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CHAPTER I 

INTRODUCTION 

 

1.1  Background and motivation 

In recent years, multiferroic materials which show a coupling between 

electrical and magnetic properties in a material have attracted a great deal of attention 

due to their fascinating fundamental physics and potential applications. In these 

materials, the coexistence of ferroelectricity and ferromagnetism and their coupling, 

as well as their influences on static and dynamic phenomena have led to the discovery 

of next generation actuators, sensors, and memory devices. Moreover, these materials 

have significant potential for the manufacture of MRAMs (Magnetoelectric Random 

Access Memory) (Bibes and Barthélémy, 2008; Béa et al., 2006) that provide several 

benefits over the traditional RAM currently in use, i.e., higher reading and speed of 

writing, non‒volatile nature, reduce energy consumption, and high density storage. 

However, the present demand for ever‒decreasing size of transistors and other 

necessary electronic parts in electronic devices has led to a greater interest in 

advanced functional materials. A possible way of meeting this challenge is to use 

multiferroic materials instead of single‒ferroic materials. Multiferroic materials are 

very rare in nature since ferroelectricity and ferro/antiferromagnetism tend to be 

mutually exclusive and interact weakly with each other when they coexist. YMnO3, 
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TbMnO3, BiMnO3, BiFeO3, etc. are some of the multiferroic materials which were 

discovered in the past and which have low electric and magnetic polarization with a 

large leakage current density. This is particularly the case among the few known 

multiferroic materials, for example perovskite bismuth ferrite (BiFeO3) with 

rhombohedrally distorted perovskite structure (R3c space group). BiFeO3 exhibits 

both ferroelectric and antiferromagnetic (AFM) order simultaneously above room 

temperature (Ghosh et al., 2005; Maurya et al., 2008). It exhibits antiferromagnetic 

ordering with high Neel temperature (TN ~643 K) and ferroelectric behavior with high 

Curie temperatures (Tc ~1103 K) (Kumar et al., 2000; Pradhan et al., 2005). The 

ferroelectricity in BiFeO3 is attributed to the 6s
2
 lone pair electrons of Bi

3+
 that may 

hybridize with empty p‒orbital in materials to form a localized segment causing a 

structural distortion, while magnetism is believed to originate from partially filled d‒

orbital of Fe ions. According to first principle calculation, it has been reported that 

BiFeO3 shows a large spontaneous polarization (Ps) of about ~90–100 
2/cmC  for a 

rhombohedral distorted structure with R3c space group and around ~150 
2/cmC for 

the tetragonal phase. The magnetism of BiFeO3 is G‒type antiferromagnetic, where 

spin is given by the transition metal of Fe
3+

 ions. The antiferromagnetic G‒type 

structure is long range modulated as it has a spiral spin‒modulated cycloidal magnetic 

structure of the length of 62 nm in the (110) spiral direction. The BiFeO3 bulk 

undergoes weak magnetization due to its antiferromagnetic behavior and modulated 

spin spiral structure which inhibit linear magnetoelectric properties. However, its 

rhombohedral distorted structure gives rise to the canting of the magnetic spins 

leading to a localized weak ferromagnetism which is locked in the period length of 62 

nm. Moreover, high permittivity dielectric behavior is observed in BiFeO3‒based 
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which can be affected by the existence of interfacial polarization at grain boundaries 

in inhomogeneous microstructures.  

However, it should be noticed that the dielectric response and electric 

conductivity of BiFeO3 ceramics have been investigated by studying the processing 

conditions, which are responsible not only for the drawbacks and the existence of 

Fe
2+

, but also for the formation of various parasitic phases. Conductivity increases 

suddenly with activation energy of 1.26 eV at temperatures higher than ~350 °C and 

its low frequency values become larger than those of the high frequency range. As is 

well known, in polycrystalline ceramics, the grain and grain boundary structure play 

important roles in the microstructure, which have an impact on the dielectric response 

and the electrical properties of the ceramics. Interesting dielectric behavior with three 

relaxation processes have been reported for the BiFeO3‒based ceramics sintered at 

700 °C for 4 h and obtained from precipitation‒synthesized powder. They found that 

the low‒temperature relaxation with Ea of 0.34 eV can be attributed to the hopping 

conduction of the localized charge carriers, whilst the middle‒temperature relaxation 

process of Ea 0.77 eV was likely affected by the grain boundary effect, and the high‒

temperature relaxation process with Ea 0.95 eV contributed to the defects dipole 

and/or conduction defects. However, practical applications of BiFeO3 have been 

restricted because of the high leakage current induced by defects, low electrical 

resistivity linked to the presence of impurities, a low magnetic moment and a very 

weak magnetoelectric coupling. In order to circumvent these inconsistencies, attempts 

to improve BiFeO3 properties have been made by doping it with trivalent rare earth 

elements (La
3+

, Dy
3+

, Gd
3+

, Tb
3+

, Sm
3+

), divalent cation (Bi
2+

, Ca
2+

, Sr
2+

), transition 

metal elements (Cu
3+

, Mn
3+/4+

, Cr
3+

, Ti
2+/4+

) or by optimizing the preparation 
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parameters. Great increases in multiferroic properties have been found in several 

research works.  The doping has resulted in changes to the cycloidal spin structure of 

pure BiFeO3 which changes to a canting spin structure which can be the cause of the 

the improvement in ferromagnetic properties at room temperature. Moreover, 

decreases in leakage current density using proper dopants can be attributed to the 

enhancement of room temperature ferroelectric properties in doped materials. 

However, studies on the properties of BiFeO3 ceramics are rare in the literature, 

especially the effects of DC bias voltage on the dielectric response, and on the 

temperature dependence of current‒voltage characteristics. The purpose of this study 

is to prepare dense, single phase BiFeO3 powders and ceramics using a co‒

precipitation method by adding Ba, La and Sm as dopants. The effects of the 

substitution on the structural, phase formation, and magnetic, optical, dielectric and 

electric properties are reported and discussed.  

 

1.2    Objectives of research 

The main objectives of this Ph.D. thesis are 

1.2.1 To synthesize pure BiFeO3 and isovalent ions (La
3+

 and Sm
3+

) and 

divalent ion (Ba
2+

) substitution at A‒site in BiFeO3 nanopowders. 

1.2.2 To fabricate pure BiFeO3 and Ba
2+

‒, La
3+

‒ and Sm
3+

‒doped BiFeO3 

ceramics. 

1.2.3 To study the effect of doping concentration on the structure, phase 

formation, morphology of pure BiFeO3 and doped‒BiFeO3 powders and ceramics.  
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1.2.4 To study the optical and magnetic properties of synthesized pure BiFeO3 

and doped‒BiFeO3 nanopowders.  

1.2.5 To investigate the dielectric and electrical properties of pure fabricated 

BiFeO3 and doped‒BiFeO3 ceramics under different temperatures, frequencies and 

with DC bias voltages.  

 

1.3    Limitations of the study 

1.3.1 Preparation of Bi1-xAxFeO3 powders by a simple co‒precipitation method. 

1.3.2 This study focuses on the fabrication of the Bi1-xAxFeO3 ceramics (where 

A = Ba, La, Sm) and (x = 0, 0.05, 0.1, 0.2, and 0.3). 

1.3.3 The calcination is carried out only at 600
 
°C and sintering at 800

 
°C for 3 

h, and the concentration of doping is varied from 5 to 30 mol.%. 

1.3.4 Investigation of the magnetic properties of Bi1-xAxFeO3 powders and Bi1-

xAxFeO3 ceramics at a temperature range of 50 to 350 K. 

1.3.5 Investigations of the dielectric and electrical properties of Bi1-xAxFeO3 

ceramics. 

 

1.4    Location of the research  

1.4.1 Advanced Materials Physics (Amp.) Laboratory, School of Physics, 

Institute of Science and the Center of Scientific and Technology equipment, 

Suranaree University of Technology, Nakhon Ratchasima, Thailand. 

1.4.2 Faculty of Science, Chang Mai University. 
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1.4.3 National Metal and Materials Technology Center (MTEC). 

1.4.4 Faculty of Science, Khon Kaen University. 

 

1.5     Expected results 

1.5.1 Skill and expertise for fabrication and characterization techniques of 

the BiFeO3‒based ceramics with improved properties for electrical devices. 

1.5.2 Understanding of the structure, dielectric and electrical properties of 

the BiFeO3‒based ceramics 

1.5.3 Publications in ISI journals 

 

1.6     Outline of thesis 

The thesis is organized as follows: 

16.1 Chapter I gives an introduction to the background and the research 

motivations.  

 1.6.2 Chapter II provides a literature review of information concerning the 

structure, synthesis method and applications of bismuth ferrite‒based materials. The 

basic physics concerning the optical, magnetic, dielectric and electrical properties of 

BiFeO3‒based compounds are also detailed in this chapter.    

 1.6.3 Chapter III describes the experimental procedures and characterization 

method of BiFeO3‒based materials.   

 1.6.4 Chapter IV presents the experimental results and discussion. 

 1.6.5 Chapter V contains the conclusions and recommendations of this thesis.  



CHAPTER II 

LITERATURE REVIEWS 

 

The chapter II reviews the literature on the structure, preparation, and 

potential applications of BiFeO3‒based powder and ceramic materials, and some 

recent studies about their properties. A simple explanation of the theoretical 

background of the dielectric properties, magnetic properties, optical properties and 

related electrical properties in the BiFeO3‒based powder and ceramic materials are 

also given in detailed in this chapter.  

2.1 Multiferroics 

Single phase multiferroic materials have been formally defined as materials 

that possesses two of the three ferroic properties i.e. ferroelectricity, ferromagnetism 

and ferroelasticity coexisting in the same phase. This term was first used by H. 

Schmid in 1994. In general, the notion is extended nowadays to exclude the 

requirement for ferroelastic properties in practice. The field of research that will be 

described typically involves the terms multiferroic and magnetoelectric, whose 

overlap is incomplete. Multifunctional materials have had a wide research interest due 

to both the fundamental physics and the amount of potential multifunctional 

applications in modern technology. The coexistence of ferroelectricity and
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ferromagnetism might allow an additional degree of freedom in the development of 

novel devices, for example, actuators, transducers, optical diodes, and storage devices.  

The relationship between multiferroic and magnetoelectric properties is 

shown in Figure 2.1 (Eerenstein et al., 2006). The figure refers to magnetically 

polarisable materials that form the superset of ferromagnetic materials such as 

antiferromagnets (paraelectrics and antiferroelectrics). Table 2.1 summarizes 

electrical and magnetic properties of several of multiferroic materials. The 

intersection between them represents materials that are multiferroic. Obtaining single‒

phase multiferroic materials is made even more difficult by the condition that most 

multiferroics are not naturally‒occurring materials. Most multiferroic materials have 

low magnetic moment ordering and a ferroelectric transition temperature. This can be 

partly enhanced by introducing dopant (for example, rare earth elements) into the 

parent material. Moreover, the formation of magnetism can be explained as the 

presence of localized electrons, mainly in the partly filled d‒orbitals making a 

corresponding localized spin or magnetic moment. On the other hand, ferroelectricity 

requires transition metal ions with empty d‒orbitals. The mutual exclusivity of 

ferroelectricity and magnetism is often referred to as a problem called “d
0
 VS d

n
” 

which has been studied (Hill, 2000). However, many materials showing multiferroic 

properties have been reported in the current literature. We can see the classification of 

multiferroic materials into different groups. There are two groups of multiferroic 

materials which Van den Brink et al. have mentioned (Van Den Brink and Khomskii, 

2008). The first group contains materials with independently originating 

ferroelectricity and magnetism, which have different origins and are often due to 

different active subsystems of a material. The second group of multiferroics includes 



9 
 

materials in which ferroelectricity occurs only in the magnetically ordered state. In 

order for the coexistence of ferroelectricity and magnetism to arise, both elements and 

structures need to be discussed. In the perovskite structure (ABO3) of multiferroics, 

the A‒site element is selected its ferroelectricity while the magnetism is associated 

with the element at the B‒site. For example the BiFeO3 perovskite, the ferroelectricity 

of BiFeO3 mainly occur from the lone pair of 6s
2
 electrons of Bi

3+
 which tend to 

hybridize with 2s and 2p of oxygen to form a space‒filling localized segment, which 

in turn pushes away its neighboring atoms causing a structure distortion.  

 

Figure 2.1 The relationship between multiferroic and magnetoelectric materials 

(Adapted from Eerenstein et al., 2006). 
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Table 2.1 Summary of several multiferroic materials (Adapted from Smolenskii et al., 

1980). 

Materials Electric 

properties 

Magnetic properties Tc (K) TN (K) 

Pb(Fe2/3W1/3)O3 Ferroelectric Antiferromagnetic  178 363 

Pb(Fe1/2Nb1/2)O3 Ferroelectric Antiferromagnetic 387 143 

Pb(Co1/2W1/2)O3 Ferroelectric Weak ferromagnetic 68 9 

Pb(Mn2/3W1/3)O3 Antiferroelectric Antiferromagnetic 473 203 

Pb(Fe2/3Ta1/2)O3 Ferroelectric Antiferromagnetic 233 180 

BiFeO3 Ferroelectric Antiferromagnetic 1123 650 

BiMnO3 Antiferroelectric Ferromagnetic 773 103 

YMnO3 Ferroelectric Antiferromagnetic 913 80 

YbMnO3 Ferroelectric Antiferromagnetic/ 

Weak ferromagnetic 

983 87.3 

HoMnO3 Ferroelectric Antiferromagnetic 873 76 

ErMnO3 Ferroelectric Antiferromagnetic 833 79 

Ni3B7O13I Ferroelectric Weak ferromagnetic 64 64 
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2.2 Multiferroic BiFeO3 

 2.2.1 Properties of BiFeO3 

Table 2.2 Summarises the most important structural and physical properties of 

BiFeO3. 

Property Value References 

Crystal structure
a
 arh = 5.63 Å ,αrh = 59.4° 

ah = 5.571 Å, ch = 13.858 Å 

(Kubel and Schmid, 1990) 

Space group R3c  

Tolerance factor
b
 0.89 (Xi et al., 2014) 

Density 82% (Ilić et al., 2016) 

Thermal expansion Non‒linear and anisotropic (IG, 1966) 

Ferroelectricity Tc = 1103 K (Eerenstein et al., 2006) 

Polarisation 125 μC/cm
2
 (Priya et al., 2016) 

Dielectric constant 10
3
‒10

6
 (Hunpratub et al., 2009) 

Antiferromagnetism Canted G‒type, TN = 645 K (Vijayanand et al., 2009) 

Piezoelectricity D33 = 15‒60 pm/V (Wang et al., 2003) 

 

a
Trigonal crystals can be represented with rhombohedral, hexagonal or pseudocubic 

unit cell axes and lattice parameters. 

b
Assuming six‒coordinated high spin Fe

3+
 and eight‒coordinated Bi

3+
 with ionic size 

from Shannon. 

 



12 
 

Bismuth ferrite (BiFeO3 or BFO) is one of a few multiferroic materials that 

has Curie and Neel temperatures above room temperature. The initial research of 

perovskite BiFeO3 was carried out by Smolenskii in1960 and this is the typical 

multiferroic material that has been widely studied in recent years. In 1967, Achenbach 

successfully synthesized a single‒phase BiFeO3 and after a few years the XRD 

analysis was also adopted to examine the monodomain single‒phase by Kubel and 

Schmid in 1990. Later in 2003, thin film BiFeO3 revealed large remnants of 

polarization 15 times larger than that of the bulk BiFeO3 and together with strong 

ferromagnetism on BiFeO3 thin films were also observed (Kubel and Schmid, 1990). 

Until recently, increasing efforts have been made to focus on the synthesis and 

characterization of BiFeO3 in terms of bulk, film, and nanostructure. The structure of 

a single‒phase BiFeO3 has a rhombohedrally distorted perovskite structure belonging 

to the R3c space group symmetry at room temperature. The structure of perovskite 

BiFeO3 is shown in Figure 2.2 which consists of Bi ions placed in the corner 

positions, and at the center of the cubic lies the transition Fe ion and the face centers 

are occupied by six oxygen ions (Naganuma, 2011). BiFeO3 has long been known to 

exhibit, in its bulk form, antiferromagnetic, ferroelectric multiferroic characteristics 

with an antiferromagnetic order of Neel temperature at TN = 645 K (Vijayanand et al., 

2009) and a ferroelectric transition temperature of Tc = 1103 K (Eerenstein et al., 

2006). The perovskite‒type lattice parameters of the rhombohedral unit cell have a‒

axis of 5.63 Å and a rhombohedral angle,   = 59.4° at room temperature, with 

ferroelectric polarization along the pseudocubic [111] direction (Kubel and Schmid, 

1990). 
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Figure 2.2 Schematic views of BiFeO3 perovskite unit cells, (a) a rhombohedral unit 

cell of BiFeO3 in the ferroelectric phase and (b) accommodation of two perovskite 

unit cells into one rhombohedral structure (Adapted from Naganuma, 2011). 

Early studies of structures of rare earth‒doped BiFeO3 compounds with x ≤ 

0.1 still exhibits the rhombohedrally perovskite structure of BiFeO3. Huong and co‒

worker (Thu Huong et al., 2015) discovered a structural transition from rhombohedral 

to single orthorhombic phase as the Ho and Sm concentration increases beyond x ≥ 

0.2, while for Pr and Nd, it exists in mixed phase of orthorhombic and tetragonal 

phases for x ≥ 0.2. The crystal structure of Tb‒doped BiFeO3 is bi‒phasic coexistence 

of the R3c and Pnma phases for x ≤ 0.15 whereas a complete modified the 

orthoehombic Pnma phase for x = 0.2. At these critical doping, the BiFeO3‒based 

compounds have features of a morphotropic phase boundary (MPB) solid solution. 

Zhang and co‒worker (Zhang et al., 2013) reported structural transition of well Tb‒
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doped BiFeO3 powder. They found that the a‒axis less changes in the rhombohedral 

R3c phase while increases in the orthorhombic Pnma phase. For the c‒axis value 

slightly decreases in the R3c structure, whereas greatly drops in the Pnma structure. 

Therefore, the structural phase transition from the rhombohedral R3c structure to 

orthorhombic Pnma phase between x = 0.10 and 0.125. The significant enhanced 

magnetic properties of Bi0.9Tb0.1FeO3 sample is in good agreement with structural 

transformation of Tb‒doped BiFeO3 near the MPB. Karpinsky and co‒worker also 

studied an evolution of the Bi1-xLaxFeO3 structures across the morphotropic phase 

boundary as a function of the dopant and a temperature. The structural phase diagram 

exhibits distinct increase of the remanent magnetization near the rhombohedral‒

orthorhombic phase boundary. 

 

Figure 2.3 Phase diagram for Bi1-xTbxFeO3 (0 ≤ x ≤ 0.20) and remnant magnetization 

(Mr) as a function of the Tb concentration x (inset) (Adapted from Zhang et al., 2013). 
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The FeO6 angle is important because it indicates both magnetic ordering and 

orbital overlap between Fe and O ions and it controls magnetic ordering temperature 

and conductivity. The large displacement of the Bi cation along the pseudocubic axis 

relative to the FeO6 octahedral brings about a non‒centrosymmetric polarization 

resulting in the ferroelectric state. The reason for this structure is due to two important 

considerations. First, the ferroelectric polarization of BiFeO3 lies along the [111] 

direction, resulting in the formation of eight possible polarization variants, (positive 

and negative orientations along the four cube diagonals) corresponding to four 

structural variants. Second, the antiferromagnetic ordering of BiFeO3 is a G‒type, in 

which each Fe
3+

 spin is surrounded by six antiparallel spins on the nearest Fe 

neighbors. This means that the Fe magnetic moments are aligned ferromagnetically 

within the pseudocubic [111] direction and antiferromagnetically between adjacent 

planes. In addition, BiFeO3 is a G‒type antiferromagnetic material which is 

modulated to a spin cycloid structure in the bulk and ordered with a G‒type spin 

configuration along the [111] direction, perpendicular to the ferroelectric polarization 

direction with six equivalent axes within that plane. Therefore, antiferromagnetic 

ordering is coupled to the ferroelectric polarization. However, it was also found that 

the antiferromagnetic BiFeO3 is modulated to a cycloidal spiral structure with a period 

64 nm length with -[110] as a spiral modulated spin structure (SMSS) with a spiral 

propagation direction and spin rotation within [110], as displayed in Figure 2.4 (Fang 

et al., 2010). The domain walls of BiFeO3 might reveal a weak ferromagnetic moment 

if the moment is aligned in a direction perpendicular to [111] direction according to 

Dzyaloshinski‒Moriya theory. 
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Figure 2.4 Schematic of the 64 nm of antiferromagnetic spin circular cycloid 

structure of BiFeO3 (Adapted from Fang et al., 2010). 

The structure of perovskite BiFeO3 is occupied by trivalent Bi
3+

 cations on A‒

site, but most of the perovskites are dominated by divalent rare earth ions on A‒site. 

The rare earth ions have partly filled 4f‒shells which are spatially placed closer to the 

core region and are protected by outer shells of inert 5s and 5p orbitals. Accordingly, 

rare earth ions are non‒reactive and cannot produce strong chemical bonds with the 

surrounding oxygen ions. The important roles are to occupy the empty spaces 

between FeO6 octahedra influencing the physical properties by controlling the bond 

angle and to affect band filling by donating electrons into the B‒site ions. In contrast, 

Bi
3+

 rare earth ions have 6s electrons in the valence shell which are reactive in nature 

in terms of spatial positions and electron energy levels, which may either produce 

covalent bonding with oxygen ions in its neighbors (Bi 6s‒O 2p) or make 6s lone 

pairs. These 6s lone pairs generate cation off‒centering distortion, resulting in  

ferroelectric spontaneous polarization (Yang et al., 2012). Kumar and Varshney 

(Kumar and Varshney, 2012) reported the preparation of Nd‒doped BiFeO3 (x = 0.0, 
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0.175, and 0.20) powders by chemical co‒precipitation method and found that the 

FeO6 is perturbed due to Nd
3+

 doping at Bi
3+

‒site lead to changes in both bond lengths 

and bond angles. The ferroelectric‒paraelectric transformation shows in 20% of Nd 

doping content which explained by the change of Bi‒O covalent bond as a result of 

weakens of sterochemical activity. The ferromagnetism demands electron in the d 

orbitals of the Fe ions. When a Fe
3+

 ion is placed at the center of an oxygen six‒fold 

octahedral, the 3d orbitals will split into a t2g triplet state and double degenerate eg 

orbitals will be separated by splitting energy in the crystal field. All of five electrons 

in d orbitals have parallel spins generating 5 per 
B  Fe

3+
 ions. 

2.2.2  The synthesis methods    

BiFeO3 is usually prepared from an equal ratio of Bi2O3 and Fe2O3. 

The processing of single phase BiFeO3 is difficult because of the metastable nature of 

BiFeO3 in air, as well as the volatility of Bi2O3 resulting in the formation of several 

phases of impurity, such as Bi2Fe4O9, Bi36Fe24O57, and Bi25FeO40. There are reports in 

the literature about the difficulties in obtaining single‒phase BiFeO3 without the 

formation of secondary phases. Therefore, it is a challenge to synthesize a single 

phase formation of BiFeO3. The phase diagram of Bi2O3 and Fe2O3 has been mapped 

out and is shown below in Figure 2.5 (Palai et al., 2008). It can be clearly seen from 

the phase diagram that the stoichiometry is an important variant to get a single phase, 

because unequal amounts of Bi2O3 and Fe2O3 bring about impurity phases. It is also 

found that the calcination temperature and melting point of BiFeO3 are very close to 

each other since BiFeO3 can decompose back into these original materials, as shown 

in the equation below:  
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 2BiFeO3 → Bi2O3 + Fe2O3              (2.1) 

However, in practice, it has proven challenging to obtain a single phase and 

there are many major issues yet to be resolved. These are (i) difficulty in 

fabricating/growing a single‒phase BiFeO3 material, (ii) difficulty in low temperature 

synthesis/growth that is compatible with semiconductor processing, (iii) weak 

magnitude of magnetization at room temperature, and (iv) the presence of impurity 

phase and high defect concentration resulting in large leakage current density and 

dielectric loss.   

 

Figure 2.5 Phase diagram of system of Bi2O3 and Fe2O3 (Adapted from Palai et al., 

2008). 

Several techniques have been developed to prepare pure phase BiFeO3, for 

example, a rapid liquid phase sintering technique, the modified solid state method, 

low temperature chemical methods such as sol‒gel, hydrothermal, auto combustion, 

and co‒precipitation. Moreover, the material in a nano regime is due to their size 

dependent properties compared to bulk samples. Nanosized BiFeO3 prepared samples 
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have been reported to indicate weak ferromagnetism at room temperature. It is 

important to notice that the synthesis of single‒phase and nanoparticles is of key 

importance for potential applications. Basu and co‒worker (Basu et al., 2008) 

reported the preparation of BiFeO3 nanoparticles by hydrothermal technique and 

found that at low‒temperature magnetic measurements exhibited ferromagnetic 

behavior of the samples with maximum coercivity is about 226 Oe at temperature 

below 5 K. They found that the magnetization values were significantly reduced when 

the samples having larger diameters. This result is due to a reduction of an amount of 

uncompensated spins associated with Fe
3+

 ions with increasing particle diameter. Jia 

and co‒worker (Jia et al., 2009) synthesized a single phase BiFeO3 powders by a 

simple sol‒gel route at the temperature as low as 450 °C. It was found that the BiFeO3 

powders show room temperature weak ferromagnetism and strong size‒dependent 

magnetic properties. The ferroelectric phase transformation of BiFeO3 was detected to 

be around 827 °C. Wang and co‒worker (Wang et al., 2010) modified the synthesis of 

the BiFeO3 nanoparticles through the tartaric acid‒assisted sol‒gel route at low 

temperature. They found that the magnetic state of BiFeO3 nanoparticles indicates the 

weak ferromagnetic behavior at room temperature, this may be due to the effect of 

size confinement. Dai and co‒worker (Dai et al., 2011) prepared the BiFeO3 ceramic 

powders by a solid state reaction method. They found that the dielectric constant of 

BiFeO3 rapid decrease from 2.83×10
4
 to 986 with increasing frequency range from 

100 Hz to1 kHz and the observation of the high dispersion in dielectric constant in 

low frequency range caused by the macroscopic separation of space charges and 

electrode polarization. The materials have been fabricated using a novel chemical 

precipitation method purposed at the generation of nanoparticles. In general, co‒
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precipitation method is a cheap and simple method with the significant reduction in 

synthesizing temperature. Comyn and co‒worker synthesized BiFeO3‒PbTiO3 

material by chemical co‒precipitation and found the pure phase could be calcined at 

800 °C which lower than that reported using conventional mixed oxide synthesis 

(Comyn et al., 2008). The morphology of SEM and TEM images exhibited a fine 

particle size distribution of 20 and 75 nm. This co‒precipitation method can be used 

to synthesize dense phase pure of BiFeO3‒PbTiO3 which considerably lower 

calcination and sintering temperature than other previously work reported. Moreover, 

the dielectric and magnetic properties of the co‒precipitation powder samples were 

measured at room temperature (Shami et al., 2011). With increasing the frequency, 

the sudden decrease in the dielectric constant was observed at a low frequency which 

corresponding to the existence of the peak of loss tangent. Dense samples revealed 

dielectric constant of about 520 and very low tan  ~0.18 at low frequency, as 

depicted in Figure 2.6. The dielectric behavior of BiFeO3 ceramic prepared by a 

simple co‒precipitation method was ascribed based on the fact that Maxwell‒Wagner 

interfacial type polarization. The sample showed weak magnetization in pure BiFeO3 

and this can be improved either by using dopants or synthesizing its composites. 

 



21 
 

 

Figure 2.6 The dielectric behaviors and microstructure of BiFeO3 ceramic prepared 

by a simple co‒precipitation method (Adapted from Shami et al., 2011). 

It has been reported that the dielectric constant of the BiFeO3 ceramic 

prepared by co‒precipitation method and sintered sample at 825 °C could be 

increased up to the range of 10
2
‒10

3
 due to its higher density (Shokrollahi, 2013). 

This reported dielectric constant is larger than that observed in above mentioned 

work. The increase in both of the dielectric constant and loss tangent by increasing the 

temperature is indicated to the thermally activated mechanism. However, the 

nanoparticles (36 nm) show small magnetization (weak ferromagnetism) and they 

have proposed that this result might be due to canting of the partial antiferromagnetic 

spiral spin structure and the size effect. As results, it seems that this method shows a 

high performance for structural and multiferroic properties.  
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2.2.3  Magnetism in BiFeO3 

The magnetic structure of BiFeO3 is a G‒type antiferromagnetic 

properties at room temperature, where Fe
3+

 ions magnetic moment due to partially 

filled 3d‒orbital. The arrangement of each Fe spins is surrounded by six antiparallel 

nearest neighbor Fe spins as shown in Figure 2.8 (Freitas et al., 2013). However, it 

was found that the BiFeO3 has a superimposed incommensurate cycloid spin structure 

with a long periodic wavelength of 620 Å along the [100]h direction at room 

temperature. This cycloid spin structure cancels leads to cancellation of the 

macroscopic magnetization and observed the linear magnetoelectric effect. Li and co‒

worker (Li et al., 2008) reported sputtering BiFeO3 thin films on Pt /Ti /SiO2 /Si 

substrates show a saturated ferromagnetic loop with saturation magnetization of 21 

emu/cm
3
 at room temperature. Liu and co‒worker (Liu et al., 2009) synthesized Bi1-

xEuxFeO3 nanoparticles by sol‒gel method and found that the remenant magnetization 

of the Eu‒doped BiFeO3 is found to increase with increasing Eu doping 

concentrations. The magnetically active Eu
3+

 ions coupled with Fe
3+

 ions is found to 

be the main reason for such an enhancement in magnetization. The appearance of 

EuFeO3 orthoferrite phase may be another reason responsible for the observed high 

magnetization properties in Bi1-xEuxFeO3 with x = 0.15 compound.  
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Figure 2.7 Magnetization hysteresis loops of Eu‒doped BiFeO3 samples (Adapted 

from Liu et al., 2014). 

Ramachandran and co‒worker (Ramachandran et al., 2012) found that Ca 

doped and Ba‒Ca co‒doped BiFeO3 ceramics show weak ferromagnetic ordering at 

room temperature. They are also found that the transition temperature in Ca doped 

and Ba‒Ca co‒doped BiFeO3 samples shifts toward to higher temperatures, which is 

due to the effect of Ca and Ba doping on chemical pressure. Huang and co‒worker 

(Huang et al., 2013) synthesized BiFeO3 nanoparticles with size from 18 to 248 nm 

by a sol‒gel method. They found that the nonlinear of the initial magnetization curve 

is only observed for the 62 nm BiFeO3 particles at the magnetic field below 5 kOe, 

indicating its different magnetic structure. It is found that a structural anomaly arises 

for the BiFeO3 particles with size around 62 nm period of the spiral modulated spin 

structure, which induces an obviously enhanced ferromagnetic behavior. 
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Figure 2.8 Schematic presentation of antiferromagnetic ordering in BiFeO3 (G‒type) 

structure (Adapted from Freitas et al., 2013). 

2.2.4  Electrical properties of BiFeO3 

In the following we will show review of literature of the 

ferroelectricity, dielectric properties and leakage current characteristics. Bulk BiFeO3 

has ferroelectric ordering below Curie temperature TC ~1103 K. Ferroelectricity 

appears in pure BiFeO3 due to off centered distortion of Fe
3+

 ions. The polarization is 

caused by the 6s
2
 lone pair of Bi

3+
 ions in its noncentrosymmetric rhombohedral 

structure. In theory, the spontaneous polarization of bulk sample of BiFeO3 could be 

up to 91.5 μC/cm
2
 alone one of the [111] pseudocubic axes because of its large atomic 

displacement from their centrosymmetric position and high Curie temperature 

(Neaton et al., 2005). Dong and co‒worker (Dong et al., 2014) synthesized Bi1-

xTbxFeO3 (BTFO) thin films on FTO (fluorine doped tin oxide) substrates by the sol–
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gel spin‒coating method. It is found that Bi1-xTbxFeO3 x = 0.10 thin film obtains the 

superior electric hysteresis loop and the maximum remanent polarization (2Pr) is 

about 135.1 μC/cm
2
. Single‒phase BiFeO3 ceramics have been synthesized by a 

simple conventional solid state reaction and followed immediately by quenching 

processing. A well‒saturated electric hysteresis loop at room temperature with a high 

remnant polarization 23.5 μC/cm
2 

is observed, which is attributed to the suppressed 

formation of impurity phases and the improved resistivity (Zhang et al., 2005). 

