This is 

worth mentioning here that the SPV response recorded on as received surface is usually lower 

than cleaved surface ref. Absorption coefficient increases strongly when the energy of the 

incident photon approaches to the energy band gap value (Cavalcoli, & Cavallini 2010).  
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Figure 9.8 SPV response of BiFeO3with Bi/Fe ratio of 1.1  

9.4.3 KPV and SPV of Phase Pure BiFeO3 Thin Films - Effect of 

Ca Doping  

BiFeO3 was doped with Ca with varying concentration from 0.1 to 0.5.  variation in work 

function was studied as a function of dopant concentration. It is observed in figure 9.9 that 

work function of BiFeO3 (5.12-5.14eV) decreases with introduction of Ca to 4.79 eV to 5.03 

eV. Lowering of work function indicates the introduction of localized states near valance with 

the incorporation of Ca. Work function can be determined through the following expression 

eq. 9.12. The variation in work function is plotted against dopant concentration in figure 9.10. 

WF is directly related to the effective area of the plate of the capacitor. A is equal to the surface 

area of the probe tip at a flat film surface and if surface is not flat, then A is connected to the 

microstructures of the sample surface. For example, surface area decreases with increasing 

surface roughness then according to the above equations related WF is reduced. In addition, 

this argument is consistent with previous reports that the WF increases with the decrease of the 

surface roughness (Song and Haddad 2011).   
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Figure 9.9: 3D work function of Ca doped BiFeO3 Nano-particles with varying dopant concentration 

 

Figure 9.10: variation in work function with the change in dopant concentration 
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9.4.4 KPV and SPV of Phase Pure BiFeO3 Thin Films - Effect of 

La Doping   

It is observed that work function of bismuth iron oxide thin films decreases from 5.05eV to 

4.7eV (Figure 9.11) with increase in x from 0.0 to 0.3. Change in work function as compared 

to undoped films clearly indicates La ions occupy substitutional sites supporting the results 

discussed in Figure 9.11.   

 

 

 

Figure 9.11 Work function analysis for Bi1-xLaxFeO3 thin films with x (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 (e) 0.5 
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9.4.5 KPV and SPV of Phase Pure BiFeO3 Thin Films - Effect of 

Ba Doping 

Due to the movement of electrons, surface work function (WF) can represent condition of the 

surface in very effective manner. WF is interlinked to the transportation of charge carriers at 

the interface and surface. Defects, surface states and combination are influenced by WF. Now 

a days, we are able enough to discuss the electronic structure of surface in many ways like 

adhesion and photovoltaic response of surface and surface corrosion that can be explained with 

the help of kelvin probe surface photovoltage spectroscopy. Kelvin probe is a simple technique 

to determine the WF of the materials.  

Figure 9.12 shows scanning Kelvin measurements indicating WF of Bi1-xBaxFeO3 thin films. 

Average WF of Bi1-xBaxFeO3 thin films increases from 5.08ev to 5.12eV with increase in 

barium concentration from 0.1 to 0.3. This clearly strengthens the postulate of increased 

dielectric strength and decreased conductivity due to reduced carrier concentration. 

  

 

Figure 9.12 3D work function for Ba substituted Bismuth Iron Oxide   
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9.4.6 KPV and SPV of Phase Pure BiFeO3 Thin Films - Effect of 

Ni Doping 

BiFeO3 was doped with Ni with varying concentration from 0.1 to 0.6. Variation in work 

function was studied as a function of dopant concentration. It is observed in figure 9.13 (a-f) 

that work function of BiFeO3 (5.12-5.14eV) decreases with introduction of Ni to 4.81 eV to 

4.955 eV. Lowering of work function indicates the introduction of localized states near valance 

with the incorporation of Ni. The variation in work function is plotted against dopant 

concentration in figure 9.14. 

    

   

     

Figure 9.13 3D work function for Ba substituted bismuth iron oxide (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 3 wt%, 

(e) 4 wt% and (f) 5 wt% 
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Figure 9.14 variation in work function with the change in dopant concentration 

 

9.5 Conclusion 

Surface Photovoltage Spectroscopy method has been used to characterize the surface of low 

dimensional structures important for applications in the electronic and optical field. This 

technique is being widely used by the many research groups since 1970’s in order to 

characterize the surface of the semiconductors. The detection of electronic transitions in 

BiFeO3 thin films helped in obtaining evidence of crystal structure induced phase changes in 

BiFeO3. In this type of technique illumination-based variation in surface potential is recorded. 

In this chapter SPV and KPV signals have been recorded for bismuth iron oxide under various 

conditions. SPV response of the samples were recorded as a function of photon Energy. 

Whereas, KPV response was recorded and work function was observed in the range 5.16-

5.22eV when ethylene glycol was used as solvent whereas, work function was varied from 5.07 

eV to 5.18eV for acetic acid-based bismuth iron oxide nanoparticles. The effect of ratio 

(Bi/Fe=0.9-1.20) on work function of bismuth iron oxide was varied in the range 4.9-5.02 eV. 

Substitutional variation of Ca, La, Ba & Ni into the lattice of bismuth iron oxide resulted in 

variation in work function from (4.79eV to 5.03eV), (5.05-4.87eV), (5.08-5.12 eV) and (4.81-

4.95eV) respectively. The response of SPV is related to the band gap which is found to be vary 

with the variation of solvent, ratio or substitutional variation.   
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Chapter # 10          Conclusions and Final Remarks  

In this research work the surface and structural characterization of Bismuth iron oxide nano 

particles based thin films was discussed. During the research work we prepared doped and 

undoped bismuth iron oxide, and findings are listed out as following.   

1. Sol gel method was adopted to synthesize the BiFeO3 nanoparticles due to its cost 

effectiveness. Acetic acid and Ethylene Glycol were used as solvents for synthesis purpose 

by varying calcination temperature as 100˚C, 200˚C and 300˚C. the results obtained are 

listed below. 

i. Anomalous behavior of dielectric constant was observed for BiFeO3 NPs even at 

room temperature. 

ii. Increased value of dielectric constant (52.82 to 85.2 (log f =4)) was observed for 

EG based NPs after calcination at 300˚C. 

iii. Increase in dielectric constant, along with anomalous behavior, with increased 

activation energy was observed with increase in characterization temperature 

(30oC – 210oC). 

iv. Increase in conductivity with increase in temperature was termed as correlated 

barrier hopping mechanism. 

v. P-E curves indicated ferroelectric nature of nanoparticles even under as-

synthesized conditions 

vi. Maximum polarization (Pmax ~12.22 µC/cm2) was observed for EG based 

nanoparticles calcined at 300oC. 

2. Bismuth iron oxide nanoparticles were synthesized using sol-gel method with changing 

Bi/Fe ratio as 0.9, 0.95, 1.0, 1.05, 1.10, 1.15 and 1.20.  

i. XRD and Raman spectroscopy results confirm the formation of phase pure 

crystalline rhombohedrally distorted perovskite of BiFeO3 with the use of any post 
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thermal treatment. 

ii. Bi/Fe ratio 0.9-1.05, 1.15 and 1.20 resulted in amorphous nanoparticles.  

iii. HRTEM image shows nanoparticles with size ~6-8nm.  

iv. Increase in dielectric constant from Increase in dielectric constant from 718 to 

2815 (log f  =3.0) was observed with increase in Bi/Fe ratio to 1.10.  

v. increase in dielectric constant is associated with increase in crystallinity of 

nanoparticles. 

vi. decrease in carrier concentration an increase in carrier mobility with Bi/Fe ratio 

1.10 leads to increase in dielectric constant and decrease in tangent loss.  

vii. Grain and grain boundary resistance increases as Bi/Fe ratio was increased to 1.10.  

viii. Increase in mobility and decrease in carrier concentration with temperature 

resulted in increase in dielectric constant with temperature.  

ix. Impedance analysis show negative temperature coefficient behavior for BiFeO3 

nanoparticles.  

x. Increase in saturation magnetization to 9.121emu/g with increase in Bi/Fe ratio is 

attributed to suppression of helical spin structure and reduction in magneto 

crystalline anisotropy.          

3. Bi1-xCaxFeO3 nanoparticles (x = 0.0-0.5) were synthesized with sol-gel method. These 

nanoparticles were characterized without any post thermal treatment.  

i. XRD results show formation of BiFeO3 phase at dopant concentration 0.0-0.3. 

Higher dopant concentration resulted in inclusion of calcium oxide phase in 

BiFeO3.  

ii. BiFeO3 phase formation and incorporation of dopant in the lattice was further 

confirmed using Raman analysis and EDS.  

iii. Nanoparticles of size ~7.2nm was obtained using HRTEM.  
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iv. Saturation magnetization of bismuth iron oxide nanoparticles increases from 

9.202emu/g to 21.097emu/g with reduction in magneto crystalline anisotropy.  

v. Magnetic ordering with blocking temperature of ~88K (applied field 500Oe) was 

obtained using FC/ZFC curves.    

4. Bi1-xLaxFeO3 (x = 0.0-0.5) thin films were prepared with sol-gel method. Results are 

mentioned as under  

i. Formation of perovskite BiFeO3 with rhombohedral distortion in unit cell is 

confirmed using XRD.  

ii. Dielectric constant increases from 36.8 to 287 (log f =5.0) with increase in x from 

0.0 to 0.3.  

5. Bi1-xBaxFeO3 thin films were prepared using sol-gel method and annealed at 300˚C. and the 

observations are listed below. 

i. Phase pure BiFO3 was observed in XRD patterns without any trace of non-

perovskite bismuth phases till dopant concentration 0.2.  

ii. BaO phase was observed at high dopant concentration x = 0.25 and 0.3.  

iii. Films with dopant concentration x = 0.2 showed dielectric constant and tangent loss 

of 153.61 and 0.0058 (log f = 4.0) respectively.  

iv. Activation energy of 1.8eV for Bi0.8Ba0.2FeO3 thin films indicated that oxygen 

vacancies were immobile thus leading to enhanced insulting behavior of BiFeO3.  

v. Increase in dielectric constant is also supported by increase in work function from 

5.08ev to 5.12eV with increase in dopant concentration from 0.1 to 0.3.  

vi. Bi1-xBaxFeO3 films show ferromagnetic behavior with high saturation 

magnetization of 139.35emu/cm3 at dopant concentration 0.2. 