 Makhdoom and co‒worker (Makhdoom et al., 2012) reported that the leakage 

current density of doping of 10% Ba in BiFeO3 is found to be four orders of 

magnitude lower than that of the pure BiFeO3. The significantly reduced in leakage 

current density of BiFeO3 system is attributed to decrease in grain size and reduction 

in concentration of Fe
2+

 ions and oxygen vacancies related defects. Dielectric 

properties exhibited that the dielectric constant and dielectric loss obtained their very 

large values at 5% of Ba doped samples which can be ascribed to large amount of 

oxygen vacancies in this sample. Interesting dielectric behavior with high dielectric 

permittivity and three relaxation processes have been reported for the ceramics 

sintered at 700 °C from pure precipitation‒synthesized BiFeO3 powder sample 

(Hunpratub et al., 2009). The authors suggested that the low‒temperature relaxation 

of the activation energy 0.34 eV was attributed to the carrier hopping process between 

Fe
2+

 and Fe
3+

, the middle‒temperature relaxation process with the activation energy 

of 0.77 eV could be due to the grain boundary effect, and the high‒temperature 

relaxation with the highest activation energy (0.95 eV) might be contributed from the 

defects and/or the conduction. 
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Figure 2.9 (a) The current‒voltage characteristics and (b) the dielectric properties of 

Bi1-xBaxFeO3 (x = 0.00–0.25) at room temperature (Adapted from Makhdoom et al., 

2012). 

Kawae and co‒worker (Kawae et al., 2009) reported polycrystalline of Mn 

and Ti codoped BiFeO3 thin films deposited on Pt/SrTiO3 (100) substrate by pulsed 

laser deposition and found that the leakage current of the BFMT film was much 

reduced in compared with the other films due to the formation of deep traps. The 

well‒saturated P‒E hysteresis loops were observed in the BFMT film and maximum 

remanent polarization was about 75 μC/cm
2
 and coercive field of about 310 kV/cm at 

room temperature. Bi1-xDyxFeO3 (x = 0.0‒0.12) ceramics were synthesized by solid 

state reaction method. It is found that the values of dielectric constant decreased with 

increases in Dy doping which indicated dipoles with small effective mass mainly 

contribute to dielectric response (Van Den Brink and Khomskii, 2008).  

Pattanayak and co‒worker (Pattanayak et al., 2014) fabricated rare earth‒

modified BiFeO3, Bi0.95R0.25FeO3 (R = Nd, Dy) (BNFO, BDFO) by a solid‒state 

reaction technique. They found the rare earth‒doped BiFeO3 samples increases the 

dielectric constant, and the tangent loss decreases as compared to BiFeO3. In Nd, Dy‒
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modified BiFeO3 has large leakage current density as compared to that of BiFeO3 

which is attributed to the reduction of the defect by the replacing Nd and Dy ions in 

the Bi site. 

Interestingly, Liu and co‒worker (Liu et al., 2008) reported epitaxial 

BiFeO3/La0.7Sr0.3MnO3 thin films grown on SrTiO3 (001) substrates. They found the 

capacitance of the BiFeO3/La0.7Sr0.3MnO3 capacitor decrease with increasing 

frequency and applied bias voltage in low frequency range. In the impedance spectra 

the semicircular arc at low frequency range is strongly decrease with the increase of 

applied bias voltage, while the arc is independent on an applied bias voltage in the 

higher frequency region. They may the Maxwell‒Wagner relaxation term are form at 

interfaces between film/electric as interfacial polarization and obtain the capacitance 

of interfacial polarization is higher than that of capacitance of bulk. Therefore, they 

mentioned that for the epitaxial BFO thin film, there is no grain boundary and 

contribution of the dielectric relaxations is only bulk and interfaces (film/electrode).  

  

Figure 2.10 The frequency dependence of the capacitance and complex impedance of 

the In/BFO/LSMO capacitor under applied biases 0‒2 V (Adapted from Liu et al., 

2008). 
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Moreover, the influence of dc bias voltage on giant dielectric properties of 

CuO ceramics was reported Pujuso and co‒worker (Putjuso et al., 2011). It is found 

that the high dielectric constant at room temperature and low frequency range is 

observed and can be explained by Maxwell‒Wagner polarization. The decrease in 

dielectric constant ceramics with increase dc bias voltage from 0 to 4 V was found in 

CuO ceramics sintered at 900 °C and 950 °C. The impedance plots show a large 

semicircle at low frequency which due to the resistance of electrode indicates strongly 

contributes the electrode on the dielectric behaviour of the CuO ceramics. However, a 

small semicircle arc remains constant with increases in dc bias suggested that at high 

frequency range, the effect of dc bias can not affect to the dielectric constant.  

 

Figure 2.11 Impedance spectra and dielectric properties of CuO ceramics under 

applied dc bias (a) sintered at 900 °C and (b) sintered at 950 °C (Adapted from 

Putjuso et al., 2011). 
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Table 2.3 Lists of reports of electric and magnetic properties. 

Materials  Preparation 

method 

Pr 

(µC/cm
2
) 

Mr 

(emu/g) 

References 

BiFeO3 thin film A cosputtering 

method 

37 21 

emu/cm
3
 

(Li et al., 

2008) 

Bi1-xEuxFeO3 (x = 

0.00‒0.15) 

Sol‒gel method - 0.23 (Liu et al., 

2009) 

BiFeO3 Co‒precipitation 

Method 

2Pr = 2.8 3.8×10
−4

 (Shami et al., 

2011) 

Bi1−xTbxFeO3 thin 

film, with 0 ≤ x ≤ 0.15 

Spin‒coating 

method 

2Pr = 

135.1 

0.15‒0.45 (Dong et al., 

2014) 

Bi1-xAxFeO3-x/2 (A = 

Ca, Sr, Pb, Ba; x = 

0.2, 0.3, 0.005, 0.01, 

0.015) 

Solid‒state 

reaction method 

- 0.75 (Khomchenko 

et al., 2009) 

BiFeO3  Hydrothermal - 0.01‒0.02 (Basu et al., 

2008) 

 

2.2.5  General doping concepts 

A‒site substitution refers to the case that the Bi
3+

 ions are substituted 

by the other rare earth or alkaline earth ions. The B‒site substitutions are made by 

replacing the Fe
3+

 ions by other transition metal ions. The A‒site and B‒site 

substitution can influence the structural and multiferroic properties. The electrical and 
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magnetism properties reported in the literature are summarized in Table 2.3. Qian and 

co‒worker (Qian et al., 2009) synthesized Dy‒doped BiFeO3 nanoparticles by an 

ethylene glycol based sol‒gel method and found a high magneto‒dielectric coefficient 

of 4.7% in as‒prepared BiFeO3 nanoparticles. Sharma and co‒worker (Sharma et al., 

2014) reported Bi1-xPrxFeO3 (x = 0.0, 0.15, 0.25) ceramic samples using solid‒state 

reaction route and they found with increasing doping concentration induce the 

structural transformation from R3c to P1 is due to Pr substitution at A‒site in BiFeO3. 

They also reported that the reduced in remanant ferroelectric polarization values for 

Pr‒doped BiFeO3 samples are attributed to structural change. Zhang and co‒worker 

have been investigated the phase composition, crystal structure, and magnetic 

properties of rare earth‒doped BiFeO3 ceramics. It was found that the lattice constants 

decrease slowly with x increasing, which might be due to the larger radius of Bi
3+

 

than rare earth. The crystal structure of all rare earth‒doped samples shown that the 

samples are the rhombohedral phase until x = 0.2 and exhibits a structural 

transformation to the orthorhombic phase between 0.2 ≤ x ≤ 0.4, remains the 

orthorhombic phase at x = 1. The coercivity as a function of doping content is found 

the highest values at the middle area of x range which means that the rare earth 

element contribution to the magnetic properties of these samples. Moreover, A‒site 

substitution with the largest ionic radius ions leads to the effective suppression of the 

spiral spin structure, hence resulting in an increase value of spontaneous 

magnetization, as shown in Figure 2.12. (Khomchenko et al., 2009).  
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Figure 2.12 M-H loops of Bi1-xAxFeO3-x/2 samples and (inset) Ms as a function of the 

average ionic radius of the A-site ions (Adapted from Khomchenko et al., 2009). 

Mn‒doped BiFeO3 thin films were prepared using sol‒gel method (Riaz et al., 

2015). The XRD results have been shown that changes in unit cell caused by 

incorporation of dopant due to the smaller ionic radii as compared to that of Fe ion. 

Dielectric constant for 0.25 Mn concentrations is found to be 160 at 1 kHz and BiFe1-

xMnxO3 films showed ferromagnetic behavior with high value of saturation 

magnetization was found to be 10
2
 emu/cm

3
 for Mn content of 0.2. Sharif and Muqri 

synthesized co‒doped Bi1-xAxFe1-yByO3, where A = Ca or Gd and B = Ni or Zn using 

solid state reaction technique. They found the rhombohedral perovskite BiFeO3 phase 

accompanied by some impurity phases such as Bi2Fe4O9 and Bi25FeO40 in the XRD 

patterns. Moreover, doping A‒site was found to increase in the coercivity and the 

remnant magnetization of BiFeO3, while doping B‒site was found to decrease the 

coercivity field values.  

 



CHAPTER III 

 RESEARCH METHODOLOGY  

 

 Chapter III describes the experimental procedure of the research, which 

investigates the dielectric, optical, magnetic and electrical properties of BiFeO3‒based 

ceramics. The Bi1-xAxFeO3 (where A = La, Sm, and Ba, x = 0, 0.05, 0.1, 0.2, and 0.3) 

powders are synthesized by a simple co‒precipitate method and calcined at 600 C  

for 3 h and Bi1-xAxFeO3 ceramics are sintered at 800 C  for 3 h. The crystal structure 

and microstructure of BiFeO3‒based powders and ceramics are carried out using X‒

ray diffraction (XRD) and scanning electron microscopy (SEM). The chemical 

bonding of BiFeO3‒based powders are observed by FTIR spectroscopic analysis. 

Room temperature magnetization (M‒H) measurement is performed using a vibrating 

sample magnetometer (VSM). Optical properties are determined UV‒Visible diffuse 

reflectance (UV‒vis). The measurement details of the dielectric and electrical 

properties of Bi1-xAxFeO3 systems are also included in this chapter.  

3.1  BiFeO3‒ based powders and ceramic samples preparation 

    Bi(NO3)3∙5H2O (Kento chemical, 99.99%), Fe(NO3)3∙9H2O (Kento chemical, 

99.99%), La(NO3)3∙4H2O, Sm(NO3)3∙6H2O, and BaCO3 (Sigma) were used
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 as starting raw materials for the synthesis of the Ba‒, La‒, and Sm‒doped BiFeO3 

powders by a simple co‒precipitate method. The source and purity of the starting raw 

materials are listed in Table 3.1. The BiFeO3‒based powders and ceramics were 

prepared by the following steps. Firstly, stoichiometric amounts of the high purity 

starting raw materials, corresponding to any composition of each series BiFeO3‒based 

powders with different concentrations of the dopant, were dissolved in 20 ml 

deionized water under constant stirring. Secondly, 16 ml of 65% nitric acid (HNO3) 

were added with constant stirring at a temperature of 60 C  for 1 h. There was 

increasing solubility of the metal salt affected by the addition of nitric acid. Another 

reason is that the nitric acid reacts with, and removes, other ions that might give a 

confusing precipitate process. Then polyethylene glycol 20,000 was added to the 

above solution, and the resulting mixture was stirred continuously at 60 C  for 10 h 

to obtain gel solution. Next 40 ml of aqueous solution of 25% ammonia solution 

(NH4OH) were added to the gel solution with constant stirring to reach pH ~9 in order 

to certify complete precipitation solution. Then the colour of the solution changed 

from colourless to brick red. Finally, the precipitate was filtered and washed several 

times with deionized water for removing anions and dried overnight at 70 C  in an 

oven. The dried precursors were ground and later calcined at 600 C  for 3 h in air. 

The calcined powders were pressed into circular shaped pellets in a diameter of 1 cm 

and 1–2 mm in thickness by a uniaxial pressing method at 200 MPa and sintered at 

800 C  for 3 h in air. The calcination and sintering steps are schematically shown in 

Figure 3.1  

 The powder X‒ray diffraction pattern (XRD, Advance Bruker D8) with Cu Kα 

radiation and scanning electron microscope (SEM, JEOL, JSM‒6010LV) were used 
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to characterize the phase analysis and microstructure of the BiFeO3‒based powders 

and ceramics, respectively. The XRD patterns were scanned in the 2  range of 20‒70 

degrees and the scan step was 0.02°. Fourier transform infrared spectroscopy (FTIR, 

Tensor 27) was used to examine the chemical bonding of the BiFeO3‒based powders. 

The local structure of doped‒BiFeO3 samples was determined by the XANES 

technique. The optical absorption spectrum was recorded on a Shimadzu, UV‒1700, 

UV‒Vis spectrophotometer. The room temperature magnetization‒magnetic fields 

(M‒H) of all calcined powders were carried out using the vibrating sample 

magnetometer (VSM) for the maximum magnetic field of 10 kOe. The dielectric and 

electrical properties of the pellets were measured using a Hewlett Packard 4194A 

impedance gain phase analyser over a wide frequency range of 10
2
–10

6
 Hz and 

temperatures from -50 to 200 C at the oscillation voltage of 1.0 V under an applied 

DC bias voltage 0–20 V. Current-voltage density behaviours were measured at 

various temperatures using a high voltage measurement unit (Keithley Model 247). 

The sample preparation route and characterization are summarized in a flowchart 

diagram as shown in Figure 3.2. And details of BiFeO3‒based powders and ceramic 

samples characterization are given in section 3.2. 
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Figure 3.1 Calcination and sinter diagrams of BiFeO3‒based samples. 

 

Table 3.1 List of materials used as starting raw materials for BiFeO3‒based powder 

preparation, and their source and purity. 

Materials Source Purity 

Iron (III) Nitrate Enneahydrate 

(Fe(NO3)3∙9H2O 

Kento 99.9% 

Lanthanum(III) Nitrate Hexahydrate La(NO3)3∙6H2O Kento 99.99% 

Samarium(III) Nitrate Hexahydrate Sm(NO3)3∙6H2O Kento  99.9% 

Barium Carbonate BaCO3 Sigma‒Aldrich 99.999% 

Poly(ethylene glycol) average Mw 20,000 Sigma‒Aldrich  
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Figure 3.2 Diagram showing the preparation and characterization of BiFeO3‒based 

powder and ceramics.  

BiFeO3: Bi(NO3)3∙5H2O + Fe(NO3)3∙9H2O                                     

La‒doped: Bi(NO3)3∙5H2O + Fe(NO3)3∙9H2O + La(NO3)3∙4H2O       

Sm‒doped: Bi(NO3)3∙5H2O + Fe(NO3)3∙9H2O + Sm(NO3)3∙6H2O     

Ba‒doped: Bi(NO3)3∙5H2O + Fe(NO3)3∙9H2O + BaCO3 

Each of the starting materials was mixed together in DI water and stirred for 1 h 

Added 65% of HNO3 and PEG  

Heated up to 60 °C under stirring for 10 h 

Added 25% of NH3 solution  

Forming of yellow precipitated 

Washing, filtering and drying of precipitate at 70 °C 

Calcined at 600
 
°C for 3 h (heating rate 10

 
°C /min)  

BiFeO3‒based powders and ceramics were characterized by TEM, XRD, 

FTIR, XAS, UV‒VIS, SEM, VSM   

BiFeO3‒based powder was pressed into pellet and sintered at 800
 
°C for 3 h  

Dielectric and electrical properties of BiFeO3‒based ceramic was 

investigated as functions of frequency, temperature, and dc bias 
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3.2  Powder and ceramic samples characterization  

 The phase analysis and morphology of BiFeO3‒based powders prepared in this 

work were investigated by XRD and TEM, respectively. The surface microstructure 

of sintered pellets was studied using the SEM technique. Fourier transform infrared 

spectroscopy (FTIR) was recorded on a Bruker Tensor 27 FTIR spectrometer within a 

range of 400–4000 cm
-1

. The oxidation states of the samples were determined by 

XANES technique in transmission mode. More details of each characterizations 

technique used in this work are given as follow. 

 3.2.1  X‒ray diffraction (XRD) 

  The X‒ray diffraction technique is a tool for identifying the 

arrangement of atoms in a crystalline material. The basic concept of the XRD 

technique is based on the interference phenomenon of two waves with the same 

wavelength and incoming in the same direction to the sample. In crystalline materials, 

the scattered x‒rays undergo constructive and destructive interference if a phase 

difference is n  (in phase) and / 2n  (out of phase), respectively. This is the 

diffraction process which is described by Bragg’s Law. Experimentally, a beam of X‒

ray is incident on a sample and is diffracted by the crystalline phases in the sample 

corresponding to Bragg’s Law (Lipson, 1979)  

 nd sin2                (3.1) 

where d is the lattice interatomic spacing in the crystal plane,   is the diffraction 

angle, n is an integer, and   is the wavelength of the X‒ray radiation. The intensity of 

the X‒ray diffraction peak is measured as a function of the diffraction angle ( 2 ) and 

the arrangement of a sample. The diffraction peaks of the XRD pattern are directly 
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related to atomic distance which is on the atomic planes. The diffraction pattern can 

be considered to identify the crystalline phases of the sample and to determine its 

crystal structure. Moreover, the lattice parameter, the crystallite size, strain and 

orientation of crystallite can also be obtained precisely from the diffraction pattern. 

The diffraction pattern can also determine concentration profiles and film thickness; 

the atomic arrangement in amorphous materials and multilayers and its defects can be 

characterized as well. The schematic principle of the XRD instrument is illustrated in 

Figure 3.3.  

 In this work, to qualify as a crystal structure, the pure phase and structure of 

all samples were characterized by the XRD technique (Advance Bruker D8). The 

XRD patterns were measured with monochromatised Cu‒ K  radiation (= 1.54056 

Å) within a 20°–70° angle range of 2 . The data were recorded with a step size of 

0.02° and a counting time of 0.2 second per step. To obtain structural and physical 

information the XRD Rietveld refinement analysis was performed by TOPAS 

software.      

 The estimated crystallite size of the powder samples were calculated from the 

diffraction XRD line broadening peaks at 2 ~32°–60° by using Scherrer’s equation 

as expressed by (Patterson, 1939)    

    




cos

K
D                 (3.2) 

where  D is crystallite size 

K is a constant, for this research, K is 0.98.  

  is the wavelength of the X‒ray radiation 

  is the Bragg’s angle and   is the full‒width at haft maximum of peak. 
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Figure 3.3 Schematic principle of XRD equipment and description of Bragg’s 

diffraction law. (Adapted from http://lipidlibrary.aocs.org/Biochemistry/conten) 

3.2.2 Transmission electron microscopy (TEM) 

The transmission electron microscopy (TEM) is a microscopy 

technique which is a powerful tool for the material sciences. A high energy beam of 

http://lipidlibrary.aocs.org/Biochemistry/conten
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electron is transmitted through an ultra‒thin sample and interactions between 

electrons and atoms can be used to observe morphology features. High resolution can 

be performed to analyse the quality shape, size and density of quantum wells, wires 

and dots. The preparation sample needs to be thin enough to be transparent for 

electrons. In this work, all calcined powders were diluted in ethanol and dispersed on 

a 300 mesh copper grid following by drying in air and then they were measured under 

an accelerating voltage of 80 kV by TEM (ZEIZZ (EM902)). The selected‒area of 

electron diffraction (SAED) patterns was also investigated in this research. The 

BiFeO3‒based nanoparticles and their sizes were analysed by using a combination of 

TEM bright field image and the ImageJ program. 

3.2.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a characterization technique 

that is used to image the surface morphology by scanning with a high‒energy beam of 

electrons. This technique is non‒destructive, and it is possible to analyse the same 

materials repeatedly. For these measurements, the image of the sample surface can be 

obtained by interaction between the electrons and the atoms near or on top of the 

surface of the specimen. The sample is scanned by the scattered electrons across the 

sample surface and collects scattered electrons for imaging that contain information of 

sample surface morphology, chemical composition and electrical conductivity. The 

most common SEM mode is detection of the backscattered signal the sample does not 

need electric transparency. Due to the electron beam being very narrow, the observed 

SEM micrographs have a large depth of three‒dimensional appearance. This 

phenomenon is very helpful for understanding the surface morphology of the sample. 

For imaging the SEM micrograph, the surface sample must be electrically conductive 
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to prevent the accumulation of an electrostatic charge at the surface. Therefore, the 

samples are usually coated with an ultra‒thin coating of electrical conducting 

material, especially gold. In this work, firstly, each appropriate sized pellet was 

mounted rigidly on the specimen stub. Then, the gold was deposited on the surface to 

create the conductive surface of the BiFeO3‒based ceramics to increase the signal and 

resolution. According to the SEM images, the mean grain size of each of the BiFeO3‒

based ceramics was directly obtained by measurement of the average diameter of each 

grain in the micrograph. In this research, the morphology and grain size were 

characterized by using scanning electron microscopy (SEM, JEOL, JSM‒6010LV).  

3.2.4 X‒ray absorption spectroscopy 

X‒ray absorption spectroscopy (XAS) is a widely used technique for 

the local geometric and/or electronic structural study of materials. The experiment is 

performed by tuning the efficiency photon energy to reject a core electron from an 

atom. Samples can be in solution, gas‒phase or condensed matter (solid). Structure 

can be determined from samples that are both heterogeneous and amorphous. A 

parallel monochromatic x‒ray beam of intensity I passing through a sample of 

thickness x will get a reduced intensity I following the equation     

0

xI I e               (3.3) 

Where   is the linear absorption coefficient which is the probability that it will be 

absorbed, I0 is the incident x‒ray intensity. At certain energies the absorption of the 

x‒ray increases dramatically when the energy matches well with the binding energy 

of the electrons. This is the reason for a decrease in the tranmitted x‒ray intensity or 

there is an abrupt increase absorption cross‒section of the absorption area. Normally, 
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each absorption edge occurs when the energy of the incident photon energy is 

sufficient to cause excitation of a core electron of the absorbing atom to a higher 

energy unoccupied state or into an unbound state, called the continuum state, i.e. to 

produce a photoelectron. Three main regions are commonly distinguished in the XAS 

spectra. First is the region at around 2–50 eV below the absorption edge, namely pre‒

edge structures. The pre‒edge peak caused by the electron transition (mainly dipole 

allowed) to the lowest empty bound states near  is the Fermi level. The strengths of 

the pre‒edge peaks provide information about aborber local geometry and electronic 

state around abrober atom such as a number of neighbour atoms, ligand symmetry and 

valence state. The second region where the incident x‒ray is sufficient to transfer an 

atomic core of electrons to final states is in the energy region of about 50–100 eV 

above an absorbed atomic core level of ionization energy which is called the X‒ray 

absorption near edge structure (XANES). Analysis of the absorption edge feature of 

XANES spectra can be applied for understanding the oxidation state and the 

coordination number of the absorbing atoms. The name of the absorption edge 

depends upon excitation of the core electron which corresponds to the principle 

quantum number, n = 1 level refers to to K–edge, n = 1 level refers to the L‒edge and 

N = 3 level corresponds to the M‒edge. The final region of the oscillation above the 

edge, which can extend to 1000 eV or more is referred to as the Extended X‒ray 

Absorption Fine Structure or EXAFS. In this region, the incident photon is able to 

excite the core electron if its energy is equal or higher than the edge energy. Because 

there are many other atoms around the absorber atom and these become scattering 

centers of the photoelectron wave. The final the state of the photoelectron can be 

explained by the sum of the original and single scattered waves from the nearest 
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neighbouring atoms. The analysis of the EXAFS part contains information about the 

interatomic distance, coordination number, and species of neighbours aborbing atom. 

The EXAFS signal is described as a function of the wave vector k, and the 

mathematical formula is:     

2 22 / ( ) 22

0

2

( )
( ) sin 2 ( )

j jR k k

j j

j jj
j

N S f k e e
k kR k

kR

   

                  (3.4) 

where ( )f k  and ( )j k  are the scattering amplitude and phase shifts of atoms 

neighbouring the existing atoms. N is the coordination number of the neighbouring 

atoms, 2

0S  is called the amplitude reduction, R refers to the distance to the 

neighbouring atoms, ( )k  is the mean free path, and 
2

j  defines the mean‒square 

disorder of neighbour distance. Though somewhat complicated, the EXAFS equation 

allows us determine N, R, and 
2

j . Moreover, since the scattering amplitude and 

phase‒shifts depend on the atomic number Z of the neighbouring atoms, EXAFS is 

also sensitive to the atomic type of the neighbouring atoms. The absorption spectra 

were transposed to  the wave vector k‒space using the formula 
02 ( ) /k m E E  , 

and Fourier was transformed into the R‒space with a k
2
‒weight.    

 In this study, XANES measurement was carried out at the Synchrotron Light 

Research Institute (SLRI), Nakhon Ratchasima, Thailand. To determine the oxidation 

states of the Fe K‒edge (7112 eV) in BiFeO3‒based samples, XANES spectra were 

conducted at the SUT‒NANOTEC‒SLRI XAS beamline 5.2 (electron energy of 1.2 

GeV; bending magnet; beam current 80–150 mA; 1.1 to 1.7×10
11

 photon s
-1

). All 

samples were measured in the transmission mode with ionization chamber detectors 

and were coated in kapton tape between two frame sheets. The normalized XANES 
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data were performed after background subtraction in the pre‒edge and post‒edge 

regime using the ATHENA software.         

 3.2.5 Fourier transform infrared spectroscopy 

   Fourier transform infrared (FTIR) spectroscopy is an analytical 

technique used to identify molecular components and the structure of materials. This 

technique is used to study the interaction between molecules and the electrostatic field 

in the IR region. The range of the infrared region is about 12800–10 cm
-1

 and can be 

classified into the near-infrared region (12800–4000 cm
-1

), the mid-infrared region 

(4000–200 cm
-1

) and the far‒infrared region (50–1000 cm
-1

). Infrared spectroscopy 

technique is used to determine the rotational, vibrational and electronic energy levels 

of molecules with the molecular characteristics absorbed by IR radiation. The IR 

spectrum has as molecular vibration frequencies spectrum, and the molecules 

selectively absorb the radiation of specific wavelengths when exposed to IR radiation. 

Consequently, in this spectral region, a molecule can be excited to a higher vibrational 

state by absorbing IR radiation. Therefore, a frequency will be strongly absorbed if its 

photon energy coincides with the vibrational energy level of the molecule. The 

common frequency range is measured as wavelengths typically over the the range 

4000–400 cm
-1

 because the absorption radiation of most organic materials and 

inorganic compounds is within this region.  

 The FTIR spectroscopy (Bruker, tensor 27) is used in this work. This 

measurement covers all spectra in a wide spectral region from 400–4000 cm
-1

, i.e., 

mid‒infrared range at room temperature. The evaluation of the FTIR spectra was 

performed by OPUS software.       
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3.2.6  UV‒Visible spectroscopy (UV‒Vis) 

  Ultraviolet‒visible spectroscopy refers to absorption or reflectance 

spectroscopy in the ultraviolet‒visible wavelengths region. This technique is used to 

measure the amount of UV‒Vis light absorbed by matter. The region from 190 to 380 

nm is the UV region and 380 to 740 nm refers to the visible light region of the 

spectrum. Absorption in both radiation regions occurs from electronic transitions 

within the molecule. When the sample is irradiated with light some of atoms in the 

molecules will absorb light at various wavelengths of this radiation, depending on 

their chemical bonds and structure. It is known that a rule energetically favors 

electrons which are tranferred from low‒energy to high‒energy atomic or molecular 

orbitals, and the resulting species is known as the excited state. Such electron transfer 

processes may arise in transition metal ions, i.e., d‒d transition and ligand‒to‒metal 

or metal‒to‒liggnd charge transfer. This means that they are responsible for the 

colour of the material. Spectroscopic characterizations of solutions, gas phases and 

crystals are usually carried out in transmission mode, but it is very hard to fabricate 

transparent films of powders and solids. Alternatively, diffuse reflected light can be 

used and this is called diffuse reflectance spectroscopy (DRS).  

In this study, the absorption spectra were recorded at room temperature using 

the UV‒Vis spectrophotometer (Shimadzu, UV‒1700,   = 190–900 nm, Japan). All 

UV‒Vis spectra were recorded over a wavenumber range of 200–800 cm
-1

.   

3.2.7 Magnetic measurements 

A vibrating sample magnetometer or VSM is a scientific instrument 

that measures magnetic behaviours of materials in several forms such as powder, 

bulk, or solution. The vibrating component causes a change in the magnetic field of 
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the specimen, which creates an electrical field in a coil. These changes are based on 

Faraday’s Law of induction. The VSM instrument also includes a device to hold the 

specimen at the desired angle, a vibrating element, a control unit, and a meter. To 

obtain a VSM measurement, the sample is placed inside a uniform external static 

magnetic field and then vibrated sinusoidally to magnetize the sample. If the sample is 

magnetic, this uniform magnetic field will magnetize the sample by aligning the 

magnetic domains, or the individual magnetic spin in the direction of the magnetic 

field. In other words, the magnet is activated before the testing begins and if the 

sample is magnetic, it will become stronger than the magnetic field that is produced. 

A magnetic field is present around the material and, once the vibration starts, then the 

field can be considered as a charge which occurs in relation to the timing of the 

movement. This creates a corresponding variation in the magnetic flux, inducing a 

sinusiodal voltage signal. The signal of the AC voltage is proportional to the sample 

magnetic moment, the vibration amplitude and the vibration frequency. The degree of 

magnetization is determined by software that uses the strength of the field, how fast 

the sample vibrates, the data form measurement, and provides the magnetization (M) 

and value of the magnetic field (H) as a result of vibration. The characteristic M‒H 

curve can be used to classify the kind of magnetic behavior as revealed in Section 

2.3.12.  

In this study magnetic properties of synthesized powder samples were used to 

perform a VSM (VersaLab
TM

 PPMS
@

) at room temperature. The powder sample with 

a weight of about 20–30 mg was placed into the sample holder, and the magnetization 

was measured in a varying  magnetic field of  10 kOe. The parameters, such as 
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saturation magnetization (Ms), remanent magnetization (Mr) and coercivity field (Hc) 

were obtained from the hysteresis loop.  

 

Figure 3.4 Schematic diagram of the vibrating sample magnetometer (VSM) 

(Adapted from Smith, 1956). 

 

3.3 Dielectric properties 

 Measurement of dielectric properties can provide design parameter 

information, for example, the loss of a cable insulator, the complex relative 

permittivity and the complex relative permeability of the materials. A complex 

dielectric permittivity includes a real part and an imaginary part. The real part of a 

complex permittivity is known as the dielectric constant which is the ability to store 

energy from an external electrical field when it is applied to the material. The 
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imaginary part is known as the loss factor which represents how much energy is lost 

from the material due to an external electric field. The term tan  is called loss 

tangent and it represents the ratio of energy lost to energy stored per cycle. The 

dielectric constant (  ) and dielectric loss (  ) of the materials were determined as 

the relations:     

0

pC d

A



                    (3.5) 

tan                  (3.6) 

where A and d are the area of the electrode and the thickness of the sample (m). 

 

 

Figure 3.5  Schematic of parallel plate capacitor with electrodes on both sides of the 

dielectric (adapt from https://en.wikipedia.org/wiki/Capacitor). 

 In this study, the electrical properties of the BiFeO3‒based ceramics were also 

investigated through the impedance (Z
*
), AC conductivity ( ), and activated energy 

(Ea). Impedance is an important parameter used to describe electronic circuits and 

components. The electrical parameters were calculated from the following equations: 
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     *

*

0

1
,j

j C Z
  


                     (3.7)

  
  0 ,                  (3.8) 

Where   is the angular frequency, and 0C  is the capacitance without dielectric 

material. 

 In this research, the dielectric and related electrical measurements, and the 

sintered BiFeO3‒based pellet samples were electrodes by silver paint on both sides of 

the disk‒shaped samples. The dielectric and related electrical properties of the 

samples were performed using a Hewlett Packard 4194A impedance gain phase 

analyser within a wide frequency range 100–1 MHz and temperatures ranging from     

-50 to 200 °C at the oscillation voltage of 1.0 V. Figure 3.6 shows the flowchart 

diagram of the measuring dielectric parameters of the BiFeO3‒based ceramics. As 

illustrated in the flowchart diagram, the values of 
pC  and tan  at different 

frequencies and temperatures were obtained directly from the experiment.   
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Figure 3.6 Diagram presenting  measuring dielectric parameters of the BiFeO3‒based 

ceramic samples using a Hewlett Packard 4194A impedance gain  phase analyzer. 

 

3.4 Current‒voltage characteristics 

 Current‒voltage characteristics are generally used as a tool to investigate and 

understand the basic parameters of a component, device, and material and which can 

also be used to model its behaviour within an electronic circuit. The simplest IV 

characteristic involves a resistor as corresponding to Ohm’s Law which presents a 

linear relationship between the applied voltage and the resulting electric current. If the 

electrical supply voltage, V,  is applied to resistor R and varied, the resulting electric 

current, I is measured, this current would be carried out as I = V/R according to an 
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Ohm’s Law equation. However, other resistive elements such as thermistors, varistors 

and even the light bulb, I‒V characteristic curves are not straight or linear lines, that 

is, their V/I ratio is not constant but are curved and shaped and are called non‒linear 

devices. Semiconductor diodes are characterized by non‒linear current‒voltage 

behaviours as the current flowing through a forward‒biased , silicon diode is limited 

by the ohmic resistance of the P‒N junction. When the forward voltage exceeds the 

diodes the P‒N junctions internal barrier voltage (an avalanche) occurs and the 

current increases suddenly with a very small increase in voltage promoting a non‒

linear curve.  

 In this study, current‒voltage measurements were conducted at various 

temperature ranges from room temperature to 100 °C using a high‒voltage 

measurement unit (Keithley Model 247, Estado St Pasadena, CA). The samples were 

well polished and sandwiched between two silver electrodes, and current was 

recorded relative to an increase in the applied voltage. The high source voltage was 

raised at a rate of 0.45 V/s. The breakdown of the electric field (Eb) was obtained at a 

current density of 1 mA/cm
2
. The non‒linear coefficient ( ) values were calculated 

over the range 1–10 mA/cm
2
 from the equation:     

2 1

2 1

log( / )

log( / )

J J

E E
                   (3.9) 

Where E1 and E2 are the electric fields corresponding to J1 and J2 at 1 and 10 mA/cm
2
, 

respectively.  

  

 

 



CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Structural characterization and morphology of BiFeO3 and 

Ba‒, La‒, and Sm‒doped BiFeO3 nanopowders 

4.1.1 Structural characterization and morphology of the pure BiFeO3 

nanopowders prepared by co‒precipitation method 

  The crystal structure and morphology of the parent BiFeO3 

nanopowders calcined in air at 600 C  for 3 h has been investigated by transmission 

electron microscopy (TEM) and X‒ray diffraction (XRD) analysis. Figure 4.1 shows 

the Rietveld refinement of XRD pattern for pure BiFeO3 together with the profile 

obtained from the Rietveld analysis.  It can be clearly seen that the diffraction peaks 

can be indexed to the main phase of the rhombohedral structure BiFeO3 (JCPDS: 86‒

1518) with R3c space group as reported in the literature (Hou et al., 2013; Srivastava 

et al., 2013). In addition, the XRD pattern reveals a small amount of impurity phases 

according to Bi2Fe4O9. The crystallite size of the calcined BiFeO3 sample calculated 

from the diffraction peaks is about 68 nm. The XRD data of BiFeO3 in 2  range 20°‒

60° has been used for refinement and the crystal structure parameters investigated 

from the refinement are illustrated in Table 4.1. The refinement result of the pure
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BiFeO3 exhibits a rhombohedral structure with R3c space group and goodness of fit 

(GOF) was found to be ~3.87. The lattice parameters obtained of the pure sample are 

a = 5.5791(2) Å, b = 13.869(5) Å,  90, and γ = 120° which agree well with the 

rhombohedral structure R3c symmetry and have been reported by several researchers 

(Suresh and Srinath, 2013; Rout and Choudhary, 2015).  

 The morphology of BiFeO3 nanoparticles was observed by transmission 

electron microscopy (TEM). The BiFeO3 nanoparticles have been found to have a 

similar spherical shape. The particle size of pure B iFeO3 nanopowder was obtained to 

be about 67 nm as seen in the inset of Figure 4.1. The particle size obtained from the 

TEM image is slightly smaller than that obtained from the XRD result. Moreover, in 

the XRD result, the crystal structure and other phases contained in the compound 

were investigated by Selected‒Area Electron Diffraction (SAED) patterns as shown in 

the inset of Figure 4.1. The SAED pattern reveals the presence of sharp diffraction 

rings for the BiFeO3 nanoparticles, which confirm that it is a polycrystalline structure 

characteristic of synthesized nanoparticles. The lattice planes of BiFeO3 are (110), 

(111), (120), and (202) corresponding to the planes of the rhombohedral structure. 

This result is in good agreement with the SAED patterns and the results obtained from 

the XRD data. It should be noted that a small number of impurity phase of Bi2Fe4O9 

were found but not observed in the SAED patterns.   
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Figure 4.1 Rietveld refinement of the XRD pattern of pure BiFeO3 nanopowders. 

Table 4.1 Details of Rietveld refined  XRD parameters for Bi1-xAxFeO3 (A = Ba, La, 

and Sm) with x = 0.0, 0.1, 0.2, and 0.3 samples. 

Sample Phase a (Å) b (Å) c (Å) V (Å
3
) GOF Rwp% 

BiFeO3 R3c 5.5791(2) 5.5791(2) 13.869(5) 373.8731 3.87 16 

Ba‒doped        

x = 0.05 R3c (35.4%), 

Pbam (64.4%) 

5.5794(3) 

7.953(3) 

5.5794(3) 

8.492(3) 

13.8698(8) 

6.024(3) 

373.912 

406.829 

3.57 14.52 

x = 0.1 R3c (73%), 

Pbam (27%) 

5.5791(1) 

7.968(1) 

5.5791(1) 

8.468(1) 

13.8702(4) 

6.017(1) 

373.887 

405.963 

2.01 11.37 
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Table 4.1 Details of Rietveld refined XRD parameters for Bi1-xAxFeO3 (A = Ba, La, 

and Sm) with x = 0.0, 0.1, 0.2, and 0.3 samples (Continued). 

Sample Phase a (Å) b (Å) c (Å) V (Å
3
) GOF Rwp% 

x = 0.2 R3c (54.1%), 

Pbam (45.9%) 

5.5781(1) 

7.9668(7) 

5.5781(1) 

8.4616(7) 

13.8687(4) 

6.0139(5) 

373.719 

405.409 

2.06 10.57 

x = 0.3 R3c (30.8%), 

Pbam (69.2%) 

5.5785(2) 

7.9679(5) 

5.5785(2) 

8.4643(5) 

13.8681(6) 

6.0155(4) 

373.752 

405.702 

1.94 10.7 

La‒doped        

x = 0.05 R3c 5.578(2) 5.578(2) 13.841(6) 372.986 2.4 12.8 

x = 0.1 R3c 5.5772(3) 5.5772(3) 13.803(8) 371.828 2.88 13.24 

x = 0.2 Pnma 5.615(1) 7.884(2) 5.577(1) 246.888 6.28 9.27 

x = 0.3 Pnma 5.5898(8) 7.8358(9) 5.6125(8) 245.829 5.05 8.40 

Sm‒

doped 

       

x = 0.05 R3c (76.4%), 

Pbam (23.6%) 

5.5742(3) 

7.946(4) 

5.5742(3) 

8.509(4) 

13.841(9) 

6.008(4) 

372.454 

406.237 

5.18 11.71 

x = 0.1 R3c (77.3%), 

Pbam (22.7%) 

5.5675(6) 

7.952(7) 

5.5675(6) 

8.561(7) 

13.800(2) 

5.903(7) 

370.448 

401.864 

3.26 14.68 

x = 0.2 R3c (26.6%), 

Pnma (48.7), 

Pbam (24.7%) 

5.537(1) 

5.6126(8) 

7.92(2) 

5.537(1) 

7.816(1) 

8.80(2) 

13.705(4) 

5.4491(8) 

5.54(2) 

363.861 

239.036 

385.922 

6.07 12.57 

x = 0.3 R3c (18.2%), 

Pnma (60%), 

Pbam (21.8%) 

5.516(1) 

5.6136(6) 

7.80(3) 

5.516(1) 

7.7996(9) 

8.89(3) 

13.669(6) 

5.4357(6) 

5.52(2) 

360.160 

237.995 

382.536 

3.46 9.8 
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4.1.2 Effects of Ba, La, and Sm doping on the morphologies and crystal 

structure of BiFeO3 nanopowders 

           The BiFeO3‒based powders were characterized by TEM and XRD 

techniques in order to analyse and reveal their powder morphologies and phase 

structure, respectively. The doping effects of doped BiFeO3 on the microstructure of 

BiFeO3 nanoparticles calcined at 600 °C for 3 h are divided into three groups as 

shown in Figure 4.2(a)‒(m). It can be clearly seen, in the first group, the TEM images 

of La‒doped BiFeO3 nanoparticles are likely to be spherical in shape and are not well 

separated from each other. The formation of agglomerated nanoparticles having 

irregular morphology has been observed to increase as the particle size decreases. The 

nanoparticles were agglomerated by the basic physical force (van der Waals force) of 

primary particles (Biasotto et al., 2011). In general, smaller primary particles sizes are 

highly relative to the surface area, and have a tendency to form nearly spherical 

agglomerates. To minimize their surface energy the nanoparticles create 

agglomeration. The micrographs show the average particle size of the nanoparticles 

decreases with increases in the La doping concentrations. As revealed in Figure 4.2, 

the particle sizes of the nanopowders are found to be in the range of about ~19‒67 nm 

for La substitutions. This is attributed to the fact that the La ions inhibit the grain 

growth, thus a smaller particle size in La‒doped nanopowders may be the cause of 

increasing the segregation at the surface of nanoparticles by substituting La ions (Qian 

et al., 2009; Jun et al., 2005). For the second group of morphology, as shown in the 

Figure 4.2, the morphology of Sm doping is similar to that observed in the TEM 

images of La‒doped BiFeO3 nanoparticles. Note that the particle sizes of Sm‒doped 

calcined powder are found to be around 22‒79 nm which means the average particle 
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sizes of Sm‒doped BiFeO3 samples are larger than that of La‒doped samples. Finally, 

the observed morphology of the Ba‒doped BiFeO3 samples is likely to have a 

spherical shape and almost no agglomerated nanoparticles. On the contrary, the 

morphology images of La‒ and Sm‒doped samples can be clearly seen and the 

agglomerates of the particles can be observed. It is also observed that the particle 

sizes of Ba‒doped BiFeO3 nanoparticles tend to decrease with increasing Ba 

concentration. The particle sizes of the Bi1-xBaxFeO3 system are in the range of 37‒66 

nm. A significant reduction in particle size upon doping is attributed to inhibited 

crystal growth caused by the substitution of smaller ionic radii dopants as compared 

to Bi ions. The decrease in the particle size may be ascribed to the suppression of 

oxygen vacancy concentration. This may result in slower diffusion of oxygen ions 

inhibiting the grain growth rate (Song et al., 2012; Srivastava et al., 2013). The 

selected area electron diffraction (SAED) patterns of these nanoparticles are shown in 

the insets of TEM micrographs of the respective nanoparticles (Figure 4.2). The 

indexed electron diffraction patterns also support the rhombohedral and orthorhombic 

structure of pure and Ba‒, La‒, and Sm‒doped BiFeO3 nanoparticles, respectively, 

which corroborate the XRD patterns. For the La‒doped BiFeO3 system, the SAED 

patterns present sharp diffraction rings in the polycrystalline consisting of diffraction 

spots. However, it is found that the diffraction rings can be indexed as (120), (402) 

planes for Bi0.95La0.05FeO3 and (202), (121), and (310) planes for Bi0.9La0.1FeO3 

corresponding to impurity phases of Bi2Fe4O9. Similarly, for Sm‒doped samples, the 

rhombohedral structure planes are prominent and the Pbam impurity phase planes as 

(411) are observed for the Bi0.95Sm0.05FeO3 and Bi0.9Sm0.1FeO3 samples and (210) for 

the Bi0.8Sm0.2FeO3 and the Bi0.7Sm0.3FeO3 samples. Finally, SAED analysis on Ba 
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substituting in the BiFeO3 samples reveals that the structure exists in the R3c 

rhombohedral structure and can be also observed in the secondary phase planes as 

(131), (212), and (330) for the Bi0.95Ba0.05FeO3 and the Bi0.9Ba0.1FeO3 samples, (121) 

and (402) for the Bi0.8Ba0.2FeO3 and the Bi0.7Ba0.3FeO3 samples. These results confirm 

the impurity phases in these samples that were detected by the XRD analysis. The 

observed particles size of Sm‒doped samples was found to be larger than the particles 

size that was calculated from the XRD patterns. The agglomeration of the particles is 

due to the high surface energy of the agglomerated nanoparticles. 
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Figure 4.2 TEM bright‒field images (left) with the corresponding SAED patterns 

(right) of (a) pure BiFeO3, (b)‒(e) Bi1-xBaxFeO3, (f)‒(i) Bi1-xLaxFeO3, and (j)‒(m) Bi1-

xSmxFeO3, with x = 0.05, 0.1, 0.2, and 0.3, respectively. 
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Figure 4.2 TEM bright‒field images (left) with the corresponding SAED patterns 

(right) of (a) pure BiFeO3, (b)‒(e) Bi1-xBaxFeO3, (f)‒(i) Bi1-xLaxFeO3, and (j)‒(m) Bi1-

xSmxFeO3, with x = 0.05, 0.1, 0.2, and 0.3, respectively (Continued). 
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Figure 4.2 TEM bright‒field images (left) with the corresponding SAED patterns 

(right) of (a) pure BiFeO3, (b)‒(e) Bi1-xBaxFeO3, (f)‒(i) Bi1-xLaxFeO3, and (j)‒(m) Bi1-

xSmxFeO3, with x = 0.05, 0.1, 0.2, and 0.3, respectively (Continued). 
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Figure 4.2 TEM bright‒field images (left) with the corresponding SAED patterns 

(right) of (a) pure BiFeO3, (b)‒(e) Bi1-xBaxFeO3, (f)‒(i) Bi1-xLaxFeO3, and (j)‒(m) Bi1-

xSmxFeO3, with x = 0.05, 0.1, 0.2, and 0.3, respectively (Continued). 
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Figure 4.2 TEM bright‒field images (left) with the corresponding SAED patterns 

(right) of (a) pure BiFeO3, (b)‒(e) Bi1-xBaxFeO3, (f)‒(i) Bi1-xLaxFeO3, and (j)‒(m) Bi1-

xSmxFeO3, with x = 0.05, 0.1, 0.2, and 0.3, respectively (Continued). 
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Figure 4.2 TEM bright‒field images (left) with the corresponding SAED patterns 

(right) of (a) pure BiFeO3, (b)‒(e) Bi1-xBaxFeO3, (f)‒(i) Bi1-xLaxFeO3, and (j)‒(m) Bi1-

xSmxFeO3, with x = 0.05, 0.1, 0.2, and 0.3, respectively (Continued). 

Crystal structure and phase composition of samples can be analysed by using 

X‒ray diffraction techniques. As can be clearly seen in Figures 4.3‒4.5, the XRD 

patterns of all doping samples can be matched with the rhombohedral structures of 

BiFeO3 with space groups R3c (JCPDS no. 86‒1518). However, the presence of 

minor secondary phases from the XRD patterns was observed, for example, with 

Bi2Fe4O9 in the La‒ and Ba‒doped BiFeO3 samples, while the Sm‒doped samples 

exhibited the SmFeO3 phase. The formation of impurity phases may be due to 

compensation for the extra charge or oxygen deficiency for large radii substitutes for 
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BiFeO3. As a result of doping, La, Ba, and Sm changes in peak shapes and positions 

are observed, especially x ≥ 10% doping. These changes are more significant for La 

and Sm ions doped powders as these two have smaller ionic radii than Ba ions. We 

start our discussion first with the XRD analyses of Bi1-xBaxFeO3 system which shows 

the peaks of the secondary phases, which are attributed to the Bi2Fe4O9 phase. The 

impurity phases are due to the compensation for the extra charges of or oxygen 

deficiency in Ba
2+

 substitutes for BiFeO3. It should be noted that the enlarged view of 

XRD patterns around ~32° for Ba‒doped BiFeO3 (Figure 4.3(b)) indicate that the Ba 

ions do not have an effect on the structural transition of the rhombohedral phase. The 

double split diffraction peaks in this position do not merge together which is one of 

the characteristics of the structural phase transition. This indicates that there is no 

change in the lattice parameters in the Ba substituted system which is similar to 

previous reports that no structural transitions are available for alkaline rare earth 

doped in BiFeO3 (Khomchenko et al., 2009). Compared to parent BiFeO3, the peaks 

in the XRD patterns around ~32° are found to have slightly shifted to a higher angle 

with an increase of Ba concentration which confirms the substitution of Ba
2+

 in the 

BiFeO3 lattice. The reason may be due to the replacement of Ba
2+

 (r = 1.42 Å) having 

larger ionic radii than the Bi
3+

 (r = 1.17 Å) ions (Gautam and Rangra, 2010). The 

refinement results show that the Ba‒doped BiFeO3 system is found to fit with R3c 

(35.4, 73, 54.1, and 30.8%) and Pbam (64.4, 27, 45.9, and 69.2%, respectively) in 

mixed phases for all samples. The Rietveld refinement data shows the percentage of 

R3c phases decrease with increasing Ba doping. This suggests that the Ba
2+

 

substituted in BiFeO3 has a tendency to enlarge the orthorhombic phase with an 

increase of Ba concentration.  
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 The substitute of La doping, a magnified view of the XRD patterns, and La
3+ 

substitution show gradual variations in peaks when compared with the parent BiFeO3. 

All diffraction peaks of the Bi0.95La0.05FeO3 and Bi0.9La0.1FeO3 samples are similar to 

that observed in the XRD patterns of the parent BiFeO3 compound. The Rietveld 

analysis of BiFeO3 and La‒doped (≤ 10%) samples reveal that the XRD patterns fit 

well with the standard pattern (JCPDS no. 86‒1518), although another impurity phase 

of Bi2Fe4O9 was present. However, the double split diffraction peak near 32° (104) 

and (110) and near 51° (116) and (122) for ≥ 20% La substitutions slowly merges 

towards a single diffraction peak. This result means that the lattice unit cell distortion 

in the rhombohedral structure of pure BiFeO3 is due to the substitution of La ions into 

the Bi site. It can be seen that further increases in the quantity of La doping (x = 0.1‒

0.3) do not result in any additional peaks corresponding to any impurity phases.  

 Further the Rietveld refinement is used to estimate the crystal structure 

profiles of doped samples. The Rietveld refinement of Bi0.95La0.05FeO3 indicates good 

fits with the rhombohedral structure of R3c space groups. La doping with 10% of the 

La concentration sample was carried out for the rhombohedral phase belonging to R3c 

space groups similar to BiFeO3 with changes in the lattice parameter values. 

Therefore, with the La doping with x ≤ 10%, the main phase R3c still persists as the 

dominant phase. Moreover, the diffraction peaks are found to shift in their peak 

positions towards the left with increasing La concentrations, implying an average 

gradual shrinkage in the unit cells. The peak shift and splitting for these planes in high 

resolution is given in Figure 4.4. This suggests that there exists some structural 

distortion taking place on the La substitution at the Bi site (Mishra et al., 2008). For ≥ 

20% La substitutions, there is a structural change with La replacing in the Bi site. The 
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best fit for the experimental data for these two samples are observed using the 

orthorhombic phase (Pnma space group), suggesting that with 20% La doping the 

structure of BiFeO3 is transformed form a distorted rhombohedral R3c to an 

orthorhombic Pnma. The crystal structure parameters obtained from simulation are 

detailed in Table 4.1. The lattice parameter values obtained from the refinement 

profiles decrease with increases in La concentration. Thus La substitution leads to a 

decrease in the unit cell volume which is a result of the difference in the ionic radius 

of La
3+

 (r = 1.22 Å) being larger than that of Bi
3+

 (r = 1.17 Å) (Chen et al., 2012).  

Finally, the Sm substituted A‒site (Bi
3+

) in BiFeO3 affects the structure of the 

parent compound.  For Bi1-xSmxFeO3 at x = 0.05 and 0.1 the main diffraction peaks 

can be indexed successfully according to the rhombohedral structure. Some low 

intensity diffraction peaks of the secondary phase can be also observed in the XRD 

patterns of Sm‒doped BiFeO3 samples corresponding to Bi2O3 and Bi2Fe4O9. The 

XRD patterns of Bi1-xSmxFeO3 samples in the range of 2  = 32° show peak 

broadening together with merging of the double peaks and a shift toward a higher 2

value. One feature that should be noted is that with increasing the Sm concentration, 

the intensity of the diffraction peaks in the vicinity of 2  ~39° and 66° become weak. 

Whereas the diffraction peaks at 2  ~25.5° and 63° begin to appear at the level of 

Sm ≥ 20% doping. These results mean that the XRD patterns in this case begin close 

to the orthorhombic phase. Thus, in the case of the Sm‒doped system, the maximum 

level of Sm which takes place in BiFeO3 occurs somewhere between 10–20% 

concentration. This indicates that the structural phase transition occurs near x = 20% 

which is reported by several authors (Khomchenko et al., 2010; Wu et al., 2013). As 

confirmation of the structural changes, the Rietveld refinement results of Bi1-
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xSmxFeO3 (x = 0.05 and 0.1) samples agree well with R3c+Pbam structure model, and 

the main contribution ~76.4% and 77.3% was analyzed as being related to the 

rhombohedral phase with R3c space groups and a minor contribution Pbam phase 

with ~23.6% and 22.7% . At Sm concentrations exceeding 10% i.e. Bi0.7Sm0.3FeO3 

and Bi0.8Sm0.2FeO3 samples, the structure models are observed to fit better with R3c 

(BiFeO3)+Pnma (SmFeO3)+Pbam (Bi2Fe4O9) symmetry. The refinement result for Sm 

doping with x = 0.2 and 0.3 show the phase of orthorhombic Pbam with 24.7% and 

21.8% and rhombohedral R3c (26.6% and 18.2%). The main structural model is 

observed to fit well with the rhombohedral Pnma of the SmFeO3 phase with 48.7% 

and 60%. The structural phase transitions from a rhombohedral to an orthorhombic 

phase also lead to changes in the lattice unit cells. The a and b‒axis unit cell 

parameters tend to change slightly with increases in Sm doping in the rhombohedral 

structure, whereas this value significantly increases when the structural transition is to 

the orthorhombic phase. With increasing Sm doping, the c‒axis parameter changes a 

little in the rhombohedral phase and still decreases in the orthorhombic phase. The 

variations in the lattice constant values of Sm‒doped BiFeO3 samples lead to 

decreases in the unit cell volume related to the differences in the ionic radii between 

Bi
3+

 (r = 1.17 Å) and Sm
3+

 (r = 1.08 Å) ions. The increasing rare earth substitution in 

pure BiFeO3 causes a decrease in the lattice parameter result with decreases in unit 

cell volume from 373.8731 Å
3
 to 373.752 Å

3
 for Ba‒doped, 372.986 Å

3
 to 246.888 

Å
3
 for La‒doped, and 372.454 Å

3
 to 360.160 Å

3
 for Sm‒doped BiFeO3 samples. This 

reduction the unit cell volume by increasing rare earth doping is assumed as ionic 

radii of rare earth ions is slightly lower than that of Bi
3+

 ions. 
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Figure 4.3 The XRD patterns of undoped BiFeO3 and Bi1-xBaxFeO3 samples with x = 

0.05, 0.1, 0.2, and 0.3, respectively. (b) Enlarged views of the diffraction peaks in the

2 ~32° range. 
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Figure 4.4 The XRD patterns of undoped BiFeO3 and Bi1-xLaxFeO3 samples with x = 

0.05, 0.1, 0.2, and 0.3, respectively. (b)‒(c) Enlarged view of the diffraction peaks in 

the 2 ~32° and 51° range. 
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Figure 4.5 The XRD patterns of undoped BiFeO3 and Bi1-xSmxFeO3 samples with      

x = 0.05, 0.1, 0.2, and 0.3, respectively (b) Enlarged view of the diffraction peaks in 

the 2 ~32°. 
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Figure 4.6 Rietveld refinement of XRD data for Bi1-xBaxFeO3 powder (a) x = 0.05 

and (b) x = 0.3. 
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Figure 4.7 Rietveld refinement of XRD data for Bi1-xLaxFeO3 powder (a) x = 0.05 

and (b) x = 0.3. 
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Figure 4.8 Rietveld refinement of XRD data for Bi1-xSmxFeO3 powder (a) x = 0.05 

and (b) x = 0.3. 
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Table 4.1 presents the crystal structure parameters and profile R‒factors data 

derived from the Rietveld refinement program. Within the Bi1-xAxFeO3 series, it is 

observed that there are decreases in both “a” and “c” parameters of the unit cells with 

increases in the ionic radius of the substituted elements which results in reductions in 

unit cell volume. A similar result was reported for rare earth doped BiFeO3 (Pradhan 

et al., 2010; Du et al., 2010; Priyadharsini et al., 2014). This reduction may be due to 

the replacement of Bi
3+

 by dissimilar ionic radii of Ba
2+

 (r = 1.42 Å), La
3+

 (r = 1.24 

Å), and Sm
3+

 (r = 1.08 Å) because all of these ions possess a slightly smaller ionic 

radii than that of the Bi
3+

 (r = 1.17 Å) ions. 

The average crystallite size (D) of the samples was calculated from different 

XRD peaks using the Scherrer equation for all samples as shown in Table 4.2,  

   



cos

k
D                             (4.1) 

where k is a constant ~0.89,   is the characteristic X‒ray wavelength (1.54 Å),   is 

the full width at half maxima (in radians) of the most intense peak and   is Bragg’s 

angle. The average particle size of pure BiFeO3 was calculated by using Scherrer’s 

equation and the result obtained was 67.15±1.04 nm. The values obtained were 

69.08±1.08, 67.07±1.78, 73.83±1.25, and 75.05±1.01 nm for Ba‒doped BiFeO3 with 

x = 0.05, 0.1, 0.2, and 0.3, respectively. In the case of La‒ and Sm‒doped BiFeO3, the 

estimated values were 52.78±1.24, 44.06±1.08, 27.71±0.78, and 27.01±0.9 nm for 

La‒doped and 55.02±1.46, 34.33±1.09, 19.9±0.88, and 16.41±1.25 nm for Sm‒

substituted BiFeO3, respectively. It was found that the average crystal size of the 

nanopowders decreases as the dopant concentration increases. The reason for the 

reduction may be attributed to the fact that the dopant ions inhibited crystal growth 
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caused by ionic radii mismatches between dopant ions in the Bi
3+

 site. It can be seen 

that the crystallite size of nanopowders obtained from the TEM images is slightly 

different from that obtained from the XRD calculations. The average crystallite size 

calculated by the XRD analysis is usually lower than the particle size observed by 

TEM. These results from the agglomeration of the particles are due to the high surface 

energy of agglomerated nanoparticles. Moreover, the grains comprise the subgrains 

which are separated by low‒angle grain boundaries. The crystallite size calculated 

from XRD data is equal to the average size of the domains which scatter X‒rays 

coherently (Besmel et al., 2011; Shokrollahi, 2013).    

Table 4.2 Summary of crystallite size of pure BiFeO3, Ba‒, La‒, and Sm‒doped 

BiFeO3 nanopowders calcined at 600 °C for 3 h. 

Doping level Crystallite size (nm) 

Ba La Sm 

x = 0 67.15±1.04 67.15±1.04 67.15±1.04 

x = 0.05 69.08±1.08 52.78±1.24 55.02±1.46 

x = 0.1 67.07±1.78 44.06±1.08 34.33±1.09 

x = 0.2 73.83±1.25 27.71±0.78 19.90±0.88 

x = 0.3 75.05±1.01 27.01±0.9 16.41±1.25 
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Figure 4.9 An average crystallite size of undoped BiFeO3, Ba‒, La‒, and Sm‒doped 

samples calcined at 600 °C for 3 h. 

 

Figure 4.10 Lattice constant of undoped BiFeO3 sample, (a) a, (b) c parameter, and 

(c) volume of Ba‒, La‒, and Sm‒doped BiFeO3 nanopowders. 
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Figure 4.10 Lattice constant of undoped BiFeO3 sample, (a) a, (b) c parameter, and 

(c) volume of Ba‒, La‒, and Sm‒doped BiFeO3 nanopowders (Continued). 
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4.1.3  X‒ray absorption spectroscopy study of the Fe K‒edge in              

Bi1-xAxFeO3 (A = La, Sm, and Ba) nanopowders 

In order to characterize the oxidation states of Fe ion BiFeO3, 

normalized XANES spectra at room temperature were measured at Fe K‒edge. The 

electronic structures of undoped and Ba‒, La‒, and Sm‒doped BiFeO3 samples have 

been characterized by XANES in transmission mode. XANES is a fingerprint of the 

empty electronic structure for the purpose of probing elements. The normalized Fe K‒

edge spectra and their corresponding first derivatives for Bi1-xAxFeO3 (A = La, Sm, 

and Ba) nanopowders at room temperature are shown in Figure 4.11(a)‒(f).  The 

oxidation states of Fe in BiFeO3‒based nanopowders are compared with the spectra of 

Fe2O3 and Fe3O4 standard samples. As seen in Figure 4.11, the XANES spectra of 

pure BiFeO3 calcined samples measured at Fe K‒edge are very similar to Fe2O3, 

indicating that the oxidation number of Fe in this sample corresponds to Fe
3+

. Even 

when Bi is substituted by La, Sm, and Ba ions, there is no noticeable difference in the 

position of the absorption edge among the prepared samples with changes in the 

doping content. The excited energy (E0) for all the samples is around 7124 eV which 

is determined from the first derivative of the absorption edge, confirming that the 

oxidation state of Fe
3+

 does not change into Fe
2+

 as the dopant concentration 

increases. These E0 values are close to the E0 value of standard spectra Fe2O3 which is 

characteristic of Fe
3+

 and related to the 1s to 4s electrical transitions. Moreover, the 

integral amplitude of the pre‒edge peaks which are a sign of dipole forbidden 

transitions (Vedrinskii et al., 1998; Asokan et al., 2001) are quite similar at around 

7114 eV. The weak pre‒edge (denoted as A) appears at around ~5 eV below the 

major absorption level that is attributed to the 1s to 3d electric dipole‒forbidden 
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transitions. This weak pre‒edge feature is associated with 4p mixing with the 3d 

orbital configuration around the Fe site. Because of a partially occupied p‒orbital 

character by the 3d‒4p hybridization, the intensity of this forbidden peak is not 

strictly zero. The observation of the post‒edge peak (peak C) in all the doped samples 

can be seen which is attributed to the 1s to 4p dipole‒allowed transitions (empty 

orbital 4p). On the other hand, peak B is known to be a shoulder peak, which 

corresponds to a partial transition from the 2p electrons in the oxygen 2p orbital to the 

unoccupied Fe 3d orbital, which is known as the ligand‒to‒metal charge transfer 

process. The most pronounced difference in the Sm‒doped BiFeO3 samples is the 

relative peak position of peak B. It is seen that with an increase in the concentration of 

the Sm samples are quite different from the La‒ and Ba‒doped samples as they show 

broader shoulder peaks (B) and disappear as compared to pure BiFeO3 samples. This 

result might suggest that there is no observed charge transfer in the high doping 

content of Sm ions.  
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Figure 4.11 Fe K‒edge of XANES for Ba‒doped BiFeO3 (x = 0, 0.05, 0.1, 0.2, and 

0.3) samples, Fe2O3 and Fe3O4 are reference materials for Fe
2+

 and Fe
3+

, the first 

derivative of Fe K‒edge XANES spectrum in BiFeO3 (b). 
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Figure 4.11 (c) Fe K‒edge of XANES for La‒doped BiFeO3 (x = 0, 0.05, 0.1, 0.2, 

and 0.3) samples, Fe2O3 and Fe3O4 are reference materials for Fe
2+

 and Fe
3+

, the first 

derivative of Fe K‒edge XANES spectrum in BiFeO3 (d) (Continued). 
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 Figure 4.11 (e) Fe K‒edge of XANES for Sm‒doped BiFeO3 (x = 0, 0.05, 0.1, 0.2, 

and 0.3) samples, Fe2O3 and Fe3O4 are reference materials for Fe
2+

 and Fe
3+

, the first 

derivative of Fe K‒edge XANES spectrum in BiFeO3 (f) (Continued). 
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4.1.4  Fourier transform infrared spectrometer (FTIR) 

To study the metal bonds in the calcined powders a Fourier transform 

infrared (FTIR) spectrometer was used. The room temperature FTIR spectra of 

undoped BiFeO3 and BiFeO3 doped with different concentrations of doping ions 

(0.05, 0.1, 0.2, and 0.3) samples have been shown in Figure 4.12 in wavenumbers of 

400‒4000 cm
-1

. The pure BiFeO3 spectrum shows strong absorption peaks in wave 

numbers at 432 and 531 cm
-1

 which indicate the typical band characteristics of the 

overlapping of FeO6 metal oxygen stretching and bending vibrations and BiO6 

octahedral structure (Kaur et al., 2015). These two peaks are confirmed as the 

characteristics of FeO6 bonds in the octahedral group in the perovskite structural 

units.  The bands at around 811, 1045, and 1392 cm
-1

 are due to the presence of traces 

of nitrate ion in the sample (Srivastav and S Gajbhiye, 2012; Wang et al., 2013). The 

intense peak at 1392 cm
-1

 corresponds to traces of carbonates C=O of coordinated 

oxalates which overlap with the intense nitrate band at around 1490 cm
-1

. However, 

an absorption peak around 1632 cm
-1

 associated with the stretching vibrations of free 

O‒H group, which is attributable to the absorption of water molecules absorbed from 

the moisture at the surface when the sample was in contact with the environment. The 

broad low intensity band with the maximum around 3000‒3400 cm
-1

 has been 

assigned to the antisymmetric stretching of H2O water from ambient moisture due to 

the contact of the sample with the environment.  