6. Nickel doped bismuth iron oxide nanoparticles were prepared by sol-gel route. A series of 

nanoparticles were prepared by varying their dopant concentration as 0 wt%, 1 wt%, 2 wt%, 
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3 wt%, 4 wt% & 5 wt%. experimental findings are listed as under  

i.  XRD results confirmed formation of phase pure BiFeO3 till 4 wt% dopant 

concentration. Whereas, peak corresponding to nickel oxide was observed at higher 

dopant concentration of 5 wt % due to increase of dopant concentration beyond 

certain limit.   

ii. MH loops showed soft ferromagnetic behavior of nanoparticles. An increase in the 

value of saturation magnetization was observed from 0 wt% to 4 wt% (i.e. from 

9.12 emu/g to 32.15 emu/g). This increase in saturation magnetization was 

attributed to suppression of helical spin structure.  

iii. Nanoparticles synthesized by using 4 wt% carrier concentration resulted in high 

dielectric constant of 440.144 (log f=5.0). Reduction in oxygen vacancies was 

observed by doping with Ni2+.  

iv. Zview fitting of cole-cole plots showed dependence of dielectric constant on grain 

boundary resistance (Rgb). Change in bond angle by doping results in an increase in 

canting angle, observed from magnetic studies and evaluated using Rietveld 

refinement of XRD patterns.  

7. Surface photovoltage spectroscopy was used to analyze the surface characteristics of 

bismuth iron oxide and findings are listed as under.  

i.  KPV response was recorded and work function was varied in the range 5.16-

5.22eV when ethylene glycol was used as solvent.  

ii. Work function was varied from 5.07 eV to 5.18eV for acetic acid-based bismuth 

iron oxide nanoparticles.  

iii. The effect of ratio (Bi/Fe = 0.9-1.20) on work function of bismuth iron oxide was 

varied in the range 4.9-5.02 eV.  
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iv. Substitutional variation of Ca into the lattice of bismuth iron oxide resulted in 

variation in work function from 4.79eV to 5.03eV. 

v. Addition of La in the bismuth iron oxide varied the work function from 5.02eV to 

4.07eV. 

vi. Work function of 5.08 -5.12 eV was recorded for Ba substituted bismuth iron oxide. 

vii. Ni doped bismuth iron oxide showed work function of 4.81-4.95eV.  

viii. The response of SPV is related to the band gap which is found to be vary with the 

variation of Solvent, Ratio or substitutional variation.   
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A B S T R A C T

Phase pure bismuth iron oxide (BiFeO3) nanoparticles (NPs) are synthesized using sol-gel route; acetic acid (AA)
and ethylene glycol (EG) are used as solvents. Nanoparticles synthesized using AA as solvent result in amorphous
behavior under as-synthesized condition. Phase pure BiFeO3 is obtained after calcination at 200 °C. Whereas,
mixed BiFeO3 and Bi2Fe4O9 phases are observed after calcination at 300 °C. Nanoparticles synthesized using EG
as solvent result in phase pure BiFeO3 even under as-synthesized conditions. Strengthening of phase pure BiFeO3

is observed after calcination at 300 °C. TEM result shows spherical morphology of nanoparticles with average
size ˜12 nm after calcination at 300 °C using EG as solvent. Higher value of dielectric constant (i.e. ˜1050) and
low tangent loss (i.e. ˜0.001), at log f=7.3, are observed for EG based nanoparticles. Variation in conductivity
with change in temperature is studied in detail using Jonscher’s power law. AC electrical conduction is asso-
ciated with correlated barrier-hopping mechanism. Bismuth iron oxide nanoparticles exhibit room temperature
ferroelectricity for both of the solvents used i.e. acetic acid and ethylene glycol. Low electrical coercivity and
maximum polarization (Pmax˜12.22 μC/cm2) are observed for EG based nanoparticles. Correlation of barrier
hopping mechanism and ferroelectricity has been observed in these nanoparticles especially prepared with EG as
solvent because of the phase purity.

1. Introduction

Introduction of highly efficient, low cost and environment friendly
devices for number of diverse applications, ranging from portable
electronics to electric vehicles and energy storage devices, is one of the
greatest challenges of this era [1–3]. Renewable energy sources in-
cluding sunlight and tides have gained attention of researchers due to
production of large-scale sustainable electricity. Sudden fluctuations in
power can be avoided using super capacitors. Further, this can be the
most suitable solution for assimilating renewable sources to power grid.
Carbon based materials are important for such purpose because of their
large surface area, however, their low energy densities can hamper
their use in memory devices. Multiferroic materials have attracted
much of the attention because of their simultaneous exhibition of at
least two switchable states i.e. (anti-) ferromagnetism and ferroelec-
tricity [4–6]. Bismuth ferrite, amongst number of ABO3-type perovskite

compounds, is a potential candidate because of the existence of fer-
roelectricity and ferromagnetism at room temperature along with its
unique electronic properties that make it favorable for energy storage
devices [7].

A noteworthy discovery was made in 2003, when bismuth iron
oxide thin films showed large ferroelectric polarization of 60μC/cm2

[8–10]. Since then, many valuable findings have been reported for
bismuth iron oxide in the bulk, thin films, ceramics and nanostructure
forms [11]. Amongst all, low dimensional bismuth iron oxide, i.e. in the
form of nanoparticles, has depicted notable variations in functional
properties [12]. Due to larger surface area bismuth iron oxide nano-
particles have shown promising applications in electronics and multi-
functional devices [13]. Bismuth iron oxide exhibits rohmbohedral
distorted perovskite structure with R3c space group (R phase) [14].
Preparation of bismuth iron oxide nanoparticles, in phase pure form, is
difficult because of the volatile nature of Bi2O3 at high temperatures

https://doi.org/10.1016/j.materresbull.2019.110543
Received 29 June 2018; Received in revised form 2 May 2019; Accepted 11 July 2019

⁎ Corresponding author.
E-mail address: shahzad.cssp@pu.edu.pk (S. Naseem).

Materials Research Bulletin 119 (2019) 110543

Available online 12 July 2019
0025-5408/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00255408
https://www.elsevier.com/locate/matresbu
https://doi.org/10.1016/j.materresbull.2019.110543
https://doi.org/10.1016/j.materresbull.2019.110543
mailto:shahzad.cssp@pu.edu.pk
https://doi.org/10.1016/j.materresbull.2019.110543
http://crossmark.crossref.org/dialog/?doi=10.1016/j.materresbull.2019.110543&domain=pdf


[15].
During the last few years researchers have prepared bismuth iron

oxide nanoparticles using both physical and chemical methods such as
chemical vapor solution method [15], sol–gel [8], hydrothermal [11],
RF magnetron sputtering [16] and sequential elemental layer technique
[14]. Various approaches including doping and / or using different
solvents have also been adapted, however, all approaches required high
temperatures ˜ 400 °C–800 °C [16,17]. Pérez-Page et al. [18] have
prepared nanoparticles using template based hollow polymeric method.
Selective removal of template was performed using two procedures: 1)
lift off through calcination in the range of 400 °C–700 °C and 2) using
solutions of hydrochloric and hydrofluoric acids. Liu et al. [19] syn-
thesized bismuth iron oxide nanoparticles using sol-gel method at
600 °C calcination temperature. Pittala et al. [20] compared the
synthesis of BFO nanoparticles using sol-gel and solid-state reaction
methods by varying calcination temperatures in the range of 600 °C to
820 °C. Tong et al. [21] synthesized BiFeO3 nanoparticles by adopting
sol-gel method in which ethylene glycol was used as solvent. Phase pure
bismuth iron oxide was reported after heat treatment at 500 °C. Dawei
et al [22] synthesized BiFeO3 nanoparticles by adapting sol-gel route.
Annealing was performed in the range of 400 °C to 700 °C, and phase
pure was observed at 550 °C. Impure phases were observed when an-
nealing temperature was further increased to 650 °C. Chakr et al. [23]
prepared doped and undoped BiFeO3 nanoparticles via sol-gel method
at sintering temperature of 550 °C using 2-methoxyethanol as solvent.
Ramadan et al. [24] reported bismuth iron oxide nanoparticles using

ethylene glycol as solvent via cost effective sol-gel method. Impure
phases were observed without the addition of formic acid. Whereas,
impure phases got suppressed after reaction with formic acid. The
synthesized samples were calcined at 550 °C. Chowdhury et al. [25]
reported Dy doped BiFeO3 multiferroic ceramic by solid-state reaction
method. Sintering was performed for 5 h at 825 °C at the rate of 3 °C per
minute. Two secondary phases (i.e. Bi2Fe4O9 & Bi25FeO40) were ob-
served in undoped sample. Whereas, with the introduction of Dy these
secondary phases were diminished. Improved PE loops were observed
for doped BiFeO3 multiferroic ceramics with Ps= 20 μ C/cm2. Shisode
et al. [26] prepared barium substituted nanocrystalline samples by cost
effective sol-gel method. Samples were annealed at 650 °C for 4 h.
Secondary phases, such as Bi2Fe4O9 and Bi25FeO39, observed in un-
doped sample disappeared after doping with Ba2+ ions. The maximum
polarization Ps= 5.44 μ C/cm2 was observed for 0.05mol% Ba2+

doping. It can be seen from the above-mentioned literature that bis-
muth iron oxide nanoparticles were mostly synthesized at high tem-
peratures (> 300 °C) that increases the cost of materials and devices.
Further, presence of ferroelectricity in bismuth iron oxide was also
observed after treating this material at higher temperatures and / or
using dopants, stabilizers or other reactants during synthesis [24–26].

In the present study, bismuth iron oxide nanoparticles were syn-
thesized using sol-gel method at relatively low temperature. Effect of
solvent and calcination temperature, on the phase purity, has been in-
vestigated in detail. Variation in structural and electronic properties has
been correlated with the variation in calcination temperature. This is

Fig. 1. Stages of synthesis showing solutions (I-IV) and the resultant sols (A&B).
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one of its kind study exploring the correlation of barrier hopping me-
chanism and ferroelectricity even under as-synthesized conditions and
its stability at higher temperatures.