The FTIR spectra for Ba‒doped BiFeO3 samples show two strong peaks 

around 443 and 530 cm
-1

. The former was assigned to O‒Fe‒O bending and Fe‒O 

stretching of the FeO6 vibration group that is connected to the Bi ion, which confirms 

that the FeO6 octahedral in the perovskite structure has been formed. The formation of 
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a perovskite structure can be confirmed by the presence of a metal‒oxide structure in 

the compound (Lee et al., 2005; Biasotto et al., 2011). These band positions of Ba‒

doped BiFeO3 with different concentrations of Ba ions are found to be in agreement 

with the characteristic infrared absorption bands of pure BiFeO3. Furthermore, with 

the increase in Ba concentration, the peaks slightly shift towards the lower 

wavenumber which can be assigned to possible two reasons. Firstly, the decrease in 

particle size with increased Ba doping content results in more surface and grain 

boundaries (Reddy et al., 2012). Secondly, the lattice strain relaxes with the presence 

of an orthorhombic crystal symmetry fraction in the samples (Kaur et al., 2015), thus 

the results obtained are consistent with the quantitative crystallographic phase of the 

Rietveld analysis. 

The FTIR spectra of calcined Bi1-xLaxFeO3 powders are represented in Figure 

4.13(b). A comparative of the FTIR spectra of the parent BiFeO3 and La‒doped 

samples show that the broad band around 3000‒3600 cm
-1

 is due to water molecule 

vibrations flatten when La is increased. This flattening of the bands is the result of the 

effect of substituted ions that result in changes in the stretching and bending of the 

metal oxide bonds. As La doping concentration increases, it is found that the strong 

peaks at 432 and 811 cm
-1

 become very weak and even disappear indicating the 

deformation of Fe‒O stretching and bending vibrations and the removal of nitrates. 

Pure BiFeO3 powder indicates a Fe‒O absorption band close to 811 cm
-1

 due to its 

highly crystalline BiFeO3 phase. The presence of slightly shifted peaks towards higher 

wavenumbers in the FTIR spectra for Sm‒doped BiFeO3 samples shows the same 

trend as the parent sample. 
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The FTIR absorption spectra of pure and Sm‒doped BiFeO3 samples at room 

temperature are exhibited in Figure 4.12. It is clear that all the doped samples indicate 

slight differences in the spectra. It can be observed that the wide range of spectra 

(3000‒3500 cm
-1

) disappears with substituting the content of Sm doping, while other 

regions are similar to those observed in the FTIR spectra of the parent compound 

BiFeO3. This wide range around 3000‒3500 cm
-1

 corresponds to the absorption of 

water and carbon dioxide from the environment. It can also be observed from the 

FTIR spectra of the Bi1-xBaxFeO3 system that an absorption band in the whole wave 

number range is similar to that observed in the Sm‒doped BiFeO3. These results are 

confirmed by the formation of a metal‒oxygen band around at 400‒600 cm
-1

 in the 

perovskite structure. As shown in Figure 4.12(c), the FTIR spectra of Sm‒doped 

samples which are found in the band position peaks of these samples do not change 

significantly with increases of Sm ions compared to the changes in the pure BiFeO3 

band.   
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Figure 4.12 FTIR spectra for (a) Bi1-xBaxFeO3, (b), Bi1-xLaxFeO3 and (c) Bi1-

xSmxFeO3 powders calcined at 600 °C for 3 h as a function of Ba, La, and Sm content 

with x = 0.05, 0.1, 0.2, and 0.3. 
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4.2  Optical properties (UV‒Vis) 

Generally, the optical absorption performance of semiconductors is relevant to 

the electronic structure features and their band gaps (Thakur et al., 2014). The optical 

band gap is an important factor in understanding the optoelectric and photocatalytic 

properties of semiconductors. In optical absorption, the transition of charge carriers 

between different energy states occurs which results in an absorption edge. The 

optical properties of BiFeO3 samples with different dopant ions and doping 

proportions were studied by measuring their UV‒vis diffuse reflectance absorption 

spectra. The UV–Vis absorption spectra of all samples are shown in Figure 4.13. It is 

observed that the pure BiFeO3 and doped samples can absorb a considerable amount 

of visible light tested in a range of 500 to 675 nm suggesting their potential 

application as photocatalytic performance under visible light irradiation (Gao et al., 

2014). Pure BiFeO3 nanoparticles exhibit the absorption peaks at around 490–700 nm 

which shift towards a higher wavelength, for La‒, Ba‒, and Sm‒substituted BiFeO3 in 

the Bi site. Figure 4.13(a) shows the UV‒Vis diffuse reflection spectrum of Bi1-

xBaxFeO3 powders. There are three absorption edges of the undoped BiFeO3 and Ba‒

doped BiFeO3 samples. It can be observed from the figure that the two bands around 

493 and 692 nm are the result of  the crystal field transition and the other one is 

around 284 nm which is due to metal to metal transition (Gupta et al., 2002). The 

absorption edges of Bi1-xBaxFeO3 with x = 0.05, 0.1, 0.2, and 0.3 are found to be 589, 

601, 603, and 592 nm, respectively. According to the optical absorption results, the 

absorption edges of the Ba‒doped BiFeO3 powders are higher than that of the pure 

BiFeO3 (~575 nm) sample and it slightly increases with increases in Ba the doping 

levels. It should be noted that in the case of La‒doped in BiFeO3, the absorption band 
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edges increase to 510–703 nm as compared to the absorption peaks of pure BiFeO3. 

The absorption spectrum shows that the present samples can absorb visible light 

indicating their potential application as visible‒light photocatalysts. As shown in 

Figure 4.13(b), the absorption edges of the Bi1-xBaxFeO3 samples are about 577.5, 

577.6, 586.2, and 674.2 nm for x = 0.05, 0.1, 0.2, and 0.3 samples, respectively. For 

Sm‒doped samples, we observed the absorption edges at around 591, 601, 658, and 

666 nm for x = 0.05, 0.1, 0.2, and 0.3 samples, respectively. It can be seen that all of 

the absorption edges of the doped samples in BiFeO3, increase with increases in 

dopant concentrations. The broadband in the UV spectra range of all samples can be 

observed (Figure 4.13) at 200 to 350 nm which can be attributed to the result of 

overlapping of electronic transitions, possibly due to oxygen vacancy and a minority 

channel dipole‒allowed p‒d charge transfer from 2p in oxygen to the Fe 3d orbital. 

The band centered at 1.8 eV is related to on‒site d‒d transitions due to Fe
3+

 ions in 

distorted octahedral coordination FeO6 symmetry because of the crystal ligand field. 

This band is ascribed to the 
gg 2

4

1

6 TA  excitation process and this excitation is a 

forbidden transition since it changes the total spin of Fe
3+

 from S = 5/2 to S = 3/2. 

Above 2 eV, the absorption spectra exhibit a weak band centered at 2.5 eV which can 

be assigned to a dipole‒forbidden p‒d charge transfer transition 
gg 21 tt  in the FeO6 

octahedral. Two bands located at 3.2 and 4.5 eV are defined as dipole allowed p‒d 

charge transfer (C‒T) features in the octahedral center. Interestingly, a little shift in 

the d‒d and C‒T excitation bands were observed which clearly suggests that doping 

increases the internal chemical pressure as a result of changes in the unit cells (Arora 

and Kumar, 2015; Arora and Kumar, 2014).   
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Figure 4.13 Room temperature optical absorbance spectra of undoped BiFeO3 and 

doped BiFeO3 nanoparticles; (a) Ba‒, (b) La‒, and (c) Sm‒doped BiFeO3, 

respectively and (d) Schematic representation of the crystal‒field effect lowering the 

symmetry from octahedral Oh to rhombohedral C3v. 
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Figure 4.13 Room temperature optical absorbance spectra of undoped BiFeO3 and 

doped BiFeO3 nanoparticles. (a) Ba‒, (b) La‒, and (c) Sm‒doped BiFeO3, 

respectively and (d) Schematic representation of the crystal‒field effect lowering the 

symmetry from octahedral Oh to rhombohedral C3v (Continued). 
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According to the theory of optical absorption, properties are related to their 

electronic structure and have an important role in determining optical ban gaps.  The 

optical band gap can be determined from the plot of the Kubelka‒Munk function

nh )(  vs. photon energy )( gEhA   where 
g , , , Eh  and A are the absorption 

coefficient, the Planck constant, the light frequency, the band gap, and A constant, 

respectively (Muneeswaran et al., 2015; Liu et al., 2010). Thus, Eg values are 

calculated by the linear extrapolation portion of the plots to  
2

0h   . The 

corresponding optical absorption edges in the Kubelka‒Munk’s plot for Bi1-xAxFeO3 

(A = La, Ba, Sm) samples with x = 0, 0.05, 0.1, 0.2, and 0.3 and the band gap are 

determined by extrapolating the linear approach as illustrated in Figure 4.14. From 

Figure 4.14, it can be seen that the optical band gap of the parent BiFeO3 compounds 

is estimated to be 2.12 eV which is quite comparable with current reports (Liu and 

Zuo, 2012). The optical band gap values obtained from the doped compounds are 

about 2.10–1.93, 2.09–2.03, and 2.05–1.91 eV for La‒, Ba‒, and Sm‒doped BiFeO3, 

respectively.  The optical band gap values for all rare earth substitutions in the BiFeO3 

nanoparticles were decreased gradually with increases in the doping content  of  the 

ions from x = 0.0 to 0.3, which is in accordance with other reports (Arora and Kumar, 

2015; Kumar et al., 2010; Sakar et al., 2015). The decreases in the optical band gaps 

of the substituted samples were found to be red shifted with the increase in doping 

concentration which may be attributed to increased internal chemical pressure (Arora 

and Kumar, 2014). The following effects will be discussed here to analyze the reason 

for the variations in band gap energy. Generally, the band gap is strongly dependent 

on the particle size and the existence of defecient levels induction between the 
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conduction band and the valence band, especially when energy levels are close to the 

conduction band. Defects such as oxygen vacancy can reduce the band gap in BiFeO3, 

since these oxygen vacancies are reportedly lower than the adjacent Fe 3d energy 

levels, leading to the sub‒band gap defect states as a kind of donor level. In BiFeO3, 

the formation of optical band gap structures is mainly comprised of hybridization 

between the Fe 3d and O 2p energy state levels. As dopant substitution increases, the 

concentration of oxygen vacancy is subsequently increased which could raises the 

defect‒induced energy band gap, thus narrowing the distance between the conduction 

and the oxygen vacancy donor band which is shrinking as shown in Figure 4.14(d). 

Moreover, the change in the band gap could be attributed to the distortion in the FeO6 

octahedral and higher forced symmetry to decrease the band gap due to the doping of 

ions. The increase of the Fe‒O‒Fe angle (toward 180 degrees) is expected to enhance 

the bandwidth, especially of the occupied and unoccupied bands, thereby reducing the 

band gap. Another possible reason is that the effective interactions between the rare 

earth ions and the energy levels of BiFeO3 can significantly modify its optical band 

gap. Hence, the variations in the band gap energy could be ascribed to the formation 

of new electronic states of rare earth ions located at the bottom of the conduction 

band. In the schematic diagram, the strong hybridization of O 2p, Bi 6p and rare earth 

4f states located at  the top of the valence band and the bottom of the conduction band 

are located by Fe 3d states. The presence of Re ions in the 4f shell have become 

closeer to the lower bottom of the conduction band and hence the electron excitation 

in rare earth doped BiFeO3 can be transferred from O 2p to Re 4f instead of the Fe 3d 

states, consequently decreasing the band gap energy, as illustrated in Figure 4.14(d). 
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Moreover, it can be seen that the band gap values of La
3+

 doped system are slightly 

larger than those of the Ba
2+ 

and Sm
3+

 substituted systems.     

 

Figure 4.14 Plot of 
2/1)( h as a function of photon energy ( h ) for undoped 

BiFeO3 nanorods prepared in air at 600 °C for 3 h (a) Ba‒doped BiFeO3, (b) La‒

doped BiFeO3, and (c) Sm‒doped BiFeO3 nanopowders, respectively and (d) the 

schematic diagram of the possible mechanism for electronic energy band. 



95 
 

 

Figure 4.14 Plot of 
2/1)( h as a function of photon energy ( h ) for undoped 

BiFeO3 nanorods prepared in air at 600 °C for 3 h (a) Ba‒doped BiFeO3, (b) La‒

doped BiFeO3, and  (c) Sm‒doped BiFeO3 nanopowders, respectively, and (d) the 

schematic diagram of the possible mechanism for electronic energy band (Continued). 
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Table 4.3 Summary of band gap energy (Eg) of undoped BiFeO3 and Ba‒, La‒, and 

Sm‒doped BiFeO3 nanopowders calcined at 600 °C for 3h. 

Doping level 

Eg (eV)  

Ba‒doped BiFeO3 La‒doped BiFeO3 Sm‒doped BiFeO3 

x = 0 2.12 2.12 2.12 

x = 0.05 2.09 2.1 2.05 

x = 0.1 2.07 2.09 2.03 

x = 0.2 2.05 2.05 1.91 

x = 0.3 2.03 1.93 1.93 

 

 

Figure 4.15 Band gap versus doping concentrations of undoped BiFeO3 and Ba‒, La‒

, and Sm‒doped BiFeO3 nanopowders calcined at 600 °C for 3 h. 
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4.3 Magnetic hysteresis (M‒H) properties 

4.3.1 Magnetic hysteresis (M‒H) properties of the pure BiFeO3 and Ba‒

doped BiFeO3 nanopowders at room temperature 

The magnetic measurements of calcined nanopowders for doped and 

undoped BiFeO3 samples are characterized by using the vibrating sample 

magnetometer (VSM). The field dependence magnetization (M‒H loop) properties of 

Re‒doped BiFeO3‒based nanopowders are measured at room temperature with a 

maximum applied magnetic field of 10 T. In order to understand the effect of doped 

BiFeO3‒based samples on the magnetic ordering, the temperature dependent zero‒

field cooled (ZFC) and field cooled (FC) magnetization measurements are carried out 

in the temperature range 50–350 K under an applied field of 1000 Oe. 

The hysteresis loop for pure BiFeO3 samples reveal an almost straight line 

which indicates antiferromagnetic behaviour, that is, each Fe
3+

 spin is surrounded by 

six antiparallel spins on the nearest Fe neighbours. The pure BiFeO3 nanopowder 

shows a saturation magnetization value of 0.06 emu/g at 10 kOe and a very small 

coercive field value of 38 Oe. The value of saturation magnetization for pure BiFeO3 

samples obtained in this work at 300 K is larger than for La doped BiFeO3 as also 

reported by Chaudhuri and Mandal (Chaudhuri and Mandal, 2012). However, BiFeO3 

nanopowders show a narrow hysteresis loop with small remanent magnetization (Mr) 

of about 0.00014 emu/g. In this work, the crystal structure of BiFeO3 is consistent 

with a G‒type AFM ordering which in principle should render a null spontaneous 

magnetization. Further, the observation of a small residual magnetization in the 

antiferromagnetic systems can be ascribed to incomplete spin compensation between 
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two spin sublattices (Qian et al., 2010). This gives rise to a measurable magnetic 

moment in the case of small antiferromagnetic phases. 

Figure 4.16(a) exhibits the magnetic hysteresis loops of calcined Bi1-xBaxFeO3 

nanopowders at 600 °C for 3 h at room temperature. It should be noted that undoped 

and Ba‒doped BiFeO3 samples are in an antiferromagnetic state and M‒H loops show 

an almost linear dependence on the magnetic field. All of the doped compounds 

present a very slim hysteresis loop with nonzero remanent magnetization and a 

narrow coercive field which has similar magnetic behaviour to pure BiFeO3 samples, 

indicating weak ferromagnetic behaviour at room temperature. The saturation 

magnetization values for doped compounds show a decrease after substituted Ba 

contents which are larger than that BiFeO3 samples. The remanent magnetization 

values for Bi1-xBaxFeO3 (where x = 0.05, 0.1, 0.2, and 0.3) are obtained by 1.83×10
-3

, 

1.99×10
-4

, 7.30×10
-5

, and 3.04×10
-4

 emu/ g, respectively. Compared to normal weak 

ferromagnetic materials, the remanent magnetization is very small for Ba‒doped 

BiFeO3 nanopowders. A lower coercive field (Hc) for all doped samples reveal the 

possibility that the weak ferromagnetic order is basically an antiferromagnetic 

substrate with weak ferromagnetism which is because of the presence of 

antiferromagnetic impurities in Bi2Fe4O9. According to the XRD results for all Ba‒

doped samples, the antiferromagnetic secondary phase in Bi2Fe4O9 is clearly found, 

which can be attributed to the decrease of the remanent magnetization and the 

coercive field.  Since the secondary phase corresponding to the high intensity peaks 

found in the XRD patterns of the Ba‒doped BiFeO3 samples do not have any 

magnetic order, this result means that the reduction magnetic properties may be due to 

the increase in intensity of the secondary phase. Another possible explanation for the 
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origin of spontaneous magnetization is that the charge defects promoted by 

substituting Ba
2+

 ions with BiFeO3  might be obtained by the formation of Fe
4+

 or 

oxygen vacancies (Cheng et al., 2015; Wang et al., 2006). Cheng et al. reported that 

the Ba
2+

 substituted in BiFeO3 ceramics can reduce the charge defects without varying 

the Fe valence state. Ba
2+

 substituted for Bi
3+

 in BiFeO3 may suppress the charge 

defects and reduce the magnetism. The decrease of remanent magnetization confirms 

such a charge compensation principle.  

Moreover, the enhancement of saturation magnetization values has been 

observed with the Ba
2+

 doping (Lotey et al., 2013). The maximum magnetization of 

the undoped BiFeO3 was found to be 0.06 emu/g and with the Ba‒doped sample it 

was enhanced doubled as compared to the pure BiFeO3. The possible reasons for this 

may be attributed to the suppression spin spiral structure of pure BiFeO3 being 

reduced to the particle size of 37.8 nm and the addition of divalent (Ba
2+

) at trivalent 

(Bi
3+

) sites in the structure. This creates oxygen vacancies which suppress spiral spin 

structures and hence result in the enhanced magnetization of the Ba
2+

 addition to the 

BiFeO3 nanopowders.      

4.3.2 Magnetic hysteresis (M‒H) properties of La‒doped nanopowders 

Figure 4.17(b) shows the magnetization curves of Bi1-xLaxFeO3 (where 

x = 0, 0.05, 0.1, 0.2, and 0.3) calcined at 600 °C for 3 h measured at 298 K. At a low 

concentration x = 0.05, the La‒doped BiFeO3 reveals an increase in magnetization 

which is almost linear with increases in the magnetic field. When the concentration 

increases up to x = 0.1, the M‒H curve exhibits a nonlinear initial magnetization 

curve and further increases in the La contents with x = 0.2 and 0.3 reveal a clearly 

weak ferromagnetic hysteresis loop. While open loops in the hysteresis loops for Bi1-
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xLaxFeO3 (0.1 < x ≤ 0.3) samples are observed, especially with the open loops in the 

Bi0.8La0.2FeO3 and Bi0.7La0.3FeO3 samples. The coercive field (Hc) of BiFeO3 

nanopowders is found to be around 36 Oe, as increases in the La doping contents 

result in a large enhancement in the coercive field to 89, 236, 388, and 2,387 Oe. This 

indicates an increase in the saturation magnetization (Ms) with increasing La doping 

concentration. The average particle size of these samples is in the range of 65‒19 nm 

which is less than the spiral spin ordering of 62 nm. Thus, the primary cause for the 

presence of the weak ferromagnetism of the La‒substituted BiFeO3 nanoparticles can 

be attributed to the size effect of the prevention of the spiral spin ordering. 

Interestingly, the remanent magnetization of Bi0.7La0.3FeO3 nanopowders is about 

0.047 emu/g, which is about two orders higher than that of the parent BiFeO3 

compound. A detailed view of the low field region of La‒doped BiFeO3 is shown in 

Figure 4.16(b): the initial region of the M‒H curve reveals a shoulder‒like or 

nonlinear feature in these samples. Moreover, it is found that the hysteresis loop shifts 

towards a negative axis with increases in La concentrations.  Both the shoulder‒like 

features and the hysteresis loop shifts revealed in the low‒field region indicate that 

there are two coupled magnetic phases, as suggested by a ferromagnetic component 

being embedded in an antiferromagnetic matrix at room temperature. These magnetic 

properties reveal an exchange interaction which promotes the components of 

ferromagnetism in La‒doped BiFeO3 nanoparticles, which arise from the competition 

between the antiferromagnetic and the ferromagnetic order. Thus, in the case of the 

La‒doped samples, the gradual enhancement of their magnetization properties can be 

observed as a result of increases in La concentrations. The increase in magnetization 

with increases in the substitution may arise as a result of several factors. Firstly, the 
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average particle sizes decreases as shown in TEM images which induce the 

suppression of the cycloidal spin structures leading to the net magnetic moment. Thus, 

the large fraction of non‒exact compensation spins from the surface is the cause of a 

high surface‒to volume ratio in the nanoparticles. The periodic cycloid spin 

wavelength can be broken into small particles when their size is below 62 nm. This 

magnetization suppression in bulk BiFeO3 occurs due to its spiral arrangement of 

magnetic spins having a wavelength of 62 nm (Park et al., 2007; Suresh and Srinath, 

2013). The TEM image for doped BiFeO3 in this work reveals a decrease in particle 

size to around 19 nm which is lower than the long‒length spiral spin structure of 62 

nm. Hence, one of the important contributions for the enhancement of the 

magnetization of La‒doped BiFeO3 samples is the uncompensated spins from the 

surface which are induced by the size effect of the nanoparticles as has been reported 

(Huang et al., 2013; Arora and Kumar, 2015; Suresh and Srinath, 2013). Secondly, 

the substitution of rare earth ions at the A‒site could lead to modifications in the 

spiral spin structure from helical to linear results because of the change in Fe‒oxygen 

bond angles associated with the observed distortion in the crystal structure (Yan et al., 

2010). This structural distortion induced by the La ions doping can be attributed to the 

substitutions of the larger ionic radii ions when there is mismatch between La
3+

 and 

Bi
3+

. Furthermore, some defects often exist in the lattices, such as lattice order, 

oxygen vacancies etc., which produce some ferromagnetic ordering and hence show 

its antiferromagnetic nature. However, the partial substitution Bi atoms with La ions 

with difference ionic radii can lead to a charge imbalance between adjacent 

antiparallel sublattice spins when the Fe ions are broken. The ferromagnetic coupling 

via oxygen rather than the antiferromagnetic order is preferable because that means 
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some of the latent magnetization locked within the BiFeO3 lattices are released and 

there is an improvement of the net magnetic moment (Zhang et al., 2009).  

4.3.3 Magnetic hysteresis (M‒H) properties of Sm‒doped BiFeO3 

nanopowders 

  Investigations of the magnetic properties at room temperature confirm 

the existence of enhanced magnetization in the substituted samples. The 

magnetization hysteresis (M‒H) loops of all Sm‒doped and pristine BiFeO3 samples 

measured at room temperature are shown in Figure 4.16(c). It can be seen that after 

Sm doping, the magnetization properties are significantly enhanced and that the 

characteristics of the hysteresis loops depend on the amount of doping concentrations. 

When Sm doped BiFeO3 samples replace Bi ions, the samples x = 0.05 and 0.1 show 

weak ferromagnetic behaviour with a small amount of remanent magnetization (Mr) 

and a coercive field (Hc) of 0.0034, 0.0095 emu/g and 340, 723 Oe, respectively. 

Moreover, one can see that the orthorhombic x = 0.2 and x = 0.3 compounds exhibit a 

consistent of saturated ferromagnetic order with a maximum of Ms of 0.51 emu/g for 

the Bi0.7Sm0.3FeO3 samples. The saturation magnetization values of Bi1-xSmxFeO3 

samples have been found to be larger than that of pure bulk BiFeO3 and La‒doped 

samples. An increase of several times in the magnetization properties of the Bi1-

xSmxFeO3 system have already been reported in the rare earth doped BiFeO3 samples 

(Wu et al., 2013; Suresh and Srinath, 2013). This observation is similar to that 

observed in the synthesized La‒substituted BiFeO3 nanoparticles. There are many 

possible explanations for the origin and remarkable improvement in magnetization 

which are similar to that ascribed to the La‒doped samples: (i) by substituting Bi
3+

 

atoms at A sites with Sm
3+

 atoms, a local ferromagnetic order can be expected to form 
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because of  the destruction of the spiral spin structure. (ii) the higher magnetization is 

observed in the x = 0.2 and 0.3 samples due to the presence of the 

rhombohedral/orthorhombic phase boundaries of these samples. The bond length and 

bond angle of Fe‒O bonds change significantly from one unit cell to another. 

Consequently, this change greatly enhances the magnetic properties of the system 

because the FeO6 oxygen octahedral rotates which in turn increases spin canting 

(Yang et al., 2012). (iii) in our case, the particle sizes for sintered pure and Sm‒doped 

BiFeO3 are decreased from 69 to 22 nm which is less than the cycloid spin structure 

with a period of 62 nm. The enhanced magnetic properties can be due to the decrease 

in particle size and the surface to volume ratio becomes higher and modifies the long 

range cycloidal spin structure of Sm doped BiFeO3 compounds. (iv) compared to La‒

doped samples, the small total magnetic moment of the Sm
3+

 ions (m = 1.5 μB, μB = 

Bohr magneton) causes no significant enhancement of the magnetic properties of the 

substituted compounds. 
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Figure 4.16 The magnetization magnetic measurement (M) versus applied magnetic 

field (H) were performed on undoped BiFeO3, (a) Ba‒doped, (b) La‒doped, and (c) 

Sm‒doped BiFeO3 powders with different compositions obtained at 298 K from VSM 

measurements. 
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Figure 4.16 The magnetization magnetic measurement (M) versus applied magnetic 

field (H) were performed on undoped BiFeO3, (a) Ba‒doped, (b) La‒doped, and (c) 

Sm‒doped BiFeO3 powders with different compositions obtained at 298 K from VSM 

measurements (Continued). 

 

 

 

 

 

 



106 
 

Table 4.4 Summary of magnetization of Ba‒, La‒, and Sm‒doped BiFeO3 at room 

temperature. 

Doping 

level 

level 

Ba‒doped BiFeO3 La‒doped BiFeO3 Sm‒doped BiFeO3 

Mr (emu/g) Hc (Oe) Mr (emu/g) Hc (Oe) Mr (emu/g) Hc (Oe) 

x = 0.0 2.20×10
-4

 36 2.20×10
-4

 36 2.20×10
-4

 36 

x = 0.05 1.83×10
-3

 294 1.94×10
-4

 89 9.00×10
-2

 203 

x = 0.1 1.99×10
-4

 25 3.60×10
-3

 236 1.12×10
-1

 328 

x = 0.2 7.30×10
-5

 6.8 5.50×10
-3

 388 1.15×10
-1

 43 

x = 0.3 

 

 

 

3.04×10
-4

 17 4.70×10
-2

 2387 5.50×10
-1

 31 

 

4.3.4  Temperature dependence of magnetization for the pure BiFeO3 

and doped BiFeO3 nanopowders 

Figure 14.18(a) shows that as the temperature dependence 

measurements for the ZFC curve decrease from 350 to 130 K the magnetization also 

decreases. We can see that the FC measuring mode of the BiFeO3 sample increases 

with decreasing the temperature. This result indicates that the BiFeO3 is 

antiferromagnetic in nature. A slight upturn in the magnetization is observed below 

130 to 50 K in the ZFC curve which could result from the ferromagnetic order in the 

BiFeO3 nanopowders at this temperature range as reported by several articles (Peng-

Ting et al., 2014; Zhang et al., 2010). In a low temperature range the magnetization 

increases (below 130 to 50 K), confirming that there is a magnetic phase 

transformation. Whereas the separation between the ZFC and FC curves is not 

observed in the measured temperature range, this means that the spin‒glass transition 

can be observed above the 350 K temperature regions. Figure 4.18(b)‒(e) reveals the 
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temperature dependence of magnetization of the Bi1-xBaxFeO3 samples. The effect of 

Ba doping concentration on the magnetic properties for Bi1-xBaxFeO3 samples is quite 

similar to that observed in the pure BiFeO3 calcined powder and large distinct 

splitting between ZFC and FC curves can be seen for all Ba‒doped samples. The ZFC 

and FC curves of two of the doped samples, Bi0.95Ba0.05FeO3 and Bi0.9Ba0.1FeO3 show 

that the magnetization increases as the temperature decreases to ~130 K. However, 

when the temperature decreases from 130 to 50 K, the ZFC curve shows a small 

increase  in magnetization, which could result from the fractional ferromagnetic (FM) 

phase coexisting in the BFO sample (Yin et al., 2009). In other words, the magnetic 

structure is accompanied by a so‒called weak ferromagnetic Dzyaloshinskii‒Moriya 

interaction (Fang et al., 2010). In contrast, both the ZFC and FC magnetizations for 

the Bi0.8Ba0.2FeO3 and Bi0.7Ba0.3FeO3 samples continue to increase steadily with 

decreasing temperature. This behaviour of the magnetization curves demonstrates that 

these samples make a ferromagnetic contribution. However, a clear anomaly in the 

temperature dependence of magnetization curves for Ba‒doped is observed in BiFeO3 

at about 250 K which is common for orthoferrites (Catalan and Scott, 2009) as seen in 

Figure 4.18. As already mentioned, the calcined sample contains the secondary phase 

Bi2Fe4O9 in all the Ba‒doped samples. This secondary phase is paramagnetic at room 

temperature which undergoes near TN = 264±3 K (Tian et al., 2009; Lazenka et al., 

2012) a transition from a paramagnetic to an antiferromagnetic state. Thus, the 

anomaly in the ZFC and FC curves of the doped samples may be due to the 

appearance of an impurity phase of Bi2Fe4O9. 

 Figure 4.19(a)‒(d) shows the temperature dependence of zero field cooled 

(ZFC) and field cooled (FC) La‒doped BiFeO3 nanopowders in the temperature range 
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50‒350K under applied field 1 kOe. Figures 4.18 show the ZFC and FC curves of Bi1-

xLaxFeO3 nanopowders with x = 0.05, 0.1, 0.2, and 0.3 were measured in field of 1 

kOe. These FC plots show a decrease in magnetization with increasing temperatures 

up to 350 K in all La‒doped samples, which indicate that these samples have typical 

ferromagnetic properties. The ZFC and FC curves are not in superposition which 

further confirms the presence of impurities. Surprisingly, a great dislocation between 

ZFC and FC curves and the hump in ZFC at about ~75 and 62 K at low temperatures 

and ~318 and 321 K at high temperatures can be clearly seen for Bi0.9La0.1FeO3 and 

Bi0.8La0.2FeO3 samples, respectively. A broad peak at low temperature is unique to the 

nanosize effect of BiFeO3 (Park et al., 2007), a spin glass nature (Suresh and Srinath, 

2013) and an absence of polycrystalline are typical of BiFeO3 samples (Singh et al., 

2008). The maximum peak corresponding to a blocking temperature takes place at Tb 

75 and 62 K for the Bi0.9La0.1FeO3 and Bi0.8La0.2FeO3 samples, respectively. If the 

small hump displays a blocking state associated with the superparamagnetic 

relaxation processes of isolated magnetic nanosizes, one would predict a drastic 

dependence of Tb on particle size (Huang et al., 2013). For x = 0.05 and 0.3, ZFC 

curves indicate that the magnetization increases as the temperature increases, 

suggesting a typical AFM property. However, the FC curve for this sample reveals 

that the magnetization increases with decreasing temperature, which could result from 

the existence of a fractional ferromagnetic phase in this sample. 

The temperature dependent magnetization curves from 50 to 350 K in the zero 

field cooling (ZFC) and field cooling (FC) measured a magnetic field of 1 kOe for the 

Bi1-xSmxFeO3 samples as shown in Figure 4.19. The ZFC and FC curves for 

Bi0.95Sm0.05FeO3 sample was similar to those for BiFeO3 as shown in Figure 4.20(a). 
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However, some different phenomena were observed concerning the temperature 

transition between AFM to FM in this sample which was around 175 K as compared 

to pure BiFeO3. It was found that the transition temperature for the pure BiFeO3 

sample was near 130 K, suggesting that doping with Sm in BiFeO3 samples can 

induce a transition in temperature. The particular ZFC curve of the Bi0.9Sm0.1FeO3 

sample is shown in Figure 4.20(b). The magnetization increases as the temperature 

increases indicating that this sample had weak ferromagnetic ordering. This result 

suggests that the spin cycloid structure can be destroyed by Sm doping and that the 

release of some latent magnetization locked within the cycloid spin structure and the 

samples becomes ferromagnetically ordered. Figures 4.19(c) and (d) reveal that the 

ZFC and FC curves of Bi0.8Sm0.2FeO3 and Bi0.7Sm0.3FeO3 samples are measured 

under 1 kOe, respectively. Interestingly, there is a great divergence between the ZFC‒

FC curves of the Bi0.8Sm0.2FeO3 sample beginning at T ~350 K. In general, a splitting 

between ZFC‒FC curves can be attributed to an inhomogeneous mixture of AFM and 

FM (Siwach et al., 2008). An increase of magnetization as the temperature decreases 

confirms that the ferromagnetic (FM) phase coexists with the main antiferromagnetic 

type of (AFM). It can be clearly seen that both the ZFC and FC curves for 

Bi0.8Sm0.2FeO3 and Bi0.7Sm0.3FeO3 samples show a broad peak at ~55 and 125 K and 

that there is an increase in magnetization of ZFC and FC with decreasing temperature, 

and this shows the broad peak at low temperature is due to the magnetic blocking 

mechanism (Suresh and Srinath, 2013). The ZFC and the FC broad curves take place 

at higher temperatures for 30% Sm‒doped samples which are associated with the rises 

in the blocking temperatures as the average particle size becomes larger.  
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The temperature dependence of the inverse magnetic susceptibility ( )(1 T ) 

curves and fitting curves in the temperature range of 50‒350 K are revealed in the 

inset of the figure. The para/antiferromagnetic characteristics and the magnetic 

susceptibility can be explained by the Curie‒Weiss law (Wang et al., 2013; Yin et al., 

2009) quite well in a high temperature range (300‒350 K).  







T

C
                 (4.2) 

Where  is susceptibility,   is the Curie‒Weiss temperature and C defines the Curie 

constant. The Curie constant is given by 
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                     (4.3) 

Where N is the number of magnetic ions per unit volume, g is the Lande g‒factor, B

is the Bohr magneton, kB is Boltzmann’s constant, and s is 1/2 for unpaired electrons. 

So )1(  ssg Beff  with 
eff  is the effective magnetic moment. The paramagnetic 

Curie‒Weiss temperature value obtained from the Curie‒Weiss fit of the pure BiFeO3 

samples is -1810 K. The results of the Curie constant (C) and Curie‒Weiss 

temperature ( ) for Sm‒doped samples are obtained at -347 to 1.99 K and 1.97‒1.6 

emu.K/g.Oe respectively. As a result of Ba‒doped BiFeO3 samples,  and C can be 

deduced from experiments at -145 to -1615 K and 2‒5.7 emu.K/g.Oe respectively. In 

order to investigate further, we obtained   and C values at -21.4 to 60.4 K and 1.5‒

8.15 emu.K/g.Oe for La‒substituted in BiFeO3 samples. The Curie‒Weiss law fitting 

result provides a positive Curie temperature, which is probably due to the strong 

canted AFM ordering with a manifest FM component. The negative values of 
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indicate the antiferromagnetic characteristics of the calcined samples with weak FM 

and without FM components. The fitted parameter values of all samples are 

summarized in Table 4.5. In the theory, a Fe
3+

 ion at an octahedrally coordinated site 

suggests a High‒spin (HS) configuration ( 2/5;,23

2  set gg
) or Low‒spin (LS) 

configuration ( 2/1;,05

2  set gg
) (Templeton, Douglas). The calculated 

magnetic moments of High‒spin Fe
3+

 and Low‒spin Fe
3+

 are 5.92 and 1.73 B

respectively. The fitting results we obtained from our experiments indicate that the 

value of the BiFeO3 effective moment is about
eff  ~ 6.62 B  suggesting that Fe

3+
 

must always be in a high spin configuration. As a result of the Curie constant we 

estimate the effective magnetic moment as 
eff ~5.55, ~6.18, ~4.93, and ~4.05 B  for 

Ba‒doped BiFeO3 when x = 0.05, 0.1, 0.2, and 0.3 samples, respectively. The fitting 

results show that all of the effective magnetic moment values for La‒doped BiFeO3 

samples are about ~7.85, ~5.32, ~3.39, and ~8.13 B  for x = 0.05, 0.1, 0.2 and 0.3 

samples, respectively. Finally, for the Sm ions doped in BiFeO3, the effective 

magnetic moment is about ~4.46, ~5.73, ~4.60, and ~24.00 B  with x = 0.05, 0.1, 

0.2, and 0.3 samples, respectively. The close values of the theoretical and the 

experimental effective magnetic moments indicate that all the magnetic ions are in the 

high spin configuration ( 2/5;,23

2  set gg
). The effective magnetic moment 

eff  

values obtained from the experiment for all doped samples are smaller than those for 

the theoretical values, and this suggests that there is competition between the 

antiferromagnetic and ferromagnetic interaction which are suppressed resulting from 

the magnetization values of the dopant samples which are much lower than their 

theoretical value.   
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Table 4.5  Effective magnetic moment ( eff ), Curie‒Weiss temperature ( ) obtained 

from Curie‒Weiss law fitting results for doped BiFeO3. 

Doping 

level 

Ba‒doped BiFeO3 La‒doped BiFeO3 Sm‒doped BiFeO3 

eff (
B )   (K) 

eff (
B )   (K) 

eff (
B )   (K) 

x = 0 6.6 -1810.7 6.6 -1810.7 6.6 -1810.7 

x = 0.05 5.6 -197.0 7.8 46.3 4.5 -347.5 

x = 0.1 6.2 -1466.0 5.3 -21.4 5.7 2.0 

x = 0.2 4.9 -1615.7 3.4 60.3 4.6 26.3 

x = 0.3 4.0 -144.9 8.1 24.4 24.00 -232.3 
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Figure 4.17 (a), (b), (c), (d), and (e) display the temperature‒dependent magnetization 

(M‒T) curves of pure BiFeO3 and Ba‒doped BiFeO3 samples, respectively. Inset: 

fitting the data to the Curie‒Weiss law between 150 and 300 K under 1 kOe as a 

function of temperature and fitting result using the Curie‒Weiss law. 
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Figure 4.17 (a), (b), (c), (d), and (e) display the temperature‒dependent magnetization 

(M‒T) curves of pure BiFeO3 and Ba‒doped BiFeO3 samples, respectively. Inset: 

fitting the data to the Curie‒Weiss law between 150 and 300 K under 1 kOe as a 

function of temperature and fitting result using the Curie‒Weiss law (Continued). 
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Figure 4.17 (a), (b), (c), (d), and (e) display the temperature‒dependent magnetization 

(M‒T) curves of pure BiFeO3 and Ba‒doped BiFeO3 samples, respectively. Inset: the 

fitting the data to the Curie‒Weiss law between 150 and 300 K under 1 kOe as a 

function of temperature and fitting result using the Curie‒Weiss law (Continued). 
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Figure 4.18 (a), (b), (c), and (d) display the temperature‒dependent magnetization 

(M‒T) curves of La‒doped BiFeO3 samples, respectively. Inset: fitting the data to the 

Curie‒Weiss law between 150 and 300 K under 1 kOe as a function of temperature 

and fitting result using the Curie‒Weiss law. 
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Figure 4.18 (a), (b), (c), and (d) display the temperature‒dependent magnetization 

(M‒T) curves of La‒doped BiFeO3 samples, respectively. Inset: fitting the data to the 

Curie‒Weiss law between 150 and 300 K under 1 kOe as a function of temperature 

and fitting result using the Curie‒Weiss law (Continued). 
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Figure 4.19 (a), (b), (c), and (d) display the temperature‒dependent magnetization 

(M‒T) curves of Sm‒doped BiFeO3 samples, respectively. Inset: fitting the data to the 

Curie‒Weiss law between 150 and 300 K under 1 kOe as a function of temperature 

and fitting result using the Curie‒Weiss law. 
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Figure 4.19 (a), (b), (c), and (d) display the temperature‒dependent magnetization 

(M‒T) curves of Sm‒doped BiFeO3 samples, respectively. Inset: fitting the data to the 

Curie‒Weiss law between 150 and 300 K under 1 kOe as a function of temperature 

and fitting result using the Curie‒Weiss law (Continued). 
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4.4 Ceramic characterization: crystal structure and morphologies 

4.4.1  Crystal structure and phase formation 

X‒ray diffraction patterns of La‒, Ba‒, and Sm‒doped BiFeO3 bulk 

ceramics are exhibited in Figures 4.20–4.22. All the samples show XRD main peaks 

corresponding to the rhombohedeal perovskite‒like BiFeO3 structure. Besides the 

formation of this pattern, some of samples represent small amounts of the impurity 

phases, i.e., Bi2Fe4O9 phase (# mark) and Bi2O3 (* mark) for La‒ and Ba‒ doped 

BiFeO3 systems. Sm‒doped samples exhibit extra phase of SmFeO3 as an impurity 

phase for high concentration of Sm doping (Bi0.8Sm0.2FeO3 and Bi0.7Sm0.3FeO3). The 

presence of Bi2Fe4O9 and Bi2O3 as impurity phases in rare earth substituted bismuth 

ferrite samples have been reported by several authors (Rai et al., 2011; Yang et al., 

2010). Figure 4.20 shows the XRD patterns of the Ba‒doped BiFeO3 system. All the 

diffraction peaks in the patterns correspond to BiFeO3 phase in rhombohedrally 

distorted perovskite structure of R3c space group (JCPDS no.86‒1518). Some 

amounts of Bi2Fe4O9 and Bi2O3 were also detected in the impurity phases of the 

parent BiFeO3 ceramics because of the volatilization of Bi2O3 during heat treatment. 

Figure 4.20(b) displays an enlarged view of XRD patterns in the vicinity of 2 ~32° 

that has not resulted in structural transition of rhombohedral structure of pure BiFeO3 

because of double splitting of (104) and (110) diffraction peaks that do not merge into 

a single peak. This implies that there is no significant reduction in the lattice 

symmetry of the Bi1-xBaxFeO3 system. Similarly, some observations reported that no 

structural transitions are available for alkaline earth doped BiFeO3 (Dhir et al., 2014). 

However, the addition of Ba
2+

 ions in BiFeO3 structure is confirmed by the shifting of 

diffraction peaks towards lower 2  when compared to the parent BiFeO3 sample. A 
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possible reason for this might be the fact that the ionic radius of Ba
2+

 (1.42Å) is larger 

than that of Bi
3+

 ions (1.17Å).      

The diffraction peak positions for La‒doped BiFeO3 indicate slight changes in 

peaks as compared with pure BiFeO3. The main diffraction peaks in the XRD patterns 

for the La‒doped BiFeO3 samples were identified in a BiFeO3 rhombohedral phase 

(R3c). The intensity of double split peaks near 32°; (104) and (110) gradually 

weakens and the splits of these peaks thus decreasing them. In addition,  the XRD 

peaks near around 39°; (006) and (202) and 51°; (116) and (122) also become broad 

and the peaks (006), (116), and (122) almost disappear when x ≤ 0.2. It can be seen 

that all diffraction peaks slightly shift towards higher angles indicating a decrease in 

lattice parameters due to the addition of La atoms with slightly smaller ionic radius 

(1.22 Å) in Bi atoms (1.17Å). The XRD pattern suggests the presence of bismuth 

ferrite secondary phase Bi2O3 (* marked) in La‒doped sample with x = 0.05. Because 

of the kinetic formation, a composition of BiFeO3 as a major phase along with other 

secondary phases was obtained during the synthesis process. It is noted that with 

increasing substitution of La in the samples x = 0.1–0.3 has been marked by an 

absence of the intensities of the impurity peaks. It is seen that doping with La 

eliminates the impurity phase, suggesting that the substitution of La
3+

 ions can spike 

the formation of impurity phases. 

 The XRD patterns of Bi1-xSmxFeO3 with x = 0.05, 0.1, 0.2, and 0.3 ceramics 

are shown in Figure 4.22. The XRD patterns of Sm‒doped samples show that all the 

main diffraction peaks can be indexed according to the rhombohedral phase of the 

BiFeO3 structure. Some traces of secondary phases Bi2Fe4O9 and Bi2O3 were not 

observed in the XRD patterns with 0.05 ≤ x ≤ 0.1. The existence of the split peaks in 
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both samples confirms the distorted rhombohedral structure in these samples. The 

substitution of Sm
3+

 in BiFeO3 does not lead to any structural transition up to 10% 

doping of Sm which can be possible with higher content as evidenced in the x > 0.2 

doping in BiFeO3 samples. The presence of the split peaks in the Bi0.95Sm0.05FeO3 and 

Bi0.9Sm0.1FeO3 samples confirms the distorted R3c rhombohedral structure. For Sm‒

doped BiFeO3 with x ≥ 0.2, a new phase occurs whose peaks can be assigned 

corresponding to an orthorhombic SmFeO3 structure. These suggest that a structural 

transition from a rhombohedral phase to an orthorhombic phase with the Pnma space 

group is due to Sm substitution x ≥ 0.2. Strong diffraction peaks ~25.4° and ~51° 

begin to appear at x = 0.2 and 0.3 samples. This diffraction peak should come from a 

superlattice diffraction of the orthorhombic Pnma supercells.  
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Figure 4.20 (a) X‒ray diffraction patterns of Bi1-xBaxFeO3 with x = 0, 0.05, 0.1, 0.2, 

and 0.3; (* and # indicate the secondary phase of Bi2O3 and Bi2Fe4O9) and (b) an 

enlarged view of diffraction peaks at 2 ~32°. 
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Figure 4.21 X‒ray diffraction patterns of Bi1-xLaxFeO3 with x = 0, 0.05, 0.1, 0.2, and 

0.3; (* and # indicate the secondary phase of Bi2O3 and Bi2Fe4O9), (b) an enlarged 

view of diffraction peaks at 2 ~32°, and (c) at 2 ~39°, and 2 ~51°. 
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Figure 4.22 X‒ray diffraction patterns of Bi1-xSmxFeO3 with x = 0, 0.05, 0.1, 0.2, and 

0.3; (* and # indicate the secondary phase of Bi2O3 and Bi2Fe4O9) and (b) an enlarged 

view of diffraction peaks at  2 ~32°. 
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4.4.2  Surface morphology   

A knowledge of surface microstructure in the materials is a powerful 

tool for the understanding of the electrical transport properties of the materials. The 

microstructure and surface morphology of BiFeO3‒based ceramics were investigated 

by using scanning electron microscopy (SEM). The microstructure and back 

scattering images of Bi1-xAxFeO3 ceramics sintered at 800 °C for 3 h were revealed in 

Figure 4.23. It is clearly seen that the rare earth elements doped in BiFeO3 have a 

significant effect on the microstructure of the parent BiFeO3 ceramics; the 

microstructure changes with the Ba‒, La‒, and Sm‒doped concentrations. In 

comparison, the microstructure of pure BiFeO3 ceramics with the rare earth and 

alkaline earth doped BiFeO3 ceramics, it is found that the these elements have a 

significant effect on the microstructure of BiFeO3 ceramics, for example porosity, 

grain size, and grain shape. There are a few properties which are absolutely 

independent of microstructure, thus the change in grain size may be the effects on the 

dielectric and electrical properties of doped‒BiFeO3 ceramics systems. The 

substitution of rare earth and alkaline elements in Bi‒site is related to the evolution of 

the microstructure of BiFeO3‒based ceramics and these are divided into 3 different 

groups of samples preparation: Bi1-xBaxFeO3, Bi1-xBaxFeO3, and Bi1-xSmxFeO3 

respectively.  

The SEM micrographs of surface of Ba‒doped BiFeO3 ceramics are illustrated 

in Figure 4.23(b)‒(e), showing the substitution of Ba has gradually changed the 

morphologies. The morphological analysis indicates uniformly distributed densely 

packed grain having fine grain boundaries. It can be also observed that the grain sizes 

decrease with decreases in Ba content and dense microstructures were obtained in all 
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samples. It can be seen that the undoped BiFeO3 sample consists of relatively large 

grains with the average grain size of about 6.07±0.9 m . It is clear from Figure 4.23 

that the average grain size slightly decreases with increasing Ba concentration. The 

average grain sizes of Ba‒doped BiFeO3 ceramics are 6.49±0.9, 5.02±0.6, 3.65±0.4 

and 3.28±0.4 m for x = 0.05, 0.1, 0.2, and 0.3, respectively. These SEM images show 

that microstructures are highly dense structures comprised of uniform grains of 

different sizes. A reduction of small geometry grains were still detected in the grain 

boundary or junction regions. With increases in Ba doping, most of the small 

geometrical grains become larger, the increases in the amount of these grains and 

these small grains tend to increase when the Ba doping level increases. The impurity 

phases were identified by XRD results in Ba‒substituted BiFeO3, Bi2O3 and Fe‒rich 

Bi2Fe4O9, and were observed to increase the intensity of the diffraction peaks of these 

impurity phases with increases in Ba doping concentrations. From these results, it can 

be proposed that the small geometrical grain that in the surface microstructure of Ba‒

doped BiFeO3 ceramics may be the impurity phases of Bi2O3 and Fe‒rich Bi2Fe4O9, 

as obtained from by their XRD data. As shown in Figure 4.23(b)‒(e) (right), back 

scattered images of Ba‒doped BiFeO3 ceramics confirm the geometrical shapes, white 

regions, which represented the impurity phases in the ceramics.  

Two distinct microstructure areas can be observed on the surface that differs in 

the grain shapes for doped‒BiFeO3 ceramics. The first one, with fine grain and large 

grain size and the other one, with a similar smaller geometrical grain size, and grain 

sizes from between 0.1 and 0.3 m . In this work, these results strongly imply that the 

average grain sizes observed in the rare earth elements substituted in BiFeO3 systems 

have decreased. Therefore, doping can inhibit grain growth and result in a distribution 
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of small grain sizes in the samples, which is consistent with several reports 

(Makhdoom et al., 2012). It has been suggested that the grain growth depends on the 

concentration of the oxygen vacancies and the diffusion rates of the ions. Because of 

the easy volatile nature of Bi ions, its evaporation generates large amounts of oxygen 

vacancies in the parent BiFeO3, making it free for the ions to diffuse, which leads to a 

large grain size as compared to the rare earth doped BiFeO3 ceramics.  Another 

possible reason for the suppressed grain growth mechanism, is the grain boundary 

pinning, when the impurity or dopants are often concentrated at the interface 

(Sanjoom and Rujijanagul, 2013). These impurity phases may be formed at the grain 

boundary as a result of grain growth because the solutions which are concentrated at 

the interface have to be carried along. The diffusion efficiency of dopant elements 

such as Nb in BaTiO3 are lower than the diffusion efficiency of the main matrix of the 

ceramics, hence the deceleration of the grain boundary mobility which is called the 

solute drag (Brzozowski et al., 2002). In addition, a large amount of pores exist in 

some large grains on the fracture due to the rapid grain growth resulting from the 

formation of a liquid phase which occurs during the sintering process.  

To confirm the prediction of grains and small grains sizes in the 

microstructure, as shown in Figure 4.23(right), backscattered electron images of Bi1-

xBaxFeO3 system. Since there are multiphases in these ceramics, it is necessary to 

know the distribution of the multiphases observed in the microstructure of Bi1-

xBaxFeO3 ceramics. Figure 4.23(right) reveals the backscattered electrons of pure 

BiFeO3 ceramics, where the grey regions represent the matrix BiFeO3 and the dark 

regions, where there are formations of small grains of the secondary phase Fe‒rich, 

Bi2Fe4O9. The lighter coloured granular, non‒uniform grains are probably the Bi‒rich, 
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Bi2O3 which can be identified from the XRD results. It can also be observed that two 

component phases which coexist in the morphology vary with the relative of addition 

of Ba ions. 
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Figure 4.23 SEM micrographs for Bi1-xBaxFeO3 powders calcinated at 800 °C for 3 h 

as a function of Ba content: (a) x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.2, and (e) x = 

0.30. 
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Figure 4.23 SEM micrographs for Bi1-xBaxFeO3 powders calcinated at 800 °C for 3 h 

as a function of Ba content: (a) x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.2, and (e) x = 

0.30 (Continued). 
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As shown in Figure 4.24(a)‒(d), in the first group, the average grain size 

becomes larger than those of the ceramics with increases of La substituted up to 5% 

which is expected to be La substitution effect. It can be clearly seen that the average 

grain sizes of La‒doped BiFeO3 ceramics decrease with increases in the La contents. 

This result means that the La doping can suppress the grain growth in the ceramics 

which results in small grain sizes in the samples. This result is similar to that observed 

in the literature (Ianculescu et al., 2011). From the SEM images, it is found that that 

grain size becomes lower with increases in La doping levels and the distribution of the 

grain size changes to a non‒uniform nature. The average grain size is about 6.57±0.8, 

5.47±0.9, 2.67±0.6, and 0.9±0.1 m  with the compositions x = 0.05, 0.1, 0.2, and 0.3 

respectively. The decrease in the grain size of La‒doped BiFeO3 ceramics can be 

explained by the suppression of oxygen vacancies which results in the slow oxygen 

ions motion and lower diffusion grain growth rate (Deng et al., 2015; Dai et al., 

2016). Since the highly volatile nature of Bi ions generates a large intensity of oxygen 

vacancies which make it easy to diffuse. As a result, the pure BiFeO3 has a larger 

grain size than that of the La‒doped samples. In general, rare earth elements can 

suppress grain growth in perovskite structure, which is probably attributable to their 

low diffusivity of grain growth (Sanjoom et al., 2013). Thus, the observed decrease in 

the grain size of La substituted in BiFeO3 may be suppressed by the occupation of 

certain probable evaporated Bi ions site by Ba ions at low doping levels. Most of them 

do not observe the pores in the surface morphology, except the Bi0.7La0.3FeO3 

ceramics, for which a small amount of pores can be seen on the surface. The density 

of the ceramics is observed to decrease systematically in small amounts with densities 
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of about (76 %) for the x = 0.3 sample. However, the appearance of some pores in the 

Bi0.7La0.3FeO3 ceramics is less than that observed in the Sm‒doped BiFeO3 ceramics.  

It is important to note that the grain growth has an effect on the evolution of 

the microstructure of La‒doped BiFeO3 ceramics which is also similar to that 

observed in the Ba doping. As revealed in Figure 4.24, the set of small grain sizes was 

observed in the microstructure with increases in La content up to 5% samples. Most 

of them exhibit a regular shape and are located at the corners of large regular grains 

with grain sizes in the range of about 0.5‒0.8 m . The grain sizes and small amounts 

of these small grain sizes are found to decrease when the La doping concentration 

increases.  The microstructures of Bi0.8La0.2FeO3 and Bi0.7La0.3FeO3 ceramics reveal 

the disappearance of the small grain sizes. From the XRD results, it is observed that 

the impurity phases of Bi2O3 and Bi2Fe4O9 are exhibited in the Bi1-xLaxFeO3 (x = 

0.05, 0.1) ceramics which is revealed by the XRD results as previously shown in 

section 4.1.2. In addition, the XRD patterns show the disappearance of impurity 

phases in Bi0.8La0.2FeO3 and Bi0.7La0.3FeO3 ceramics. This variation in morphological 

behaviour is in good agreement with the XRD data, which means that the small grain 

sizes observed in the samples may be related to those secondary phases, as exhibited 

in the XRD results.  

However, a dramatic microstructure is found to change for the samples with 

increased La contents up to x = 0.05. The inhibiting effect of the donor dopant on the 

grain growth process becomes evident, as it is found that the composition x = 0.05 has 

a slightly larger average grain size. Several approaches to grain growth prevention for 

the dopant levels above critical concentration in the pervoskite BaTiO3 were proposed 

to the vary the features of the microstructure, including kinetic aspects (Daniel and 
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Härdtl, 1976), thermodynamic reasons (Drofenik, 1999), as well as grain boundary 

fracture phenomena (Desu and Payne, 1990). As can be seen in the SEM image of 

Bi0.95La0.05FeO3 ceramics, the grain size is slightly larger and some small grain sizes 

were also observed. Therefore, in this case, we can conclude that the La composition 

at x = 0.05 is near the critical doping level for a grain growth inhibiting process.  
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Figure 4.24 SEM micrographs for Bi1-xLaxFeO3 powders calcinated at 800 °C for 3 h 

as a function of La content: (a) x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.2, and (e) x = 

0.30. 
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Figure 4.24 SEM micrographs for Bi1-xLaxFeO3 powders calcinated at 800 °C for 3 h 

as a function of La content: (a) x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.2, and (e) x = 

0.30 (Continued). 



137 
 

The microstructure and surface morphologies of Bi1-xSmxFeO3 (x = 0, 0.05, 

0.1, 0.2, and 0.3) sintered at 800 °C for 3 h ceramics are indicated by significant 

variations in microstructure, as shown in Figure 4.25(a)‒(d). As can be seen in these 

SEM images, the grain size of pure BiFeO3 has large grains in the range of about 6.07

m  which is non‒uniform whereas the Sm doping samples exhibit lower grain sizes 

with increases in Sm doping of BiFeO3. The obtained average grain size are 4.09±0.6, 

2.62±0.5, 1.54±0.3, and 0.71±0.2 m   for x = 0.05, 0.1, 0.2, and 0.3, respectively. 

According to the XRD patterns, phase purity for both the samples can be observed 

confirming the fine grain in the microstructure. It is very interesting to observe the 

agglomerated grains at the surface with present amount of porosity are clearly 

revealed in the micrographs of Bi0.7Sm0.3FeO3 and Bi0.8Sm0.2FeO3 samples. Moreover, 

can be clearly seen, the amount of pores observed in the surface morphologies of 

Bi0.7Sm0.3FeO3 and Bi0.8Sm0.2FeO3 bulk ceramics is larger than that observed in 

microstructure of Bi1-xLaxFeO3 ceramics. The porosity observed in the grain boundary 

region is noticeably higher compared with the undoped BiFeO3 and low level of La‒

doped (x = 0.05 and 0.1) samples. This result means that these two samples have low 

density. However, it is not possible to observe the cluster of secondary phases in the 

back scattered images of those samples because they have a very small grain size that 

is beyond the limits of the scanning microscope. The amounts of pores observed in 

the microstructure and the decrease in the grain size for Bi0.8Sm0.2FeO3 and 

Bi0.7Sm0.3FeO3 samples can be explained by a diffusion mechanism. Moreover, 

clusters of smaller, randomly distributed grain sizes in the main BiFeO3 phase were 

observed in the Bi0.95Sm0.05FeO3 and Bi0.9Sm0.1FeO3 samples. Thus, the ceramics 

density tended to decrease with increasing Sm content (x ≥ 0.2). As presented in the 
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XRD patterns of Sm‒doped BiFeO3 samples, it can be suggested that the SmFeO3 

phase is indicated by the surface of the Bi0.95Sm0.05FeO3 and Bi0.9Sm0.1FeO3 samples 

as shown in Figure 4.25(a) and (b) (zone delimited by the circle). This observation of 

the phase formation corresponds to the SEM micrographs. 

According to the SEM results, the main points concerning the mechanisms of 

phase formation and microstructural evolution can be summarized as follows. (i) The 

impurity phases of Bi2Fe4O9 and Bi2O3 can be observed in the microstructure of high 

concentration of dopants, especially in all Ba‒doped samples. (ii) The portion of 

porosity observed in the microstructure tends to increase with increasing content of 

dopants. (iii) With low addition of Ba and La contents, the grain size slightly 

increases and then decreases with a high addition of dopant content. It can be 

suggested that the grain growth depends on the diffusion rate of the ions (Beniwal et 

al., 2016; Makhdoom et al., 2012), melting point of dopant (Valant et al., 2007) and 

the concentration of oxygen vacancies. The materials with low melting point such as 

aluminium (Al) have high atomic motion and will show high grain growth. While 

metal with a high melting point will have a small grain size during the growth process 

(Gupta, 2010). Therefore, doping of rare earth elements with higher melting 

temperature than the sintered temperature also has effects on the relationship between 

solid and liquid phases.  
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Figure 4.25 SEM micrographs for Bi1-xSmxFeO3 powders calcinated at 800 °C for 3 h 

as a function of Sm content: (a) x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.2, and (e) x = 

0.30. 
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Figure 4.25 SEM micrographs for Bi1-xSmxFeO3 powders calcinated at 800 °C for 3 h 

as a function of Sm content: (a) x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.2, and (e) x = 

0.30 (Continued). 
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Table 4.6 Relative densities and average grain size of undoped BiFeO3 and Ba‒, La‒, 

and Sm‒doped BiFeO3 sintered at 800 °C for 3 h. 

Doping 

level 

Ba‒doped BiFeO3 La‒doped BiFeO3 Sm‒doped BiFeO3 

Relative 

densities 

Grain size 

(µm) 

Relative 

densities 

Grain size 

(µm) 

Relative 

densities 

Grain size 

(µm) 

x = 0 84.2 6.07±0.9 84.2 6.07±0.9 84.2 6.07±0.9 

x = 0.05 91.0 6.49±0.9 93.1 6.57±0.8 104.2 4.09±0.6 

x = 0.1 88.8 5.02±0.6 92.7 5.47±0.9 94.4 2.62±0.5 

x = 0.2 89.2 3.65±0.4 90.1 2.67±0.6 96.9 1.54±0.3 

x = 0.3 85.3 3.28±0.4 76.1 0.9±0.1 77.7 0.71±0.2 
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4.5 Frequency and temperature dependence on dielectric 

properties 

4.5.1  Dielectric properties as a function of frequency for doped BiFeO3 

ceramics at room temperature 

Figure 4.26 shows the variations in dielectric properties with frequency 

of sintered Bi1-xBaxFeO3 ceramics at room temperature. It is found that the dielectric 

constant slightly drops to a low value in a high frequency region (> 10
5
 Hz). All of the 

samples exhibit dielectric relaxation behaviour which is the same as La‒doped 

BiFeO3 ceramics and which also agrees well with what was reported by (Mahbub et 

al., 2015). In the case of doped BiFeO3 samples, the dielectric constant decreases 

when substituted by Ba ions in all measured frequency ranges. The dielectric constant 

values as compared to pure BiFeO3 increased from 10.4×10
3
 to 25.3×10

3
 with the 

addition of Ba ions to 5% and 10% whereas the dielectric constant is lower than that 

of BiFeO3 for 20% and 30% of Ba doped in BiFeO3 at frequency 100 Hz. However, in 

this work, the dielectric constant value of the Bi1-xBaxFeO3 system was larger than 

those reported for pure and Ba‒doped BiFeO3ceramics (Cheng et al., 2015; Mahbub 

et al., 2015). Moreover, the loss tangent in all doped samples is found to have strong 

frequency dependence as shown in the Figure 4.26. In all doped conditions, at a low 

frequency region, the loss tangent has a high value which gradually decreases with 

increases in frequency up to 10
4
 Hz and then increases with increasing frequency. 

There is no relaxation peak in the loss tangent spectra in the measured frequency 

range for all doped samples as shown in Figure 4.26. The exponential‒like increase in 

loss tangents as frequency decreases to a lower‒frequency region can be attributed to 
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the effect of DC conductivity. However, at a high‒frequency range of 10
4
‒10

6
 Hz, the 

dielectric constant and loss tangent also decrease with increases in Ba doping.  