2. Materials and methods

Bismuth iron oxide nanoparticles were synthesized using sol-gel
method. Bismuth nitrate penta hydrated [Bi(NO3)3.5H2O] and iron ni-
trate nano hydrated [Fe(NO3)3.9H2O] were selected as starting mate-
rials (precursors). During chemical synthesis, choice of solvent plays
very important role in determination of crystallographic phases. Two
different solvents used in this research work include acetic acid (AA)
and ethylene glycol (EG). Acetic acid can be used to reduce the kinetics
of hydrolysis and polycondensation phenomenon. Moreover, it also
induces modification of molecular structure, as well as imparting so-
lubility to grow metal oxide clusters and initiates hydrolysis via an
esterification process. It offers advantages of simple solution synthesis,
less moisture sensitivity and ease for film preparation [27,28]. Ethylene
glycol belongs to the type of organic solvents known as diols. Diols have
two functional groups that are composed of oxygen atom bonded to
carbon (CeO) and hydrogen (HeO) atoms through ϭ-bond. Both bonds
are polar because of high electronegativity of oxygen atom. These
bonds also increase polar nature of diol family. Ethylene glycol (EG)
acts as a bridging ligand because of the presence of second hydroxyl
group that results in replacement of alkoxide ligands bondend with
alkoxide. Due to presence of heterometallic units such reactions are
extremely desirable for the formation of phase pure bismuth iron oxide
nanoparticles. Whereas, in acetic acid (AA) only one hydroxyl group is
present as compared to ethylene glycol. Moreover, preservation of
heterometallic units during synthesis is an important requirement for
obtaining required stoichiometry [11,12].

In the synthesis procedure, solutions I - IV were prepared separately.
2.42 g of bismuth nitrate was dissolved in 20ml of acetic acid to pre-
pare solution-I (Fig. 1). Whereas, solution-II was prepared by dissolving
2.01 g of iron nitrate in 20ml acetic acid (Fig. 1). Solution-III was
prepared by mixing 2.42 g of bismuth nitrate in 20ml ethylene glycol
and solution-IV was prepared by mixing 2.01 g of iron nitrate in 20ml
ethylene glycol. All these solutions (I-IV) were stirred at 26 °C for
120min. (pH 1). Solution I and II were mixed, at 80 °C for 8 h, to obtain
bismuth iron oxide sol-A, i.e. acetic acid-based sol. Whereas, solutions
III and IV were mixed, at 80 °C for 8 h to obtain bismuth iron oxide sol-
B. Powder was formed with sols A and B using a hot plate and these
were then calcined at 100–300 °C for 60min.

Structural properties and phase identification of bismuth iron oxide
nanoparticles were studied with Bruker D8 Advance X-ray dif-
fractometer (XRD) using Ni filtered CuKα (1.5406 Å) radiations.
Precision Impedance Analyzer (Wayne Kerr 6500B), with parallel plate
configuration, was used to study the dielectric and impedance behavior
of nanoparticles. Precision Multiferroic II Tester System was used to
study ferroelectric properties. Transmission electron microscopy TEM
(TecnaiF20) was used to observe the grain size.

3. Results and discussion

Fig. 2 shows XRD patterns of bismuth iron oxide nanoparticles
prepared using acetic acid (AA) as solvent. These nanoparticles show
amorphous behavior under as-synthesized conditions and after calci-
nation at 100 °C (Fig. 2(a–b)). At 200 °C phase pure bismuth iron oxide
nanoparticles were observed (Fig. 2(c)), whereas, mixed Bi2Fe4O9 and
BiFeO3 phases were observed after calcination at 300 °C (Fig. 2(d)).

Crystalline behavior of nanoparticles was observed even under as-
synthesized conditions when ethylene glycol (EG) was used as solvent
(Fig. 3(a)). It is worth mentioning here that no complexing agent or
stabilizer was used during synthesis process. Diffraction peaks were
indexed as per JCPDS card no. 86-1518 and all peaks correspond to
phase pure BiFeO3. Bismuth deficient or bismuth rich phases were not

present even after calcination up to a temperature of 300 °C
(Fig. 3(b–d)).

Table 1 shows variation in crystallite size, dislocation density, lat-
tice parameters and unit cell volume, as a function of solvent used and
calcination temperature [29].

Decrease in crystallite size from 16.11 nm to 15.08 nm was observed
with the increase of calcination temperature from 200 °C to 300 °C
when acetic acid was used as solvent. Reduced value of crystallite size is
due to the presence of mixed phases (i.e. Bi2Fe4O9+BiFeO3) at 300 °C.
Increase in crystallite size from 10.21 nm to 11.56 nm was observed
with the increase of calcination temperature up to 300 °C when EG was
used as solvent. This was accompanied with reduced dislocation den-
sity. Such behavior was observed because of strengthening of BiFeO3

phase as a result of coalescence of small nuclei with increase in tem-
perature [14]. Moreover, it has already been mentioned in experi-
mental section that ethylene glycol possesses two hydroxyl groups as
compared to acetic acid that supports the nucleation process and results
in strengthening of phase pure bismuth iron oxide.

TEM image of bismuth iron oxide nanoparticles (˜12 nm) synthe-
sized using ethylene glycol as solvent, calcined at 300 °C, is shown in
Fig. 4. It has already been mentioned that ethylene glycol has two
hydroxyl groups [11,12] thus giving rise to fast nucleation rate. Fast
rate of nucleation results in larger number of nuclei with small size
thereby helping in producing grains with smaller diameter; similar
behavior was observed in nanoparticles synthesized using EG.

Synthesized nanoparticles were pressed into pellets to investigate ac
electrical properties. Dielectric constant (ε) and tangent loss (tan δ)
were calculated using Eqs. (1) and (2) [23].

ε = (Cd)/εoA (1)

tan δ=1/(2πfεεoρ) (2)

Fig. 2. XRD patterns of bismuth iron oxide nanoparticles prepared using Acetic
Acid (AA) as solvent (a) under as-synthesized condition and calcined at (b)
100 °C (c) 200 °C (d) 300 °C.
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Where, d and A are thickness and area of the specimen, respectively. C
is the capacitance in parallel plate configuration, εo is the permittivity
of free space and ρ is the resistivity.

Fig. 5(a–d) shows dielectric constant and tangent loss for bismuth
iron oxide nanoparticles prepared using AA (acetic acid) and EG
(ethylene glycol) as solvent, respectively. Fixed values of dielectric
constant were observed in low frequency region, whereas, increased
values were observed at high frequencies (log f>6.5; f=3MHz)
(Fig. 5(a–b)) for both the solvents used. Different types of polarizations,
i.e. ionic, electronic and dipole, are accompanied with dielectric con-
stant under the effect of an alternating electric field. Net polarization in
dielectric material is the combined effect of above mentioned 3 polar-
ization types [30]. Space charge polarization dominates at low fre-
quency whereas electronic and ionic polarizations have remarkable
effect at high frequency regions. Generally, higher value of dielectric
constant is observed in low frequency regime. Such behavior of

dielectric material arises due to presence of space charge polarization
coming from the accumulated charges at grain boundaries. Whereas,
dipoles do not respond effectively at high frequencies producing low
dielectric constant [30,31]. On the other hand, ionic and electronic
polarizations may increase at higher frequencies in nanomaterials
provided the domains follow high frequency behavior. Polycrystalline
materials comprise of various domain walls, such as 71°, 109° and 180°
[32]. Effective polarization, because of the easy rotation during polar-
ization, can be observed in domains with 71° and 109° domain walls as
compared to those with 180° domain walls. Moreover, the dielectric
constant of the material would increase if the number of domains with
71°, 109° domain walls increase. Smaller values of grain size lead to
increased number of low angle domain [32] and thus increasing the
value of dielectric constant. [4,5,29,33]. Further, charges may get
trapped by lattice distortions, vacancies and presence of defects at the
grain boundaries and within the grains of nanoparticles [34]. Such
phenomena are responsible for anomalous behavior of dielectric con-
stant as observed in the present study (Fig. 5(a, b)). Moreover, this type
of dispersion can be ascribed to resonance effect. Resonance effect
arises when frequency of applied field becomes equal to the frequency
of mobility of space charge carriers [35].

Tangent loss for nanoparticles prepared with AA (acetic acid) and
EG (ethylene glycol) is shown in Fig. 5(c,d). Tangent loss decreases as
frequency of applied field increases and becomes constant at high fre-
quency region exhibiting normal dispersion behavior as opposed to
anomalous behavior observed for dielectric values. The space charge
carriers originating from bismuth and / or oxygen vacancies follow the
applied electric field at low frequencies thus they contribute to varia-
tion in tangent loss at low frequencies.

Dielectric constant and tangent loss are plotted as a function of
calcination temperature in Fig. 6(a) and (b), respectively. Dielectric
constant for AA synthesized nanoparticles increased from 40.91 to

Fig. 3. XRD patterns of bismuth iron oxide nanoparticles prepared using
Ethylene Glycol (EG) as solvent (a) under as-synthesized condition and calcined
at (b) 100 °C (c) 200 °C (d) 300 °C.

Table 1
Crystallite size, dislocation density, lattice parameters and unit cell volume of bismuth iron oxide nanoparticles.

Conditions Phase Crystallite size (nm) Dislocation Density (1015lines/m2) Lattice Parameter(Å) Unit Cell Volume(Å3)

a c

Solvent: Acetic acid
As-synthesized Amorphous – – – – –
100 °C Amorphous – – – – –
200 °C BiFeO3 16.11 3.849 5.54 13.77 366.23
300 °C Bi2Fe4O9+BiFeO3 15.08 4.397 5.57 13.67 367.72
Solvent: Ethylene glycol
As-synthesized BiFeO3 10.21 9.59 5.55 13.77 367.58
100 °C 10.78 8.60 5.56 13.78 369.29
200 °C 11.43 7.65 5.57 13.79 370.83
300 °C 11.56 7.48 5.59 13.79 374.12

Fig. 4. TEM image of bismuth iron oxide nanoparticles synthesized using EG as
solvent at 300 °C calcination temperature.
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70.51 (log f=4) after calcination at 200 °C. This increase in dielectric
constant is attributed to the transition from amorphous to crystalline
state as observed in XRD pattern (Fig.2(c)).

High dielectric constant for EG based nanoparticles was observed as
compared to AA. This increased dielectric constant is attributed to
phase purity of bismuth iron oxide nanoparticles as was observed in the
XRD patterns. In case of nanoparticles prepared with EG as solvent
dielectric constant increased from 52.82 to 85.2 (log f=4) after cal-
cination at 300 °C. It has already been mentioned in the earlier section
of dielectric discussion that large number of domain walls with smaller

angles (71˚, 109˚) are more probable to be found in materials with re-
duced grain size leading to higher dielectric constant values [36].

Comparison of dielectric constant of bismuth iron oxide nano-
particles prepared using EG and AA as solvent with literature is given in
Table 2. It can be clearly seen from this table that dielectric constant of
bismuth iron oxide nanoparticles, prepared in this research work, is
high as compared to the previously reported values [35,37,38] even
under as-synthesized conditions. This comparison shows that metho-
dology adopted in the present study helped in creating low angle do-
main walls even in as-synthesized samples.

Fig. 5. Dielectric constant for (a) AA & (b) EG based BiFeO3 NPs and tangent loss for (c) AA & (d) EG based BiFeO3 NPs.

Fig. 6. Variation in (a) dielectric constant (b) tangent loss for BiFeO3 NPs as a function of calcination temperature.
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Dielectric material is composed of grains and grain boundaries.
Grains show high conductivity as compared to grain boundaries [9].
Grain and grain boundary contributions have been studied with the
help of Cole-Cole plots, composed of real impedance on x-axis and
imaginary impedance on y-axis. In ideal case, three semicircles are

obtained in Cole-Cole plot arising due to grain, grain boundary and
interface between grains and electrode. Since relaxation time for grain
boundaries and grains is high as compared to interface so high fre-
quency semicircle is assigned to grains and mid frequency semicircle is
assigned to grain boundaries. However, if interface boundary resistance
is dominating ωmax goes outside the frequency range and only an arc of
Cole-Cole plot is observed [39]. Such behavior has been observed in
case of nanoparticles prepared using AA as solvent (Fig. 7(a)). Whereas,
high frequency semicircle arc that is centered on the real axis is ob-
served for nanoparticles prepared using EG as solvent (Fig. 7(b)). In this
case because of high grain boundary resistance semicircles of grain and
grain boundaries are not separated. For determining the role of grain
and grain boundaries, impedance data was fitted using Zview software
according to an equivalent circuit model. The circuit model used was
composed of grain resistance connected in series with parallel combi-
nation of grain boundary resistance and capacitance. Relaxation time,
resistance and capacitance for BiFeO3 nanoparticles prepared using EG
as solvent are given in Table 3. Increase in grain and grain boundary
resistance with increase in calcination temperature is indicative of de-
crease in conductivity of nanoparticles thus increasing the dielectric
constant. Dielectric relaxation time for bismuth iron oxide nano-
particles prepared using EG as solvent is close to that reported by Das
et al. [40].

a.c. conductivity (ϭ) of bismuth iron oxide nanoparticles was cal-
culated using Eq. (3) [41,42].

Table 2
Comparison of dielectric constant of bismuth iron oxide nanoparticles with literature.

Conditions Dielectric constant Literature

log f=3.0; f=1 kHz log f=6.0; f=1MHz log f=6.0; f=1MHz

AA EG AA EG AA EG

As-synthesized 33.29 58.38 33.35 58.42 86.59 170.23 Yang et al. [35] 650 °C ˜38 at f=20MHz
100 °C 40.91 75.06 40.99 75.53 119.62 210.74 Bushan et al. [37] 550 °C 45.5 at f=1MHz
200 °C 70.51 83.76 75.59 83.82 246.95 461.91 Dhir et al. [38] 450 °C 52.7 at f=1kHz
300 °C 57.01 84.53 57.15 84.62 163.80 1050.20

Fig. 7. Cole-Cole plots for bismuth iron oxide nanoparticles prepared using (a) AA (b) EG as solvent.

Table 3
Variation in relaxation time, grain boundary resistance and capacitance for BiFeO3 nanoparticles prepared using EG as solvent.

Condition fmax (Hz) τ (10−5 sec) Grain resistance (Ω) Grain boundary resistance (105Ω) Grain boundary capacitance (pF)

As-synthesized 980.42 16.23 8626.20 7.56 214.45
100 °C 1713.46 9.288 8529.21 7.94 116.86
200 °C 983.49 16.18 9776.60 9.16 176.64
300 °C 980.69 16.22 18564.0 16.37 99.08

Fig. 8. a.c. conductivity in temperature range of 30 °C–210 °C for BiFeO3 na-
noparticles prepared using EG.
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ϭ=2πfεεotan δ (3)

a.c. conductivity in dielectric materials is associated with bound
charge carriers [43]. These charge carriers hop between different states
through tunneling from one potential well to another. Increase in fre-
quency supports hopping process and results in increased a.c. con-
ductivity. a.c. conductivity for EG based BiFeO3 nanoparticles (calcined
at 300 °C) in the temperature range of 30–210 °C is plotted in Fig. 8.
Two distinct regions, observed for the entire temperature range studied,
correspond to: region I - frequency independent conductivity and re-
gion II - frequency dependent conductivity.

Jonscher's power-law is obeyed by the frequency dependent con-
ductivity as mentioned in Eq. 4 [44].

ϭa.c.(ω) = ϭd.c. +Aωn (4)

Where, ϭd.c. signifies d.c. conductivity, strength of polarizability of

material is determined by constant A, interaction between lattice and
mobile ions is reflected in the frequency exponent n [45]. As per Jon-
scher’s power law, conductivity depends upon frequency because of
relaxation of ionic medium after movement of particles [44,45]. Table 4
shows a.c. conductivity fitting parameters obtained using Eq. 4. For d.c.
conductivity frequency exponent (n) is 0, and it is ≤1 when the con-
ductivity is because of bound charge carriers i.e. a.c. conductivity [46].
Values of n, obtained using Jonscher fitting, lie in the range of 0.611-
0.900 (< 1) with variation in temperature (Table 4). Such temperature
dependent behavior shows that motion of charge carriers involves
sudden hopping process along with translational motion [47]. Further,
dominance of grain resistance over grain boundary gives rise to a
change in the slope of a.c. conductivity vs. frequency curve. The fre-
quency at which this phenomenon takes place is known as hopping
frequency [48]. Hopping frequency (ωp), carrier concentration (N) and
carrier mobility (μ) were calculated using Eqs. (5)–(7) [45]; values are

Table 4
Parameters determined from Jonscher's power-law fitting and Eqs. (5)–(7) in the temperature range of 30 °C to 210 °C.

T (oC) ϭd.c. (S. m−1) n A Hopping frequency ωp Carrier concentration N (S. m−1. Hz−1) Mobility (m2.V−1.s−1)

R-I (10−6) R-II (10−4) R-I R-II R-I (10−11) R-II (10−10) R-I (kHz) R-II (kHz) R-I (10−10) R-II (10−13) R-I (1023) R-II (1027)

30 5.77 6.59 0.88 0.90 2.53 1.46 1148.9 24841.37 1.51 8.841 2.39 4.6
60 5.10 1.82 0.86 0.87 2.03 7.40 1746.5 1425.88 1.75 9.280 1.82 3.5
90 3.06 4.97 0.82 0.86 12.0 7.82 242.4 6017.42 11.4 9.181 0.168 3.4
120 1.41 3.03 0.78 0.77 21.6 5.02 73.5 30572.63 23.1 10.826 0.0383 22.9
150 1.04 65.9 0.76 0.71 72.1 4.18 14.3 1.37E+7 57.0 23.032 0.0059 12868.6
180 1.02 68.1 0.71 0.68 79.7 6.12 23.9 2.22E+7 77 20.017 0.0083 25019.7
210 1.24 82.3 0.67 0.61 81.6 6.85 56.1 3.46E+8 86.4 21.001 0.0167 454421

Fig. 9. Ferroelectric curves for bismuth iron oxide nanoparticles prepared using (a) AA (b) EG as solvent.

Table 5
Comparison of ferroelectric properties of bismuth iron oxide nanoparticles prepared using AA and EG as solvent with literature.

Solvent Conditions Remanent Polarization
(Pr) (μC/cm2)

Spontaneous
Polarization (Ps) (μC/
cm2)

Coercive field
(Ec) (KV/cm)

Literature

Technique Calcination
temperature (˚C)

AA As-synthesized 0.55 0.023 0.42 Microwave hydrothermal
processing [50]

800 °C Ps= 1.02 μC/cm2

100 °C 1.25 0.063 0.75
200 °C 1.8 0.195 1.15 Spark Plasma Sintering

[51]
650 °C Ps=10.4 μC/cm2

300 °C 2.46 0.404 1.42 Pr= 7.5 μC/cm2

Ec=6.6 kV/cm
EG As-synthesized 4.3 5.46 7.90 Sol-gel [52] 500 °C Ps= 1.89μC/cm2

Pr= 0.47μC/cm2

100 °C 5.2 6.13 9.85 Sonochemical method
[53]

525 °C Pr= 0.14 μC/cm2

Ec=180 V/cm
200 °C 6.9 9.35 12.2 Glycine-assisted

combustion method [54]
600 °C Pr= 0.22 μC/cm2;

Ec= 16.5 kV/cm300 °C 8.2 12.22 15.3
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given in Table 4.

ωp = (ϭd.c./A)1/n (5)

N = (ϭd.c.T)/ ωp (6)

μ = (ϭd.c.)/ Ne (7)

Polarization vs. electric field curves for bismuth iron oxide nano-
particles can be seen in Fig. 9. Ferroelectric properties of BiFeO3 arise
from the hybridization between 6 s orbitals of bismuth and 2 s and 2p
states of oxygen. Ferroelectric properties in BiFeO3 arise due to pre-
sence of stereo chemically active lone pair i.e. Bi3+ [49]. Remanent
polarization, saturation polarization and coercive field are listed in
Table 5. It can be seen that Pr increases with the increase in calcination
temperature from 100 °C to 300 °C indicating increase in ferroelectric
nature of bismuth iron oxide nanoparticles. Increase in polarization is
associated with decrease in oxygen related defects that results in re-
duction in leakage current and improving the domain pinning defects
[50], thus, leading to increase in Pr and Ps for bismuth iron oxide na-
noparticles with increase in calcination temperature (Fig. 9b). Less
value of Pr and Ps (Fig. 9a) for nanoparticles prepared using AA as
solvent arises due to presence of mixed bismuth iron oxide phases as
was observed in XRD patterns.