The dielectric properties for La‒doped and undoped BiFeO3 ceramics are 

investigated using an impedance analyser in parallel plate configuration. Figure 4.27 

shows the dielectric constant and loss tangent of La‒doped BiFeO3 ceramics as a 

function of frequency at room temperature. It is clear that all of the samples reveal 

high dielectric constant values of about 10
3
–10

4
 Hz at low frequencies indicating that 

these ceramics can be categorized as giant dielectric materials, such as CaCu3Ti4O12 

(Zhang et al., 2005). It is remarkable that the dielectric constant decreases with the 

substitution of La doping concentrations (x = 0.05, 0.1, 0.2, and 0.3) in all measured 

frequency ranges. Compared to the parent BiFeO3, at low frequency, the dielectric 

constant is higher than that of BiFeO3 when it is doped with La ions. The decrease in 

dielectric constant values with increasing La‒substituted corresponds to the slight 

reduction of the average grain sizes in the microstructure. It should be pointed out that 

the dielectric spectra for La‒doped BiFeO3 ceramics are similar in every way, i.e., 

their dielectric constants decrease with increases in frequency. These can be explained 

on the basis of the combined responses of the orientational relaxation of dipoles and 

the electrical conduction of the charge carriers (Sen et al., 2012; Srivastava et al., 

2013).  However, it is found that the presence of loss tangent peaks shows a shift to 

higher frequency regions with increases in La doping concentrations. It should also be 

noticed that the loss tangent value of all samples at the room temperature is around 

0.2‒0.8 at a measured frequency below 10
3
 Hz. The loss tangent is due to the effect of 

the DC conduction found below the 10
3
 Hz frequency regime. In fact the appropriate 

loss tangent values for the application in the capacitors must be lower than 0.05. 
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Therefore, the observations of high loss tangents in all samples are undesirable for the 

capacitor applications. As can seen in the dielectric constant spectra, when the 

frequency level increases, there is a slight drop in the dielectric constant which also 

shifts forwards to lower frequencies with increase in the La contents. If the frequency 

greater, both the dielectric and the loss tangent should move out of the frequency 

region. This result may be attributed to the effect of the La substitution in BiFeO3 

ceramics on the dielectric properties.  

Figure 4.28 shows the variation of dielectric properties with frequency at room 

temperature for Bi1-xSmxFeO3 ceramics. It is can be seen that there are differences in 

the three curves in the dielectric constant: (i) decreases in the dielectric constant when 

the frequency is increased for pure BiFeO3 (ii) two relaxation peaks at low‒frequency 

relaxation (LFR) and high‒frequency relaxation (HFR) are clearly observed in the 5% 

and 10% Sm doped BiFeO3 and (iii) the dielectric dispersion as shown in the 

Bi0.8Sm0.2FeO3 and Bi0.7Sm0.3FeO3 samples. The presence of three groups in the 

dielectric spectra corresponds to the structural transitions that are observed in the 

XRD analysis. With regard to the first group, pure BiFeO3 has been discussed in the 

above section. The second group with low concentrations of Sm doping show two 

thermally activated dielectric relaxations which can be observed in the dielectric 

curves. It should be noted that the apparent two sets of low and high‒frequency 

dielectric relaxations in loss tangent peaks can be also observed.   The dielectric loss   

(  ) peaks are expected to be observed at the same frequency range for the samples in 

this group, that is, the dielectric loss peaks are located at 10
3
 and 10

5
 Hz (not shown 

here). The presence of low‒frequency dielectric relaxation peaks may arise from a 
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large difference between impedances of the grains and grain boundaries which is a 

type of inhomogeneity resulting from the Maxwell‒Wagner type relaxation.    

 In the last group, high concentrations of Sm are added, the dielectric constant 

curves show dispersion and maximum values in the low‒frequency region which 

gradually decreases when the frequency increases. These samples show dielectric 

dispersion due to the Maxwell‒Wagner type of interfacial polarization (Wagner, 

1913). The reason is that the greater size and mass of dipoles can only obey at low 

frequency ranges whereas high frequencies do not have time to follow the increments 

in the applied electric field frequency and are relaxed down (Uniyal and Yadav, 

2008). The dielectric constant values for this group are lower than those two groups of 

about 8.30×10
3
 and 1.3×10

3
 for Bi0.8Sm0.2FeO3 and Bi0.7Sm0.3FeO3 samples. It should 

be noted that, for this group, the presence of loss tangent peaks disappear and 

similarly there is no observed dielectric loss peaks. As seen in Figure 4.28, the 

ceramics with 30% Sm doping show the lowest dielectric constant value due to 

decreased average grain size and low charge defects concentration. For all doping 

levels, tan  has higher values in the lower frequency range and its value decreases 

with increasing frequency of the applied alternating field. However, at higher 

frequencies > 1 kHz, the dielectric constant and loss tangent peaks show weak 

dependence, along with a low value of tan  for Bi0.7Sm0.3FeO3 of about 0.24–0.11. 

Higher values of tan  in the lower frequency range coincide with small increases in 

the conductivity of the ceramics. 
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Figure 4.26 Frequency dependence of dielectric properties (dielectric constant (  ), 

loss tangent (tan )) at room temperature for Bi1-xBaxFeO3 ceramics sintered at      

800 °C for 3 h. 
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Figure 4.27 Frequency dependence of dielectric properties (dielectric constant (  ), 

loss tangent (tan )) at room temperature for Bi1-xLaxFeO3 ceramics sintered at      

800 °C for 3 h. 
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Figure 4.28 Frequency dependence of dielectric properties (dielectric constant (  ), 

loss tangent (tan )) at room temperature for Bi1-xSmxFeO3 ceramics sintered at      

800 °C for 3 h. 
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4.5.2  Dielectric properties as a function of frequency for doped BiFeO3 

ceramics at various temperatures 

The real part of dielectric permittivity (   ), loss tangent ( tan ) and 

dielectric loss (  ) as a function of frequency at measured temperature range -50 to 

200 °C for the parent BiFeO3 ceramic sintered at 800 °C for 3 h are shown in Figure 

4.29. A strong decrease in the frequency of the dielectric constant for all the measured 

temperatures ranges is characteristic of pure BiFeO3 ceramics. The dielectric constant 

spectra show the highest value in the low‒frequency range (below 10
4
 Hz) and high 

temperatures. It shows large dielectric curves which can be attributed to the Maxwell‒

Wagner polarization or interfacial space charge polarization (mostly located on the 

grain boundary) (Costa et al., 2011; Wagner, 1913; Godara et al., 2015). Since the 

large size and mass of dipoles can only relate to the low frequency region whereas in 

high frequencies regimes they are unable to change with the frequency of the applied 

electric field. The gradual drop in the dielectric constant value to a low value is 

observed in the high frequency region (10
4
–10

6
 Hz). At high frequencies of the 

applied electric field, these polarizations do not have sufficient time to rotate in the 

applied field direction and undergo relaxation. These dielectric spectra are similar to 

those reported by several researchers (Pandit et al., 2011; Zhang et al., 2013). At low 

frequency (100 Hz), the dielectric constant is 2.59×10
4
, at 200 °C, while at room 

temperature the dielectric constant decreases to 1.2×10
4
 in the same frequency region. 

This effect of the temperature dependence dielectric constant will be discussed in the 

next section. The frequency dependence of the loss tangent ( tan ) at various 

temperatures is shown in Figure 4.29(b). It can be seen that the gradual decrease in 

the dielectric constant is found to be associated with the appearance of loss tangent     
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( tan ) peaks and dielectric loss (  ). The presence of the decreases continue in the 

dielectric constant as the frequency range increases which can attributed to relaxation 

dielectric behaviour. Interestingly, there is a gradual drop in dielectric constants and it 

is observed that the loss tangent and dielectric loss peaks are found to shift towards a 

higher frequency range as the temperature increases up to 200 °C.  
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Figure 4.29 Frequency dependence of dielectric properties (dielectric constant (  ), 

loss tangent (tan ), and dielectric loss (  )) in the temperature range of -50 °C to 

200 °C for BiFeO3 ceramics sintered at 800 °C. 
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Figure 4.30 shows the dielectric constant, loss tangent and dielectric loss of 

Bi1-xBaxFeO3 ceramics is found when the dielectric properties are dependent on the 

frequency of all the samples which are very similar.  At low temperatures (-50–30 

°C), it is observed that the dielectric constant spectra decrease, as the frequency range 

increases which is related to the low‒temperature dielectric relaxation (LTDR) in all 

samples. As the temperature increases, the dielectric constant is found to increase to 

low values for all samples which is similar to that observed in the La and Sm doped 

BiFeO3. This increase in the dielectric constant shift towards higher frequency with 

increasing temperature, which the thermally activated mechanism is also to related to 

this observation. The gradual drop which is observed in the dielectric constant is 

found to be associated with the presence of the loss tangent ( tan ) peaks. It is 

noticeable that the drop corresponds to the tan  peaks which move towards a higher 

frequency with increasing temperature (in Figure 4.30(e)‒(h)). If the temperature is 

sufficiently high, the tan  peaks move out of the measured temperature range 

indicating that the relaxation characteristic which suggests that it is a thermally 

activated mechanism.  

Two thermally activated dielectric relaxations can be seen in the dielectric 

constant curve in the temperature range 40–100 °C for Bi0.95Ba0.05FeO3 and 

Bi0.9Ba0.1FeO3 ceramics (will be shown in the below). Interestingly, with regard to the 

20% and 30% of Ba doped BiFeO3 samples there can be found two sets of frequency 

dielectric relaxations which respond in the temperature range 40‒70 °C. It should be 

noted that only a set of low‒frequency relaxations in the loss tangent peaks can be 

observed at this temperature range. This observation implies that there are at least two 

sources of polarizations which contribute to the total dielectric response in these 
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samples. But the high‒frequency relaxation peaks due to the low‒frequency loss 

tangent peaks did not move out of the measured frequency range. The activation 

energy required for the relaxation behaviour should be investigated. Moreover, it is 

found that the dielectric constant decreases with dielectric relaxation can be referred 

to the middle‒temperature dielectric relaxation (MTDR). A large value and rapid 

decrease of low frequency loss tangent at high temperature (110–200 °C) is observed 

which is attributed to the effect of DC conduction. The set of middle‒temperature 

dielectric relaxation peaks can also be observed in the loss tangent spectra. The 

observed set of middle‒temperature dielectric relaxation behaviour in all of the Ba‒

doped BiFeO3 samples is similar to that observed in the literature, as reported by 

Hunpratub. Another interesting result which can be observed is that the values of the 

loss tangent ( tan ) at low frequencies are relatively high. The high value is due to 

the contribution of the DC conductivity on the dielectric relaxation type. The effect of 

the DC conduction will be explained in section 4.5.4 on the effect of DC conductivity 

on dielectric behavior.  
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Figure 4.30 (a) Dielectric constant (  ) and (b) loss tangent (tan ) in the 

temperature range -50–30 °C for the Bi1-xBaxFeO3 ceramics sintered at 800 °C . 
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Figures 4.31 exhibit the frequency dependence of the dielectric constant (   ) 

and loss tangent ( tan ) for the Bi1-xLaxFeO3 ceramics with different concentrations 

of La ions. It should be noted that the effect of La doping concentrations on the 

dielectric properties of Bi1-xLaxFeO3 ceramics is very similar to that observed in the 

parent BiFeO3 ceramic. The dielectric constant shows the maximum values at the 

lower frequencies for high temperatures, but with increasing frequencies, the 

dielectric constant gradually drops to a low value. It can be observed that the 

dielectric constant decreases as the frequency increases and it becomes constant at 

high frequencies (-50 to -10 °C). This can be clearly seen in all samples. The 

dielectric constant for these samples is almost constant at high a temperature (≥ 170 

°C) for the whole measured frequency range. In the high‒temperature region, a 

plateau of high dielectric constant values can be observed at low‒frequencies.  The 

value of the dielectric constant increases as the temperature increases in all doped 

samples. It should be noted that the appearance of the loss tangent ( tan ) peaks can 

be related to the drop in dielectric constant values to a lower value for all La‒doped 

samples. The gradual decreases in the dielectric constant and peaks of loss tangent      

( tan ) to lower values can be found with shifts to higher frequencies with increasing 

temperature for all samples. Moreover, the dielectric constant drop and related loss of 

tangent peaks are found to move out of the measured frequencies region when the 

temperature is sufficiently high. Therefore, this dielectric relaxation behavior can be 

attributed to the thermally activated mechanism. These results for La‒doped BiFeO3 

samples are similar to those discussed for the pure BiFeO3 ceramic. The presence of 

low‒relaxation and high‒relaxation frequencies in this sample is associated with the 

appearance of loss tangent ( tan ) in the same frequency region. It is observed that 
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the exponential‒like increases correspond to the increase in the loss tangent with 

decreasing frequency in the lower frequency region of the Bi0.95La0.05FeO3, 

Bi0.9La0.1FeO3, and Bi0.8La0.2FeO3 samples which is due to the effect of DC 

conductivity (Pandit et al., 2011). The DC conduction of the compound can be 

reduced by increasing the resistance. Although a small hump can be found in the low 

frequency region for the Bi0.95La0.05FeO3, Bi0.9La0.1FeO3 specimens, this small hump 

can be expected in the LFR peak in this sample. However, it is not advisable to 

believe that this small hump is the relaxation peak, unless there is strong evidence to 

support this assumption. The experimental results will be indicated and discussed in 

section 4.5.4. 
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Figure 4.31 Frequency dependence of dielectric properties (dielectric constant (  ) 

and loss tangent ( tan )) in the temperature range of -50 to 200 °C for Bi1-xLaxFeO3 

ceramics. 
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Figure 4.31 Frequency dependence of dielectric properties (dielectric constant (  ), 

loss tangent ( tan )) in the temperature range of -50 to 200 °C for Bi1-xLaxFeO3 

ceramics (Continued). 
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Figure 4.31 Frequency dependence of dielectric properties (dielectric constant (  ), 

loss tangent ( tan )) in the temperature range of -50 to 200 °C for Bi1-xLaxFeO3 

ceramics (Continued). 
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Figure 4.31 Frequency dependence of dielectric properties (dielectric constant (  ), 

loss tangent ( tan )) in the temperature range of -50 to 200 °C for Bi1-xLaxFeO3 

ceramics (Continued). 
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The dielectric properties of Bi1-xSmxFeO3 ceramics were investigated as a 

function of frequency at various temperatures in the frequency range 100–1 MHz. The 

dielectric properties for Sm‒doped BiFeO3 ceramics are similar to those observed for 

the dielectric properties of La doped samples. The large dielectric constant values in 

the low frequency region can be found in all samples. With regard to the 

Bi0.95Sm0.05FeO3 samples, the dielectric constant strongly depends on the frequency 

range and it increases as the measured temperature increases. At low frequencies, this 

sample has a maximum dielectric constant value of 4.65×10
4
 at a high temperature of 

120 °C. The loss tangent spectra also show frequency dependence as revealed in 

Figure 4.32(a). At low temperatures, loss tangent peaks are observed and these loss 

tangent peaks shift to a higher frequency range as shown in the inset of Figure 

4.32(a). The loss tangent peaks extended to the higher frequency range where the    

tan  peaks disappear when the temperature is sufficiently high (> 50 °C). Moreover, 

the change in the low‒frequency loss tangent can be seen clearly in Figure 4.32(a) 

when there is a high temperature of 120 to 200 °C (indicated by a black arrow). At 

this temperature range, the low‒frequency loss tangent is found to show exponential‒

like increases with increases in temperature. This observation demonstrates that the 

large low‒frequency loss tangent is due to the effect of DC conductivity. While in the 

high‒frequency range, exponential‒like increases in the loss tangent forms a part of 

the HFR peaks. To confirm the HFR process, the dielectric loss peak can be found in 

the high‒frequency and high‒temperature ranges, i.e., 10
4
–10

5
 Hz and 180–200 °C, 

respectively.  At the same time, the exponential‒like increases in the dielectric loss in 

the low frequency regime are caused by the effect of the DC conductivity process in 

the high temperature range. In addition, two sets of gradual decreases in the dielectric 
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constant can be observed in both the low‒ and high‒frequency range in the at 

temperature range of 20–50 °C. These two sets of decreases in the dielectric constant 

indicate that there are two sets of thermally activated dielectric relaxation mechanisms 

in this sample. This result suggests that there are at least two sources of polarization 

which contribute to the dielectric response of this sample. Figure 4.32(b) shows the 

dielectric properties of the Bi0.9Sm0.1FeO3 sample is very similar to those observed in 

the 5% of the Sm‒doped samples. However, some different characteristics, which are 

prominent, can be observed in 10% of the Sm‒doped concentrations. The two drop 

dielectric relaxation sets and related peaks of the loss tangent are found to extend 

higher than the temperature range of 0–60 °C. This observation of the extent of the 

temperature range of two sets of the dielectric relaxation processes may be attributed 

to the thermally activated mechanism. Moreover, the exponential‒like increases in the 

dielectric loss are found to be in a larger temperature range than that of the 5% of 

Sm‒doped samples, i.e., 150–200 °C.  

In the case of high Sm doping concentrations of Sm 20%, the dielectric 

constant and loss tangent are weakly dependent on frequency. While, increasing the 

Sm content up to 30% reveals similar dielectric behaviors to 20% of Sm doping, that 

is weakly dependent on measuring frequencies. Neither of the high concentrations of 

Sm doping can be found in the two dielectric relaxation sets. With regard to the 

Bi0.8Sm0.2FeO3 samples, the loss tangent peaks dominate in the low temperature range 

(-50–50 °C) firstly, then when the temperature increases the loss tangent peaks move 

out of the measurement range 1 MHz. Further, with increases in the temperature range 

(110–200 °C), the presence of the loss tangent peaks can be observed in the low 

frequency region. At this temperature, it is expected that the low‒frequency relaxation 
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(LFR) will be displayed at a high‒temperature. In general, the loss due to the 

relaxation process is prominent, the peak of dielectric loss is observed. It can be seen 

that there are loss tangent peaks in the low frequency range whereas there is no 

observed dielectric loss peaks in the same frequency range. Thus, the observation of 

low frequency loss tangent peaks at a high temperature is not suitable for the LFR.  

Finally, the dielectric response for the Bi0.7Sm0.3FeO3 ceramic shows some of loss 

tangent peaks at low temperature.  
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Figure 4.32 Frequency dependence of dielectric properties (dielectric constant (  ), 

and loss tangent ( tan )) at the temperature range of -50 to 200 °C for Bi1-xSmxFeO3 

ceramics.  
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Figure 4.32 Frequency dependence of dielectric properties (dielectric constant (  ), 

and loss tangent ( tan )) at the temperature range of -50 to 200 °C for Bi1-xSmxFeO3 

ceramics (Continued). 
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Figure 4.32 Frequency dependence of dielectric properties (dielectric constant (  ) 

and loss tangent ( tan )) at the temperature range of -50 to 200 °C for Bi1-xSmxFeO3 

ceramics (Continued). 
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Figure 4.32 Frequency dependence of dielectric properties (dielectric constant (  ) 

and loss tangent ( tan )) at the temperature range of -50 to 200 °C for Bi1-xSmxFeO3 

ceramics (Continued). 
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To understand the mechanism of the low‒frequency relaxation (LFR) 

combined with the high‒frequency relaxation (HFR), the parent BiFeO3, Bi1-xBaxFeO3 

with x = 0.05, 0.1, 0.2, and 0.3 samples (as shown in the Figures 4.33) reveal two sets 

of dielectric relaxation in the dielectric spectra in the low‒ and high‒frequency 

region. By using the Cole‒Cole model modified in terms of DC conductivity (Eq. 

(4.4)), the time relaxation (τ) is obtained from the fitted result at selected 

temperatures. According to the fitted result, it is observed that the τ values at various 

temperatures obey the Arrhenius equation (Eq. (4.8)), as illustrated in Figure 4.34. As 

demonstrated in Figure 4.34, Ea values of the LFR are shown in the ceramics for the 

parent BiFeO3, Bi0.95Ba0.05FeO3, Bi0.9Ba0.1FeO3, Bi0.8Ba0.2FeO3, and Bi0.7Ba0.3FeO3 

can be calculated to be 0.64, 0.43, 0.56, 0.37, and 0.49 eV, respectively. These values 

are comparable to 0.21, 0.32, 0.27, 0.28, and 0.3 eV, which are the relaxation 

activation energy for the HFR of those samples. Generally, the value of relaxation 

activation energy of LFR is much larger than that of HFR. It should be noted that the 

close values of the relaxation activation energies between the LFR and HFR processes 

cannot completely account for the origins of LFR and HFR. However, it is possible 

that the LFR and HFR behaviors might be correspond to the surface‒layer and grain 

boundary effects. According to the microstructure analysis, it is found that the 

impurity phase of Bi2Fe4O9 tends to accumulate on the top surface of the ceramics. 

Moreover, it is also often found at the grain boundaries, especially at the corners of 

the grains. As a result, it is possible that both relaxation behaviors might be explained 

as resulting from the same type of interface, namely, the interface between the 

insulating layer of the impurity phase at the grain boundary and the inner component 

of the semiconducting grains of the bulk BiFeO3.  
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Figure 4.33 Low‒frequency relaxation (LFR) and high‒frequency relaxation (HFR) 

of (a) pure BiFeO3 and (b)‒(e) Bi1-xBaxFeO3 ceramics at various temperatures; the 

solid and dotted curves are the best fit to the Cole‒Cole relaxation model for the LFR 

and HFR, respectively. 
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Figure 4.33  Low‒frequency relaxation (LFR) and high‒frequency  relaxation (HFR) 

of (a) pure BiFeO3 and (b)‒(e) Bi1-xBaxFeO3 ceramics at various temperatures; the 

solid and dotted curves are the best fit to the Cole‒Cole relaxation model for the LFR 

and HFR, respectively (Continued). 
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Figure 4.33  Low‒frequency relaxation (LFR) and high‒frequency  relaxation (HFR) 

of (a) pure BiFeO3, (b)‒(e) Bi1-xBaxFeO3, and (f) Bi0.9Sm0.1FeO3 ceramics at various 

temperatures; the solid and dotted curves are the best fit to the Cole‒Cole relaxation 

model for the LFR and HFR, respectively (Continued). 
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Figures 4.34 Arrhenius plots of the LFR and HFR of (a) the pure BiFeO3 and Ba‒

doped BiFeO3 ceramics and (b) Bi0.9Sm0.1FeO3 ceramic. 
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4.5.3  The temperature dependence of dielectric properties of doped 

BiFeO3 ceramics 

Figures 4.35 exhibit the temperature dependent variations of the 

dielectric constant (  ) and loss tangent (tan ) of pure and doped‒BiFeO3 ceramics 

at selected frequencies of 100–1 MHz. It can be observed for the pure BiFeO3 

ceramics that the dielectric constant increases with increasing temperature in all 

selected frequencies. This dielectric behaviour is caused by DC conductivity which is 

usually dependent on temperature. At low frequencies, the dielectric constant remains 

almost constant at higher temperatures. At any fixed temperature, for example, at 100 

°C the dielectric constant decreases to lower values as the frequency increases. The 

dielectric constant curves gradually drop to low frequencies as the temperature falls 

below 30 °C. At low frequencies, it is found that the peaks of loss tangent (peaks (a)) 

correspond to a gradual drop in the dielectric constant spectra. When the frequency 

increases to more than 100 Hz, a gradual drop in is observed the dielectric constant at 

higher temperatures. Similar observations of loss tangent peaks can also be made at 

higher temperatures, which suggests that these dielectric behaviors are due to the 

dielectric relaxation behavior (Pandit et al., 2011). Interestingly, in the loss tangent 

spectra, the second loss tangent peaks (peaks (b)) exhibit low temperatures with high 

frequencies up to 10
5
 Hz. However, the second gradual drop in dielectric relaxation 

cannot be observed at the related low temperature of loss tangent peaks. The second 

loss tangent peaks which are observed at low temperatures in the pure BiFeO3 

ceramics are not clear.    

Under the conditions of Ba doping concentrations in BiFeO3 ceramics, the 

temperature dependence of the dielectric constant and the loss tangent for the doped 
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samples are very similar to those observed for the BiFeO3 samples. It is clear that all 

of samples reveal a dielectric constant which decreases at higher frequencies. The 

dielectric constant gradually rises at frequencies of 100 Hz and above temperatures at 

0 °C. As frequency increases, a gradual increase can be seen in two temperature 

regions at both lower and higher temperatures. Interestingly, the gradual increase in 

the dielectric constant is observed at low temperatures (< 50 °C). The loss tangent 

peaks represented in the temperature ranges are related to the gradual increase of the 

dielectric constant spectra. It is found that the gradual increase of the dielectric 

constant and the associated loss tangent peaks move to higher temperatures when the 

frequency range increases. This result is similar to that observed and explained in the 

previous section. 

 The temperature dependence of the dielectric constant for La‒doped BiFeO3 

ceramics is exhibited in Figures 4.36(f‒i). The overall dielectric constant spectra of 

these La doped samples are similar in every way. The dielectric spectra at a low 

frequency of 100 Hz and 1 kHz are considered first i.e. a small hump in the dielectric 

constant can be seen at below room temperature and the loss tangent peaks are also 

present at the same temperature. As the selected frequency increases up to 1 MHz, a 

small hump in the dielectric constant spectra in the low temperature region disappears 

in all the La doped compositions. The dielectric constant is found to increase sharply 

with temperature due to thermally induced hopping conduction. At these frequency 

ranges, the loss tangent peaks can be observed and they shift to a higher temperature 

range, as already explained in the previous section. Generally, when the combined 

effects of temperature and frequency data are plotted, they show a sharp increase in 

the dielectric constant at low frequencies and high temperatures as a result of 
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electrode polarization (Kingery, 1960). According to Kingery’s article, by contrast, 

the polarization effects at the electrodes may be assumed to be present at low 

temperatures in the case of La‒doped BiFeO3 ceramics. The investigation of the deep 

mechanism observed will be described by means of complex impedance spectroscopy 

in the next section.  

 Similar behavior can also be observed in Figures 4.36(j‒k) for low 

concentrations (x = 0.05 and 0.1) of Sm ions doped in the Bi site. The dielectric 

constant of Bi0.95Sm0.05FeO3 and Bi0.9Sm0.1FeO3 samples increases significantly with 

increases in temperature. As Sm doping increases, the Bi0.8Sm0.2FeO3 and 

Bi0.7Sm0.3FeO3 samples show different characteristics for their dielectric properties. A 

broad peak in the dielectric constant can be observed in the temperature range 100‒

125 °C. In fact, the Neel transition temperature and Curie temperature of BiFeO3      

(> 200 °C) are out of our measurement temperature range which means these 

temperatures cannot be determined in this experiment. 
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Figure 4.35 Temperature dependence of the dielectric constant (  ) and the loss 

tangent ( tan ) in the frequency range of 10
2
–10

6
 Hz for the pure BiFeO3 ceramics. 
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Figure 4.36 Temperature dependence of the dielectric constant (  ) and the loss 

tangent ( tan ) in the frequency range of 10
2
–10

6
 Hz for the doped‒BiFeO3 ceramics. 
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Figure 4.36 Temperature dependence of the dielectric constant (  ) and the loss 

tangent ( tan ) in the frequency range of 10
2
–10

6
 Hz for the doped‒BiFeO3 ceramics 

(Continued). 
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Figure 4.36 Temperature dependence of the dielectric constant (  ) and the loss 

tangent ( tan ) in the frequency range of 10
2
–10

6
 Hz for the doped‒BiFeO3 ceramics 

(Continued). 
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Figure 4.36 Temperature dependence of the dielectric constant (  ) and the loss 

tangent ( tan ) in the frequency range of 10
2
–10

6
 Hz for the doped‒BiFeO3 ceramics 

(Continued). 
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4.5.4   Effect of DC conductivity on dielectric behavior 

  Chapter II described the effects of DC conductivity on the dielectric 

properties of dielectric materials, where it was explained that DC conductivity can 

lead to the total dielectric loss of the samples. As in the previous sections, the results 

show the frequency dependence of the dielectric loss. The dielectric loss behavior of 

all the Ba‒doped samples is very similar at high temperatures (> 150 °C). As in the 

low frequency regions, an exponential‒like decrease is observed and they decrease 

exponentially to a low value at high‒frequency and at high temperatures. If the 

frequency is sufficiently high, the loss due to the dielectric relaxation process is 

prominent and the dielectric loss peak can be clearly observed. The results show that 

DC conductivity has an effect on the total dielectric response of BiFeO3‒based 

ceramics. Therefore, the dielectric properties of BiFeO3 and doped‒BiFeO3 ceramics 

may by explained by the Cole‒Cole relaxation model modified in terms of DC 

conductivity ( dc ), as 
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The first term on the right‒hand side of Eq. (4.6) represents a loss component due to 

the relaxation process while the second term shows the loss component due to DC 

conductivity. In the case of the Ba and Sm‒doped BiFeO3 samples, the peaks of the 

dielectric loss clearly appear at high‒temperatures and at high frequencies. The peak 

of the dielectric loss cannot be observed in the high frequency range in the case of the 

Bi1-xLaxFeO3 ceramics. The loss due to the DC conductivity effect at frequencies 

below 10
4
 Hz can clearly be found for all of the doped samples. Therefore, the 

exponential decreases in the dielectric loss spectra can be assigned to the effects due 

to the DC conduction is dominant. Hence, the dielectric loss of the spectra according 

to the Eq. 4.7 is equal to  

0

dc
 

 
                           (4.7) 

The experimental data of Ba‒doped in BiFeO3 with x = 0.05 and 0.3 samples 

(group I) show a similar result and it is observed that there is a small hump of the 

dielectric loss in the high frequency region. So the Eq. (4.4) can be used to fit the 

experimental data for the samples in this group. The fitted results of the experimental 

data are shown in Figure 4.37 with symbols for the experimental points and red lines 

are used above the equation to fit the experimental data. From the fitted results, it is 

clearly found that this relaxation model (Eq. (4.6)) can be used to give a good fit to 

the experimental data of the dielectric constant. In the high‒frequency range rapid 

decreases in the dielectric constant and the relaxation peaks appear for the samples in 

group I. It should be noted that the low frequency range of the dielectric constants 

deviate from the spectra fitted according to the model. For group‒II, with La‒doped 

with x = 0.05, 0.1 and 0.3, the dielectric loss peak is observed and the dielectric 
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constant can be well fitted at a low‒frequency range. Consequently, the dielectric 

response of Group‒II can be fitted by the Eq. (4.4) when it is combined with the terms 

of DC conduction and the relaxation process. The fitted results of the experimental 

data are exhibited in Figure 4.38. Finally, Figures 4.39 show the frequency 

dependence of dielectric loss (  ) in the high temperature range (150 to 180 °C) of 

Sm‒doped BiFeO3 with x = 0.05 and 0.1 ceramics. It should be noted that the 

dielectric loss plots of Sm‒doped BiFeO3 samples are similar to those observed in the 

La‒doped samples. Therefore the plots of these samples can be fitted by using the Eq. 

(4.4).   

 The value of DC conductivity ( dc ) is obtained from the fitted results showing 

decreases in frequency with increases in temperature. The plots of ln( dc ) and 1000/T 

(K
-1

) are presented as shown in Figures 4.40(a), (b), and (c). The conduction 

activation energy inside the grain can be calculated from the polaron theory, which 

can be expressed as 

0 exp( )
B

E

k T


                  (4.8) 

where E is the conduction activation energy, 0  is the pre‒exponential factor, kB is 

the Bozmann constant and T is temperature (K). As a result, the DC conduction 

activation energies can be obtained from the above equation as shown in the 

paragraph below.   

 In the case of Group I, the DC conduction activation energy can be obtained 

by Eq. (4.8). The DC conductivity ( dc ) is plotted as the function of 1000/T for Ba‒

doped samples in Figure 4.40(a). The calculated values of Ea are 0.29 eV and 0.77 eV 
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for Bi1-xBaxFeO3 (where x = 0.05 and 0.3) samples. The activation energy values 

obtained are 0.45 and 0.74 for Sm doping amounts of 5% and 10%. A surprising 

result is found in the Ea of Ba‒ and Sm‒doped BiFeO3 system. The result indicates 

that by increasing the Ea with increasing Ba and Sm doping concentrations up to a 

high concentration (10% for Sm and 30% for Ba). According to the experimental 

results, the highest value of dc  which results in the lowest dielectric constant values. 

Several reasons lead one to expect high conductivity for doped‒BiFeO3. The 

temperature dependence of the conductivity for a semiconductor can be explained by 

the small polaron jumping mechanism. The activation energy for jumping is 

significantly related to the polaron binding energy and bandwidth. The additional 

amount of a higher Ba and Sm in Bi‒site may result in the bending of the bonds angle 

or bonds length in the structure and location of the charge carriers with a decrease in 

bandwidth. Therefore, the decrease in the bandwidth and the increase in polaron 

binding energy results in an increase in activation energy (Lee and Manthiram, 2006). 