Various factors, such as charged defects, mechanical stresses, pre-
paration conditions, thermal treatment, etc., affect shape of the loops,
coercive field and the remnant polarization. Further, nonuniform dis-
tribution of grain size, imperfections and / or defects in the crystallites
lead to high coercive field, low value of remnant polarization and un-
saturated loop. Same was observed in PE loops (Fig. 9(a)) when NPs
were synthesized using acetic acid (AA) as solvent. This is in agreement
with XRD results shown in Fig. 2. However, good loops were observed
with low coercive field when BFO nanoparticles were synthesized using
ethylene glycol as solvent.

As discussed above the dominant hopping mechanism affects the
conduction properties of the prepared nanoparticles. Therefore, the
effective polarization that was observed for nanoparticles with EG as
solvent can be correlated to the barrier hopping mechanism. The de-
fects and imperfections pin the domain walls and restrict the movement
resulting in low remnant polarization and high coercive field. In fer-
roelectric phase the value of conductivity increases with the increase of
temperature that is termed as correlated barrier hopping mechanism in
accordance with semiconductor behavior [51].

4. Conclusions

Bismuth iron oxide nanoparticles (NPs) were synthesized using ap-
plication-oriented sol-gel method. Acetic acid and ethylene glycol were
used as solvents for synthesis purpose. Samples were calcined at 100 °C,
200 °C and 300 °C. Anomalous behavior of dielectric constant was ob-
served for NPs without any calcination. Higher values of dielectric
constant (52.82–85.2 (log f=4)) were observed for EG based NPs after
calcination at 300 °C. Increase in dielectric constant, along with
anomalous behavior, was observed with raise in characterization tem-
perature (30 °C – 210 °C). Increased conductivity at higher temperatures
was termed as correlated barrier hopping mechanism using Jonscher’s
power law. P-E curves indicated ferroelectric nature of nanoparticles
even under as-synthesized conditions. Maximum polarization (Pmax

˜12.22 μC/cm2) was observed for EG based nanoparticles calcined at
300 °C. It was observed that barrier hopping mechanism has a strong
correlation with ferroelectricity under as-synthesized and calcination
conditions when phase pure bismuth iron oxide was achieved.
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Abstract
Despite high antiferromagnetic Neel and ferroelectric Curie temperature bismuth iron oxide  (BiFeO3) is inherited with 
some drawbacks. These drawbacks include its weak ferromagnetic behavior and large leakage current. For overcoming 
these drawbacks we here report sol–gel preparation of barium substituted  BiFeO3  (Bi1-xBaxFeO3; x = 0.0–0.3) thin films. 
Formation of rhombohedrally distorted structure is observed in XRD patterns. Replacement of  Ba2+ in host lattice leads to 
strain relaxation in films. This will create oxygen vacancies that are less in number and less mobile and suppressed. Decrease 
in oxygen vacancies with increase in substitution level is also confirmed using XPS and EDS analysis. Barium atoms are 
fully dissolved in the lattice at low substituent concentration (x = 0.05–0.2). At high concentration (x = 0.25 and 0.3) peaks 
corresponding to BaO phase are observed in XRD patterns. SEM images show grain size < 60 nm. Increase in dielectric 
constant takes place from 45.8 to 153.61 (log f = 4.0) with increased barium concentration from 0.0 to 0.2. Cole–Cole plots 
indicate the dominant role of grain boundaries in dielectric process. Detailed room temperature impedance and Arrhenius 
plots reveal that oxygen vacancies are less mobile and suppressed. This results in enhanced insulting nature of thin films. 
This is also supported by high activation energy of 1.8 eV. Enhanced dielectric constant and decreased conductivity is also 
supported by increase in work function from 5.08 to 5.12 eV.  Bi1–xBaxFeO3 thin films show ferromagnetic behavior. High 
saturation magnetization of 139.35 emu/cm3 is obtained for barium concentration x = 0.2. Decrease in magnetocrystalline 
anisotropy and size of single domain also adds to enhancement of magnetization.

1 Introduction

In the recent times, semiconductor magnetic nanomaterials 
are of particular interest owing to their distinctive proper-
ties in comparison to their bulk counterparts. Distinctive 
structural, magnetic and electronic properties arose from 
their high surface to volume ratio. Semiconductor magnetic 
nano-materials have found various applications in various 
spintronic and magnetoelectric devices [1, 2]. Surrounded by 
a variety of spintronic and magnetoelectric devices, memo-
ries that can be written electronically and read magnetically 

are of momentous concern. Writing a bit electrically has 
certain advantages including low power consumption and 
reduced size. But most outstandingly this technology can 
be executed in circuits without the use of mobile parts [3]. 
Alternatively, reading a bit magnetically makes the memory 
non-destructive. Direct ferroelectric reading is also non-
destructive but it involves change of polarization to read 
the bit [3]. Important prerequisite for future memories is 
that the magnetic state must be magnetically readable along 
with electric switching capability [3]. For that reason, new 
materials are to be investigated for this purpose [3–6]. Amid 
a choice of materials, bismuth iron oxide is a probable can-
didate as its sublattice magnetization can be controlled by 
altering the ferroelectric polarization and vice versa [3, 7].

BiFeO3 fit in R3c space group with perovskite unit cell 
including rhombohedral distortion [3, 7].  BiFeO3 reveal 
high ferroelectric Curie and antiferromagnetic Neel 
temperature of 850 °C and 370 °C, respectively [7–12]. 
Regardless of the advantages of  BiFeO3 drawbacks allied 
with phase pure  BiFeO3 inflict big obstruction to its 
industrial applications. The biggest downsides comprise 
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of antiferromagnetic or weak ferromagnetic behavior of 
 BiFeO3 along with high leakage current [13–16].

To surmount this intricacy substituting A-site (replac-
ing Bi) and B site (Fe replacement) is being proposed by 
different researchers [16–24]. Common substituents for A 
site include La [18], Ca [19], K [20, 21]. Common sub-
stituents for B site include Ni [22], Mn [23] etc. Interesting 
is the fact that magnetic properties of  BiFeO3 substituted 
with rare earth elements, that are scarce, are comparable 
to divalent cationic substitution [24]. Replacement of Bi 
or Fe cation results in enhanced dielectric and ferroelectric 
properties and hence reduced leakage current density [11]. 
This also alters the spin structure of  BiFeO3 thus, inducing 
ferromagnetic behavior [11, 17]. Among various substitu-
ents Ba (Barium) has been recognized to enhance magneti-
zation [25]. This enhancement has generally been credited 
to suppression of spin structure and increase in canting 
angle [26]. Another reason mentioned in literature for 
enhanced magnetic properties is valence fluctuation and/or 
existence of oxygen vacancies [24, 27]. Structural changes 
from rhombohedrally distorted structure to tetragonal are 
also known to be a cause of enhanced magnetization [24]. 
But neutron diffraction studies have shown that tetragonal 
 BiFeO3 also exhibit antiferromagnetic behavior [28, 29]. 
So, the origin of ferromagnetic properties is still under 
debate. Controversial reports are present on enhancement 
in magnetic properties. Moreover, dielectric properties 
still require attention before  BiFeO3 can be utilized for 
industrial applications [30].

In this research, pristine and barium substituted  BiFeO3 
 (Bi1–xBaxFeO3) thin films were prepared using sol–gel 
method. Variations in dielectric and magnetization prop-
erties have been correlated with variation in concentra-
tion of barium. Impact of substitution on changes in work 
function of the films has also been correlated with changes 
in magnetic and dielectric properties. It is important men-
tioning here that combined advantages of low annealing 
temperature and barium substitution results in enhanced 
dielectric and magnetic properties in  Bi1–xBaxFeO3 thin 
films.

2  Experimental details

2.1  Chemicals used

Precursors and solvent, iron nitrate (Fe(NO3)3·9H2O), 
bismuth nitrate (Bi(NO3)3·5H2O), barium nitrate 
(Ba(CH3COO)2) and ethylene glycol were purchased from 
Sigma-Aldrich and were used without purification. Diluted 
hydrochloric acid, acetone and isopropyl alcohol were used 
for substrate etching and cleaning.

2.2  Synthesis of pristine and Ba substituted  BiFeO3 
sols

Bi(NO3)3·5H2O was dissolved in 20 ml of ethylene glycol 
(solution 1). Solution 1 was stirred for 60 min. Solution 
2 was prepared by dissolving Fe(NO3)3·9H2O in 20 ml of 
ethylene glycol and stirring for 60 min. Solution 2 was then 
added to solution 1. Reaction mixture was heated on hot 
plate at 80 °C for sol synthesis. For barium substitution, 
Ba(CH3COO)2 was dissolved separately in the solvent and 
added to bismuth iron oxide sol to obtain  Bi1–xBaxFeO3 
sols. Concentration of barium (x) was varied as x = 0.0–0.3 
with interval of 0.05. Sols prepared using above procedure 
have shelf life of more than 2 years. Ethylene glycol has 
linear structure with two –OH groups. Due to the presence 
of two hydroxyl groups, ethylene glycol works as a bridg-
ing chelating ligand that can replace the alkoxide ligand. 
Such action is extremely desirable for bismuth iron oxide 
sol’s homogeneity and stability because of the presence of 
heterometallic units (Fe and Bi) [13].

2.3  Preparation of Ba substituted  BiFeO3 thin films

To have smooth and clean substrate surface is important 
for homogenous film formation [31, 32]. For deposition 
of films, etching of copper (Cu) substrates was done using 
diluted hydrochloric acid. Etched Cu substrates were 
washed repeatedly using de-ionized (DI) water. Washed 
Cu substrates were cleaned further ultrasonically with ace-
tone and isopropyl alcohol for removal of residual organic 
impurities [31, 32].

Bi1–xBaxFeO3 sols were coated on Cu substrate with 
Delta 6RC Spin Coater at 3000 rpm for 30 s. Films were 
annealed for 60 min at 300 °C in vacuum under 500Oe 
magnetic field. Thickness of all  Bi1–xBaxFeO3 films was 
700 nm as measured using Variable Angle Spectroscopic 
Ellipsometer.

2.4  Instruments

Bruker D8 Advance X-ray Diffractometer (XRD) with 
CuKα radiations (λ = 1.5406 Å) and nickel filter was used 
for diffraction analysis. XRD data was traced across 2θ° 
range of 20°–80°. Lakeshore’s 7407 Vibrating Sample 
Magnetometer was used for magnetic characterization of 
the films. Data acquirement was done with time constant 
of 0.3 s under continuous mode. For dielectric and imped-
ance analysis, 6500B Precision Impedance Analyzer by 
Wayne Kerr was used. Kelvin Probe Surface Photo Volt-
age Station was used for Surface Photo Voltage (SPV) 
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measurements. X-ray photoelectron spectroscopy (XPS) 
analysis was obtained using ThermoFisher ESCALAB sys-
tem with Al Kα radiations. Scanning electron microscopy 
and energy dispersive X-ray spectroscopy of films were 
done with NOVA field emission SEM.

3  Results and discussion

3.1  Structural analysis

Figure  1 shows XRD patterns of  Bi1–xBaxFeO3 (where 
x = 0.0–0.3 with interval of 0.05) thin films. Occurrence of dif-
fraction peaks belonging to planes (012), (104), (110), (024), 
(116) and (128) in pristine bismuth iron oxide films (x = 0.0; 
Fig. 1a) indicated formation of perovskite structure of  BiFeO3 
with rhombohedral destruction. Indexing of  BiFeO3 phase was 
done using JCPDS card no. 86-1518.

Proposed mechanism for formation of  BiFeO3 films can be 
seen in Eqs. 1–5 [15, 33].

(1)
Bi
(
NO3

)
3
+ OH − C2H4 − OH → Bi3+OH− + OH − C2H

+

4
+ 3NO1−

3

(2)
Fe
(
NO3

)
3
+ OH − C2H4 − OH → Fe3+OH− + OH − C2H

+

4
+ 3NO1−

3

(3)2Bi(OH)3 ⇔ Bi2O3 + 3H2O

(4)2Fe(OH)3 ⇔ Fe2O3 + 3H2O

(5)Bi2O3 + Fe2O3 → 2BiFeO3

As barium was incorporated into the structure no peaks 
corresponding to barium and/or barium oxide were observed 
till barium concentration of 0.2 (Fig. 1b–e). This indicates 
that at low concentration barium has been successfully 
substituted in the lattice. At barium concentration x = 0.25 
and 0.3 diffraction peaks matching to barium oxide (BaO, 
marked as ^ in Fig. 1) were observed. When barium sub-
stitutes in  BiFeO3 lattice, diffraction peaks shift to higher 
angles till x = 0.2. At barium concentration 0.25 and 0.3 
diffraction peaks shift to low diffraction angles. Shift of 
diffraction peaks to higher angles at x = 0.05–0.2, indicates 
decrease in lattice parameters, due to strain relaxation [34] 
in thin films. Strain relaxation in  Bi1–xBaxFeO3 thin films 
results in shift of diffraction peaks to high diffraction angles 
as opposed to that reported in literature. Various previ-
ous studies show that addition of barium in the host lattice 
resulted in shift of peak positions to lower angles [26, 35]. 
When  Bi3+ is replaced with  Ba2+ increase in tolerance fac-
tor (calculated using Eq. 6 [36]) from 0.84023 to 0.87342 
was observed (Fig. 2). This results in expansion of Fe–O 
bond length that consequently leads to reduction in stiffness 
in  Bi3+–O and  Ba2+–O bonds. As the result of which rela-
tive rotation angle between oxygen octahedron decreases 
thus leading to phase stability of R3c space group [36]. Yet, 
tolerance factor for  Bi1–xBaxFeO3 thin films was still < 1 
that indicates tendency of tilting distortion in perovskite 
structure [37].

where RA is radius of ion on A-site, RB is radius of ion on B 
site and Ro is ionic radius of oxygen ions.

(6)Tolerance ⋅ Factor =

�
RA + RO

�

√
2
�
RB + RO

�

Fig. 1  XRD patterns for  Bi1–xBaxFeO3 thin films x = (a) 0.0 (b) 0.05 
(c) 0.1 (d) 0.15 (e) 0.2 (f) 0.25 (g) 0.3 Fig. 2  Tolerance factor for  Bi1–xBaxFeO3 thin films
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It is vital mentioning here that this is the low temperature 
for formation of  BiFeO3 thin films that is being reported. In 
literature, temperature reported for preparation of phase pure 
 BiFeO3 thin films is ≥ 400 °C [7–11]. Use of ethylene glycol 
as solvent, as discussed in Sect. 2.2, leads to phase stability 
at low temperature of 300 °C.

Crystallite size (t), strain [38], dislocation density (δ) [39] 
and stacking fault probability [40] for peaks with full width 
at half maximum (B) and at diffraction angles (θ) were cal-
culated using Eqs. 7–10.

where d represents the d-spacing, B represents full width at 
half maximum.

Crystallite size (Fig. 3a) increases from 23.5 to 29.32 nm 
with increase in Ba concentration from 0.0 to 0.2. At Ba 
concentration 0.25 and 0.3 decrease in crystallite size was 
observed. Increased crystallite size at 0.0 to 0.2 specifies that 
Ba atoms get dissolved in the lattice. This reduces disloca-
tions in the films. At concentrations 0.25 and 0.3 chances 
that Ba atoms occupying positions on the grain boundaries 
or interstitial positions are high [34, 41, 42]. This leads to 

(7)t =
0.9�

B cos �

(8)Strain =
Δd

d
=

dexp − dhkl

dhkl

(9)� =
1

t2

(10)SFP =

�
2�2

45
√
3 tan �

�

Δ2�

reduced crystallite size at high Ba concentration (0.25 and 
0.3) and increased dislocation density and strain (Fig. 3b). 
Moreover, in polycrystalline material difference in strain 
between grains also leads to grain growth [43]. The driv-
ing force behind this is the decrease in strain energy. This 
process proceeds with elimination of grains with high strain 
[44]. Strain (Fig. 3b) decreased from 0.031 to 0.020 as Ba 
concentration increased from 0.0 to 0.2. Further increas-
ing Ba concentration resulted in increased strain. Increased 
strain and dislocation density at high Ba concentration was 
also due to presence of BaO phase that disturbs the stacking 
sequence of thin films (Fig. 3b).

Shift of diffraction peak corresponding to planes (024) 
and (116), as was observed in Fig.  1, with substitution 
indicates change in lattice parameters. Lattice parameters 
(Fig. 4a, b) decrease as the concentration of Ba increases 
to 0.2 thus resulting in decrease in unit cell volume despite 
the larger ionic radii of barium (1.42 Å) as compared to 
that of bismuth (1.17 Å). Decrease in lattice parameter 
and consequently unit cell volume is due to strain relaxa-
tion in the films [34]. This is supported by shift of peak 
positions to slightly higher angles (Fig. 1). At high Ba con-
centration, increase in lattice parameters and unit cell vol-
ume is ascribed to presence of BaO in  BiFeO3 (Fig. 1f, g). 
Increase in X-ray density indicates more compact structure 
of  Bi1–xBaxFeO3 thin films at x = 0.0–0.2 (Fig. 4b).

Das et al. [45] pointed out that combined positive charge 
in  BiFeO3 reduces as Ba replaces Bi in the host lattice. Thus 
in this case charge balance occurs through creation of less 
number of oxygen vacancies as compared to that created by 
volatile nature of Bi. These oxygen vacancies are suppressed 
and are immobile thus helping in enhancement of the insu-
lating nature of  BiFeO3.

XPS core spectrum for  BiFeO3 and  Bi0.8Ba0.2FeO3 thin 
films can be seen in Fig. 5. The peaks at binding energies 

Fig. 3  a Crystallite size and dislocation density and b strain and stacking fault probability plotted for changes in x 
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710.4 eV and 723.8 eV match with Fe  2p3/2 and  Fe2p1/2 
peaks of  Fe3+ ions. No separate peak corresponding to  Fe2+ 
ions at 709.5 eV was observed (Fig. 5a). If the background is 
large then it is difficult to predict the oxidation state of iron 
cation [45]. Because of the difference in electronic configu-
ration of  Fe2+ and  Fe3+ ions “satellite peak” is an accepted 
way to predict the oxidation state.  Fe2+ ions exhibit satel-
lite peak with binding energy 6.0 eV greater than  Fe2p3/2 
peak while  Fe3+ ions exhibit satellite peak at binding energy 
8–8.5 eV greater than  Fe2p3/2 peak. It can be seen in Fig. 5 
that satellite peak occurs at 718.4 eV thus confirming that 

the  BiFeO3 and Ba substituted  BiFeO3 thin films are com-
posed of  Fe3+ ions.

Figure 5b, c shows asymmetric O 1s core spectrum for 
 BiFeO3 and  Bi0.8Ba0.2FeO3 thin films. Peak at lower bind-
ing energy of 529.12 eV represents O1 core spectrum for 
 BiFeO3. Peak at higher binding energy 530.8 eV corresponds 
to oxygen vacancies in  BiFeO3. Comparison of Fig. 5b, c 
shows that intensity of low binding energy peak increases 
and high binding energy decreases in  Bi0.8Ba0.2FeO3 as com-
pared to  BiFeO3 thin films. This indicates decrease in oxy-
gen vacancies. This suggests that charge balance occurs due 

Fig. 4  a Lattice parameters b unit cell volume and X-ray density plotted for changes in x 

Fig. 5  XPS spectra for a Fe2p 
b O1s for  BiFeO3 c O1s for 
 Bi0.8Ba0.2FeO3
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to the presence of Ba ions rather than mixed valence state of 
iron cations thus resulting in decrease in oxygen vacancies.