Moreover, at a higher dopant level, the localized defect associations most probably 

form at the expense of free oxygen vacancies, which are associated with the decrease 

in conductivity and increase in activation energy (Li et al., 2001). As seen in Figure 

4.40(b), the aE  values in the samples for Bi1-xLaxFeO3 (where x = 0.05, 0.1, and 0.2) 

can be estimated as 0.47, 0.40, and 0.32 eV, respectively. The DC conduction 

activation energy decreases with the increases in La doping levels. The observations 

in all giant dielectric materials suggest an internal barrier layer capacitance (IBLC) 

effect based on the presence of Maxwell‒Wagner polarization or interfacial 

polarization at grain boundaries (Kolte et al., 2015). The accumulation of charge 

carriers at the insulating boundaries can produce the interfacial polarization under the 
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applied electric field. These accumulated charge carriers are referred to as the 

Maxwell‒Wagner polarization. Therefore, with lower conduction activation energy, 

the promotion of polarization at the interfacial grains is easier. In addition, the 

decrease of aE
 
in doping levels might be due to a decrease in the defects in the charge 

bonds and vacancies as well as the creation of secondary phase levels within the band 

gap (Al-Douri et al., 2011). It can also be observed that there is a small amount of 

secondary phases in the La‒doped sample, so the decreases in the defects are only 

considered.  
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Figure 4.37 Dielectric loss and fitted results of Bi1-xBaxFeO3 sintered at 800 °C for 3 

h for (a) x = 0.05 and (b) x = 0.3. 
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Figure 4.38 Dielectric loss and fitted results of Bi1-xLaxFeO3 sintered at 800 °C for 3 

h for (a) x = 0.05 , (b) x = 0.1, and (c) x = 0.2. 
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Figure 4.38 Dielectric loss and fitted results of Bi1-xBaxFeO3 sintered at 800 °C for 3 

h for (a) x = 0.05, (b) x = 0.1, and (c) x = 0.2 (Continued). 
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Figure 4.39 Dielectric loss and fitted results of Bi1-xSmxFeO3 sintered at 800 °C for 3 

h for (a) x = 0.05 and (b) x = 0.3. 
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Figure 4.40 Temperature dependence of DC conductivity for (a) Ba‒doped BiFeO3, 

(b) La‒doped BiFeO3, and (c) Sm‒doped BiFeO3. 
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Figure 4.40 Temperature dependence of DC conductivity for (a) Ba‒doped BiFeO3, 

(b) La‒doped BiFeO3, and (c) Sm‒doped BiFeO3 (Continued). 

4.5.5  Impedance spectroscopy 

To understand the origin of the giant dielectric constant in the BiFeO3 

ceramics it has been suggested that giant dielectric properties may be attributed to the 

Maxwell‒Wagner polarization or interfacial polarization at the grain boundaries. In 

fact, the interfacial polarization can be induced in heterogeneous materials, which are 

comprised of the semiconducting of grains and the insulation of their grain 

boundaries. It has also been suggested that the accumulated impurity phases can 

assume to the insulating properties of BiFeO3 bulks and the grain bulk of BiFeO3 act 

as semiconductors. The electrical behavior of the polycrystalline ceramics was further 

investigated in a wide range of frequency using a complex impedance spectroscopy 
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technique. This measurement enables us to separate the inhomogeneous dielectric 

response of the complex impedance. The polycrystalline ceramics usually exist of 

bulk (grain) and grain boundary components corresponding to real and imaginary 

parts of the complex impedance. The complex impedance of ceramics can be modeled 

as a parallel combination of resistance (R) and capacitance (C) equivalent circuit 

which can be mainly attributed to the dielectric response as described by using the 

Cole‒Cole equation, 

 
1 1

1 1
* ' ''

( ) ( )g gb gb

Z Z iZ
R i Cg R i C   

   
 

             (4.1) 

where ,  g gbR R  represent the resistance of grain and grain boundary; ,  g gbC C  are the 

capacitance of grain and grain boundary; ,     are both constant values and

0 ,  1   . Figure 4.41 reveals the impedance spectra Z   and Z   (called the 

Nyquist plot) of the pure BiFeO3 and doped‒BiFeO3 ceramics at various 

temperatures. For the pure BiFeO3 sample, the *Z  plots exhibited exponential‒like 

increases at the lower temperatures (-50 to -10 °C), which indicate a non‒Debye type 

of relaxation. As the temperature increases (≥ 10 °C), these plots display depressed 

semicircles indicating that the equivalent circuit must consist of a series of more than 

one parallel subcircuit in this temperature range but they cannot be seen. In the high 

frequency region for this temperature range, their tails are observed representing the 

electrode resistance. This observation in the high frequency range is similar to that 

observed for yttrium doped Li7La3Zr2O12 cubic lithium garnet and BiFeO3 

(Makhdoom et al., 2013; Murugan et al., 2011). The results show two different 

frequency regions for the complex impedance data of BiFeO3 ceramics, of which one 
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is a high frequency region displaying the tail and the other is at a low frequency 

displaying a semicircular arc which indicates that the sample is electrically 

inhomogeneous. The impedance data corresponding to an ideal Debye‒like response 

which can be analysed by using an equivalent circuit consisting of a parallel 

combination of R (resistance) and C (capacitance). As the temperature increases 

(above 100 °C), a single semicircle arc in the impedance spectra is formed and its tail 

is in a high frequency range which decreases with increasing temperature and this can 

be modelled as an equivalent electric circuit as shown in the inset of Figure 4.41(b). 

This implies that a single semicircular arc in complex impedance at a low frequency 

range of the pure BiFeO3 sample can be identified as a grain boundary effect only and 

the effect of the electrodes seemed to be ignored. The non‒zero intercept of the 

semicircular arc at a high frequency offers an estimation of the resistance of the grain 

bulk (Rb). In other words, as the temperature increases, the semicircular arc is 

associated to originate from the grain boundary and the non‒zero intercept can be 

assigned to the resistance of the grain interior. The intercept of the semicircle is not 

significantly affected by the temperature increases indicating that resistance only 

slightly changes with temperature. From the fitted data, the resistances of the grain 

and grain boundaries can be obtained from the intercept of the curves with the real‒

axis of the impedance Z  axis. The grain and grain boundary resistances (Rb, Rgb) 

have been obtained from the fitted data as shown in Table 4.7. It can be seen from the 

table that the grain resistance (Rb) and the grain boundary resistance (Rgb) decrease 

with increases in temperature implying that the presence of a negative temperature 

coefficient of resistance (NTCR) behaviour which is in the nature of semiconductor 

materials. Indeed, these results were observed in the Nyquist plot of the pure BiFeO3 
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samples which is similar to that observed for the NTCR behaviour in the frequency 

dependence of Z  and Z which confirms the existence of the NTCR behaviour in the 

BiFeO3 ceramic. 

 

Figure 4.41 Complex impedance plane plot ( Z   versus Z  ) in the temperature range  

-50 to -10 °C of the pure BiFeO3 ceramic (a) and (b) the complex impedance plot in 

the temperature range 120‒200 °C. 
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The complex impedance spectra at selected temperatures for Bi1-xBaxFeO3 

ceramics are shown in Figure 4.42. At temperatures above 50 °C, the complex 

impedance plots of all doped samples are comprised of two semicircular arcs with 

nonzero intercepts on a real axis in a high frequency range indicating that the sample 

is electrically inhomogeneous. It should be noted that the impedance plane clearly 

indicates the formation of small semicircular arcs in the low‒frequency region and a 

large semicircular arc in the high‒frequency region. With further increases in 

temperature (above 160 °C), the impedance spectra present a suppressed semicircular 

arc in a high‒frequency region. At this temperature range, a single semicircular arc 

coexists with a low concentration of Ba doping (5% and 10%). At temperatures below 

150 °C, the shape of the plot implies that there are at least two relaxation behaviours 

at different relaxation frequencies in the electrical process in these materials. The first 

arc at a high frequency is due to the contribution from the bulk grain properties and 

the appearance of the large one suggests a grain boundary contribution. Figure 4.42 

indicates the complex impedance plots with fitted profiles using an electrical circuit 

model which corresponds to the Debye type model. The values of the fitted electrical 

parameters at different temperatures, which are deduced from the equivalent circuit 

model, are represented in Table 4.7. Decreases in resistance associated with the grain 

(Rg) and with increases in temperature imply that there is a thermally activated 

conduction mechanism. However, the grain boundaries resistance (Rgb) also shows a 

decrease in Rgb with increases in temperature. The decreases in both Rg and Rgb as the 

temperature increases are associated with the presence of a negative temperature 

coefficient of resistance (NTCR) in the materials.  
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Figure 4.42 Complex impedance plane plot ( Z  versus Z  ) in the temperature range 

120–200 °C of the pure BiFeO3 and Ba‒doped BiFeO3 ceramics sintered at 800 °C for 

3 h; inset is inset is complex impedance plot at 50 and 60 °C. 
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Figure 4.42 Complex impedance plane plots ( Z  versus Z  ) in the temperature range 

120–200 °C of the pure BiFeO3 and Ba‒doped BiFeO3 ceramics sintered at 800 °C for 

3 h; the inset is complex impedance plots at 50 and 60 °C (Continued). 

Figures 4.43 show the variations of the impedance spectra for La‒modified 

BiFeO3 samples at various temperatures. A semicircular arc is observed at low 

temperatures (-50 to -10°C) of La‒substituted materials, but with increases in 
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temperature this arc becomes a large semicircle. It should be noticed that the spike in 

the impedance spectra appears as a straight line with a slope of about 45° which can 

be modelled on the Warburg impedance. Therefore the complex impedance spectra 

can be represented by an equivalent combination circuit of resistors (R), capacitors 

(C), and Warburg type impedance elements (W). In a low temperature range, the 

equivalent circuit consists of a Warburg type circuit which was modified for 

impedance fitting as shown in the inset of Figure 4.43(b). The Warburg impedance is 

generally associated with the kinetic and diffusion process in a solid electrolyte (Dzik 

et al., 2011). For this experiment the application of a Warburg type impedance made 

it possible to take into account the diffusion of ions on the electrode surface of the 

materials. It is also observed that the interception point on the Z   axis (real part) 

shifts towards the origin as the temperature increases which implies that there is a 

decrease in the bulk resistance (Rg). An equivalent circuit used for impedance plots 

was composed of Rg connected in a series with a parallel combination of Cgb and Rgb 

and a Warburg type impedance (W). The magnitudes of the grain resistance (Rg) and 

the grain boundary resistance (Rgb) at low temperatures are shown in Table 4.8. As the 

magnitude of the temperatures rises, the grain resistance (Rg) decreases, which 

indicate an increase in conductivity with increases in temperature. This result implies 

the existence of a negative temperature coefficient of resistance (NTCR) at low 

temperatures in this material. There is a tendency for a single semicircular arc to 

occur at temperatures up to 100 °C for all La‒doped in BiFeO3 ceramics. It can be 

observed that the semicircles do not originate from zero on the x‒axis ( Z  axis). At a 

high temperature range, it was not possible to observe any part of Warburg type 

impedance in the Nyquist plots. The centers of the semicircular arcs are well below 
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the real axis which suggests that there is not any Debye type of relaxation in this 

material. It is also found that the non‒zero intercept along Z  axis shows a small 

change. The intercept of the semicircular arcs on a real axis provide values for grain 

and grain boundary resistance. Rg and Rgb values decrease with increases in the 

temperature indicating a rise in the conductivity of the sample. It is found that 

semicircular arcs can be well described by the Cole‒Cole equation, which provided a 

model of a combination of equivalent circuit series of resistance and capacitance. The 

fitted values of resistance at grain and grain boundaries in an equivalent circuit for all 

La‒doped samples are shown in Table 4.8.     
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Figure 4.43 Complex impedance plane plots ( Z   versus Z  ) in the temperature range 

120‒200 °C of the pure BiFeO3 and La‒doped BiFeO3 ceramics; the inset is the 

complex impedance plots in the temperature range -50 to -10 °C. 
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Figure 4.43 Complex impedance plane plots ( Z   versus Z  ) in the temperature range 

120–200 °C of the pure BiFeO3 and La‒doped BiFeO3 ceramics; the inset is the 

complex impedance plots in the temperature range -50 to -10 °C (Continued). 
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Figures 4.44 show the variations for the complex impedance plots, Z" versus 

Z' (known as the Nyquist plot) for Bi1-xSmxFeO3 ceramics at different temperatures 

(150‒200 °C). A semicircle is observed at temperatures from 150 to 200 °C for 

Bi0.95Sm0.05FeO3 samples. The intercept of the semicircle along the x‒axis provides 

the values of the bulk and grain boundary resistances which decrease with increasing 

temperatures indicating a rise in the conductivity of the ceramics. It is observed from 

the plots that at temperatures below -30 °C two semicircle arcs are dominant as 

revealed in the inset of Figure 4.44. The first of the very small semicircles in the high 

frequency region is due to the presence of bulk grain effects in the materials. The 

presence of the second semicircular arc in a low frequency range is mainly due to the 

grain boundary response. The small arc in the high‒frequency range is observed 

which tends to be larger making it show the large arc in high‒frequency region, which 

is because of the hug in the magnitudes of the resistance of the grains. With further 

increases in Sm ion doping, it can be observed that there are two semicircular arcs in 

the low temperature range as well. Above 150 °C, the shape of the plots is like a 

semicircular arc as the value of the Sm doped contents increases. The diameter of the 

semicircular‒like shape decreases with increases in temperature has also been 

observed. However, the Nyquist plot of  Bi0.7Sm0.3FeO3 samples above 150 °C cannot 

fit the Cole‒Cole relaxation plot well as shown in Figure 4.44(d). It is found that all 

the spectra of the Sm‒doped samples show decreased semicircles with increases of 

temperature. The value of the bulk and grain boundary resistances (Rb, Rgb) were 

obtained from the intercept of the real part of the complex impedance (Z') as shown in 

Table 4.9. The grain boundary resistance (Rgb) decreases, which indicates an increase 

in conductivity. The decrease in Rgb with the increase in temperature indicates the 
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presence of a negative‒temperature coefficient of resistance (NTCR) in the material 

as well, which is observed in semiconductors (Pattanayak et al., 2013). These values 

indicate a decreasing trend with increases in temperature range as reported by (Lu and 

Qi, 2014). It has been observed that there is a decrease in the DC conductivity of both 

the grain and grain boundary increases in temperature.  

 



204 
 

 

Figure 4.44 Complex impedance plane plots ( Z  versus Z  ) in the temperature range 

120–200 °C of the pure BiFeO3 and Sm‒doped BiFeO3 ceramics; the inset is the 

complex impedance plots in the temperature range -50 to -20 °C. 
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Figure 4.44 Complex impedance plane plots ( Z  versus Z  ) in the temperature range 

120–200 °C of the pure BiFeO3 and Sm‒doped BiFeO3 ceramics; the inset is the 

complex impedance plots in the temperature range -50 to -20 °C (Continued). 



Table 4.7 Summarizing the fitting of parameters corresponding to equivalent circuits in the temperature range 50–170 °C and with 

different compositions of Ba‒doped BiFeO3 ceramics. 

Temperature 

(°C) 

Fitted result 

Bi1-xBaxFeO3 

x = 0 x = 0.05 x = 0.1 x = 0.2 x = 0.3 

Rg  

(k ) 

Rgb  

(k ) 

Rg  

(k ) 

Rgb 

 (k ) 

Rg  

(k ) 

Rgb 

 (k ) 

Rg  

(k ) 

Rgb 

(k ) 

Rg  

(k ) 

Rgb        

(k ) 

50 
500 70000 19 380 11 270 190 850 21 75 

70 
200 45000 6.5 205 3 195 42 450 45 350 

90 
65 35000 2.5 135 0.8 125 13 280 13 200 

110 
25 20000 0.9 130 0.3 76 4.5 175 25 120 

130 
13 11000 0.3 630 0.1 45 1 100 4 72 

150 
6.8 7000  720  22.5 0.5 50 0.6 29 

170 
4.8      0.3   

12 

2
0
6

 



Table 4.8 Summarizing the fitting of parameters corresponding to equivalent circuits in the temperature range 50–140 °C and with 

different compositions of La‒doped BiFeO3 ceramics. 

Temperature 

(°C) 

Fitted result 

Bi1-xLaxFeO3 

x = 0 x = 0.05 x = 0.1 x = 0.2 x = 0.3 

 Rg  

(k ) 

Rgb  

(k ) 

Rg  

(k ) 

Rgb  

(k ) 

Rg  

(k ) 

Rgb  

(k ) 

Rg  

(k ) 

Rgb  

(k ) 

Rg  

(k ) 

Rgb  

(k ) 

-50 
3800  1750 57000 3400  7700  1300000  

-30 
680  270 25000 500  1280  780000  

-10 
130  55 11000 100  330  55000  

10 
37  16 900 28  100  15000  

100 
29 30000  15000  45000 2.1 32000   

120 
20 15000  9500  15000 1.5 19000   

140 
10 8500  3500  5300 1.0 9000  

 

2
0
7

 



Table 4.9 Summarizing the fitting of parameters corresponding to equivalent circuits in temperature range 50–170 °C and with different 

compositions of Sm‒doped BiFeO3 ceramics. 

Temperature 

(°C) 

Fitted result 

Bi1-xSmxFeO3 

x = 0 x = 0.05 x = 0.1 x = 0.2 x = 0.3 

 Rg (k ) Rgb (k ) Rg (k ) Rgb (k ) Rg (k ) Rgb (k ) Rg (k ) Rgb (k ) Rg (k ) Rgb (k ) 

-50 
3800  1600 485000 1850 

480000 

 
84 

850000 

 
  

-30 
680  300 115000 380 

95000 

 
50 

60000 

 
  

-10 
130  55 90000 90 

11500 

 
12 

30000 

 
  

10 
37  25 4000 30 

8500 

 
5    

100 
29 30000 5 460 9 

4500 

 
 6000  100 

120 
20 15000 1.5 300 7 1400  4000  55 

140 
10 8500 0.9 90 1 800  2800  36 

160 
5.8 6000 0.6 62  510  1600  

20 

2
0
8

 



209 
 

These results can be described in terms of a thermal activated mechanism 

related to Arrhenius law  TkE Ba /exp0  . The fitting results for activation 

energy for both grain and grain boundaries are summarized in Table 4.10. It is found 

that La and Sm as a dopant decreases conduction activation energy for both grain and 

grain boundaries. Surprisingly, the value of Ea for both grain and grain boundaries is 

found to increases with an increase in Ba doping concentration. This result may be 

due to (i) the long range hopping process of space charges (Suresh and Srinath, 2013), 

(ii) the inhomogeneous microstructure in grains (Gong et al., 2014). The enhancement 

of Ea at the grain boundary suggests increasing fractions of grain boundaries (Guo et 

al., 2006). The Ea value at the grain and grain boundary is 0.42 and 0.3 eV 

respectively, which indicates that the first‒ionization of oxygen vacancies is 

responsible for the p‒type polaron hopping conduction. The values of activation 

energy for Bi1-xLaxFeO3 and Bi1-xSmxFeO3 systems are noticeably less than 0.7 eV and 

thereby the thermal excitation from the first‒ionization of the oxygen vacancies is 

also governed. However, the Ea associated with grain has a value of 0.72 and 0.73 eV 

for Bi0.8Ba0.2FeO3 and Bi0.7Ba0.3FeO3 samples which should be attributed to the 

second‒ionization of the oxygen vacancies. The complex reaction kinetics of BiFeO3 

is due to the highly volatile nature of Bi ions, which may create different types of 

defects in this compound. The Bi volatile may generate oxygen vacancies, which can 

be expressed as eVV OO
  and eVV OO

  . Therefore, the first‒ionization and 

second‒ionization of oxygen vacancies can be classified according to the values of 

activation energy of conduction. It should be noted that Ea at the grain boundary is 

revealed to be larger than the grain for La‒ and Sm‒doped BiFeO3 samples 

confirming that the grains are more conductive than the grain boundaries, as is clearly 
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evident from the equivalent circuit fitting. Another possible reason for the low value 

of Ea in grains as compared to that of the grain boundaries might result from a more 

ordered structure in the grains, as seen in the microstructure images (Makhdoom et 

al., 2013). 

 

Figure 4.45 Temperature dependence of grain and grain boundary conductivity for 

the pure BiFeO3 sample. 
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Figure 4.46 Temperature dependence of grain (a) and (b) grain boundary conductivity 

for the Ba‒doped BiFeO3 samples. 

 

Figure 4.47 Temperature dependence of grain (a) and (b) grain boundary conductivity 

for the La‒doped BiFeO3 samples. 
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Figure 4.48 Temperature dependence of grain (a) and (b) grain boundary conductivity 

for the Sm‒doped BiFeO3 samples. 

Table 4.10 Activation energy of conductivity at grain and grain boundary for pure 

BiFeO3 and doped BiFeO3 ceramics. 

Sample Ba‒doped BiFeO3 La‒doped BiFeO3 Sm‒doped BiFeO3 

Eg (eV) Egb (eV) Eg (eV) Egb (eV) Eg (eV) Egb (eV) 

x = 0 0.44 0.35 0.44 0.35 0.44 0.35 

x = 0.05 0.60 0.33 0.44 0.70 0.43 0.59 

x = 0.1 0.70 0.34 0.44 0.67 0.40 0.46 

x = 0.2 0.75 0.35 0.40 0.51 0.33 0.35 

x = 0.3 0.76 0.36 0.39 0.40 - - 
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4.6 Effect of DC bias voltage on dielectric response 

 The capacitance of a ceramic capacitor changes according to the external 

applied voltage. When a DC voltage is applied, this property is described as DC bias 

behavior. Frequency dependence of the dielectric constant (   ) and loss tangent         

( tan ) measured under 0‒20 V DC bias for the Bi1-xAxFeO3 sintered samples are 

exhibited in Figures 4.49–4.52. As shown in Figure 4.49, the pure BiFeO3 ceramic 

without an applied DC bias has a high dielectric constant of 1.59×10
4
 at 100 Hz. This 

figure shows that the dielectric constant and loss tangent gradually decrease with 

increasing frequency, whereas it slightly increases with increases in applied DC bias 

voltage. These slight increases in the dielectric constant with increases in DC bias are 

observed from 100 to 10
4
 Hz, indicating a low‒frequency dielectric relaxation. It 

should be noted that    above 10
4
 Hz becomes reduced by an applied DC bias. The 

observed decrease in the dielectric constant in the high‒frequency region may be 

attributed to the transition from a grain dielectric response to a grain boundary 

dielectric response. However, the dielectric constant in the higher frequency range     

(> 10
5
 Hz) is independent of the applied DC bias.  

It is found that with regard to the dielectric constant and the loss tangent of 

Ba‒doped BiFeO3 ceramics, the overall spectra are similar to that observed for the 

pure BiFeO3 sample as revealed in Figure 4.50. The steep drop of the dielectric 

constant can be observed in the high‒frequency range which leads to the loss tangent 

peak not being visible because its peak shifts out of the measured frequency range. 

This spectrum is found prominently in low frequency regions (< 10
3
 Hz). It should be 

noted that the dielectric constant as well as the loss tangent of all Ba‒doped BiFeO3 
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ceramics increases with increases in DC bias but there is no significant change at 

frequencies above 10
4
 Hz.  

In the case of the La substituted in Bi site, the dielectric properties are 

different from those observed for pure BiFeO3 and Ba‒doped samples. The dielectric 

constant of La‒doped BiFeO3 under 0‒20 V DC bias decreases as an applied DC bias 

voltage increases, as shown in Figure 4.51. This result is similar to that observed in 

the BiFeO3 thin film (Liu et al., 2008), where is was found that the capacitance 

significantly decreases with increases in forward bias voltage in the low frequency 

range. If there are further increases in frequency and applied DC bias voltage, the 

magnitude of the dielectric constant becomes independent of the applied DC bias 

voltage and frequency. It is surprising to observe such losses in these ceramics. The 

magnitude of the loss tangent is directly proportional to the applied DC bias level for 

all La‒doped samples, which increases with increasing DC bias in the low frequency 

region. Furthermore, the dielectric behavior has a Debye‒relaxation characteristic 

while the loss tangent shows a relaxation peak for all La‒doped ceramics.  

Frequency dependence of the dielectric constant and loss tangent measured 

under 0–20 V of Sm‒doped BiFeO3 samples are exhibited in Figure 4.52. The 

dielectric behavior of Sm‒doped BiFeO3 ceramics is similar to that observed in the 

La‒doped samples. It is found that the dielectric constant gradually decreases as the 

DC bias voltage increases, while the loss tangent increases in the low frequency 

range, except for the highest concentrations in the Sm‒doped (Bi0.7Sm0.3FeO3) 

samples.  The different behavior of the dielectric response to these ceramics is due to 

the fact there is less change in the dielectric constant and loss tangent in the whole 

frequency range. Similarly, the appearance of relaxation peaks in the loss tangent 
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spectra is observed, except for the Bi0.7Sm0.3FeO3 samples. We observed relaxation 

peaks in the loss tangent curves in the high frequency range and a hump in the low 

frequency range. This indicates that there are different contributions of polarization in 

these samples.  

The drop in the dielectric constant with increasing DC bias is related to the 

decrease in the capacitance of the grain boundary. The capacitance of the grain 

boundaries for CCTO decreases with increasing DC bias as has been previously 

reported (Liu et al., 2007). These results imply that as the applied DC voltage 

increases, the accumulated charge carriers are more easily able to overcome the 

barrier at the grain boundaries, indicating that these charges become free charges. 

Therefore, the intensity of space charge polarization in this area decreases as the 

applied DC bias increases, while the conductivity of the material increases due to the 

increases in the free charge. Moreover, the variations in the dielectric responses is 

attributed to the direction of the spontaneous polarization in the domain wall (Waugh, 

2010). This suggests that, if an external DC voltage is applied, the spontaneous 

polarization is tied to the direction of the electric field and a free reversal of 

spontaneous polarization becomes much more difficult. As a result, the obtained 

capacitance becomes lower compared to the capacitance before the bias was applied.  

However, it is found that the dielectric constant and the loss tangent of all 

samples are independent of applied DC bias in the high‒frequency range. The DC 

bias voltage study shows that the bias is an independent term in the high frequency 

region which is related to the grain contribution (Prakash et al., 2011). In addition, it 

has also been reported that the increases in the dielectric constant of CaCu3Ti4O12 

capacitors in a low frequency range could be associated with an electrode contact 
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problem (Guo et al., 2006). While a larger dielectric constant enhancement can be 

observed as the DC bias is increased which means that there are free charge carriers in 

the single layer of CaCu3Ti4O12 films (Fang et al., 2006). 
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Figure 4.49 The dielectric constant (  ) and loss tangent ( tan ) for the pure BiFeO3 

ceramics sintered at 800 °C for 3 h under various applied voltages with DC bias as a 

function of frequency at room temperature. 
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Figure 4.50 The dielectric constant (  ) and loss tangent ( tan ) at for Ba‒doped 

BiFeO3 ceramics sintered at 800 °C for 3 h under various applied voltages with DC 

bias as a function of frequency at room temperature. 
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Figure 4.50 The dielectric constant (  ) and loss tangent ( tan ) for Ba‒doped 

BiFeO3 ceramics sintered at 800 °C for 3 h under various applied voltages with DC 

bias as a function of frequency at room temperature (Continued). 
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Figure 4.51 The dielectric constant (  ) and loss tangent ( tan ) for La‒doped 

BiFeO3 samples sintered at 800 °C for 3 h under various applied voltages with DC 

bias as a function of frequency at room temperature. 
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Figure 4.51 The dielectric constant (  ) and loss tangent ( tan ) for La‒doped 

BiFeO3 samples sintered at 800 °C for 3 h under various applied voltages with DC 

bias as a function of frequency at room temperature (Continued). 
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Figure 4.52 The dielectric constant (  ) and loss tangent ( tan ) for Sm‒doped 

BiFeO3 samples sintered at 800 °C for 3 h under various applied voltages with DC 

bias as a function of frequency at room temperature. 



223 
 

 

Figure 4.52 The dielectric constant (  ) and loss tangent ( tan ) for Sm‒doped 

BiFeO3 samples sintered at 800 °C for 3 h under various applied voltages with DC 

bias as a function of frequency at room temperature (Continued). 
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The grain boundary based dielectric properties behaviors have been studied by 

impedance spectroscopy. Figure 4.53 reveals typical real ( Z  ) and imaginary ( Z  ) 

components of the impedance plots (Z
*
) for undoped and Ba‒, La‒, and Sm‒doped 

BiFeO3 ceramics as a function of frequency and DC bias. Impedance plots of the pure 

BiFeO3 samples contain only one semicircular arc with a nonzero intercept on the real 

axis ( Z  ) at a high‒frequency under 0–20 V DC bias. The semicircular arcs do not 

originate from the origin as shown in the inset of Figure 4.53 because the nonzero 

intercepts are found at the origin. The observed semicircular arcs are understood to 

originate from the grain boundary, whereas the high‒frequency intercepts with the Z‒

axis are associated with the grain response as indicated by the impedance plots. 

Therefore, the diameter of semicirculars and intercepts at low‒ and high‒frequency 

can be considered as caused by the grain boundary and grain resistance, respectively. 

With increasing DC bias, the diameters of the semicircular arcs for the pure BiFeO3 

ceramics is significantly decreased, but the high‒frequency intercept is bias 

independent. The Z
*
 plots for the doped BiFeO3 ceramics appear as one semicircle 

with its tail with a non‒zero intercept on the Z   axis in the high‒frequency region. 

This observed tail indicates a high‒frequency component of the large semicircle. 

Furthermore, it is seen from the impedance plots of the Bi1-xLaxFeO3 ceramics that the 

tail becomes a small semicircular arc and increases in diameter with increasing DC 

bias voltage. In the Z  plots we found that the semicircular arc can be analyzed by 

using an equivalent circuit of series combinations of two parallel RC elements. Thus, 

the resistance (R) and capacitance (C) values of the grain and grain boundary in the 

polycrystalline ceramics can be obtained. From fitting the impedance plots for La‒, 

Sm‒ and Ba‒doped BiFeO3, all of the samples represent a clear decrease in the grain 
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boundary resistance (Rgb) with increasing DC bias and reveal a decrease in DC 

conductivity. Whereas the grain resistance of all La‒doped samples remains constant 

at high‒frequency. This independent frequency is due to the release of the space 

charges accumulated at the interface between the grain and grain boundary. The 

calculated values of the DC conductivity for undoped and doped samples display a 

remarkable increase in grain boundary conductivity with an increase in DC bias 

voltage as shown in Figure 4.54. It is clear from the figure that the DC conductivity 

shows a non‒linear current‒voltage behavior (I‒V). This dependence of the grain 

boundary conductivity on DC bias indicates the non‒Ohmic electrical properties of 

the grain boundary. In general, in crystalline materials, grain boundaries often have 

significant influence on the flow of an electric current. The non‒linear electrical 

response of the grain boundary indicates that the potential barrier formation at the 

grain boundary is identical to the double (or back‒to‒back) Schottky barriers. The 

double Schottky barrier is ascribed to the interface between the two grains and the 

boundary region. Furthermore, the Schottky diode‒like electrical at the grain 

boundary gives a potential energy barrier of high resistance which pins the motion of 

the free charge carriers. Several reports suggest that the barriers are generated due to 

p‒n type diodes with accepter‒like interface trap states at the interfaces between the 

two adjacent n‒type grains and p‒type grain boundary region. When a bias voltage is 

applied, one of the space charge contributions is decreased, and this situation could 

cause strong variations within the depletion layer and lead to a suppression of the 

potential barrier height with a higher biased condition. Such a situation results in an 

increase of the total depletion of region. As the width of the depletion region has 

increased this may explain the decrease in the capacitance at the grain boundary. If we 
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consider the capacitance dependence of the DC bias is consistent with expectation of 

a thermionic emission from the Shottky barrier model, the electric conduction may be 

related to the electric field and temperature. Therefore, the potential barrier height can 

be estimated from the relative difference between the current density and the electric 

field (J‒E) characteristics.  

 

Figure 4.53 Complex impedance spectra of the undoped BiFeO3 ceramics sintered at 

800 °C for 3 h as a function of DC bias voltages. 
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Figure 4.54 Complex impedance spectra of the Ba‒doped BiFeO3 ceramics sintered 

at 800 °C for 3 h as a function of DC bias voltages (a)‒(d) and (e) variations in 

conductivity with applied DC bias voltage of Ba‒doped BiFeO3. 
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Figure 4.55 Complex impedance spectra of the La‒doped BiFeO3 ceramics sintered 

at 800 °C for 3 h as a function of DC bias voltages (a)‒(d) and (e) variations in 

conductivity with applied DC bias voltage of La‒doped BiFeO3. 
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Figure 4.56 Complex impedance spectra of the Sm‒doped BiFeO3 ceramics sintered 

at 800 °C for 3 h as a function of DC bias voltages (a)‒(d) and (e) variations in 

conductivity with applied DC bias voltage of Sm‒doped BiFeO3. 