SEM images and energy dispersive spectra (EDS) for 
pristine and Ba substituted  BiFeO3 thin films can be seen 
in Figs. 6 and 7. It has already been mentioned in Sect. 2.2 
that ethylene glycol possesses two hydroxyl groups that 
give rise to fast nucleation rate resulting in large number 
of nuclei with smaller grain size [13]. SEM images (Fig. 6) 
reveal grain size < 60 nm with well-defined grain bounda-
ries. EDS patterns (Fig. 7) reveal the presence of Bi, O and 
Fe elements in  BiFeO3 thin films while inclusion of Ba was 
observed for substituted films. Observed weight percent-
age of Ba increases with increased substitution level while 
decrease in weight percentage of Bi takes place. It can also 
be observed in Fig. 7 that weight percentage of oxygen 
increases with increased substitution level thus strengthen-
ing the claim of decrease in oxygen vacancies.

3.2  Dielectric and impedance analysis

Dielectric constant ε and tangent loss (tan δ) of films with 
area A and thickness d were calculated using Eqs. 11 and 
12 [46]. 

where, C is capacitance of the films, εo represents permit-
tivity of free space and ρ is the resistivity of the films. Die-
lectric constant (Fig. 8a) decreases as the frequency was 
increased to log f = 5.0 and becomes constant at frequencies 
(log f > 5.0). Decrease in dielectric constant at low frequen-
cies is attributed to different polarization mechanisms [8, 
35, 47]. Polarizations that contribute to dielectric constant 
in lower frequency region are: (1) space charge, (2) ion 
displacement, (3) electron displacement and (4) turning 
direction polarization. At high frequencies only electron 
displacement polarization takes place [35]. Further, in poly-
crystalline aggregate both grain and grain boundaries affect 
the dielectric constant. Role of the grains dominates at high 
frequencies and grain boundaries are functional at low fre-
quencies thus producing dispersion [23]. Due to high resist-
ance at grain boundaries high energy is required by charge 
carriers to jump from one state to another. This results in 
high tangent loss (Fig. 8b) at low frequencies [23].

Dielectric constant (Fig. 9 a) increases from 45.8 (log 
f = 4.0) to 153.6 (log f = 4.0) at x = 0.0 to 0.2. At x = 0.25 
and 0.3 decreased dielectric constant of 60.14 and 35.8 (log 
f = 4.0) was observed. Decrease in tangent loss (Fig. 9b) 
from 0.017008 to 0.0058 (log f = 4.0) was observed (Fig. 9b) 

(11)� =
Cd

�oA

(12)tan � =
1

2���o�

at x = 0.0 to 0.2. Further addition of barium resulted in 
increased tangent loss. As it was explained in Fig. 2a that 
crystallite size increased from 23.5 to 29.32 nm as Ba con-
centration was increased to x = 0.2. Increasing the concentra-
tion resulted in decrease in crystallite size. Increase in crys-
tallite size resulted in decrease in strain from 0.031 to 0.02. 
This decrease in strain favors the formation of 180° domains. 
Thus, dielectric constant increases [23]. At x = 0.25 and 0.3 
partial clamping of domain wall motion [20, 23] takes place 
due to increased strain (Fig. 3b). This results in decrease in 
dielectric constant and increase in tangent loss.

Moreover, it was observed in Fig. 6 that  Bi1–xBaxFeO3 
thin films exhibit grain size < 60 nm along with well-defined 
grain boundaries. Smaller grain size results in higher grain 
boundary scattering [48–50] and high grain boundary resist-
ance. This will, thus, also result in increased dielectric con-
stant in thin films at x = 0.2.

One aspect that strongly influences the dielectric con-
stant and tangent loss is the existence of oxygen vacancies. 
It has been reported previously that because of the charge 
compensation mechanism required by substitution of Ba 
in  BiFeO3 increase in number of oxygen vacancies takes 
place. This increases the probability of “hopping conduc-
tion mechanism” that results in increase in dielectric loss 
[51, 52]. But it can be seen in Fig. 9b that tanδ decreases 
with increase in Ba concentration to 0.2. Oxygen vacancies 
in pristine  BiFeO3 can occur during high temperature treat-
ment while in substituted  BiFeO3 it occurs because of both 
high temperature treatment and charge compensation mecha-
nism. Chandrasekha et al. [53] pointed out that during high 
temperature treatment, thermodynamic rate of oxidation and 
reduction reactions at grain and grain boundaries are dif-
ferent. This leads to deficiency of oxygen in grains whilest 
grain boundaries are rich in oxygen. This can be explained 
by Kroger–Vink notation in Eqs. 13–15 [53].

Singly and doubly ionized oxygen vacancies thus lead 
to presence of conducting electrons in the system. As 
mentioned earlier (Sect. 2.2) these films were annealed 
at 300 °C, rather low temperature as compared to that 
reported in literature. This, thus, reduces the probability 
of presence of oxygen vacancies due to thermal treatment. 
On the other hand, in case of Ba substituted  BiFeO3 thin 
films, a larger positive charge (+3) is being replaced by 
smaller positive charge (+2). As the result of this, local 
negative charge is created relative to pristine  BiFeO3. In 
order to compensate the negative charge oxygen vacancies 

(13)Oo → Vx
o
+

1

2
O2 ↑

(14)Vx
o
→ V �

o
+ e−

(15)V �

o
→ V ��

o
+ e−
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Fig. 6  SEM images for  Bi1–xBaxFeO3 thin films x = a 0.0 b 0.05 c 0.1 d 0.15 e 0.2
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Fig. 7  EDS patterns for a  BiFeO3, b  Bi0.95Ba0.05FeO3, c  Bi0.90Ba0.1FeO3 d  Bi0.85Ba0.15FeO3 e  Bi0.80Ba0.20FeO3
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Fig. 8  a Dielectric constant b tangent loss for  Bi1–xBaxFeO3 thin films

Fig. 9  a Dielectric constant b tangent loss for  Bi1–xBaxFeO3 thin films plotted for changes x 

Table 1  Comparison of dielectric constant of  Bi1–xBaxFeO3 thin films with literature

x Dielectric constant Literature

log f = 3.0 (1 kHz) log f = 4.0 
(10 kHz)

log f = 6.0 
(1 MHz)

Method Dielectric 
constant

Frequency (Hz)

0.0 89.66 45.8 35.81 Soft chemical method [55] ~ 130 10 kHz
0.05 156.63 60.99 41.85
0.1 235.16 77.9 51.5 Sol–gel [56] 45.5 1 MHz
0.15 220.46 97.43 60.07 Electrophoretic deposition [8] ~ 4 log f = 4.0
0.2 465.56 153.61 68.31
0.25 293.86 60.14 28.12 Sol–gel [36] 95.8 1 kHz
0.3 79.66 35.8 25.81
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are created i.e. local positive charge is present in  BiFeO3 
[45]. These local positive charges then acts as trapping 
centers for oxide ion vacancies thus leading to decrease in 
conductivity [54]. As the result of which, tangent loss in 
 Bi1–xBaxFeO3 thin films decreases and dielectric constant 
increases.

Comparison of dielectric constant of  Bi1–xBaxFeO3 thin 
films with literature (Table 1) reveals high dielectric con-
stant as compared to literature reported values.

Figure 10 shows real and imaginary impedance plotted 
for  Bi1–xBaxFeO3 thin films. Real impedance (Z’) (Fig. 10a) 
decreases with increase in frequency and becomes frequency 
independent at high frequencies. This indicates the rise of 
conductivity at high frequencies. Imaginary impedance 
(Z’’) (Fig. 10b) increases as frequency of field increases and 
attains a maximum value (indicating relaxation process) and 
then decreases at high frequencies. At very high frequencies 
(log f ≥ 6.5) Z’’ becomes frequency independent. Relaxa-
tion process at low temperatures occurs due to contribution 
from immobile charges [57]. It can be seen in Fig. 10b that 
decrease in broadening and asymmetry of the peaks arises 
as Ba content increase to 0.2. This indicates that there is 
a decrease in distribution of relaxation time and behavior 
becomes more close to Debye-like behavior [58].

For correlating the microstructure and impedance behav-
ior in polycrystalline specimen, the complex impedance is 
represented in the form of Cole–Cole plots in Fig. 11a. Rela-
tion corresponding to Cole–Cole plots representing complex 
impedance (Z*), can be seen in Eq. 16 [59].

where Rg and Rgb are grain and grain boundary resistance, Cg 
and Cgb are grain and grain boundary capacitance, αg and αgb 

(16)Z ∗=
Rg

1 +
(
j�RgCg

)�g +
Rgb

1 +
(
j�RgbCgb

)�gb

are relaxation time distribution functions for grains and grain 
boundaries, respectively. Grain and grain boundary resist-
ances were obtained from fitting of Cole–Cole using Zview 
software. The angle between Z’ and center of semicircular 
arc in Cole–Cole plots is the measure of depression angle 
(θ). The depression angle (listed in Table 2) is indicative of 
deviation of dielectric relaxation from ideal Debye type [59]. 
For taking into account the non-Debye type behavior the 

Fig. 10  a Real impedance b imaginary impedance plotted as a function of log f for  Bi1–xBaxFeO3 thin films

Fig. 11  a Cole–Cole plots for  Bi1–xBaxFeO3 thin films b equivalent 
circuit model defined for fitting of Cole–Cole plots using Zview soft-
ware where,  Rg corresponds to grain resistance,  Rgb and  CPEgb are 
resistance and constant phase element related to grain boundaries and 
 Ri and  Ci represents the resistance and capacitance of interface region
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capacitance is substituted by constant phase element (CPE) 
[49] whose impedance is given in Eq. 17 [60].

where Q is the proportionality factor, α is the empirical con-
stant whose values vary between 0 and 1. CPE behaves as 
ideal capacitor when α = 1 and as ideal resistor when α = 0 
[60]. Model used for fitting of Cole–Cole plots can be seen 
in Fig. 11b. Fitted parameters obtained from Zview are listed 
in Table 2. Grain boundary resistance increases from 53 to 
99 kΩ thus supporting the increase in dielectric constant of 
 Bi1–xBaxFeO3 thin films as was observed in Figs. 8a and 9a. 