230 
 

4.7 Current‒voltage characteristic 

 In addition to the dielectric properties, we also investigated the current‒

voltage characteristics of BiFeO3‒based samples in order to study the physical nature 

of electrical transport in the grain boundary region. To investigate the origin of the 

leakage of current of the pure BiFeO3 and La‒ and Ba‒doped samples, these samples 

were investigated out at room temperature in the electric field range of 7 kV/cm. The 

current density (J) as a function of the applied electric field (E) at room temperature 

for the pure BiFeO3 and doped ceramics are shown in Figure 4.57. As can be clearly 

seen in Figure 4.57, the BiFeO3 and doped samples can display non‒Ohmic 

behaviours. From the J‒E curves shown in figure, we can see that the leakage current 

density increases with increases in the electric field under all conditions. It is observed 

that the leakage current value of pure BiFeO3 ceramic is obtained 2.69 at electric field 

1 kV/cm
2
. The leakage current of Bi1-xBaxFeO3 with x = 0.05, 0.1, 0.2, and 0.3 

samples is about 3.04, 1.21, 0.05, and 0.016 mA/cm
2
, respectively. For the Ba‒doped 

samples with x = 0.3, the leakage current density is found to be 1.6×10
-2

 mA/cm
2
 in 

the electric field 1 kV/cm, which is two orders of magnitude lower than that of the 

pure BiFeO3 ceramics. The leakage current density shows the lowest value with x = 

0.3, which is in accordance with the lowest loss tangent for these ceramics as 

discussed above. It was that a small content of Ba substitution gradually increases the 

leakage current density whereas a high concentration of Ba (x ≥ 10%) ions reduces 

the leakage current up to two orders of magnitude as compared to the parent BiFeO3 

ceramics. The effects of La doping greatly reduce the leakage current density for La 

doping. For the La‒doped samples with x = 0.3, the leakage current density is found 

to be 4×10
-2

 mA/cm
2 

at 1 kV/cm. As La doping increases from 5% to 20% in BiFeO3, 
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the leakage current is 3.3, 2 and 0.47 mA/cm
2
 in the electric field of 500 V/cm.  With 

increases in concentration of La up to 0.3 the leakage current greatly decreases, which 

is about one order lower than that of pure BiFeO3 at electric field 1 kV/cm
2
. Figure 

4.57(b) displays the leakage current density in the applied electric field for undoped 

and Sm‒doped BiFeO3 ceramics at room temperature. The leakage current curves of 

all samples clearly show non‒linear behaviour. The leakage current density in the 

electric field of 1 kV/cm is 1.85, 2.36, and 2.15 mA/cm
2
 for Bi1-xSmxFeO3 (x = 0.05, 

0.1, and 0.2) samples, respectively. In Figure 4.57(c), it is found that the current 

density increases with increases in doping levels from 0.05 to 0.2 in a high electric 

field.       

The leakage current is found to decrease with La and Ba doping. It is well 

known that the charge defects such as the presence of Fe
2+

, VBi
2+

, and VO
2+

 are 

believed to be the main cause of the high leakage of current density in BiFeO3 

ceramics and their thin film. The Bi0.7La0.3FeO3 and Bi0.7Ba0.3FeO3 ceramics have the 

lowest leakage current density, which is possibly associated with the following 

reason. Firstly, the La‒ and Ba‒doped decreases the size of the grains which leads to 

an increase in the density of the grain boundaries, which in turn gives rise directly to 

increases in resistivity in La‒ and Ba‒doped BiFeO3 samples. We can give a 

preliminary explanation for this result in terms of changes in the microstructure, i.e., 

the relatively larger lattice distortion, larger grain size and surface morphology of the 

ceramics, as exhibited by the XRD data and the SEM features. The other possible 

reason is due to the suppression of oxygen vacancies by La and Ba substitutions, 

which has been reported by several previous research studies.    
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 The breakdown field (Eb) is usually taken as the electric field applied when the 

current flowing through the material is 1 mA/cm
2
. For Ba‒doped BiFeO3 samples, at 

first the Eb values decrease with substitutions of Ba up to 0.05 (Eb ~630 V/cm). The 

Eb value increases with further increases of Ba doping which are found to be          

928, 2937, and 3933 V/cm for x = 0.1, 0.2, and 0.3, especially when there are 30% 

decreases in the leakage current density of Ba in BiFeO3  samples which is 5.3 times 

of magnitude compared to the pure sample. The Eb values are 336, 360, 690, and 2981 

V/cm, for La = 0.05, 0.1, 0.2, and 0.3, while the breakdown field of the pure BiFeO3 

is about 742 V/cm. It can be observed that the Eb initially decreases and later 

increases, which is in conflict with the variations in grain size with increases in La 

concentration. This result means that the substitution of La ions enhances the electric 

field of BiFeO3 ceramics by 4 times as compared to the undoped BiFeO3 samples. 

Moreover, the Eb is found to be 705, 610, and 648 V/cm for Sm‒doped BiFeO3 

ceramics with x = 0.05, 0.1, and 0.2. The effect on the leakage of the current density 

of Ba doping in the BiFeO3 samples slightly decreases its leakage of the current 

density as compared to pure BiFeO3. The variations in the behaviour of the 

breakdown field with the content of Ba, La, and Sm samples can be explained by the 

variations in the average grain size. This means that the increases in the mean grain 

size results in decreases in the number of grain boundaries, which causes the decrease 

of Eb. 
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Figure 4.57 (a)‒(c) Current‒voltage curves of doped BiFeO3 samples at room 

temperature and (inset) current leakage and breakdown field as a function of doping 

content for the BiFeO3 ceramics. 
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Figure 4.57 (a)‒(c) Current‒voltage curves of doped BiFeO3 samples at room 

temperature and (inset) current leakage and breakdown field as a function of doping 

content for the BiFeO3 ceramics (Continued). 

 A logarithmic plot of the current density as a function of the electric field is a 

useful tool to understand the electrical conduction mechanism. As is well known, the 

power law current density (J) and electric field (E) relationship (
VJ  ) is a 

characteristic of space‒charge‒limited conduction (SCLC) and we plot log(J) versus 

log(E) in Figure 4.58 for the BiFeO3 samples. The nonlinear coefficient ( ) was 

determined from the slope of the log‒log scale over the range 1‒10 mA/cm
2
. The 

slope value ( ) for a specific region of these curves provides information about the 

conduction mechanism involved in that area. Furthermore, value of   suggests 

directly the capacity of the current transport of the varistors. The nonlinear coefficient 
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from the plot describes the type of conduction, i.e., Ohmc conduction; slope ~1, space 

charge‒limited conduction (SCLC); slope ~2 and for the other slopes larger than 2. 

The nonlinear coefficient of pure BiFeO3 is obtained as 2.31 indicating the SCLC is 

dominant for the undoped BiFeO3 samples. According to the plot of log (J) versus log 

(E) each curve can be divided into 2 to 3 regions in different electric field ranges. 

Regarding the Ba‒doped BiFeO3 ceramics, the values of  for the low electric field 

region I are 2.42, 2.6, 3.67 and 3.71 for x = 0, 0.05, 0.1, 0.2, and 0.3, respectively. 

Whereas the nonlinear coefficient ( ) for the pure BiFeO3 samples exhibit a 

gradually larger slope value ( = 2.31). With increases in the electric field, all of the 

Ba‒substituted ceramics show the  values = 3.92, 4.43, 8.15, and 8.24 in the high 

field region II. Finally, the slope values increase from 37.1 to 65 in the highest electric 

field region III for Bi0.8Ba0.2FeO3 and Bi0.7Ba0.3FeO3 samples, respectively. It is 

clearly seen that the nonlinear coefficient values for the third and second regions are 

larger than that of the region I for all Ba‒doped samples. These regions of conduction 

are enhanced by Ba additions, and their values are higher than those reported for Ba 

additions prepared by the conventional solid state reaction method. In the case of Ba‒

doped samples, SCLC conduction occurs in region I and the slope value increases in 

region II and region III which is quite different from that of SCLC theory which is 

responsible for such a high value slope.  

It is found that the  value of La‒doped samples with 5% of La is equal to 

2.27 of the whole electric field range and room temperature which is in good 

agreement with the SCLC mechanism. The Bi0.9La0.1FeO3 ceramics show the Ohmic 

conduction ( ~1.94) in the testing of the whole electric field range. The slope is 

found to be between 1 and 2 for this sample, suggesting the co‒existence of Ohmic as 
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well as SCLC behaviour. However, the plots of Bi0.8La0.2FeO3 and Bi0.7La0.3FeO3 

ceramics indicate two or three different regions according to their slope values. The 

  value of Bi0.8La0.2FeO3 ceramics changes from 2.02 to 2.67 with increases in the 

electric field which can be attributed to the SCLC mechanism in these samples. On 

the other hand, with regard to the Bi0.7La0.3FeO3 ceramics, the SCLC mechanism 

appears in the low electric field region I. Moreover, the slope values increase from 

3.94 to 11.26 in region II to region III, suggesting that a mechanism other than that of 

the SCLC is responsible for such a high value of these samples. In a high electric 

field, the value of   becomes larger than 3.94 and 11.26, deviating greatly from the 

Ohmic and SCLC behavior. With increases in the electric fields (region III) the 

mechanisms should be related to either the Poole‒Frenkel conduction mechanism or 

the Schottky emission mechanism. The plots of log (J) as a function of log (E) for the 

Sm‒doped BiFeO3 samples are shown in Figure 4.59(c). With increases in the electric 

field, the slope value of the Bi0.95Sm0.05FeO3 and Bi0.9Sm0.1FeO3 samples reveal three 

different slopes. The slope values are found to be 1.84, 3.11, and 7.78 for 

Bi0.95Sm0.05FeO3 ceramics and 1.81, 3.03, and 6.12 for Bi0.9Sm0.1FeO3 ceramics in 

regions I, II, and III, respectively. The slope value for Bi0.8Sm0.2FeO3, changes from 

1.77 to 2.36 which implies that Ohmic conduction occurs in region I and that the 

conduction mechanism changes from an Ohmic to a SCLC mechanism in region II. In 

the  high electric field, the value of   becomes larger with values of 3.31, 7.78, and 

3.03, 6.12 for the Bi0.95Sm0.05FeO3 and Bi0.9Sm0.1FeO3 samples which deviates greatly 

from the Ohmic and SCLC behavior whose conduction mechanisms may be due to 

the combination of Poole‒Frenkel and Schottky emissions. The specific applications 

depend on the range of the values of the nonlinear coefficient ( ). In ceramic 
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varistors and with applications for low voltage, the value is in the range of 1.2‒13 

(Marques et al., 2007) and for high voltage applications, it tends to be the range 65‒

900 (Ramírez et al., 2006). Therefore, the results obtained from the BiFeO3 samples 

suggest the applicability of the varistors in the low voltage range at room temperature.  

 

Figure 4.58 Logarithmic plots of dependence of J as a function of E measured at 

room temperature for BiFeO3 ceramics sintered at 800 °C for 3 h. 
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Figure 4.59 Logarithmic plots of dependence of J as a function of E measured at 

room temperature for (a) Bi1-xBaxFeO3, (b) Bi1-xLaxFeO3, and (c) Bi1-xSmxFeO3 

ceramics sintered at 800 °C for 3 h. 
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Figure 4.59 Logarithmic plots of dependence of J as a function of E measured at 

room temperature for (a) Bi1-xBaxFeO3, (b) Bi1-xLaxFeO3 and (c) Bi1-xSmxFeO3 

ceramics sintered at 800 °C for 3 h (Continued). 

To understand the effect of doping ions on the electrical responses of the grain 

boundaries of BiFeO3‒based ceramics, the nonlinear J‒E properties were investigated 

at different temperatures. Figure 4.60 illustrates the J‒E behaviours at various 

temperatures of BiFeO3 and Bi1-xBaxFeO3 ceramics when the breakdown field 

decreases with increasing temperature and nonlinear behaviour tends to show linear 

Ohmic characteristics as temperature increases. This result indicates the effects of 

temperature of the Schottky barrier on the grain boundaries. The nonlinear J‒E curves 

in this temperature range (298–393K) of Bi1-xBaxFeO3 when x = 0.05, 0.1, 0.2, and 

0.3 are similar to those observed for the pure BiFeO3 samples. It can be seen that Eb 
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linear decreases with increasing temperatures for all samples. As shown in Figures 

4.61 and Figure 4.62, the nonlinear J‒E plots of the La‒ and Sm‒doped BiFeO3 

ceramics show overall nonlinear curves which are similar to those observed for the 

pure BiFeO3 ceramics.  

According to the relationship of the current‒voltage varistor, the fitted log‒log 

scale results indicate that the nonlinear coefficients of the samples decrease the slope 

value to ~1 as temperature increases. This result implies that the conduction 

mechanism changes from non‒Ohmic to linear Ohmic behavior. Because of the 

evidence of the grain and grain boundary characteristics, it seems possible to use the 

Schottky barrier to explain the effect of the grain boundary on these samples. 

Considering the potential barriers in the BiFeO3‒based systems to be of the Schottky 

type, conduction in the pre‒breakdown region should be related to the thermionic 

emission of the Schottky type and associated with the electric field and temperature. 

Therefore, the variations in current density (J) with the electric field (E) and the 

temperature (T) can be given by Eq. (2.94) as described in chapter II. Nonlinear 

current density as a function of the electric field curves at various temperatures in the 

La‒ and Sm‒doped samples are similar to those observed for the Ba‒doped samples. 

The breakdown field decreases with increasing temperature, and the non‒Ohmic 

characteristics tend to show linear Ohmic behavior which are very similar to those 

observed for the La‒ and Sm‒doped BiFeO3 ceramics.  

By applying the Schottky type conduction model, the plots of lnJ versus E
1/2

 

for the pure BiFeO3 and Ba‒, La‒, and Sm‒doped BiFeO3 ceramics can be used to 

calculate the potential barrier height ( B ). The current density versus the electric field 

was measured at different temperatures, and a good linear relationship between lnJ 



241 
 

and E
1/2

 was observed, which indicates that in these field regions electrical conduction 

contributes to the thermal emissions over a potential barrier Schottky at the grain 

boundaries Using Eq. (2.94), J0 we can obtained various temperatures from the plots 

of lnJ‒E
1/2 

by linearly fitting the data as the curves are extrapolated to E = 0. Inset 

figure shows the fitting of lnJ0 versus 1000/T curves from which a good linear 

behavior can also be obtained, which indicates that the variations in the pre‒

exponential terms in Eq. (2.94) are very small and negligible. Thus we can calculate 

the potential barrier height from the slope of the plots. As revealed in Figure 4.63(a), 

the B  values were approximately 0.321, 0.332, 0.43, and 0.54 for Bi1-xBaxFeO3 with 

x = 0.05, 0.1, 0.2, and 0.3 respectively. The values of B  for the Ba‒doped BiFeO3 

samples were slightly enhanced by substituting with Ba
2+

 ions.  The values for the 

Bi1-xLaxFeO3 (x = 0, 0.05, 0.1, 0.2, and 0.3) ceramics are found to be 0.53, 0.24, 

0.194, 0.188, and 0.062 eV, respectively. As revealed in Figure 4.63(c), the values of 

B  can be calculated from the slopes and are 0.26, 0.23, and 0.09 for the 

Bi0.95Sm0.05FeO3, Bi0.9Sm0.1FeO3, and Bi0.8Sm0.2FeO3samples, respectively. The 

results represent an increasing concentration of La
3+

 and Sm
3+

doping ions which 

makes the potential barrier height decrease as compared to the pure BiFeO3 ceramics. 

These results are similar to those observed in the CaCu3Ti4-xLaxO12 ceramics. 

Without the applied DC bias voltage, the Schottky barrier height at the grain 

boundary of the compound can be expressed as  

d

s
B

N

qN







0

2

8
               

(4.2) 
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where q is the electronic charge, Ns is the acceptor concentration,    is the relative 

permittivity of materials, and Nd is the charge carrier concentration in the 

semiconducting grain. From the results obtained from the above equation, it is 

possible that the reduction of B  zzazobserved in the La‒doped BiFeO3 ceramics is 

primarily caused by changes either in increases in Nd or a huge decrease in Ns. In 

general, an increase in Nd can cause a decrease in resistance at the grain boundary 

(Rg) (Thongbai et al., 2014). With impedance spectroscopy of the La‒doped BiFeO3 

system, it was found that there was a small dependence on the resistance of the grain 

bulk (Rg) for these samples. To investigate the electrical properties of the grain and 

grain boundary materials we used impedance spectroscopy. It was observed that the 

Rg values of these La‒doped samples were larger than those of the Bi0.95La0.05FeO3 

samples. This result suggests that Nd does not increase with replacement of La
3+

 ions. 

It should be noted that the decreases in the dielectric constant as the La doping levels 

increase might be due to their lower potential barrier value. It is possible that the 

potential barrier height of this system is not sufficient to completely trap the electrons 

at surface acceptor states as in the grain boundary regions lead to most of them being 

able to move across the grain boundaries. Therefore, when the intensity of the 

interfacial polarization decreases, it leads to a decrease in the dielectric constant. 

Interestingly, the potential barrier height increases with increases in the Ba doping 

content of the BiFeO3 ceramics. Khassaf  reported that the height of the potential 

barrier increases with Gd substitutions in the BiFeO3 thin film (Khassaf et al., 2012). 

They explain the results in terms of assuming an ionic compensation by the holes, 

introduced by the presence of Bi vacancies, and by the electrons introduced via Gd 

doping. Gd substitutions can compensate for the p‒type conduction, so the Fermi 
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level moves towards the middle of the forbidden band resulting in an increase in the 

potential barrier height of holes.  

Table 4.11 The current‒voltage characteristics of various Ba‒, La‒, and Sm‒doped 

BiFeO3 samples. 

sample Eb (V/cm
2
) Leakage current   

B (eV) 

Pure BiFeO3  742 2.69 2.31 0.53 

Bi1-xBaxFeO3 742    

x = 0.05 629 3.04 2.42 0.32 

x = 0.1 928 1.21 2.6 0.33 

x = 0.2 2937 0.05 3.67 0.43 

x = 0.3 3933 0.016 3.71 0.54 

Bi1-xLaxFeO3     

x = 0.05 336 3.3 2.27 0.24 

x = 0.1 360 2 1.94 0.194 

x = 0.2 690 0.47 2.02 0.188 

x = 0.3 2981 - 2.21 0.062 

Bi1-xSmxFeO3     

x = 0.05 705 1.85 1.84 0.26 

x = 0.1 610 2.36 1.81 0.34 

x = 0.2 648 2.15 1.77 0.35 

x = 0.3 - - - - 
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Figure 4.60 Nonlinear characteristics (J‒E curves) of the pure BiFeO3 (a) and (b)‒(e) 

Ba‒doped BiFeO3 ceramics at various temperatures and (inset) plots of lnJ versus 

E
1/2

. 
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Figure 4.60 Nonlinear characteristics (J‒E curves) of the pure BiFeO3 (a) and (b)‒(e) 

Ba‒doped BiFeO3 ceramics at various temperatures and (inset) plots of lnJ versus E
1/2

 

(Continued). 
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Figure 4.60 Nonlinear characteristics (J‒E curves) of the pure BiFeO3 (a) and (b)‒(e) 

Ba‒doped BiFeO3 ceramics at various temperatures and (inset) plots of lnJ versus E
1/2

 

(Continued). 
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Figure 4.61 Nonlinear characteristics (J‒E curves) of the pure BiFeO3 (a) and (b)‒(e) 

La‒doped BiFeO3 ceramics at various temperatures and (inset) plots of lnJ versus 

E
1/2

. 
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Figure 4.61 Nonlinear characteristics (J‒E curves) of the pure BiFeO3 (a) and (b)‒(e) 

La‒doped BiFeO3 ceramics at various temperatures and (inset) plots of lnJ versus E
1/2

 

(Continued). 
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Figure 4.62 Nonlinear characteristics (J‒E curves) of the Sm‒doped BiFeO3 ceramics 

at various temperatures; (a) x  = 0.05, (b) x = 0.1, and (c) x = 0.2 and (inset) plots of 

lnJ versus E
1/2

. 
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Figure 4.62 Nonlinear characteristics (J‒E curves) of the Sm‒doped BiFeO3 ceramics 

at various temperatures; (a) x = 0.05, (b) x = 0.1, and (c) x = 0.2 and (inset) plots of 

lnJ versus E
1/2

 (Continued). 

 

 



251 
 

 

Figure 4.63 Plots of ln J0 vs 1/T for pure BiFeO3 and (a) Ba‒ (b) La‒, and (c) Sm‒

doped BiFeO3 samples and the estimated potential barrier height, 
B . 
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Figure 4.63 Plots of ln J0 vs 1/T for pure BiFeO3 and (a) Ba‒, (b) La‒, and (c) Sm‒

doped BiFeO3 samples and the estimated potential barrier height, 
B (Continued). 

 

 

 

 

 

 

 



CHAPTER V 

CONCLUSIONS 

 

In this thesis, pure BiFeO3 and Bi1-xAxFeO3 (A = Ba, La, and Sm) powders 

have been successfully prepared by using a co‒precipitation method. The 

concentration values of the doping elements are x = 0, 0.05, 0.1, 0.2, and 0.3 in each 

composition system. The surface morphology, structure formation and local structure 

of the prepared powder were characterized by XRD, TEM, SEM, FTIT, and XAS 

techniques. The optical properties were investigated by UV‒vis, while the magnetic 

properties were determined by VSM. The dielectric properties of the BiFeO3‒based 

ceramic samples were studied using a Hewlett Packard 4194A impedance gain phase 

analyzer associated with the dc bias voltage. The current‒voltage behavior has also 

been studied using a high‒voltage measurement unit (Keithley Model 247, Estado St 

Pasadena, CA). The conclusions of these studies can be summarized as follows: 

 

5.1  The structure and surface morphology characterization 

The XRD results exhibit the formation of the rhombohedral crystal phase 

BiFeO3 with R3c space group accompanied by some impurity phases such as Bi2O3 

and Bi2Fe4O9. The XRD patterns indicate that the Ba doping does not give rise to a 

structural transition, while the rare earth (La and Sm) concentrations increase



254 
 

up to 30%, showing that a structural transition from a rhombohedral to an 

orthorhombic phase has occurred. The La substitution can suppress the impurity phase 

of the composition at about x = 0.0.05, while the Sm addition indicates that a 

suppression of the impurity phase occurs at x = 0.1. The average particle size of 

undoped BiFeO3 nanoparticles was observed to be about 67 nm. The average particle 

size of the doped samples is found to decrease with the addition of Ba, La, and Sm 

ions. The microstructure of doped BiFeO3 ceramics shows that dopant concentration 

has a significant influence on grain growth. Increases in Ba, La, and Sm doping levels 

caused a decrease in the average grain size of the ceramics. La and Sm doped in 

BiFeO3 exhibited smaller grain sizes than reported in any rare earth doped materials 

which suppresses the grain growth. Rare earth ions are known to suppress oxygen 

vacancy concentrations in perovskite, which is attributed to their lower oxygen ion 

motion and lower grain growth rate. Althoughfurther Ba doping oxygen vacancies are 

generated with charge neutralization which can help to minimize Bi volatilization and 

reduce the oxygen vacancy concentration. Consequently, lower oxygen ion motion 

results in lower grain growth rate. From the XANES results, it was clearly observed 

that the features of XANES spectra were in good agreement with the Fe2O3 standard, 

indicating that oxidation state of Fe ion in BiFeO3 structure is 3+. In addition we also 

confirmed that the oxidation state of Fe ion in Ba‒, La‒, and Sm‒doped BiFeO3 

structure is 3+. FTIR spectra were used to study the bond interaction in the BiFeO3‒

based compound. The strong absorption peaks near 400 to 540 cm
-1

 are assigned to 

Fe‒O stretching and bending vibrations, being characteristics of the octahedral FeO6 

group in the perovskite structure.  
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5.2  Optical properties    

UV‒vis spectroscopy shows that the strong absorption of UV and visible light 

in the wavenumber range of 200–800 nm. It was observed that the pure BiFeO3 and 

doped samples absorbed considerable amounts of visible light in the range of 500 to 

675 nm suggesting their potential application for photocatalytic performance under 

visible light irradiation. Pure BiFeO3 nanoparticles exhibit absorption peaks at around 

490–700 nm which shift towards higher wavelengths for La, Ba, and Sm‒substituted 

in BiFeO3 samples. The absorption edges of Ba‒doped BiFeO3 powders are seen to be 

higher than that of pure BiFeO3 (~575 nm) samples and slightly increase with 

increases in Ba doping concentrations. It should be noted that in the case of La‒doped 

BiFeO3, the absorption band edges increase to 510–703 nm as compared to the 

absorption peaks of pure BiFeO3. For Sm‒doped samples, we observed that the 

absorption edges were around 591, 601, 658, and 666 nm for x = 0.05, 0.1, 0.2, and 

0.3 samples, respectively. All of the doped BiFeO3 samples showed that the 

absorption edges increased with increasing doping concentrations. It was observed 

that the band centered at 1.8 eV was related to on‒site d‒d transitions and a weak 

band centered at 2.5 eV was assigned to dipole‒forbidden p‒d charge transfer 

transitions. Two bands located at 3.2 and 4.5 eV are defined as dipole allowed p‒d 

charge transfer (C‒T) features in the octahedral center. The band gap of pure BiFeO3 

powder was found to be 2.12 eV as determined from the absorption coefficient 

spectra. The obtained optical band gap values of the doped compounds are about 

2.10–1.93 eV, 2.09–2.03 eV, and 2.05–1.91 eV for La, Ba, and Sm‒doped samples, 

respectively. The decrease in the optical band gaps of the substituted samples were 

found to be red shifted with the increase in doping concentrations which may be 
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attributed to increased internal chemical pressure. As the dopant substitutions is 

increased, the concentration of oxygen vacancy is ulteriorly increased which can give 

rise to the defect‒induced energy band gap, thus narrowing the distance between the 

conduction band and the oxygen vacancy donor band which shrinks. 

 

5.3  Magnetic properties 

 The field dependence magnetization (M‒H loop) properties of doped‒BiFeO3 

nanopowders are measured at room temperature with a maximum applied magnetic 

field of 10000 Oe. In order to understand the effect of doped BiFeO3 on the magnetic 

ordering, the temperature dependent zero‒field cooled (ZFC) and field cooled (FC) 

magnetization measurements are carried out within temperature ranges 50–350 K 

under an applied field of 1000 Oe. The nanocrystalline sample of undoped BiFeO3 

exhibits antiferromagnetic behavior at room temperature. The fitting of the Curie‒

Weiss law for BiFeO3 samples shows the negative value of  , indicating an 

antiferromagnetic exchange interaction between unpaired ions in the samples. All of 

Ba‒doped compounds display a very slim hysteresis loop with nonzero remnant 

magnetization and a narrow coercive field which has similar magnetic behaviors to 

the pure BiFeO3 samples, implying antiferromagnetic behavior at room temperature. 

A lower coercive field (Hc) for all doped samples reveals the possibility that the weak 

ferromagnetic order is basically an antiferromagnetic substrate with weak 

ferromagnetism which is because of the presence of antiferromagnetic impurities in 

Bi2Fe4O9. The maximum magnetization of the undoped BiFeO3 was found to be 0.06 

emu/g and with the Ba‒doped sample it is enhanced twice as compared to the pure 
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BiFeO3. With the fitting of the Curie‒Weiss law, we obtain   negative values for our 

samples, indicating antiferromagnetic interactions among the magnetic ions. The 

nanocrystalline BiFeO3 doped samples with La and Sm reveal increasing x values, 

and the ferromagnetic interaction is dominant. The fitting of the Curie‒Weiss law to 

some of the La‒doped BiFeO3 and Sm‒doped BiFeO3 samples shows the positive 

value of  . When t Curie‒Weiss law is fitted to the results which provide positive 

Curie temperatures, this is probably be due to the strongly canted AFM ordering with 

a manifest FM component. It was found that all magnetic ions in all doped‒BiFeO3 

samples are in the high spin configuration ( 2/5;,23

2  set gg ). 

 

5.4  Dielectric properties 

 In conclusion, the high dielectric constant of ~1.04×10
4
 was observed in pure 

BiFeO3 ceramics at a frequency of 1 kHz. A strong decrease in the frequency of the 

dielectric constant in whole temperatures range is the characteristic of pure BiFeO3 

ceramics. The dielectric constant spectra show the highest values at a low‒frequency 

range (below 10
4
 Hz) and high temperatures. They reveal large dielectric curves 

attributed to the Maxwell‒Wagner polarization or interfacial space charge 

polarization (mostly located at the grain boundary). It was found that the dielectric 

constant increased with increasing grain size. As the temperature increases, the 

dielectric constant is found to increase to higher values.  Interestingly, two sets of 

thermal relaxations exhibited in the dielectric spectra of the samples show that there 

are at least two sources of polarizations which contributed to the total dielectric 
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response. The calculated values of Ea are 0.29 and 0.77 eV for Bi1-xBaxFeO3 (where x 

= 0.05 and 0.3) samples. 

It is remarkable to see that the dielectric constant decreases with substitution 

of La doping concentrations (x = 0.05, 0.1, 0.2, and 0.3) in all measured frequency 

ranges. Compared to the parent BiFeO3, at low frequency, the dielectric constant is 

higher than that of BiFeO3 when it is doped with La ions. The decrease in dielectric 

constant values with increasing La‒substituted corresponds to the slight reduction of 

the average grain sizes in the microstructure. The dielectric constant shows maximum 

values at the lower frequencies for high temperatures. It is observed that the 

exponential‒like increase in the loss tangent corresponds to decreasing frequency to 

the lower frequency region in Bi0.95La0.05FeO3, Bi0.9La0.1FeO3, and Bi0.8La0.2FeO3 

samples are due to the effect of dc conductivity. The values in the samples for Bi1-

xLaxFeO3 (where x = 0.05, 0.1, and 0.2) can be estimated to be 0.47, 0.40, and 0.32 

eV, respectively. The dc conduction activation energy decreases with the increases in 

La doping levels which the lower conduction activation energy, the promotion of 

polarization at the interfacial grains is easy. 

The dielectric properties for Sm‒doped BiFeO3 ceramics are similar to that 

observed in the dielectric properties of La-doped samples. It was found that the 

dielectric constant was enhanced by increasing the grain size. It was suggested that 

the dielectric relaxation behavior and the high dielectric response in this material 

system might be associated with both the hopping motions inside the grains and the 

Maxwell‒Wagner polarization at the grain boundaries.  The activation energy values 

obtained were 0.45 and 0.74 for Sm doping amounts of 5% and 10%. The decrease in 
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the bandwidth and the increase in polaron binding energy results in an increase in 

activation energy. 

The gradual increases in the dielectric constant with increases in DC bias is 

observed in pure BiFeO3 and Ba‒doped BiFeO3 ceramics form 100 to 10
4
 Hz. It is 

noted that    above 10
4
 Hz becomes reduced by an applied DC bias. In case of La 

and Sm substituted in Bi site, the dielectric properties were observed to be found 

different for pure BiFeO3 and Ba‒doped samples. The dielectric constant of La‒ and 

Sm‒doped BiFeO3 under 0‒20 V DC bias decreases with increases in applied DC bias 

voltage, while the dielectric constant above 10
4
 Hz does not change with applied DC 

bias. 

 

5.5     Current‒voltage characteristics 

The current density (J) as a function of the applied electric field (E) at room 

temperature for the pure BiFeO3 and doped ceramics display non‒Ohmic behaviours. 

It is shown that the leakage current density increases with increases in the electric 

field for all conditions, while the Eb value increases with further increases of Ba 

doping. The nonlinear coefficient value ( ) for a specific region of these curves 

provides information about the conduction mechanism involved in that region. The 

nonlinear coefficient of pure BiFeO3 obtained was 2.31 indicating that the SCLC is 

dominant for undoped BiFeO3 samples. In the case of Ba‒doped samples, SCLC 

conduction occurs in region I and the   value increases in region II and region III. 

The   value was found to be between 1 and 2 for La‒ and Sm‒doped samples, 

suggesting the co‒existence of Ohmic as well as SCLC behaviour. With increasing 



260 
 

electric fields (region III) the mechanisms are probably related to either the Poole‒

Frenkel conduction mechanism or the Schottky emission mechanism. 

 

5.6  Suggestion for future work 

(1) Investigation of the stoichiometry of BiFeO3‒based ceramics using the 

energy dispersive spectroscopy (EDS) is required to confirm the fractions of the 

constituent elements of Fe, Bi, Ba, La, Sm, and O ions in the prepared samples. 

(2) Simulation of the ionic occupancy and distribution of Bi
3+

, Ba
2+

, La
3+

 and 

Sm
3+

 ions in the A‒site of the perovskite structure provides important information 

which leads to a better understanding of the optical, magnetic, dielectric, and 

electrical properties of the materials.  

(3) The doping concentrations affect the structure of the BiFeO3‒based 

ceramics, and the Ba, La, and Sm doping concentrations require more energy to 

obtain an image of the modified BiFeO3.  
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