Conductivity was calculated using Eq. 18 [61].

A.C. conductivity is plotted as a function of log f in 
Fig. 12. In case of dielectric materials, the small d.c. con-
ductivity, frequency independent, arises because of the 
presence of free charge carriers and a.c. conductivity, fre-
quency dependent, is associated with bound charge carriers 
[62]. Hopping of charge carriers from one potential well 

(17)ZCPE =
1

Q(j�)�

(18)� = 2���o tan �

to another is supported by increase in conductivity at high 
frequencies as can be seen in Fig. 12. Conductivity decreases 
as Ba concentration (x) was increased from 0.0 to 0.2. Fre-
quency dependence of conductivity is given by Jonscher’s 
power law given in Eq. 19 [46].

where ϭd.c. represents d.c. conductivity, n is the frequency 
exponent that depends on the interaction between lattice and 
ions that are mobile, ω is the frequency, A is the constant that 
depends on strength of polarizability of specimen [54]. Zero 
value of “n” represent d.c. conductivity and less than 1 value 
corresponds to a.c. conductivity [63]. “n” < 1 was obtained 
in  Bi1–xBaxFeO3 thin films thus indicating the translational 
motion of charge carriers along with sudden hopping process 
[64, 65]. Reduced conductivity at x 0.2 arises due to reduced 
mobility of charge carriers.

Based on the above discussion, activation energy for 
 Bi0.8Ba0.2FeO3 thin films was determined using Arrhenius 
equation (Eq. 20) [46] that explains the dependence of a.c. 
conductivity on temperature.

(19)�a.c.(�) = �d.c. + A�n

Table 2  Depression angle and 
fitting parameters obtained from 
Zview software of equivalent 
circuit model in Fig. 11b

x θ Rg (Ω) Rgb (kΩ) Cgb (nF) α Ri (kΩ) Ci (nF) Relaxation 
time  (10−5 s)

Relaxation fre-
quency (kHz)

τgb τi fgb fi

0.0 27.76 828 53.11 0.26 0.93 40.5 1.55 1.40 6.27 71.05 15.92
0.05 21.47 250 59.11 0.32 0.94 37.2 2.2 1.89 8.18 52.86 12.21
0.1 27.76 350 70.11 0.26 0.94 55.5 1.45 1.82 8.04 54.85 12.42
0.15 15.62 250 76.01 0.36 0.95 46.3 2.05 2.77 9.26 36.04 10.79
0.2 11.85 300 180.0 0.28 0.96 99.8 1.3 5.04 12.9 19.84 7.707
0.25 34.34 441.2 95.23 0.88 0.80 45.3 1.25 8.38 5.65 11.93 17.67
0.3 36.25 775.8 85.66 3.22 0.71 35.2 1.23 27.5 4.33 3.62 23.06

Fig. 12  A.C. conductivity for  Bi1–xBaxFeO3 thin films
Fig. 13  Arrhenius plot for  Bi0.8Ba0.2FeO3 thin films
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where  kB is the Boltzmann constant and  Ea is the activa-
tion energy. Activation energy was found by straight line 
slope of ln σ vs. 1000/T curve (Fig. 13). Activation energy 
of 1.8 eV was found for  Bi0.8Ba0.2FeO3 thin films. Oxygen 
vacancies in their singly ionized state result in activation 
energy of 0.3–0.4 eV. High activation energy of 0.6–1.2 eV 
corresponds to doubly ionized oxygen vacancies [66]. High 
activation energy confirms that contribution of oxygen 
vacancies to conduction is suppressed in  Bi0.8Ba0.2FeO3 
thin films. This effect is associated with decrease in long 
range motion of charge carriers with decrease in mobility 
and reduced carrier concentration and reduced conductivity 
as observed in Fig. 12.

3.3  SPV measurements

Due to the movement of electrons, surface work function (WF) 
can represent condition of the surface in very effective man-
ner. WF is interlinked to the transportation of charge carri-
ers at the interface and surface. Defects, surface states and 
combination are influenced by WF. Now a days, we are able 
enough to discuss the electronic structure of surface in many 
ways like adhesion and photovoltaic response of surface and 
surface corrosion that can be explained with the help of kelvin 

(20)�a.c. = �oe
Ea

kBT

probe surface photovoltage spectroscopy. Kelvin probe is a 
simple technique to determine the WF of the materials. WF is 
determined by vibrating tip method where the contact potential 
difference (V) is defined in Eq. 21.

where �t and �s symbolizes WFs of the probing tip and 
sample, respectively. For parallel plate capacitor, V =

e

C
 and 

C =
��oA

d
 where C, ε, A and “d” are capacitance, dielectric 

constant, area of plate capacitor and distance between tip 
and sample, respectively. Thus, WF of sample can be calcu-
lated using Eq. 22.

The difference of WF is determined by the application of 
external voltage termed as the backing potential  (Vb). Fig-
ure 14 shows scanning Kelvin measurements indicating WF 
of  Bi1–xBaxFeO3 thin films. Average WF of  Bi1–xBaxFeO3 
thin films increases from 5.08 to 5.12 eV with increase in 
barium concentration from 0.1 to 0.3. This clearly strength-
ens the postulate of increased dielectric strength and 
decreased conductivity due to reduced carrier concentration.

(21)eV = �t − �s

(22)�s = �t −
e2d

��oA
or �s = �t −

Co

A

Fig. 14  Work function for Bi1–xBaxFeO3 thin films with x = a 0.1, b 0.2, c 0.3
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3.4  Magnetic analysis of  Bi1–xBaxFeO3 thin films

Effect of Ba substitution on room temperature magnetic prop-
erties of  BiFeO3 thin films was also investigated (Fig. 15). 
Films show ferromagnetic behavior as opposed to antifer-
romagnetic behavior of bulk  BiFeO3. Magnetic properties 
further enhanced as barium was added to the host lattice 
(Fig. 15a, b). In  BiFeO3, electric field associated with crystal 
lattice is strong as compared to magnetic field i.e. ∆cryst (crys-
tal field induced splitting) is greater than ∆H (orbital moment 
interaction energy with externally applied magnetic field) [17]. 
Thus, spin moment is the sole contributor to magnetism. But 
spin–orbit interaction (∆LS), whose energy lies between ∆H 
and ∆crystal, leads to small magnetic moment that is associated 
with orbital motion of electron. This small magnetic moment 
then decides the direction of spin moment thus leading to mag-
netic anisotropy in the spin magnets [17]. This anisotropy is 
due to combined action of spin orbit interaction and crystal 
field. So, the magnetic moment induced due to spin orbit inter-
action will shift the g-factor from its ideal value (2.0023) [17]. 
This results in enhancement in magnetization as was observed 
in Fig. 15b. It was also observed in Fig. 15b that coercivity 
of  Bi1–xBaxFeO3 thin films was high as compared to pristine 

 BiFeO3. The two factors associated with increase in coerciv-
ity are: (1) pinning of domain walls [25, 67]; (2) magnetic 
anisotropy [25]. For further investigation magneto-crystalline 
anisotropy and size of single domain particles (d) were deter-
mined using Eqs. 23–26 [68, 69].

(23)B =
4K2

u1

15M2
s

(24)Ku1 =

√
15||S

|
|Ms

4

(25)� = 4
√
AKu1

Fig. 15  a M–H curves for  Bi1–xBaxFeO3 thin films b  Ms and  Hc plot-
ted for changes in x 

Fig. 16  a  Ms versus 1/H2 (kOe)−2 curves

Table 3  Anisotropy constant and size of single domain for 
 Bi1–xBaxFeO3 thin films

x Ku1 (erg/cm3) Size of single 
domain (nm)

0.0 5.8 × 105 40.83
0.05 5.10 × 105 23.05
0.1 4.81 × 105 22.48
0.15 4.58 × 105 18.52
0.2 3.92 × 105 7.64
0.25 1.76 × 106 68.59
0.3 1.15 × 106 77.83
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where Ku1 is the first order anisotropy constant and S is 
the straight line slope for  Ms versus 1/H2 (Fig. 16), γ is the 
energy density of domain walls, A is the exchange stiffness 
coefficient (4.1 × 10−7 erg/cm) [68]. Anisotropy constant and 
the size of single domain are listed in Table 3. Reduced 
anisotropy and size of single domain < 62 nm leads to ferro-
magnetic behavior and increased magnetization of the films.

In addition, large lattice mismatch between the film and 
the substrate is also known to induce strain in thin films 
[70–72] that also results in annihilation of cycloid modu-
lation thus introducing weak ferromagnetic behavior in 
 BiFeO3 [73–79]. However, as it was observed in Fig. 3b 
that strain decreased in Ba substituted films while mag-
netization increased (Fig. 15). Thus, it can be predicted 
that dominant role in enhancing the magnetic properties of 
 Bi1–xBaxFeO3 thin films comes from substitution process 
and strain plays a minimal role.

Comparison of saturation magnetization  (Ms) of 
 Bi1–xBaxFeO3 thin films with literature is listed in Table 4 
and enhanced magnetic properties are observed in our 
case.

4  Conclusions

Bi1–xBaxFeO3 thin films were prepared using sol–gel 
method that were annealed at 300 °C. Phase pure  BiFeO3 
was observed in XRD patterns without any trace of non-
perovskite bismuth phases till x = 0.2. BaO phase was 
observed at high barium concentrations x = 0.25 and 0.3. 
Films with barium concentration x = 0.2 showed dielec-
tric constant and tangent loss of 153.61 and 0.0058 (log 
f = 4.0) respectively. Decrease in oxygen vacancies was 
also confirmed using XPS and EDS analysis. Grain 

(26)d =
9�

�oM
2
s

size of < 60 nm with well-defined grain boundaries was 
observed in SEM images. Activation energy of 1.8 eV for 
 Bi0.8Ba0.2FeO3 thin films indicated that oxygen vacan-
cies were immobile thus leading to enhanced insulting 
behavior of  BiFeO3. This increase in dielectric constant is 
also supported by increase in work function from 5.08 to 
5.12 eV with increase in x from 0.1 to 0.3.  Bi1–xBaxFeO3 
films showed ferromagnetic behavior with high saturation 
magnetization of 139.35 emu/cm3 at x = 0.2.
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